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o Ferdinando Tonicello, Italian, resident in the Netherlands since 1997.

o Presently (since 2015) I am Electrical Lead Engineer in ESTEC.

o I am author/co -author of a number of papers and patents on power system, power 

supply and conditioning for space applications.

In the course of my professional life, I have been preparing a number of tutorials on 

the electrical and electronic domain for space applications .

o Email :  ferdinando.tonicello@esa.int

Small biography
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Å Interactive! Do not think it will be just ñlisteningò

Å Q&A approach 

Å Standards are only mentioned briefly at the endé the important message being what 

drives the standard requirements

Å Attempt to let you naturally conceive electrical & electronic requirements for space 

applications

Å You will forgive me if I will go quickly on some slides reporting technological detailsé 

in any case the presentation will be available to you for further consultation

Some initial info

Slide
176

ñKeyò slide
97
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Å The space environment ïsmall introduction!

Å Typical space missions

Å Orbits

Å Electrical/electronic for space

Å Electrical/electronic architecture

Å Power subsystem architecture

Å Power generation

Å Some concepts on spacecraft charging

Å Energy storage

Å Power management and distribution

Å Electro -Magnetic Compatibility issues

Å Brief introduction to ECSS (E -20) standards

Agenda



Standardization Training Course 2021 ESA Academy | Slide  5

o What is special about space environment?

o How does it impact electrical and electronic functions?

The space environment

All rights reserved
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The space environment

All rights reserved
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The space environment

All rights reserved
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o No ñambientò temperature

Å Temperature results from balance 
between incoming sun flux and 
radiation toward empty space 
(4 °K)

Å Metallic piece exposed to sun in 
earth orbit may reach 200 °C

Å Solar generator at end of GEO 
eclipse may typically be at  -180 °C

o Sun flux varies in inverse square of 

sun distance

o Buté inside the spacecraft the 

temperatures are typically benign 

thanks to the thermal control!

Å Typ -20 to +60 ° C or less

The space environment

All rights reserved
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o The main consequences of vacuum conditions:

1. Not possible to dissipate heat by convection , hence 

exploit conduction (and irradiation) to keep 

temperatures under control

2. Need to take into account out - gassing properties

of materials

The space environment - vacuum

All rights reserved
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The space environment - radiation

All rights reserved
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Å Van Allen belts . Discovered during first space missions. 

Å Electrons and protons trapped in Earth Magnetic field (Lorentz force )

Å Dynamic environment

Å Inner belt is dominated by a 

population of energetic protons

up to ~400 MeV energy range 

Å Inner edge is encountered as

the South Atlantic Anomaly

(SAA)

Å Outer Belt is dominated by 

a population of energetic

electrons up to 7 MeV

The trapped radiation belts

All rights reserved
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The South Atlantic Anomaly

All rights reserved
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o The effects of radiation on electronic devices and materials depend on : 

Å Type of radiation (photon, electron, proton...) 

Å Rate of interaction 

Å Type of material (Silicon, GaAs..) 

Å Component related (process, structure, etc.) 

o Consequences : Ionization ( Total Ionizing Dose ïTiD - and Single 

Event Effects - SEE - ) and Displacement Damage

Interaction of Radiation Particles with 
Electronic Devices and Materials 
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Space missions

Exomars

Ulysses

BepiColombo

Huygens

Galileo

Cryosat

Hylas
Euclid

Rosetta

All rights reserved
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Å Scientific

Å Earth observation

Å Telecommunication

Å Navigation

Å Manned (not covered in detail)

Mission classes
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o Can be on many types or orbits or on ground (probes, 

rovers)

o Most of the time a ñone shot ò spacecraft

Å Cost and complexity prevent considering a rebuild

Å Mission might not be feasible outside of a given
time window (e.g. Giotto to the Halley comet)

Å Robust and reliable solutions preferred !

