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[bookmark: _Toc191723607][bookmark: _Toc104889859]IntroductionTesting is an important part of a Space Project, because of its impact on cost and because is the most effective way to demonstrate a product functionalities and performances.
As such, this Handbook is of outmost importance in defining how the requirements can be implemented into the verification approach and in providing “real life” experience and examples in order to have an effective application into the test execution.
In order to meet this objective, the WG have tried, in preparing this Handbook, to be as exhaustive as possible in providing methods and techniques, as well as examples, in a punctual one-to-one requirement versus guideline approach.
The WG also recognized that this approach, even if punctually exhaustive, provided in most cases an unstructured definition of the tests as a whole giving a leopard spots information which may not be useful in preparing and conducting a test.
As a consequence, the WG have decided to complement the main body of the Handbook with Annexes where a structured and comprehensive test organization has been defined and described.
In those cases, testing people can find how a test is prepared, applied and executed in terms, for example, of test setup, test configuration, used instrumentation and test facilities/equipment, test preparation suggestions, safety rules to be considered, data acquisition and reporting content, together with pictures, tables and sketches of real cases,
This approach has allowed, in particular for Mechanical, Microvibration and Integrity Tests as well as for Alignment and PIM tests, to have in one shot a complete and structured set of guidelines easing the implementation of the requirements of such tests.
It is to be underlined that some of this material comes from the ECSS-E-HB-32-26 “Spacecraft mechanical load analysis handbook”, which contained a lot of information about mechanical testing.

[bookmark: _GoBack]It is worthy to pay attention that the Annexes of this Testing Guidelines do not correspond to the Annexes of the Testing Standard.

Moreover, this handbook only applies for the Revised version of the ECSS-E-ST-10-03 Standard (ECSS-E-ST-10-03C Rev.1, 31 May 2022).
[bookmark: _Toc191723608][bookmark: _Toc509411375][bookmark: _Toc104889860]
Scope
This handbook provides additional information for the application of the testing standard ECSS-E-ST-10-03 to a space system product.
This handbook does not contain requirements and therefore cannot be made applicable. In case of conflict between the standard and this handbook, the standard prevails.
This handbook is relevant for both the customer and the supplier of the product during all project phases.
To facilitate the cross-reference, this handbook follows as much as practical, the structure of the standard even if, as written in the Introduction, some tests are described in the Annexes to allow a better comprehensive view. 
Where test material is already covered in other ECSS handbook, this document refers to them instead of duplicating the information, this is the case of ECSS-E-HB-32-25 “Mechanical shock design and verification handbook” and the various parts of ECSS-E-HB-31-01 “Thermal design handbook”.
As the Standard applies to different products at different product levels of the space segment, the space segment equipment and the space segment elements. In the testing standard the requirements applicable to each level are addressed in different chapters clearly identified. The standard clearly states that it is not applicable to other segment (launch and ground) as well as software; as a consequence, no pre-tailoring matrix is needed.
Moreover, as per testing standard, this handbook does not contain guidelines for constellation programmes.
Testing aspects are derived from the verification approach covered in the ECSS-E-ST-10-02 and in its corresponding handbook ECSS-E-HB-10-02.
The application of the requirements of the standard to a particular project is intended to result in effective product verification and consequently to a high confidence in achieving successful product operations for the intended use, in this respect this handbook has the goal to help reaching these objectives.
[bookmark: _Toc191723609][bookmark: _Toc509411376][bookmark: _Toc104889861]
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Terms, definitions and abbreviated terms
[bookmark: _Toc191723611][bookmark: _Toc509411378][bookmark: _Toc104889863]Terms from other documents
[bookmark: _Toc191723612]For the purpose of this document, the terms and definitions from ECSS-S-ST-00-01 apply, in particular for the following terms:
space segment element
space segment equipment
thermal balance test
For the purpose of this document, the following terms and definitions from ECSS-E-ST-10-03 apply:
dwell time
temperature cycle
For the purpose of this document, the following terms and definitions from ECSS-E-ST-31 apply:
acceptance temperature range
design temperature range
minimum switch-on temperature
predicted temperature range
qualification temperature range
radiative sink temperature
temperature reference point (TRP)
[bookmark: _Toc509411379][bookmark: _Toc104889864]Terms specific to the present document
[bookmark: _Toc104889865][bookmark: _Toc191723613]dummy
simplified physical representation of an item. 
Level of representativeness of a dummy is to be defined case by case taking into account the objectives of the tests which it will used for. Particular points which are to be assessed could be interfaces, volume, physical properties (Mass, COG, MOI), thermal, electrical, functional and dynamic behaviour, materials....
[bookmark: _Toc191723615][bookmark: _Toc509411380][bookmark: _Toc104889866]Abbreviated terms
For the purpose of this document, the abbreviated terms from ECSS-S-ST-00-01 and the following apply:
	Abbreviation
	Meaning

	AC
	actuator control

	AFT
	allowable flight temperature or abbreviated functional test

	AIM
	active inter modulation

	AIT
	assembly, integration and test

	AIV
	assembly, integration and verification

	AOCS
	attitude and orbit control subsystem

	AOCS SW
	attitude and orbit control subsystem software

	ARF
	alignment reference system

	AVB
	avionics verification bench

	CATR
	compact antenna test range

	C&C
	characterization and calibration

	CCR
	corner cube reflector

	CCS
	central checkout system

	CDR
	critical design review

	C&CCP
	cleanliness and contamination control plan

	CFD
	(attitude and orbit control subsystem) closed loop functional test - design

	CLT
	closed loop test

	CoG
	centre of gravity

	CP
	common (reference) point

	CSW
	central software

	DC
	direct current

	DHS
	data handling system

	DRD
	document requirements definition

	DM
	development model

	DML
	declared material list

	DMS
	data management system

	DUT
	device under test

	EED
	electro explosive devise

	EEE
	electrical and electronic equipment

	EFM
	electrical functional model

	EFT
	electrical functional test

	EGSE
	electrical ground support equipment

	EIRP
	equivalent isotropic radiated power

	ELI
	electrical integration test

	EMC
	electromagnetic compatibility

	EPT
	equipment polarity test

	E2EPT
	end-to-end polarity test

	EQM
	engineering qualification model

	ESD
	electrostatic discharge

	ETB
	engineering test bench

	FDIR
	failure detection isolation and recovery

	FFT
	full functional test

	FFT-A
	full functional test - acceptance

	FFT-D
	full functional test - design

	FFT-Q
	full functional test - qualification

	FFT-W
	full functional test - workmanship

	FGSE
	fluid ground support equipment

	FM
	flight model

	FMD
	force measurement device

	FT
	functional test

	FVB
	functional validation bench

	GPS
	global positioning system

	GSE
	ground support equipment

	HFE
	human factor engineering

	HSVF
	hardware software verification facility

	HVAC
	high vacuum

	ICD
	interface control document

	I/F
	interface

	IPA
	isopropyl alcohol

	IR
	infrared

	IS
	interface simulator

	ISST
	integrated subsystem test

	IST
	integrated system test

	ITP
	interface temperature point

	IUT
	item under test

	LEO
	low Earth orbit

	LNA
	low noise amplifier

	LVDT
	linear variable displacement transducer

	MDP
	maximum design pressure

	MFT
	mechanical functional test

	MFW
	mechanical functional test- workmanship

	MGSE
	mechanical ground support equipment

	MLI
	multi-layer insulation

	MoI
	moment of inertia

	MOS
	margin of safety

	MRC
	master reference cube

	MRF
	mechanical reference system

	MT
	mission test

	NCR
	nonconformance report

	NDI
	non-destructive inspection

	NEA
	non-explosive actuator

	NRB
	nonconformance review board

	NSVB
	numerical software validation facility

	OBC
	on board computer

	OGSE
	optical ground support equipment

	PCB
	printed circuit board

	PFM
	protoflight model

	PISA
	payload interface simulator assembly

	PDR
	preliminary design review

	P/F
	platform

	PIM
	passive intermodulation

	PIMP
	passive intermodulation product

	P/L
	payload

	ppm
	parts per million (10-6)

	P/N
	part number

	PSD
	power spectral density

	PT
	performance test

	PTR
	post test review

	QA
	quality assurance

	QM
	qualification model

	QS
	quasi static

	RE
	radiated emission

	RF
	radio frequency

	RFD
	request for deviation

	RFT
	reduced functional test

	RIU
	remote interface unit

	rpm
	round per minute

	RTB
	real time testbed

	RTS
	real time simulator

	Rx
	receiver

	SAR
	synthetic aperture radar

	scc
	standard cubic centimeter

	SDE
	software development environment

	SFT
	system functional test

	SMC
	space and missile systems center

	SP
	sensor processing

	STM
	structural thermal model

	RMS
	root mean square

	S/C
	spacecraft

	SCOE
	special check out equipment

	SDE
	software development environment

	SHF
	super high frequency

	SMP
	simulation model portability

	SPL
	sound pressure level

	RMS
	root mean square

	S/N
	serial number

	SRDB
	system, spacecraft or satellite reference data base

	SVF
	software validation (verification) facility

	SVFDEV
	software validation (verification) facility development

	SysTF
	system test facility

	S/W
	software

	TCS
	thermal control subsystem

	TH
	theodolite

	ThM
	thermal model

	TM/TC
	telemetry/telecommand

	TRB
	test review board

	TRF
	theodolite reference system

	TPRO
	test procedure

	TRP
	temperature reference point

	TRPT
	test report

	TRR
	test readiness review

	TSPE
	test specification

	TT&C
	telemetry, tracking and command

	TVTB
	thermal vacuum thermal balance

	Tx
	transmitter

	UHF
	ultra high frequency

	VCD
	verification control document

	VM
	virtual model

	VP
	verification plan
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General requirements
[bookmark: _Toc509411382][bookmark: _Toc104889868]Test programme
[bookmark: _Ref461534630][bookmark: _Toc509411383][bookmark: _Toc104889869]Test programme basics
The text in this clause 4.1.1 covers requirements 4.1a to 4.1e in ECSS-E-ST-10-03.
The set-up of an appropriate test programme for a space mission is a crucial element for the whole project. With a baseline test programme, as usually established during the Phase B of a project, some cornerstones are set, which do have a major impact on costs, schedule and risk. The testing starts on parts level (which is not addressed herein; see ECSS Q-60 and Q-70 branches), is continued at space segment equipment level and finalized at space segment element level with some extensions to space system level (which is not addressed herein). The challenge for the correct establishment of a test programme along the verification plan is to find the right combination of:
Completeness: no test repetitions if not intended, but no forgotten test aspects. Remark: The VCD is treated to give the baseline number of tests only. Other tests can be necessary for validation purpose.
Simplicity: do not intend to perform complicated tests, where simple methods provide adequate results.
Timing: a test can be worthless or increase programmatic risks, even if performed correctly, but at the wrong time in the sequence of tests.
Meaningfulness: always put in question if the test is meaningful in the way and at the time it is planned.
Representativeness: Test like you fly serves as a general rule for this.
Innovation: especially unique designs and instruments require innovative concepts for tests.

The goal in establishing a test plan, developed on the basis of the verification plan (including model philosophy and what tests are planned on which model), is to reach a complete test programme, optimized with respect to cost, planning and risk. In particular, the test plan mitigates the risk of late problems discovery and the risk of in-orbit failures especially during the infant mortality period. Often, there is no perfect solution, hence a compromise is necessary, keeping this approach in mind. The test plan at equipment level usually is straightforward. At space segment element level, the test plan is generally more complex. In particular, at space segment element level major issues to be clarified are typically:
Is the test programme appropriate to verify compliance to the requirements?
What is the most appropriate approach (how to inject failures/failure simulations) to test FDIR issues?
Is the baseline environmental sequence of tests the best compromise for the specific project?
Are there any tests missing to become confident with the product apart from requirements closure?
Does the test programme fit to cost and schedule?
Has the programme been checked for possible overtesting issues?
How robust is test programme towards late deliveries of items (e.g. instruments, equipment)?
Retesting or delta-testing: has an approach been defined to deal with these issues in case of failures, sequence changes or redesign/rework/retro-fits?
Do we need to identify Regression testing?

These questions are addressed during PDR (draft test plan available) and properly answered before CDR (agreed test plan).
The verification plan, establishes a general approach on the verification (not only by test), which puts some boundaries to the development of the test plan. The test plan defines the implementation and the details of the “how-to” (see ECSS-E-ST-10-02 “Verification” and ECSS-E-HB-10-02 “Verification guidelines”).
As said above, establishing an appropriate test programme at space segment element level deals with complex interactions between the different equipment and subsystems. Examples for these interactions, which are taken into consideration when setting up the test programme, are:
Availability of the “right” software at the time of the test: for schedule reasons, software coding is a parallel process to system integration and testing. The sequence of tests takes into account the capability of the software version at the point in time for a specific test, so an alignment between the sequence of tests and the software development schedule is mandatory.
FDIR is probably the most complex test issue to deal with. The FDIR concept is implemented in software and hardware. The response to each failure taken into account in the FDIR concept is verified. Therefore, you find a way for simulating these failures (different and probably innovative means need to be found!) and you assure that even if the FDIR reaction is either not correctly implemented or if there is a mistake in the concept, that flight hardware is not damaged in any case.
Dealing with deviations from the baseline: During the testing phase, adaptions and modifications of the baseline test flow becomes necessary for various reasons, like, for example, late deliveries, unavailability of facilities, failures, and NCR´s with impact on the flow. Often it is decided if a test can take place even if the test setup is not as complete as expected before. An agreement between customer and contractor is found, and this is easier if two precautions have been taken: a clear retesting strategy is agreed, and a delta-testing strategy is in place. See also Test Management in clause 4.3.
The AIT plan is usually produced by the AIT team taking into account several inputs:
Type of test required by the verification plan for the various hardware model,
Facilities intended to be used,
GSE to be used.
In general, the test specification is produced by the engineering team taking into account higher level specifications (i.e. launcher requirements, environment specification) and detailed technical analysis of the item under test.
The AIT team derives the test procedure from the test specification in close contact with the engineering team that produces the test specification.
In some cases, the engineering team defines test requirements and the AIT team generates a detailed test specification to be reviewed by engineering.
The test preparation and execution do take into account safety aspect as defined in the project safety plan to ensure protection of the personnel, facility and flight hardware.
Some tests, especially the Reduced Functional Test (RFT), are performed several times during the AIT in particular before, during and after environmental tests or transportation. The objectives of these tests are to check the IUT is working well and also to detect any variation (drift) of a parameter/result/measurement. Relevant parameters are to be identified such which are to be followed during the AIT timeline as a sign of evolution and possibly degradation (e.g. RW friction torque).
[bookmark: _Toc509411384][bookmark: _Toc104889870]Specific tests
Some tests are specific for the mission. Depending on the payload and the mission, and especially applicable for scientific missions, test methods are developed to verify the function and performance of the spacecraft. Examples for such tests are Thermal Balance tests with sun simulation of several solar constants for mercury or solar missions (Bepi Colombo, Solar Orbiter), specific deployment tests (James Webb Space Telescope), planetary environment tests for probes sent to a planetary or Moon surface, optical instruments with high temperature stability and high dimensional stability, landing tests… Common for all these tests are a high grade of innovation, usually high effort in preparation and high costs, and they are often a crucial element in the verification process. In the beginning of a project these tests are hard to calculate in terms of hours and costs. Therefore, a special focus is put on the identification and the proper preparation of such tests early in the project.
Identification: In fact, such tests are identified during a phase B of a project and treated in sufficient detail during the proposal preparation for the phases C and D. Sufficient detail means to establish a baseline for the “how to”, to identify the test facilities (and needed upgrades, if applicable), the test duration and therefore a good estimation for expected costs. Otherwise, such tests can run out of control during the project execution. Preparation: achievement of early agreements with the test facility, supervision of the test in the project risk register, early identification of long lead items and time estimations for facility upgrades and developments, and a proper milestone planning are mandatory. However, once these tests are performed, they are usually followed by a big audience and treated as a cornerstone of the project.
[bookmark: _Toc509411385][bookmark: _Toc104889871]Risks during testing
Even for tests meant as non-destructive, each test is putting a risk on the item under test. Therefore, tests without gaining more confidence are avoided. If the test article does not pass the test or, in extreme, is damaged as a result of a non-compliance to the requirements, then the test has fulfilled its objective.
But putting a risk on the test specimen means that there is a probability to damage it by not performing the test in the right way. The risks are of different nature:
If the test is putting stress on the specimen beyond the required limits, it can be physically damaged (e.g. vibration test, thermal test).
If the specimen is not commanded in the right way, the commands can cause a damage.
If the specimen is handled with MGSE, there is a risk of damage by handling (lifting devices, deployment support MGSE…).
Before performing a test, the risks are clearly identified and proper mitigation actions are implemented. These mitigation actions are:
For a): Ensure that the stress put on the specimen is the lowest possible without putting the verification into question (e.g. vibration levels and notching criteria carefully derived). In no case any qualification levels of units may be exceeded, including test tolerances. Automatic test aborts on facility level are implemented (prepared and rehearsed), if sensors indicate in-situ level exceeding (specifically vibration testing). A manual test abort is possible in cases where damage to the item under test can occur. To ensure the above, the whole control and data acquisition chain is verified by dedicated tests (i.e. dry runs, pre-tests for vibration tests). The overall test approach is validated by predictions derived from analysis.
For b): Pre-testing of scripts on non-flight hardware (e.g. engineering model) is applied wherever possible. Commands known as potentially risky (e.g. check of pyro ignition lines, release mechanisms) require special treatment, attention and a design with proper safe and arm functions embedded in both flight hardware and test equipment.
For c): Assure proper training of the crew. Assure that the MGSE acceptance is done according to applicable standards, e.g. proof load tests. Set up handling procedures, involve experts for specific handling activities where own experience is missing.
These risks during testing can and are minimized. However, they cannot be reduced to zero. Therefore, the whole test program is set up as stringent and short as possible – in line with the verification plan as given above.
[bookmark: _Toc509411386][bookmark: _Toc104889872]Overtesting
There can be different definitions for overtesting, according to the aspect that is emphasized:
unnecessary amount of tests w.r.t. what a correct establishment of a test programme requires
This definition is related to risk mitigation, since test by definition is a risk per se, while the results of the test aim at increasing the confidence about the behaviour of the item. Ideally, a correct test programme maximizes the confidence while minimizing the amount of tests needed.
definition of test specifications that are too conservative w.r.t. what is necessary to achieve an acceptable degree of confidence of the behaviour of the item
W.r.t. definition 1, this definition emphasizes the importance of specifying adequate requirements (in terms of pass/fail, algorithms, sequences, set-up…).
unintended testing of an item beyond the limits given inside the test specification
These limits can be related to the duration of activation and the level of the stimulus applied (for example, vibration levels, temperature levels, electrical levels like supply voltage).
In the rest of this clause, only definition 3 is taken into account and the consequences are explained.
Following definition 3, overtesting does not necessarily mean that the test item has been damaged. It means that limits which have been set for the test (usually for a good reason) and which have been considered for the verification programme, were exceeded. Therefore, a careful evaluation treated within an NCR process is carried out once overtesting occurred, following the process stated inside ECSS-Q-ST-10-09.
Overtesting effects can be:
Damage of the test item: repair or exchange to follow, use-as-is is no option practically in all cases.
Pre-damage of the test item. Example: due to unexpected high mechanical stress (e.g. by wrongly applied notching or shaker malfunction) the crack growth calculation can be outdated and is updated to check whether the item is still flight worthy or if it can fail during the next stress event (launch).
Wear higher than calculated. Example: during the test programme, an item which is subject to wear (pump, mechanism, slip ring…) has been used for 300h instead of planned 200h. Depending on the whole lifetime and margins, this can cause degradation of the mission lifetime.
Loss of qualification status: If out-of-qualification stresses (temperatures, mechanical stresses…) have been applied, the qualification status is lost. Using a qualification model undergoing the extended qualification range is a possibility to retrieve the qualification status.
Once overtesting occurred, the evaluation process of how to proceed is started. This is handled on a case-by-case basis. The countermeasures can be:
replacement of the item affected,
repair if damaged,
refurbishment,
use-as-is after check.
None of these countermeasures are applied without a specific analysis of the event and its impact. A simple re-check of function and performance is not a viable solution because of the possibility of undetected degradation.
[bookmark: _Toc509411387][bookmark: _Toc104889873]Test effectiveness
The above-mentioned optimization of a test programme with respect to cost, schedule, and risk requires a good understanding of the test effectiveness. The better the understanding of the test effectiveness is, the more efficient the set-up of the test programme is. In particular, the defects detection efficiency by monitoring and the precipitation efficiency of latent infant mortality defects participate to the global test effectiveness. Investigations on test effectiveness have been made and are ongoing, in case the available and up to date information can be checked (e.g. Model and Test Effectiveness Database (MAT€D), Analysis of Spacecraft qualification Sequence and environmental Testing (ASSET) study).
References:
MAT€D: ATS paper_MATED Improvement
ASSET: https://exchange.esa.int/asset/ 	TASI-ASE-ORP-0009_01
ASSET +: https://indico.esa.int/event/151/	TASI-ASE-ORP-0006_Iss.01
All the referenced documents are embedded in Annex G and are also available for download from the ECSS website along with this handbook.
[bookmark: _Ref461535138][bookmark: _Toc509411388][bookmark: _Toc104889874]Development test prior to qualification
The text in this clause 4.2 covers requirements 4.2a to 4.2c in ECSS-E-ST-10-03.
The definition of development model can be found in the clause 5.2.5 of ECSS-E-HB-10-02 “Verification guidelines”.
It is necessary to clearly distinguish between development and qualification. Development and development tests offer the possibility of design changes, depending on the outcome of the tests. Contrary to this, a qualification test campaign is performed on hardware whose design is not expected to change. Therefore, generally a qualification test campaign only starts after the related development tests have been finished.
However, due to schedule constraints, there is always pressure to start with qualification as early as possible. It is a matter of a risk assessment for the specific case to decide whether the qualification is started even if there are open points out of the development tests. Usually the first step is the decision to build (and how to build) a qualification model. For this, results of the development tests are available which allow having a certain design status “most probably” not subject to change any more. The more the overlap between development and qualification is, the higher the risk – a schedule vs. risk trade needs to be performed before a decision.
Development tests are not formally limited to any operational conditions. They can be used to check for margins and limits, and also to set proper qualification limits (as far as not already given by requirements).
During development tests one can be interested in checking for the real limits of operation, for example, during thermal testing, cooling down to the point where failures occur. This is allowed and can help in an operational failure case to evaluate recovery strategies.
A development model or even parts of it cannot be used for qualification purposes afterwards, because the documentation associated with such model does not allow to properly identify the complete history of the model or the part and, more severe, the stresses put on the item under test during the development tests can have an impact on the results of the qualification tests.
Starting from a reproducible and “clean” status is therefore fundamental not to mix development model parts with a qualification model and, of course, not with a flight model.
Development tests by nature do not have stringent documentation requirements as tests on qualification or flight hardware. Test procedures can be modified during test execution if the item under test does not behave as expected. Or it can be the other way around: running the tests gives insight about how the test procedures can be tuned.
No formal NCR and waiver process is carried out as part of the development process. However, as a minimum, the detailed test configurations, a record of test steps which have been performed and the test results need to be stored to highlight progress in the development process and to allow to conclude on the success of the development or to identify lesson learnt and recommendation of design improvement, if necessary. This documentation also is of aid for investigation in case of need later on.
[bookmark: _Toc509411389][bookmark: _Ref21095246][bookmark: _Toc104889875]Test management
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The text in this clause 4.3.1 covers requirements 4.3.1a and 4.3.1b in ECSS-E-ST-10-03.
Unclear assignment of responsibilities can cause major problems during different phases of the test programme. Non-optimal responsibility assignment causes a lot of trouble especially when deviations to the test procedure occur and the responsibilities to deal with them are proved to be unclear.
Some element level tests being particularly complex to organise (thermal vacuum test, static test), it is recommended to organise the test preparation as a project in itself, with specific milestones.
Test definition and specification phase:
The responsibility for the verification concept, the identification of needed tests for verification, and the test specifications are on system engineering side. The AIT responsibility during this phase is to answer to these requests by setting up a test plan, preparing to select the test facilities, and to check the suitability of the test means with regard to the test requirements. Responsibility does not mean that it is done by this party all alone, but the book captainship is on this side. In fact, engineering and AIT work in close cooperation and complement each other to be able to define and run the test programme – see also test specification and test procedure below.
Test preparation phase:
In this phase AIT prepares the test procedures in close collaboration with the engineering team. One of the main aspects is to define the role and responsibilities (according to DRD TPRO Annex C of ECSS-E-ST-10-03) during the test. In particular, the process and the responsible that authorize procedure variations are identified.
Test execution:
Test is executed upon approval at TRR in accordance with the procedure. Procedure variation if needed follows the agreed process and responsibility. The post test review decides on the end of the test execution and the release of the item under test and test facility for further activity.
[bookmark: _Toc509411391][bookmark: _Toc104889877]Test reviews
[bookmark: _Toc509411392][bookmark: _Ref528316902]Test programme
The text in this clause 4.3.2.1 covers requirements 4.3.2.1a and 4.3.2.1b in ECSS-E-ST-10-03.
The text in clause 4.3.2.2 to 4.3.2.4 covers requirement 4.3.2.1c in ECSS-E-ST-10-03.
Test blocks are useful to release a certain amount of test activities at a time. A full test programme can usually not be released in just one meeting (TRR), as the programme covers a large amount of tests, which cannot be prepared up to the very last detail at the beginning. On the other hand, releasing each and every single test procedure by means of a TRR would require a high number of such meetings including the effort of their organization and preparation. Therefore, an appropriate set of blocks is defined, each of which are released by separate TRR. For each test block, all documentation is prepared and all other preconditions (GSE ready, all open points discussed, availability and role of personnel clarified, facility ready…) are fulfilled to have a successful TRR for this test block.
It is to be underlined that the review and agreement of the test specification prior TRR, e.g., by a dedicated, informal Test Specification Review meeting has proven being efficient. This is to agree with the customer as early as possible on the scope and the content of the test, which simplifies also the execution of the TRR.
According to ECSS-E-ST-10-03C Rev.1 requirement 4.3.2.1b NOTE 2, Integration is listed as a typical test block. This block is normally authorized by an Integration Readiness Review (IRR). An IRR is held for each integration block, which can cover a series of follow-on test blocks. The IRR verifies the following status: 
Hardware incoming inspection performed
All hardware available as needed for the integration phase
Documentation is ready (specifically Integration Procedures)
NCR/RFD/RFW status evaluated and not blocking for the integration
Staff to perform the work is identified, trained and available
All necessary tools and GSE are available and calibrated
Shelf-life materials (e.g., glues) are checked to be inside expiration date
Material and Process issues are either closed or no blocking points
No open RFA or qualification
AIT and safety constraints are defined and special precautions are in place
The facility is ready and cleanliness requirements are met
No open work other than as identified and considered non-blocking during the IRR
[bookmark: _Ref461535806][bookmark: _Toc509411393]Test readiness review (TRR)
The text in this clause 4.3.2.2 covers requirements 4.3.2.2a to 4.3.2.2d in ECSS-E-ST-10-03.
As given in the standard, the most important part of the TRR is to run through a checklist to verify that all preconditions for the execution of the test are fulfilled. In fact, the TRR is a question-and-answer meeting between the project PA, the test responsible. Good preparation for the meeting is mandatory – the checklist is confirmed point by point. To allow for such a smooth meeting, the documentation is reviewed and agreed in advance, not to have major issues unexpected at the TRR. Therefore, if there are open technical issues, they are identified before the TRR and the preparatory technical work takes place in advance in order to reach an agreement during the TRR. It is better to avoid any discussion of the content of documents within the TRR, especially discussions on the test procedure content. Test content as defined by the test specification is agreed with the customer in advance, starting with the development of the verification content and proceeding step by step to test specification release.
The TRR ends with the conclusion whether the test (block) is properly prepared or not, and, in case it is, it releases the start. Open topics can be handled by a delta TRR or can be considered as normal work not blocking the test release. In any case they need to be tracked and closed.
It is strongly recommended:
to check the readiness of the test hardware by physically inspecting the test HW and the facility as part of the TRR.
that TRR takes place at the test facility.
to review the Success Criteria applicable for the PTR (or intermediate PTR if any).
[bookmark: _Ref461536143][bookmark: _Toc509411394]Post test review (PTR)
The text in this clause 4.3.2.3 covers requirements 4.3.2.3a to 4.3.2.3c in ECSS-E-ST-10-03.
The focus of the PTR is to come to a quick formal agreement on breaking the test setup to allow AIT to go on with the planned activities. As long as this agreement is missing, all further AIT activities are stopped. Therefore, within the PTR, the detailed results of the test are not checked and handled. Deviations from the procedure and failures are addressed and discussed as well as preliminary data assessment to exclude the need of any direct retesting in the current setup. The PTR is scheduled right after test finalization.
The Criteria for a successful PTR as defined/reminded during the TRR will be assessed.
[bookmark: _Ref461535818][bookmark: _Toc509411395]Test review board (TRB)
The text in this clause 4.3.2.4 covers requirements 4.3.2.4a to 4.3.2.4c in ECSS-E-ST-10-03.
Differently from a PTR, the TRB needs a not negligible time for preparation after the test is finished. The test report is prepared. Any open point, including NCRs resulting from the test execution, is addressed. The TRB is the final acceptance board for the test.
During the TRB the major stakeholders are the engineering team supported by the AIT team.
[bookmark: _Toc509411396][bookmark: _Toc104889878]Test documentation
[bookmark: _Toc509411397]General
It is highly recommended to establish a first issue of the AIT Plan even if the System Engineering Plan and the Verification Plan are not available in the final form. The AIT Plan is derived from these documents, but only partly. Identification of facilities and the organization and management of AIT are mostly independent of the engineering input. Also, major parts of the GSE (MGSE as well as EGSE and, if applicable, OGSE and FGSE) can already be defined in an early state.
[bookmark: _Ref461536636][bookmark: _Toc509411398]Assembly, integration and test plan 
Overview
The text in this clause 4.3.3.2 covers requirements 4.3.3.2a to 4.3.3.2c in ECSS-E-ST-10-03.
During the project the AIT Plan undergoes an evolution process. The level of detail increases from early phases to PDR and CDR. PDR and CDR are usually defined milestones for an updated document delivery. The CDR version is very close to the final issue, where only late modifications are implemented.
The AIT Plan available at the first TRR for a given model test programme is the final issue concerning this model.
Apart from other sections to be addressed in the AIT Plan (see according DRD ECSS-E-ST-10-03, Annex A), the AIT Plan serves as a roadmap for all AIT activities. All information necessary to properly run the AIT activities are found in this document, in particular the integration and sequence of tests as well as the prerequisites for any activities (e.g. identification of the facilities, necessary GSE, general test setup, AIT organization and staffing). The AIT Plan is an applicable document for all AIT documents giving more detailed information: AIT flows, document lists, GSE specifications, test procedures…
In the following, as this document is a testing handbook, we concentrate on the test related issues for the AIT Plan. Concerning testing, the AIT Plan is the answer to the Verification Plan (VP, as per DRD Annex A of ECSS-E-ST-10-02). Generally speaking, the Verification Control Document (or Verification Control Matrix at the beginning) identifies which requirements are verified by test and the AIT Plan states how it is going to be tested. Therefore, the following topics related to the “how” are addressed:
content of the tests,
splitting and sequencing of tests,
necessary GSEs,
necessary facilities,
organization and management of the tests.
[bookmark: _Toc509411399]Content, splitting and sequence of tests
The Verification Plan defines all the requirements that are verified fully or partially by test. In addition, some interdependencies and the associated verification sequences are detailed. The AIT Plan takes the Verification Plan as a basis to develop the whole and detailed test programme (including test matrix and sequence of tests). In an iterative and communicative way, the test specifications are developed by the engineering staff (again what testing required in a specific test), followed by the test procedures by the AIT team (how this required testing is performed). A good interaction between engineering and AIT is essential for a good result concerning test contents and sequence of tests.
As an illustration, the basic logic of a typical S/C integration and sequence of tests is as follows:
building the “functional core” of the system by integrating the on-board computer including command ability (direct access) and power supply. Interface and basic functional tests are performed.
adding the platform subsystems one after another: power subsystem, partly represented by simulators (see clause 4.3.3.2.3 “EGSE”, batteries and solar arrays to be integrated in a later stage), TT&C system to allow flight like (at least similar) commanding, followed by AOCS units. Each integration step needs to be followed by the corresponding interface and basic functional tests.
subsystem and platform level tests are to follow to check functions and performances within the platform level, e.g. open and closed loop tests for the AOCS, tests of mechanisms in the platform level test environment, in-depth on-board data handling testing.
integration and interface as well as functional tests of the payload.
system level testing like Polarity Test, Mission Simulation Tests and FDIR.
finalization of the spacecraft with appendices and MLI, preparation for environmental tests, global leak test.
environmental tests in a sequence appropriate for the specific mission – no “golden rule”, but always an evaluation of pros and cons for a specific sequence of tests. 
After environmental tests, the Final functional tests need to be performed again (before the launch campaign)
transport to the launch site and launch campaign (to be set up in close cooperation with the launch authority). 
During Launch Campaign, at least a RFT need to be performed
[bookmark: _Toc509411400][bookmark: _Ref21351774]EGSEs
The AIT Plan identifies all necessary EGSEs. However, not covered are specific simulators used for on-board S/W validation and verification before implementation of the S/W on the target system.
S/W validation and verification requirements are covered by ECSS-E-ST-40 and ECSS-Q-ST-80.
The needed EGSEs for a typical spacecraft system level test usually consist of:
a central checkout system (CCS) as a “backbone” of all EGSE major parts to be connected to the spacecraft, also including data management (AIV/AIT database, SRDB).
an on-board data handling EGSE, including bus Analyser and data loader.
a power EGSE, consisting of Solar Array Simulator, Battery Simulator, Battery Management Unit and others, usually several racks.
an AOCS EGSE, used to simulate and stimulate AOCS sensors and to provide an environment of simulated mission scenarios concerning attitude and orbit control.
a TT&C EGSE including TM/TC front end to allow communication with the spacecraft, consisting of various ways to do so: via direct data bus connection; hardwired, but with modulation/demodulation; end-to-end version using test caps including damping devices to establish a radio frequency link.
a payload EGSE, which is mission specific.
other EGSEs like RF suitcase and umbilical EGSE, TCS simulation, propulsion GSEs.
A typical setup is shown in Figure 4‑1.
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[bookmark: _Ref457383305][bookmark: _Toc104889960]Figure 4‑1: Testing at S/C level and example of typical EGSE setup for JUICE S/C (courtesy Airbus Defence and Space)
Apart from the EGSEs needed to run spacecraft tests, other EGSEs are identified and procured or made available in time. This includes facility EGSEs or facility equipment to be procured or rented for the specific project:
general purpose test equipment like break-out-boxes, multimeters, oscilloscopes, probes, measurement equipment in general: these are either available from a central AIT pool or procured in time.
small “stand-alone” EGSEs for specific tasks or special tests, e.g. read-out equipment and data storage for thermal test data and sensors, illumination devices for solar array checks, specific measurement equipment for pyro resistance checks…
facility related EGSEs to support, for example, vibration, thermal vacuum, acoustic noise, shock, EMC and CATR testing, GPS clock reference.
It is important that the EGSE is validated and calibrated before starting the test activities.
The calibration is maintained throughout the ground test activities.

Finally, it is worthy to be mentioned that EGSE and SCOE are highly project dependent, e.g. "COTE" is even not a name known in some Industries. 
Anyway, for sake of clarification, a list of typical EGSE/SCOE and main purpose description is added here below in Table 4‑1.
[bookmark: _Ref102033141][bookmark: _Toc104890072]Table 4‑1: Typical EGSE/SCOE list
	No
	EGSE/SCOE
	Main use case
	Secondary Use Case
	Comment

	1
	Power SCOE
	Power Supply
	
	

	2
	Umbilical SCOE
	Power Supply
	
	

	3
	Launch SCOE
	Power Supply
	TM/TC Connection (Bypass)
	can include TM/TC SCOE, TM/TC FE
"anti" seismic rack to withstand launch loads in bunker

	4
	Launch Power Supply
	Power Supply
	TM/TC Connection (Bypass)
	can include TM/TC SCOE, TM/TC FE
"anti" seismic rack to withstand launch loads in bunker

	5
	COTE
	Power Supply
	TM/TC Connection (Bypass)
	Check-out Terminal Equipment

	6
	Main Bus Power Supply
	Power Supply
	
	

	7
	Battery Power Supply
	Power Supply
	
	

	8
	TM/TC SCOE
	TM/TC Connection (Bypass)
	
	

	9
	TM/TC Front-End
	TM/TC Connection (Bypass)
	
	

	10
	TT&C SCOE
	RF connection (Telemetry, Tracking and Command)
	
	can include TM/TC SCOE, TM/TC FE

	11
	TTC FF
	RF connection (Telemetry, Tracking and Command)
	
	can include TM/TC SCOE, TM/TC FE

	12
	TT&C SCOE
	RF connection
	
	can include TM/TC SCOE, TM/TC FE

	13
	RF SCOE
	RF connection
	
	can include TM/TC SCOE, TM/TC FE

	14
	S-BAND SCOE
	RF connection
	
	can include TM/TC SCOE, TM/TC FE

	15
	X-BAND SCOE
	RF connection
	
	can include TM/TC SCOE, TM/TC FE

	16
	Ka-BAND SCOE
	RF connection
	
	can include TM/TC SCOE, TM/TC FE



[bookmark: _Toc509411401]MGSEs
It is important to identify the MGSEs needed for the integration and test activities. Therefore, it is recommended to go through the whole AIT sequence and to identify, for each step, which kind of MGSE is needed to perform the task. At least MGSE, which is not available off the shelf or not trivial to manufacture, needs to be identified, specified and procured well in advance. Typical “big blocks” of MGSE are transport containers, lifting devices, integration stands and trolleys, module integration aids, test adapters, test and handling clamp band (see hereunder pictures). However, there are also some delicate items to be considered like zero-g devices or deployment rigs. All of these need a procurement process similar to an equipment procurement: issue a specification, select a supplier, agree on milestones like reviews, monitor the detailed development and manufacturing process, witness the acceptance tests (like proof load test, drop test for damper systems, Non-Destructive Inspection tests).
Possible problems during the integration process are anticipated to be prepared with the right MGSE. Also, some flexibility in the concept is anticipated to adapt for late design changes of the spacecraft or its modules.
It is good practice to perform dry runs to become familiar with the MGSEs handling. This is considered in the scheduling.
Small MGSEs are items like diving boards, special tools, scaffolds, fixations, brackets, safety covers and so on.
It is highly recommended to establish a complete list of all MGSEs needed for the project, including small items, but except standard tools, and to track the need date as well as the estimated date of availability.
[image: ]
[bookmark: _Toc104889961]Figure 4‑2: GOCE spacecraft Container
[image: ]
[bookmark: _Toc104889962]Figure 4‑3: Exomars Schiaparelli Descent Module Container
[image: ] [image: ]
[bookmark: _Toc104889963]Figure 4‑4: AEOLUS multipurpose trolley
[image: ]
[bookmark: _Toc104889964]Figure 4‑5: Lifting device for Exomars Schiaparelli Descent module
[bookmark: _Toc509411402]Other GSEs
Apart from EGSEs and MGSEs, project specific and subsystem specific GSEs are identified. This covers fuelling GSEs, optical GSEs, cooling GSEs (fans or liquid cooling) and more, as applicable.
[bookmark: _Toc509411403]Facility infrastructures
The handling of flight items during their lifetime on earth usually requires specific attention with regard to the environment provided by the facilities. To avoid contamination by particles usually a cleanroom ISO class 8 is used for integration purposes. In addition, temperature and humidity are controlled and recorded within limits as given in ECSS‐Q‐ST‐70‐01 (RH (55 ±10) %, T (22 ±3) °C in standard cases).
Depending on specific mission requirements other environmental conditions can become applicable. For missions to planets of the solar system the planetary protection rules apply, (see Committee on Space Research – COSPAR PLANETARY PROTECTION POLICY), resulting in more stringent requirements especially on biological contamination. For flight hardware with delicate optics usually higher clean room classes are required (typically ISO class 5).
There are more requirements on the facilities than just the environment (for example, special security requirements can apply). The infrastructure is appropriate for the tasks to be performed: the suitability of the infrastructure is checked against the requirements, for example:
Fixed facility infrastructure:
Crane(s) with necessary load capacity and clearance (lifting height),
Facility grounding concept,
ESD flooring as applicable,
Electrical infrastructure (e.g. power up to three-phase current 330 V / 63 amps),
Safety measures for dangerous operations like pressure tests (bunker), if applicable,
Illumination according to the needs and legal constraints (brightness, specific working area illumination),
Size of access and integration area (see example of floor planning below).
Moveable facility infrastructure:
Cherry pickers,
Fork lifts,
Lockers / storage means,
Clean benches with filters for e.g. gluing activities.
See also for Safety issues 4.4.1e.
[bookmark: _Toc509411404]Integration area planning
Note that apart from the area needed for the spacecraft itself working areas, EGSE, MGSE need to be considered in detail. The working area comprises scaffolds, desks to place tools, desks and chairs for QA and documentation, access areas for alignment activities and more. All floor planning takes into account specific activities, which lead to an increased area need for a limited time: module mating activities, transport preparation involving transport containers and logistics, deliveries of large components.
[bookmark: _Toc509411405]Storage area planning
A dedicated non-working area (mainly for GSE) is very often necessary to temporarily store containers, crates etc. that are not continuously used for integration and test activities. Storage conditions need to be identified and taken into account as part of the logistics.
[bookmark: _Toc509411406]AIT facilities
Some tests require specialized facilities providing the means to perform vibration and acoustic noise tests, thermal tests, EMC tests, and RF tests. Or facility equipped with adequate test feature for physical properties (Mass, CoG, MoI) determination, appendages deployment, and propulsion test.
For other tests especially for planetary environments, facilities have either to be set up or identified according to the very unique needs of such missions.
To ensure the suitability of the environmental test facilities, the technical data with regard to the applicable requirements are checked first.
[bookmark: _Toc509411407]Test Article Instrumentation process
The Design Authority, in agreement with the test conductor or technician (from AIT), approves in a technical meeting on the instrumentation to be utilized to monitor the test performances.
As cooperation activity (co-engineering) before issuing the instrumentation plan, the following main topics are discussed and agreed in detail:
Instrumentation location to check the accessibility and removability or passivation.
Instrumentation installation, when and at what time need to be included in the scheduled sequence of tests.
Instrumentation range and measurement uncertainty in order to use proper standard instrumentation or if strictly needed procure a new instrument.
Installation procedures (draft) to avoid incorrect installation, Test Article damaging and failure.
Instrumentation harness routing not to influence the instrumentation readings and test article behaviour (e.g. thermal leaks through harnesses, or issues with deployment/motion).
Verify that test instrumentation can withstand another environment (vibration sensor compatible of Thermal Vacuum) if instrumentation not installed just before the test, and removed just after the test.
After the definition of the test instrumentation plan, the whole instrumentation is calibrated checking that the duration of calibration covers all instrumentation activities with also the test execution, with margins.
Dedicated paragraphs of a dedicated instrumentation procedure, or inside the test set-up preparation procedure, describes the instrumentation operations and sequences with also the tables of the main parameters, i.e.:
instrument type,
P/N & S/N (if not available in advance a blank range to be filled),
position/location (with annexed figures),
directions and axis (for accelerometers, displacement transducers, alignment mirror targets…),
range,
measurement uncertainty/sensitivity,
calibration due date,
pictures of the installed instrumentation,
and operator signature and installation date.
Functional check steps are planned, at the end and during the instrumentation process, before and in some case after test execution, in the dedicated installation procedure and they are performed accordingly.
The procedure contains also removal procedures steps.
The instrumentation that is not removed for flight is identified and conditioned as required. An analysis has confirmed that there is no detrimental impact (e.g. contamination, short circuit, mechanical behaviour).
In addition, it is necessary to ensure that the test facility includes proper controls in the final checks with the Data Acquisition system.
After installation of the instrumentation, deviations with respect to the agreed instrumentation plan are clearly identified, e.g. sensors not located or oriented as expected due to unforeseen constraints. It is important to capture the “as instrumented” configuration.
[bookmark: _Ref499908667][bookmark: _Toc509411408]Test specification (TSPE)
The text in this clause 4.3.3.3 covers requirements 4.3.3.3a to 4.3.3.3c in ECSS-E-ST-10-03.
Test specifications at equipment level and at element level are generally under the responsibility of engineering, not of AIT. Usually, only the developers have a detailed inside view of the equipment which allows defining a proper test specification. However, involvement of AIT in the TSPE preparation is crucial to avoid unfeasible requirements. Early discussions between both parties help to streamline test setups, as AIT is experienced in turning specifications into real test steps.
The DRD for the Test specification is in Annex B of ECSS-E-ST-10-03. It includes the description of the expected and needed content, which are therefore not repeated here, but commented in the following text. The test specification introduction emphasizes two aspects of paramount importance:
Test purpose (= achievement of test objectives).
Test limitations (= any open issue, assumption and constraint that does not allow the full achievement of the test objectives).
The Test specification is used as a basis to write the test procedure with all step-by-step activities. 
The complexity of a TSPE is directly linked to the complexity of the test.
For a “simple test”, which means, for example, without specific means to develop, and no contribution of many disciplines or sub-contractors, only the TPRO is issued, based on engineering inputs, and it covers the purpose of the TSPE. This is for example the case for physical properties (Mass, CoG, MoI) measurements at equipment level, or derived from a test performed in other projects. For this kind of simple tests, it is acceptable to start directly with the test procedure.
If the test is complex or long to prepare, for example a S/C level EMC test or a S/C level thermal test, at least two issues of TSPE are necessary. A preliminary one is needed to allow for identification of long lead items, booking of the facility, iteration with involved disciplines and similar issues requiring anticipation. A final one captures all requirements to finalize the test procedure.
It is recommended to establish a table containing the requirement identification from the VCD, the requirements text, the verification methods for the requirement as per VCD, and a reference to the point in the test sequence for the planned verification. Discuss the requirements as addressed before as well as the proposed test approach to give rationale for the validity of the requirement verification, if not obvious.
The test description addresses the following topics:
Test item configuration: required as-built status of the item including S/W version, if applicable.
Test and operation means: e.g. shaker, vacuum chamber, anechoic chamber, also including description of GSE measurement equipment.
Test setup including boundary conditions: adapters, interfaces, mounting conditions.
Ground Support Equipment: mechanical as well as electrical or other GSE necessary to run the test, including test tools.
Test conditions: specific environmental conditions (temperatures, vacuum, cleanliness…) or other conditions to be fulfilled before running the test.
Requirements on the test facility, either internal or external, need to be addressed. Specifically, for environmental test campaigns, the test facility requirements become part of the contractual documentation with the test house. For environmental tests, usually the following test facility requirements are treated in the TSPE:
Interface requirements (mounting interfaces, crane interfaces, infrastructure interfaces…).
Safety requirements (apply for pressure tests, toxic fluids, crane and lifting devices margins).
Measurement equipment requirements: number of channels, measurement uncertainties, sample frequencies…
Precise location of sensors, type of sensors selected, measuring range, measurement uncertainty, acquisition frequency, number of sensors. In some cases, this information is captured in instrumentation plans, which can be referenced in the TSPE. Note: some of the instrumentation does not fall under the facility responsibility.
Facility capability requirements like mass and load requirements or automatic abort capability for vibration, temperature range for thermal testing, frequency capabilities for RF testing.
Required support means (transport, lifting, nitrogen supply…).
Concerning the test sequence, the TSPE gives a planned test sequence as a frame to establish a TPRO later on. Requirements addressed and verified during specific parts of the sequence are assigned to these parts. The flow of activities is chosen in a way to minimize testing effort without compromising the verification process, i.e. any necessary reconfiguration activities are optimized. The presentation of the flow in the TSPE is limited to the different configurations and major test activities to allow getting an overview of the whole test sequence, but include all necessary information to deduct the step-by-step TPRO later on.
Logical Test sequence: In case of logical constraints to the test sequence (e.g. a measurement value of an activity is needed as input to perform a test step of another activity), these logical constraints need to be identified and described in the TSPE to avoid reshuffling of the sequence during the TPRO preparation.
Pass/fail criteria are defined to allow clear check points between tests steps to decide whether the test is to be continued or stopped.
Test conditions are part of the specification so they are not pass/fail criteria.
Defining the appropriate input pass/fail criteria takes into account the test tolerance bands. Also output pass/fail criteria include test uncertainties to allow for a decision if the test item is reacting or performing as expected.
Responsibilities are essential for successful test performance. Therefore, the roles and responsibilities of e.g. the lead test engineer, the AIT test lead, the project manager and maybe the customer as well are clarified early to avoid discussions about decisions when they are needed urgently.
[bookmark: _Ref499908764][bookmark: _Toc509411409]Test procedure (TPRO)
The text in this clause 4.3.3.4 covers requirements 4.3.3.4a to 4.3.3.4c in ECSS-E-ST-10-03.
Turning the specification into a step-by-step procedure is a task of AIT. However, as now the developer view is often missing, it is recommended to support the test procedure generation from the engineering side. To make background information available during procedure generation involvement of engineering is necessary. A company structure which allows for some flexibility concerning cooperation of engineering and AIT is beneficial for this. As a general guideline, unproven test procedures are run and checked on engineering models or on a simulator before execution on flight hardware. The step-by-step description needs to exclude any unambiguity. The level of detail is adjusted to the experience and education of the personnel which runs the procedure. This can vary with different company organizations.
The DRD for Test procedure is in Annex C of ECSS-E-ST-10-03. It includes a proper description of the expected and needed contents, which are therefore not repeated here.
[bookmark: _Ref499908809][bookmark: _Toc509411410]Test report (TRPT)
The text in this clause 4.3.3.5 covers requirements 4.3.3.5a to 4.3.3.5b in ECSS-E-ST-10-03.
Depending on the test purpose (interface test, functional test, performance test…) the test report is issued by AIT or engineering. For interface and functional tests, the focus is mostly on simple pass/fail criteria, verification of requirements in this stage of testing is very limited. Therefore, the test report often consists of a summary of the results, with the as-run test procedure as annex. As long as no deviations occur, no engineering judgment is necessary. Once the phase of performance or environmental testing is reached, engineering produces a test report. In this case, it is often referred to as a test evaluation report. The test results often need a careful evaluation with regard to requirements verification.
Due to the nature of tests, there can be several test reports, for example for thermal tests there are a test facilities report, containing raw data from facilities, an AIT test report, including the operational results of the thermal test activities, and a test evaluation report, issued by the engineering team.
To conclude successfully a TRB, the test report is accepted or accepted with updates by all involved parties, as defined in in clause 4.3.3.4c of ECSS-E-ST-10-03. It derives that an issued version of the test report is available before the TRB which is subject of review and acceptance as described above, at the TRB.
The DRD for Test Report is in Annex C of ECSS-E-ST-10-02.
[bookmark: _Ref499908913][bookmark: _Toc509411411][bookmark: _Toc104889879]Anomaly or failure during testing
The text in this clause 4.3.4 covers requirements 4.3.4a to 4.3.4c in ECSS-E-ST-10-03.
Deviations from expected measurement values or unexpected behaviour of the item under test need to be evaluated. To allow for this, recording of the test steps is a necessary precondition for post-test evaluations. Recording is not limited to the failure or anomaly itself, but also clearly describe the test status and conditions. For functional tests, replay of the test steps to verify that either the anomaly or failure has been a single event or is repeatable is often needed to identify the root cause. But this can be done only if it is demonstrated that a replay will not damage anything.
AIT and QA check whether a non-conformance is resulting out of the anomaly or failure and in case start the NCR process on the issue. According to the non-conformance processing flow of ECSS‐Q‐ST‐10‐09, disposition on corrective and preventive measures including retest activities is given.
[bookmark: _Ref499909067][bookmark: _Toc509411412][bookmark: _Toc104889880]Test data
The text in this clause 4.3.5 covers requirements 4.3.5a to 4.3.5c in ECSS-E-ST-10-03.
To record test data together with environmental conditions and test setup details (specifically software versions) is mandatory to later on analyse the test results. Missing information, detected during test evaluation, leads to the necessity of test repetition.
Parameters, which are going to be measured several times during the overall test campaign, and which can vary within a certain range, are identified. For these parameters, a specific analysis is performed, aiming on the identification on trends in the measurement results. This allows for a prediction of probably out of range results after a certain lifetime. Typical tests related to the identification of trends is the reduced functional tests execute before and after transportation and before, during and after environmental tests.
Test data is available in electronic form as far as possible, to streamline processing.
For example, in case of vibration testing, all time histories are recorded for further analysis in case of issue. The availability of the time history is checked with the test facilities.
[bookmark: _Toc509411413][bookmark: _Toc104889881]Test conditions, input tolerances, and measurement uncertainties
[bookmark: _Toc509411414][bookmark: _Ref47538481][bookmark: _Toc104889882]Test conditions
The test levels and the test durations that a TSPE require are the main test conditions for the fulfilment of the test objectives.
If using predicted environmental and interface conditions, the environment specifications or documents managing interfaces between products usually provide the TSPE input information:
· An environment specification describes the different life phases environmental conditions (ground, launch, in-service and withdrawal from service).
· Generally, the prediction of an environmental or interface test condition uses in-service data of previous missions, relevant ground or launcher environments, analytical predictions including calculation uncertainties, relevant previous test results including test uncertainties, or a combination thereof. Such test conditions can cover one or more missions.
As an example, if using predicted reliability performances for electronic equipment, the Arrhenius law drives the temperature levels that the TSPE requires. In that case, these temperature levels do not come from TCS (Thermal Control Subsystem) performances predictions.
The predicted environmental conditions can cover either only one mission, for example on a unique LEO orbit, or a set of missions, for example including LEO and non-LEO orbits with interplanetary trajectories.
As an example, in the functional domain, worst case conditions, coming from the specific mission, are taken into account for certain verification activities like test of power profile. This corresponds to the "test like you fly".
For the mechanical domain see ECSS-E-HB-32-26 “Spacecraft mechanical loads analysis handbook”.
Deleted requirement.
Examples of effects that might induce differences in behaviour due to the testing environment:
· Effects of appendages flexibility during attitude control tests.
· 1g effects or atmosphere effects on mechanisms torque capability or stiffness.
· As indicated in the note in the standard, a typical difference between room pressure and vacuum is the absence of convection for the heat transfer and the effect on temperature differences. Note that in some cases, conduction through the gas has significant effects. For example, in cases where there is a thin layer of gas (e.g. gas gap) is present, convection does not happen in this thin layer, but gas conduction changes the heat transfer. This is the case for Multi-Layer Insulation.
· If gas in movement is present around for example a space segment element, effects of heat transfer by free or forced convection on temperature differences between different points of this space segment element.
No specific guidelines for this requirement.
[bookmark: _Ref47536636]Safety aspects can be critical, e.g. during pressure tests, static tests, vibrations, tests with batteries, hazardous materials (e.g. Beryllium), pyro devices. Potential hazards are identified and registered and protection means provided (safe unloading during static test, ear protection for vibrations).
Examples for Static tests see A.3, for centrifuge see A.5, for vibration see A.7and for Pressure tests see B.3.
Test facilities typically have safety procedures to be followed and for which personnel are trained. However, for ad hoc type of tests (e.g. pressure tests, static tests, landing tests), those safety aspects are addressed. 
Test facilities and GSEs are not the weak part (i.e. do not impact on test performances). GSEs have sufficient margins (in terms of performance and reliability) and redundancy features not to affect the test. MGSE is typically tested before use. Strength tests are performed on a regular basis for items that are re-used (e.g. slings), according to national safety rules. For example, a test heater is sized with derating rules at least as severe as flight ones. It has happened that a thermal test had to be aborted because a test heater started to burn. Similarly, to reduce the risk of a clamp band failure during vibrations or static test, more robust clamp bands can be used, which do not only rely on friction but can also include a mechanical stop on the rear frame of the launcher interface. These topics are addressed early when procuring the GSE and verified at TRR.
These topics are addressed early during test preparation and verified at the TRR.
It is very important to perform test predictions or test simulations (including as much as possible the effects of the test facility. Example: virtual testing) before the test starts. In case of vibration testing, it is important to begin the test with dry runs and low levels. In some cases, coupled prediction analysis are performed considering simulation models of the facility and of the test article. These topics are addressed early during test preparation and verified at the TRR.
[bookmark: _Toc509411415][bookmark: _Toc104889883]Test input tolerances
a. No specific guidelines for this requirement.
b. This handbook, as the testing standard, does not cover metrology uncertainty budgets and test uncertainty budgets. The guides (JCGM 100 series, EA‐4/02 and EA‐4/16), in the bibliography of the standard, are the international state of the art in terms of uncertainty of measurement and in terms of uncertainty in quantitative testing. EA‐4/02 and EA‐4/16 are European guides that apply the JCGM 100 series. A general knowledge of the practice of this terminology and of these fundamental basics is of great help in formulating explicit requirements about these uncertainty budgets in each test specification.
See additional guidelines in the guidelines to the requirement 4.4.3b.
c. No specific guidelines for this requirement.
d. [bookmark: _Ref255992867]No specific guidelines for this requirement.
e. No specific guidelines for this requirement.
[bookmark: _Toc104889884]Measurement uncertainties
a. See guidelines to the requirement 4.4.3b.
b. See first considerations in the guidelines to the requirement 4.4.2b.
Metrology and test equipment calibrations are crucial
To support efficiently each test objective and knowing that the engineering team takes care of the accuracy of each test implementation, metrology and test equipment calibrations ensure an accurate value of each test input and output measured parameter.
Repeated calibrations based on approved calibration procedures, with traceability to international standards for metrology and to test standards for test equipment, are the fundamental and primary activity:
· For each test input parameter associated with a test input tolerance, each measured value can vary within the allowable tolerance band. And to do this, the specified allowable uncertainty width (with typically a 95% confidence level), associated to all measurement instruments and test equipment used to control and monitor this test parameter, is a little fraction of the tolerance band width. For this purpose, most of the space programmes international standards require or preconize this width better than one third of the test tolerance band width. Figure 4‑6 illustrates the decision rule associated to test input tolerance assessment, as per ISO/IEC 17025:2017, entitled "General requirements for the competence of testing and calibration laboratories".
· For a test input or output measured parameter, the test implementation uncertainty is test dependent and can be much bigger than the metrology and test equipment calibrations uncertainty. Generally speaking, a global measurement uncertainty includes the measurement implementation contribution and the contribution of the calibrations of the complete metrological chain. As an example, for sensors as thermocouples, the uncertainty coming from even good thermal contacts, between a surface near the temperature intended to be measured and the thermocouple (sensor head and wires), makes negligible the metrological chain calibration contribution to the global uncertainty. For vibrations, the orientation and exact location of the accelerometers are sources of uncertainty. For a static test, orientation and location of strain gauges are sources of uncertainty. For acoustic test, location of the microphones influences the measured sound pressure level, which is never fully homogeneous in the test volume. This is particularly true for direct field acoustic test. For static tests, mounting of the LVDTs might lead to significant uncertainty.
[image: ]
[bookmark: _Ref47541065][bookmark: _Toc104889965]Figure 4‑6: Test input in-tolerance or out-of-tolerance assessment (decision rule)

Test results conformity assessment is performance dependent
For test output measured parameters participating to the space product verification, the approach of the conformity assessment differs according to two main categories of space product performances:
· For a performance verified by a quasi-direct measurement, Figure 4‑7, inspired by the Figure 10 of the JCGM 106:2012 guide, entitled "Evaluation of measurement data -- The role of measurement uncertainty in conformity assessment", illustrates the approach. This figure illustrates the decision rule, as per ISO/IEC 17025:2017, associated to conformity assessment with the guard band approach.
In case of two (lower and upper) bounds for the specified allowable values, this figure visualizes a range of allowable values (orange and green zones) from lower to upper specified limits and two guard bands (orange zones) defined as the 2-σ confidence interval (95% confidence level) of the global measurement uncertainty.
The guarded approach avoids false conformities within the confidence level, but can lead to false rejections and, if the specified interval width is small, to conformities impossible to assess (no green zone). In order to mitigate these two risks, the only way is low global measurement uncertainties. For the second risk and in case of two (lower and upper) bounds for the specified allowable values, the conformity assessment is only possible if the global measurement uncertainty is significantly lower than the specified allowable interval. With a factor superior to two, a green zone appears. With a factor three, the green zone width equals the measurement uncertainty.
As an example, for a mass measurement with an upper specified limit, the absorbed humidity or another uncertain or unrepresentative test condition can be a mass measurement implementation contribution to the global mass measurement uncertainty much bigger than the calibrations contribution. It is particularly the case if the uncertain or unrepresentative test condition varies between different tests and if the analysis of its impact on the result is uncertain. So, the test specification requires similar conditions (pressure, temperature, humidity) between different mass measurements, in accordance with ECSS-Q-ST-70-01 clause 5.3.
· For a performance verified by a numerical model correlation activity, the TSPE requires each need in terms of uncertainty, including confidence level. Before that, the engineering team ensures the satisfaction of specific needs exceeding the performance of previously available measurement instruments and test equipment. The corresponding decision rule, as per ISO/IEC 17025:2017, is the assessment of the flight predictions results obtained with each validated numerical model.
Examples: higher than ever dimensional stability to avoid thermo-elastic displacements, lower than ever temperature difference, tighter than ever requirements on temperature stability or variation, or very small displacement to be measured for thermo-elastic stability.
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[bookmark: _Ref47541191][bookmark: _Toc21093364][bookmark: _Toc104889966]Figure 4‑7: Conformity assessment with the guard bands approach (decision rule)

c. No specific guidelines for this requirement.
d. No specific guidelines for this requirement.
e. [bookmark: _Ref221428773]Deleted requirement.
[bookmark: _Toc41323207][bookmark: _Toc509411417][bookmark: _Toc104889885]Test objectives
[bookmark: _Toc509411418][bookmark: _Toc104889886]General requirements
The test programme definition takes into account:
verification programme defined in ECSS-E-ST-10-02,
model philosophy defined in ECSS-E-ST-10-02,
requirements defined in ECSS-E-ST-10-03.
No specific guidelines for this requirement.
[bookmark: _Toc509411419][bookmark: _Toc104889887]Qualification testing
For functional testing, margins are not systematically applied.
The qualification at element level is often spread out over different models.
Deleted requirement.
Deleted requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc509411420][bookmark: _Toc104889888]Acceptance testing
For mechanical acceptance testing also makes sure that the flight model behaves as the model on which qualification testing is performed (e.g. dynamic signature). If not, then the qualification can be jeopardized.
[bookmark: _Ref21358173]An important objective of acceptance testing at equipment level is to precipitate by environmental stress screening any latent defect in materials, parts, processes and workmanship that is susceptible to cause detrimental problems or failures during posterior AIV activities at element level and during the in-service infant mortality period. In particular, for temperature cycles, the precipitation efficiency of the thermo-mechanical stresses depends on the amplitudes of the temperature ranges and rates of change. A temperature range limited to the working operational temperature range is not sufficient. Other type of defects, as design defects that escape to qualification stage or as patent defects in materials, parts, processes and workmanship that escape quality control and previous environmental tests, can also cause detrimental problems or failures.
Further information about acceptance can be found in ECSS-E-HB-10-02 section 5.2.4.3.
[bookmark: _Toc509411421]No specific guidelines for this requirement.
[bookmark: _Toc104889889]Protoflight testing
[bookmark: _Toc509411422]Overview
Note that protoflight approach can be performed according to the type of environment. For example, a given project could have a protoflight approach for thermal and perform the mechanical qualification on a structural model (SM) and only mechanical acceptance on the flight model (FM).
[bookmark: _Toc509411423]Requirements
See the guidelines for acceptance testing in 4.5.3b with the difference that the protoflight stage has also the objective of detecting design defects.
No specific guidelines for this requirement.
[bookmark: _Toc509411424]No specific guidelines for this requirement.
[bookmark: _Toc104889890]Retesting
[bookmark: _Toc509411425][bookmark: _Toc104889891]Overview
No specific guidelines for this overview.
[bookmark: _Toc509411426][bookmark: _Toc104889892]Implementation of a design modification after completion of qualification
[bookmark: _Toc509411427]No specific guidelines for this requirement.
[bookmark: _Ref4676145][bookmark: _Toc104889893]Storage after protoflight or acceptance testing
The text in this clause 4.6.3 covers requirements 4.6.3a to 4.6.3g in ECSS-E-ST-10-03.
If specific needs for testing during storage are foreseen, it is highly recommended to rehearse the procedures before the storage takes place.
Space segment element or equipment to be re-flown
[bookmark: _Ref88496561]In the previous programs where re-flown was done (e.g., Spacelab, Spacehab, MPLM), tests were performed after landing and before the re-flown (mainly functional tests) to verify that the performance and capabilities were as required by mission and specifications. Analogous approaches are foreseen for possible future missions (e.g., Space Rider) where replacement of units after flight is also evaluated Typically long duration tests in the C/D phases (e.g., vibration tests) are adopted to cover the item long duration exposure to the encountered flight environments (i.e., re-flights). In the following Note it is possible to find Wikipedia web information on those missions: 
MPLM (Multi-Purpose Logistic Module) Leonardo, from: https://en.wikipedia.org/wiki/Leonardo_(ISS_module), MPLM Raffaello, from:
https://en.wikipedia.org/wiki/Raffaello_MPLM, SPACEHAB Logistics Double Module, from:
https://www.nasa.gov/mission_pages/station/structure/elements/spacehab.html, SPACEHAB, https://en.wikipedia.org/wiki/Spacelab
[bookmark: _Hlk87629083]See requirement 4.6.4a.
[bookmark: _Toc104889895][bookmark: _Toc509411429]Flight use of qualification Space segment element or equipment
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc150942175][bookmark: _Toc150945001][bookmark: _Toc165727163][bookmark: _Toc165727741][bookmark: _Toc169082987][bookmark: _Toc170095191][bookmark: _Toc170784251][bookmark: _Toc189553651][bookmark: _Toc210196208][bookmark: _Ref311798874][bookmark: _Toc311800305][bookmark: _Toc509411430][bookmark: _Toc104889896]
Space segment equipment test requirements
[bookmark: _Ref311798919][bookmark: _Toc311800306][bookmark: _Toc509411431][bookmark: _Ref21359905][bookmark: _Toc104889897]General requirements
The space segment equipment testing is key for a comprehensive test and verification program of the whole space segment element. Ideally the same principles are applied on the equipment and space segment element verification levels. This is requested especially for the functional and performance testing described in the clauses below and in more detail in the foreword of equipment level section 5.5.1.1.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
An aspect to consider is the capability to detect defects produced by the other environments. For example, a structural failure due to thermo-elastic stresses during a thermal test can be detected during vibrations later on, while it can remain undetected if vibrations were performed before the thermal test. On the other hand, a defect produced in vibrations, e.g. on a connector, can be detected during a thermal test afterwards, while it can escape if vibrations are performed after the thermal test. Another consideration is that thermal tests include functional and performance tests and monitoring capability in between. This is very effective to highlight flaws and they offer very good perceptiveness because of this functional and performance verification and because of this monitoring (as opposed to vibrations for example). From a programmatic point of view, capability to detect defects as early as possible calls for early thermal tests (especially by temperature cycling for efficient thermo-elastic stress), while from a technical point of view, it can be considered better to perform them towards the end of the sequence of tests to capture any defect caused by the other environments or AIT activities. These guidelines deal with the screening efficiency objective of the testing sequence. Naturally, this global screening efficiency greatly depends on the screening efficiency of each test in the sequence. In particular, for thermo-mechanical latent defects, the precipitation efficiency of temperature cycling varies sharply with the number of cycles and with the amplitudes of the temperature ranges and rates of change. For example, a temperature range limited to the working operational temperature range is not sufficient to reveal during ground testing latent flaws that can appear later in flight after a certain amount of cumulative thermo-mechanical stress.
Any critical parameter is identified and subjected to trend analysis (e.g. batteries voltage monitoring).
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Ref311798938][bookmark: _Toc311800307][bookmark: _Toc509411432]No specific guidelines for this requirement.
[bookmark: _Ref21358628][bookmark: _Ref21358650][bookmark: _Toc104889898]Qualification tests requirements
Note that usually sinusoidal vibration covers the static load for equipment. Exceptions can be Entry, descent and landing loads.
Static test allows to combine loads on different axes and have dissymmetric loading (traction/compression) while sine vibration excites the test article in one axis only and symmetrically in both directions, for the dynamic part. Note that there is always a constant vertical load due to gravity. For a vibration test in vertical direction, this means that the applied load is decreased by gravity when the test article is accelerated downwards and increased by gravity when the test article is accelerated upwards. As a consequence, vibration in vertical direction never provides a symmetric loading. For horizontal excitation, gravity applies a constant lateral vertical load to the test article.
More generally, it can be important to consider the load due to gravity for all mechanical tests. There is always a 1g vertical component.
Shock: refer to ECSS-E-HB-32-25, clause 12.2.1.
ECSS-E-ST-10-03 Table 5-2, row 7 “Sinusoidal vibration”: For sinusoidal vibration at low level, it is recommended to perform a low level until 2000 Hz for characterisation purpose. This provides a more complete dynamic signature of the test article, and can be used for investigation about the response to random, acoustic or shock loads.
A discussion about the effect of the sweep rate is provided in ECSS-E-HB-32-26, clauses 5.2.3.3 and 5.2.6.5. While a lower sweep rate provides a better characterisation of the dynamic behaviour and usually allows a better shaker control, the fatigue effects on the test article need to be taken into account. A lower sweep rate leads to a longer test and more load cycles applied on the test article.
[bookmark: _Ref311798940][bookmark: _Toc311800308][bookmark: _Toc509411433][bookmark: _Toc104889899]Acceptance test requirements
The considerations described in 5.2 also apply for acceptance testing. Destructive tests or tests stressing beyond the required limits are forbidden on a Flight Model.
[bookmark: _Toc165727241][bookmark: _Toc165727758][bookmark: _Toc150942196][bookmark: _Toc150945018][bookmark: _Toc104889900]Protoflight test requirements
The considerations described in 5.2 also apply for protoflight testing.
Destructive tests or tests stressing beyond the required limits are forbidden on a Proto Flight Model.
[bookmark: _Ref311798945][bookmark: _Toc311800310][bookmark: _Toc509411435][bookmark: _Toc104889901]Space segment equipment test programme implementation requirements
[bookmark: _Toc311800311][bookmark: _Toc509411436][bookmark: _Toc104889902][bookmark: _Ref271824646][bookmark: _Toc258490144][bookmark: _Ref271729989]General tests
[bookmark: _Toc509411437][bookmark: _Ref44345357]Functional and performance tests
The functional and performance tests on equipment level are the foundation of an overall comprehensive, complete and successful space segment equipment & element test and verification campaign. Particular focus needs to be given on performance as the space segment equipment level is the level where the performance usually can be mastered by demonstration in test. This is very often not possible or limited in later stages especially on the Space Segment element level due to many constraints as described further down.
[bookmark: _Ref21358730]The main concept regarding Full Functional Test (FFT), Performance Test and Reduced Functional Test (RFT) is as follows:
[image: ]
[bookmark: _Toc104889967]Figure 5‑1: Relation between FFT, PT and RFT on equipment level
FFT rationale: The main driver for a comprehensive FFT is to demonstrate the correct functioning of the design as well as the equipment workmanship of the functions. Particular emphasis is required to check all equipment redundancies and including the checking of related operational modes. This needs to include also testing of barriers or protections (e.g. inhibited functions are inhibited if not all conditions are set correctly, like NO firing of a pyro without prior arming) and non-nominal functions like HW failure detection, isolation and recovery. The FFT, together with the PT will provide a substantial part of the equipment VCD coverage. In case of several recurring flight models, a similar concept as described for the space segment element level in section 6.5.1.2 could be applied in agreement with the customer, i.e. to limit testing on flight models concentrating on workmanship tests only after having demonstrated the functional design on the first qualification model, e.g. EQM and/or PFM.

PT rationale: The PT will check on the equipment performance, which requires usually dedicated and sophisticated ground support equipment and test instrumentation. Often performance tests require also access to internal boards or wirings. Due to these reasons, mainly equipment functions but not performances are typically tested on space segment element level. Hence, any performance testing moved from space segment equipment level to space segment element level needs to be discussed and agreed very early in the project to ensure a complete performance coverage.

RFT rationale: The Reduced Functional Test checks that the equipment has not degraded unexpectedly due to test events like environmental testing or transportation. A good test campaign set up will make use of (but is not limited to) health checks which have been defined as part of FFTs. This allows also a trend analysis of identified key equipment parameters across the whole equipment test campaigns. Note please that RFTs are expected to be conducted at least after each environmental test block like for example vibrations. This is not shown in the ECSS-E-ST-10-03 standard in Figure 5-1 Space segment equipment test sequence. Therefore, the equipment Verification or Test Plan identifies explicitly where in the sequence the RFT is executed, starting ideally with a reference test after end of integration and before shipment to or starting of the environmental testing.
The above described concepts are in general also applicable on the space segment element level, as described in section 6.5.1, respectively section 6.5.1.2.
Functional tests are as representative as possible of operational modes. When conditions are not testable at system level, elementary tests or analysis are provided.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
A recommendation is to select the configurations such that all the interfaces are at least energized once, without testing all possible configurations for cross-strapping verification. This is a trade-off between testing time and exhaustive cross-strapping check. This allows to ensure that all interface circuits are functionally checked.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
Overall verification of fault voltage is referenced in Table 8-3 and 4.2.4.l of ECSS-E-ST-20. When fault voltage cannot be tested beyond unit level or when tests are potentially hazardous or stressful, the corresponding functions and verification methods are identified and agreed with the customer.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc509411438]No specific guidelines for this requirement.
Humidity test
No specific guidelines for this requirement.
[bookmark: _Toc509411439]No specific guidelines for this requirement.
Life test
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
Life tests apply the temperature conditions expected during actual operation if the test item cannot withstand any acceleration law applicable to temperature effects. Example: If electronic boards defects have a thermomechanical root cause, the most used acceleration laws aggravate only temperature levels (Coffin-Manson law) or also temperature rates of change (Norris-Landzberg law).
No specific guidelines for this requirement.
No specific guidelines for this requirement.
Burn-in test
Burn-in test at EEE component level and at equipment level
These two types of burn-in tests are complementary. As at equipment level, a burn-in test at EEE component level is also a screening test with the objective of reducing infant mortality.
Keep in mind that a burn-in test at EEE component level has by comparison two main specificities:
A complementary objective of screening EEE component performances drifts.
The absence of relation to the space mission environment in terms of temperature.
The European sequences of tests at equipment level never include a burn-in test.

Guidelines concerning a burn-in test at equipment level
When after the temperature cycle the overall ON duration is lower than the specified value a burn in test at equipment level is done until the accomplishment of the specified duration.
The burn-in time is a figure agreed upon with the customer in operating conditions, taking into account the environmental conditions (temperature).
Therefore, the operating time needs to be recorded to assess that the burn-in time requirement was met, and this is reflected in the test specification and test procedure.
The total operating time cumulated during the temperature cycles of the previous thermal vacuum tests and thermal tests at mission pressure can be inferior to the agreed total ON duration. In such a case, space segment equipment suppliers discuss and agree with the customer the specification of a burn-in test on QM, PFM or FM.
Operating time and ON duration are synonyms.
A burn-in test specification considers the following aspects (non-exhaustive list):
The only objective of a burn-in test is detecting latent infant mortality defects.
Monitoring during a burn-in test contributes to trend analysis on key parameters (see clause 5.1).
A burn-in test can be a continuation of the last temperature cycling test done at equipment level.
A burn-in test can be either temperature cycles between acceptance temperature levels or only one long duration hot plateau at the acceptance temperature level.
In case of internal redundancy, a burn-in test concerns both nominal and redundant chains. It takes into account the type of redundancy (hot, cold…) and an equal division of the agreed total ON duration between nominal and redundant chains.
The pass/fail criteria of a burn-in test include a failure free duration until the end of the test agreed with the customer. In case of internal redundancy, this failure free duration is equally divided between nominal and redundant chains.
[bookmark: _Toc509411441][bookmark: _Toc104889903]Mechanical tests
[bookmark: _Toc485711503]Physical properties measurements
General information is available in A.2.
Information is available in A.2.2.
[bookmark: _Toc485711504]Acceleration test (static, spin or sine burst)
General information is available in Annexes A.3, A.4, A.5, A.6.
The complexity of the loads to be applied could influence the choice between possible test methods:
traditional static test (with application of static loads)
centrifuge test (with application of unidirectional linearly varying acceleration field)
spin test
sine burst test on dynamic shaker (with application of quasi-static loads)

The spin test, used as acceleration test, is very specific to equipment that are submitted to spin loads.
The difference between spin and centrifuge is that spin is a rotation around the test article own axis, while the centrifuge is a rotation around an axis that is far from the test article.
The centrifuge and sine burst tests are sometimes preferred because they are cheaper and shorter in schedule, however they have some limitations:
for centrifuge test:
the centrifuge implies acceleration fields varying linearly with the radius, not always compatible with the required test loading, and imposing a limitation to the size of the test article
the test facility capability could impose an additional limitation to the size of the test article
The loading is applied in one axis and one direction only
for sine burst test:
the shaker provides a stiff interface, which does not always allow to reproduce interface forces in the presence of a flexible interface in flight configuration, 
the shaker limitations (e.g. available force)
the loads are applied in both directions of the excitation axis (symmetric loading) which is not the case at launch in the longitudinal direction (compression loads are higher than traction loads due to the acceleration) or for re-entry loads. All elements have to sustain tension loads and this can be a problem for example for a clampband for both centrifuge and sine burst tests:
they are uniaxial, even if the test article might be tilted with regards to the load application direction 
the combination with other types load (e.g. pressure and temperature) could be difficult

For all those tests, in case of test abort, the specimen can be submitted to an excitation not very well controlled and close to a shock if the test is stopped too brutally.
Static test is generally performed on the structure, rarely on equipment. The static test typically consists of several load cases which are often applied in different directions. A properly designed static test is very effective in verifying strength, as combined loads (directions and application location) can be applied. However statically simulating the launch loads (inertial loads due to acceleration) can be a real challenge. The objective is to develop load cases that envelop the combined effects of the design limit loads using a limited number of points for the loading of the structure (main interfaces, tank interface, ...) with sometimes problems of accessibility preventing to apply the loads in some directions. Due to the high energy involved in those tests (kinetic or elastic energy), it is important to consider the case of accidental unloading (e.g. failure of an actuator for static test) and unloading in case of test article failure.
0. Test fixture is carefully designed to reproduce the interface loads, in particular in case the flight configuration corresponds to a flexible interface.
General information is available in Annex A.5.
Be aware that centrifuge can become very destructive in case of failure, as there is no quick abort possible. If an item fails, it can ruin the complete equipment (catastrophic failure) because the applied load cannot be reduced quickly.
[bookmark: _Toc485711505]Random vibration test
General information about the random vibration test is provided in annex A.8.
Launch configuration could include connectors and a piece of representative harness, as well as mounting interface and torque. It also includes the functional configuration (ON or OFF, operating mode).
Cross axis excitation is to be limited to a minimum and considered in the design of the test fixture. Acceptability of the cross axis excitation needs to be assessed. For further information, refer to Annex A.8.3.
Refer to A.8.5 for further information.
Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation.
No specific guidelines for this requirement. 
No specific guidelines for this requirement.
[bookmark: _Toc485711506]Acoustic test
General information is provided in Annex A.9.
Launch configuration could include connectors and a piece of representative harness, as well as mounting interface and torque. It also includes the functional configuration (ON or OFF, operating mode).
General information is provided in Annex A.9.3.
General information is provided in Annex A.9.5. Note that the minimum level depends on the controllability of the chamber.
Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation.
No specific guidelines for this requirement.
[bookmark: _Toc485711507]Sinusoidal vibration test
General information is provided in Annex A.7.
Launch configuration could include connectors and a piece of representative harness, as well as mounting interface and torque. It also includes the functional configuration (ON or OFF, operating mode).
Refer to A.7.5 for further information.
Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation
No specific guidelines for this requirement.
Cross axis excitation is to be limited to a minimum and considered in the design of the test fixture. Acceptability of the cross axis excitation needs to be assessed. For further information, refer to Annex A.7.3.
[bookmark: _Toc485711508]Shock test
Refer to ECSS-E-HB-32-25 clause 13.
[bookmark: _Toc485711509]Micro-vibration generated environment test
General information on micro-vibration generated environment test is provided in Annex A.13.1.
No specific guideline for this requirement.
No specific guideline for this requirement.
It is important to record the data in the time domain because transformation in the frequency domain reduces usability of the data.
It is important to distinguish the contribution of the noise in the measurement considering all sources.
No specific guideline for this requirement.
[bookmark: _Toc485711510]Micro-vibration susceptibility test
General information on micro-vibration susceptibility test is provided in Annex A.13.2.
No specific guideline for this requirement
No specific guideline for this requirement.
It is important to record the data in the time domain because transformation in the frequency domain reduces usability of the data.
It is important to distinguish the contribution of the noise in the measurement considering all sources.
No specific guideline for this requirement.
[bookmark: _Toc485711511][bookmark: _Toc104889904]Structural integrity under pressure tests
[bookmark: _Toc485711512]Leak test
General information on Leak test is provided in Annex B.2.
The leak test is a key test for pressurized and sealed hardware. It serves both as performance and workmanship test.
No specific guideline for this requirement.
Several methods are presented in Annex B.2.3.
Typical methods and their applicability are presented in Annex B.2.3.
The repetition of leak tests in the test sequence allows to identify possible degradation of the leak rate and to verify that the requirement is still met after environmental tests.
The repetition of leak tests in the test sequence allows to identify possible degradation of the leak rate and to verify that the requirement is still met after proof pressure test.
No specific guideline for this requirement.
Minimum differential pressure across a seal might correspond to the worst case for the seal performance.
No specific guidelines for this requirement.
[bookmark: _Toc485711513]Proof pressure test
General information on proof pressure test is provided in Annex B.3.
No specific guideline for this requirement.
No specific guideline for this requirement.
No specific guideline for this requirement.
[bookmark: _Toc485711514]Pressure cycling test
General information on pressure cycling test is provided in Annex B.4.
No specific guideline for this requirement.
No specific guideline for this requirement.
Design burst pressure test
General information on pressure cycling test is provided in Annex B.5.
No specific guideline for this requirement.
After burst pressure test, the equipment is considered as potentially damaged and not adequate for further use.
[bookmark: _Toc485711516]Burst test
General information on pressure cycling test is provided in Annex B.6.
No specific guideline for this requirement.
[bookmark: _Ref508979485][bookmark: _Toc509411443][bookmark: _Ref21361287][bookmark: _Ref21420279][bookmark: _Toc104889905]Thermal tests
[bookmark: _Ref316479340]By convention, a thermal test involves a temperature variation of at least one test specimen boundary from room temperature, as defined for clean rooms.

Test objectives and precipitation of latent infant mortality defects
A thermal vacuum test or a thermal test at mission pressure can contribute to different testing objectives:
Functional and performance verification allowed during required temperature plateaux and transitions in between.
During protoflight or acceptance testing, risks mitigation of problems late discovery before the launch and of detrimental failures occurrence during the in-orbit infant mortality period.
Keep in mind about these different testing objectives:
Functional and performance tests with continuous or regular monitoring in between have also the aim to detect pre-existing patent defects that are present at the beginning of the test.
To reduce mission infant mortality to an acceptable level, the risk mitigation objective includes the important matter of latent defects precipitation by exposure to pressure and temperature conditions (or environmental stress screening).
Note: a patent defect is detectable. A latent defect is undetectable. At the very moment it precipitates, a latent defect becomes patent and detectable.
Reminders about the different types of defects:
Qualification and acceptance stages can detect defects in design, materials, parts, processes and workmanship. Some design defects can escape the qualification stage.
Each defect can be intermittent or persistent.
Each defect can be a pre-existing patent (or detectable) defect or a latent (or undetectable) flaw in incremental growth until becoming a patent (and eventually detrimental) defect.
Pre-existing patent defects can be defects that escape quality control and previous environmental tests.
Pre-existing patent defects can be pressure and temperature dependent (or environment dependent) and not present at room temperature or at room pressure. For example, a quartz oscillator defect called "activity dip" is present only at a particular temperature.
Latent defects can become patent during the ongoing and posterior environmental tests, the posterior AIV activities, the launch phase and each in-orbit or mission phase.
Two main types of latent defects depend on temperature conditions: Arrhenius type and thermo-mechanical type.
Arrhenius type latent defect precipitation efficiency depends on its exposure duration to a hot or cold temperature level.
Thermo-mechanical type latent defect precipitation efficiency depends on hot and cold temperature levels, temperature rates of change during transitions and numbers of cycles.

A non-exhaustive typical defects example is: 
Mounting broken/loose,
Broken/shorted part,
Defective part/board,
Defective/broken solder,
Broken/shorted/pinched wires,
Leaky gasket/seals/RF,
Incorrect wiring/routing design,
Relay/switch chatter,
Wearout,
Electrical intermittants (solder joints, loose wires, connectors),
Outgassing/contamination

Combined thermal tests at equipment level
A thermal vacuum test or a thermal test at mission pressure can be combined with other tests such as a thermal balance test or a calibration test. For example, it is possible to add:
A thermal balance phase during one hot plateau of a thermal vacuum test or of a thermal test at mission pressure.
A characterisation or a calibration test at intermediate temperature plateaux or during transitions between temperature plateaux, if some high level performances are temperature dependent. This is to check for example the dimensional stability, the radiometric, the optical or the RF performances.
The combined tests meet with acceptable and quantified deviation the technical constraints of each individual test:
The most demanding tests generate the major constraints coming from the different test methods, GSEs or instrumentations.
See hereunder the guidelines linked to requirements 5.5.4.1b and 5.5.4.1q of ECSS-E-ST-10-03.

