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Thales group

Ermpl Global Self-funded R&D* A balanced revenue
mployees presence 2016 Revenuesin 2016 structure
64 000 56 countries 731 million euros 1 5 billion euros ?oef;r‘ce

GROUND
TRANSPORTATION SECURITY
— TRUSTED PARTNER FOR A SAFER WORLD —
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Thales Alenia Space

We bring a new dimension to your horizons
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Thales Alenia Space
A JOINT VENTURE BETWEEN TWO LEADERS

A UNIQUE COMBINATION OF EXPERTISE COVERING THE FULL VALUE CHAIN
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Thales Alenia Space
A global player in all fields of Space

A global offer from equipment
to end-to-end space systems.

We ensure the end-to-end
design, manufacture and
delivery of space systems

TELECOM OBSERVATION NAVIGATION EXPLORATION
SCIENCES
. . Planetology
Fixphones / Cell Climate change Localisation Fundamental physics
phones Meteorology .
Aeronautical Astronomy
Broadband Oceanography o .
o . communications Human spaceflight
Dual / Military Intelligence .
. : Data gathering Space Transport
Secure lines Surveillance
System
- PROPRIETARY INFORMATION ) 7
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A global industrial presence in Europe

®Miland

Torino.

7980

employees

9

countries sales in
2016.

16/11/2017

ThalesAlenia

o ety SPACE

ret.= Ref.: VLR/080066_0900
s THALES ALENIA SPACE INTERNAL




Globalstar
Intelsat

Iridium

JPL

NASA

SES Americom
Sirius Radio

XM Satellite Radio
Worldspace

Arsat
Nahuelsat
Star One
Visiona
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Serving our clients all over the world

ASI France Telecom
CNES Italian MoD
French MoD Hispasat
DLR Inmarsat
ESA O3b networks
Eumetsat SES
European commission Telenor
Eutelsat Turksat
Arabsat
1Al
Nilesat
Spacecom
Yahsat
Asecna
Globacom
cmon ThalesAlenia
Vodacom P
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Thales Alenia Space in Belgium
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Thales Alenia Space in Belgium

3 facilities

HASSELT

® °
LEUVEN

CHARLEROI o

o

o
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Development, Manufacturing
and Marketing of electronic
products and software

for satellite market

O O O O O O

for European launchers (Ariane,
Soyuz and Vega)

35000 sg

Cleanrooms : 6 550 sq

CHARLEROI

Telecommunication ;
Defense ;
Observation ;
Exploration ;
Navigation ;

Science

| THALES ALENIA SPACE INTERNAL |

LEUVEN

Microelectronic solution

Avionic electronic products
and software

Opened since June 2014

400 sq

This document isnot to be reproduced, modified, adapted, published, translated in any material form in whole orin part nor disclosed
© any third party without the prior written permission of Thales Alenia Space.

HASSELT

Automated manufacturing
of photovoltaic assemblies
(PVA)

Industry 4.0

Smart data

Opening and start of
production: Q22018

2000 sqg
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Thales Alenia Space in Belgium
Expertise and Business

°
Thales Alenia Space Belgium is one of the key Electronics Competence Centers of Thales Alenia Space

We develop and product equipment dedicated to Thales Alenia Space’s satellites and also to the Export Market.

« we strengthen our European footprint
* we increase our portfolio of products

A WORLD LEADER IN POWER ELECTRONICS | * we intensify synergies with research
FOR SATELLITES AND LAUNCHERS . . . centers and universities
/%;cmllsi in high voltage power eqmpmeni
" v ¢ New: e —
t W&, 54 years of experlence. z? QUALIF T
‘ 4% " ‘ € e f\ 3 \P { \ji:[ /
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Thales Alenia Space in Belgium
Some key numbers

Over 700 collaborators with varied employment profiles,

+40%

experience and expertise

over the last mil!iqn €
three years "g'“r'tn.g
effortin
2016
Workers
Employees
Engineers & managers
Revenues
over the last E O O
three years satellites Launchers
A
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Products
Satellite Platform %

A World leader in Electrical Power Conditioning and Distribution

A complete range of equipment :

: o LEO - MEO - GEO
fransforms energy received from solar panels and baftteries into the
appropriate power for the various items of satellite equipment. PCU : 50 FMs sold for 10 years
(TAS, OHB, Russia, Asia, Argenfinag, ...)

PCDU (Power Conditioning & Distribution Unit) PCDU : 160 FMs sold

h o S . (Iridium, O3B, Globalstar, Galileo,
also carries out distribution and avionic functions. .
Copernicus, ...),

European leader in Power Supply for Electrical Propulsion

PPU MK1 et MK2

Some 50 units ordered by Airbus DS
(EUR3000), Thales Alenia Space (SB4000),
OHB (SGeo), IAL ISS, ...

PPU MK3

PPU MK3 (New product qualified in 2016) 19 FMs ordered
also takes care of orbit rising and deorbiting. Compatible with Russian (Fakel) et European
PPU MK3 will supply thrusters of up o 5 kW. (SNECMA) motors

Station keeping and supply for electrical thrusters (2,5 kW).
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Products
Satellite Payload

Key player in Electrical Power Conditioner for Travelling Wave Tube Amplifiers

Our sirengihs: power and frequency range flexibility

These equipment re-fransmit television and telecommunication signals, coupled with flight quality

meteorological images, data of scientific mission...

Available in « Single » and « Dual » version. More than 1000 FMs ordered (MTG, EXOMARS,
Sentinel, Pleiades, Koreasa, Chinasat, Gokturk, Solar-Stereo,
Turkmensat, Eutelsat 8WB, SGDC, Rosetta...)

The LC-TWTA DUAL FLEX:

Beyond its basic mode, 2 TWTs supply this equipment allows the on-board
computer to adapt the TWT operating point in both power output and
frequency range.

More than 50. 000.000 hrs. of orbital experience

This document i fied, adapted, published, trans ny material form in whole orin part nor disclosed
1 e without the prior written permi ales Alenia Space I haleSAI a
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Other Products
Satellite

/7

Avionics : Technological Breakthrough Equipment

Products:

» SDIU (Standard Distribution & Interface Unit ) for GEO satellites
(Neosat).

* RTU (Remote Terminal Unit) for LEO and MEO satellites
 SADE, DCU, ... for LEO and MEO satellites

[ )
Innovation: it can include a digital programmable controller (DPC), References : Exomars 2020, Amos 4, Yamal 401, Swim, Sicral 2,
hybrid ASIC (digital and analog). Koreasat 7, Eutelsat 8 WB, Yamal 601, Turkmenalem, ...