o Usually aggregates payloads (experiments or 

instruments) from many laboratories or

universities

Å Ancillary functions (especially power
conversion) are usually not their core expertise

Å So the electrical designer shall make their life as 
easy as possible

Scientific

All rights reserved
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o Most of the time in Low Earth Orbit 

(LEO), some in Geostationary Orbit 

(GEO), e.g. the Meteosat series

o Sun Synchronous Orbits often preferred

Å Usually means one eclipse per orbit

o May carry a single or many instruments

Å Single: Synthetic aperture radar (SAR)

Å Multiple: e.g. METOP

Earth Observation

All rights reserved
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o Most of them are in (GEO), some constellations (Iridium, O3b, Globalstar ) 

are in ñhighò LEO (not addressed here)

Å GEO satellites are mostly high power ( 10kW or more)

o Dictates high voltage power bus (100V is typical)

o Means also large thermal dissipation

Telecommunication

All rights reserved
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o Navigation constellations are all in Medium Earth 

Orbit (MEO) to ensure multiple satellite visibility 

from ground with a reasonable quantity of them

Å The clocks need very high thermal stability

Å The attitude is not constrained around the Nadir

ï Optimum solar array pointing achievable (and 
desirable)

Navigation

All rights reserved
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o Geostationary

o Low Earth Orbit

o Sun Synchronous Orbit (SSO)

o Sun Orbits

o Sun/Earth Systems Lagrange Points

o Around a planeté

Or

o On a planeté

Orbits
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o The satellite rotates 

around the Earth at the 

same rotation speed

o Spacecraft is at about 

36.000Km from Earth

Geostationary Orbit (GEO)

Spring equinox

Winter solstice

Automn equinox

Summer solstice

GEO example

All rights reserved

https://upload.wikimedia.org/wikipedia/commons/5/50/Geostationaryjava3D.gif
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o Eclipse regime is benign

Å 90 eclipses per year

Å 1350 on a 15 years mission

o Maximum sun incidence at 

solstices

Å Occurs outside of eclipse 
season, when no need for 
battery recharge

Å More or less balanced 
budget around the year

Geostationary Orbit (GEO)

72min

Month

J F M A M J J A S O N D

Penumbra

2x2min

Eclipse duration

45 days 45 days

All rights reserved
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o Close to the Earth!

Å Altitude from 160 to 2000 
Km

Å Corresponding orbital 
period from 88min to 
127min

o Eclipses repeat at high rate ! 

Å Typ 1 orbit every 1.5 hours, 
approx. 1 hour sun, 0.5 
hours eclipse

Å 5840 orbits per year!

Å 58400 orbits per 10 years 
mission!

Low Earth Orbit (LEO)

LEO vs GEO

https://upload.wikimedia.org/wikipedia/commons/b/b4/Comparison_satellite_navigation_orbits.svg
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o Particular case of Low Earth Orbit

o Satellite altitude and inclination are selected to  

guarantee that the satellite passes over any 

given point of the planet's surface at the same 

local solar time .

o Eclipse regime depends on Local

Time of Ascending Node (LTAN)

Sun synchronous orbit (SSO)

All rights reserved
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Sun synchronous orbit (SSO)
LTAN 6h ( Sentinel 1)

LTAN 10h30 (Envisat )

Eclipse

All rights reserved
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o Particular case of Low Earth Orbit

o Satellite altitude and inclination are selected to  

guarantee that the satellite passes over any 

given point of the planet's surface at the same 

local solar time .

o Eclipse regime depends on Local

Time of Ascending Node (LTAN)

Å Moderate on dusk/dawn orbits ( 6/18h LTAN )

Å Severe on e.g. imaging missions

o Solar array sun angle varies little over the 

year

Sun synchronous orbit (SSO)

LTAN 6h ( Sentinel 1)

LTAN 10h30 (Envisat )

All rights reserved
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o Very large variations of the Sun distance