Guidelines concerning thermal tests at equipment level
The following guidelines are only for clause 5.5.4 temperature cycling tests at equipment level of ECSS-E-ST-10-03 and concern in particular:
The elaboration of the test profile.
The TRP temperature drive during plateaux and transitions in between.
The definition of the mechanical and thermal test set-up.
The guidelines of this clause 5.5.4 are self-contained in order to regroup them for end users at equipment level. A guideline can be applicable to both temperature cycling tests at equipment level and at element level. In this case clause 6.5.4 contains the same guidelines.
[bookmark: _Toc509411444]Guidelines to thermal vacuum test and to thermal test at mission pressure
[bookmark: _Ref21417178]When temperature cycling is performed both under vacuum and under mission dependent atmospheric pressure, a single thermal test facility use is more practical and efficient. For example, missions at high altitude within the Earth atmosphere or within the Mars atmosphere or on the Mars surface are good candidates for testing in a single facility:
The primary pumps of some thermal test facilities have pressure control capabilities covering both space vacuum and such low pressures.
These thermal test facilities can use dry air, dry N2 or CO2.
Be aware:
Verify that the chamber pressure pumping capability is in the range of interest.
Make sure that the pressure sensors cover the expected pressure range.
Verify that the shroud cooling capability can cope with additional heat loads by gaseous conduction or convection coming from the vacuum chamber structure at room temperature.
Verify that the test conditions do not present risks of ice-forming on the external side of the chamber structure.
If the test is done in different facilities, try to use the same test set-up for testing coherency.
[bookmark: _Ref21361117]At equipment level, a thermal vacuum test (or a thermal test at mission pressure) profile can include thermal balance test phases according to the unit mechanical and thermal configuration:
An electronic box can have critical hot points due to important internal temperature differences (in °C). In such a case, waiting longer on a hot operational plateau in order to ensure more stringent stabilisations of internal temperatures can be sufficient.
For the example of a unit with internal thermal insulations inducing important temperature differences (in °C), the thermal balance test objectives generally lead to several test phases. Some plateaux (hot and cold, operational and not operational) can contribute by waiting longer in order to ensure the temperatures stabilisations success criteria. Test phases specific to the thermal balance test can contribute to the verification of the sizing temperature differences (in °C) through thermal insulations.
For this clause, the guidelines deal with several matters.
Temperature reference point (TRP), conductive ITP and TSink
Figure 5‑2 illustrates a simple case with only one TRP, one conductive ITP and one TSink:
If the unit external structure is uniform in temperature, one TRP, located on the unit baseplate, is sufficient to evaluate the heat exchanges with the conductive ITP and with the radiative sink. If not, the unit could need several TRP. This TRP notion is ECSS specific.
If the unit supporting structure is uniform in temperature, one conductive ITP, located close a unique TRP on the supporting structure, is sufficient to evaluate the heat exchanged by conduction between the unit and its mechanical mounting plane. If not, the supporting structure could need several conductive ITP. In this case it makes sense to define several TRP on the unit corresponding to the conductive ITP. Each conductive ITP is close of its associated TRP.
If, on each local surface of the unit external structure, the radiative heat exchanges with the surrounding surfaces are uniform and if the external (solar, albedo and IR planetary) absorbed radiations are uniform, one TSink is sufficient to evaluate the sum of the radiative heats absorbed by the unit. If not, the unit external structure could need several TSink.
[image: ]
[bookmark: _Ref508632264][bookmark: _Toc104889968]Figure 5‑2: Unit TRP and Boundary Temperatures (conductive ITP and TSink)
Keep in mind:
The initial and only rationale for these notions is I/F management. The aim is insuring, thanks to a proper instrumentation, that the ground testing done at equipment level is coherent with the activities done at higher levels after equipment delivery.
A temperature point, for TRP and for conductive ITP, allows a precise and reproducible location for each successive implementation of the associated temperature sensors.
With its associated TRP, each conductive ITP means two temperature sensors.
In any case, each conductive ITP means two temperature sensors in close proximity one of which on the unit external structure.
US norms locate, on the equipment boundaries and not on the equipment external structure, the temperature requirements thanks to the conductive ITP and TSink notions.
On the contrary, ECSS norms locate, on the equipment external structure, the temperature requirements thanks to the TRP notion.

Test Report
The test report records precisely each temperature sensor position including an exploitable photography demonstrating the proper implementations of the:
ICD for each TRP.
Instrumentation plan for any other measured temperature.

[bookmark: _Ref21363235]For this clause, the guidelines deal with several matters.
[bookmark: _Hlk50384521]Definition of space segment equipment temperatures for conditions 1 to 3
As stated by the requirement 5.5.4.1d in ECSS-E-ST-10-03, the conditions 1 to 3 concern respectively the operating modes, the non-operating modes and the switch ON time. The conditions 1 to 3 refer mainly to "type a" equipment i.e. electronic, electrical and RF units, as defined for example in Table 5-1 of ECSS-E-ST-10-03.
For other than "type a" equipment, each unit ICD or user manual defines precisely each mechanical configuration, each functional mode and the temperature conditions for each transition between two mechanical configurations or between two functional modes.
For example, deployment or rotating mechanisms have different mechanical configurations and can have temperature conditions before transitions between two mechanical configurations.
For example, the functional modes of a secondary battery can be charge, trickle charge or discharge.
Operating temperature ranges can have two different meanings:
· A range in which operating the product is safe and without consequence on its intended use.
· A range in which operating the product is with mission dependent required performances.
Reaching some mission performances means:
Either TRP limited temperature ranges. Example: optical instrument guidance with a star tracker in the control loop. In this case, the performance characterisation in these limited temperature ranges implies the associated tests implementation on additional temperature plateaux or during transitions between existing temperature plateaux.
Or calibrations during testing. Example: detections of scientific instruments. In this case, each calibration implies specific test environmental conditions.
Obviously, it is not possible to standardise characterisation and calibration (C&C) tests. They are not part of the ECSS-E-ST-10-03 thermal tests even if their implementation is possible with a unique test configuration.

Switch-on Temperature (for "Type a" Units)
"Switch-on" and "start-up" are synonymous terms. As the hot switch-on temperature is always lower than the maximum operating temperature, be aware:
The switch-on in hot conditions accounts for the fact that the unit dissipation leads to a transient increase of the unit TRP temperature. The test set-up and profile prevent the unit from exceeding the qualification limit.
To avoid overheating risks at switch-on, it is good practice to start up the unit below the hot qualification or acceptance operating temperature.

If a unit TRP temperature range is [-25 °C; +55 °C], the TRP temperature control is successful if the TRP measured value is within:
[+55 °C; +59 °C] during the hot plateau.
[-29 °C; -25 °C] during the cold plateau.
For temperatures above 80 K:
Table 4-2 of ECSS-E-ST-10-03 requires measurement uncertainty better than ±2 K including the complete measuring chain. When needed, this uncertainty can be better.
Table 4-1 of ECSS-E-ST-10-03 requires [Tmin-4 K; Tmin] and [Tmax; Tmax+4 K] as the maximum allowed (peak to peak) temperature test tolerances.
The TRP temperature control band is always 4 K wide.
This requirement does not mention explicitly the TRP. Nevertheless, it refers to the TRP. This requirement refers only to a high limit ensuring that testing is really by temperature cycles and not by temperature shocks. In the technical literature, a temperature shock is a temperature cycle with a temperature rate of change superior to values around 30 K per minute
[bookmark: _Ref21362425]For this clause, the guidelines are about dwell time and plateau total duration.
Dwell Time
During a hot or cold plateau, there can be several phases with internal temperatures stabilization. The dwell time is the sum of their durations (see Figure 5‑3 and Table 5‑2 or see Figure 5‑4 and Table 5‑3):
An operating plateau without switch-on verification includes only one internal stabilization phase.
An operating plateau with switch-on verification as part of functional verification includes at least two different internal stabilization phases: one in the OFF condition and one after the ON command before starting the functional tests with stabilised internal temperatures.
The first internal stabilization phase starts simultaneously with the plateau when reaching and staying within the TRP temperature control band.
The other internal stabilization phases (if any) start simultaneously with the OFF or ON command.
For units with a high thermal time constant, an analysis (calculation or previous experience) can estimate the dwell time. If the estimation is too uncertain, adequate test instrumentation can validate each internal stabilization phase duration.
The design team provides to the AIT team:
Either the needed durations for each internal stabilization phase. By summation, this provides the specified dwell time.
Or the dedicated instrumentation definition (test or flight) with the appropriate stability criteria (see guidelines about stability criteria in bullet h.).
For units with a very low thermal time constant, the needed dwell time can be inferior to the 2 hours required by this clause g. in ECSS-E-ST-10-03. In this case, the engineering team specifies the dwell time.

Plateau Total Duration
As the dwell time, the total duration of a plateau (Figure 5‑5 and Figure 5‑6 begins from the start of temperature stabilisation phase:
The dwell time is only a portion of the plateau total duration.
The test specification defines the minimum plateau total durations of a non-operating plateau and of an operating plateau.
The step by step procedure applies these minimum durations according to different situations.
For example, a minimum plateau total duration can be shorter than the sum of the dwell time and, if any, of the functional or performance tests duration.
On the contrary, if reducing mission infant mortality is a test objective and if latent defects of Arrhenius type can exist, a minimum plateau total duration can be longer than the sum of the dwell time and, if any, of the functional or performance tests duration.
Note: Non-European standards, as SMC Standard SMC-S-016, use terms like "temperature soak duration" to define the total plateau duration, while other standards use similar terms to define the remaining duration after plateau activities completion. Other standards use the word "dwell" instead of "soak".

[bookmark: _Ref21362412]For this clause, the guidelines deal with several matters.
Test Profile and Tests done at Room Conditions
Test profiles (see 2 examples in Figure 5‑3 and Figure 5‑4) also include the functional and performance tests done at room conditions, as defined for clean rooms.
These tests are not part of a thermal vacuum test or a thermal test at mission pressure that involves a boundary temperature different than the room temperature. They are checks done just before and after the temperature cycles.

Integration stages and testing at equipment level
Some equipment can undergo some testing at intermediate integration stages before the full integration stage. The two following examples are the most common ones:
Example 1: some equipment subassemblies, separated by thermal insulations, can have important temperature differences (in °C) between them and very different qualification and acceptance temperature ranges between one subassembly and the other.
Example 2: structural frames equipped with a functional electronic board and its electrical connections.
Upon program decision, qualification, protoflight or acceptance testing at equipment level can happen at some of these intermediate integration stages:
Example 1: some subassemblies can undergo testing under their required large temperature ranges, and then extra-testing under much less severe temperature ranges allowable by the test item at the full integration stage. Such extra-testing induces negligible over-testing.
Example 2: if a third party delivers a functional frame to another integration stage, thermal tests done by the third party are an option to consider and are becoming a common practice.

Test Profile for Combined Cycles (at mission dependent atmospheric pressure and under vacuum)
The test specification tailors the following practical guidelines:
The cycles under vacuum take place before the cycles at mission dependent atmospheric pressure.
For "type a" units, the first cycle under vacuum and the first cycle at mission dependent atmospheric pressure include a hot and a cold non-operating plateau and, if applicable, a cold switch-on plateau.
The minimum number of cycles at mission dependent atmospheric pressure is half of the total number of cycles.
Example of good practice: the number of qualification cycles during equipment level testing is the required number (8) because:
2 cycles done under vacuum.
8 – 2 = 6 cycles (≥ 8/2) done under mission dependent atmospheric pressure.

Test Profile for "Type a" Equipment (Electronic, Electrical and RF Units)
The test specification defines the functional tests and the performance tests to be done during the plateaux. This specification reconciles the different implementation practices of suppliers and customers, by answering the following questions:
Is the unit mission only under vacuum?
If not, what are the cycles to be done at mission dependent atmospheric pressure?
How many cycles under vacuum after first integration stages (if any) have been done before the unit fully integration?
How many cycles at mission dependent pressure after first integration stages (if any) have been done before the unit fully integration?
What are the plateaux and the transitions with functional tests?
What are the plateaux and the transitions with performance tests?
What are the plateaux with a hot start?
What are the plateaux with a cold start?
Is the unit switched off during transitions to cold operating plateaux?
Is the unit switched off during transitions to hot operating plateaux?
Example n° 1 (Figure 5‑3, Table 5‑1 and Table 5‑2):
Mission only under vacuum: yes.
Cycles at mission dependent atmospheric pressure: not applicable.
Minimum number of previous cycles after first integration stages: none.
Functional tests: hot and cold operating plateaux of first and last cycles with a dynamic and specific functional test during the two transitions of the last cycle.
Performance tests: hot and cold operating plateaux of first and last cycles.
Hot starts at operating temperature: one during hot operating plateau of first cycle.
Cold starts at operating temperature: none.
Cold starts at minimum switch-on temperature: one during first cycle.
Transitions to cold operating plateaux: no switch-off (no dissipative unit).
Transitions to hot operating plateaux: no switch-off.

Example n° 2 (Figure 5‑4, Table 5‑1 and Table 5‑3):
Mission only under vacuum: yes.
Cycles at mission dependent atmospheric pressure: not applicable.
Minimum number of previous cycles after first integration stages: none.
Functional tests: hot and cold operating plateaux of each cycle and cold switch-on plateau of first cycle.
Performance tests: hot and cold operating plateaux of first and last cycles.
Hot starts at operating temperature: two during hot operating plateau of first and last cycles.
Cold starts at operating temperature: one during cold operating plateau of last cycle.
Cold starts at minimum switch-on temperature: one during first cycle.
Transitions to cold operating plateaux: switch-off at each transition (dissipative unit).
Transitions to hot operating plateaux: no switch-off.

Test Profile for other than "Type a" Equipment
For each (mechanical and electrical) mode and transition in between, the test specification defines:
If applicable, the functional and performance tests to be performed during the hot and cold plateaux and during the transitions in between.
The temperature cycling specific nomenclature (as in Table 5‑1) and practical implementation, as for "type a" units.
[bookmark: _Ref450811275][bookmark: _Toc456766586][bookmark: _Toc104890073]Table 5‑1: Nomenclature for temperature cycling implementation on "type a" units
	T
	TRP temperature

	TNO-max
	Maximum Non-Operating temperature at TRP*

	TNO-min
	Minimum Non-Operating temperature at TRP*

	TO-max
	Maximum Operating temperature at TRP*

	TO-min
	Minimum Operating temperature at TRP*

	TSO-min
	Minimum Switch-On temperature at TRP*

	T-room
	Room temperature at TRP (around +22 °C)

	P
	Pressure

	P-room
	Room pressure (around 1013 hPa)

	

	Functional tests done during temperature cycling

	

	Performance tests done during temperature cycling

	
	Switch-on

	
	Switch-off

	(*)	According to "qualification temperature range" or "acceptance temperature range" standardised terms definitions



[image: ]
Number of cycles: n = 8 for qualification and n = 4 for proto-qualification and acceptance
[bookmark: _Ref450810983][bookmark: _Toc456766571][bookmark: _Toc104889969]Figure 5‑3: Thermal vacuum test profile (example n° 1 for "type a" units)
[image: ]
Number of cycles: n = 8 for qualification and n = 4 for proto-qualification and acceptance
[bookmark: _Ref450811020][bookmark: _Toc456766572][bookmark: _Toc104889970]Figure 5‑4: Thermal vacuum test profile (example n° 2 for "type a" units)

[bookmark: _Ref450811300][bookmark: _Toc456766587][bookmark: _Toc104890074]Table 5‑2: Thermal vacuum step by step procedure (example n° 1 for "type a" units)
	1
	Functional and performance tests under room (pressure and temperature) conditions

	2
	Unit switch-off

	3
	Decrease pressure (success criteria: P ≤ 10-5 hPa)

	4
	If P ≤ 10-4 hPa, increase of TRP temperatures to maximum non-operating level (TNO-max)

	5
	Temperatures stabilisation (including internal temperatures)a, b

	6
	Hot non-operating plateau total duration (TBD hours)

	7
	Decrease of TRP temperatures to maximum operating level (TO-max)

	8
	Temperatures stabilisation (including internal temperatures)a

	9
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	10
	Functional and performance tests (including power consumption)

	11
	Hot operating plateau total duration (TBD hours) and unit switch-off

	12
	Decrease of TRP temperatures to minimum non-operating level (TNO-min)

	13
	Temperatures stabilisation (including internal temperatures)a, b

	14
	Cold non-operating plateau total duration (TBD hours)

	15
	Increase of TRP temperatures to minimum switch-on level (TSO-min)

	16
	Temperatures stabilisation (including internal temperatures)a

	17
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	18
	Cold switch-on plateau total duration (TBD hours)

	19
	Increase of TRP temperatures to minimum operating level (TO-min)

	20
	Temperatures stabilisation (including internal temperatures)a, b

	21
	Functional and performance tests (including power consumption)

	22
	Cold operating plateau total duration (TBD hours)

	23
	Increase of TRP temperatures to maximum operating level (TO-max)

	24
	Temperatures stabilisation (including internal temperatures)a, b

	25
	Hot operating plateau total duration (TBD hours)

	26
	Decrease of TRP temperatures to minimum operating level (TO-min)

	27
	Temperatures stabilisation (including internal temperatures)a, b

	28
	Cold operating plateau total duration (TBD hours)

	29
	Repeat steps 23, 24, 25, 26, 27 and 28:
five times for Qualification test (to achieve n=8)
one time for Proto qualification test (to achieve n=4)
one time for Acceptance test (to achieve n=4)

	30
	Increase of TRP temperatures to maximum operating level (TO-max)

	31
	Dynamic and specific functional test during the whole transition

	32
	Temperatures stabilisation (including internal temperatures)a, b

	33
	Functional and performance tests (including power consumption)

	34
	Hot operating plateau total duration (TBD hours)

	35
	Decrease of TRP temperatures to minimum operating level (TO-min)

	36
	Dynamic and specific functional test during the whole transition

	37
	Temperatures stabilisation (including internal temperatures)a, b

	38
	Functional and performance tests (including power consumption)

	39
	Cold operating plateau total duration (TBD hours)

	40
	Unit switch-off and increase of temperature to room temperature

	41
	Increase of pressure to room pressure and unit switch-on

	42
	Functional and performance tests under room (pressure and temperature) conditions

	43
	Unit switch-off

	(a) the test specification gives internal temperatures stabilisation criteria in °C per hour (see guidelines about stability criteria in 5.5.4.1h.)
(b) before going to next step and if the sum of the plateau stabilisation phases durations is inferior to the minimum 2h dwell time required by ECSS-E-ST-10-03, wait until 2h dwell time (see guidelines about dwell time in 5.5.4.1g.)


[bookmark: _Ref450811448][bookmark: _Toc456766588]
[bookmark: _Ref529256250][bookmark: _Toc104890075]Table 5‑3: Thermal vacuum step by step procedure (example n° 2 for "type a" units)
	1
	Functional and performance tests under room (pressure and temperature) conditions

	2
	Unit switch-off

	3
	Decrease pressure (success criteria: P ≤ 10-5 hPa)

	4
	If P ≤ 10-4 hPa, increase of TRP temperatures to maximum non-operating level (TNO-max)

	5
	Temperatures stabilisation (including internal temperatures)a, b

	6
	Hot non-operating plateau total duration (TBD hours)

	7
	Decrease of TRP temperatures to maximum operating level (TO-max)

	8
	Temperatures stabilisation (including internal temperatures)a

	9
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	10
	Functional and performance tests (including power consumption)

	11
	Hot operating plateau total duration (TBD hours) and unit switch-off

	12
	Decrease of TRP temperatures to minimum non-operating level (TNO-min)

	13
	Temperatures stabilisation (including internal temperatures)a, b

	14
	Cold non-operating plateau total duration (TBD hours)

	15
	Increase of TRP temperatures to minimum switch-on level (TSO-min)

	16
	Temperatures stabilisation (including internal temperatures)a

	17
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	18
	Functional tests and cold switch-on plateau total duration (TBD hours)

	19
	Increase of TRP temperatures to minimum operating level (TO-min)

	20
	Temperatures stabilisation (including internal temperatures)a, b

	21
	Functional and performance tests (including power consumption)

	22
	Cold operating plateau total duration (TBD hours)

	23
	Increase of TRP temperatures to maximum operating level (TO-max)

	24
	Temperatures stabilisation (including internal temperatures)a, b

	25
	Functional tests, hot operating plateau total duration (TBD hours) and unit switch-off

	26
	Decrease of TRP temperatures to minimum operating level (TO-min)

	27
	Temperatures stabilisation (including internal temperatures)a

	28
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	29
	Functional tests and cold switch-on plateau total duration (TBD hours)

	30
	Repeat steps 23, 24, 25, 26, 27, 28 and 29:
five times for Qualification test (to achieve n=8)
one time for Protoqualification test (to achieve n=4)
one time for Acceptance test (to achieve n=4)

	31
	Increase of TRP temperatures to maximum operating level (TO-max)

	32
	Temperatures stabilisation (including internal temperatures)a

	33
	Unit switch-off and temperatures stabilisation (including internal temperatures)a

	34
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	35
	Functional and performance tests (including power consumption)

	36
	Hot operating plateau total duration (TBD hours) and unit switch-off

	37
	Decrease of TRP temperatures to minimum operating level (TO-min)

	38
	Temperatures stabilisation (including internal temperatures)a

	39
	Unit switch-on and temperatures stabilisation (including internal temperatures)a, b

	40
	Functional and performance tests (including power consumption)

	41
	Cold operating plateau total duration (TBD hours)

	42
	Unit switch-off and increase of temperature to room temperature

	43
	Increase of pressure to room pressure and unit switch-on

	44
	Functional and performance tests under room (pressure and temperature) conditions

	45
	Unit switch-off

	(a) the test specification gives internal temperatures stabilisation criteria in °C per hour (see guidelines about stability criteria in 5.5.4.1h.)
(b) before going to next step and if the sum of the plateau stabilisation phases durations is inferior to the minimum 2 hours dwell time required by ECSS-E-ST-10-03, wait until 2 hours dwell time (see guidelines about dwell time in 5.5.4.1g.).
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[bookmark: _Ref509303792][bookmark: _Toc104889971]Figure 5‑5: Hot plateau TRP temperatures drive (including "type a" units switch-on)
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[bookmark: _Ref509303805][bookmark: _Toc104889972]Figure 5‑6: Cold plateau TRP temperatures drive (including "type a" units switch-on)
Temperature rate of change
The following considerations drive the TRP temperature rate of change:
Screening efficiency to precipitate latent defects: the higher the rate, the more effective the screening.
Duration of the test: the higher the rate, the quicker the transitions.
Test article integrity: the higher the rate, the higher the thermo-elastic stresses.
Representativeness of mission conditions.

From experience, the temperature rate of change has a wide range of values:
A value greater than 3 K or 5 K per minute is commonly obtained.
For heavy units, the rate of change can be limited to 1 K per minute due to high heat capacity.
For specific mission like Messenger, the solar panels temperature rate of change was greater than 100 K per minute. Exceptional cases like this implies temperature shocks and are deviations from a requirement concerning temperature cycles.
At the time of transition to cold plateaux, a dissipative unit is often switched off to speed up its cool down.
Following a compromise integrating the four above considerations, the test specification requires the more appropriate ranges of TRP temperature rates of change.

Stability Criteria
For each phase requiring internal temperatures stabilization (see guidelines about dwell time in 5.5.4.1g.), the stability criteria are fulfilled if:
The TRP temperatures remain within the required temperature control bands.
The unit internal temperatures stabilisation meets the test specification requirements (typically, ≤ 1 °C per hour).
Keep in mind to avoid confusion:
The switch-on verification begins only after the OFF unit internal temperatures stabilisation.
The TRP temperature stabilization does not mean internal temperatures stabilization.
These temperature stabilisation criteria are different of the thermal balance test ones (see ECSS-E-ST-31).

TRP Temperatures Drive during a Cycle
Some situations are not favourable:
Radiative test plates or shrouds are particularly ineffective to drive the TRP temperatures.
Units with high dissipations, large temperature differences or large thermal time constants are difficult to drive in temperature.
In such situations, proceeding by "trial and error" during the first cycle is the best way to both:
Better drive the TRP temperatures during the subsequent cycles, and
Significantly reduce the test total duration.

TRP Temperatures Drive (on a plateau including hot or cold switch-on verifications)
Figure 5‑5 and Figure 5‑6 displays some examples of such plateaux. They assume that the functional and performance tests duration is sufficient to meet the required plateau total durations.
The adopted strategy maintains the TRP temperature inside its control band (i.e. tolerance band) during the plateau full duration thanks to:
Adjustments of the test specimen boundary parameters.
Sufficient TRP temperature control authority even during switch-off and switch-on.

Test Report
The test report records and discusses with regard to the test specification:
The realised test profile, test configuration and number of cycles.
The performed functional and performance tests with each test duration and success status.
The measured temperatures and temperature stabilities for each TRP and for each critical internal point.
The measured dwell time and plateau total duration on each plateau.
The temperature rates of change during each transition between plateaux.
To help the assessment, the report visualises time dependent plots of measured data, zooming in on critical areas of:
The temperatures including TRP rates of change and internal temperature rates of change.
The dwell time and internal temperature stabilities.

Test Mechanical and Thermal Configuration (for a mission at low pressure)
Gaseous conduction or (natural, mixed or forced) convection can have significant adverse thermal effects. A vacuum facility with pressure control (with dry air, dry N2 or CO2) can be sufficiently mission representative. In order to demonstrate this, the test specification assesses carefully differences between mission and ground tests conditions such as:
The atmosphere composition particularly for gaseous conduction through internal thin layers. For example, dry N2 can replace Mars CO2 to avoid frost during cold plateaux.
The gravity if there is natural convection. For examples, there is no gravity within a space station or only 38% of Earth gravity at Mars surface.
No wind simulation during cold plateaux particularly for forced convection. For examples, winds at high altitude within Earth atmosphere or at Mars surface.

Test Mechanical and Thermal Configuration (for a simple unit)
Figure 5‑2 illustrates a very common set-up in a vacuum facility:
For units purely or partially controlled in flight by thermal conduction (see Figure 5‑8), the mechanical mounting on the temperature controlled support is flight representative (contact area/pressure, bolt size/torque). Supplier and customer define and agree on:
The mounting H/W (including filler if any) in the unit ICD.
The mounting procedure in the test specification.
For units purely or partially controlled in flight by thermal radiation (see Figure 5‑8) and if the unit housing skin is not thermally insulated during the test, common practices are:
The temperature controlled support is black coated (except for contact areas).
The chamber shrouds (if any) are black coated.
[bookmark: _Ref402881409][image: ]
[bookmark: _Ref417479255][bookmark: _Toc456766575][bookmark: _Toc104889973]Figure 5‑7: Unit temperature cycling mechanical and thermal configuration
Unit Flight Accommodation (for a mission under space vacuum)
The following guidelines are for the engineering teams that require the thermal test configuration:
In the unit technical specification if done by the customer.
And in the supplier test specification.
Figure 5‑8 illustrates common S/C unit internal accommodations, with indication of the predominant cooling mode of a unit housing. The unit customer, in general the S/C, selects the cooling mode in order to simplify the unit supplier thermal analyses and tests:
"Pure" cooling mode at supplier level means "predominant" at customer level.
"Mixed" cooling mode at supplier level means "no predominant" at customer level.
In terms of cooling modes, any unit under space vacuum falls necessarily into one of the following categories: "conductive", "radiative" or "mixed".
The selected criterion to determine the predominant cooling mode is the conductive ratio:
This ratio considers all heat transfers through all unit boundaries (housing…).
It is the ratio of the heat transfer by thermal conduction to the sum of all heat transfers.
In practice, a value around 70% is common. Then, a unit is conductive if the conductive ratio is ≥70%, radiative if ≤30% and mixed if between 30% and 70%.
If the ratio is not obvious, mathematical modelling or at best test can help to estimate it.
For multiple missions or off-the-shelf units, the validity of existing thermal analyses and tests requires an explicit agreement between the customer and the supplier.
Figure 5‑8 excludes cooling by thermal convection and accomodation of externally mounted units.
For internally mounted units, Figure 5‑8 does not address heat transfers among structures, harnesses and units which can induce adverse and cumulative thermal conditions:
Hot internal units radiating towards other units.
Closing plates, harnesses and connectors lowering the radiative cooling.
Masking by internal MLI or big harnesses decreasing the radiative cooling.
Long distances, poor thermal contacts or poor material thermal conductivity reducing the conductive cooling.
The customer manages such adverse conditions at its level. It takes care of the additional heat coming from other units. And it specifies to the supplier a unit without cooling or heating by radiation hence simplifying the unit level thermal analyses and tests.

Flight or Test Mechanical and Thermal Configuration with Radiative Calorimeters
Figure 5‑7 and Figure 5‑8 show radiative calorimeters to measure radiative sink temperatures:
In Figure 5‑7, the calorimeter, located on the unit housing, measures a test radiative sink temperature. As the test facility shrouds are not perfect black bodies, this temperature can be rather different than the temperature of the shrouds.
In Figure 5‑8, the calorimeter, located on a radiator, measures a flight external radiative sink temperature.
A radiative calorimeter is a small surface absorbing and reflecting as its location zone the heat radiation coming from all surrounding surfaces or heat sources. Hence, a calorimeter measures the radiative sink temperature of its location zone thanks to:
Very low heat transfers between the calorimeter and the zone.
A calorimeter surface finish identical to the surface finish of the zone.

Unit Thermal Management during Testing (Figure 5‑7)
For units controlled by "pure" thermal conduction (C type units in Figure 5‑8), the temperature controlled support drives the unit TRP temperature.
Unit mechanical mounting is flight representative. To make negligible the radiative heat transfer between the chamber shrouds and the unit housing, the chamber shrouds (if any) can be:
At the same temperature than the temperature controlled support if the unit housing is uniform in temperature.
At the unit housing radiatively averaged temperature if not uniform in temperature.
At room temperature if the unit housing is insulated with MLI.
For example, a dissipative unit, mounted on a S/C radiator panel (see Figure 5‑8 lower right within the P/F main module), is typically a unit controlled by "pure" thermal conduction.

For units controlled by "pure" thermal radiation (R type units in Figure 5‑8), the TRP temperature drive can use:
Only the temperature controlled support if the unit housing is thermally insulated from the chamber shrouds. Then, the unit is in good thermal contact (as opposed to flight condition) with the temperature controlled support.
Only the chamber shrouds if the unit is conductively insulated from the temperature controlled support (if present). Supported by thermal analyses, the design team can use one or several shroud zones at different temperatures to impose the relevant radiative sink temperatures around the unit under test.
Both the temperature controlled support and the chamber shrouds. Supported by thermal analyses, the design team can also use one or several shroud zones at different temperatures to impose the relevant radiative sink temperatures around the unit under test. If the chamber is not able to provide independent shroud zones when the two last options need them, the test configuration can use dedicated GSEs, like IR panels.
For example, a unit mounted internally with highly insulating mechanical fixations (see Figure 5‑8) is typically a unit controlled by "pure" thermal radiation.

For units controlled by "pure" thermal radiation, it is common practice to use the temperature controlled support to drive the TRP temperature of the unit under test.
This practice presents advantages with regard to a radiative control with shrouds. It offers an easy way of maintaining the 4 °C TRP temperature control bands. It also allows a much faster temperature transition between the plateaux.
However, this practice works if:
The unit housing is uniform in temperature (typically, ΔTmax ≤ 5 °C).
Or if the unit housing temperature differences are compatible with the required test levels.
During a hot plateau, the unit housing temperature changes induced by different dissipative electrical modes under testing need a validation by thermal analyses comparing the flight and test calculations.

For units controlled by "mixed" thermal conduction and radiation (“m” type units in Figure 5‑8), the temperature controlled support (always) and the chamber shrouds (to less extent and not always) contribute to the unit TRPs temperature drive:
The unit mechanical mounting on the temperature controlled support is flight representative.
The unit housing can be totally covered by MLI if absence or no use of chamber shrouds.
Or, on the contrary, the design team, supported by thermal analyses, can use one or several shroud zones at different temperatures to impose the relevant radiative sink temperatures around the unit under test. If the chamber is not able to provide independent shroud zones, the test configuration can use decicated GSEs, like IR panels.
For example, two units accommodated under the P/F ceiling (see Figure 5‑8) are units controlled by "mixed" thermal conduction and radiation.
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[bookmark: _Ref423522612][bookmark: _Toc456766576][bookmark: _Toc104889974]Figure 5‑8: Some common examples of equipment flight accomodation
Test Mechanical and Thermal Configuration (for Complex Units)
For thermally complex units, the test specification defines the dedicated and just necessary test GSEs. For example:
A stellar sensor has subassemblies separated by thermal insulations. Such subassemblies are an optical baffle, optical lenses, a cold detector and a front end electronic board. A stellar sensor test uses a temperature controlled support and can use several IR panels.
A mechanism with two TRP (for example, one for the stationary part and one for the rotating part) needs, on either side of a gear or a bearing, a temperature difference control.

Overall Test Configuration
The test specification defines, as necessary and if applicable, all the other aspects of the test configuration (electrical, optical, RF, monitoring, safety…) including testing constraints like material outgassing or offgassing, cleanliness, bio contamination, bake-out, purging, cleaning, venting, grounding (including test MLI), DC and RF corona, multipactor…
The test report and the inspection reports, written before and after the test, keep a precise record of the overall test configuration including an exploitable photography file.

[bookmark: _Ref47616532]Strictly speaking, the non-operating cycle is not a full-off cycle:
In fact, the requirement is to have two non-operating plateaux at extreme temperatures.
The more common test profile (see Figure 5‑3 and Figure 5‑4) aims to reduce the total test duration. To do this, the first cycle includes five temperature plateaux (hot non-operating, hot operating, cold non-operating, minimum switch-on and cold operating). Transitions between plateaux are mainly in OFF mode.
With such a test profile, the first cycle counts as one non-operating cycle and as one operating cycle. This first operating cycle includes only two operating plateaux at extreme temperatures with transitions in between in OFF mode.
To monitor more frequently the unit behaviour during the first cycle is a good practice (see 5.5.4.1s.).
No guidelines (clause specific to functional tests before and after temperature cycling tests).
For this clause, the guidelines deal with several matters.

Functional and Performance Tests during Transitions
To run functional and performance tests during transitions between plateaux can be of paramount importance:
To run functional and performance tests during transitions and to monitor the unit during transitions (see guidelines in 5.5.4.1s.) are two different needs.
Many units can need tests during transitions. In particular, it is always the case for the active TCS units (fluid loops, cryogenic coolers…) and for units with an internal active TCS.
Functional and Performance Tests for Active TCS
For units including an internal active TCS using temperature sensors, mechanical thermostats, heating lines, thermoelectric coolers or any other active thermal control devices:
The test specification defines the active TCS functional and performance tests and their occurrences on the temperature cycling test profile.
Some functional and performance tests require dedicated temperature levels during transitions between hot and cold plateaux.

Bullets 5.5.4.1d and 5.5.4.1h. cover switch-on topics.
No specific guidelines for this requirement.
A recommendation is to select the configurations such that all the interfaces are at least energized once, without testing all possible configurations for cross-strapping verification. This is a trade-off between testing time and exhaustive cross-strapping check. This allows to ensure that all interface circuits are functionally checked.
No specific guidelines for this requirement.
This clause is only about DC corona. If voltage ≥ 100 V, refer to ECSS-E-HB-20-05 guidelines about high voltage effects and risks. To gain insights about DC and RF corona monitoring and testing at equipment level, refer to clause 5.5.5.6.
[bookmark: _Ref21361122]For this clause, the guidelines deal with several matters about test set-up representativeness. As already seen in the guidelines to 5.5.4.1h the test set-up can be simple or complex with advantages and drawbacks in terms of test implementation and cost.
Test Set-up Representativeness (as illustred by two different examples)
Figure 5‑9 shows a unit mounted:
In the test set-up, on a temperature controlled support with both high heat removal capability and high temperature control authority (thanks to a fluid loop).
In flight accommodation, on a thermal doubler with limited heat spreading capability.
Comparing flight and test, unit TRPs temperatures and subassemblies temperatures near the thermal doubler can be quite different due to the test set-up lack of representativeness as shown by the two following examples. If temperature cycles on some subassemblies after their integration stages and before the temperature cycles after the full integration stage, the test specification defines the test temperature levels taking into account these temperature differences calculated in flight conditions.
Example n° 1: When a dissipative unit works in static conditions, this test set-up tends to homogenise the temperatures and interface heat flow rate densities on the baseplate. Consequently, it homogenises the inside temperatures of the unit (in particular for central subassemblies). In this example and without compensation of these flight and test differences, the test set-up tends to undertest the unit.
Example n° 2: A secondary battery works in cyclic electrical conditions (i.e. charge, trickle charge and discharge). Electrochemical cells dissipate heat mainly during discharge. A dedicated S/C radiator cools the cells through the battery baseplate. In flight, the baseplate temperature follows the temperature fluctuations of the S/C radiator. During the test, while mounted on the temperature controlled support, the baseplate temperature is constant. Under cyclic electrical conditions, the test set-up tends both to reduce the maximum cell temperature levels and to increase the temperature differences between the top of the cells and the base plate. In this example and without compensation of these flight and test differences, the test set-up tends both to undertest and to overtest the secondary battery.
[image: ]
[bookmark: _Ref450811213][bookmark: _Toc456766577][bookmark: _Toc104889975]Figure 5‑9: Temperature controlled support and test set-up representativeness

Example - Effect of Residual Pressure on Thruster Thermal Behaviour
In this example, one test condition, not flight fully representative, can degrade nominal thruster operation. The developments of S/C thrusters and of their thermal mathematical models consider only space vacuum conditions. Nevertheless, a residual low pressure, around 1 hPa, exists in facilities dedicated to thruster firing tests. This residual pressure, a potential source of gaseous conduction, can have significant effects on the thruster internal temperatures:
It homogenises the combustion chamber temperatures inducing an overheating or undercooling depending on the location.
The combustion chamber can transfer more heat to the propellant capillary tube hence increasing its temperature.
A little overheat on a so thin tube can induce an anomalous phenomenon such as a vapour lock or a thermal choke.
Heat transfer within gases at very low residual pressure exhibits peculiar properties:
A gas layer can be thin enough to prevent free convection start-up and can be thick enough to reach the conduction viscous regime.
Heat transfer by gaseous viscous conduction is invariant over a large pressure range (typically from ≈1 hPa to 1013 hPa). This is due to the fact that the thermal conductivities of gases are independent of the pressure over such pressure ranges.

Test Methods and Test Set-up for a unit with sbassemblies separated by thermal insulations
A unit can have several subassemblies separated by thermal insulations (see example 1 about integration stages in 5.5.4.1h.) and with important temperature differences (in °C) between them. For example, a star tracker encompasses an optical baffle, optical lenses, a detector and front end electronics.
The test specification and the test instrumentation plan make provision of:
Additional test instrumentation (temperature sensors, IR thermography...) to monitor hot or critical areas located inside or outside the unit.
Dedicated test hardware and GSEs with the following objectives:
To efficiently drive the temperatures of the TRPs, of each subassembly, either by cooling or heating.
To place in front of each test specimen external surface the corresponding radiative sink temperature.
To simulate the solar incident heat flow rate densities thanks to the calibrated artificial Sun of the test facility (if any).
To control the interface heat flow rates with the test hardware. For example, with conductive or radiative Q-meters.
To reduce, using thermal guards, the interface heat flow rates through test harnesses or specific test mechanical fixations. This allows not to consider this heat flow rate in the thermal mathematical model.
The three last objectives are specific to a thermal balance test combined with a thermal vacuum test or with a thermal test at mission pressure. Be aware that in general:
Combined tests yield conflicting constraints. For example, due to intrusive GSEs or intrusive instrumentations.
These constraints generate a loss of accuracy of the test results in particular during the thermal balance test.

Interdependent Thermal Behaviour between a Unit and the Space Vehicle
In some demanding or critical testing situations, supplier and customer flight thermal analyses can be inconsistant because of too coarse thermal mathematical models of the unit by the customer or of the space vehicule by the supplier. A reconciliation process can follow different ways:
Either by performing an iterative cross-verification of the customer and supplier flight thermal analyses thanks to successive exchanges of interface data.
Or by performing a coupled flight thermal analyses done by the supplier or the customer thanks to exchanges of refined thermal mathematical models.

Thermal Analyses Practical Benefits
If thermal analyses under temperature cycling test configurations at equipment level are often not necessary, they can be of paramount importance when required by the circumstances:
By running the flight and test analyses to evaluate acceptable test biases or to reduce them. For example, these biaises are due to heat leaks through test harnesses or contacts between the GSEs and the unit under test.
By comparing the flight and test analyses to validate TRP temperature ranges drifts or deviations during testing.
By evaluating the radiative sink temperatures due to unit complex external geometry, GSEs around the unit, test facility shrouds singularities...
By evaluating the impacts on internal hot spots due to any residual low pressure.
By evaluating the needed dwell times and the expected plateau total durations.
By estimating the transition durations, in particular from the hot to the cold plateaux, and by investigating ways to speed up transitions.
By evaluating the allowed responses delays in case of a particular failure or emergency.

When the two-phase heat transport unit is horizontal, a practical and efficient test set-up monitors and controls, at every moment during the test, the tilt angles.

[bookmark: _Ref21363175]During a thermal test at equipment level, defects or failures monitoring is not limited to functional and performance tests:
For intermittences, efficient detection needs continuous monitoring.
For escape or environmental dependent defects present at the beginning of the thermal test, immediate detection avoids confusion with latent infant mortality defects precipitated by the thermal test.
The root cause identification of precipitated defects depends often of the ability to determine the time of their apparition.
Test instrumentation and telemetry provide the appropriate parameters for a discerning monitoring.
Turning power off (if applicable) is necessary only during non-operating plateaux and before switch-on testing.
During the cycle n° 1 (see bullet 5.5.4.1i, Figure 5‑3 and Figure 5‑4), longer ON time improves the detection efficiency of defects.
At the start of the thermal test (cycle n° 1), venting constraints (see 5.5.4.2b.) can delay unit powering on.
Turning power off (if applicable) can be necessary to reach particular cold plateaux within the planned duration.
An equipment unit effective configuration, if powered ON, allows monitoring and maximises observability.
[bookmark: _Ref500322766][bookmark: _Toc509411445][bookmark: _Ref21363768]Guidelines to thermal vacuum test
No specific guidelines for this requirement.
[bookmark: _Ref47616355]For this clause, the guidelines deal with venting durations and with very low vacuum levels.

Venting and Outgassing Durations
The test specification defines the necessary venting and outgassing durations. Differences in the voltage levels between internal cavities combined with cavity dependent low vacuum levels could lead to detrimental electrical phenomenons as arcing:
For DC and RF corona effects, refer to clause 5.5.5.6 of ECSS-E-ST-10-03.
For High Voltage effects, refer to clause 4.3.4 of ECSS-E-HB-20-05.
For multipactor effects, refer to clauses 5.5 and 6.2 of ECSS-E-ST-20-01 and ECSS-E-HB-20-01.
Take advantage of the following guidelines:
Magnetic moments of some pressure sensors can prevent close proximity to some units.
Depending on the materials and the bake-out history, the outgassing duration can be highly variable.
During a hot plateau, reaching a pressure of 10-5 hPa inside an internal cavity of a unit can be impossible within a reasonable time.
Prior to the test, negotiate the true pressure limitations and check if other unit electrical modes have less severe pressure requirements.

Very Low Vacuum Levels
Some tests require vacuum levels as low as ≤ 10-5 Pa or ≤ 10-6 Pa. These values are one hundred or one thousand times lower than the value required by the ECSS testing standard (≤ 10-5 hPa).
For example, such a high vacuum is necessary:
For the evaluation of space materials, processes, mechanical parts and assemblies and in order to anticipate some under vacuum deleterious effects (see ECSS-Q-ST-70-04; ≤ 10-5 Pa).
For technological dependent tribology issues inside mechanisms (≤ 10-6 Pa). ECSS-E-ST-33-01 (clause 4.7.3.1) does not require any longer such a very low vacuum level. A mechanism technical specification may require it. Alternatively, a standard vacuum level can be sufficient with a requirement to inspect after the test the surfaces with tribology.

[bookmark: _Ref21417117]To avoid contamination of the specimen under test, of the test facility and test GSE sensitive to contamination and to reduce outgassing risks from test GSE and test facility, the C&CCP (as per the DRD in ECSS-Q-ST-70-01 Annex B):
Refers to the declared material lists (as per the DRD in ECSS-Q-ST-70 Annex A) including all test GSEs DMLs. Examples: test harnesses, test heaters.
And details all the activities, methods and procedures (material selection, protective measures with regard to sensitive areas, instrumentation for contamination monitoring and control, inspections, personnel training, cleaning and decontamination, bake-out, purging…).
Concerning the test facility and the test GSE and considering the flight H/W with which they interface, to apply the same surface cleanliness requirements is a simple and efficient practice. Such an interface can be direct by physical contact or indirect by contamination redistribution during AIT activities and, specific to thermal testing, during each pressure transition (rather for particular contamination) or each temperature transition (rather for molecular contamination).
Concerning thermal testing, a pre-test (as per ECSS-Q-ST-70-01 requirement 5.3.2d., e. and f.) includes GSE test equipment and cabling. In addition to pump down and re-pressurization sequences and for a demanding space program, this pre-test can also simulate the critical temperature transient sequences.
The test specification refers to the C&CCP and, if bio contamination constraints apply, to the product supplier PPIP (or Planetary Protection Implementation Plan).
The test profile implementation ensures outgassing and trapping of contaminants on cold surfaces of the facility (generally with a cryogenic trap). An efficient practice, often required in test specifications, is to have always the test article surfaces hotter than the chamber shrouds and the part of the test set-up that can trap contaminants during cold phases. Test phases with the higher contamination risks are mainly the beginning of the test and the end of the test. At the beginning of the test, an outgassing phase reduces these risks. Ending the test after a hot plateau is also an efficient practice.
No specific guidelines for this requirement.
[bookmark: _Toc509411446]Guidelines to thermal test at mission pressure
No specific guidelines for this requirement.
Within a planetary atmosphere, gaseous conduction or (natural, mixed or forced) convection can greatly influence the units thermal behaviour. Some specific guidelines to the clause 5.5.4.1-h deal with the presence of a mission atmosphere.
For cleanliness and contamination and, if applicable, for bio contamination, see guidelines in 5.5.4.2c. The C&CCP defines the activities, methods and procedures to mitigate the risk of condensation or frost. For Mars atmosphere, this can include using dry N2 instead of CO2.
The test specification defines the chamber type:
A mission dependent atmospheric pressure near to room atmospheric pressure (e.g. on-board a space station) can use a temperature chamber.
Concerning vacuum chambers, see guidelines related to in 5.5.4.1a.
Alternative thermal approaches
For some applications, thermal tests at room pressure can be part of the test program. 
Considerations on this topic are presented below
Most of the requirements and guidelines listed here below, can still be made applicable to thermal tests at room pressure:
Burn-in test (refer to clause 5.5.1.4 of the Standard and of the Handbook).
Thermal vacuum (refer to clause 5.5.4.4.1 and 5.5.4.4.2 of the Standard and of the Handbook).
Thermal test at mission pressure (refer to clause 5.5.4.4.1 and 5.5.4.4.3 of the Standard and of the Handbook).
These guidelines do not cover life testing by pressure and by temperature cycling (refer to clause 5.5.1.3 of the Standard and of the Handbook).
A good practice is to identify in the test specification, the requirements from the testing standard and the guidelines from this handbook that are made applicable to the particular test.

First alternative approach: two thermal tests in series
In this first alternative approach applicable to space segment "type a" equipment, two thermal tests are present in series in a QM, PFM or FM sequence of tests.
The thermal tests in series are an early thermal test at room pressure and a later thermal vacuum test or a later thermal test at mission pressure. Such a sequence of tests can allow comparatively less expensive qualification, protoflight or acceptance testing:
For space vehicles equipment, US literature, standards or handbooks address this point relying on statistical analysis of anomalies and failures during testing and flight.
By comparison with a test under vacuum or under low pressure (for example, on Mars surface), a test under a pressure around 1013 hPa can significantly increase the rates of change of the unit internal temperatures during transitions between plateaux. This is due to forced convection with quick changes of the inert fluid temperature.
So, the unit internal temperature rates of change during transitions between plateaux are faster and hence can precipitate quicker latent defects.
If early detection of pre-existing patent defects or precipitated latent defects, design modifications and retesting (if any) costs are less than if these defects detection is late in the QM, PFM or FM sequence of tests.

Second alternative approach: replacement of the standardized thermal test by a thermal test at room pressure
In this second alternative approach, a thermal test at room pressure replaces a thermal vacuum test or a thermal test at mission pressure in a FM sequence of tests.
Without associated risk management, thermal tests at room pressure cannot replace thermal vacuum tests or thermal tests at mission pressure. A reason for this is that latent defects precipitation efficiency is almost always pressure dependent. Furthermore, some performances are pressure dependent. Concerning this matter, several sources of information are available:
US literature, standards or handbooks consider this option possible:
Only for electric and electronic units (excluding RF equipment) and for mechanical units as structural, moving mechanical, propulsion and heat transport units. Propulsion and heat transport units include tanks, valves and thrusters.
Only for acceptance testing on flight models, as in European practices.
Some ECSS standards discuss deleterious or very specific effects due to a high vacuum:
ECSS-Q-ST-70-04 entitled "Thermal testing for the evaluation of space materials, processes, mechanical parts and assemblies".
ECSS-E-ST-20-01 and ECSS-E-HB-20-01 entitled "Multipactor design and test".
ECSS-E-ST-33-01 entitled "Mechanisms".
Many projects, mainly for cost and schedule reasons, assess the risk of replacing acceptance thermal vacuum tests or thermal tests at mission pressure by acceptance thermal tests at room pressure. In order to propose this replacement to customer early approval, the electric, electronic or mechanical unit supplier provides in-depth assessments concerning the different acceptance testing conditions with, if any, possible actions to mitigate or to compensate lack of representativeness. Common assessments (not exhaustive list) evaluate the potential acceptance testing gaps related to:
Internal temperatures homogenisations by gaseous conduction or by free convection that induce, comparatively to thermal vacuum test, lower temperature differences inside the equipment unit. The end of this paragraph discusses possibilities to compensate this lower stress during hot plateaux by increasing the TRP temperature acceptance level.
If any pressurized internal zone or component, losses of pressure or losses of clearances between the pressurized zone and nearby parts.
If any high vacuum internal zone, slow losses of vacuum needing representativeness in terms of rate of change of the pressure. Example: an experiment in Mars atmosphere.
Cracking or fracture risks of materials, parts or assemblies due to sudden changes of the pressure or due to sudden dimensional changes by expansion or contraction.
Electrical wiring risks (short circuits, losses of electrical continuity…) due to dimensional changes by expansion or contraction or due to other very specific causes.
Outgassing and creeping of space materials (including lubricants, structural composites, adhesives and harnesses).
Tribological risks and tribological performances representativeness (friction, cold welding, wear and abrasion).
Multipactor critical regions.
Corona (RF and DC) and partial arc discharge (pressure-voltage) domains (in particular, in presence of high voltages).
Concerning the measured value of each temperature or pressure dependent performance to be tested, updated criteria existence and validity.
Representativeness of calibrations to be done for flight, if any.
If any local and demanding internal thermal control (temperature or dimensional stability, precise cooling or heating…) to be verified, representativeness of flight conditions (in terms of pressure and temperatures).
If temperature cycles under high vacuum (lower than 10-5 hPa) done at higher level with proper monitoring, cost and schedule risks.
Note: without clear and agreed technical statements about sensitivity to space vacuum (or to mission pressure), exempting equipment units from flight models temperature cycles under high vacuum (or under mission pressure) is a cost/risk issue. The management of such an issue by an RFD depends on the mission context (for only one S/C, for a S/C or a P/F family, for a S/C constellation…).
Compensation during hot plateaux by increasing the TRP temperature acceptance level implies a particular attention to hottest or critical internal points. A critical point is a point, representing an EEE component, a material, a mechanical part or a process, which temperature is close to its applicable limit. Note that the applicable allowable temperature limit for operation during the mission is typically a derating limit, while for tests the rated temperature limit applies, which can be significantly higher (refer to ECSS-Q‐ST‐30‐11).
The internal hot spots and their reduction due to gaseous heat transfers differ widely according to the unit internal design (geometry, components topology, heat distribution and thermal packaging).
Concerning the possibility and the implementation of this compensation, detailed and valid data are essential to facilitate agreement between supplier and customer:
Compensation is not possible if the correction of the internal temperature highest difference between the two pressure conditions means:
Violating rated temperature limits of any internal point.
Or exceeding any internal temperature level seen during qualification cycling. In Europe and for units complying to the ECSS testing standard, qualification margin = 5 °C beyond the acceptance temperature ranges at the TRP.
Thermal analyses can determine the TRP temperature acceptance level increase before testing.
If mathematical modelling of gaseous conduction or of free convection is uncertain, internal complementary instrumentation on hottest and critical points can drive during testing the TRP temperature acceptance level increase.
According to common European practices based on experience:
It is difficult to envisage such a compensation for a dissipative unit, because it often has internal critical points which reach temperatures close to their temperature limit. A thorough review of the temperature levels with respect to the applicable rated limits especially for these points, and for EEE components with small differences between rated and derated limits is necessary to justify the TRP temperature increase.
A TRP temperature acceptance level increase larger than 10 °C is not recommended, even when qualification margin is superior to 10 °C.
Be aware: US rules or practices, as given in SMC Standard SMC-S-016, are different from ECSS ones:
The test tolerance of ±3 °C in SMC-S-016 is -4/0 °C (cold plateau) and 0/+4 °C (hot plateau) in ECSS.
In SMC-S-016, the qualification margin of 10 °C is referring to the allowable flight temperature (AFT) ranges (AFT range = design temperature range in ECSS). In ECSS, the qualification margin is the difference between qualification and acceptance temperature ranges.
[bookmark: _Toc509411448][bookmark: _Toc104889906]Electrical/RF tests
[bookmark: _Toc509411449][bookmark: _Ref47598416]EMC Test
The rationale for the tests specified in the ECSS-E-ST-20-07 clause 5.4, Equipment and subsystem level test procedures, can be found in the ECSS-E-HB-20-07 clause 4.3, EMC test requirements.
Some specific test methods not specified in the ECSS-E-ST-20-07 clause 5.4 (noted as “specific” in Table 5‐3 of the ECSS-E-ST-20-07) are discussed in the ECSS-E-HB-20-07.
Pointers to the ECSS-E-HB-20-07:
RE, low‐frequency magnetic field: ECSS-E-HB-20-07 clause 7.1.5, Low frequency magnetic field measurements.
RE, low‐frequency electric field: ECSS-E-HB-20-07 clause 7.3.1, Low frequency electric field measurements.
The method for isolating power lines is described in ECSS-E-HB-20-07.
No specific guidelines for this requirement.
Sniff and spray tests are described in the ECSS-E-HB-20-07. In particular, pointers to the ECSS-E-HB-20-07: Sniff tests: ECSS-E-HB-20-07 clause 7.3.2 with UHF/SHF sniff tests. Spray tests: HB-20-07 clause 7.6.1 and UHF/SHF spray tests.
[bookmark: _Ref275870070]Magnetic test
ECSS-E-ST-20-07 requirement 4.2.5.1a. specifies that “The test method described in 5.4.5 providing a dipole model can be inadequate and replaced by a multiple dipole model or a spherical harmonics model”.
The relevant test methods are described in the ECSS-E-HB-20-07.
The six points method specified in the ECSS-E-ST-20-07 clause 5.4.5 is further discussed and detailed in the ECSS-E-HB-20-07.
Pointers to the ECSS-E-HB-20-07:
Tests for multiple dipole modelling: ECSS-E-HB-20-07 clause 7.1.1, Measurements for multiple dipole modelling.
Tests for spherical harmonics modelling: ECSS-E-HB-20-07 clause 7.1.2, Measurements for spherical harmonics modelling.
ECSS-E-HB-20-07 clause 7.1.3, “Six points method”.
At the moment of publication of this handbook the activity to create ECSS-E-HB-20-03 “Magnetic cleanliness handbook” was still ongoing.
[bookmark: _Toc509411451]ESD Test
No specific guidelines for this requirement.
[bookmark: _Toc509411452]Passive intermodulation test
See Annex D.
[bookmark: _Toc509411453]Multipactor test
ECSS-E-HB-20-01 covers methods and guidelines concerning multipactor testing and monitoring.
[bookmark: _Toc509411454][bookmark: _Ref21363275][bookmark: _Ref21416710][bookmark: _Ref101340897]Corona and arc discharge test
Corona testing concerns DC corona and RF corona:
ECSS-E-HB-20-05 covers methods and guidelines concerning DC corona (and arc discharge) testing and monitoring.
No specific guidelines concerning RF corona testing and monitoring.
[bookmark: _Toc509411455][bookmark: _Toc104889907]Mission specific test
[bookmark: _Toc509411456][bookmark: _Ref44606426][bookmark: _Ref50123559]Audible noise test
General
General considerations about audible noise test are presented in Annex C.
The audible noise test is specific for manned missions
The different operating modes of the equipment are tested to cover the complete operating conditions
In case of transient noise, the time history is recorded to provide noise level and exposure time
Equipment airborne sound pressure measurement
 no specific guidelines

[bookmark: _Toc509411460][bookmark: _Toc104889908]
Space segment element test requirements
[bookmark: _Toc509411461][bookmark: _Toc104889909]General requirements
Particular care is taken with the interfaces when splitting space element for test. For mechanical tests, interface flexibility is considered. For thermal tests, heat transfers at the interfaces are representative of the missing element.
As a general remark, it is recommended to include the items that are interacting on the element level in the test as much as possible. A typical example of this is the case of a dispenser holding a number of spacecraft at launch. Because of the hyper-staticity and flexibility of the interface of the satellites with the dispenser high forces develop at the interfaces that could not be reproduced in the test at satellite level, even after increasing significantly the excitation input and so increasing the risk of damaging flight hardware. However, those forces could be easily reproduced if the test is performed with a configuration spacecraft plus dispenser, and implementing the nominal excitation input. A similar behaviour is found at the interface between a solar array and the spacecraft.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
Note that it is sometimes considered as a risk to stress an equipment unit at element level more than it has been stressed at equipment level. In particular, for thermal tests, it would correspond to limit the equipment temperature during element level test to acceptance levels, if the equipment is a FM from a thermal testing point of view. Concerning vibration tests and provided that it does not prevent a proper qualification of the element, it is recommended to limit the levels on the equipment to their acceptance level in case secondary notching’s are needed. This is usually acceptable for the launcher authority provided that there is enough margin with respect to the Coupled Launch Analysis.
No specific guidelines for this requirement.
It is particularly important, before the test, that a visual inspection is performed by the engineer in charge of the test predictions, to check whether the tested configuration corresponds to the modelled one. Thermal Control examples: MLI, thermal insulation or guarding of harnesses.
[bookmark: _Toc509411462][bookmark: _Toc104889910]Qualification tests requirements
ECSS-E-ST-10-03 Table 6-1 – Static: Note that the structure qualification can be performed in many different ways, not only with a static test. See annex A.3.
ECSS-E-ST-10-03 Table 6-2 – Shock: Discussion about number of activations and firing to firing variability that can be characterised at actuator level. See ECSS-E-HB-32-25 clause 13.1.2.
[bookmark: _Toc509411463][bookmark: _Toc104889911]Acceptance test requirements
ECSS-E-ST-10-03 Table 6-3 – Modal survey: Modal survey can be used to demonstrate that the flight hardware behaves as the qualification model. It can also be used to assess transmissibility in the structure.
Static can be used for acceptance (e.g. re-entry loads), or as proof test of the structure.
Shocks are performed if there are modifications with regards to the qualification model.
[bookmark: _Toc509411464][bookmark: _Toc104889912]Protoflight test requirements
Mechanical qualification example: Mechanical qualification obtained on a STM covers the items that are flight representative on the STM. It cannot cover the items and interfaces that are not flight representative on the STM (flight equipment replaced by structural dummies, piping, tanks, harnesses, connectors…). Hence the levels to be applied on a PFM have to be carefully assessed, even when there were qualification tests on a STM.
[bookmark: _Toc509411465][bookmark: _Toc104889913]Space segment element test programme implementation requirements
[bookmark: _Toc509411466][bookmark: _Ref31807723][bookmark: _Ref88573924][bookmark: _Toc104889914]General tests
The General tests section in this HB addresses all testing activities set in place to verify, against customer expressed requirements, the Space segment element from its functional view, including:
Section 6.5.1.1 Optical alignment measurements (e.g., for AOCS sensors or instruments mounted on the S/C)
Section 6.5.1.2 covering all mechanical, electrical and “full functions “Functional tests
Section 6.5.1.3 Performance tests mainly applied to payload
Section 6.5.1.4 Mission tests to test the full S/C in its intended mission context
Section 6.5.1.5 Polarity test to verify correct sign/polarity of sensors or actuators but is not limited to AOCS (e.g., solar array drive mechanism)
Section 6.5.1.6 Launcher interface test, covering mechanical, electrical and data I/F between Space Segment Element and the launcher.

The Functional tests section 6.5.1.2, the mission test section 6.5.1.4 and the polarity test section 6.5.1.5 are of particular focus in this HB as those are the key elements for the requirements verification and have seen substantial changes in this ECSS-C standard issue.
Those sections encompass all the activities set in place to check that all functions implemented by H/W and/or S/W “fit to requirements” & “fit for mission” (AOCS, DHS, Power distribution, Payload I/F management, Payload functions, TT&C...).
The testing therefore will be executed on various Space segment element models as defined in ECSS-E-HB-10-02A.
A typical set of Space segment element models is given in Table 6‑1.
[bookmark: _Ref88571449][bookmark: _Toc104890076]Table 6‑1: List of typical Space segment element models on which functional tests are executed (Verification Level: Space segment element)
	Abbreviation
	Description
	Paragraph in 
ECSS-E-HB-10-02
	Comment

	VM
	Virtual Model
Also called Virtual or Hybrid Model
	5.2.5.2.18, page 31
	There are several virtual models (or in other word simulation models) of a space segment element. One particular virtual model is the Software Validation Facility or SVF which is a simulated S/C. Another one is typically the AOCS simulation environment, which represents a full Attitude and Orbit Control model of a S/C used for design and verification of the AOCS system.

	EFM
	Electrical and Functional Model
	5.2.5.2.8, page 29
	EFM typically consists of EM HW models and in exceptional cases also on DM HW models (BB/EBB) and/or simulated models

	PFM
	Proto Flight Model
	5.2.5.2.13, page 30
	PFM consists typically of PFM or FM models

	FM
	Flight Model
	5.2.5.2.14, page 30
	FM consists of FM models



New Test Terminology in ECSS-E-ST-10-03
The C-series of the ECSS testing standard introduced a new terminology on the testing. This was considered necessary especially because of the term IST/ISST which caused a lot of misunderstandings in the past.
Sources for misunderstandings were:
the perimeter of the IST
“Integration System Test”
Checking equipment functions when integrating the equipment into the Space segment element.
“Integrated System Test”
testing the Space segment element in the context of the mission.
the purpose of the test IST/ISST, i.e. “sub-system” or “system” but was done on: 
testing equipment functions after mechanical/electrical integration
testing sub-system functions
testing system functions
To improve this situation, the IST/ISST terms have been replaced by the (Full) Functional Test term to express the correct purpose and content of the test.
A mapping of A-series and C-series terms is given in Figure 6‑1.
[image: ] 
[bookmark: _Ref88571772][bookmark: _Toc104889976]Figure 6‑1: Mapping of previous and current test terms in the ECSS-E-ST-10-03 standard

Clarification on Functional Test Definitions
The following clarifications especially on model and test bench definitions as well as abbreviations are necessary for a precise understating for functional testing.
Those are:
1. Space Segment Element Model = Test Bench
A major point is that a model is a test bench on Space segment element level, as the models and the test benches own the same name, e.g., SVF, EFM, PFM or FM is a model but also a test bench.
However, a test bench is more than a model, as it consists of additional parts, like MSGE, EGSE, SCOE, additional instrumentation, …
Hence the test benches are an integral part of the model philosophy for verification but each test bench needs also a decent HW and SW configuration control for test execution “on the bench”.
A second clarification is that some models consist of other models, i.e., the Spacecraft PFM model is constituted by various equipment PFM models. Therefore, a model philosophy always requires a model flow to present a comprehensive test and verification approach.

2. Virtual, Hybrid & EFM model descriptions in ECSS-E-HB-10-02A cover combinations of simulated & HW models
One key ambiguity in the model descriptions is the grouping of “Virtual and Hybrid Models” as this is misleading.
A second source of confusion is that both Hybrid and Electrical Functional Model (EFM) in ECSS-E-HB-10-02A consist of “real” HW models like “EMs” and (partially) simulated models.
This handbook considers the following clarification:
EFM is the only “hybrid” model considered in this handbook.
The Virtual Model (VM) does not include any HW model to comply to its name – virtual or in other words simulation model.

3. SVF abbreviation
The third one is, that the abbreviation SVF in itself is ambiguous, as is can be read as:
Software Verification Facility
Software Validation Facility
Please note that ECSS-E-HB-10-02 defines SVF as Software Validation Facility to which this handbook complies to, despite of the fact that the purpose of the model/test bench is considered more verification.

The Functional test clause 6.5.1.2.1 in the ECSS-E-ST-10-03 standard identifies the following test types.
Functional Test (FT) section comprising
the Full Functional Test (FFTs),
the Reduced Functional Test (RFT) and 
the Mechanical Functional Test (MFT), 
the Electrical Functional Test (EFT)where each test has its own purpose.

This handbook develops the definitions of the standard (FFT & Electrical Functional Test) as follows:
FFT-D, FFT-W to clarify functional testing for design (functional qualification) and workmanship (functional acceptance) aspects.
AOCS Closed Loop Functional Test – Design (CFD or AOCS FFT-D, sometimes also called CFQ – “Qualification”) – which is part of the FFT to test and verify the AOCS modes and control laws in order to demonstrate correct functioning of the AOCS. This is typically done by testing the relevant AOCS modes based on the execution of a selected set of reference scenario on an AOCS closed loop test bench. The superset of AOCS reference scenario is usually developed on the AOCS simulation environment. The AOCS closed loop tests are usually performed on EFM test bench. The workmanship verification of AOCS closed loop is part of the FFT-W. The need is to be assessed on a case-by-case basis.
Electrical Integration Test (ELI) to state more precisely the purpose of the test compared to “Electrical Functional Test”. Secondly to confine clearer from (Full) Function Test.
Table 6‑2 provides the relation/classification for the test types of the functional tests and includes also Performance, Mission and Polarity tests.
[bookmark: _Ref88573065][bookmark: _Toc104890077]Table 6‑2: List of Functional tests, Performance, Mission and Polarity Tests
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The Full Functional Test
The Full Functional Test (FFT), in the perimeter of the Element level testing, is a comprehensive test block that demonstrates the integrity of all functions of the item under test, in all operational modes, including back-up modes and all foreseen transitions. 
In this context this means in all mode of the item under test. Please note that the coverage of all mode is not always possible especially for backup or contingency modes.
The FFT is basically set up in two blocks of different nature, run on the VM/EFM or on PFM/FM models, and answering two distinct verification needs, Functional Design Verification sometimes also called “Qualification” and Functional Workmanship Verification, sometimes also called “Acceptance”.
FFT-D or in some companies also called FFT-Q, are oriented towards a space segment element functional qualification, aiming at proving absence of functional design error, and addressing in particular that the element performs in accordance with its specifications, in all operational modes, including back-up modes and all foreseen transitions. These activities are typically executed on Virtual (VM) or Electrical Functional (EFM) Models assuming model representativeness.
FFT-W or in some companies also called FFT-A, are oriented towards the verification of as-build or in other words, workmanship, by demonstrating the absence of manufacturing and integration error, and ensuring freedom from workmanship defects and flawed materials in conformance with acceptance needs on PFM/FM.
FFT tests are usually performed for PFM/FM spacecraft models, after assembly and integration phases, before environmental testing. FFT consists of blocks of open-loop tests related for instance to a payload, an equipment or a functional chain.
FFT relates to on-board integrated management of a given equipment or of a set of equipment. 
FFT verifies the correct functional behaviour of each functional H/W or H/W paths, respecting the intended operational sequence of the item under test, within the space segment element level operational environment.
FFT functional test coverage is closely linked with item under test physical architecture. FFT tests are performed with only the minimum required spacecraft operating equipment, and the simplest SCOE possible configuration, this means a given equipment management chain (i.e. involving power distribution, on-board computer, central software, data management) or set of equipment integrated into a sub-system functional chain, e.g. AOCS, DMS, Payload stimulated by telecommand or open loop actions.
The Functional design test main objective is to verify the availability and correctness of the space segment element functions (w.r.t design requirements) and exercise the item under test with several, up to all, functional chains processing simultaneously in order to demonstrate suitability for the operational concept of the item under test.
The coverage of all operational modes is achieved here.
This Functional design test consists of blocks of open-loop tests related to a functional chain. For the item under test, the objective is to demonstrate absence of functional design error that would hamper the element to perform in accordance with its specifications.
Functional design tests are performed on space segment element simulators, EFM and PFM on a model-based approach, pending the nature of the design verification objective and the representativeness of the used models. The rationale for the model approach is discussed in the verification plan.
The perimeter and content of the FFT-D performed on the space segment element PFM depends on the tests already performed on, and representativeness of, the simulator model (VM) or EFM model versus verification objectives.

The functional design test contributes to verify:
The consistency of the functional design, through correct functional behaviour of functions and execution on operational modes (nominal and contingency).
The compatibility of hardware-software and software-software integration with central software.
The correct functional behaviour of the item under test 
The system database, related to TM/TC addressed during the test phase.

Typical Functional design test examples are:
packet store management and telemetry routing / download,
coverage of S/W modes for intelligent terminals,
coverage of FDIR mechanisms.

For instance, for an AOCS equipment with SW embedded, the FFT test identified can be:
Equipment switching on and Equipment operational switching,
Equipment software upload, patch and dump mechanism,
Equipment Health Check test,
Equipment -head Temp control,
Equipment stimulation integration,
Equipment. Functions,
Equipment switching off.

Figure 6‑2 gives an overview of the functional tests performed during the overall space segment element development and the corresponding verification and validation, typically:
The AOCS validation and performances test, performed typically on a dedicated AOCS simulation bench, focused on algorithms simulations tests (to prove design solution & performances).
The S/W verification (against its specification) tests, performed on the SVF (Software Validation Facility). The SVF allows verifying essential parts of the SW requirements (SW-SW integration tests & global tests) in an open or closed loop set-up, based on a simulated on-board time reference.
The Functional Verification tests on dedicated hybrid benches (so called Flatsat/EFM/Avionic Test Bench).
In case heritage can be demonstrated, e.g., by a product approach, then a full simulated bench (SatSim) could be considered.
The functional tests on S/C PFM/FM, limited to the test where non-representativeness has been identified on the EFM.
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[bookmark: _Ref88572257][bookmark: _Toc104889977]Figure 6‑2: Typical sequence of tests for element level functional verification

The identified test configuration and test benches used to typically realize these test activities are recalled Table 6‑3. Please note, a mapping of the models/test benches with ECSS-E-TM-10-21A System modelling and Simulation will be given at the end of this paragraph.
[bookmark: _Ref88572446][bookmark: _Toc104890078]Table 6‑3: Typical list of test benches for functional verification on Space segment element verification level
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Table 6‑4 gives a view of the mapping of the functional test phases with regard to test configuration.
[bookmark: _Ref88573248][bookmark: _Toc104890079]Table 6‑4: Typical mapping of the functional test phases with regard to test configuration
[image: ]
* Note: Performance testing on space segment element level (i.e., spacecraft) is limited to necessary performance verification activities, which could not be done on other, especially lower levels of the space segment element.

Reduced Functional Test
The Reduced Functional Test verifies the functional integrity of the Space segment element prior to and after hardware integrity relevant events such as transportation between two test sites or before, during and after mechanical test programme (vibration/shock) and thermal test programme, etc…
These tests, run on the PFM or FM, are designed as a sub-set of FFT-W to verify the integrity of the major functions of the item under test, with a sufficiently high degree of confidence, in a relatively short time.
Figure 6‑3 shows the relation between the FFT-D (or FFT-Q), FFT-W (or FFT-A) and RFT test types. In the ideal case FFT-W is a subset of FFT-D and RFT is a subset of FFT-W.
In continuation of the previous FFT example, the RFT can be reduced to the following test:
Equipment switching on and set to selected mode required to deliver RFT relevant results,
Equipment Health Check test,
Equipment -head Temp control,
specific Equipment. function checks especially for life limited items,
Equipment switching off.
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[bookmark: _Ref88572706][bookmark: _Toc104889978]Figure 6‑3: Logical relationship between FFT-D (or FFT-Q), FFT-W(or FFT-A) and RFT

Mechanical Functional Tests
The Mechanical Functional Tests are testing the correct functioning of any mechanical or electro-mechanical mechanism on-board the space segment element (e.g., valves, mechanisms, pyros, NEAs…). Detail on this test type can be found in section 6.5.1.2.2.

Electrical Functional Tests
The Electrical Functional Test are describing the activities executed during electrical integration of individual units and equipment, testing the equipment interface compatibility with its system environment, both at on-board and with electrical ground support equipment. Therefore, this class is further broken down to the test type of Electrical Integration Test (ELI) which is the pre-requisite for any subsequent functional tests like FFT, RFT or MFW. Detail on this test type can be found in section 6.5.1.2.3.

Mapping of ECSS-E-TM-10-21A and this handbook
Figure 6‑4 provides the relation between 6 key elements applied in System Modelling and Simulation technical memorandum ECSS-E-TM-10-21A and this handbook:
Test bench
Space Segment Element Model – which is the level corresponding to the “Digital Twin”, i.e., the Virtual S/C, being a combination of Digital Mock-Up, S/C simulators and data or documents.
Test item or Item under Test (IUT)
Test campaign
Test infrastructure
Test environment
These items are building the core of functional test and verification activities on Space Segment Element level.

Test Bench
The test bench is the environment used to verify the correctness of the item under test by test. The test bench context is either HW, SW and/or firmware tests and the tests are supported by additional ground support equipment, which are in general SW and HW tools.
In space business, the test bench is constituted by three elements,
the Space Segment Element Model (e.g., a satellite PFM), which itself is consisting of HW and SW models and data, all components which are representing functions.
the test infrastructure and
the test environment

The Space Segment Element Model
The Space Segment Element Model according ECSS Glossary, ECSS-S-ST-00-01C, is the physical or abstract representation (of a product) used for calculations, predictions or further assessment (i.e., test & verification). A Model can also be used to identify particular instances of the product e.g., flight model.
The Space Segment element model therefore has several levels of fidelity and integration status along the test campaign. In its final configuration, the Space Segment Element Model is corresponding to the (proto) flight model which is the end product, intended for flight. The selection of models is depending on the test campaign, respectively the item under test. The models are selected to ensure optimized and comprehensive test and verification activities. The fidelity level ranging from Development Model (DM) up to Flight Model (FM) is straight forward for HW models. For virtual models there are similar levels of fidelity ranging from Functional Models used in dedicated Functional Electrical Simulators like AOCS Simulators, via more sophisticated models applying for instance the Simulation Model Portability standard (SMP2, refer to ECSS-E-TM-40-07), up to sophisticated simulations models including for instance communication interfaces or modelled physical responses (e.g., temperatures, voltages) as part of a Software Validation Facility. A similar fidelity is seen for SW or database (SRDB) versions assuming the different levels of content across several versions in the development logic. This segregation in levels of fidelity supports the model calibration as the corresponding virtual model can be correlated against the related HW model, e.g., “Virtual EM” against “HW EM” and “Virtual (P)FM” against “HW (P)FM”. This provides the version consistency between SRDB, SW, virtual model and HW model used for testing.
The Functional (Operational) Model is a structured representation of the functions which the Space Segment Element is fulfilling. This is of particular interest as this functional model is the most comprehensive view on the Item Under Test completing pure HW and SW views. Please note that this functional model view is often implicitly established as it is typically distributed in several documents like Space Segment Element (often including subsystem) and Equipment level design descriptions, HW ICDs, Harness Definition, TM/TC or SW ICDs and others.

Item Under Test
The Item Under Test (IUT), sometimes also called Test Item, Device Under Test, test article or Unit Under Test is the manufactured assembled and integrated item which undergoes the test. The Item Under Test will vary across the life cycle of the test campaign and can include (re-)test after repair. The goal is to demonstrate that the Item Under Test is performing in accordance with the specification which is typically the Space Segment Element Specifications (e.g., Satellite Design Specification). The Item Under Test is constituted as part or by the whole Space Segment Element Model, depending on the nature of the test to be performed.

Test Campaign
The test campaign is a defined set of tests which are executed on a selected set of items under test. The Items Under Test are embedded in the test bench through the Space Segment Element Model. The test campaign objective is to fulfil the verification of the Space Segment Element.

Test Infrastructure
The test infrastructure delivers services or support to develop and operate the test bench respectively the space segment element model. The nature of this infrastructure is widespread and ranges from 
mechanical, electrical, optical GSEs and SCOEs
simulation infrastructure like front-ends connecting HW models with simulation models respectively the simulator infrastructure
facilities like clean rooms, thermal vacuum chambers where functional and environmental tests are performed 
connection and control items like test harness or Central Checkout Systems (CCS).

Test Environment
The test environment completes the test bench set-up delivering necessary stimuli depending on the tested scenario respectively the needs driven by the item under test.
The following Figure 6‑4 and Figure 6‑5 are drawn based on UML notation where the dotted line represents a (directional) dependency between the items and the diamond line an aggregation. 
The dependency visualizes a semantic connection between the items for instance the test campaign influences the test environment to establish the correct stimulus for the selected scenario of the test.
The aggregation e.g., used to link the test bench with the Space Segment Element Model, the test infrastructure and the test environment expresses that the test bench is more than a model, as it consists of these three items.
Figure 6‑5 shows a particular example of the Software Validation Facility using the general UML model of Figure 6‑4.
Annex F provides a list of legacy or historical test bench names and its correlation to the applied space segment element models VM, EFM or PFM/FM.
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[bookmark: _Ref88573359][bookmark: _Toc104889979]Figure 6‑4: Logical relation between model, test bench, test campaign, test item (IUT), test environment and test infrastructure
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[bookmark: _Ref88573459][bookmark: _Toc104889980]Figure 6‑5: Example of an SVF based on the mapping between ECSS-E-ST-10-02C/03C and ECSS-E-TM-10-21A


[bookmark: _Toc509411467][bookmark: _Ref88570925][bookmark: _Ref88573927]Optical alignment measurement
When the gravity has an important influence on alignment measurement, a Gravity Release test is performed (see A.12) to assess the effect of gravity on the alignment.
See guidelines in Annex E.
[bookmark: _Toc12339933][bookmark: _Ref88570960][bookmark: _Ref88571167][bookmark: _Toc509411468][bookmark: _Ref31807735][bookmark: _Ref31807766]Functional tests
[bookmark: _Toc12339934][bookmark: _Ref88573127][bookmark: _Ref88573138]General
FFT is the most comprehensive test for demonstrating the adequacy of the item under test using minimum required spacecraft operating equipment, and the simplest SCOE possible configuration. Any test restriction, test safety or test like you fly exception is clearly described in the FFT test specification. The test configuration (in particular the item under test redundancies) is fully described as part of the test specification.
Note please: a test restriction is a direct answer to the test objective/test scope, i.e. what is not (or not possible) to be tested.
A test safety is a human or technical hazards or special safeties which could occur during execution of the test in nominal or failure case where the test engineer has to pay attention to and knowing possible counter measures, i.e. there is a safety procedure in place.
A test like you fly exception describes limitations or constraints during ground testing and operation for instance where certain modes or mode transitions cannot be executed due to ground testing environment.
No specific guidelines for this requirement.
This is achieved by running the FFT (or a subset of FFT, respectively RFT) at the beginning and the end of the test programme.
This requirement aims to demonstrate that the functions are not affected by the environmental testing. However, risk is considered low when performing functional tests also during environmental testing. Therefore, a subset of FFT respectively RFT at the end of environmental testing is considered sufficient
Typically, FFT or a subset of FFT test are performed during thermal test. Additional tests like Performance Tests are considered exceptional cases driven by the need of either vacuum or temperature or both for demonstrating the performance. 
No specific guidelines for this requirement.
The FFT ensures the testing of intended operational functions of the item under test. However, operation in the future intended sequence is not possible at all times, hence limitations respectively test like you fly exceptions is clearly identified in the test specifications
The need of an on-board or EGSE SW update is caused generally by an NCR disposition. The management of on-board or EGSE SW update, clarification of re-testing needs and customer confirmation is done typically as part of the NRB. 
Note: TRR, PTR or TRB anyhow states the test bench configuration where on-board and EGSE SW is part of it.
[bookmark: _Toc12339935][bookmark: _Ref43736591][bookmark: _Ref88572816]Mechanical functional test
The correct functioning of the mechanical functions which are mainly but not limited to mechanism functions needs to be demonstrated as part of the space segment element test campaign. The operation of these functions needs to take into account the ground testing environment. Many of these functions cannot be executed or executed in the full range during ground testing. Also, performance can in general not be tested at space segment element level.
Typical functions that can be tested including during thermal (vacuum) testing are:
Solar Array Drive Mechanism, without solar array and sometimes only in limited range because of harness.
Antenna Pointing Mechanism, without antenna or antenna reflector and antenna arms.
Instrument protections or covers (e.g., shutters).
Some valve operation but not pyro valve or non-explosive actuators (NEA)

Typical functions which can be tested in clean room conditions with 0g devices, if necessary, but not in thermal (vacuum) testing
Release and deployment tests, e.g.
Solar array deployment
Antenna deployment
Instrument boom deployments
Rotation of pointing mechanism however usually not on the full range, e.g., Solar Array Drive Mechanism with Solar array attached.
Pyro or NEA firing.

Mechanical function is tested demonstrating the correct mechanism functioning in line with the examples given above.
See examples of 0-g devices in Figure 6‑6 and Figure 6‑7. The friction induced during the mechanical functional test by the 0-g compensating devices is to be minimised to allow for a more representative no-gravity condition. Passive gravity compensation solutions using cable suspensions for the moving parts (e.g., solar arrays panels deployment) are widely used. The cable suspension can be implemented by balloons, rails, air cushions, etc. Lately, the implementation of active gravity compensation systems allows to hold the suspension cables in vertical position during the whole deployment motion and to control the force passing through them with high accuracy. This results in a more realistic gravity compensation.
[image: Related image]
[bookmark: _Ref50557430][bookmark: _Toc104889981]Figure 6‑6: Example of solar generator unloading device for Sentinel 2
[image: ]
[bookmark: _Ref50557459][bookmark: _Toc104889982]Figure 6‑7: Exomars TGO antenna offloading device
This is typically the case for the performance of the mechanism, e.g., motorization margin with respect to resistive torque. The overall verification approach is part of the verification plan. Alternative verification method means that the testing on space segment element level can be for example replaced by an analysis of the testing at lower level to demonstrate the correct functioning.
Part of the verification is performed during the thermal (vacuum) testing depending on the mechanical functions. The verification is completed with activities at space segment element integration and selected checks prior launch, depending again on the mechanical function.
[bookmark: _Toc12339936][bookmark: _Ref43736592][bookmark: _Ref88572850]Electrical functional test
The electrical functional test is usually an incremental test approach where activities are distributed across space segment element integration and testing activities, sometimes complemented with lower level testing activities, i.e. equipment. 
This activity is typically performed during space segment element electrical integration, because it is not possible to have access to some of the electrical interfaces, when the configuration is completed, or due to HW and SW availability.
Protection functions are tested at equipment level, as part of the equipment acceptance tests. Testing at space segment element level EFM or flight HW (e.g., PFM/FM) is limited to protection functions when possible:
Inducing a space segment element failure when not operative,
Whose activation does not require implementation of hazardous operations at PFM AIT level (e.g. implementation of breakout boxes or handling of high voltages).
Overvoltage protections are tested only when stimuli exist, as overvoltage injection is hazardous for the tests addressing coverage of all H/W functions and electrical paths.
Safety routines to protect hazard to humans or item under test are set up prior any operation.
A recommendation is to select the configurations such that all the interfaces are at least energized once, without testing all possible configurations for cross-strapping verification. This is a trade-off between testing time and exhaustive cross-strapping check. This allows to ensure that all interface circuits are functionally checked.
It is good practice to reach this agreement as early as possible to allow a timely preparation and implementation of the tests.
This requirement is interpreted aiming to verify physical measurement such as current, voltages or temperatures during electrical integration. Then a comparison can be made to the TM/TC values received to confirm or initiate correction of the TM/TC calibration as part of SRDB. This is possible at that time of electrical integration since the system is accessible, e.g., via break out boxes.
A full TM/TC testing is not required during electrical integration as database coverage is subject to a dedicated plan and report which summarizes the incremental TM/TC database verification across all space segment element tests.
The verification of autonomous functions is spread across the model philosophy, particularly for S/W implemented autonomous or even HW autonomous functions. Most of the autonomous functions are executed during the functional tests, hence this requirement is covered typically on FFT or MT tests.
No specific guidelines for this requirement.
Similar comment/approach as for point f. For electrical functions, critical failures are not necessarily verified by test (example: battery voltage below minimum voltage).
The subset of the functional test typically demonstrates voltage levels of the main bus in conjunction to battery end of charge levels. This can be done also as part of undervoltage tests demonstrating operation and disconnection of various loads. Besides, min and max bus voltage is tested on supplier level, typically with additional cases.
Not expected behaviour is tracked as anomaly, as per requirement 6.5.1.2.3 g.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc12339937][bookmark: _Ref88570998]Performance test
The performance tests as required in the standard are typically referring to payload performance. The verification of the performance is complex and is specific to the space segment element under test and the mission. This can lead to a combination of analysis and test activities on various models during the development lifecycle of the space segment element(s). The reasons to split these activities across different models can be manifold, e.g.
Limitations in the size of the test facilities
Limitations due to operation under 1g
Limitation due to operation in room conditions
The concept of performance test and subsequent verification needs to be clearly identified and described on Space segment element level, typically as part of the Verification Plan.

Performance test is the test block for demonstrating the performance of the item under test in operational condition, respecting all limitations introduced due to ground testing In case implementation of performance test is not possible on space segment element level, then alternative test and analysis methods need to be described as part of the overall Verification Plan using relevant models on different verification levels of the space segment element development.
Cross strappings are typically part of the FFTs. In case of relevant cross strappings for performance testing, then these are clearly to be identified as part of the performance test specification. A recommendation is to select the configurations such that all the interfaces are at least energized once, without testing all possible configurations for cross-strapping verification. This is a trade-off between testing time and exhaustive cross-strapping check. This allows to ensure that all interface circuits are functionally checked.
No specific guidelines for this requirement.
The baseline is to execute the performance test after environmental testing in order to verify that the environmental testing campaign has no impact on the performance. However, if this is not possible (e.g. due to accessibility as the space segment element will be closed at that time), then this needs to be identified as part of the verification planning.
[bookmark: _Toc12339938][bookmark: _Ref88571025][bookmark: _Ref88571047][bookmark: _Ref88571174]Mission test
The mission tests verify the space segment element functions under nominal and contingency conditions for defined space segment element configurations, applying defined mission scenarios.
Using a LEO Earth mission as example, typical mission scenarios are tested:
Launch preparation procedure (nominal operation),
Launch and Early Operational Phase (LEOP) (nominal operation),
Nominal mission phase (nominal operation), including motor operation or orbit manoeuvre and possibly return operations as far as possible in Earth environment.