Specialistin DC / DC converters
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Products
Satellite PVA

The company makes its mark on Industry 4.0 and smart data

PVA PROJECT INCLUDES : o
lnlarogr?::(;:d Cell
5 - - - (CIC)
o design & set-up of in-house production line
o Development of PVA product line for a better fit with
solar array product policy S
L ThalesAlenia
Ao ""Spafe
ool il
STRATEGIC STAKES FOR TAS : Pholovolalc Assembly (PVA)
roduct Penmeter
o Reduce recurring cost for PVA through:
v' disruptive approach on assembly process with Robotized assembly of the'panel
automatisation, adapted to space domain n?
v reduction of interfaced suppliers (5+) in supply T'J?!?,Sf‘lsepa'cg Digital management of data and traceability
chain in
o Win access to mega-constellations market Deploymert Tests and checks.on fhe Prodyction line
sosr Introduction of augmented reality
Relevant and fast smart data analysis from all
sources
This document isnot to be rej ed ~df'}?P~RIET whole or in part nor di
o ThaIesAIel%
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Main supplier for Ariane 5
Development and production of the
launcher’s control & command Benches
23 devices and modules per launcher

5, 6 to 7 launches per year

16/11/2017

ref.= Ref.: VLR/080066_0900
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Products

Participation in the development of
the safeguard system

Participation in the development of
Thrust Vector Activation Systems

The first flight of Ariane 6 is expected in
2020

THALES ALENIA SPACE INTERNAL

A Key player for European launchers : Ariane, Soyuz and Vega

Leader in on-board The Ariane Adventure Sole non-Russian supplier for
electronics for Ariane 5 continues the Soyuz (Kourou)

Exclusive supplier of the Soyuz
safeguard chain

® ] complete system perlauncher
® 2to 4launches peryearsince 2011

SRP  (Passive Repeater System)
enabling communication between the
payload and ground control systems
prior to launch

4

)
ThalesAlenia
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@ Innovation

= from micro component to satellite architecture
sonaca" ThaIesAIer%

PR Space

UMONS j@IC < sirris

A dedicated team

+ Ateam of 15 peopleis dedicated to innovation
* Mix of seniors experts and juniors engineers

o
An Open Innovation
« Collaboration with Universities, lalbbs and SME
221 UMONS  imec

5 : L
BRI sonoce’ < sirris
» Strong link with other TAS entfities
A large panel of various research topics

Micro electronics
New Power Architecture

Thermal Management at equipment level
Optical technologies
High voltage technologies
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A Strong a nd efﬁCie ni' ind UStriql bqse Permanent & continuous improvement, with LEAN, to
reach Industry 4.0 state of the art

A complete supply chain,
from hybrids, magnetics,
PCBA to products integration
& test

High level set of production and test means

Electrodynamic Shaker Thermal vacuum - test chamber Pyroshock test facility EMC tests chamber
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Infroduction / V. Lempereur

Training
“®. Electrical / Electronic engineer from ULG (1996)

Professional career in TAS-Belgium
“®.. Designer on PCU /PCDU
“@.. SB4000 SUN & PCU, PLEIADES

. TAS-B’s resident in Cannes during two years
(EPS architecture / PCDU phase A/ ...)

“®. Wales / Earthcare / Spectra / Exomars / Galileo / Pleiades / ...
. Technical manager on PLEIADES DRU (PCDU)
. Project manager on PCDU / PSU projects

“@®.. SIRAL PSU, ALTIKA, MIRI

“@. PSAT PCDU
. PCDU/PCU product manager
. TAS-B’s resident in Cannes during three years (EPS architecture / PCDU phase A/ ...)
. PCDU/PCU & EPS product manager

»

¢ o

¢ 9

°
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Infroduction / EPS general information

P/F

o

o009

P/L

. Mechanical & thermal structure

. Electrical system, avionic, propulsion

. On-board computer, software, remote control
. Energy sources: solar, batteries, fuel

. Antennas, TWTA, ...
. Cameraq, altimeter, radar, detectors, ...
. Clock, scientific instruments,...

A satellite is made of...

(Platform)

(Payload)

16/11/2017
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Introduction / EPS general information

Satellite Electrical Power Subsystem (EPS) shall

“®. provide to each S/C platform and payload equipment the required power over the whole mission

“®. have energy capacity to power equipments in case of orbital night phases, fransient phases and
peak power demand

7

“®. autonomously manage the available power in order to provide the equipment’s power and to
charge the bafttery

[

~@. fulfill some distribution requirements providing ON/OFF protected power lines, heater supply (for
S/C thermal control needs) and commanding pyro lines (e.g. SA and antenna deployment)

7

Note: power system failure means the loss of mission

PROPRIETARY INFORMATION
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Infroduction / EPS general information

General functional block diagram

Power
distribution
Distribution &
orotection

Primary
sources
Power
generation 4

User's
Spacecrafts
loads

Power management
Regulation &
Conditioning

Secondqry .............................. ‘g ".‘:’é ............... a.......c..n.:l:....l...g
sources \ g Ommctmrf & Coniro
Energy i ... Inlerfaces :

storage

)
ThalesAlenia

o Thates / Loonardo compary Space
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Infroduction / EPS general information

Functions (1)

“®.Power generation

“®.The power is generated from different sources (‘fuel’) or combination of them: the Solar radiant energy (solar
cells via photovoltaic effect), Chemical (piles — fuel cells), nuclear (RTG), mechanical (reaction wheels), ...

“&.Primary sources convert ‘fuel’ into electrical power

“®.Energy storage

“®.The energy is generally stored under a electro-mechanical form and retrieved under an electrical form

“®.The storage of the energy is done by a secondary source, when the primary system'’s energy is not available or
insufficient

Power
distribution
Distribution &
protection

Primary
sources
Power
generation

Power management
Regulation &
Continionning

User’s
Spacecarfts
loads

RSP SN [ S

Secondary g :
sources B Command & Control
Interfaces

Energy
storage

B b e L EREIARL M RMRTION e
16/11/2017 S e, i pennereeiees
R/080066_0900

D
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Infroduction / EPS general information

Functions (2)

“®.Conditioning and regulation
“@..This function covers everything which is required to adapt the primary sources to the need of users

‘equipment’

“@.Regulators
“@.To maintain a constant voltage or current

“@.Regulation of battery charge and discharge,

“@®..Disfribution
“@..To distribute the conditioned power to users

“@.DC/DC voltage converters

“@.ON/OFF switches
“@.Does not include the harness

PROPRIETARY INFORMATION
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regulation of the commutation of solar generator sections