Å Large ranges of illumination and temperature

Å Resulting into large changes in solar array 
performance, when it can worké otherwise 
resorting to Radioisotope Thermal Generators 
(RTGs)

o Almost no eclipses

Å Batteries sized on occasional events (LEO phases 
ïLEOP - , Orbit Correction Maneuvers, Planetary 
flyby, contingency)

Sun orbits

All rights reserved
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o Equilibrium points due to the combined effects of the Sun 

and the Earth

o ñHaloò orbits

o Stable solar array operation, negligible number of eclipses

Sun/Earth system Lagrange points

All rights reserved
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o Variable Sun illumination

Å Over one day or over the orbit

Å May depend on atmospheric transmission ( e.g.Mars ),
location

o Possibly very long nights

Å Mars: very similar to Earth

Å Moon: 14 Earth days

On a planeté

All rights reserved
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o But before attacking this topic, let us rememberé

Electrical/electronic for space
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o Cost , lifetime and lack of servicing immediately point at

Å Control of failures and failures propagation: failure tolerance

Å Careful and conservative design

ï Staying below max capability of all technologies involved!

ï Use only proven technologies which achieved the required minimum 
readiness level

ï Relying on extensive analyses and test verification

ï Adopting an incremental design and development philosophy

Electrical/electronic for space
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o Once launched, (usually) no repair is possible

o The rule:

ñNo single component failure shall result in a significant loss of spacecraft 

operation.ò

has a very important consequence for the redundancy, reliability and 

performance aspects of the electrical design.

Å For example, a controlled reduction of power capability might be allowed after a 
Single Point Failure or a full Single Point Failure Free (SPFF) approach can be 
required.

ï for manned missions this requirement is enlarged such that double failures 
shall  be tolerated without impacting the safety of astronauts.

Failure tolerance
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o Modular concepts  are introduced ( hot or cold redundancy schemes)

ï Separation of critical sub -circuits (both mechanically and electrically)

ï Redundant connectors on critical lines

o Protections or specific features are incorporated in each module to avoid 

failure propagation due to short circuits, over current, over voltage 

conditions.

o Autonomy

Å Time -critical failures shall be resolved by on -board intelligence

Å In particular The power system shall not be controlled by an ñintelligenceò whose 
circuits are supplied by the power system itself

Failure tolerance

Specific 
Protection!
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o Cold redundancy: the redundant part is inactive and it is activated only 

when the nominal side fails

o Hot redundancy: all redundant part are active at the same time, in case of 

failure either the failed part is disconnected or it becomes not operative

Redundancy

Specific 
redundancy!
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Redundancy

Electrical 

function

Nominal

Redundant

Failure!
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Redundancy & protections!

Electrical 

function

Nominal

Redundant

Protections

Protections

Failure!
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Protections: to avoid failure propagation!

Unit 1 Unit 2
Overvoltage

Protection

Power supply line

Overvoltage protection in unit 1 avoids that in case of failures unit 2 sees 

at power supply line inputs voltage  in excess of its rated capability.

Internal overvoltage protection in unit 1 avoids that in case of failures 

unit 2 see at serial data line input voltage in excess of its rated capability

Unit 1 Unit 2
Internal

Overvoltage

Protection

Serial data line

OVP static 

threshold

Max OV > OVPth 

Dynamic 

reaction time

Topen
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Redundancy in different units

Unit2

Unit1

Nominal

Redundant

Protections

Protections

Electrical 

function
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Redundancy in the same unit

Electrical 

function

Unit

Nominal

Redundant

Protections

Protections

Avoid failure 

propagation!
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Hot Redundancy examples

Power converter 1

Power converter 2

Power converter n

Protections

Protections

Protections

Failure!

Power example Signal example

Control Control 2

Control 1

Control 3

ñ2 out of 3ò 

Majority

Voter

Unreliable 

signal

Unreliable 

signal

Unreliable 

signal

RELIABLE

signal

Failure!