For non-nominal or contingency operation, the following scenarios are typically tested:
Long duration & stress test
FDIR test in AOCS open/closed loop (contingency operation)

The above examples need to be adapted for different mission types like deep space missions or human spaceflight missions where other or additional mission scenarios need to be tested, e.g. interplanetary flight or orbit insertion.
The mission tests are typically based on tests, defined for FFT, but executed in the context of space segment element mission operations (test-like-you-fly).
Mission tests demonstrate the conformance of the space segment element to the intended operations. This is not always possible on any space segment element model due to limitations of ground testing at room conditions. Hence the mission test approach is clearly identified in the Verification Plan also w.r.t. the models used for mission testing. This means it can be a distributed approach shared across VM, EFM or (P)FM models.
The contingency cases can be, as for the nominal mission tests, shared across different models in the overall verification approach. In case of time criticality HW models are preferred unless representativeness of Virtual Model can be demonstrated.
No specific guidelines for this requirement.
The mission test specification includes any test restriction, test constraint or test like you fly exception which deviate from the final flight configuration (e.g. safeguard memory patching...).
[bookmark: _Toc12339939][bookmark: _Ref88571060][bookmark: _Ref88571184]Polarity test
The objective of the polarity test is to verify the correct sign or polarity of the functional chain from sensors to actuators, through a number of interfaces and processing including inherent transformation matrices. The main goal is to get the correct sign response based on a defined sign input. See Figure 6‑8 for an overview of the Control Loop.
Polarity tests are not limited to AOCS sensors and actuators. The polarity or sign of any other item which has a polarity needs to be tested. Those could be for instance:
Antenna Pointing Mechanism
Solar Array Drive mechanism)
Valves for life control system or thermal control system
[image: ]
[bookmark: _Ref50557726][bookmark: _Toc104889983]Figure 6‑8: Top-level AOCS Control Chain Schematic
The polarity tests are workmanship tests, testing the flight harness connected to the AOCS equipment and AOCS functional chains including AOCS control algorithm and any transformation matrix in order to detect the absence of workmanship errors in both HW and SW.
The baseline approach for the polarity test is to demonstrate polarity in a single test from sensor via AOCS SW to actuator. This is basically to demonstrate test-as-you-fly condition. It is good practise to perform this test as late as possible in order to apply the latest CSW and SRDB versions and ideally using a single version for testing. Therefore, this approach is called End-2-End Polarity (E2EPT) test clearly describing the “verification subject” and confirming that the critical polarity is correct.
In case the baseline approach is not feasible, an alternative approach can be proposed, justified, discussed and agreed on a case-by-case basis.
This alternative approach is also fulfilling the end-2-end coverage through a series of test & analysis, in other words, it serves the same purpose. The difference is that the tests are done in a stepwise approach testing 
· the sensor equipment from mounting, via sensor, flight harness up to sensor processing,
· the actuator from actuator commanding, via flight harness up to actuator HW and mounting, done as self-standing, separate tests.
· the polarity of the AOCS control algorithms from sensor processing via control algorithms up to actuator commanding
The End-2-End polarity verification is synthesis of all above steps. Despite of the stepwise approach, it is expected to execute these tests on the latest CSW and SRDB versions and a careful analysis/follow up on polarity subjects until launch.
In order to achieve this goal of sensor and actuator verification, during S/C integration there might be the need to perform certain equipment checks which contribute to the overall sign/polarity validation. Since after integration into space segment element (e.g., satellite) the access to the equipment is limited, these checks need to be performed during the integration in order to validate the consistency of the
· Physical equipment behaviour
· Electrical signal between the equipment & space segment element (e.g., satellite)
· Signals applied/acquired by space segment element SW and provided telemetry (functional interface)
Provided that the electrical interfaces (equipment, harness, connectors/electrical interfaces internal in the space segment element) do not change after equipment integration, the verification of the polarity physical HW level and electrical I/F can be done once as the HW remains unchanged unless it is dismounted for repair.
Please note the signals available to space segment element SW can be used in later checks, e.g., check of updated SW versions which have had undergone changes on the processing of the polarity signals.
The validation of the consistency between the physical behaviour, electrical and functional interfaces is typically done through physical stimulation from OGSEs or SCOEs in open loop and using the simplest possible test set-up. Ideally, there is also minimum SCOE SW interacting to prevent sign/polarity issues caused by (SCOE) test set up.
Please note that in case SCOE/SCOE SW arise part of the polarity measurements then the polarity of these SCOEs need to be verified to exclude double errors.
The alternative approach offers the capability of reducing cost & schedule risks as at the time of assembly and integration phase of the space segment element, where EPTs are typically conducted, full accessibility is given, while the space segment element is not closed, as in later stages, e.g., shortly before environmental testing or shipment to launch site which is the typical event conducting the E2EPT.
In general, both approaches require clear definition of the test prediction upfront of the polarity test execution.
In summary, it is essential to define a simple polarity test set up and simple polarity tests which is a direct benefit in correctly measuring sign/polarity and preventing undetected failures.
Polarity test approach is mainly implemented on PFM/FM. For instance, polarity tests validate the correct signs of the AOCS control loops on the spacecraft with the real hardware, the real central software and the flight harness.
The baseline approach for the polarity test is to demonstrate polarity in an end-2-end test set-up from sensor via AOCS SW to actuator. In case the baseline approach is not feasible, an alternative approach can be proposed, justified, discussed and agreed on a case-by-case basis. A change in the software and/or spacecraft configuration that can be demonstrated not to interfere with the functional chain under verification, does not require the re-run of a polarity check if already carried out.
Baseline approach with an explicit E2E polarity test, i.e., from sensors to actuators through control algorithms (1-Step):
(a) “Single test” does not mean that no polarity checks are made on lower levels. For risk minimization (to avoid findings in a later stage of integration) such checks and tests on element and platform level are still necessary. However, the “end to end polarity verification” allows the full system polarity verification in a single test setup. For example, in science missions, often an end-to-end polarity test between the Sun sensor and thrusters is made where the Sun sensor is illuminated producing a defined polarity input and the correct reaction on the thrusters (opening/closing valves via electrical signal) is checked. Other examples for stimulation are for Gyro measurement polarity can be verified by slowly turning the spacecraft. Earth sensors polarity checks are stimulated by moving a warm plate through their field of view. This test approach follows the “test like you fly” recommendation as close as possible.
Alternative approach with distributed (stepwise) polarity testing of equipment and control algorithms, covering also full End-2-End validation:
As a general rule this approach is based on:
End-2-End polarity coverage is established by developing a synthesis from all Equipment Polarity Tests and AOCS Closed Loop tests
This is done through rigorous decomposition of each control chain into elementary components for which a sign consistency check can be performed, independently of the AOCS control loop but to AOCS control inputs (i.e. including AOCS sensor data processing (SP)) or from AOCS control outputs (i.e. from AOCS Actuator Control. It is essential to demonstrate that the distributed approach covers the full chain as the end-to-end tests, leaving no gaps.
Elementary polarity tests with flight equipment during S/C AIT, when equipment units are accessible, as baseline with the final flight software.
Correlation between telemetry and stimuli at that stage confirming the validity of the stimuli and the measured polarity.
The coverage of the AOCS control loop polarity needs to be defined and agreed as this is an integral part of the overall polarity validation. 
Root cause to apply this alternative approach instead of the baseline can be that dynamic states of control algorithm derived from the space segment element (e.g., satellite) dynamics in orbit cannot be stimulated on ground.
It has to be ensured that all sign relevant AOCS SW items have been fully covered in the polarity tests. This includes an assessment of which AOCS SW modules are used in which AOCS modes.
This requirement states that the polarity checks are carried out as some of the last tests before the shipment to the launch site. Often, they are performed before the environmental test campaign. This is to account for equipment accessibility issues. Final polarity checks can be run after environmental testing. Polarity tests are typically executed before the test campaign as a risk mitigation activity, in order to detect potential issues before running the environmental tests. The rationale for the requirement is to test the complete configuration, please refer also to clause b for clarification on “complete configuration”.
[bookmark: _Toc43735522][bookmark: _Toc43735911][bookmark: _Toc43736301][bookmark: _Toc43740337][bookmark: _Toc43741998][bookmark: _Toc509411475][bookmark: _Ref88571146]Launcher interface test
It is recommended, even required by most launcher authorities, to perform a fit check early in the development to allow time for modifications if needed. The fit check is performed using a launch adapter provided by the launcher authority. In case of a launch dispenser, the interface is checked between the dispenser and the launcher, as well as between the dispenser and the space element. See example in Figure 6‑9. The final fit check is performed at the launch site with the actual flight adapter. Note that the fit check is a verification of the mechanical, electrical and data interface. The fit check can also be used as an opportunity to verify the space element separation system. For example, a clampband installation and release test might also be performed. This is a functional test of the clampband release system, which also depends on the mechanical interface of launcher and space segment side. In that sense, it is also a launcher interface test. The separation test can also be the opportunity to measure the shock levels generated by the separation and transmitted in the space element. See ECSS-E-HB-26.
[image: ]
[bookmark: _Ref50557824][bookmark: _Toc104889984]Figure 6‑9: Fit check of Galileo Spacecraft with the launch dispenser
The rationale is that the environment at the launch facility is different from the environment in which the AIT took place. Interfaces between GSE and facility are to be checked, and interfaces between space segment element and GSE might also have changed (e.g. length of cables).
[bookmark: _Toc509411476]No specific guidelines for this requirement.
[bookmark: _Toc104889915]Mechanical tests
[bookmark: _Toc485711551]Physical properties measurements
General information about physical properties measurement is provided in annex A.2
Typical facilities to measure physical properties are described in annex A.2.2.
Physical properties in launch and orbit insertion configurations are part of the information required by the launcher authority. They are also required for any possible in orbit configuration (partly deployed and fully deployed) to allow the spacecraft control. However, the physical properties in deployed configuration can in most cases not be directly measured. They are derived from measurements of the different constituents (element without appendages and appendages separately).
If necessary, to reach the requirements balancing mass are installed on the element to adjust the position of the CoG or the moments of inertias. More details about the balancing are provided in Annex A.4about spin balancing test.
This is in particular the case when the element includes large deployable appendages, which cannot be deployed under gravity.
Spin balance test is covered by Annex A.4.
Note that the gravity affects the fluid distribution.
[bookmark: _Toc485711552]Modal survey test
Note that the modal survey test is rarely performed except on crewed modules and payload racks. The dynamic characterisation is usually performed through resonance search on a shaker. It is however a simple and efficient test to characterise the dynamic behaviour of a test article. (see ECSS-E-ST-32-11).
[bookmark: _Toc485711553]Static load test
General information is available in annex A.3.
Sometimes the static load test is performed with interface conditions different to the flight ones. For example, the test adapter is different from the flight adapter, or the spacecraft is fixed to the test adapter with a clamp band or a system having a different stiffness than the flight clamp band. The use of a flight or flight-like adapter and clamp band is not always possible. This is not necessarily a problem if the test predictions are performed with the test setup. It is however noted that a different stiffness at the test article interface can modify the load distribution.
In general, a test prediction is required with the specific configuration of the test. The static load test differs from the flight loads because a discrete number of load cases is applied on main interfaces and this is different compared to the inertial loading of the whole system under acceleration. The aim of the static test is to reach qualification loads or internal stresses in some critical elements considering the available test setup and the available test configuration. Test predictions performed to adjust the parameters of the test is mandatory.
[bookmark: _Toc485711554]Spin Test
General information is available in annex A.4.
The spin test at element level is only performed for spinning spacecraft.
As mentioned in Annex A.4.1, the spin test is used for balancing, acceleration loading and possibly functional testing. Each of those objectives are taken into account when alternative configurations are considered. For example, for a large deployable boom, the acceleration loading might be tested at boom level while the interface to the element is tested using a mass dummy at element level.
The spin test being an acceleration test, it is important that the mass of the propellant is considered to reproduce the corresponding loads. Note that gravity and centrifugal forces affect the fluid distribution.
[bookmark: _Toc485711555]Transient test
Transient test is meant to reproduce the transient acceleration profile at launch or during other events (engine firing, parachute deployment, landing). To reproduce launch loads, facilities exist to impose a transient acceleration in all axes simultaneously at the interface of the element, as the HYDRA at ESTEC for example. Transient tests are rarely performed in practice and agreement of the launch authority is required.
Most electrodynamic shakers can apply a transient acceleration in one axis at a time. Hydraulic facilities allow application of transient accelerations in several axes simultaneously. 
See discussion about tank filling in Annex A.7.3.5 (Sine test). In case tank dummies are used on a structural model, it is important to verify that they do not introduce unrealistic amplifications due to very low damping (e.g. metallic dummy)
No specific guideline for this requirement
When the appendage size prevents a test at element level in the configuration applicable at the time of engine firing (e.g. deployed solar arrays for in-orbit insertion of a planetary mission), alternative verification is considered
Resonance search is covered by Annex A.7.5. Dynamic responses of the test article are compared between the runs to highlight any change in the dynamic behaviour
Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation
No specific guideline for this requirement
[bookmark: _Toc485711556]Acoustic test
General information is available in annex A.9.
The test fixture reproduces the interface boundary condition, and the acoustic impingement at this interface. The test article is sometimes suspended using bungee cords. See annex A.9.3.
See annex A.9.3. Care is taken to avoid standing waves below the test article.
In case tank dummies are used on a structural model, it is important to verify that they do not introduce unrealistic amplifications due to very low damping (e.g. metallic dummy). 
No specific guideline for this requirement.
No specific guideline for this requirement.
It is important to avoid unrealistic phenomena like standing waves appearing between the bottom of the test article and the floor or between the panels of the test article and the walls of the chamber. Specific precautions need to be taken like: avoiding the panels of the test article to be parallel to the walls of the chamber and adding a shielding panel between the floor and the bottom panel of the test article.
Dynamic responses of the test article are compared between the runs to highlight any change in the dynamic behaviour
Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation.
[bookmark: _Toc485711557]Random vibration test
General information is available in annex A.8.
Each axis is tested separately on an electro-dynamic shaker.
No specific guideline for this requirement.
See discussion on filled/empty tanks in annex A.7.3.5. In case tank dummies are used on a structural model, it is important to verify that they do not introduce unrealistic amplifications due to very low damping (e.g., metallic dummy).
No specific guideline for this requirement.
When the appendage size prevents a test at element level in the configuration applicable at the time of engine firing (e.g., deployed solar arrays for in-orbit insertion of a planetary mission), alternative verification is considered.
Note that notching in random is less straightforward than in sine. It is recommended to discuss the notching approach and its implementation with the test facility.
Force limited notching is recommended as it provides a simple way to define and implement the notchings. See Annex A.7.3.4.
Be aware that the cross axis acceleration can lead to significant responses, which are not covered by predictions performed with one axis excitation only. For this reason, limits (notchings) are also needed in the cross axis directions on the responses, to protect the hardware.
No specific guideline for this requirement.
Resonance search is described in annex A.8.5. Dynamic responses of the test article are compared between the runs to highlight any change in the dynamic behaviour. Note that transfer functions between the input level and the responses can also be computed for the random test. Real time monitoring of those transfer functions can be used to highlight any change in dynamic behaviour during a run and between runs. 
Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation.
No specific guideline for this requirement.
[bookmark: _Toc485711558]Sinusoidal vibration test
General information is available in annex A.7.
Each axis is tested separately.
 See discussion on filled/empty tanks in Annex A.7.3.5. In case tank dummies are used on a structural model, it is important to verify that they do not introduce unrealistic amplifications due to very low damping (e.g. metallic dummy).
No specific guideline for this requirement.
Notching is covered by Annex A.7.3.4. Force limited notching method is recommended-
When the appendage size prevents a test at element level in the configuration applicable at the time of engine firing (e.g. deployed solar arrays for in-orbit insertion of a planetary mission), alternative verification is considered.
It is very important to instrument and protect the specimen with some redundancy in case of failure of one accelerometer. Redundancy is recommended for notching and abort channels. It is also important to keep in mind that some channels can be inverted, especially at the beginning of a test campaign. In order to avoid possible issues, protections in terms of notchings and aborts are implemented in all directions. It is also recommended to check the results of the pre-test made in order to ensure that the channels used for notchings and aborts behave as expected. Notching and abort are covered in annex A.7.3.4. Abort can be brutal. It is recommended to systematically implement notching to avoid abort.
- Resonance search is described in Annex A.7.5. Dynamic responses of the test article are compared between the runs to highlight any change in the dynamic behaviour. Monitoring of those transfer functions can be used to highlight any change in dynamic behaviour between runs, e.g. change in damping with the excitation level. 
[bookmark: _Toc485711559]Changes in dynamic responses are carefully assessed, even for modes with effective mass lower than 10%, as they can indicate some degradation
Shock test
Covered by ECSS-E-HB-32-25.
[bookmark: _Toc485711560]Micro-vibration susceptibility test
Reference to Annex A.13.
[bookmark: _Toc485711561][bookmark: _Toc104889916]Structural integrity under pressure tests
[bookmark: _Toc485711562]Proof pressure test
General information about Proof Pressure test is provided in Annex B.3.
The proof pressure test is a workmanship test and ensures integrity of the pressurized hardware, which can be loaded for the vibration tests. This is why it is performed before the environment tests.
This requirement has been deleted in ECSS-E-ST-10-03C Rev.1
No specific guideline for this requirement.
Pressure cycling test
General information about Pressure cycling test is provided in annex B.4.
The test applies only for qualification and is not performed on flight hardware. Hence, it is rarely applied at element level.
No specific guideline for this requirement.
Design burst pressure test
General information about Design burst pressure test is provided in annex B.5
The test applies only for qualification and is not performed on flight hardware. Hence, it is rarely applied at element level.
No specific guideline for this requirement.
No specific guideline for this requirement.
No specific guideline for this requirement.
Leak test
General information about Leak test is provided in annex B.2.
The leak test is very important as workmanship verification of the element assembly from a fluidic perspective. It is also very important from a safety perspective before loading and pressurizing any fluidic system.
No specific guideline for this requirement.
Annex B.2.3 provides a description of some leak test methods.
[bookmark: _Toc509411478][bookmark: _Ref21361348][bookmark: _Ref21420218][bookmark: _Toc104889917]Thermal test
By convention, a thermal test involves a temperature variation of at least one test specimen boundary from room temperature, as defined for clean rooms.

Test objectives and precipitation of latent infant mortality defects
A thermal vacuum test or a thermal test at mission pressure can contribute to different testing objectives:
Functional and performance verification allowed during required temperature plateaux and transitions in between.
During protoflight or acceptance testing, risks mitigation of problems late discovery before the launch and of detrimental failures occurrence during the in-orbit infant mortality period.
Keep in mind about these different testing objectives:
Functional and performance tests with continuous or regular monitoring in between have also the aim to detect pre-existing patent defects that are present at the beginning of the test.
To reduce mission infant mortality to an acceptable level, the risk mitigation objective includes the important matter of latent defects precipitation by exposure to pressure and temperature conditions (or environmental stress screening).
Note: a patent defect is detectable. A latent defect is undetectable. At the very moment it precipitates, a latent defect becomes patent and detectable.
Reminders about the different types of defects:
Qualification and acceptance stages can detect defects in design, materials, parts, processes and workmanship. Some design defects can escape the qualification stage.
Each defect can be intermittent or persistent.
Each defect can be a pre-existing patent (or detectable) defect or a latent (or undetectable) flaw in incremental growth until becoming a patent (and eventually detrimental) defect.
Pre-existing patent defects can be defects that escape quality control and previous environmental tests.
Pre-existing patent defects can be pressure and temperature dependent (or environment dependent) and not present at room temperature or at room pressure. For example, a quartz oscillator defect called "activity dip" is present only at a particular temperature.
Latent defects can become patent during the ongoing and posterior environmental tests, the posterior AIV activities, the launch phase and each in-orbit or mission phase.
Two main types of latent defects depend on temperature conditions: Arrhenius type and thermo-mechanical type.
Arrhenius type latent defect precipitation efficiency depends on its exposure duration to a hot or cold temperature level.
Thermo-mechanical type latent defect precipitation efficiency depends on hot and cold temperature levels, temperature rates of change during transitions and numbers of cycles.
Concerning latent defects precipitation by temperature conditions inside equipment units, the thermal tests at equipment level cover better this objective. They are less efficient at element level because temperature conditions (in particular temperature rates of change) are generally less severe at defects locations (PCB, EEE components…).
Concerning harnesses latent defects precipitation by temperature conditions, the ECSS standard requires 3 (+ 1) cycles at element level mainly for thermo-mechanical type latent defect (in particular, for electrical connectors).

Combined thermal tests at element level
A thermal vacuum test or a thermal test at mission pressure can be combined with other tests such as a thermal balance test or a calibration test. For example, it is possible to add:
A thermal balance test under the same test configuration than a thermal vacuum test or a thermal test at mission pressure.
A characterisation or a calibration test at intermediate temperature plateaux or during transitions between temperature plateaux, if some high level performances are temperature dependent. This is to check for example the dimensional stability, the radiometric, the optical or the RF performances.
Obviously, it is not possible to standardise characterisation and calibration (C&C) tests. They are not part of the ECSS-E-ST-10-03 thermal tests even if their implementation is possible with a unique test configuration.
The combined tests meet with acceptable and quantified deviation the technical constraints of each individual test:
The most demanding tests generate the major constraints coming from the different test methods, GSEs or instrumentations.
See hereunder the guidelines linked to 6.5.4.1n.

Thermal tests management and planning at element level
Performing an element thermal test requires a thorough preparation and an organisation similar to a space project in terms of test management and planning with:
Collaborative team organisation.
Tasks and responsibilities sharing.
Cost, schedule and risk evaluation.
Test plan, specification and procedure reviews by all involved disciplines and parties, including approval of requirements validation approach.
Advanced GSE development, manufacturing and testing.
The preparation of an element test can take advantage of the following guidelines:
The test (or combined tests) documentation tree reflects without ambiguity the tasks and responsibilities sharing between all the involved actors.
Each combined test has a separated test specification.
Preliminary test specification and test instrumentation plan are useful in order to select sufficiently early the test facility. These documents collect the data for the negotiation of the (mechanical, thermal, electrical, RF, optical, FDIR, safety…) interfaces between the test facility and the test set-up.

Guidelines concerning thermal tests at element level
The following guidelines are only for the clause 6.5.4 of ECSS-E-ST-10-03 temperature cycling tests at element level and concern in particular:
The elaboration of the test profile.
The TRP temperature drive during plateaux and transitions in between.
The definition of the mechanical and thermal test set-up.
The guidelines in this clause 6.5.4 are self-contained in order to regroup them for end users at element level. A guideline can concern both temperature cycling tests at equipment level and at element level. In this case, clause 5.5.4 contains the same guidelines.
[bookmark: _Toc509411479][bookmark: _Ref21421285]Guidelines to thermal vacuum test and to thermal test at mission pressure
[bookmark: _Ref47620687]When temperature cycling is performed both under vacuum and under mission dependent atmospheric pressure, a single thermal test facility use is more practical and efficient. For example, missions at high altitude within the Earth atmosphere or within the Mars atmosphere or on the Mars surface are good candidates for testing in a single facility:
The primary pumps of some thermal test facilities have pressure control capabilities covering both space vacuum and such low pressures.
These thermal test facilities can use dry air, dry N2 or CO2.
Be aware:
Verify that the chamber pressure pumping capability is in the range of interest.
Make sure that the pressure sensors cover the expected pressure range.
Verify that the shroud cooling capability can cope with additional heat loads by gaseous conduction or convection coming from the vacuum chamber structure at room temperature.
Verify that the test conditions do not present risks of ice-forming on the external side of the chamber structure.
If the test is done in different facilities, try to use the same test set-up for testing coherency.

For this clause, the guidelines deal with several matters.
Test Profile and Tests done at Room Conditions
Pressure and temperature room conditions are as clean room conditions. These functional and performance tests are not part of a thermal vacuum test or a thermal test at mission pressure that involves a boundary temperature different than the room temperature. They are checks done just before and after the temperature cycles.

Test Profile
The test specification defines the functional tests and the performance tests to be done during the plateaux for each functional chain (power, AOCS, P/L…) or for each space segment unit. The test specification reconciles the different implementation practices of suppliers and customers, by answering the following questions:
Is the element mission only under vacuum?
If not, what are the cycles to be done at mission dependent atmospheric pressure?
How many cycles?
What are the long cycles?
What are the short cycles?
One example (see Figure 6‑10):
Mission only under vacuum: yes.
Cycles at mission dependent atmospheric pressure: not applicable.
Number of cycles: 4.
Long cycles: 1 (n° 3).
Short cycles: 3 (n° 1, n° 2 and n° 4).
One other common practise:
Long cycles: 2 (first and last cycles).
Short cycles: all intermediate cycles.

Test Profile for Combined Cycles (at mission dependent atmospheric pressure and under vacuum)
The test specification tailors the following practical guidelines:
The cycles under vacuum take place before the cycles at mission dependent atmospheric pressure.
The minimum number of cycles at mission dependent atmospheric pressure is half of the total number of cycles.
Example of good practice: the number of qualification cycles during element level testing is the required number (4) because:
2 cycles done under vacuum.
4 – 2 = 2 cycles (≥ 4/2) done under mission dependent atmospheric pressure.
[image: ]
[bookmark: _Ref403661730][bookmark: _Toc456766578][bookmark: _Toc104889985]Figure 6‑10: Example of a thermal vacuum test profile for a space segment element

Plateau Total Duration
Note: Non-European standards, as SMC Standard SMC-S-016, use terms like "temperature soak duration" to define the total plateau duration. Some standards use the word "soak" only for long cycles. There is no notion of dwell time at element level, which is a difference with the equipment level.
Current practises are very different in terms of plateaux durations:
The total duration of a plateau is generally the longest of:
The short or long minimal plateau duration defined in the test specification.
The functional or performance tests duration (if any) including GO/STOP delays.
For each thermal module of a space segment element, a plateau begins as soon as each unit TRP temperature stays within its control hot or cold band as illustrated Figure 6‑11.
A thermal module is entirely surrounded with efficient thermal insulations. So, the temperature drive of a thermal module is independent of the temperatures of the other thermal modules.

TRP Temperatures Drive on a Plateau
Maintaining the unit TRP temperature within the control bands (see Figure 6‑11) asks for:
A specific attention during the transitions between electrical modes of very dissipative units.
A proper thermal management of the test specimen boundaries with high thermal response times.
A sequence of tests avoiding delays before the start of the next test. This can be done by swapping to another more stable thermal module.
Smart sequence of tests to avoid in particular too long and too dissipative sequences.
Proceeding by "trial and error" during the first cycle is the best way to both:
Better drive the TRP temperatures during the subsequent cycles, and
Significantly reduce the test total duration.
[image: ]
[bookmark: _Ref403715413][bookmark: _Toc456766579][bookmark: _Toc104889986]Figure 6‑11: Unit TRP temperature control bands during space segment element plateaux
Stability Criteria
The only practical stability success criterion is to remain within the TRP temperatures control band (see Figure 6‑11). During a plateau, the TRP temperature fluctuates more or less according to the amount of energy dissipated by the units under test.
Keep in mind to avoid confusion:
The switch-on verification begins only after reaching the OFF unit internal temperatures stabilisation criteria (in °C per hour) as defined in the test specification.
The TRP temperature stabilization does not mean internal temperatures stabilization.
These temperature stabilisation criteria are different of the thermal balance test ones (see ECSS-E-ST-31).

Functional and performance tests success criteria
A functional or performance test is successful when the units TRPs stay within the respective control bands during the whole test duration. The decision to begin or to stop a test is illustrated in Figure 6‑11. Many practical aspects interfere with such operational decisions:
Several TRPs and several units can participate to a single functional or performance test.
Some TRPs temperature control bands can differ according to the operation mode.
Before testing a unit switch-on capability, the stabilisation of its internal temperatures is necessary between switch-off and switch-on.
If a particular functional and performance test depends on one or more internal temperatures stabilisations, the functional and performance test definition includes the associated internal temperatures stabilisation criteria (in °C per hour).

As an example, a very dissipative unit can avoid exceeding the control band by:
Giving the GO close to the coldest temperature of the control band.
Switching-off unnecessary units.
Adjusting the test parameters (heaters, cold plates, shrouds…).

Conflicting TRP Temperature Control Bands
Some space segment element zones have good temperature homogeneities. For example, an aluminium alloy structure with several units directly mounted behind shared radiators has good temperature homogeneity. In such a scenario, the individual TRP temperature control bands can come into conflict with one another. This is caused:
Either by the first unit reaching a limit (STOP) that prevents the testing of units with much wider temperature ranges.
Or by an avionics bay hot or cold biased leaving little room for fulfilling the success criteria. Figure 6‑12 illustrates a difficult TRP temperature management on the hot plateau, but easy on the cold plateau.

The TCS team can warn the project team about such predictable conflicts at early stage. The conflicts can be alleviated by:
Developing new units with identical TRP qualification temperature ranges.
Trying to accommodate off-the-shelf units at suitable locations or with enhanced heat transport H/W compatible with their TRP qualification temperature ranges.
Using thermal analyses to request for deviation before testing rather than raising a waiver after testing.
[bookmark: _Ref403998230][image: ]
[bookmark: _Ref404239549][bookmark: _Toc456766580][bookmark: _Toc104889987][bookmark: _Hlk50568134]Figure 6‑12: Unit TRP temperatures drive feasibility (example of a P/F equipment bay)
Test Report
These guidelines about test report concern only the test profile, the critical TRP drives, the plateaux total durations and the times and TRP temperatures of the functional and performance tests.
The test report records and discusses with regard to the test specification:
The realised test profile and number of cycles.
The realised plateaux total durations.
The test report details, for each functional or performance test, the time and the TRP temperatures:
At the time of each GO or STOP.
At the end of the test together with the test duration.
To help the validation, the report visualises time dependent plots of measured data, zooming in on:
Some typical temperature plateaux.
A selection of TRP temperature evolutions illustrating the different behaviours.
The critical TRP drives.

Temperature Rate of Change: see guidelines in 6.5.4.1o.

Test Mechanical and Thermal Configuration
A thermal balance test (see 6.5.4.1n) or a high level (geometric stability, optical, radiometric, RF…) performance characterisation or calibration test requires higher capabilities than a temperature cycling test. Even for a temperature cycling test, the test mechanical configuration, with many (thermal, electrical, optical, RF…) GSEs and harnesses around the specimen under test, can be very complex and critical. It is important to put special attention at the following aspects:
Take great care of test harnesses routing in the test facility (lengths and radii of curvature, guide rails if needed…).
Keep comfortable margins with regard to the temperature limits of each test GSE and harness (including connectors).
Keep comfortable margins with regard to the thermal expansion of each test GSE.
Keep comfortable margins with regard to the ratings (or the derating rules) of the test EEE components (sensors, heaters…).
Keep comfortable margins with regard to the thermal control of each test GSE and harness. In particular, install sufficient test heating powers.
Be careful to uncertainties, errors and failures if harnesses with test heaters under MLI.
Take care that existing GSE can require modifications for adaptation to the test article.
Design at the same time the test specimen, the mechanical interface and the thermal interface between every test GSE and the test specimen.
Take a lot of test GSE spares (including sensors, heaters, MLI…) for test set-up maintenance until the dry run or the functional blank test.

Electrical, Monitoring and Control Test Configurations
A thermal test under vacuum or low pressure is known as being very dangerous for a PFM or a FM and as requiring prompt and reliable actions for recovery after a failure. Some useful guidelines are the followings:
Perform reliability analysis of the test configuration (including the data acquisition system) and define redundancies.
Use thermal analyses for evaluating the test specimen time constants and compare them to the facility recovery delays.
Define redundancy and automatic FDIR mechanism for each critical emergency.
Define redundancy ensuring no loss and full recovery of data.
Use well separated test control system and data acquisition system.
Use a unique database to collect all test data (from facility, from various GSEs and from specimen). This allows the programming of a not limited comparative post-processing (including graphical post-processing).
Define an emergency switch-off procedure to put the space element in a safe or off state and only in case of emergency. The engineering & test team is also to be aware and trained on the contingency and contingency recovery procedures to be able to use them in case of detected issues.

Overall Test Configuration
The test specification defines, as necessary and if applicable, all the other aspects of the test configuration (electrical, optical, RF, monitoring, safety…) including testing constraints like material outgassing or offgassing, cleanliness, bio contamination, bake-out, purging, cleaning, venting, grounding (including test MLI), DC and RF corona, multipactor…
A preliminary test specification can define, at early stage, the interfaces with the test facility in order to be able to select it. For example, it is a question of keeping comfortable:
Clearances during specimen handling to go near the test facility and to enter in it.
Clearances during specimen movement (if any) within the test facility.
Margins concerning sealed feedthroughs capabilities for electrical, optical, RF or instrumentation connexions.
A blank test of the chamber can be very helpful if the test configuration is complex, it is a pre-validation of the setup with in addition an outgassing of the inside material which is helpful for the test itself.
A dry-run before door closure can exercise the teams to perform specific test procedures.
The test report and the inspection reports, written before and after the test, keep a precise record of the overall test configuration including an exploitable photography file.

The main objective of the Reduced Functional Test before chamber closing (open door RFT) is to validate the test electrical setup and in particular all the physical links going through the chamber feedthrough.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
For this clause, the guidelines deal with several matters.

Operating, Non-operating and Switch-on Conditions
Operating, non-operating and switch-on conditions refer mainly to "type a" units i.e. electronic, electrical and RF units.
For other than "type a" equipment, each unit ICD or user manual defines precisely the conditions and the transitions in between.
The testing standard specifies twelve equipment types (see for example Table 5-1 of ECSS-E-ST-10-03).
For example, the conditions of a secondary battery can be: charge, trickle charge or discharge.

Switch-on Temperature (for "Type a" Units)
"Switch-on" and "start-up" are synonymous terms. As the hot switch-on temperature is always lower than the maximum operating temperature, be aware:
The switch-on in hot conditions accounts for the fact that the unit dissipation leads to a transient increase of the unit TRP temperature. The test set-up and profile prevent the unit from exceeding the qualification limit.
To avoid overheating risks at switch-on, it is good practice to start up the unit below the hot qualification or acceptance operating temperature.

For this clause, the guidelines deal with several matters.
Functional and Performances Tests during Transitions
To run functional and performances tests during transitions between plateaux can be of paramount importance:
To run functional and performances tests during transitions and to monitor the test article during transitions are two different needs.
Many functional chains can need tests during transitions. In particular, it is always the case for the active TCS functional chain.

Functional and Performances Tests for Active TCS
The active TCS uses EEE components or units like temperature sensors, mechanical thermostats, heating lines, thermoelectric coolers, heat pipes, fluid loops, cryogenic machines or heat pumps:
The test specification defines the active TCS functional and performance tests and their occurrences on the temperature cycling test profile.
Some functional and performance tests require dedicated temperature levels during transitions between hot and cold plateaux.

See bullet f. guidelines about unit switch-on.
For each unit, the test specification defines the minimum number of switch-on and their locations in the test profile.
No specific guidelines for this requirement.
A recommendation is to select the configurations such that all the interfaces are at least energized once, without testing all possible configurations for cross-strapping verification. This is a trade-off between testing time and exhaustive cross-strapping check. This allows to ensure that all interface circuits are functionally checked.
For this clause, the guidelines deal with several matters.

DC corona monitoring and high voltage risks
This clause is only about DC corona monitoring.
If voltage ≥ 100 V, refer to ECSS-E-HB-20-05 guidelines about high voltage effects and risks.

Multipactor, RF corona and RF power handling monitoring at element level
Multipactor, RF corona and RF power handling testing is at RF component level and at RF equipment level. This testing is not at spacecraft or payload level. This testing at instrument level is not a recommended practice. The risk of permanent damage on RF chain components is high as well as of other instruments contamination.
As assistance in detection and monitoring of potential occurrence of any of these three phenomena at spacecraft, payload or instrument level during thermal vacuum test or during thermal test at mission pressure, the following table gives, in case of unexpected or abnormal behaviours, the phenomena among these three phenomena that can be investigated.
[bookmark: _Toc104890080]Table 6‑5: Multipactor, RF corona and RF power occurrence versus relevant investigations at Element level
	Observation: If any…
	Investigations can take into account possible damaging effects of…

	distortion in the transmitted RF signal
	RF power handling or multipactor

	permanent degradation in the transmitted RF signal such as high attenuation
Note: In the case of RF corona, the transmitted RF power is typically attenuated by 2-3 dB during the first phases of the discharge. If the discharge is self-sustained, the RF chain breaks in short period (less than one minute).
	RF power handling or RF corona

	sudden low amplitude bursts of reflected RF power (not sustained but occasionally persisting)
	Multipactor

	sudden reflected RF power (self-sustained)
	RF corona

	sudden and progressive reflected RF power (and eventually self-sustained)
	RF power handling

	unusual and sudden increase in the level of the residual harmonics signals
	RF power handling, RF corona or multipactor

	sudden and progressive increase of temperature detected by temperature sensors (if any) near the suspected area
	RF power handling or RF corona

	small bursts of released gas detected by the vacuum chamber instrumentation (pressure gauges…)
	RF power handling or RF corona

	detection by other sensors (if any) of plasma or of light generation due to plasma
	RF corona



No specific guidelines for this requirement.
For this clause, the guidelines deal with several matters.

Unit TRP temperature management
For the temperature cycling tests at element level, the unit ICD defines the position of the temperature sensor representing each unit TRP. This temperature sensor is:
A test TRP temperature sensor, if no flight temperature sensor at this TRP.
Or, otherwise, the existing flight TRP temperature sensor.
For a TRP of paramount importance, another test temperature sensor can provide redundancy.

Test Report
The test report records precisely each temperature sensor position including an exploitable photography demonstrating the proper implementations of the:
ICD for each TRP. In particular, the test report demonstrates that each TRP is a cold point of the unit housing area.
Instrumentation plan for any other measured temperature.

[bookmark: _Ref21420077]For this clause, the guidelines deal with several matters.

Unique Configuration for Combined Tests:
A thermal balance test or another test demanding high test accuracies can be performed simultaneously. The demanding tests specifications and instrumentation plans make provision of:
Additional test instrumentations to monitor the thermal behaviour of the tested specimen and of the whole test set-up around it. This thermal instrumentation ranges from standard temperature sensors to more sophisticated IR cameras, heat flow rate sensors or Q-meters, heat flow rate density sensors, calorimeters or mechanical tilt sensors.
Dedicated test hardware and GSEs with the following objectives:
To drive efficiently the temperatures of the TRPs, of each zone, either by cooling or heating.
To place in front of each test specimen external surface the corresponding radiative sink temperature.
To simulate the solar incident heat flow rate densities thanks to the calibrated artificial Sun of the test facility (if any).
To control the interface heat flow rates with the test hardware. For example, with conductive or radiative Q-meters.
To reduce to a negligible value, using thermal guards, the interface heat flow rates through test harnesses or specific test mechanical fixations.
The three last objectives are specific to a thermal balance test combined with a thermal vacuum test or with a thermal test at mission pressure. Be aware that in general:
Combined tests yield conflicting constraints. For example, due to intrusive GSEs or intrusive instrumentations.
These constraints generate a loss of accuracy of the test results in particular during the thermal balance test.

Overall Test Set-up
The thermal environment characteristics, the TCS thermal design and the space segment element itself imply some constraints in terms of:
Test representativeness taking into account, if significant, thermal impacts of test GSEs and test harnesses.
Heat exchange crosstalks between different parts of the test specimen. For example, heat flow rates coming from IR lamps dedicated to a unique radiator can influence too strongly a closeby critical surface.

Thermal Analyses Practical Benefits
Thermal analyses help to understand the driving parameters and trade-off the test configuration. They are of paramount importance:
By running the flight and test analyses to evaluate acceptable test biases or to reduce them. For example, these biaises are due to heat leaks through test harnesses or contacts between the GSEs and the unit under test.
By evaluating the radiative sink temperatures due to element complex external geometry, GSEs around the element, test facility shrouds singularities...
By evaluating the heat exchange crosstalks, for example, between a P/F and an instrument delivered as a black box to a payload level or to a S/C level.
By evaluating the impacts on internal hot spots due to any residual low pressure.
By estimating the transition durations, in particular from the hot to the cold plateaux, and by investigating ways to speed up transitions.
By evaluating the allowed responses delays in case of a particular failure or emergency.
By consolidating the test thermal margins through sensitivity studies of each critical thermal module. During each test, these margins apply to temperature limits, to heating or cooling capabilities or to heaters deratings.
By anticipating the test effects of each heating or cooling power change through sensitivity studies giving the main temperature changes in °C/W.

[bookmark: _Ref21420680]This requirement does not mention explicitly the TRP. Nevertheless, it refers to the TRP.
The following considerations drive the TRP temperature rate of change:
Screening efficiency to precipitate latent defects: the higher the rate, the more effective the screening.
Duration of the test: the higher the rate, the quicker the transitions.
Test article integrity: the higher the rate, the higher the thermo-elastic stresses.
Representativeness of mission conditions.
Keep in mind:
At element level, low TRP temperature rates of change are obtainable.
Within units (PCB, EEE components…), many internal rates can be significantly slower than TRP ones according to the delay due to each internal point thermal time constant.
Due to the rates obtainable at element level, most reliability experts consider this efficiency as generally very low.
Generally, the test set-up offers:
Efficient heating GSEs to rise as required the temperatures to the hot plateau.
Poor cooling capabilities to lower the temperatures to the cold plateau.
Sometimes, the vacuum chamber pressure control capabilities can accelerate significantly the cooling by adding gaseous conduction at low pressure (in particular, at cryogenic level). At the time of transition to cold plateaux, dissipative units can be switched off to speed up the cool down.
The test report records and visualises time dependent plots of a selection of the measured temperature rates of change illustrating the different speeds and the critical transition durations.

Some here above guidelines are about:
Temperatures stability (see stability criteria in bullet b.).
Transitions durations between extreme plateaux (see temperature rate of change in 6.5.4.1o.).

When the two-phase heat transport unit is horizontal, a practical and efficient test set-up monitors and controls, at every moment during the test, the tilt angles.
[bookmark: _Ref500322870][bookmark: _Toc509411480]Guidelines to thermal vacuum test
To avoid contamination of the specimen under test, of the test facility and test GSE sensitive to contamination and to reduce outgassing risks from test GSE and test facility, the C&CCP (as per the DRD in ECSS-Q-ST-70-01 Annex B):
Refers to the declared material lists (as per the DRD in ECSS-Q-ST-70 Annex A) including all test GSEs DMLs. Examples: test harnesses, test heaters.
And details all the activities, methods and procedures (material selection, protective measures with regard to sensitive areas, instrumentation for contamination monitoring and control, inspections, personnel training, cleaning and decontamination, bake-out, purging…).
Concerning the test facility and the test GSE and considering the flight H/W with which they interface, to apply the same surface cleanliness requirements is a simple and efficient practice. Such an interface can be direct by physical contact or indirect by contamination redistribution during AIT activities and, specific to thermal testing, during each pressure transition (rather for particular contamination) or each temperature transition (rather for molecular contamination).
Concerning thermal testing, a pre-test (as per ECSS-Q-ST-70-01 clauses 5.3.2 d., e. and f.) includes GSE test equipment and cabling. In addition to pump down and re-pressurization sequences and for a demanding space program, this pre-test can also simulate the critical temperature transient sequences.
The test specification refers to the C&CCP and, if bio contamination constraints apply, to the product supplier PPIP (or Planetary Protection Implementation Plan).
The test profile implementation ensures outgassing and trapping of contaminants on cold surfaces of the facility (generally with a cryogenic trap). An efficient practice, often required in test specifications, is to have always the test article surfaces hotter than the chamber shrouds and the part of the test set-up that can trap contaminants during cold phases. Test phases with the higher contamination risks are mainly the beginning of the test and the end of the test. At the beginning of the test, an outgassing phase reduces these risks. Ending the test after a hot plateau is also an efficient practice.
The test specification defines the necessary venting durations. Differences in the voltage levels between internal cavities combined with cavity dependent low vacuum levels could lead to detrimental electrical phenomenons as arcing:
For DC and RF corona effects, refer to section 5.5.5.6.
For High Voltage effects, refer to section 4.3.4 of ECSS-E-HB-20-05.
For multipactor effects, refer to sections 5.5 and 6.2 of ECSS-E-ST-20-01 and ECSS-E-HB-20-01.

Take advantage of the following guidelines:
Pressure requirements for RF and high voltage equipment can impose local pressure sensors close to those units.
Magnetic moments of some pressure sensors can prohibit close proximity of some units.
Due to outgassing and for a temperature increase of about 50 °C, the pressure inside an internal compartment of an element can increase by about a factor 10.
Depending on the materials and the bake-out history, the outgassing duration can be highly variable, from few days up to several weeks.
During a hot plateau, reaching a pressure of 10-5 hPa inside an internal compartment of an element can be impossible within a reasonable time.
Prior to the test, negotiate the true pressure limitations and check if other unit electrical modes have less severe pressure requirements.
[bookmark: _Toc509411481]Guidelines to thermal test at mission pressure
No specific guidelines for this requirement.
Gaseous conduction or (natural, mixed or forced) convection can have significant adverse thermal effects. A vacuum facility with pressure control (with dry air, dry N2 or CO2) can be sufficiently mission representative. In order to demonstrate this, the test specification assesses carefully differences between mission and ground tests conditions such as:
The atmosphere composition particularly for gaseous conduction through internal thin layers. For example, dry N2 can replace Mars CO2 to avoid frost during cold plateaux.
The gravity if there is natural convection. For examples, there is no gravity within a space station or only 38% of Earth gravity at Mars surface.
No wind simulation during cold plateaux particularly for forced convection. For examples, winds at high altitude within Earth atmosphere or at Mars surface.
Heat transfer within gases at very low residual pressure exhibits peculiar properties:
A gas layer can be thin enough to prevent free convection start-up and can be thick enough to reach the conduction viscous regime.
Heat transfer by gaseous viscous conduction is invariant over a large pressure range (typically from ≈1 hPa to 1013 hPa). This is due to the fact that the thermal conductivities of gases are independent of the pressure over such pressure ranges.
For cleanliness and contamination and, if applicable, for bio contamination, see guidelines in bullet 6.5.4.2-a. The C&CCP defines the activities, methods and procedures to mitigate the risk of condensation or frost. For Mars atmosphere, this can include using dry N2 instead of CO2.
The test specification defines the chamber type:
A mission dependent atmospheric pressure near to room atmospheric pressure (e.g. on-board a space station) can use a temperature chamber.
Concerning vacuum chambers, see guidelines related to the clause 6.5.4.1a.
[bookmark: _Toc509411482]Thermal balance test
A thermal balance test (see ECSS-E-ST-31 clause 4.5.3) is dedicated to a TCS qualification if the other methods of verification are not sufficient to obtain this TCS qualification.
An acceptance test programme on a FM (see Table 6-3 of ECSS-E-ST-10-03) does not include a thermal balance test. The TCS functional acceptance on a FM can be part of any other thermal test (thermal vacuum test, thermal test at mission pressure, characterisation and calibration tests…).
The paragraph 6.5.4.1 gives guidelines for interface management between a thermal balance test and any other thermal test done under the same test configuration.
The following text underlines that a TCS qualification is not comparable to the qualification of the space segment element for which it is developed:
It is indeed one of many contributions to the qualification of its space segment element.
It is a matter internal to the TCS discipline that presents noticeable peculiarities.
After development testing, a TCS qualification test programme can use other physical models than qualification model (QM) or protoflight model (PFM). It can use physical models as ThM or STM which can be sufficient to pronounce the TCS qualification.
After obtaining the TCS qualification for example on a STM, the verification programme can use testing, as checks at different steps, during qualification or acceptance stages (on QM, PFM or FM) or during commissioning and in-service phases.
A TCS qualification test is an environmental test with two types of environmental conditions that are pressure and heat loads. It is important to note that temperature, in one or several of its various forms (level, difference and rate of change), is always an environmental condition except for the TCS qualification.
[bookmark: _Toc509411483][bookmark: _Toc104889918]Electromagnetic test
[bookmark: _Toc509411484]General
[bookmark: _Toc509411485]Electromagnetic compatibility test
[bookmark: _Toc509411486]EMC test for stand-alone space segment element
Explanation that the ECSS-E-ST-20-07 clause 5.3 is not relevant in full to ECSS-E-ST-10-03, as not all SSE level verification is done by testing.
Pointers to the ECSS-E-HB-20-07 through the ECSS-E-ST-20-07:
ECSS-E-ST-20-07 clause 5.3.2 “Safety margin demonstration for EED circuits” -- ECSS-E-HB-20-07 clause 5.3.2.5 “Pyrotechnic subsystem safety margins demonstration by test”.
ECSS-E-ST-20-07 clause 5.3.3 “EMC with the launch system”—ECSS-E-HB-20-07 clause 5.3.2.4.1 “Launcher compatibility”.
ECSS-E-ST-20-07 clause 5.3.7 “Intra-system compatibility”:
Conducted tests: ECSS-E-HB-20-07 clause 5.3.2.2.1 “Conducted tests at spacecraft level”.
Radiated tests: ECSS-E-HB-20-07 clause 5.3.2.4.3 “Intra-system margins confirmation or assessment”.
[bookmark: _Toc509411487]No specific guidelines for this requirement.
EMC test for embedded space segment element
The rationale for the tests specified in the ECSS-E-ST-20-07 clause 5.4 can be found in the ECSS-E-HB-20-07 clause 4.3, EMC test requirements.
Pointers to the ECSS-E-HB-20-07: clause 5.3.2.2.2, Conducted tests at payload module level.
[bookmark: _Toc509411488]Electromagnetic auto-compatibility test
Pointers to the ECSS-E-HB-20-07A: clause 5.3.2.3, Auto-compatibility tests. For point 4, see clause 5.3.2.4.3.
[bookmark: _Toc509411489]Passive intermodulation test
See Annex D.
[bookmark: _Toc509411490]Magnetic field measurements
Pointers to the ECSS-E-HB-20-07: clause 5.3.2.6 Magnetic tests.
[bookmark: _Toc509411491][bookmark: _Toc104889919]Mission specific tests
[bookmark: _Toc509411492]Aero-thermodynamic test
Considering the complexity of the topic and the very specific domain of application, this topic deserves a dedicated handbook.
[bookmark: _Toc509411493][bookmark: _Toc104889920]Crewed mission specific tests
[bookmark: _Toc509411494]Micro-vibration emission test
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc509411495]No specific guidelines for this requirement.
Human factor engineering (HFE) test
[bookmark: _Toc509411496]No specific guidelines for this requirement.
Toxic off gassing test
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc509411497]No specific guidelines for this requirement.
Audible noise test
See Annex C and 5.5.6.1.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
No specific guidelines for this requirement.
[bookmark: _Toc509411502][bookmark: _Toc104889921]
Pre-launch testing
The purpose of this section is not defined in ECSS-E-ST-10-03C nor in Rev.1.
Current activity flow understanding however is:
1. Transport to launch site
2. Set up of S/C with GSE in general and EGSE for functional testing
3. Check health status after transport (e.g., RFT)
4. Fuel the S/C
5. Mount S/C to launcher
6. Execute S/C Launch Procedure
7. Rehearsal to declare launch readiness
8. Launch
Take care to agree prior RFT or S/C launch procedure execution any additional needs e.g. listen in during test execution for mission operators.
 During the pre-launch phase the RFT is executed to demonstrate the S/C is okay. Also, S/C launch procedure can be executed during this phase which is a repetition of a dedicated S/C mission tests. The "pre-launch" test is hence constituted by RFT and S/C Launch procedure.
No specific guidelines for this requirement.
Contingency procedures and launch abort procedure can be included in the procedure rehearsal. Please note this does not mean to execute these procedures during pre-launch and be aware that due to safety some procedures could not be executed on HW or on launch site. All those procedures are part of the overall S/C functional or mission tests. Clear recommendation is that all procedures are tested during AIT campaign and before pre-launch to prevent using new procedures during pre-launch
Refer to section 4.3.3.2.3 Table 4‑1, for a typical list of EGSE/SCOEs also used for pre-launch activities, as there is no standard for SCOE terms and definitions
It is not intended to perform full functional and performance tests on launch site. RFT test will be executed on launch site and RFT is repeated several times which can serve delivering also trend results for parameters expressing degradations such as RW friction torque and covering all redundancies.
No specific guidelines for this requirement.
It is consistent with objectives of RFT.
Space segment element on-board NEA/pyros are typically checked along S/C integration but latest at launch facility. Consider using safety ohmmeters to perform this test.
Space segment element on-board NEA/pyros are typically checked along S/C integration but latest at launch facility. Consider using safety ohmmeters to perform this test.
No specific guidelines for this requirement.
[bookmark: _Toc463361549][bookmark: _Toc104889922]
Mechanical tests
[bookmark: _Toc463361550][bookmark: _Toc104889923]Foreword
While the handbook provides explanations for the requirements in the testing standard ECSS-E-ST-10-03, this annex provides additional information and examples for the implementation of the mechanical and structural integrity tests identified in the standard.
A considerable part of this information is extracted from the ECSS Spacecraft mechanical loads analysis handbook ECSS-E-HB-32-26A. That handbook has been developed with the aim to harmonize methodologies, procedures and practices applied for the conduct of spacecraft and payloads loads analysis. It provides well proven methods, procedures and guidelines for the prediction and assessment of structural design loads and for the evaluation of the test loads. In the absence of an ECSS testing handbook it contained also a lot of useful information and examples on test implementation, which are considered to be better part of the testing handbook. The relevant has been extracted, reviewed and updated where applicable, and compiled in this annex to the ECSS testing handbook. The ECSS Spacecraft mechanical loads analysis handbook will be updated accordingly in its next issue.
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[bookmark: _Toc486166187]Purpose
The purpose of the physical properties measurements is to determine the space vehicle mass, centre of gravity location, and moments of inertia around its three co-ordinate axes.
At equipment level the purpose of physical properties measurements is to determine the equipment physical characteristics, i.e., dimensions, mass, centre of gravity and moments of inertia.
The physical properties measurement is also used to determine the required balancing to reach the specified CoG position or moments of inertia.
[bookmark: _Toc486166188][bookmark: _Ref44593350][bookmark: _Ref44604972]General
Generally, only mass and C.O.G. are measured at equipment level, whereas moments of inertia are also measured at element level. 
The hereafter figures show a machine for measuring the mass and CoG of an equipment. and machines for measurement of centre of gravity and moment of inertia and product of inertia of elements (satellites).
In case the balancing of the spacecraft element is an important requirement, a spin test is recommended (see A.4).
Before MoI (and CoG) measurements with the specimen are performed, a “TARA” measurement is needed in order to subtract the contributions which are not considered part of the specimen (e.g. interface adapters and other fixation means). When inclined specimen configurations are required for execution of CoG measurements the specimen static deflection is to be taken into account and corrected for in order to obtain the most accurate results. 
For element level test preparation it is important to understand that the result of the tests is not simply an accuracy, but an uncertainty budget due to additional analysis needed to compute the final result. Important factors for good results are the quality of the test facility and the facility foundation, the accuracy of the test specimen installation, i.e., the quality of the alignment pins, the avoidance of any possible sloshing in the test specimen and possible connections to ground by N2 flushing lines. 
For element level test execution, it is important to avoid any disturbance of the measurements by activities in the area, e.g., lifting and handling operations, and by the infrastructure e.g. air conditioning. It is also important to mention that non-flight items can impact the measurement results and this has to be properly taken into account when processing the measurement results. 
If the desired configuration cannot be reproduced on the physical properties measurement machine, or the flight configuration cannot be reproduced on ground, e.g., due to the presence of large deployable equipment like solar panels or SAR antennas, then the most adequate configuration or configurations will be tested and the physical properties of the desired configuration will be calculated by combination of test results and mathematical models.
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[bookmark: _Toc486166413][bookmark: _Toc104889991]: M80 physical properties measurement machine with Bepi-Colombo MCS at ESTEC
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[bookmark: _Toc486166414][bookmark: _Toc104889992]: WM50/6 combined CoG and MoI measurement machine with IXV STM
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[bookmark: _Toc463361599]Purpose
Static tests are used to verify that the test item can withstand the applied loads. The test can also be used to characterize the test article stiffness. 
[bookmark: _Toc463361600][bookmark: _Ref44605027]General
Static test is generally performed on the structure, rarely on equipment. The static test typically consists of several load cases which include application of loads in different directions. A properly designed static test is very effective in verifying strength, as combined loads (directions and application location) can be applied. However statically simulating the launch loads (inertial loads due to acceleration) can be a real challenge. The objective is to develop load cases that envelop the combined effects of the design limit loads.
Static tests are sometimes used for acceptance of flight hardware to demonstrate that no workmanship defect prevents the hardware from withstanding the specified loads. Typical static acceptance tests are:
proof tests of inserts 
acceptance tests of composite structures, e.g., panel or central tube
proof test of critical structural interfaces, as the hoisting points (related to safety when hoisting a propellant loaded spacecraft)
proof test of ceramic structures
Note: those tests are usually referred to as proof tests but in the ECSS terminology they correspond to acceptance tests

It can be noted that static tests are usually not performed until rupture. They serve as verification that the test item can withstand the loads and not as a characterisation of the margin to rupture. This is because there are usually a number of load cases and a characterisation of the strength for each load case would require several test articles.

SAFETY ASPECTS:
Static tests can lead to significant stored energy which in case of failure can have dramatic consequences. It is recommended to consider the case where the test article or any fixation or loading device fails and ensure that the test remains safe. It is recommended to carefully consider the unloading conditions in case of issue. As an example, itis recommended to avoid using actuators compensating loads, i.e. acting against each other, as there is a risk that if one actuator fails, the loading condition becomes more severe.
[bookmark: _Toc316895408][bookmark: _Toc418164243][bookmark: _Toc463361601][bookmark: _Toc258346481]Definition of static test configuration and load cases 
[bookmark: _Toc418164244][bookmark: _Toc463361602]Introduction
The following aspects are of primary importance in static tests definition and specification: 
the boundary conditions
the load application
the load cases
the measurement instrumentation
In all cases, it is mandatory to perform a test prediction including the test specimen and also a realistic representation of the test setup. This allows to assess the loads and stress distributions in the specimen and to adjust the parameters of the test in order to reach the objective of the test.
[bookmark: _Toc316895409][bookmark: _Toc418164245][bookmark: _Toc463361603]Boundary conditions
The test article boundary conditions are particularly important, especially in the case of a structure sub-assembly, but also for the test of the whole structure. The main load paths can be significantly affected by boundary conditions, which are then a fundamental parameter to judge that the test covers the flight conditions. There are two possible choices:
use a “very stiff” fixture to fix the test article at the interfaces, or
use a test fixture with calibrated stiffness as representative as possible of the true flight interface.
The first approach requires demonstrating that the test condition is more severe than the flight; the second approach requires careful design of a fixture representative of flight interface. In any case it is recommended that the stiffness of the boundary conditions is always well characterised and that test instrumentation allows measurement of the displacement and reaction forces at the interfaces. The issue of the boundary conditions is particularly difficult for a sub-assembly of the whole structure that is connected in a hyper-static way (i.e., with statically indeterminate constraints to the rest of the structure). 
[bookmark: _Toc316895410][bookmark: _Toc418164246]Load application
In most cases it is difficult to have a testing load condition representative of the flight situation. 
The principle is to reproduce loads that are due to acceleration applied on items with a mass, creating forces. Similar loads can be introduced by applying point loads with a load introduction device (jacks). 
In static tests the load application tools are usually jacks or weights, in conjunction with lever systems to introduce forces on attachment points or pressure on surface pads. Alternatively, air bags are used sometimes to represent localized pressure loads. 
[bookmark: _Toc316895411][bookmark: _Ref320885152][bookmark: _Ref320885472][bookmark: _Ref325630199][bookmark: _Ref325630274][bookmark: _Toc418164247][bookmark: _Toc463361604]Load cases
The definition of the test load cases includes two major points:
The selection of the test load cases
The level of the test loads
Each load case can include several types of loads (e.g., pressure, forces and thermal loads): minimization of the number of load cases and included load constituents is a compromise between cost reduction and representability with regards to the flight loads and also considering the available interfaces and their accessibility for load introduction. Therefore, a test load condition is not always coincident with a specific design load case, but frequently enveloping test load cases are defined to cover with the same test case, as far as possible, the maximum number of the structural items. Nevertheless, this is not always achievable and it is possible that some items are not covered by the defined test load conditions. In this case, examination of acquired measurements and applicability of extrapolation can suffice to cover the required demonstration by test (e.g., structure qualification). “Local” load cases can be considered, in addition to “global” test load cases on a whole structure test article, to test important aspects (e.g., load carrying capability of some interfaces).
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In static tests the following instrumentation is commonly used to obtain direct measurements for quantities of interest:
Transducers for displacements,
Gauges (mono-, bi-, and tri-axial) for strains
Load-cell for forces
Note that to achieve the purpose of the static test, the proper monitoring of internal loads paths is an important aspect to be considered when the test instrumentation is defined. 
It is important to mention that the accurate measurement of displacements and deformations during the test is not easy and can be affected by mechanical gaps, micro-settlements and small deformations of the test jig itself. As a consequence, there is a risk that the accuracy of the measured displacements is not sufficient to properly assess the stiffness of the specimen.
It is also important to monitor the deformation of the test setup (for example the test adapter on which the specimen is mounted) because parasitic displacements and rotations coming from the flexibility of the setup can appear and can have an important impact on the displacements measured on the specimen itself. For example, small deformations, in particular rotations, of the test jig at the interface of a spacecraft structure that appear negligible can lead to significant displacements at the top of the structure, far from the interface.
Stresses are not directly measured but are evaluated from strain measurements by applying a proper material constitutive law (e.g. the Hooke’s elasticity law, the nonlinear material strain/stress curve). 
Figure A-7, Figure A-8, Figure A-9, Figure A-10 refer to static test at Rack level, whereas Figure A-11, Figure A-12, Figure A-13, Figure A-14, Figure A-15, Figure A-16, Figure A-17 refer to static qualification test campaign of the Automated Transfer Vehicle (ATV) Cargo Carrier: it is a representative example of traditional arrangement of fixture, loading and instrumentation systems traditionally used in static tests. 
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Also other instruments and resources are now available, as pressure films for local contact pressure (e.g. pressure under bags, seals or bolted joints), photo-elastic paints, photo/video-cameras, etc. Direct measurements can be used to derive more complex quantities (e.g. several strain-gauges measurements to derive internal load path in a structural item or an interface force), and software packages can be provided to elaborate several measurements to monitor in real time some structural response quantities (e.g. a set of measured displacements to compute rigid body motion components). Properly instrumented and calibrated structural items or devices can convert direct measurements in a quantity to be monitored (e.g. a set of strain gauges on a bracket can be calibrated to recover force component on the bracket).
As an example, digital image correlation or photogrammetry, can be used to measure the full displacement field and deduct the full deformation field, without contact with the test article. While displacement transducers have to be installed on a supporting structure that does not deform, i.e. independently from the loading structure, leading to a double scaffolding, contactless instrumentation, as digital image correlation or photogrammetry, do not require such a complex setup. This is also a good way to measure the overall deformation of the test setup.
It is recommended to record an audio track during the test. This allows to capture any noise (e.g., crack). Best is to synchronise this recording with the rest of the instrumentation recording if possible.
A microphone can be used for this purpose, or simply a mobile phone.
Experience shows that when a noise is heard during testing, it is very useful to have a recording of it. Video recording can also be useful, and can be performed with a mobile phone.
[bookmark: _Toc258346482][bookmark: _Toc316895413][bookmark: _Toc418164249][bookmark: _Toc463361610]Static test evaluation
Two levels of evaluations apply to a static test:
Test execution correctness
Test objectives successful demonstration 
The test execution correctness relates to the correct implementation of the test according to the test specification. The following are examples of typical criteria:
Test load are applied within specified tolerances
The instrumentation measurements are available
All these criteria are preliminarily checked by dedicated pre-test, before final test execution.
The successful demonstration of the test objectives is defined by specific “test success criteria”. Examples of typical success criteria are:
No permanent deformation occurs at a specified test load (e.g., qualification level, or acceptance proof level)
No rupture occurs at a specified test load (e.g., qualification load)
Specified maximum displacement values are not exceeded at tested limit load
Note that final verification of the test item integrity can include Non-Destructive Inspection.
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[bookmark: _Toc343537208][bookmark: _Toc463356937][bookmark: _Ref44862967][bookmark: _Toc104890000]: ATV static test fixtures: “Base” to constrain the test article and “Tower” to support the internal jacks
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[bookmark: _Ref44605163]Purpose
The Spin test is performed to verify the mass properties (especially COG and MOI measurement) of the spacecraft, and characterise its balance status. It can also be used to identify corrections to be made (through balance masses) to reach a specified balancing.
The spin test is also performed to verify the strength and functionality of a spin-stabilised spacecraft that will rotate in orbit at significant spin rate (e.g., 100 rpm). The test verifies all functions related to the spin movement of the element (e.g., correct de-spinning of the communications antennae),
General
The Spin test is generally performed at element level, rarely on equipment.
The preferred and recommended baseline configuration is to perform the spin balance test with filled tanks. If the test is performed with empty tanks configuration, then see 6.5.2.1f of ECSS-E-ST-10-03.
For the strength verification the effects of the fuel mass are to be considered.

SAFETY ASPECTS:
The spin test leads to significant kinetic energy. The spin cannot be stopped quickly. As an example, the failure of a fixation point can lead to parts of the test article being projected.
Test configuration and test aspects
The spin balance test is performed with the element mounted on a specially designed spin-table, usually called spin test facility or dynamic balancing facility. 
The dynamic balancing machine are designed to work at room pressure or in reduced pressure. Reduced pressure can be used to avoid air drag.
The working principle of the balancing facility is to rotate the test object at a constant rotational speed in order to generate centrifugal forces and moments. 
The spacecraft spin test facility is used to test and correct spacecraft balance using either dynamic or static/coupled measurement techniques to force the spin axis to the desired principal axis of the satellite and to measure the moments of inertia.
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[bookmark: _Toc104890005]: Dynamic balancing facility installed in a vacuum chamber (Large Space Simulator at ESTEC)
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[bookmark: _Toc104890006]: Meteosat Flight Model during spin test
Test Instrumentation
Force and moments sensors are part of the spin test facility. 
Additional sensors to be implemented on the test article (like e.g., accelerometers, strain gauges) require the use of a slip ring, which can be provided by the facility on demand. The same applies if the test requires the implementation of umbilical (e.g., to check functionality). 
Test control parameters
The only control parameter during test execution is the rotational speed.
Test Preparation
The criteria to select the spin test facility are the sensitivity and the balancing accuracy which are functions of the rotation speed. Also, the maximum allowable mass, moments of inertia and rotation speed are driving the selection of the facility. The test article is attached to the rotating plate of the spin facility by means of an adapter.
Safety measures are to be considered since the detachment of any part during test execution represents a hazard to the personnel, test article and the test room. The dynamic balancing machines are equipped with an emergency shutdown of the facility to protect the test article during operation. Still, one has to consider that the spin facility cannot be stopped immediately.
Test execution
The spin test is typically run at a rotating speed between 30 and 330 rpm. For small masses, it can go up to 800 rpm. The spin balancing test is typically performed at a speed around 60 revolutions per minute (one revolution per second) for a typical element that will spin at around 5 RPM. Increasing the rotational speed provides a better accuracy for the balancing. However, the loads applied by the centrifugal force need to be considered to avoid over-loading.
Typical test duration is the time needed to acquire the balancing correction data. In case the spin test is performed to verify the strength and functionality of a spin-stabilised spacecraft, it can last several hours.
Test Evaluation
The primary result of a spin balancing test is the measure of the CoG and moments of inertia.
In most cases the spin balancing test is performed to identify the necessary corrections to balance the test article to the levels specified in the requirements.
In case the spin test is performed to identify the corrections to the balance status of the test article, a software routine typically allows to identify possible solutions for the location of balance masses by means of a computed compensation of the unbalance. It is not necessary to physically balance the test article during the test and this activity can be done later on.
The test output can be provided in two ways:
Two planes balancing
The total unbalance correction mass
The total unbalance correction masses at pre-selected locations
Static /Couple balancing in two planes
Correction masses for CoG offset and the inclination of principal axes of inertia are provided separately
In case the spin test is performed to verify the strength and functionality of a spin-stabilised spacecraft, the test evaluation considers the analysis of the measured parameters (stresses, accelerations, functional, etc.) w.r.t the related specification.
[bookmark: _Ref44593423][bookmark: _Ref44593483][bookmark: _Ref44948541][bookmark: _Toc104889927]Centrifuge test
Purpose
The centrifuge test is performed to verify that the test item can withstand the applied loads. 
General
The centrifuge test is usually applied to equipment and element level (from small equipment to large elements).
With respect to a static test, the advantage of the centrifuge test is that it is a real acceleration test creating inertial loads, meaning that all non-structural masses present in the test article will create inertia loading into the carrying structure. In this sense, it is a more representative loading than the static test. For a structural model, it requires to have mass dummies installed.
Its main disadvantage is that the inertial loading will be varying over the test article with the varying distance to the rotation axis (see requirement 5.5.2.2. of ECSS-E-ST-10-03C). Also, it is not possible to have a visual observation of the test article during the performance of the test. 

SAFETY ASPECTS:
The centrifuge test leads to significant kinetic energy. The centrifuge cannot be stopped quickly. Any failure can propagate to a destruction of the test article. As an example, the failure of a fixation point can lead to the test article being projected.
Test configuration and test aspects
The test set up requires a large amount of space. It is limited, in terms of application, by the radius of the centrifuge and the test article adapter interface. Unidirectional loads can be applied, but application of thermal and pressure loads at the same time is rather difficult. 
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[bookmark: _Toc104890007]: GPM spacecraft undertakes centrifuge test at Goddard (courtesy of NASA)
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[bookmark: _Toc104890008]: Centrifuge test of ExoMars Descent Module (courtesy of Lavoshkin)
Test instrumentation
Typical sensors to be implemented are accelerometers, load cells and strain gauges. They require the use of a slip ring which is provided by the centrifuge facility.
Test control parameters
The only control parameter during test execution is the rotational speed.
Test preparation
The test article is mounted, via a rigid test adapter, on the end of a rotation arm of a centrifuge 
Safety measures are to be considered since the detachment of any part during test execution represents a hazard to the personnel, the test article and the test room. The centrifuge is equipped with an emergency shutdown of the facility to protect the test article during operation. However, the centrifuge cannot be stopped immediately.
Test execution
The centrifuge test is run at the rotating speed corresponding to the testing acceleration loading. Typical test duration is the time needed to acquire the reading of the sensors. Load application duration is usually part of the test specification.
Prior to achieving nominal loading rotational speed, the centrifuge is run at a very load speed (around 3 rpm) to identify the required balancing masses. Once implemented, the test is resumed up to nominal level.
Test evaluation
The evaluation of the centrifuge test considers the readings of the control accelerometer to verify the input loading plus the reading of all other response sensors (accelerometers and strain gauges).
[bookmark: _Ref44593438][bookmark: _Toc104889928]Sine burst test
Purpose
The sine burst test is performed to apply a quasi-static load to a test article with the aim to verify that it can withstand the applied loads. This is a test to verify the strength of the test article.
General
The test consists in subjecting the test article in each axis to a few (typically five to ten) cycles of a sine wave whose peak level is the specified load.
The sine burst test is seldom performed at element level.
The sine burst test is sometimes performed at equipment level replacing the sine sweep test when the test article does not have resonance frequency in the sine sweep frequency range. 
As a means to check strength against quasi-static loads, the advantage of the sine burst test is that it can be combined with other vibration tests (sine and random) test using the same test configuration.
With respect to a static test, the advantage of the sine burst test is that it is a real acceleration test creating inertial loads, meaning that all non-structural masses present in the test article will create inertia loading into the carrying structure. In this sense, it is a more representative loading than the static test. For a structural model, it requires to have mass dummies installed.
For Safety aspects see A.7.2
Test configuration and test aspects
The test is performed mounting the test article with an adaptor to a shaker. Since the test is meant to apply a quasi-static load to the test article, the test frequency is selected well below the fundamental resonance frequency of the test article. It is strongly recommended that the test frequency is less than one-third of the resonance frequency of the test article to avoid dynamic amplification during the test.
If there is a shaker stroke limitation meaning that displacement corresponding to the load is too high w.r.t the shaker capability, it is possible to take advantage of the first mode dynamic amplification factor to achieve the correct loading. This means shaking the test article at a frequency closer to the article fundamental frequency.
See also A.7.3, as the configuration is similar to the sine sweep test.
[bookmark: _Ref88577089]Test instrumentation
Typical test instrumentation are accelerometers (for shaker control as well as measuring specimen responses), strain gauges and force measurement devices.
See also A.7.3.1, as the test instrumentation is similar to the sine vibration test.
It is recommended to record an audio track during the test. This allows to capture any noise (e.g., crack, cling, rattling). Best is to synchronise this recording with the rest of the instrumentation recording if possible. Signal analysis can be used to characterise the noise and understand its origin.
A microphone can be used for this purpose, or simply a mobile phone.
Experience shows that when a noise is heard during testing, it is very useful to have a recording of it. Video recording can also be useful, and can be performed with a mobile phone.

Note that applications allow to amplify recorded deformations and even measure the corresponding displacements / accelerations based on a movie. Photogrammetry principles can also be used for vibrations.
Test control parameters
The test control parameters are:
the frequency at which the test article is excited
the profiles of the ramp up and down
the number of cycles at the maximum load (typically between 5 and 10)
See A.7.3.2, as the test control parameters are similar to the sine vibration test.
Note that for this test sweep rate and notching are not relevant.
[image: https://www.nasa.gov/sites/default/files/thumbnails/image/sine_burst_big.png]
[bookmark: _Toc104890009]: Example of Sine Burst with a frequency of 15 Hz and 6 cycles at maximum load of 12g (figure taken from NESC Technical Bulletin 15-02)
Test Preparation
The sine burst test specification includes:
position of the test article on the shaker for all axes to be tested
instrumentation plan describing identification and location of response and control sensors, including force measurement devices if applicable.
test sequence and control strategy
test success criteria
In case the fundamental frequency is excited, test analytical predictions are recommended before the start of the test.
For the facility selection see A.7.4.1.
Test execution
The test is performed, in each axis, in a stepwise manner applying a number of lower level sine bursts at levels that are fractions of the full load.
Before each run is started, it is recommended to perform a pre-test. The pre-test allows to check the proper orientation of all pilots, and the proper functioning of all sensors.
A typical sine burst test sequence consists, as a minimum, of the following test runs for each axis:
Low level resonance search run – see description in A.7.3
Intermediate level runs (typical intermediate levels are 1/8, ¼ and ½ of full level)
Full level run (qualification or acceptance level)
Low level resonance search run for purpose of structural integrity check

In addition, in case the fundamental frequency is excited, it is recommended to carefully check the evolution of the amplification w.r.t the increasing input level. 
Low level run is performed to compare the dynamic signature of the test specimen before and after the test. Changes in dynamic behaviour (frequency shifts and response levels) can indicate structural failure. 
Test Evaluation
After each test run following checks are performed:
that all sensors worked correctly by checking the acquired data
Check the control (pilot) accelerometers to verify that the input provided is in accordance with the test specification and within tolerances. Check the control accelerometers with the co-pilots (see A.7.3).
Sensor orientation (first test run)
During low frequency excitation, the test specimen is expected to behave as a rigid body and therefore the accelerometers on the test specimen are expected to have the same response (magnitude and phase) as the pilot accelerometers in the direction of excitation.
Piloting quality
Comparison of magnitude and phase of all pilot accelerometers with each other and with the desired acceleration.
This includes the determination of excitation in orthogonal directions compared to the excitation direction (cross axis excitation, parasitic motion)
Check Transfer functions (to confirm no significant amplification)
Comparison between the global and fundamental values allows to detect non-linearities and rattling issues, which creates content at different frequencies than the excitation frequency. 
[bookmark: _Ref44593684][bookmark: _Ref44596720][bookmark: _Ref44596736][bookmark: _Ref44605727][bookmark: _Ref44948564][bookmark: _Toc104889929]Sinusoidal vibration test
[bookmark: _Toc486166253][bookmark: _Toc463361612]Purpose
The purpose of vibration tests is to demonstrate that the test item withstands the vibration environment encountered during launch or other high vibration exposures.
The purpose of the sinusoidal vibration test is to subject the test items to low frequency dynamic loads and characterize its dynamic behaviour.
[bookmark: _Toc486166254][bookmark: _Ref44596898][bookmark: _Ref44608621][bookmark: _Ref44609057]General
The test item is vibrated in three orthogonal directions separately, where the excitation frequency sweeps from a lower limit to an upper limit (sweep up) or vice versa (sweep down). The sweep rate is usually exponential and is expressed in octaves per minute (oct/min). Refer to section A.7.3.3 for a discussion on the influence of the sweep rate.
SAFETY ASPECTS:
It is recommended to check how the abort function is implemented in the control system and test the abort if possible through a blank test, before mounting the test article on the shaker. In vibrations, a test abort can be very severe and lead to damage of the test article. This is considered early in the preparation of the test, and understanding of the abort function is confirmed at the latest at TRR. It is recommended to implement notches to limit the levels in a controlled way as a protection means to avoid abort.
After an abort, the “test restart” function can also create a severe transient acceleration leading to damage of the test article. As a guideline, aborts and restarts are avoided. See also A.7.3.2on the test control parameters.
[bookmark: _Toc482881878][bookmark: _Toc486166255][bookmark: _Toc482881879][bookmark: _Toc486166256][bookmark: _Toc482881880][bookmark: _Toc486166257][bookmark: _Toc482881881][bookmark: _Toc486166258][bookmark: _Toc482881882][bookmark: _Toc486166259][bookmark: _Toc482881883][bookmark: _Toc486166260][bookmark: _Toc482881884][bookmark: _Toc486166261][bookmark: _Toc482881885][bookmark: _Toc486166262][bookmark: _Toc482881886][bookmark: _Toc486166263][bookmark: _Toc482881887][bookmark: _Toc486166264][bookmark: _Toc482881888][bookmark: _Toc486166265][bookmark: _Toc482881889][bookmark: _Toc486166266][bookmark: _Toc482881890][bookmark: _Toc486166267][bookmark: _Toc482881891][bookmark: _Toc486166268][bookmark: _Toc482881892][bookmark: _Toc486166269][bookmark: _Toc482881893][bookmark: _Toc486166270][bookmark: _Toc482881894][bookmark: _Toc486166271][bookmark: _Toc482881895][bookmark: _Toc486166272][bookmark: _Toc482881896][bookmark: _Toc486166273][bookmark: _Toc482881897][bookmark: _Toc486166274][bookmark: _Toc486166278][bookmark: _Ref44593692][bookmark: _Ref44608632][bookmark: _Ref44608694][bookmark: _Ref44608710][bookmark: _Ref44609339]Test configuration and test aspects
Sine vibration tests are usually performed on single-axis electro-dynamic shakers. A control system energizes the shaker to the desired vibration level. Feedback for the control system is provided by a series of accelerometers or forces, which are mounted at the base of the test item or as responses on the test specimen
Multi axis test facilities provide an advantage by reducing the effort for test reconfiguration and with more flexibility for the test sequence and test direction; low frequency tests can be done in all directions before going to higher level tests, arbitrary direction can be chosen, several axes can be tested simultaneously. Their disadvantage is that the control is more difficult. In case of multi axis hydraulic vibration facilities the frequency range is typically from 0.1 Hz to maximum 150 Hz as compared to electro-dynamic vibration facilities which typically can operate from 5Hz to 2000 Hz. This allows to excite the sloshing modes on tanks.
In general the test article is tested in launch configuration.
For Test article configuration/representativity see ECSS-E-HB-10-02 (Verification) clause 5.2.5.
Typical MGSE are the test adapter for mounting the test article to a Force Measurement Device (FMD) or to the vibration table directly. It also includes a test clampband for a spacecraft level test. 
The design of the Mechanical Ground Support Equipment (MGSE) which is used for performing the vibration test is such that it does not influence the dynamic behaviour (i.e., the modal parameters) of the test item and the control of the test. This is an ideal case which cannot be perfectly achieved. If the influence of the MGSE is not negligible it is to be taken into account for the simulation of the vibration test. 
It is important to keep in mind that the measured dynamic behaviour can be perturbed by the test setup, for example the flexibilities of the shaker and head expanders.
The test adapter must strictly adhere to the requirements imposed by the test facilities and test configuration. Particular important are interface flatness and material when the test adapter is mounted directly to a vibration slip table to avoid the blocking of the slip table due to table deformation caused by insufficient flatness or thermo-elastic deformation during test execution.
[bookmark: _Ref44608649]Test instrumentation
General
Instrumentation consists of accelerometers, strain gauges, force measuring devices.
It is important to understand how the raw measurements are processed. The measurement is a time history which, for a sine sweep test, is processed to provide a single value for each excitation frequency. This value can be the maximum of the measured signal (peak) over the time window (this is called global response) or the component at the frequency of excitation, obtained by filtering the raw signal over the time window (this is called the fundamental), or a RMS value. Reference to “what’s behind the curves”.
For each measurement channel, there is the choice to view the global or the fundamental. It is important to know which one is displayed and understand what it corresponds to.
It is recommended to record the time histories of the measured signals. This can be very useful to investigate a particular phenomenon.
As the force measuring device is a specific instrumentation element, it is described in detail below.
Force Measurement Device
The Force Measurement Device (FMD)is a general term naming a device able to measure, between two interface planes, the forces and, indirectly, the moments. Its generic design is composed of two rigid interfaces separated by load cells.
Thus force measurement devices can be designed for different specimen types and interfaces.
For example, the main characteristics of an FMD available at ESTEC are:
	Characteristics
	
	

	Frequency measurement range:
	up to 100 Hz at high level
	up to ~300 Hz at low level

	Measurement range:
	up to 800 kN axially
	up to 200 kN laterally

	Moment measurement range:
	up to 260 kNm in bending
	up to 130 kNm in torsion

	Stiffness:
	Axial: 9,55 x 109 N/m
	Bending:2,73 x 109 Nm/rad

	Overall mass / height: 
	494 kg/40 cm



The FMD is the best way to determine the interface loads since:
It provides the direct measurement of the complete interface loads with high accuracy which can be used for direct automatic notching.
It validates immediately the interface load level achieved,
It offers a high stiffness, a good linearity and low cross axis excitation.
The integration in the test set-up is simple and can be adapted to every interface thanks to the modular concept.
For force limited vibration, refer to NASA-HDBK-7004C.

It is recommended to record an audio track during the test. This allows to capture any noise (e.g., rattling of a metallic contact). Best is to synchronise this recording with the rest of the instrumentation recording if possible. Signal analysis can be used to characterise the noise and understand its origin.
A microphone can be used for this purpose, or simply a mobile phone.
Experience shows that when a noise is heard during testing, it is very useful to have a recording of it. Video recording can also be useful, and can be performed with a mobile phone.

Note that applications allow to amplify recorded deformations and even measure the corresponding displacements / accelerations based on a movie. Photogrammetry principles can also be used for vibrations.
[bookmark: _Ref44608663]Test control parameters
The control of the shaker is performed by control accelerometers, also called pilots. Responses of the test article (accelerations and forces) can also be used as limits in the control loop.
Before the start of the sine test, the following needs to be defined: 
Identification of control (pilot) accelerometers:
The number, orientation (always in the excitation direction) and the position of the sensors used to control (pilot) the test are clearly identified.
The control accelerometers are located close to the interface of the specimen on the test fixture side, at different locations around the test article. This allows to check the homogeneity of the input to the test article. It is recommended that the control accelerometers are attached with screws and not bonded when possible.
To ensure that the control accelerometers are working properly, it is recommended to have an accelerometer next to each control accelerometer, called co-pilot, to check the signals of the control accelerometers.
Identification of limits
It is recommended to always implement limits on some sensors (pilots, response acceleration, loads), also in cross axis directions. The control of the shaker uses those limits to ensure that the defined values are not exceeded, in order to protect the test article.
Some of the limits are used for the purpose of notching implementation. See section A.7.3.4
Identification of aborts
It is recommended to implement abort values on a number of sensors. When the abort values are reached, the test is stopped (aborted).
It is recommended to check how the abort is implemented (how exactly the input is affected), as abort can be rather brutal and inadequate (e.g., staying at the same frequency and reducing the levels which can lead to further amplification on a mode).
It is recommended to implement limits on each channel used as abort, to limit the risk of abort.

Control strategy:
To control the test, it is to be decided if the control is made on the maximum or on the average value of the pilot sensors. The average signal being smoother, it can help to ease the control of the test. However the specimen needs to be protected (notching and abort channels) because the failure of one pilot decrease the measured mean level, leading to an unwanted increase in the input level to compensate for that.
It is to be also decided whether the control is performed on the global response (that is to say without low pass filter, ensuring that maximum peak-peak acceleration is not exceeded), on the filtered response (or fundamental response, that is to say with a filter at excitation frequency, ensuring that excitation level is reached at this frequency), or on the RMS value. Ref to ECSSMET 2016 article “DYNAMIC TESTS, WHAT’S BEHIND THE CURVES (available as pdf-file in Annex G).
Note that control on global response can be difficult because the global response can be noisy. Most of the time the test is controlled with the RMS level measured by the pilots (average of squared values over a period).
The above parameters are captured in a run sheet, together with the required input spectrum and associated tolerances.
Note that the number of notch/abort channels can affect the shaker control. Increasing the number of channels in the control loop can slow down and degrade the control.
It is recommended to verify that the parameters implemented in the control system correspond to the parameters requested in the run sheet.
The capability of the control for vibrations is assessed with care, especially for notching and abort. There are numerous parameters influencing the control reaction time (e.g., compression factor, sweep rate, number of sensors in the control loop…) and there is possibility to modify those parameters, if necessary, i.e., if the control capability is not sufficient. It is important to record the parameters used for each run. If necessary, it is recommended to investigate the effects of the control parameters with very low levels. It is recommended not to change the parameters for high vibration levels if they have not been tested at lower level. It is recommended to check the notching control at intermediate level before applying them at high level.
An emergency abort button is usually available to manually abort the test. The customer usually undertakes this responsibility.
[bookmark: _Ref44596955]Sweep rate selection
Typically, one uses exponential sweeps expressed in octaves/minute, where R octaves/minute indicates that after each minute the excitation frequency is multiplied by . The advantage of the exponential sweep is that all modes (with the same damping) are excited for the same number of cycles regardless of their frequencies (1 octave per minute means 8,66 cycles per 0,1 Hz, i.e., a sine sweep test with one octave per minute, from 5 Hz to 100 Hz goes through about 8277 cycles, depending on the start-up and ramp-down phase; at 2 octave per minute the number of cycles is half of it).