User’s
Spacecarfts
loads

Power
distribution
Distribution &
protection

Power management
Regulation &
Continionning

Primary
sources
Power
generation

»“’ ................. Foeeeeeeeann, .
» Command & Control }

Secondary

“Eneray . Interfaces
storage

)

ThalesAlenia

o ety SPACE



Infroduction / EPS general information

User’s
Spacecarfts
loads

Power
distribution
Distribution &
protection

Power management
Regulation &
Continionning

Primary
sources
Power
generation

Functions (3)

“@&.Protection

“@.To avoid a propagation of
failures or any Single Point Failure

“®&.Protections against short-circuits
“@..Fuses
“@..Circuit breakers

Secondary

sources
Energy
storage

“&..Control

“@..0bserving parameters
“@.. Current, voltages, temperatures, status, ...
“@.Information are tfransmitted to the Ground by telemetry for mid-term and long-term monitoring

“@.Information are fransmitted fo the On-Board Computer for real-time monitoring

“@®.Command
“®.Configuration setting (nominal, safety, recovery, ...)

“@&.Parameters

“@.ON/OFF
)
ThalesAlenia

o ety SPACE
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Infroduction / EPS general information
System drivers / Synthesis

The orbit

“®. Low Earth Orbit (LEO), geostationary (GEO), Mean Earth Orbit (MEO), Sun Synchronous Orbit (SSO),
Sun Centric (Interplanetary), ...

The mission
“®. (Life) duration
“®. Energy budget
“@.. Mission profiles
“@.. Payload needs

“®. Max and Mean power
“@.. Orientation (aftitude) of the satellite

“@®. Reliability requirements

16/11/2017
zet.= Ref.: VLR/080066_0900

347-DOC-TAS-EN-005
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Infroduction / EPS general information
System drivers / Orbits

¥ Shadow

LEO (Low Earth Orbit) / Scientific applications -

“@.. Orbit @ Sun =109 x @ Earth
“@.. Type: Circular . Jason 1 eclipse duration
“@.. Alfifude: between 350 and 1000 km
“@.. Duration:~2 hours
“®.. Low sensitivity to radiations
“®.. Eclipses
“®. High variability versus the orbit selection
“@.. Up to 40 % of eclipse duration
“@®.. Thousands of cycles along

mission duration

“@.. Mission duration
“@®.. 3o 5years

.. Example(s): Sentinel, CryoSat, ...
16/11/2017 e S oy hird party withou! the prior
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Infroduction / EPS general information

System drivers / Orbits _ﬁ

l
GEO (Geostationary Orbit): Telecom applications

“@. Orbit ‘

“@&.Type: Circular

“@. Altitude: 35786 km
“@..Duration: 24 hours

“@.Medium sensitivity to radiations

“®.. Eclipses
“@.Less then 1% of mission duration L o SN
“@.0nly during equinoctial periods Sumumer Solstice
“@.From few to 72 min max Eclipse Duration PR
Lo e o o Winter
“®. Mission duration ¥

“@.15 years

26 Feb I 13 Apr 29 Aug" 14 Oct
: . 21 March 21 Sept
®. Example(s): Spacebus based satellites, ...

16/11/2017
zet.= Ref.: VLR/080066_0900
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Infroduction / EPS general information
System drivers / Orbits

MEO (Medium Earth Orbit): GPS / TELECOM opplico’rions%
1_

“@.. Orbit
“@.Type: Circular
@. Alfitude: 1000 to 20000 km
“@..Duration: 12 hours
“@.Medium to high sensitivity to radiations (according to orbit height)

%

. Eclipses
“@..Duration: up to 1 hour

%

. Mission duration
“®.Up to 15 years

“&. Example(s): GlobalStar, Galileo, Iridium, ...

PROPRIETARY INFORMATION % 3 . )
ed, adapted, published, fronslafed Polar Orbit Inclined Orbit ‘
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Infroduction / EPS general information
System drivers / Orbits

Lagrange Point: Scientific applications - ESA

é

. Points where the combined gravitational pull of two large masses precisely compensate the
cenfripetal force required fo rotate with them (analogy with the geostationary orbit)

“@.Distance from earth for L1,L2: 1.5¥106 km

%

. Eclipses
“@&.None

%

. Mission duration
“@.3 years

é

. Example(s): Herschel (L2), Planck(L2), Gaia(L2),...

PROPRIETARY INFORMATION
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Infroduction / EPS general information

System drivers / Orbits

“®. u-meteorite & debris

Satellites en
fonctionnement

&% )
Satellites y :
abandonnes Nombre d'objets en orbite terrestre par mois selon le type d’objet
Fragments o
a0y, T 22%
o e > _— Collision Iridium 33
=—Nombre total d'objets Cosmos 2251
——Engin spatial FengYuni1C
Essai ASAT - 2007
) £
Dernier z
p =
. étages de 3
Déchets / 9 2
‘ - lanceurs 2
opérationnels 17 %
(=]
13%

“@..15 000 parts > 10cm
“@..300 000 parts < 10 cm
“®.Large concentration between 700 & 1000 km

/]

PROPRIETARY INFORMATION
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Infroduction / EPS general information

System drivers / Orbits

“@.LOS (French rule) to avoid generation of new debris
“@®.Conftrolled desorbitation or

“®.Parking in specific orbit with complete (propulsion and ,
electronic) passivation (25 years in LEO, 100 years in GEQO) Q026 193l NasH

PROPRIETARY INFORMATION
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Infroduction / EPS general information

— T T
[ ELECTRON RADIATION BELTS

System drivers / Orbits &

“®&.Radiation sources

“@.Trapped electrons -zf-
Van Allen belts i

Basse énergie
approximativement polaire

Q. aute énergie d
~ )Tro pped prOTonS approx?ma:iveme:t polaire ! Basse énergie
Van Allen belts / approximativement
equatoriale

“@..Sun protons
Sun eruptions Electron

piégé

“@.Space heavy ions
Cosmic rays

Haute énergie

iy > !
approximativement ,,——"’\Equﬂte\"‘ magnétique

incidentes
émergentes.
Axe magnetique.
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Infroduction / EPS general information

System drivers / Orbits Effects

Q.. Radiation sources

“@.. Trapped electrons
Van Allen belts

Total dose
Decreasing of semi-conductor
performances up to destruction
SA cells, Mosfets, Bi-polar
transistors, ...

