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[bookmark: _Toc191723607][bookmark: _Toc448407839]IntroductionThe power distribution by Latching Current Limiters, or LCLs, has been widely used in almost all European satellites for some decades as an effective way to achieve a very controlled and reliable load connection and disconnection from the satellite main bus, including power management in case of overload and load short circuit failures.
Additionally, power distribution by LCLs minimises inrush current events due to load filters charging (see section 5.7.2.3), and for this reason effectively allows the reduction of the loads filters themselves.
On the other side power distribution by LCLs has always been matter of “local” discussion and review, while no attempt has been done so far to collect all the available information in a congruent and explanatory handbook and to allow a product-oriented specification as presently done with ECSS-E-ST-20-20. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]This handbook complements ECSS-E-ST-20-20, and it is directed at the same time to power system engineers, who are specifying and procuring units containing LCLs for power distribution and protection, and to power electronics design engineers, who are in charge of designing and verifying power distribution by LCLs.
For the system engineers, this document explains the detailed issues at circuit level and the impacts of the requirements for the design of LCLs.
For design engineers, this document gives insight and understanding on the rationales of the requirements on their designs.
It is important to notice that the best understanding of the topic of Power Distribution based by LCLs is achieved by the contextual reading of both the present handbook and the ECSS-E-ST-20-20.
Note that the present issue of the handbook covers electrical design and interface requirements for power distribution based on Latching Current Limiters only.
Future issues of the present handbook will cover additional power interfaces.
[bookmark: _Toc404089729][bookmark: _Toc404089730][bookmark: _Toc404089731][bookmark: _Toc404089732][bookmark: _Toc404089733][bookmark: _Toc404773509][bookmark: _Toc191723608][bookmark: _Toc448407840]
Scope
In general terms, the scope of the consolidation of LCLs power distribution interface requirements in the ECSS-E-ST-20-20 and the relevant explanation in the present handbook is to allow a more recurrent approach for the specific designs offered by power unit manufacturers, at the benefit of the system integrators and of the Agency, thus ensuring:
better quality,
stability of performances, and
independence of the products from specific mission targets.
A recurrent approach enables power distribution manufacturing companies to concentrate on products and a small step improvement approach that is the basis of a high quality industrial output.
In particular, the scope of the present handbook is:
to explain the principles of operation of power distribution based on LCLs,
to identify important issues related to LCLs, and
to give some explanations of the requirements set up in the ECSS-E-ST-20-20 for power distribution based on LCLs, for both source and load sides.
[bookmark: _Toc191723609][bookmark: _Toc448407841]
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Terms, definitions and abbreviated terms
[bookmark: _Toc191723611][bookmark: _Toc448407843]Terms from other documents
For the purpose of this document, the terms and definitions from ECSS-S-ST-00-01 apply, in particular for the following terms:
redundancy
active redundancy
hot redundancy
cold redundancy
fault
fault tolerance
[bookmark: _Toc404089738][bookmark: _Toc404773514]For the purpose of this document, the terms and definitions from ECSS-E-ST-20-20 apply.
[bookmark: _Toc191723615][bookmark: _Toc448407844]Abbreviated terms
For the purpose of this document, the abbreviated terms from ECSS-S-ST-00-01 and the following apply:
	Abbreviation
	Meaning

	A
	analysis

	BJT
	bipolar junction transistor

	EOL
	end-of-life

	ESTEC
	European Space Technology and Research Centre

	I
	inspection

	LCL
	latching current limiter

	MFET
	MOS field effect transistor

	MOS
	metal oxide semiconductor

	OVP
	overvoltage protection

	PCDU
	power conditioning and distribution unit

	PDU
	power distribution unit

	RDSON
	drain source resistance in on state (for MFET)

	RLCL
	retriggerable LCL

	RoD
	review of design

	S3R
	sequential unit switching regulator

	SOA
	safe operating area

	SPFF
	single point failure free

	T
	test

	TWTA
	travelling wave tube amplifier

	UVP
	undervoltage protection

	WCA
	worst case analysis
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Explanations
[bookmark: _Toc448407846]Explanatory note
The present handbook refers to the electrical interface requirements defined in the ECSS-E-ST-20-20. 
The ECSS-E-ST-20-20 requirements are referred to in this handbook by using following convention and are indicated in italic font:
[requirement number] feature - sub-feature.
For example: 
Requirement 5.2.3.2.1a.
Clause Heading 3 title = "Current Limitation Section"
Clause Heading 4 title = "Switch element, positions"
 [5.2.3.2.1.a.] Current Limitation Section – Switch element, position
See also, for more information, Annex A of ECSS-E-ST-20-20.
In addition:
each requirement (i.e. any statement containing a “shall” in the standard) is marked with red text.
each recommendation (i.e. any statement containing a “should” in the standard) is marked with blue text.
Keywords are highlighted in bold. A keyword is a word that either has a special meaning in the contest of the chapter in which it appears, or highlight a concept.
[bookmark: _Toc448407847]How to use this document
For the best utilisation of this document, it is recommended to print it together with the ECSS-E-ST-20-20 and to consult Annex A, Annex B and Annex C separately and at the same time when reading the document core.
In this way, the discussion and the rationale explanation of each individual requirement are clearer and there is the minimum risk of misunderstanding.
1. [bookmark: _Toc448407848]
Power distribution by LCLs/RLCLs
[bookmark: _Toc288038779][bookmark: _Toc367272987][bookmark: _Ref388522275][bookmark: _Toc448407849]General architecture
A generic architecture for a Latching Current Limiter, or LCL, is shown in Figure 5‑1.
Note that the diagram in Figure 5‑1 is given only as a reference, without losing generality, and some of the features thereby reported can be actually realised differently.
Common LCL design alternatives are discussed further in section 5.2.
Without losing in generality, the general architecture is hereby explained for the distribution by LCLs. 
For the specific case of Retriggerable Latching Current Limiter, or RLCL, refer to section 5.3.

[bookmark: OLE_LINK27][bookmark: OLE_LINK28] 
[bookmark: _Ref224030081][bookmark: _Ref224030037][bookmark: _Toc448407878]Figure 5‑1: LCL generic block diagram
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The Latching Current Limiter, or LCL, is a switch-able, latching, retriggerable over-current/overload protection placed between a power source and the relevant load.
The LCL can be commanded ON and OFF and its status is normally latched by a relevant memory cell.
Typically, an LCL presents a minimum residual resistance between power input and power output during nominal operation (i.e. when the switch is commanded closed).
In case of an overload, e.g. when the load current request exceeds a prefixed threshold, the LCL enters current limitation and a time counter is activated.
If the overload condition persists for a given time duration (called trip-off time), the time counter commands the LCL OFF.
Normally there should be an external command activation to reset the LCL into its original ON state.
Note that the LCL identifies a function: therefore it is independent from the number of power switches or MOSFETs used to implement the function itself.
The functionality of the LCL, in relation to the block diagram in Figure 5‑1, is detailed in section 5.2.
[bookmark: _Ref223855827][bookmark: _Toc288038780][bookmark: _Toc367272988][bookmark: _Toc448407850]Functionality
[bookmark: _Toc448407851]Overview
The basic elements of an LCL are the following:
the section containing the switch, the driver and the current sensor,
the section relevant to the trip-off timer,
the section relevant to the memory cell and switch supply section,
the undervoltage protection (UVP) section,
the auxiliary supply section (not shown in Figure 5‑1), and
the telemetry section.
Each basic element is discussed in a dedicated section in the present chapter.
[bookmark: _Toc404773523][bookmark: _Toc248228945][bookmark: _Ref223935186][bookmark: _Toc288038781][bookmark: _Toc367272989][bookmark: _Toc448407852]Switch, driver and current sensor
The switch is generally constituted by an enhancement MFET, either P or N channel, even though other devices could be used (for example, bipolar transistors for lower current applications).
It is called “switch” in relation to the switching capability of the LCL (e.g. it can apply or remove power from the load), but actually it operates either in ohmic “ON” mode or in linear mode according to the load current being below or above a specified threshold.


[bookmark: _Toc448407879]Figure 5‑2: Switch, driver and current sensor
It is to point out that the switch and the current sensing resistor (or sensing element), is not placed on the power line connected to ground: this is a mandatory feature if the LCL power output is distributed outside the unit containing the LCL itself (as it happens on the main bus protected outputs in the power system Distribution Unit or PDU). The reason is that the power output lines need to be protected versus accidental short circuit to ground due to failures in the connectors, in the harness, or in the supplied load.
[5.2.3.2.1.a] Current limitation section – Switch element, position
[5.2.3.3.1.a] Current limitation section – Current sensing element, position
The relevant switch driver is usually inherently included in the same circuit implementing the current sensing feature: when the LCL is commanded ON, the switch is normally in ohmic “ON” mode and presents either a low ohmic characteristic (for MFETs, ON channel resistance, or RDSON) or anyhow a low voltage drop (as in the case of a BJT switch).
[5.4.5.1.1.a], [5.4.5.1.1.b], [5.4.5.1.1.c] Voltage drop – Voltage drop
In case of an overload, it is necessary that the switch is quickly brought outside ohmic “ON” mode condition and into linear one, in order to reduce the relevant surge current conditions (causing also relevant system EMC conducted and radiated disturbances) and the switch power/thermal stress.
The speed of response is function of the MFET gate charge and it is a figure of merit of the current sensing circuit.
[5.4.1.1.1.a], [5.4.1.1.1.b], [5.4.1.1.1.c], [5.4.1.1.1.d], [5.4.1.1.1.e], [5.4.1.1.1.f] Overall requirements - Current overshoot
The current sensor is in charge of regulating the current in overload situation, by modulating the gate voltage of the switch: the accuracy of the gate voltage is function of the current sensing circuit and the relevant reference voltages used in the design.
[5.2.1.1.1.a], [5.2.1.1.1.b]  HLCL/LCL class – HLCL/LCL class
[5.2.2.1.1.a] RLCL class – RLCL class
[5.2.3.1.1.a] Current limitation section - Range 
In case more than one MOSFET is used, it is important to have a dedicated current control per MOSFET to ensure current sharing in limitation.
If two or more MOSFETs are used in parallel with one single limiter, each MOSFET should be able to handle the total limitation current.
The current sensor is also sometimes used to derive a current telemetry signal, which is normally referred to ground.
An important observation is that the LCL/RLCL needs to contain a provision to circulate (free-wheel) the current circulating in the load (or harness) inductance, when the LCL/RLCL is either commanded OFF or it opens the line after an overload.
This is normally achieved by placing an anti-parallel diode to the output of the LCL itself.
[5.2.7.7.1.a] Conditions at start-up/switch-off – switch-off 
[bookmark: _Toc288038782][bookmark: _Toc367272990][bookmark: _Toc448407853]Trip-off section
Overview
The LCL trip-off section is in charge to start the “counting” of the overload condition duration, and to set the LCL status to OFF after the relevant trip-off time has elapsed.


[bookmark: _Toc448407880]Figure 5‑3: Trip-off section
[5.2.1.1.1.a], [5.2.1.1.1.b]  LCL/HLCL class – LCL/HLCL class 
Specifically minimum and maximum trip-off time.
[5.2.2.1.1.a] RLCL class – RLCL class 
Specifically minimum and maximum trip-off time.
[5.2.4.1.1.a] Trip-OFF section - Range
It can be triggered by a signal coming from the current sense section, which identifies that the current limitation has been entered as a consequence of an overload, or by the differential reading of the voltage across the switch (as shown in Figure 5‑1).
When the differential voltage across the switch is over a prefixed threshold, a timer is started to count the trip-off time.
The timer is usually implemented by means of a simple resistive-capacitive (RC) element in combination with a comparator, or a digital counter/comparator.
If the timer is implemented by a RC low-pass filter, the voltage across the capacitor mimics the temperature developed at the junction of the LCL MFET switch under current limiting conditions.
To understand this concept, it is useful to think of the electrical equivalence of a thermal network (see following Table 5‑1 and Figure 5‑4).
[bookmark: _Ref412561053][bookmark: _Toc448407911]Table 5‑1: Thermal electrical network equivalence
	Electrical domain
	Thermal domain

	Current
	A
	Power
	W

	Voltage
	V
	Temperature 
	°C

	Resistance
	Ohm
	Thermal Resistance
	°C/W

	Capacity 
	F
	Thermal Capacity
	J/°C





[bookmark: _Ref412561261][bookmark: _Toc448407881]Figure 5‑4: Thermal electrical network equivalence
When the timer predefined trip-off time duration is elapsed, the LCL is switched OFF.
A time diagram illustrating the qualitative current profile of an overload event is shown in Figure 5‑5.
We can identify two different modes of operation for the current limitation:
the first current limitation mode occurs when an LCL is enabled with a command and then starts to charge the input filter capacitance in the load (Figure 5‑6, right). In this case a negligible overshoot in the current profile can be expected and achieved.
 the second case (Figure 5‑6, left) is when the LCL is enabled and a sudden overload like a short circuit occurs (in this case, a larger current overshoot can occur). 
The specification and understanding of these two cases are important to clarify when compatibility tests and analyses are made on real hardware at equipment level.

[bookmark: _MON_1301817923][bookmark: _MON_1361792643][bookmark: _MON_1361792757]
[bookmark: _Ref412561732][bookmark: _Ref353286206][bookmark: _Toc448407882]Figure 5‑5: LCL overload timing diagram


[bookmark: _Ref412561746][bookmark: _Ref353286292][bookmark: _Toc448407883]Figure 5‑6: Comparison between nominal turn ON (right) 
and overload caused by a short circuit (left)
With respect to Figure 5‑5, the minimum trip-off time is evaluated with respect to the flipping action of the relevant LCL memory cell (state flip-flop) and not with respect to the actual decay of the current from limitation value to zero: in fact, and depending on the adopted design solution, there can be a non-negligible delay before the LCL delivered current decays to zero and after the LCL memory cell has been commanded OFF by the relevant trip-off section.
This specific issue needs indeed a careful consideration during LCL design phase.
Verification
In case the trip-off is triggered by the differential voltage across the switch it should be verified that the switch dissipation/temperature is acceptable when the LCL is in limitation but the differential voltage threshold Vdiff is not crossed (considering the worst case threshold value). 
In this case the switch can continuously dissipate Vdiff_max x Ilimitation_max.
[bookmark: _Toc288038783][bookmark: _Toc367272991][bookmark: _Toc448407854]Memory cell and switch supply section
The memory cell and switch supply section contains the “memory” of the LCL, which is by definition a latching function and therefore is characterised by two states (ON and OFF).
The circuit implementing this section is also designed to provide a predefined LCL status at start-up (e.g. when the bus voltage is ramped up).
The predefined LCL status at start-up should be OFF (while it is ON for a RLCL – see section 5.3).


[bookmark: _Toc448407884]Figure 5‑7 : Memory cell and switch supply section
The memory cell usually provides the signal enabling the supply of the switch, current sensor and switch driver that normally are referred at the hot side for the reasons explained in section 5.2.2.
The design of the switch supply is done in a way that the rate of rise (respectively fall) of the output current is within the specified limits during power up after command ON application (respectively power down after command OFF application).
The reasons to limit the current slope are essentially for reducing EMC interference (both conducted and radiated) and to have clear, reproducible conditions to ensure that no unwanted status change is caused by LCL activation or deactivation (especially after satellite integration).
[5.4.2.1.1.a] Start-up / switch-off requirements - Start-up current rate 
[5.4.2.2.1.a] Start-up / switch-off requirements - Switch-off current rate 
Increasing component densities and number of layers on PCBs make cross talk issues more and more difficult to deal with. Cross talk can occur between tracks when high dv/dt or di/dt are present and the distance between tracks is small. Typically, the design of the PCB should guarantee that power tracks, driver and current sense section tracks and sensitive signal tracks are sufficiently separated, such as any unwanted behaviour (such as spurious protection activation) is avoided.
[bookmark: _Ref224454455][bookmark: _Toc288038784][bookmark: _Toc367272992][bookmark: _Toc448407855]Undervoltage protection section
The undervoltage protection section, or UVP, is provided to avoid the LCL from being switched ON when the MB voltage is below a critical threshold, and to switch it OFF in case of an abnormal low value of the MB voltage.
By switching the LCL OFF, the load is disconnected from the bus automatically: in this case, the bus itself can restore its nominal value in case the reason for the undervoltage events is a power deficit between the source capability and the load demand.


[bookmark: _Toc448407885]Figure 5‑8 : Undervoltage protection section
Usually, when LCLs are used in the main bus power distribution, the UVP feature is used as the last resort to recover the bus to its nominal range (while higher main bus voltage thresholds for load shedding are usually managed by the on-board computer and software).
It is to point out that the UVP is also needed to ensure that no load enters unpredictable operation or reaction due to abnormally low power supply voltage.
[5.2.5.1.1.a] Undervoltage protection section - provision
The normal functioning of the LCL UVP is to operate on the relevant memory cell, e.g. to command the LCL in OFF state, in a way that an external command is needed to switch it ON again.
This is the normal implementation to avoid an uncontrolled “hiccup” mode of operation due to bus overload conditions: if the UVP is not latching, and a bus overload occurs, the bus voltage decreases, the UVP disables the LCL and therefore removes the overload, the bus voltage increases to its nominal range, the UVP becomes inactive and the overload condition reappears, etc.
[5.4.3.1.1.a] UV protection - Switch-off threshold, regulated bus 
[5.4.3.2.1.a] UV protection - Switch-off threshold, unregulated bus
[5.4.4.1.1.a] Switch-on capability - Enable ON threshold Voltage, regulated bus
[5.4.4.2.1.a] Switch-on capability - Enable ON threshold Voltage, unregulated bus
The specified ranges for UVP switch-off threshold and LCL enable ON threshold voltages are intended as the envelope that the standard product of a power subsystem manufacturer need to be able to offer. The actual threshold values are normally established based on the specific mission needs.
For unregulated bus case, it is definitively necessary to provide the UVP with hysteresis to avoid uncontrolled “hiccup” mode for RLCLs or for LCLs that are not latched OFF after a trip-off event, while on a regulated bus the normal configuration is just to switch-off the LCL once the switch-off threshold is reached (and therefore it might not be necessary to implement a relevant hysteresis).
[5.2.5.2.1.a], [5.2.5.2.1.b]  Undervoltage protection section - unregulated bus case
[5.4.3.5.1.a] UV protection – UV protection hysteresis
To avoid that the UVP is triggered by noise or by bus voltage transients, some noise immunity is implemented. The specified noise immunity value is usually not critical.
The generic UVP timing diagram, explaining the relevant noise immunity requirements and UVP operation, is given in Figure 5‑9.


[bookmark: _Ref412621401][bookmark: _Ref406665851][bookmark: _Ref406665845][bookmark: _Toc448407886]Figure 5‑9, UVP timing diagram
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]In any case, the UVP activation timing is also of importance. A minimum activation delay is necessary at least for regulated buses, to avoid spurious switch-off in case of transients. In addition, at bus recovery, some noise immunity is also considered. The behaviour of the system is analysed considering that some LCL could have been tripped OFF by UVP and others not (depending on the bus transient).
[5.4.3.3.1.a] UV protection - UV protection noise immunity
[5.4.3.4.1.a] UV protection - UV protection noise immunity, verification 
[5.4.4.3.1.a] Switch-on capability – Switch-on response time, value
[5.4.4.4.1.a] Switch-on capability – Switch-on response time, verification
The UVP feature is sometimes proposed as a centralised function (i.e. serving many LCLs) in addition or opposed to a distributed function, (i.e. local to each individual LCL).
In this case, a centralised UVP detector sends a command OFF to a number of LCLs.
If centralised, the UVP needs to be implemented as a Single Point Failure Free (SPFF) feature, e.g. no single failure should cause the deactivation of all the served LCLs. The reason is that even a non-permanent failure could happen in a critical operational time of the spacecraft and induce a heavy or catastrophic consequence. This is why cold redundant circuits are generally not preferred for this function.
[5.2.5.3.1.a] Undervoltage protection section - Centralised protection
The centralised UVP protection is more critical and risky than the decentralised one, and the relevant advantage in terms of components used must be traded against all necessary redundancies and features like majority voting circuits.
[bookmark: _Toc404773528][bookmark: _Toc288038785][bookmark: _Toc367272993][bookmark: _Toc448407856]Auxiliary supply section
The auxiliary supply section (not shown in Figure 5‑1) is dedicated to the supply of the LCL functions. 
Some of the LCL functions (typically, the current sensor and switch driver) are usually self-supplied by the bus voltage, at least for voltages up to 50V.
The other functions normally require one or more supply lines that can be locally derived from the LCL power input lines by means of dedicated power supplies, or could be centralised, e.g. serving many LCLs (even though centralisation normally increase the chances of common failure paths and therefore it could be less appealing).
In this case, the auxiliary power supplies (in active redundancy) are normally implemented as a Single Point Failure Free (SPFF) feature, e.g. no single failure causes the deactivation of all the served LCLs.
[bookmark: _Toc448407857]Telemetry section
Status telemetry
The LCL status is an important telemetry information: combined with the current telemetry (see section 5.2.7.2), it can be used to determine if failures are present in the power subsystem or in the load, and allow debugging and isolation of failures in flight.
The detailed explanation of the proposed ECSS-E-ST-20-20 requirements is presented in section 5.7.3.5: the proper definition of what the status signal represents allows the complete understanding of possible failure modes and allows a straight forward fault detection and recovery by the satellite operator.
[bookmark: _Ref404155215]Current telemetry
Overview
The current telemetry provides a low-level signal proportional to the current flowing on the hot distribution line of the LCL/RLCL.
The current telemetry is provided for main bus distribution, in order to give the satellite operator the information of the consumption of the relevant load.
[5.2.8.2.1.a] Telemetry section - Current telemetry
The current telemetry normally provides a full-scale reading up to the LCL/RLCL nominal limitation current, is linear and comes with a specified accuracy.
[5.2.8.3.1.a] Telemetry section - Current telemetry, full scale reading
[5.2.8.4.1.a] Telemetry section - Current telemetry, linearity and accuracy
The current telemetry meets a maximum offset specification and it is possible to read down to zero current without affecting the relevant accuracy.
[5.2.8.5.1.a] Telemetry section - Current telemetry, offset
[5.2.8.6.1.a] Telemetry section - Current telemetry, reading at zero current 
The capability of the current telemetry to read down to zero current can be easily implemented by allowing a positive telemetry output offset (in case of a single telemetry circuit supplied by a single line with respect to ground). This solution has the advantage to remove the systematic telemetry error at low current due to the typical telemetry circuits output offset voltage (for example, due to operational amplifiers).
Verification
Current TM performances are verified by analysis and test, on a minimum number of points.
[5.2.8.7.1.a] Telemetry section - Current telemetry, verification
[bookmark: _Toc412709552][bookmark: _Toc412709931][bookmark: _Toc412709987][bookmark: _Toc412710305][bookmark: _Toc412727419][bookmark: _Toc412727508][bookmark: _Toc412727596][bookmark: _Toc412793446][bookmark: _Toc412709553][bookmark: _Toc412709932][bookmark: _Toc412709988][bookmark: _Toc412710306][bookmark: _Toc412727420][bookmark: _Toc412727509][bookmark: _Toc412727597][bookmark: _Toc412793447][bookmark: _Ref388521119][bookmark: _Toc448407858][bookmark: _Ref223947550][bookmark: _Toc288038786][bookmark: _Toc367272994]Retriggerable Latching Current Limiter case
The Retriggerable Latching Current Limiter, or RLCL, is an LCL including additional features.
It is basically an LCL not provided with an OFF command, which is set in any case in ON condition during start-up, and performing an automatic start-up, repeated switch-on sequence after an overload occurred, as long as the overload is present; in case the overload is removed, the RLCL automatically ends up in ON conditions, e.g. delivering power to the load.
The RLCL is normally used for supplying essential satellite loads, e.g. the ones that are essential for mission success (e.g. receivers and decoders).
An example of RLCL timing diagram is given in Figure 5‑10.


[bookmark: _Ref415751472][bookmark: _Toc448407887]Figure 5‑10: RLCL overload timing diagram
The RLCL retrigger rate in overload conditions is determined by design to respect the required stress limitations (derating) on the relevant RLCL switch; the RLCL retriggerability can be disabled under special circumstances should the load be acknowledged as definitively failed.
In any case, to allow the isolation of essential loads that can present an overload and malfunction, causing not allowable perturbations at spacecraft level, it is convenient to allow the possibility of enable or disable the retrigger function of an RLCL. 
[5.2.6.2.1.a] Telecommand section feature - Retrigger function 
The RLCL is normally configured as explained in chapter 5.1 for the LCL and provided with the same other LCL functionalities explained in chapter 5.2.
At start-up, the RLCL is ON.
[5.2.7.1.1.a] Conditions at start-up/switch-off - Auto ON 
At start-up, the RLCL retrigger status is ENABLED.
[5.2.6.3.1.a] Telecommand section feature - retrigger ENABLE 
When the RLCL is used to supplying essential satellite loads, it is of the utmost importance that it is made robust to any possibility of being commanded to an OFF condition due to spurious event (EMC, ESD, SEE nature), and also that the status of its retriggerable condition (ENABLE by default) cannot be disabled by any spurious event.
Since it is almost impossible to prove the absence of such spurious events in the final satellite configuration (space segment element), it is necessary to require an autonomous recovery from spurious OFF status and/or retriggerable DISABLE condition in any case.
[5.2.18.1.1.a] Noise immunity feature - RLCL spurious switch-off 
[5.2.18.2.1.a] Noise immunity - RLCL spurious effects 
Note that the practical verification that no spurious perturbation can command OFF the LCL/RLCL [5.2.16.1.1.a] is necessarily limited to few environmental conditions with defined test set-up, while spurious OFF can appear due to other conditions expected in satellite real-life.
In practice, we try to minimise the occurrence of spurious OFF but we cannot exclude it, and that is the reason for [5.2.18.1.1.a].
[bookmark: _Toc448407859]Heater Latching Current Limiter case
The Heater (group) Latching Current Limiter, or HLCL, is an LCL that is dedicated to the supply and the protection of a group of heaters, as shown in Figure 5‑11.
Note that the heater switches can be placed either on the hot or in the return line.


[bookmark: _Ref434505555][bookmark: _Ref434505548][bookmark: _Toc448407888]Figure 5‑11: HLCL application
The HLCL has the same functionality of a generic LCL, but its performances are relaxed because the nature of the load is resistive. That is why in the ECSS-E-ST-20-20C the HLCL classes differ from the LCL ones, and not all the requirements valid to the LCLs are also applicable to the HLCLs.
[5.2.1.1.1.b] LCL/HLCL class – LCL/HLCL class
The maximum load capacitance expected for a HLCL line is only due to parasitic effects and not to actual capacitors components.
[5.5.2.2.1b] Load characteristic – Maximum Capacitance
The maximum inductance expected in a HLCL line is only due to harness and parasitic effects.
[5.5.2.1.1b] Load characteristic – Maximum Inductance
[bookmark: _Toc448407860]Reference power bus specification
To ensure the development of recurrent power distribution LCL/RLCLs for a number of applications, it is essential to define the envelope of the applicable power bus specifications (see ECSS-E-ST-20-20 clause 5.1 and Table 5-1).
For each nominal or abnormal bus specification reference characteristic, ECSS-E-ST-20-20 identifies the applicable functional response of the power distribution by LCLs/RLCLs (e.g. if it has to work nominally, survive or fulfil specific requirements).
Power distribution nominal operation in nominal conditions [5.1.a]
Power distribution survival operation in abnormal conditions [5.1.b]
Power distribution survival operation in abnormal conditions, unregulated bus case [5.1.c]
Power distribution trip-off up to maximum abnormal DC bus voltage limits [5.1.d]
The rationale for the requirements follows the generic rule that nominal functionality and performance need to be respected under nominal use, while only survival needs to be respected under abnormal interface conditions.
[bookmark: _Ref404160137][bookmark: _Toc448407861]Performance, state of the art
A short briefing of the actual state of the art LCL performance is given in Table 5‑2, in relation to the critical LCL requirements mentioned so far. These figures are not strict requirements, but rather a picture of what is currently achieved in the industry.
[bookmark: _Ref224032446][bookmark: _Toc448407912]Table 5‑2, LCLs, state of the art performances
	Characteristic
	Performance (end-of-life)
	Remark

	Voltage drop
	0,5 % to 1 % of Vbus
	The original source of voltage drop requirements is the standard ESA PSS-02-10

	Current Limitation Response time
	10 s
	For a maximum main bus voltage of 50 V.
Read the detailed discussion in section 5.6

	Current limitation section - range
	± 10 %
	EOL accuracy

	Trip-off section - range 
	± 20 %
	EOL accuracy

	Size and Mass
	Module of Power Distribution
28 V bus, 16 LCLs 5 A each or 32 LCLs 1,5 A each:
0,6 kg (all auxiliary supplies and bus undervoltage protection included )
- 1800 mm² / 37,5 g / LCL 5 A
	



The Voltage drop across the LCL is typically affecting the distribution losses.
Starting from an arbitrary selection of the allowable power distribution losses per class of satellite, the standard ESA PSS-02-10 concluded on the requirement given in Table 5‑2 on the basis of test results on existing designs including a margin (see ESA PSS-02-10, para 5.3.1).
The maximum LCL power loss expected by the application of the requirement is:
0,25V/28V = 0,89% for 28V bus
0,25V/50V = 0,5% for 50V bus, and 
0,5V/120V = 0,42% for 120V bus.
Taken into consideration that an overall power loss of 2 % is normally considered for main bus distribution (e.g. it is mainly driven by the harness losses), it does not make too much sense to impose a better LCL voltage drop than what is nowadays specified.
On the other side, many RFW’s are normally accepted in ESA projects for marginal out-of-spec on LCL voltage drop performances, and therefore an overall limit of max 1 % of nominal main bus voltage is considered sufficient for a reasonable performance that can be achieved without excessive effort (for a single switch, while the limit is 2 % maximum at nominal main bus voltage if there are two switches on the LCL line).
[5.4.5.1.1.a], [5.4.5.1.1.b], [5.4.5.1.1.c] Voltage drop - Voltage drop
The current limitation response time is a very critical performance for a LCL, especially when there is no appreciable resistive or resistive-inductive impedance on the line that limits the current in case of abrupt short circuit.
Unfortunately a rigorous definition of the current limitation response time was not given in the past, and for practical reasons, in the ECSS-E-ST-20-20 a more rigorous approach is given with the definition of the time to current overshoot and the current overshoot recovery time, and their relevant requirements [5.4.1.1.1.c] and [5.4.1.1.1.d].
Due to lack of a rigorous definition, the performance indicated in Table 5‑2 is only indicative.
The most critical case of an overload is a short circuit appearing straight at the LCL output, either from a failure of a component, or by a short circuit at the LCL output connector, and indeed the relevant requirement [5.4.1.1.1.a] needs to be checked in the worst applicable conditions, as required by requirement [5.4.1.1.1.b].
Note that the worst case conditions identified by requirement [5.4.1.1.1.b] should encompass a short circuit performed with a resistance and inductance in the order of 1/100 or less than the ones present in the LCL line (inside the Distribution Unit) when the LCL is in ohmic mode. The transition to the short circuit should also happen in a time at least 1/100 of the time to current overshoot.
The response time needs to be sufficiently fast to avoid reaching dangerous stress levels on the LCL switch before the LCL enters current limitation and this thanks to the designed and parasitic resistive / resistive-inductive impedances on the LCL power lines.
Note that the current limitation response time is of importance to reduce the stress on the LCL switch, and a number of design options exist to fulfil this need.
For example, one could think to increase the bandwidth of the current regulation loop to achieve the quickest reaction time (but taking care not to affect the loop stability), or rely on inductive impedance added in series with the power line or on the inductive-resistive nature of the current sensor (with reduced bandwidth for the current regulation loop, and improved stability margins).
When trying to decrease the current limitation response time, special care has to be paid to the stability of the relevant control loop: in fact, the state of the art performance is achieved as a compromise between speed of reaction and stability (see also section 5.7.2.5).
In any case, what is important for the system where the LCL is used is to respect a maximum energy limit during abrupt overload (see area highlighted in green in Figure 5‑5): if the inrush current (peak) increases, the current limitation response time has to decrease, and vice versa.
This has been translated into requirements [5.4.1.1.1.e] and [5.4.1.1.1.f], specifying respectively the maximum overshoot charge and the relevant analysis and/or test conditions to be applied for the verification.
Note that the test or analysis verification of [5.4.1.1.1.e] and [5.4.1.1.1.f] are not required to be performed for any load inductance specified, but for a limited set of inductance values between zero and the maximum specified.
One last remark on overload reaction time: as shown in Figure 5‑12, the response of an LCL to an (abrupt) overload might differ from the one shown in Figure 5‑5 due to nonlinear saturation effects of some stages of the MOSFET driver and/or the current sensor.
The concept of the current overshoot recovery time (in place of the current overshoot decay time) and the relevant requirement [5.4.1.1.1.d] have been introduced to be able to give a correct specification of the LCL reaction time for both cases shown in Figure 5‑12 and in Figure 5‑5.


[bookmark: _Ref434508514][bookmark: _Toc448407889]Figure 5‑12: LCL overload timing diagram, alternative behaviour
Current limitation section, range, EOL accuracy is achieved by a proper selection of the current limitation circuit and the relevant components (current sensor, current loop reference, etc.).
The better the accuracy is, 
the less margin can be allocated from maximum operational (nominal) current to nominal limitation current, and 
the less the LCL power switch is stressed in worst case conditions (maximum limitation current).
Trip-off section, range, EOL accuracy is achieved by a proper selection of the timer circuit and the relevant components.
The better the accuracy is, 
the less margin can be allocated for charging the users input filter (see clause 5.7.2.2), and
the less the LCL power switch is stressed in worst case conditions (maximum limitation current).
It is important to note that:
the minimum trip-off time duration is driven by the user (for example, we need to be sure to charge the user input filter with an adequate margin, see clause 5.7.2.2);
the maximum trip-off time duration is driven by the maximum allowable stress limits on the LCL switch MFET (junction temperature): indeed the maximum trip-off time duration can be longer if the ambient/MFET temperature before the overload event is lower.
That means that the trip-off duration accuracy can indeed be relaxed if the trip-off time duration is inversely correlated to temperature. This approach can be pursued to have a more affordable and light design: in this case the design can allow the maximum exploitation of the LCL switch (thermal capability).
Size and mass performances quoted in Table 5‑2 refer to an implementation with discrete components.
[bookmark: _Toc288038787][bookmark: _Toc367272995][bookmark: _Toc448407862]Critical requirements and important issues
[bookmark: _Toc448407863]Overview
In the present section, critical requirements and important issues are discussed, with the aim to give a rationale to the LCL interface requirements listed in the ECSS-E-ST-20-20.
In first instance, a set of critical points are discussed in relation to LCL nominal operation (e.g. when no failure is considered in the LCL itself – clause 5.7.2).
Then, a number of critical points are discussed in relation to the LCL in fault condition, and the relevant consequences and alternatives to the overall power distribution architectural design and the requirements set that are necessary in this case (clause 5.7.3).
Some RLCLs specific requirements are discussed in clause 5.7.4.
To conclude, some consideration is made on the correct application of rating/derating rules to the LCL switch (clause 5.7.5).
In any case, the reference block diagram of the power distribution by LCL is the one reported in
Figure 5‑13, where the basic LCL block diagram has been complemented by the addition of the harness and a generic load (supposed to be provided with an input filter).