Å Analogue or digital signals

Failure!
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o Staying below max capability of all technologies involved !

Å For EEE components, derating concept: absolute Maximum ratings * factor of 
utilization (< 1)

ï Voltage, Current, Power, Temperature

Å Derating rules : see ECSS -Q-ST-30 -11A , Derating - EEE components

o Use only proven technologies which achieved

the required minimum readiness level

Å For TRLs, see ISO standard 16290 and
ECSS-E-HB-11A,Technology Readiness Level
(TRL) guidelines

Electrical/electronic design: 
careful & conservative
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o Staying below max capability of all technologies involved !

Å For EEE components, derating concept: absolute Maximum ratings * factor of 
utilization (< 1)

ï Voltage, Current, Power, Temperature

Å Derating rules : see ECSS -Q-ST-30 -11A

o Use only proven technologies which achieved

the required minimum readiness level

Electrical/electronic design: 
careful & conservative
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In Space, parts are used far below their rating.

Typical requirements are to use semiconductors at:

Å < 80% of rated voltage

Å < 75% of rated current

Å < 60% of rated power 

Å junction temperatures < 110°C (rating is at 150°C / 175°C)

Derating brings to a necessary under- utilisation of components

Å Low performance

Å High volume/mass

6 W / cm3

0.075 W / cm3

95 x 79 x 23.5 mm

Again on Derating

All rights reserved



Standardization Training Course 2021 ESA Academy | Slide  44

o Analyses: PSA, THA*, WCA, FMECA*, RHA, RA*, EMCA*, MA*é normally

done at equipment level (apart * that are also done at subsystem or at

satellite level )

Electrical/electronic design: 
careful & conservative

Parts Stress An.

Thermal An.

Worst Case An.

Failure Modes and Criticality Effects An.

Radiation Hardness An.

Reliability An.

EMC An.

Mechanical An.
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o Test verification at unit, subsystem, system (e.g. satellite) level

o Test verification

Å functional, performance

Å in ambient and in vacuum

Å Ambient temperature and at temperature extremes, according to defined cycles

Å Electro -Magnetic Compatibility (EMC) tests

Å Vibration, shock tests with functional, performance tests before and after , and 
also during vibration if necessary

Electrical/electronic design: 
careful & conservative
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o Adopting an incremental design and development philosophy

Å The TRL of the sub -part shall be higher than the part the sub -part will belong to

Electrical/electronic design: 
careful & conservative

Electrical component

Equipment

Subsystem

High TRL

Low TRL
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Summary so faré
Space application Terrestrial application

Radiation Total Dose Irradiation, Displacement 

Damage and Single Event Effects are key 

drivers.

Radiation hardened or at least radiation 

tolerant components shall be used.

Total dose irradiation / Displacement 

damage are negligible and Single Event 

Effects are rare due to the screen by the 

Earth atmosphere

Thermal 

dissipation

Conduction/radiation only.

A component running at 40 °C in a 

terrestrial environment might produce 

case temperatures exceeding 200 °C in 

vacuum.

Convection / forced air is commonly 

used to keep electronic components 

under acceptable temperatures

Lifetime Typically, very extended (up to 18 years 

operation in telecom satellites)

Typically limited (few years design goal)

Reliability/failure 

tolerance

Generally, no repair capability during 

lifetime

Important de - rating needs (ECSS -Q-30 -

11C)

Generally repair is easily feasible : 

change parts, components

Main design 

drivers for power 

electronics

Design mainly driven by reliability and 

performances (efficiency, mass, volume)
Main driver are usually cost and
compactness .
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o We will take inspiration from one scientific satellite launched in 2013é GAIA

Electrical/electronic architecture

Gaia is a mission to chart a three -dimensional map of our 
Galaxy, the Milky Way, in the process revealing the 
composition, formation and evolution of the Galaxy .
It will provide unprecedented positional measurements for 
about one billion stars ïabout 1 per cent of the Galactic 
stellar population ïin our Galaxy and Local Group, 
together with radial velocity measurements for the 
brightest 150 million objects.
Combined with astrophysical information for each star,
provided by on-board multi -colour photometry, these data
will have the precision necessary to quantify the early
formation, and subsequent dynamical, chemical and star
formation evolution of the Milky Way Galaxy .