“&.. Trapped protons
Van Allen belts

“@.. Sun protons
Sun eruptions

S.E.E.

Transient effect on semi-conductors,
may lead to its destruction
Mosfets, Memory, Amplifiers, ...

“@.. Space heavy ions
Cosmic rays —_—

-> The radiation environment has a direct impact on the definition & sizing of EPS

PROPRIETARY INFORMATION
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Infroduction / EPS general information

System drivers / Orbits

“@.Solar flux, which decreases with the square of the distance to the sun

16/11/2017
zet.= Ref.: VLR/080066_0900
Ref. Model = 83230347-DOC-TAS-EN-005

Distance Radius Solar fluw
(AU) (Earth) (W/m?)
Sun 0 109
Mercury 0.39 0.38 9.3103
Venus 0.72 0.95 2.6 103
Earth 1.0 1.00 1.36 103
Mars 1.5 0.53 582
Jupiter 5.2 11 48.7
Saturn 9.5 9 13.5
Uranus 19.2 4 3.6
Neptune 30.1 4 1.5
Pluto 39.5 ¢ 0.18 w 0.86
~  Earth rad

PROPRIETARY INFORMATION

1 UA = 149 597 870 km

THALES ALENIA SPACE INTERNAL |
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Available Power (W/m?)

Infroduction / EPS general information

SA flux (sun-synchronous orbit)

- > Min SA flux = 1220 W

16/11/2017

rei.=  Ref.: VLR/080066_0900

orbit

Available Power (W/m?)
® 5

AAAAAAAAAAAAAAAAAAAAAAAAA

SA flux (polar orbit)
- > Min SA flux = 520 W

)
ThalesAlenia

2 Loonarda company Space



Infroduction / EPS general information

System drivers / Missions

“®. (Life) duration
“@.From few minutes (launchers) to 15 years (Geo)

“®.Ageing drifts shall be assessed on each EPS constituent / Even some manufacturers may not be qualified for
long term missions (e.g. ABSL batteries)

“@.Impact on total radiation dose & nb of thermal cycles

Nuclear dynamic
systems

Cryogenic
hydrogen/oxygen
expansion engines

T
Chemically fuelled
turbines and

reciprocating

Solar and

Cryogenic nuclear
engines and dynamic
Chemical fuel cells systems

turbines and
\batteries

Electrical output (kW)
3
T

Reliability requirements

Fuel cells / photovoltaic

“&.EPS may be requested to be R
“@.SPF free e T T A0
Mission time
&.No Single failure may lead to the loss of mission Figure 10.1 Power outputs: mission duration relationship

between energy source and appropriate operational scenario [2]
(From Angrist, S. W. (1982) Direct Energy Conversion, 4th edn,

'\\
“@.Note: for human mission, no combination of two failures may lead SopyrightAllynand Bacan. New reid
to the loss of mission

“@.Noft reliable
@.E.g.: in uSAT, any failure may lead to the loss of mission
@.-> Important impact on system architecture (definition of redundancy) and on system cost

document isnot o be reprodu hed, trai nan hole orin part nor disclose -7_7
. 16/11/2017 ‘ e Tha|eSAJ_eﬁla
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Infroduction / EPS general information

System drivers / Missions

“®.Energy budget

“@.Mission profiles
“@.Payload needs

TV broadcasting points a zone of the Earth

Science satellites may point any zone of the sky

Military satellites may point any zone of the earth and shall be very agile
“®.Max and Mean power (in sunlight and in eclipse)

“@..Orientation (atfitude) of the satellite. The attitude constraints directly drive the sizing of the primary and
secondary sources: impacts on

Eclipse duration

SA flux

Payload power available (in sunlight and in eclipse)
Definition of recovery / safety attitudes of the S/C

PROPRIETARY INFORMATION
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Infroduction / EPS general information

EPS equipments glossary

Battery Charge Regulator BCR Launch and Early Orbit Phase LEOP
Battery Discharge Regulator BDR Maximum Peak Power Tracking MPPT
Begin Of Life BoL Power Conditioning Unit PCU
Converter CV Power Conditioning & Distribution Unit PCDU
Depth Of Discharge DoD Power Subsystem PSS
End of Charge EoC Regulaterd bus RB
End of Discharge EoD Sequential Switching / Shunt Regulator S3R
End Of Life EolL Solar Array SA
Electrical Power Subsystem EPS Solar Array Drive Mechanism SADM
Fold-back Current Limiter FCL State of Charge SoC
Latchning Current Limiter LCL Unregulated Bus URB

/112017 o acuIet, Dustens artad iy enctofiolfog 7

ThalesAlenia
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Infroduction / EPS general information

EPS in practice (1)

TELECOM 2 (1991)

Telecommunication — P = 3 kW

TELECOM 2 Mass (kg) Satellite mass ratio

Satellite dry mass 1100 100 %

Power System (incl. SADM) 43 4%

Distribution 21 2%

Battery NiH2 132 12% /
Solar Array 100 9%

Power TOTAL 296 27 %

Data from CNES

o St i romaduond moiEe ad e ETAKY. (EORMATION S S e 7
16/11/2017 5 thed oty yatiout the priorivler pemssn of oles leniaiSbebs Tha|ESA|ema
rei.= Ref.: VLR/080066_0900
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Infroduction / EPS general information
EPS in practice (2)

JASON 1 (2001) Mini satellite
Oceanographic Observation satellite — P = 500 W

Jason 1 Mass (kg) Satellite mass ratio
Satellite dry mass 472 100 %
Power System (incl. SADM) 10 2%
Distribution 29 6%

Battery NiCd 45 10 %

Solar Array 42 ? %

Power TOTAL 126 27 %

[llustration CNES

Data from CNES

PROPRIETARY INFORMATION
i, adopted, published, translated in any mate
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Infroduction / EPS general information

EPS in practice (3)
DEMETER (2004) Micro Satellite
Science (Geodesy) satellite =P =110 W

DEMETER Mass (kg) Satellite mass ratio

Satellite dry mass 110 100 % X

Power System (incl. SADM) 6.5 6% j N —
Battery Lilon 4 4%

Solar Array 6.5 6%

Power TOTAL 17 16 %

Data from CNES e e i B

PROPRIETARY INFORMATION

lllustration CNES
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Agenda

1. Introduction
“®.Presentafion of Thales Alenia Space Belgium (ETCA)
“®.Presentation of myself
“@.EPS — general information

2. Primary power sources
“@.Solar cells & solar arrays
“@.Fuel cells
“&.RTG
“@®.0Others

Secondary power sources - batteries

Power Management, Control & Distribution
“®.Architecture
“®.PCU / PCDU
5. Power budget - practical exercise
6. Conclusions

PROPRIETARY INFORMATION
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Primary power sources / Solar cells & arrays
SA cells

“®. Asolar cellis composed of a semi-conductor material and converts photons to electrons

“®. Photovoltaic effect
“@.. The solar flux is reflected, absorbed by the solar cell or crosses it

“@.. Every absorbed photon whose energly is greater than semi-conductor gap is going to release an electron and
to create a posifive « hole » (lack of €lectron). This electron is part of the crystalline network

“®.. Photons with excess energy dissipate it as heat in the cell, leading to reduced efficiency
“®.. An electrical field is infroduced in the cell in order to separate this pair of opposite charges

[llustration SPECTROLAB

PROPRIETARY INFORMATION S M Mm h_) L) | w
16/11/2017 Spoce.