The selection of sweep rate is related to the hardware under test. A very low sweep rate (e.g. less than 1 octave/min) is sometimes used for identification of the eigenmodes frequencies and damping, in particular in the presence of closely spaced modes. A high sweep rate (e.g. up to 4 octaves/min) is selected to reduce the number of cycles when the flight hardware is tested. 
A possible approach is to perform: 
a low level run in the range 5 Hz to 2000 Hz (can be less depending on the specimen) with a low sweep rate for modal identification (typically 0,5 octaves/minute). 
a second low level from 5 Hz to 100 Hz at the sweep rate specified for the test in order to have a reference at the same sweep rate than the following runs.
A low sweep rate usually makes the control easier and leads to higher amplification on the modes. To solve control issues, it is possible to modify the sweep rate locally around a mode, while carefully considering the effect on the amplification.
For more information, see the reference of study Dynamited, as well as paper at ECSSMT (available as pdf-file in Annex G).
[bookmark: _Ref44596839]Notching process during testing
In this section the practical aspects of notching are discussed. For the definition and theoretical aspects of primary and secondary notching see ECSS-E-HB-32-26.
Notching can be performed based on loads or accelerations.
Each test run prior to the full level run (qualification or acceptance level) is used to adjust the notching. The starting point is the notch assessment based on analysis results. Typically, the following procedure is applied during a sine vibration test for each axis separately:
Perform the low level run (resonance search)
Scale the results of the low level run to qualification level. Be aware that the system is not fully linear, and that both the control and the response might not scale exactly linearly. 
Compare this prediction with the allowable limits - check possible exceedances and overshoots
Update the selection for the channels / measurement points used for primary notching and secondary notching, if needed. The initial selection is based on test prediction by analysis, and is covering the most critical measurement locations in terms of expected response versus allowable load.
Define the notch profiles including automatic and manual notches. Automatic notches are controlled by measured response (forces, accelerations) whereas manual notches are explicitly defined reductions of the input levels (accelerations).
Make a new prediction from low level to qualification level, this time with the planned notch profile (including automatic and manual notches) and check the prediction results against the allowable limits. This check can involve dialogue with the authorities responsible for the specification. 
Perform the intermediate level run and follow the same steps as above.
Primary notching during sine tests is based on the loads (forces and moments) at the test article interface with the shaker. 
It is recommended to implement force limited notching as defined in NASA-HDBK-7004C
The following methods for the measurement or derivation of interface loads are usually applied:
Force Measurement Device (FMD): The most accurate way to measure the I/F loads is the use of a FMD. Either the resulting I/F loads or individual loads at each I/F can be directly measured and used for the control either for automatic or manual notching. 
Strain gauges: The I/F forces are indirectly determined by measuring strains nearby the test article I/F with the shaker. The knowledge of the relationship between strains and I/F forces is a pre-requisite of this method. Because the estimation of the interface forces is indirect, through the calculation of the stresses based on the measured strains, this method is less accurate than the direct FMD, and relies on hypotheses for the relationship between strains and forces. Therefore, the direct measurement of the forces is preferred. In addition, the strain gauges method requires post-processing. In practice, strain gauges can be used easily using the following approach: - perform a low frequency test with a known acceleration (1g for example), monitor the results of the gauges and also of the accelerometers to check if the specimen is already subject to some amplification due to a mode. Use this information to establish the link between quasi-static (QS) acceleration on the specimen and value provided by the gauges. In this way, notching to reach a given QS can be easily controlled with the gauge. However, it is important to ensure that a sufficient number of gauges is available and that they are installed in such a way to be able to cancel local bending effects that can affect the measurements. For example, gauges are to be mirrored on all sides of a strut or on inner and outer walls of a launch vehicle adapter so that a mean value can be derived to cancel local bendings.
Shaker Coil current: This provides only an estimate of the total force applied by the shaker to the test table or shaker head expander. This method is not considered reliable. It gives only an idea of the load applied on the specimen in the direction of excitation. It requires however some precautions and to know the mobile mass of the system on top of the specimen itself and also the load-current relationship derived from the dry runs without the specimen. It is recommended to use this method only to cross check loads obtained in another way.
Figure A-23 shows an example of primary and secondary notching. The grey curve shows the nominal sine input level without any notching. The frequency of the first lateral spacecraft mode is at about 16 Hz. The I/F loads in this frequency range would exceed the allowable limits. Therefore, a primary notch is defined there. 
The red curve shows a manually defined notch. The purpose of the manual notch is to avoid any damage of the test item if the automatic notch fails. A manual notch is also recommended if the shaker control is not agile enough to follow the defined input. The manual notch can be less deep than the expected automatic notch. Thus, finally the sine input levels (blue curve) are controlled by the I/F loads. 
In order to reduce the risk of automatic notching failure, more than one response channel (pilot) can be used for controlling the shaker, including transverse channels in case of channel inversion on some sensors.
In the example case an overshoot due to the limitation of the shaker control at about 18 Hz could not be avoided. Possible overshoot needs to be considered in the definition of the notch.
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[bookmark: _Ref44609258][bookmark: _Toc104890010]: Example of primary and secondary notching
A secondary notch is shown in the frequency range between 54 Hz and 61 Hz. This notch is justified by the maximum allowable accelerations of the propellant tank. It is controlled by the measured accelerations at the tank I/F and on the tank itself. Again, a manual notch is defined to reduce the risk associated with an automatic notching. 
The number, width and depth of notches is to be minimized, avoiding broad-band notches.
More information about notching implementation can be found in Document on notching for MSG (Ref MSG-NNT-SE-TN-0742), available as pdf-file in Annex G.
[bookmark: _Toc486166279][bookmark: _Toc486166281][bookmark: _Ref44596811][bookmark: _Ref44596908][bookmark: _Ref44605191][bookmark: _Ref88577294]Testing with empty or filled Tank
In general propellant storage tanks are filled to flight conditions during vibration testing, i.e. sine, random and acoustic. The requirements in ECSS-E-ST-10-03 clause 6.5.2.8 “Sinusoidal vibration test” states that testing is to be performed with tanks at least mass and stiffness representative. Since a filled tank has a deep impact on the programmatic constraints, schedule, risk and costs, sometimes vibration tests are proposed to be performed with empty tanks or lower pressure or with equivalent mass dummies. 
The impact of that is to be properly assessed during verification approach definition. In particular, it is verified that the tested configuration does not prevent to achieve the objectives of the test in terms of loading of critical interfaces.
If the propellant sloshing is a load case to be tested (leading to significant propellant mass or tank interface force) then equivalent mass dummies is not be used to represent the filled tanks and the test is to be performed on a vibrations facility that allows to excite the low frequency sloshing modes.
Due to safety reasons normally, the propellant is replaced by a simulant medium, e.g. water or Isopropyl Alcohol (IPA) or Hydrofluoroether (HFE). Depending on the amount IPA used special safety precautions or environmental permits from local authorities might be needed.
For missions with recurrent satellites an approach with testing the first satellite with filled tanks and empty tanks could allow, depending on the engineering assessment, to test the recurrent satellites with empty or partially filled tanks.
Prior to each test it will be ensured that a minimum pressure is set and maintained in the tank so that buckling does not occur during test execution. The minimum pressure level in the tank during the sinusoidal vibration is part of the Tank Specification.
Some fluidic components (valves, pressure regulators, etc.) rely on a specific differential pressure setting for correct functioning during and after mechanical testing. These parts will be pressurized to the correct level for each type of test following the Design Authority instructions provided in the User Manuals
[bookmark: _Toc486166282][bookmark: _Toc486166283][bookmark: _Toc486166284][bookmark: _Toc486166286]Test preparation
The sine test specification includes:
position of the test article on the shaker for all three axes to be tested
instrumentation plan describing identification and location of response and control sensors, including force measurement devices if applicable.
test sequence and control strategy
notching strategy, including definition of limits and aborts
test success criteria
It is recommended to perform a dry run test with the empty test fixture mounted onto the shaker. It is also possible to load the fixture with a test dummy representative of the test article. 
In addition, test analytical predictions are to be available before the start of the test.
[bookmark: _Toc482881903][bookmark: _Toc486166287][bookmark: _Toc482881904][bookmark: _Toc486166288][bookmark: _Toc486166289][bookmark: _Ref44608681][bookmark: _Ref44609116]Test facility selection
The main differentiating parameter for vibration test facility selection is the force a shaker can apply for the excitation of a test item.
The following features are considered in the selection of the vibration test facility: 
Acceleration 
Velocity 
Displacement
Available force (also considering the need of adapter and the corresponding mass)
Allowable overturning moment
Number of available measurement channels
Frequency range
Control capabilities (limits, aborts), number of controlling channels, possibility to notch/abort in sine and random (on RMS or PSD)
Footprint (size of the interface)
Possibility to record time histories
Availability of force measurement devices
Other characteristics are important as for any test facility, e.g. handling capabilities in the vicinity of the shaker.
Table A-1 presents as an example the characteristics of the ESA/ESTEC Multi-Vibration System (MVS) shaker for system testing:
[bookmark: _Toc486166449][bookmark: _Toc486166450][bookmark: _Ref44609283][bookmark: _Toc104890081]: Performances of the ESA/ESTEC MVS shaker for equipment or element testing
	
Shaker and amplifier characteristics (QUAD)

	[bookmark: _Toc486166290][bookmark: _Toc486166291][bookmark: _Toc486166292][bookmark: _Toc486166293][bookmark: _Toc486166294][bookmark: _Toc486166295][bookmark: _Toc486166296][bookmark: _Toc486166298][bookmark: _Toc486166299][bookmark: _Toc486166300][bookmark: _Toc486166302][bookmark: _Toc486166303]Description 
	Vertical 

	Nominal maximum thrust 

	Sine testing [kN] 
	640 

	Random testing [kN RMS] 
	532 

	Transient testing [kN peak] 
	1280 *) 

	*) Note: Theoretical maximum. Actual value will depend on payload and pulse width. 

	Frequency range 

	Sine testing [Hz] 
	3 - 2000 

	Random testing [Hz] 
	10 - 2000 

	Transient testing [Hz] 
	3 - 2000 

	Maximum displacement 

	Sine and random testing [mm p-p] 
	25

	Transient testing [mm p-p] 
	38

	Maximum velocity [m/s] 
	1,6

	Bare table performance 

	Sine testing [g] 
	20

	Random testing [g RMS] 
	16,6

	Minimum controllable level [g] 
	0,05

	Fundamental resonance frequency [Hz] 
	180

	
Shaker and amplifier characteristics in dual shaker configuration

	Description 
	Vertical configuration
	Horizontal configuration

	Nominal maximum thrust

	Sine testing [kN]
	320
	320

	Random testing [kN RMS]
	310
	310

	Transient testing [kN peak] *)
	930
	930

	*) Note: Theoretical maximum. Actual value will depend on payload and pulse width.

	Frequency range

	Sine testing (min - max) [Hz]
	3 - 2000
	3 - 2000

	Random testing (min - max) [Hz]
	10 - 2000
	10 - 2000

	Transient testing (min - max) [Hz]
	10 - 2000
	10 - 2000

	Maximum displacement

	Sine and random testing [mm p-p]
	20
	20

	Transient testing [mm p-p]
	38
	38

	Maximum velocity [m/s]
	1,5
	1,5

	Maximum no-load acceleration

	Sine testing [g]
	16
	19

	Random testing [g RMS]
	5
	11

	Minimum controllable level [g]
	0,1
	0,1

	Fundamental resonance frequencies (bare test facility) [Hz]
	250
	400

	Maximum static vertical load [kg]
	4700
	10000

	Allowable overturning moment [Nm]
	100
	1300

	Mass of the moving assembly [kg]
	2000
	1600

	
Shaker and amplifier characteristics in single shaker configuration

	Description 
	Vertical configuration
	Single head expander configuration

	Nominal maximum thrust

	Sine testing [kN]
	160
	160

	Random testing [kN RMS]
	155
	155

	Transient testing [kN peak] *)
	465
	465

	*) Note: Theoretical maximum. Actual value will depend on payload and pulse width.

	Frequency range

	Sine testing (min - max) [Hz]
	3 - 2000
	3 - 2000

	Random testing (min - max) [Hz]
	10 - 2000
	10 - 2000

	Transient testing (min - max) [Hz]
	10 - 2000
	10 - 2000

	Maximum displacement
	
	

	Sine and random testing [mm p-p]
	38
	20

	Transient testing [mm p-p]
	51
	38

	Maximum velocity [m/s]
	2
	1,5

	Maximum no-load acceleration
	
	

	Sine testing [g]
	100
	20

	Random testing [g RMS]
	30
	30

	Sine testing with 100 kg load [g]
	
	27

	Minimum controllable level [g]
	0,1
	0,1

	Fundamental resonance frequencies (bare test facility) [Hz]
	1700
	1100

	Maximum static vertical load [kg]
	1363
	2000

	Allowable overturning moment [Nm]
	400
	600

	Mass of the moving assembly [kg]
	130,4
	369,5


[bookmark: _Toc486166304][bookmark: _Toc101337537][bookmark: _Toc101338027][bookmark: _Toc101338338][bookmark: _Toc101338649][bookmark: _Toc486166305][bookmark: _Ref44593721][bookmark: _Ref44605534][bookmark: _Ref44605761]Test execution
Before each run is started, it is recommended to perform a pre-test. The pre-test allows to check the proper orientation of all pilots, and the proper functioning of all sensors.
A typical sine test sequence consists, as a minimum, of the following test runs for each axis:
Low level run (resonance search) – see discussion on sweep rate in A.7.3.3
Intermediate level run
Full level run (qualification or acceptance level)
Low level run (resonance search for purpose of structural integrity check)
Low level test runs are conducted in order to:
Identify the test item resonance frequencies and correlate results with predictions,
Estimate the damping associated to the main modes,
Establish a basis for resonance frequencies comparison between test runs and allow any interface settling anomaly evaluation,
Establish first notch prediction for the intermediate and full level run and compare this prediction with the notch assessment based on analyses.
Verify the structural integrity after the full level run.
It is recommended to have a validated analysis tool at hand to support the extrapolation of the measured data from one level to the next, in particular to support the notch preparation.
Low level run is performed to compare the dynamic signature of the test specimen before and after the test. Changes in dynamic behaviour (frequency shifts or response levels) can indicate structural failure. 
Intermediate level test runs are conducted in order to adjust the initial prediction of the full level test run with respect to the following aspects:
Effect of the input level on the Dynamic behaviour:
resonance frequencies 
mode shapes
non-linearities
damping
A typical approach for the intermediate level is to go for a half-level run before full level. Additional intermediate runs can be added before going to full level (3/4 level for example) in case significant evolution of the damping is observed between low and intermediate level. For a flight item, it is recommended to limit the number of intermediate level runs.
Typical specifications are shown in Figure A-24.
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[bookmark: _Ref101344285][bookmark: _Toc104890011]: Typical Sine excitation at spacecraft base
[bookmark: _Toc486166306]Test run evaluation
After each test run following checks are performed:
that all sensors worked correctly by checking the acquired data
Check the control (pilot) accelerometers to verify that the input provided is in accordance with the test specification and within tolerances. Check the control accelerometers with the co-pilots
Sensor orientation (first test run)
During low frequency excitation, the test specimen is expected to behave as a rigid body and therefore the accelerometers on the test specimen are expected to have the same response (magnitude and phase) as the pilot accelerometers in the direction of excitation
Piloting quality
Comparison of magnitude and phase of all pilot accelerometers with each other and with the desired acceleration. 
This includes the determination of excitation in orthogonal directions compared to the excitation direction (cross axis excitation, parasitic motion)
Check Transfer functions
Transfer functions are calculated by dividing the test article response by the test article base excitation. The transfer functions are compared between different levels to check for change in dynamic behaviour. Note that the computation of the transfer function can be biased when notching’s are triggered. When a notching is triggered due to a mode, the response of the system is the superimposition of the free-response of the system + the response to the remaining notched input level. So, the computation of the transfer functions is perturbed by the notching.
Global/fundamental comparison
[bookmark: _Toc462646178][bookmark: _Toc462647876][bookmark: _Toc462654584][bookmark: _Toc463356423][bookmark: _Toc463356644][bookmark: _Toc463356824][bookmark: _Toc463361614][bookmark: _Toc462646183][bookmark: _Toc462647881][bookmark: _Toc462654589][bookmark: _Toc463356649][bookmark: _Toc463356829][bookmark: _Toc463361619][bookmark: _Toc462646184][bookmark: _Toc462647882][bookmark: _Toc462654590][bookmark: _Toc463356429][bookmark: _Toc463356650][bookmark: _Toc463356830][bookmark: _Toc463361620][bookmark: _Toc462646185][bookmark: _Toc462647883][bookmark: _Toc462654591][bookmark: _Toc463356651][bookmark: _Toc463356831][bookmark: _Toc463361621][bookmark: _Toc462646186][bookmark: _Toc462647884][bookmark: _Toc462654592][bookmark: _Toc463356652][bookmark: _Toc463356832][bookmark: _Toc463361622][bookmark: _Toc462646187][bookmark: _Toc462647885][bookmark: _Toc462654593][bookmark: _Toc463356653][bookmark: _Toc463356833][bookmark: _Toc463361623][bookmark: _Toc462646188][bookmark: _Toc462647886][bookmark: _Toc462654594][bookmark: _Toc463356654][bookmark: _Toc463356834][bookmark: _Toc463361624][bookmark: _Toc462646189][bookmark: _Toc462647887][bookmark: _Toc462654595][bookmark: _Toc463356655][bookmark: _Toc463356835][bookmark: _Toc463361625][bookmark: _Toc462646190][bookmark: _Toc462647888][bookmark: _Toc462654596][bookmark: _Toc463356656][bookmark: _Toc463356836][bookmark: _Toc463361626][bookmark: _Toc462646191][bookmark: _Toc462647889][bookmark: _Toc462654597][bookmark: _Toc463356657][bookmark: _Toc463356837][bookmark: _Toc463361627][bookmark: _Toc462646192][bookmark: _Toc462647890][bookmark: _Toc462654598][bookmark: _Toc463356658][bookmark: _Toc463356838][bookmark: _Toc463361628][bookmark: _Toc462646193][bookmark: _Toc462647891][bookmark: _Toc462654599][bookmark: _Toc463356659][bookmark: _Toc463356839][bookmark: _Toc463361629][bookmark: _Toc462646194][bookmark: _Toc462647892][bookmark: _Toc462654600][bookmark: _Toc463356660][bookmark: _Toc463356840][bookmark: _Toc463361630][bookmark: _Toc462646195][bookmark: _Toc462647893][bookmark: _Toc462654601][bookmark: _Toc463356440][bookmark: _Toc463356661][bookmark: _Toc463356841][bookmark: _Toc463361631][bookmark: _Toc462646196][bookmark: _Toc462647894][bookmark: _Toc462654602][bookmark: _Toc463356662][bookmark: _Toc463356842][bookmark: _Toc463361632][bookmark: _Toc462646197][bookmark: _Toc462647895][bookmark: _Toc462654603][bookmark: _Toc463356442][bookmark: _Toc463356663][bookmark: _Toc463356843][bookmark: _Toc463361633][bookmark: _Toc462646199][bookmark: _Toc462647897][bookmark: _Toc462654605][bookmark: _Toc463356665][bookmark: _Toc463356845][bookmark: _Toc463361635][bookmark: _Toc463356969][bookmark: _MON_1417350321][bookmark: _MON_1417353624][bookmark: _MON_1417363105][bookmark: _MON_1417365410]Comparison between the global and fundamental values allows to detect non-linearities and rattling issues, which creates content at different frequencies than the excitation frequency.
[bookmark: _Toc463361648][bookmark: _Ref44593580][bookmark: _Ref44596790][bookmark: _Toc104889930]Random vibration testing
[bookmark: _Toc463361649]Purpose
Random vibration testing is performed to demonstrate that hardware can withstand the broad-band high frequency vibration environment and to verify structural life and functionality under the loads. 
General
The test item is vibrated in three spatial directions separately, where all frequencies are excited at the same time, in a frequency range typically from 20 Hz to 2000 Hz.
Random vibration is mostly applied at equipment level. It is sometimes applied at element level, for example for an instrument.
For Safety aspects see A.7.2.
[bookmark: _Ref44593608][bookmark: _Ref44596876]Test configuration and test aspects
Overview
The tests are conducted on an electrodynamic vibration machine or "shaker," which consists of a mounting table for the test item rigidly attached to a drive-coil armature. A control system energizes the shaker to the desired vibration level. Feedback for the control system is provided by a series of accelerometers or forces, which are mounted at the base of the test item or as responses on the test specimen. Similarly to sine testing, adequate control approaches and strategies are used to avoid over testing and to ensure realistic structural responses. In a random test all frequencies are excited at the same time (no sweep).
In a typical random test, the test specimen is mounted onto a test fixture that is bolted to the electrodynamic shaker interface. A set of accelerometers are installed on the test article to control the input and to measure the vibration responses. Strain gages and force sensors can also be used to measure the test article responses.
The test fixture is typically designed to minimize fixture response at resonance within the test frequency range. A variation of transmissibility between test article mounting points not higher than +/- 3 dB between 20 Hz and 500 Hz and +/- 6dB between 500 Hz and 2000 Hz is a good approach. Additionally, it is a good practice that its first resonance is as high as possible in frequency and shows a limited amplification (e.g. not above 2) in the frequency range 20 Hz – 2000 Hz. Eventually, again as good practice, the cross axis excitation does not exceed the input and the design of the fixture aims at minimizing the cross axis as much as possible.
The cross axis is considered to evaluate the consequences of this parasitic excitation in terms of:
Overtesting
Undertesting
Test controllability in the full frequency range (20 Hz-2000 Hz)
[bookmark: _Ref88577151]Test instrumentation
Instrumentation consists of accelerometers, strain gauges, force measuring devices.
See also A.7.3.1, as the test instrumentation is similar to the sine vibration test.
It is recommended to record an audio track during the test. This allows to capture any noise (e.g., rattling of a metallic contact). Best is to synchronise this recording with the rest of the instrumentation recording if possible. Signal analysis can be used to characterise the noise and understand its origin.
A microphone can be used for this purpose, or simply a mobile phone.
Experience shows that when a noise is heard during testing, it is very useful to have a recording of it. Video recording can also be useful, and can be performed with a mobile phone.

Note that applications allow to amplify recorded deformations and even measure the corresponding displacements / accelerations based on a movie. Photogrammetry principles can also be used for vibrations.
Test control parameters
The control of the shaker is performed by control accelerometers, also called pilot. Responses of the test article (accelerations and forces) can also be used as limits in the control loop.
Before the start of the test, the following needs to be defined: 
Identification of control (pilot) accelerometers:
The number, orientation (always in the excitation direction) and the position of the sensors used to control (pilot) the test is to be clearly identified.
The control accelerometers are located close to the interface of the specimen on the test fixture side, at different location around the test article. This allows to check the homogeneity of the input to the test article. It is recommended that the control accelerometers are attached with screws and not bonded when possible.
To ensure that the control accelerometers are working properly, it is recommended to have an accelerometer next to each control accelerometer, called co-pilot, to check the signals of the control accelerometers.
Identification of limits
It is recommended to always implement limits on some sensors (pilots, response acceleration, loads), also in cross axis directions. The control of the shaker uses those limits to ensure that the defined values are not exceeded, in order to protect the test article.
Some of the limits are used for the purpose of notching implementation. See section A.7.3.4.
Identification of aborts
It is recommended to implement abort values on a number of sensors. When the abort value is reached, the test is stopped (aborted).
It is recommended to check how the abort is implemented (how exactly the input is affected), as abort can be rather brutal and inadequate (e.g., staying at the same frequency and reducing the levels).
It is recommended to implement limits on each channel used as abort, to limit the risk of abort.
Control strategy:
To control the test, it is to be decided if the control is made on the maximum or on the average value of the pilot sensors. The average signal being smoother, it can help to ease the control of the test. However, the specimen needs to be protected (notching and abort channels) because the failure of one pilot decreases the measured mean level, leading to an unwanted increase in the input level to compensate for that.
The above parameters are captured in a run sheet, together with the required input spectrum and associated tolerances.
Note that depending on the control system, limits and aborts can be defined by PSD curves (as a function of frequency) or RMS value (corresponding to the complete frequency range).
Note that the number of notch/abort channels can affect the shaker control. Increasing the number of channels in the control loop can slow down and degrade the control. 
It is recommended to verify that the parameters implemented in the control system correspond to the parameters requested in the run sheet.
An emergency abort button is usually available to manually abort the test. The customer usually undertakes this responsibility.

It is important to understand the processing of the measured data in random. The acquisition system records data in the time domain, which are processed on a given time window to produce the power spectral density (PSD). The size of the window can be tuned and this changes the frequency resolution and affects the peak values. The PSD computed for each time window are usually averaged to compute the response PSD. It is important to understand what the PSD provided corresponds to.
It is important to consider that the PSD does not reflect exactly the time histories, as the data is reduced. There is data loss in the transformation to PSD.
The RMS response measured during short time windows during the test can be quite different compared to the overall RMS level obtained at the end of the test. This means that it can be difficult to drive the test on RMS responses and in particular, abort based on RMS values is to be used and adjusted carefully. It is recommended to discuss these points with the test facility and also to measure some time histories to assess the response obtained in practice.
It is recommended to record time histories and to check the maximum values reached in the time domain, as well as the variation of the measured data over time. While it is often considered that the maximum value over time corresponds to 3σ, it is very often the case that instantaneous values up to 5σ are reached at some point during the test.
[Ref. article What is behind the curves, ECSSMET2016 (available as pdf-file in Annex G).
Some control systems have the option to limit the injected levels to 3σ. However, experience shows that this does not always work as expected and it is important to check time histories to verify how efficiently this limitation is applied. While it is possible to limit the input to a max instantaneous value of 3σby clipping, the responses usually reach higher instantaneous values.
[bookmark: _Toc170022554][bookmark: _Ref317522250][bookmark: _Toc323045839][bookmark: _Ref329763460][bookmark: _Toc418164285][bookmark: _Toc463361651]Test Preparation
For the selection of the test facility, see A.7.4.1
 Note that depending on the control system, limits and aborts can be defined by PSD curves (as a function of frequency) or RMS value (corresponding to the complete frequency range).
The random test specification includes:
position of the test article on the shaker for all three axes to be tested
instrumentation plan describing identification and location of response and control sensors, including force measurement devices if applicable.
test sequence and control strategy
notching strategy, including definition of limits and aborts
test success criteria
It is recommended to perform a dry run test with the empty test fixture mounted onto the shaker. It is also possible to load the fixture with a test dummy representative of the test article. 
Prior to each test it will be ensured that a minimum pressure is set and maintained in the tank so that buckling does not occur during test execution. The minimum pressure level in the tank during random vibration is part of the Tank Specification.
Some fluidic components (valves, pressure regulators, etc.) can rely on a specific differential pressure setting for correct functioning during and after mechanical testing. These parts will be pressurized to the correct level for each type of test following the Design Authority instructions provided in the User Manuals.
In addition, test analytical predictions are to be available before the start of the test.
[bookmark: _Toc463361654][bookmark: _Ref44593620][bookmark: _Ref44605707]Test Execution
It is recommended to always start with low levels. Implement notching at intermediate level before going to full level. See A.7.3.4.
It is recommended to check the transfer functions obtained during the random test (square root of the ratio of PSDs) and compare them to the transfer functions obtained during the low level sine. This allows to detect non linearities, or changes in the transfer functions between levels, as a potential indication of a problem. The transfer functions can also be used as health monitoring during the test. If the transfer function changes suddenly, then there is probably something damaged.
Figure A-25 gives the typical test sequence used for the random environment qualification of an equipment.
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[bookmark: _Ref22316938][bookmark: _Toc104890012]: Example of test sequence for random vibration
Before starting the test sequence, the specimen is weighted in order to update the Quasi Static resultant interface force criteria.
The reference low level sine test allows to validate the instrumentation and the entire acquisition chain.
Typical full level random specification is shown in Figure A-26.
[image: ]
[bookmark: _Ref101343892][bookmark: _Toc104890013]: Typical full level random specification
Notching
It is often necessary to limit input acceleration levels during the random vibration tests not to overpass the qualification of equipment or a satellite (over-testing). There are automatic procedures, which are based on interface forces or acceleration measurements, not to overstress the equipment.
Force Limited Vibration
The equipment to be tested is rigidly fixed to a very stiff shaker table and separated from its real mounting structure. The difference between flexible flight mounting (soft-mounted) and rigid test interface (hard-mounted) results in different dynamic response of the component. The application of an envelope of the interface acceleration spectra obtained in flight configuration to the hard-mounted test configuration can generate excessive interface forces at the natural frequencies of the hard-mounted component, leading to undesired over-testing of the hardware.
The Force Limited Vibration (FLV) technique involves the implementation of Force Measurement Devices (FMDS) to measure the interface force during the test and introducing this signal in the control loop to keep these forces below a pre-established limit (the interface forces expected in the coupled, soft-mounted, system). The traditional acceleration specification is used to drive the test, but complemented with the force measurement, used as the criterion to limit the acceleration input at the natural frequencies of the hard-mounted component, so controlling the over-testing (see NASA- HDBK-7004C)
[bookmark: _Toc463361657]Test run Evaluation
The checks to be performed after each axis single run:
Check the control (pilot) accelerometers to verify that the input provided is in accordance with the test specification and within tolerances. Check the control accelerometers with the co-pilots (see A.7.3)
In any case, it is recommended to check the consistency of the control accelerometers and investigate when there is significant discrepancy between them.
Cross axis acceleration check.
Check of the stability of the input over time (e.g. using sliding g-RMS values). Note that this check must be requested in advance to the test operator.

The check to be performed after each axis random plus low level sine tests
Comparison of the pre and post low level sine tests to identify possible changes in dynamic behaviour (eigenfrequencies shifts and amplification variations)
[bookmark: _Toc306572150][bookmark: _Toc316895385][bookmark: _Toc318454015][bookmark: _Toc463361659][bookmark: _Ref44596755][bookmark: _Ref44599854][bookmark: _Toc104889931]Acoustic testing
Purpose
The purpose of the acoustic test is to demonstrate that the test article can withstand the acoustic environment encountered during relevant mission phases, in particular the acoustic loads during launch, as specified by the launcher authority.
The acoustic test also allows to validate the random vibration specifications applied to the lower level elements/equipment.
[bookmark: _Toc463361661]General
Acoustic test is performed at element level. It is applied at equipment level for equipment with large surfaces and low mass, e.g., solar arrays, antenna reflectors…
[bookmark: _Ref44593636][bookmark: _Ref44593650][bookmark: _Ref44596766][bookmark: _Ref44596776]Test Configuration and test aspects 
In a typical acoustic test, the test specimen is positioned in a reverberant acoustic chamber. The chamber is a large room with thick walls and a smooth interior surface that allows high reverberation. The test article is placed on a fixture or suspended from bungee cords. In some cases, the test item can be attached to a supporting structure to simulate actual mounting conditions, thereby creating a more realistic boundary condition. Loudspeakers or horns supply the acoustic energy. Horns are typically located only in one surface of the chamber, whilst loudspeakers are placed around the test article. The control and record of the sound level within the chamber is performed using six or more microphones placed around the test article, including above. Sometimes, microphones are placed below the test article (although not used to control the input) to check the absence of standing waves. 
The minimum distance of the microphones from the test article is generally 1 meter. The exact location the microphones with respect to the test article is included in the test report.
The microphones are placed at least 1.5m from the chamber walls.
For a space segment, microphones are typically placed at 2 m height, and for high test articles, at 4 m height, around the test article.

The specification is usually defined in octave band. There is often also a requirement about the homogeneity of the sound pressure field, as measured by the microphones.
Even if the specification and the control is defined per octave or 1/3 octave, it is recommended to check the input levels in fine frequency band and assess risk on the test object (e.g. high peak at a resonant frequency of the test article)
The input acoustic level is controlled in close loop based on the microphone measurements, usually in third octave bands.
The applied input levels are defined as the arithmetic mean of the measurement of the microphones.
It is recommended to check the spatial homogeneity of the acoustic field across the control microphones and adjust position of the test article in the chamber if necessary. It is recommended to avoid placing test article walls parallel to the chamber walls to avoid stationary acoustic waves. Also, the bottom panel of the spacecraft can be protected in order to avoid stationary acoustic waves between the ground and this panel.
Sound Pressure Levels (SPL) tables of each microphone and average values of the SPL of all control microphones are provided to judge if specified SPL per octave band and Overall SPL meet the specifications.
In general, the reverberant chambers have large volumes. However, the test items placed in the chamber have an influence on the sound field. The fill ratio is defined as the ration between the volume of the test article and the volume of the acoustic chamber. A fill ratio of less than 10% is recommended.
[image: http://www.esa.int/var/esa/storage/images/esa_multimedia/images/2014/06/rosetta_in_acoustic_test_chamber/14601163-1-eng-GB/Rosetta_in_acoustic_test_chamber_node_full_image_2.jpg]
[bookmark: _Ref44609414][bookmark: _Toc104890014]: Rosetta in the ESTEC Large Acoustic Facility
[image: http://www.esa.int/var/esa/storage/images/esa_multimedia/images/2012/04/acoustic_chamber/9803501-3-eng-GB/Acoustic_chamber_node_full_image_2.jpg]
[bookmark: _Ref44609423][bookmark: _Toc104890015]-Antenna reflector acoustic test in ESTEC acoustic facility
[bookmark: _Toc462646230][bookmark: _Toc462647928][bookmark: _Toc462654636][bookmark: _Toc463356696][bookmark: _Toc463356876][bookmark: _Toc463361666]
Instrumentation: Accelerometers are installed on the test article to measure the vibration responses. 
Strain gauges and force sensors can also be used to measure the test article responses.
These responses and pressure are measured in the time domain and, in general, presented as power spectral densities in the frequency range of interest (e.g. 20 Hz-2500 Hz, sometimes up to 8000 Hz) and with a certain frequency resolution (e.g. 2 Hz).
It is recommended to record time histories of the responses and to check max peaks values of the time histories as well as the variation of the responses over time
In most cases, the test article is ON during vibrations such that it can be functionally monitored during the test.
As an alternative to performing the acoustic test in a reverberant chamber, Direct Field Acoustic Testing has been developed. Loudspeakers are installed around the test specimen, i.e. not in a reverberant chamber. The acoustic field is different from a diffuse field. Reference to NASA-HBK-7010.
[bookmark: _Toc170022561][bookmark: _Toc323045847][bookmark: _Toc418164293][bookmark: _Toc463361667]Test preparation 
Prior to the test of the article, empty chamber run(s) are performed (without the test article), in order to establish the settings of the control equipment and to achieve the levels as defined in the following sections. The empty runs usually include some runs at higher levels than the ones specified (typically +2 dB or +3dB). This is made to see if the chamber has the capability to inject more energy if necessary to compensate the absorption coming from the specimen itself.
The acoustic test specification includes, as a minimum: 
position of the test item in the reverberant chamber (see Figure A-27 and Figure A-28),
The test sequence, associated sound pressure levels, test durations, e.g. low level, intermediate level, qualification level and low level again,
Instrumentation plan describing identification and location of sensors,
Success criteria.

Prior to each test it will be ensured that a minimum pressure is set and maintained in the tank so that buckling does not occur during test execution. The minimum pressure level in the tank during acoustic is part of the Tank Specification.
Some fluidic components (valves, pressure regulators, etc.) rely on a specific differential pressure setting for correct functioning during and after mechanical testing. These parts will be pressurized to the correct level for each type of test following the Design Authority instructions provided in the User Manuals
[image: ]
[bookmark: _Toc170886263][bookmark: _Toc343537255][bookmark: _Toc463356948][bookmark: _Toc104890016]: ATV STM-B Solar array wing in IABG reverberant chamber 
(Courtesy Dutch Space)
[bookmark: _Toc463361668][bookmark: _Ref44593661]Test execution
A typical test sequence includes low level, intermediate level, high level and low level.
The low levels are also called signature runs and are used to highlight possible changes in the test article dynamic responses.
Between each level run, results of the previous run are evaluated.
Each level run starts with low levels (typically -6 dB/-9dB), increasing progressively (typically -4 dB/-2dB for intermediate level) to the nominal level.
The parameters used to control the acoustic level have to be validated with an empty run. It is highly recommended not to modify the parameters of the control if they have not been validated by an empty run. 
Typical acoustic noise specifications are shown in Figure A-30.
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[bookmark: _Ref101342061][bookmark: _Toc104890017]: Typical acoustic noise specification
[bookmark: _Toc463361669]Test evaluation
[bookmark: _Toc462646234][bookmark: _Toc462647932][bookmark: _Toc462654640][bookmark: _Toc463356700][bookmark: _Toc463356880][bookmark: _Toc463361670]The responses are compared between each run to check evolutions of the dynamic behaviour and ensure that the responses stay within the allowable levels.
It is recommended to check of the stability of the input over time (e.g. using sliding g-RMS values). Note that this check must be requested in advance to the test operator.
[bookmark: _Toc306572151][bookmark: _Toc316895386][bookmark: _Toc318454016][bookmark: _Toc418164142][bookmark: _Toc463361672][bookmark: _Toc104889932]Shock testing
A detailed discussion of shock testing, test methods and test facilities, and of shock test monitoring is found in chapter 13 of ECSS-E-HB-32-25. 
[bookmark: _Toc317073697][bookmark: _Toc418164318][bookmark: _Toc104889933][bookmark: _Toc463361682]Thermal distortion test 
[bookmark: _Toc463361683]Purpose
Thermal distortion tests are performed to characterise the distortion of a test article under thermally induced loads. It can be performed at equipment (e.g. reflector) or element level.
General 
The principle is to apply a controlled thermally induced load to the test article, and to measure the resulting deformation. For prediction correlation purpose, the temperature distribution on the test article is measured as well.
[bookmark: _Toc463361685]Test configuration and test aspects 
In general, the thermal distortion test is performed for the on-orbit configuration. The test article is allowed to expand freely under the thermal loads. In practice this is mostly achieved by kinematic support concepts, see Figure A-31.
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[bookmark: _Ref44615439][bookmark: _Toc343537275][bookmark: _Toc463356950][bookmark: _Toc104890018]: LISA Pathfinder Science Module structure on kinematic support 
for thermal distortion test
Alternatively the test structure can be freely suspended by slings. However, problems with such test setup have been experienced due to laser alignment problems caused by small movements of the structure due to circulating air in the test room.
For executing the test the assembled structure is usually placed in a temperature chamber or in a thermal vacuum chamber and then subjected to the temperature variations. Several options exist to measure the structure deformations and to determine the distorted shape of the structure, e.g. laser metrology, videogrammetry, or a combination of both.
Cut-outs in the structure or removal of panels might be needed to provide the required access for the measurement devices or to ensure unobstructed line-of-sight for e.g. laser beams. However, care is to be taken to ensure that these modifications do not significantly affect the thermo-elastic distortion behaviour of the test structure.
[image: ]
[bookmark: _Toc343537276][bookmark: _Toc463356951][bookmark: _Ref44615726][bookmark: _Ref44615744][bookmark: _Ref44615860][bookmark: _Ref49175972][bookmark: _Toc104890019]: Typical temperature profile for thermal distortion test
A typical temperature profile for thermal distortion test is shown in Figure A-32. In this case, a uniform temperature was applied to the test article. The distortion of the test article was measured in the temperature range from 10 °C to 40 °C, the heat-up and cool-down rates were 5°C/hour and the extreme temperatures of +10 °C and +40 °C were kept constant for 1 hour in order to equalize the temperature on the whole structure.
The relatively simple thermal distortion test case as shown in Figure A-32 has the advantage that it can be easily conducted in a thermal chamber and has in general a good repeatability.
Test instrumentation
Overview
The measurement of the structure deformations can be performed e.g. by laser metrology, videogrammetry, or a combination of both.
[bookmark: _Toc463361687]Laser-interferometric measurements
Laser metrology as illustrated in Figure A-33 is considered the most accurate method to measure distortions of one micrometer or smaller. However, it is not a practical method to determine the distorted shape of a complete structure as only the change of one dimension with temperature can be measured. In addition, the method requires mounting provisions for the interferometer and mirrors.
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[bookmark: _Toc104890020][bookmark: _Toc343537277][bookmark: _Toc463356952][bookmark: _Ref44615784][bookmark: _Ref49175933]: Illustration of different courses of laser beams for LISA Pathfinder Science Module thermal distortion test 
[bookmark: _Toc463361688][bookmark: _Ref42781379][bookmark: _Ref44617229][bookmark: _Ref44617332][bookmark: _Ref44875998][bookmark: _Ref44952278]Videogrammetry
Digital photogrammetry, also known as videogrammetry, is a well proven method to measure 3D geometry and distortions. Videogrammetry is a measurement technology based on optical triangulation in which the three-dimensional coordinates of points (targets) on an object are determined by measurements made in two or more images taken from different angles. These can be obtained from successive images captured by the same camera with a view of the object.
To perform the videogrammetry measurements the test structure needs to be equipped with an adequate number of self-adhesive optical targets. Calibrated reference scales (yellow bars in Figure A-34) are positioned close to the test article to provide absolute dimensions. 
Best results are achieved when the targets are seen from many different angles, see Figure A-35. To obtain the best possible coverage, approximately 250 pictures were taken e.g. during the LISA Pathfinder Science Module thermal distortion test at the minimum and maximum temperatures, respectively (see the temperature profile shown in Figure A-32.
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[bookmark: _Toc343537278][bookmark: _Toc463356953][bookmark: _Ref44614915][bookmark: _Toc104890021]: Videogrammetry measurements during LISA Pathfinder Science Module thermal distortion test
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[bookmark: _Toc343537279][bookmark: _Toc463356954][bookmark: _Ref44614942][bookmark: _Toc104890022]: Overview of camera positions used during LISA Pathfinder Science Module thermal distortion test to generate the images of the test article
Accuracy depends on the size of the field of view. The accuracy of the videogrammetry is typically 10 μm – 15 μm for objects of the size of the LISA Pathfinder Science Module structure (diameter of octagonal structure: about 1,8 m). Although the accuracy of the videogrammetry is at least one order of magnitude less than the accuracy of the laser metrology, it still provides useful information on the global behaviour. The distortion of the external structure caused by a uniform temperature increase of approximately 30 °C is shown in Figure A-36. To increase the signal to noise ratio, thermal loads can be can be increased.
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[bookmark: _Toc343537280][bookmark: _Toc463356955][bookmark: _Ref44615019][bookmark: _Ref44615082][bookmark: _Toc104890023]: Displacement of targets mounted on LPF SCM external structure for a temperature variation from +9,5°C (reference temperature) to +40,5°C
[bookmark: _Toc463361689]Temperature measurement
Temperature measurement can be performed by use of thermocouples or thermistors, as well as thermography. Thermography (infra-red imaging) allows to measure full field temperature maps without contact with the test article.
[bookmark: _Toc463361690]Test evaluation 
The main activities after the thermal distortion test are the following:
Check that the thermal load was applied according to specification, by checking the temperature measurements
Check that deformation measurements are recorded and can be used to post-process the data.
[bookmark: _Toc317073698][bookmark: _Toc418164319][bookmark: _Toc463361691][bookmark: _Ref42781189][bookmark: _Ref44595766][bookmark: _Ref44875491][bookmark: _Toc104889934]Gravity release test 
Purpose
The gravity release test has the main objective to assess the effects of the absence of gravity loads for the on-orbit configuration being in contrast with the measurement conditions on Earth during the AIT/AIV activities. This allows to characterise the potential defocus or decentre of an optical instrument due to the absence of gravity load in space. 
General
During the test the alignment is measured with different gravity vector orientations. However, only two integration directions are usually considered: axial and lateral, and as a consequence two loading directions are tested.
Test configuration and test aspects
The test specimen is constrained at its mounting interfaces as applied e.g. for a static test.
There are two ways to characterise the effect of gravity:
By modifying the relative orientation of the test article with respect to the gravity field and measure the corresponding deformation which corresponds to twice the effect of gravity release. This is the recommended method.
By applying gravity compensation loads and measure the corresponding deformation which correspond to the unloaded condition.
As an example the gravity-release test configuration for the NIRSpec engineering test unit (ETU) is shown in Figure A-37.
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[bookmark: _Toc343537281][bookmark: _Toc463356956][bookmark: _Ref44615934][bookmark: _Ref49176260][bookmark: _Toc104890024]: NIRSpec engineering test unit (ETU) during gravity-release test (courtesy: EADS Astrium)
The measurement of the deformation can be performed by external means, or by taking advantage of the built-in metrology existing in the test article, supported by OGSE if needed.
[bookmark: _Ref307143184][bookmark: _Toc317073711][bookmark: _Toc418164342][bookmark: _Toc463361692][bookmark: _Ref44605946][bookmark: _Toc104889935]Micro-vibration environment verification by test
Four types of tests are performed related to micro-vibrations:
Characterisation of the disturbance generated by an equipment (addressed in ECSS-E-ST-10-03 clause 5.5.2.7). This is also called emissivity test.
Characterisation of the susceptibility of an equipment/instrument to micro-vibrations (addressed in ECSS-E-ST-10-03 clause 5.5.2.8)
Characterisation at element level of a transfer function between a source of disturbance and an equipment/instrument. (addressed in ECSS-E-ST-10-03 clause 6.5.2.11)
Measurement at element level of the response of an equipment/instrument to a source (End to End test) (addressed in ECSS-E-ST-10-03 Tables 6-1 and 6-2 and in ECSS-E-ST-10-03 clause 6) and called Micro vibration susceptibility test at element level
Those four types of tests participate in the verification approach, either piece by piece (three first tests) or End to End.
[bookmark: _Ref44593791][bookmark: _Ref44616192]Characterisation of the disturbance generated by an equipment – direct force measurement
Purpose
The purpose of this test is to measure the disturbance generated by an equipment in terms of micro-vibrations.
General
The principle is to mount the equipment on a rigid fixture, mechanically isolated from the ground, to activate the equipment in its different operating modes and to measure the reaction force at the interface.
It is important to record the time history of all components of the interface forces.
Test Configuration and test aspects
The item under test is rigidly mounted on a device (dynamometer) that measures all components of the reaction force. The complete setup is mechanically isolated from the ground to limit the background noise. This can be done by using a seismic foundation, or air bellows.
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[bookmark: _Toc104890025] Principle of measurement of the micro-vibration generated by an equipment
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[bookmark: _Toc104890026]: ESA reaction wheel characterisation facility in room conditions and in with vacuum bell (mN range frequency band up to 1 kHz )
Interface forces/moments are measured by piezoelectric force transducers. One of the main drawbacks relies in the possible amplification of measured forces due to resonances of the test set-up, i.e. flexibility of the interface and force sensors, which will reduce the usable frequency bandwidth in which the results can be considered valid. In addition a trade is to be made between the stiffness of force sensors and the required, very high sensitivity.
For this reason it is recommended to acquire not only the background noise levels before each test run but also to determine the dynamic characteristics of the test setup by a modal survey test (see ECSS modal survey test ECSS-E-ST-32-11 by hammer impact or modal shaker excitation. The latter will define the confidence of measurements w.r.t. frequency band.
Instrumentation: high sensitivity accelerometers are used to measure the background noise. The measurement noise (e.g. due to imperfect grounding) is to be reduced. High sensitivity force sensors (dynamometers) are used to measure the interfaces forces.
Test Preparation
The test requires an EGSE to drive the equipment in its different operating modes.
It is very important to measure the background noise before and after the measurement. An identification of the sources of background noise will help defining mitigation actions to reduce the noise level, e.g. test by night, stop activities in the surrounding, switch off air-conditioning, improve the electrical grounding. See A.13.6 about background noise.
EGSE and FGSE need to be adequately isolated in order to minimize the transmission of structural and acoustical disturbances to the item under test.
It is also important to consider the effect of harness to the unit under test, which might also transfer micro-vibration from the EGSE. A solution can be to suspend the harness and introduce flexibility through strain relieve loops. 
Note that the effect of FGSE (e.g. pump for a cryocooler, of for vacuum) can be difficult to mitigate. Also for a cryocooler, the interface to the cold finger introduces complexity in the setup.
Test execution
It is very important to record time histories in each operating conditions, e.g. wheel speed for a reaction wheel.
Test evaluation
Measurements are processed to calculate Power Spectral Densities (PSD). It is checked that the measurement can be distinguished from the background noise by comparing the PSD of the measured signal with the noise.
[bookmark: _Ref44593802]Characterisation of the disturbance generated by an equipment – indirect force measurement
Purpose
The purpose of this test is to measure the disturbance generated by an equipment in terms of micro-vibrations.
General
When the direct force measurement as described in A.13.1 is not possible or convenient, an indirect method can be used as an alternative (e.g. in the case of Human Space facility payload racks).
This is used when the equipment to be characterised cannot easily be mounted rigidly on a microvibration characterisation facility. It uses an ad-hoc test setup.
With this test approach the interface forcing functions at the equipment mechanical mounting interfaces are not measured directly at the equipment mechanical interfaces but they are derived by post-processing the experimental data obtained from the following two experimental measurements:
Acceleration-to-force transfer function measurement,
Self-induced acceleration spectrum measurement, switching on separately or simultaneously all the potential micro-gravity disturbance sources mounted inside the equipment.

The transfer function experimental measurements is executed acquiring the acceleration-to-force transmissibility from each equipment mechanical interface to all equipment interfaces.
The self-induced acceleration spectrum measurements is executed acquiring the acceleration spectra at all equipment mechanical interfaces in all equipment operational condition.
Test Configuration and test aspects
The indirect interface force measurement requires the rigid mounting of the test item to a support structure. Alternatively, it can directly be suspended through its interfaces by air cushion to the ground. 
This setup needs to be suspended to ensure a dynamically free-free boundary condition able to filter the mechanical vibration coming from the surrounding environment. 
Figure A-40 shows a schematic test set-up for the micro-vibration test by indirect force characterisation.
It is usually possible to realize a suspension system of the test setup having its first resonance frequency between around 1,5 Hz and 3,0 Hz.
The main advantages of this method are that the item under test can be mounted on any convenient test structure (e.g. uniform plate) and the fact that no seismic foundation is required.
Drawbacks are that due to the nature of the test setup, the lowest measurable frequency is limited to approximately from 4 Hz to 8 Hz (2,5x pendulum frequency), thus quasi-static or low frequency interface forces cannot be resolved with this method. Also, additional data processing is required to determine the disturbance force. This data processing might be difficult to apply due to mathematical complications and the knowledge of the accurate dynamic mass of the equipment under test. Another practical implication of the test setup lies in the fact that large supporting test plates are commonly used. These plates, suspended by a number of elastic bungees act like sensitive acoustical surface and result in an increase of background levels when external noise sources are present.
As outlined above this approach is more complex than the micro-vibration test by direct force characterisation and consists in a mix of analysis and test approach.
However, this type of test requires a simpler test set-up because the seismic mass can be replaced by a reference test structure softly suspended capable to isolate the equipment under test from the laboratory mechanical vibration. Care needs to be taken when setting up and executing the test to avoid undesired increase in background noise levels. In addition, the use of high-sensitive accelerometer sensors allows measuring extremely low acceleration levels. Facilities using this measurement principle are often located in basements or bunker and are operated at night to minimize any undesired impact from the surrounding.
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[bookmark: _Ref44616273][bookmark: _Toc104890027]: Micro-vibration measurement test, indirect force characterisation

Test instrumentation:
A set of high sensitivity accelerometers are placed at each mechanical interface of the equipment, on the supporting structure, to measure the acceleration spectrum as illustrated in Figure A-41 and in Figure A-42.
An instrumented hammer with a force transducer mounted is needed to generate and to measure the force applied during the hammer test.
Additional instrumentation is recommended to record the operational parameters of the item under test in its operative conditions.
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[bookmark: _Ref44616347][bookmark: _Toc104890028]: Example of test instrumentation for micro-vibration test at equipment level using indirect method measurement
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[bookmark: _Ref44616354][bookmark: _Toc104890029]: View of test instrumentation during Water Pump Assembly (WPA) micro-vibration test at equipment level using indirect method measurement
Test preparation
The suitability of the test setup is to be carefully evaluated and if possible checked by a pre-test. The following points are to be considered in the selection of the test facility:
Suitability of the location of the test setup (quiet environment).
Supporting instrumentation cabling and suspension devices can influence the dynamic behaviour of the test setup and therefore affect the results.
Coupling of unit under test and supporting structure/test facility (i.e. floor isolation).

It is very important to measure the background noise before and after the measurement. An identification of the sources of background noise will help defining mitigation actions to reduce the noise level, e.g. test by night, stop activities in the surrounding, switch off air-conditioning, improve the electrical grounding. See A.13.6 about background noise.
EGSE and FGSE need to be adequately isolated in order to minimize the transmission of structural and acoustical disturbances to the item under test.
It is also important to consider the effect of harness to the unit under test, which might also transfer micro-vibration from the EGSE. A solution can be to suspend the harness and introduce flexibility through strain relieve loops. 
Note that the effect of FGSE (e.g. pump for a cryocooler, of for vacuum) can be difficult to mitigate. Also for a cryocooler, the interface to the cold finger introduces complexity in the setup.
Instrumentation: high sensitivity accelerometers are used to measure the background noise. The measurement noise (e.g. due to imperfect grounding) is to be reduced. High sensitivity force sensors (dynamometers) are used to measure the interfaces forces.
Test execution
The item under test is in on orbit configuration and is operated according to the mission sequence.
As a generic test sequence for the micro-vibration source characterization the following steps can be performed:
Facility characterization: identification of the supporting plate and suspension system resonance frequencies.
Perform the acceleration-to-force transfer function acquisition runs injecting a force at each interface point (hammer test) of the test article, in each translational direction and measuring the acceleration levels at each test fixture mechanical interfaces. During this test the equipment is switched off and set in on orbit configuration.
Perform different background noise characterizations, by means of measurements of acceleration levels at the interfaces considering:
all the disturbance noise source in the laboratory room switched off,
the equipment EGSE and FGSE, if present, switched on,
the equipment itself switched on but not operating.
Before each test case, execute a dry run to optimize the acquisition data chain in terms of measurement duration, and measurement range.
Execute the micro-vibration source characterization tests. The item under test is operated according to the mission sequence in all possible modes of operation and transitions between these modes as well as, as far as applicable, in different speeds/power levels in order to characterise all possible noise disturbances.
Before changing to the next following test run perform a quick check on the acquired time history and frequency domain data to ensure that the data is suitable for exploitation and can be distinguished from the background noise.

Background noise level is to be, as good practice, at least one order of magnitude lower than the measured disturbances.
A typical characterization test campaign on an equipment goes from few days to around 1 week pending on the complexity of the setup and the required test sequence.
Test evaluation

For all test cases, it is recommended to record the responses in terms of:
acceleration time histories (m/s^2)
force time histories (N)
and the following post processing data:
acceleration spectrum (m/s^2).
acceleration auto-spectrum (m/s^2)^2.
force spectrum (N).
force auto-spectrum (N^2).
Structural TF’s (m/s^2)/N.

The measurements are compared to the background noise to ensure they can be distinguished from the noise.
[bookmark: _Ref44616616]Characterisation of the susceptibility of an equipment/instrument to microvibrations
Purpose
The purpose of the test is to characterise the susceptibility of an equipment to the micro-vibration environment. 
General
The principle of the test is to subject the equipment to a micro-vibration excitation while its performance is measured.
Test configuration and test aspects
As for other micro-vibration tests, it is important to characterise and reduce the background noise. For this purpose, the test setup is usually isolated from the ground, on a seismic foundation, or bellows.
In principle, a shaker can be used to generate the excitation. 
The measurement of the combined effect of an excitation along different axes or including rotations require the use of specific test facilities able to introduce a 6 degree of freedom micro-vibration environment to a specimen in a controlled manner.
[image: ]
[bookmark: _Toc104890030]: Test setup for a test of equipment susceptibility to microvibrations
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[bookmark: _Toc104890031]: Micro-vibration measurement system of ESA ESTEC allows 6 Dof excitation and 6 Dof measurement
During a susceptibility test the equipment is rigidly mounted on the test table of a specific 6dof excitation platform that is able to generate a specified micro-vibration to the specimen. The equipment under test is operated in its different modes of operations and its performance is measured while being subjected to (various) micro-vibration environments with the aim to verify related performance requirements. This type of test requires specific testing capabilities since the micro-vibration environment needs to be representative of the one the equipment will experience during its in orbit life.
Test preparation
It is very important to measure the background noise before and after the measurement. An identification of the sources of background noise will help defining mitigation actions to reduce the noise level, e.g. test by night, stop activities in the surrounding, switch off air-conditioning, improve the electrical grounding. See A.13.6 about background noise.
EGSE and FGSE need to be adequately isolated in order to minimize the transmission of structural and acoustical disturbances to the item under test.
It is also important to consider the effect of harness to the unit under test, which might also transfer micro-vibration from the EGSE. A solution can be to suspend the harness and introduce flexibility through strain relieve loops. 
Note that the effect of FGSE (e.g. pump for a cryocooler, or for vacuum) can be difficult to mitigate. 
Instrumentation: high sensitivity accelerometers are used to measure the background noise. The measurement noise (e.g. due to imperfect grounding) is to be reduced. High sensitivity force sensors (dynamometers) can be used to measure the interfaces forces.
Test Execution
It is very important to record time histories in each operating conditions, of both the excitation and the equipment performance.
Different levels of excitation are applied to characterise the susceptibility of the equipment in each of its different operating modes. Also different types of excitation can be applied (different frequencies, forcing function types, for different durations – to evaluate the effect of integration time).
Test evaluation
Measurements are processed to calculate Power Spectral Densities (PSD). It is checked that the measurement can be distinguished from the background noise by comparing the PSD of the measured signal with the noise.
[bookmark: _Ref44616624]Characterisation at element level of a transfer function between a source of disturbance and an equipment/instrument
Purpose
The purpose of the test is to characterise how the excitation introduced at the location of a disturbance source is transmitted by the structure to the interface of the susceptible equipment, or is affecting the performance (e.g. line of sight).
General
The principle of the test is to introduce a calibrated excitation at one location of the spacecraft element, corresponding to a disturbance source, and to measure the response at the location of interest, corresponding to a sensitive equipment.
Test configuration and test aspects
The mechanical configuration is meant to reproduce a free-free condition. The element is usually suspended to mechanically isolate it from the ground. Another possibility is to place the element on air bellows or dedicated isolation systems providing low interface stiffness (e.g. the ESTEC VVIS) to simulate free-free conditions.
Note that the large appendages are usually not included in the test configuration, e.g. large deployable solar arrays, deployable booms, large antennas. Those large appendages usually have very low eigenfrequencies (typically below 1 Hz). Their influence on the dynamic behaviour need to be considered if there are sources of excitation at such low frequency.
This test does not require the availability of the equipment generating the micro-vibrations, nor the equipment that are susceptible to microvibrations. This allows the test to be performed early in the development, with a structural model. What is important is that the structural path between the source and the susceptible equipment is representative from a dynamic point of view (mass, stiffness and damping).
The load is usually introduced by a portable shaker that is suspended without other contact with the test item than a stinger to introduce the load at the interface point. This means that the load introduced by the shaker does not produce a reaction force on the test specimen. It is an external force on the test item.
The principle is similar to the modal survey test (see ECSS-E-ST-32-11). The idea is to introduce a well defined and well controlled excitation and to measure the response at points of interest on the structure.
Another solution to introduce a load is the use of inertial shaker directly mounted on the interface of the element. This is for example a rotating mass. In this case, there is no external force applied to the item under test. This method leads to a limitation on the frequency range towards the low frequencies.
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[bookmark: _Toc50129762][bookmark: _Toc50129763][bookmark: _Toc50129764][bookmark: _Toc104890032]: Example of configuration used for the microvibration test on MTG, by using small shakers (grey) to introduce well defined excitations on a mass dummy of a reaction wheel
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[bookmark: _Toc104890033]: Example of configurations used for the microvibration test on MTG, by using small shakers (grey) to introduce well defined excitations on a mass dummy of a reaction wheel. Force (left), and moments (centre and right)
Impact hammer can also be used. However, the type of excitation provided by a hammer is limited compared to the forcing functions that can be introduced by a shaker.
For each excitation point, different type of excitation (sine sweep or random) and different excitation levels can be applied. This allows a complete characterisation also as a function of the amplitude of the excitation. 
Two basic excitation types could be used for generating the input forces: 
Sinusoidal excitation:
Sine excitation is useful for examining local details around specific modes of vibrations.
Random noise excitation:
Random vibration input can be used if a wide frequency band needs to be excited simultaneously.

Compared to the end to end test, this type of test allows to acquire an increased amount of information, because tests can be performed as follows:
change of the excitation direction (i.e. along the three orthogonal directions),
variation of excitation levels to study the linearity of the dynamic response behaviour, 
change of excitation type, delivering forcing functions for e.g. steady state or transient test cases.
The installation of the excitation device and related cabling needs to be done such that the dynamic response behaviour is not influenced by the test equipment.
Test preparation
It is very important to measure the background noise before and after the measurement. An identification of the sources of background noise will help defining mitigation actions to reduce the noise level, e.g. test by night, stop activities in the surrounding, switch off air-conditioning, improve the electrical grounding. See A.13.6 about background noise.
EGSE and FGSE need to be adequately isolated in order to minimize the transmission of structural and acoustical disturbances to the item under test.
It is also important to consider the effect of harness to the unit under test, which might also transfer micro-vibration from the EGSE. A solution can be to suspend the harness and introduce flexibility through strain relieve loops. 
Note that the effect of FGSE (e.g. pump for a cryocooler, or for vacuum) can be difficult to mitigate.
Instrumentation: high sensitivity accelerometers are used to measure the background noise and control the acceleration excitation. High accuracy force sensors are used to measure the excitation force.
[bookmark: _Ref44605854]Micro-vibration susceptibility test at element level (End to End test)
Purpose
The purpose of the test is to measure, at element level, the effect of a micro-vibration disturbance on an equipment susceptible to micro-vibrations, or on the performance (e.g. line of sight).
General
The principle of the test is to operate the sources of micro-vibrations and to measure the response on the performance.
Test configuration and test aspects
The mechanical configuration is meant to reproduce a free-free condition. The element is usually suspended to mechanically isolate it from the ground. Another possibility is to place the element on air bellows or dedicated isolation systems providing low interface stiffness (e.g. the ESTEC VVIS) to simulate free-free conditions.
Note that the large appendages are usually not included in the test configuration, e.g. large deployable solar arrays, deployable booms, large antennas. Those large appendages usually have very low eigenfrequencies (typically below 1Hz). Their influence on the dynamic behaviour need to be considered if there are sources of excitation at such low frequency. 
As a general rule, the satellite is to be supported in such a way that the highest natural frequency of the suspension is lower than 25% of the frequency of the first elastic mode in free condition.
This test requires the availability of the equipment generating the micro-vibrations, and the equipment that are susceptible to microvibrations. It also requires the capability to control the equipment generating the microvibrations, i.e. either a functional element (i.e. able to control the equipment) or the use of EGSE. Use of EGSE introduce the difficulty of an additional interface with the test article (harness).
Note that any hybrid solution between the test described in A.13.3and A.13.4is possible, e.g. use of real equipment generating micro-vibrations and measure of the response accelerations, or use of calibrated excitation source while measuring the element performance (e.g. pointing).
Test preparation
It is very important to measure the background noise before and after the measurement. An identification of the sources of background noise will help defining mitigation actions to reduce the noise level, e.g. test by night, stop activities in the surrounding, switch off air-conditioning, improve the electrical grounding. See A.13.6 about background noise.
EGSE and FGSE need to be adequately isolated in order to minimize the transmission of structural and acoustical disturbances to the item under test.
It is also important to consider the effect of harness to the unit under test, which might also transfer micro-vibration from the EGSE. A solution can be to suspend the harness and introduce flexibility through strain relieve loops.
Instrumentation: high sensitivity accelerometers are used to measure the background noise and control the acceleration excitation. Any instrumentation necessary for the measurement of the performance, e.g. line of sight through laser tracker.
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[bookmark: _Toc104890034]: SPOT4 satellite micro-vibration test
Test execution
The different operating modes of the equipment generating micro-vibrations are activated, e.g. the different wheel speeds of a reaction wheel. Each equipment generating micro-vibrations is tested one after the other to discriminate the effect of each equipment and each operating mode. Effect of the combination of different excitation sources can also be tested.
Test exploitation
The results are processed to ensure that the background noise is sufficiently low.
[bookmark: _Ref44616129][bookmark: _Ref44616384][bookmark: _Ref44616441][bookmark: _Ref44616572][bookmark: _Ref44616643]Background noise characterisation and reduction
The amplitude levels of acceleration, force or displacement that are to be measured during micro-vibration tests as well as other tests (e.g. thermo-elastic distortion) are usually very low.
There is a risk that background noise covers the levels to be measured.
Background noise is caused by external disturbing sources, e.g. road traffic, air-conditioning noise, people walking by or talking, equipment working etc. A classification of possible noise sources together with the affected frequency range and potential countermeasures is provided in Table A-245.
Note that there is also a noise in the measurement chain.
We can therefore distinguish between the real microvibration levels, and what can be measured with the acquisition chain and its imperfections, in particular the effect of electromagnetic disturbances.

Prior to starting the test activities, the background noise level is to be characterised by measuring – with the test item being inactive – the parasitic acceleration levels on the test support structures and the test article itself. An example for the quantification of background noise as acceleration PSD is shown in Figure A-48 where the magenta spectrum indicates the response of the supporting structure whereas the other (lower) spectra are for the accelerometers attached to the test article. The efficiency of the test article suspension system is clearly demonstrated. However, the graph also clearly shows the presence of electrical noise and other high frequency disturbances.
The measured background noise is to be compared with the expected level to be measured in order to assess whether the test setup has the capability to provide the expected information regarding the micro-vibration environment.
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[bookmark: _Ref44616723][bookmark: _Toc104890035]: Typical background noise acceleration PSD 
Note that the background noise varies over time, depending on the level of activities around the test article, wind, rain, possible traffic, train, waves from the sea (tide), MGSE, EGSE, FGSE, air conditioning. It is important to characterise the background noise during a sufficiently long period of time to ensure it covers the situation to be expected during the test itself.
[bookmark: _Ref44616697][bookmark: _Toc104890082]: Classification of noise sources affecting micro-vibration tests 
	Noise source
	Frequency band
	Countermeasures

	Electromagnetic noise: 
	 
	

	electrical noise from main supply (50 Hz and harmonics)
	narrow band noise appearing as spectral lines
	- proper grounding of equipment
-use of power filters or run on batteries if possible

	tonal noise induced by rotating machinery and illumination systems
	
	- remove light sources
- appropriate shielding

	internal amplifiers and acquisition system noise
	in general 1/f broadband noise, characteristic of equipment
	selection of high quality, low noise electronics

	instrumentation noise (piezo-electric accelerometers, force cells)
	
	use of high sensitivity sensors, with reduced amplifier volt level 

	signal conditioning, amplification and acquisition
	
	use of very low noise electronics

	Acoustic noise:
	
	

	coupling of test article with surrounding air



	broadband noise with relevant frequency components in the band of interest for the test
discrete frequencies of HVAC systems <30Hz
	- test at night without air-conditioning, laminar flux off and reduced human activity close to the test room, 
-Test under vacuum condition 
- potential encapsulation of complete test set-up in at for better isolation (while maintaining clean air conditions),
- potential use of acoustic enclosure; 

	acoustic perturbations reaching the satellite structure
	
	

	Ground-borne noise (ground vibration input):
	low to mid-frequency 
(250 Hz – 300 Hz) range for transportation noise 
(e.g. truck or train) 
low frequency: sea tide
	- special seismic isolation devices for noise filtering, use of proper suspension devices for test article
- restricted access to test area
- test execution during night



Mitigation to reduce background noise
For the mechanical part, the mitigation is by isolating the test setup from the surrounding disturbances.
For the isolation from the ground, this can be done by air bellows, or by hanging the test article.
All sources of disturbances are identified and isolated as far as possible, e.g. by suspending the harness.
Prior to starting the test activities, the background noise level is to be identified by measuring – with the test unit being inactive – the parasitic acceleration levels on the test support structures and the test article itself. 
The mass of instrumentation can influence the dynamic behaviour and unbalance the test setup which can lead to distorted measurements.

At ESTEC a specific, vacuum compatible isolation system exits allow to place the satellite on top and simulating low frequency suspended free-free condition in a clean room, or under thermal vacuum environment. 
[image: ][image: ]
[bookmark: _Toc463356961][bookmark: _Toc104890036]: VVIS acceptance test time history red top surface blue – bottom input 
For the electrical part, it is important to use high sensitivity instrumentation, ensure the electrical grounding, and reduce the EMC perturbations. The measurement chain requires particular attention as the measured levels are usually at the limit of the electrical noise.
Examples of existing micro-vibration test facilities are shown in Figure A-50 and Figure A-51:
[image: ] [image: ]
[bookmark: _Toc463356966][bookmark: _Ref51689070][bookmark: _Toc104890037]: ESA micro-vibration universal reference excitation unit (0,05 Hz to 10Hz, 10 μN to 5 N, 10 µNm to 1,5 Nm)
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[bookmark: _Toc463356967][bookmark: _Ref51689075][bookmark: _Toc104890038]: Typical table for microvibration emission measurement (mN range limited frequency bandwidth)
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Structural integrity under pressure tests
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Most of these structural integrity tests are related to pressure and the Maximum Design Pressure (MDP) is to be defined. MDP depends on the system design and the way the system is operated, and can evolve during the design process.
For some equipment, as a tank for example, the MDP is clearly defined. It is more complicated for a valve, for which, in closed condition, there can be a difference between the inlet and outlet pressure. Hence there is, for the closed condition, a maximum pressure at inlet, a maximum pressure at the outlet, possibly a maximum delta pressure between inlet and outlet, and a maximum pressure in open condition.
This pressure includes the transient effects on the equipment and is therefore the maximum pressure the unit could see.
One example is the flow control valve attached to a thruster. The MDP in this case covers the transient effects, i.e. the pressure peak at the inlet of the valve due to the priming of the propulsion system. 
Note that the testing standard does not specifically require testing to verify the transient effects. However, for items subjected to such transients, specific testing is recommended as per ECSS-E-ST-35-01, clause 4.6.3.7.
It is recommended that the testing approach for the transient effects reproduces the physical phenomena. To keep the example of the flow control valve, a test for the transient pressure peak could be performed with a small tube upstream the valve. This tube is under vacuum conditions and is then primed during test in a similar manner as the tubes during flight. 

Also, when several equipment, which can have different MDP, are assembled together (e.g. tank, pipes, valves, regulator), the maximum pressure that can be applied to the assembly is limited by the weakest equipment. This typically limits the ability to apply pressure in an assembly. It is therefore one of the major tasks for a supplier to define the sequence in which the assembly can be tested.
As an example, a pipe going into a propellant tank is, due to the different factors of safety to be applied (ref to ECSS-E-ST-32-02), rated to a higher pressure than the tank. In case of welding of this connection the problem of not being able to test the weld to the maximum pressure of the pipe has to be assessed. One possible solution could be to test before the last weld of the subassembly to the higher pressure without the propellant tank and then testing the last weld up to the maximum allowed pressure of the tank. 
The applied pressure level also considers impacts of the specified temperature during nominal conditions of the equipment. For example, a tank containing liquid hydrogen used in cryogenic temperature range is submitted to different stresses and exhibits different strength MOSs when loaded at MDP at the nominal temperature than it would see when loaded at MDP at room temperature. This impact is assessed with supportive data from analysis for the equipment and the consequence could be the need to apply a correction factor to the test pressure (see ECSS-E-ST-32-02, requirements 5.4.1c. and 5.5.1b.). In any case, an overstressing of the equipment during acceptance testing has to be prevented for the flight hardware.
A special case for temperature effects is the one of equipment with high temperature differences like thrusters. In this special case, no equivalent pressure can be derived since it is entirely different for each location due to the thermal environment. For this case, the proof pressure test is performed by testing the subassemblies before final assembly. The interfaces load and temperature will then be used to derive the pressure load for testing at assembly level.
Additionally, temperature variations (see ECSS-E-ST-31 for definition) have to be considered as well. This means that either the impact of the temperature has to be considered to calculate the representative worst-case condition for the proof pressure test or that the temperature variation is implemented by additional means under representative conditions. This implies that for some equipment the heating time has to be considered in a similar way than it is going to happen in flight configuration. If this is not possible, a load assessment of the transient effects has to be done and could potentially lead to an increase of the proof pressure level. 
Major aspect is the approach of leak before burst, for which a corresponding leak rate must be established prior to testing to distinguish between pure leakage and pressure loss due to other causes. The measurement system has to be designed in such a way to make sure that leak before burst can be evaluated. For example, using helium as pressurizing gas will allow to use a helium spectrometer to measure the leakage of the unit. Note the use of this measurement set up would then imply a safety concern since the released energy content could potentially be higher if the leak before burst fails. This means that the measurement system, the acceptance criteria and the media belong to each other and are to be chosen in an appropriate way.

SAFETY ASPECTS:
High pressure can represent a serious hazard in case of failure. Especially for pressure related tests, safety aspects need to be carefully considered. Risks to the personnel / facility and test equipment need to be identified and mitigation actions taken.
For example, a pressure cycle test of a high pressure vessel is performed in a bunker. This safety assessment also considers the media used for the test. Non-toxic and non-explosive Media are always favoured for the test. The critical aspect for the safety is the assessment of the stored energy inside the equipment. The amount of energy can be calculated with a dedicated formula, mentioned in the definition of “pressure vessel” ECSS-E-ST-32-02C Rev. 1, Definition 3.2.36. Depending on this stored energy, a safe perimeter is defined around the test article and the need for a specific bunker is identified. Those considerations are key for the selection of the facility.
The performance of such high potential energy testing at Test Facilities is to be discussed with the facility safety officer well in advance
The risk of projections, of a cap for example, is also identified.
Where possible, pressure tests are performed with liquid rather than gas to limit the stored energy due to the compressibility of the gas.
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Purpose
The purpose of leak test is to demonstrate the ability of pressurized test article to meet the design leakage rate requirement. This test also allows to check the workmanship of the test article.
General
The principle of the test is to fill the test article with a test medium, apply the Maximum Design Pressure (MDP) and measure the quantity of test medium that leaks. In the case of sealed containers, if the seals are dependent upon pressure for proper sealing, then the Minimum Design Pressure is applied. 
The leak test is one of the most important tests to be performed for pressurized equipment/element since a significant leakage of the system can lead to loss of the mission. Because of this, the leak test is performed several times across the test programme of the equipment / element, e.g. before and after the proof pressure test. 
As specified in the test standard (requirements 5.5.3.1c. and d. of ECSS-E-ST-10-03), the leak measurement test method used has sensitivity and accuracy consistent with the specified maximum allowable leakage rate. Specifically, the method is checked to have the sensitivity to detect leakage rate of at least half of the specified maximum allowable leakage rate. This sensitivity check is performed before every leak test.
Before defining a leak test, it is advised to review the open literature to check for the state-of-the-art of leak rate measurement. 
Best practices for performing leak tests can be found in 
ECSS-Q-ST-70-15 “Non-destructive testing”
ECSS-E-ST-33-11 “Explosive systems and devices” (clause 4.14.4.2)
NASA-STD-7012 “Leak test requirements”
[bookmark: _Ref44600090][bookmark: _Ref44600109][bookmark: _Ref44606067]Test Configuration and Test Aspects
Overview
The leak test can be done in several ways with different measurement and calibration methods.
In all cases, the calibration procedure of the setup is part of the test and is formally agreed during the test readiness review. 
The NASA-STD-7012 provides an overview of different methods for leak test and useful references. Parts of this standard are used to describe the most common methods hereunder. Note that the lowest leak rates can only be measured by using vacuum methods.
Vacuum Chamber method
A first method is called the “Vacuum Chamber Method” and is used to measure the total internal-to-external leak rate of the pressurized article
One example of this test method is the measure of the leakage rate of a propellant tank. The tank under test is placed in a vacuum chamber, is loaded with a tracer gas (i.e. a gas that can easily be detected) and is pressurized up to MDP for measuring purpose. 
Additionally, implement a calibration method, mostly a calibrated orifice with a known leak rate, which is introduced in the setup. 
The procedure of measurement therefore includes first the measurement of the calibration orifice to confirm that the setup allows to measure the leakage rate as required (quantitatively less than the minimum leakage rate to be detected in the tank by a factor of at least two to ensure reliability of measurements).. The calibration allows the leak test set up relative sensitivity to be characterised and used to calculate the tank leak rate. This means that there is a validation of the measurement capability built in in the test setup. 
The MDP is maintained until the readings of the leak detector stabilise The testing time is adjusted to the needed time to detect the leak. The following schematic shows the principle setup:


[bookmark: _Toc104890039]: Sketch of the Vacuum chamber method
Accumulation method
A second method is called “Accumulation”, and is also used for the measurement of total internal-to-external leak testing of pressurized equipment or elements. The method utilises a helium mass spectrometer connected to a detector probe. It measures local leak rates by concentrating leakage in a containment hood and comparing peak detector probe responses with those of a known leak in the same hood enclosure. This method is used in place of the more expensive vacuum chamber testing which requires removing the test component from the system. The development test set up is shown in Figure B-2 for the leakage rate measurement of a Quick Disconnect mounted in an assembly. A containment enclosure made of plastic and tape is installed over the Quick Disconnect. The helium mass spectrometer is configured for the detector probe operation and the probe is inserted into the bag for initial background measurement. Calibrated sources of various leak rates are inserted into the bag for a pre-determined time period as shown in Figure B-3. At the end of the time period the detector probe is inserted into the bag and the maximum mass spectrometer response is recorded. The sensitivity of the setup is determined from this data.
[image: ]
[bookmark: _Ref44616875][bookmark: _Toc104890040]: Accumulation Leak Test set up
[image: ]
[bookmark: _Ref44616884][bookmark: _Toc104890041]: Enclosure Calibration
The Accumulation method allows the accurate measurement of the leak rate of pressurized articles at room test conditions using a helium mass spectrometer configured in the detector probe mode. It has been used to measure leak rates of welds, heat exchangers, hoses, etc. and has substituted other methods in many applications, mainly for large pressurized volumes for which the vacuum chamber and pressure decay methods are impractical (see Figure B-4, Figure B-5 and Figure B-6).
[image: C:\Users\Rafael Bureo Dacal\Documents\Testing Handbook, September 2019, latest files\Cupola Accumulation Leak test overview.png]
[bookmark: _Ref44617023][bookmark: _Toc104890042]: Cupola Accumulation leak test overview
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[bookmark: _Ref44617033][bookmark: _Toc104890043]: Cupola Accumulation Leak Test He capillary leak source
[image: C:\Users\Rafael Bureo Dacal\Documents\Testing Handbook, September 2019, latest files\Node 2 accumulation leak test ona joint _typical set-up.png]
[bookmark: _Ref44617042][bookmark: _Toc104890044]: Node 2 accumulation leak test on a joint _typical set-up
Pressure Change method
A third method is the so called “Pressure Change”. It is implemented either as a pressure decay or a pressure raise depending on the application. The pressure decay technique can be used for total internal-to-external leak testing of pressurized elements. To improve the accuracy of this technique, a reference vessel connected to the pressurized payload can be used. In order to truly account for temperature effects, it is important to identify the location for the optimum representative temperature of the part of the system being tested and to monitor this for stability. Transients can be due to clean room temperature cycles (e g daily) and also any internal transients due to compression/ expansion (adiabatic effects) of the gas or gas flow effects (Joule Thomson) during the set up. Any electrical power operations on the s/c is to be avoided or compensated for.. The pressure rise technique can be used for total external-to-internal leak testing of sealed elements. The payload internal pressure, barometric pressure, and room temperature are monitored for the required time to determine the actual pressure drop or rise and the corresponding leakage rate. The pressure gauge/transducer is selected to have an accuracy adequate to measure the minimum required pressure change. The tolerance/error associated with the total internal volume of the element and the test fixture under pressure used for the leakage rate calculation is taken into account as a maximum positive value. The inconvenient of this method is related to the time needed to have a stabilised pressure change. Besides, leak test measurements for large volumes using the pressure decay method in clean room conditions are not recommended due to the significant variations in pressure due to temperature variations, resulting in long duration tests. 
Other leak tests methods can be applied to dedicated configurations, e.g.,
Mass loss after vacuum exposure method to fluid filled equipment like batteries
Hood method for total external-to-internal leak testing of sealed equipment
Volumetric Displacement method for valves, pressure regulators or heat exchangers
Leak Detector Direct Connection method for valves, pressure regulators or heat exchangers
The test setup for measuring the leak rate has to ensure that the leak rate as specified can be measured in the defined time frame. For example, the volume of the test setup for a valve is chosen in such a way to be able to measure any leakage in the equipment in a short time frame. 
The condition to be tested is the one under which the equipment is most probably leaking. In some circumstances and for more complex equipment like valves, this could imply that the leak test has also to be performed at different pressures and at different temperatures, and this applies both to the qualification and acceptance of the equipment.
As the leak rate is mostly dependent on differential pressure, the vacuum condition is not strictly necessary and can be replaced by testing under room conditions, compensating the pressure to achieve the required differential pressure for the equipment, as long as the measurement can still verify the leak rate.
The leak test medium is defined according to the specific project objectives and constraints. Two options are possible: test with actual fluid or test with an alternative fluid. In principle, the best approach is to measure the leak rate of the equipment/element loaded with the actual fluid. However, testing with actual fluid might be impractical because of ground safety reasons – e.g. when actual fluid is toxic/explosive – or for accuracy related to the fluid detectability and testing duration. 
In fact, in most applications, Helium is used. Helium is easily detectable, and the small size of the molecule means that leak rate is higher and hence test time can be reduced. Leak rate is different when using Helium or the actual fluid – Helium leading to a higher leak rate in most cases. The conversion of the leak rate requirement for the real fluid to Helium one has to be discussed and agreed before testing and is included in the specification. This applies to any other gas (e.g. Hydrogen) in case Helium is not used. In case liquids are used to perform the leak test, special attention is needed concerning the possibility of masking the leak rate due to the molecular size of the medium and the interaction with the material of the unit. For these cases, the preferred solution is to perform the leak test with Helium.
The use of pressure relief valves is recommended to avoid to overstress the hardware under test.
[bookmark: _Ref44617102]Test Instrumentation
The means used to measure the leakage rate are mainly manometers and Helium leak detector. They are chosen and are located to allow the measurement of the required leak rates. This does not only impact the sensors to be used and their accuracy (ref. to ECSS-E-ST-10-03 clause 4.3), it also affects the set-up of the test to be able to measure the leak rate. 
The calibration of the measurement test set up is not limited to the used measurement instrumentation. The entire test set up has to be demonstrated as adequate for the purpose of the test. 
Test control Parameters
The test control parameters for the leak test is the differential pressure. This pressure is then controlled throughout the test to maintain the required pressure. 
Another control parameter of the test is the time of testing. This time is fixed before testing and the counting of the time will only start when the pressure inside the equipment has reached the stable specified pressure conditions. In case the environmental temperature is also to be considered as influencing factor on the equipment, the test has to start when pressure and temperature are stable. 
Test Preparation
An important part of the test preparation is the calibration of the test setup as described in B.2.4.
The unit under test is cleaned as required and inspected. Cleanliness is important as contamination can deteriorate a seal performance, or mask a leak in case the leak path is obstructed by the contaminant.
Safety aspects of the test as per B.1 are checked.
Test Execution
The pressure level to be applied for leak test of the test article is MDP. 
In case the test cannot be done at the Maximum Design Pressure due to other limitations, the leak rate measured at a different pressure is converted to the MDP. However, this approach can only be accepted during acceptance testing and the conversion used need to be validated by the measurements performed during qualification of the equipment. The minimum measurement time is defined in ECSS-E-ST-10-03. The duration of the test is defined in such a way to make sure that the equipment leak rate is measured. For example, using a soft seal within an equipment, the initial leakage of the equipment could be compensated by the seal due to their natural ability to compensate a certain amount of gas. This implies a transient increase of the leakage rate due to the compensation of the gas inside the seal. Only after the saturation of the seal, the leak rate going through the seal is stable and corresponds to the leak rate of the equipment. The duration of the test is therefore defined in such a way to ensure that these masking effects are covered during the testing period. 
Test Evaluation
The measured leak rate is compared to the calibration of the test setup to verify that the calibration is adequate, i.e. that requirement 5.5.3.1d of ECSS-E-ST-10-03 is satisfied.
If needed, correction to account for test fluid vs actual fluid is applied. 
For information, typical requirements for leak rate applied to manned missions (in case of release of toxic, biohazardous or flammable material) are:
Critical hazard: 10-3 Helium scc per second 
Catastrophic hazard: 10-6 Helium scc per second 
[bookmark: _Toc41323397]The NASA-STD-7012 provides the minimum leakage rate expected to be verifiable w.r.t the leak test method used and a table with the conversion rates from Helium to other fluids.
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Purpose
The purpose of the proof pressure test is to demonstrate that the pressurized equipment or element is free from workmanship defects. Its main purpose is to verify the structural integrity of the test article under pressure loads.
General
The principle of the test is to apply a pressure, MDP multiplied by a proof factor as defined in ECSS-E-ST-32-02.
Note that the MDP is a differential pressure. Hence, if testing is performed at room pressure, the applied pressure has to be increased by 1 bar.
Information about special issues and other important information can be found in ECSS-E-ST-35-02C (see Table 4-4 and Table 4-5). For the case of 2-phase equipment, please refer to ECSS-E-ST-31-02C section 5.6.5 for the approach of testing (proof pressure test and factors). 
Additionally, checking the pressure stability over time during the performance of the proof pressure test and comparing it to the specified value is also used as pass/fail criteria.
Test configuration and Test Aspects
Different test configurations might be considered to ensure that proof pressure test stresses are applied at all locations which are critical w.r.t. workmanship defects. For example, the proof pressure test of a valve is done in open condition, otherwise the downstream part of the valve is not going to see any pressure. If this cannot be demonstrated, alternative methods to stress these areas are to be used. For a complex assembly, different configurations w.r.t. valve conditions and different MDPs in different sections of the assembly, might have to be considered. It can also be important to consider additional structural loads (see ECSS-E-ST-32-02 clauses 5.4.2 and 5.5.2) where needed.
It can be practical to use the same media as for the leak test, as it simplifies the test sequence. However, the applied pressure being higher than for the leak test, safety aspects might be limiting, in particular related to the stored energy.
Note that use of liquids (even if compatible with the test article materials) will be avoided if the pressure system is such that it cannot be dried and traces of the test medium cannot be tolerated; the presence of even minute amounts of liquid in capillary volumes (cracks) can block the leak (measurement), the selection of a test fluid with a low vapour pressure will facilitate its post-test removal via purging with a hot gas (compatible with the item under test) and vacuum (according to the item under tests a post-test oven bake under vacuum - to remove liquid – might be done), obviously the selection of the test liquid will take into account all safety and compatibility aspects.
Use of pressure relief valves is recommended to avoid to overstress the hardware under test.
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Manometers are used to measure the applied proof pressure. Strain gauges are used if the measurement of stresses is required. 
Use of videogrammetry might be interesting to measure the overall deformation (reference to videogrammetry A.11.4.3).
Test Control Parameters 
The test control parameter is the applied pressure, which has to be maintained for the duration of the test. If for some reasons (e.g. seals), there is the need to re-pressurise during the test, it is recommended to evaluate the cause since it can indicate a failure of the equipment.
Test Preparation
Safety aspects of the test as per B.1 are checked.
It is verified that the test setup will not contaminate the hardware under test (pumps, tanks, feeding lines).
It is recommended to check that the pressurization system is able to provide and maintain the required pressure.
Test Execution
The unit under test is slowly pressurized up to the pressure level and then maintained for the test specified duration. The pressurisation process leads to temperature change, which itself influences the pressure. The applied pressure is constantly monitored.
If applicable, the strain gauges are monitored.
Test Evaluation
Proof pressure Test success is achieved when the required proof pressure load is applied and the equipment/element does not show rupture or permanent deformation. Note that final verification of the test item integrity can imply non-destructive inspection. 
Use of strain gages and videogrammetry system allow to compare the behaviour of the flight models to the qualification model. Discrepancy can indicate an issue. (see text of B.4.4).
Pressure cycling test
Purpose
The purpose of the Pressure cycling test is to demonstrate that the test article can withstand the specified pressure cycles, as part of the life cycle testing.
General
The principle of the test is to apply a varying differential pressure between 0, MDP and 0.
Since it is a demonstration of the life testing, it is only applied as part of the qualification on a qualification model, and not on the flight models. One exception is the pressurized space segment element that will experience several re‐entries.
Note that the MDP is a differential pressure. Hence, if testing is performed at room pressure, the applied pressure has to be increased by 103 hPa.
Test configuration and Test Aspects 
For the test media to be used for the pressure cycling test, the same considerations as for the proof pressure test apply. See B.3.4.
For propellant tanks for example, usage of water to minimise the risk of the proof pressure test (safety concern of potential burst) is to be considered. 
Another consideration about the test media to be used: pressure cycling of the hardware by using clean gas can be beneficial, as this can allow to more easily collect generated particles and identify degradation of the test article. An example is a valve, for which metal to metal contact can generate particles. These particles would then potentially show the degradation of the equipment under test.
One additional aspect for the pressure cycling test is the possibility to monitor functional aspects of the equipment under pressurized conditions. For example, a valve has to work under different pressure levels throughout its lifetime. In case the actuation of a valve is supported by the applied differential pressure, the pressure cycling can imply that functional parameters (e.g. opening and closing times, voltages and currents) are affected during the pressure cycling test. This could imply that monitoring of the functional parameters could be beneficial during the pressure cycling tests. 
Use of pressure relief valve is recommended to avoid to overstress the hardware under test.
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Manometers are used to measure the applied proof pressure. Strain gauges are used if the measurement of stresses is required.
Use of videogrammetry might be interesting to measure the overall deformation (reference to videogrammetry A.11.4.3).
Test Control Parameters 
The test control parameter is the pressure.
Note that non homogeneous tank pressure-shells (e.g., carbon fibre overwrapped/ metallic liner) have internal stresses that are governed by temperature as well as pressure. A representative set of worst-case pressure/ temperature points will be defined for the stress cycling tests.
Test Preparation
Safety aspects of the test as per B.1 are checked.
It is verified that the test setup will not contaminate the hardware under test (pumps, tanks, feeding lines).
It is recommended to check that the pressurization system is able to provide and maintain the required pressure.
Test Execution
The unit under test is mounted in a facility to enable the pressurisation of the unit up to MDP. This pressurisation of the unit will then be done with a defined pressurisation rate and to the number of cycles specified.
Test Evaluation
Behaviour of the test article along the cycles can be monitored using instrumentation (strain gages and video means).
Design burst pressure test
Purpose
The purpose of the design burst pressure test is to demonstrate that the test article can withstand the design burst pressure without burst. It is a qualification test to demonstrate the margin of the hardware design with respect to MDP.
General
The principle of the test is to apply a differential pressure to the test article and verify that it does not burst. The design burst pressure test is performed prior to the burst test. 
Design burst test is mostly performed at equipment level and seldom at element level. This is the case for the current state of the art of materials and technologies (e.g. metallic modules). However, it is likely that this test is performed for elements built up with new materials and technologies (e.g. inflatable habitat modules). This will meet the safety requirements related to manned space flight.
More information about qualification of pressurized hardware can be found in ECSS-E-ST-32-02. 
Test configuration and Test Aspects
For the test media to be used, considering the level of the pressure, safety aspects become predominant.
Also, the next step of testing being the burst test, liquid (water) is most often used.
Test Instrumentation
See B.3.4.
Test Control Parameters 
Test control parameter is the applied pressure.
Test Preparation
[bookmark: _Hlk38389364]Safety aspects of the test as per B.1 are checked.
It is recommended to check that the pressurization system is able to provide and maintain the required pressure.
Test Execution
The unit under test is pressurized up to the specified pressure level and then maintained for the specified duration. A pressure decay during the test duration indicates a leak before burst design pressure. A re-pressurisation means can be used to maintain the pressure level.
Test Evaluation
Pressure has been applied without burst.
If deformations are measured (strain gages or optical means), the measured deformations can be compared to the expected ones (through analyses).
	Burst test 
Purpose
The purpose of the burst pressure test is to characterise the pressure at which burst occurs on the test article. 
General
The burst pressure test is a destructive test which is part of the qualification stage. It can be performed using the QM or using a dedicated model. 
Test Configuration and Test Aspects
The test configuration only requires a facility to pressurize the unit up to rupture. An important point is to ensure the capability to measure the maximum pressure before burst.
The test is performed in a bunker (see safety aspects in foreword).
Since the purpose of the test is to increase pressure until burst, the media used for the test is usually water to decrease the released energy content as much as possible. The critical aspect for the safety is the assessment of the stored energy inside the equipment. The amount of energy can be calculated with a dedicated formula, mentioned in the definition of “pressure vessel” in ECSS-E-ST-32-02C Rev. 1, Definition 3.2.36.
One difficulty is that the burst pressure is not exactly known in advance. As a result, the pressure that will be applied is not known in advance, and the adequacy of the facility (maximum allowed energy) has to take this into account (e.g. having margin on the maximum allowed stored energy).
Test Instrumentation
Test instrumentation is a pressure sensor.
The maximum value measured by the pressure sensor is then indicating the burst pressure value of the test article. 
Test Control Parameters
The test control parameter is the applied pressure.
Test Preparation
Safety aspects of the test as per B.1 are checked.
It is recommended to check that the pressurization system is able to achieve the required pressure. 
Test Execution
The test consists in slowly increasing the pressure inside the unit until burst occurs. The burst value is recorded.
Test Evaluation
Since the unit under test has to burst, the major aspect for the test evaluation is the maximum pressure at which the burst occurred. Another aspect which can be of interest is the location at which the burst occurred. This can be of interest for complex hardware like valves to indicate the weakest points of the unit and to verify the analysis performed for these units. These results can therefore support any detection of anomalies of future production of these units. 
See clause 5.3.4 of ECSS-E-ST-32-02.
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Audible noise test
[bookmark: _Toc104889944]Space segment equipment audible noise emission test 
Purpose
The purpose of this test is to verify that the audible noise generated by the equipment does not exceed the specified noise rating curve.
General
Audible noise test is performed at equipment level (ref 5.5.6.1) for Crewed Element only measuring the continuous and intermittent noise levels emission generated by items and payloads working in their operative conditions.
Generally, sound pressure levels are measured in several locations around the test article in a frequency range typically from 31,5 Hz to 1600 Hz in octave band center frequency. In some cases, the measurement is in the frequency range from 10 kHz to 40 kHz in third octave band center frequency.
At equipment level, audible noise test is recommended to be conducted in combination with the micro-vibration tests, where possible.
Test configuration and test aspects
In a typical audible noise test at equipment level, the test specimen is mounted onto its MGSE or on its dedicated Integration Stand and it is placed in the test facility as shown in Figure C-1.
The test is normally performed under 1g condition with the test article in on-orbit configuration.
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[bookmark: _Ref44874529][bookmark: _Toc104890045]: View of Water Pump Assembly (WPA) test article during audible noise test at equipment level
Test instrumentation
A set of microphones are placed in front of the test article surfaces to measure the sound noise responses as illustrated in Figure C-2and in Figure C-3.
Measurement microphones are usually positioned at 0,6 meter far from the test article.
The same microphones can also be used to control the external background noise levels.
Additional instrumentation is recommended to record the operational parameters of the flight hardware in their operative conditions.
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[bookmark: _Ref44874559][bookmark: _Ref44874619][bookmark: _Toc104890046]: Example of test instrumentation plan for audible noise test at equipment level
[image: D:\Users\pietro.giordano\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_20180626_143013.jpg]
[bookmark: _Ref44874573][bookmark: _Toc104890047]: View of test instrumentation during Water Pump Assembly (WPA) audible noise test at equipment level
Test preparation and test facility selection
A background noise measurement is recommended in order to characterize the behaviour of the test facility, and, in case of high background noise level, identify the disturbance noise source like, for example: EGSE, lights, air conditioning, external traffic that can affect the test results and implement all the possible mitigation actions to minimize the background noise. See A.13.6 about background noise.
The following aspects are considered for the selection of the facility:
The suitability of the test facility capabilities is carefully evaluated and if possible, checked by a pre-test.
Suitability of the location of the test setup is assessed (quiet environment).
Supporting instrumentation cabling and suspension devices can influence the dynamic behaviour of the test facilities and therefore distort the results.
Device to decouple the unit under test from the supporting structure/test facility (i.e. floor isolation) is considered.
Test execution
The test article can be isolated from the ground either suspending it, or resting on air cushion or using a foam layer on the floor, see Figure C-2.
The item under test, in on-orbit configuration is operated according to the mission sequence.
As a generic test sequence for the audible noise source characterization the following steps can be performed:
Facility characterization: through the reverberation time test with the presence of the test-up in on orbit configuration and in switched off condition.
Perform different background noise characterizations, by means of measurements of sound pressure levels considering:
all the disturbance noise source in the laboratory room switched off,
the equipment EGSE and FGSE, if present, switched on,
the equipment itself switched on but not operating.
Before each test case, execute a dry run to optimize the acquisition chain in terms of measurement duration, measurement range.
· Execute the audible noise source characterization tests. The item under test in on-orbit configuration is then operated according to the mission sequence in all possible modes of operation and transitions between these modes as well as, so far applicable, in different speeds/power levels in order to capture all possible noise disturbances.
· Before changing to the next following test run perform a quick look check on the acquired time history and frequency domain data to ensure that the data is suitable for exploitation and does not just show background noise.
To minimize the transmission of structural and acoustical disturbances to the test unit under test the EGSE and FGSE are adequately isolated. Any noise and vibration disturbances generated by items present in the facility room are eliminated or minimized to guarantee an acceptable background noise level.
Background noise level is to be, as good practice, at least one order of magnitude lower than the test measured disturbances.
A typical characterization test campaign on an equipment goes from few days to around 1 week pending on the complexity of the setup and the required test sequence.
Test data acquisition and evaluation
For all test cases, it is recommended to record the responses in terms of:
· time histories (Pa)
· and the following post processing data:
· auto-spectrum (Pa^2).
· power spectrum level (Pa^2)/Hz.
· sound pressure levels (dB) [dB ref. 20 μPa] in third octave bands.
· sound pressure levels (dB) [dB ref. 20 μPa] in octave bands.
[bookmark: _Toc104889945]Space segment element audible noise emission test
Purpose
The purpose of the audible noise test at element level is to demonstrate that the flight hardware does not produce audible noise levels that are detrimental to the crew health and safety.
General
Audible noise test is performed at Element level, see ECSS-E-ST-10-03 clause 6.5.7.4 for Crewed Element only measuring the continuous and intermittent noise levels emission generated by items and payloads working in their operative conditions.
In case of intermittent noise emission, the sound pressure levels are measured in term of A‐weighted decibel (dBA) and referred to a 24‐hour equivalent noise exposure.
After the execution of the audible noise test a reverberation time (T60) test is needed to measure the time required for the sound to decay in a closed space. Sound in a closed manned volume room or in the laboratory chamber will repeatedly bounce off surfaces such as the floor, walls, ceiling. When these reflections mix, a phenomenon known as reverberation is created. Reverberation reduces when the reflections hit surfaces that can absorb sound such as absorbing panels. The reverberation time of a room or space is defined as the time it takes for sound to decay by 60 dB.
Reverberation time is measured from 31,5 Hz to 1600 Hz in octave band centre frequency.
Test Configuration and test aspects
In a typical audible noise test at element level, the test specimen is mounted onto its MGSE or on its dedicated Integration Stand and it is placed in the test facility as shown in Figure C-4.
The test is normally performed under 1g condition with the test article in its on-orbit configuration.
[image: ]
[bookmark: _Toc536004047][bookmark: _Ref44874692][bookmark: _Toc104890048]: View of COLUMBUS test article (external view: seen from deck-aft perspective) during audible noise test at element level
Audible noise test at element level is recommended to be executed with the Hatch in closed configuration (using a dummy hatch) because the reverberation time test need to be done in a well-defined closed volume.
Test instrumentation
In case of element level test, as for example on manned module test, a set of microphones are installed inside the test article to measure the sound noise responses and outside the test article, in the test facility, to control the external background noise levels.
Normally internal measurement microphones are positioned along the module centerline, however it is also recommended to install microphones in other representative locations as illustrated in Figure C-5 and in Figure C-6 and at expected work and sleep station head locations.
External microphones are usually positioned one meter away from the test article.
Additional instrumentation is recommended to record the operational parameters of the flight hardware in their operative conditions.
[image: ]
[bookmark: _Toc536004049][bookmark: _Ref44874733][bookmark: _Toc104890049]: Illustration of different microphone position inside COLUMBUS during audible noise test at element level
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[bookmark: _Toc536004050][bookmark: _Ref44874748][bookmark: _Toc104890050]: Picture of COLUMBUS internal microphones during audible noise test at element level
[bookmark: _Ref44874815]Test preparation and facility selection
The following key aspects are considered for the facility selection:
· The suitability of the test facility capabilities are carefully evaluated and if possible checked by a pre-test.
· Suitability of the location of the test setup is assessed (quiet environment).
· Supporting instrumentation cabling and suspension devices can influence the dynamic behaviour of the test facilities and therefore distort the results.
· Decoupling of unit under test and supporting structure/test facility (i.e. floor isolation).
The background noise is measured. See A.13.6 about background noise.
Test execution
At element level, audible noise test is recommended to be conducted in combination with the micro-vibration tests, where possible.
As a generic test sequence for the audible noise source characterization the following steps can be performed:
· Facility characterization: through the reverberation time test with the presence of the test-up in on orbit configuration and in switched off condition.
· Perform different background noise characterizations, by means of measurements of sound pressure levels considering:
all the disturbance noise source in the laboratory room switched off,
the equipment EGSE and FGSE, if present, switched on,
the equipment itself switched on but not operating.
· Before each test case, execute a dry run to optimize the acquisition data chain in terms of measurement duration and measurement range.
· Execute the audible noise source characterization tests. The item under test in full on-orbit configuration, and under operational conditions, is then operated according to the mission sequence in all possible modes of operation and transitions between these modes as well as, so far applicable, in different speeds/power levels in order to capture all possible noise disturbances.
· Before changing to the next following test run perform a quick look check on the acquired time history and frequency domain data to ensure that the data is suitable for exploitation and does not just show random noise.
EGSE and FGSE are adequately isolated in order to minimize the transmission of structural and acoustical disturbances to the unit under test.
Any noise and vibration disturbances generated by items present in the facility room is eliminated or minimized to guarantee an acceptable background noise level.
Background noise level is to be, as good practice, at least one order of magnitude lower than the test measured disturbances.
A typical characterization test campaign on an equipment goes from few days to around 2 weeks pending on the complexity of the setup and the required test sequence.
Test data acquisition and evaluation
For all test cases, it is recommended to record the responses in terms of:
time histories (Pa).
and the following post processing data
· auto-spectrum (Pa^2).
· power spectrum level (Pa^2)/Hz.
· sound pressure levels (dB) [dB ref. 20 μPa] in third octave bands.
· sound pressure levels (dB) [dB ref. 20 μPa] in octave bands.
[bookmark: _Toc41323453][bookmark: _MON_1274536347][bookmark: _MON_1277733329][bookmark: _MON_1277733330][bookmark: _MON_1277880896][bookmark: _MON_1298896304][bookmark: _Ref44595661][bookmark: _Ref44606334][bookmark: _Ref44606341][bookmark: _Ref44606354][bookmark: _Toc104889946]
 PIM tests
[bookmark: _Toc104889947]PIM – guidelines for equipment testing
Introduction
PIM is a non-linear effect that tends to appear on RF devices operating simultaneously under transmission and reception environment. In these devices, the transmitted multi-carrier signal can generate spurious products which can fall inside the receiving band. As a consequence, the receiving signal can be masked, causing the partial or total jamming of the reception.
For spacecraft communications, PIM can be generated by:
Passive devices placed in the main RF transmission chain (couplers, waveguide harnesses, antennas).
Structure devices. These devices can suffer a radiation from the transmission carriers generating PIM (example: MLIs).
From the testing point of view, the test benches for detecting PIM can be split in two main categories, in concordance with the classification above-mentioned:
Conducted PIM test benches. These test beds are employed to detect the PIM signal generated on devices directly submitted to RF power in their main RF path (example: waveguide harnesses, couplers, antennas). The PIM generated from this class of devices is named “conducted”, as it is directly collected via conducted technologies (either coaxial or waveguide based-on).
Radiated PIM test benches. These test beds are employed to detect the PIM signal generated on equipment or parts which are not directly submitted to RF power in their main RF path but that can be radiated by RF power (example: MLIs). The PIM generated from this class of devices is named “radiated”, as it is directly collected via radiating elements (antennas).
This handbook includes four main sections:
Section 2: Possible test scenarios. In this section the structure of typical low PIM benches, both for conducted and radiated PIM, is treated.
Section 3: Test procedure for evaluating PIM on a generic DUT. In this section a typical test procedure to conduct low PIM measurements is explained.
Section 4: Power Profile and PIM level detected. In this section typical RF power profiles for transmission carriers to conduct low PIM tests are shown.
Section 5: Recommendations to tune properly a PIM test bench.
Possible PIM test scenarios
Even if PIM is a multi-carrier(1) effect, its study can be simplified to analyse a scenario composed by only two transmitted carriers. A two carriers scenario is the typical trade-off between test bench complexity and the effectiveness of the outcome of the test.
(1) Multi-carrier is defined as a RF environment in which two or more RF signals are travelling along the same transmission line.
Conducted PIM test scenarios
This test bench is typically based on a low-PIM multiplexer able to combine two different transmission carriers and collect the PIM signal generated by the DUT.
[image: Conducted-PIM_scenario.png]
[bookmark: _Toc254943764][bookmark: _Ref44875015][bookmark: _Toc104890051]: Sketch from a typical Conducted PIM test bed
Radiated PIM test scenarios
Two different carriers are generated and combined in order to radiate towards the DUT. The PIM signal generated is collected by means a dedicated channel.
0. Foresight (worst case). Transmissions and Reception have the same angle. The DUT can be inclined with respect to the transmission incident angle (normal incident angle). This scenario can be obtained via two different test benches, as depicted in Figure D-2 and Figure D-3.
[image: Radiated3_BIS_PIM_scenario.png]
[bookmark: _Ref44874900][bookmark: _Ref44874924][bookmark: _Ref44875025][bookmark: _Toc104890052]: Radiated PIM test bed: each carrier is transmitted via a dedicated antenna
[image: Radiated1-BIS-PIM_scenario.png]
[bookmark: _Ref44874908][bookmark: _Ref44875033][bookmark: _Toc104890053]: Radiated PIM test bed: both carriers are transmitted by the same antenna

Different angle between Txs and Rx. The reception is placed at a different angle with respect to the transmission carriers. The DUT can be inclined with respect to the transmission incident angle (normal incident angle). This bench can be implemented by either radiating the transmission signals towards two different antennas (see Figure D-2) or merging the transmission carriers in a same antenna via a Multiplexer (see Figure D-4).
[image: Radiated2-BIS-PIM_scenario.png]
[bookmark: _Ref44874937][bookmark: _Ref44875039][bookmark: _Toc104890054]: Radiated PIM test bed: both carriers are transmitted via the same antenna
[bookmark: _Ref44875305]Test procedure for evaluating PIM on a generic DUT
The following steps are run consecutively during a low PIM test campaign. This procedure is general and can be applied both for conducted and radiated PIM tests on a generic DUT. 
Before the start the tests, the requirements indicate the following parameters:
Transmission frequencies,
RF transmission power levels,
PIM order,
PIM frequency,
PIM-qualification level which is demonstrated by the DUT.
For radiated PIM scenario, the definition of the maximum amount of transmission RF power required as well as the maximum PIM level is determined considering the flux density calculations. This evaluation is carried out considering several factors, such as the distance between the test bench and the DUT (typically d>>λ(1)) and the antenna’s isotropic gain).
(1) d = distance between the horns and the DUT, λ = waveguide length.
Validation of the facility prior testing
The facility or test bed is validated as PIM-free prior testing. The DUT is replaced by a Through-DUT(1). This Through-DUT is tested under the same conditions as the DUT, in terms of frequencies and RF power levels. The residual PIM level of the facility, if present, is found at least 10 dB lower with respect to the maximum PIM accepted by the customer during the tests on the DUT (example: if the DUT’s qualification PIM level indicated by the customer is -115 dBm with 100 W /channel, the bench with the Through-DUT is found to have a residual PIM level below -125 dBm with 100 W/channel).
(1) Through-DUT = PIM-free transmission line (for conducted PIM tests) or blank scenario (for radiated PIM tests).
Verification of the facility prior testing
The facility is verified as PIM-sensitive prior testing. The DUT is replaced by a Sample-DUT(1), whose poor PIM performances are well-known by the test entity. This Sample-DUT is tested at the same frequencies as the DUT and at lower RF power levels. The test bench shows a residual PIM level higher with respect to the maximum PIM level accepted by the customer on the DUT. Example: if the qualification PIM level indicated by the customer on the DUT is -115 dBm with 100 W /channel, the bench with the Sample-DUT detects a PIM level higher than -115 dBm with 50 W/carrier.
(1) Sample-DUT = PIM generator transmission line (for conducted PIM tests) or object (for radiated PIM tests).
Execution of the low PIM tests on the DUT
The DUT is placed inside the bench and tested at the RF power levels and frequencies indicated by the customer. The residual PIM level from the DUT is detected. The time at maximum RF power is enough to guarantee the thermal stabilization of the DUT (typically 1 hour).
Post validation of the facility
Post validation after testing is required if during phase 3.3 the DUT has been found having a PIM level higher than the PIM-threshold indicated by the customer. This test, according to section 3.1, is conducted using a Through-DUT.
Post verification of the facility
Post verification after testing is required if during phase 3.3 the DUT has been found having a PIM level lower than the PIM-threshold indicated by the customer. This test, according to section 3.2, is conducted using a Sample-DUT.
Power profile and PIM level detected
Table D-1 and Figure D-5 detail a typical RF power profile applicable for PIM tests.
[bookmark: _Toc225592538][bookmark: _Ref44874989][bookmark: _Toc104890083]: Typical RF power profile for PIM tests.
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[image: Power_StepsCondPIM.png]
[bookmark: _Ref44874997][bookmark: _Toc104890055]: Typical RF power profile for PIM tests: transmission carriers.

Recommendations to tune properly a PIM test bench
In order to set adequately the PIM detection system (Spectrum Analyser), it is important to enumerate the PIM signal characteristics:
0. PIM is a permanent perturbation.
PIM signal is weak in amplitude, typically close to Spectrum Analyser sensitivity (or even lower).
PIM signal frequency is expected once the transmission carriers are defined.
PIM signal is generated from carriers’ amplitudes.
According to the PIM signal characteristics and the test bed configurations (see Figure D-1, Figure D-2, Figure D-3 and Figure D-4), several actions are taken in order to optimize the PIM readings.

POINT 1: PIM is a permanent perturbation.
An eventual PIM signal is permanent, hence the Spectrum Analyser speed reading (sweep time) can be increased in order to enhance the sensitivity.

POINT 2: PIM signal is weak in amplitude, typically close to Spectrum Analyser sensitivity (or even lower than it).
In order to detect an eventual PIM signal, we guarantee both:
In order to have at the Spectrum Analyser input port a signal greater than its noise floor, a LNA with a good trade-off between high gain and low noise figure is inserted in the receiver (PIM) path.
The Spectrum Analyser is set to maximize the sensitivity. In order to understand how to do it, the internal block diagram of a Spectrum Analyser is clear. Anyway, please consider the following hints:
The Resolution bandwidth is minimized;
The Sweep time is minimized;
The RF input attenuator is minimized, providing that the internal mixer overloading is avoided (a mixer overloaded can generate distortions);
The envelope detector typically is set in normal operation, which guarantees a compromise between the signal and the noise readings;
The video bandwidth does not affect the signal reading, but it can only smooth the signal displayed. Typically, it is set as automatic.
In the receiver path, the PIM filters and the LNA is placed as close as possible to the PIM detection reference plane, in order to strengthen the PIM signal and eliminate the carrier signals at the same time. The LNA is placed always after the PIM filters, to maximize the signal to noise ratio of the PIM.

POINT 3: PIM signal frequency is expected once the transmission carriers are defined.
Have an erratic external reference in the Spectrum Analyser can shift the PIM reading and give erratic PIM evaluations.
The spectrum Analyser has the same external reference as the carrier signal generators. In addition, it is recommendable to set one carrier signal generator as master and the Spectrum Analyser as slave.

POINT 4: PIM signal is generated from carriers’ amplitudes.
In a Spectrum Analyser, in order to detect a “true” PIM signal, i.e. generated by the Device Under Test, the following conditions are guaranteed:
The transmission channels minimize its phase noise at PIM frequency.
Avoid the AIM (Active Inter Modulation) of the LNA.
[bookmark: _Toc104889948]PIM – guidelines for payload testing
[bookmark: _Ref50122051]Introduction
Elements (payloads) are tested under nominal functioning before their launch, in order to avert the jamming of the communication during their in-orbit operational.
These tests are typically conducted in anechoic chambers whose RF power capabilities and PIM-free behaviour (1) is guaranteed by a test entity, see Figure D-6.
Task of this handbook is to provide guidelines to evaluate the residual PIM response of the test site (anechoic chamber).
(1) PIM is defined as a non-linear effect typical to appear on RF devices operating simultaneously under transmission and reception environment. In these devices, the transmitted multi-carrier signal can generate spurious products which can fall inside the receiving band. As a consequence, the receiving signal can be masked, causing the partial or total jamming of the reception.
[image: payloads.png]
[bookmark: _Ref21082616][bookmark: _Toc104890056]: Typical element (payload) inside an anechoic chamber for validation tests under nominal scenario.
This handbook includes four main sections:
Section 2: Test scenario for evaluating the residual PIM level of an anechoic chamber. In this section the structure of typical low PIM bench to carry out tests to evaluate the residual PIM level of an anechoic chamber is treated.
Section 3: Test procedure for evaluating the residual PIM level of an anechoic chamber. In this section a typical test procedure to conduct low PIM measurements in an anechoic chamber is explained.
Section 4: Power Profile and PIM level detected. In this section typical RF power profiles for transmission carriers to conduct low PIM tests on an anechoic chamber are shown.
Section 5: Recommendations to tune properly a PIM test bench.
Test scenario for evaluating the residual PIM level of an anechoic chamber
Even if the payload is tested under the full operative scenario (multi-carrier(1)), the residual PIM response of the facility (anechoic chamber) can be is typically evaluated considering a simplified scenario.
This reduction, composed by only two transmitted carriers, is the typical trade-off between test bench complexity and the effectiveness of the outcome of the test.
A typical test bench for anechoic chamber PIM evaluation purposes is depicted in Figure D-7. The test scenarios applicable are listed in D.2.3.
As it can be noticed, the test bench is placed in front of the anechoic chamber walls, at a proper distance to radiate the surface with the equivalent flux density as the payload.
It is worth mentioning that only a few surface of the whole anechoic chamber is evaluated, taking into account the payload disposition and the antennas’ patterns. 
(1) Multi-carrier is defined as a RF environment in which two or more RF signals are travelling along the same transmission line.
[image: payloadplustb1.png]
[bookmark: _Ref21082634][bookmark: _Toc104890057]: Test bed placed to radiate the anechoic chamber walls according to payload disposition.
[bookmark: _Ref50649029]Possible radiated PIM test scenarios
Depending on the frequencies and angle considered, several scenarios are applicable. In all of them, two different carriers are generated and combined in order to radiate towards the DUT. The PIM signal generated is collected by means a dedicated channel.

0. Foresight (worst case). Transmissions and Reception have the same angle. The DUT can be inclined with respect to the transmission incident angle (normal incident angle). This scenario can be obtained via two different test benches, as depicted in Figure D-8 and Figure D-9.
[image: Radiated3_BIS_PIM_scenario.png]
[bookmark: _Ref21082646][bookmark: _Toc104890058]: Radiated PIM test bed: each carrier is transmitted via a dedicated antenna
[image: Radiated1-BIS-PIM_scenario.png]
[bookmark: _Ref21082649][bookmark: _Toc104890059]: Radiated PIM test bed: both carriers are transmitted by the same antenna

Different angle between Txs and Rx. The reception is placed at a different angle with respect to the transmission carriers. The DUT can be inclined with respect to the transmission incident angle (normal incident angle). This bench can be implemented by either radiating the transmission signals towards two different antennas (see Figure D-8) or merging the transmission carriers in a same antenna via a Multiplexer (see Figure D-10).
[image: Radiated2-BIS-PIM_scenario.png]
[bookmark: _Ref44875132][bookmark: _Toc104890060]: Radiated PIM test bed: both carriers are transmitted via the same antenna
Test procedure for evaluating the residual PIM level of anechoic chamber
Sequence of steps
The following steps are run consecutively during PIM measurement of elements (payloads). 
[bookmark: _Ref50649447]Validation of the facility prior testing
The requirements indicate the following parameters:
Scenarios applicable,
Per each scenario, transmission and PIM frequencies,
Per each scenario, transmission and PIM power levels,
Per each scenario, the anechoic chamber area submitted to testing and its illumination angle with respect to the foresight.
It is worth mentioning that the definition of the maximum amount of transmission RF power required as well as the maximum PIM level is determined considering the flux density calculations. This evaluation is carried out considering several factors, such as the distance between the payload and the anechoic chamber wall, the distance between the test bench and the anechoic chamber wall (typically d>>λ(1)) and the antenna’s isotropic gain).
(1) d = distance between the horns and the DUT, λ = waveguide length.
[bookmark: _Ref50649490]Verification of the facility prior testing
The facility is verified as PIM-sensitive prior testing. The DUT (anechoic chamber wall) is replaced by a Sample-DUT(1), whose poor PIM performances are well-known by the test entity. This Sample-DUT is tested at the same frequencies as the DUT and at lower RF power levels. The test bench shows a residual PIM level higher with respect to the maximum PIM level accepted by the customer on the DUT. Example: if the qualification PIM level indicated by the customer on the DUT is -115 dBm with 100 W/channel, the bench with the Sample-DUT detects a PIM level higher than -115 dBm with 50 W/carrier.
(1) Sample-DUT = PIM generator transmission line (for conducted PIM tests) or object (for radiated PIM tests).
Execution of the low PIM tests on the DUT
The DUT is placed inside the bench and tested at the RF power levels and frequencies indicated by the customer. The residual PIM level from the DUT is detected. The time at maximum RF power is enough to guarantee the thermal stabilization of the DUT (typically 1 hour).
Post validation of the facility
Post validation after testing is required if during phase 3.3 the maximum PIM level from the DUT has been found higher than the PIM-threshold indicated by the customer. This test, according to D.2.4.2, is conducted using a Through-DUT.
Post verification of the facility
Post verification after testing is required if during phase 3.3 the maximum PIM level from the DUT has been found below than the PIM-threshold indicated by the customer. This test, according to section D.2.4.3 is conducted using a Sample-DUT.
Power profile and PIM level detected
Table D-2 and Figure D-11 detail a typical RF power profile applicable for PIM tests.
[bookmark: _Ref44875157][bookmark: _Toc104890084]: Typical RF power profile for PIM tests.
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[bookmark: _Ref44875166][bookmark: _Toc104890061]: Typical RF power profile for PIM tests: transmission carriers.
Recommendations to tune properly a PIM test bench
In order to set adequately the PIM detection system (Spectrum Analyser), it is important to enumerate the PIM signal characteristics:
PIM is a permanent perturbation.
PIM signal is weak in amplitude, typically close to Spectrum Analyser sensitivity (or even lower).
PIM signal frequency is expected once the transmission carriers are defined.
PIM signal is generated from carriers’ amplitudes.
According to the PIM signal characteristics and the test bed configurations (see Figure D-8 and Figure D-9), several actions are taken in order to optimize the PIM readings.

POINT 1: PIM is a permanent perturbation.
An eventual PIM signal is permanent, hence the Spectrum Analyser speed reading (sweep time) can be increased in order to enhance the sensitivity.

POINT 2: PIM signal is weak in amplitude, typically close to Spectrum Analyser sensitivity (or even lower than it).
In order to detect an eventual PIM signal, we guarantee both:
In order to have at the Spectrum Analyser input port a signal greater than its noise floor, a LNA with a good trade-off between high gain and low noise figure is inserted in the receiver (PIM) path.
The Spectrum Analyser is set to maximize the sensitivity. In order to understand how to do it, the internal block diagram of a Spectrum Analyser is clear. Anyway, please consider the following hints:
The Resolution bandwidth is minimized;
The Sweep time is minimized;
The RF input attenuator is minimized, providing that the internal mixer overloading is avoided (a mixer overloaded can generate distortions);
The envelope detector typically is set in normal operation, which guarantees a compromise between the signal and the noise readings;
The video bandwidth does not affect the signal reading, but it can only smooth the signal displayed. Typically, it is set as automatic.
In the receiver path, the PIM filters and the LNA are placed as close as possible to the PIM detection reference plane, in order to strengthen the PIM signal and eliminate the carrier signals at the same time. The LNA is placed always after the PIM filters, to maximize the signal to noise ratio of the PIM.

POINT 3: PIM signal frequency is expected once the transmission carriers are defined.
Have an erratic external reference in the Spectrum Analyser can shift the PIM reading and give erratic PIM evaluations.
The spectrum analyser has the same external reference as the carrier signal generators. In addition, it is recommendable to set one carrier signal generator as master and the Spectrum Analyser as slave.

POINT 4: PIM signal is generated from carriers’ amplitudes.
In a Spectrum Analyser, in order to detect a “true” PIM signal, i.e. generated by the Device Under Test, the following conditions are guaranteed:
The transmission channels minimize its phase noise at PIM frequency.
Avoid the AIM (Active Inter Modulation) of the LNA.
[bookmark: _Toc104889949]PIM – Guidelines for Element testing
[bookmark: _Toc279411196][bookmark: _Toc181687937][bookmark: _Toc179260869]Overview
In the following section the test methods for measuring PIMPs at element level for telecommunication payloads are discussed.
The victim frequency of a PIM is defined as the frequency, inside the receiver useful bandwidth obtained by a linear combination of killer frequencies.


Where fv is the victim frequency, fk, j is the jth killer frequency, and aj is an integer.
The PIM order is the sum of the absolute values of the integer coefficients.
The common case is when the killer frequencies and the victim frequencies are not separated by more than an octave of frequency. In this case, the PIM order is an odd number.
The PIM is a memoryless, yet highly non-linear phenomenon: PIM frequencies are easily identified, whilst the associated power levels are almost impossible to predict, due to limitations in EMC SW, presence of contaminants…
Typically, the RF parts (like waveguides), equipment (like the OMUX or the feeder) of the repeater and the antennas forming the antenna farm of a telecom spacecraft are already qualified, at equipment and part level, as being PIM free before they are embarked on a spacecraft. Nevertheless, a spacecraft PIM test campaign can be required at element level to verify that no PIMs are present due to the real structure or to the presence of other real reflectors that could not be modelled perfectly even with the use of full scale mock-up models during the equipment qualification campaign.
A PIM scenario is a pattern that typically includes:
0. Payload RF configuration,
Killer emitter antennas,
Killer emitter frequencies,
Type of modulation of the killer signals,
Victim antennas,
Victim frequencies,
Geometric disposition of the antennas w.r.t the spacecraft (for example the steerable antennas can be orientated in sub- spacecraft point of view).
The payload RF configuration is the set of RF paths from RX antennas to TX antennas, including:
Status of active units (ON/OFF),
RF switch positions,
Gains of analogue amplifiers,
Frequency shift values for frequency translating devices, (such as down-converters) including vacuum shifts if the frequency pattern contains frequency bins close to the skirts of the filters.
Others (for example: frequency mapping set for digital frequency translator devices if any, gains of digital sections if any, fine tuning of programmable local oscillators…).
For each victim frequency, a threshold in absolute value (in terms of dBm) is defined in the test specification document over which a PIM is not acceptable, since the spurious signal is likely to jammer the useful signal.
An example of PIM scenario is depicted in Table D-3.
[bookmark: _Ref44875277][bookmark: _Toc104890085]: Example of PIM scenario
	Payload configuration
	TX Killer 
Antenna
	TX Killer
frequency [MHz]
	RX Victim Antenna
	RX Victim frequency
[MHz]
	PIM Order

	Nominal A1
	Antenna A1
	8323,0
	Antenna A3
	9386
	7

	
	Antenna A3
	8455,0
	
	
	

	
	Steerable S2
	9052,5
	
	
	


Possible variations can occur. For example:
0. One or more signals can be modulated, for example FM modulated so to spread out the power over a larger bandwidth and observe the effects.
The transmitted carriers can be unbalanced in amplitude so isolate the PIM contribution.
Due to the complexity of a telecom spacecraft (which can embark multiple payloads at different frequency ranges, and multiple antennas, either fixed, including the beacons, and steerable, or beam-forming) a PIM scenario can be either very simple (for example, only two killer signals transmitted by one antenna and impacting only one frequency on the same antenna), or very complex (three antennas transmitting each a signal around 10 GHz and impacting one antenna receiving around 40 GHz, that is two octaves higher, with high PIM order).
Generally, the higher the order the PIM is, the less likely a major PIM in the receiver bandwidth is supposed to be found. PIM testing is eventually aimed at verifying that the isolation amongst the antennas meet the requirements: it is an auto compatibility EMC test.
At space element level, PIMs are mostly a radiated generated issue: nevertheless, in order to stimulate the killer signals and detect the magnitude of the victim signals, whilst coping with on the complexity of PIM scenarios and the geometry of antenna radiators, two PIM testing methods are suggested.
First method: with conducted stimuli and conducted signal detection, that is used when testing the S/C with very complex frequency patterns is required.
Second method: totally radiated, when simple frequency patterns are provided.
In both methods, a preliminary check to ensure that the chamber is PIM free is run, so to guarantee that during the forthcoming tests, any recorded PIM is coming only from the spacecraft itself: this is not a trivial issue, especially at low frequencies, like UHF.

The preliminary check to ensure that the chamber is PIM free is performed in accordance to D.1.3. 
First method
In this case, each uplink signal is generated by the EGSE, injected into the correct (according to the payload configuration) repeater RF I/F between the LNA and the downconverter. This signal travels through each RF chain, is down-converted, amplified, transmitted and can combine with the other high power carriers to intermodulate and generate the PIMP victim frequency in a radiated environment.
1. When we say “high” power carriers we mean that this is the normal case, in which the range of radiated EIRP is in the order of 40-50 dBW per antenna. Of course, even a beacon or a TT&C transponder can cause intermodulation, whilst the associated EIRP is decades of dB lower.
The victim signal is then amplified by the LNA of the corresponding antenna, and can be routed towards the RF EGSE.
This method has several advantages:
It is possible to inject and detect many carriers concurrently, in complex configurations, that can be prevented by the geometrical dispositions of TX and RX chamber antennas;
No need for exploiting a perfect alignment of the spacecraft w.r.t. the TX and RX chambers antennas, provided that safety conditions are maintained (the power flow from the reflectors is targeting the anechoic wall and no dangerous hot spots are created);
High precision levels of signals can be injected, without relying only on the telemetry information of active units or on the radiated loss estimated for the chamber for each frequency;
In case a change of configuration is needed, requiring different transmit and receive antennas (which is likely to occur several times in case of problems for investigating the sources of detected PIMs), there is no need of realigning the spacecraft.
The major drawback of this method is that the repeater is modified after having undergone all the qualification stages till the final RF performance tests: RF connectors after the LNAs are disconnected so to have interfaces through which killers can be injected and victims can be detected by the RF test equipment through metallic transmission lines (typically coaxial cables, but waveguides also are possible if insertion loss is of major concern).
In short, this method has the following disadvantages:
3. It can be difficult to get access to the interior of the S/C to interrupt the RF chain and connect/disconnect only the coaxial to/from the RF EGSE;
3. It is important to make sure that the routing of cables is not a generator of PIM itself, by confining the routing in a zone that is neutral w.r.t. the radiation pattern of the antennas.
3. Most important, qualified flight configuration, after final conducted performance test, is altered.
Some considerations about how to minimize or even eliminate the disadvantage of point 3 are worth to be mentioned.
First, it is possible to take a record of the EIRP before the PIM test is run, and then, using the same configuration, perform the same EIRP test after the PIM testing. The two snapshots are supposed to match, taking into account the contribution of the measurement uncertainty. In addition, a sniff test can be exploited before and after the PIM testing, in proximity of the point where the RF chain is interrupted. 
Second, this drawback can be totally overcome if, during the design stage of the payload, a dual directional coupler positioned after each LNA is foreseen. The killer signals and the PIMs can be injected and detected respectively through the coupled ports without breaking the direct path of the RF chains.
Second method
The second method is a radiated one.
As configuration, two transponders radiate in the same transmit section (OMUX or Tx antenna) the two Fk1 & Fk2 frequencies in order to generate the Fv PIM frequency. The two uplink can be hardlined or radiated no difference in the result (only pending optimized S/C configuration of test facility).
As this PIM level is assumed to be low (due to good S/C design ….) it is not necessarily to measure directly this Fv PIM frequency in radiated downlink,
The S/C architecture will be in flight configuration. This generated Fv PIM frequency is automatically radiated and reinjected in one uplink mission of the S/C by design and will perturb a 3rd transponder. The PIM level in downlink of this 3rd transponder is then measured (taken benefit of the transponder gain to amplify the PIM level).
[bookmark: _Ref44600427][bookmark: _Toc104889950] 
Alignment measurements
[bookmark: _Ref44875887][bookmark: _Toc104889951]Purpose
Purpose of Element and equipment alignment is to set and verify the relative position and orientation of the parts of an Element or equipment.
Alignment can be limited to a measurement to verify that alignment is within specification. It can also be an integration activity consisting in aligning the equipment such that they comply with the alignment specification, i.e. an iterative process of measuring and adjusting the position/orientation.
[bookmark: _Toc104889952]General
Position and orientation of specific parts of the element or equipment need to be measured relative to a reference coordinate system. There are usually one element or equipment reference coordinate system, and specific local reference coordinate system for each part that require alignment. This is typically the case for thrusters, antennas, reaction wheels, gyros, star trackers, instrument line of sight.
Alignment verification is repeated along the test sequence, to track any degradation that can result from the different events like environmental tests, transportation and handling and to ensure that the alignment remains within the specified limits.
In case some equipment need specific positioning and orientation a dedicated adjustment campaign, using shims or other means to adjust position and orientation, is performed in order to set the equipment into defined position/orientation.
Given an equipment mechanical reference system (MRFequipment) and the element mechanical reference system (MRFelement), the final objective of the alignment measurement is to determine the relative position of MRFequipment vs MRFelement, i.e. the relevant rotation matrix MELEQ (Matrix ELement/EQuipment) which is reported in the Figure E-1. This task cannot be accomplished directly with a single measurement, but is realized step by step with a sequence of measurements and adjustments if necessary. Ref. to ECSS-E-ST-10-09C (Reference Coordinate system) Fig. B-4 for the Alignment Reference Frame and Mechanical Reference Frame concepts.
The alignment sequence, which is not strictly a time sequence but more a conceptual sequence, to calculate the final rotation matrix MELEQ is reported in Figure E-1. Specific dedicated mirrors (or alignment tools) are installed on the equipment to be aligned in order to materialize the equipment alignment reference frame (e.g. Thruster alignment jig equipped with a mirror, Reaction Wheels with target adaptors for corner cube reflectors, Inertia Measurement Unit with reference alignment cube etc.). In some cases, also, mechanical features on (part of) the equipment can be used to define the alignment reference frames.

[image: ]
[bookmark: _Ref44875447][bookmark: _Toc104890062] Coordinate Systems relationship
To obtain the above-mentioned rotation matrices, the alignment is based on 2 inputs from previous activities and a measurement campaign at element level:
The transformation matrix between the equipment MRF and ARF, provided by the equipment supplier. An example is provided in ECSS-E-ST-60-21 (Gyro) and ECSS-E-ST-60-20 (Star sensors)
The transformation matrix between the element MRF and ARF, usually provided by the structure supplier

The measurement activity corresponds to the measurement of the transformation matrix between the equipment ARF and element ARF, i.e.:
Element ARF to equipment ARF measurement:
ARFequipment (Equipment Alignment Reference Frame);
ARFelement (Element Alignment Reference Frame); it is materialized by a Master reference cube
TRF (Theodolite Reference Frame);
McEq that is the rotation matrix from ARFequipment to TRF; 
M-1su is the theodolite set up rotation matrix from TRF to ARFelement.
The term theodolite is used but it can be changed to measurement instrument if other instruments are used
After determination of the different matrices (ref. to the next paragraphs for measurement techniques) it is possible to use the following formula that allows to achieve the objective of evaluating the relative orientation of an object w.r.t the element reference frame: 
[image: ]
Where:
	 = 
	Vector providing the orientation of the vector  in the Element Mechanical Reference Frame 

	 =
	vector providing the orientation of ARF in the equipment Mechanical Reference Frame. This vector is usually provided by the supplier of the unit

	MEQ =
	Rotation Matrix which allows to pass from the equipment MRF to the equipment ARF. This matrix is usually measured and provided by the equipment supplier.

	McEQ =
	Rotation matrix from equipment ARF to TRF (Theodolite Reference Frame); it is obtained as part of the alignment measurement activity (see next paragraph); the TRF is usually defined as follows:
ZTFR: vector parallel to local gravity
XTFR: vector in the plane normal to gravity and in the direction on which the azimuth of the theodolite has been set to zero 
YTFR: third vector to complete the right-handed reference frame

	MSU-1 =
	Theodolite set-up rotation matrix from TRF 
(Theodolite Reference Frame) to Element ARF as defined by the Master Reference Cube (MRC); it is obtained as part of the alignment measurement activity (ref., to E.3)

	MEL =
	Rotation matrix from Element ARF (defined by MRC) to Element MRF. It is usually provided by the structure supplier. It allows to determine the position of the master reference cube (defining the ARF) w.r.t. the MRF.



So, the following formula allows to calculate the rotation matrix as previously indicated:
MELEQ =MEQ x McEQ x M-1SU x MEL
[bookmark: _Ref51744124][bookmark: _Toc104889953]Test configuration and test aspects
The alignment is usually performed with the element or equipment on its supporting fixture during:
Integration phase on support stands;
Test phase installed on specific test adapter (Integration stand, TVTB adapter, mass properties or sine adapter etc.)
The supporting fixture needs to be sufficiently stable for the duration of the alignment measurements. No activity that can impact the stability are performed within this time frame. 
The test is usually performed in clean room at ISO8 environmental condition or better if required for optical instrument, in accordance with specific cleanliness flight hardware requirements.
When the gravity has an important influence on alignment measurement, a Gravity Release Test is performed, see A.12, to assess the effects of gravity on the alignment.
Measurement devices
Overview
Depending on the applied methodology, different measurement devices can be used for alignment, alone or in combination. The classical ones are:
Laser Tracker;
[bookmark: _Toc448159641][bookmark: _Toc530733229]Theodolite
Moreover, in the last years the use of photogrammetry is more and more applied but with some limitation and for specific phases. See dedicated chapter in E.7.1.
Laser Tracker
The laser tracker is a portable measurement system based on a laser beam. It measures distance and angles (Azimuth and Elevation) of a target, usually corner cube reflector, in its own reference frame.
The laser tracker can determine the co-ordinates of the centre of the corner cube reflector, in the laser tracker reference frame, by measuring the distance with the time of flight of the laser beam and the two angles with two encoders.
A general sketch of a Laser Tracker is shown in Figure E-2.
[image: leica_1_trans]
[bookmark: _Ref44875587][bookmark: _Toc104890063]: General sketch of a laser tracker
Figure E-3 shows a typical set-up for alignment measurement using Laser tracker.
[image: ]
[bookmark: _Ref44875794][bookmark: _Toc104890064][bookmark: _Toc448159679][bookmark: _Toc530733357]: Typical setup for alignment using laser tracker
The laser tracker measures distances and co-ordinates of points in space using its reference frame which is an ideal reference frame positioned in the middle of his head. This corresponds to the TRF mentioned in previous chapter. The combination of the measurement of several points can be used to derive the element and unit orientation and position within the instrument reference frame.
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[bookmark: _Toc448159681][bookmark: _Toc530733359][bookmark: _Toc104890065]: Laser tracker axis and laser beam


[bookmark: _Toc448159682][bookmark: _Toc530733360][bookmark: _Toc104890086]: Laser tracker typical performances
	Range

	 
	Linear range 
	>100 m 

	System performance

	 
	Azimuth Range
	±360°

	
	Elevation Range
	better than ±60°

	
	Angular Resolution
	better than ±0,07 arcsec

	
	Repeatability 
	±7,5 μm +3 μm/m 

	
	Angular Accuracy 
	±15 μm +6 μm/m 

	
	System Resolution 
	0,1 μm 

	
	Maximum lateral target speed
	6 m/sec

	
	Maximum acceleration
	> 2 g

	Accuracy

	 
	Static measurement (IFM)
	±10 μm or 5 ppm (2 σ)

	
	Inclination setting Accuracy
	±1 arc sec.

	Laser

	 
	Resolution 
	better than ±0,07 arc sec. 0,08 μm 

	
	Accuracy 
	better than ±10 μm

	
	Repeatability
	better than ±5 μm

	Environmental

	 
	Dust/water 
	IP54 (IVC 60529)

	
	Operating temp.
	-10 °C to> 45 °C

	
	Storage temp.
	-10 °C to 60 °C

	
	Barometric press.
	225 mmHg - 900 mmHg

	
	Relative Humidity
	0 %-95 % non-condensing 

	

	 
	Working Range
	0 m-25 m Typical

	
	Field of Vision
	30° diagonal



[image: ]
[bookmark: _Toc104890066]: Theodolites main components
[bookmark: _Toc280885006]Theodolite
During an alignment campaign the capability of measuring angles between cubes reflective surfaces is of fundamental importance to determine equipment line of sight directions. A minimum of 2 theodolites allow angle measurements with a very high precision. The typical instrument resolution is 0,5 arcsec and the typical angle measurement uncertainty (accuracy) is 10 arcsec, 2σ.
 [image: ]
[bookmark: _Toc104890067]: Typical Theodolites
The alignment measurement with theodolites requires optical cubes as target. Those mirror cubes are attached to the equipment or element and are used to reflect the laser beam and allow for the measurement. These cubes are polished on five surfaces and coated with a durable protective aluminum mirror coating (sometimes single flat surfaces are used when only one direction is measured). 
They are made in Zerodur/fused silica/stainless steel and other thermally stable materials and normally they have size from 10 mm up to 40 mm of edge.
The base of the mirror cubes can be bonded to pre-arranged mounts or equipped with threaded bushings. 
Other devices can be used to support the measurement activity depending on the type of equipment to be aligned, like beam splitter (it allows dividing, recombining, and managing the directions of multiple beam paths), corner cube (also known as a retroreflector, which is an optical component with the unique ability to return an incoming beam of light directly towards its point of origin regardless of the beam’s angle of entry).
Finally, fixtures to sustain the laser tracker and the Theodolites, tooling bar, tripods are also part of the set up for alignment
[bookmark: _Toc104889954]Test preparation
The alignment measurements at element level require sufficient space around the element to place theodolites, Laser tracker tripods and ‘reference points’ in accordance with the selected method (ref. to next para. ‘Test Execution’).
Alignment measurements performed using theodolites define angles with respect to the mirror cubes (See E.1). In case the master reference cube position has not been provided by the structure supplier (i.e. it is necessary to determine the element ARF with respect to the Element MRF), the Laser tracker can be used to determine the element Mechanical Reference Frame before the dedicated measurement via Theodolites and Laser trackers can take place. (see dedicated section: ‘Cube to structure measurement’)
Using theodolites or laser tracker, the test preparation consists in:
tripod/tooling bar assembly and placement around test article
mirror cubes or corner cube reflector installation on the equipment and element (if not pre-installed)
external reference frame stations installation/building.
Fencing of the measurement area
[bookmark: _Toc104889955]Test execution
Measurement with theodolites
[image: ]
[bookmark: _Ref44875925][bookmark: _Toc104890068]: Measurement setup with theodolites
The measurement is performed with at least 2 or preferably 3 theodolites
All alignment measurement by means of theodolites use the autocollimation method. by triangulation, the rotation matrix between each alignment reference frame is determined (see Figure E-7). 

The theodolite identified as TH1 in Figure E-7 is used as reference for measurement and identifies the Theodolite Reference Frame (TRF).
Referring to the above Figure E-7, the following measurements will be performed:
3. Perform TH1 auto-collimation on MRC (including the measurement of the elevation, as per lateral view of Figure E-7)
Perform TH2 auto-collimation on MRC (including the measurement of the elevation, as per lateral view of Figure E-7)
Rotating TH1 and TH2 perform triangulation measuring AZ”T”1 and AZ”T”2* angles
All the above measurements (using trigonometric considerations) allow to obtain the set-up matrix and consequently its set-up rotation matrix M-1 SU.
The relative orientation of another mirror cube (with respect to the Master Reference Cube) can be determined with the auto-collimation and triangulation method using a third theodolite (e.g. determine the relative orientation of the ‘Equipment cube’ w.r.t. the ‘Element MRC’ in the above figure) or properly moving theodolite TH2. Using trigonometric consideration and based on above performed measurement, it is possible to obtain the McEQ rotation matrix.
Element ARF (defined by the Master Reference Cube) to element MRF (structure) measurement
This type of measurement is used when the element ARF has to be defined with respect to the element MRF. In this case theodolite and laser tracker are used.
Two main steps can be identified:
Laser tracker alignment with the element MRF
MRC position determination.
Using a single laser tracker, the first step is to define some reference points (CP) to bound the position where the laser tracker is moved to measure the element structure; these CP’s are reference points provided with spherical targets (re. to next paragraph). After this, the laser tracker is moved in dedicated station (STA) to measure the position of characteristic points (known by machining tolerances) of the element structure: Ref to below figure. These measurements allow to determine the Element MRF using the theoretical position of those points in the element MRF.
[image: ]
[bookmark: _Toc104890069]: Laser Tracker environment creation
[image: ] 
[bookmark: _Toc104890070]: Laser tracker (Aligned to MBS) measuring theodolite line of sight
After auto-collimation of a theodolite w.r.t the Master Reference Cube (not yet characterized) Y axis, it is possible to measure the theodolite line of sight direction in the element ARF. This is done moving a Corner Cube Reflector (CCR) positioned on a tripod along the theodolite line of site, each time the CCR is collimated to the theodolites and the CCR position is measured by the laser tracker (which position is known w.r.t. to element MRF using previous determined CP points). This procedure is repeated for the MRC X axis and the MCR Z face is determined with vector product, obtaining the rotation matrix MEL.
[image: ]
[bookmark: _Toc104890071]: Corner Cube Reflector
[bookmark: _Toc104889956]Test evaluation
As discussed in the previous paragraphs, alignment data from theodolites are reported in a dedicated file where all data acquired are post processed determining rotation matrices.
The rotation matrices allow the equipment orientation verification w.r.t. element reference frame or w.r.t. other equipment reference frame. 
For what concern the laser tracker data acquisitions and processing, all inputs are collected by dedicated and validated software. 
Either with theodolite or laser tracker, all alignment data are collected and summarized in a dedicated alignment test report. 
[bookmark: _Toc104889957]Other alignment methodology
[bookmark: _Ref44875526]Photogrammetry
Photogrammetry can be used to verify alignment as well as shape measurement. Photogrammetry is also used for thermal distortion test and described in section A.11.4.3.
This kind of alignment consists in setting small targets on element to be measured and on reference points. By taking photos around the object, postprocessing algorithm allows to get 3D coordinates of these targets. The typical measurement uncertainties (accuracy) of this Method is around 1 part over 100000, i.e. 0,01 mm. at 68 % of probability (one σ) on a 1 m object. 
This method is based on the triangulation principle and can be used for Alignment of equipment, Dimensional Checks, Planarity Tests, Analysis and Study of Deformations, Stability Check as example before and after mechanical vibration or during Thermal test (see dedicated section A.11.4.3).
The advantages using the photogrammetry are mainly the time reduction for stability check and the absence of contact with the article under measurement.
As general set-up, the object under measurement is equipped with optical targets. Camera(s), depending on the measurement to be performed, take pictures all around the object itself. 
The instrumentation used is a Photogrammetry Camera + its accessories, Coded Targets and scale bars. A specific software is used for data processing. 
Nominally the setup is implemented through the following steps:
Photogrammetry camera positioning 
Coded target positioning, 
Auto-bar positioning
Scale-bar positioning 
Measurements around the object
First elaboration for bundle check.
There are other techniques for 3D scanning like:
Stereo photogrammetry (based on use of two or more high resolution digital cameras) having the following accuracies: single point measurement uncertainties (accuracy) up to 60 μm (2 σ), volumetric measurement uncertainties (accuracy) up to 90 μm (2 σ)
Laser Radars having a 3 D measurement uncertainties (accuracy) of 16 μm at 1 m, 100 μm At 10m and 240 μm at 24 m (2σ - Typical data specifications of Metris Laser radar)
[bookmark: _Ref44346917][bookmark: _Toc104889958]
List of test bench names
This section provides an unsorted list of legacy or historical test bench names. This list does not imply any guidelines for test benches use during Space Element functional testing and verification. The mapping to the used model definition in this handbook would be:
Numerical Bench is corresponding to Virtual Model (no HW model)
Hybrid Bench is corresponding to Electrical Functional Model (“the only” hybrid model)
HW bench is corresponding to PFM/FM models
[bookmark: _Toc104890087]: List of legacy/historical test bench names
	Abbreviation
	Test Bench Name
	Type
	Configuration
	Main Use Case

	SDE
	S/W Development Environment
	Numerical bench
	dedicated SW, e.g. Code Development Environment like C++, others
	SW development

	ADVE
	AOCS Development & Verification Environment
	Numerical bench
	dedicated SW, e.g. Matlab/Simulink
	AOCS verification

	FVB
	Functional Validation Bench
	Numerical bench
	CCS+RTS+stubbed models+AOCS SW or CSW
	AOCS verification

	NSVF
	Numerical Software Validation Facility
	Numerical bench
	dedicated (simple) CCS+RTS+CSW
	CSW verification

	SVF-DEV
	Software Verification Facility-Development
	Numerical bench
	dedicated (simple) CCS+RTS+CSW
	CSW verification

	SVF
	Software Verification Facility
	Numerical bench
	CCS+RTS+CSW
	test development & partially verification

	SysTF
	System Test Facility
	Numerical bench
	CCS+RTS+CSW
	test development & partially verification

	SVF-SAT
	Software Verification Facility - Satellite
	Numerical bench
	CCS+RTS+CSW
	test development & partially verification

	SatSim
	Satellite Simulator
	Numerical bench
	CCS+RTS+CSW+G/S models, i.e. configuration exceeds the perimeter of the name
	test development & partially verification

	SimAIT
	Simulator AIT
	Numerical bench
	CCS+RTS+CSW+EGSE/SCOE models
	test development & partially verification

	HSVF
	HW Software Verification Facility
	Hybrid Bench
	OBC BB/EM+CCS+RTS+CSW
	OBC model calibration, OBC HW compared to OBC simulation model

	Tracer
	I/F Traxer
	Hybrid Bench
	stubbed CSW+PL HW EMs
	early Payload IF verification

	PISA
	Payload Interface Simulator Assembly
	Hybrid Bench
	stubbed CSW+SimFE+PL HW EMs
	early Payload IF verification

	IS
	Interface Simulator
	Hybrid Bench
	stubbed CSW+SimFE+PL HW EMs
	early Payload IF verification

	SimEFM
	Simulated EFM
	Hybrid Bench
	TBD HW EMs+CCS+RTS+CSW
	test development & partially verification, especially new HW or PL

	EFM Light
	Electrical Functional Model Light
	Hybrid Bench
	OBC EM+CCS+RTS+CSW
	test development & partially verification

	RTB
	Real Time Testbed
	Hybrid Bench
	OBC EM+RIU EM+CCS+RTS+CSW
	test development & partially verification

	AVB
	Avionics Verification Bench
	Hybrid Bench
	OBC EM+TBD HW EMs+CCS+RTS+CSW
	test development & partially verification particularly of the avionics

	ETB
	Engineering Test Bench
	Hybrid Bench
	OBC EM+TBD HW EMs+CCS+RTS+CSW
	test development & partially verification particularly of the avionics

	EFM
	Electrical Functional Model
	Hybrid Bench
	OBC EM+TBD HW EMs+CCS+RTS+CSW
	test development & partially verification

	FlatSat
	Flat Satellite
	Hybrid or HW bench
	OBC EM/PFM/FM+TBD HW EMs/PFMs/FMs+CCS+RTS+CSW
	test development & partially verification

	PFM
	Proto Flight Model
	HW bench sometimes Hybrid Benches
	OBC PFM+all equipment HW PFMs+CCS+CSW+EGSE/SCOE+optinal RTS
	Verification

	FM
	Flight Model
	HW bench sometimes Hybrid Benches
	OBC FM+all equipment HW FMs+CCS+CSW+EGSE/SCOE+optinal RTS
	Verification



[bookmark: _Ref52547621][bookmark: _Toc104889959]
Referenced documents
The following referenced documents are available from the ECSS.NL website and are also embedded in the Word file of this ECSS Handbook:
	ATS paper_MATED Improvement
(October 2018)
	MATED (Model And Test Effectiveness Database) Improvement and Added Value on Industry
	


	MTF.AIDT.TN.2168, Issue 1, Rev.1 
(3 March 2020)
	Dynamited Final Report
	


	ECSSMET 2016 (article)
	DYNAMIC TESTS, WHAT’S BEHIND THE CURVES ?
	


	MSG-NNT-SE-TN-0742 
(28 October 1996)
	Notching guidelines for mechanical test
	


	TASI-ASE-ORP-0006_Iss.01
(20 October 2014)
	Analysis of Spacecraft qualification Sequence & Environmental Testing (ASSET)
	


	TASI-ASE-ORP-0009_01
(3 October 2016)
	Analysis of Spacecraft qualification Sequence & Environmental Testing (ASSET+)
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ABSTRACT

The Model And Test Effectiveness Database (MATED) is a comprehensive European repository
of AIV and Ground & Flight anomalies information with regard to concluded and on-going space
projects.

MATED Obijective is to improve the effectiveness of the selected model, assembly, integration
test and verification (AIV&T) approaches for new projects. TASI is the main ESA contractor for
MATED development & Improvement

The paper will outline the MATED data improvement done by loading new project space data
(i.e. Project Data, AlV Data, NCRs Data, Flight Anomaly Data) and the use of MATED on
industry as tool to be used for optimization of future IVVQ campaign

KEY WORDS: Test effectiveness, satellite, assembly, integration, verification, test, ground test
failures, non-conformances, flight anomalies, data base.

1. INTRODUCTION
Space projects or satellite systems comprise a space segment, a ground segment and a launch

service segment. The life cycle of space projects in ESA is organized in 7 phases, from Phase A
(mission analysis and need identification) to Phase F (disposal).
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Assembly, Integration and Verification is stretching over the phases C (detailed definition), D
(qualification and production) and E1 (launch campaign until in orbit commissioning) and is
consuming a considerable amount of the project budget (Messidoro et al. 2011).

The required effort is directly related to the selected verification approach, which defines what, how
(verification methods, verification levels, model philosophy and verification tools) and when
verification activities are performed (ECSS-E-HB-10-02A, 2010). Our defined verification methods
are test, analysis, review of design and inspection. This list shows the order of precedence that, in
general, provides more confidence in the results. The verification level identifies the product
architectural level at which the relevant verification is performed (system, module, subsystem,
equipment). The model philosophy defines the optimum number and the characteristics of physical
models required to achieve confidence in the product verification (qualification and acceptance)
with the shortest planning and a suitable weighting of costs and risks.

Ever increasing cost and schedule constraints require the optimization of the AIV process which
makes use of tailoring of standards and which relies largely on the experience of the System
Manager and of the AIV manager. However knowledge can get lost over the years and the
necessity to systematically gather relevant data to support future choices has been identified.

The ESA Model and Test Effectiveness Database MATED exists for this purpose, collecting such
data and providing analysis means, to derive feedback for the optimization of model and test
philosophies of future projects and to substantiate eventually the updating of related standards.

Industry literature has identified AIV processes for space systems to comprise approximately 35%
of the overall program budget. If these proportional AlV costs and the associated schedule can be
reduced without significant additional technical risk, it would be possible to provide high quality
space capabilities faster and more economically than current standard practices.

2. MATED STATUS

MATED is installed on a server at the European Space Agency (ESA) and is accessible by all
registered MATED users via HTTPS (Hypertext Transfer Protocol Secure) using a standard web
browser. This makes it very convenient to access MATED from outside ESA.

It is used by European agencies and industries who are partners of the MATED initiative and who
contribute data to the data base. The mode of operation is that each partner can see the details only
of his own data, but he can use all the data for statistical analysis. The extent of the analysis
capabilities of each partner is related to their contribution of data (Brunner 2011).

The type of data stored in MATED is described in Figure 1. In addition, the database includes:

» Theoretical data, i.e. comparable statistical data from other publications

» Lessons learned derived from analyses of the data collected

» Files with background information providing a trace to original data that has been processed for
MATED and other peculiar details.
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Figure 1: MATED Data

The data collection effort in ESA concentrates naturally on ESA projects and the goal is to have
data of all flying ESA satellites in MATED.

The database include data of

30 projects (15 scientific, 4 telecommunication, 7 earth observation and 4 pressurized
module projects, of which 18 projects are ESA projects)

130 models

2083 product tree records

7640 AlV activity planning records

4420 non-conformance records (NCR) i.e. ground test failures or anomalies

448 flight anomalies

In MATED are only non-conformances and flight anomalies related to AlV activities stored.

Four levels of analysis are defined in MATED:

L1: on-ground, in-orbit and combined failure statistics

L2: technical and financial test-effectiveness evaluations

L3: model and test-effectiveness-index evaluations and time/cost parameter simulations
L4: risk assessment, risk/cost comparison, sensitivity analysis and optimization.

As shown in the following Figure
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Figure 2: MATED Analyses
3. DATA IMPROVEMENT

MATED data have been improved selecting and loading the Project DATA, AlIV DATA, NCR
DATA and Flight Anomaly Data of an ESA MARS program: Exomars 2016 relevant the Trace
Gas Orbiter (TGO) satellite and the Entry Descent Module (EDM) Schiaparelli.

ExoMars is a cooperation program between ESA and the Russian Space Agency, with some
contributions from NASA, for the exploration of Mars consisting of two missions, the first
launched in March 2016 and the second with launch planned in summer 2020:

e The 2016 Mission composed of a Orbiter (TGO) carrying four scientific instruments, and an
Entry Descent and Landing Demonstrator Module (EDM)

e The 2020 Mission composed of a Carrier shipping the descent module that contain the
EXM Rover and a set of scientific experiments

EDM and TGO Proto-Flight Models (PFMs) were integrated and underwent mechanical,
functional, thermal and EMC tests in the course of year 2015. During the test campaign some
unexpected events and delay in the science instrument and units deliveries led to changes in the
nominal Assembly, Integration and Test (AIT) flow, adopting some work arounds, but always
maintaining the completeness of the verification approach.

Despite the above problems, the environmental test campaign was successfully closed in early
December 2015. After that the two modules were separated once again and shipped to the Baikonur
Cosmodrome for the 12 week launch campaign which concluded with a successful launch on the
first day of the planned launch window, on March 14th, 2016.
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The TGO data loaded on MATED were a lot, namely

e PRJ DATA TGO

o Record filled # 152
e AIV_DATA TGO

o Record filled # 914
e NCR_DATA TGO

0 NCR analysed # 223

o0 Record filled # 447
e FA DATA TGO

0 FAanalysed # 32

o0 Record filled # 65

The EDM data loaded on MATED hereafter:

e PRJ DATA EDM

o Record filled # 358
e AIV_DATA_EDM

o Record filled # 475
e NCR DATA TGO

0 NCR analysed # 125

o0 Record filled # 255
e FA DATA TGO

0 FAanalysed # 10

o0 Record filled # 21

The IXV project Data will be loaded on MATED as well in order to improve the data base with
data relevant re-entry mission

4. ANALYSIS

Hereafter some of the analysis at Level 1 done using the MATED data after the improvement of
Exomars 2016 program, TGO and EDM.

In particular hereafter are shown the following analysis: NCRs vs Type of test, NCRs vs Detailed

Cause, NCRs vs Type Of Subsystems, On Orbit Failure vs Cause Category, On Orbit Failure vs
Cause Category, Orbit Failure vs Time into Operations.
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Figure 3: NCRs vs Type of test

Level 1 Ground Failures Statistics vs. Detailed Cause
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Figure 4: NCRs vs Detailed Cause
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Level 1 Ground Failures Statistics vs. Type of Subsystem
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Figure 5: NCRs vs Type Of Subsystem

The above figures shown as the main anomalies on Space Project coming from MATED data base are due to
Software problem (see figure 4 - NCRs vs Detailed Cause) which is correlate to the analysis (Figure 5:
NCRS vs Type Of Subsystem) which shown that the Subsystems with major anomalies during ground tests
are the one which includes the mission software like Data Management and AOCS & GNC, and furthermore
the type of test where are encountered the major numbers of anomalies are the Functional and Performance

Level 1 On-Orbit Failures Statistics vs. Cause Category
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Figure 6: On Orbit Failure vs Cause Category
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Figure 7: On Orbit Failure vs Type Of Subsystem

Also on the Flight anomalies the major one are due to Software and to the related Subsystems, Data
Management and AOCS & GNC.
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Figure 8: On Orbit Failure vs Time into Operations
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5. MATED UTILIZATION ON INDUSTRY: GOCE SATELLITE

The MATED analysis capabilities are being utilized for risk/cost/schedule/test effectiveness
evaluations of past programs for the prediction of new space projects.

The possibility to perform a preliminary prediction of possible early flight anomalies of GOCE on
the basis of the completeness of the project Model and Test Philosophy (i.e. project’s MATEI) is
here exploited.

To reach this objective the following methodological approach has been applied:

Performing of L3 MATEI analysis on the GOCE project

Introduction of the project’s MATEI into the “Early Flight Anomalies vs MATEI diagram”
in comparison with ECSS

Automatic estimation of the corresponding Early Flight Failures (normalized in 105 number

of Electronic Parts)

Evaluation of the actual number of probable early flight failures (in the first 120 days of
mission) multiplying the above value for the number of electronic  parts in 105

The MATEI analysis result w.rt the ECSS for the GOCE project is shown in the print-screen of
next Figure 3. It consists of a .MATEI of 81.68 which takes into account GOCE Test Philosophy
deviation wrt the ECSS test standard mainly in the following areas:

mechanical dynamic and thermal tests protoflight approach
reduced alignments on SM and PFM campaign

deletion of Sine Vibration test on PFM

reduced modal survey and static load test

reduced number of cycle in Thermal VVacuum on PFM
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The "Early Flight Failures"” Vs MATEI Diagram (ECSS) is shown in Figure 4 - Early Flight
Failures vs MATEI Diagram (ECSS), the GOCE project’s MATEI of 81.40 , as shown in Figure
13, has been introduced deriving a value of 0,79 early flight failures per 105 electronic parts
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In the GOCE Project a preliminary number of 7.3 105 of electronic parts has been estimated. This
means that “probably” the GOCE satellite will be subjected to a number of Flight Anomalies
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(classified as MJ or CR per the MATED definition = MJ4: Delay to operations; MJ3: switch to
redundancy; CR2: Loss of partial functionality; CR1: Mission Interruption) equals to 6 (5.77) in the
first 120 days on orbit (early flight) which is comparable with other similar projects

The actual GOCE Flight Anomalies encountered during the first 120 days of mission, classified as
Major, were 7 (MJ4) on the first 120 days (from 17 March to 30 June 09) in line with the MATED
Analysis

6. MATED UTILIZATION ON INDUSTRY: IVV EFFICIENCY

The Integration , Validation and Verification approach for the Space project can be improved by
using the Model And Test Effectiveness Database (MATED) .

MATED provides functionalities in order to generate statistical evaluations, to optimize AIV&T
planning and to improve cost estimations based on real program data.

MATED analysis capabilities are used to improve IVV efficiency vs IVV models, IVV campaign,
schedule and cost reduction , and to optimize the test effectiveness for programs.

MATED is used in TAS on the frame of the VYV efficiency , with the main objective to improve
the IVV approach in order to prepare a competitiveness B2/C/D phase proposals (i.e. IVV ,
models and tests best approach, cost reduction, technical risk , schedule optimization), and to
evaluate for the program in phase B2/C/D benefit and risk of a different 1VV approach/scenario
vs the baseline one .

Furthermore is used on program in phase B2/C/D to evaluate the completeness of project
verification program w.r.t. ECSS standard and to evaluate benefit and risk of a different IVV
scenario vs the baseline one .

We established formats to manage the Integration, Validation, Verification & Qualification plan in
order to optimise (based on heritage and MATED) vs. ECSS baseline. This has been applied to
Exomars 2016 and IXV programmes.

CONCLUSION

Streamlining of the model and test philosophies for Europe’s future spacecraft and space systems is
crucial to reducing the time, and hence the investment, needed for their development whilst still
keeping the degree of risk under control. The proposed sharing through the MATED database
initiative of the European space sector’s AIV knowledge and experience accumulated over many
years would represent a major step forward in this respect. For MATED to be a success, therefore,
as many participants and inputs as possible are needed, in order for the results to be statistically
significant. It is therefore hoped that the many companies, agencies and organizations both in
Europe and around the World working in the space domain will be motivated to join in this
initiative, which holds the promise of substantial mutual financial benefits for the participants.

MATED constitutes a tool and a data repository with a large amount of data about space projects,
their AIV process and related on-ground and flight anomalies. It is used by European agencies and
industries, via secure internet interface, to support effective verification and test planning, realistic
schedules and to improve cost estimations for the AIT process at the initial phase of a new project.
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SUMMARY

Dynamic tests have a great importance in order to design spacecraft structure as launchers generate a
severe vibratory environment. It is thus required to have a deep knowledge of the spacecraft dynamic
behaviour. Many previous studies have leaded to improve test efficiency and quality and also the post-
processing of the measured data. However some significant difficulties encountered in dynamic test (either
modal or base sine) remained insufficiently treated and is one of the native reasons of this study: to

overwhelm them and improve dynamic testing effectiveness.

The ESA funded “DYNAMITED” study (standing for DYNamics: AssessMent and Improvement of
TEst Data) has been performed by a consortium of European industries and university INTESPACE,
University of Kassel and DLR), led by EADS ASTRIUM Satellites. This team took benefits from all

heritages of previous major studies in the field of dynamic testing.
The main family domains tackled are:

¢ Non-linearities: Structures have always more or less non-linear behaviour which affect the

measurements and may alter the test data exploitation if not taken into account in a proper way.

¢ Interface parasitic motion: test fixture softness may disturb the dynamic behaviour of the tested
specimen as incorrect clamped boundary conditions are assumed whereas dynamic coupling of

shaker and tested specimen should be taken into account.

¢ Uncertainties: test data always contain the results of basic uncertainties sources such as test
parameters or test instrumentation. This induces by essence unknown scatter that should be taken

into account for a better test exploitation.

e Mathematical model validation: the main objective of FEM validation by test is disturbed by
numerous phenomena such as those previously mentioned. These problems have to be fixed to

get a more robust and reliable method for FEM validation.

e Test and measurement quality: raw dynamic test measurements are time-recorded on
acquisition machine. Treatment is thus necessary and it is important to have a proper knowledge
of their effect on the exploited data. Moreover these data should respect some basic criteria

derived from theory that should be verified in order to have a proper test quality assessment.

The DYNAMITED study allowed providing very fruitful improvements in a wide variety of mechanical
testing domains. The state of the art allowed highlighting the actual test process, methodologies, tools and

uncertainties.

The pre-test activities investigated new approaches based on uncertainty derivation to uncertainty on

modal parameters which revealed interesting results. Theses data could then be derived as stochastic
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notching profile which is of great importance in test preparation to save precious time in test in terms of
efficiency, robustness and confidence. New base load recovery techniques were discussed and
implemented in tools. The sine sweep rate effect have been fully discussed and two methods were
proposed to estimate the maximum sweep rate wrt some predefined accuracies on modal parameters and
to correct the modal parameters for a given sweep rate. Finally an original method and tool were proposed
for sensor positioning in order to improve some sensors location wrt some mode of interest to maximize

the distinguishability with and observability status.

The post test studies have also investigated a wide variety of domains. First a new fast modal extraction
and correlation methodology has been proposed. This allows providing a quick correlation between FEM
and test as well as to follow the specimen behavior evolution between two different tests. A second major
milestone has also been achieved thanks to a sharper synthesis of the parasitic motion and an approach to
remove its effect to recover the perfectly guided specimen behavior. Unless it is limited to numerical
problems linked to test data quality, theses method are very ambitious and are a first step for a further
realization by slight different approaches. Moreover, some methods to elaborate reduced experimental
model were proposed. The study summarized the basic verification to do in order to assess the
measurement quality. Finally an important effort has been done to propose a complete catalogue of
powerful and applicable method to detect, characterize and quantify non linear phenomenon. This has
been extended by a method and a tool to interpolate and/or extrapolate the non linear behaviour to other

not passed levels.

The most promising and useful methods in test have been implemented in 14 new tools in DynaWorks

environment and one as an ISSPA extension to ensure an efficient industrial use of all the developments.

Based on the development and fruitful technical discussions, a new consideration of the best practice in
test has been recorded, leading to propose a new process to improve test preparation and test assessment

and exploitation.

The methodologies, tools and guidelines developed in the frame of this study have been deployed on the
SWARM STM qualification test at a real scale to demonstrate their efficiency, robustness and reliability.

The methods allow saving about 4 hours per test thank to the enhanced procees ands tools.

Document controlled by Sébastien LABORDE
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1 INTRODUCTION

Structural dynamics is an important topic in order to design spacecraft structure as launchers generate a
severe vibratory environment. It is thus required to have a deep knowledge of the spacecraft dynamic
behaviour. This is usually done by a combination of analysis by Finite Element Model and dynamic testing,
either modal or base sine tests. The aim of these tests is both spacecraft qualifying vs dynamic qualification
environment and characterisation of its dynamic behaviour to correlate Finite Element Model which is

used for Coupled Launcher Analysis.

As a consequence of the dynamic tests importance, many previous studies have leaded to improve test
efficiency and quality and also the post-processing of the measured data. However some significant
difficulties encountered in dynamic test (either modal or base sine) remained insufficiently treated and is

one of the native reasons of this study: to overwhelm them and improve dynamic testing effectiveness.

The ESA funded “DYNAMITED” study (standing for DYNamics: AssessMent and Improvement of
TEst Data) has been performed by a consortium of European industries and university INTESPACE,
University of Kassel and DLR), led by EADS ASTRIUM Satellites. This team took benefits from all
heritages of previous major studies in the field of dynamic testing (“Real-Time Modal Vibration
Identification”: RTMVI, “Enhancements of Dynamic Identification for Spacecraft”: EDIS and a CNES
R&T study “Modal Identification on Sine-base Excitation”: IMES). The main family domains tackled are:

¢ Non-linearities: Structures have always more or less non-linear behaviour which affect the

measurements and may alter the test data exploitation if not taken into account in a proper way.

e Interface parasitic motion: test fixture softness may disturb the dynamic behaviour of the tested
specimen as incorrect clamped boundary conditions are assumed whereas dynamic coupling of

shaker and tested specimen should be taken into account.

e Uncertainties: test data always contain the results of basic uncertainties sources such as test
parameters or test instrumentation. This induces by essence unknown scatter that should be taken

into account for a better test exploitation.

e Mathematical model validation: the main objective of FEM validation by test is disturbed by
numerous phenomena such as those previously mentioned. These problems have to be fixed to

get a motre robust and reliable method for FEM validation.

e Test and measurement quality: raw dynamic test measurements are time-recorded on
acquisition machine. Treatment is thus necessary and it is important to have a proper knowledge
of their effect on the exploited data. Moreover these data should respect some basic criteria

derived from theory that should be verified in order to have a proper test quality assessment.

The main tasks of this study have been therefore to define methodologies and processes to tackle the
different subjects and to develop related tools usable in an industrial context. To reach a deeper
assessment these tools have been developed in DynaWorks environment to make them available during
every test campaign, or as an extension of ISSPA to take benefits of the experimental modal analysis tool

basis. All the developments have been finally tested during the SWARM STM dynamic test campaign.
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2 DOCUMENTATION

2.1 APPLICABLE DOCUMENTATION

AD 1 Assessment and Improvement of Dynamic Test Data
In answer to ESA ITT AO/1-5095/06/NL/IA
Reference: 2124.PR.JBB.06.8519.ASTR - July 2006

AD 2 Assessment and Improvement of Dynamic Test Data
ESA contract n°20307/06/NL/IA

2.2 REFERENCE DOCUMENTATION

RD1 RTMVI Final Report
Reference: MTE 959.NT.YML.6908.01 — 28 /10/01 — Issue 0, Revision 3

RD 2 Identification modale sur essais sinus — Rapport final
Reference: DO05.016 DCT/ag —29/04/05 — Issue 1, Revision 0

RD 3 Enhancement of Dynamic Identification for S/C — Final Report
Reference: DO05.016 DCT/ag —29/04/05 — Issue 1, Revision 0

RD 4 ISSPA 02 User’s Guide
Kassel Universitit — Rev Jan, 19th 2004

RD 5 DYNAMITED — WP2000 — Enhancements in Vibration Testing
Reference: AOE23.AIDT.TN.0338 — 29/03/07 — Issue 1, Revision 0

RD 6 DYNAMITED — TN2 - Test methodology
Reference: MTF.AIDT.TN.0656 — 31/03/09 — Issue 2, Revision 0

RD 7 DYNAMITED - TN3 — Implementation of methodologies in tools
Reference: MTF.AIDT.TP.1201 — 18/11/09 — Issue 2, Revision 0

RD 8 DYNAMITED — TN4 — Test procedutes
Reference: MTF.AIDT.TP.1203 — 18 /11/09 — Issue 2, Revision 0

RD9 DYNAMITED - TN5 — Application report of the methodologies and tools on the
SWARM sine tests
Reference: MTF.AIDT.TP.1987 — 30/09/09 — Issue 1, Revision 0

RD 10 DYNAMITED — TNG6 — Application case on the ATV perturbed sine test data
Reference: MTF.AIDT.TP.2174 — 01/02/10 — Issue 1, Revision 0
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RD 11

DYNAMITED — TN7 — Software tool uset’s manual
Reference: MTF.AIDT.TP.2093 — 18/11/09 — Issue 1, Revision 1

3 ACRONYMS

CLA Coupled Load Analysis MAC Modal Assurance Criterion

CoG Centre of gravity MASSOP MASS OPerator

Dof Degtee of Freedom MDOF Multi Degree Of Freedom

DYNAMITED DYNamics: AssessMent and MVS Moyen de Vibration Systéme
Improvement of TEst Dara RTMVI Real Time Modal Vibration

ESA European Space Agency Identification

ESTEC ESA  Space Research and QSL Quasi Static Loads
Technology Centre s/C Spacecraft

FEM Finite Element Model SDOF Single Degree Of Freedom

FMD Force Measurement Device STM Structural Test Model

FRF Frequency Response Function wit with respect to

IMES Identification ~ Modale  sur

Essai Sinus

4 STUDY OVERVIEW

The study has been managed in four times:

In a first time the study provided a wide range state of the art in mechanical testing in order to
have a global overview of the existing methods and give a 15t basis for the possible enhancement
ways.

The state of the art allowed giving an overview of the current processes for dynamic testing
(modal or base sine excitation), the methods most generally used by ASTRIUM for test
exploitation (test process and macros tools, IMES tools, PROTO tools and DYNAWORKS
software), a wide overview of the launcher variety and dynamic specifications and finally after
review of alternative testing methods, a detailed analysis of the test uncertainties have been

studied and quantified to serve as entry of the 27 step.

In a second time the study concentrated on the test preparation improvement. It interested to
methodologies, tools and general best practices to avoid or minimise troubles and provide a
shaper valuable analysis to save time. The best methodologies have been implemented in tools in
DYNAWORKS software environment and best practice guidelines have been written.

The study interested to derive the identified and quantified test uncertainties to uncertainty on
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modal parameters by FEM analysis and correlation with test data cloud. These uncertainties
effects have been used to build stochastic notching profile which revealed to be of great interest
in test preparation to save precious time in test in terms of efficiency, robustness and confidence.
A complete study is provided to improve base load measurement techniques. The sine sweep rate
effect and prediction has been fully detailed as well as a powerful method to improve sensor

positioning on the specimen wrt mode distinguishability and observability.

In a third time the same approach has been led to improve test assessment and exploitation
during and after the test. The aims are to provide a better assessment of the raw test data, to
improve additional parameters extraction for FRF completion and provide additional methods to
help identify, characterize and quantify the malfunctions or undesired phenomena in order to
know their precise nature and better deal with them. The best methodologies have been
implemented in tools in DYNAWORKS software environment and in an extension of ISSPA and
best practice guidelines have been written.

The study interested to a new correlation criteria based on FRF to provide a fast modal extraction
and correlation in test (between test and FEM or to follow specimen behaviour evolution between
two tests). The test data quality aspects have been widely discussed to provide different method to
detect and synthesise parasitic motion and its effect on the specimen, as well as an original
method to remove it to recover the perfectly guided specimen response. Additional static and
residual terms could also have been extracted to complete the FRE database. Some methods were
proposed to elaborate reduced experimental models and other to checks measurement quality
thanks to basic properties. Finally an important effort has been made to provide a complete set of
method to detect, charactetize and quantify non linearities in the mechanical behaviour. This has
been extended to a method and tool to interpolate and/or extrapolate the non linear behaviour to

other not passed levels.

Finally the last step of the study aimed to demonstrate the development powerful, utility and
relevant advantage in a real test context: it has been apply on the real scale test campaign: the
SWARM STM qualification tests at IABG in June/July 2009.
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5 ENHANCEMENTS IN VIBRATION TESTING

51 INTRODUCTION

The first study step consists in providing a detailed description of the actual processes generally used in

space industry to manage dynamic tests, focusing on:
e INTESPACE process to deal with acquisition and treatment of test data.

e ASTRIUM processes for both base sine test and modal tests.

A wide description of DynaWorks software is provided as a complete tool to deal with dynamic testing.

A bibliographical research synthesis has been made in order to have a global view of test requirements all
over the world as well as for launchers dynamic specifications and the way to deal with them. Alternative

testing methods are also shortly presented.

A specific study has been tackled to provide a detailed list of all uncertainties source that may be

encountered in dynamic test. The objective is to provide inputs to the stochastic work package.

5.2 CURRENT PROCESSES FOR DYNAMIC TESTING

5.2.1 Modal test

The modal survey tests are used to characterize precisely the modal behaviour of a structure. Based on a

wide experience an efficient test process split in 4 steps is applied by ASTRIUM:

1. Test configuration. This concerns the proper test configuration installation which can be split in

5 points:

e Specimen boundary conditions: this aims to correctly take into account the boundary

conditions representative of the real used configuration (free-free, clamped, ...)

e Test instrumentation: it is important to have appropriate test instrumentation location,

sensor allowing a correct measurement range and connection to the specimen
e  Test facilities: an adequate acquisition chain and test piloting hardware is necessary.

e Type of excitation: the excitation is generally realized with an electro dynamic shaker in
free-free interface conditions whose power must be adapted to the structure robustness

and mode amplification.

e Test configuration checks: it is necessaty to apply basic checks to verify correct test

implementation and measurement chain continuity.

2. Quick modal identification: this aims to quickly identify mode location by short rough test to

verify the correct measurement parametet to avoid overloading.
3. Excitation and reciprocity check: this important check aims to verify the reciprocity principle.

4. Complete acquisition and linearity characterisation: the test can be achieved taking into

account different input level allowing verifying linearity behaviour (frequency and amplitude).
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5.2.2 Base sine test

The mechanical tests are a critical point in the spacecraft development. To deal as efficiently and fast as

possible with such complex tests a dedicated powerful process is applied by ASTRIUM. It is both based

on a complete preparation phase before the test as well as on a robust and secure global process for

managing the dynamic tests. This allows saving time in the test data treatment.

This process is split in four main parts shortly explained hereafter and completely detailed in the RD 5:

1. Test data measurement pre-treatment: This aims to:

take into account all the test parameters (test variables, max band per frequency band

ranges, previous run sheet definition) to parameter tools vatiables.

apply basic measurement check on raw data (correct measurement of pilot sensors,

global/fundamental compatison, ...)

Calculate transfer function for prediction process analysis with the pilot inaccuracy and
complete the transfer function base with the additional sensors (bi sensors, lateral and
resultants sensors, QSL and mass operator) and create an image of the mode location

thanks to the max band per frequency bands applied on transfer functions.

2. Test data measurement exploitation: this aims to exploit the raw test data in parallel from the

previous step 2. The objective is to:

Complete the raw test data by the post processed achieved levels (bi sensors, lateral and

resultants sensors, QSL and mass operator).
Status about the achieved levels to compare with CLA objectives.

Perform the spacecraft health status by comparing the response levels with the limitation
database and correlating the behaviour with the FEM and with the previous run by raw

test data comparison or transfer functions comparison.

3. Notch spectrum determination or Pre/Post low level comparison: This aims at:

Comparing low level responses in case of low levels or for the last run of an axis or
Preparing the next level run in case of a prediction to an upper level by:

0 Finding notching profile based on limitation database

0 Finding the critical reduced set of sensor for notching strategy building

Build the notching strategy with a reduced set of sensors (input level shape and notch
criteria). This iterative steps aims to get a final notch profile lower or equal to the one

obtained from limitation database.