All rights reserved
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Electrical/electronic architecture
PAYLOAD (P/L)PLATFORM (P/F)

OBDH

SSMM

(Mass Memory)

CDMU

(Central Data 

Management Unit)

RTU

(Remote Terminal 

Unit)

TT&C

PAA

(Phased 

Array 

Antenna)

LGA1

(Low Gain 

Antenna)

LGA2

(Low Gain 

Antenna)

TRSP1

(Transponder)

TRSP2

(Transponder)

AOCS

STR1

(Star 

Tracker)

STR2

(Star 

Tracker)

GYRO1

(Gyroscope) FSS1

(Fine Sun 

Sensor)

FSS2

(Fine Sun 

Sensor)

FSS3

(Fine Sun 

Sensor)

GYRO2

(Gyroscope)

GYRO3

(Gyroscope)

TCS

Temperature 

sensors

Heaters

CPS

PDHU

(payload interface 

computer)

Payload 

(instruments, 

experiments)

EPS

PCDU

(Power 

Conversion 

and 

Distribution 

Unit)
Battery

Solar 

Array(s)

SADE

(Solar Array 

Drive 

Electronics, 

part of 

SADM  

Mechanism)
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PCDU

Typical configuration (regulated bus - more extensive presentation on Power 

Management and Distribution section - ):

Power systems architecture
EPS

PCDU

(Power 

Conversion 

and 

Distribution 

Unit)
Battery

Solar 

Array(s)

SADE

(Solar Array 

Drive 

Electronics, 

part of 

SADM  

Mechanism)

Power 
Generation

ĔProvide the power required by the 
spacecraft from launch until the 
mission completion
ĔUsually a solar array for near sun 
satellite applications, sometimes a 
Radio-Isotope Thermoelectric 
generator (RTG) for spacecrafts
that have to operate at great 
distances from the sun

ĔStore energy during sunlight
ĔEnsure a continuous source of
electrical power during eclipses
ĔComplement the power source
as needed (e.g. peak power
demands, manoeuvres)

Energy Storage

ĔDistribute the power to all the 
spacecraft loads
ĔProvide load switching capabilities
ĔProtect the power lines to avoid failure 
propagation between loads and EPS

Power Distribution

ĔProvide autonomous control of the power generation 
and energy storage
ĔCondition the power bus to a defined voltage range
ĔProvide command and telemetry capability for health 
check and control

Power Conditioning

SADE
(Solar Array Drive 

Electronics, part of 

SADM  Mechanism)

Power
bus

To users
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Power systems architecture ïa real view

Solar Array

SADM

SADE

PCDU
Secondary DC/DC converters

Battery

All rights reserved
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o Power and energy range

o Equipment Power (voltage) needs

o The main bus

Power systems requirements
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o Power: from watts to tens of kW

o Energy: from < 1kWh to tens of GWhs

Power and energy range

All rights reserved
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Motor
(28 Vdc)

CPU
(3.3 Vdc)

TWT
(5 kVdc )

Electric thruster
(300 Vdc)

Heater
(anything )

Equipment power (voltage) needs

All rights reserved
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o The typical configuration of satellites over some hundred Wôs is to generate 

a reliable , single main bus line and distribute it to the various users on 

different protected lines

o It might be regulated (within ± 1% or less) or unregulated (voltage range 

depending on battery characteristic)

o Typical regulated or unregulated voltages depend on power needs :

Å From about 500W to 1.5kW , 28V bus is used

Å Up to 8kW or so, 50V bus is used

Å For higher power, 100V bus is used.

o The rationale?