Ref.: VLR/080066_0900 TR T A T
© : ./; STt THALES ALENIA SPACE INTERNAL @ Thates / Leanardo company Space




Primary power sources / Solar cells & arrays

Semi-conductors properties (1)

“®. Most common semi-conductors: silicium and arsenide-gallium (AsGa)
“@.. Cubic crystalline structures

Silicium Arsenide Gallium
Contact
“@.. Method of GaAs Growth: Metal Organic Vapor Phase Epitaxy EEH-EEH
“@®.. N-type contact (upper surface of the cell): multi-finger arrangement
“@.. Efficient current collection
“@.. Good optical transparency
“@.. Connected at a bar along one edge of the cell

Tunnel Junction

Middle Cell: GaAs

Tunnel Junction

Drawing NotTo Scale

PROPRIETARY INFORMATION Contact

16/11/2017 *AR: Anti-Refecive Coaling
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Primary power sources / Solar cells & arrays

Solor flux
. Semi-conductor gap is chosen to fit with sogce liaht wavelenath
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Primary power sources / Solar cells & arrays

Equivalent circuit diagram

“®. Each solar cellis equivalent to

“@.. a current source in parallel with
“®.. a capacitor (variable) and
“@.. adiode

Interconnect

T
ST

Rear side wire

Figure 10.3 Schematic of a typical solar cell
assembly

) PROPRIETARY INFORM,
fied, adapted, published, trar
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Primary power sources / Solar cells & arrays

U-l characteristic

Isc T Pmax

1 .
Isa-BoL-Hot \ \ Psa characteristic Pmax
o Isa-EoL-Hot Psa-BolL-Hot
Isa-BoL-Cold |20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 24 Psa-EoL-Hot
23 Psa-BoL-Cold »
Usa (V) it sa-Bo o // \
| ~ \
Voc 180 1= \
160
= 140
. : 5 120 s
Pmax is largely depending of & 100 5725 2 AN {
. v
temperature & ageing 60 B \ \
40 7= \
-0 A |
\ \
o
0O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84
Usa (V)
PRQPRIETAR‘( lNFORvMAYI(?N
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Primary power sources / Solar cells & arrays

Efficiency

Conversion Efficiency, %

16/11/2017
- Ref.: VLR/080066_0900

Space Solar Cell Efficiencies on the Rise

40

30

20

10

A

1970

Silicon

1975

1980 1985 1990

[llustration SPECTROLAB
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Primary power sources / Solar cells & arrays

Efficiency degradation factors

“®.. Mission lifetime
“@.. Loss of power: 1% to 2% every year (depends of the orbit)

“®.. Radiation effects
Radiation Degradation
{Fluence 1\e\V Electrons/cm?®)
Parameters 1x104 9x1014 1x1015
Imp/imps 0.29 0.98 0.98
& UV Vmp/Vmpo lluétréttion SPECTROLA#S 1 0.89
. o Pmp/Pm 0.93 0.89 0.88
®.. Meteorite impact Sl
8. ATOX density
“®.. Aggressive and corrosive environment (tied to the LEO) on cover glass profection and on exposed
inferconnection (oxidation of silver and then increase of resistivity)
16/11/2017 s eesument 'H“:T'T.';‘;”'.:', “V<PRO;PRIETARYI:TFOR:MAI‘IO:N_ s _::ii.';fiﬁ-, e -7
ThalesAlenia
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Primary power sources / Solar cells & arrays

Concenftrators / Advantages

“@.. Concentrate SA flux on SA cells
“®. Reduce SA cells surface

“@.. Based on reflectors or on lens
Reflected

NMlumination

Direct
NMlumination

16/11/2017 This document is ot fo be reproduced eny moterial form n whole orin porirr disclosed Th | AI -7_7
o any th ales Alenta Space. a es |a
o Réf': o THALES ALENIA SPACE INTERNAL  Thates / Lacnerdo company /Space
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Primary power sources / Solar cells & arrays

Concentrators / Drawbacks

“®. Not compatible with large off-pointing angle
“@.. Oblique rays can hit the reflectors two fimes and then they may be reflected back to space
“®.. Off-pointing property of SA concentrator is not compliant with un-stabilized S/C

“®.. Induces higher thermal constraints on cells and SA panel

Concentration at large off-pointing

z — Trough C=1.8 __ Tompersturs map
1.8 — Trough C=2
J\\ \ Trunc Trough C=1.85 L
1.6 \\\ \ — CPC 10deg
14 — CPC 24deg i
- N
nce 1.2
i ———
i 0.02(
ati 1
on \
. \ T
0.6
) -0.021—
0.4
02 \ -0.041—
0 ! . - : ‘ ‘ ‘
0 10 20 30 40 50 60 70 oot e . -

Off-Pointing (arcdeg)

“@.. OQutgassing may become critical

PROPRIETARY INFORMATION
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Primary power sources / Solar cells & arrays

Solar arrays (1)

“®. A solar cell produces some hundreds of milliwatts

“®. A solar Array (SA) is composed of thousands cells assembled in series and in parallel
“@®.. The network = cells + interconnections + cabling + diodes
“@. Astring = assembling of cells in series to obtain the desired voltage
“@.. A section =strings in parallel to obtain the desired current

“®.Sections are independent

lllustration Thales Alenia Space
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Primary power sources / Solar cells & arrays

o + section?2
-0 + section 1

Diode blocage | FS=

‘ Diode shunt |

Bleeder
resistor

Protection against

shadowing

Rtn section 1

o Rtn section 2
Ground

PROPRIETARY INFORMATION
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Primary power sources / Solar cells & arrays

Solar arrays (3) — Types

“®. Fixed
“@.. Solar cells are glued on the structure of the satellite
“®.. The power is limited by the surface of the satellite

“®. Deployable (fixed)
“@.. Solar cells are glued on flaps (folded atf launch and deployed in orbit)
“@.. Difficult to manage the attitude constfraints

“@®. Deployable and mobile
“@.. 1-degree of freedom

PROPRIETARY INFORMATION
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Primary power sources / Solar cells & arrays

PROPRIETARY INFOR
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Primary power sources / Solar cells & arrays

Panel, glue, coverglass, ...