[bookmark: _Ref224024548][bookmark: _Ref224035601]
[bookmark: _Ref416786673][bookmark: _Ref434933643][bookmark: _Toc448407890]Figure 5‑13, Generic power distribution diagram by LCL.
Note that alternative solutions to each issue are given on purpose in a qualitative form and with the aim to justify the defined ECSS-E-ST-20-20 requirements to be in control of the critical phenomena.
[bookmark: _Ref224016672][bookmark: _Toc288038788][bookmark: _Toc367272996][bookmark: _Toc448407864]Nominal conditions (LCL fully operational)
[bookmark: _Toc288038789][bookmark: _Toc367272997]LCL class attribution
Overview
Normally, LCLs are divided in classes according to their maximum operational (nominal) or nominal limitation (trip-off) current.
Before the introduction of ECSS-E-ST-20-20, the definition of the LCL classes was usually arbitrary and defined by the prime or by the platform responsible, each time according to the specific mission needs: usually integer current classes were specified (1A, 2A, 3A…) and fractions for lower power ranges (0,5A, 0,25A…).
[bookmark: _Toc288038790][bookmark: _Toc367272998]Issue
In a context of a better recurrent “product” definition, and to allow a level of standardisation which is beneficial for both customers and manufacturers, it seems more relevant to define the LCL classes according to the LCLs inherent performance limitations, and adopt this standard class definition for the widest range of applications.
It is clear that the LCL classes definition requires the indication of the relevant minimum and maximum limitation current and trip-off time, according to: 
· the max allowable power stress during an overload event
· the required voltage drop
· the maximum unit temperature
[bookmark: _Toc288038791][bookmark: _Toc367272999]Proposed alternatives
The present LCL/RLCL/HLCL classes definition given in the ECSS-E-ST-20-20 (tables 3-1, 3-2 and 3-3) are elaborated to ensure an adequate capability to charge load input filters for most of practical applications, to enhance the chances to use single MOSFETs for LCL of lower current classes, and under environmental/application conditions that should be normally respected in all LCL practical design cases.
The LCL classes have been defined with the following purposes:
to ensure a sufficient number of classes for the users and prime to optimise the class current and associated harness sizing
to be compatible with the state of the art or with practical design for having only one MOSFET for a given class. This is achievable for low current classes to a given extent
to ensure for the prime and user the largest minimum trip-off time to cope with the maximum extent of input filter designs
to get a consistent input filter energy and sizing when changing the bus voltage level
to limit and standardise as much as possible the possible numerical values in the standard (e.g. current class, trip-off times).
In particular the following assumptions were made for LCL classes definition:
Max MOSFET junction temperature Tj in permanent short circuit ≤ rated temperature
Max MOSFET case temperature before limitation ≤ 85degC
The MOSFET is supposed to be at LCL class current before a hard short circuit is applied
Use the MOSFET manufacturer SOA to derive the maximum allowable trip-off time especially for trip-off time > 10ms
[5.2.1.1.1.a], [5.2.1.1.1.b] LCL/HLCL class – LCL/HLCL class
The following assumptions were made for RLCL classes definition:
Max Tj in permanent short circuit ≤ Derated temperature (110 degC)
Max MOSFET case temperature before limitation ≤ 85 degC
The MOSFET is supposed to be at RLCL class current before a hard short circuit is applied
Use the MOSFET manufacturer SOA to derive the maximum allowable trip-off time especially for trip-off time > 10ms
[5.2.2.1.1.1a] RLCL class – RLCL class
The ECSS-E-ST-20-20 (tables 3-1,  3-2 and 3-3) provide also the maximum load capacitance per class, provided according to the minimum limitation current and trip-off time, and maximum DC bus voltage value (both for regulated and unregulated bus).
[5.5.2.2.1.a], [5.5.2.2.1.b] Load characteristic - Maximum capacitance
An additional factor of 70% is applied, leaving a 10% margin to comply with the maximum allowed input filter charge time of 80% of LCL/RLCL class minimum trip-off time.
 [5.4.2.3.1.a] Start-up/Switch-off requirements - Load input filter charge time
The 10% margin is the allowance for covering a specific effect affecting LCL performance, the so-called dragging effect, which is explained in Annex D.
[bookmark: _Ref245027754][bookmark: _Toc288038792][bookmark: _Toc367273000]Generic start-up requirements
Overview
When the bus voltage starts up (during satellite integration phases, in LEOP or during and/or after flight contingency), the LCLs are energised at their input. 
It is necessary to know the state of the LCL at the first application of the main bus or after main bus recovery, together with the definition of the relevant start-up parameters (rate of main bus rise and typical/minimum/maximum profile, etc.).
Normally, at main bus application (or re-application), the LCLs needs to be in a well-defined state.
During ECSS-E-ST-20-20 standard drafting the relevant working group decided to consider that by default all LCLs are OFF, and that all RLCLs are ON during start-up.
Additionally there are other specific cases to be taken into consideration (see clauses 5.7.2.3 and 5.7.2.4).
[bookmark: _Toc288038793][bookmark: _Toc367273001]Proposed alternatives
At MB application, or reapplication, the LCL and RLCL ON/OFF state needs to be unambiguously specified. 
[5.2.7.1.1.a] Conditions at start-up / switch-off – Auto ON 
[5.2.7.2.1.a] Conditions at start-up / switch-off – Auto OFF
[5.2.7.4.1.a] Conditions at start-up / switch-off – LCL status at start-up
[bookmark: _Toc288038794][bookmark: _Toc367273002]Verification
Requirements [5.2.7.1.1.a]], [5.2.7.2.1.a], and [5.2.7.4.1.a] are verified primarily by test.
[bookmark: _Ref248056871][bookmark: _Toc288038795][bookmark: _Toc367273003]LCL behaviour when turned ON by command
Overview
It is assumed that the MB is within its nominal voltage range before receiving the command.
Being the LCL equipped with current limitation and trip-off time, it can be conveniently used to reduce the inrush current to the load input filter at line switch-on.
Normally, in fact, all equipment’s are required to reduce their inrush current at switch-on under specified limits (inrush current dI/dt, max current peak and surge duration, see for example Figure 5‑14).



[bookmark: _Ref248051493][bookmark: _Toc448407891]Figure 5‑14: Typical start-up current profile of a DC/DC converter attached to a voltage source and a series switch.
The introduction of a power distribution approach by LCLs allows getting a natural resolution of the issue, since the inherent current limitation provides at switch-on a very controlled profile for all inrush parameters (see Figure 5‑15).


[bookmark: _Ref248051598][bookmark: _Toc448407892]Figure 5‑15: Typical start-up current profile of a DC/DC converter attached to a LCL
There is obviously the need to ensure that the load input filter charging is achieved within the LCL trip-off time, with an adequate margin.
[5.3.2.3.1.a] Switch-on - Input filter charging
[5.4.2.3.1.a] Start-up/Switch-off requirements - Load input filter charge time 
Note that the inrush current event at switch-on is normally dominated by the input filter of the user, but on equipment provided by DC/DC converters some additional inrush charge can be produced by filters and capacitors placed at the secondary side of the converters, according to a profile depending on the converter initialisation (usually controlled by a soft start circuitry).
While the use of the LCL to reduce the inrush current event due to the load input filter charging is welcome and in fact one of the largest benefits of a power distribution by LCLs, it is better to avoid controlling the additional inrush charge due to the converter and its secondary filters and capacitors at start-up.
In fact, ECSS-E-ST-20-20 forbids using LCL/RLCL to limit inrush current due to converters and their secondary filters and capacitors.
[5.3.2.1.1.a] Switch-on - Load behaviour 1
[5.3.2.2.1.a] Switch-on - Load behaviour 2
In fact, if the LCL current limit is reached during this event, the consequences to the converter operation can be rather unpredictable because the source becomes a current generator, and the stability and transient behaviour of the converter itself can be affected.
Note that PWM DC/DC converters normally cannot work properly if supplied by sources with high impedance (as it is a current source or an LCL in limitation).
[bookmark: _Toc367273004]Proposed alternatives
The load Input Filter Charge time [5.4.2.3.1.a] needs to be well within the LCL (minimum) trip-off time according to relevant LCL/HLCL class [5.2.1.1.1.a], [5.2.1.1.1.b], or RLCL class [5.2.2.1.1.a], and it has to be verified under representative conditions, e.g. with a current-limiter power source with the same dynamic behaviour of the LCL.
Typically a rather large margin is used between Input Filter Charge time [5.4.2.3.1.a] and LCL (minimum) trip-off time, since the power distribution loads are usually not qualified using a representative model of the LCL in their supply lines, and it could happen that the first time the compatibility between the two requirements [5.4.2.3.1.a] and [5.2.1.1.1.a]/ [5.2.1.1.1.b] or[5.2.2.1.1.a], is checked is at power system load integration level, e.g. when power system and loads are already developed and qualified.
Moreover in power system development (e.g. when the power distribution LCLs and the loads are developed and manufactured by different companies), it is highly recommended to verify the compatibility of Input Filter Charge time [5.4.2.3.1.a] and LCL (minimum) trip-off time by adopting for all critical loads a test verification that includes a representative current limited source during the relevant qualification and acceptance.
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][5.3.4.1.1.a] Load test condition – Load test condition
By ensuring that a representative current limited source is used during the qualification of the relevant loads, there is the best confidence on the relevant compatibility, including all modes of load operation and under all environmental conditions (thermal vacuum, EMC, vibration, etc.).
This approach also allows a possible reduction of the required margin, with clear advantages in power system mass (due to the better utilisation of the LCLs capabilities).
The LCL needs to be able to start up correctly (and within applicable rating/derating limits) when an overload or short circuit is already present at its outputs.
[5.2.7.5.1.a] Conditions at start-up / switch-off – LCL start-up on SC 1 
The [5.2.7.5.1.a] requirement is applicable, both in case of the LCL/HLCL being commanded ON by telecommand and when the bus voltage raises (RLCL being configured to auto-start at bus voltage application). 
[5.2.7.6.1.a] Conditions at start-up / switch-off – LCL start-up on SC 2 
After start-up events, the LCL load current is expected to stay well within the relevant class, including step load changes and other transients. The maximum current allowed for the user needs to be respected also in presence of the applicable bus voltage transients, and load conducted emissions as specified in the relevant EMC specifications.
[5.3.1.1.1.a] Nominal feature - load behaviour
[5.3.1.1.1.b] Nominal feature - load behaviour
After start-up, one important issue is the additional ripple current that a load consumes when ripple is present at the bus. For example, let us assume a 0,1 Vrms amplitude ripple on the bus. The impedance of the input filter within a load could be in the "one ohm range" at resonance even for low power applications. For 0,1 Vrms and 1 , this means that a peak current of 0,14 A is added to the nominal load current and, since the LCL is a fast device, it can start limiting the current and can therefore latch off if its threshold is reached. This means that if LCLs with lower trip-off current than around 2 Ampere are to be used, a detailed analysis of this case is required including load impedance properties at different frequencies. This is particularly true for buses regulated by an S3R or when a high power pulsed payload is operating (TDMA TWTA for example). This discussion also applies for bus voltage transients that cause transient currents into the loads. Mitigation provision can consist in increasing the filter inductance at the equipment input.
[bookmark: _Toc367273005]Verification
During start-up, it is not possible to predict exhaustively the complex load behaviour by analysis, especially because the relevant circuits are not yet stabilised within the recommended operation ranges.
It is therefore necessary to verify the Input Filter Charge time [5.4.2.3.1.a] by test, potentially in worst case operational and environmental conditions (including max loading case, under different modes of load operation, in temperature, during load EMC test campaign).
Some assessments (e.g. verification by analysis) are anyhow requested at the beginning of the load development to be able to define the correct LCL class, including the relevant trip-off time.
[bookmark: _Ref248056901][bookmark: _Toc288038796][bookmark: _Toc367273006]LCL behaviour when the LCL is configured to start in OFF mode
Overview
LCLs should remain OFF at first application of the main bus or after main bus recovery.
Within the specified main bus start-up or recovery profile, it is important to identify the maximum allowable LCL input-output charge transfer (see for example Figure 5‑16).


[bookmark: _Ref248054661][bookmark: _Toc448407893]Figure 5‑16: Possible LCL output voltage when input bus voltage is rising
The definition of the maximum allowable LCL input-output charge transfer considers that no load have an unpredictable behaviour when it is spuriously supplied during the MB start-up or recovery phase.
[bookmark: _Toc367273007]Proposed alternatives
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]To avoid any special issue with the possible input-output LCL charge transfer during main bus recovery, the maximum allowable output voltage transient profile is specified, similarly to what is shown in Figure 5‑16, and to indicate that the load remains in OFF state at the application of this transient.
[5.4.2.4.1a] and [5.4.2.4.1b] Start-up / switch-off requirements - output, auto start OFF, amplitude
[5.4.2.5.1a] and [5.4.2.5.1b] Start-up / switch-off requirements - output, auto start OFF, duration
[bookmark: _Toc367273008]Verification
It is recommended to verify requirements [5.4.2.4.1a], [5.4.2.4.1b] and [5.4.2.5.1a], [5.4.2.5.1b] by analysis and/or test.
[bookmark: _Toc248228962][bookmark: _Ref245026540][bookmark: _Toc288038797][bookmark: _Toc367273009]Stability
Overview
The control of the current in the LCL during the limitation period is based on a regulation loop comparing the current flowing through the LCL MFET, i.e. the MFET source current, with the reference current, defining the current limitation threshold.
The current control acts on the LCL MFET gate voltage to achieve the desired effect. 
If the current flowing through the LCL is lower than the reference one, the gate-source voltage is normally increased to achieve full conduction of the MFET (minimum RDSON resistance and LCL voltage drop).
If the current flowing through the LCL tends to exceed the reference one, the MFET is commanded in its linear region by the relevant control, which lowers the gate-source voltage as required.
The MFET in fact behaves like a current source at the Drain under the control of the Gate voltage. 
The dynamic performances of the current control loop are typically dominated by the parasitic gate-drain and gate-source capacitance of the MFET, which are responsible for a dominant pole in the control loop when combined with the gate driver impedance.
Further dominant poles in the current regulation loop are typically caused by line inductance, especially at the output of the LCL, combined especially with parasitic MFET capacitances.
Some hints for an effective and stable LCL design are given in the paper in Annex I.
Proposed alternatives and verification
The design of the stability of an electrical system comprising a non-ideal current source (LCL) and a generic load can become rather difficult when the possible dynamic load characteristics can vary over a wide range.
The main issue is that the stability of the non-ideal current source depends heavily on the nature of the load. A typical case is the design of a latching current limiter when a number of possible loads are considered: it soon appears very difficult to size for stability of the current limiter loop when the envelope of the possible loads is taken into account (including failure scenarios, harness contribution, common and differential mode filter design options, etc.).
The proposed approach for ensuring source-load stability is derived from the paper in Annex H and it is based on a three-step verification method and on the check of the system stability by application of source-load interface requirements control. It seems to have an undoubted advantage over the study of the current loop stability with the conventional Bode or Nyquist approach applied for each load case, especially because the load nature could not be known in detail to the designer of the LCL from the beginning, and it could be difficult, if not impossible, to practically run the analysis for all load envelope cases.
The steps for source-load stability verification are the following:
Fix the operating point (LCL DC output voltage), and linearise the source and load circuits around it;
Design the LCL checking the loop stability with the LCL output “short-circuited” on a DC voltage sink;
Check the ratio of source (LCL) and load impedance according to the revised Bode or other criteria.
More details are given in Annex H.
In practice, in ECSS-E-ST-20-20 some requirements are specified for the verification of the LCL stability in stand-alone configuration (to be applied during design and LCL manufacturing / production phase, both in frequency domain and in time domain), and other requirements are specified to check the compatibility of the LCL with its particular load before the relevant integration phase, so that possible source-load stability issues can be predicted and resolved in early design or procurement phases.
In detail, the LCL needs first of all to be designed to meet minimum stability margins (50° phase margin, 10dB gain margin) when loaded on a DC voltage sink.
[5.4.6.1.1.a] Stability - Frequency domain, phase margin
[5.4.6.2.1.a] Stability - Frequency domain, gain margin
When connected to a DC voltage sink, the stability of the LCL can be analysed irrespective to the LCL output impedance (it is short-circuited on the fixed LCL output voltage).
Both requirements [5.4.6.1.1.a] and [5.4.6.2.1.a] are specified to be verified by analysis and tested at design qualification level for an LCL DC input - output voltage drop of (4±1) V: this value has been chosen based on the current MOSFET technology, for which the worst –largest – parasitic capacitance range is expected at low drain-source voltages. The DC voltage drop across the LCL has been recommended to (4 ±1)V and not lower because normally the LCL current limitation in overload conditions is expected to happen with a low voltage at the output, and the (4±1)V drop represents a reasonable worst case.
In any case, note that breaking the current limitation control loop for LCL stability verification is not trivial and an adequate break point should be selected (such that the circuit impedance at the left and at the right of the break point is very different at all frequencies, and the load conditions are not altered). For example, a reasonable break point for the LCL shown in Figure 5‑17 is point A-B.
[image: ]
[bookmark: _Ref405308962][bookmark: _Toc448407894]Figure 5‑17: LCL current limitation control loop example
At LCL stand-alone level (e.g. not coupled with its specific load in the final application), it is also necessary to verify the LCL stability 
0. when an overload occurs and it is connected to an inductive load within its specified range;
during start-up transients involving current limitation mode for any specified inductive or capacitive load.
The relevant verification can be conveniently done in time domain, using analysis to identify the worst case inductance and/or capacitance to be applied for the relevant test verification.
[5.4.6.3.1.a], [5.4.6.3.1.b] Stability - Time domain, transient from non-limiting mode to current limitation mode.
[5.4.6.4.1.a], [5.4.6.4.1.b] Stability - Time domain, start-up transient to current limitation mode 
The interpretation of the requirements [5.4.6.3.1.a], [5.4.6.3.1.b] and [5.4.6.4.1.a], [5.4.6.4.1.b] is clarified by Figure 5‑18.


[bookmark: _Ref406672266][bookmark: _Toc448407895]Figure 5‑18, Stability and time domain transients
In particular, requirement [5.4.6.3.1b] has been derived from an assessment on the reaction of a control loop (3rd order, with one zero), characterised by a phase margin of 30° and a gain margin better than 10dB. The assessment has been performed under three different cases (e.g. with a different location of the relevant poles, zeroes and different gain).
Note that requirement [5.4.6.3.1b] is equivalent to say that the number of visible “oscillations” periods in the relevant time domain transient is not higher than 3-4 to be sure to have a phase margin of 30° and a gain margin better than 10dB.
Note that a valid set-up should be used for the verification of requirements [5.4.6.4.1.a] and [5.4.6.4.1.b], as shown in Figure 5‑19. In particular the critical load impedance ZL* should be selected according analysis or simulation (or both), and the switch** closure time should be significantly lower than LCL reaction time.
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[bookmark: _Ref415736929][bookmark: _Toc448407896]Figure 5‑19: LCL time domain measurement set-up
Some more information on the possible set-up to be used for the test verification of requirements [5.4.6.4.1.a] and [5.4.6.4.1.b] is given in Annex E.
The overall supply impedance ZPS as seen from LCL input should also be negligible (e.g. 30dB or so lower) than the one presented at the input side by the LCL in limitation (ZCLi in).
The Switch** impedance ZSwitch should also be negligible with respect to the one presented by the LCL in limitation at its output side (ZCLo in Figure 5‑20).>30 dB
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[bookmark: _Ref415737130][bookmark: _Toc448407897]Figure 5‑20: LCL impedance versus power supply and switch impedance
After the stability checks performed on the LCL as a stand-alone item, it is necessary to verify possible stability issues relevant to the matching of LCL output impedance – source impedance – and the load one.
First of all, the LCL output impedance is characterised:
[5.2.17.1.1.a] Output impedance envelope (when in limitation) - Value
[5.2.17.2.1.a] Output impedance envelope (when in limitation) - Verification
Note that it is recommended to verify requirement [5.2.17.2.1.a] by test at design qualification level for an LCL DC input - output voltage drop of (4±1)V, for the same reasons explained for requirements [5.4.6.1.1.a] and [5.4.6.2.1.a] in this chapter. The verification of requirement [5.2.17.2.1.a] is only recommended by test and not by analysis since the present MOSFET simulation models are normally not accurate enough to represent the devices in linear operation. 
Note that the LCL output impedance envelope test at design qualification level should not be necessarily performed at final (flight) module level, but indeed 
0. using an LCL model that is sufficiently representative of the actual flight product;
using a main bus voltage source that is representative to the one to be used in flight conditions (delivering the worst case impedance envelope of the future flight applications);
performing the test at least at ambient temperature.
The test set up for the LCL output impedance test should also be documented in a relevant characterisation report.
The load impedance then needs to be checked, evaluated by analysis and/or test, and provided by the load manufacturer to the system integrator.
[5.5.2.3.1.a] Load characteristic - Load impedance envelope
Finally, and according to the approach explained in Annex H, the source -LCL- and the load impedances need to be compared to verify if any potential stability issues are present: a minimum phase and gain margin is then verified (30° and 5 dB respectively).
[5.5.3.1.1.a] Source-Load characteristic - Source-Load impedances phase margin 
[5.5.3.2.1.a] Source-Load characteristic - Source-Load impedances gain margin 
Note that the verification of requirements [5.5.3.1.1.a] and [5.5.3.2.1.a] is performed at SSE or SSS level: in case of a non-compliance there is a risk that the integration of the LCL with the load results in a non-satisfactory behaviour (uncontrolled oscillations, unpredictable performance, possible components stress to be quantified).
In case of a non-compliance for requirements [5.5.3.1.1.a] and/or [5.5.3.2.1.a] it is necessary either to perform an advanced integration of the LCL with the relevant load (and verify that the overall integrated behaviour is satisfactory from functional, performance and stress point of view), or to modify either the LCL design or more likely the load one to achieve compliance. 
Note that the load modification is normally to be preferred since it affects just the input filter of the equipment, and this is more easily modified than the LCL design.
[bookmark: _Ref224453857][bookmark: _Toc288038801][bookmark: _Toc367273013]Repetitive overload behaviour
Overview
Especially in case of complex loads, including one or more DC/DC converters and having different modes of operation, it is virtually impossible to exclude that specific failure modes at load level do not result into a cyclic entry and exit from LCL current limitation.
For example, the user load in Figure 5‑13 contains a DC/DC converter provided by local undervoltage protection.
If a failure occurs on the secondary side of the converter, causing a local overload, the LCL enters current limitation, the input voltage to the converter decreases and enables the local UVP protection. As a result, the overload disappears, and therefore the input voltage to the converter increases, releasing the UVP and enabling the converter operation again.
The depicted scenario results in the LCL entering a cyclic entry and exit from current limitation (we call it LCL in hic-up mode).
[bookmark: _Toc288038802][bookmark: _Toc367273014]Issue
The main issue of the LCL in hiccup mode is that the internal LCL timer can be periodically reset when the LCL exits current limitation, and for particular hiccup frequencies and duty cycles the timer could never command the LCL OFF.
In this case, the junction temperature of the switch can easily achieve dangerous levels (over rating, or absolute maximum limits), and there is the chance for the switch to fail in short circuit, with catastrophic consequences (main bus short, loss of mission).
[5.2.10.1.1.a] Repetitive overload - LCL case 
[5.2.10.2.1.a] Repetitive overload - RLCL case 
[5.3.5.1.1.a] User UV protection at bus input side - User UV protection at bus input side
Assuming the MFET case temperature is not modified by the application of the overload pulse or pulses until the trip-off occurs, the Zthj-c information given in the MFET data sheet (see Figure 5‑22) is used to derive the thermal behaviour of the MFET junction temperature.
The thermal impedance of the MFET (Zthj-c) is normally given in the datasheet in graphical form.
Zthj-c shows the junction to case temperature increase per watt dissipated in function of the pulse width and of the pulse repetition rate (see Figure 5‑22).
In Figure 5‑21, it is shown that the thermal behaviour (MFET junction temperature) is “simulated” by the voltage appearing across the capacitor of the trip-off counter, under the hypothesis to use an analogue trip-off timer: when the voltage reaches the defined trip-off level Vtrip at time t1, the LCL switch is opened. The corresponding MFET junction temperature is Tmax, which indeed needs to be lower than the relevant maximum rated limit (see section 5.7.5).

 
[bookmark: _Ref248580623][bookmark: _Ref248580616][bookmark: _Toc448407898]Figure 5‑21: Thermal and electrical behaviour under current limitation mode
[image: ]
[bookmark: _Ref248230645][bookmark: _Toc448407899]Figure 5‑22: MFET Thermal impedance, example
Note that the MFET thermal impedance information is applied under the worst case conditions, which means at both the maximum drain-source voltage and with the MFET drain current in current limitation mode. 
In case of a single overload pulse, it is possible indeed to match the two curves given in Figure 5‑21 to have the correct reaction of the LCL and open the LCL switch before to reach the relevant rated temperature.
In case of repetitive overloads, the thermal and electrical behaviours under current limitation mode given in Figure 5‑21 do not necessarily match, to ensure the LCL to open before reaching dangerous temperature limits on the LCL switch. 
It can happen in fact that the trip-off-counter “discharge”, linked to the electrical time constant of the relevant low pass filter, is faster than the decrease of the MFET junction temperature (linked to the relevant thermal capacity).
The resulting situation is shown in Figure 5‑23: in spite that the overload is repetitively applied for a duration t <ttrip-off-time. the rated junction temperature Tj, max is reached without trip-off.


[bookmark: _Ref227149756][bookmark: _Toc448407900]Figure 5‑23: Electrical and thermal behaviour mismatch under repetitive overload
[bookmark: _Toc288038803][bookmark: _Toc367273015][bookmark: OLE_LINK9][bookmark: OLE_LINK10]Proposed alternatives
The issue of ensuring reliable reaction (switch-off) of the LCL under repetitive overload conditions (e.g. maintaining the switch junction temperature within rating conditions – see also section 5.7.5 -) can be resolved rather efficiently by implementing the LCL timer in the trip-off section with different time constants for counting up (e.g. during overload duration, and switch current limiting mode) and for counting down (e.g. when the switch goes back to ohmic conditions).
More in detail, the counting down time constant needs to be at least one order of magnitude lower than the count up time (it is recommended to use a ratio of about 30, to be confirmed with detailed analysis). 
The ratio of 30 between the count down and count up time constant is an indicative design choice verified on typical LCL design circuit – characterised by the current limiter section shown in Figure 5‑17 – under the application of a reasonable repetitive overload case – square wave, 10 KHz maximum, with different duty cycles.
[5.2.10.1.1.a] Repetitive overload - LCL case
[5.2.10.2.1.a] Repetitive overload - RLCL case
[bookmark: _Toc288038804][bookmark: _Toc367273016]Verification
The repetitive overload requirements [5.2.10.1.1.a] and [5.2.10.2.1.a] are expected to be verified by analysis, in worst case conditions, with most critical conditions to be verified by test at design qualification level.
It is highly recommended to spend some time to model the thermal impedance of the switch in order to have a correct prediction of the switch junction temperature for all repetitive loading cases, and to use this information to run a number of analyses for different overload repetition frequency and duty cycles.
The repetitive overload analysis verification should be done for the most critical cases, e.g. for current overload profiles for which the MOSFET junction temperature is the highest and/or for which the trip-off does not occur.
It is proposed to perform the verification with the application of a square wave overload profile (from nominal LCL/RLCL class current to short circuit) and variable duty cycle to find out the most critical cases defined above, for different application frequencies up to about 10KHz. The most critical conditions should be verified also by test verification at design qualification level. 
[bookmark: OLE_LINK13][bookmark: _Toc288038805][bookmark: _Toc367273017]Undervoltage protections at load side and interactions with LCL
Overview
Especially in those cases where the responsibility of power source or distribution unit (including LCLs) and load belongs to different companies (and/or when the load is a recurrent item, already developed and manufactured at the time of definition of the power system), it is common to have loads provided with their internal undervoltage protection.
Typically, an undervoltage protection is introduced in the functions of an electrical user because it avoids that the equipment is supplied by a voltage that is outside its nominal operative range (if this condition is not guaranteed, abnormal modes of operation or event stress conditions could be started, with possibility of failures and failure propagation).
The undervoltage protection typically cuts the supply line to the user circuits for input voltages below a critical threshold, and allows the supply line to be restored in case of a second voltage threshold is reached by the power input line.
Normally there are two different thresholds (one for cutting, another for restoring the supply line), separated by a hysteresis.
The hysteresis of the undervoltage protection is essential to avoid high frequency ON/OFF cycles should the input voltage be around the undervoltage threshold.
The undervoltage protection reacts on the input voltage level with a delay which is necessary to avoid spurious, transient switch-off due to voltage transients due to step loads or other reasons.
[bookmark: _Toc288038806][bookmark: _Toc367273018][bookmark: _Ref404185216]Issue
If a user is provided with its internal undervoltage protection is connected to a power bus protected by LCLs, there can be specific failure modes (at load side, on the secondary converter or in the supplied load) that result in an overload situation.
Such failures are normally identified by the relevant FMECA analysis, but the user could not appreciate the consequence of the overload at system level if the interface with the LCL is not evaluated in the context.
In case of an overload, the LCL reacts by entering current limitation, and as a result the input voltage to the user decreases.
If the input voltage to the user decreases below the user undervoltage protection threshold, this causes the power supply cut-off, the overload disappears and the voltage at the user input increases again.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]The result is a spurious current limitation/saturation LCL cycle and a user undervoltage protection activation and deactivation, with abnormal bus perturbations, EMC disturbances and possible failure propagation due to thermal stress on the LCL switch (see also section 5.7.2.6).
[bookmark: _Toc288038807][bookmark: _Toc367273019]Proposed alternatives
In general terms, and for the issues explained in the section 5.7.2.7.2, it is advisable to evaluate carefully the effects of undervoltage protections on user’s side if a power distribution by LCLs is used.
It is difficult to generalise the possible problems that can arise from the interaction source-load in this case, the best advice is indeed to analyse the possible issues as part of the FMECA.
[5.3.5.1.1.a] User UV protection at bus input side - User UV protection at bus input side 
Note that off-the-shelf units developed for power distribution based on fuses are normally provided with undervoltage protection.
In any case, to be in control of the possible thermal stresses on the LCL switch, it is necessary to apply the requirements applicable to the repetitive overload issue (see section 5.7.2.6).
[5.2.10.1.1.a] Repetitive overload - LCL case
[5.2.10.2.1.a] Repetitive overload - RLCL case
Additionally, it is necessary to confirm the correct behaviour of the power distribution chain not only in nominal mode, but also in case of a failure.
In fact, the effects of the disturbances generated by the spurious current limitation/saturation LCL cycle and a user undervoltage protection activation and deactivation need to be assessed at system level (note that the relevant current emission is likely to exceed the normal conducted emission limits, both in frequency and time domain).
It is not obvious to conclude that any LCL “hiccup” mode in this respect results in a switch-off after a given time (in fact, there is always a minimum overload duty cycle, and maximum overload period that do not result in LCL switch-off).
In the Figure 5‑24 two possible different situations are shown. 
The first one (a) is an overload situation that results in LCL switch-off after certain number of cycles, the second one (b) is the worst case condition, when the overload appears with the condition that does not result in LCL switch-off (a minimum duty cycle δT2 and a maximum period T2), since the voltage of the trip-Off timer never reach the reference value.
In both cases it is necessary to assess the increase of the MFET junction temperature Tj. 
In fact, if the design is not done according to the requirements discussed in section 5.7.2.6, Tj can reach in both cases a very high value, which can destroy the LCL switch and the whole circuitry because of failure propagation.
So, either the effects of the phenomenon are clearly analysed in worst case and tested under a reduced set of critical conditions, or evidently a non-measurable risk is taken, and it is then better to revise the presence of undervoltage protection on the user side.
A potential solution can also be an additional feature of the LCL design that causes the immediate trip-off in case the LCL enters current limitation for two consecutive time periods, whatever the time period duration is.
Indeed, this function resolves the present problem but it is considered too risky to be adopted: in fact, it requires a perfect screening of start-up conditions, where it could be very likely to enter/exit current limitation during input filter charging or converters start-up.
A potential LCL switch-off during start-up, under specific circumstances, indeed cannot be accepted.


a)


b)
[bookmark: _Ref228157250][bookmark: _Toc448407901]Figure 5‑24: LCL Behaviour under repetitive overload and UVP activation.
[bookmark: _Toc288038808][bookmark: _Toc367273020]Verification
As mentioned in section 5.7.2.7, it is recommended to analyse undervoltage protection of loads and interaction with LCLs in worst case.
Analysis should entail emission and susceptibility checks both on source and load side, to ensure that no spurious change of operational status, power quality, telemetry or other signal corruption can result.
Analyses conditions should be applied in order to maximise as much as possible emission and susceptibility patterns.
[bookmark: _Toc288038809][bookmark: _Toc367273021]Series connection of LCLs
Overview
In some cases it can be needed to distribute power inside a piece of equipment via secondary LCLs in order to protect the different loads of the equipment in the event of a short-circuit to ground, or overload in one of the loads as shown in Figure 5‑25. 