The main bus
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o Typical regulated or unregulated voltages depend on power needs :

Å From about 500W to 1.5kW , 28V bus is used

Å Up to 8kW or so, 50V bus is used

Å For higher power, 100V bus is used.

o The rationale?

Å It depends on bus impedance considerations : it is difficult to design output 
impedance below 10 milliohm without an unwanted effect of the intrinsic 
connections and components resistance. 

Å For the design of a bus with 10 milliohm output impedance such that a 50 % 
load modulation induces a (required) 1 % voltage change maximum:

0,5 P/U × 0,01 < 0,01U which means P < U2/0,5 

Å Thus for U = 28 V, P < 1,57 kW ; U = 50 V, P < 5 kW ; U = 100 V, P < 20 kW.

Å In practice, at 50 V for example, higher power has been used on telecom 
spacecraft buses, because the 1 % voltage change referred to a lower load 
change of 20 % to 30 % instead of 50 %. See ECSS -E-ST-20C req. 5.7.2g.

The main bus
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0.001

0.002

0.01

0.02

Frequency

100 Hz 1 kHz 10 kHz 100 kHz10 Hz

Im
p

e
d

a
n

ce
Zout ÖP / V

2

Main bus impedance
o The fully regulated bus impedance shall be below the following mask at the point of 

regulation
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Very demanding!!!
o Dynamic Performance (Main bus level)

Å 0.5% static regulation

Å 1% overshoot for a 50% load step

Å 5% for any source and load transient

o Stability

Å 50 0 phase margin/ 6dB gain margin for primary power system (main bus 
regulation ) and for secondary power system (all other regulators/converters in 
the satellite)

Å for primary power system, the previous stability requirement shall be met after 
any after any single failure

Power System Transients & Stability
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Power generation

Radioisotope Thermoelectric 
Generator (RTG)

Solar Array (SA)

All rights reserved



Standardization Training Course 2021 ESA Academy | Slide  60

Power generation
Solar or nuclear power? Where is the boundary?

=> Outer solar system missions, due to the 1/r2 weakening of the solar flux.

- (9{!Ωǎ Rosettaspacecraft required 64 m2 of solar array to just surviveat ~5 a.u.)

Rosetta
32m wingspan

All rights reserved
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Power generation ïSolar arrays

Rosetta in orbit around comet Churyumov ïGerasimenko

All rights reserved
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o A solar cell  é

o Absorbs light (óphotonsô é. as many photons as possible)

o Uses the energy of each photon to excite electrons

o Harvests the energy of the electrons as an electric current

What are solar cells ?

Image courtesy of Azur Space

All rights reserved
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The solar spectrum

All rights reserved
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ĂRough order of magnitudeñ numbers : 

30 cm2 º1 W at 50C in space around the Earth

=> 70W/kg, 300W/m2 at array level at launch

Current array designs roughly cover the range up to 20kW

Images courtesy of Azur Space

Some approximate numbers

All rights reserved
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Convention:

I-V curves are

mirrored at the x-axis

Power curve:

ISC: short circuit current

VOC: open circuit voltage

PMPP: maximum power 

point

FF: Fill factor
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Electrical characteristic of a solar cell
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Electrical schematic of a solar cell

NB! Single junction cell
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Theoretical efficiencies :

Å Ge: 22 %

Å Si: 30 %

Å GaAs: 29.9 %

Å GaInP: 24.7 %

Practical Efficiencies :

Å Si: 21.1 % *

Å GaAs: 22.1 % *

0.5 1.0 1.5 2.0 2.5
0

10

20

30

40

Si

E
ff
ic

ie
n
c
y
 [
%

]
Bandgap [eV]

Ge

GaAs

GaInP

* S. Bailey, ĂSpace and Terrestrial Photovoltaics : Synergy and
Diversity ñ, Progress in Photovoltaics , 2002 , pp. 2329 -2333