“®. Substrate
“@.. Kapton with glass — or carbon- reinforcement

%

. Glue, Adhesive
“@.. Fix SA cell on SA panel
“@®.. Fix the coverglass on the cell
“@®.. Ensure electrical & thermal conductivity

“®.. Panel (honeycomb)
“@.. Support SA cells
“@®.. Transfer heat to bottom side
“@.. Face high thermal gradient
“@.. Be compatible with deployment and orientation mechanisms

“®.. Coverglass
“@.. Protect SA cell against ATOX
“@.. Proftect SA cell against radiation
“@.. Limit the UV flux to the adhesive layer and to the cell by allowing suitable wavelength selection, via a good
optical coupling (between free-space and glass & between glass and adhesive)
ThalesAlenia

ze.=  Ref.: VLR/080066_0900 e
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Primary power sources / Solar cells & arrays

Solar Arrays (4) — mechanisms (hold-down & release)

“®.SA are fold during launch
“®.Deployment is

“@.. Initiated by pyro actuation (or thermal knifes)
“@.. Conftrolled by the use of hinge mechanisms

21/10/2014

lllustration Thales Alenia Space

o o )  PROPRIETARY INFORMATION
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Primary power sources / Solar cells & arrays

Solar Arrays (4) — mechanisms (orientation)

“®. Mobile SA is controlled by SADM

. Current is tfransferred to S/C main part via BAPTA

. Tensioning wires — achieve minimum fundamental frequency of the array (AOCS constraints)

[/

é g

FIRAL for Sofor Arrcy

<A

A in-fine Hinges

- G
€ Q>
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Primary power sources / Solar cells & arrays

Solar arrays (5) — thermal interfaces
“®. SA cell temperature directly impacts its efficiency

“®. Temperature is linked to
“@.. The incoming flux
“@.. Direct solar flux
“@.. Albedo
“@.. IR flux of the earth
“@.. The outcoming flux
“@.. Flux reflected by the cells
“@.. Power delivered to the satellite
“@.. IR flux of the front and rear part of the SA
“®.. Sizing of Solar Arrays requires simulation tools
“@. e.g. the delivered power is function of the temperature, which is itself function of the power

8. Temperature cycling (~100 °C in few minutes) induces thermal stress (differential expansion
between substrate and cell, which are made of different material) on interconnections (major
array failure hazard)

16/11/2017
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Primary power sources / Solar cells & arrays

Solar arrays (6) — performances

“®. Typical performances after 15 years in GEO
“@.Silicium: 100 W / m2
“@.High efficiency silicium: 130 W / m2
“@®.AsGa (mono junction): 170 W / m2
“@.AsGa double junction: 200 W / m2
“@®.AsGa friple junction: 240 W / m2

“®.. Power / kg:
“@®.. Silicium or AsGa/Ge: 40-50 W/kg
“@.. Multijunctions: 50-60 W/kg

16/11/2017
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Primary power sources / Fuel cells

Electromechanical devices performing a controlled chemical

reaction (oxidation) to derive electrical energy (rather than heat
energy)

“®. Advantages
“@®.Minimal thermal changes
“@.Compact and flexible solution
“®.Production of water (manned mission) . — -
g —1 \\\\
) Anode cathode —| MO
@.. Drawbacks \

Electrolyte —VVE“M
- . . . .
"*’ Need Of erlS. hydrogen & Oxygen yleldlng WOTer as The reOCTlon Figure 10.10 Schematic of a hydrogen/oxygen fuel cell. At the
prOdUCT _anode—electrolvte interface, hydrogen dissociates into hydrogen
ions and electrons. The hydrogen ions migrate through the elec-
trolyte to the cathode interface where they combine with the
electrons that have traversed the load [2] (From Angrist, S. W. (1982)
Direct Energy Conversion, 4th edn, Copyright Allyn and Bacon,

“®.. Used for Shuttle orbiter, lunarrover, ... New York)

7]

Voltmeter

S

2e~
4

o O

Hy ===F, 2H*

rftm—mm——— = e ==
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Primary power sources / Fuel cells

1.5 5 1.0
Thermodynamic
revarsible qell The ideal cell potential
potential (&) -current relation Intrinsic
———————————————————————— - maximum
Cell-potential losses due to efficieancy
activation overpotential
(lack of electrocatalysis) &
1.0 Linear drop in cell potential S
H = due to ohmic losses in 8
Typical current-voltage curve for a > solttion betwean slectrodes %
] &
= S
hydrogen/oxygen fuel cell g Hos &
@
g £
= 8
Q Mass transport losses. &
051 Cause of decrease of o
cell potential to zero &
0 AL
0.5 1.0 9

Cell current (A)

Performance summary of fuel
cells for space use

Figure 10.11 Typical cell potential and efﬂmency current relation of an electrochemical
electricity producer showing regions of major influence of various types of overpotential

losses (Source [10])

System

Gemini

Operation

240 h

Comment

Not drinking water

Apollo

Operated at 505 K
24 h start-up / 17 h shutdown

Shuttle

275

2500 h

15 min start-up / instantaneous shutdown

SPE technology

110 - 146

> 40000 h

Alkaline technology

367

> 3000 h

Alkaline technology

110

> 40 000 h

Goal (lightweight cell)

550
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Ref. Mo

Primary power sources / Fuel cells

Use of fuel cell as « secondary power source »

‘charge’ cycle thanks to primary source power

o

. Advantage
“@.Lower SA power need thanks to judicious sizing of the fuel

%

. Drawback
“®.Lower efficiency (50 - 60 %) than battery

%

of propellant used for orbit conftrol

PROPRIETARY INFORMATION
published, 1

16/11/2017
.= Ref.. VLR/080066_0900

del = 83230347-DOC-TAS-EN-005

or written p

THALES ALENIA SPACE INTERNAL

. Regenerative fuel cells (100 kW system power) electrolyze of water is performed during the

. Interesting for LEO operations where atmospheric drag is important (very low orbits) -> reduction
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Primary power sources / RTG