[bookmark: _Ref248289574][bookmark: _Toc448407902]Figure 5‑25: Complex payload with an internal distribution system
Different loads can be connected to a single power line from the bus: for example, a DC/DC converter powering a digital/analogue load, a pure resistive load (e.g. heaters), a load powered at bus voltage (not needing DC/DC conversion), etc.
We define primary LCL as the one placed in the Distribution Unit (for example PCDU), while secondary LCLs are the ones distributing the power within the equipment (normally placed in the equipment, not in the Distribution Unit).
It should be noted that secondary LCLs might not follow the scheme explained in section 5.2.
In some cases, only the current limiting function and/or the switching capability is implemented and not the rest of the features.
[bookmark: _Toc288038810][bookmark: _Ref353364111][bookmark: _Toc367273022]Issues
· Interactions between primary and secondary LCL
If we consider just the current limiting function (without protections, trip-off time, intermediate decoupling capacitors, etc.) there is no problem in placing two current limiters in series. There is no theoretical reason why two independent current limitation loops can interact and lead to an instability. It should be noted that LCLs do not store energy and hence, oscillations due to this interaction are not likely.
From a preliminary check, it was not possible to find a situation where oscillations occur between primary and secondary LCLs. Checked scenarios included having very fast and very slow current limiters, current limiters with the same or very different current thresholds, taking into consideration inductive/capacitive loads, harness inductance, etc. Oscillations between current limiters were not found in any of these scenarios.
However, this could be different when other protection circuits (e.g. UVP) come into play (see relevant bullet discussion in this section).
· LCL versus switches
Switches are typically used for thermal control, pyro circuits, etc. Typically, an LCL feeds a group of (ON/OFF) switches controlled by the satellite on-board computer. The switches could be placed on the hot line or on the return line. The advantage of a hot line switch is that any short circuit to the ground can be isolated.
More in detail, in case many switches are connected on the hot line to the same LCL (as it is the case for the switches commanding ON/OFF different heaters on a same group), the rest of the heater group can still be used in case one of the heaters loads fails in short circuit to ground. 
Conversely, having a heater switch in the return line allows lower Rdson MFETs to be used (N instead of P-channel types), but the whole group of heaters (protected by LCL) is lost in case of a heater short circuit to ground. 
When the arrangement of Figure 5‑26 is implemented, the MFET used as a switch could enter (dissipative) linear mode. If there is a short-circuit in the load, the primary LCL enters into limitation (ILIM). This forces the gate voltage of the switch (VGS) to have the necessary value to drive this exact current level. Hence, the MFET in the switch is not saturated but in linear mode, with substantial current (ILIM) and non-negligible voltage difference between drain and source (VDS). Thus, the thermal design is implemented to cope with this failure.


[bookmark: _Ref248290249][bookmark: _Ref248290238][bookmark: _Toc448407903]Figure 5‑26: LCL followed by a switch
· Undervoltage protection
As previously mentioned, if no other functions besides current limitation are implemented in the LCL, it is not likely that interactions between the primary and the secondary LCL occur. 
However, if UVP is implemented, hiccup modes can occur as in the general case.
Figure 5‑25 represents a generic complex load that comprises several internal sub-loads.
Some of them are fed through LCLs but there can be other electronic circuits directly powered from the Distribution Unit LCL.
If there is a failure on some of the un-protected electronics leading to an overload (not a short-circuit), the primary LCL can start limiting the current hence lowering the input voltage of the complex payload. If the internal LCLs have input UVP protections, they could switch off and the current could go down. The overload case could therefore disappear and the primary LCL could stop limiting the current. The system then re-starts and comes back to the previous condition. As a consequence, the system enters in a hiccup mode with unpredictable consequences.
This interaction could also occur between the secondary LCLs and their relevant loads. This case is similar to the one depicted in section 5.7.2.7. Note that the secondary LCLs prevent the voltage coming from the Distribution Unit to go down. Hence, in this case there is no interaction between the primary LCL and the secondary LCLs.
[bookmark: _Toc288038811][bookmark: _Toc367273023]Proposed alternatives
If all the internal circuits of the unit are fed through secondary LCLs as shown in Figure 5‑27, the hiccup mode between primary and secondary LCLs is completely avoided under the assumption that the secondary LCLs, if provided with UVP at their input, has not have internal failure modes resulting into primary LCL limitation.
Note that these assumptions are normally verified.
In such case, there are three options:
No UVP is needed
There is UVP in secondary LCL or
There is UVP in secondary load.
In case secondary LCL and relevant load contain UVP, see the discussion presented in the section 5.7.2.8.2.


[bookmark: _Ref248290645][bookmark: _Toc448407904]Figure 5‑27: Complex load with cascaded LCLs
The selection of the secondary UVP (UVPsec) needs to be carefully designed according to the nature of the load and to the defined primary UVP (UVPprim), which is normally defined as a “general” default to be in control of bus behaviour but could be modified in special cases.
di/dt control
If di/dt control is implemented in primary LCL there is no need to implement additional di/dt in secondary LCLs in case the secondary LCLs are configured ON at the start-up (see chapter 5.7.2.2). 
If the secondary LCLs are used later as switches while the primary LCL stays ON then naturally di/dt control is also required for the secondary LCLs.
Trip-off time
The LCL classes are defined in each case applying a pre-defined set of values. As a consequence, the total sum of the current limits for the secondary LCLs could be higher or lower than the primary LCL limit.
Two possibilities arise:
· If Ilim-sec_i + ΣI-sec_j (j=0..n-1)< Ilim-prim (with margin to be defined) the primary LCL does not enter into limitation. Hence, there is no need to respect any special relation between trip-off time of primary and secondary LCLs.
· If Ilim-sec_i + ΣI-sec_j (j=0..n-1)≥ Ilim-prim the primary LCL can enter into limitation, for example during start-up when secondary filters are charged.
If the secondary trip-off time is longer than the primary one, the primary LCL can trip-off preventing the load form starting properly. Hence, it is necessary to ensure that ttrip-off(sec) < ttrip-off(prim). In this situation the margin between the trip-off time of the primary LCL and the secondary LCLs should be high enough (for example 50%) to ensure that limitation on secondary side does not latch up the primary LCL. At the same time it needs to be guaranteed that the input filter of the load (if applicable) is charged completely within the trip-off time of the secondary LCL. This margin could be lower if the same manufacturer provides the secondary LCL and the load itself. 
Requirements
In general, it is always better to apply the design rule If Ilim-sec_i + ΣI-sec_j (j=0..n-1)< Ilim-prim to avoid any interaction between the primary LCL and the secondary ones.
In req. [5.5.5.1.1.a]  Ilim-prim has been replaced with Iclass to have some additional margin
[5.5.5.1.1.a] Internal load input current limitation - Internal load input current limitation
In case the rule above cannot be applied, or there is a late realisation in the design/procurement process that the condition Ilim-sec_i + ΣI-sec_j (j=0..n-1)< Ilim-prim is not fulfilled, it is necessary to apply the second rule, e.g. if Ilim-sec_i + ΣI-sec_j (j=0..n-1)≥ Ilim-prim then ttrip-off(sec) < ttrip-off(prim).
[bookmark: _Toc288038812][bookmark: _Toc367273024]Parallel connection of LCLs
Overview
Parallel connection of LCLs is another possibility that can be found in some cases because of several reasons. 
Very powerful loads could need more than one LCL to supply the total nominal current, and in this case one option is to put two or more current limiters in parallel. This solution could be interesting to make extensive use of a recurrent LCL instead of developing a new one for a specific load. 
[bookmark: _Toc288038813][bookmark: _Toc367273025]Issues
Redundancy is another reason why LCLs could be connected in parallel. Figure 5‑28 shows three typical scenarios. 
In Figure 5‑28a) a load is supplied by a single LCL. This is usually done when the load needs no redundancy or higher power LCLs than the ones already available as recurrent items.
Figure 5‑28b) shows a nominal + redundant load supplied through two (nominal + redundant) LCLs. 
Finally, Figure 5‑28c) shows a single payload fed by two LCLs connected in parallel.
Note that the parallel LCL configuration is justified by the need of having a higher current capability, and not by redundancy needs.
As it is explained in the ECSS-E-ST-20-20 scope, paralleling of LCLs to increase power supply line reliability is not reasonable, since it does not appreciably change the reliability of the overall function (LCL plus load). In fact, a typical reliability figure of the LCL (limited to the loss of its switch-on capability) is 20 FIT or less. If the load to be connected to the LCL line has a substantial higher failure rate than this, it does not make a lot of sense to duplicate the LCL to supply that load.


[bookmark: _Ref248306819][bookmark: _Toc448407905]Figure 5‑28: LCL connections
[bookmark: _Toc288038814][bookmark: _Toc367273026]Proposed alternatives
After concluding that the parallel LCL connection makes sense only for increasing power of the line, a number of requirements are established in ECSS-E-ST-20-20 to ensure that 
the LCLs can be effectively put in parallel,
their current sharing and the trip-off time is correctly assessed (to avoid premature tripping off with respect to expected thresholds)
the relevant command is shared and 
that the current telemetry is expected to provide the sum of the currents through each one of them.
Note that the overall limitation current of two (or more) LCLs in parallel is usually smaller than the sum of the individual LCLs limitation currents.
[5.2.12.1.1.a] Parallel connection - LCLs in parallel
[5.2.12.2.1.a] Parallel connection - LCLs in parallel and current sharing
[5.2.12.3.1.a] Parallel connection - LCLs in parallel and trip-off
[5.2.12.4.1.a] Parallel connection - LCLs in parallel and ON/OFF command
[5.2.12.5.1.a] Parallel connection - LCLs in parallel and current telemetry
[bookmark: _Toc288038815][bookmark: _Toc367273027]It is important to highlight that the requirements [5.2.12.1.a.] to [5.2.12.5.1.a] above refer to parallel connection of LCLs performed during the development phase by the Distribution Unit or in any case by the power distribution function manufacturer.
There is also the possibility to put LCLs in parallel by the system integrator (when the Distribution Unit or the power distribution function are already manufactured), but this is not recommended for a number of reasons:
· there might be differences on the timing of the parallel LCLs commands, and therefore load input filter charging might not see a correct current sharing on all the LCLs in parallel;
· the LCLs in parallel might have differences in actual current limitation and trip-off time characteristic, in a way that is not trivial to account for ensuring a predictable behaviour of the interface (especially if LCLs of different classes are parallelised);
· the actual current sharing of the LCLs in parallel in nominal operation (for currents up to the individual class current, and also above) might not be easily assessed;
· the status information of the LCLs in parallel might not be reliable (one, or more, of the LCLs in parallel might confirm ON status also if they are in OFF state);
· It is necessary to guarantee that an LCL in OFF conditions can accept an output voltage up to its input voltage.
In summary, it is possible to parallel LCLs belonging to a unit already manufactured, but a number of additional precautions and assessments are required.
Verification
Requirements [5.2.12.1.1.a] should be verified by review of design, and the other requirements relevant to LCLs in parallel ([5.2.12.2.1.a] to [5.2.12.5.1.a]) should be generally verified by analysis and test.
Test verification can be necessary to ensure that indeed the parallel LCL configuration is functional with all LCLs in parallel active.
Reverse current tolerance
Overview
Some loads (e.g. reaction wheels, solar array drive electronics, motors, and magnetic rods) can re-inject current into the bus under specific circumstances.
In these cases it is necessary that the LCL design is able to withstand the relevant condition.
Practical case: the power injected on the bus by a reaction wheel assembly can reach 100 W peaks, with 10 Wh energy to be discharged.
Proposed alternatives
It is clear that the capability to withstand reverse current imposed by the load does not apply to all LCL application cases, and therefore the relevant requirement is in fact a recommendation.
[5.2.11.1.1.a] Reverse current tolerance - Reverse current tolerance
In case requirement [5.2.11.1.1.a] is complied, the reverse current peak tolerance needs to be at least equal to the LCL class current, with a decay time of 10 minutes maximum based on actual practical case information.
[5.4.1.2.1.a] Overall requirements - Reverse Current Tolerance 
Note that a recurrent LCL product definition and design could consider the reverse current tolerance requirements [5.2.11.1.1.a], [5.4.1.2.1.a] since it could be difficult to demonstrate the relevant compliance if some ad-hoc measures are not taken during the design phase. 
[bookmark: _Toc288038816][bookmark: _Toc367273028][bookmark: _Toc448407865][bookmark: _Ref224016721]Fault conditions (partially or fully failed LCL)
Introduction
In this section, we deal with requirements stemming from abnormal (fault) conditions happening in the LCL itself.
[bookmark: _Ref248315900][bookmark: _Toc288038817][bookmark: _Toc367273029]dI/dt control and current limitation
Overview
The control of dI/dt at LCL switch-on and switch-off is a mandatory feature to be implemented in the design to be in control of EMC performances, and avoid critical conditions at system level related to potential spurious switch-off, equipment mode changes, self-susceptibility problems when issuing ON or OFF commands.
Normally, the dI/dt control is implemented in the LCL in the switch, driver and current sense section, and it could be combined or not with the current limiter control.
[bookmark: _Toc288038818][bookmark: _Toc367273030][bookmark: _Ref404269148]Issue
Depending on the load nature, after a single failure in the LCL, dI/dt control could not be effective anymore to respect the relevant requirement, and therefore the critical control of EMC performances discussed above may not be guaranteed.
One peculiar case is the loss of the current limitation by the LCL, without losing its switching capability: normally a number of failure modes can be identified in the LCL, which causes this situation.
In case the LCL current limitation is lost, but not its switching capability,
it is very likely that on specific loads the dI/dt control is affected, and 
the current at start-up is not limited to the designed limitation threshold.
Actually, the loss of the current limitation could be the cause of uncontrolled dI/dt: consider that the supplied user interface includes an input filter, as shown in Figure 5‑13.
If the LCL current limitation is lost, at switch-on the LCL reacts as a normal switch, and the user input filter is then charged on a voltage source.
The inrush current profile in this case is indeed much different than the one produced with a fully functional LCL. 
In particular, the inrush current is very likely much higher than nominal if LCL current limitation is lost, especially if the inductor of the user input filter is partially or totally saturated during the inrush event.
[bookmark: _Toc288038819][bookmark: _Toc367273031]Proposed alternatives
From the analysis performed in section 5.7.3.2.2, it is easy to conclude that it is useful to ensure dI/dt control at source side (at start-up and at switch-off).
[5.4.2.1.1.a] Start-up / switch-off requirements - Start-up current rate 
[5.4.2.2.1.a] Start-up / switch-off requirements - Switch-off current rate 
It might not be difficult to implement the LCL in a way that the dI/dt requirement is fulfilled also in case of single internal failures (including loss of current limitation).
Of course, the loss of start-up dI/dt control for sudden failures of the switch, driver or for a sudden overload cannot be avoided, but these conditions need just to be accepted (they could happen only once after a failure).
In any case, it is necessary to place some requirement on load (user) side to ensure that the start-up transient that could result if LCL current limitation is lost is within specified limits.
The issues in this case are:
high inrush current peaks, that can stress the MFET switch and/or the capacitors in the user input filter, or other parts, over their rated value;
abnormal main bus disturbance (to be kept under control).
To be sure that there is no effect on power distribution functionality even after a failure of the current limitation feature of the LCL (when its switching capability is maintained), the proposed approach is to specify for the user that the maximum inrush current on a sudden switch-on event on a voltage source is within a specified value (this value being compatible with component stresses and required main bus disturbance limits)
[5.5.4.1.1.a] Start-up Surge Input Current - Start-up Surge Input Current
Note that it is not practical to require the LCL to comply with single point failure free current limitation (it requires doubling the switch, driver and current section – see Figure 5‑13).
[bookmark: _Toc288038820][bookmark: _Toc367273032]Verification
In general, the verification of all proposed requirements [5.4.2.1.1.a], [5.4.2.2.1.a] and [5.5.4.1.1.a] is performed by both analysis and test. 
Analysis is necessary because all the relevant requirements are design drivers for the LCL and the load input filter: the relevant analyses are necessary iterations to be able to define the electrical design of both source and load.
Test verification is necessary to confirm analyses outputs and to ensure that EMC self-compatibility is adequate.
Note that for specific cases the requirements can be verified by simple RoD (in case that the supplied loads are of exclusive resistive or resistive-inductive nature, like heaters or similar).
[bookmark: _Toc224959873][bookmark: _Ref225234715][bookmark: _Toc288038821][bookmark: _Toc367273033]Additional switching capability
Overview
On the power distribution architecture based on LCL, the question is normally placed if a second switching element is added to the LCL switch itself.
This section identifies issues and alternatives relevant to the presence or the absence of the secondary switch.
[bookmark: _Ref225152899][bookmark: _Toc288038822][bookmark: _Toc367273034]Issue
As usual, let us take into consideration Figure 5‑13.
Case 1, no additional switching capability
This is the case depicted in Figure 5‑13, in which there is no additional switching element other that the switch S1 in the LCL.
In case of any failure resulting in a low-ohmic, saturated switch, in short circuit or with a permanent low voltage drop across it, the load is in any case energised.
For dissipative failures across the MFET switch, see section 5.7.3.4.
Since there is one failure already in the LCL, there is no need to take into account contingent (failure) situations for the load.
In any case, it is not possible to remove the power supply from the load, meaning that the load consumption is in any case part of the power budget.
This fact has direct implications on the power budget, or in the specific load requirements:
If the following conditions are met: 
all of the load operational modes imply a non-negligible power consumption, and
the load operational modes cannot be directly commanded by an autonomous, on board load shedding routine to be triggered by abnormal bus load consumption 
the power budget needs to cover the LCL switch failure by considering the actual MB maximum load, plus eventually the unwanted load connected to the failed LCL.
The relevant requirement on power budget is important especially for safe or contingency modes of operation of the satellite (e.g. when normally all non-essential loads are commanded OFF to save power).
In general, it is advisable that an autonomous, on board load shedding routine acts directly on the load operational mode through specific telecommand and not on the LCL switch (unfortunately this being usually the baseline).
If the load operational mode, activated at start-up, is a stand-by one for which a negligible power consumption is expected, there is no special need for putting constraints on the power budget.
Case 2, additional switching capability
In this case, let us consider that an additional switch S2, with independent ON/OFF capability with respect to the LCL, is present either on the power system (LCL) side (Figure 5‑29) or on the load side (Figure 5‑30).


[bookmark: _Ref225218904][bookmark: _Toc448407906]Figure 5‑29: Additional switch on power system (LCL) side


[bookmark: _Ref225218921][bookmark: _Toc448407907]Figure 5‑30: Additional switch on load side
Normally, if no specific constraints exist (like the re-use of off-the-shelf payloads) it is preferred that the additional switch is available on the power system (LCL) side, to save all the dedicated ON/OFF command lines and relevant harness and connectors that on the contrary are needed.
Note that this being the supply line for the load, the switch on the load side requires dedicated ON/OFF interface and it is not possible to use the available digital TM/TC interface (for example, serial CAN bus, MIL 1553, etc.).
Irrespective to the location of the additional switch, it is necessary to ensure that the additional switch can in any case be opened when the LCL switch is commanded ON (or fails ON or in short circuit).
The reason is to ensure that no unwanted load is connected to the main bus after a single failure (e.g. not to impose constraints on the power budget).
Even if an additional switch is given, it is important to be sure that there is the possibility to have an automatic, quick load removal in case of a bus overload event.
It is therefore a good recommendation to let the (LCL) UVP act both on the LCL switch and on the additional switch (to be provided by an independent memory cell), so that the load shedding can be performed in any case, even if the LCL switch fails in continuous ON or in short circuit condition.
Note that the situation leading to a load shedding in this case could not depend on a failure (it could be an operator error, or a satellite abnormal attitude due to other reasons), e.g. it is necessarily a second failure case (we normally are required to implement SPFF design).
[bookmark: _Toc288038823][bookmark: _Toc367273035]Proposed alternatives
From the discussion made in the previous section 5.7.3.3.2, there are two main alternatives:
Case 1, no additional load switch (no contingency ON/OFF capability)
This is very likely the option that minimises the overall power management and distribution architecture. Reference is Figure 5‑13.
It is especially interesting (e.g. it does not require to put constraints on the power budget) for users having a low stand-by consumption modes.
[5.2.13.1.1.a] Switching options - No additional switching capability
[5.2.13.2.1.a] Switching options - No additional switching capability, negligible load power consumption modes
Case 2, additional load switch (contingent ON/OFF capability)
This option is more likely to be adopted for those loads already available as off-the-shelf items and provided with a switch on the power line (for example, such loads are normally developed for power distribution architectures based on overload protections by fuses), or when the conditions a. and b. of section 5.7.3.3.2 apply, and one does not want to put specific constraints on the power budget.
[5.2.13.3.1.a], [5.2.13.3.1.b] Switching options - Additional switching capability 
[5.2.13.4.1.a] Switching options - Additional switching capability, location of additional switch
In case the additional switch is implemented on the power system (LCL) side to avoid relevant commanding line, harness and connectors, it is a good recommendation to let the (LCL) UVP act both on the LCL switch and on the additional switch (to be provided by an independent memory cell), so that the load shedding can be performed autonomously and quickly in any case, even if the LCL switch fails in continuous ON or in short circuit condition.
[5.2.13.5.1.a] Switching options - Additional switching capability - UV protection acting on additional switch
[bookmark: _Toc288038824][bookmark: _Toc367273036]Verification, method and operative conditions
The requirements relevant to additional switching capability [5.2.13.3.1.a], [5.2.13.4.1.a] and [5.2.13.5.1.a] are normally easy to verify by simple RoD.
The verification of the requirement [5.2.13.2.1.a] is accomplished by review of design (made by the unit manufacturer), after an analysis performed by the system integrator (with some assessment related to what can be considered “negligible” with respect to overall satellite power budget, to be evaluated for each critical mission phase and especially for power contingency modes; other assessment is also required to ensure that the expected load state at power application is confirmed also in case of sudden LCL switch failure or similar, with any applicable dI/dt and dV/dt conditions).
Additionally, the correct load initialisation and power consumption at start-up, with the most representative cases of dI/dt and dV/dt is verified by test.
[bookmark: _Ref248311716][bookmark: _Toc288038825][bookmark: _Toc367273037]LCL switch, dissipative failures
[bookmark: _Toc224959879][bookmark: _Toc224959880][bookmark: _Toc224959881][bookmark: _Toc224959882][bookmark: _Toc224959883][bookmark: _Toc288038826][bookmark: _Toc367273038]Issue
Normally, the LCL switch is concerned by appreciable power dissipation in overload conditions (e.g. in current limitation and during trip-off time), while in normal conditions (e.g. low-ohmic switch operation) the switch power dissipation is rather limited, also due to the stringent requirements on LCL maximum voltage drop.
[5.4.5.1.1.a], [5.4.5.1.1.b], [5.4.5.1.1.c] Voltage drop – Voltage drop
The situation is different when LCL switch dissipative failures are taken into account.
Postulating that the LCL switch is a MFET, and that the only notable failure condition of interest is an equivalent Drain to Gate short circuit condition (according to annex G of ECSS‐Q‐ST‐30‐02), we can predict a maximum dissipation Pd of 
Pd = VDS*ID = (VGS, Th + 1/Gfs*ID)*ID
where
VGS, th is the MFET Gate-source threshold voltage (typically 2V to 4V)
Gfs is the MFET transconductance (typically ranging from 15S to 45S)
ID is the drain current
The expected dissipation in function of load current is shown in Figure 5‑31.
The expected voltage drop in function of load current is shown in Figure 5‑32.
[image: ]
[bookmark: _Ref225232684][bookmark: _Toc448407908]Figure 5‑31: Switch power dissipation in event of D-G short circuit failure
[image: ]
[bookmark: _Ref225233670][bookmark: _Toc448407909]Figure 5‑32: Switch voltage drop in event of D-G short circuit failure
It appears that
already with load currents of few Amps, the dissipative failure of the switch could create critical local hot spots, unless the LCL switches are mounted on thermal conductive supports to minimise the relevant thermal resistance to the unit baseplate;
especially for low main bus voltage cases (28V), the voltage drop across the LCL can become important, but not such to necessarily activate the potential undervoltage protection at load side. 
In reality it appears that the worst case with respect to LCL (MFET) switch dissipation is gate open failure condition (bonding wire in open circuit), which could be higher than what considered as assumption, possibly increasing the voltage across the failed MFET up to twice (or more) the relevant threshold voltage VGS, Th.
For a more precise evaluation of the possible worst condition of a dissipative failure across the LCL MOSFET it is recommended therefore to contact the relevant MOSFET manufacturer.
The assessment contained in this handbook remains in any case valid as well as the requirements related to MOSFET switch dissipative failures contained in the ECSS-E-ST-20-20.
For more details on MOSFET dissipative failures, see the paper in Annex G.
[bookmark: _Toc288038827][bookmark: _Toc367273039][bookmark: _Ref412712650]Proposed alternatives
Three options are proposed in alternative
a. [bookmark: _Ref412712620]In case the LCL switch fails in a dissipative failure and in case no other protection removes the failure, all the surrounding components should be within derating, to ensure that no failure propagation takes place due to the relatively high dissipation.
b. [bookmark: _Ref412712744]In case the LCL switch fails in a dissipative failure and in case the "on board system" removes the failure by reducing the load or commanding OFF additional switch, all the surrounding components should be within rating during the on board system reaction time.
c. [bookmark: _Ref412712757]In case the LCL switch fails in a dissipative failure and in case the option 1 and 2 above are not fulfilled, a protection should be embedded in the LCL or the Distribution Unit.
For surrounding components, it is intended those components relevant to other functions surrounding the failed LCL switch.
The switch dissipative failure can be managed as a steady state condition, or as a transient condition.
[5.2.14.1.1.a] LCL Switch dissipative failure - Steady state condition 
[5.2.14.2.1.a] LCL Switch dissipative failure - Transient condition 
[5.2.14.3.1.a] LCL Switch dissipative failure - Local protection 
Note that the steady state solution (option a) could appear more attractive because it could not require special additional functions with respect to the power distribution “nominal” design, but in fact this could not be true because implicitly it requires a very good thermal path from the LCL switch to the relevant unit baseplate.
Another option (which is not translated into an alternative requirement) makes use of a duplication of the MOSFET switches in the LCL: in case of a dissipative failure in one of the paralleled MOSFETs, the majority of current flows on the other MOSFET(s). 
The drawback of this solution is that the LCL should never commanded in OFF state after the dissipative failure, on the contrary the good MOSFET stops conducting and the failed one dissipates abnormal power levels. The LCL control circuit need then to be modified to enter ON state, or refuse OFF command, in case one MOSFET is failed in dissipative conditions.
The “transient” solutions (options b or c) can allow a “minimum” power distribution LCL mass (no special need of thermal conductive paths from LCL switch to baseplate) but they need either an additional switch and/or an automatic detection and a change of the load to a low consumption mode).
For example, an over temperature protection can be used to command the additional switch in OFF or to command the relevant load in a low stand-by power condition (see section 5.7.3.3).
In any case, the load needs to be under control for the actual supply voltage resulting from the dissipative failure: either it should still work nominally, or it should enter a safe mode of operation (stand-by mode or similar).
 [5.3.3.1.1.a] LCL Switch dissipative failure - Steady state condition, load
[bookmark: _Toc288038828][bookmark: _Toc367273040]Verification, method and operative conditions
It seems reasonable to verify all of the requirements [5.2.14.1.1.a], [5.2.14.2.1.a], [5.2.14.3.1.a] and [5.3.3.1.1.a] by analysis in worst case conditions.
Requirements [5.2.14.3.1.a] and [5.3.3.1.1.a] should also be verified by test to ensure that the hardware is compliant and that the expected performance and functionality is present on the flight equipment.
Req. [5.3.3.1.1.a] refers to the load capability when the relevant input voltage is reduced (due to linear failure in the LCL/RLCL switch). It is no problem to perform the relevant verification by test.
Req. [5.2.14.3.1a] refers to the need of a dedicated protection when dissipative failure cannot be tolerated (continuously or in a transient). The verification that the protection reacts correctly can be performed by test either by stimulus injection or by simulating the LCL switch dissipative failure. This can be conveniently performed at design qualification level.
[bookmark: _Ref243036024][bookmark: _Toc288038829][bookmark: _Toc367273041]LCL Status telemetry
Overview
In order to monitor the status of the LCL, it is important to select proper signals for the telemetry.
The LCL switch can be:
in overload conditions (e.g. in current limitation and during trip-off time), 
in normal conditions (saturation);
in open circuit condition;
in linear dissipative failure.
Sometimes only the voltage drop ([5.4.5.1.1.a], [5.4.5.1.1.b], [5.4.5.1.1.c]) is read and, if it exceeds the maximum value in nominal conditions, this means that the LCL is in current limitation mode.
But the voltage drop can exceed the maximum value not only in LCL current limiting conditions, but also in case of MFET dissipative failure and in case of not-nominal LCL output voltage.
Therefore more than one signal is needed for a correct LCL status telemetry.
[bookmark: _Toc288038830][bookmark: _Toc367273042]Proposed alternatives
A way to overcome the problem is to check different signals depending on the status of the ON/OFF command:
if the LCL is commanded ON, then check the Drain-Source voltage of the LCL MFET;
if the LCL is commanded OFF, then check the current telemetry.
Another way can be also to check, when the LCL is commanded ON, if the voltage at the output of the LCL is or not in nominal conditions.
In any case it is important to confirm that the LCL output voltage is within its nominal range to a specified accuracy.
[5.2.8.1.1.a] Telemetry section - LCL status
It is also important to be sure that the status information can be trusted, independently from possible failures of the LCL command interface.
[5.2.9.1.1.a] Status section - LCL status under failed conditions
The reason for requirement [5.2.9.1.1.a] is to avoid any failure propagation from the command interface circuitry of the LCL/RLCL/HLCL to the status circuitry.
Knowing why an LCL tripped off can also be useful. In order to do so, an additional memory cell could be needed. Its role is to provide additional telemetry in case of a trip-off event. The returned signal should allow the user to determine what caused the trip-off, whether it is a spurious off command (unwanted or noise) or an overcurrent. 
This can allow better failure detection and recovery in flight.
The relevant requirement has not been added to the ECSS-E-ST-20-20 because it is very likely to impact the cost of recurrent distribution by LCLs/RLCLs; in any case it can be considered for specific critical lines/applications.
[bookmark: _Toc288038831][bookmark: _Toc367273043]Verification
Requirement [5.2.9.1.1.a] should be verified by analysis (in worst case, to be sure that the status telemetry signal is indeed able to discriminate that the MFET D-G voltage, or the LCL output voltage, are indeed within their applicable nominal range when the LCL is ON).
[bookmark: _Toc288038832][bookmark: _Toc367273044]Start-up with an internal LCL failure
[bookmark: _Toc288038833][bookmark: _Toc367273045]Issue 1: Start-up after a command, bus power-up or automatic switch-on
When an internal failure of the LCL occurred resulting in the trip-off of the LCL, it is important to protect the power bus if the operator or an automatic restart circuit or routine attempts to turn it on again, or at the next occurrence of bus power-up.
[bookmark: _Toc367273046]Proposed alternatives
To safeguard the power bus, the internal LCL components blocking failure propagation should still meet de-rating after any internal failure causing it to trip-off.
[5.2.7.3.1.a] Conditions at start-up/switch-off - LCL Start-up with an internal failure
[bookmark: _Toc367273047]Verification
Requirement [5.2.7.3.1.a] is verified by analysis.
[bookmark: _Toc288038834][bookmark: _Toc367273048]Issue 2: Start-up with loss of current limitation
Refer to section 5.7.3.2.