Achievable efficiencies ïsingle junction

All rights reserved

Equivalent electrical diagram of a single junction cell
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Å Itôs possible to achieve higher efficiencies by 
combining several solar cells óone on top of the otherô

Å Individual junctions have to be connected by
a tunnel diode or other external connection

ómulti-junctionô solar cells

Tunnel Diode

GaInP Cell

GaInAs Cell

Ge Cell

Emitter: P + -GaInP

Window: P+ -AlIn(Ga)P

Base: N -GaInP

BSF: N+ -AlInGaP

Grid

TD: N++-InGaP

TD: P++ -AlGaAs

Window: P+ -AlGaAs

Emitter: P + -InGaAs

Base: N-InGaAs

Buffer: N + -AlGaAs

Substrate: N -Ge

P+ -GaAsAR AR

TD: N++-GaAs

TD: P++ -AlGaAs

Window: P+ -AlGaAs

Emitter: P -AlGaAs

Back Contact

Tunnel Diode

Image courtesy of Cesi

All rights reserved

Equivalent electrical diagram
 of a triple junction cell

D1I1
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D3I3
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RS2

RS3
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-

GaInP

Ge

GaInAs
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Solar cells & environment
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Same solar array at different sun distances

Current [A]

Voltage[V]
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State - of - the - art 3J cell
Material: GaInP/GaInAs/Ge

2 cellson 4óó wafer

Dimensions: 4 x 8 cm2 with

cropped corners (30.18 cm2)

Thickness: 150 Ñ20 mm

Area: 30.18 cm2

av. weight: ¢86 mg/cm2

av. efficiency (BOL): 29.5 %

av. efficiency (EOL at 

1E15e/cm2-1MeV eq.): 26.5 %

Ýhigh remaining factor of 0.89

(after 15 years in GEO)

29.5 % · 1367 W/m2 · 30.18 cm2 º1.2 W

3G30% by 

Azur Space

All rights reserved
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Cells are processed with a grid

contact to allow electrical

connection

Connection tabs and coverglass are

applied to make a solar cell

assembly

From wafers to solar cell assemblies

All rights reserved
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Cells are connected in series to make strings

All rights reserved
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Strings are connected in parallel to make sections

Specific 
redundancy!

Additional strings are 
added for 
redundancy
to cover for all 
possible failures / 
loss factors
(inherent failures, 
micrometeoroids, 
ESD effects, etc )
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Small GEO solar array front

All rights reserved
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Rear side of ATV solar array

All rights reserved
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Sentinel 1A solar array, micrometeorite impact

All rights reserved
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Operating point of cell in
sunlight

Operating current

I

V

I

V

Operating point of
protection diode when the
cell is in shadow

Operating point of cell in shadow
(without protection diode)

o Reverse bias of the cell can occur for a variety of reasons including shadow 

or operation of a string close to 0V by the power system

Reverse bias protection

Solar cell

diode

Specific 
Protection!
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o Blocking diodes are typically added to each string to ensure that no string can act as a ósinkô for the 

power generated by other strings

Blocking diodes

I

V

Illuminated STRINGs generat e power
at operating voltage

Shadowed or degraded STRING sinks power
at operating voltage unless a blocking diode prevents this

blocking diode

Specific 
Protection!
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o The design of the solar array is a complex trade -off with many inputs, at 

the level of the satellite system

Å Fixed , body mounted arrays are used for some low power missions in earth 

orbit

Å Deployable arrays with fixed orientation may be an option for favourable

orbital configurations

Å Deployable arrays which can be oriented (usually rotated )  are used 

otherwise

Solar Array, conceptual design
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Examples of solar array configurations