4. Run sheet preparation and verification: this final part aims to verify the run sheet, calculate the

abort margins on the notching sensors, to define the abort sensor and citeria. This difficult step is

done thanks to the pilot inaccuracy. A maximum value per frequency range is calculated on the

notched responses to verify the expected CLA coverage.
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5.3 METHODS FOR TEST EXPLOITATION

The methods for test exploitation are based on three tools:

1. DynaWorks macros tools developed in the Dynaworks environment.

2. IMES study heritage and developments
3. Proto developed in MATLAB environment

5.3.1 DYNAWORKS macros

ASTRIUM has developed integrated in DynaWorks® a complete and powerful environment which helps

to manage quickly and efficiently all types of mechanical tests allowing automatic treatment of large

amount of data. This environment developed in user functions and macros supports directly the process

presented in §5.2.

The main tools lines are shown here. For a complete description, refer to RD 5.

The tool is split in 4 parts (as shown in Figure 5-1):
1. CONFIGURATION: This part allows loading

data parameters and variables necessary for the

macros.

2. UTILITY: This part brings together some useful
utilities dealing with database management and

additional data calculation.

3. CURVES TREATMENT: This part brings
together some useful utilities dealing with data

post processing.

4. PREDICTION: This part brings together some
useful utilities dealing with prediction to upper

level.

> CONFIGURATION
Load macros data
= UTILITY
Clean registers
Test creation
Curve creation
Write Registers
Additional Sensors
Load List
> CURYES TREATMENT
Display Responses
Display Program Responses
Plot Curves
Curves Maximum Yalue
Curves Maximum ¥alue per frequency range

Sine —> Random

gRMS calculation

> PREDICITON
Pilot and transfer functions calculation
Prediction

Sensors Hesponse

Calculation of the Q factor evolution between two tests

Figure 5-1: ASTRIUM tool
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5.3.2 IMES tools

The IMES study (CNES funding) aimed to improve the modal identification method previously
developed in RTMVI which allowed:

e developing a modal identification method based on shaker sine test,
e validate the feasibility of this method using a prototype software and a test example,
e Identify necessary improvements.

The works in this study consist in improving some RTMVI method points and validate these

improvements and prepare industrialization. This work deals with the two following points:

e Improve measurement methodology for a better results measurement exploitability. This has been

done by a better instrumentation and systematic control particularly at low frequency:

1. Definition of quality measurement quantitative indicator to evaluate error sources (as non

linearity’s, noise, parasitic motion)

2. Definition of an adapted test methodology: type of sensor, their mounting, frequency
data treatment. Measured transfer function control (low frequency, locally and

reciprocity) and sensor treatment.

3. Low frequency data exploitation in relationship with FEM for coherence check between
sensor measurement and geometry, between measured forces and masses. Coherence

verification between static and modal data.
e Improve analysis technical to reduce calculation times and/ort increase precision.

The complete study results are available in RD 2. The DYNAMITED study aims to take heritage of this

to integrate the results and developed tools in DynaWorks® as an industrial tool.

5.3.3 PROTO tools
Proto-dynamic is a software developed in MATLAB environment by INTESPACE and LMARC.

Proto-dynamic is a combination of MATLAB uncompiled functions providing tools for advanced

structure analysis. This platform allows treating NASTRAN data as well as experimental data.
The main functionalities are:

e FEM correlation update

e Modal identification from FRF

e Mode shape compatison: MAC ...

e IFEM response calculation

e Modal strain energy calculation

e Mode sensitivity wrt a physical parameter calculation
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5.4 REVIEW OF LAUNCHERS DYNAMIC SPECIFICATION

A complete review of launchers dynamic specifications has been done to have a complete overview of the

mechanical specification variety. The detailed analysis is given in RD 5.

The main conclusions are that above the two launchers categories studied:

1. Classic launchers (generally used for commercial launches)

2. Exotic launchers: new launchers or specific launch (military, high capacity)

A wide variety of mechanical specifications are applicable to the spacecraft, as shown hereafter:

Sine Longitudinal Qualification

Acceleration [g]

0 20 40 60 80
Frequency [Hz]

100

—e—Ariane 5
—=— Cosmos
Dnepr
- Proton
—*-PSLV
—&— Rockot

Sine Lateral Qualification

°
®

°
>

Acceleration [g]

Frequency (Hz]

——Ariane 5
—=—Cosmos
Dnepr
% Proton
—*PSLY
—e—Rockot
—+—Soyuz
——Vega

Figure 5-2 : comparison of sine longitudinal Figure 5-3 : comparison of sine lateral specification

specification for classic launchers

Sine Longitudinal Qualification
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Sine Lateral Qualification
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Frequency [Hz]
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——Deltall
——Delta il
~— Delta IV
H2A
Strela
Taurus
o Zenit

Figure 5-4 : comparison of sine longitudinal Figure 5-5: comparison of sine lateral specification

specification for exotic launchers

for exotic launchers

© Astrium






EADS Issue : 1 Rev.:1
et & Date : 03/03/2010
sEsEriam g Page : 17

Ref : MTF.AIDT.TN.2168

R

5.5

ALTERNATIVE TESTING METHODS

The classical testing methods consist to apply to the specimen the specified environments whose levels

intensity are progtessively injected to achieve the specified qualification level and avoid failure in test:

Sine and random: The specimen is generally clamped at his base on the adaptor connected to

the shaker table with a base sine excitation.

Acoustic: the specimen is generally put in a reverberation room and clamped at his base on a

table.

Alternative testing methods are used generally in particular cases:

1.

If the specimen is tecurtent from another fully tested model. Lower levels could be injected not
on all the axis to verify the correct modal behaviour wrt a STM or PEM model and save test time

duration.

Equipments. For large equipments, random excitation could be replaced by direct acoustic test

whereas for small equipments the qualification could be achieved by random excitation.

Other alternative testing methods are:

3.

5.6

Transient excitation. This type of excitation is very close to the real environment but this way of
qualification is not used mainly due to the two following reasons: the launcher time history signal
is confidential and subject to important vatiability risk and the actual qualification method is

dimensioning allowing covering the launcher environment uncertainty.

Multi-axis excitation presents a lot of configuration advantages and a type of excitation close to
the real excitation on launcher but it is not used due to the specification provided by the launcher

authorities and the complexity of piloting such tests. Moreover such installations ate very rare.

DYNAWORKS® FUNCTIONALITIES

The DynaWorks® software is a powerful tool to process and analyze dynamic tests data, and to compare

these results to analytical ones. It may be used for test exploitation such as analytical phase, and

correlation.

The main DynaWorks® functionalities very useful to analyze dynamic test data are the following:

Simple and quick availability of analytical results in a DynaWorks® database with different

importing way supporting all common formats.

Process the measured data via the available functions libraty to create harmonic, global responses

and transfer functions.

Extract modal parameters and shapes via available identification tools thanks to 2 DynaWorks®
modules implemented: ISSPA method and RTMVI method.

Analyze the results and compare to analysis.

These functionalities are completely detailed in the RD 5 and DynaWorks user’s manual.
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5.7 TEST UNCERTAINTIES

The measurement uncertainty in vibration testing is a combination of several types of elementary

uncertainties which can be grouped as follows:

e Specimen/intetface transducer uncertainties related first to the transducet’s location and

orientation, then to the way the transducer is connected to the specimen.

e Acquisition chain uncertainties related to the transducer, to the conditioner and the digitalizer.

e Post-processing depending on the type of the test (sine or random), uncertainties related the post-

processing of raw data.

For each case, a list of uncertainties is provided and quantified (taking into account the AFNOR

recommendations) even if some of them are in fact negligible.

Each elementary uncertainty is reduced to 1 standard deviation (I o) according to the COFRAC

recommendations:

e for results obtained from statistics: assuming a Gaussian distribution for which the maximum

uncertainty is about 3 times the standard deviation (3 ©), this 3 ¢ value has to be divided by 2,

e for manufacturer specifications: assuming a rectangular distribution the specified value has to be

divided by 1.7.

Intermediate uncertainties at 1 & result from various elementary uncertainties at 1 ¢ combined

quadratically, except if systematic error (direct sum), following the COFRAC accreditation organization.

A global value at 1 ¢ is then detived from intermediate uncertainties at 1 ¢ combined quadratically. A

coverage factor of 2 is finally applied to provide a global uncertainty at 2 ¢ corresponding to a confidence
level of 95.5 %), as presented in Table 5-1.

. Piezoelectric acc. | Piezoelectric acc. | Acc. with integrated .
Uncertainty type ) Strain gages
+ ENDEVCO + DIFA electronics + PCB
Specimen/transducer
) 2.1% 21% 2.1% 7.1 %
interface
Transducer 4.0 % 4.0 % 2.9 % 0.5%
Conditioner 1.9 % 1.5 % 0.8 % 1.5 %
Digitalization 0.047 % 0.047 % 0.047 % 0.047 %
Sine sweep 0.1 % 0.1 % 0.1 % 0.1 %
Uncertainty at 2 ¢ 9.8 % 9.5% 7.3 % 14.5 %

Table 5-1: Global uncertainties at 2 ¢

Uncertainty on frequency at 2 6: 0.2 %.

© Astrium






EADS 5 Issue : 1 Rev.: 1
i Date : 03/03/2010
=SsSErium Page : 19

Ref : MTF.AIDT.TN.2168

5.8

CONCLUSIONS

An overview of mechanical testing has been addressed concerning the system aspects related to the

current processes for dynamic testing, the methods for test exploitation, a complete review of launchers

dynamic specification and alternative testing. Likewise, the testing aspects have been addressed related to

the current tool for dynamic testing with a complete description of DynaWorks® test functionalities and a

quantification of test uncertainties.

This state of the art allowed revealing the enhancements to be wished in vibration testing to improve the

quality and representativity of test data. These actions can be split in pre test and post activities.

In pre-test activities, the following topics have to be studied:

Take into account the test uncertainties in test pre parathion to derive their effect on modal

parameters,

Detive the stochastic notching prediction,
Improve base load measurement techniques,
Take into account the sine sweep rate effect,

Improve the instrumentation thank to a better positioning of the sensors.

For post-test activities, the following topics have to be studied:

Propose a new correlation criteria based on FRF,

Improve the test data assessment and quality by a better characterisation of the patasitic motion,
determine its effect on the specimen and propose a method to recover the petfectly guided

specimen behaviour,

Improve the test data assessment and quality by completing the FREF data base with static and

residual terms,

Propose new methods to build with experimental models without having resort to a finite element

model,
Remind the basic principles to verify to check measurement quality,
Propose techniques to identify, classify and characterize non linearities

Propose techniques to deal with non linear behaviour to predict not passed levels.

Theses approaches are presented in the following paragraphs.
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6 PRE TEST METHODOLOGIES

6.1

INTRODUCTION

The pre test methodologies focus on all activities that can be achieved before the dynamic test in order to

anticipate possible difficulties, to secure its progress and to have the best inputs with respect to the test

objectives. Different methodologies have been developed to meet the multiple study objectives.

The methodologies studied concerns the following themes:

Uncertainties have been tackled on two aspects: on one hand, test uncertainties and on the other
hand prediction uncertainties.

Test uncertainties may have various origins but all of them induce dispersion on measurement.
The aim is therefore to give an a priori assessment of test uncertainties in order to build a
standatrdised cloud for test data and therefore to match the EDIS philosophy. Using the different
uncertainties identified in the state of the art, evaluation of their impact are made on all output
parameters of interest of a dynamic test. Either analytical or Finite Element methods are used to
derive these impacts. For instance, the impacts of uncertainties concerning sensors otientation
and location have been evaluated using stochastic FEM calculations. Finally an assessment of
incertitude on outputs is provided for each source of uncertainty. Method for combining the
incertitude sources has also been studied using standard stochastic methods.

FEM used for test prediction are always approximated. This model uncertainty knowledge is
derived before the test to build a stochastic notching profile: such approach goes beyond the
modal approach directly to the sine response, which is effectively measured during test. Doing so
facilitate the negotiation with launcher authorities during the test if a notching profile envelope is
agreed before the test. Building such notching profiles require stochastic calculations and adequate

post-processing with evaluated FEM uncertainty as input.

Base load measurement is of high importance in base sine test and should always be measured
or at least evaluated. The aim is of this part is to make an assessment on the precision of the
vatious methods dedicated to base load evaluation, basically coil current and mass operator.

Optimisation techniques are compated to direct static reduction of the FEM.

Sine sweep rate is an important parameter for base sine tests, as it is linked to piloting stability
and has an influence on test data. Two different aspects have been studied here: the estimation of
the sine sweep rate effect on the FRF peaks (frequencies, levels, width) and the calculation of the
suitable sweep rate in order to not exceed on specific mode minimum modal parameters

precision.

Sensor location is of primary importance for test results since it defines the specimen dynamic
behaviour by providing components of the deformed shapes. It is thus worthwhile to improve it
the sensor location with respect to general criteria of mode observability. The measured
components must allow making distinction between the shapes with a good observability.

An optimisation methodology for sensor location according to the orthogonality criteria (Modal

Assurance Criteria or MAC) has been built using a mathematical model providing relevant data.
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6.2 DERIVATION OF TEST UNCERTAINTIES TO UNCERTAINTY ON MODAL
PARAMETERS

6.2.1 Introduction

The objective of this study is to compute using a stochastic approach a cloud representing the global error
on test results due to the identified test uncertainty parameters. The way to do this is to use a standard

finite element model and to derive on it all these test uncertainties using NASTRAN finite element solver.

The objective is not to study correlation between FEM model results and real test data but to determine
the dispersion that may be expected on test data due to test uncertainties. As the main objective is the
improvement of test prediction using finite element approach, taking into account these uncertainties into
the FEM may anticipate such dispersion in test results. The final expected result is that predicted sine

responses envelop shall include sensor response measured during vibration test.

6.2.2 Methodology

The NASTRAN output corresponding to test result is sine response (amplitude versus frequency curve)
on restitution grids, corresponding to test transducers. The main difficulty, using this kind of output, is to

generate a cloud defined by points with amplitude versus frequency curves as input.

To fit with the EDIS philosophy (RD 3), a modal approach is used. Modes have to be identified on sine
responses (maximum pick on a frequency range) and have to be treated separately. The final objective is to

get a cloud representing one mode on amplitude versus frequency diagram for each degree of freedom.

Grid 4 response for X sine excitation — ddl

The following example shows the principle of | *

— 4 _reloronce
— 10000004 — ghat 1

the computation of the global stochastic | . | — iDo00604 s
| 1000004 - ot

. shot 5

cloud studying a plate submitted to Z sine 1800004~ 7
E 10000004 - shot &

. . . . 10000004 - shot 3
excitation. A Monte-Catlo analysis using all 10000904 - ot 10
a0 10000004 - shot 12

. = 10000004 - ghot 13

test uncertainty parameters has been executed 000004 s

- 10000004 - shot 15
10000004 = shot 16

4 - 10000004 - shot 17

10000004 = shot 18

| E — 10000004 - shot 19
| 10000004 — shat 20
10000604 — shot 21
10000004 — shot 22
10000004 — shot 23
10000004 — ghot 24
10000004 - shot 25
10000004 - shot 26
10000004 - shot 27
10000004 - shot 28
10000004 - shot 29
10000004 - shot 20

+ 10000004 - shat 31
10000004 - shot 22

* 10000004 - ghot
10000004 — shot 34

+ 10000004 — shot 35
10000004 — shot 36

— 10000004 - shot 37
10000004 = shot 38

— 10000004 - shot 38 [4,
10000004 = shot 40

with 60 shots. As Q-factor is identical for all
shots, the gap on amplitude represents the
variation of the identified modal shape. The
60 Z responses of one of the grid of the

model are given in Figure 6-1:

Figure 6-1: Stochastic sine response example
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Focusing on the amplitude and the frequency of the
the

calculating the maximum peak in the frequency range

first mode, stochastic cloud is achieved
of interest. If no peak is identified then the
maximum value is used (i.e. value at lower or upper
frequency). The maximum value is associated to its
frequency. The Figure 6-2 shows the response of the

grid 4 (Z response) for the first mode:

This cloud is normalized thanks to amplitude and
frequency reference values (from the nominal case).
(of all grids)

normalized clouds achieved from the same mode

Finally, all degrees of freedom

study are superposed to get a single cloud

representing the mode of interest. The Figure 6-3

shows the association of 2 grid clouds:
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Figure 6-2 : Amplitude/frequency cloud for mode 1

at grid 4
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Figure 6-3 : Normalized amplitude/frequency
cloud for mode 1 at grid 4

All amplitude and frequency values are divided by the reference so mode clouds should be superposed to

get the whole cloud that represents the analysis. It is thus easier to compare FEM prediction to test data.

The associated hypothesis to this method is that all grids may be used to identify one mode which is only

true for global modes.

6.2.3

Taking into account test uncertainties in FEM

All the test uncertainty parameters generally met have been classified in Table 6-1 with respect to the kind

of output they modify in a FEM analysis. To illustrate, it is simple to estimate for example that frequency

extraction is not sensitive to sensor orientation while MAC analysis is.
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FEM analysis type sensibility

. Frequency MAC SiTE . . Notched
Test uncertainty . . masses  Sine Analysis :
extraction analysis . profiles
calculation
Sensor orientation X X
Sensor location X X X
Specimen/transducer's interface "accelerometers” X X X
Specimen/transducer's interface "Strain gauges” X X
reaction Force thanks to coil current intensity X X X
Acquisition chain: "piezoelectric accelerometers" X X X
Acquisition chain: "accelerometers with intergrated electronics" X X X
Conditioner X X X
Pogt—prgcessmg: Acquisition from sine sweep (frequency X X X X X
estimation)
Digitalisation X X X X

Table 6-1: FEM analysis type sensibility to test uncertainty parameters

Sine analysis approach is mainly of concern in this study as it corresponds directly to test measurement

and thus is impacted by all the listed test uncertainty parameters.

The different uncertainties taken into account are listed here below and are assumed to have a Gaussian

repartition:

Sensor location

This test uncertainty is the most difficult to take into account in a NASTRAN finite element
model as it shall not modify the mathematical validity of the model, thus moving restitution grids
is not allowed. Two solutions (described in RD 6) are proposed to solve this problem: the MPC
and the tangent plane methods.

Sensor orientation

Sensors may be incorrectly oriented during the sine vibration test and thus impact directly the
responses. This is mainly due to difficulties to access to sensor location duting the S/L
instrumentation. The principle here (described in RD 6) consists in modifying sine responses

using Fulerian angles to take into account this error on FEM results.

Other uncertainties

Other uncertainties are directly applied to FEM sine responses:

O transducers signal error (frequency or temperature dependent, linearity...) and

specimen/transducer interface error (mass, quality of connection, cable effect...),
O acquisition chain uncertainties: the conditioner or digitalisation system error,
O uncertainties from post-processing: sine sweep rate (frequency estimation).

Neutral fibre specific influence

FEM are an idealisation of the reality which induces an additional uncertainty on the calculated
FRF wrt the one measured in test due to shell thickness in one hand and transducer interface
mounting system in the other hand. The principle here (described in RD 6) consists in offsetting

the restitution point from the neutral fibre.
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All of these test uncertainty parameters apply to sine responses amplitude except the sine sweep rate which

applies to frequency. Some uncertainties apply independently to each dof (sensor location, otientation...)

while others are applied to all of them (sine sweep rate).

As a first simplification all these uncertainties are merged in two kinds of parameters that apply to each

restitution dof which means that all acquisition tracks are considered as independent:

e  Parameters relative to amplitude which correspond to the sum of transducer and acquisition chain

errors (5% at 1o),

e  Parameters relative to frequency which correspond to sine sweep rate error (0.1% at 1o).

The number of parameters is thus 2 times the number of restitution dofs.

6.2.4 Application on telecom spacecraft

The uncertainties have been applied on a
representative  typical telecom spacecraft
based on a classical Eurostar 3000 platform
in test configuration tested on INTESPACE
test facilities. The spacecraft FEM is
composed of 700 000 dof and 175 000

elements.

Figure 6-4: Telecom spacecraft application case

To study the impact of test uncertainty parameters, it is necessary to focus on main modes on the three

excitation axes. Three modes of interest per axis are selected (see Figure 6-5) using the reference effective

mass criterion first and notchings observed during sine vibration test. For each stochastic shot, these

modes will be identified on all restitution grid responses leading to stochastic clouds.

Figure 6-5: Y modes - first lateral mode, solar arrays mode and coupled S/C mode

© Astrium





Ref : MTF.AIDT.TN.2168

EADS ; Issue : 1 Rev.:1
e % ¥ Date : 03/03/2010
sasSEriam 5 Page : 25
&

Er

Test uncertainties stochastic cloud

This method allows building dispersion clouds | = . ; : : : : : ; ‘

(Figure 6-6) for each uncertainty type from which
are derived: error probability density diagram | 25} " 1

(Figure 6-7) (that gives complementary dispersion .
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information on the stochastic cloud) and probability

diagrams (Figure 6-8). The probability diagram is

]
T

computed from Equation 1.

Ratio on pic maximum / reference

Equation1 P(f < f ;7 <y,) = ” p(f,y)dfdy

f<f,
<70 05t 1
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Figure 6-6: Dispersion cloud example for sine X mode
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Figure 6-7: Probability density for sine X mode n°1  Figure 6-8: Probability diagram for sine X mode n°1

The detailed application is provided in RD 6. The Monte-Carlo stochastic analysis sequence includes super
elements generation, modal and sine analysis for the different uncertainties (Table 6-1). This represents a

huge amount of calculations (2124 parameters and 120 shots).
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However, the main results of this study are given here below for each uncertainty type:

e Sensor location and orientation error

The probability to have an error due to
sensor location and orientation lower than
10% is between 95 and 98% depending on
the mode. More globally, the probability to
have an error on amplitude due to sensor
location lower than 2% is 66% which would
consists in a ~2% error at lo assuming

Gaussian repartition.

The second main result is that this error is
not as mode dependent as expected. The
third

dependent on sensor location etror.

result is that frequency is not

Thus to improve test preparation, sensors
that give large dispersion on results due to

error on their location shall be identified.
e  Other uncertainties parameters

The error on sine responses is mode
dependent. The first X and Y lateral modes
are more sensitive than the other to test
uncertainty parameters. In fact, the lateral
modes have about the same frequency
(15.9Hz 16,0Hz in Y

direction), so the otientation of the sensor

in X direction,

may add non negligible transverse response.
The sensor orientation parameter seems to
be the origin of the large dispersion in the

two lateral modes.

Proba (%)

Test uncertainties (sensor location) - probability

i i
—e— sinX-model

—=— sinX-mode2 |-
sinX-mode3
sinY-model

—x—sinY-mode2|~
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——sinZ-mode2

—=——sinZ-mode3 |-

Figure 6-9:
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The diagram shows a significant dispersion on acceleration responses:

O Except for first lateral modes, the probability to have less than 20% of error on the amplitude is

80%,

0 On first lateral modes, the probability to have less than 20% of error on amplitude is equal to 65%.

However even if error on acceleration on
first lateral modes may be considered as
significant, it is mainly due to transverse
response that leads to negligible acceleration

compared to the axial response.

If transverse responses are suppressed on
first lateral modes, the result is better as the
probability to have an error less than 20%
becomes 90% (versus 65% without filtering

transverse I‘CSPOHSCS) .

As main conclusion, the probability to have
an error on amplitude due to all test
uncertainty parameters lower than 10% is

66% which would consists in 10% at lo

assuming Gaussian repartition.

e Neutral fibre specific influence

The most stable modes are first lateral modes
as they are less sensitive to transverse grid

location.

The probability to have an error on sine

response (amplitude) due to transverse
location lower than 5% is 66% which would
consist in 5% at lo assuming Gaussian
repartition. In particular for first lateral
modes, this error is lower: ~3% at 1o. Thus
the errors in transverse sensor location in a
S/C finite element model are not critical for

sine test prediction.

Proba (%)

Test uncertainties (all parameters) - probability

— — — —sinX-mode2
— — — —sinX-mode3

sinY-model (all dofs)

— — ——sinY-mode2
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—e—sinX-model (all dofs)

80

Error on response (%

Figure 6-11: Error due to all uncertainty parameters (first mode

focus)

Proba (%)

Test uncertainty (neutral fibre) - Probability

i —=— sinX-mode2 |

— sinZ-mode2 '

—e—sinX-model | —

sinX-mode3
sinY-model|
—x—sinY-mode2 |
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Figure 6-12: Probability error due to neutral fibre

90

However the impact of the transverse sensor location on result (5% at lo for 2cm of location error) is at least
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equivalent or more significant than in-plane sensor location (2% at 1o for 1 cm of location error).
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6.2.5 Comparison with test data

To demonstrate the approach interest and efficiency, the next step consists in building a test stochastic

cloud and verify that it is included in the one obtained by analysis from the whole identified test scatters.

To avoid structure fatigue and damage, it is not possible in test to play many times runs on a spacecraft,

thus the stochastic cloud is built from the

pre-and post low level runs.

As test data are not filtered, dispersion on
frequency may appear larger. More than 90%
of points are included in all test uncertainty

parameters cloud.

The test repeatability comparison with test
uncertainty parameters impact on analysis
result is quite satisfying. On global modes, as
considered here, repeatability gives always a
lower dispersion than studied sources of
error. Furthermore, variation on both
amplitude and frequency responses ate
consistent. Only first Y lateral mode gives
non satisfying results because of the non

repeatability of test data.

6.2.6  Stochastic notching prediction

Test uncertainties stochastic cloud
25 T T T T T T T

Ratio on pic maximum / reference

0 Il i Il 1 1
0.98 0.99 1 1.01 1.02 1.03 1.04 1.08 1.06
Ratio on frequency / reference

Figure 6-13: Test / uncertainty study comparison for sine
Z mode 2

Spacecraft mechanical tests aim at qualifying structures with respect to a launcher flight environment and

to provide data to validate the FEM representativeness. An input spectrum is specified by the launcher

authority to cover the fli events. If no fli event is expected on some narrow frequency bands, this
th t the flight ts. If no flight t pected frequency bands, thi

spectrum can be “notched” to avoid structure over testing on particular modes.

These tests are prepared thanks to FEM analysis. The structure FEM is composed of different sub-

systems models provided by the sub contractors. All these models have different accuracy in modelling the

true hardware behaviour which leads to dispersion on the global results and thus on the predicted final

notched spectrum. Moreover discrepancies and errors due to test uncertainty parameters, damping and

cross coupling may also significantly affect the notched profile.

After introducing the different kind of uncertainties in the FEM sine responses, the outputs are notched

input spectrums allowing characterizing the FEM prediction robustness and the sensitivity to the different

par ameters.

Customer and launcher authority agree before the test on the “reference” model final notched spectrum

but which may be largely affected by different parameters on particular frequencies. This approach helps

to anticipate problems (large dispersion on critical sensors) and facilitate iterations with the launcher

authorities by providing probability of different input spectrum due to different discrepancies and errors.
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6.2.6.1 Methodology

To get a good understanding of each error source effect, the stochastic analysis is split in four parts:

e Study 1: Study on subsystem modal and mass parameters: first natural frequencies (on clamped

conditions modal analysis = 10%) and rigid mass (2%) of each subsystem.

e Study 2: Test uncertainty parameters effect (previously presented) are added to “study 17

parameters, the global error due to these uncertainties is equal to ~10% (at 10).

e Study 3: Cross-coupling effects are added to “study 2 parameters, each transverse excitation is

expected to be null as average value with 5% (at 1o) of the nominal excitation. All transverse

excitations are added (including phases component) to nominal excitation.

e Study 4: Damping estimation error will be added to “study 3” parameters. Damping is a

permanent source of uncertainty as it is difficult to measure and is often non-linear with respect to

the input level and is frequency and subsystem dependent. Thus the error made on damping will

be considered as a global error of only 10% on sine responses.

A Gaussian repartition is assumed for all the parameters.

This sequence is linear and inverting studies would have outcome to the same final result.

6.2.6.2 Application

The method has been applied on the previous spacecraft

with a sequence of 120 shots.

The different output in Figure 6-14 and Figure 6-15,
provides the parameters influences. The reference curve

is added on each figure (in black).

Figure 6-15 presents the study 1, study 2, and
study 4 envelop. Figure 6-16 provides information on
the robustness and conservativeness of the reference

results.

First lateral modes are fully decoupled to subsystem
modes as no modification on frequency or amplitude is
observed on the notchings at 15.91Hz (X excitation) and
16.0Hz (Y excitation).
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Figure 6-14: Sine X — all notched profiles (study 1)
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Figure 6-15 : Sine X — notched profile envelope Figure 6-16 : Sine X — % of shot around the average
(study 1+2+3+4) values

The following point may be highlighted:

Due to uncertainty on subsystem dynamic behaviour some notchings may appear (for example at
55 and 80Hz) or may be deeper (for example at 45Hz). This may be critical for the test prediction
phase when the manual notching philosophy will be decided. The impact of subsystem modal
parameters is quite important in the 35-80Hz frequency range as subsystems reference case first

frequencies are located around 50-60Hz.

All uncertainties parameters may impact sine response with 10% of error at 1o. This impact on
sine response leads to new notched profiles. It is important to notice that test uncertainty error is
applied on sine response and not directly on notched profiles because it allows new notching

apparition.

The cross-coupling effect may impact sine response and thus notched profiles. Cross-coupling
error is applied adding transverse sine responses, taking into account phase shift, to nominal sine
response to compute new notched profiles. No major modifications appear on X and Y notched
profiles. Adding transverse response leads to an amplification of the nominal response and thus a

deeper notching.

Damping may also impact the sine response and thus notched profiles. Damping is really
complicated to estimate in a S/C FEM as modal damping is generally used and applies to all the
structure. Thus the goal is just to illustrate what a damping estimation error of 10% may lead on

notched profiles.
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Figure 6-17 : Sine X — notched profile envelope (probability density)

All these diagrams have shown various ways to display notched profile envelops: simple envelop, density

probability and percentage around average value.

It should be noted that the notchings at 62 Hz and 80 Hz are not predicted by the reference FEM. Since
reasonable assumptions on the uncertain parameters have been used, the predicted additional notchings

appear to be realistic.

Some notchings have shown to be robust with respect to the subsystem modal parameters. Other
notchings are strongly dependent on the kind of assumed errors. The deepest notchings are normally

robust.

The cross-coupling excitation shows that the first lateral mode may generate a notching during a
longitudinal vibration test even if cross-coupling effect is not very high (5% of transverse excitation
assumed here). A particular attention must be paid in case the excitation is produced by more than one

shaker.

All these informations are critical as they inform on probability of occurrence and robustness of predicted
notchings. This is important to compute this kind of diagram prior to test vibration campaign as they

represent a good support to negotiation with launcher authority.
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6.3 BASE LOAD MEASUREMENT

6.3.1 Introduction

One of the main objectives of the base sine excitation test is to cover the base force and moment
predicted by the coupled load analysis. But it is also an important measure to determine effective mass. It

is consequently of high importance to access the base loads and associated frequency during the sine tests.

An assessment on the precision of the different existing methods dedicated to the base load (force and

moment) evaluation is made:

e The Force Measurement Device is the best solution to measure directly the complete base forces

and moments but such device is not available in every test facility centre.

e The mass operator which uses a linear combination of a set of sensors intelligently spread over

the S/C associated to mass coefficient and level of arm.

e Tinally, using the coil current injected during the test to recover global force used on the mode.
By removing the shaker moving parts, the S/C base force can be recovered. Nevertheless it is not

possible to recover the base moment.

To improve the base load mass operator determination, an optimization technique is proposed and

compared to the direct static reduction of the FEM.

6.3.2 Force Measurement Device

The force measurement device is a general term naming a device able to measure, between two interface
planes, the complete load torsor. Its general generic design is composed of two rigid interfaces separated
by load cells.

Thus the force measurement devices can exists for different specimen type and interface.

As an example, the ESTEC 1194 FMD is shown in Figure 6-18.

- . [ [ " . D =
. / "l - ! ; y N ( 7 | — SICAdapter
> ' ) 7
- N / Uppes Fing
| \ ",
i ) NIRRT
RINGS ] SO DO
Force Link— . > i T Prelcading
191mm 7 2 N Bolt
Tranzducer N Lower Rin
3 -é B Z ! i)
FORCE LINK ———— \ \nZ)
i { K \ i \\LF{/E T Y
) k\‘\\\l g i\\'\\.[ ) '\\J
Figure 6-18 : View of the ESTEC FMD Figure 6-19 : Force link cut out
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The main FMD characteristics are the following:
e Trequency measurement range:
e  Measurement range:
e Moment measurement range:
e Axial/bending stiffness:

e Overall mass / height:

up to 100 Hz at high level,

up to 800 kN axially,

up to 260 kN.m in bending,

9.55x 10° N/m /
494 kg /

up to ~300 Hz at low level
up to 200 kN laterally

up to 130 kN.m in torsion
2.73 x 10° N.m/rad

40 cm

This device provides a complete torsor recovery (6 components), as shown hereafter:
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Figure 6-20: Force base load (MX, and ) Figure 6-21: Moment base loads load (MX, and

The FMD is the best way to determine the base loads as it:

e Provides the direct measurement of the complete interface loads with high accuracy which can

be used for direct automatic notching.

e Validates immediately the qualification level achieved on main mode, whatever the FEM quality

and thus provides useful data for the FEM correlation

e Presents a high stiffness generating a limited frequency shift , a good linearity and low cross talk.

The spacecraft mode stiffness higher, the error higher.

e The integration in the test set-up is transparent and can be adapted to every interface diameter

thanks to the modular concept.

However some particular points have to be noticed wrt to its use:

e In general an extra load spreader is required between the slip table and the FMD, which increases

the over turning moment on the slip table due to the additional FMD mass and a higher CoG.

e It requires a special device which is not always available and calls for time and money.

e It generates a low frequency shift on the most important mode dependant of the effective inertia

involved on the mode.
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6.3.3 Mass operator

. . . A
In the case where it is not possible to use in the test set-up a
Force Measurement Device, the other alternative way to

determine the base loads is to build a Mass Operator.

The mass operator principle is to assume that the base load
force in the excitation direction and moment are proportional
to the spacecraft local sub-system part mass and lever arm
(from the S/C interface plane) and their associated internal

acceleration.

Thus it is necessaty to determine an intelligent set of sensor
representative of the mass spread over the spacecraft height

that match with the base loads (force and moment) response

shape as shown on the Figure 6-22.

The mass operator can define the base load force in the

excitation direction and moment around the in-plane crossed

direction but can’t provide the two others base forces and Figure 6-22 : Mass Operator base

moments components (as the FMD does). load and moment principle

Each sensor will be associated to a mass and lever arm (only in the case of moment calculation)

coefficients and the following relationship can be built:

nbsensors nbsensors
Equation 2 F(o)= z m; x 7, (@) Equation3 M (w)= Z m, x h, x 7, (@)
i=1 i=1
with  F the spacecraft base force in the excitation direction,
M the spacecraft base moment in the interface plane around the crossed excitation axis due to a
lateral excitation,
m; mass associated to sensor i,
¥i acceleration associated to sensor i and

h;j lever arm associated to sensor i.

The mass operator building consists to define a set of sensors and to determine the associated masses to
have the better possible approached value of the base load force and moment. The lever arm is

intrinsically given by the sensor height from the spacecraft interface plane.
The mass operator building process strategy is completely detailed in the RD 6.

The method accuracy is directly linked to the sensor accuracy and to the FEM reliability to represent
reality. Nevertheless its efficiency and reliability has been demonstrated by comparison with the ESA
FMD.

To get more confidence into the mass operator results, it is recommended to correlate the calculated levels
on the mode with the base force extracted from the coil current. If the mass operator is not within £20%

of the coil current value, this is a warning message upon the mass operator validity.
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6.3.4 Coil Current

The interface force in the nominal direction of motion at the specimen base can be deduced by removing
the contribution of the shaker moving part. This standard test result provides only one force component,

which is sufficient for order of magnitude correlation with more accurate techniques.

The base load force from the coil current is calculated thanks to the coils intensity conversion coefficient.
This coefficient is determined by the proof tests realized by the test facility centre before the sine tests to
calibrate and demonstrate the shaker capability to pilot correctly the runs. Such test provides acceleration
pilot measurements on the shaker table as well as the measured coils current. As no shaker mode can be
expected on the spacecraft first mode frequency bandwidth, this also provides a frequency dependant
correlation factor between Force and Ampere current in the coils.

_ to move to move to move to move
=F +F +F +F

coils sha ker table adaptor harness

Equation 4 F

coils current

number of coils

Equation 5 l:coils current — COQﬁlClent x Z Icoil i = (mcoils + mshaker table + madaptor + mharness ) X 7/base
i=1

This coefficient is shown on the Figure 6-23. It has been calculated based on test results realized on the
INTESPACE MVS lateral shaker and are different for other tests facility centres.

a
-

=

b
[ M L
“ 1
a = ™ ™ -
w
Origine Litbelle Modele Essai FointMesure Type Commentaire
62 0_plpo_seb PRU courant bobine PRPFO2X Global Comment

Figure 6-23: X axis shaker coefficient for low level (0.1 g input) and high level (1 g input)
It can be noted on the Figure 6-23 that this highly non-linear coefficient is function of:
e The shaker itself: the moving part slides along bearing guides which generates viscous friction.
e The frequency and the input level.

e The mass on the shaker table: it slightly modifies the coil impedance.

The coil current coefficient value will be chosen around the correlation mode frequency of interest and on

the level input as close as possible to the test conditions.
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To recover during test the load force in the excitation direction at the spacecraft base, it is necessary to
convert the coils intensity into force and remove the contribution of the rigid shaker moving parts (Coils

mobile parts, Shaker table mobile part, Spacecraft adaptor, Harness on the spacecraft).

The base force load is consequently given by:

number of coils

Equation 6 I:S/C base COGﬁICIGnt x z Icoil i (mcoils + mshaker table + madaptor + mharness ) x 7base
i=1

The coil current force calculation is not very accurate due to acceleration measurement error (about 9.8%
at 20) and low Ampere-metre resolution (less than 5% at high frequency but about 20% at low frequency)
whose discrepancy increases inversely wrt the mode effective mass (as demonstrated in RD 6). However, it
provides the order of magnitude value at low frequency (corresponding to the main spacecraft mode) to

give confidence in the mass operator calculation results obtained by other techniques.
6.3.5 Mass operator building strategy

6.3.5.1 Optimization techniques

Following the mass operator philosophy, it is possible to improve and automate the mass coefficient
determination. The main idea to determine the mass operator sensors and coefficients, for a given set of
sensors, is based on an optimization under constraints of the masses to associate to the sensors with least

squared method criterion.

The constraints to fulfil are of different types:

e The total spacecraft mass must be spread number sensors excitation axis
over the sensors in the excitation axis Equation 7 M i sic = Z m;
i=1
e The total spacecraft inertia must be spread number sensors excitation axis
over the sensors wrt the associated masses Equation 8 M i s/c X Zeog = Zmi : hi

and lever arm (height from interface plane) =

in the excitation axis Where h; is the sensor i lever arm (or height) wrt the

considered axis.

e Mass ranges associated to the sensors to . -

g 4 N Equation 9 minf <mi <m;*?

respect mass physical repartition over the
inf

spacccraft (default values are at least: M" =0 and M =M 5,c)

e Mass equality on couples of sensors (to Equation 10 m, =m,

take into account spacecraft symmetry

properties)
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e Base load force (and moment for lateral excitation axis) on one or several peaks determined:

0 Exactly
number sensors
F(a)peak = Z mi x 7i (a)peak )
i=1
Equatlon 1 number sensors

M (wpeak ): zmi X hi X Vi (a)peak)

i=1
0 Or Approached with a given percentage of peak value: Gpeak

. number sensors

F(a)peak )_ z mi X7i (a)peak

i=1

< F (a) peak )

Equation 12
number sensors
M (a)peak )_ z m; x hi X7i (a)peak *
<

i=1

s o
peak
\ M (a)peak )
The optimization principle consists to minimize the differences between:
number sensors excitation axis
e on one side base load Force F(w) and its mass operator approximation z m; Xy, (a)),

i=1

e and on the other side the base load moment M(w) and its mass operator approximation
number sensors excitation axis

Zmi x h, xyi(a)).

i=l

Thus a cost function can be built; which can be balanced by the base load force or moment modulus

(linearly or quadratically) to impose an optimization mainly on the base load transfer function peaks. A

[TeE)

balance factor “p” can be defined to O (no balance), 1 (linear balance) and 2 (quadratic balance).
The optimization is realised on the transfer function imaginary part to take into account the sensor phase.

Finally, the cost function can be written:

Equation 13

number sensors 2

L ——— : LTS o0)- ) p
H, 22[( Zmi ~Im(7i(a)|))—lm(|:(a)l))J ]XF(lep"'Z i=1 XMZ(a)|)

= im1 = Zeos CoG ‘

Remarks:

e The Equation 13 second member relative to the moment calculation is normalized by the CoG

height of the studied system to have homogenous left and right terms

e In the particular case of a longitudinal excitation, moment is not considered and the H; criterion is

reduced to its first membet.

This equation can easily be minimized in MATLAB (see RD 6 for more details).
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6.3.5.2 Static FEM reduction

Another original way to build a Mass Operator relies on static reduction of the model on the chosen set of

SENnsofrs.

The idea it based on the fact that a static condensation of the FEM on the mass operator sensors

(instrumented dof) would associate to each of these points the local FEM mass properties.

The GUYAN static reduction principle is to build a simplified model in terms of mass and stiffness with

which internal accelerations can be determined as responses to a forced excitation at the spacecraft basis.

The start point are the physical model and the fundamental equations: K. =F and M. =F.

Once the FEM is condensed on the instrumentation, we recover the interface base loads by multiplying
the condensed mass matrix on the set of instrumented sensors by the rigid body motion vector and the

acceleration on the instrumented sensors:

. T
Equation 14 o Rigid M condensed " 7 sensors (a)) = Fbase (a))

The static FEM reduction leads to the following main conclusions:

e The condensation on the complete S/C instrumentation leads to very good loads recovery on the
whole frequency range (not only on the peaks). In fact the larger the number of sensor is, the

better the base loads recovery is.
e The base loads recovery is generally better in lateral axis than for longitudinal axis.

e Reducing the condensation set of sensors leads to debase the recovery quality. The degradation is
more important in longitudinal force recovery than in lateral (force and bending moment)

recovery.

e Keeping all the sensors for the base loads recovery improves the recovery robustness even if it

calls for wide measured data verification during the test.

To recover the global loads applied a sub-system (and then the quasi static load), it is easy to condense
statically only its mass on the whole spacecraft instrumentation (the stiffness matrix will remain the same).
Even if it is not possible to recover precisely the loads on each foot of the sub-system for hyper-staticity
reasons (the local loads are linked to the sub-system local stiffness), this is a good method to recover QSL

in test.

Of course, this method leads to good results only if instrumentation close to the sub-system is sufficient.
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6.4 SINE SWEEP RATE

With a base driven sine sweep, the measured FRF's are mainly the dynamic transmissibilities or masses

Xi{o) between the rigid base (subscript #) and the accelerometers or reaction forces (subscript 7).

So, identification of mode 4 may be reduced to natural frequencies wg = 27 f¢, modal damping values (g

and modal effective parameters iir,k (normalized modal components).

In practice, if the mode, behaving like a single degree of freedom oscillator, provides a well isolated peak,

the identification process on FRT is schematically the following:
e /s directly related to the frequency of the peak,
e (pis directly related to the peak width (sharpness),

® Xjrk is directly related to the amplitude of the peak .4 by the approximate relation:

Equation 15 Xirk ®2¢k A
The peak corresponding to mode & can be represented by the 3 parameters (f; A, ¢) . The sweep rate I/
must be very low to provide a quasi stationary motion and, in practice, it has 3 effects:

e avariation (sign of 1) of the frequency of the peak : Af

e adecrease of the peak amplitude : 44

e an increase of the peak width (with loss of symmetry) : A

lAA

| x|

1

[
o

A

T

' /

4

"#0

Figure 6-24: Effect of sweep rate on isolated peak

6.4.1 Sine sweep rate effect on modal parameters

The effects of the sine sweep rate 17 in octaves/minute on a given peak related to a mode with frequency f
and amplification factor O = 1/(2{) can be expressed as functions of the non-dimensional sweep

parameter 77

~Q*VLn2

Equation 16
60 f
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The sweep rate of the form: f = fy exp(ft), with increasing frequencies (f> 0, hence 17 > 0, written

V" with the superscript “+” to make the difference with decreasing frequencies), leads to analytical results

dependent to the 77 parameter (cf. RD 6), as shown in following figures:

20

10

o1 1 10 100
+

Figure 6-25: Variation % )

B
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A

Figure 6-27: Variation
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Figure 6-26: Variation T (n
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=01
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Figure 6-28: Variation A—: (m

In case of decreasing frequencies sweep rate (< 0, hence IV < 0, written V), no information exists

except for the variation of amplitude AA™ (cf. Figure 6-28). So, when comparing to T

AA"

variation,

decreasing frequency has a lower effect on peak amplitude than increasing frequency. To extend rule for

Af

and A¢ 7, it is proposed to take the variations Af © and A¢™, and multiply them by the ratio

o =AA" / AA™, as illustrated by Figure 6-29. Complete formulation is presented in RD 6.

’'=0
| x| | lAA*
AT
vt
> \
N
«——> P

af = AT
Figure 6-29: Increasing and decreasing frequencies

0.25
04 1 10 100

Figure 6-30: Ratio o = 4A™ / AA™ (7))
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6.4.2 Sine sweep rate selection

During test it should be interesting to find the good compromise the sweep rate 1 as a function of the
expected modes. The sweep rate has to be estimated from the frequency and the amplification factor

(f, O) g of each considered mode £ for a given desired accuracy (f, &, Xir ).

In RD 0, the detailed formulas express I versus A(f, A, & )i , AAg being related to A)zir,k, also

depending of the sine sweep sense (positive or negative).

6.5 SENSOR LOCATION

Sensor location is of primary importance for test results since it defines the specimen dynamic behaviour
by providing components of the deformed shapes but must allow making distinction between the shapes,
which is conditioned by the number and the location of the sensors. So, it is worthwhile to improve it with

respect to general criteria of mode distinction.

The structure mode shape components for a certain number of candidate DOFs should be available
thanks to a mathematical model. Note that it is illusive to look for a high accuracy because the model is
not perfect and the sensor location is only approximate in practice. The objective here is to give trends and

avoid large errors.

For a given number of sensors, a possible solution to optimize their location is to elaborate an indicator
evaluating the performance of a given sensor configuration with respect to mode shape distinction, and
use it as a cost function for an optimization process. Among possible criteria to distinguish between mode
shapes, the MAC (Modal Assurance Criterion) is particularly interesting here. Between 2 mode shapes @y
and @y (underlined subscript = fixed subscript), the MAC is given by:

. (@i To, K )2
Equation 17 MAC(®i, ;) =

(CpigT jSg)(@uT D))

It has values between 0 and 1, with 0 for two directly orthogonal shapes and 1 for two identical shapes. So,
this criterion can quantify the distinction between two modes: 1 means no distinction and conversely 0
means max distinction. However, only two modes can be considered at the same time and it is necessary

to extend this criterion to K mode shapes.

Let’s consider I components 7 of K mode shapes £, hence the matrix @y of size (I, K). The determinant of

the matrix (aikT @ ), where d_)ik is the normalized shape of mode £: ‘Q_ZK‘ =1, is related to the MACs
as follows :

1 Symmetric
Equation18 (&' @)= = det(@y ' By)=1- Y MAC(®i, By)) + ...

iw'MAC(QiK'Qi[) 1 kil
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The matrix d_iikT @;, is diagonally dominant and its determinant, which has values between 0 and 1,

corresponds to a combination of MACs which quantifies the distinction between the K modes: 0 means

no distinction between 2 or more modes, and conversely 1 means max distinction between all the modes.

So the indicator det( Q_>ikT @; ) is well adapted to the present context. Some remarks:

e  With the model, it could be possible to consider the true orthogonal properties of the modes, i.e.
(D My D) = 0, instead of (Dy" Dy) = 0 but this is more complex to implement.
e Equation 18 is correct only if the number I of sensors is higher than or equal to the number K of

modes. In practice, this is generally the case and if not, it is possible to adapt the indicator.

The problem is now to maximize det( cZ_7ikT @; ). Starting from a finite element model with N DOFs, the

number of possible combinations is tremendously large and a drastic selection must be made for the /-set,

I << N to have a reasonable computer time. Thus the N initial DOFs are classified in 3 categories:

1) DOFs to be rejected: they cannot accommodate sensors (rotation DOFs, inaccessible

zones ...) or have little interest for various reasons,

2) DOFs to be kept: obvious or imposed choice, critical location, DOF corresponding to a

very local but important mode ...

3) DOFs possibly interesting: relatively high components on one or several modes, but

avoiding redundancy ...

If the number of combinations is sufficiently limited, the categories 2 and 3 DOFs can be detected by a

systematic approach, otherwise an univariate approach provides a satisfactory sub-optimum configuration.

The optimization is performed with a given number | of sensors. The optimization of this number can be

made by trial and error, referencing to the optimum value obtained in each case for the cost function.

The proposed candidates zfj) should provide a sufficient “observability” for each mode 4: even if the
modes are well distinct. For a given j-set and a given

mode £: the observability Of,£) can be defined by: Max ‘CDJ'K‘

Equation 19 o(j,k) = — =1
Max ‘@|K‘

L.e. the ratio between the max component of the set and the max component of the considered j-set. It
has values between 0 and 1: 0 means no observability (all the components are null for this mode), and 1
means maximum observability (the max component is included). The optimization process with the

proposed candidates 7(j) will provide an observability between:

Max (Miin‘q)imk‘)

Equation 20

Max @, N
These 2 extreme values should be appropriate: a value significantly lower than 1 for the maximum means
that high components of mode £ are not candidates, and a low value for the minimum means that the

optimization process can provide a low observability. If these values are not considered appropriate, the
lists of candidates 7(j) should be modified.
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7 DURING TEST AND POST TEST METHODOLOGIES

71

INTRODUCTION

The third phase focus on all activities related to test assessment and post processing in order to provide a

better assessment of the raw test data, to calculate underlying properties to complete the calculated FREF

and finally to provide new methodologies to deal with parasitic motion, to correct it effect and to deal with

non linearities. Different methodologies have been developed to meet the multiple study objectives.

The methodologies studied concerns the following themes:

Test data validation is important to provide a complete assessment.

The studied methodologies concern three main topics:

0 Use of low frequency data for check of sensor locations, orientations and scaling: the low

frequency values which tend to the static transmissibilities are used.

O Verification of FRF consistency: drive point FRF imaginary part must be positive, and
other FRFs should build a symmetric FRF matrix through reciprocity principle.

0 Determination of static properties: they are derived from low frequency data (lower than
the first eigenfrequencies). Two methods will be used: parabolic approach and residual

mode approach, which consists in fitting the curve with a one-DOF system contribution.

Parasitic motion is an important topic as it is currently neither evaluated nor corrected. First an
estimation of parasitic motion is made at two levels defining adequate indicators: both global
estimation and determination of rigid body components and deformation. Then a first estimation
of parasitic motion effect on specimen dynamics is provided by a simple computation of the rigid
body contribution of the base to the internal responses. However, the correct approach must take
into account the shaker/specimen dynamic coupling. Thus the work concentrated on modal
identification of the imperfectly guided specimen and adequate manipulation to recover the
motion with perfectly guided specimen. This is possible with the force in the nominal direction in
addition to the 6 components of the motion, the other ones being unnecessary but providing
additional information and verification.

Unfortunately some limitations are met due to the numerical quality of the raw test data.
Non-linearities are present in dynamic test data. They have been tackled in two domains:

0 A summary of methodology for detection, characterisation and quantification of non-
linear structural behaviour: indicators permitting to characterize the different types of
non-linearity. The use of classical indicators derived from the investigation of Nyquist
plot distortions ot coherence functions or those detived from extended techniques like

the Hilbert transform have been addressed.

0 Improvement of modal parameters in presence of identified non-linearities: the approach
is based on EMA method extended by terms permitting to describe the distortions of the
response curves in order to increase the robustness of the modal identification process in

the presence of non-linear structural behaviour.
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e Post-processing techniques to improve efficiency and quality of test data exploitation:

0 Improved modal identification by determination of residual modes: they are based on 1-
DOF system contributions and aim at avoiding modal truncation effect. They are derived

from the difference between measured values and contribution of the identified modes.
0 Elaboration of reduced expetimental models by modal or FRF coupling approaches.

O Evaluation of correlation through a criterion based on FRF: the aim is to propose a new

cotrelation method between two data sets (FEM and/or test) based on FRF peaks.

7.2 NEW CORRELATION CRITERIA BASED ON FRF

The actual “one axis-one day” test campaign context aims to validate the spacecraft structure mechanical

qualification as fast as possible to reduce costs to deliver the spacecraft to the customer as fast as possible.

It is thus necessary to realize in test a correlation between FEM and real structure behaviour to validate
the predictions for CLA or between two tests to follow behaviour evolution. Different powerful methods
and tools exist to do such a modal identification and correlation, but these really efficient methods call for

time to apply and are not automatized which is not compatible with the test time constraints.

The need is thus to extract modal behaviour and correlate quickly the FEM/hardware or test/another test

(different input levels) by an automatized method allowing dealing with large amount of data.
The Fast Modal Extraction and Correlation method propose to provide an automatic FRF correlation by:

e Identifiying automatically the peaks by a new method based on an exhaustive curve scanning to
detect local and global maximums and a quick mode extraction by maximum number of curve

peaks for a given thin frequency band
e Providing different visual indicators to assess quicker and efficiently the correlation.
o Keeping the same DynaWorks work environment to avoid time loss.

This method is an additional piece of information compated to standard modal approach.

7.2.1 Sensor global and local peak extraction

The principle is to scan the imaginary part of the
cutve by a threshold value to identify the global
and local maximums. The threshold value is

calculated as #» subdivision telatively to the

curve maximum value and absolutely as fixed

threshold values.

For each different threshold values, the scan
identifies local frequency bands and extracts the
maximum value and associated frequency on the

range, as shown in Figure 7-1.

Figure 7-1: Curve scanning principle with threshold values
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A filter is applied to avoid detecting FRF local noisy maximums. For each local detected peak, it is

necessary to verify if the cutve threshold cut frequency band is:
e higher than af = the cut band is high enough to consider it is not a noisy local maximum

e lower than of = the detected peak could be a noisy maximum, it is thus necessary to verify there
is no higher local maximum on a narrow frequency band in the peak vincinity on [f (l Fa/ 2)] If

a higher maximum is found then this maximum is not selected. This allows identifying correctly

noisy peaks.

o depend upon the spacecraft modal density and should be

set to 4%. ol

The identified maximum values and frequencies can be

displayed for each sensor or globally for the whole test at the

end of the peak extraction process by the peak frequencies .| o X " x
and the number of sensor for which one a local/global peaks x xx%xx >;>;< ¥ )
L s R F R0, BT e K a3

has been detected, as shown in Figure 7-2. o w

Figure 7-2: Number of sensor for which one

a local/global maximum has been detected

7.2.2 Mode extraction
Based on the previously identified peaks, the modes are extracted by:

e Frequency gathering. The principle is to analyse for each identified frequency, the number of

other identified frequencies in its vicinity defined by the [ parameter on the frequency band
[f (l F B/ 2)] (B boundaties frequency band).

e Calculation of the peaks density. Modes are selected considering the gathering frequency band

boundaries and the total number of mode selected on the gathered frequency band boundaries.
Such a process leads to consider three different cases (see Figure 7-3) completely detailed in RD 6:

1. Fixed boundaries. For each peak frequencies, the B boundaties frequency band finds only
one fixed band. The mode is extracted using, over the identified band, the frequency where the

maximum numbers of sensor have a peak.

2. Case 2: Sliding boundaries but where it is possible to find a frequency including all the other
ones. The mode is extracted using over the identified band, the frequency where the maximum

number of sensor have a peak.

3. Case 3: Sliding boundaries but where it is not possible to find a frequency including all the other
ones. The mode extraction considers the frequencies gathering the largest band and on this band
the mode is extracted using the frequency where the maximum numbers of sensor have a peak.
Once the first band has been treated, the higher and lower not selected bands are analysed to find

the frequency where the maximum number of sensor have a peak.
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Figure 7-3: Peaks synthesis table

7.2.3 Mode building

Once the modes are extracted, it is possible to sof
compare them to the peak frequencies and the ol
number of sensor for which one a local/global sof
maximum has been detected, as shown in Figure @k

7-4. The mode shapes are built using the sensors

imaginary part.

M AL

10 20 40 &0 &0 100

110
Hz

Figure 7-4: Comparison of the extracted modes with

the number of sensor where a maximum is detected

7.2.4 Test correlation

The correlation between the two tests can be presented using two different types of indicator on the

common filtered sensors, both based on the MAC formulation but using the mode shape imaginary part:

e  FrImAC (Frequency Imaginary Assurance Criteria). The principle is to calculate the MAC matrix
for all the test frequencies the two test correlation (as shown in Figure 7-5):

common sensors 2

Do (e M e g (i)
k=1

Equation 21 FrIm AC(i) =

common sensors common sensors

Dot e Mo g i) [o| Y oo () e M ool ()
k=1 k=1
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e ImMAC (Imaginary Modal Assurance Criteria). The principle is to calculate the MAC matrix for
the modes extracted by the fast modal extraction methodology (as shown in Figure 7-6):

fim(g,)« M + mio, |
[im(p,) M e Im(g,)]  [Im(p;) ¢ M o Im(g>))|

Equation 22 ImMAC (¢, i )=

Where @itest X are the test X (test A or B) shape imaginary part at each frequency composed of the

common sensors between test A and test B.

It can be note that the formulas are presented with M the mass matrix. Thus it is not mandatory but this

could help to have better results thank to the mode orthogonality property.

Figure 7-5: Frequency Imaginary Assurance Criteria Figure 7-6: Imaginary Modal Assurance Criteria

7.3 TEST DATA QUALITY ASPECTS

7.3.1 Parasitic motion

During base-drive vibration tests, the shaker table is not perfectly rigid or perfectly controlled and parasitic

motions are observed superimposed to the nominal motion. They can be decomposed in two categories:

e A rigid body average motion with 5 components, the 2 non nominal translations and 3 rotations,
which is due to the imperfections of the guidance system and the specimen mass dissymetries. It

concerns relatively low frequencies, well below 100 Hz.

e A deformation round the previous motion due to the base flexibility. It depends to a certain
extent on the interface dimensions and on the specimen stiffness. It concerns relatively high

frequencies, @ priori well above 100 Hz.

Significant parasitic motions may strongly perturb the dynamic responses and corresponding modes of the

specimen. They have to be detected, measured and their effect on the specimen estimated if possible.

The study deals with the following points:
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e A first estimation of parasitic motion based on the 6 rigid body components and the deformation

around the rigid motion.

e A first estimation of the influence of parasitic motion on specimen dynamics can be calculated by

a simple computation of the rigid body contribution of the base to the internal responses.

e This dynamic coupling can be estimated after test by modal identification of the impetfectly
guided specimen and adequate manipulation can be envisaged to recover the motion with

perfectly guided specimen. However, this operation remains delicate for different reasons.

7.3.1.1  First estimation of parasitic motions

The parasitic motions are defined as the

difference between the motion specified at the

base in a given direction, and the real motion

generally measured by a set of 7 accelerometers &

(base) of position Py (x; 3, 2)» and otientation (4, m,

I§+m§+n§ =1) as

n), (direction cosines:

illustrated by Figure 7-7 with the typical case of 4

triaxes at 90° on a circle with radius R (# = 12).

Figure 7-7: Measure of the base motion by 4 triaxes

At a first level, the parasitic motions can be estimated by direct difference between nominal and real

amplitude of accelerations. Concerning the nominal amplitude, the situation is generally the following:
e Some accelerometers are in the nominal direction and must reflect the specified input level.
e The others are in a perpendicular direction and must theoretically have zero amplitude.
The following strategy can be used for an indicator at first level:
e Account for the mean value of the pilot amplitudes as reference amplitude.
e Computation versus frequency of the ratio:
O (measure — reference) / reference for the accelerometers in the nominal direction
0 measute / reference for the accelerometers perpendiculat to the nominal direction

O general case of an accelerometer with a direction cosine in the nominal direction:

(measure — reference x o) / reference

e Display of errors versus frequency by superposition of the n cutves. Display of the envelope to

have a unique indicator.

7.3.1.2 Parasitic motion components

At second level, the 5 components of the rigid body motion and the deformation around the previous
motion can be determined using the amplitudes and the phases with respect to a reference pilot. The

theory of the general case is recalled hereafter.
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With a rigid body motion providing to the reference node (central node in practice) the accelerations

Up = (U,V,W, éx,éy ,éz )o , the base acceleration Uy, is given by:

| Oy
Equation 23 Up=|m| .| |V| + Uiy ALY
n b Wiy |9 o z b
So, for a set of n accelerometers b: Equation 24 (i = Tpy U,

T geometry matrix detived from the accelerometer positions/otientations, frequency independent, with

size 7 X 0.

Inversely, the rigid body motion at O can be derived from accelerometers b by pseudo-inverse:

Equation 25 U = (Tpr)" Uy with (T )" = (T Tpr) ™' Ty

If the motion of the base is not strictly rigid, Equation 25 gives the average motion at O. The difference

between the accelerometers 4 and this average motion is (I: identity matrix):

Equation 26 Aub =(I bb _Tbr (Tbl’ )+ ) Ub
The component of U, in the nominal direction represents the average nominal motion. The 5 other
components of U, (2 translations and 3 rotations) represent the average parasitic motions. The rotations

can be written in terms of translations by multiplying them by the reference length: the radius R in the case
of 4 triaxes at 90° (Figure 7-7). The components Al of Equation 26 represent the base deformation

round the average motion. Hence the following strategy for the indicators:

e Computation of average nominal motion versus frequency from Equation 25

e Computation of the 5 average parasitic motions versus frequency from Equation 25 with
transformation of rotations in translations and division of the amplitudes by those of the average

nominal motion.

e Display of errors versus frequency by superposition of the 5 curves. Possible display of the

envelope only to have a unique indicator.

e Computation of the n deformation motions versus frequency from Equation 26 and division of

the amplitudes by those of the average nominal motion.

e Display of errors versus frequency by superposition of the n curves. Possible display of the

envelope only to have a unique indicator.

7.3.1.3  Effect on the specimen

The parasitic motions indicate an interaction between the specimen and the shaker which modifies the
specimen behavior. Its importance can be estimated by comparing the measures on the specimen and the

rigid body motion due to the base.
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Using the average motion U, given by Equation 25, with 1 nominal component » and 5 parasitic
components p, and considering the measures Uj of the accelerometers 7 on the specimen, the rigid body

motion due to U, is given as for Equation 24 by:
Equation 27 Uj =Tj, U,

T geometry matrix detived from the accelerometer positions/otientations. This motion can be

decomposed in a nominal contribution and a parasitic contribution:

Equation 28 Ui,r = Ui,n +Ui,p Ui,n :Tin Un ui,p :Tip Up

The vectors Uy, U, and U, can be used to elaborate indicators on the importance of the parasitic

motions on Uj versus frequency, for example :

|Ui —Ui,r|
u

respect to the absolute motion Uj, but without distinguishing nominal and parasitic motion

i p|

25T
G|

nominal motion.

e The indicator Iy = quantifies the importance of the relative motion Uj —U;j, with

contribution.

e The indicator |

quantifies the importance of the parasitic motion with respect to the

These two indicators can be used to estimate the importance of the parasitic motions on the measures, for
example with the ratio 1, /1; which, for a first bending mode of a beam-like structure means:

e 1, /1} << 1:significant amplification with small parasitic contribution

e |, /l; >>1: small amplification with predominant parasitic contribution

e Between these extreme values: significant contribution.

However, a given value is not very easy to understand and more simple and interpretable indicators can be
elaborated, as the following ones based on the imaginary parts, which has the advantage of being coherent
with the RTMVI method used for modal identification:

_ max(lip) — min(lip ) |t — A |

'

Equation 29 - P 3T
max(U; ) — min(Uj) |Ub|

The indicator I5 quantifies the contribution of the parasitic motions, and if this contribution is significant,

the indicator I’5 quantifies the contribution of the base rigid motion.

7.3.2 Motion of the specimen without parasitic motion

Flexibilities in the guidance system of a shaker may generate non negligible parasitic motions with large
specimens. In this case, they significantly modify the dynamic responses of the specimen and distort the

derived modal properties. These parasitic motions indicate an interaction between the specimen and the
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shaker. They can be measured by a suitable set of accelerometers on the table. The question is then to

remove them from the test results in order to find the dynamic behaviour of the specimen itself.

This problem can be theoretically solved with the following steps: first an identification of the modes of
the impetfectly guided specimen, then reconstitution of missing FRF (Frequency Response Functions) to
derive the FRF of the perfectly guided specimen. The reconstitution requires suitable modal identification

and additional data such as static terms. The theoretical formulation is presented in the following.

7.3.2.1 Theoretical formulation

It is necessaty to assume that the parasitic motions at shaker/specimen interface can be decomposed in

two categories:

e a rigid body average motion with 5 components( 2 non nominal translations and 3 rotations),

which is linked to the impetfections of the guidance system combined with S/C dissymetries,

e a deformation around the previous motion due to the interface flexibility (test rig effect,

concerning the shaker and the adapter).

In the frequency band generally considered, typically 5-100 Hz, the deformation is not very significant. In
this case, only the 5 parasitic motion components have to be considered, as it will be assumed in the

following (the theory could solve the general case, but would lead to major problems in practice).

In addition to the 6 acceleration components measured at interface (1 nominal + 5 parasitic), it is assumed
that the 6 force components are also available, either from direct measurements with a force measurement

device, or with a mass operator technique (combining S/C internal accelerations with mass coefficient).

The method proposed to remove the effect of the parasitic
motions consists in manipulating the FRF X(w) with w=27xf
circular frequency, derived from test results between possible

excitations and responses.

So, let's consider the 6 force components I, and the 6

. L . U,
acceleration components 7, at interface completed by internal
acceleration components #, as shown in Figure 7-8. 7, is { i
. . .. .. — r
composed of the nominal acceleration #, and the 5 parasitic Y A
Up

accelerations 7, (2 translations and 3 rotations).

The only excitation applied on the specimen is the nominal Figure 7-8: Measured forces and

acceleration 7, thus applied on the single DOF (Degree Of accelerations

Freedom) 7. The other DOFs p have responses in acceleration 7. On these DOFs p, excitations by

external forces ¢, can be considered (don't confuse with the reaction forces IFy): they are null for an
excitation by the shaker itself, but they could be generated by small external shakers for example.

In this case, the FRF of the imperfectly guided specimen between the possible excitations (%, ¢) and the

possible responses (F,, 7+ are the following:
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Equation 30 {.Fn }:l: Mon 5 Trp }{un}
Up+i ] | Tepsin  —@ Gpripp |[2p

Mp,  Dynamic mass of the imperfectly guided specimen in the nominal direction, given by the ratio
Fn/Un when @, = 0, thus available from measurements (or mass operator)

T(p+iyn Dynamic transmissibilities in accelerations of the imperfectly guided specimen between the
nominal acceleration and the (p+i)-set, given by the ratios U, /U, when @, = 0, thus available
from measurements

Thp Dynamic transmissibilities in forces of the imperfectly guided specimen between the p-set and the

nominal acceleration, given by the ratios —F, /¢, when U, = 0, thus not available from

measurements, but equal to TpnT from the reciprocal principle

G(p+i)p Dynamic flexibilities of the imperfectly guided specimen between the p-set and the (p+7)-set, given

by the ratios Up,i /¢, when U, = 0, thus not available from measurements

The dynamic flexibilities G(p,j)p can be reconstituted from the FRF My, and T(.j)n by identification of

the modal parameters of the imperfectly guided specimen, i.e.: Ly, modal participation factors, and mode

components @pjy , with the following reserves:

¢ these modal parameters must be completed by the static terms G(piyp stat =G(p+i)p(@=0) in
order to have a complete information for FRF reconstitution. In the process, G(pjyp stat can be

replaced by the residual terms G jyp res representing the upper modes static contribution,

e all the important modes must be suitably identified: the final results depend closely on the quality

of this static and modal identification.

Assuming that the FRF Myp (@), T(piin(@) and G(piyp(@) of the imperfectly guided specimen are
available, the perfectly guided specimen behavior is derived from Equation 30 by writing U, =0:

Equation 31 gives the external forces oy necessaty to 1
o P o ) Equation 31 ngJ :—[—a)szp] Tpn U
obtain U, =0, thus to suppress the parasitic motions.
Equa.tlon 32 and *Eguanon 33 z(.glve t}?e c?rrespondlng Equation 32 F::l:Mnn+Tnp[_ wzc‘pp]ilTpn:|un
reaction force F, in the nominal direction and the
internal motion Uj, ie. the dynamic responses of the . s 1 .
Equation 33 6f =[Tin = Gip [Gpo ™ Ton Jtin

perfectly guided specimen, and the problem is solved.

Note that only the force Fj in the nominal direction is directly involved in Equation 30 to Equation 33.

However, the reaction Fy, measured or detived from mass operator, can be used at low frequencies to

derive the static terms G p.i)p stat » 35 it wWill be seen later.
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7.3.2.2 Static terms

The static terms G(piypstat = G(p+iyp (@ =0) are given by the values of U, and Uu; for a static force
¢p= 1. For this static loading, U;j is related to Up by Uj =Tjp st Up, With Tjp stat expressing the rigid

body motion directly related to the specimen geometry. So:

Equation 34 Gip,stat = Tip,stat G pp,stat

and the only static term to get is G pp stat » Which can be identified from T,y and M p, detived from test.

When p has only one component as for the academic case, M p, is scalar and can be inverted to find
Gpp,stat - When p has several components, 5 in the general case, this doesn’t work: Gppgtaris 2 5 x 5

matrix, a priori full, and My is only a vector with 5 components which cannot be inverted. It would be

necessary to have 5 independent load cases instead of 1. To overcome this problem, assumptions can be

made, depending on the test configuration:

e Lateral case:
If we consider the case Up=Uy and 5 parasitic components:

Up =(Uy,U;,60x,60y,0,) The static acceleration U, =Uy generates inertia
forces —Fp =— (Fy ,F,,My,M v M,) which are measured (or derived

from mass operator or from MCI properties).

The inertia forces depend on the specimen, but G stat depends only on

the sliding table flexibility on its bearings. If this flexibility is located near the interface, which has

generally 2 planes of symmetry, the dof can be considered uncoupled and it comes:
G 0 0 0 0 F

Uy uy,uy y
u, 0 Guuw O 0 0 || F
Equation 35 O, |=| 0 0 Gox.ox 0 0 My
0, 0 0 0 Ggg 0 ||M,
0, 0 0 0 0  Ggal||lM,

In this case, the problem is solved: Gy =Uy /Fy, Gy, =U; /F;.

e Vertical case:
If we consider the excitation U, =U,, with 5 parasitic components:

Up =(Uy,Uy,0y,0y,0;). The static acceleration U =U, generates inertia

forces —Fp =—(Fy,Fy,My,My,M;) which are measured or derived).

Gpp,stat depends on the flexibility of the expansion head which differs

from the lateral case because of the guidance system which has also 2 planes of symmetry, but is
located far from the interface: the bending motions couple translation and rotation degrees of

freedom and it comes :
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Uy Gux,ux 0 0 Gux,6y 0 Fy

uy 0  Guu Guywx O 0 || Fy
Equation 36 9X = 0 Guy’@( G&(,& 0 0 M X

o, |Gugy O 0 Gy 0 |[M,

0, 0 0 0 0  Gga ||M,

The torsion case is solved, but the two bending ones require additional assumptions to determine

all the terms. For each bending, there are 3 unknowns, for example for X (round the Y axis):
Guxux > Gux.ey> Gay,g - The measure of Fy and M provides 2 equations. A third one must be

found from math model or test results on the shaker.

7.3.2.3 Conclusions

In the general case, the process can be summarized as follows:

e classical modal identification, including static/residual terms, performed on the interface and

internal accelerations and on the interface reaction force in the nominal direction,

e determination of static terms related to the interface parasitic components, which can be derived

from the interface reaction forces at low frequencies and, for vertical runs, additional shaker data,
e reconstitution of a complete FRF set of the imperfectly guided specimen, using the previous data,
e manipulation of these FRF to derive the FRF of the perfectly guided specimen.

Its validity has been shown on an academic case with perfect data identification. So, the final results

depend closely on the quality of the identification of all the static and modal terms involved.

7.3.2.4 Limitation of the parasitic motion removal methodology and tool
The methodology was validated on a simple academic case and the following conclusions can be made:

e The correction of the parasitic motion seems to be efficient but still with some limitations due to

the data provided because:
0 The introduction of the perturbation does not seem to be mastered
O The introduction of the modal damping ratio is questionable

e This correction is efficient but very sensitive to the quality of the modal identification and to the

determination of the static term
e The modal damping ratio extraction is of poor accuracy and have an impact on the correction quality
e The determination of the static term is also of poor accuracy and jeopardizes the correction
e The creation of the parasitic flexibilities may be indicted for the computation of the static term

In conclusion to the parasitic motion removal, the academic case has validated the proposed approach.
The simulation on an industrial case has shown encouraging results, but not completely satisfactory due to
the quality of the data. Additional work is needed to understand all the reasons which can degrade the

accuracy and to provide guidelines for such a process.
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7.3.3 Static and residual terms for modal identification

To have a more accurate description of the specimen dynamic properties, the modal identification must be

completed:

¢ below the frequency band: by an accurate determination of the static terms
They are derived from low frequency data where the specimen is quasi rigid.
Taking directly the asymptotic values X(y to the FRF X(®) given by the minimum frequencies
measured can provide significant errors due to first mode amplifications. A better determination
consists to use an approximation of X(®) in an adequate low frequency band [@pin, @max]> With
M ax lower than the first eigenfrequency @ ; the modal superposition approach can be written:
(0w )2 >

1—(a)/a)k)2 “

Equation 37 X(w)~ X+ z
k

X static term, @y circular frequencies and Xy effective parameters of modes £, the effects of
modal dampings ¢ being neglected, with @,y not too close to w; .

Among possible approaches to approximate the sum, the following ones have been selected:

0 Parabolic approach: Only the first polynomial term of the development is kept:
Equation 38 X (@)= X, +B o?
This estimation requires the identification of the 2 parameters Xy and B by least squares
best fit. It is not very accurate because the higher order terms may be significant, but it is

robust with respect to measurement noise.

0 Pseudo-mode approach: The sum is approximated by the contribution of a unique
“pseudo-mode” representing all the modes, which can also be interpreted as a residual

mode to modal truncation with no mode kept:

. - /)2
Equation 39 X(@) =X+ X, &1)2
1-(0/ @)
o — ®ma [ This estimation requires the identification of 3

— psendo-mode
parabelic

parameters X, @) and Xy, instead of 2. It is

more accurate than the parabolic one, but also

more sensitive to measurement noise.

Assessment / i\ ﬁ\
. \ i
|

)ff’X” B AN This is illustrated with the dynamic mass of the

sy \\ l.f)' \}.\ 1 2-DOF system of Figure 7-9. The results with

Ve ‘:\\ various levels of measurement noise are given

Wk | . \ | for the two approaches compared to a basic
. : estimation of the average value )?0.

b o ' w  The pseudo-mode approach is much better

Pulsafion {rad/s)

without noise, but the errors are rapidly

Figure 7-9: Errors on static term estimation with the . . . .
increasing with the noise level, contrary to the

dynamic mass of a 2-DOF system . N S iy
parabolic estimation which is not very sensitive
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7.3.4

By experience, it is worth to have the two approaches and select the one corresponding to the

minimum variations between X(a@) and X (@) .

beyond the frequency band: by an accurate determination of the residual terms
A similar approach is used to determine a residual term representing the upper modes of the
considered frequency band [@min, @max], With now @y, higher than the last identified eigen

frequency. The modal superposition approach for a given FRF X(@) can be written:

2 2
Equation 40 X (@)~ Xq + Z (@/ o) X, + (0/wy) g

k
2, 2

k kept 1_(a)/wk) +120y ol wy ksupl_(w/wk)
The static term X() comes from the previous section. The last sum can be approximated by the
contribution of a unique mode, the “residual mode” representing all the upper modes after modal

truncation (effect of its damping neglected):

(a’/wres)2 (a’/a’k)2 v

-~ X(@)-| Xo + z

1_(a’/a’res) k kept 1—(a)/a)k)2

For a given set of FRF X (@), this requires the identification of the common patameter @y and

Equation 41 X res (@) = X res

the set of components (X res)i» by least squares best fit.

This residual mode represents a second order correction to modal truncation effects and should
provides a better fit for the measured FRF X; (@), more especially at the antiresonances and

beyond the last identified eigen frequency.

Elaboration of reduced experimental model

Elaboration of experimental models consists in using directly experimental data without having resort to a

finite element model. This can be performed by modal approach or by FRF coupling.

7.3.4.1

Modal approach has been used in previous studies, leading to experimental modal reduced models
in the case of excitation by forces. The theory shows that adequate experimental data can provide
by itself the relevant mass, damping and stiffness matrices of a reduced model which can be

directly connected to other models for subsequent coupled analysis.

Experimental models can also be directly represented by FRF instead of eigenmodes, and
combined to adjacent models by FRF coupling to derive the effect of parasitic motions. All the

concerned FRFs must be available with sufficient quality to be conveniently manipulated.

Experimental modal reduced models

The basic idea, in a finite element context, is to project the structural properties on a reduced basis of

mode shapes derived from static and/or eigenvalue analysis, as in modal synthesis, then to represent the

modal DOF by adequate matrices, and recover the physical DOFs by suitable linear constraints.

In the case of excitation by forces, the formulation introduces static or residual flexibilities modifying the

stiffness matrix of the modal model. In the case of a base excitation only, this comes to elaborate the

equivalent effective mass model consisting of spring-mass systems in parallel, each one representing a

mode with its effective mass, its stiffness given by the frequency, and its damper for damping
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representation. The physical DOF 7 are recovered using the corresponding effective transmissibilities:

Equation 42 Ui =D Tirk Uri
k

with Uy displacements of the effective mass of mode £ excited by u;, and -Fir,k effective

transmissibilities of mode k between 7 and 7. Note that the residual mode of previous chapter provides

naturally a second order correction to modal truncation.

In practice, the effective masses are derived from the dynamic masses in the 3 directions.

7.3.4.2 Experimental FRF models

For a given structure to be connected to the outer world by a set of connection DOF ¢, without excitation

on its internal DOF, the required FRF for subsequent coupled analysis are:

e For solving the coupled problem at ~-set DOF (first step): X (@)
e For recovering the responses on a set of selected internal DOF s (second step): X g (@)

We consider a base excitation with a rigid base represented by DOF rand Xoc (@) =M (@) the dynamic
mass of the structure. Thus we have to know all the terms of the transfer matrix X (@) =M (@) which
is a 6 X 6 matrix in the 3D general case with 3 translations and 3 rotations.

The tests provide data only for the 3 translations. The missing information is recovered by identification
of modal terms (modal participation factors Ly ) and static terms (rigid body mass matrix M ):

_ oy ) ~ ~ Ly L
Equation 43 Mo (@)= M+ Y (“’2 o) My with M, =—H K
K kept 1-(@/ oy )* +i1 2y @/ wy My

The identification of Equation 43 limited to the terms M, (@), # direction of excitation, provides the

modal parameters (@,¢,m, L, ) which is sufficient to reconstitute the other terms of M (@) if M, is

known and the important modes have been excited.

The problem is simplified if longitudinal and lateral behaviors can be uncoupled, giving independent FRF.
The second step concerning recovery of selected internal responses with X (@) is straightforward: this

comes to compute the responses of the structure to the base excitation found in the first step.

7.3.5 Measurement quality
Measured data provide FRF which must be coherent with respect to various properties, among which:

e Coherence of the low frequency data with the static properties of the specimen (dynamic

transmissibilities and masses).

e Coherence of FRF with theoretical properties derived from basic mechanic considerations. For

this subject, the drive point FRF must be distinguished from the other FRF.

Each coherence can be verified to have an assessment on the measurement quality.
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7.3.5.1 Coherence of the low frequency data with the static properties
The static properties concern:

e The dynamic transmissibilities which must tend (at 0 Hz) to the static transmissibilities, directly
related to the rigid body geometry in the case of a rigid body motion of the base. This allows
checks of sensor locations, otientations and scaling factor.

The identified errors can easily be corrected.

In practice, as the parasitic motions are often small, providing quasi-pure translations on the
specimen, the distances related to the sensors, which can be detected only by rotations, cannot be
obtained. In this case, the sensor locations cannot be checked. On the contrary, the sensor
otientation is directly concerned by the direction of the excitation and the detection of the axis

error, including sign, is the main application of the low frequency transmissibilities.

e The dynamic masses (obtained from reaction forces measurement) which must tend (at 0 Hz) to
the static masses, are ditectly related to the rigid body mass matrix, in the case of a rigid body
motion of the base, i.e the MCI properties: mass, centre of gravity and inertia related to the base.
In the usual case of excitation in translation only, inertia cannot be obtained, only mass and

components of the centre of gravity:
0 from the force in the nominal direction : specimen mass M

0 from the 2 moments in the perpendicular directions: 2 components of centre of gravity (2

offsets in vertical, 1 offset and centre of gravity height in horizontal)
O from the other components : effects of parasitic motions.

In practice, the reaction forces are not measured systematically and the mass properties cannot be
checked with this approach. However, the mass can be derived from the coil current intensity but
with poor accuracy, knowing the shaker moving mass involved or with the mass operator method

with a good accuracy.

Both static properties can be estimated from the best curve fitting between parabolic and residual mode as

described in §7.3.4.1. These errors give information on the quality of the considered measures.

7.3.5.2 Coherence with mechanical properties

Various properties related to FRE can be shown from theoretical considerations, and can be disturbed by
test conditions. In this context, the drive point FRF, i.e. when the considered response is on the same
DOF as the excitation, has an important role in the modal identification by providing the mode shape

normalization and must be particulatly checked.

As the contribution of each mode to the FRF is the product of the effective parameter by a dynamic
amplification factor, the FRF imaginary part is always positive. For base driven test, the FRF is the
dynamic mass in the direction of excitation: its imaginary part must be positive for all frequencies. If it is
not the case in some frequency bands, various reasons can be found, such as problems related to the

control of excitation or to the response measurement, parasitic motions or measurement noise.
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The other FRF have not this property: some effective parameters can be positive and others negative. In
this case, the imaginary part can be negative in some frequency bands, providing various signs for the

mode components.

This is illustrated in Figure 7-10 gives the imaginary parts of two drive point FRF coming from a modal

survey test. The values are always positive, thus acceptable.

The reciprocal principle states that the ratio between excitation and response remains the same when they
permute thus the FRF matrix must be symmetric. This symmetry must be checked in modal survey test
when using several excitation forces. For base driven test, this involves two runs in different directions and

only the base motion limits the interest of this point since there is no other excitation on the S/C.

This is also illustrated in Figure 7-10 with the reciprocity results related to the same modal survey test. On
these two examples, the curves have small but significant differences, showing that the reciprocity is not

perfectly verified and giving an idea of the test discrepancies.

SURSRAK L HAL PR N SULSRAK AL PR A

Drive point FRF imaginary parts
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Other FRF real/imaginary parts for reciprocity

Figure 7-10: Modal survey test results on BIOLAB with 2 different input points
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7.4 NON LINEAR ASPECTS

Even if test preparation are achieved with linear analysis, structural behaviour in test is most generally non
linear. However the non linearity level could be more or less pronounced. In case of weak non linear
behaviour the linear approach analysis is enough and justified. In the other case, a specific approach must

be proposed to deal with the non linearities.

The approach proposed in the frame of the DYNAMITED study is first an overall introduction to non
linear phenomena and secondly different methods for detection, characterisation and quantification of
non-linearities in dynamic tests. Finally an approach for non-linear experimental modal analysis is

proposed to interpolated ot extrapolated non linear modal behaviour to not passed levels.

7.4.1 Detection, characterisation and quantification of non-linearities in dynamic tests

7.4.1.1 Introduction

Modal testing of complex assembled structures reveal different dynamic behaviour at different excitation
levels which highlights the structures non-linear behaviour. As shown in the Figure 7-11, simulated FRF at
different levels of constant excitation force amplitudes show non-linear behaviour on the first and the fifth

resonance peak, whereas the other resonance peaks remain unaffected.

Magnitude of Acceleration Frequency Response Function
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Figure 7-11: Non-linear acceleration FRF for different levels of constant excitation force

Applying experimental modal analysis to such non-linear FRFs highlights different difficulties: the modal
parameters can no longer be considered as constant quantities and the underlying linear assumptions are

no longer applicable.

Even if the structure is non-linear, not necessarily all modes are affected so conventional methods for
experimental modal analysis can be applied to extract most of the modal parameters but poor accuracy

should be expected for modes affected by non-linearities.
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The detection and characterisation of non-linear structural behaviour is to support the non-linear
experimental modal analysis. The basic non-lineatity detection should be performed in any case to ensure
the quality of experimental modal data. The characterization of non-linearities aims to categorize the non-

linearity with respect to a suitable mathematical model to describe the non-linear effects.

The studied approach deals with some non-linearities of certain modes by applying individually amplitude
dependent correction factors to the eigenfrequencies and to the damping ratios of the non-linear modes.
The localization and FEM modelling of non-linearities is not required here. The characterization of non-
linearities in this context is rather aimed at supporting test engineer in making the right choice for the #gpe
of correction factor applied to the eigenfrequencies and damping ratios of a few non-linear modes in
experimental modal analysis. This also includes the trivial case that the methods should give an indication

to which modes are non-linear and which modes remain linear when increasing the excitation force levels.

However, non-linear experimental modal analysis should always be considered as an extension of the
conventional experimental modal analysis. Because of the significantly increased numerical effort involved
in non-linear methods they should only be applied when the conventional (linear) methods yields
unsatisfactory results which can be attributed to non-linear effects in the test data. In many practical cases
non-linear effects can be small so that the effort involved in non-linear experimental modal analysis would

not be justified when the increased effort is compared to the gain in information.

7.4.1.2 Sources and Consequences of Structural Non-Linearities

The soutces of non-linearities can be manifold. It is widely accepted that the behaviour of non-linear

structures in case of low excitation levels can be approximated with sufficient accuracy by a linear model.

A system is weakly non-linear when the displacement response in case of harmonic excitation is
dominated by the fundamental harmonic (so that the response higher harmonics error is small) whereas it

is strongly non-linear when the higher harmonics are a significant portion of the response.

When performing vibration measurements for modal identification it is recommended to check for
possible deviations from linear behaviour which is essentially the detection of non-linearities. Once a non-
linearity has been detected, the test engineer has to assess its influence on the global structural dynamics
behaviour. The characterization of a non-linearity provides a means for the assessment, whether or not it
is relevant to include the detected non-linearity in the FE model, or whether it is necessary to make special
considerations in experimental modal analysis. This is helpful for finding a suitable model to describe the

detected non-linear behaviour.