[bookmark: _Ref434932544][bookmark: _Toc448407866][bookmark: _Ref224016820][bookmark: _Toc288038835][bookmark: _Toc367273049]RLCL specific requirements
RLCL retrigger enable/disable
Overview
The RLCLs are normally used to supply essential spacecraft loads (for example decoders, receivers, reconfiguration modules within CDM), and as such they are supposed to provide continuously power to the load after start-up.
In case of a load malfunction implying an overload, they enter current limitation mode for the given trip-off time duration, switch off and attempt a re-start after a given time duration as explained in detail in chapter 5.3.
It could be practical or even necessary to stop the repeated switch-on sequence after an overload occurred, because of thermal and/or EMC reasons and also for possible adverse consequences on the satellite functionality or performance that could be triggered by anomalous behaviour of the failed load (for example, a repeated pattern of output signals from failed essential load triggering FDIR actions on the spacecraft).
It is therefore important to foresee the disabling of the RLCLs retrigger function that is normally enabled by default.
[5.2.6.2.1.a] Telecommand section feature - Retrigger function
[5.2.6.3.1.a] Telecommand section feature - Retrigger ENABLE 
Proposed alternatives
Due to the criticality and the possible extreme consequences of a spurious, or unwanted disabling of the RLCLs retrigger function (loss of an essential load not caused by failures), some measures should be put in place to be sure that
No on-board automatism can disable the retrigger function, being this command ensured only by ground commands;
[5.2.6.4.1.a] Telecommand section-  Retrigger DISABLE 
The RLCLs retrigger disable cannot be caused by noise, EMC, ESD, SEE or other unexpected reasons with exception of hardware failures.
[5.2.16.1.1.a] Noise immunity - General 
[5.2.16.2.1.a], [5.2.16.2.1.b] Noise immunity – Verification
[5.2.18.1.1.a] Noise immunity - RLCL spurious switch-off
[5.2.18.2.1.a] Noise immunity - RLCL spurious effects 
In particular, according to the requirement [5.2.18.2.1.a.], some solid approach should be implemented to ensure the robustness “by design” of the RLCL against unexpected retrigger disable.
One design implementation possibility is described in Annex F.
The idea is to “force” the memory cell responsible for the RLCL retrigger status to deliver indeed an enabled signal as long as the number of RLCL retriggering cycles have not reached a minimum number of counts: in this way it is almost impossible for spurious glitches of any nature to disable the retrigger function, or not being able to recover the RLCL to ON conditions after a spurious switch-off thanks to the retrigger function itself.
Another possibility is to configure the retrigger disable circuit as a mono-stable feature: if an external command is received periodically within maximum time intervals, then the retrigger disable is maintained, on the contrary the retrigger restarts autonomously.
Note the relevant implementation is not in conflict with requirement [5.2.6.4.1.a] Telecommand section feature - Retrigger DISABLE: in fact a single command could be issued from ground to start an on board routine (or circuit) in charge to refresh the retrigger disable periodically and achieve the de-activation of the relevant RLCL.
[bookmark: _Ref405818808][bookmark: _Toc448407867]Applicable rating/derating rules
One recurrent issue when designing and using power distribution by LCLs is the uncertainty over the correct application of rating/derating rules with respect to the switch stress (in terms of power and temperature) during an overload event.
Prerequisites.
According to ECSS-Q-ST-30-11 (clause 3.2, definition 3.2.3), "derating" is defined as follows:
“Intentional reduction in a parameter rating of a component in order to increase its useful life in terms of drift and reliability” 
On the other side, circuits that are requested to operate in protection or fail-safe mode in order to prevent failure propagation are required to meet derating (ECSS-Q-ST-30-11, req. 5.3.2h):
“Where components are required to operate in protection mode or in fail-safe mode in order to prevent failure propagation (e.g. short-circuit protection), the components concerned shall meet the derating requirements and application rules when performing the protection or fail-safe function under the worst failure case (i.e. highest stress applied to the components that can last throughout the mission).” 
The third useful information is given by ECSS-Q-ST-30-11, req. 5.4.2a and 5.4.2b:
“a.	If ratings are provided for transients or surge conditions, the same derating figures as for steady state equivalent parameters shall be used.
b.	If ratings are not provided for transient or surge conditions, then it shall be assured that the transient or surge values are below the steady state specified maximum ratings.” 
Discussion.
Since the LCL is in fail-safe or protection mode when an overload occurs, and this is an abnormal and transient situation by design, the requirements 5.3.2h, 5.4.2a and 5.4.2b of ECSS-Q-ST-30-11 are applicable.
In case of an anomaly (overload at user’s side), the overload situation is only applied for a limited time, and there is no need to respect static derating rules under these conditions.
The correct interpretation is therefore that the conditions as per 5.4.2a or 5.4.2b of ECSS-Q-ST-30-11 should be applied, intending that the “derating” should be either applied to the specified rated transient or surge condition as per the load ratio defined in the standard for the corresponding steady state equivalent parameter (5.4.2a), or to respect the steady state specified maximum ratings if the information is not available on the applicable switch requirement specification (5.4.2b).
More specifically, during the worst case overload transient, req.5.4.2a is typically applied to the switch power application (see relevant maximum safe operating area, for which an example is given in Figure 5‑33), while req. 5.4.2b is applied to the switch junction temperature.
[image: ]
[bookmark: _Ref353371434][bookmark: _Ref353371428][bookmark: _Toc448407910]Figure 5‑33: Maximum safe operating area, example (red arrows indicate power limit in transient application)
Normally, for space-grade MFETs switches, the rated junction temperature is specified to 150 degC, while the derating rule, to be applied on static or steady-state conditions, requires to comply to 110 degC or Tjmax – 40 degC , whichever is lower (see ECSS-Q-ST-30-11, clause 6.29.2).
Note that the compliance to the rated junction temperature during the transient overload case should be guaranteed in any case with some margin under worst case conditions, taking into account all uncertainties on switch temperature evaluation.
[5.2.3.4.1.a] Current limitation section - Current limitation, LCL rating
When charging load input filters, the LCL switch should meet derating limits, especially when the LCL ON/OFF cycles are very frequent or repeated with high duty cycle within the satellite lifetime and for additional reliability.
Note in any case that that during load input filter charging the temperature is lower than the rating limit because during charge the load voltage is not permanently at 0V and the load Input Filter Charge time is necessary smaller than the min trip-off time.
In case of repetitive overload, following the logic explained in this chapter, it should be clear which rule to apply.
If the repetition of overload is within limited time duration after a failure, rating can be applied.
If in the contrary the overload repetition is not within limited time duration after a failure, derating should be applied.
[5.2.10.1.1.a] Repetitive overload - LCL case
[5.2.10.2.1.a] Repetitive overload - RLCL case
Consequently, for RLCLs, the relevant components stay under derating when the RLCL is in limitation mode.
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[bookmark: _Toc448407868]Load input filter damping
The damping of input filter of units connected to the spacecraft power bus is highly recommended to avoid any stability issues or power bus oscillations when the unit is submitted to voltage ripple in the range of the resonant frequency of input filter, typically in the range 1 kHz to tens of kHz.
Although the subject of input filter damping is not linked with the performances of the LCL function, it has been judged important to formalise some recommendations, this being part of the power interface in the distribution function.

The following recommendations and best practices should be followed:
Unit input filters inserted in the power line should be properly damped.
The damping should be calculated in the worst case, considering at least (but not limited to):
Input voltage range,
Unit power consumption, 
Source impedance (including or excluding LISN),
Components incertitude,
Load impedance (regulators, PWM converters…).
As a good practice, the damping factor ζ should not be lower than 0,4 (equivalent 2nd order filter) in flight conditions; in ground condition (test conditions, wider input voltage range…) the damping factor should not be lower than 0,3.
These recommendations should apply for differential and common mode filters.

These recommendations are justified as follows:
0.  ζ = 0,4 (equivalent 2nd order system) corresponds to:
36% amplification in frequency response
25% overshoot in step response
 a control loop with 40° phase margin.
Damping factor of 0,4 is a still poor performance but the experience shows that most input filters of high consuming units are underdamped.
The main reason is that increasing the damping requires to select a the “damping” capacitor much bigger that the useful capacitor.
In addition, power DC/DC converters have a negative load impedance which degrades the damping. Putting strong requirements (like 0,7) would be not realistic. The figure of 0,4 is an acceptable compromise. 
In ground conditions the input voltage can be lower than the min spec. value (soft start of the EGSE).
For high power units, designers often prefer large capacitors and small inductors in LC filters for keeping the efficiency high. Values for L can be as low as some µH. The line inductance, modelled by the LISN is not negligible anymore with respect to the LC components, and it can change significantly the damping and the resonant frequency.
Load impedance is roughly:
A current generator (infinite resistance) for a linear regulator.
A negative resistance for a switching converter.
This negative resistance is worse when its absolute value is low.
This occurs at low input voltage and at max load current.
Damping components should be sized to withstand AC voltage/current conditions experienced in orbit and on ground (EMC tests).
Damping components stress is generally very low in normal operation (no noise). However, EMC tests and especially the 1Vrms injection, can stress the damping network. This is particularly true if the damping factor is low (amplification of the ripple).
ECSS-E-HB-20-20A 
15 April 2016 
ECSS-E-HB-20-20A[image: ecss-logo] 
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The common mode filter is small and has a high resonant frequency (10’s or 100’s of KHz) and may interact with the switching of its harmonics, and also generate ringing on the transitions. So, there is some interest to damp it.
2
[bookmark: _Ref404789743][bookmark: _Toc448407869]
LCL generic block diagram 
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Generic Power Distribution 
diagram by LCLs
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LCL timing diagram



[bookmark: _Ref405374796][bookmark: _Toc448407872]
Dragging effect
The current delivered by the LCL in limitation mode is known to depend on the impedance of the load attached at LCL output.
For a zero load impedance (pure short-circuit), the LCL output current, called io, is equal to the intended limitation current, called isource. For any load impedance ZL, the LCL output current is given (in linear condition) by the next formula, where ZSC is the output impedance of the LCL (Annex H).
	

	[bookmark: _Ref405377106][D-1]


The LCL current control loop design is meant for reaching a steady-state current limitation being DC value of the intended limitation current isource, whatever the (steady-state) LCL output voltage is.
Such a property is verified if ZSC tends to infinity when the frequency tends to zero. Accordingly, the LCL output impedance typically features a capacitive profile beneath a threshold frequency, as illustrated on Figure D-1.
1/CSCω
ω
ZSC
ωth

[bookmark: _Ref412792536]: Typical LCL output impedance profile
Let us concentrate on frequencies below the above-mentioned threshold, and assume that the load impedance is a capacitance CL. This concerns typically the charge of a payload input filter (with serial inductance negligible below the threshold frequency). Eq. [D-1] could now be rewritten as follows.
	

	[bookmark: _Ref405377382][D-2]


Obviously, if CL is in the same order of magnitude (or smaller than) CSC, the LCL output current io, i.e. the output capacitance charge current, is a fraction of the expected limitation current isource. This is the dragging effect.
The dragging effect is defined as the drift of the actual LCL output current from the expected limitation current because of the non-zero load impedance.
With reference to Eq. [D-1], the dragging effect is negligible, in a given frequency window, on the next condition.
	

	[D-3]


The dragging effect is typically significant with load having impedance increasing with decreasing frequency, i.e. with capacitive load, in which case the condition for negligible dragging effect could be rewritten with reference to Eq. [D-2]as follows:
	

	[D-4]


The dragging effect is significant on the next condition:
	

	[D-5]


Hence, the dragging effect is all the more likely to happen that the load capacitance is small.
In case of significant dragging effect, the output capacitance charge no longer occurs at constant current but at constant dV/dt. Indeed, dividing the load capacitance by 2 entails dividing the LCL output current by 2.
As such, the dragging effect is not problematic as long as it is negligible for the maximum load capacitance. The maximum load capacitance is indeed driven by the allowable fraction of the LCL trip-off time needed to charge the load filter capacitance up to the bus voltage. Allowing a significant dragging effect in such case could therefore result in the trip-off time being reached when the capacitance is charged because the actual charge current io would be lower than the intended limitation called isource.
To assess the dragging effect on a given LCL design (with capacitive output impedance at low frequency), it is therefore necessary and sufficient to check the next condition for the maximum load capacitance (for a more precise assessment, refer to Eq. [D-2]).
	

	[D-6]



An intuitive explanation could be given for the lagging effect with reference to the simple LCL design according to Figure D-2 


[bookmark: _Ref405377704][bookmark: _Ref412792581]:Typical LCL design
When charging the load filter capacitance, a constant dV/dt is expected at LCL output. Consider now the drain to gate impedance (the drain to source impedance plays also a role but less critical). That impedance being typically a capacitance, the dV/dt signal at the drain results in current injection onto the gate, which generates a bias in the measurement of the LCL current by the current mirror onto the shunt. Accordingly, the charge current of the load filter settles to a lower value than the one applicable a constant output voltage (short-circuit case).
Note finally that the dragging effect is amplified by any (R)C filter added across drain and gate of the MOSFET for LCL current control loop stabilisation purpose.
[bookmark: _Ref406753044][bookmark: _Toc448407873]
LCL Transient Mode Stability Verification
A critical test for LCL stability is when an LCL is switched on into an input filter that acts like an inductive load while the LCL has to stabilize the current at its current limitation level.
A very useful test is therefore to measure the LCL output voltage and current when the LCL is commanded on into an “inductive” input filter with sufficient capacitance to be charged to ensure the LCL enters and stay in limitation for sufficient time, up to e.g. 50% of its trip-off time.
Such transient mode verification has the advantage to pass through all practical values of node voltages and also verifies the large signal performance. Another reason to focus on the switch-on transition is that switching ON/OFF of equipment is a nominal performance of the LCL while any kind of current regulation in case of an equipment overload is only in case of a failure. For the switch-on transient verification the following simple test circuit can be applied (Figure E-1):
[image: ]
[bookmark: _Ref406751933][bookmark: _Ref406751925]: Test circuit
The basic idea of the test circuit design is to have a well damped input filter that due to capacitive loading requires the LCL to enter current limitation while the LCL current regulation loop sees it as an inductive element.
The component values can be determined in the following way:
C1 + C2 < 100 % max load capacitance as per ECSS-E-ST-20-20 table 3.1 and 3.2
C1 = ~2 x C2
L1 = ~10 µH to 300 µH (e.g. to be applied in 3 steps like 10 µH, 50 µH, 300 µH))
R1 = to ensure proper damping of the resonance effect of L1 and C2 (max amplitude at resonance peak < 6dB)
R2 >> Vbus/Ilim (for discharge after switch-off)
It is of great importance to ensure that the applied inductors can maintain full inductance value at maximum applied class current to avoid inductor saturation. The recommended three steps of inductor values are selected based on experience with criticality of applied LCL design.
The results of the test can look as shown in the following Figure E-2, with plots of LCL output voltage and current.

[image: ]
[bookmark: _Ref412792630]: Possible test results
Applied test example: 50 volt class 2A LCL switch-on into: L= 500 µH, C1=40 µF, C2=10 µF, R1=5R
As the LCL has to regulate the current into an inductive element the output voltage rises fast to accelerate the current up to limitation and hereafter settle to follow the voltage rise of the capacitors. The related current regulation stability can be assessed from the LCL output current waveform.
[bookmark: _Ref405475801][bookmark: _Toc448407874]
Reliable RLCL retrigger disable approach
An approach is proposed, as shown in Figure 1, for a reliable RLCL retrigger disable.
Figure F-1 shows the time diagram of the RLCL output current (Iout) and voltage (Vout), the state of the LCL function in the RLCL (“LCL” state), together with three conditions (condition 1,2,3) determining if the RLCL retrigger disable can be performed or not.
The RLCL retrigger disable cannot be performed if any of the three conditions is true: 
•	Condition 1: Vout higher than a specific threshold Vth, 
•	Condition 2: number of retrigger cycles less or equal than a predefined number N,
•	Condition 3: no sufficient delay time (Delay) passed from the latest ON-> OFF edge of the
state of the LCL function(“LCL” state).
To be effective against spurious de-activation (by noise, ESD, SEE or whatever else), the de-activation of the RLCL retrigger disable function under the conditions 1,2,3 should be achieved by overriding or making the relevant memory cell ineffective and not just by disabling the relevant command.


[bookmark: _Ref405475912][bookmark: _Ref412792647] : Reliable RLCL retrigger disable approach

Implementation
Conditions 1 and 3 are easily achieved, it is a matter to “block” the retriggerable EN/DIS memory cell in a way that the proper triggering enable signal is in any case active if Vout > Vth (including the required delay): for example, ensure that the re-triggering enable signal is active low and shunting the supply voltage to the relevant retriggerable EN/DIS memory cell if Vout > Vth (including the required delay).
Condition 2 can be achieved by “blocking” the retriggerable EN/DIS memory cell in a way that the proper triggering enable signal is in any case active if count of n events is not elapsed. The counting can be made by checking Vout /Vth crossings. The memory cell “block” can be achieved by indicated above in the example for conditions 1 and 3.
Advantages
No cross –strapping of M&R chains.
It allows to disable the retrigger function (after a certain number of retrigger cycles, with a command to be sent when the RLCL output is low – easy to do if the ratio RLCL retrigger period / trip-off time is large – at the moment the ratio is around 20s/20ms=1000).
Immunity to spurious de-activation of retrigger function both when RLCL output is nominal (impossible by design) and after an overload or spurious de-activation of “LCL” memory cell (for n retrigger cycles).
Same (single) glitch cannot cause the spurious de-activation of “LCL” memory cell and the retriggerable EN/DIS memory cell (reason for the introduction of “delay”).
Relatively easy to implement.
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APEC 2013 paper “MOSFET Gate Open Failure Analysis in Power Electronics”
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ESPC 2014 paper “Approach to design for stability a system comprising a non-ideal current source and a generic load”
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ABSTRACT

A systematic approach is presented, allowing the
verification of the stability of a system comprising a
non-ideal current source and a generic load. The
proposed approach is based on a three-step verification
method, and on the check of the stability of the system
by application of source-load interface requirements
control. It allows to verify that the combination of the
non-ideal current source connected to specific loads
results in a stable system without the need of
performing intrusive verifications (e.g. accessing and
opening the control loop for each load case). The
approach seems specifically useful in relation to power
distribution systems based on latching or fold-back
current limiters, which are widely used in European
space power industry.

1. INTRODUCTION

The design of the stability of an electrical system
comprising a non-ideal current source and a generic
load might become rather difficult when the possible
dynamic load characteristics can vary over a wide
range.

The main issue is that the stability of the non-ideal
current source depends heavily on the nature of the
load. A typical case is the design of a latching current
limiter when a number of possible loads are considered:
it soon appears very difficult to size for stability of the
current limiter loop when the envelope of the possible
loads is taken into account (including failure scenarios,
harness contribution, common an differential mode
filter design options, etc).

The proposed approach is based on a three-step
verification method, and on the check of the system
stability by application of source-load interface
requirements control. It seems to have an undoubted
advantage over the study of the current loop stability
with the conventional Bode or Nyquist approach applied
for each load case, especially because the load nature
might not be known in detail to the designer of the
current source from the beginning, and it might be
difficult, if not impossible, to practically run the
analysis for all load envelope cases.

2. ASSUMPTIONS

The proposed approach should be valid in any case
when small signal stability has a sense, e.g. if one can
linearize the system under analysis around a given
operational point. It is anyhow necessary to run the
approach for a number of possible operating points, if
the linearised system (the relevant poles and zeroes of
the transfer functions of interest) depends from the
selected operating point. For example, if the current
source is based on the current provided at the drain of a
power MOSFET, it is known that the relevant trans-
conductance DC gain, and gate to source, source to
drain, and gate to drain capacitances are function of the
DC operating point (current and voltage). As a
consequence, the control loop built around the power
MOSFET has to be studied for a number of applicable
operating points to be sure that stability is ensured for
each one of them.

3. DESCRIPTION OF PROPOSED APPROACH

|
Lo,

Current source +
circuit Vo | Load isourcel® Zgoll

Figure 1. Linearising the non-ideal current source

First of all, let us identify all DC currents and voltages
with capital letters (e.g. L,, I;, Vi, V,, etc) while
variations around the operating point are identified with
small cap letters (e.g. . i, 11, V1, V2, €tc).

Let us give a look to Fig.1.

The (linearised!) current source circuit is described with
a Norton equivalent network, comprising an ideal
current source (isouee) With a impedance (Zg,) in parallel.
It is possible in any case to describe a linear (or
linearised network) in this way, also if a relevant control
loop is present and/or if dependent voltage or current
sources are present in the current source circuit.

Note that the igu iS not related to the DC current
source I,: according to the Mayer-Norton’s theorem
([21, [3]), the current source iguree represents the current
variations given by the relevant circuit in short-circuit
conditions and the impedance Zs. represents the
differential impedance read at the terminals of the
current source circuit when all independent voltage or





current sources are set to zero.

If the current source circuit is supposed to regulate DC
current, and no other “variation” source is identified (for
example, due to power supply ripple injection, or
modulation due to noise sources) then iguc. can be
removed (e.g. it is substituted by an open circuit).

In any case igucee can also be identified with the
generator reporting the adjustments to the output current
required by the internal control loop (see the example
made in Fig.2, where the voltage reference to the
current loop v,r is normally giving a DC reference, e.g.
Vief = O)

n—>*
E
e Zs[] vo oz []

Figure 2. Non ideal current source with internal
control loop

Note that the actual position of the current sensor may
differ from the one shown in Fig.2, and that additional
transfer functions and impedances might be present in
the loop of regulation from the point where the current
sensor reads the current and the position of the
equivalent source igye. FOr example, normally in a
current limiter the current sensor is in series with a p-
channel power MOSFET source, while the output
current appears at the relevant drain. In any case the
equivalent circuit shown in Fig.1 remains valid, in case
the additional transfer functions can be introduced from
the point of regulation to the output as required.

3.1 Step 1: fix the operating point, and linearise the
circuit around it

First of all, let us make an important observation.

With reference to Fig.1, when an operating point is
fixed, it is clear that the linearised networks that appear
at the left (current source circuit) and at the right (load)
of the connection point will have poles and zeroes,
transfer functions and impedances that do not depend on
the other network ones, but just on the selected
operating point.

In particular, the current source circuit, including its
internal control loop, can be studied and optimised by
fixing the relevant output voltage Vo to the expected
DC value. The relevant controlled current Io will result
in consequence of the relevant voltage application.

Of course if the relevant transfer functions poles and
zeroes depend on the operating point, the control loop
analyses shall be performed for a set of different
operating points (power supply voltage levels, output
voltage levels, etc). Note that the effect of having fixed

the output voltage Vo to the expected DC value will not
allow to have information about the output impedance
Zs. (see Fig.1 or Fig. 2), since whatever its value is, the
impedance will be short-circuited by the application of a
fixed DC voltage (e.g. the relevant variation will be
v,=0).

3.2 Step 2: analyse current loop stability of the current
source circuit

After setting the required DC voltage at the output of
the current source circuit, and having performed the
linearization around the DC operating point, the relevant
loop stability can be analysed and optimised.

For space power purposes, it might be convenient to
define minimum stability criteria for the loop: it is
advised to follow the indications of standard [7], e.g.
ensure a phase margin of 50° and a gain margin of
10dB.

It is easy to demonstrate that if the circuit is the one of
Fig.2 and v,=0, then the closed loop impedance Zg. is

Zee=Zs-(1+Z-Y) (1)

e.g. it is equal to the open loop output impedance Zg
increased by a factor equal to the open loop gain
(1+Z-Y), where Y is the direct transfer of the loop (Y=
isource/ Vo) and Z is the feedback transfer function
(Z=v/i).

In general, the highest the loop gain, the larger Zg, will
be. Note that the common aim is to get the highest
possible output impedance of the current source for all
frequencies (e.g. to approximate as much as possible an
ideal current source, and increase the chances of
independent behaviour with respect to any load — see
also step 3). Before then implementing the second
stability check (step 3), it is then generally convenient
to design the current control loop with high bandwidth
and the best achievable gain and phase margins.

3.3 Step 3: perform the stability check applied to the
ratio of source and load impedances

With reference to Fig.1, in absence of the source output
impedance Zs (e.g. assuming that Zg is infinite, or
replaced by an open circuit), the current into the load
would only depend on the equivalent current source
isources and therefore, if the impedance Z; is stable (e.g.
there are no poles in it with positive real part), no
additional stability check would be required.

The (unavoidable) presence of the source impedance Zg,
requires though an additional stability check. With
reference to Fig.1 it is easy to derive that the quantity
that we want to keep under control ( the current into the
load i, ) is linked to the current provided by the ideal
source igoyce by the following relationship:

v _ 1
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It is convenient observing that there is a complete
analogy between the verification of the stability of a
generic control loop and the one relevant to the ratio of
source and load impedance shown in Eq.2.

For the control loop example shown in Fig.3, the
stability analysis has to be performed on the equation
(2), where the “critical” analysis refers to the open loop
gain - product G'H - and can be performed with the
Nyquist or Bode criteria.

Vo

Vref

Figure 3. Conventional control loop example

3)

The verification of stability of Eqgs. 2 and 3 can be
performed using the same theoretical tools (Nyquist or
Bode), with the only difference that the open loop gain
G-H in Eq.3 is now substituted by the ratio of load to
source impedance Z; /Zg.in Eq.2

For people non-familiar with the application of the
Nyquist criterion, it is suggested to make use of revised
(extended) Bode criteria, as it is explained in [1].

In fact, it is frequent that the ratio of load/source
impedance shown in Eq.2 often results in multiple
crossings of the zero dB line and/or the -180°- n-360°
phase line (n=0,1,2,3...).

As a consequence, the usual monotonic reduction of the
open loop gain with frequency (that is the normal

Itesl crcust meh cortent scnrce

requirement for a simple application of the Bode
stability criterion) is not satisfied, and some
revised/enhanced method is required:

Revised Bode Stability Criterion for control loops
(sufficient condition for stability):

A closed-loop system is stable if the open loop is
stable and the frequency response of the open-loop
transfer function has an amplitude ratio of less than
unity at all frequencies corresponding to 6 =-180°-
n*360°, where n=0,1,2,...,00.

Revised Bode Stability Criterion (from [1]).

If we apply the revised criterion above to the ratio i, ,
isource given in Eq.2, we can summarise it as follows:

Revised Bode Stability Criterion for equation 2
(sufficient condition for stability):

The ratio i, isource given in equation 1 is stable if the
ratio Z;/Zs, is stable and if the frequency response of
the ratio Z;/Zs. has an amplitude ratio of less than
unity at all frequencies corresponding to 6 =-
180°+n*360°, where n=0,1,2,...,00.

In order to be sure to avoid poorly damped transients, it
is anyhow convenient to identify some additional
stability margins: minimum phase margin (5dB or so)
when the modulus of Z;/Zg. is equal to 1, minimum
gain margin (30° or so) when the phase of Z;/Zs, is
equal to =-180°tn*360°, where n=0,1,2,...,00.

The negative sign before n*360 has been added to take
into account that the ratio of impedances in Eq.2 does
not necessarily show a delay between injected and
response signal as it normally happens in conventional
control loops.

Figure 4. Implementation example 1





4. FIRST EXAMPLE OF APPLICATION

Let us consider the linear current regulator shown in
Fig.4. The example is taken by a real design case for a
terrestrial application, and represents a very difficult
control and impedance matching problem.

The block CM1 is a DC/DC ideal transformer that
multiplies the current at the left of the relevant insertion
point to the number n MOS (n_MOS=12 in our
example). The linear regulator is supposed to work to
cover load transients for any input voltage from 20 to
150V, and with a output voltage going from 0 to 130V.
In steady state conditions the source voltage V2 is
adjusted to reduce the voltage drop across the linear
regulator to 20V maximum (with a low bandwidth
control).

The linear regulator need to provide current to a
capacitive load (C18) and to a user shunt system (M3
and surrounding components) through some meters of
harness (relevant resistance is R7 and inductance is L1,
both function of the harness length Lh). Some RC
damping of the load is necessary (see the series R21 and

C19).

4.1 Step 1: fix the operating point, and linearise the
circuit around it

The linear regulator is disconnected from the load and
applied a DC output voltage varying in steps from 0V to
130V in steps of 10V (voltage source V17), as shown in
Fig.5.

The DC analysis performed by varying the temperature
between -40 to 100 °C and by parametrically changing
the DC output voltage as mentioned proves the good
DC stability of the circuit (see Fig.6).

Linear Curent Feguator

PARAMETERS
&t [

A

Figure 5. Example 1, step 1

Note that the linearization of the circuit around the
operating point is done automatically by PSPICE when
running the AC analysis (see step 2).

4.2 Step 2: analyse current loop stability of the
current source circuit

For each DC step of the source V17 (0V, 30V, 60V,

90V, 130V), an AC analysis is performed after setting
V16=1V AC in the circuit of Fig.5.
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Figure 6. Example 1, DC temperature sweep

The Bode diagram, shown in Fig.7, shows satisfactory
results(bandwidth equal to 1.8 to 2.3MHz, phase margin
higher than 57°, gain margin higher than 10dB).

SEL>>
40

o db(v(a))-db(v(b)) + O

00
100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHZ
e v o« PO(@)-PD) - 0
Frequency

Figure 7. Example 1, Bode diagram

4.3 Step 3: perform the stability check applied to the
ratio of source and load impedances

After setting the AC voltage source V16 to 0V, and AC
current source I3 to 1A (see Fig.4), the source and load
impedances can be directly compared (by evaluating
respectively Zs. = V(P)/I(VM1) and Z;= V(P)/1(VM2)).
The analysis is performed parametrically changing the
input voltage V2 to the values xxV, 100V and 150V.
Note that an input voltage higher than xxV is needed to
allow the minimum guaranteed voltage drop across the
linear regulator when output voltage is zero (xxV
depending on the harness resistance).

Each analysis is done for a different harness length (3m,
10m, 30m).

The value of xxV is set accordingly and respectively to
43V (3m), 46 (10m) and 53V (30m).

In the impedance plots (Fig. 8, 9 and 10), the phase is
evaluated with a sign inversion for practical reasons
(e.g. the critical checks according to the above





mentioned Revised Bode Stability Criterion have to be
performed at the frequencies corresponding to phase 0
=+180°+n*360°, where n=0,1,2,...,00).

In general, there are only two crossing point to the
critical phase value for all harness length and all input
voltages under analysis, one at low frequency (around
30-40 KHz) and another at higher frequency (at
approximately 80 to 330KHz). For all the other cases
the margin is higher (around 10dB for the+180° phase
crossing point with the highest frequency and the
minimum input voltage value).
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SEL>>
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100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz
o v -p(i(vm1))+p(i(vm2)) o 180 - 180+360
Frequency

Figure 8. Source-load impedance ratio for harness
length of 3m, Vin =43, 100 and 150V.
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100HzZ 1.0KHz 10KHz 100KHz 1.0MHz 10MHzZ
v -p(i(vm1))+p(i(vm2)) o 180 v 180+360
Frequency

Figure 9. Source-load impedance ratio for harness
length of 10m, Vin =46, 100 and 150V.

For all critical phase crossing points, there is a
minimum of gain margin (e.g. the amplitude of the
source impedance is higher than the load impedance).
The worst condition (about 5dB margin) is found at
harness length of 3m and for the minimum input voltage
of 43V.

For all the other cases the margin is higher (around 9-
10dB for the+180° phase crossing point with the highest
frequency and the minimum input voltage value).

It is clear that the system as it is requires at least 3m of
harness, or equivalent inductance / resistance, to have a
minimum gain margin with respect to the above
mentioned Revised Bode Stability Criterion.

This is clear if you give a look to Fig.11 where the
harness length has been reduced to 0.lm with
Vin=42.5V: the gain margin at approximately 2.1 MHz
is —12.6dB, and the Revised Bode Stability Criterion is
not satisfied.
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Figure 10. Source-load impedance ratio for harness
length of 30m, Vin =53, 100 and 150V.
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Figure 11. Source-load impedance ratio for harness
length of 0.1m, Vin =42.5V.

Note that the Revised Bode Stability Criterion just give
a sufficient and not a necessary condition for stability!

It means that in the case shown in Fig.11 we cannot
confirm that the stability is achieved. The final stability
check can be done either by application of the Nyquist
criterion, or simply by transient analysis. Let us opt for
the (simpler) verification by transient analysis.

In Fig.12 a transient analysis plot is shown, where in the
circuit of Fig.4 the shunt device built around the
MOSFET M3 is activated. Fig.12 shows the MOSFET
command voltage V(CMD), the current provided by the





linear current regulator on the harness I(R7) and the
waveform of a current provided to another shunt stage
by an ideal current source (same current as the linear
current regulator) and loaded by a 100nF capacitor (C10
in Fig.4).

The behaviour is indeed not acceptable. There is a
persistent oscillation at approximately 1.2MHz when
the shunt switch is open, and another one (lower
amplitude) at around 2MHz when the shunt switch is

closed.
20v-

o V(CMD)

o 1(R7)

o
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o 1(R13)
Time

Figure 12. Shunt operation for harness length of 0.1m,
Vin =42.5V.

On the other side, the operation of the linear current
regulator when the shunt action is activated for all cases
mentioned before (and for which the revised Bode
criterion confirm stability) is acceptable (see following
Fig.13, and relevant to the worst case condition - 43V
input and 3m harness -, the quantities shown being the
same described for Fig.12).

5. SECOND EXAMPLE OF APPLICATION

Let us consider the linear current regulator shown in
Fig.14. The example is taken by a real design case for a
latching current limiter.
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Figure 13. Shunt operation for harness length of 3m,
Vin =43V.

The circuit has been breadboarded and tested in our
laboratory.

The current sensing and amplifier circuit is of common
application, there is an additional amplification stage
that is not revealed due to similarity with industrial
solutions.

The current limiter is loaded by an inductive load (LM)
and a resistive one (RL), that can be short circuited by
an external switch (U1l in Fig.14; in the lab has been
realised with manual short circuit connection).

At the output of the current limiter an optional damping
RC network (Rd, Cd) has been considered (but not
implemented since the beginning).

To avoid current oscillations to be damped on short
circuit applications, the output diode D2 has been not
mounted.

5.1 Step 1: fix the operating point, and linearise the
circuit around it

The current limiter has been characterised in our
laboratory, the DC current limit value has been set and
verified at 1A.

Figure 14. Implementation example 2





5.2 Step 2: analyse current loop stability of the
current source circuit

The current limiter output (point P in Fig.14) has been
connected either to a short circuit or to a fixed voltage
source of 5 and 10VDC.

The excitation voltage for the current limiter loop
characterisation has been provided with an Agilent
network analyser (model 4935A) at the position of V11
in Fig.14 by a hand-made transformer constituted by a
Tektronics AC probe (model P6012), a winding of 20
turns of enamelled copper wire with a resistor of 1 Ohm
in parallel.

The signals appearing at the points A and B in Fig.14
have been made available to the relevant A and R inputs
of the network analyser.

The relevant current limiter open loop transfer function
is given in Fig.15 (output short circuit: blue trace;
output at S5VDC: red trace; output at 10VDC: green
trace).
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Figure 15. Example 2, Bode diagrams

The control loop bandwidth varies between 120KHz
(10VDC at the output) and 420KHz (output short
circuit), with a phase margin better than 60° and a
assumed gain margin better than 10dB.

5.3 Step 3: perform the stability check applied to the
ratio of source and load impedances

The current limiter output impedance has been
measured placing at the current limiter output the
voltage excitation (obtained by the transformer built as
described in para 5.2) on a DC voltage level equal to OV
(short circuit), 5V and 10V. The stability check has
been performed with inductive load (LM in Fig. 14)
equal to 10, 100 and 1000 uH, see Fig. 16.
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Figure 16. Example 2, source-load impedance ratio

The phase of the load inductor impedance is not shown,
being equal to 90° in all the frequency range of interest.
The closest situation to an instable ratio according to the
revised Bode criterion is at SKHz, for the largest
inductor value (1mH) and for the highest output DC
voltage considered (10V): in this case the load-source
phase difference is approximately 90-(-86)=176°. This
is not a instability condition, but the stability margin to
is rather small in this case, as it is for all other inductor
values considered.

The situation is indeed confirmed by the application of a
sudden short circuit at the output, as shown in Fig 17
(the initial condition being a load current equal to
0.77A).
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Figure 17. Example 2, transient on output short circuit

To improve the situation, a practical solution is to add
the RC damping network shown in Fig.14, with a
capacitor large enough to cause a resonance with the
max inductance (1mH) at frequency lower than 5KHz
(selection: Cd=3uF for resonance at approximately
2.9KHz), and a resistor Rd in series to keep the
resonance peak sufficiently lower (about 5dB) from the
current limiter output impedance (Rd=15 Ohm, for a
margin of about 7dB).

Such provision gives enough margin also for the other
load inductance cases, as shown in Fig.18.
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Figure 18. Example 2, source-load impedance ratio
with RC damping circuit (Rd=15 Ohm, Cd=3uF)

The effect of the RC damping network is completely
confirmed in time domain, when performing a short
circuit transient a the output of the current limiter, see
Fig.19.
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Figure 19. Example 2, transient on output short circuit
with RC damping circuit

6. CONCLUSIONS

An approach has been presented that allows in a three-
step procedure to optimise the stability performances of
a generic (real) current source, in relation to the
impedance of the source itself when connected to a
generic load. The main advantages of the presented
approach is the possibility to optimise independently the
current source dynamic behaviour and to specify clear
interface requirements for the source and load
impedances in order to preserve the overall system
stability: when the source impedance is known with its
envelope of variability, it is possible to specify clear
criteria to the load impedance in order to guarantee the
overall stability performances of the system.

This seems to be a major advantage especially in
relation to power distribution systems based on latching
or fold-back current limiters.
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ABSTRACT

A systematic approach is presented, allowing the
verification of the stability of a system comprising a
non-ideal current source and a generic load. The
proposed approach is based on a three-step verification
method, and on the check of the stability of the system
by application of source-load interface requirements
control. It allows to verify that the combination of the
non-ideal current source connected to specific loads
results in a stable system without the need of
performing intrusive verifications (e.g. accessing and
opening the control loop for each load case). The
approach seems specifically useful in relation to power
distribution systems based on latching or fold-back
current limiters, which are widely used in European
space power industry.