Goce

GAIA

Sentinel 1 Sentinel 2

All rights reserved
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o Deployed solar array radiates on both sides:

o Body mounted solar array radiates from front side only

o Earth orbit simple calculation ( h= 20 %):
no albedo

Solar array temperature ranges

4TqS
c

fr

s
ee

ha
=

+

-

4TqS
c

f

s
e

ha
=

-

a absorption
ef emission from front
er emission from rear
h conversion efficiency

q   solar flux
s Stephan constant

T   temperature

Deployed

Operational 47 ° C

Non 
operational

68 ° C

Stowed / 
body 
mounted

Operational 108 ° C

Non
operational

133 ° C

Eclipse exit 
(approx.) :
-90 ° C LEO orbit

-170 ° C GEO orbit
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Å Power output under different mission conditions

Å Electrical interface requirements

Å ranges of current, voltage

Å Mechanical requirements 

Å Mass, volume

Å Center of gravity

Å Natural frequency when deployed

Å Tolerance of the launch environment (vibration, acoustic noise, shock)

Å Thermal requirements

Å Reliability

Å Cost

Detailed requirements
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o Electrical

Å óBleed resistorsô to limit damage in case of insulation loss

Å Thermal sensors

Å Electrical harness / wiring / connectors

o Mechanical

Å Hinges to allow folding / deployment

Å Hold down / release mechanisms

Å Springs and / or motors to provide energy for deployment

Å Inserts, Brackets and clamps

Apart from the solar cells é

Images courtesy of Airbus

All rights reserved
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Space vs terrestrial solar cells
Space solar cells vs Terrestrial solar cells

Sun spectrum is unfiltered (AM0)
Sun spectrum is filtered by the earthôs 

atmosphere

Electron and proton radiation cause 
degradation

(also micrometeorites , ozone etc.)
No particle radiation

UV is significant UV is attenuated by atmosphere and optics

Only alternative is nuclear power
Many alternatives, both renewable and non -

renewable

Mass is important since launch costs are 
high

Mass is not an issue

High efficiency cells are most cost effective 
at system level

Many material technologies are potentially 
cost effective but >90% are silicon
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Space vs terrestrial solar cells

Image courtesy of Azur Space

All rights reserved
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o Image courtesy of Azur Space

Concentrator solar cells

All rights reserved
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o Space is not empty.

Å It is filled with óplasmaô 
(electrons and ions) of low 
density but high temperature 
(~1x10 8K or 10keV in GEO)

Å Even higher energy particles 
(~MeV) are in the radiation 
belts

Å The environment varies with 
location and óspace weatherô

Spacecraft Charging

o These charged particles stick to the spacecraft, charging it electrically .

o Sparks (electrostatic discharges) from one charged surface to another  

interfere with and damage electrical circuits and components.

o Many spacecraft failures and anomalies have resulted.

All rights reserved
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o Both the environment and materials play a role in spacecraft charging

o The following space environment features have a crucial influence on 

spacecraft charging:

Å Plasma ïions and electrons,  0eV to ~50keV

Å Energetic particle radiation, ~100keV to ~5MeV

Å Sunlight ïejects negative charge by photoemission

o Materials differ in terms of conductivity and yield of secondary emission 

and photo -emission.

Spacecraft Charging

Surface potential arises from the total current from 

electrons, ions, photoemission, secondary emission, 

conducted current and moreé

Important: Different surfaces reach different potentials.
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o Most critical engineering concerns

Å Surface charging due to charge accumulation on external surfaces. High 
levels of differential potential may lead to Electrostatic Discharge (ESD).

Å Internal charging due to more energetic penetrating electrons.
ESDs may be generated within the spacecraft Faraday cage and in close 
proximity to vulnerable components. 

Å ESDs on the solar array can cause secondary arcing

o Additional concerns include

Å Current leakage and power loss effects on solar arrays

Å Environment modification. Can be a critical problem for scientific plasma 
measurements .

Å Electric propulsion interactions with the environment

Å Electrostatic tethers current collection and voltage generation

Spacecraft Charging, Effects