Deep-space missions (further than Mars) or Military use

“@.Long time missions, not-compatible with fuel cells

“@®.Far from Sun, not-compatible with SA
“®.Decrease of SA flux partially compensated by increased of cell efficiency due to decrease of temperature
(re/rSC)1.5

-> Use of radioactive decay process, use of thermoelectric effect

Thermoelectric effect

“®.Generation of a voltage between (semi-conductor) materials maintaining a temperature
difference. Power function of:
“@.Absolute t° of hot junction

“®.T° difference between materials ! { e
. . Th |
“@.Properties of materials T p @ N 7 milkst
. . T
“@.Low efficiency (< 10 %) Ta 7 ¢
. . o]
-> removing waste heat may be an issue t £
“®.Heat source: spontaneous decay of a n @

radioactive material, emitting high-energy
Figure 10.12 Schematic diagram of a semiconductor radioisotope

porTicIes, heoTing obsorbing materials generator (From Angrist, S. W. (1982) Direct energy conversion, 4th
edn, Copyright Allyn and Bacon, New York)

pern

)
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Primary power sources / RTG

Advo ntages

. Power production independent of S/C orientation & shadowing
. Independence of distance from Sun

. Low power level may be provided for long time period

. Not susceptible to radiation damage

. Compatible with long eclipse (e.g. lunar landers)

l’

Pl

o009

Low-gain Plasma-wave

Drawbacks .

“®. Affect the radiation environment of S/C (deployment Etfmmlf' lf/l’
away from the main satellite bus) p .! k

“®.Radioactive source induce safety precautions in AIT

“®.High t° operation required -> impact thermal
environment of S/C

Magnetometer
sensors

Energetic particles detector

Plasma sclence

geavy ion counter (back)
ust

Hslropropulsmn module

Star
scanner L=

Jupiter

atmostpheric Scan platform
“®.Interfere with plasma diagnostic equipment (scientfific Ara i
mISSIOﬂS) Figure 10.13 The Galileo spacecraft configuration, showing the position of the RTG

sources (Courtesy of NASA/JPL/Caltech)

Q.. Environmental risk in case of launch failure or S/C crash
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Primary power sources / RTG & others

Example of RTG

“@.Cassini (Saturn mission) 628 W 195 W/kg
“®.Galileo probe/Ulysses 285W 195 W/kg
“@.Nimbus/Viking/Pionner 35 W 457 W/kg
“®.Appolo lander 25 W 490 W/kg
“®.Mars Science Laboratory 120W 416 W/kg

Nuclear fission
“@. Fissible material (e.g. uranium-235) Use of nuclear fission process
(as for terrestrial nuclear power plants)
“®. used to drive thermoelectric converter as RTG

) PROPRIETARY INFORMATION
ified, adopte shed, fransiated in any material form

)
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Primary power sources / Others

Solar heat

“®.Use of Sun energy to drive a heat engine and then a rotary converter to electricity or a
thermoelectric converter

“@.Concept interesting for space station
“@.Reduced drag (reducing area of SA panels)
“@.Reduced maintenance effort

- - input Electrical
i ol _ output

Heat
Compressor rejection

Recuperator
L J

Figure 10.14 Solar dynamic Brayton cycle
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“®.Presentafion of Thales Alenia Space Belgium (ETCA)
“®.Presentation of myself
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2. Primary power sources
“@.Solar cells & solar arrays
“@..Fuel cells
“&.RTG
“@®.0Others

3. Secondary power sources - batteries

Power Management, Control & Distribution
“®.Architecture
“®.PCU / PCDU
5. Power budget - practical exercise
6. Conclusions
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Secondary power sources

Accumulators

@. Electromechanical devices performing a confrolled chemical reaction to derive electrical
energy

“®.Critical parameters

. 400
“@.Charge/discharge rate T
“@.Depth of Discharge = 2
. . = 300 5
“@.Extent of over-discharging = b=
“®.Thermal sensitivity fo each of these parameters z ol
= 2
4 4
L P O, [irm)
sl & ,Atr:',.‘,gt‘ :,\_4702 Positive material: 100
Liy. Niy . Co,M,0; [M=Mg. Al,..] Q of Liion ;
s=sz=  @limited RT cycling ) .
- Polyanionic compounds [Li, NVOPO,. Li,FePO,] © of Li metal ° Lighter weight —_—
= Li,Mn, M0, [M=Cr. Co...]
;-; 3k - T r' T T T T
= Vanadium oxides * 9 20 100 . 150 200 230
‘é | MO, V505, Liv,Osl &on Lisee Energy density (W h kg™')
E potential potential
s 2L
= o . Negative material:
g | 3d-Mm (.nl\oxnd © ofLiion \g
Composite alloys  [SnlOj}-based] (@ limited cycling) =
7L [SniM)-based) @ of Limetal 3
Carbons Witrides LIMyNG . i g’
= Graphite Li metal 5
oblt s ¢ 1 ¢ 1 1 1 yo1y PRI B T R H B R A A RO BT B BB B B AR B A
0 200 400 600 800 1000/ 3.800 4.000

Capacity {Ahkg')
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Secondary power sources

St 1: St 2: age 3-
Accumulators Fast Charge (CC) S i voitage
. Elementary Battery model 7‘ 4.2V
\Y; e
5 m Q CELL
VCELL ( V ) 2.8V —.ﬂ 100 |CH
200 kF w(a)y |/
T(°C)
3\/3 oﬂlc T ( Cell Temperature )
0.07C
T T
. . . — 1hr 1.5 hr 2 hr
TYpICC” ChorOCTe”ShCS Cell voltage versus DoD & | discharge
) 4,2
“®.Capacity »l
4,0 R

8. 1.5Ah -> 100Ah _ 3’2 \;t\\
- P I
8. Voltage range 2 36 S~ —c

®. 41V >33V g 35 —— c/2
-®.Series Resistance 3 33 ——

e ImQ->10m Q 3.1
: 3% \
®.Leakage current 29 \

8. O0mA -> 5mA o} 5 10 15 20 25 30 35 40 45 50

21/10/2014 P Capacity (Ah) _ 7
16/11/2017 S R e e e e o
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Secondary power sources

Comparison of performances

e . 0
Energy/kg (Wh/kg) 30-40 55-45 100-130|
Energy/I (Wh/I) 110 80 200-250) | .
Discharge voltage mean (V) 1.25 1.25 35 Lo = J
Working temperature (°C) [-5:+15] [0:+10] [+15;+25]
Charge current (A) = C/10 (GEO) = C/8 (GEO) C/10= C/3
= C/2 (LEO) = 0.7C (LEO)