1. INTRODUCTION

The design of the stability of an electrical system
comprising a non-ideal current source and a generic
load might become rather difficult when the possible
dynamic load characteristics can vary over a wide
range.

The main issue is that the stability of the non-ideal
current source depends heavily on the nature of the
load. A typical case is the design of a latching current
limiter when a number of possible loads are considered:
it soon appears very difficult to size for stability of the
current limiter loop when the envelope of the possible
loads is taken into account (including failure scenarios,
harness contribution, common an differential mode
filter design options, etc).

The proposed approach is based on a three-step
verification method, and on the check of the system
stability by application of source-load interface
requirements control. It seems to have an undoubted
advantage over the study of the current loop stability
with the conventional Bode or Nyquist approach applied
for each load case, especially because the load nature
might not be known in detail to the designer of the
current source from the beginning, and it might be
difficult, if not impossible, to practically run the
analysis for all load envelope cases.

2. ASSUMPTIONS

The proposed approach should be valid in any case
when small signal stability has a sense, e.g. if one can
linearize the system under analysis around a given
operational point. It is anyhow necessary to run the
approach for a number of possible operating points, if
the linearised system (the relevant poles and zeroes of
the transfer functions of interest) depends from the
selected operating point. For example, if the current
source is based on the current provided at the drain of a
power MOSFET, it is known that the relevant trans-
conductance DC gain, and gate to source, source to
drain, and gate to drain capacitances are function of the
DC operating point (current and voltage). As a
consequence, the control loop built around the power
MOSFET has to be studied for a number of applicable
operating points to be sure that stability is ensured for
each one of them.

3. DESCRIPTION OF PROPOSED APPROACH

|
Lo,

Current source +
circuit Vo | Load isourcel® Zgoll

Figure 1. Linearising the non-ideal current source

First of all, let us identify all DC currents and voltages
with capital letters (e.g. L,, I;, Vi, V,, etc) while
variations around the operating point are identified with
small cap letters (e.g. . i, 11, V1, V2, €tc).

Let us give a look to Fig.1.

The (linearised!) current source circuit is described with
a Norton equivalent network, comprising an ideal
current source (isouee) With a impedance (Zg,) in parallel.
It is possible in any case to describe a linear (or
linearised network) in this way, also if a relevant control
loop is present and/or if dependent voltage or current
sources are present in the current source circuit.

Note that the igu iS not related to the DC current
source I,: according to the Mayer-Norton’s theorem
([21, [3]), the current source iguree represents the current
variations given by the relevant circuit in short-circuit
conditions and the impedance Zs. represents the
differential impedance read at the terminals of the
current source circuit when all independent voltage or





current sources are set to zero.

If the current source circuit is supposed to regulate DC
current, and no other “variation” source is identified (for
example, due to power supply ripple injection, or
modulation due to noise sources) then iguc. can be
removed (e.g. it is substituted by an open circuit).

In any case igucee can also be identified with the
generator reporting the adjustments to the output current
required by the internal control loop (see the example
made in Fig.2, where the voltage reference to the
current loop v,r is normally giving a DC reference, e.g.
Vief = O)

n—>*
E
e Zs[] vo oz []

Figure 2. Non ideal current source with internal
control loop

Note that the actual position of the current sensor may
differ from the one shown in Fig.2, and that additional
transfer functions and impedances might be present in
the loop of regulation from the point where the current
sensor reads the current and the position of the
equivalent source igye. FOr example, normally in a
current limiter the current sensor is in series with a p-
channel power MOSFET source, while the output
current appears at the relevant drain. In any case the
equivalent circuit shown in Fig.1 remains valid, in case
the additional transfer functions can be introduced from
the point of regulation to the output as required.

3.1 Step 1: fix the operating point, and linearise the
circuit around it

First of all, let us make an important observation.

With reference to Fig.1, when an operating point is
fixed, it is clear that the linearised networks that appear
at the left (current source circuit) and at the right (load)
of the connection point will have poles and zeroes,
transfer functions and impedances that do not depend on
the other network ones, but just on the selected
operating point.

In particular, the current source circuit, including its
internal control loop, can be studied and optimised by
fixing the relevant output voltage Vo to the expected
DC value. The relevant controlled current Io will result
in consequence of the relevant voltage application.

Of course if the relevant transfer functions poles and
zeroes depend on the operating point, the control loop
analyses shall be performed for a set of different
operating points (power supply voltage levels, output
voltage levels, etc). Note that the effect of having fixed

the output voltage Vo to the expected DC value will not
allow to have information about the output impedance
Zs. (see Fig.1 or Fig. 2), since whatever its value is, the
impedance will be short-circuited by the application of a
fixed DC voltage (e.g. the relevant variation will be
v,=0).

3.2 Step 2: analyse current loop stability of the current
source circuit

After setting the required DC voltage at the output of
the current source circuit, and having performed the
linearization around the DC operating point, the relevant
loop stability can be analysed and optimised.

For space power purposes, it might be convenient to
define minimum stability criteria for the loop: it is
advised to follow the indications of standard [7], e.g.
ensure a phase margin of 50° and a gain margin of
10dB.

It is easy to demonstrate that if the circuit is the one of
Fig.2 and v,=0, then the closed loop impedance Zg. is

Zee=Zs-(1+Z-Y) (1)

e.g. it is equal to the open loop output impedance Zg
increased by a factor equal to the open loop gain
(1+Z-Y), where Y is the direct transfer of the loop (Y=
isource/ Vo) and Z is the feedback transfer function
(Z=v/i).

In general, the highest the loop gain, the larger Zg, will
be. Note that the common aim is to get the highest
possible output impedance of the current source for all
frequencies (e.g. to approximate as much as possible an
ideal current source, and increase the chances of
independent behaviour with respect to any load — see
also step 3). Before then implementing the second
stability check (step 3), it is then generally convenient
to design the current control loop with high bandwidth
and the best achievable gain and phase margins.

3.3 Step 3: perform the stability check applied to the
ratio of source and load impedances

With reference to Fig.1, in absence of the source output
impedance Zs (e.g. assuming that Zg is infinite, or
replaced by an open circuit), the current into the load
would only depend on the equivalent current source
isources and therefore, if the impedance Z; is stable (e.g.
there are no poles in it with positive real part), no
additional stability check would be required.

The (unavoidable) presence of the source impedance Zg,
requires though an additional stability check. With
reference to Fig.1 it is easy to derive that the quantity
that we want to keep under control ( the current into the
load i, ) is linked to the current provided by the ideal
source igoyce by the following relationship:

v _ 1
- =7 )
lsource 1+§
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It is convenient observing that there is a complete
analogy between the verification of the stability of a
generic control loop and the one relevant to the ratio of
source and load impedance shown in Eq.2.

For the control loop example shown in Fig.3, the
stability analysis has to be performed on the equation
(2), where the “critical” analysis refers to the open loop
gain - product G'H - and can be performed with the
Nyquist or Bode criteria.

Vo

Vref

Figure 3. Conventional control loop example

3)

The verification of stability of Eqgs. 2 and 3 can be
performed using the same theoretical tools (Nyquist or
Bode), with the only difference that the open loop gain
G-H in Eq.3 is now substituted by the ratio of load to
source impedance Z; /Zg.in Eq.2

For people non-familiar with the application of the
Nyquist criterion, it is suggested to make use of revised
(extended) Bode criteria, as it is explained in [1].

In fact, it is frequent that the ratio of load/source
impedance shown in Eq.2 often results in multiple
crossings of the zero dB line and/or the -180°- n-360°
phase line (n=0,1,2,3...).

As a consequence, the usual monotonic reduction of the
open loop gain with frequency (that is the normal

Itesl crcust meh cortent scnrce

requirement for a simple application of the Bode
stability criterion) is not satisfied, and some
revised/enhanced method is required:

Revised Bode Stability Criterion for control loops
(sufficient condition for stability):

A closed-loop system is stable if the open loop is
stable and the frequency response of the open-loop
transfer function has an amplitude ratio of less than
unity at all frequencies corresponding to 6 =-180°-
n*360°, where n=0,1,2,...,00.

Revised Bode Stability Criterion (from [1]).

If we apply the revised criterion above to the ratio i, ,
isource given in Eq.2, we can summarise it as follows:

Revised Bode Stability Criterion for equation 2
(sufficient condition for stability):

The ratio i, isource given in equation 1 is stable if the
ratio Z;/Zs, is stable and if the frequency response of
the ratio Z;/Zs. has an amplitude ratio of less than
unity at all frequencies corresponding to 6 =-
180°+n*360°, where n=0,1,2,...,00.

In order to be sure to avoid poorly damped transients, it
is anyhow convenient to identify some additional
stability margins: minimum phase margin (5dB or so)
when the modulus of Z;/Zg. is equal to 1, minimum
gain margin (30° or so) when the phase of Z;/Zs, is
equal to =-180°tn*360°, where n=0,1,2,...,00.

The negative sign before n*360 has been added to take
into account that the ratio of impedances in Eq.2 does
not necessarily show a delay between injected and
response signal as it normally happens in conventional
control loops.

Figure 4. Implementation example 1





4. FIRST EXAMPLE OF APPLICATION

Let us consider the linear current regulator shown in
Fig.4. The example is taken by a real design case for a
terrestrial application, and represents a very difficult
control and impedance matching problem.

The block CM1 is a DC/DC ideal transformer that
multiplies the current at the left of the relevant insertion
point to the number n MOS (n_MOS=12 in our
example). The linear regulator is supposed to work to
cover load transients for any input voltage from 20 to
150V, and with a output voltage going from 0 to 130V.
In steady state conditions the source voltage V2 is
adjusted to reduce the voltage drop across the linear
regulator to 20V maximum (with a low bandwidth
control).

The linear regulator need to provide current to a
capacitive load (C18) and to a user shunt system (M3
and surrounding components) through some meters of
harness (relevant resistance is R7 and inductance is L1,
both function of the harness length Lh). Some RC
damping of the load is necessary (see the series R21 and

C19).

4.1 Step 1: fix the operating point, and linearise the
circuit around it

The linear regulator is disconnected from the load and
applied a DC output voltage varying in steps from 0V to
130V in steps of 10V (voltage source V17), as shown in
Fig.5.

The DC analysis performed by varying the temperature
between -40 to 100 °C and by parametrically changing
the DC output voltage as mentioned proves the good
DC stability of the circuit (see Fig.6).

Linear Curent Feguator

PARAMETERS
&t [

A

Figure 5. Example 1, step 1

Note that the linearization of the circuit around the
operating point is done automatically by PSPICE when
running the AC analysis (see step 2).

4.2 Step 2: analyse current loop stability of the
current source circuit

For each DC step of the source V17 (0V, 30V, 60V,

90V, 130V), an AC analysis is performed after setting
V16=1V AC in the circuit of Fig.5.
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Figure 6. Example 1, DC temperature sweep

The Bode diagram, shown in Fig.7, shows satisfactory
results(bandwidth equal to 1.8 to 2.3MHz, phase margin
higher than 57°, gain margin higher than 10dB).

SEL>>
40

o db(v(a))-db(v(b)) + O

00
100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHZ
e v o« PO(@)-PD) - 0
Frequency

Figure 7. Example 1, Bode diagram

4.3 Step 3: perform the stability check applied to the
ratio of source and load impedances

After setting the AC voltage source V16 to 0V, and AC
current source I3 to 1A (see Fig.4), the source and load
impedances can be directly compared (by evaluating
respectively Zs. = V(P)/I(VM1) and Z;= V(P)/1(VM2)).
The analysis is performed parametrically changing the
input voltage V2 to the values xxV, 100V and 150V.
Note that an input voltage higher than xxV is needed to
allow the minimum guaranteed voltage drop across the
linear regulator when output voltage is zero (xxV
depending on the harness resistance).

Each analysis is done for a different harness length (3m,
10m, 30m).

The value of xxV is set accordingly and respectively to
43V (3m), 46 (10m) and 53V (30m).

In the impedance plots (Fig. 8, 9 and 10), the phase is
evaluated with a sign inversion for practical reasons
(e.g. the critical checks according to the above





mentioned Revised Bode Stability Criterion have to be
performed at the frequencies corresponding to phase 0
=+180°+n*360°, where n=0,1,2,...,00).

In general, there are only two crossing point to the
critical phase value for all harness length and all input
voltages under analysis, one at low frequency (around
30-40 KHz) and another at higher frequency (at
approximately 80 to 330KHz). For all the other cases
the margin is higher (around 10dB for the+180° phase
crossing point with the highest frequency and the
minimum input voltage value).
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v db(v(p))-db(i(vm1)) & o{7}db(v(p))-db(i(vm2))

SEL>>
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100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz
o v -p(i(vm1))+p(i(vm2)) o 180 - 180+360
Frequency

Figure 8. Source-load impedance ratio for harness
length of 3m, Vin =43, 100 and 150V.
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100HzZ 1.0KHz 10KHz 100KHz 1.0MHz 10MHzZ
v -p(i(vm1))+p(i(vm2)) o 180 v 180+360
Frequency

Figure 9. Source-load impedance ratio for harness
length of 10m, Vin =46, 100 and 150V.

For all critical phase crossing points, there is a
minimum of gain margin (e.g. the amplitude of the
source impedance is higher than the load impedance).
The worst condition (about 5dB margin) is found at
harness length of 3m and for the minimum input voltage
of 43V.

For all the other cases the margin is higher (around 9-
10dB for the+180° phase crossing point with the highest
frequency and the minimum input voltage value).

It is clear that the system as it is requires at least 3m of
harness, or equivalent inductance / resistance, to have a
minimum gain margin with respect to the above
mentioned Revised Bode Stability Criterion.

This is clear if you give a look to Fig.11 where the
harness length has been reduced to 0.lm with
Vin=42.5V: the gain margin at approximately 2.1 MHz
is —12.6dB, and the Revised Bode Stability Criterion is
not satisfied.
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Figure 10. Source-load impedance ratio for harness
length of 30m, Vin =53, 100 and 150V.
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Figure 11. Source-load impedance ratio for harness
length of 0.1m, Vin =42.5V.

Note that the Revised Bode Stability Criterion just give
a sufficient and not a necessary condition for stability!

It means that in the case shown in Fig.11 we cannot
confirm that the stability is achieved. The final stability
check can be done either by application of the Nyquist
criterion, or simply by transient analysis. Let us opt for
the (simpler) verification by transient analysis.

In Fig.12 a transient analysis plot is shown, where in the
circuit of Fig.4 the shunt device built around the
MOSFET M3 is activated. Fig.12 shows the MOSFET
command voltage V(CMD), the current provided by the





linear current regulator on the harness I(R7) and the
waveform of a current provided to another shunt stage
by an ideal current source (same current as the linear
current regulator) and loaded by a 100nF capacitor (C10
in Fig.4).

The behaviour is indeed not acceptable. There is a
persistent oscillation at approximately 1.2MHz when
the shunt switch is open, and another one (lower
amplitude) at around 2MHz when the shunt switch is

closed.
20v-

o V(CMD)

o 1(R7)

o

ﬂz%§§§r

159.6us 200.0us 250.0us 282.6us
o 1(R13)
Time

Figure 12. Shunt operation for harness length of 0.1m,
Vin =42.5V.

On the other side, the operation of the linear current
regulator when the shunt action is activated for all cases
mentioned before (and for which the revised Bode
criterion confirm stability) is acceptable (see following
Fig.13, and relevant to the worst case condition - 43V
input and 3m harness -, the quantities shown being the
same described for Fig.12).

5. SECOND EXAMPLE OF APPLICATION

Let us consider the linear current regulator shown in
Fig.14. The example is taken by a real design case for a
latching current limiter.
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Figure 13. Shunt operation for harness length of 3m,
Vin =43V.

The circuit has been breadboarded and tested in our
laboratory.

The current sensing and amplifier circuit is of common
application, there is an additional amplification stage
that is not revealed due to similarity with industrial
solutions.

The current limiter is loaded by an inductive load (LM)
and a resistive one (RL), that can be short circuited by
an external switch (U1l in Fig.14; in the lab has been
realised with manual short circuit connection).

At the output of the current limiter an optional damping
RC network (Rd, Cd) has been considered (but not
implemented since the beginning).

To avoid current oscillations to be damped on short
circuit applications, the output diode D2 has been not
mounted.

5.1 Step 1: fix the operating point, and linearise the
circuit around it

The current limiter has been characterised in our
laboratory, the DC current limit value has been set and
verified at 1A.

Figure 14. Implementation example 2





5.2 Step 2: analyse current loop stability of the
current source circuit

The current limiter output (point P in Fig.14) has been
connected either to a short circuit or to a fixed voltage
source of 5 and 10VDC.

The excitation voltage for the current limiter loop
characterisation has been provided with an Agilent
network analyser (model 4935A) at the position of V11
in Fig.14 by a hand-made transformer constituted by a
Tektronics AC probe (model P6012), a winding of 20
turns of enamelled copper wire with a resistor of 1 Ohm
in parallel.

The signals appearing at the points A and B in Fig.14
have been made available to the relevant A and R inputs
of the network analyser.

The relevant current limiter open loop transfer function
is given in Fig.15 (output short circuit: blue trace;
output at S5VDC: red trace; output at 10VDC: green
trace).
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Figure 15. Example 2, Bode diagrams

The control loop bandwidth varies between 120KHz
(10VDC at the output) and 420KHz (output short
circuit), with a phase margin better than 60° and a
assumed gain margin better than 10dB.

5.3 Step 3: perform the stability check applied to the
ratio of source and load impedances

The current limiter output impedance has been
measured placing at the current limiter output the
voltage excitation (obtained by the transformer built as
described in para 5.2) on a DC voltage level equal to OV
(short circuit), 5V and 10V. The stability check has
been performed with inductive load (LM in Fig. 14)
equal to 10, 100 and 1000 uH, see Fig. 16.
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Figure 16. Example 2, source-load impedance ratio

The phase of the load inductor impedance is not shown,
being equal to 90° in all the frequency range of interest.
The closest situation to an instable ratio according to the
revised Bode criterion is at SKHz, for the largest
inductor value (1mH) and for the highest output DC
voltage considered (10V): in this case the load-source
phase difference is approximately 90-(-86)=176°. This
is not a instability condition, but the stability margin to
is rather small in this case, as it is for all other inductor
values considered.

The situation is indeed confirmed by the application of a
sudden short circuit at the output, as shown in Fig 17
(the initial condition being a load current equal to
0.77A).
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Figure 17. Example 2, transient on output short circuit

To improve the situation, a practical solution is to add
the RC damping network shown in Fig.14, with a
capacitor large enough to cause a resonance with the
max inductance (1mH) at frequency lower than 5KHz
(selection: Cd=3uF for resonance at approximately
2.9KHz), and a resistor Rd in series to keep the
resonance peak sufficiently lower (about 5dB) from the
current limiter output impedance (Rd=15 Ohm, for a
margin of about 7dB).

Such provision gives enough margin also for the other
load inductance cases, as shown in Fig.18.
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Figure 18. Example 2, source-load impedance ratio
with RC damping circuit (Rd=15 Ohm, Cd=3uF)

The effect of the RC damping network is completely
confirmed in time domain, when performing a short
circuit transient a the output of the current limiter, see
Fig.19.
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Figure 19. Example 2, transient on output short circuit
with RC damping circuit

6. CONCLUSIONS

An approach has been presented that allows in a three-
step procedure to optimise the stability performances of
a generic (real) current source, in relation to the
impedance of the source itself when connected to a
generic load. The main advantages of the presented
approach is the possibility to optimise independently the
current source dynamic behaviour and to specify clear
interface requirements for the source and load
impedances in order to preserve the overall system
stability: when the source impedance is known with its
envelope of variability, it is possible to specify clear
criteria to the load impedance in order to guarantee the
overall stability performances of the system.

This seems to be a major advantage especially in
relation to power distribution systems based on latching
or fold-back current limiters.
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ABSTRACT

Latching Current Limiters include a control loop meant
at limiting the current in case of downstream failure.
Such current control loop consists typically of a simple
proportional feedback gain from a current measurement
shunt resistance and may result in very limited phase
margin for specified operating conditions. The present
paper investigates the combination of a proportional and
derivative feedback to mitigate the lack of stability
margin, providing a comprehensive overview on
designing Latching Current Limiters for stability. For
illustration purpose, a LCL based on radiation hardened
ITAR free components is considered. A breadboard has
been manufactured and the reported phase margin
measurements demonstrate performances in line with
the analytic results.

1. INTRODUCTION

The electrical power within a spacecraft is distributed to
the on board users by means of electrical lines drawn
from the centralized power bus. Such distribution lines
must be protected against overconsumption or short-
circuit to cope with possible failures at user level. For
earth observation or scientific spacecraft, the protection
is typically based on so-called LCL (Latching Current
Limiter) including a serial power PMOS in the
distribution line with the capability to actively limit the
current to a given reference for a limited time period
and to subsequently switch OFF the power line.
Originally designated as SSPC (Solid State Power
Controller), LCL have been introduced in the early
eighties to cope with the drawbacks of protection based
on fuses and electromechanical relays, in particular the
lack of inrush current control combined with the limited
current switching capabilities of relay [1]. So far
however, few references are found in the bibliography
dealing with current control stability of LCL or SSPC,
presumably owing to issues related to the non-ideal
behaviour of the MOSFET used as actuator. In [2], the
design of a SSPC in hybrid technology is reported
mainly dealing with temperature elevation associated to
the linear operation of the MOSFET. The question of
the closed loop stability is raised in [3] underlining that
it depends on the impedance of the bus user, especially
when it is inductive, and recommending to validate the
control performances of the SSPC with the actual load.
Finally, in [4], the stability of the current loop is

managed by an impedance network connected at the
output of the LCL. While a number of test results with
non-resistive load are reported, [4] remains nonetheless
mainly empirical. The objective of the present paper is
to provide an analytical tool supporting the
understanding of the stability issue. The concerned LCL
model is identified in § 2, being one of the typical
designs used so far in ESA spacecraft. The model of the
MOSFET used in the LCL is detailed in § 3, covering
both static and dynamic parameters. The theoretical
open loop gain of the LCL current control is presented
accordingly in § 4, and the stakes of proportional and
derivative feedback gains are discussed in § 5 and § 6
respectively. In § 7, the stability rationale previously
introduced leads to the LCL output impedance diagram
drawn as a function of frequency. It is shown that such a
frequency plot allows dealing with the compatibility
issue between LCL and downstream impedance in terms
of stability. § 8 embodies the analytical study within an
ITAR free radiation hardened design for which the
closed loop stability is verified by simulations and
measurements. The measurements performed on a
breadboard are reported in 8§ 9 and demonstrate
performances in line with theoretical results and
simulations. Conclusions are finally drawn in § 10.

2. LCL MODEL

The basic LCL model taken into account for the
analytical study is presented on Fig. 1, restricted to the
current limitation loop.

Power Bus
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Typical LCL | Load
Current Control Loop i Input Filter
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Figure 1 Typical LCL current control loop
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Its topology is the one of LCL’s currently used on a
number of ESA spacecraft for earth observation or
scientific experiments. It consists in a closed loop





control of the current by means of a PMOS with a
proportional  feedback gain. The feedback is
materialized by a current mirror which delivers a low
level current proportional to the controlled Drain
current. The low level current is integrated onto the
parasitic capacitance of the MOSFET, which closes the
control loop. The LCL current control loop may be
called on e.g. in case of short-circuit of the main input
filter capacitor resulting in a load impedance being fully
inductive, and with a voltage across the MOSFET being
equal to the full bus voltage at the end of the current
limitation transient. If the short-circuit occurs within the
capacitor of the damper, the current control loop will
have to operate with a voltage drop across the MOSFET
being in between 0 V and the bus voltage, while the
load impedance may deviate from a pure inductance.
Besides, the current loop is also nominally needed to
charge the bus user input filter capacitance during
switch ON operation. This illustrates the various
conditions for which the LCL stability must be
enforced. Typical order of magnitude for such
impedance are a few hundreds of pH and a few tens of
HF.

3. MOSFET MODEL

Basically, the MOSFET constitutes a current source
controlled by the Gate to Source voltage. The device is
however highly non-linear, especially at low Drain to
Source voltage, and affected by parasitic capacitance.
This induces a deviation of the LCL from an ideal
behaviour. To take that into account, a small signal
model of the PMOS is considered in the frame of the
LCL current control, as sketched on Fig. 2, where Rp
stands for the static current variation resulting from a
Drain to Source voltage variation.
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Figure 2 LCL and PMQOS small signal model

Note that Ig stands for the low level current source
meant at enforcing the feedback from the power current,
Rs for the current measurement shunt resistance, Z, for
the impedance of the load and V; for a perturbation
source which will be useful to analyse the output
impedance of the LCL. The PMOS parameters depend
on both the Drain to Source voltage and current. In the
frame of the present LCL design, we concentrate on a 6
A current limitation level which is convenient fora 5 A

class LCL. The parametric values for PMOS candidates
for LCL design are displayed accordingly in Tab. 1 for
extreme Drain to Source voltage, namely 5V and 50 V.
The values applicable at 0 V are disregarded because at
that voltage, there is no longer any control possible. The
value of 50 V is a boundary encompassing the 28 V and
50 V bus voltages applicable to LCL.

Reference STRH | JAXAR | IRHMS | IRHNA
40P10 | 2SJ1A04 | 597160 | 597064
Manufacturer ST FUJI IR
Mea_?_l;r;?ent Sample Measurement | PSpice Identification
S
Co 483nF | 7.04nF | 6.13nF | 5.72nF
Cr 096nF | 1.77nF | 115nF | 151nF
Co 544nF | 299nF | 90.0nF | 107nF
G 20A/V | 1I5A/NV | 3L4AIN | 241AN
Rp 17Q 50Q 1 MQ 2.98 Q
)
Cs 3.15nF | 566nF | 478nF | 4.98nF
Cr 0.24nF | 0.22nF | 745pF | 172pF
Co 1.36nF | 3.28nF | 6.65nF | 21.1nF
G 20A/V | 1I5A/V | 3L4AIV | 419 ANV
Rp 17Q 50 Q 1 MQ 13.6 Q

Table 1 Space compatible PMOS parametric values

As per Tab. 1, capacitances increase when the voltage
decreases. The Drain to Source capacitance differs
significantly from its value at zero current (see
datasheet) but will prove to have little impact with
regards to stability. The possible decrease of the Drain
to Source resistance and the gain with the Drain to
Source voltage indicates that the MOSFET channel
leaves the saturation region towards Rqson condition.

4. OPEN LOOP DYNAMICS

Let’s first concentrate per Eg. 1 on a load impedance
which is purely inductive, being the most critical case as
underlined in [3]. The generic load impedance case will
be addressed in § 7.

Z, =Ls 1)

The following equations result from Fig. 2, the Source
voltage being the reference voltage.

Vb =Lyslp—Ve
1
Ip = Cgs(V — Vi) ~GVg — (Cps +=——)Vp )
RD

lg =—CgsVg —Crs(Vg —Vp)

The next transfer function is then obtained by
eliminating Vg and Vp, at zero Vp.
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Z:cicj =CeCr +CrCp +CpCo
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This is the transfer function from the low level control
current source lg to the PMOS Drain current Ip. Its
similitude with the transfer function from the control
current source lg to the PMOS Source current lg is
discussed in the next paragraph, knowing that the
current feedback loop normally regulates the Source
current, not from the Drain current.

5. PROPORTIONAL FEEDBACK REGULATOR

In accordance with common practice, we first consider a
proportional feedback gain to close the regulation loop.

lg =—KRg(ls —ler) 4)

With reference to Fig. 2, k is the current mirror gain and
les is an offset driving the limitation current to a non-
zero value. Let’s now consider a first assumption.

kRg <<1 HO

Taking into account that the Source current is the
summation of the Drain and Gate currents, and with
reference to Eq. 4 from AC viewpoint (i.e. disregarding
lef), this condition allows to approximate the Source
current by the Drain current all the more that it is
largely met.

Is=lp (5)

Accordingly, the open loop gain of the current control in
the case of a proportional feedback can be deduced from
Eq. 3 and Eqg. 4 (excluding the negative sign).

KRs(G —Cgs)
Cs+C
(cG+cR)s+|_L(7‘3RD R 4 GCR)s2+L, E cicys? (6)

i#]

GoL_1=

The third order term of the denominator, or the zero
with positive real part at the numerator, indicates that
the closed loop system may be unstable. Also, the phase
profile of this open loop gain as a function of frequency
lowers with increasing load inductance. In this context,
the feedback parameter kRs may be used to reach the
unity gain at a given frequency, i.e. to reach a given
bandwidth in closed loop, but there is no degree of
freedom to mitigate the possible lack of phase margin.
As an example, consider the 60 V rated PMOS
IRHNA597064. With reference to Tab. 1, for a
limitation current of 6 A and a Drain to Source voltage
of 5V, the phase margin left by the open loop gain
according to Eqg. 5 with a load inductance of 250 pH is
lower than 7° for a parameter k yielding a bandwidth of
1 kHz. Improving the phase margin would imply to

lower the bandwidth which would result in poor
dynamic performances of the current control (e.g. large
current peak at LCL output short-circuit). An alternative
tentative mitigation provision for the lack of phase
margin consists in implementing a serial RC filter in
between LCL output and ground. However, sizing such
RC dipole on the one hand to cope with the wide
inductance range where it would be needed, and on the
other hand to sustain oscillating failure at bus user level,
may result in selecting powerful and bulky components.

6. DERIVATIVE FEEDBACK REGULATOR

Looking for the possibility to adjust both the current
control bandwidth and the associated phase margin, we
now include in the control loop on Fig. 3 a derivative
feedback on top of the proportional one as proposed in
[11].

lre e I Is=Ip

+
—>| kRs =>0O—>0—>| PMOS >
/I\ kLss

kRs

Figure 3 Current feedback regulator block diagram

For the sake of the analysis, the two feedback gains are
considered as implemented separately, i.e. a purely
derivative feedback by means of a first feedback loop
and the proportional feedback by means of a second
feedback loop.

lo = —KLgslg + I ©)
Ig = —kRg(ls = lf) (8)

Concentrating on the derivative feedback first, the
cornerstone of the sizing of this loop is the CE
(Conducted Emissions) from the bus user fed by the
LCL. With reference to [9], Annex A, Figure A-1, the
CE are decreasing by 20 dB/dec down to 40 dBpA
where they stabilize at 10 MHz. Accordingly, the
derivative feedback is to be removed, i.e. filtered, from
10 MHz on to prevent LCL susceptibility to bus user CE
from increasing with frequency. For this reason, and
taking into account that such filtering will induce loss of
phase for the derivative feedback open loop gain from
beneath the cut off frequency of 10 MHz, the closed
loop bandwidth of the LCL current control shall be
limited to below 3 MHz. Let’s now consider the next
assumption, to be verified for frequency below 3 MHz.

k|RS + Lssl <<1@3MHz H1

Taking into account again that the Source current is the
summation of the Drain and Gate currents, and with





reference to Eq. 7 and Eqg. 8 from AC viewpoint (i.e.
disregarding ls), this condition allows to approximate
the Source current by the Drain current all the more that
it is largely met. Hence Eg. 5 remains applicable, and
with reference to Eg. 7 and Eq. 3, we get the following
open loop gain (excluding the negative sign).

KL (G —Cgs)

CG+CR+LL(CGR+CR +GCR)5+LLZC,CJSZ 9)
D

GoL_diar =

i#j
Closing the loop delivers the next transfer function.

L (10)

I

G-Cgs

Cs+C
(Cg +Cg +GkLs)s+(LL(GTDR+GCR)—kL3CR)sz + |_LZ:cicjs3

i#]j
Consider now the following two assumptions.

s >> 2n3MHz H2
Cr

GL min >>kLg H3

Eg. 9 and Eg. 10 may then be simplified from closed
loop control stability viewpoint as follows.

kLG
Ce +Chr +LL(%+GCR)S+LLZQC]SZ (11)

]

GoL_diat =

G (12)
Co +Cr +GkLg)s + L, (S8R Loe)s? 4L, ) CCs®
(Ce +Cg + s)s+ L(T+ R)ST+LL iCs

ij

We further want that the denominator of Eq. 11 and Eq.
12 is stable, to avoid oscillations which might develop
above the closed loop control frequency.

(LL(CGR;CM GCR))2 >> (Cq +Cr +G|<|_S)|_LZ:(:icj
D

i#]
This sets a minimum value for the load inductance.

(Co +Cq + le_s)Zcicj
I-Lmin >> el H4

(CetCr gy
RD

We also assume that the second order term of Eq. 11
denominator intersects the third one well above 3 MHz.

@_,. GCq

— & >>2713MHz

[£3]

Eq. 11 and Eq. 12 finally simplify to the next equations.

kLG
Go, _dl/dt= s
Co+Cr+L (S8 CR Liea)s (13)
Rp
I _ G
IF (Cq+Cr +GKLg)s + L|_(CGR;CR+GCR)52 (14)

D

Accordingly, the open loop gain of the current control
with respect to the proportional feedback can be
deduced from Eqg. 8 and Eq. 14 (excluding the negative
sign).

kRsG

(Ce +Chr +GkLS)s+LL(CGR;CR+ GCp)s? (15)
D

GOLJ =

With respect to the proportional feedback loop, Eq. 15
shows that parameter kLs may be used to suit the phase
margin request at the targeted bandwidth frequency
taking into account the maximum value of L., while
parameter KRs may be used for the open loop gain to
reach unity at the very same bandwidth frequency. With
respect to the derivative feedback loop, Eq. 13 indicates
that the phase margin is above 90° and that the
bandwidth may be limited to 3 MHz by making sure
that L, presents the relevant minimum value. Note that
L min Must be selected for the lowest Cg possible, i.e. at
the largest Drain to source voltage applicable. If the
needed L nn is deemed too large, a mitigation step may
consist in adding some capacitance between Gate and
Drain.

7. LCL OUTPUT IMPEDANCE

Coming back to Eq. 2, and considering the closed loop
of the derivative feedback according to Eq. 7, we get the
output impedance at open loop of the proportional
feedback by eliminating Vs and Vp, at zero . Note that
the minimum load inductance L y;, will be integrated in
the LCL design (see § 8), hence the output impedance is
formulated for that value.