Even if the sources of non-linear behaviour are often locally concentrated, they nonetheless have an

influence on the global dynamic behaviour, thus the consequences can be observed e.g. in:

e non-harmonic response portions due to putely harmonic excitation, as illustrated in Figure 7-12
showing the measured acceleration response of a base driven structure with local non-linearities at
bolted flange joints. The higher harmonics become more and more important when the base
acceleration level is increased and this effect is very pronounced in the acceleration response but

can be much less significant in the displacement response
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e distortion of frequency response functions when measured at different excitation force levels, as

illustrated in Figure 7-13 showing frequency response functions of a non-linear structure

simulated at different (constant) excitation force levels and plotted in the same Bode diagram. The

FRFs show there are only fundamental harmonic and higher harmonics are filtered out. These

FRFs are not “complete” as they only represent the stable response branches. Figure 7-14

illustrates the magnitude response of a system piece-wise linear stiffness where the non-linear

response deviates from the linear one. The upper and lower stable branches of the non-linear

response can be measured expetimentally.
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Figure 7-12: Higher harmonics in the acceleration
time-domain response of a base driven structure with

local non-linearities at bolted flange joints

Non-linear Restoring Force Function of Piecewise Linear Spring

Force

10 20 30 )

10

0
Displacement

Real Part of Displ. FRF

Magnitude of Displ. FRF

5% 10?
— 10N
— 20N
— 30N
25 — 40N
// — 50N
| _ — BON
z \ 70N
E L] BON
E
25
o 112 114 116 118 120 Yio 112 114 116 118 120
Frequency [Hz] Frequency [Hz]
Imag. Part of Displ. FRF Phase Angle of Displ. FRF
— = — 108
— M — 20N
— 30N — 30N
— M — 40N
— 50M — 50N
— GON — GON
— TOH — 70N
BN BON
!N 12 114 116 18 120 %40 12 114 116 18 120
Frequency [Hz] Frequency [Hz]

Figure 7-13: FRF of a structure with a softening

stiffness and increasing damping non-linearity

simulated for different excitation force levels
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Figure 7-14: Restoring force function and non-linear magnitude response of a system with piece-

wise linear stiffness
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7.4.1.3 Different Methods for the Detection and Characterization of Non-Linearities

A huge number of methods exist for the detection and characterisation of non-linearities. Subsets of the
most promising and practically relevant methods have been studied in the frame of the DYNAMITED
study. As it is not possible to present all the methods in this final report, they are only shortly reminded in

the next paragraphs whereas the complete methods descriptions are provided in RD 6.

The methods have been classified depending on the type of data to be used i.e. characterisation of non-

linear structural behaviour by:
e analytical methods for the characterization of non-linearities
e methods based on frequency-domain response data
e methods based on time-domain response data
e methods based on dedicated excitation signals

Emphasis is given to methods which use frequency-domain response data, because this type of data is

mostly used in engineering practice.

7.41.3.1 Analytical Methods for the Characterization of Non-Linearities

Theses methods are based on the idea to compare measured characteristic non-linear response features

with a catalogue of basic analytical non-linear systems. The response features to be used can either be:
1. frequency domain response data measured at different excitation force levels or
2. modal features measured at different excitation force levels.

By experience, the mode shapes are less affected by non-linearities.

A simple approach for the detection and characterization of non-linearities is the ovetlaid plot of

transfer functions or FRFs measured at different levels of constant excitation force.

The different FRE distortion characteristics are analysed on a single degree of freedom oscillator with a

non-linear equation of motion in the frequency domain after applying the harmonic balance method:
Equation 44 (—'m+ jQc,,(0) +k, (0))d = f

In order to visualize the influence of amplitude dependent non-linear stiffness and damping on the
resonance peak of the transfer function, the following “normalized” conditions are applied to this non-

linear oscillator: constant unit mass M =1, underlying linear stiffness is K, (0 ~0)=1 and underlying
linear damping is expressed by 2% modal damping ratio, i.c. C,, (0~ 0)=0.04.

Under these conditions, the angular eigenfrequency of the underlying linear system is @ = Is™" and the
height of the resonance peak of the FRF is 25 (m/s?)/N at resonance.

Six types of non-linearities have been investigated and are briefly summed up in the Table 7-1. The non

linear stiffness shape is given as well as its impact on a Nyquist diagram. Refer to RD 6 for more details.

© Astrium





Ref : MTF.AIDT.TN.2168
EAD F Issue @ 1 Rev.:1
P % ¥ Date : 03/03/2010
sa2s5Eriu g Page : 66
(S
Non linearity type Equivalent non-linear stiffness Characteristic FRF caused distortion

a) Pre-loaded bilinear spring

For low excitation force levels the non-linear FRE does not deviate much from the
linear one. The distortions appear beyond the stiffness transition point where levels
increase with increasing vibration amplitudes. The resonance frequency shift
decreases at large vibration levels due to the convergence behaviour of the equivalent

non-linear stiffness

Force-Displacement Diagram

0
Displacement

Magnitude Acceleration FRF

[ === Linear |

N
— 3N

Nyquist Plot

b) Clearance type non-linearity (piecewise linear spring)

Due to the similarities in the describing functions of clearance type non-linearity and

pre-loaded bilinear spring, there are also similarities in the FRF distortions.

Force-Displacement Diagram

Force

o
Displacement

c) Cubic stiffness non-linearity

This non-linearities type is widely used. It approximates the observed non-linear
behaviour in a certain range of (low) vibration amplitudes but has a lack of physical
reasoning and is therefore not always suited to extrapolate to larger vibration

amplitude.

The resonance peak shift increases with increasing vibration amplitudes and the
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Force-Displacement Diagram

Force

“i00 50

100

[
Displacement

|| — sn t \
L ] LY
Q. 15 kY
= 3
1 I
E 10— Linvear g
— 3N
| —5n
06 08 1 12 14 16 -20 10 0 10
Frequency Real Part
50
Magnitude Acceleration FRF Nyquist Plot
. . . . . 35 . . . —
=== Linear | === Linear
1N 30| N
—_— = 2N
— 25 | =— 3N
o s
o 20 \
E‘ 15/ \
1
10} H
5 /
II
06 08 1 12 14 18 10 20
Frequency Real Part
50
Magnitude Acceleration FRF Nyquist Plot
=== Linear | 0
1N |
||—3n | % -
— 5N ol .
L | g 20 v
T \
E‘ “
E yo|[--- Lirear |
1N /
5t — 3N
06 08 1 12 14 18 20 10 [ 10 20
Frequency Real Part

equivalent non-linear stiffness does not converge towards a threshold value but diverges towards infinity for very large vibration amplitudes. This effect becomes even worse when

using softening cubic springs (i.e. K, <0). Models with polynomial type non-linearities can only be used as equivalent models to approximate the true non-linear behaviour of a

structure within a limited range of vibration levels.
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Non linearity type

Equivalent non-linear stiffness

Characteristic FRF caused distortion

d) Quadratic damper

Force-Velocity Diagram

Myquist Plot
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continuous shift of the resonance peak towards lower frequencies caused by the

continuously decreasing equivalent stiffness.

50

o
Displacement

f) Combined stiffness and damping non-linearities

For linear systems, the influence of stiffness and damping can be separated and investigated individually. A change of stiffness causes a resonance peak shift, whereas a change of

damping causes attenuation of the peak magnitude. For non-linear systems, the influence of stiffness and damping non-linearities cannot be separated. The coupling between

stiffness and damping non-linearities requires the simultaneous identification of these quantities. The Inverse FRF Method is able to distinguish between stiffness and damping

non-linearities and thus detect whether or not a combined stiffness and damping non-linearity is present. The Restoring Force Method can identify combined non-linearity

Table 7-1: Non linearity type effects summary for analytical methods
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On the other side, the linearity plots show the variation of eigenfrequencies and modal damping ratios of

a single mode as a function of the vibration amplitude.
The linearity plots generation can be achieved by two ways:

e use the Phase Resonance Method (PRM) and measure the eigenfrequency and the damping ratio

for each mode separately using a number of different excitation force levels
e use FRFs which have been measured at different (constant) force levels.

Eigenfrequency and modal damping ratio can be estimated from constant force level FRFs, based on the

peak frequency and the resonance peak half power bandwidth extraction method.

Such linearity plots are shown in the Figure 7-15. For linear systems a straight line of constant value can be

expected whereas here a drop of the eigenfrequency can be observed when increasing the vibration
amplitudes.
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Figure 7-15: Non-linear FRFs and linearity plots

It can be mentioned the modal characterization functions (MoCF) which allow drawing the evolution
of the eigenfrequency or modal excitation force amplitude as a function of the modal displacement

amplitude. This is well suited to detect damping non-linearities since steady state harmonic responses are

highly sensitive to damping.

7.4.1.3.2 Methods based on Frequency Domain Response Data

Structure non-linear behaviour may also be characterised by applying different kinds of signal processing
and visualisation tools to the measured FRF and compare to a certain reference to highlight possible

deviations from linear behaviour.

The techniques shortly described in the Table 7-2 only provide the detection of non-linear behaviour but

not quantification. The non-lineatity type to be used in non-linear modal analysis is thus largely dependent

of the test engineer experience and feeling.
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Method | Method description
The simplest and straightforward method for the detection of non-linear behaviour based on overlaid Bode plots, i.e. the plot of magnitude and phase of a
) . _
2 frequency response function versus excitation frequency.
f: 2 For a linear structure, the FRFs are invariant under different excitation force levels. The FRFs of non-linear structures ate generally vibration amplitude dependent
= 0O .
',—'f & and, thus, are also dependent on the excitation force level.
0 L . . . . . . . . o .
io> Nevertheless, the non-linearity of each resonance peak may be classified as softening or hardening stiffness, and increasing or decreasing damping with increasing

vibration level.

Hilbert Transformation of measured Transfer
Functions

. . . . . . . . Real Part of A Freq y Function at 3N
The Hilbert transformation provides an estimate of the real part FRF from the corresponding imaginary part FRF and vice '
versa. It can thus detect non linearities by comparing each transformed part to the original FRF. Differences between the ¥ a ’\»_/'\ .
original FRF and its Hilbert transform indicate non-linear behaviour. 3. _ | /’/M ,
Normally, Hilbert transformation can only be used to detect structures non-causality, and not to detect non-linearity. = " * " oy = " " 7
. Part of Response Fur i at 3N
Nonetheless, it is widely accepted that non-causality detected by the Hilbert transform is also an indicator for non-linearity: . \
g 5|
2 +o0 Q 2 ) +0 1 Fo J
(@) =—=PV [ "5 H (@QdQ G, (@)="=PV [ ——H (Q)dQ \
pa Q" -w 7 Q" -w i -
—0 —0 8
Frequency

Nyguist Plot of Mode 2 Acceleration Frequency Response Nyquist Flot of Mode § Acceleration Frequency Response

However, computation of the Hilbert transformation is not a trivial task as it requires

e ——

TN

the solution of a Cauchy-Principal-Value (PV) integral which extents from -0 to +o0
in the frequency domain. Since FRFs can only be measured in a limited frequency

band, the calculation of the Hilbert transform suffers from truncation errors. It might

Imag Fan Accel
& 4 .
mag. Part Al

occur that differences between the original FRTF and its Hilbert transform can appear

which ate the results of truncation errors and were not caused by non-linearity. »
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Method

Method description

Distortions of

Frequency

Isochrones in a

Nyquist Plot

Nyquist Plot of Linear Response Nyquist Plot of Non-Linear Response

The Nyquist plot can be used to detect non-linearities. Lineatr responses appear as (almost) circular curves in R ’ TR

the Nyquist plot, whereas non-linearities cause distortions from the circular form. When the frequency .

responses (forced response, not FRF) obtained at different levels of excitation are plotted together in a single

Imaginary Part
P
Imaginary Part

Nyquist plot, then the deviation of the frequency isochrones (lines which connect points of equal frequency

among the different response curves) from straight lines indicate the presence of non-linearity. o ’ -

s 0 5 10 15 2 20 45 40 5 0 8
Real Part Real Part

Inverse FRF Plot

Real Part of Inverse FRF

The inverse FRF method secks to separate the effects of non-linear stiffness and non-linear damping by using the inverse of an o

| ) _
FRF: H(Q):—sz+j§2c+k - H'(Q=(k-’m)+ j(Qc)

For linear systems, the real part of the inverse FRF is linear when plotted over frequency squared. The imaginary part of the 4w o o+ 5 % & w

Frequency?®

Real Part

inverse FRF is directly proportional to the frequency in case of viscous damping, or constant in case of structural damping. If ety Partof nverse PP

005

either stiffness or damping is amplitude dependent, then non-linearity is indicated by the inverse FRF plots deviating from the

t
E 0.045

straight line characteristic. The inverse FRF method is essentially a single degree of freedom technique but can be applied to

0035

multi-DoF systems with well separated modes under certain conditions described in RD 6.

. \ , , . \
08 0.85 0.9 0.95 1 1.05 11 115 12
Frequency

Coherence Function

This spectral function that can provide a quick visual inspection of the quality of FRF measurement. It is defined between two spectrums X (Q) and Y (Q):

R (o))
7= (@5, @

of the signal Y(t), and S, (Q2) = X(Q)-Y *(Q) is the cross-power spectrum of the two signals. The coherence function ¥ ? can only have values between 0 and

where Sy, (Q)=X(Q)-X *(Q) is the auto-power spectrum of signal X(t), S,, (Q)=Y(Q)-Y *(Q) is the auto-power spectrum

1, where a value close to 1 indicates good measurement conditions.

The coherence is a rapid standard indicator of the presence of non-linearities in specific frequency bands or resonance regions. A low coherence may be a result of
extraneous noise in the measurements due to signal treatment error or non-linear distortions. Unfortunately, non-linearities characterization is not possible and it is

not possible to separate the influence of non-linear effects from poor measurement conditions.
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Carpet Plots of Modal Damping

Carpet plots are suited to detect damping non-linearities. They are generated thanks to Nyquist
FRF plots. In fact, the modal damping ratio is given by the angles enclosing two points of a

FRF resonance peak modal circle.

The two response points must be located one before resonance, and the second one after
resonance. The choice of the two points is arbitrary so that it can be performed for any pair of
points available on the Nyquist plot. This can be observed in the figure where the response
points before resonance are indicated in and the response points after the resonance atre

indicated in red.

Due to non-linearities, the Nyquist plots can deviate from the circular form and thus different
damping ratios can be identified depending on the pair of response points used for damping
identification. Damping non-linearities can be detected based on the surface plot generated by

two pair response points as a function of the frequencies associated with these response points.
A flat surface of constant value is linked to linear damping.

If the carpet plot is not a planar surface of constant value, the mode under consideration has a
non-linear damping. A characterization of the type of damping non-linearity is not trivial but

also not impossible (see RD 6 for more details).

é}"

mag Part FRF

e Fescrance [Hz]

2 2
2&)3 (tan(%@a) + tan(} @b)) — >
1 N
& Q, 4, O /A/\\\ 70,
@, (tan(1©)) + tan(1 ®,)) A A

Nyquist Piot of FRF

12 s Qa Qb
10 /
' / / 0, \7{ 0,
L) “ \
\\ _ //
Flaai Pant FRE Carpet Plot of Viscous Damping Ratio 5

Carpat Plot of Viscous Damping Ratio £

Table 7-2: Method based on frequency domain
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7.4.1.3.3 Methods based on Time Domain Response Data

Time domain methods for the detection and characterization of non-lineatities ate more advantaging over
frequency-domain methods because more information is available from high frequency responses. These
methods are based on the restoring force Surface and Force-State Mapping on one degree of freedom and

their extension to multi degree of freedom and for base driven systems.

These methods are based on the restoring force Surface and Force-State Mapping, which is a good time-
domain approach for the characterization of non-linearities. It is based on the non-linear equation of

motion of a single degree of freedom system:

Equation 45 mu(t) +d(U)ut) +kuyut) = F(t) — mit)+ f(u,u,t) = f(t)

fr(u,u,t)

Equation 46 fa(u,u,t) = f(t)—mdt)

Here, M is the mass of the system, U(t) is the acceleration response, f(t) is the time history of the

excitation force. If these quantities are known by measurements, the restoring force fr(U,U,t) can be

calculated as a function of time. It is obvious from the above equations, that in case of a linear system, the
restoring force is a linear function of displacement U(t) and also a linear function of velocity U(t):

Equation 47 fo(u,u,t) =ku(t) +du(t)

The restoring force can be plotted as a 3D surface over displacement and velocity. The surface slope in the
displacement direction gives the stiffness £ and in the velocity direction gives the damping d.

In case of a linear system, the restoring force surface is a planar flat surface.

By curve-fitting of the 3D surface using a reasonable non-linearity model, it is possible to identify the

model coefficients and thus completely describe mathematically the non-linearity.

Force-State Map

As can be seen from Equation 47, the restoring force is indeed only a
function of the state!. The nature and shape of the surface will be
independent of the time history of the applied force and requires a o

sufficiently large number of independent states in the test data.

Restoding Force

Moreover, this single degree of freedom technique requires the

response of an isolated mode which call for very specific test

configurations.

If the function is not of state (memory effect presence), this will not Velosty o —

produce a repeatable 3D surface which will be difficult to interpret.
Figure 7-16: Restoring force surface

More discussions about this method are provided in RD 6. generated from high level random

excitation

1A state is a combination of displacement and velocity.
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An extension of the force-state mapping to multi-degree of freedom systems is the INTL method
(Identification of Non-linearities by Time series based Linearity plots). The main feature of this method is
that the time domain representation of the restoring force is used in a curve fitting process to identify
polynomial types of non-linearities. This is illustrated in the equation below, where the non-linear restoring

force is expressed by a polynomial function of velocity and a polynomial function of displacement.

o (U, U, 1) = 8, U(t) + 3, , [AD]U() + 8, 5 |0 O u(t) + 8, [0* (O] ut) +...
Equation 48 , \
+8 U + 5, UOU) + 6,5 [ O u ) + 5, , [’ ®|u®) +..

Equation 49 fo(u,u,t) = Zslad S olu + iak, i|u™ @uct)
i=1 j=1

Here, &y ; are the unknown polynomial coefficients for non-linear damping (linear damping included) and
Oy j are the unknown polynomial coefficients for non-linear stiffness (linear stiffness included). Equation
49 can be formulated for each point t, with | =1,...,n of the time history of the non-linear restoring

force function. This yields the following equation system for the identification of the unknown polynomial

coefficients:
. .s—1 . | -1 N 5d=1
fat)) |90 o e eu) u) o i ludy) ||
|
, (WO fut) - [ @uct,) fu) o Jutn)|uct,) |] G
Equation 50 . = | s
: : : i : Oy
Ue@ U] Ty - o' epfuc) Tuct) - [u'e]uct,)
{fa} < o > [y
%{_/

The unknown polynomial coefficients comprised in vector {5 } are then identified in a least squares sense

by building the pseudo inverse of the coefficient matrix [A] :

-1

Equation 51 (o} =[AT {fa}=| [AT [A]] [AT {fe}.

This curve fitting algorithm can only handle types of non-linearities, for which the coefficients are linear in
the equations. This poses a limitation to this procedure, because if the true type of non-linearity is not

contained in the coefficient matrix, only an equivalent model of polynomial type will be identified.
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An extension of the Restoring Force Method for base driven Systems has been developed in the RD 6 and

conclusions are briefly presented hereafter.

Based on the equation of motion of a conventional system, the derived equations lead to the Equation 52:

Equation 52 fo (0.0 = —{4, ) [M][Te]{t,} —m, %({Ua} ~[T1{t,})

The determination of the non-linear modal restoring force fj requires the modal mass M, and the mode
shape vector {¢r} of the mode under consideration, which are identified for the underlying linear system
from a modal survey test. The modal acceleration {q} is determined from the physical accelerations {U}

by using the pseudo inverse of the mode shape matrix. The acceleration response of the unconstrained

DoFs {Ua} and the base acceleration {Ub} are obtained from measurement. The partitions [Maa] ,
[Kaa] , and [Kab] are obtained from the FE model of the structure. It should be mentioned, however,

that the availability of the stiffness matrix is not a prerequisite, because the so-called geometry matrix

[TG] can also be derived from geometrical considerations in case of statically determined boundary

conditions.

The analytical system matrices must be compatible with the measured mode shape vector. This requires a
reduction of the analytical system matrices to the measurement degrees of freedom which can be achieved

by a FEM Guyan reduction.

It should be mentioned that, in principle, multi-point excitation with appropriated forces are required to
apply the restoring force method to multi-DoF systems. When considering base driven systems, the
excitation forces applied to different points of the structure is mainly determined by the mass distribution.
This would prevent the successful application of the method to higher modes with complex deformation.
Instead, it must be expected that the method can only be applied to some fundamental modes which can

be excited with enforced motion at the base.

7.4.1.3.4 Methods based on dedicated Excitation Signals

Real structures are seldom completely linear. This can be proved by the violation of the principles of
superposition and reciprocity. Nonetheless, many of them closely approximate linear behaviour so that

most of the theory developed for modal analysis relies on linear behaviour.

The methods presented here are based on dedicated excitation force signals to detect non-linearities or to
avoid the non-linearities directly in the experiment, which requires shaker excitation or base excitation on a

shaking table.

Weak non-linearities in practical structures can be easily highlighted by developing on measurements
different degree of amplitude control of the vibration levels. Non-linearities are characterised by FREF
distortion increasing with increasing force level. But classical experimental modal analysis could not lie
with such deformed FRFs because modal parameters extracted this way will suffer from inaccuracy,

especially for the damping and the modal mass due to the distortion of the response curve.
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The same kind of problem may occur for piloting with constant response amplitude measurements

(notching). In such case, the response non-linearity is kept constant but the FRFs frequency peak of each

level yield to slightly different results.

Each level considered separately lead to different linear FRE which are well suited for experimental modal

analysis. The constant input level and constant output level testing is thus considered for:

Sinusoidal Excitation with constant Input Level

Stepped-sine excitations are a standard for the investigation of non-linear behaviour of structures
leading to clear distortion characteristic. The quite constant level sinusoidal excitation allows
concentrating energy on a single spectral line to obtain large displacement amplitudes.

Constant output levels can only be obtained with feedback loop controller. Otherwise, the power
amplifiers of electro-dynamic shakers are driven with voltage signals of constant amplitude which
leads to force input level reduction around the resonance. This natural force level reduction is
salutary to avoid risk of damaging the structure under test, especially in cases of lightly damped
structures and powerful shakers.

Swept-sine test with a slow sweep rate is also appropriate for the characterization of non-
linearities but care has to be taken by transforming the transient data into spectra to avoid

averaging non-linear effects.

Sinusoidal Excitation with constant Response Level

Steady-state non-linear response can express non-linear equivalent stiffness and damping
properties as functions of the displacement amplitude. If the output is maintained at a constant
level in a narrow frequency band around the mode of interest, the non-linearity will also be
maintained at a constant level, at least approximately. In such a way non-linear FREF can be

obtained which is closest to linear. Thus series of “linear” FRFs can be produced for different

Change of Modal Stiffness with Modal Ampltude for Mods 1

constant output levels by means of stepped-sine 100

testing of spanned amplitude range. Experimental

Change %]

modal analysis tools can be applied to extract the

modal parameters and can be plotted as functions of

(] 05 1 15 F] 25 3 35 4 45
Moal Displacmant Magrtude

the physical vibration amplitude of the measurement

Change of Modal Damping with Modal Ampltude for Mode 1

/

1200 ~

point. This is a so-called linearity plot which can be

used to characterize the non-linearity.

Such linearity plot example is given in the Figure 7-17

2 5 3 35 4 a5
Mol Drsplacasunnt Magntuse

o
=

Change [%] =
- B 5 8 E 8

showing modal stiffness and the modal damping over
the modal vibration amplitude. A significant non-
linear behaviour shows the modal stiffness reduction Figure 7-17: Change of modal stiffness

and the modal damping linear increasing. and modal damping over modal

displacement amplitude

The advantage of the constant response level testing is that the structure under test is prevented
from being damaged. One of the drawbacks is that it is only applicable in a narrow frequency

band around the resonance of an isolated non-linear mode.
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¢ Random Excitation

The total energy introduced into the structure is spread over a broad frequency range.
Consequently, the vibration amplitudes will be lower as with sinusoidal excitation and the non-
linearities will be activated much less. Therefore, it is less well suited for generating distorted non-
linear FRFs. Random excitation with constant power spectrum lead to rather linear FRFs, even in
case of large power spectral densities, like for an averaging process which smooth the non-linear
effects and makes them difficult to interpret for characterization of non-lineatities.

Although the FRF's at different constant input force power spectral densities yields linear looking
FRFs, a frequency shift of some resonance peaks may nonetheless be observed but is not
adequate for the characterization of non-linearities. Nevertheless, FRFs can be produced quite fast
using random excitation, since all frequencies in the frequency range of interest are excited

simultaneously instead of exciting each frequency separately as it is done in a stepped-sine test.

e Multi-Sine Excitation
Such excitation, in contrast to the random excitation (which contains frequency components at all
spectral lines), is designed to exclude particular frequencies from the excitation signal.
If the system excited by a multi-sine excitation force signal is linear, the response due to the
excitation with a small number of discrete harmonic frequencies will also be a spectrum which is
populated at exactly the same frequencies than the excitation spectrum. This can be concluded
from the principle of superposition which is fulfilled in case of linear systems. If the system under
test is non-linear, different frequency lines than those contained in the excitation signal will appear
in the response and the non-linearity may be quantified by evaluating the amplitudes of the
different spectral lines.
The multi-sine excitation is a fast non-linear detection technique particularly suited to characterise
polynomial types of non-linearities. Special types of multi-sine excitation signals are defined to
characterise odd order and even order non-linearities.

The disadvantage is that sophisticated equipment is required to produce the excitation signal.

7.4.2  An approach to non-linear experimental modal analysis

Present test and analysis methods ate still based on the assumption of linear structural behaviour. The FRF
resonance peak variations obsetved in the case of non-linear structural behaviour are not reflected by non-

linear analytical modelling except using equivalent linear modelling adapted to a specific load level.

This approach can be tolerated since experience shows that in many cases the non-linear structural
behaviour is not too strong so that the experimental modal data still lie within the natural scatter generated

by other sources of test data variability like fabrication tolerances, multiple assembly or test reproducibility.

The studied approach aims to characterise the non-linear behaviour magnitude to determine if linear
modelling is still applicable. If this is not the case, using linear code for experimental modal analysis will
lead to important scatter. Thus extension of the UKL software ISSPA-FITKOR (called ISSPA_NL) have
been developed to identify non-linear modal parameters in addition to the traditional modal parameters

related to the undetlying linear system.
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The classical experimental modal analysis (EMA) are based on fitting an analytical modal model with

eigenfrequencies, damping ratios, modal masses, and mode shape vectors to experimental response data.

The identification of the linear modal parameters in ISSPA_FITKOR is based on the equation for the

linear frequency response:

s s} 1
Q- + j2E.0,Q

Equation 53 {u(Q)}= {

o {f(Q)} (r=1,... ot = no. of modes)

r

This equation describes the superposition of linear modal responses with {¢} being the mode shape

vector, m is the modal mass, w is the circular eigenfrequency, £ is the damping ratio, and Q is the

excitation frequency. The extension to non-linear modal analysis in ISSPA_NL consists of two steps:

1. Amplitude dependent damping ratios and eigenfrequencies are introduced only for
modes which exhibit non-linear behaviour. In this case the response equation is extended

as follows:

. _y e Hat ! |
Equation 54 {u@)} = D IRV T EYTIN (Ua)Q{f(Q)} with

r

~ Gk ~ Ga G4 Py
A u A u Q
Equation 55 ()=’ 1+ak[ —a j and Equation 56 & (0)=¢, 1+ac[ —a j [—]
’ u ’ u [0

max max r

Orjin, Erjin, My and {@r} represent the modal parameters extracted as usual from the
measured response # by classical EMA techniques. The Equation 54 exhibits more or less
pronounced deviations from the measured response depending on the magnitude of the
non-linearity.

The eigenfrequency and the damping ratio are functions of the measured amplitude 4,

which represents a RMS response calculated from the measured response vector {7}:

Equation 57 G, =

{a@j|=y{u@}" {u@;

The exponents qk, q¢ and ps must be adjusted for different types of non-linearities. Some

default values are given in RD 6 depending on the type of non-linearity.

The coefticients a4 and as govern respectively the magnitude of the frequency and the

damping.

Even though the additional non-linear correction parameters do not have a direct physical
interpretation, they can nonetheless be used to improve the identification process of the
underlying linear system. These non-linear modal parameters should rather be considered
as penalty parameters which shall account for non-linear distortions so that the traditional

linear modal parameters can be identified with improved accuracy.

This non-linearity extension has been implemented in the software code ISSPA_NL

based on ISSPA code, which is only suited to modify the synthesized response in close
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vicinity of a non-linear response peak measured at a single load level. It does not permit

to modify the undetlying linear modal model if the non-linearity becomes too large.

2. Atleast three load levels have to be used for identifying equivalent linear modal data with
classical EMA techniques. The non-linear correction can be applied at each load level.
ISSPA_NL is used to interpolate or extrapolate the modal data to another not passed

levels.

The interpolation starts from classical linear modal analysis data extracted by
ISSPA_FITKOR from experimental FRF measured at three load levels.

Figure 7-18 shows the interpolation and extrapolation scheme where the three data points
for the variable Z on the vertical axis stand for any of the extracted natural frequencies,
modal displacements, modal damping values or modal masses.

The vatiable .4 stands for the load level used during the test. A distinction is made
between:

e interpolation levels A, (i=1, 2 ...) with the corresponding variable Z;;; located

between levels .47 and 45 (A7 < A < Aj) obtained by quadratic interpolation.

e extrapolation levels A, (A, with the corresponding variable Zj.,: (Z,,) located
below level Ay (beyond level A45) obtained by linear extrapolation wrt the tangents
in Ay (As)

A

tangent in A4

Z
: tangent in Az
Iy i %?\. :/

@ | 1 -~

- Zo :
: Zinti '
: Z I int,i Z3 i
Ziow | Zip
Alow A‘l Aint.i A2 A3 Aup

load level

e testdata o inter-/extrapolated data

Figure 7-18: Interpolation scheme

The extrapolation must be bounded in a validity domain (A < A, < Ar and A
< Ay = Ay) where the bounds Az and A, are specified by the user, e.g. 10% of

the measured levels.

See RD 6 for more details about the interpolation and extrapolation formulation.
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8 IMPLEMENTATION IN TOOLS

To facilitate the test preparation and during test exploitations, the more mature methodologies have been
implemented into tools in a DynaWorks environment. All the tools are directly accessible and executable

from a Test view DynaWorks window in the “Dynamited” menu, as shown in the Figure 8-1.
|| ' wp5100_globalc(Essai) : |-_”E| [ﬁ|
Fichier Edition Mue Fonctions | Iynamited Aide

E_l f| 52 = @ @ m ?31 |Sensurs positioning I-I E }(\ = .r"l|

Coil current cosfficient

Influence of sueep rate

Clasaj[=[Proiet 5] Modle E| Static and residual terms o Pi3re &
Eszzai |Swarm |TF SM-s- . . .
Essai |Swarm |SWARM SiC 5M  |sh-x- 2190 Lorrelation Hatrix
Essai |Swarm |TF SN-x- Mazz Operator o
Essai |Swarm |SWARM S/C SM  |SN-%- Fgp
Eszzai |Swarm |TF SM-x- o .
Essal |Swarm |SWARM S/C 5M |gn-y- Farasitic motion
Esszai |Swarm |[TF GM-%- Parazitic motion removal
Eszai |[Swarm | SWARM S/C SM |SN-X-L-3 5]
Essai |Swarm  |TF SHN-X-L-4 g
Eszal |Swarm |3WARM S/C SM [SN-x-L-4 10
Eszzai |Swarm |TF SM-x-1-1 11
Esszai | Swarm | SWARM S/C 5K [SN-K-1-1 12
Essai |Swarm |TF SHN-R-1-2 13
Eszai [Swarm | SWARM S/C SM | SN-K-1-2 14
Eszzai |Swarm |TF SM-x-0-1 15

Figure 8-1: Overview of the “Dynamited” menu and functions

8.1 PRE TEST TOOLS

We present here the pre test methodologies implemented into tools and fully described in RD 11.

8.1.1 Coil current determination

The aim of this tool is to calculate before the test the right Newton per Ampere coefficient to use to

recover the base load force with the coil current intensity.

< INPUTS

The tool is executed on the blank Rigid mass in movement definition - kg |

tests and it is necessary to fulfil the

Humber of pilot sensors |
three parameters: rigid mass in

. . Humber of coil current measurements |
motion, number of pilot sensors to

take into account and number of coil

current measurements to take into

account as shown in the Figure 8-2.

Cancel

Figure 8-2: Overview of the coil current determination tool
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After fulfilment of the pilot sensor

names and coil current channel names,

the tool outputs the frequency

dependant coil current coefficient, as

shown in Figure 8-3.

The considered coefficient value will

be the one at the mode frequency of

interest.

0.0053 —
0.00526
"

Figure 8-3: Coil current coefficient overview

8.1.2  Estimation of suitable sine sweep rate for test preparation on piloting aspects

The aim of this tool is to define, for an expected accuracy on Amplitude, Frequency and Damping, the

suitable sine sweep rate for one mode or for the whole modes of a selected test.

»¢ Input values

The tool is executed on the test of interest Hode frequency (Hzd ;
and it is necessary to fulfil the piloting

Mode amplification Factor
parameters (mode frequency, mode
. . . sweep direction (+/-)
amplitude factor and sweep direction) and F
the desired accuracy for Amplitude, Desired acouracy on modal Frequency |1

Frequency and Damplng’ as shown in Desired accuracd on pesk amplitude |5

Figure 8-4.

Desired accuracy on modal damping 20

Ok Cancel

Figure 8-4: Overview of the sweep rate estimation tool

The tool outputs the maximum sweep rate for each accuracy goals, as shown in the Figure 8-5.

»¢ Information

e Lomputed sweep rate is 6,363432 oct/min for an accuracy on peak amplitude of 5 &
Computed sweep rate iz 2,573386 oct/min for an accuracy on modal frequency of 1 X
Computed sweep rate is 7,510406 oct/min for an accuracy on modal damping of 20 %

Ok

Figure 8-5: Maximum sweep rate for each accuracy goals
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8.1.3

Sensor positioning for mode observability

The aim of this function is to determine the best sensor position wrt the mode distinguishability. This

function allows also building an observability status of the modes.

It is necessary to import the candidates file (“.don” format, see RD 11 for a detailed description), giving

correspondence between NASTRAN dofs and measurement point names and the mode matrice in
NASTRAN punch format

The tool is then executed. The user must choose the optimisation method between:

Systematic (for a limited number of combination but leading to the best combination)

Univariate (alternative approach for huge models, leading to a good combination but not
necessarily the best) where it is necessary to define the maximum number of iteration and the

convergence criterion

The tool calculates:

8.1.4

the best dof for each sensor within the defined Sensor | Grid—Dir
. 1 capl  {4-1
candidates 2 cap2 |81

the MAC matrix computed on the optimized DOFs

05z |7
04z |

the observability criterion (the ratio between the |1 1 1

maximum component of the mode reduced to the
optimized DOFs and the maximum component of
the mode reduced to all the candidates DOFs, for

each mode)

Sign correlation matrix

This tool aims at computing the estimation of sensor orientation for both prediction and test data; a

correlation between both values is performed to check sensor orientation validity versus prediction. Three

cases can occur for each sensot:

difference between estimated angles is within a given tolerance: the coefficient associated to the

sensor 1s 1
difference between estimated angles is 180° (within tolerance): the coefficient affected is —1

difference between estimated angles is out of tolerance: the associated coefficient is 0
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The user must fulfil the input

parameters including:

e the test predictions along

the three axes,
e the available test data FRF,
e the type of data to consider

e the tolerance angle

The tool outputs are a synthesis
table giving  the

coefficient for each sensor.

8.1.5 Mass operator tool

sensors and the load restitution.

OUTPUT# format).

Finally, the load restitution is calculated by selecting

the mass matrix to consider, the set of valid sensor to

consider and the type of data to be

n Correlation Matrix

correlation

Prediction baze name : ‘ “sarn_pred " Test baze name 3 | ““suarm_corr
Prediction baze tupe 1 ‘ “ARCHIVE'S Test baze tupe 3 | “WORK"
Prediction subprogram name : ‘ “FEME Test subprogram name 3 | TR
# axiz prediction name ‘ “Sine_i" ¥ axiz test name 3 | "EN-F-L-F
Y axiz prediction name 3 ‘ "Sine Y axiz test name 3 i:*****
Z axiz prediction name 3 ‘ "Sine 7" Z axiz test name 3 i:*****
Prediction response type 3 ‘ “TransfertSinus" Test response tupe 3 | "Global”
Angle tolerance 1 1330.
[ vtider [Pepteer] B
Fointheaurs |prediction name | pred. static term | test name | teat static term pred. angle | test angle coefl
B4 K Sire K 0 FHISHE SN-Z-L-3|1.13793-2 0.158258 58,348 1
32z Sine T 0 S50404 SMN-Z-L-3|1.02503 113815 L] 1 I
120 Sine ¥ 0 SF3E91 SM=2=L=3|0.135963 0845573 821857 1
1214 Sine ¥ 0 SHIAaE SMN=2-L=3|-258461e=2 |0.155766 a1 481 1
121% Sine ¥ 0953579 SN-Z-1-3]-0.145021 0.330434 953335 !
1212 Sirne T [ o 7 SM-Z2-L-3|-0.978559 1 52341 166108 =1 I
123K Sine ¥ 0 FFIoEs SH-Z-L-3|9.94412e-2 98911 7e-2 84.293 1
170 Sine ¥ 0 S SMN=2=L=3|=0.387252 0242253 113.406 1
170 Sine ¥ 0 B0EaE2 SN-2-L-3[-06033 36 0024 127107 1
1702 Sire 2 0 308558 SMN-Z-1-3|-0863314 3016 149 691 o |
This mass operator tool aims at computing the condensed mass and stiffness matrices on a selected list of
It is necessaty to import the data (sensor/GRID dofs correspondence as “.don” format, the condensed
matrix partitioning vector as NASTRAN DMIG format and the condensed mass and stiffness matrices as
Once these operations are done, the user must define a set of valid sensor to calculate the load restitution.
—List of condensed mass matrix
[[=] Foint Mesure |[S] Commentaire =
T
used.
T
Yalider fArnuler
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8.2 POST TEST TOOLS

8.2.1 Estimation of sine sweep rate effects

The aim of this tool is to give for a given sine sweep rate the error introduced during the run on the modal

parameters: Amplitude, Frequency and Damping.

nput values

It is just necessaty to select a test and define the sweep susep rate i

rate and the sweep direction (increasing or decreasing). cveep direction ||

M Cancel

Input values

The correction is calculated on the FRF. If no mode is

. . Frequency ‘:
linked to the test, the mode eigenfrequency and the

damping ratio must be defined. Damping ‘

o] Carel|

Finally the tool computes the errors and the corrected parameters:

tode |Frequency Errar |Amplitude Error |Damping Error Title 1 a 3 4 5 5 7 g a

1 1 1.42057 —8.60577 266395 ] o ] n p . = P = o o

2 2 |DBA7ISE -2.86025 838375 2 Cor.freq  |27.0438 |35.2434 |35.2434 [47.2899 |472609 |53.4627 |53.4627 |SE.7141 |S6.7141
3 3 0837158 286023 839375 3 Cor. damping |1 50095 |2.16788 |2.16785 |2.10263 |2.10263 |2.08187 |208187 207308 |2.07308
4 4 0881182 -1.85934 5.13162 4 IdResp 255 |7.24578 134320 |13.4329 [115958 (115956 |769s13 769813 356936 |3.56936
5 5 |BEstie2 -1.85934 513182 5 IdResp 256 |7.22545 |9.58302 |96@302 |321129 [3.21128 (104402 (104402 52272 |52072
& §  |0Bd7eE7 -1.53217 40835 3 IdResp 257 [7.22192 |0.743564 |0.743564 |11.7854 |117854 |1.72148 |1.72148 |4.23882 |4.23082
7 7 0807297 -1.53217 40835 7 IdFResp 258 |7.22513 |e67864 |067se4 [27se02 |27sece [102021 [10.2021 [S40882 |S.408m2
] ] 0.574679 -1.39173 3.653849 g IdFesp 258 |7.22686 [13.4164 134164 |11.5137 115137 [7.34467 |7.34467 (218238 |2.18238
9 9 |0574679 -139173 355359 9 IdResp 260 [0.913942 |0.671347 |0.971397 |0.981407 |0.951407 |0.994675 |0.884678 |0 986083 |0 98608
10 10 [1.10201 -3.83144 11,6469 10 IdResp 261 [0.913942 |0.871397 |0.971397 |0.981407 |0.951407 |0.994675 |0.984678 |0 986083 |0 98608:

This can be displayed as errors bars (Frequency, Damping, and Amplitude):

Frequency errors due to sweep rate [Z)[B)X] § (-] pamping errors due to sweep rate fEx Amplitude errors due to sweep rate

File Edit Yiew Functigns Operations ? File Edit Wiew Functigns Operations ? File Edit Yiew Functions (Operations ?
sERSQAQAApMalkoBE R x|lcd QA MMa K 2E@E R x]|lc 0B D QA QY KM N > B ® X
09 = s -z
v HENEE
Din 2 " o s o T tode ZD 2 n o " o T fiode -Sn 5 " " 5 m T Mode
Origin Label g Test int Type Origin Label g Test Type Origin Label g Test int Type

R1 Freﬂuenl:z Error = l! Mode) R1 I]amEinﬂ Ervor = f! Mode) R1 HmEIimﬂe Error = f! Mode)
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8.2.2

Fast modal extraction and correlation

The Fast Modal Extraction and correlation tool aims to provide quick correlation between two tests.

The user must define the input parameters (including the definition of the two tests, the filters parameters,

the definition of the data to save and the peaks and mode extraction parameters):

---—=> FIRST TEST PARAMETERS DEFINITION %
Lst test base tupe *

13t test base nane

1st test Program name

15t test SubProgran name

13t Test nane *

13t test response class *

Lst test response tupe ¥

---—=> FILTERS PPRAMETERS DEFINITION

Use List for sensor selection %

Filter on mode selection %

--——> SAYE DATA PARAKETERS DEFINITION

Save result data ? &

Test result save base nane

~-——> FRST MODAL AND CORRELATION PARAMETERS

—-—> LOCAL AND GLOBAL CURVES PEAKS MAXIMUH EXTRACTION PARAHETERS

Hininum threshold considering a pesk

Nunber of curve maximum RELATIVE threshold subdivision For maximum extraction
-----> HODE EXTRACTION

Hode extraction: frequency gathering percentage bandwidth - beta

[Analysis prediction

HORK base

Sowkik Llrite nothing here #kmkk
fres
i

ook lIrite nothing here s

es

RkkE Lirite nothing hers %ikkk
Hookkk llrite nothing here xkmkk
1,000

1o

Rk lirite nothing hers %ibkk

0.020

-----> SECOMD TEST PARAMETERS DEFINITION % [est measurement

2nd test base type % HORK base
2nd test base name

2nd test Program nane

2nd test SubProgran name

2nd Test name %

2nd test response class #

2nd test response type ¥

Use Mass Matrix for Assurance Criterion calculation % Hes

Filter on mode shape building % ¥

Test result save base tupe % HORK base

Test Save [dTest number % il

Banduidth percentage for lacal maxinum determination - alpha 040

Mumber of curve ABSOLUTE threshold subdiwision For maximum extraction >= 1 |1

Hinimn nurber of sensor defining a nede 2

Arruler

The tool outputs the extracted peaks, their number, the mode extracted and the correlation between the

two tests through the two indicators FrImAC and ImMAC:

5 T T T T T
5 | =s
&0
o
0 J
B0 -
-5 4 sap
40
1o J
0 J
20 [
s J
10 -
-19 1 1 1 1 1 o
20 0 &0 = 100 U2 4o 20 0 60 &0 100 110
Hz
Origine Libellé Modéle Essai  Foi Origine Libellé Modéle Essai PointMesun

R31 alm predd z==

PFM  Sinlgx 031

I RiZ  Humber sensor = f{ Frequency mode) 1st Test "Si
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8.2.3

Static terms, residual modes and sensor orientation

This tool is composed of three functions allowing completing the transfer function database by:

oo

£00

500

400

00

200

100

a

-100

—-200

percent.
H00

The “Static term” id_resp heas. Pt static term errar (%)
1 189 18 -5.36902e -4 100000
It is necessary to define the frequency range and 2 140 v 1 00853 100000
3 . 3 191 12 -9.92313e-4 100000
the calculation is performed by a dual approach s 192 2% 145738e-4 __|100000
. 5 193 2% 1.00473 100000
(parabolic or pseudo mode). The tool outputs the - = 1 354303 1100000
: : 7 195 3H -5 56312e—4 100000
static term for each dof and the associated errot. £
g 196 kx'd 1.00719 100000
9 197 3z -5.35739: -3 100000
10 198 47 -8.78254e-3 100000
11 199 30 -1.44015e-3 100000
12 200 30 1.00562 100000
13 20 302 1.359%:-2 100000
14 202 3E -6 79039 -3 100000
« . 2 Meazsurement Paoint Freo. k(3
the reSIdual mOde 1 138 141052 1.71404e-2
The tool outputs for each dof, the computed 2 1 134,656 24942452
3 12 109504 0.245781
eigenfrequency and the residual mode component ¢ 2% 130.605 1 644562 -2
5 2 144 002 5.16643e-2
5} 2Z 1058.7 9.02163e-2
7 3K 138.38 1.82009:-2
g Exd 134719 26977 2e-2
] 32 59.239 -0.105495
10 47 114 475 -0.185441

the “sensor orientation” estimation

The user must define the excitation axis and the static term tolerance. It outputs the orientation angle

error (left) and estimation (right).

308 -

deq
a0
&0
70 b
60 F
50
T
30
20 -
| - = - n . - . - wl
ol
| IS N (NSNS S S N N S I I I N I E— — =T
B L T == I L L = = R L - - L |
g8 o oz oM oZ B N Y OZ 2 OB E OE OB R
8 2 R R R HE B o® X E R E=z ¥ B %

30N |

ELU
02 |

EA R

Y

HMZ |
328
2v

322 |
42 |
anx |

a0y |

anz |
a1z L

azx
azy |
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8.2.4 Parasitic motion

This tool is composed of three functions to estimate the parasitic motion:

e The “first estimation of parasitic motion” |EE AR

. . . Fichier Edition WYue Fonctions Personnel Aide
The user must define the excitation axis, the = — -
: o . S HBEEQ QM aeN A
accelerometers in the excitation direction and .
100
crossed directions. The tools outputs the
parasitic motion error in each axis. or
L
o1+
ool =
o.001 L L L
1z 20 50 100 150
Hz
Origine Libellé Modéle Essal PointMesure  Type Co|

e the “parasitic motion component”
The user must define the excitation axis and for each pilot (in the excitation direction) and co-pilot (in
the crossed direction) their exact position.

The tool outputs the rigid body parasitic motion (left) and the base deformation in each axis (right).

30 7
sl
20 -
s
10 -
s
0 - L
L . [N
. 1 1 1
12 20 50 100 150 -+ -
Hz
Origine Libellé Modéle Essai PointMesure Type Commentaire sk
R17 new_swarm z== MM X Mouvement Par: - i i i
12 20 50 100 IHSO
RZ0 new_swann z== MM RX (d = 0.517) Mouvement Par: :
R21 new_swarm z== MM RY (d = 0.517) Mouvement Par: Origine Libellé Modéle Essai PointMesure Type Commentaire
RZ7 new swamm 7==5h MM R7 (il = D517 Mnuvament. Par R6 new swarm z==3 LVA-BACK TZ Mouvement Pe

The “effect on the specimen”
The user must define the excitation axis, the pilots and their position and the dofs to estimate effect. The tool

outputs the parasitic motion contribution (left) and the base deformation contribution (right).

[ n
T
sl e [

]

- |

n
1.00055

1.0004
1.0002
0z 1
RN 0.9995

0.9995

0.05

004 1 1 1

0.9995

12 20 50 fon ‘H5° o 20 40 &0 &0 100 120 140 150
2 Hz
Ongine Libellé Modéle Essai Fointiesure Type c Origine  Libellé Modéle Essai PointMesure Type Commentaire
R1 new swamm z==0 TF SinusY UG TransferlSinus Mdef Ip3 z==
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8.2.5 Motion of the specimen without parasitic motion

The parasitic motion tool aims to correct calculated FRF to remove the parasitic motion effect and

recover the perfectly guided specimen FRF.

As shown in §7.3.2.4, the application of the methodology shows limitations due to numerical precision and
quality of the test data. Nevertheless, we present hereafter the main steps of the tools and refer to the RD

11 for a complete description.
This tool is composed of four parts that have to be performed successively:

e data preparation: this aims to prepare and check the test data before computation of the missing
FRF.

e computation of missing FRF: this step aims to complete the data by the dynamic masses (ratio
between effort in the nominal direction and the Pilot) and the FRF of the patasitic DOFs (ratio

between the parasitic acceleration and the base effort in the relevant direction).

e RTMVI export for modal identification. This function aims at preparing the data in purpose of
the modal identification task of the perturbed frfs.

e computation of corrected frfs. After modal identification of the imperfectly guided specimen, the

final step is to compute the frfs of the petfectly guided specimen from these data.

8.2.6 ISSPA

The ISSPA tool is fully desctibed in RD 4. The tool code application methodology is fully described in RD
11.

We mainly focus here on the new ISSPA_NL development and methodology.

The software ISSPA-nl is a postprocessor to the standard (linear) experimental modal analysis software
ISSPA, which permits to extract modal data from experimental FREF measured during test. The tool allows
applying two different methods in the case that the experimental response data reveal non- linear

behaviour of the test structure:

e Method A: either to fit a x107 FRF Magnitude o Excitation Force Magnitude
non-linear analytical finear
frequency response
function to an
esperimental wee 20 AL gy
exhibiting non-linear

distortions like that

depicted in Figure 8-6 or

8 ° 10 11 12 8 9 10 1
Frequency [Hz] Frequency [Hz]

Figure 8-6 : FRF obtained from constant excitation force levels
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Method B: to extrapolate %107 FRF Magnitude Excitation Force Magnitude

700

or interpolate modal data linear

obtained from three

different excitation force

[N]

[m/N]

levels with notching like
that depicted in Figure 8-7
to  other than  the

measured load levels.

8 9 10 11 12
Frequency [Hz] Frequency [Hz]

Figure 8-7 : FRF obtained from constant response levels

The process consists of the three following steps:

1. Detect any non linear behaviour by a visual analysis of the experimental FRF thank to the

methods database presented in §7.4.1. In case of non-linear behaviour the user must

determine the method to apply:

If the excitation forces were controlled to be constant at different levels the frequency

responses exhibit non-linear distortions in which case method A may be applied.

If the absolute response in the range of selected resonance ranges was controlled to be
constant (notching) the frequency responses do not exhibit significant non-linear
distortions but a shift of the peaks and the magnitudes of the FRF depending on the

absolute response levels. In this case method B may be applied.

This step is finalized by selecting the frequency ranges and load levels of each test run

exhibiting non-linear structural behaviour.

2. Apply any standard linear EMA software (like ISSPA) to extract modal parameters (natural

frequencies, mode shapes, modal damping and (pseudo) modal masses) from experimental

FRF. The output consists of sets of modal data extracted from the frequency ranges and load

levels selected in step 1. The modal data are visualized as a function of the load levels.

3. The last step consists of applying the postprocessor software ISSPA_nl.

Method A: the input consists of a modal data set extracted from a selected frequency
range with some additional parameters characterizing the non-linearity type. The tool
calculates non-linear analytical FRF fitted to the experimental curves exhibiting non-

linear distortions.

Method B: the input consists of three modal data sets related to three different load
levels extracted from a selected frequency range. The load levels are determined from
the pilot notch depth. The tool calculates the three quasi linear analytical FRF fitted to
the three experimental curves related to the measured response levels. ISSPA_NL
calculates additional curves at any other load level within or outside the measured load

level which are synthesized from interpolated or extrapolated modal data.
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9 GUIDELINES

Following the developed methodologies and tools, general guidelines have been written to summarise all
procedures and best practices that should be applied in order to have a satisfying preparation and securing

of dynamic test.
Thus the guidelines have been split in two parts:

e  DPre-test guidelines which aim to improve the test preparation and instrumentation.
The objectives are to anticipate possible difficulties during the test, secure the dynamic test

progtess and improve the performance during the test thanks to enhanced predictions.

e  Post-test guidelines which aims to improve the test data assessment and exploitation.
The objectives ate to provide during the test as quick as possible the test data assessment and to
apply robust and efficient test data exploitation by completing the synthesised databases and
providing a consolidated extrapolation for further level and a sharper understanding of

unexpected behaviour.
91 PRE TEST GUIDELINES

9.1.1 Instrumentation guidelines

The spacecraft instrumentation may be improved by analysing and proposing the best sensor location and

detecting possible difficulties due to a bad instrumentation.

Improving the test preparation consists to propose instrumentation in equation with the test objectives.
The instrumentation improvement can be achieved by determining the best location for each sensor to
better distinguish the mode shape of interest with a correct observability. Moreover, the measurement

quality may be improved by determining error due to uncertainty parameters by a stochastic approach.
Improving the instrumentation location consists in considering the three following points:
e Determine sensors whose location may be changed from the other ones where location is fixed,
e Determine the test objective mode shapes to identify

e Improve the sensor location wrt the mode distinguishability and verify the observability of each

mode of interest thanks to the sensor positioning tool.

But instrumentation may also be improved thanks to stochastic analysis as it is well fitted to determine on
the whole sensors instrumentation the sensitivity wrt the different types of errors. The recommendation is

thus to evaluate general test uncertainty impact on the FEM spacecraft and:
e determine the average error on amplitude and frequency due to test uncertainties
e identify sensors with high dispersion on their response.

Nowadays project time and cost budget doesn’t allow to apply systematically stochastic analysis as it calls
for time and a large amount of calculation runs. Thus it can be at least enough to consider the results and

conclusions presented in §6.2 which are detailed in RD 6.
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Finally, following the previous conclusions, some recommendations can be highlichted for
instrumentation concerning special precautions to place some sensors at a precise location or highlight the

possible difficulties that could appear in test due a bad instrumentation on some sensors.

9.1.2  Test preparation guidelines

Some activities can also be done before the test to improve the test preparation. They mainly concern the

base load recovery, the Sine sweep rate and the Notching stochastic profile.

The base load recovery is an important topic in test if no dedicated device is available. This could be

achieved by two different ways more or less precise.

The more accurate is the recovery with the condensed mass matrix. It is thus necessaty to prepare before
e tes e input data of/measurement point equivalence file in “.don” format, the matrix

the test the input data (GRID dof/ t point equival fil “.don” fi t, th t

partitioning vector in “punch” format and the mass and stiffness static condensed matrices in

“OUTPUT4” format). The six component loads recovery is achieved thanks to the mass operator tool.

The other method consists to use the coil current to extract the base load force in the excitation direction.
This method is less accurate but gives the order of magnitude to correlate and give confidence with
another method. Such method can be used thanks to the determination of the conversion coefficient (in
Newton per Ampere) between the current and the force. This coefficient can be determined thanks to the

coil cutrent coefficient tool applied on the shaker calibration blank tests.

In order to prepare the test parameters it is also interesting to define the tests objectives and estimate (for
information) the maximum associated sweep rate. It is consequently necessary to clearly define the modal
parameters accuracy objectives (Amplitude, Damping and Frequency) to derive the maximum sweep rate

for each one thanks to the sweep rate estimation tools.

Finally, important information is provided by the stochastic notching profile for test prepatration. In fact

this allows providing before the test three major advantages:

e saving long negotiation time in test by preparing the launcher authority as well as the customer
to the eventuality that the real behaviour deviates slightly from the FEM behaviour (due to the
different uncertainties presented in §6.2.6) and anticipate the reflexion of what is acceptable or not
in term of input spectrum levels. If the worst input spectrum is agreed before the test, this can

save important time and stress in test.

e Giving confidence in the notching prediction robustness thank to the probability associated to

each mode.

e Improving efficiency and spacecraft knowledge as this highlichts before the test the system

level causes of problem and their reasons which can be easier to analyse than during test.
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9.2 POST TEST GUIDELINES

The objectives of the during-test and post-test procedures are to provide some general guidelines

summarising all procedures and best practices to apply during and after a test:
e to provide as quick as possible the test data assessment,
e to apply a robust and efficient test data exploitation,
e to calculate correct transfer functions to provide a robust exploitation for further level,
e To extract modal parameters and cortrect the FRF to recover the petrfectly guided behaviour.

Post test guidelines are base on the pre-existing ASTRIUM test process which has been which has been
reconsidered to complete missing points and reconsider non justified steps and to complete the process
including the new DYNAMITED methodologies and tools.

Theses guidelines are split into six mains categories (and steps) presented hereafter:
0. Tools preparation guidelines
1. Test data assessment guidelines

Test data and Transfer Function exploitation guidelines

Test extrapolation to higher level guidelines

>

Run sheet consolidation guidelines
5. Modal extraction & correction and non linear exploitation guidelines

The complete Dynamic Test Check List process is provided in annex in §13. The detailed description of
the test process is provided in RD 8. We introduce hereafter the main steps of the process by highlighting

particular new points wrt the previous process.

9.2.1 Step 0: Tools preparation guidelines

This first guideline aims to prepare the tools by preparing input files and calculating preliminary data. It is
split into 5 tasks (only steps 1, 4 and 5 present news from the pre-existing ASTRIUM process):

1. Update macros input files (Sine, Acoustic, Random). This allows loading of data, parameters and
variables necessary for the macros. Nevertheless a particular attention will have to be paid to the

definition of the pilot sensor in a positive normal order (see RD 8 for more details).
2. Implement run sheet (Sine, Random). This aims to prepate the parameters for data assessment.

3. Frequency band definition (Sine, Acoustic, Random). This aims to define some frequency bands

to verify the mode correlation, the evolution from a previous one and the CLA coverage.

4. Coll current coefficient calculation (Sine, Random). This aims to provide the Newton per Ampere

coefficient for base load recovery based on coil current thanks to the developed tool.

5. Prepare additional sensors (Sine, Acoustic, Random). This aims to prepare input file for additional

sensor calculation by considering new mass operator sensors to recover QSL.
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9.2.2  Step 1: Test data assessment guidelines

This second guideline aims to begin the raw test treatment by providing assessment upon the data validity
before the data exploitation. It could be split into 9 tasks (only steps 3 to 9 present news from the pre-
existing ASTRIUM process):

1. Transfer function calculation (Sine, Acoustic, Random). This aims to calculate the test transfer

function for further exploitation and extrapolation to higher level.

2. Global/Fundamental comparison (Sine). This steps aims to identify problem by

Global/Fundamental signal comparison.

3. Estimation of static term (Sine, Random). This aims to complete the transfer function database
with the FRF extrapolation to the very low frequencies. The output of the “Estimation of static

term” tool is a table giving the static term for each measurement point.

4. Sensor otientation estimation (Sine, Random). This aims to estimate the sensors otientation and

€rrofz.

5. Sign correlation matrix (Sine, Random). The “Sign Correlation” tool aims to validate the

instrumentation correlation between the FEM and the specimen for every dof.

6. 1st estimation of parasitic motion (Sine, Random). This aims to provide a first estimation of the

parasitic motion thanks to the developed tool.

7. Build condensation set (Sine, Random). This aims to build the largest set of valid sensors which

will be used for mass operator condensation and correlation.

8. Parasitic motion component (Sine, Random). This aims to provide a second order estimation of

the parasitic motion components thanks to the developed tool.

9. Sweep rate effect (Sine). This aims to estimate the sine sweep rate effect on the frequency,

damping and amplitude error of the transfer functions thanks to the developed tool.

Once test data have been assessed, if no problem has been detected, then the post processing can continue
in step 2, otherwise, if some real problems are highlighted, it is necessary to do a deep investigation to

understand the problem before continuing exploitation which can be achieved in step 5.

9.2.3  Step 2: Test data and transfer function exploitation guidelines

This third guideline aims to exploit the assessed test data and transfer function for further extrapolation by
completing the databases. It could be split into 13 tasks (only steps 1, 2, 8 and 9 present news from the
pre-existing ASTRIUM process):

1. Mass operator on Test Data (Sine, Random). This aims to calculate the raw base load thanks to

the new mass operator tool.
2. Mass operator on Transfer Functions. Identical from (1) but applied on transfer functions.

3. Additional sensor on Test Data (Sine, Acoustic, Random). This aims to exploit the raw test data

by adding in the base additional information.
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10.

11.

12.

13.

Additional sensor on Transfer Functions. Identical from (3) but applied on transfer functions.

Max band per frequency range on Test Data (Sine, Acoustic, Random). This aims to calculate the

maximum per frequency range of each sensor on the raw test data.

Max band per frequency range on Transfer Function Identical from (5) but applied on transfer

functions.

grvs calculation (Acoustic, Random). This aims to calculate the achieved RMS levels on all the

measurements and compare it to the allowable.

Test correlation with FEM (Sine, Random). This aims to provide a correlation between the FEM
and the tested specimen to verify the correlation quality which depends directly the base limitation

validity as well as the coupled load analysis results.

Test correlation with previous run (Sine, Acoustic, Random). This aims to provide a correlation
between the previous run and the actual run to verify the tested specimen evolution between the

two runs and check that no major problem is met.

Extrapolation Sine to Random (Random). This aims to multiply the calculated transfer functions

by an input random spectrum to calculate the sensor responses under this spectrum.

Comparison Test Data / Limitation (Sine, Acoustic, Random). This aims to valuate the achieved

test responses wrt the corresponding allowables by curve comparison.

Comparison Test Transfer functions / FEM (Sine, Random). This aims to provide an exhaustive

correlation between the FEM and the tested specimen thank to the transfer function comparison.

Comparison Test Transfer functions / Previous run TF (Sine, Acoustic, Random). This aims to

provide an exhaustive comparison between the actual test and the previous test.

Once the raw test data and transfer functions have been exploited, if it is not necessary to extrapolate to

higher level then the post-processing can continue in step 5, otherwise it continues by steps 3, 4 and 5.

9.2.4

Step 3: Test extrapolation to higher level guidelines

This fourth guideline aims to provide a general path to extrapolate to higher level run. None step of this

guideline present news from the pre-existing ASTRIUM process. However, it is composed of the 4

following tasks:

1.
2.
3.
4.

Notching prediction on Limitation data (Sine, Acoustic, Random)
Iterative notching on value (Sine, Acoustic, Random)
Sensor Response (Random)

grus calculation (Acoustic, Random)

Once the final notched spectrum is correct and lower or equals than the final notched spectrum obtained

from limitation data base, it can be proceed to the run sheet consolidation (step 4) or if this is not verified

continue the iterative notching on value process.
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9.2.5

Step 4: Run sheet consolidation guidelines

This fifth guideline aims to consolidate the run sheet to higher level. It could be split into 8 tasks (only

step 8 presents news from the pre-existing ASTRIUM process):

1.

Verification of abort margins (Sine, Acoustic, Random). It aims to calculate the abort margin with

the good notched input profile.

Check abort margins with Pilot Inaccuracy (Sine, Random). It aims to check the abort margins

when taking into account the Pilot Inaccuracy effect.

Sensor Response (Sine, Random). It aims to calculate the expected response level under the last

final notched spectrum taking into account the pilot inaccuracy.

Comparison Extrapolation / Limitation (Sine, Acoustic, Random). It aims to compare the
expected extrapolated levels with the limitation database to verify if none exceedance has been

forgotten in the run sheet preparation process.

grvs calculation (Acoustic, Random). It aims to calculate the expected RMS levels on all the

measurements and compare it to the allowable.

Max band per frequency range on Extrapolated Data (Sine, Acoustic, Random). It aims to

calculate for the extrapolated levels, the maximum per frequency range of each sensor.
Final verification (Sine, Acoustic, Random). It aims to proceed to a final run sheet verification.

Maximum sweep rate estimation. It aims to estimate the maximum sweep rate to avoid exceeding
the defined accuracy on modal frequency, peak amplitude and modal damping thanks to the

developed tool

Once the run sheet parameters have been verified and the maximum sweep rate has been estimated, the

user continues the final test investigation by the last step 5.

9.2.6

Step 5: Modal extraction & correction and non linear exploitation guidelines

This last guideline aims to go beyond the usual exploitation in test to extract modes and correct the

imperfectly guided specimen to recover the behaviour under a perfect guidance and to extract non linear

parameter to predict non linear behaviour at other levels. It could be split into 8 tasks:

1.

Estimation of residual mode (Sine, Random). It aims to complete the transfer function database
with the FRF extrapolation to the high frequencies by calculating the behaviour of a residual
mode thanks to the developed tool.

Effect on the specimen (Sine, Random). It aims to compute the effect of the parasitic motions on

the specimen thanks to the developed tool.
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3. Data preparation (Sine, Random). In order to remove the parasitic motion from the transfer
functions to recover the perfectly guided spacecraft behaviour, this task aims to prepare data for

the application.

4. Computation of missing FRF (Sine, Random). It aims to complete the calculated transfer function
database with the missing FRF to recover the perfectly guided motion thanks to the developed

tool.

5. RTMVI export (Sine, Random). It aims to prepate the data in purpose of the modal identification
task of the perturbed FRFs.

6. Computation of corrected FRF (Sine, Random). It aims to calculate the FRFs of the perfectly
guided specimen thanks to the developed tool.

7. Identification of non linearity (Sine, Random). It aims to detect, charactetize and quantify non-

linearities thanks to the developed methodologies.

8. Non linear extrapolation to higher level (Sine, Random). It aims to interpolate or extrapolate the

non linear behaviour to other not passed levels thanks to the developed tool.

Such guidelines allows a better test preparation and assessment of the test data and also improves the

preparation quality and the duting test and post test data processing.
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10 REAL LIFE APPLICATION CASE

The fourth study phase consist in testing all developed methodologies, tools and procedures to

demonstrate the tools functionality in a real scale test and especially to demonstrate their efficiency and

their added value, in test preparation and securing, test progress and final test assessment.

The chosen application is the SWARM spacecraft (an ESA programme under the responsibility of Astrium

GmbH) whose sine tests occurred in IABG test facility centre in June/July 2009.

The application of the pre test methodologies and tools highlight:

a better definition of the sensors locations wrt the modes of interest even if the tool powerful is
most applicable for modal survey test than for system level qualification test where
instrumentation location is often dictated by specific equipment foot measutement or co location
wrt sub system test levels for comparison. Nevertheless, the new methodology and tools highlight
a save of time and additional valuable information to optimize sensor location in case of modal

survey test of about at least 1 week.

An important additional valuable information thanks to stochastic analysis application leading to
highlight sensors with high dispersion and make special recommendation for instrumentation
accuracy even if it could not have been directly applied on the SWARM sine test preparation due
to time constraints (about 1 month effort). The stochastic notching profile is a new output piece
of information allowing a far better robustness confidence detailing the different uncertainty

impact for negotiation with the customer and launcher authority.

The application of the post test methodologies, guidelines and tools on the SWARM sine test data

provides:

New powerful guidelines well adapted for application in a real test context. These guidelines give a
test post processing process to provide quickly and rationally new additional information for raw
data synthesis, extraction of additional data and preparation for higher level test. Moreover, these

guidelines allow data post processing for two analysts in parallel.

Important time can be saved thanks to theses new approaches which are roughly estimated

around 4 hours per test.

New powerful methodologies and tools are also available for specific deeper investigation in case
of problem met in test (investigation for detection, characterisation and quantification of non
linear behaviour, interpolation or extrapolation of non linear behaviour to not pass level) as well
as the recovery of the perfectly guided motion. Even if this last tools is not fully operational due
to limitations on the numerical accuracy of the test data, the tool basis exists and may be

improved to reach the goal.

The methodologies, tools and guidelines developed in the frame of the DYNAMITED study have

consequently demonstrated their efficiency to improve the test preparation and in test to save time,

provide a better and faster assessment of test data and improve data processing and data synthesis.
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11 ATV TEST DATA

ESA encountered some problems during the ATV qualification tests for which the agency required an
additional expertise to understand and highlight the unexpected phenomenon encountered thanks to the

INTESPACE test facility centre deep experience and expertise tools.

The context is that while performing a sine vibration test, the amplification factors where incorrectly
determined resulting to notch levels significantly below the minimum excitation levels required by the
launcher authority for successful spacecraft qualification. Early conclusions were raising potential
disturbances of the time signals and possible inappropriate application of post-test data processing
methods as a reason for over estimation of dynamic amplification factors. In order to further investigate

on these issues, ESA have been provided different data:
e Time history of COLA signal
e Time histories of the four pilots at the spacecraft base (excitation signals)

e Time history at the interface between the spacecraft structure and a sensitive spacecraft

component (response signal)
On conclusion, the study of these signals has raised many questions without answers and a few remarks:
e the sampling frequency was too low to hope for a good analysis (see RD 10 recommendations).

e the signals showed high disturbance around 40 Hz which may be due to some coupling between
the specimen and the excitation, ot to some problems in the excitation control (servo control)
which is quite tricky in this case because the excitation is provided from hydraulic shakers that are

known for non linearities and high level harmonics that could not have been recovered here.

e the beating phenomenon may be due to 2 closed modes which induce an envelope frequency f2 —
f1

e the pilot sensor 02L. may be questionable since the levels observed are far from the levels of

other pilots

e signal processing was not able to remove noise and improve signal quality, even if the signal is

not so distorted regarding the acquisition method;

e the computation of the transfer function directly influences the extraction of the Q factor, but
the Q factor calculated from simulation data was not recovered. However, we do not know either
the strategy used to recover this Q factor, but we find a quite different value than the one

calculated during the ATV test campaign.

Moreover other post processing methods have not been applied because they were estimated not more

efficient as the ones implemented in DynaWorks.

Finally, piloting problems and sampling frequencies may be the reasons for the poor quality of these test

data leading to inject level below the minimum required by the launcher authorities.
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12 CONCLUSIONS

12,1 STUDY CONCLUSIONS

The DYNAMITED study allowed providing very fruitful improvements in a wide variety of mechanical

testing domains served by a great competent specialist team in their domain of interest.

The state of the art allowed highlighting the actual test process, methodologies, tools and uncertainties to

server as entry in the following study steps.

The pre-test activities investigated new approaches based on uncertainty derivation to uncertainty on
modal parameters which revealed interesting results. Theses data could then be derived as stochastic
notching profile which is of great importance in test preparation to save precious time in test in terms of
efficiency, robustness and confidence. New base load recovery techniques were discussed and
implemented in tools. The sine sweep rate effect have been fully discussed and two methods were
proposed to estimate the maximum sweep rate wrt some predefined accuracies on modal parameters and
to correct the modal parameters for a given sweep rate. Finally an original method and tool were proposed
for sensor positioning in order to improve some sensors location wrt some mode of interest to maximize

the distinguishability with and observability status.

The post test studies have also investigated a wide variety of domains. First a new fast modal extraction
and correlation methodology has been proposed. This allows providing a quick correlation between FEM
and test as well as to follow the specimen behavior evolution between two different tests. A second major
milestone has also been achieved thanks to a sharper synthesis of the parasitic motion and an approach to
remove its effect to recover the perfectly guided specimen behavior. Unless it is limited to numerical
problems linked to test data quality, theses method are very ambitious and are a first step for a further
realization by slight different approaches. Moreover, some methods to elaborate reduced experimental
model were proposed. The study summarized the basic verification to do in order to assess the
measurement quality. Finally an important effort has been done to propose a complete catalogue of
powerful and applicable method to detect, characterize and quantify non linear phenomenon. This has
been extened by a method and a tool to interpolate and/or extrapolate the non linear behaviour to other

not passed levels.

The most promising and useful methods in test have been implemented in 14 new tools in DynaWorks

environment and one as an ISSPA extension to ensure an efficient industrial use of all the developments.

Based on the development and fruitful technical discussions, a new consideration of the best practice in
test has been recorded, leading to propose a new process to improve test preparation, assessment and

exploitation.

The methodologies, tools and guidelines developed in the frame of this study have been deployed on the
SWARM STM qualification test at a real scale to demonstrate their efficiency, robustness and reliability.

The methods allow saving about 4 hours per test thanks to the enhanced process ands tools.

However, all these developments have proposed new original and ambitious methods which bring an

important improvement in the test preparation, assessment and exploitation.
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12.2 THE STEP BEYOND DYNAMITED ...

The DYNAMITED study provided an important improvement in the assessment and exploitation of the

mechanical test data.

Nevertheless, all the domains tackled could not solve all the problems. We consequently propose hereafter

different ways of interest to carry on the important work achieved thanks to this study. They are presented

by activity domains:

Stochastic analysis

They have revealed to be of great interest in the frame of this study. The output results of this
approach lead to an important knowledge and understanding of the mechanical behaviour,
physical phenomena and uncertainty expression on the modal parameters. Moreover the
stochastic notching profile leads to surround of the true mechanical behaviour allowing saving
time and giving an important confidence and robustness to the prediction. It would thus be
important to apply systematically such process in test preparation. A way of improvement would
consist in providing simplified stochastic analysis to integrate this approach in the standard
process.

The study of other probabilistic approaches by FEM or test can lead to improve hardware and
prediction reliability.

Finally the integration of other kind of parameters (risk, cost and performance) can help to

manage differently programs in order to improve cost and schedule.

Extrapolation of the measured dof to all the FEM dof

The test sensors allow providing displacement on the instrumented dof only. The next milestone
would consist in extending for each point location the recovery of the three directions
components. The final step will consist into the extrapolation of theses measurements to the not

measutred dof to provide a complete FEM mode shape display.

FEM error localization for a quicker model correction
Based on the previous extrapolation, a more complete correlation can be achieved to localize
errors between the model and the true specimen behaviour and thus provide a quicker and more

efficient correction of the model.

Hardware knowledge

The actual amplification used for test prediction are most generally based on a standard damping
factor applied to the whole frequency range. In case of important deviation from this behaviour
on specific mode a damping melting law could be applied to correct such imperfection.
Nevertheless, by experience it is known that every mode are not equally damped.

It is thus proposed here to capitalise on a damping behaviour and use error localisation to detivate

typical material or subsystem error range.

Methodologies for test prediction modelling coupled with shaker model
As shown in this study, the parasitic motion is linked to the shaker imperfection and the
mechanical coupling with the specimen behaviour.

The proposed approach would consist here to improve the coupling knowledge and expected
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transverse coupling, pilotability, frequency, damping and amplification shift thanks to the study of

the coupled system specimen + representative model of the shaker. From such a study some

recommendation or improvement could be drawn concerning the text fixture impact and quality.

¢ Non linearities remains and important domain to work with many aspect not yet investigated:

(o}

Extend non linear detection, characterisation and quantification by an automatic
application of the non linear tool package

As shown in this study an important catalogue of method and tools allow detecting,
identifying and characterising non linear behaviour. However, they call for time and a
good knowledge of the methods which could miss in test to mechanical analyst. It is thus
proposed to provide a general tool to apply on the FRF to turn toward a type of method
than another one. This participates in test to improve efficiency and expertise and to save

time.

Investigate other way to deal with non linearities

The way proposed in this study to deal with non linearities is ambitious and covers an
important range of data and non linearities. Nevertheless other types are test data could
be used to detect, characterize and quantify non linearities and have not been investigated
in the frame of DYNAMITED. It is thus proposed to study different treatments which
are also importantly used by the mechanical testing community to extract more

information (SRS, difference filtered/RMS signals, different type of waterfall, ...)

Derivation of Non-linear Finite Element Models by Sequential Linear Model
Updating

The idea consists to build a NASTRAN non linear linked FEM using non linear
parameters. Linearly updated models utilizing computational parameter updating tool and
modal data from low level runs can be generated. Then it is possible to generate a
sequence of linear updated models utilizing the modal data interpolated at an arbitrary
number of load levels between low and qualification level and evaluate the evolution of
the non- linear model parameters over the load levels. Then the discrete non-linear
parameter values can be introduced into NASTRAN non-linear elements. The non-linear

model can be then validated using shaking table test data.

e Parasitic motion removal

This study proposed a very original and ambitious method to remove parasitic motion in order to

recover the perfectly guided specimen behaviour. This method revealed some limitations in the

Gopp, stae term calculation due to imperfect numerical data quality. However it is a first step to reach

the goal. Different other approaches can be proposed to achieve a correct identification of the

term.

© Astrium





Ref
Issue : 1

Page : 101

MTF.AIDT.TN.2168
Rev.: 1
Date : 03/03/2010

13 ANNEXES: NEW TEST PROCESS

T —

Step 0 - Macros tools preparation

Step 3 - Test extrapalation te higher level

Step 4 - Run sheet consolidation
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DYNAMIC TESTS, WHAT’S BEHIND THE CURVES ?
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1. INTRODUCTION

Spacecraft and their components are submitted to several dynamic tests in order to qualify them for
the launch or in order to determine their dynamic behaviour. Usual tests are sine sweeps, random
tests, acoustic tests, shock tests and micro-vibration tests. The data coming from these tests are
often provided to the engineers in a processed form such as acceleration vs. frequency response,
Power Spectral Densities (PSDs), Shock Response Spectra (SRS), etc. However, it is of the outmost
importance to keep in mind that the raw data coming from dynamic tests are time histories
corresponding to the evolution of one quantity (e.g. acceleration, force, strain) with time. The
processing of these data may lead to some loss of information that can be detrimental to the
interpretation of the results and the understanding of the underlying physical phenomena. It also
affects the control of the test itself, which relies on data processing as well. This is illustrated in the
following sections by some examples showing that the analysis of the time histories is sometimes
necessary to have a complete knowledge of the behaviour of the test specimen.

2. DYNAMIC TEST DATA PROCESSING

The acquisition of data during dynamic tests is made primarily in the time domain. However, the
data provided by the test facility to the analysts is most often by default in the frequency domain,
after signal processing.

Sensors like accelerometers, strain gauges, load cells and microphones allow to measure the
evolution of one quantity with time. It is important to keep in mind that the acquired signal may be
affected by a number of measurement errors; for example, sensor or acquisition chain inaccuracy,
inadequate location of the sensors, noise, saturation, etc. Those problems are not addressed in this
article, except for shocks in Section 6. The effect of digital acquisition system processing is also not
discussed in the paper (i.e. sampling rate, anti-aliasing filtering, analogue to digital conversion). The
following considers that the measured signals are valid, except for shocks in Section 6. The paper
focuses on the information lost due to signal processing from time domain to frequency domain.
The typical data processing methods applied for different tests are briefly described below, while
examples of the effect of such processing are described in section 3.
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Sine tests

Data from sine tests may be processed in different ways. The most commonly used data processing
methods to assess the amplitude of the signal are peak (or global), average, RMS and harmonic
(also called fundamental or filtered). The main difference is whether only the frequency component
at the excitation frequency is considered (harmonic) or components at other frequencies are also
considered (see [8] for details). This processing can have a significant impact on the results,
especially if the response of the structure is not only at the same frequency as the excitation forcers
but includes components at other frequencies (harmonics, high frequencies due to internal shocks,
etc). It is of the outmost importance to know what kind of data processing method is used to control
the test and what processing is applied to the acquired data delivered to the analysts.

Random and acoustic tests

To allow the control of a random or acoustic test, the power spectral density of the signal is
estimated in quasi-real time by the control system on short time samples of signals obtained in the
time domain (see details in [11]). From these samples, the corresponding RMS value can be
extracted as well. It is important to keep in mind that the size of the time window used by the
controller has an impact on both the estimated PSD and the RMS level. A smaller window size will
lead to higher variations of these two quantities. The overall PSD and RMS levels provided at the
end of the test can also be different if they are computed on the entire time signal (average of a
number of time windows), leading to a smoother PSD and a lower RMS level.

Another important feature of random tests is related to the maximum level reached in the time
domain compared to the one assessed from the RMS level. The usual assumption is that the
maximum level in the time domain hardly exceeds 3 times the RMS level considering that a 3
sigma clipping, in most vibration systems, is usually applied on the random input. However,
experience shows that this is an optimistic assumption and it is important to keep that in mind.

Shock tests
During shock tests, short, transient signals with potentially high amplitudes are measured and it is
important to ensure that the entire acquisition chain is able to capture them in a reliable way
(sampling rate high enough, no saturation, ...). The data are often provided in the frequency domain
in the form of shock response spectra (SRS) but this processing may mask some problems that
could be visible on time histories. Also, the SRS are usually calculated from 100 Hz to 10,000 Hz,
masking a low frequency content potentially damaging for the specimen. A lot of work has been
done on shock testing and details about the processing of the data and the potential problems are
available in [1].

Micro-vibration tests

Micro-vibration tests usually consist in either noise source characterisation or system level test
where noise sources excite a sensitive instrument. In both cases, time histories shall be stored and
delivered by the test facility in order to perform further investigations. Frequency domain
representations of the data (e.g. PSDs, FRFs, peak-hold) indeed provide only a partial view of the
data and may not contain all the time history information. In particular, the non-stationary character
of some noise sources (e.g. reaction wheel varying speed) cannot be fully represented by pure
frequency domain transformations. Waterfall plot (or Short-Term Fourier Transform STFT), which
is combining time and frequency representations, is useful to estimate evolution of frequency
characteristics with time but its frequency and time resolutions are inversely related to the time
window length. On one hand, a good time resolution requires a short window. On the other hand, a
good frequency resolution requires a narrow-band filter, i.e. a long window.

In addition, frequency domain data alone do not usually allow to combine rigorously several noise
sources together since the statistical distribution of these simultaneous sources cannot be extracted





from this representation. Some empirical summation rules are then derived, but most of the time fail
to estimate accurately the maximum combined disturbances. It is, therefore, important to keep the
time representation since it allows to derive their distribution and therefore understand how they can
be combined together.

3. ILLUSTATION OF TIME HISTORY PROCESSING DURING SINE TESTS

The way the sine signals are processed and presented, with one single value per frequency, can lead
to very different results, leading to possible incorrect interpretation of the phenomena, e.g. masking
unexpected effects. Therefore, the comparison of the signals obtained with different processing -
e.g. harmonic, RMS and peak - shall be performed for each sensor, to reveal internal shocks
(rattling/chatter) or non-linear behavior, and to understand whether a phenomenon is local or global.
Indeed a difference between RMS, harmonic or peak can result from a shock transient that is
superimposed to the harmonic signal, resulting in an increased RMS value as described below. Such
phenomenon can be further assessed by the analysis of time histories. Analysis of the time signals
can also help for the understanding of other kinds of physical phenomena as shown in the following
in an example dealing with strain gauges.

Internal shocks — Rattling/Chatter
Internal rattling usually propagate from its origin location (e.g. free play in mechanism, or free play
in tank bearings), and can be seen in a large portion of the satellite and even on the pilots (see Fig.
1). When the source is clearly identified, this problem can be solved, for the purpose of the shaker
control, by modifying the control parameters, or the filtering applied to the signals.

W“WWM*\*

127 110.141 110.155 110,170 nofmw 110,213 110,228 110,242 110.257 110.271 110.285 110,300
Fig. 1. Example of sine signal affected by rattling.

Hereafter, a practical example is provided on the identification of a source of internal rattling, and
on the corrective action taken in subsequent runs to allow the control of the shaker (i.e. higher level
sine vibration test).

During this test campaign, considerable differences were observed between the fundamental and
RMS signals, at vicinity of the tank interface (see Fig. 2).
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Fig. 2. RMS (red) vs Harmonic (blue) Signal for Tank Interface

These differences were attributed to the tank assemblies due to their propensity to ‘chatter’ at the
bearing, strut end/lug and strut pin interfaces (a common phenomenon with this type of
arrangement). However due to the considerable difference (a 70% increase in acceleration for the





tank), further analysis was required to characterise the frequency content leading to this difference
and decide how to pursue with the test, in particular with regards to the shaker control.

Considering the time histories of the test (see Fig. 3), an analysis was carried out (via FFT) and it
was concluded that the high frequency content would not be detrimental to the performance of the
structure.
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Fig. 3. Unfiltered (red) and filtered (blue) signal

The corrective action consisted in modifying the filter used to compute the RMS signal (with a low
pass filter at 300Hz), for controlling the tank response during the test. Another solution could have
been to control the specimen considering the fundamental signal, however this would have implied
to change the control strategy (preferred approach is to control on RMS, because it is safer than on
harmonic).

A detailed post-test visual inspection of the tank assembly was conducted during the
refurbishment/inspection of the structure. Upon completion it was concluded that no damage or
wear was evident on any of the bearing or strut interfaces, thus confirming that the high frequency
content was not detrimental to the test article.

In case of rattling/chatter, it is recommended to follow the following steps:

- Check the time history of the signal.

- Determine the frequency of the perturbation and the source.

- Determine whether the contributions in the acceleration obtained at higher frequencies are
critical and relevant or not for the control of the test.

- Determine signal acquisition mode (filtered / unfiltered)

Non-symmetric response of strain gauges

The following example is related to a sine test performed on a satellite. Strain gauges were bonded
on the Launch Vehicle Adapter (LVA) in order to assess the axial load and the bending moment at
the interface of the spacecraft. Some gauges were unfortunately not working properly but the test
could be driven with the help of data collected during previous tests on an identical spacecraft. It
appeared that the deformation levels measured by the gauges bonded on the outer side of the LVA
were not giving the expected values compared to the previous spacecraft while the acceleration
levels were fairly in line. This is illustrated in Fig. 4.
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(right) (transfer functions).

This behaviour was difficult to understand and the analysis of the data in the time domain was very
helpful. The behaviour of the strain gauges is illustrated in Fig. 5.
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Fig. 5. Time history of strain gauge around the SC main mode.

It is very interesting to note that the signal coming from the strain gauge is not symmetric. Initially,
defect in the strain gauge was suspected but it appeared that there was really a physical
phenomenon behind this behavior. In fact, the launch vehicle adapter of the spacecraft 2 was
slightly conical while the one of spacecraft 1 was purely cylindrical. This was sufficient to induce
bending when the LVA was loaded in compression. This is why the signal from the gauge mounted
on the LVA was not symmetric. While the LVA was working in compression, the bending
contribution generated some tension on the strain gauge, superimposed to the compression. This
resulted in a decrease of the measured amplitude. The phenomenon did not appear in tension,. It is
interesting to notice also that in the frequency domain data, the amplitude of the signal on the
gauges affected by this phenomenon was roughly the mean value between the positive and the
negative peaks in the time domain.

As a conclusion, it is recommended to systematically compare the harmonic (fundamental) and
peak (global) or RMS signals to detect phenomena like internal shocks and to request and analyse
time histories whenever an unexpected phenomenon appears.





4. ILLUSTRATION OF TIME HISTORY PROCESSING DURING RANDOM TESTS

Robust design of structures requires in-depth understanding of the physics governing their
responses to dynamic environments where extreme response peaks have been observed; knowledge
of these occurrences is of a paramount importance to better understanding the survivability of brittle
structures during flight and testing. Recent experimental evidence indicates that dynamic response
to stochastic excitation can often go far beyond the 3 sigma RMS level. In fact, 5 sigma is not
uncommon in time histories with large numbers of cycles.

Random peak loads and accelerations vs 3 sigma level

During random tests, the results are presented as power spectral densities and RMS levels. In the
absence of time history, it is usually assumed that the maximum acceleration level reached in the
time domain does not exceed 3 times the RMS level (3 sigma value) and that only a few peaks
exceed this value. The following figures contain data extracted from a random test on an
instrument. Fig. 6 shows the time history of the acceleration measured by one of the pilot
accelerometers, showing the progressively increasing input level during the test. The RMS level
computed on the part of the signal corresponding to the full level is 7.6g, leading to a 3 sigma level
equal to 22.8g.

m

Fig. 6. Time history vs. 3 sigma level measured on a pilot accelerometer

This figure shows that for the pilot accelerometer, the occurrence of maximum acceleration above 3
sigma level remains limited. However, the maximum time response reached for this case is 30.4g,
which is 33% more than the 3 sigma level. Fig. 7 provides the time history for an accelerometer
located on the instrument.
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Fig. 7. Time history vs. 3 sigma level measured as a response of the instrument

For this sensor, the RMS level reached 28.7g, leading to a 3 sigma level equal to 86g. It is
interesting to notice that the occurrence of the number of peaks above the 3 sigma level is much
higher than for the pilot accelerometer. The maximum acceleration reached during the test is 127g.
This is 47% more than the 3 sigma level.