Ve

out =
ID

Z

Cs+C
Cg +Cgr +GkLg + L min( GR R+ GCR)S+ L min E CiCs? (16)
D

Co*Cr , gc, +Zc,cjs
Rp

i#j
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Assumption H4 allows to plot such open loop output
impedance in function of the frequency as on Fig. 4.
The output impedance is flat, i.e. resistive, up to a given
frequency where it ends up to be driven only by the
impedance of the minimum load inductance and rises
accordingly. That frequency corresponds the current
derivative bandwidth frequency. With reference to Eq.
15, the maximum load inductance intersects the output
impedance close to the current bandwidth frequency.
The output impedance in closed loop condition is drawn
in dotted line for frequency below the bandwidth of the
resistive feedback loop, displaying a capacitive





behaviour. Load inductance that would be above the
maximum value could clearly resonate with the LCL
output impedance, which is consistent with the fact that
the phase margin drops beneath 60° for such load
inductance.

A
Zout
Y
Y
Y
N
N
Cg +Cpg +GKLg \\ /
CetCroc, T
D
I—Lmax I—Lmin
l l [
1 T »

WBw_| WBwW_di/dt ®

Figure 4 LCL output impedance versus frequency

Generally speaking, the LCL is compatible from
stability viewpoint with any load in between capacitive
to inductive which would intersect the output
impedance where it is flat. Note also that the lower the
minimum value of the output impedance, the larger the
inrush current peak subsequent to a short-circuit
occurring in the load. An LCL with larger output
impedance is therefore preferable to limit such current
overshoot. From the viewpoint of the perturbation
source Vp, the LCL may now be modeled as a DC
current source in parallel with the output impedance Z,
and connected to the load impedance Z, as sketched on
Fig. 5. The stability of the system is clearly driven by
the series network comprised of Z,: and Z..
Accordingly, the output impedance plot constitutes a
tool to analyse the stability of the LCL connected to any
given load.

LCL | Load

I
Z
Iref Zout Vp

Figure 5 LCL output equivalent model

As an example, the connection at output of the LCL of a
filter constituted by a capacitance C, and an inductance
L. with no damping provision will result in a stable
charge of the capacitance by the LCL on the condition
that the resistive plateau of Z,; matches the damping
condition of the LC filter, as suggested on Fig. 6. With
reference to Fig. 5 again, the current in the load answers
to the following equation.

=—t
T (17)
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Zout

Cs+Cr+GkLg L
MmcR
D

CLmax

1
OBw | ®
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»

Figure 6 LCL output impedance versus load impedance

Reminding that the LCL has a capacitive impedance
within the bandwidth frequency, Eq. 17 shows that the
maximum output capacitance C, . Will nominally be
charged by the LCL limitation current only if it is larger
than the equivalent LCL output capacitance Cgy, as
suggested on Fig. 6. Knowing that L .y intersects the
output impedance profile close to the bandwidth
frequency of the resistive feedback loop, we obtain the
next condition setting a minimum value for that
frequency.

szWJ ” LLmaxJ;:Lmax H6
Conversely, charging a load capacitance C, smaller than
Coust entails a dragging effect whereby the charge
capacitance no longer occurs at constant current but at
constant dV/dt.

8. RADHARD ITAR FREE LCL DESIGN

For the sake of illustration, let’s consider the PMOS
STRH40P10. Referring to the second column of Tab. 1
for the numerical values, we first show on Tab. 2 that
hypotheses H2 and H5 are largely met.

Vps Hypothesis Status
5V 213.32GHz >> 273MHz OK
50V H2 2m13.3GHz >> 2n3MHz OK
5V 2185.3MHz >> 213MHz OK
50V HS 27148MHz >> 273MHz OK

Table 2 Validation of hypotheses H2 and H5

We want to stabilise the closed loop for a maximum
load inductance of 500 pH.

L{ max =500uH

We first set the shunt resistance and the current mirror
gain (corresponding to a 0.5 mA polarisation current).

Rg =10mQ
k=19.2mA/V

By simulation, we find the shunt inductance providing
to the resistive feedback loop a phase margin of 60° for
this maximum load inductance. We concentrate on the 5
V Drain to Source voltage as it constitutes a case worst
than the 50 V value.





Lg =590nH
ogw | = 212.25kHz

The corresponding simulation file is displayed on Fig. 7.
By a second simulation, as displayed on Fig. 8, we find
the minimum load inductance which brings the
bandwidth of the inductive feedback loop to 3 MHz. We
concentrate on the 50 V Drain to Source voltage as it
constitutes a case worst than the 5 V case.

L min =1.75pH
For the maximum capacitance, we select the next value.
CLmax =300uF

This value requests 2.5 ms to be charged at 50 V by a 6
A limitation current, while a 5 ms short-circuit duration
generates a 1.5 J energy which will not bring the die
above rated temperature for initial junction temperature
below 80 °C.

Ra 20

KI
Ls .| Limax

19.2m

Figure 7 Resistive feedback open loop gain simulation

file (Vps=5V)
- .
Cr2
a2
24 2
4 0.24n . Cd2 Rud2
.
Cg2 =
1.361 17
Rg2 20 &
106 al
. . . . v . .
Vac2
Ki2 ¢ 1
1 Ls2 Limin
19.2m 580n % 1.75u

Rs2
10m

Figure 8 Inductive feedback open loop gain simulation
file (VDS =50 V)

We finally show on Tab. 3 that hypotheses H3, H4, H1
and H6 are also largely met. The next simulation
concerns the LCL output impedance. The simulation
schematics applicable at 5 V Drain to Source voltage is
provided on Fig. 9.

Vbs Hypothesis Status

- H1 214m <<1 OK
A mA

- H3 soqu >>STuH OK

5V 4uH >>15.8nH oK

H4

50 V 4uH >>35.1nH oK

- H6 105(kHz)? >> 6.66(kHz)? OK

Table 3 Validation of hypotheses H1, H3, H4 and H6

Ik 0.9€n T ) cd Rd
. . .
Ca = 5.44n 17
Ry 20
- 488

Figure 9 Output impedance simulation file
(Vps=5V)

Note again that L, ., will be integrated in the LCL
design and is therefore considered for drawing the LCL
output impedance. The output impedance plot is given
on Fig. 10, for both the 5 V and the 50 V Vs cases, and
may be compared to Fig. 4. The plateau sets
respectively to about 11.9 Q and 45.8 Q. The output
impedance increases with the Drain to Source voltage
mainly due to the voltage dependence of Cg. The
straight line stands for the impedance of the maximum
load inductance.

1,000.0

i i

VD55V

VDS 50V
LL 500 uH

Zy [0

10.0

10

100 1,000 10,000 100,000 1,000,000 10,000,000
Frequency [Hz]

Figure 10 Output impedance simulation results

The practical implementation of the LCL is presented
on Fig. 11. The shunt inductance Ls has been
implemented as a transformer to prevent any resistive
voltage drop within the inductance from affecting the
precision of the shunt resistance. This allows in turn the
minimum inductance to be merged with the shunt
inductance by implementing a 3 to 1 transformer ratio.





That minimum inductance corresponds to the
inductance of the transformer at primary side which is
1.75 uH. From current derivative feedback viewpoint,
the transformer ratio makes sure that the closed loop
only sees one third of the voltage drop across the
minimum inductance which corresponds to about the
voltage drop across the desired shunt inductance value
of 590 nH. The diode D1 is meant as free-wheeling path
in case of blunt current interruption downstream the
LCL. There is no free-wheeling diode to ground at LCL
output assuming that the switch OFF operation is
performed smoothly enough with respect to the
maximum inductance of 500 uH.

— 175pH Ls STRH40P10
\AANT®

W S A

v
a = A

|

R3 | [16.2kQ

3
D2 Q Q4

RGE |

Figure 11 LCL current control loop detailed schematics

R4 R5
1kQ 1kQ

The diode D2 prevents Q3 from being reversed
polarized in case the LCL is shorted to ground directly
at its output. As a spin off, the PMOS will be shut down
when the LCL is shorted to ground through a low
impedance path thereby strongly limiting the inrush
current amplitude. Finally, the 12 Q resistor across the
secondary coil ensures a filtering of the CE from the
equipment connected to the LCL, with a cut off
frequency of 10 MHz. With reference to [9], Annex A
again, the CE will develop on the secondary side of the
shunt inductance a maximum voltage of 3.7 mV, which
corresponds to a 0.37 A current onto the 10 mQ shunt
resistance. This figure is well within the margin left
between the nominal current of 5 A and the limitation
current of 6 A.

9. BREADBOARD RESULTS

The measurement performed on the breadboard are
reported here. The first four plots have been done at 5 V
Drain to Source voltage, the last one at 50 V. Fig. 12
shows the bandwidth and phase margin of the resistive
feedback loop for a load inductance of 500 pH,
respectively 2.17 kHz and 62° (close to the expected
2.25 kHz and 60° figures). Fig. 13 shows the bandwidth
and phase margin of the inductive feedback loop for the
minimum output inductance of 1.75 pH and a Drain to

Source voltage of 5 V. The phase margin is close to 90°
as expected, and the bandwidth is about 1 MHz, in line
with the 3 MHz bandwidth targeted for a 50 V Drain to
Source voltage.

CH1 R/R loa MAG 18 dB/ REF B dB L8835 dB
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2.16819 kHz CETTER

Crl

SPACE

Ava :
16 "
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Lo LA 2.16819 fHz

CHZ A/R rhase

: I DONE

Ava
16

f STOR DEV
[DISK]

SHP 11.9 sec CAMCEL
STOP 58 kHz

IF Bl 188 _Hz FOMER -18 dEm

START 588 Hz

Figure 12 Resistive feedback loop bandwidth and phase
margin (Vps =5V, L, =500 pH)
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Figure 13 Inductive feedback loop bandwidth and phase
margin (Vps =5V, L. =0 pH)

BH 1 POLER -5 dBEm

IF @8 Hz
START 188 kHz

Fig. 14 shows the LCL output impedance. The
minimum value is about 12 Q, disregarding the noisy
measurement below 1 kHz and in accordance with Fig.
10. For the sake of the output impedance measurement,
note that we have used an injection transformer inserted
between Drain and load impedance, where the
measurements provided to the spectrum analyser are the
Drain current voltage, measured with an AC current
probe, and the Drain voltage, measured with a standard
voltage probe. Finally, Fig. 15 and Fig. 16 provide the
time response of the current in case of short-circuit
applied at output of the LCL, respectively for a 500 pH
load inductance at 5 V Drain to Source voltage and for a
0 pH load inductance at 50 V Drain to Source voltage.
The behaviour of the circuit on Fig. 15 is very much
stable in spite of the large output inductance, displaying
an inrush current below 8 A (less than 2 A overshoot).
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Figure 14 LCL output impedance (Vps =5 V)
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Figure 15 LCL short-circuit current transient
(Vps =5V, L. =500 pH)
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Figure 16 LCL short-circuit current transient
(VDS =50 V, L|_ =0 |J.H)
The behaviour of the circuit on Fig. 16 is as expected,
displaying a current shutdown when the LCL is shorted
at low impedance (see 8§ 8). Note that during the current
recovery to the limitation value, there is no overshoot.

10. CONCLUSIONS

A stability analysis of LCL typically used on ESA
spacecraft has been performed. It has been shown that
the maximum load inductance plays a critical role in the
stability performances, and that a purely proportional
feedback for the current control loop does not allow

reaching convenient stability margin for the specified
operating conditions. The mitigation of such issue
consists in introducing a derivative feedback gain in the
control loop. This solution has the advantage of making
unnecessary the bulky RC filter at LCL output. The tests
performed on a breadboard have shown results in line
with expectation thereby confirming the validity of the
analysis.
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ABSTRACT

Latching Current Limiters include a control loop meant
at limiting the current in case of downstream failure.
Such current control loop consists typically of a simple
proportional feedback gain from a current measurement
shunt resistance and may result in very limited phase
margin for specified operating conditions. The present
paper investigates the combination of a proportional and
derivative feedback to mitigate the lack of stability
margin, providing a comprehensive overview on
designing Latching Current Limiters for stability. For
illustration purpose, a LCL based on radiation hardened
ITAR free components is considered. A breadboard has
been manufactured and the reported phase margin
measurements demonstrate performances in line with
the analytic results.

1. INTRODUCTION

The electrical power within a spacecraft is distributed to
the on board users by means of electrical lines drawn
from the centralized power bus. Such distribution lines
must be protected against overconsumption or short-
circuit to cope with possible failures at user level. For
earth observation or scientific spacecraft, the protection
is typically based on so-called LCL (Latching Current
Limiter) including a serial power PMOS in the
distribution line with the capability to actively limit the
current to a given reference for a limited time period
and to subsequently switch OFF the power line.
Originally designated as SSPC (Solid State Power
Controller), LCL have been introduced in the early
eighties to cope with the drawbacks of protection based
on fuses and electromechanical relays, in particular the
lack of inrush current control combined with the limited
current switching capabilities of relay [1]. So far
however, few references are found in the bibliography
dealing with current control stability of LCL or SSPC,
presumably owing to issues related to the non-ideal
behaviour of the MOSFET used as actuator. In [2], the
design of a SSPC in hybrid technology is reported
mainly dealing with temperature elevation associated to
the linear operation of the MOSFET. The question of
the closed loop stability is raised in [3] underlining that
it depends on the impedance of the bus user, especially
when it is inductive, and recommending to validate the
control performances of the SSPC with the actual load.
Finally, in [4], the stability of the current loop is

managed by an impedance network connected at the
output of the LCL. While a number of test results with
non-resistive load are reported, [4] remains nonetheless
mainly empirical. The objective of the present paper is
to provide an analytical tool supporting the
understanding of the stability issue. The concerned LCL
model is identified in § 2, being one of the typical
designs used so far in ESA spacecraft. The model of the
MOSFET used in the LCL is detailed in § 3, covering
both static and dynamic parameters. The theoretical
open loop gain of the LCL current control is presented
accordingly in § 4, and the stakes of proportional and
derivative feedback gains are discussed in § 5 and § 6
respectively. In § 7, the stability rationale previously
introduced leads to the LCL output impedance diagram
drawn as a function of frequency. It is shown that such a
frequency plot allows dealing with the compatibility
issue between LCL and downstream impedance in terms
of stability. § 8 embodies the analytical study within an
ITAR free radiation hardened design for which the
closed loop stability is verified by simulations and
measurements. The measurements performed on a
breadboard are reported in 8§ 9 and demonstrate
performances in line with theoretical results and
simulations. Conclusions are finally drawn in § 10.

2. LCL MODEL

The basic LCL model taken into account for the
analytical study is presented on Fig. 1, restricted to the
current limitation loop.

Power Bus
Capacitance

Typical LCL | Load
Current Control Loop i Input Filter
|

l——L/WW

2

i

Figure 1 Typical LCL current control loop
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Its topology is the one of LCL’s currently used on a
number of ESA spacecraft for earth observation or
scientific experiments. It consists in a closed loop





control of the current by means of a PMOS with a
proportional  feedback gain. The feedback is
materialized by a current mirror which delivers a low
level current proportional to the controlled Drain
current. The low level current is integrated onto the
parasitic capacitance of the MOSFET, which closes the
control loop. The LCL current control loop may be
called on e.g. in case of short-circuit of the main input
filter capacitor resulting in a load impedance being fully
inductive, and with a voltage across the MOSFET being
equal to the full bus voltage at the end of the current
limitation transient. If the short-circuit occurs within the
capacitor of the damper, the current control loop will
have to operate with a voltage drop across the MOSFET
being in between 0 V and the bus voltage, while the
load impedance may deviate from a pure inductance.
Besides, the current loop is also nominally needed to
charge the bus user input filter capacitance during
switch ON operation. This illustrates the various
conditions for which the LCL stability must be
enforced. Typical order of magnitude for such
impedance are a few hundreds of pH and a few tens of
HF.

3. MOSFET MODEL

Basically, the MOSFET constitutes a current source
controlled by the Gate to Source voltage. The device is
however highly non-linear, especially at low Drain to
Source voltage, and affected by parasitic capacitance.
This induces a deviation of the LCL from an ideal
behaviour. To take that into account, a small signal
model of the PMOS is considered in the frame of the
LCL current control, as sketched on Fig. 2, where Rp
stands for the static current variation resulting from a
Drain to Source voltage variation.

o e ——— — 1
!
'

Source

—L 1

|
|
|
|
V ! —C R
Ple I . ° D °
i G-Ves
I 1
|
|
SRS
! Drain PMOS
Z

Figure 2 LCL and PMQOS small signal model

Note that Ig stands for the low level current source
meant at enforcing the feedback from the power current,
Rs for the current measurement shunt resistance, Z, for
the impedance of the load and V; for a perturbation
source which will be useful to analyse the output
impedance of the LCL. The PMOS parameters depend
on both the Drain to Source voltage and current. In the
frame of the present LCL design, we concentrate on a 6
A current limitation level which is convenient fora 5 A

class LCL. The parametric values for PMOS candidates
for LCL design are displayed accordingly in Tab. 1 for
extreme Drain to Source voltage, namely 5V and 50 V.
The values applicable at 0 V are disregarded because at
that voltage, there is no longer any control possible. The
value of 50 V is a boundary encompassing the 28 V and
50 V bus voltages applicable to LCL.

Reference STRH | JAXAR | IRHMS | IRHNA
40P10 | 2SJ1A04 | 597160 | 597064
Manufacturer ST FUJI IR
Mea_?_l;r;?ent Sample Measurement | PSpice Identification
S
Co 483nF | 7.04nF | 6.13nF | 5.72nF
Cr 096nF | 1.77nF | 115nF | 151nF
Co 544nF | 299nF | 90.0nF | 107nF
G 20A/V | 1I5A/NV | 3L4AIN | 241AN
Rp 17Q 50Q 1 MQ 2.98 Q
)
Cs 3.15nF | 566nF | 478nF | 4.98nF
Cr 0.24nF | 0.22nF | 745pF | 172pF
Co 1.36nF | 3.28nF | 6.65nF | 21.1nF
G 20A/V | 1I5A/V | 3L4AIV | 419 ANV
Rp 17Q 50 Q 1 MQ 13.6 Q

Table 1 Space compatible PMOS parametric values

As per Tab. 1, capacitances increase when the voltage
decreases. The Drain to Source capacitance differs
significantly from its value at zero current (see
datasheet) but will prove to have little impact with
regards to stability. The possible decrease of the Drain
to Source resistance and the gain with the Drain to
Source voltage indicates that the MOSFET channel
leaves the saturation region towards Rqson condition.

4. OPEN LOOP DYNAMICS

Let’s first concentrate per Eg. 1 on a load impedance
which is purely inductive, being the most critical case as
underlined in [3]. The generic load impedance case will
be addressed in § 7.

Z, =Ls 1)

The following equations result from Fig. 2, the Source
voltage being the reference voltage.

Vb =Lyslp—Ve
1
Ip = Cgs(V — Vi) ~GVg — (Cps +=——)Vp )
RD

lg =—CgsVg —Crs(Vg —Vp)

The next transfer function is then obtained by
eliminating Vg and Vp, at zero Vp.





I G-Cgs

le ((:(.,+cR)s+|_L(CGR+CR +GCR)sz+LLZCiCJs3 )
D

i)

where

Z:cicj =CeCr +CrCp +CpCo

i#]

This is the transfer function from the low level control
current source lg to the PMOS Drain current Ip. Its
similitude with the transfer function from the control
current source lg to the PMOS Source current lg is
discussed in the next paragraph, knowing that the
current feedback loop normally regulates the Source
current, not from the Drain current.

5. PROPORTIONAL FEEDBACK REGULATOR

In accordance with common practice, we first consider a
proportional feedback gain to close the regulation loop.

lg =—KRg(ls —ler) 4)

With reference to Fig. 2, k is the current mirror gain and
les is an offset driving the limitation current to a non-
zero value. Let’s now consider a first assumption.

kRg <<1 HO

Taking into account that the Source current is the
summation of the Drain and Gate currents, and with
reference to Eq. 4 from AC viewpoint (i.e. disregarding
lef), this condition allows to approximate the Source
current by the Drain current all the more that it is
largely met.

Is=lp (5)

Accordingly, the open loop gain of the current control in
the case of a proportional feedback can be deduced from
Eq. 3 and Eqg. 4 (excluding the negative sign).

KRs(G —Cgs)
Cs+C
(cG+cR)s+|_L(7‘3RD R 4 GCR)s2+L, E cicys? (6)

i#]

GoL_1=

The third order term of the denominator, or the zero
with positive real part at the numerator, indicates that
the closed loop system may be unstable. Also, the phase
profile of this open loop gain as a function of frequency
lowers with increasing load inductance. In this context,
the feedback parameter kRs may be used to reach the
unity gain at a given frequency, i.e. to reach a given
bandwidth in closed loop, but there is no degree of
freedom to mitigate the possible lack of phase margin.
As an example, consider the 60 V rated PMOS
IRHNA597064. With reference to Tab. 1, for a
limitation current of 6 A and a Drain to Source voltage
of 5V, the phase margin left by the open loop gain
according to Eqg. 5 with a load inductance of 250 pH is
lower than 7° for a parameter k yielding a bandwidth of
1 kHz. Improving the phase margin would imply to

lower the bandwidth which would result in poor
dynamic performances of the current control (e.g. large
current peak at LCL output short-circuit). An alternative
tentative mitigation provision for the lack of phase
margin consists in implementing a serial RC filter in
between LCL output and ground. However, sizing such
RC dipole on the one hand to cope with the wide
inductance range where it would be needed, and on the
other hand to sustain oscillating failure at bus user level,
may result in selecting powerful and bulky components.

6. DERIVATIVE FEEDBACK REGULATOR

Looking for the possibility to adjust both the current
control bandwidth and the associated phase margin, we
now include in the control loop on Fig. 3 a derivative
feedback on top of the proportional one as proposed in
[11].

lre e I Is=Ip

+
—>| kRs =>0O—>0—>| PMOS >
/I\ kLss

kRs

Figure 3 Current feedback regulator block diagram

For the sake of the analysis, the two feedback gains are
considered as implemented separately, i.e. a purely
derivative feedback by means of a first feedback loop
and the proportional feedback by means of a second
feedback loop.

lo = —KLgslg + I ©)
Ig = —kRg(ls = lf) (8)

Concentrating on the derivative feedback first, the
cornerstone of the sizing of this loop is the CE
(Conducted Emissions) from the bus user fed by the
LCL. With reference to [9], Annex A, Figure A-1, the
CE are decreasing by 20 dB/dec down to 40 dBpA
where they stabilize at 10 MHz. Accordingly, the
derivative feedback is to be removed, i.e. filtered, from
10 MHz on to prevent LCL susceptibility to bus user CE
from increasing with frequency. For this reason, and
taking into account that such filtering will induce loss of
phase for the derivative feedback open loop gain from
beneath the cut off frequency of 10 MHz, the closed
loop bandwidth of the LCL current control shall be
limited to below 3 MHz. Let’s now consider the next
assumption, to be verified for frequency below 3 MHz.

k|RS + Lssl <<1@3MHz H1

Taking into account again that the Source current is the
summation of the Drain and Gate currents, and with





reference to Eq. 7 and Eqg. 8 from AC viewpoint (i.e.
disregarding ls), this condition allows to approximate
the Source current by the Drain current all the more that
it is largely met. Hence Eg. 5 remains applicable, and
with reference to Eg. 7 and Eq. 3, we get the following
open loop gain (excluding the negative sign).

KL (G —Cgs)

CG+CR+LL(CGR+CR +GCR)5+LLZC,CJSZ 9)
D

GoL_diar =

i#j
Closing the loop delivers the next transfer function.

L (10)

I

G-Cgs

Cs+C
(Cg +Cg +GkLs)s+(LL(GTDR+GCR)—kL3CR)sz + |_LZ:cicjs3

i#]j
Consider now the following two assumptions.

s >> 2n3MHz H2
Cr

GL min >>kLg H3

Eg. 9 and Eg. 10 may then be simplified from closed
loop control stability viewpoint as follows.

kLG
Ce +Chr +LL(%+GCR)S+LLZQC]SZ (11)

]

GoL_diat =

G (12)
Co +Cr +GkLg)s + L, (S8R Loe)s? 4L, ) CCs®
(Ce +Cg + s)s+ L(T+ R)ST+LL iCs

ij

We further want that the denominator of Eq. 11 and Eq.
12 is stable, to avoid oscillations which might develop
above the closed loop control frequency.

(LL(CGR;CM GCR))2 >> (Cq +Cr +G|<|_S)|_LZ:(:icj
D

i#]
This sets a minimum value for the load inductance.

(Co +Cq + le_s)Zcicj
I-Lmin >> el H4

(CetCr gy
RD

We also assume that the second order term of Eq. 11
denominator intersects the third one well above 3 MHz.

@_,. GCq

— & >>2713MHz

[£3]

Eq. 11 and Eq. 12 finally simplify to the next equations.

kLG
Go, _dl/dt= s
Co+Cr+L (S8 CR Liea)s (13)
Rp
I _ G
IF (Cq+Cr +GKLg)s + L|_(CGR;CR+GCR)52 (14)

D

Accordingly, the open loop gain of the current control
with respect to the proportional feedback can be
deduced from Eqg. 8 and Eq. 14 (excluding the negative
sign).

kRsG

(Ce +Chr +GkLS)s+LL(CGR;CR+ GCp)s? (15)
D

GOLJ =

With respect to the proportional feedback loop, Eq. 15
shows that parameter kLs may be used to suit the phase
margin request at the targeted bandwidth frequency
taking into account the maximum value of L., while
parameter KRs may be used for the open loop gain to
reach unity at the very same bandwidth frequency. With
respect to the derivative feedback loop, Eq. 13 indicates
that the phase margin is above 90° and that the
bandwidth may be limited to 3 MHz by making sure
that L, presents the relevant minimum value. Note that
L min Must be selected for the lowest Cg possible, i.e. at
the largest Drain to source voltage applicable. If the
needed L nn is deemed too large, a mitigation step may
consist in adding some capacitance between Gate and
Drain.

7. LCL OUTPUT IMPEDANCE

Coming back to Eq. 2, and considering the closed loop
of the derivative feedback according to Eq. 7, we get the
output impedance at open loop of the proportional
feedback by eliminating Vs and Vp, at zero . Note that
the minimum load inductance L y;, will be integrated in
the LCL design (see § 8), hence the output impedance is
formulated for that value.

Ve

out =
ID

Z

Cs+C
Cg +Cgr +GkLg + L min( GR R+ GCR)S+ L min E CiCs? (16)
D

Co*Cr , gc, +Zc,cjs
Rp

i#j

i

Assumption H4 allows to plot such open loop output
impedance in function of the frequency as on Fig. 4.
The output impedance is flat, i.e. resistive, up to a given
frequency where it ends up to be driven only by the
impedance of the minimum load inductance and rises
accordingly. That frequency corresponds the current
derivative bandwidth frequency. With reference to Eq.
15, the maximum load inductance intersects the output
impedance close to the current bandwidth frequency.
The output impedance in closed loop condition is drawn
in dotted line for frequency below the bandwidth of the
resistive feedback loop, displaying a capacitive





behaviour. Load inductance that would be above the
maximum value could clearly resonate with the LCL
output impedance, which is consistent with the fact that
the phase margin drops beneath 60° for such load
inductance.

A
Zout
Y
Y
Y
N
N
Cg +Cpg +GKLg \\ /
CetCroc, T
D
I—Lmax I—Lmin
l l [
1 T »

WBw_| WBwW_di/dt ®

Figure 4 LCL output impedance versus frequency

Generally speaking, the LCL is compatible from
stability viewpoint with any load in between capacitive
to inductive which would intersect the output
impedance where it is flat. Note also that the lower the
minimum value of the output impedance, the larger the
inrush current peak subsequent to a short-circuit
occurring in the load. An LCL with larger output
impedance is therefore preferable to limit such current
overshoot. From the viewpoint of the perturbation
source Vp, the LCL may now be modeled as a DC
current source in parallel with the output impedance Z,
and connected to the load impedance Z, as sketched on
Fig. 5. The stability of the system is clearly driven by
the series network comprised of Z,: and Z..
Accordingly, the output impedance plot constitutes a
tool to analyse the stability of the LCL connected to any
given load.

LCL | Load

I
Z
Iref Zout Vp

Figure 5 LCL output equivalent model

As an example, the connection at output of the LCL of a
filter constituted by a capacitance C, and an inductance
L. with no damping provision will result in a stable
charge of the capacitance by the LCL on the condition
that the resistive plateau of Z,; matches the damping
condition of the LC filter, as suggested on Fig. 6. With
reference to Fig. 5 again, the current in the load answers
to the following equation.

=—t
T (17)

A
Zout

Cs+Cr+GkLg L
MmcR
D

CLmax

1
OBw | ®
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»

Figure 6 LCL output impedance versus load impedance

Reminding that the LCL has a capacitive impedance
within the bandwidth frequency, Eq. 17 shows that the
maximum output capacitance C, . Will nominally be
charged by the LCL limitation current only if it is larger
than the equivalent LCL output capacitance Cgy, as
suggested on Fig. 6. Knowing that L .y intersects the
output impedance profile close to the bandwidth
frequency of the resistive feedback loop, we obtain the
next condition setting a minimum value for that
frequency.

szWJ ” LLmaxJ;:Lmax H6
Conversely, charging a load capacitance C, smaller than
Coust entails a dragging effect whereby the charge
capacitance no longer occurs at constant current but at
constant dV/dt.

8. RADHARD ITAR FREE LCL DESIGN

For the sake of illustration, let’s consider the PMOS
STRH40P10. Referring to the second column of Tab. 1
for the numerical values, we first show on Tab. 2 that
hypotheses H2 and H5 are largely met.

Vps Hypothesis Status
5V 213.32GHz >> 273MHz OK
50V H2 2m13.3GHz >> 2n3MHz OK
5V 2185.3MHz >> 213MHz OK
50V HS 27148MHz >> 273MHz OK

Table 2 Validation of hypotheses H2 and H5

We want to stabilise the closed loop for a maximum
load inductance of 500 pH.

L{ max =500uH

We first set the shunt resistance and the current mirror
gain (corresponding to a 0.5 mA polarisation current).

Rg =10mQ
k=19.2mA/V

By simulation, we find the shunt inductance providing
to the resistive feedback loop a phase margin of 60° for
this maximum load inductance. We concentrate on the 5
V Drain to Source voltage as it constitutes a case worst
than the 50 V value.





Lg =590nH
ogw | = 212.25kHz

The corresponding simulation file is displayed on Fig. 7.
By a second simulation, as displayed on Fig. 8, we find
the minimum load inductance which brings the
bandwidth of the inductive feedback loop to 3 MHz. We
concentrate on the 50 V Drain to Source voltage as it
constitutes a case worst than the 5 V case.

L min =1.75pH
For the maximum capacitance, we select the next value.
CLmax =300uF

This value requests 2.5 ms to be charged at 50 V by a 6
A limitation current, while a 5 ms short-circuit duration
generates a 1.5 J energy which will not bring the die
above rated temperature for initial junction temperature
below 80 °C.

Ra 20

KI
Ls .| Limax

19.2m

Figure 7 Resistive feedback open loop gain simulation

file (Vps=5V)
- .
Cr2
a2
24 2
4 0.24n . Cd2 Rud2
.
Cg2 =
1.361 17
Rg2 20 &
106 al
. . . . v . .
Vac2
Ki2 ¢ 1
1 Ls2 Limin
19.2m 580n % 1.75u

Rs2
10m

Figure 8 Inductive feedback open loop gain simulation
file (VDS =50 V)

We finally show on Tab. 3 that hypotheses H3, H4, H1
and H6 are also largely met. The next simulation
concerns the LCL output impedance. The simulation
schematics applicable at 5 V Drain to Source voltage is
provided on Fig. 9.

Vbs Hypothesis Status

- H1 214m <<1 OK
A mA

- H3 soqu >>STuH OK

5V 4uH >>15.8nH oK

H4

50 V 4uH >>35.1nH oK

- H6 105(kHz)? >> 6.66(kHz)? OK

Table 3 Validation of hypotheses H1, H3, H4 and H6

Ik 0.9€n T ) cd Rd
. . .
Ca = 5.44n 17
Ry 20
- 488

Figure 9 Output impedance simulation file
(Vps=5V)

Note again that L, ., will be integrated in the LCL
design and is therefore considered for drawing the LCL
output impedance. The output impedance plot is given
on Fig. 10, for both the 5 V and the 50 V Vs cases, and
may be compared to Fig. 4. The plateau sets
respectively to about 11.9 Q and 45.8 Q. The output
impedance increases with the Drain to Source voltage
mainly due to the voltage dependence of Cg. The
straight line stands for the impedance of the maximum
load inductance.

1,000.0

i i

VD55V

VDS 50V
LL 500 uH

Zy [0

10.0

10

100 1,000 10,000 100,000 1,000,000 10,000,000
Frequency [Hz]

Figure 10 Output impedance simulation results

The practical implementation of the LCL is presented
on Fig. 11. The shunt inductance Ls has been
implemented as a transformer to prevent any resistive
voltage drop within the inductance from affecting the
precision of the shunt resistance. This allows in turn the
minimum inductance to be merged with the shunt
inductance by implementing a 3 to 1 transformer ratio.





That minimum inductance corresponds to the
inductance of the transformer at primary side which is
1.75 uH. From current derivative feedback viewpoint,
the transformer ratio makes sure that the closed loop
only sees one third of the voltage drop across the
minimum inductance which corresponds to about the
voltage drop across the desired shunt inductance value
of 590 nH. The diode D1 is meant as free-wheeling path
in case of blunt current interruption downstream the
LCL. There is no free-wheeling diode to ground at LCL
output assuming that the switch OFF operation is
performed smoothly enough with respect to the
maximum inductance of 500 uH.

— 175pH Ls STRH40P10
\AANT®

W S A

v
a = A

|

R3 | [16.2kQ

3
D2 Q Q4

RGE |

Figure 11 LCL current control loop detailed schematics

R4 R5
1kQ 1kQ

The diode D2 prevents Q3 from being reversed
polarized in case the LCL is shorted to ground directly
at its output. As a spin off, the PMOS will be shut down
when the LCL is shorted to ground through a low
impedance path thereby strongly limiting the inrush
current amplitude. Finally, the 12 Q resistor across the
secondary coil ensures a filtering of the CE from the
equipment connected to the LCL, with a cut off
frequency of 10 MHz. With reference to [9], Annex A
again, the CE will develop on the secondary side of the
shunt inductance a maximum voltage of 3.7 mV, which
corresponds to a 0.37 A current onto the 10 mQ shunt
resistance. This figure is well within the margin left
between the nominal current of 5 A and the limitation
current of 6 A.

9. BREADBOARD RESULTS

The measurement performed on the breadboard are
reported here. The first four plots have been done at 5 V
Drain to Source voltage, the last one at 50 V. Fig. 12
shows the bandwidth and phase margin of the resistive
feedback loop for a load inductance of 500 pH,
respectively 2.17 kHz and 62° (close to the expected
2.25 kHz and 60° figures). Fig. 13 shows the bandwidth
and phase margin of the inductive feedback loop for the
minimum output inductance of 1.75 pH and a Drain to

Source voltage of 5 V. The phase margin is close to 90°
as expected, and the bandwidth is about 1 MHz, in line
with the 3 MHz bandwidth targeted for a 50 V Drain to
Source voltage.

CH1 R/R loa MAG 18 dB/ REF B dB L8835 dB
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2.16819 kHz CETTER

Crl

SPACE

Ava :
16 "

12.5 ¢/ REF @ = 62,839 °
Lo LA 2.16819 fHz

CHZ A/R rhase

: I DONE

Ava
16

f STOR DEV
[DISK]

SHP 11.9 sec CAMCEL
STOP 58 kHz

IF Bl 188 _Hz FOMER -18 dEm

START 588 Hz

Figure 12 Resistive feedback loop bandwidth and phase
margin (Vps =5V, L, =500 pH)
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SHP_ 14,79 seo CANCEL
STOP 1@ MHz

Figure 13 Inductive feedback loop bandwidth and phase
margin (Vps =5V, L. =0 pH)

BH 1 POLER -5 dBEm

IF @8 Hz
START 188 kHz

Fig. 14 shows the LCL output impedance. The
minimum value is about 12 Q, disregarding the noisy
measurement below 1 kHz and in accordance with Fig.
10. For the sake of the output impedance measurement,
note that we have used an injection transformer inserted
between Drain and load impedance, where the
measurements provided to the spectrum analyser are the
Drain current voltage, measured with an AC current
probe, and the Drain voltage, measured with a standard
voltage probe. Finally, Fig. 15 and Fig. 16 provide the
time response of the current in case of short-circuit
applied at output of the LCL, respectively for a 500 pH
load inductance at 5 V Drain to Source voltage and for a
0 pH load inductance at 50 V Drain to Source voltage.
The behaviour of the circuit on Fig. 15 is very much
stable in spite of the large output inductance, displaying
an inrush current below 8 A (less than 2 A overshoot).
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Figure 14 LCL output impedance (Vps =5 V)
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Figure 15 LCL short-circuit current transient
(Vps =5V, L. =500 pH)
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Figure 16 LCL short-circuit current transient
(VDS =50 V, L|_ =0 |J.H)
The behaviour of the circuit on Fig. 16 is as expected,
displaying a current shutdown when the LCL is shorted
at low impedance (see 8§ 8). Note that during the current
recovery to the limitation value, there is no overshoot.

10. CONCLUSIONS

A stability analysis of LCL typically used on ESA
spacecraft has been performed. It has been shown that
the maximum load inductance plays a critical role in the
stability performances, and that a purely proportional
feedback for the current control loop does not allow

reaching convenient stability margin for the specified
operating conditions. The mitigation of such issue
consists in introducing a derivative feedback gain in the
control loop. This solution has the advantage of making
unnecessary the bulky RC filter at LCL output. The tests
performed on a breadboard have shown results in line
with expectation thereby confirming the validity of the
analysis.
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LCLs


						LCL specification


						Req.			Title			Category 1			Category 2			Category 3			Unit			Min			Max			Ver.
Method
(note 1)			Requirement / Condition			Remark


									LCL specification


						1			LCL class (I class)			-			-			-			A									A,T						see drawing


						2			Over-current Limitation (I trip)			value			-			-			A									A,T						see drawing
It is quite often to have
- a minimum trip off current at 1.15 of I class
- a maximum trip off current at 1.35 of I class and
- a nominal trip off current at 1.25 of I class.


						4			Current Limitation Response time			-			-			-			us									A,T						1- By design the LCL is made with a switch, which is saturated when the LCL is not limiting, and when the LCL needs to limit the current, the control circuitry will control the switch in linear mode. The time needed to pass from saturation mode to linear


						5			Trip-Off Time			-			-			-			ms									A,T						see drawing


						6			Overshoot current when a fault after the LCL occurs.			value			-			-			A			-						A,T						Overshoot current during the response time. Ratings of the components shall be respected (see drawing).


						7			LCL Start-up			di/dt			-			-			A/us			-						A,T						di/dt when the LCL is switch-on after a ON command.


						8			LCL Switch-off			di/dt			-			-			A/us			-						A,T						di/dt when the LCL is switch-off after an OFF command or when the LCL trip-off.


						9			Behavior of the LCL when primary source appears from OV to nominal voltage.			Input voltage time derivative dv/dt			-			-			V/us			-						A,T						Definition of the input voltage appearing.


						10						status			-			-			On/off									A,T						The status of the LCL under this condition shall be known.


						11						Output current peak (applicable only if the LCL status shall be OFF at power-up)			amplitude			-			A			-						A,T						When a LCL is off and the primary source voltage appears, some current can be delivered to the output of the LCL during the transient.


						12									duration			-			ms			-						A,T


						13			Under-voltage protection			switch off			voltage			-			V									A,T						Below this threshold the LCL is switched off in a latch mode.


						14									Off response time			-			ms			-						A						Analysis conditions to verify this requirement: step of the primary source voltage from nominal to 0V.


						15			Switch-on capability			-			voltage			-			V									A,T						Above this level the LCL may be switched on again by command. It shall not switch on automically.


						16									On response time			-			ms			-						A						Analysis conditions to verify this requirement: step of the primary source voltage from 0V to nominal.


						17			Voltage drop from main regulation point of the primary source to PCDU output connector			-			-			-			V			-						A,T						Can be different in function of the class of the LCL.


						18			Stability			frequency domain			phase margin (when the LCL is in limiting mode)			-			deg			50			-			A			For any capacitive load and inductive loads specified above in the LCL Load.			Bode plots in WCA


						19									gain margin  (when the LCL is in limiting mode)			-			Db			10			-			A			For any capacitive load and inductive loads specified above in the LCL Load.			Bode plots in WCA


						20						time domain			transient from non limiting mode to current limitation mode.			-			PLOT required			-			-			A, T			For any capacitive load and inductive loads specified above in the LCL Load.			The test is to check that no persistent oscillation occurs for any types of specified loads.


						21			Fault Voltage Tolerance			LCL Input Voltage			-			-			V									A,T


						22			Reverse Current Tolerance			-			-			-			A									A,T						Some loads can re-inject energy back to the bus through the body diode of the LCL Mfet (eg Motors, reaction wheels, inertia wheels, controlled Moment Gyroscope etc.). If it happens, the input voltage of the LCL could increase from nominal to higher levels


						23			Leakage current			-			-			-			mA			-			1			A,T						Leakage when the LCL is off.			ok


						24			Temperature range			-			-			-			DegC									A,T


						25			Minimum time between two successive ON commands			-			-			-			ms						-			A,T						If a failure occurs at the output of the LCL, the LCL will trip-off. If the user is sending several ON commands, the LCL will limit the current for each on command. This can increase the temperature of the LCL MFET over its ratings.


									Repetitive over load (pulsed load)			-			-												-									For instance hiccup between LCL and undervotlage protection of the function supplied by the LCL.
Needs to be consolidated.


									Input Voltage Conducted Susceptibility			Frequency domain			frequency range																					applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


															amplitude																					applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


												Time domain			Single Transient			amplitude			V															applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


																		duration			ms															applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


															Repetitive spikes			amplitude			V															applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


																		spikes duration			ms															applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


																		Spikes frequency			Hz															applicable if the LCL is not included in an equipment having a EMC specification.			to be continued


									Forward Current Conducted Susceptibility			Frequency domain			frequency range						Hz																		to be continued


															amplitude						A


									LCL Source specification


						26			Nominal Voltage Range												V									A,T						The LCL shall remain functional under this range


						27			Abnormal bus voltage range												V			0						A,T						The LCL shall remain functional under this range


						28			Nominal Bus ripple voltage												V ptp									A


						29			Applicable Bus voltage transients												%															% of nominal bus voltage range


						30			Maximum Bus impedance												Ohms			-									between 50Hz and 1MHz			Impedance of elements connected to the primary source shall be always greater than the primary source impedance to avoid oscillation.


									LCL Load specification


						31			Nominal  LCL Load Voltage Range			-			-			-			V									A,T						This can be different of the bus voltage range.


						32			Fault Voltage LCL Load Tolerance			-			-			-			V									A,T


						33			Load Reverse Current			-			-			-			A									A,T						Some loads can re-inject energy back to the bus through the body diode of the LCL Mfet (eg Motors, reaction wheels, inertia wheels, controlled Moment Gyroscope etc.). If it happens, the input voltage of the LCL could increase from nominal to higher levels


						34			Output LCL Load (Input load characterisitc)			Maximum Input inductance (Iincludes harness between LCL and load and the input load filter)			-			-			mH			-			1			S						To be compatible with the dsitribution line


						35						Maximum output Capacitance (in the load input filter)			-			-			uF			-			100			S						RC damper shall be included


						36			Start-up			Input Current Settling Time			-			-			ms			-						A,T						1- Following load switch on, if the user current exceeds the LCL current limit value, the LCL will start its current limiting mode. 

During this phase the input filter of the load will charge with a current corresponding to the current limited by the LCL


						37						Start-up Surge Input Current			-			-			A									A,T						When the current limitation is lost (no limitation), the load shall start-up with an inrush current peak lower than the specified value here.

This is a credible failure to lose the limitation of the LCL.


						38			Maximum Current allowed for user			Steady state and peak current			-			-			A			-						A,T						After been switch on, the maximum load current (including steady state and transients) shall be lower than 1.05 * LCL class current.


						39			Internal load Input current limitation			-			%			-			A			-						A,T			% of I trip			In case an internal current limitation is used in a load, the limiting current of this internal current limitation shall be lower than the one of the PCDU LCL to avoid incompatibility problems between the current limitation functions.
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LCLs

				LCL specification

				Req.		Title		Category 1		Category 2		Category 3		Unit		Min		Max		Ver.
Method
(note 1)		Requirement / Condition		Remark

						LCL specification

				1		LCL class (I class)		-		-		-		A						A,T				see drawing

				2		Over-current Limitation (I trip)		value		-		-		A						A,T				see drawing
It is quite often to have
- a minimum trip off current at 1.15 of I class
- a maximum trip off current at 1.35 of I class and
- a nominal trip off current at 1.25 of I class.

				4		Current Limitation Response time		-		-		-		us						A,T				1- By design the LCL is made with a switch, which is saturated when the LCL is not limiting, and when the LCL needs to limit the current, the control circuitry will control the switch in linear mode. The time needed to pass from saturation mode to linear

				5		Trip-Off Time		-		-		-		ms						A,T				see drawing

				6		Overshoot current when a fault after the LCL occurs.		value		-		-		A		-				A,T				Overshoot current during the response time. Ratings of the components shall be respected (see drawing).

				7		LCL Start-up		di/dt		-		-		A/us		-				A,T				di/dt when the LCL is switch-on after a ON command.

				8		LCL Switch-off		di/dt		-		-		A/us		-				A,T				di/dt when the LCL is switch-off after an OFF command or when the LCL trip-off.

				9		Behavior of the LCL when primary source appears from OV to nominal voltage.		Input voltage time derivative dv/dt		-		-		V/us		-				A,T				Definition of the input voltage appearing.

				10				status		-		-		On/off						A,T				The status of the LCL under this condition shall be known.

				11				Output current peak (applicable only if the LCL status shall be OFF at power-up)		amplitude		-		A		-				A,T				When a LCL is off and the primary source voltage appears, some current can be delivered to the output of the LCL during the transient.

				12						duration		-		ms		-				A,T

				13		Under-voltage protection		switch off		voltage		-		V						A,T				Below this threshold the LCL is switched off in a latch mode.

				14						Off response time		-		ms		-				A				Analysis conditions to verify this requirement: step of the primary source voltage from nominal to 0V.

				15		Switch-on capability		-		voltage		-		V						A,T				Above this level the LCL may be switched on again by command. It shall not switch on automically.

				16						On response time		-		ms		-				A				Analysis conditions to verify this requirement: step of the primary source voltage from 0V to nominal.

				17		Voltage drop from main regulation point of the primary source to PCDU output connector		-		-		-		V		-				A,T				Can be different in function of the class of the LCL.

				18		Stability		frequency domain		phase margin (when the LCL is in limiting mode)		-		deg		50		-		A		For any capacitive load and inductive loads specified above in the LCL Load.		Bode plots in WCA

				19						gain margin  (when the LCL is in limiting mode)		-		Db		10		-		A		For any capacitive load and inductive loads specified above in the LCL Load.		Bode plots in WCA

				20				time domain		transient from non limiting mode to current limitation mode.		-		PLOT required		-		-		A, T		For any capacitive load and inductive loads specified above in the LCL Load.		The test is to check that no persistent oscillation occurs for any types of specified loads.

				21		Fault Voltage Tolerance		LCL Input Voltage		-		-		V						A,T

				22		Reverse Current Tolerance		-		-		-		A						A,T				Some loads can re-inject energy back to the bus through the body diode of the LCL Mfet (eg Motors, reaction wheels, inertia wheels, controlled Moment Gyroscope etc.). If it happens, the input voltage of the LCL could increase from nominal to higher levels

				23		Leakage current		-		-		-		mA		-		1		A,T				Leakage when the LCL is off.		ok

				24		Temperature range		-		-		-		DegC						A,T

				25		Minimum time between two successive ON commands		-		-		-		ms				-		A,T				If a failure occurs at the output of the LCL, the LCL will trip-off. If the user is sending several ON commands, the LCL will limit the current for each on command. This can increase the temperature of the LCL MFET over its ratings.

						Repetitive over load (pulsed load)		-		-								-						For instance hiccup between LCL and undervotlage protection of the function supplied by the LCL.
Needs to be consolidated.

						Input Voltage Conducted Susceptibility		Frequency domain		frequency range														applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

										amplitude														applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

								Time domain		Single Transient		amplitude		V										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

												duration		ms										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

										Repetitive spikes		amplitude		V										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

												spikes duration		ms										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

												Spikes frequency		Hz										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

						Forward Current Conducted Susceptibility		Frequency domain		frequency range				Hz												to be continued

										amplitude				A

						LCL Source specification

				26		Nominal Voltage Range								V						A,T				The LCL shall remain functional under this range

				27		Abnormal bus voltage range								V		0				A,T				The LCL shall remain functional under this range

				28		Nominal Bus ripple voltage								V ptp						A

				29		Applicable Bus voltage transients								%										% of nominal bus voltage range

				30		Maximum Bus impedance								Ohms		-						between 50Hz and 1MHz		Impedance of elements connected to the primary source shall be always greater than the primary source impedance to avoid oscillation.

						LCL Load specification

				31		Nominal  LCL Load Voltage Range		-		-		-		V						A,T				This can be different of the bus voltage range.

				32		Fault Voltage LCL Load Tolerance		-		-		-		V						A,T

				33		Load Reverse Current		-		-		-		A						A,T				Some loads can re-inject energy back to the bus through the body diode of the LCL Mfet (eg Motors, reaction wheels, inertia wheels, controlled Moment Gyroscope etc.). If it happens, the input voltage of the LCL could increase from nominal to higher levels

				34		Output LCL Load (Input load characterisitc)		Maximum Input inductance (Iincludes harness between LCL and load and the input load filter)		-		-		mH		-		1		S				To be compatible with the dsitribution line

				35				Maximum output Capacitance (in the load input filter)		-		-		uF		-		100		S				RC damper shall be included

				36		Start-up		Input Current Settling Time		-		-		ms		-				A,T				1- Following load switch on, if the user current exceeds the LCL current limit value, the LCL will start its current limiting mode. 

During this phase the input filter of the load will charge with a current corresponding to the current limited by the LCL

				37				Start-up Surge Input Current		-		-		A						A,T				When the current limitation is lost (no limitation), the load shall start-up with an inrush current peak lower than the specified value here.

This is a credible failure to lose the limitation of the LCL.

				38		Maximum Current allowed for user		Steady state and peak current		-		-		A		-				A,T				After been switch on, the maximum load current (including steady state and transients) shall be lower than 1.05 * LCL class current.

				39		Internal load Input current limitation		-		%		-		A		-				A,T		% of I trip		In case an internal current limitation is used in a load, the limiting current of this internal current limitation shall be lower than the one of the PCDU LCL to avoid incompatibility problems between the current limitation functions.
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LCLs

				LCL specification

				Req.		Title		Category 1		Category 2		Category 3		Unit		Min		Max		Ver.
Method
(note 1)		Requirement / Condition		Remark

						LCL specification

				1		LCL class (I class)		-		-		-		A						A,T				see drawing

				2		Over-current Limitation (I trip)		value		-		-		A						A,T				see drawing
It is quite often to have
- a minimum trip off current at 1.15 of I class
- a maximum trip off current at 1.35 of I class and
- a nominal trip off current at 1.25 of I class.

				4		Current Limitation Response time		-		-		-		us						A,T				1- By design the LCL is made with a switch, which is saturated when the LCL is not limiting, and when the LCL needs to limit the current, the control circuitry will control the switch in linear mode. The time needed to pass from saturation mode to linear

				5		Trip-Off Time		-		-		-		ms						A,T				see drawing

				6		Overshoot current when a fault after the LCL occurs.		value		-		-		A		-				A,T				Overshoot current during the response time. Ratings of the components shall be respected (see drawing).

				7		LCL Start-up		di/dt		-		-		A/us		-				A,T				di/dt when the LCL is switch-on after a ON command.

				8		LCL Switch-off		di/dt		-		-		A/us		-				A,T				di/dt when the LCL is switch-off after an OFF command or when the LCL trip-off.

				9		Behavior of the LCL when primary source appears from OV to nominal voltage.		Input voltage time derivative dv/dt		-		-		V/us		-				A,T				Definition of the input voltage appearing.

				10				status		-		-		On/off						A,T				The status of the LCL under this condition shall be known.

				11				Output current peak (applicable only if the LCL status shall be OFF at power-up)		amplitude		-		A		-				A,T				When a LCL is off and the primary source voltage appears, some current can be delivered to the output of the LCL during the transient.

				12						duration		-		ms		-				A,T

				13		Under-voltage protection		switch off		voltage		-		V						A,T				Below this threshold the LCL is switched off in a latch mode.

				14						Off response time		-		ms		-				A				Analysis conditions to verify this requirement: step of the primary source voltage from nominal to 0V.

				15		Switch-on capability		-		voltage		-		V						A,T				Above this level the LCL may be switched on again by command. It shall not switch on automically.

				16						On response time		-		ms		-				A				Analysis conditions to verify this requirement: step of the primary source voltage from 0V to nominal.

				17		Voltage drop from main regulation point of the primary source to PCDU output connector		-		-		-		V		-				A,T				Can be different in function of the class of the LCL.

				18		Stability		frequency domain		phase margin (when the LCL is in limiting mode)		-		deg		50		-		A		For any capacitive load and inductive loads specified above in the LCL Load.		Bode plots in WCA

				19						gain margin  (when the LCL is in limiting mode)		-		Db		10		-		A		For any capacitive load and inductive loads specified above in the LCL Load.		Bode plots in WCA

				20				time domain		transient from non limiting mode to current limitation mode.		-		PLOT required		-		-		A, T		For any capacitive load and inductive loads specified above in the LCL Load.		The test is to check that no persistent oscillation occurs for any types of specified loads.

				21		Fault Voltage Tolerance		LCL Input Voltage		-		-		V						A,T

				22		Reverse Current Tolerance		-		-		-		A						A,T				Some loads can re-inject energy back to the bus through the body diode of the LCL Mfet (eg Motors, reaction wheels, inertia wheels, controlled Moment Gyroscope etc.). If it happens, the input voltage of the LCL could increase from nominal to higher levels

				23		Leakage current		-		-		-		mA		-		1		A,T				Leakage when the LCL is off.		ok

				24		Temperature range		-		-		-		DegC						A,T

				25		Minimum time between two successive ON commands		-		-		-		ms				-		A,T				If a failure occurs at the output of the LCL, the LCL will trip-off. If the user is sending several ON commands, the LCL will limit the current for each on command. This can increase the temperature of the LCL MFET over its ratings.

						Repetitive over load (pulsed load)		-		-								-						For instance hiccup between LCL and undervotlage protection of the function supplied by the LCL.
Needs to be consolidated.

						Input Voltage Conducted Susceptibility		Frequency domain		frequency range														applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

										amplitude														applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

								Time domain		Single Transient		amplitude		V										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

												duration		ms										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

										Repetitive spikes		amplitude		V										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

												spikes duration		ms										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

												Spikes frequency		Hz										applicable if the LCL is not included in an equipment having a EMC specification.		to be continued

						Forward Current Conducted Susceptibility		Frequency domain		frequency range				Hz												to be continued

										amplitude				A

						LCL Source specification

				26		Nominal Voltage Range								V						A,T				The LCL shall remain functional under this range

				27		Abnormal bus voltage range								V		0				A,T				The LCL shall remain functional under this range

				28		Nominal Bus ripple voltage								V ptp						A

				29		Applicable Bus voltage transients								%										% of nominal bus voltage range

				30		Maximum Bus impedance								Ohms		-						between 50Hz and 1MHz		Impedance of elements connected to the primary source shall be always greater than the primary source impedance to avoid oscillation.

						LCL Load specification

				31		Nominal  LCL Load Voltage Range		-		-		-		V						A,T				This can be different of the bus voltage range.

				32		Fault Voltage LCL Load Tolerance		-		-		-		V						A,T

				33		Load Reverse Current		-		-		-		A						A,T				Some loads can re-inject energy back to the bus through the body diode of the LCL Mfet (eg Motors, reaction wheels, inertia wheels, controlled Moment Gyroscope etc.). If it happens, the input voltage of the LCL could increase from nominal to higher levels

				34		Output LCL Load (Input load characterisitc)		Maximum Input inductance (Iincludes harness between LCL and load and the input load filter)		-		-		mH		-		1		S				To be compatible with the dsitribution line

				35				Maximum output Capacitance (in the load input filter)		-		-		uF		-		100		S				RC damper shall be included

				36		Start-up		Input Current Settling Time		-		-		ms		-				A,T				1- Following load switch on, if the user current exceeds the LCL current limit value, the LCL will start its current limiting mode. 

During this phase the input filter of the load will charge with a current corresponding to the current limited by the LCL

				37				Start-up Surge Input Current		-		-		A						A,T				When the current limitation is lost (no limitation), the load shall start-up with an inrush current peak lower than the specified value here.

This is a credible failure to lose the limitation of the LCL.

				38		Maximum Current allowed for user		Steady state and peak current		-		-		A		-				A,T				After been switch on, the maximum load current (including steady state and transients) shall be lower than 1.05 * LCL class current.

				39		Internal load Input current limitation		-		%		-		A		-				A,T		% of I trip		In case an internal current limitation is used in a load, the limiting current of this internal current limitation shall be lower than the one of the PCDU LCL to avoid incompatibility problems between the current limitation functions.
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Abstract—The compliance to the fault tolerant operation
requirement for power electronics is commonly assessed with
reference to fault models applicable at component level. For
switching MOSFET, the fault models include the short-circuit
and open-circuit failures, implicitly assuming that the Gate open
failure is equivalent to a switch open or short failure. MOSFET
Gate open failure, also called floating Gate failure, may however
entail a Drain to Source channel conduction with non-zero
impedance and the subsequent power dissipation in the failed
device may prove critical because of the thermal failure
propagation risk. The present paper is dedicated to that
question. It is shown that a power MOSFET with floating Gate
is driven by leakage current from whatever initial conduction
status either into a steady-state dissipative status or into run-
away due to thermal instability. The analysis is confirmed by
practical tests. As a conclusion, provisions to mitigate the
MOSFET Gate open failure are proposed to be implemented at
MOSFET level and/or at converter design level.

L INTRODUCTION

Fault tolerant operation of power converters is generic for
space, aeronautical and military applications and is currently
gaining traction for commercial applications [1] [2]. In this
context, many works are dedicated to power switch failure
mitigation, however restraining their attention for power
switches to the open or short failure [3] to [11].

Fewer works have been dedicated to the floating Gate
transistor fault. Attention has initially been paid to such failure
for low power integrated circuit [12] to [14]. In [15], a design
provision based on redundant structures is proposed such that
the bond wire lift-off of power semiconductors does not result
in an uncontrolled failure mode. In [16], the issue of Gate
open circuit failures is illustrated by SEM (Scanning Electron
Microscope) picture and a methodology is proposed to analyse
such failed parts.

These works concentrate onto the analysis of failed parts.
They however leave open the question to which extent the
Gate open failure may yield thermal dissipation, making it
difficult to assess the risk of thermal failure propagation.

978-1-4673-4355-8/13/$31.00 ©2013 IEEE

The present work is dedicated to that question. With
reference to [17] and [18], it is examined in which conditions
the floating Gate MOSFET is exposed to thermal instability
yielding run-away. When these conditions are not met,
floating Gate MOSFET behaviour is demonstrated to be
driven into steady-state dissipative status.

The paper is organized as follows.

Chapter II addresses the thermal run-away issue. It is
shown that the temperature sensitivity of the MOSFET
transfer characteristics plays a critical role in the thermal
instability behaviour depending whether the MOSFET is
connected to a voltage source or to a current source. Chapter
III is then dedicated to the Gate open failure cases which do
not end up in thermal run-away. A theoretical analysis
corroborated by experimental results demonstrates that the
power dissipation level converges to some steady-state value
driven by the Gate leakage. As a synthesis, possible die
behaviour scenarios which ensue the Gate open failure are
sketched in Chapter IV, whereas provisions to mitigate the
consequences of the failure are considered in Chapter V.

II.  MOSFET THERMAL INSTABILITY

A.  Transfer Characteristics

The transfer characteristics of a MOSFET designate its
Gate voltage to Drain current diagram. For power switching
MOSFET, we know that the optimization of the
transconductance and of the ON serial resistance result in a
positive temperature coefficient of the transfer characteristics
in a relatively large current range [18]. Accordingly, power
MOSFET’s typically present transfer characteristics as shown
on Fig. 1 (both axes linear).

The transfer characteristics diagram is drawn at given
Drain to Source voltage and temperatures. It features the
threshold voltage Vg and the zero temperature coefficient
point (V,, Iy). The temperature coefficient of the threshold
voltage is negative. Note that the transfer characteristics also
increase with the Drain voltage, i.e. the coefficient linking a
delta Drain voltage to a delta Drain current is positive.
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Figure 1. Typical MOSFET transfer Characteristics plotted at ambient and

hot temperatures.

Both NMOS and PMOS transistors are concerned,
meaning that the transfer characteristics are displayed in

absolute values (Gate voltage and Drain current are positive
for NMOS and negative for PMOS).

The positive temperature coefficient of the transfer
characteristics sets the question of the thermal stability. For
Gate voltage between 0 V and the zero temperature coefficient
voltage V, indeed, the higher the temperature, the larger the
Drain current, which indicates a positive, possibly unstable,
feedback mechanism.

We are concerned by MOSFET in linear operation.
MOSFET are operated in linear mode permanently as in series
regulator application, or transiently while switching in
between ON and OFF status. MOSFET may as well end up in
linear mode as a result of a failure, e.g. by loss of the Gate
connection in open circuit.

Before addressing that very failure case, we first examine
the thermal stability question for MOSFET kept in saturation
mode by a fixed Gate to Source voltage.

B. Thermal Stability Equation

The thermal instability scenario of a MOSFET in linear
mode consists in a temperature profile steadily increasing. It
results from the nominal power dissipation yielding increased
current because of the positive temperature coefficient of the
transfer characteristics. The current increase under the
constant Drain voltage fuels in turn the temperature increase
because of the dissipation increase.

Consider now a MOSFET serially connected to a load as
shown on Fig. 2. With reference to [17], let Ry be the load
resistance, Ry be the MOSFET thermal resistance from
junction to reference temperature and OIp/0T be the
temperature coefficient of the transfer characteristics at given
Gate to Source and Drain to Source voltages.

E NMOS | Vioad

_I\/gate

Figure 2. MOSFET in linear mode with resistive load.

Any temperature increase results in a current increase
according to the next equation

a,
A, =ZD AT
boar M

and the dissipated power becomes

P+AP =V, —R,AI))(I,+Al}) ()

Hence, the power increase is given at first order by

AP = (VDS _RLID)AID 3)

The situation is thermally stable if and only if the temperature
increase brought by the dissipation increase is lower than the
initial temperature rise i.e. if

R,AP < AT 4)

Considering (1) and (3), the MOSFET is then thermally stable
if

oy

Rth(VDS _RL[D) oT

<1 5)

In the case of a MOSFET connected to a voltage source,
the load resistance is zero and the necessary and sufficient
stability condition becomes

ol
RiVps 8_1? <l (6)

Accordingly, there is no thermal instability for Gate voltage
and Drain current above the zero temperature coefficient
point. Indeed, above that point, the temperature coefficient of
the Drain current is negative. For operating point below the
zero temperature coefficient point, the situation is thermally
stable if and only if the Drain voltage meets the following
condition
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For illustration purpose, it is now assumed that the transfer
characteristics according to Fig. 1 does not depend on the
Drain to Source voltage and that its temperature coefficient
does not change with the temperature level. The temperature
coefficient of the Drain current is zero at the voltages Vg, and
Vy, and positive with a maximum value in between. With
reference to (7), and bearing in mind the thermal resistance
from junction to reference temperature, the corresponding
instability area may then be drawn in the Drain voltage
diagram with respect to the Gate voltage, as displayed on Fig.
3.

The instability area is contained in between the threshold
voltage and the zero temperature coefficient voltage of the X
axis, and features a minimum voltage in between. Within that
area, and due to the unstable dynamics, the temperature level
theoretically drifts towards an infinite value. Below the
instability area, the temperature reaches its steady-state when
the dissipated power is balanced by the conduction cooling
according to

ol AT
v il +2pary=SL
DS( |Tamb oT ) Rth

which yields the following temperature level

VDS[ Tamb
R T
R, or

This shows that the steady-state temperature is all the higher
that the Drain voltage is close to (but lower than) the threshold
defined by (7). It indicates as well that this border constitutes a
theoretical isotherm at infinite temperature.

A
Vbs
INSTABILITY
AREA
VDSmin T \ N
150°C "Te-ol
Y I : —>
ov Vi Vo VGs

Figure 3. Instability area of voltage topology. Theoretical border is

isotherm at infinite temperature.

Now, in practice, the Drain current subsidiarily changes
with the Drain voltage and its temperature coefficient depends
on the temperature level. At the other hand, irreversible
damage will be done to the MOSFET at some finite
temperature (above the rated temperature). Accordingly, the
actual instability behaviour may deviate from the ideal sketch
presented on Fig. 3.

Note also that the uneven thermal resistance to heatsink
from one point to another onto the MOSFET die yields a
thermal gradient on its surface which is amplified by the
positive Drain current temperature coefficient. This explains
why irreversible damage caused by thermal instability to a
MOSFET may be spotted locally onto the die, not on its whole
area. For more details, the reader is referred to [19].

Consider now the case of a MOSFET connected to a
current source. With reference to Fig. 2, the load resistor is
infinite. According to stability condition (5), the situation is
unstable for negative Drain current temperature coefficient,
i.e. for Gate voltage and Drain current above the zero
temperature coefficient point. At the contrary, for operating
point below the zero temperature coefficient point, the thermal
dynamics are unconditionally stable.

Assume finally that the MOSFET is operated below the
zero temperature coefficient point. For switching MOSFET,
this assumption is supported by the fact that their optimization
typically results in a zero temperature coefficient point far
outside their DC SOA (Safe Operating Area). We then have in
short that a MOSFET connected to a voltage source is
thermally stable for sufficiently low Drain voltage, whereas a
MOSFET connected to a current source is unconditionally
thermally stable.

C. Thermal Run-Away

To illustrate the thermal instability of the MOSFET within
a voltage topology, a first experience is set up with the
objective to bias the MOSFET Drain and Gate voltages within
the instability area and to observe the thermal run-away. The
corresponding electrical schematics are the one of Fig. 2 with
zero resistance.

The test set-up is based on a IRF250 MOSFET fixed to a
heatsink and exposed to the air flow of a fan. The purpose of
the fan is both to fix the thermal resistance between junction
and ambient temperature to a low value typical of power
switching applications, in the present case 1.8 °C/W, and to
lower the time constant of the thermal dynamics to a few
minutes. For the purpose of temperature measurement, a
thermocouple is attached to the MOSFET case. The
measurement of the Drain voltage and current allow
computing the dissipated power, hence the junction
temperature thanks to the thermal resistance from junction to
case.

With reference to the transfer characteristics given in the
datasheet, the IRF250 features a maximum Drain current
temperature coefficient at some 5 V Gate voltage. The
temperature coefficient may then be estimated to
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which corresponds to a minimum Drain voltage yielding
instability given according to (7) by

1
Vs > =
2°C /W .24mA/°C

200

The test is run at 4.15 V Gate voltage and for two Drain
voltages, respectively 20 V and 40 V. The Drain current
profiles are displayed on Fig. 4.

At 20 V Drain voltage, the MOSFET is thermally stable.
The Drain current stabilizes to 0.67 A which corresponds to a
steady-state dissipation of 13.3 W. At 40 V Drain voltage, the
MOSFET is thermally unstable. The run-away occurs within
15 seconds. The current reaches the test set-up limitation value
of 8.0 A which corresponds to a peak power figure is 320 W.

D. Out of Rating Junction Temperature

To illustrate the thermal stability of the MOSFET within a
current topology, a second experience is set up with the
objective to investigate extreme temperatures operation by
polarizing the MOSFET Drain current and Gate voltage to
high power levels. The electrical schematics are indicated on
Fig. 5.

The test set-up is based on an IRF150 MOSFET lying on a
thermally insulating Teflon layer, with no heatsink and no air
flow, the reason of that being to ensure high thermal resistance
between junction and ambient temperature. As a provision to
cope with the higher temperatures, SnAg solder wire is used
for connection purpose.

o0.6-6-0-0-6-6-6-6-0-0-

——40 V Drain

I

I voltage step
/
/

—m®—20 V Drain
voltage step

N W b OO N 00 ©

AL N RN N S 1

Figure 4. MOSFET current (A) profiles with respect to time (s). Thermal
run-away is observed for larger Drain voltage.

e @
- NMOS N

) _Vgate

Figure 5. MOSFET in linear mode with current source.