Extreme peaks, exceeding 3 sigma value, during random vibrations are not an exception but rather
systematic. It has been observed on all cases where time signals are recorded. It does not only affect
accelerations, but also loads, as demonstrated in [4] and [5]. Those references show, in addition, a
weak dependence of the extreme peaks from random vibration test data (hnumber of sigmas reached)
on structural damping.

The analytical investigations show that this is exactly what is predicted under the common
assumptions of Gaussian (normal) distributions. In particular, the theory predicts over 50%
probability that a 5-sigma extreme will occur within a stationary Gaussian time history with
100,000 cycles. However, test and flight data show that these extreme peaks may occur with higher
frequency.

3 Sigma clipping
The example below is an illustration of a random test along X axis of an equipment using the usual
3 sigma clipping option provided by the shaker control (see [10]). The clipping is clearly visible on
the current and voltage applied on the shaker coil as illustrated on the lowest plots U(80kN) and
I(80KkN) of Fig. 8. The first remark is that the clipping process does not consist in removing values
above +/- 3 sigma. It modifies the overall distribution of the signal, therefore, departs from the usual
bell shape of a Gaussian signal (shown in red) and is more flattened around the mean.

Now, looking at the distributions of the response signals (estimated by histograms), one can see that
they are usually close to a Gaussian distribution (even though the shaker control is not fully
normal), and that they are not clipped at 3 sigma. The clipping effect is slightly visible on the
sensors along the excitation direction. For instance, TP1:-X, which is the closest from the interface
of the test article shows tails thinner than a pure Gaussian distribution, though the extrema still
exceeds the 3 sigma value. The sensor TP2:-X shows peaks well in excess of 4 sigma. The cross-
axes sensors (e.g. Y or Z directions) distributions exhibit thick tails due to some superimposed noise
to their Gaussian distribution.

Empirical pdf : TR2:-X Empitical pdf : TP2:+Y Empirical pdf : TP2:-Z
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Fig. 8. Distribution of responses, shaker tension and current during a random test using 3 sigma clipping. Red
curves are normal distributions
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Since brittle failure is usually considered to occur on the first instance of an overstress, and ESA
and NASA’s Handbooks and Standards recommend designing structures to 3 sigma ([6] & [7]), this
raises the question of why brittle failures are not very common occurrences. The reason is that the
non-conservatism of the 3 sigma standard is being balanced in some way with over-conservatism in
other aspects of the design - arbitrary safety factors, conservative estimates of parameter values and
input excitations, etc. Even if such a procedure results (somewhat by accident) in a safe design, it is
unlikely to lead to one that is efficient in the minimization of cost and weight. Furthermore, the true
safety margins also depend on the methods used for numerical predictions. More refined numerical
procedures may reduce these safety margins, even if there is no change in design philosophy. This
could result in loss of reliability in the future if design procedures are not modified. These new
design challenges need to be addressed by maintaining a procedure that is both cost-effective and
safe and is based on use of accurate estimates of both physical parameters and statistical quantities
of brittle structures under dynamic environments. Establishing such a procedure requires future
experimental and analytical study.

Stationarity of the signal - short time window RMS vs global RMS
It is also important to notice that the overall RMS level computed at the end of the test may be quite
different from the instantaneous RMS level computed in real time by the control system during the
test and used for example to trigger the system aborts. Fig. 9 shows the RMS vs. time computed
with different time windows (0.5, 1 and 2 seconds).
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Fig. 9. RMS vs. time computed with 0.5s, 1s and 2s time windows

The “instantaneous” RMS is quite dependent on the size of the window and its maximum value may
be quite different compared to the overall RMS obtained at the end of the test. This is interesting to
keep in mind, especially if abort limits are set based on the maximum RMS, or PSD level of some
Sensors.

Identification of non-linear behaviour and failure
Fig. 10 shows an example of a strain gauge data taken from a flight hardware random vibration
qualification test, at -6dB level. The top plot is the raw data with sigma (extreme peak/rms)
estimated to be close to 7 and the middle plot is the same data low-pass filtered at 800 Hz. The
sigma for the filtered data is close to 6.4. The important point about these plots are 1) indeed the
higher sigma occurs during vibration testing, and 2) the extreme peak is associated with the
fundamental modes of the structure and is not related to shock-like events that may produce higher
sigma. Table 1 summarises the force, accelerometers, and strain gauge measurement from the test.





The sigma, skewness, and kurtosis estimated from the test data show its non-Gaussian nature and
the time history indeed shows that the signal is not symmetric, indicating a non-linear behaviour.
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Fig. 10. Random vibration signatures from hardware that underwent qualification testing. Raw strain gauge
data - sigma ~7 (top), low-pass filter @ 800 Hz strain gage data - sigma ~6.4 (middle), corresponding PSD

(bottom)
Unfiltered
Force | A3Z A6Z | POIOL | POIOR | Bipod | SG1 ]| SG5 ]| SG6 | SG-11
rms 35.85 53.7 2142 | 1113 | 1367 | 2093 | 17153 | 3858 | 30.79 | 39.19
Sigma | 461 5.56 4.9 5.75 5.19 6.8 4.45 7.24 8.44 6.21
Skewnesy _-0.02 0.1 0 0 0.01 0.23 0.36 0.56 0.75 0.43

Kurtoisis| ~ 2.95 2.96 3.01 3.06 3.03 3.22 2.08 3.56 3.87 3.35
Filtered
rms 34.83 53.37 19.97 9.69 10.42 18.45 171.21 37.89 29.96 38.46

Sigma 4.64 5.05 4.72 5.82 4.92 4.6 4.02 6.35 7.07 6.09
Skewness| -0.01 0.01 0 -0.05 0.02 -0.01 0.34 0.37 0.43 0.3
Kurtoisis|  2.96 2.94 3.01 3.06 3 2.86 2.01 3.31 3.38 3.26

Table 1. Summary of the sigma, skewness, and kurtosis estimated from force gauges, accelerometers, and strain
gauges taken from a flight hardware undergoing random vibration test with a test duration of 60 seconds (-6dB).

Fig. 11 below shows time histories of the full level (0 dB) for the same hardware, leading to a
failure. The time histories are taken from a strain gauge data sampled at 20 KHz (top plot) and low-
pass filtered at 800 Hz (middle), and corresponding PSDs provided in arbitrary units. The failure
registered by this sensor is clear from these time histories. A few observations can be made from
this case. The PSD alone, in general, does not provide adequate information about the failure unless
the structural failure had already advanced. It is of paramount importance to review the time
history data in real-time, where the kind of abnormal signatures, such as the one shown in Fig. 11,
can be recognized. Also it is important to estimate the Gaussian distribution curves in real-time to
assess if the random data deviates from normal distribution (i.e. the skewness and Kurtosis change
from 0 and 3, respectively). Any departure from Gaussian distribution (indicated by changes in
skewness and Kurtosis) would indicate potential chatter, one-sided, and shift from zero in the time
history data. All or some of these features may point to potential structural failure. A careful
examination of the test data by assessing PSDs, time-histories, and Gaussian distributions will
provide very useful information for test conductor to prevent major failure in flight hardware.
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Fig. 11. Strain gauge data from a random test with failure, raw data (top), data low-pass filtered at 800 Hz
(middle) and associated PSDs (bottom)

Another example shown in Fig. 12 illustrates the impact of a component failure inside an electronic
box during a random vibration test. The component was found completely detached from its Printed
Circuit Board (PCB) after the vibration test. At first sight, the PSD of the closest sensor from the
failed component does not show any specific anomaly with a main equipment mode at around 1500
Hz.
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Fig. 12. PSD of sensor 2Z — dominated by one main mode

The comparison of the initial and final low level sine runs shows spectral shape changes at high
frequency. However, the main frequencies of the equipment are still within the usual pass/fail
criteria (e.g. +/- 5%) as shown on Fig. 13. The amplitudes of two high frequency modes above 1750
Hz have changed and a mode just below 2000 Hz is appearing after the full level random test. These
facts alone may not provide a clear indication of the failure of the equipment.
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Fig. 13. Low level sine runs before and after random vibration test

A closer look at the corresponding time history (see Fig. 14) is revealing some asymmetry in the
signal (positive peaks exceeding 400 g whereas negative peaks are in the range 300g). However,
the overall time history DC offset is close to 0, which means that it is not linked to a wrong
calibration of the sensor but to a physical phenomena. When looking at the distribution of the
original signal illustrated in Fig. 15, on the left plot, the asymmetry is obvious in the positive sigma
direction. It is confirmed by the skewness of the distribution, which is close to 0.3 (compared to a
nominal value of 0). The asymmetry may be explained by the rattling of the component impacting
the box frame structure and generating high frequency components. When the above signal is
filtered above 2000 Hz (see Fig. 15. right), the resulting distribution almost recover a bell shape,
confirming that the electronic component chattering on the equipment structure was creating mainly
high frequency noise. The low frequency behaviour is not really impacted as confirmed by the last
low level sine search where the changes after random are mainly visible above 1700 Hz as shown
on Fig. 13.

Random test - Z axis
] ] ]

00l Al \m‘” b HH L ” \‘\ H‘H\ i NI L {w ca|

600

200

Acceleration
o

-200

-400

-600

60 80 100 120 140 160 180 200 220
Time (s)

Fig. 14. Time history sensor 2Z
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Fig. 15. Distribution of time history and comparison with normal distribution (red) — original signal (left) —
filtered signal (right)

Another way to identify failures during random vibration test, based on time histories, is described
in [9].

5. ILLUSTRATION OF TIME HISTORY PROCESSING DURING ACOUSTIC TESTS

The previous Section 4 was dealing with random testing for which it was shown that levels higher
than expected can occur. It is worth to underline that the same kind of behaviour can be expected
during acoustic tests.

Acoustic test signal distribution

Acoustic test results are most of the time provided in terms of overall Sound Pressure Level (SPL)
values and PSD for pressure, accelerations, forces or strains. Very often, acoustic response time
histories are not available, though they can reveal interesting information about the nature and
extrema of the measured signals. As an example, distributions in Fig. 16 show that the generated
signals are Gaussian (i.e. very close to the Gaussian distribution in red), and that the maximum
levels largely exceed the usual 3 sigma considered in the dimensioning of the units for all type of
signals (pressure, acceleration or strain). In this specific case, the maximum levels are in the order
of 4.5 sigma for a one minute acoustic test. There is clearly no clipping process during acoustic
excitation as it can be applied during a random vibration test on a shaker.
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Fig. 16. Pressure, acceleration and strain time history distribution during acoustic test

It is also interesting to look at the theoretical mean time to exceed n sigma computed from the
wideband peak distribution (blue) of the corresponding strain gauge PSD. It shows values in
agreement with the measurement (red) as shown in Fig. 17. This is a demonstration that the acoustic
test to which spacecraft are submitted to may generate loads and acceleration higher than the usual
3 sigma values applied in the dimensioning of the structures. They usually exceed 4.5 sigma over 1
minute test and may reach 5 sigma over two minutes.
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Sound Pressure Level (SPL) Variation Over Time
During acoustic tests, the applied sound levels are usually fairly approaching the specified levels
(with defined test tolerances), but the averaging method for SPL computation masks some inherent
fluctuations during the test (similarly to what is shown in for random in Fig. 9). These natural
fluctuations shall be kept in mind.

Fig. 18 shows an example coming from an acoustic qualification test performed recently on a
spacecraft. The time histories recorded on the microphones were used to identify the SPL peak
value over time by applying a processing similar to the one applied by the launcher to derive the
acoustic environment from flight data (SPL evolution in 0.5s sliding windows). These data are
compared to the sound pressure levels averaged over the duration of the test provided by the test
facility and the table in Fig. 18 shows the differences obtained for the acoustic pressure in the
various octave bands. It is interesting to notice that the evaluation of the SPL over the 0.5s time
windows leads to maximum peak acoustic levels around 2dB higher than the ones computed over
the total duration of the test in the octave bands above 250 Hz. The difference is even greater in the
lower octave bands with up to 6dB. This variation of SPL over time is significant and shall be
characterised. In some cases, this may help to consolidate the qualification of a specimen if the
levels reached during the test are slightly below the specifications, especially if the acoustic
excitation has a transient nature on the launcher.
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Fig. 18. Spacecraft acoustic test — SPL processing in 0.5s sliding window over time. The table shows the
maximum variation over time with regard the average SPL per octave band and per microphone

6. IMPORTANCE OF TIME HISTORY PROCESSING FROM SHOCK TESTS

Specificity of shock environment is related to the difficulty of ensuring the validity of measured
signals. Precautions to be taken in relation to test monitoring, selection of suitable acquisition
system and sensors, and validation of recording of shock response data are discussed in details in
the ECSS Shock Handbook [1]. The aim of this paragraph is to underline the importance to
ascertain the validity of recording of shock response data (in particular for near-field testing), based
on pyroshock validity criteria, before it can be utilized (for data analysis such as SRS, or for
performance of shock FE analysis).

The first criteria is the inspection of the time histories. This paper does not address all the validation
steps (validity frequency range, positive versus negative SRS, and velocity validation), which are
presented and illustrated in details in the ECSS Shock Handbook [1], as well as in other standards,
and often referred as the Piersol Criteria [2] & [3].

Recent experiences indicate that typical far-field measurements (general instrumentation on a
satellite far from shock sources, or standard shock testing of a unit by a mechanical impact) are
generally reliable. This is the result of improvements on acquisition systems and accelerometers as
well as by improved procedures applied by the testing organizations. On the other hand, near-field
measurements still require a dedicated attention. In relation to near-field measurements, the
probability of occurrence of a faulty measurement remains high, which can take various forms (wild
points, saturation, offsets, etc. ...). In that case, the time history visual inspection shall not be
omitted as it will reveal which measurements shall be discarded. In several cases, the measurement
can be seen satisfying the Piersol criteria in terms of positive versus negative SRS including the
velocity validation, but detailed inspection of the time history would reveal that the data is to be
considered invalid.

This is the case in the following examples:

Example 1 — Pyroshock test generating intense environment, first showing a transient signal which
satisfies the shape factor (duration decaying function) and the Piersol criteria in terms of positive
versus negative SRS. But zooming-in, the measurement appears to be a collection of wild points, as
a result of a combination of failure cases (saturation, aliasing, connector, etc).
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Fig. 19. Temporal data consisting in a collection of wild points (left), whereas the criteria on SRS(+) and SF\’"S(—) is
met (right)

Example 2 — System level shock test with signal processing consisting firstly in applying a high
pass filter (> 100Hz). This kind of processing is sometimes performed prior to the delivery of the
database to the customer, but can cause a spurious signal to be wrongly considered valid by the
customer. Hence it is recommended that the traceability of the applied processing shall be provided
together with the database to the customer. In this example, the problem was highlighted by
comparison with neighbouring sensors, indicating that the suspicious measurement was clearly out
of family.

A IV \

100

Comparison SRS (+) and SRS (-)
of the filtered signal

10

100 1000 le+04
Fig. 20. Temporal data containing spurious signal, and filtered before delivery to custormer (left), whereas the
criteria on SRS(+) and SRS(-) is met on the filtered signal (right)

As a conclusion it is important to ascertain the validity of recording of shock response data, based
on pyroshock validity criteria, without neglecting detailed inspection of the temporal data.
Traceability of processing applied by the testing facility together with the characteristics of all
constituents of the acquisition chain shall be communicated to the customer.

7. IMPORTANCE OF TIME HISTORY PROCESSING FROM MICRO-VIBRATION
TESTS

Microvibration response distribution
The probability of the payload performance to be impacted by on-board microvibration is higher
when one or several structural modes are excited by equipment operational noise sources. Fig. 21
shows acceleration measured from an optical bench during a reaction wheel ramp down excitation.
Criticalities in terms of disturbance are well localised in time, and they correspond to specific
reaction wheel speeds which excite particular structural modes and lead to peak accelerations. The
waterfall plot below shows that one wheel harmonic is exciting one or several structural modes





around 90 Hz resulting in the highest peak disturbance over the entire wheel speed range. This is to
be compared with the excitation around 210 seconds, which shows a large number of excited
harmonics but none amplified by a structural mode. As explained in section 2, the waterfall alone
cannot provide the exact distribution of the signal around these particular wheel speed
configurations.
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Fig. 21. Microvibration response of optical bench under reaction wheel excitation — Time history and
corresponding waterfall plot

The signal distribution over a 2s rectangular window centred around the above peak acceleration
time is shown in Fig. 22, together with the corresponding FFT. The distribution around the peak
response (top) is clearly bimodal and is close to a pure sine wave distribution (superimposed with
some noise). The FFT of the same window shown on the left of Fig. 22 confirms the predominance
of one main frequency around 90 Hz. As a consequence, the maximum disturbance cannot be
estimated using a Gaussian assumption but shall consider the harmonic nature of the disturbance.
When several harmonic sources are running simultaneously (e.g. several reaction wheels),
summation rules corresponding to those specific distributions shall be considered to estimate the
resulting disturbance at payload level. On the contrary, the distribution around the flat response
(bottom) is very close to a Gaussian distribution resulting from a broader frequency content with
several non-negligible peaks (see bottom FFT).
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Fig. 22. Signal distribution over a 2 s window around the peak response (top) and around flat response (bottom)

8. CONCLUSIONS

The examples described in this paper show that signal processing applied to time histories can hide
a number of important information. It is therefore strongly recommended to make sure that the time
histories of all measured data are recorded and made available to assess them and be aware of the
post processing that has been applied. This is important to assess the levels that are actually applied
to the test article (extreme response peaks) and compare them with allowable values and also to
understand the physical phenomena at hand (e.g. chattering, combination of noise sources). Time
histories and their analysis can also help for the early detection of unexpected behavior and failure.
Processing of measured signals is also a key parameter for the control of the test.

It would be useful during test to provide access to diagnostic tools to support investigations as
presented in this paper.
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1. SCOPE

This note defines the Tests Notching philosophy for both sinus and random vibrations environment

It addresses in particular the way to determine notchings in the sine and random input spectra, first
during the dimensionning and design phase, secondly during the testing of units.

Quasi-static and dynamic loads are specified in order to meet the requirements which are applicable
at instrument level. However, in order not to overdesign and overtest assemblies or units, notchings
in the specified input spectrum are allowed to some extent. based on experience and/or instrument
coupled loads analysis results. Fulfillment of structural stiffness requirements is mandatory since
load amplification is much dependent upon dvnamic decoupling. It is wamned therefore that the
notching rules are applicable only if the equipment complies with these requirements.

2. MECHANICAL TESTS OBJECTIVES

The assemblies and units are designed to withstand-the mechanical environments they will encounter

during their lifetime without degradation of their performances.

The mechanical tests objectives are to verify that the assemblies and the units are capable to
withstand the mechanical environments to which they have been designed. o

The basic stiffness and load verification process includes the following mechanical tests at
assembls/units level.

© Quasi-static loading tests :

These tests must demonstrate the ability of the unit to withstand quasi-static loads induced by

launcher or by sine testing at instrument level.

At primary structure level, quasi-static loads provide the dimensionning loads in particular at
attachment interfaces. They act at low frequency. typically below 10 Hz. They can be verified by
two different ways :

- by means of a sine sweep in the range 20/30 Hz. The frequency range and sweep speed are adjusted
to produce a test duration of about | minute (TBC).

- by means of a quasi-static test at a determined frequency, typically 20 Hz, during 1 minute (TBC).

® Sinus vibrations tests :

Sinus vibration testing is used to demonstrate the ability of the unit to withstand low frequency
excitations of the launcher. typically in the range 5-200 Hz. with possible dynamic amplification of
the unit.
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Detailed objectives are :
At qualification level :

- to verify the eigenfrequencies content, thus to validate the mechanical finite element model and
dynamic decoupling requirements.

- to demonstrate the ability of the unit to withstand the loads and tesulting stresses induced by
sinusoidal vibrations.

At acceptance level :
- to verify the absence of material and workmanship defects.

© Random vibrations tests :

Random vibration testing is used to demonstrate the ability of t}xe unit to withstand the random
excitations which may come from :

- a pure random environment : applicable to compact units located inside the main structure. The
effects of direct acoustic environment are negligible, random excitations come from effects of

acoustic environment induced on satellite, from acrodvnamic excitations and transmitted structure
vibrations. o ’

- a direct acousﬁc environment : applicable to appendages as covers, baffle. The effects of direct
acoustic environment is dimensionning, the effects of random excitations induced at interface levels
by acoustic on satellite are neglected. ' .

Both direct acoustic environment and induced random vibrations are applicable to other units. The
effects induced by the two environments are combined to provide the random specifications
applicable to units.

The random excitations relates to a high frequency range 100-2000 Hz. thus are dimensionning for
local modes and secondary structures.
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3. NOTCHING PHILOSOPHY

Primary notching

The first objective of notching is to reduce the excitation level during sinus or random vibration
testing in order not to exceed the sizing loads at the equipment interface. (=> 176 bels < ASE UF WL
V4

Secondary notching

If necessary, to avoid unrealistic overtesting of items within internal structures of unit's and in the
case it is felt that the test levels will damage the unit, the sub-contractor may request in addition a
secondary notching to the prime. This applies only if the primary notching is not sufficient and if the
subcontractor can show strong evidence that the equipment will suffer damages.

The following sections give guidelines for raising a notching request and gives methodology for
calculating the notching.

The guidelines apply not only during testing, but also in the early stage of development when the
subcontractor has to identify notching needs in the sizing process of the unit.

4. ESSENTIAL RULES

The following rules shall be follpwed, otherwise the notching requm shall be rejected.

a) Any notching must be formally mﬁuested as a waiver/deviation to a specification, submitted to
the prime agreement.

b) A notching assessment shall be included in the frame of the PDR/CDR.

c) Formal notching request shall be raised before the equipment MRR, so that a possible rejection of
the notching by the Prime will not impact the development of the equipment.

d) Anv notching request shall be based on a technical report including at least
. preliminary quasistatic analysis results (critical areas, margins, interface loads),
. preliminary harmonic response analysis results (critical areas, margins, interface loads).

¢) The notching assessment shall be based on a detailed structural analysis. It is strongly advised to
use a finite element model representative of the physical structure.
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5. NOTCHED SINE SPECTRUM

The following guidelines are provided (see flow diagram).

Notching predictions
a) Forbidden notching range :

Notching of the input spectrum may be forbidden by the Prime in part of the frequency range.
b) Notching level determination :

For each mode, under sine/vibration, the algebric sum of loads at the unit/assembly interface (for
all specified axis) is divided by the total mass of the unit/assembly, thus providing the equivalent
quasistatic acceleration on the unit/assembly. The sine level reduction is authorized if this
equivalent quasistatic acceleration if higher than the specified quasistatic acceleration at
qualification level. (QSL x 1.25). This must be fully justified by a technical report.

The damping factor used for the notching analysis shall be justified by the contractor experience.

Testing

The unit/assembly supplier shall identify the location of the accelerometers at the adequate areas
(interfaces) in order to obtain a good correlation between levels on accelerometers and interface
loads. The test instrumentation is under the supplier responsibility. When used for notching
purposes. strain jauge instrumentation shall be delivered with the units.

Ways to identify eigenmodes, to calculate damping factors and to determine the interface loads is
common to sinus and random testing. They are developped in the next section.

In any case. the authorization to reduce the sine level during the test shall be confirmed by the Prime
after review of test results at sine low level. A correlation between analysis and test shall be provided
by the supplier.

Each notching request shall clearly identify: the underlying assumptions :
- frequency range,

- level (g or g¥/Hz).

- slope.

- amplification factor,

- effective mass and total mass.

- notching level constant C (see section 6.2.2).
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6. RANDOM TEST INPUT SPECTRUM

Notching of the specified input spectrum may be allowed in some specific cases. The general rules
are described hereafter.

Predictive analysis of the test is strongly advised since it will allow to identify: in advance the
resonances which may be critical for the equipment. prepare the measurement plan. determine the
notched input spectrum according to the specified rules and request deviations if need be.

6.1. GENERAL NOTCHING CRITERIA

Applicable rules are slightly different for large and small equipments. For large equipents (> 10 Kg).
it is expected that quasi-static and/or sine loads are more critical than acoustically induced stresses
except possibly for very large baffles or covers.

For small equipments (< 3 Kg FPO for instance), high frequency dvnamic excitation may be the
sizing load case.

6.1.1. Notching criteria for large equipments

The input spectrum may be notched so that the total interface load at 3¢ is not higher than the quasi-
static loads at qualification level. The input spectrum shall be first notched at the main resonances.
and if needed outside the main resonances in the high frequency range,

Notching outside resonances however shall be approved by the main contractor.

6.1.2. Notching criteria for small equipments
Notching at main resonances on the basis of quasi-static loads is also applicable, but minimum input

levels are required on the whole frequency range (see fig. 6.1.2). This means that the random test
may be a sizing load case for some equipments.
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6.2. DETAILED NOTCHING CRITERIA

6.2.1. Notching of a single resonance

When the equipment may be considered as a single DOF structure. in the frequency test range its
behaviour is described by the following equations :

M: equipment mass

k: stiffness

$:12Q damping coefficient
K .

Wo =y[— = 2nf, : eigenvalue
m

m: modal effective mass

The PDS of the acceleratxon 7 (w) at the center of gravity of the equipment is :

7 (W)= H(\\) S(w)
where the transfer function H(w) can be written

1+2 i (%)
i, \_] . i (LJ

3
w§/ Wo

H(w) =

The average mean squared acceleration is computed from :

"
_Y - J‘Wmax
Wmin

After integration. the RMS acceleration is approximatively equal to :

2
H(W)' S(w) dw

[n :
“RMS = yz fo QS (fo) (Mile's formula)

[t has been assumed that the eigenfrequency fo is within the excitation range.

The notched input spectrum S* (w) will now be determined so that, unless some minimum rules
apply., the total interface load at 36 does not exceed the quasi-static load :

. w
" VI mle' 37 dw s Mrqs m
Wm

—_—
Or approximately 3m V'% fo QS (fo) < My Qs
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This condition will be met in general by notching exclusively around the resonance. The notched
input spectrum is then characterized by :

- the width of the notch

- the minimum input level at the resonance

- the slope of the PSD
The width of the notch around the resonance is dependent upon the amplification factor and is set to :
aw=2o Og - §£
Q ]

The slope of the PSD will be approximately : p =Q dBloct

Once these parameters are defined, the minimum input level at the resonance S(w,) will be computed
in order to satisfyv criterion (1).

NB : If the residual rigid mass is not negligible, (> 20 %) criterion (1) should be written.

)
‘Wmax
t

31 [jm He? s (M-m?] $2() dw < Mygg

!
WV min
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6.2.2. Notching of a multi DOF equipment (sce flow diagram)

For a multi resonance structure, the same basic philosophy is applicable. The notching criterion
however must take into account all the resonances :

3,
| n

A 2 3

3 j-\\ma\i mi {H.i(w)} + MRL S*(w)dws M‘(Qs Q)

Wmin |i=1

where mi are modal effective masses and M, is the residual rigid mass.
Usually inequality may be replaced by :

n —y) 2
? Z{mi Jg fi Q S* (fi)} + M?Res j'::rl;l\i:-“ S*(w)dw < Myqg G)
i=l ' . .

If we assume now that the input PSD S(w) is representative of the mechanical power delivered to
the equipment, we can write for QC!‘I‘ mode : ’ '

P, (w) =F, V,=C S (w) Ne
~— A , K3
where F. is the interface J6ad and V, the mobitity. J.z wL‘T
2 1
—
Hence, —L = CS (wi) i Vo hodnd o= % }C WU)
Wi Tave 2 w
we may use Mile's approximation for the acceleration vi, which yields : z -%'I (v I )
. Y. Lt
Qs (f) = cs (f) wle T.ou
A
The minimum input level at the resonances will therefore be such that :
m; Q; S* (f) L Pk » K
—'—S'E— = constant (4) D ¢, ) 2

Mo Q;
17 G L
Numerical applications are shown in annex . :

. . . L Edal
Equation (4) means that resonances with large effective mass and amplification shall be more deeply
notched than local resonances which induce small interface loads.

6.2.3. Combined interface loads
When complex structures are tested, combination of loads in different directions have to be

considered. In that case, the equipment supplier shall extend the verification so that the set of RMS
interface loads remains inside the domain of definition of the quasi-static loads.
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6.3. NOTCHING DURING THE TESTS

For each axis and each type of vibration test. the test campaign shall begin and end with a low level
sine test. Identical signatures for these tests is necessary to infer that the equipement has not suffered
damages during the qualification/acceptance tests (see flow diagram).

6.3.1. Identification of eigenmodes

The sine test results are used to identify the main equipment structural modes and determine the
amplification factor. Special attention will be exercised in the 100-500 Hz range where the input
levels are high and the equipments are usually sensitive. If the modal density is expected to be large.
the instrumentation shall be devised accordingly.

Two basic methods may be used to determine the associated damping coefficients.

( The first method requires the results of a predictive (FEM) analysis. If the correlation between the
y analytical results and the test measurements is correct, direct tuning of the damping coefficient is
then possible for each mode based on the measured peak levels.

If no analytical result is available or the FEM analysis appears to be unreliable, the amplification
factor shall be determined from the resonance width (see fig.).

A ree————————
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£5d ‘i-
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The amplification factor Q and structural damping coefficient £ are related to the resonance width
measured at the "half power point" through the foilowing relationship :

Aw 1

—= 2 = e

Wo g Q

This method may be unreliable when the modal density is large or when the tests results are noisy.

When none of the above methods is applicable, the only way is to analyse closely the mode shapes
from the test measurements, determine the CoG of the deformed structure and infer the amplification
factor from a simple one dof result :

A

Ao
where A, is the base acceleration and A the acceleration of the moving mass.

The method is only a crude one and is really applicable for the first lateral mode and well identified
local modes.

6.3.2. Determination of the interface loads

Estimation of the net resultant forces and moments at the equipment interface is necessary since they
will be used to determine the final notched input spectmm Four different methods which are briefly
" described hereafter may be implemented.

The éasiest way is based on the FEA results. The method is applicable only if the mode shapes of the
main eigenmodes are properly described by the model. When this is the case, simple tuning of the
damping coefficients is sufficient to obtain reliable interface loads.

Another simple method relies upon the measurement of the electric intensity in the coil of the shaker.
The current is proportional to the total load in the excitation axis. Correcting factors are necessary to
account for the rigid moving mass (test rig and coil). Hence, the method may not be accurate for
small equipments. Furthermore loads are not available in directions other than the excitation axis. In
particular the interface moment induced by the lateral excitation cannot be directly measured.

The third method which requires strain gauges or other load measuring devices (piezoelectric for
instance) may not be practical. [t is probably however the most reliable way to determine the
interface loads since in principle no correction factor is necessary.

The last method requires the knowledge of the acceleration levels in the structure and the associated
mass distribution. The amount of instrumentation which is necessary depends upon the number of
modes which are investigated, but in general a fairly large number of accelerometers will be needed
to obtain accurate interface loads.

6.3.3. Determination of the notched spectrum

The rules which have defined in 6.1 remain applicable. The only difference lies in the origin of the
basic data which are experimental rather than analytical.

In the special case of units equipped with blades (ISM), the output level psd measured at the upper
blade interface may be limited to 1g*/Hz above 600 Hz.
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6.3.4. Random tests at intermediate levels

It is strongly advised to run tests at intermediate levels when the extrapolation of the qualification
results shows low margins of safety on the equipment, or when the damping coefficient is expected to
change because of high excitation levels (for instance -10 dB).

6.3.5. Measurement plan
The number of accelerometers / strain jauges needed depends of course on the size of the equipment
and the number of expected eigenmodes in the critical frequency range (100-500 Hz).

For small equipments (mass below 1 Kg) which are isostatically mounted with only a few modes in
the low frequency range, a single 3-axis accelerometers may be sufficient.

On the other hand, for large equipments with a number of complex modes, the instrumentation shall
be much more important.

It is recalled that in all cases, the quality and quantity of experimental results must allow
unambiguous determination of critical modes and associated modal effective masses before the final
qualification notched spectrum is defined.
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1. Acronyms

ASSET Analysis of Spacecraft qualification Sequence & Environmental Testing
Airbus DS Airbus Defence & Space

ECSS European Cooperation for Space Standardization

ESA European Space Agency

FLA (in-) Flight Anomaly

FM Flight Model

ITT Invitation To Tender

JAXA Japan Aerospace eXploration Agency

JPL Jet Propulsion Laboratory

MATED, MAT€D | Model And Test Effectiveness Database

MBSE Model-Based System Engineering

Mech Mechanical tests

NASA National Aeronautics and Space Administration

NCR Non-Conformance Report (used as alias for on-ground anomaly)
NCTS Non Conformances Tracking System

PFM ProtoFlight Model

RFT Reduced Functional Test
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TAS Thales Alenia Space
TTE Total Test Effectiveness
TV Thermal Vacuum
w.r.t. With Respect To

2. Introduction

The study here presented has been aimed to improve the effectiveness of the testing campaign to
detect anomalies before flight on the basis of lessons learned from the past and in view of future
project needs. Its general objectives are:
¢ identification of the user requirements to reach the wanted improvements
e survey of the available data potentially used in the study
¢ selection of the interesting cases to be analyzed
e analysis of the in-orbit anomalies oriented to testing improvements for avoiding their
occurrence in flight
¢ analysis of the on-ground testing anomalies oriented to testing improvements for detecting
them earlier
¢ analysis of the as-run test programs oriented to testing effectiveness improvements in
comparison to actual standards
¢ synthesis of the study results including recommendations for test programs improvements
and proposal for further activities

Inside the purpose of the study, the test effectiveness has been defined as the ability to minimize
the number of anomalies (causing mission failure or mission performance degradation) discovered
after launch, maximizing their discovery during ground testing activities [1].

To achieve the abovementioned general objectives, four questions have been considered as
guidelines:
¢ Which problems that occurred in previous programs could have been avoided through a
different test campaign (limited to environmental tests)?
¢ Considering the lessons learned of previous programs in terms of test effectiveness, are
there any activities related to environmental testing (including test result analysis) that in
future programs could be deleted, reduced, aggregated or optimized without impacting
mission success?
¢ What could be an effective test sequences and model philosophies according to mission
type, product type and acceptable risk, to reduce hardware related anomalies?
¢ Which type of methodologies and database(s) should be developed/improved to follow-up
the test effectiveness topics?
The aim of the study has not been to necessarily find a direct answer to each question, rather to
bring elements useful to build relevant analyses.
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The base of data consists of 18 ESA-led space programs, of which TAS and Airbus-DS are the final
integrators:

e Science: INTEGRAL, XMM-Newton, Mars Express, Rosetta, Venus Express, Herschel, Plank,

Cluster 2 (Cluster 1 considered for qualification)

¢ Human-rated: ATV, Node 2, Node 3, Cupola

* Telecommunications: Artemis

e Earth observation: ERS 2, MetOP, GOCE, CryoSAT, MSG
A total of 48 models, of which 34 flight/protoflight models, have been considered. Further 86
flight/protoflight models have been considered for non-ESA programs.
Additional programs integrated by TAS and Airbus-DS but outside of the ESA perimeter have been
considered without disclosing confidential information, in the form of statistics and anonymous
cases (both FLAs and NCRs).

3. Methodology

As a first step of the study, a methodology has been built, consisting of some definitions that were
given to synchronize the study team, selection criteria for the screening of NCRs and FLAs and of a
set of study questions, which have been thought as specialization of the general objectives.

Definitions
The study team was composed of people from different companies and of varied background. To
be sure that the used technical language was shared, a set of definitions have been produced,
tracked and kept along the whole study:
e The cause of each anomaly (both ground/flight) shall be determined looking for the
originating cause (root cause), and not at the primary effect
e As areference for test effectiveness, TTE is used, as defined in MAT€D [4]

0 The TTE corresponds to the number of NCRs in the test of interest, divided by the
sum of the total NCRs plus the FLAs in the early flight period.

e Qualification is done on specific hardware (therefore with qualification durations and
levels)

e Protoqualification is done on flight hardware (therefore typically with reduced durations
and levels, sometimes with qualification levels and acceptance durations);

0 Any FM on which the Protoqualification approach (i.e. one or more requirements
are verified at qualification level on flight hardware) is applied for at least one
requirement is to be considered PFM.

¢ When the issue is in software, if the issue is due to the fact that the software wrongly
commands the thermal control system, this anomaly is considered linked to environmental
testing, even if the root cause is considered software, if it is discovered only under
environmental conditions.
Also, some aspects related to anomaly severity had to be specified, as described in the selection
criteria.
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Selection criteria

A total of 35843 on-ground anomalies (NCR) and 199 in-flight anomalies (FLA) were available from
the selected space programs.
The selection criteria for NCRs and FLAs have been defined with reference to ECSS standard on
testing. The perimeter is restricted to:
e Environmental tests:
0 Mechanical: Static Load, Transient, Vibration, Random Vibration, Sinusoidal
Vibration, Acoustic, Modal Survey, Shock, Microvibration susceptibility/ emission,
Spin
0 Thermal Cycling and Thermal Balance
O Electro Magnetic Compatibility and Radio Frequencies (EMC/RF): Conducted,
Radiated/auto-compatibility/RF, RF system test
e Verification levels:
0 Space Segment Module (i.e. embedded space segment element as payload
modules, service modules, pressurized modules contained in a spacecraft);
0 Space Segment System (i.e. stand-alone space segment element as a satellite or a
human rated infrastructure system)
This means that Space Segment Equipment (e.g. valves, batteries, individual electronic boxes) and
Space Segment Subsystem (e.g. electrical power, attitude control, structure, thermal control,
software) were not considered in ASSET.
e Verification stages:
0 Qualification: demonstration that the design, meets the applicable requirements
including margins,.
0 Proto-qualification: qualification verification conducted on the flight item
(protoflight approach)
0 Acceptance: demonstration that the flight item is free from workmanship errors
and it is ready for subsequent operational use
Other stages (pre-launch, in-orbit, post-landing) were not considered.
e Severity (in case of NCRs, evaluated in term of potential in-flight consequence, not the
impact on AIT program):
0 Critical:
=  FLA: Loss of Mission, Partial loss of functionality
= NCR: it would have caused the total loss of the mission or a partial loss of
functionality, in case it had not been identified during test
0 Major:
= FLA: Switch to redundant unit, without impacting the system functions;
Delay caused to the operations
= NCR: it would have caused the passage to a redundant unity or a delay in
the operations, in case it had not been identified during test;
Minor were not considered:
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= FLA: Unexpected behavior, causing no delays or impacts on the system
functions
= NCR: it would have not caused any delays or impacts on the system
functions, in case it had not been identified during test.
Nevertheless, according to their sensibility, all the personnel involved in the study may consider
including cases that, even if not exactly in line with these criteria, can contribute effectively to the
results.

Beyond the anomalies, the data used to contribute to ASSET is also made up of the test programs
and conditions of the selected spacecraft. In particular, the attention is focused on the sequence
of environmental tests (mechanical and thermal) and on the levels of some tests (e.g.: number of
cycles of thermal vacuum, number of axes for sinusoidal vibration).

Study questions

A set of 24 questions have been defined to guide the analysis of cases and as-run test programs.
These questions have not been intended to be necessarily answered directly but rather to support
the methodology.

Each question has been completed with details regarding how to proceed with data handling:

* Empirical/statistical analysis: each question may be answered following a case by case
approach (i.e. deeply understanding what happened for each NCR and FLA considered),
and this is called empirical approach; It can also be answered gathering quantifiable
parameters on a number of cases, and this is called a statistical approach; it is possible that
a question may be covered by both approaches.

* Filter: indications of type of cases (NCR/FLA) to be considered for that specific question; a
filter could be used in well-structured databases. For this purpose, a MAT€D-like syntax
and taxonomy are used for the study.

e Required exchanged data: describes what data must be shared among the partners.

e Required own data: describes what documents must be accessed, without the need to
share all the proprietary information.

The study questions may be relevant for analyzing NCRs, FLAs or both. There are 19 questions with
general purposes and 5 that are more specific to one single test.
The study questions are listed and numbered below. They are grouped together into 6 general
objectives and further into 10 detailed objectives.
* Completeness of the test program (are we covering enough / too much)
0 Isthe test program sufficient to detect all the mission critical and major anomalies?
1) What is the correlation between completeness of the verification by test
approach and presence of flight anomalies?
2) Which test would have allowed to detect this FLA? Are there FLA that could
have been discovered on ground? How the related test plan should have
been performed?
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¢ Consistency (e.g. with lower level tests, with model philosophy or with activities objective)
0 Are there missing tests at equipment level?

3) Did we find at system level NCR that should have been seen at equipment
level? Did we find FLA that should have been seen at equipment level?

4) Is there any test duplication among equipment testing and Spacecraft level
acceptance? What may go wrong if we skip Spacecraft level testing on
already tested equipment/refurbished hardware?

0 Isthe test outcome exploited correctly?

5) Are there any anomalies that occurred on-ground and again in flight and
why?

6) Are there anomalies that may have been anticipated with different
measurements or exploitation of test data? i.e. would better
instrumentation/monitoring allow to detect anomalies?

0 What is the most effective model philosophy?

7) What is the link between test effectiveness and the
development/verification philosophy (i.e. model philosophy)?

8) In a product line (satellite, equipment), on which model can a test be
removed? Analyze decrease rate of a type of anomaly across the product
line.

e Correctness/relevance (are we doing the right things)
0 Are different test conditions required?

9) Are there FLA not seen on ground although the test has been performed,
because of the low likelihood of occurrence (probabilistic anomalies)?

10) Would different test conditions allow detecting issues? E.g. solar simulation,
different boundary conditions...

11) What is the relationship between the test effectiveness and the severity
(number of TV cycles, levels...) of testing, the type of anomaly, and
characteristics of related equipment?

12) Are there NCR/FLA where a parameter is out of spec, but disposed easily
because the allowable range for the parameter was too limited (margins too
high) and the design works well outside of those boundaries?

0 Can we detect dangerous test to improve them?

13) Which type of risk does exist associated to specific test, in terms of flight

hardware degradation?
e Test sequence (are we doing the things in the right order?)
0 What is the most effective test sequence at Spacecraft (and lower levels)?

14) Impact of having Mech/TV or TV/Mech on the number of anomalies
detected in orbit/on ground, to answer: between Mech/TV and TV/Mech, is
there a better sequence or is it indifferent?

¢ How to consolidate the standards
0 How to consolidate standards through feedback/advices?
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15) What is the relationship between the test effectiveness and the ECSS test
standard?
16) What is the typical test program per mission type, in comparison also with
standards?
17) How can deviations from standards be justified, in different mission types
and products?
0 How to customize ECSS in function of the product (one-of S/C, product line,
constellation)?
18) What is the added value (effectiveness) of each test (in particular for
environmental tests) per type of mission/product?
19) How the test effectiveness varies with the verification stage (i.e. acceptance,
qualification) for different types of products types?
e Specific questions:
0 What are the questions derived from lessons learned from previous programs?
20) Can we cancel shock test?
21) Can we cancel tests after transportation?
22) Can the duration of the Thermal Vacuum (TVAC) be reduced?
23) Can we limit the number of Axis for sine?
24) In which case can STM be cancelled?

4. Selected cases

118 NCRs and 35 FLAs, including anonymous non-ESA anomalies, have been selected as
corresponding to the selection criteria and further analyzed. Automatic filtering has not been used
systematically inside the utilized databases for those aspects that are not totally unambiguous
(particularly severity); instead, a case by case assessment of those parameters has been carried
out, with the result of including some cases that would have been nominally outside of the study
perimeter.

An overview of screening results is provided with the following figures [5].

© 2014, Thales Alenia Space - The European Space Agency has the right to use and Template 83230326-DOC-TAS-EN/002

disseminate this document under the terms of ESA Contract ESTEC contract N°
4000105946/12/NL/RA





REFERENCE : TASI-ASE-ORP-0006

Tha IeSAI Id DATE - 20/0CT/2014

oes / Fimeccanic ”E”ySpGCe Issue: 01 Page: 11/23

Severity Cause (nature)
B

B Mechanical
B Critical
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B EMC Conducted H Excessive testing

® Shock m Otherfunknown
® Other
Should have been identified at an earlier level? Closed by use of margins?
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Figure 1: On-ground anomalies statistics (for a total 118 on-ground anomalies).
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Severity Cause (nature)

B Thermal
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® Electrical
= Major
) = Mechanical
W Critcal
u Other

Cause (process) Related test

M Design
mTB/TV
H Operations o Radiai

adiation
™ Part&material
m Other
B Workmanship
® Unknown
B Unknown

Figure 2 : In-orbit anomalies statistics (for a total 35 Flight Anomalies). Note that multiple choices
are possible for Cause (process) and Related test. Note that one minor anomaly has been selected
as reputed to have higher potential impact if occurred in different conditions.

The activities performed along this study revealed that it is very difficult to get detailed
information, and even more difficult to get analysis on an anomaly (both on-ground and in-flight)
some years after its occurrence. Therefore the aim is to learn from the past it is necessary to store
reports in a well-structured format, with complete description of the events, enabling people that
have not worked on the program to understand what has happened.

Also, the great influence of subjective judgment emerged from the analyses:

e it is not always possible to know exactly the dynamics at the root of every in-flight
anomaly,

¢ the analysis of raw data required high effort (from hours to weeks), because current
processes and related documentation (i.e. flight anomaly reports and related annexes,
such as related test reports) are not conceived to support such second level analysis as in
this study

¢ the same flight anomaly analyzed by different people may give different outcomes, both in
terms of root cause and of suggested feedback. This situation gets worse if the analysis is
made long after the anomaly occurred.

¢ the need for the application of very tight selection criteria led to the impossibility to use
automatic filters on databases.
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Some MATED stored data was questioned during the analyses; this could mean mainly that
different background hypotheses or interpretations were made, thus building a different analysis.
The fact that some mistakes have been found in databases is an important clue: it does not mean
that databases are wrong and thus useless, rather that only using them there is the possibility to
improve their content and reach the possibility to have reliable analyses and fruitful return of
experience.

5. Results of the analyses

This section summarizes the results of the study, in the form of recommendations and findings.
Recommendations have not to be interpreted as mandatory dispositions, but as useful hints that
have emerged from real data and are aimed to make environmental testing more effective.

As well, the findings shall be spread inside the testing community, to make everyone aware of this
big picture and help the possibility to build new considerations.

It must be noted that the proposed recommendations, findings and conclusions emerge from real
facts; they summarize what past on ground and in flight anomalies, together with test plans and
conditions, tell about the environmental testing program. Anomaly databases, document
repositories and MATED have been used for retrieving useful data; experts of the analyzed
programs have been interviewed (or directly involved when possible) to avoid misinterpretation of
reports and to expand the understanding of past programs also through the access to additional
documentation.

General recommendations

Lifetime qualification at equipment level

6 out of 35 FLA and 3 out of 118 NCR are connected with lifetime. Issues related to long-term
behavior are often not sufficiently covered at equipment level.

Therefore a first outcome would be to suggest more lifetime testing. This is mainly addressable to
mission-specific equipment.

Mission-critical and mission-specific instruments testing campaign should consider a complete
lifetime test on qualification model at equipment level for specific technologies requiring full
equipment representativeness (i.e. full prototype), which cannot be covered by component
gualification, especially in case of little heritage or no heritage.

The recommendation is limited at equipment level lifetime testing, qualification stage, where no
analysis is possible due to lack of past data on that specific technology/design, limited to items
that are essential for mission success and are not redundant.

It is also proposed to continue life test on QM even after QR to learn more about lifetime.
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Impact of system level testing on equipment life

Analyzing the anomalies that are dealing with lifetime issues (as in the preceding
recommendation), it is possible to derive that, during acceptance, the sum of equipment and
system level testing duration could detect a lifetime issue.

The current trend to reduce the system level tests reduces test duration and increases the risk not
to discover such problems. Test minimizations at system and equipment level are independent,
while cumulative effect is relevant for lifetime.

It is recommended to take into consideration, when minimizing the number or tests at system
level (and thus the duration of the test), the contribution of system level tests to lifetime.

The recommendation is focused on the acceptance stage.

A study on the topic may be envisaged.

Satellite product lines

The number of NCR and FLA decreases along the consecutive Flight Models of a product line,
except in case of major design changes.

Some variability aspects shall be taken into account, as shown by one analyzed case, where
variability connected with the nature of used material (quartz) is to be considered a significant risk
source which still deserves thorough testing.

For satellite product lines, in case trend in anomalies number stabilizes (without any mission-
relevant anomaly), it could be allowed to reduce environmental testing at system level, on flight
models after the firsts (provided that adequate acceptance testing is provided at equipment level
for critical items).

Only workmanship-related tests are necessary, if no retrofit on design from satellites already on
orbit has been applied.

This recommendation is aimed to system-level acceptance-stage testing of satellite product lines.

Testing after transportation to launch site

Out of 32541 NCR on 86 S/C only one anomaly has transportation of the S/C to launch site as a
possible cause. Cases when the shock monitoring system detects loads outside the allowed
envelope have not been considered. Found NCR was very specific and root cause could not really
be transport-related.

RFT after transportation should be recommended in ECSS only in case that some load out of
design envelope occurs, as long as the load monitoring system is reliable (with load covering the
complete environment : temperature, humidity, EMC, mechanical loads, etc., i.e. as long as the
environment is controlled as required).

The recommendation applies only on transportation of the whole spacecraft, not equipment or
part of the S/C.
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Test data analysis

In some cases test data could have been exploited more effectively : the anomalous behavior was
already measured but the related measurements were not exploited correctly (analysis of records
“a posteriori” detected the problem and escaped post processing even if they have actually
occurred). This is mainly due to spurious events, which are difficult to detect and reproduce.
The recommendation is to consider using automated diagnostic tools to improve analysis of test
data. Example of such tool is the Dr. MUST diagnostic tool developed by ESOC and available to the
European community [6].
Some side suggestions for such tools are:

e Pay special attention to spurious data

¢ Evidence coupled parameters out-of-specification.

e Evaluate trends
The recommendation could be applied to all test records.
Application in the short/mid term is disputable. However, in some case automated screening of
test data is already performed.

Assessment of trends

2 out of 35 flight anomalies show that analysis of test data limited to comparison with margins is
not always sufficient.

In some cases, analysis of trends or out-of-place measurements (detectable from a chart built on
the purpose) may have detected the anomalous behavior beforehand.

When checking that the test record falls inside the specification, it could be advantageous to
evaluate that the trend w.r.t. time (consecutive measurements) is not divergent (when
applicable). This should be limited to critical parameters, agreed between customer and supplier.
The recommendation could be applied to all test records.

Mech/TV - TV/Mech sequence

The analysis of as-run-test programs and related anomalies had the specific purpose to analyze the
differences between different sequences. Quite surprisingly, even if in the previous version of
ECSS standards the Mechanical/Thermal approach was favored, a large majority (9 out of 13
FMs/PFMs) of analyzed test programs is based on Thermal/Mechanical approach. Analyzed test
programs do not show difference in test effectiveness among the two approaches.

The last version of the ECSS leaves free in the domain of test sequence (Mechanical/Thermal or
vice versa) [3].

It is recommended that, in the ECSS handbook, some rationale is given to both
Mechanical/Thermal - Thermal/Mechanical sequence, with pros and cons.

This recommendation is relevant for all space programs, given that both thermal and mechanical
verification are accomplished by test. It is applicable both to qualification and acceptance stages,
as well as for protoqualification.
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The recommendation is not aimed to force one approach or the other (as it is addressed to ECSS
handbook and not testing standard), rather to give guidelines for both choices.

Usage of Reduced Functional Tests

During the selection of on-ground anomalies and the analysis of as run test programs and their
comparison with standards, special attention was given to functional tests after environmental
tests, which are able to discover issues caused by the related conditions. A variety of cases have
been found and in some cases Reduced Functional Test (RFT) is not always performed, without any
obvious impact on test effectiveness. The ECSS-E-ST-02C requires RFT after each environmental
test block.

A common definition of test block was not clearly identified.

In the ECSS handbook, clarification should be given in which case RFT has to be performed before
and after each environmental test block.

Also, an unambiguous definition for “test block” should be provided.

The recommendation is focused on the environmental test campaigns for acceptance and
protoqualification stages.

Recommendations related to model philosophy

Design qualification with PFM approach

During the analysis of as-run test programs and their comparison with the current standards, some
discrepancies were found between current practices and ECSS requirements. ECSS standard for
testing asks for flight hardware manufacturing to start at the end of the qualification phase. This is
obviously impossible to be followed with a protoflight approach. ECSS testing standard at section
4.5.2c¢ says: "Qualification testing: Qualification testing shall be completed and design
improvements or modification incorporated and qualified prior to authorization for the flight
product manufacturing".

The request is to modify the abovementioned requirement in the ECSS testing standard,
considering the exception of PFMs.

Details should be given in the standard (or in the handbook) about how the PFM is managed.

Hybrid model philosophy

Hybrid model philosophy is by far the most commonly used (15 programs, versus 2 pure QM+FM
and 4 pure PFM), with one or more QMs (intended as models representative of a portion of
aspects, not complete qualification models, mostly STM/SM and/or EM) and the PFM.

Those programs adopting a hybrid model philosophy do not show any evident impact on mission
success.

ECSS should reflect the practice putting adequate attention to this kind of model philosophy. The
request is to detail in ECSS-E-HB-10-02 the Hybrid model philosophy QM(s)+PFM.

It is suggested to indicate discipline by discipline if a test is to be performed with qualification or
acceptance level/durations. As a consequence, the S/C may be PFM w.r.t some aspects and FM
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w.r.t others. A way to handle this would be to put verification objectives against how they are
verified (e.g. a matrix view with “what is to be done” w.r.t. “in which model/activity...”)

Recommendations for improvement of Thermal tests

Thermal transients in Thermal Vacuum test

Significant anomalies (3 FLA out of 35, at least one of critical impact) do not occur at extreme
conditions, but at intermediate temperatures. Some anomalies are linked only to the extreme
temperatures and use-as-is disposition is decided after long investigation.

In thermal vacuum, it is recommended to add functional test during transients (temperature
change) and at intermediate temperatures at steady state. A minimization of the tests performed
on plateaus may be envisaged in parallel.

Speed of increase/decrease of temperature should be aligned (if not in line) with the real physical
phenomena (if possible).

This recommendation applies on thermal vacuum test at acceptance or protoqualification stage, at
spacecraft level.

Thermal Vacuum cycles

Spacecraft with just one TV cycle performed do not show difference in test effectiveness.

None of the programs considered shows any relevant NCR at the second cycle. However, one case
was reported by an expert to be actually happened at the second cycle (with the corresponding
functional test already performed at the first cycle).

As an additional hint, it is interesting to know that NASA/JPL requires a minimum of 2 cycles if the
orbital environment leads to temperature cycling (e.g. low orbit), otherwise 1 cycle if environment
does not cycle (e.g. interplanetary transfer), but the landscape is varied at international level.
There is a JAXA study ongoing on this topic, scheduled to be completed by the end of 2014, which
is focused on thermal vacuum on units (the number of thermal cycles in unit thermal
vacuum/cycle tests has been specified as eight in JAXA test standard Error! Reference source not
found.).

Unfortunately, analysis of reports of on-ground anomalies shows that most of times there is no
available track of the exact cycle in which the anomaly happened.

It is suggested to consider reduction of the minimum amount of TV cycles to 2 (for acceptance and
protoqualification) at system level.

This recommendation shall be associated with the suggestion to produce a deeper analysis on the
subject. It is important to improve the understanding of such cases in the future.
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Recommendations for improvement of Mechanical tests

Vibration tests

The deviation to avoid random vibration if acoustic is performed is used most of the times at
system level.

At system level it is assumed that the random vibrations coming from the launcher interface are
not a major contributor for most of the equipment.

Therefore it is commonly accepted and justifiable to run solely acoustic test at system level.

For a unit, the random environment monitored at its interface during the acoustic test at system
level is a good starting point to define the unit random environment. Composite methods are used
in practice.

It is recommended to make ECSS standard consider the possibility to avoid random vibration at
system level if acoustic is performed, while at the moment this is regarded as a deviation. This
does not mean that such practice should be preferable.

Recommendations for improvement of engineering feedback and lessons
learned

Availability of program data

The survey performed during the ASSET study revealed that the effort to get relevant pieces of
information from ended programs is very high. Especially for very old projects, where experts are
not further available or cannot remember, the information acquisition is very difficult. This lack of
knowledge capture could lead the European space sector to miss important lessons learnt,
reproducing the same errors in future programs, or missing the occasion to improve the current
processes. One key aspect has been that typical repositories lack a semantic structure or that the
semantic structure is badly filled and are not meant for re-use after the program ends.

It is recommended to improve the knowledge capture across programs and for future re-use.

As a potential solution, for space programs led by ESA, a dedicated activity (e.g. in a dedicated
work package) should be included aimed at gathering (e.g. inside MAT€D, NCTS, ARTS) data from
AlV (model philosophy, activities performed, test conditions), NCR and FLA of the commissioning
phase. Such work package should be independent (not included in the proposal nor in the financial
plan) and should be not negotiable. At least, awareness shall be raised within the project- and
operation teams to the importance of correctly and clearly capturing the data that can be used as
lessons learned.

As an alternative potential solution, an ESA-controlled group should keep control of such activity
across programs. The application of such recommendation has a foreseeable impact. This should
be seen as an investment for the improvement of the return of experience.
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Exploitation of test and flight data

At least 1 FLA out of 35 revealed that same problems occur again in later programs because the
past experience is difficult to access while handling very specific domains. This seems to be a
symptom of the lack of proper feedback from operations to engineering.

Experience flow from test and flight operations to engineering should be improved. This can be
realized by a well-structured base of data for each discipline and related models.

Possibly, the application of this recommendation could also help the exploitation of test data and
individuation of cause of in-flight anomalies, linking such base of data to automated tools.

This proposal can be envisaged as part of a larger MBSE logic applied to design and verification.
The use of databases built focused on the understanding of the relationships among items, testing
activities and flight operations (as MAT€D) could help in take advantage easily from what has
already happened. Today MAT€D is used as a research tool by a small group, but its involvement
should be extended at least in term of methodology.

Enhanced data management methodologies (e.g. proposed by the “Space System Data
Repository” or MBSE initiatives) may help to link discipline/related models to the system level data
and activities, allowing also easier inter-disciplinary exploitation of flight/test data.

Anomaly severity analysis

When analyzing anomalies (both on-ground and in-flight), the assigned severity was found to be
determined with inhomogeneous criteria, mainly linked to the impact on the current operations.
NCR are often evaluated w.r.t. their impact on schedule.

The suggestion is to consider the impact on mission of the occurred anomalies, both on-ground
and in-flight, while determining the severity of an anomaly on its own report. NCR should not be
evaluated only w.r.t. their impact on schedule but also w.r.t. their potential impact in-flight.

FLA should be examined in detail in order to assess if their impact has been reduced due to
fortuitous conditions, especially when providing precious input to future programs (where the
same situation could be mission critical).

As a potential solution, as a first step, it is suggested to add in Non-Conformances Reports and in
Flight Anomaly Reports a “potential impact on the mission” field.

This should be associated to what actually happened during flight or ground operations, to provide
feedback to next programs.

One general example for FLA can be as follows: the anomaly is easily overcome thanks to a very
robust design (e.g. a backup of the failed item is provided by another item) and results in little or
no impact on mission. Without that backup the impact would have been higher, so a good lesson
could be learned for future programs. Even if Minor, this anomaly could be evidenced for return of
experience.
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One general example for NCR can be as follows: a mechanical fixation is found to be decoupled. It
is rapidly repaired without any relevant impact on schedule or test program and therefore
classified as Minor; if not spotted, such anomaly could have had a large impact on flight operations
(so the right classification should have probably been Major or Critical).

NCRin TV and cycles

Surveys performed in ASSET revealed that some details in the nonconformance reports are not
fully clear or accessible, as the number of cycle a NCR has occurred in.

This could be linked to the investigation of the optimal number of TV cycles and could help to
determine whether such reduction in number of cycles is justified

This could be seen as coupled with the recommendation above, as it invites to complete the
anomaly reports with an eye on the return of experience, giving the possibility for technicians to
understand the events even if not directly involved on that specific program.

The recommendation is to include in the NCR found during TV the cycle in which the NCR occurred
and detail if the test has been performed on previous cycles with a correct result (to identify if it
could have been found before - from a functional viewpoint). Same for structural failures during
acoustic and random, note at what time it happened.

Completeness of anomaly reports

The recommendation above evidences one of the major points of TV-related NCR analysis, but
may be extended to a more general sentence, covering the completeness of all anomaly reports:
anomaly reports shall provide all the details needed to understand what has happened, its impact
and the resolution put into effect. The provided pieces of information shall be self-sufficient for
the complete comprehension of the event.

This should be already done, at least theoretically.

%k %k k

The following findings are not strong enough to derive recommendations, but they constitute
interesting matter for future consideration and discussion.

General findings

Equipment level testing as feedback from system level

6 out of 35 Flight anomalies, 21 of 118 on ground anomalies evidences problems that should have
been detected at equipment level.

The reasons for non-detection are widely spread and not linked to a specific activity or root cause,
might be linked to e.g. test duration, representativeness of interfaces, exploitation of test results
(problems were present in the test results, but they were not detected by analysis of test results
during equipment level testing).
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The prescribed tests were performed in almost all the cases. In some cases it is problem of
qualification (bringing even to re-design) or acceptance.

It is not possible to derive a general recommendation, because of the widespread cases, but care
should be taken on the definition of qualification representativeness of test at equipment level
and on the exploitation of data. Also, feedback from NCR and FLA should be provided to
equipment supplier, so to improve design of equipment level testing.

A specific type of unit (or provider) may be prone to a kind of anomaly. To achieve better specific
recommendations for type of equipment, lessons learned for equipment level anomalies should
be organized in order to be successfully exploited for future test programs (e.g. structured
database).

Long term perspective: extend the coverage of testing through discipline
analysis models

STM has been found to be less used in favor to larger utilization of discipline virtual models. As a
long term trend, it is possible to foresee that qualification is going to be more and more fulfilled
through virtual simulation models, with the exception of new technologies or bad/no inheritance,
while environmental testing cannot be avoided for acceptance and protoqualification purposes.
Such virtual models will continue to need a validation performed through a smaller program of
environmental tests.

Success criteria and success conditions definition

During the analysis of non-conformances report and the screening of flight anomalies, many
anomalies which were considered at a first glance as major, after investigations were disposed as
"use-as-is". Many times the disposition was due to a too stringent success criteria, connected e.g.
to a too stringent requirement. The current feedback process is more connected with reporting
critical issues than minor issues, and many times such reports are simply disposed and kept just by
the experience of the project team, while they may be a good source to reduce the requirements
in future projects, and capitalized.

Test success criteria are not always consistent with mission success conditions. The definition of
very tight test conditions (and success criteria) could be a tendency of test specifiers (but also AIT
managers) and has an impact by generating “false” NCRs (anomaly solved with "use as is" because
does not impact mission capability/safety) which causes delays, extra activities and cost.
When assigning a "use as is" outcome on an NCR:

¢ clarify why the specification was too tight at the start

¢ assess and keep track of the impact of relaxing afterwards

e assess the combination with other applied "use as is" specification relaxations to check

that they will not result into a real problem

Keep such track as a feedback from AIT to engineering.
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Findings related to specific activities

Radiation test

The analysis of FLA found out that there is no room for relaxation on the radiation environment,
and the issue remains of critical importance.

Experts suggested improving modeling capabilities (both radiative environment vulnerability and
reaction of the system to a SEU); then this could help to test correctly at part level. It is proposed
to recommend improving representativeness and early availability of radiation models and
radiation testing of parts.

Thermal balance test

A thermal balance test monitoring just the behavior at steady state gives no clue on behavior
during thermal transients, which may be important in case transient behavior is considered critical
for the mission and no or limited significant on-orbit experience is available.

The duration of the eclipse phase has a strong impact on the temperature excursion of some units
and the associated power needs for the heaters. Or the thermal time constant may result into
temperature gradients incompatible of the functional needs of the subsystem.

In general, if thermal dissipation of a unit is dependent on operational mode a transient thermal
test could be useful, or when the thermal inertia is important (e.g. batteries) and it is necessary to
evaluate performances of new developed items.

ECSS standard on testing [3] specifies Thermal Balance with gradient for dissipative equipment and
for equipment with important thermal gradient at vacuum conditions.

A similar recommendation is already included inside ECSS standard on Thermal control general
requirements Error! Reference source not found.[9].

Thermo-elastic distortion during thermal test

The thermo elastic distortion topic is hard to manage just by analysis, so monitoring during
thermal test is to be considered an added value. One analyzed flight anomaly has been proven to
be caused by thermo-elastic distortion.

Shock test at qualification stage

Shock test is done only once on the majority of the S/C with no impact on the FLA.

The study has identified from ESA experience some risks related to the shock test that would push
to limit them to the maximum extent.

Note that in general the shock test (and similarly the others) is used at system level to validate the
specification of the lower level testing.
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Two Shock test firing is a requirement from launcher authority. A recommendation in the sense of
reducing the requested firings from two to one could be addressed to launcher authorities.
ECSS-E-ST-10-03C considers one firing for shock test for acceptance and protoqualification, and a
minimum of two for qualification.

Further investigation is suggested: the main need is to remove from ECSS the request of shock test
on flight hardware (acceptance/protoqualification).

6. Conclusions

The study has proven that environmental testing is effective in individuating anomalies so that
they do not occur in flight. Nevertheless, some aspects to be improved have been individuated.
Relevant recommendations and findings are going to be submitted to pertinent authorities and
departments, such as ECSS committee members, AlV and AIT teams and engineering boards. Some
topic has showed to be worth more specific research and could be subject of further study.
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Acronyms
ASSET Analysis of Spacecraft qualification Sequence & Environmental Testing
Airbus DS Airbus Defence & Space
ECSS European Cooperation for Space Standardization
ESA European Space Agency
FLA (in-) Flight Anomaly
FM Flight Model
ITT Invitation To Tender
JAXA Japan Aerospace eXploration Agency
JPL Jet Propulsion Laboratory
MATED, MAT€D | Model And Test Effectiveness Database
MBSE Model-Based System Engineering
Mech Mechanical tests
NASA National Aeronautics and Space Administration
NCR Non-Conformance Report (used as alias for on-ground anomaly)
NCTS Non Conformances Tracking System
PFM ProtoFlight Model
RFT Reduced Functional Test
TAS Thales Alenia Space
TTE Total Test Effectiveness
TV Thermal Vacuum
w.r.t. With Respect To

1. Introduction

The ASSET+ study extension originated by the need to improve several aspects of the Thermal
Vacuum test; in order to achieve such task, a deeper knowledge of the phenomena linked to the
test had to be assessed in detail, as an outcome of the concluding ASSET study.

The study identified from the companies’ historical records and from ASSET cases the relevant
Flight Anomalies (FA’s), Non-conformance Reports (NCR’s) and Thermal Vacuum Test Plans data
and analyzed them in detail, w.r.t. the different objectives, with the aim of proposing
recommendations aimed to improve test effectiveness, cost saving and correspondence between
ECSS standards and practice.

To reach those objectives, the following steps were followed (keeping the methodology defined in
the main ASSET study):
e identification of the type of data required to perform the activity, as a subset of the data
identified by the ASSET selection criteria
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e survey of the available data potentially used in the study (including but not limited to the
data already surveyed in ASSET)

e selection of the interesting cases to be analyzed

e analysis of the in-orbit anomalies that provide useful feedback on TVT

e analysis of the on-ground testing anomalies that provide useful feedback on TVT

e analysis of the as-run TVT

e synthesis of the study results including recommendations for TVT improvements and
proposal for further activities

2. Methodology

The methodology has been mostly inherited from the preceding ASSET study. Selection criteria for
the screening of NCRs and FLAs have been tailored for the new study and a new set of study
questions has been defined, to guide the analysis of selected anomalies.

Selection criteria

To collect cases (NCRs and FLAs) able to bring useful hints for the objectives of the study, a set of
selection criteria has been defined, has presented in the following tables.

Nevertheless, according to their sensibility, all the personnel involved in the study may consider
including cases that, even if not exactly in line with these criteria, can contribute effectively to the

results.

Table 1 : NCR selection criteria

Criterion

ASSET-related

To be discarded*

Affected Item

(item failed during test)

Space segment system

Space segment element/module
Space segment subsystem
Space segment equipment

Part and Materials

Launch Segment
Ground segment
Software
GSE/TSE

Verification level

is performed)

(at which the test activity

Space segment system
Space segment element(/module)

Space System
Space segment Subsystem
Space segment Equipment

Severity
(potential
mission)

impact

on

Critical (loss of function, loss of mission)
Major (switch to redundant, delay to
operations)

Minor
mission)
In case of doubt or interesting
outcome keep also the minor

(no potential impact on

Cause (Process)

Design
Workmanship
Part and Material
Excessive Testing
Not Reported

Operator Error*
Failure to Follow Procedure
Defective GSE
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Cause (Nature) Electrical Software (only if unrelated to

Mechanical hardware)

Thermal

Others (Optical/Fluidic)
Type of test Thermal Vacuum Test; if interesting, | All other tests

keep NCR from Thermal Balance,

Ambient and Cycling. Include any test

(e.g. functional tests) after TVT which

could have discovered TVT-related

anomalies
Verification Stages - Qualification

- Protoqualification
- Acceptance
Table 2 : FLA selection criteria
Criterion ASSET-related To be discarded*

Affected Item Space segment system and lower tier Launch Segment
(item failed during Ground segment
operations) Software
Severity Critical (loss of function, loss of | Minor (no potential impact on
(impact on mission) mission) mission)

Major (switch to redundant, delay to
operations)

In case of doubt or interesting
outcome keep also the minor

Cause (Process)

Design
Workmanship
Part and Material
Excessive Testing
Unknown

Not Reported

Operator Error*
Failure to Follow Procedure

Cause (Nature)

Electrical

Mechanical

Thermal

Others (Optical/Fluidic)
Unknown

Software (if unrelated to hardware)

Type of test that would
have discovered it
(preliminary screening)

TVT or Unknown (but which could be
discovered in TVT according to
experience)

All other tests

* Operator error as defined during ASSET, i.e. keep anomalies due to operator errors before the
test and which have been discovered by TVT (and if it was not pointed out it would become a
mission-degrading failure). Discard anomalies due to operator error during the TVT and solved

during TVT.
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Study questions

The following detailed objectives and study questions have been defined:
e testing environment:
0 What is the importance of the Vacuum condition? What is the importance of the
Vacuum condition?

1. How critical is the vacuum condition to precipitate flaws? Are the anomalies
specifically related to the vacuum condition, or could they be anticipated by
tests on the spacecraft before TV without losing in test effectiveness?

0 What is the importance of thermal cycling during thermal vacuum?

2. Does TV cycling at S/C level precipitate flaws (i.e. anomaly appears because
of the temperature cycling)? If yes, what is the impact on test effectiveness
of each TV cycle?

0 What is the importance of simulated radiated flux (solar/infrared)?

3. Are there anomalies that would have been found earlier if sun simulation
had been used during TVT? Are there anomalies found thanks to
sun/infrared simulation? Are there anomalies which are linked to the use or
lack of infrared flux?

0 What is the impact of temperature?

4. How critical is the temperature level to precipitate flaws? Are the anomalies
related to the extreme temperature level?

5. Is there a relation between failure of functional test and test phase (hot
phase/cold phase)?

O Are intermediate temperatures or transitions important in thermal vacuum?

6. Do ground and flight anomalies occur also at not extreme temperatures?
What type of anomalies appear during transitions? Which type of tests
performed during thermal transients would have helped to detect a flight
anomaly on ground? Which type/level of test actually found such non
conformances on ground?

e testing facilities and operations:
0 What is the impact of facilities and operations?

7. Are there anomalies that are not related to a spacecraft flaw, but are due to
operations/facility?

Anomalies due to operator error during the TVT and solved during TVT are discarded on principle;
as a consequence, two kind of TV7 related anomalies can exist:

1) those kept anyway because significant

2) those that reveal to be TV7-related during analysis

3. Selected cases
Applying the selection criteria a total of 59 NCRs and 15 FLAs have been selected.
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The selection process has not been completed using only filters, as most databases are not
consistent with the selection criteria established for ASSET, with the exception of MATED. Instead,
a case by case selection has been carried out as far as possible, especially for the severity; this case
by case check has been chosen also for MATED data, so to verify the correctness of inserted
information.

The final selection of cases has been completed only with the analyses, where the deeper
knowledge of the selected cases has made possible to know in detail what had happened for each
anomaly. In this phase, cases found to be not relevant have been kept for track but no longer
considered in the analyses.

After the analysis phase, the anomalies still considered to be relevant have been 42 NCRs and 10
FLAs; 8 of the 42 NCRs where found to be linked to facility and/or operations, (i.e. not linked to
spacecraft) therefore discarded by principle, yet escaped from the initial filtering because such link
was not obvious.

4. Results of the analyses

The logic followed for the assessment of anomalies has been to proceed anomaly by anomaly,
considering which study questions were applicable and to which the analysis was able to produce
interesting contributions.

At a first glance, it is possible to see that most of the analyzed failures are linked to temperature
level, vacuum, functional test in hot/cold.

Such findings confirm the importance to perform the TV test in realistic flight conditions, in
vacuum, at the extreme predicted hot and cold temperature limits and to repeat the functional
tests both at hot and cold temperature level. The commonly used test practices foresee these
conditions and therefore appear adequate.

The following Tables and Charts provide an overall picture of the numerical outcomes which
results from the analyses.

As the amount of available cases is not large (52 anomalies in total), these results should not be
taken as statistically significant data. Nevertheless, they can be used to draw some conclusions.
The considerations and recommendations provided later in this document rely also on a case by
case assessment and justification, based on available analyses Error! Reference source not found..

Table 3 - Level of the anomalies

Level detail
EQP 14
SYS 32
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undetermined 6 |

Table 4 — Type of anomalies

Type

NCR 42
FLA 10

Table 5 - Cycle of occurrence.

Cycle of occurrence (NCR)

1 30

2 0

3 1

undetermined 11

Note: not applicable to FLA; in case NCR is detected at the end of the test, it is not always possible to determine the

cycle of occurrence.

Table 6 - Physical phenomena

Phenomenon

Temperature change 3
Thermal leak 4
Overheating/underheating 5
Thermoelastic 10
Trapped air dilatation 2
Outgassing 3
Leakage 1
Specific (e.g. reasonating frequency) 12
Other (no physical phenomena) 12

Note: heat leak in this study is considered as an unexpected heat path/flux or thermal exchange

Table 7 - Physical phenomena: detail of the thermoelastic anomalies
thermoelastic details:
- MLI design

- Alignment

- Broken part

WIWININ

- Distorsion with impact on function
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Table 8 - Phase of occurrence

hot 16
cold 15
transient 13
specific range 2
due to cycling 2
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Figure 2 - Phase of occurrence

5. Synthesis and recommendations

General objectives

How to improve effectiveness of TV tests?

The analysis showed that the current practice is able to identify most major issues on ground.
Nevertheless, margins of improvement have been found and provided as recommendations in the
following.

Why the anomaly are precipitated in TV test, even on already qualified+accepted hardware?

On principle, units should be functionally tested before system TVT, therefore it is not expected to
find in the system test anomalies caused by the unit being functionally tested for the first time.
However, at least 14 anomalies were Equipment level issues. There are no clear results from the
analysis to provide full understanding of this topic. The unit level testing may have been not fully
representative of the system level test/flight environment, or the equipment tested at unit level
may have been different from the hardware integrated on the system (because of design changes
whose impact was not fully considered).
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Outcomes related to the study questions

How critical is the vacuum condition to precipitate flaws? Are the anomalies specifically related
to the vacuum condition, or could they be anticipated by tests on the spacecraft before TV
without losing in test effectiveness?

The vacuum condition shows to be the main driver for a large majority (29 out of 34, not
considering FLAs and facility related NCRs) of the selected anomalies. This condition covers
different phenomena:

J impact on heat transfer and temperature distribution (lack of convection)
J pressure-related effects: leakage and outgassing
J other vacuum-related phenomena, as corona effects, were not observed among the

selected cases.

22 of these 31 anomalies are temperature-related, but can be found only in vacuum, which makes
it possible to observe the anomaly (e.g. cold conditions can be reached only in vacuum; specific
temperature distributions are linked to absence of convection).

As a conclusion, Thermal Vacuum cannot be replaced with Thermal Ambient.

Does TV cycling at S/C level precipitate flaws (i.e. anomaly appears because of the temperature
cycling)? If yes, what is the impact on test effectiveness of each TV cycle?

Of the considered programs, the landscape of the approach is varied: there are testing programs
planning for only 1 TV cycle up to 10 cycles. Note that one TV cycle is intended as a succession of
hot and cold plateaus, with the needed transitions, and 1,5 is one cycle followed by a cold-to-hot
transition and one additional hot plateau.

Scarce evidence of the impact of cycling appears from the analyses: just 3 NCRs/FLAs have thermal
cycling among their contributing factors (intended as the need to perform at least one cycle to
observe the anomaly). There is no evidence to require to perform 3 cycles (as in current ECSS).

For a majority of cases, the cycle of occurrence was not available; in addition, many aspects of the
anomaly reports were not fully clear, and the understanding of what happened was in general
obtained through the involvement of project experts who had worked on the considered anomaly.
As a consequence, with the aim of an improvement of the return of experience from past
programs, it is suggested to investigate the possibility of an enhancement of reporting, providing a
thorough understanding of phenomena and conditions related to the considered nonconformance
of flight anomaly.

Considering the test effectiveness of test programs in the ASSET+ perimeter (half TVT with
one/two cycles) it is possible to underline that there is no evidence for an increase of FLAs if 1.5
cycles are performed (guaranteeing both types of thermal transient, i.e. from hot to cold and from
cold to hot), as opposed to 3 as requested by ECSS.

Are there anomalies that would have been found earlier if sun simulation had been used during
TVT? Are there anomalies found thanks to sun/infrared simulation? Are there anomalies which
are linked to the use or lack of infrared flux?

5in 52 cases are linked to solar/infrared flux simulation, and more specifically 4 NCR out of 32 NCR
found in TVT where solar/infrared flux simulation was performed and 1 FLA with AIV feedback
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indicating that it could not be observed on ground without solar simulation (solar simulation was
performed but the anomaly escaped the test anyway). This fact can be seen as a confirmation
that solar simulation allows to highlight specific kinds of potential failures, because its impact can
be pivotal in the thermal behavior of the spacecraft (e.g. sun trapping effect expected from
geometry). Justification should be provided not to use sun simulation. Sun simulation is important
to validate the thermo-optical properties (incl. geometry) and to observe possible problems
escaped from or not captured by the thermal analysis or workmanship issues.

How critical is extreme temperature required to precipitate flaws?

Extreme temperature (plateau) plays a major role in more than half (28 of 52) anomalies (24 of 34
excluding FLAs and facility related NCRs), in both hot and cold conditions. This means that covering
the temperature range during the test is necessary (the hypothesis is that functional testing at
ambient should already have captured anomalies not related to environmental conditions). There
is not enough evidence to recommend in general that reaching the predicted extreme operating
temperatures at the plateaus is important. There is no feedback from flight anomalies to have
more extreme temperature testing (i.e. no FLA was missed at ground testing because flight
temperatures were more extreme than TVT).

As a conclusion, temperature (both cold and hot) triggers many anomalous behaviors. No
evidence indicates that a more severe thermal environment would increase test effectiveness. The
overall outcome is that it is important to reach the predicted extreme operating temperatures. No
indication emerges that going beyond those levels contributes significantly to detect NCRs; this is
not disproven, either, therefore it cannot be excluded that passing those limits would actually
increase test effectiveness.

Is there a relation between failure of functional test and test phase (hot phase/cold phase)?

16 of 34 NCRs are linked to the functional test performed at certain TVT phases (more often hot
plateau). This can be a confirmation of the importance of having a thorough functional testing at
TV predicted temperatures (the hypothesis is that functional testing at ambient should already
have captured anomalies not related to environmental conditions).

The functional testing at the temperature plateaus is able to identify issues that cannot be
observed during the functional test at ambient.

Do ground and flight anomalies occur also at not extreme temperatures? What type of
anomalies appear during transitions? Which type of tests performed during thermal transients
would have helped to detect a flight anomaly on ground? Which type/level of test actually
found such non conformances on ground?

9 of 52 anomalies occurred at temperatures far from extremes. 13 occurred during transients, but
in 8 of these cases the anomaly happened near to the cold or hot plateau; therefore these 7 cases
are not included in the list of applicable anomalies. Inside this group of anomalies, it is possible to
find anomalies that occur at specific temperature ranges (in some cases this can be already
observed at equipment level); this is confirmed for 2 flight anomalies (GOC_SC-56, Anonymous1).
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There are also anomalies linked to the effect of thermal gradients created by the transient, and to
thermoelastic effects.

The findings are limited by the fact that functional test during the transient is not always
performed; it is possible that more anomalies would be found if testing were systematically
performed during transients.

Operating temperatures are often not tested (when different from ambient), but can trigger
anomalies which, even if few, can be critical. Behaviors linked to specific temperature ranges can
usually be identified at equipment level (directly from testing or through system level analyses
with validated unit models). It is not affordable to test at system level intermediate plateaus for all
possible operative temperature ranges. Functional testing during transitions is able to identify
anomalies that are not observed at plateaus.

Are there anomalies that are not related to a spacecraft flaw, but are due to operations/facility?
A large fraction of the anomalies occurring during TVT is not related to the S/C and therefore out
of scope for the present study. It is worth mentioning that in several cases (x out of y) the anomaly
description was not sufficiently clear and at the beginning of the study the NCR was erroneously
interpreted as SC-related. This finding suggests the opportunity to require standardized and
detailed NCR reporting. It also shows that there is room for improvement in the
preparation/monitoring of the tests, to avoid the issues created by the facility/MGSE.

Recommendations

3 of 7 system level thermoelastic anomalies are due to electrical disconnection.

According to ECSS-E-ST-31C, para 3.2.1.7 and fig. 3-1, the TCS design temperature range, specified
for the operating and non-operating mode and the switch-on condition of a unit, is obtained by
subtracting acceptance margins from the acceptance temperature range.

Two different aspects emerge from these considerations:

1- functional tests at acceptance temperature (hot and cold) are able to evidence loss of
functionality, e.g. due to loss of connection caused by thermoelastic behavior
2- necessity to have a complete cycling to observe behaviors linked to both hot to cold and

cold to hot transitions.

It is recommended to perform system functional tests as close as possible to the predicted
temperature level (at least) for all units and structural parts, both in cold and in hot phases.
Note that this is reflected in ECSS testing (ECSS-E-ST-10-03C).

Several test programs deviate from standards in terms of number of cycles (as low as 1, and
commonly 2 or 1.5) and work well in flight (as already seen in ASSET [AD7])

Besides, all screened anomalies related to a functional test have been found the first time such
test was performed; as a consequence, there is no evidence that 3 cycles are necessary. On the
other hand, the data set is limited as a large number of cases were discarded from this analysis
when found in later cycles but it was not clear whether the functionality was tested in an earlier
cycle. It is considered that the typical amount of cycles in TVT is insufficient to trigger thermal
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fatigue effects. In ECSS, PFM is requested to perform 3 cycles, plus 1 if needed, with no need of
functional test at all plateaus.

Since several anomalies have been linked to the extreme predicted temperature level, but no
anomaly has been linked specifically to multiple cycling, it seems more important to achieve
required temperature levels once and to keep the two different types of transitions than to repeat
these plateaus several times. A good compromise with the need to perform outgassing/bakeout
phases during the system TV may be to perform 1.5/2 temperature cycles (i.e. hot/cold/hot or
cold/hot/cold, or hot/cold/hot/cold).

Considering the limited number of cases it is impossible to derive a strong recommendation.
However, ASSET+ findings show no evidence to support the requirement of 3 cycles at system
level. It is recommended to gather more data on this topic and in particular to improve the
capture of information during the TV test about the effect of the number of cycles. It is
suggested that the ECSS board takes into account the ASSET+ findings as well as other similar
data from other sources in evaluating the possibility to relax the 3 cycles requirement.

5 of 52 anomalies are linked to over/under heating; 4 of 52 anomalies are linked to thermal leaks.
Over/under heating and thermal leak related anomalies are caused by the test environment
inducing unexpected temperature levels in some areas of the S/C.

They are linked to the incorrect thermal modeling of the effect of thermal environment on the S/C
temperatures, or to an unexpected thermal behavior of the S/C TCS.

Despite all precautions, the thermal model may overlook some effects of the thermal environment
on the spacecraft thermal behavior. Therefore it is necessary to reproduce the flight environment,
when critical, as closely as possible, in particular as far as external sources of heat are concerned.
Considering the limited number of cases it is impossible to derive a strong recommendation.
However, ASSET+ findings show no evidence to support the requirement of 3 cycles at system
level.

It is recommended to gather more data on this topic and in particular to improve the capture of
information during the TV test about the effect of the number of cycles. It is suggested that the
ECSS board takes into account the ASSET+ findings as well as other similar data from other
sources in evaluating the possibility to relax the 3 cycles requirement.

5 of 52 anomalies are linked to over/under heating.

Over/under heating and thermal leak related anomalies are caused by the test environment
inducing unexpected temperature levels in some areas of the S/C.

They are linked to the incorrect thermal modeling of the effect of thermal environment on the S/C
temperatures, or to an unexpected thermal behavior of the S/C TCS.

Despite all precautions, the thermal model may overlook some effects of the thermal environment
on the spacecraft thermal behavior. Therefore it is necessary to reproduce the flight environment,
when critical, as closely as possible, in particular as far as external sources of heat are concerned.
It is recommended to validate not only the model w.r.t. as built, but also to validate the as built
vs. as modeled (which means to make sure, before testing, that what has been built corresponds
to what has been designed and modeled).
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3 of 52 anomalies are linked to outgassing. One of them led to violated internal pressure
requirement.

Outgassing may result in increase of pressure level inside and outside S/C, thus violating the
pressure requirement of units and payloads (which in turn are driven by the necessity to avoid
Corona effect when RF is on) and leading to delays in the test execution.

The pressure requirements coming from units and payloads can be unclear and withhold large
margins that are disclosed only after a lot of negotiation; as a consequence, it is recommended
to clarify and justify (i.e. ensure it is necessary) such requirements prior to the test, in order to
avoid unnecessary delays.

6. Conclusions

Based on the test and flight data that have been collected, ASSET+ showed that the major
anomalies escaped from Thermal Vacuum Testing are few, evidencing that current practice is good
overall (this means high test effectiveness).

8 anomalies discovered in TVT would have potentially provoked the loss of mission if not detected;
this occurred in 5 out of the 12 considered space programs.

Some margins of improvement have been found and consolidated into recommendations

A deeper understanding of the involved phenomena has been provided, supporting further
considerations and developments.
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validation of EGSE.

« The flight configuration, in the end a 100% hardware configuration
« Proof of workmanship (acceptance)

« System validation activities

« In Orbit Testing

Numerical Bench
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Numerical Bench
(Virtual Model)

Numerical Bench
(Virtual Model)

Hybrid Bench

HW bench
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