For temperature measurement, resort is made to an
infrared camera directed to the MOSFET case painted in matt
black (emissivity coefficient of 0.95). The Gate voltage and
Drain current are initially set to 10 V and 10 A. The gate
voltage is then progressively reduced.

The thermal mapping of the MOSFET shown on Fig. 6
corresponds to a 0 V Gate voltage. The temperature of 341 °C
measured on top of the package demonstrates that the
MOSFET may reach temperature levels that are far above the
rated one (150 °C at junction level), and underlines the need to
analyse the floating Gate failure to clear as much as possible
the risk of failure propagation by thermal contamination. The
fact that the MOSFET is still conductive at that point also
means that the Gate threshold voltage has been shifted to
negative value due to the very large temperature value reached
by the junction.

Note that it has been possible to repeat the measurement
with cooling phases in between, which demonstrates that the
high level of temperature reached did not severely damage the
MOSFET for the test duration.

Trefl=26 Tatm=25 Dst=0.6
2009-06-26 14:57:07 +150 - +500 e=0.95 °C

Figure 6. Thermal mapping of overheated MOSFET (Tc = 341°C). Infrared
camera photo.
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III.  FLOATING GATE MOSFET

A. Floating Gate Drift

Consider a MOSFET set into linear operation by
application of a constant voltage on its Gate, and assume that
because of convenient operating conditions, the device does
not end up into thermal run-away but stabilizes to a thermal
equilibrium with constant power dissipation.

If the Gate connection is then opened, the gate voltage is
expected to be fixed by charges accumulated within the
parasitic capacitances of the MOSFET. The purpose of the
floating Gate test is to experience this type of scenario and
determine what happens to the previously reached thermal
equilibrium. The initial electrical schematics of the floating
Gate are according to Fig. 5. Using a current source rather
than a voltage source results in a thermally stable
configuration. The test set-up is based on an IRF250 MOSFET
fixed to a heatsink and exposed to the air flow of a fan (as for
the transistor of the thermal run-away test).

The stable dissipative condition is obtained by reducing
the Gate voltage from ON status to some lower value such that
the junction temperature stabilizes at the rating as a result of
the dissipation due to the current flow. The Gate is then left
open by disconnection of the control voltage source and the
evolution of the MOSFET operating conditions is monitored.
The test results are displayed on Fig. 7.

The current source has been fixed to 1.55 A. The Drain
voltage has initially settled to 45 V corresponding to a power
level of 70 W and a junction temperature of some 150 °C. The
Gate connection is opened at t = 300 s. From that time on, the
Drain voltage drifts to lower values, with an initial time
derivative of 0.13 V/s. The Drain voltage decrease implies a
proportional decrease of the power dissipation and junction
temperature.

After days of operation, the MOSFET finally reaches a
steady-state whereby the Drain voltage stabilizes to a non-zero
value.

50.00
45.00
40.00
35.00
30.00 -
25.00
20.00
15.00
10.00

5.00

0.00

—e—\/drain

1 575 114917232297 2871 3445

Figure 7. MOSFET Drain voltage (V) profile with respect to time (s). Gate
open failure results into operating conditions drift to lower dissipative status.

This pattern hints that the Gate leakage current is the
driver of the operating conditions drift. In this case, the
equilibrium is reached when the Drain to Gate leakage current
is balanced by the Gate to Source leakage current. The non-
linear convergence, slowing down with lowering Drain
voltage, indicates as well that the leakage equivalent resistance
depends on the die temperature. This hypotheses will now be
consolidated.

B. Gate Leakage Analysis

To correlate the leakage current with the voltage and
temperature drifts observed during the floating Gate drift
testing, consider the Gate voltage as a function of the Drain
current, junction temperature and Drain voltage, and the
junction temperature driven according to the set-up operation.

Vo =VsUp,T,Vp)

®)
AT =VpIpRy,

Considering that the Drain current is constant, we may then
write

av
dV,. =—5dT +
¢ or

v,
W,

v,
)
dT =1,R,dV,

Hence, any Drain voltage drift is linked to a Gate voltage drift
as follows

dv, v, AV,

v,
26 (=S R + Gy D
a~ Cor Rt oy )y (10)

Now, the leakage current deposited on the Gate is balanced by
the Gate and Drain voltage drift according to the next equation

vy . v,
dt P9 at

Ly = (Cgs +Cpg) (11)

Hence, with (10) and (11), we find that the leakage current is
proportional to the time derivative of the observed Drain
voltage, that is

I leak =

v, av, (1%

av,
((CGS + CDG )(a_; IDRth + %) - CDG)d_tD

With reference to the MOSFET datasheet and for a Drain
current of 1.55 A, we have

Cos =3.3nF
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With a thermal resistance of 1.8 °C/W, the maximum Drain
voltage derivative of — 0.13 V/s as observed in the floating
Gate drift testing corresponds according to (12) to the
following leakage current value

Ileak = 18pA

This analysis demonstrates that a tiny leakage current may
drive the Gate open failure when no thermal run-away occurs.
To confirm this analysis, some tests are now performed to
measure this leakage current.

C. Leakage Current Measurement

The Gate leakage test set-up is the same as the one of the
floating Gate drift testing, which is based on an IRF250
MOSFET in series with a current source. However, in this
case, the Gate is kept connected to the control voltage. Hence,
the Gate leakage current is sunk by the voltage source through
the Gate connection.

The objective is to measure the Gate leakage current as a
function of the Drain voltage and for different junction
temperatures. The Drain voltage is controlled by means of the
Gate voltage, and the source current is tuned to adjust the
power dissipation, i.e. the junction temperature, to the desired
level.

60
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B 25 45 65 85 105
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(Tj=150°C)

—m—-P=56W

(Tj = 125 °C)

P=d42W
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Figure 8. MOSFET Gate leakage current (pA) with respect to Drain voltage
(V). Drain current is adjusted to control the power level, i.e. the junction
temperature.

For the sake of the leakage current measurement, a high
precision electrometer (convenient for current measurement in
the range of 1 pA or below) is inserted within the electrical
set-up according to Fig. 5, between the voltage source
controlling the Gate voltage and the Gate itself. The test
results are given on Fig. 8.

The Gate leakage current evolves linearly with the Drain
voltage whereas it is a non-linear function of the temperature,
which is consistent with the floating Gate drift testing and
associated Fig. 7. In particular, the Gate leakage current at 70
W power dissipation and 45 V Drain voltage amounts to 20
pA, which is close to the previously estimated value of 18 pA.
For temperature of 100 °C (and below), the leakage current is
in the order of magnitude of 1 pA (or below).

D. Open Gate Steady-State

Although Fig. 8 indicates that the Gate leakage current is
zero for some non-zero Drain voltage condition, the limited
precision of the current measurement does not allow at lower
temperature determining precisely the steady-state voltage
reached by the Drain in open Gate condition. To identify the
thermal steady-state driven by the leakage current, the floating
Gate drift test set-up has been run at different current levels
and for two types of MOSFET suitable for space and from
different manufacturing sources. The results are presented on
Fig. 9.

Between each sample, a minimum delay of 24 hours has
elapsed allowing the steady-state to settle. The two MOSFET
stabilize respectively at a Drain voltage of about 24 V and 6
V. Roughly speaking, these values are stable with
temperature. At some point, the second MOSFET jumps from
204 °C to 306 °C as a result of a Drain voltage increase from 6
V to 9 V, which hints at a severe degradation mechanism.
After reaching their maximum temperature of respectively 228
°C and 318 °C, both MOSFET eventually died in a condition
close to short-circuit.

30
25 |&
. o *%e e
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20
5 #MOSFET 1
mMOSFET 2
10 s
. Bggmumunm "
0 .
100 150 200 250 300 350

Figure 9. Gate open steady-state Drain voltage (V) with respect to junction
temperature (°C). Drain current is adjusted to control the power level, i.e. the
junction temperature.
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Iv.

Consider as first failure scenario a boost converter where
the MOSFET is connected in parallel to the input voltage
source through the switching inductor, according to Fig. 10.

If the Gate fails in open circuit while the MOSFET is ON
(Gate voltage above threshold voltage), then MOSFET
breakdown will occur by overcurrent. If the Gate fails in open-
circuit while the MOSFET is OFF (zero gate voltage) and
assuming that the input voltage is higher than the zero Gate
leakage voltage value, then the leakage current slowly
increases the Gate voltage to the threshold voltage and the
MOSFET begins to sink current. Hence, the temperature rises,
causing in turn an increase of the leakage current. Depending
of the voltage level, the MOSFET either stabilizes into a
permanently dissipative status (for lower Drain voltages) or
enters a run-away condition resulting in thermal breakdown
(for larger Drain voltages).

FAILURE SCENARIOS

As a second failure scenario, consider now a shunt
switching operation of a current source, as sketched on Fig.
11. In practice, this schematics may refer e.g. to solar array
switching operation.

Whatever the operation condition is when the open Gate
failure occurs, the switching transistor will converge towards a
stable steady-state where the Drain voltage reaches the zero
Gate leakage voltage value. This means that the failure yields
a steady-state power dissipation. Note however that thermal
breakdown may occur (without run-away).

Lswitching Drectifier

VYTV Y [~

+| Vsource
I E Cfilter

Tswitching

Vout

Figure 10. Boost Converter.

Drectifier

]
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Isource

RS 1
'\1}/‘ 4{ E Cfilter
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Figure 11. Current source shunt switching.

V.  FAILURE MITIGATION

A. Die Level

The Gate open failure of a MOSFET may be mitigated at
component level. It is sufficient to enforce some leakage
current from Gate to Source higher than the Drain to Gate
leakage current. Considering the weak values of the leakage
current, a 100 kQ might be sufficient resulting at 1 V in a
leakage of 10 LA, far above the 100 pA order of magnitude of
the nominal leakage values. This leakage impedance should
have bonding (if any) separate from the nominal Gate wire to
avoid the loss of both the Gate connection and the impedance
connection.

Note however that this leaking path added to the die would
impede the characterization of the Gate leakage at part
manufacturing level, which is used as indicator of the oxide
quality. Therefore, this provision might not be convenient.

As an alternative, the Gate bonding from the die to the
package pin may be implemented with parallel redundancy,
the leaking path being in that case ensured by an external pull
down resistor.

B. Board Level

If not mitigated at component level, the Gate open failure
shall be analysed at board level. Convenient heatsink may be
implemented to cope with maximum power dissipation.
Considering the very slow dynamics of convergence to steady-
state, it is likely that not only steady-state but also transient
power dissipation must be taken into account.

Alternatively, dissipative failures may be detected and
passivated before thermal failure propagation can occur.
Detection refers to e.g. monitoring of dedicated thermistor or
of simultaneous non-zero voltage and current at MOSFET
level. Passivation may consist in contingent switching
capability.

VI. CONCLUSIONS

The open Gate failure for power electronics MOSFET has
been studied. It has been shown that the MOSFET with open
Gate is driven by the positive temperature coefficient of the
Drain current, possibly resulting in thermal run-away, and by
the Gate leakage current. The failure eventually entails either
thermal breakdown of the die or steady-state power
dissipation.

The applicable failure scenario shall be determined on a
case by case basis by analysis of the detailed circuitry and
shall consider the following issues:

1. Care should be taken to the MOSFET Gate open failure
because of its possible highly dissipative status.

2. MOSFET may sustain power dissipation level with
junction temperature far above rating (possibly above 300 °C).

3. Steady-state dissipation after Gate open failure may be
reached with transition at higher or lower power level lasting
possibly for hours.
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4. Steady-state power dissipation possibly reached after

Gate open failure corresponds to a Drain voltage value
resulting in zero Gate leakage.

5. MOSFET Gate open failure may be mitigated at die

level by ensuring some leakage path between Gate and Source
(or by implementation of parallel redundant Gate bonding and
external pull down resistor), by making thermal heatsink
provision at circuit design level or by detecting the thermal
failure and resorting to contingent switching device.
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Abstract—The compliance to the fault tolerant operation
requirement for power electronics is commonly assessed with
reference to fault models applicable at component level. For
switching MOSFET, the fault models include the short-circuit
and open-circuit failures, implicitly assuming that the Gate open
failure is equivalent to a switch open or short failure. MOSFET
Gate open failure, also called floating Gate failure, may however
entail a Drain to Source channel conduction with non-zero
impedance and the subsequent power dissipation in the failed
device may prove critical because of the thermal failure
propagation risk. The present paper is dedicated to that
question. It is shown that a power MOSFET with floating Gate
is driven by leakage current from whatever initial conduction
status either into a steady-state dissipative status or into run-
away due to thermal instability. The analysis is confirmed by
practical tests. As a conclusion, provisions to mitigate the
MOSFET Gate open failure are proposed to be implemented at
MOSFET level and/or at converter design level.

L INTRODUCTION

Fault tolerant operation of power converters is generic for
space, aeronautical and military applications and is currently
gaining traction for commercial applications [1] [2]. In this
context, many works are dedicated to power switch failure
mitigation, however restraining their attention for power
switches to the open or short failure [3] to [11].

Fewer works have been dedicated to the floating Gate
transistor fault. Attention has initially been paid to such failure
for low power integrated circuit [12] to [14]. In [15], a design
provision based on redundant structures is proposed such that
the bond wire lift-off of power semiconductors does not result
in an uncontrolled failure mode. In [16], the issue of Gate
open circuit failures is illustrated by SEM (Scanning Electron
Microscope) picture and a methodology is proposed to analyse
such failed parts.

These works concentrate onto the analysis of failed parts.
They however leave open the question to which extent the
Gate open failure may yield thermal dissipation, making it
difficult to assess the risk of thermal failure propagation.

978-1-4673-4355-8/13/$31.00 ©2013 IEEE

The present work is dedicated to that question. With
reference to [17] and [18], it is examined in which conditions
the floating Gate MOSFET is exposed to thermal instability
yielding run-away. When these conditions are not met,
floating Gate MOSFET behaviour is demonstrated to be
driven into steady-state dissipative status.

The paper is organized as follows.

Chapter II addresses the thermal run-away issue. It is
shown that the temperature sensitivity of the MOSFET
transfer characteristics plays a critical role in the thermal
instability behaviour depending whether the MOSFET is
connected to a voltage source or to a current source. Chapter
III is then dedicated to the Gate open failure cases which do
not end up in thermal run-away. A theoretical analysis
corroborated by experimental results demonstrates that the
power dissipation level converges to some steady-state value
driven by the Gate leakage. As a synthesis, possible die
behaviour scenarios which ensue the Gate open failure are
sketched in Chapter IV, whereas provisions to mitigate the
consequences of the failure are considered in Chapter V.

II.  MOSFET THERMAL INSTABILITY

A.  Transfer Characteristics

The transfer characteristics of a MOSFET designate its
Gate voltage to Drain current diagram. For power switching
MOSFET, we know that the optimization of the
transconductance and of the ON serial resistance result in a
positive temperature coefficient of the transfer characteristics
in a relatively large current range [18]. Accordingly, power
MOSFET’s typically present transfer characteristics as shown
on Fig. 1 (both axes linear).

The transfer characteristics diagram is drawn at given
Drain to Source voltage and temperatures. It features the
threshold voltage Vg and the zero temperature coefficient
point (V,, Iy). The temperature coefficient of the threshold
voltage is negative. Note that the transfer characteristics also
increase with the Drain voltage, i.e. the coefficient linking a
delta Drain voltage to a delta Drain current is positive.
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Figure 1. Typical MOSFET transfer Characteristics plotted at ambient and

hot temperatures.

Both NMOS and PMOS transistors are concerned,
meaning that the transfer characteristics are displayed in

absolute values (Gate voltage and Drain current are positive
for NMOS and negative for PMOS).

The positive temperature coefficient of the transfer
characteristics sets the question of the thermal stability. For
Gate voltage between 0 V and the zero temperature coefficient
voltage V, indeed, the higher the temperature, the larger the
Drain current, which indicates a positive, possibly unstable,
feedback mechanism.

We are concerned by MOSFET in linear operation.
MOSFET are operated in linear mode permanently as in series
regulator application, or transiently while switching in
between ON and OFF status. MOSFET may as well end up in
linear mode as a result of a failure, e.g. by loss of the Gate
connection in open circuit.

Before addressing that very failure case, we first examine
the thermal stability question for MOSFET kept in saturation
mode by a fixed Gate to Source voltage.

B. Thermal Stability Equation

The thermal instability scenario of a MOSFET in linear
mode consists in a temperature profile steadily increasing. It
results from the nominal power dissipation yielding increased
current because of the positive temperature coefficient of the
transfer characteristics. The current increase under the
constant Drain voltage fuels in turn the temperature increase
because of the dissipation increase.

Consider now a MOSFET serially connected to a load as
shown on Fig. 2. With reference to [17], let Ry be the load
resistance, Ry be the MOSFET thermal resistance from
junction to reference temperature and OIp/0T be the
temperature coefficient of the transfer characteristics at given
Gate to Source and Drain to Source voltages.

E NMOS | Vioad

_I\/gate

Figure 2. MOSFET in linear mode with resistive load.

Any temperature increase results in a current increase
according to the next equation

a,
A, =ZD AT
boar M

and the dissipated power becomes

P+AP =V, —R,AI))(I,+Al}) ()

Hence, the power increase is given at first order by

AP = (VDS _RLID)AID 3)

The situation is thermally stable if and only if the temperature
increase brought by the dissipation increase is lower than the
initial temperature rise i.e. if

R,AP < AT 4)

Considering (1) and (3), the MOSFET is then thermally stable
if

oy

Rth(VDS _RL[D) oT

<1 5)

In the case of a MOSFET connected to a voltage source,
the load resistance is zero and the necessary and sufficient
stability condition becomes

ol
RiVps 8_1? <l (6)

Accordingly, there is no thermal instability for Gate voltage
and Drain current above the zero temperature coefficient
point. Indeed, above that point, the temperature coefficient of
the Drain current is negative. For operating point below the
zero temperature coefficient point, the situation is thermally
stable if and only if the Drain voltage meets the following
condition
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For illustration purpose, it is now assumed that the transfer
characteristics according to Fig. 1 does not depend on the
Drain to Source voltage and that its temperature coefficient
does not change with the temperature level. The temperature
coefficient of the Drain current is zero at the voltages Vg, and
Vy, and positive with a maximum value in between. With
reference to (7), and bearing in mind the thermal resistance
from junction to reference temperature, the corresponding
instability area may then be drawn in the Drain voltage
diagram with respect to the Gate voltage, as displayed on Fig.
3.

The instability area is contained in between the threshold
voltage and the zero temperature coefficient voltage of the X
axis, and features a minimum voltage in between. Within that
area, and due to the unstable dynamics, the temperature level
theoretically drifts towards an infinite value. Below the
instability area, the temperature reaches its steady-state when
the dissipated power is balanced by the conduction cooling
according to

ol AT
v il +2pary=SL
DS( |Tamb oT ) Rth

which yields the following temperature level

VDS[ Tamb
R T
R, or

This shows that the steady-state temperature is all the higher
that the Drain voltage is close to (but lower than) the threshold
defined by (7). It indicates as well that this border constitutes a
theoretical isotherm at infinite temperature.

A
Vbs
INSTABILITY
AREA
VDSmin T \ N
150°C "Te-ol
Y I : —>
ov Vi Vo VGs

Figure 3. Instability area of voltage topology. Theoretical border is

isotherm at infinite temperature.

Now, in practice, the Drain current subsidiarily changes
with the Drain voltage and its temperature coefficient depends
on the temperature level. At the other hand, irreversible
damage will be done to the MOSFET at some finite
temperature (above the rated temperature). Accordingly, the
actual instability behaviour may deviate from the ideal sketch
presented on Fig. 3.

Note also that the uneven thermal resistance to heatsink
from one point to another onto the MOSFET die yields a
thermal gradient on its surface which is amplified by the
positive Drain current temperature coefficient. This explains
why irreversible damage caused by thermal instability to a
MOSFET may be spotted locally onto the die, not on its whole
area. For more details, the reader is referred to [19].

Consider now the case of a MOSFET connected to a
current source. With reference to Fig. 2, the load resistor is
infinite. According to stability condition (5), the situation is
unstable for negative Drain current temperature coefficient,
i.e. for Gate voltage and Drain current above the zero
temperature coefficient point. At the contrary, for operating
point below the zero temperature coefficient point, the thermal
dynamics are unconditionally stable.

Assume finally that the MOSFET is operated below the
zero temperature coefficient point. For switching MOSFET,
this assumption is supported by the fact that their optimization
typically results in a zero temperature coefficient point far
outside their DC SOA (Safe Operating Area). We then have in
short that a MOSFET connected to a voltage source is
thermally stable for sufficiently low Drain voltage, whereas a
MOSFET connected to a current source is unconditionally
thermally stable.

C. Thermal Run-Away

To illustrate the thermal instability of the MOSFET within
a voltage topology, a first experience is set up with the
objective to bias the MOSFET Drain and Gate voltages within
the instability area and to observe the thermal run-away. The
corresponding electrical schematics are the one of Fig. 2 with
zero resistance.

The test set-up is based on a IRF250 MOSFET fixed to a
heatsink and exposed to the air flow of a fan. The purpose of
the fan is both to fix the thermal resistance between junction
and ambient temperature to a low value typical of power
switching applications, in the present case 1.8 °C/W, and to
lower the time constant of the thermal dynamics to a few
minutes. For the purpose of temperature measurement, a
thermocouple is attached to the MOSFET case. The
measurement of the Drain voltage and current allow
computing the dissipated power, hence the junction
temperature thanks to the thermal resistance from junction to
case.

With reference to the transfer characteristics given in the
datasheet, the IRF250 features a maximum Drain current
temperature coefficient at some 5 V Gate voltage. The
temperature coefficient may then be estimated to
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which corresponds to a minimum Drain voltage yielding
instability given according to (7) by

1
Vs > =
2°C /W .24mA/°C

200

The test is run at 4.15 V Gate voltage and for two Drain
voltages, respectively 20 V and 40 V. The Drain current
profiles are displayed on Fig. 4.

At 20 V Drain voltage, the MOSFET is thermally stable.
The Drain current stabilizes to 0.67 A which corresponds to a
steady-state dissipation of 13.3 W. At 40 V Drain voltage, the
MOSFET is thermally unstable. The run-away occurs within
15 seconds. The current reaches the test set-up limitation value
of 8.0 A which corresponds to a peak power figure is 320 W.

D. Out of Rating Junction Temperature

To illustrate the thermal stability of the MOSFET within a
current topology, a second experience is set up with the
objective to investigate extreme temperatures operation by
polarizing the MOSFET Drain current and Gate voltage to
high power levels. The electrical schematics are indicated on
Fig. 5.

The test set-up is based on an IRF150 MOSFET lying on a
thermally insulating Teflon layer, with no heatsink and no air
flow, the reason of that being to ensure high thermal resistance
between junction and ambient temperature. As a provision to
cope with the higher temperatures, SnAg solder wire is used
for connection purpose.

o0.6-6-0-0-6-6-6-6-0-0-

——40 V Drain

I

I voltage step
/
/

—m®—20 V Drain
voltage step

N W b OO N 00 ©

AL N RN N S 1

Figure 4. MOSFET current (A) profiles with respect to time (s). Thermal
run-away is observed for larger Drain voltage.
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Figure 5. MOSFET in linear mode with current source.

For temperature measurement, resort is made to an
infrared camera directed to the MOSFET case painted in matt
black (emissivity coefficient of 0.95). The Gate voltage and
Drain current are initially set to 10 V and 10 A. The gate
voltage is then progressively reduced.

The thermal mapping of the MOSFET shown on Fig. 6
corresponds to a 0 V Gate voltage. The temperature of 341 °C
measured on top of the package demonstrates that the
MOSFET may reach temperature levels that are far above the
rated one (150 °C at junction level), and underlines the need to
analyse the floating Gate failure to clear as much as possible
the risk of failure propagation by thermal contamination. The
fact that the MOSFET is still conductive at that point also
means that the Gate threshold voltage has been shifted to
negative value due to the very large temperature value reached
by the junction.

Note that it has been possible to repeat the measurement
with cooling phases in between, which demonstrates that the
high level of temperature reached did not severely damage the
MOSFET for the test duration.

Trefl=26 Tatm=25 Dst=0.6
2009-06-26 14:57:07 +150 - +500 e=0.95 °C

Figure 6. Thermal mapping of overheated MOSFET (Tc = 341°C). Infrared
camera photo.
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III.  FLOATING GATE MOSFET

A. Floating Gate Drift

Consider a MOSFET set into linear operation by
application of a constant voltage on its Gate, and assume that
because of convenient operating conditions, the device does
not end up into thermal run-away but stabilizes to a thermal
equilibrium with constant power dissipation.

If the Gate connection is then opened, the gate voltage is
expected to be fixed by charges accumulated within the
parasitic capacitances of the MOSFET. The purpose of the
floating Gate test is to experience this type of scenario and
determine what happens to the previously reached thermal
equilibrium. The initial electrical schematics of the floating
Gate are according to Fig. 5. Using a current source rather
than a voltage source results in a thermally stable
configuration. The test set-up is based on an IRF250 MOSFET
fixed to a heatsink and exposed to the air flow of a fan (as for
the transistor of the thermal run-away test).

The stable dissipative condition is obtained by reducing
the Gate voltage from ON status to some lower value such that
the junction temperature stabilizes at the rating as a result of
the dissipation due to the current flow. The Gate is then left
open by disconnection of the control voltage source and the
evolution of the MOSFET operating conditions is monitored.
The test results are displayed on Fig. 7.

The current source has been fixed to 1.55 A. The Drain
voltage has initially settled to 45 V corresponding to a power
level of 70 W and a junction temperature of some 150 °C. The
Gate connection is opened at t = 300 s. From that time on, the
Drain voltage drifts to lower values, with an initial time
derivative of 0.13 V/s. The Drain voltage decrease implies a
proportional decrease of the power dissipation and junction
temperature.

After days of operation, the MOSFET finally reaches a
steady-state whereby the Drain voltage stabilizes to a non-zero
value.

50.00
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20.00
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1 575 114917232297 2871 3445

Figure 7. MOSFET Drain voltage (V) profile with respect to time (s). Gate
open failure results into operating conditions drift to lower dissipative status.

This pattern hints that the Gate leakage current is the
driver of the operating conditions drift. In this case, the
equilibrium is reached when the Drain to Gate leakage current
is balanced by the Gate to Source leakage current. The non-
linear convergence, slowing down with lowering Drain
voltage, indicates as well that the leakage equivalent resistance
depends on the die temperature. This hypotheses will now be
consolidated.

B. Gate Leakage Analysis

To correlate the leakage current with the voltage and
temperature drifts observed during the floating Gate drift
testing, consider the Gate voltage as a function of the Drain
current, junction temperature and Drain voltage, and the
junction temperature driven according to the set-up operation.

Vo =VsUp,T,Vp)

®)
AT =VpIpRy,

Considering that the Drain current is constant, we may then
write

av
dV,. =—5dT +
¢ or

v,
W,

v,
)
dT =1,R,dV,

Hence, any Drain voltage drift is linked to a Gate voltage drift
as follows

dv, v, AV,

v,
26 (=S R + Gy D
a~ Cor Rt oy )y (10)

Now, the leakage current deposited on the Gate is balanced by
the Gate and Drain voltage drift according to the next equation

vy . v,
dt P9 at

Ly = (Cgs +Cpg) (11)

Hence, with (10) and (11), we find that the leakage current is
proportional to the time derivative of the observed Drain
voltage, that is

I leak =

v, av, (1%

av,
((CGS + CDG )(a_; IDRth + %) - CDG)d_tD

With reference to the MOSFET datasheet and for a Drain
current of 1.55 A, we have

Cos =3.3nF
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With a thermal resistance of 1.8 °C/W, the maximum Drain
voltage derivative of — 0.13 V/s as observed in the floating
Gate drift testing corresponds according to (12) to the
following leakage current value

Ileak = 18pA

This analysis demonstrates that a tiny leakage current may
drive the Gate open failure when no thermal run-away occurs.
To confirm this analysis, some tests are now performed to
measure this leakage current.

C. Leakage Current Measurement

The Gate leakage test set-up is the same as the one of the
floating Gate drift testing, which is based on an IRF250
MOSFET in series with a current source. However, in this
case, the Gate is kept connected to the control voltage. Hence,
the Gate leakage current is sunk by the voltage source through
the Gate connection.

The objective is to measure the Gate leakage current as a
function of the Drain voltage and for different junction
temperatures. The Drain voltage is controlled by means of the
Gate voltage, and the source current is tuned to adjust the
power dissipation, i.e. the junction temperature, to the desired
level.
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Figure 8. MOSFET Gate leakage current (pA) with respect to Drain voltage
(V). Drain current is adjusted to control the power level, i.e. the junction
temperature.

For the sake of the leakage current measurement, a high
precision electrometer (convenient for current measurement in
the range of 1 pA or below) is inserted within the electrical
set-up according to Fig. 5, between the voltage source
controlling the Gate voltage and the Gate itself. The test
results are given on Fig. 8.

The Gate leakage current evolves linearly with the Drain
voltage whereas it is a non-linear function of the temperature,
which is consistent with the floating Gate drift testing and
associated Fig. 7. In particular, the Gate leakage current at 70
W power dissipation and 45 V Drain voltage amounts to 20
pA, which is close to the previously estimated value of 18 pA.
For temperature of 100 °C (and below), the leakage current is
in the order of magnitude of 1 pA (or below).

D. Open Gate Steady-State

Although Fig. 8 indicates that the Gate leakage current is
zero for some non-zero Drain voltage condition, the limited
precision of the current measurement does not allow at lower
temperature determining precisely the steady-state voltage
reached by the Drain in open Gate condition. To identify the
thermal steady-state driven by the leakage current, the floating
Gate drift test set-up has been run at different current levels
and for two types of MOSFET suitable for space and from
different manufacturing sources. The results are presented on
Fig. 9.

Between each sample, a minimum delay of 24 hours has
elapsed allowing the steady-state to settle. The two MOSFET
stabilize respectively at a Drain voltage of about 24 V and 6
V. Roughly speaking, these values are stable with
temperature. At some point, the second MOSFET jumps from
204 °C to 306 °C as a result of a Drain voltage increase from 6
V to 9 V, which hints at a severe degradation mechanism.
After reaching their maximum temperature of respectively 228
°C and 318 °C, both MOSFET eventually died in a condition
close to short-circuit.
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Figure 9. Gate open steady-state Drain voltage (V) with respect to junction
temperature (°C). Drain current is adjusted to control the power level, i.e. the
junction temperature.
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Iv.

Consider as first failure scenario a boost converter where
the MOSFET is connected in parallel to the input voltage
source through the switching inductor, according to Fig. 10.

If the Gate fails in open circuit while the MOSFET is ON
(Gate voltage above threshold voltage), then MOSFET
breakdown will occur by overcurrent. If the Gate fails in open-
circuit while the MOSFET is OFF (zero gate voltage) and
assuming that the input voltage is higher than the zero Gate
leakage voltage value, then the leakage current slowly
increases the Gate voltage to the threshold voltage and the
MOSFET begins to sink current. Hence, the temperature rises,
causing in turn an increase of the leakage current. Depending
of the voltage level, the MOSFET either stabilizes into a
permanently dissipative status (for lower Drain voltages) or
enters a run-away condition resulting in thermal breakdown
(for larger Drain voltages).

FAILURE SCENARIOS

As a second failure scenario, consider now a shunt
switching operation of a current source, as sketched on Fig.
11. In practice, this schematics may refer e.g. to solar array
switching operation.

Whatever the operation condition is when the open Gate
failure occurs, the switching transistor will converge towards a
stable steady-state where the Drain voltage reaches the zero
Gate leakage voltage value. This means that the failure yields
a steady-state power dissipation. Note however that thermal
breakdown may occur (without run-away).

Lswitching Drectifier
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I E Cfilter
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Figure 10. Boost Converter.
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Figure 11. Current source shunt switching.

V.  FAILURE MITIGATION

A. Die Level

The Gate open failure of a MOSFET may be mitigated at
component level. It is sufficient to enforce some leakage
current from Gate to Source higher than the Drain to Gate
leakage current. Considering the weak values of the leakage
current, a 100 kQ might be sufficient resulting at 1 V in a
leakage of 10 LA, far above the 100 pA order of magnitude of
the nominal leakage values. This leakage impedance should
have bonding (if any) separate from the nominal Gate wire to
avoid the loss of both the Gate connection and the impedance
connection.

Note however that this leaking path added to the die would
impede the characterization of the Gate leakage at part
manufacturing level, which is used as indicator of the oxide
quality. Therefore, this provision might not be convenient.

As an alternative, the Gate bonding from the die to the
package pin may be implemented with parallel redundancy,
the leaking path being in that case ensured by an external pull
down resistor.

B. Board Level

If not mitigated at component level, the Gate open failure
shall be analysed at board level. Convenient heatsink may be
implemented to cope with maximum power dissipation.
Considering the very slow dynamics of convergence to steady-
state, it is likely that not only steady-state but also transient
power dissipation must be taken into account.

Alternatively, dissipative failures may be detected and
passivated before thermal failure propagation can occur.
Detection refers to e.g. monitoring of dedicated thermistor or
of simultaneous non-zero voltage and current at MOSFET
level. Passivation may consist in contingent switching
capability.

VI. CONCLUSIONS

The open Gate failure for power electronics MOSFET has
been studied. It has been shown that the MOSFET with open
Gate is driven by the positive temperature coefficient of the
Drain current, possibly resulting in thermal run-away, and by
the Gate leakage current. The failure eventually entails either
thermal breakdown of the die or steady-state power
dissipation.

The applicable failure scenario shall be determined on a
case by case basis by analysis of the detailed circuitry and
shall consider the following issues:

1. Care should be taken to the MOSFET Gate open failure
because of its possible highly dissipative status.

2. MOSFET may sustain power dissipation level with
junction temperature far above rating (possibly above 300 °C).

3. Steady-state dissipation after Gate open failure may be
reached with transition at higher or lower power level lasting
possibly for hours.
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4. Steady-state power dissipation possibly reached after

Gate open failure corresponds to a Drain voltage value
resulting in zero Gate leakage.

5. MOSFET Gate open failure may be mitigated at die

level by ensuring some leakage path between Gate and Source
(or by implementation of parallel redundant Gate bonding and
external pull down resistor), by making thermal heatsink
provision at circuit design level or by detecting the thermal
failure and resorting to contingent switching device.
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