Discharge current (A) =2C =>C =C
Energy efficiency 75 75 90
Max. voltage (A) 1.55 1.6 4.0
Min. voltage (A) 1.0 1.0 2.7
Capacity (Ah) 4= 50 30 = 350 1.5,2.2,26,40
Life duration in Geo 7 years at 50 % of 15 years at 80 % of 15 years at 80 % of

DoD DoD DoD
Life duration in Leo 10 years at 15 % of 5 years at 40 % of 7 years at 30 % of

DoD DoD DoD
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Secondary power sources

Battery - % ’

“@.Role: support the Solar Array during -

“@.LEOP phases [ 5?5‘:3,"1’;{?‘9'“ P "
<‘:.%E(:lipses i Junction
“@.Loss of sun pointing S b
“®.Peak power demands =
Man:g::nydﬁ 4 = oy
V:.'z" o ) System ’\ i % Pack
“@.Series / parallel assembling of accumulator cells Catng "Service plug”

“@®.In series to reach the desired voltage
“@.22-37 Vin LEO
“@.EUROSTAR 2000: 42.5 V
“@.EUROSTAR 3000 & SPACEBUS 3000: 50 V
“@.SPACEBUS 4000: 100 V

“@.In parallel to reach the desired capacity

lllustration SAFT

NICKEL HYDROGEN BATTERY

lllustration SAFT )
= lllustration SAFT B
] 6/] ]/20] 7 This document isnot to be VE‘C':‘::(‘:’: ;’;:; whole corin part nor disclosed Th | AI 7
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Secondary power sources

Battery accommodation

“®.Mechanical & thermal drivers
“®.The structure shall be rigid (launch environment)

“®.The structure shall allow the homogeneity of the temperature

10000

1000

100

Acceleration [g]

10

ZONE 2b - LOWER RADIAL PANEL

—=— Lower Radial Panel - Qualification (Flight+3dB) [g]
—eo— Lower Radial Panel - Flight [g]

P
e

1 10 100 1000 10000
Frequency [Hz]
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Secondary power sources

}L C (% of CS)
Recondmonlng +
= C at EOCC atECD
T 100 &
w
@D
o
&
<=
o
R e Al
s Margin e i
: Aging loss
Reversible Capacity Loss
Cycling loss

1 2 3
Years

margin

Figure 10.16 Battery reconditioning via complete discharge
-

to improve battery capacity. Both reversible and irreversible
capacity loss occurs [17] (Reproduced by permission of Euro-

pean Space Agency and P. Montalenti) Worst case required

energy

EOLenergy
reservation

6112017 Beginning Of Life Ene Of Life
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Secondary power sources

SAFT NiCd SAFT NiH2 SAFT Lilon SAFT Lilon SONY LilOn
VOS 40 93 AN VOS140 MP76065 18650HC
Capacity 46 Ah 89 Ah 38.6 Ah 6.1 Ah 1.4 Ah
Mean voltage 1.2V 1.36 V 3.6V 3.6V 3.7V
Energy 55 Wh 120 Wh 140 Wh 22 Wh 5.2 Wh
Mass 1610 g 2108 g 1107 g 155 g 4129
Energy/kg 34 Wh/kg 57 Wh/kg 126 Wh/kg 141 Wh/kg 126 Wh/kg
Efficiency 70 % 70 % 90 % 90 % 90 %
Data CNES
o IETRSREMENRN ot Tha IesAI_er%
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Secondary power sources

Bol NHOI EURASIASAT STENTOR SKYBRIDGE
Configuration 24s5-1p VOS40 27s5-1p 93AN 11s-2p VOS140 12s-4p VOS140
Capacity 46 Ah 93 Ah 80 Ah 154 Ah
Mean voltage 29 V 37V 39.6V 43V
Energy 1325 Wh 3415 Wh 3168 Wh 6620 Wh
Mass 47 .4 kg 66 kg 34 kg 72 kg
Dimensions 467X261X260mm 863X441X310mm 490X380X290mMm 910X520X300mm
Specific energy 28 Wh/kg 52 Wh/kg 93 Wh/kg 92 Wh/kg
Density 42 Wh/I 29 Wh/I 59 Wh/I 47 Wh/|
Data CNES
o o o ITUEAL MOATON, ThaIesAI_eﬁ?a
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Secondary power sources

Sampling of batteries

Bol

PLEIADES

16/11/2017
ze.=  Ref.: VLR/080066_0900
Ref. Modlel = 83230347-DOC-TAS-EN-005

Configuration 8s-100p 18650HC 8s-10p 18650HC
Capacity 140 Ah 14 Ah
Mean voltage 30V 30V
Energy 4200 Wh 420 Wh
Mass 40,4 kg 4 kg
Dimensions 2 x (355 x 295 x 180 mm) 226 x 166 x 95 mpa:
Specific energy 105 Wh/kg 105 Wh/kg
Density 170 Wh/I 118 Wh/l ~
Data CNES
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Power management, control & distribution / Architecture

Block diagram

Divided in
sections

SA

Bus PCDU
RN . .
Distribution User's
SA
conditioning
DET, MPPT, BCR/
BDR /
Switches
BAT, _\ I Monitorings
1 or2
batteries

-> Operation with primary & secondary power sources whose characteristics are changing with time

and condifions of operations

16/11/2017
rei.=  Ref.. VLR/080066_0900
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Power management, control & distribution / Architecture

Divided
in
sections

Bus voltage selection

“®.Many standards
@28V, 50V, 65V, 100V, ...

“@..Even Ac busses are used for
high power spacecrafts (e.g. ISS)

“®.Choice is based on
“@..Bus power

“@.Recommended ESA rule: P < U2/0.5 for
bus impedance reasons

“@.High bus voltage means
8. Less current
<. Simplification of harness

SA

Bus PCDU

Distribution ™ Users

SA
conditioning
DET, BCR /
BDR /
MPPT, ... Switches
BAT Monitorings
lor2
batteries

.« High » voltage management at equipment level (SA, battery, PCDU, ...)

“&.Payload flight heritage

-> Some architecture may even requires two buses !!

16/11/2017
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Power management, control & distribution / Architecture

Conditioning architecture RECGATEP  _rmm et oo
“®.Regulated bus = =
“®.Voltage variation is limited to about +/- 1 V whatever e % [‘]H]&le\'l% } "
the satellite modes T
“®.Need of dedicated electronics o manage the battery 1111
discharge IIIII ITTT

BCR

-/
o
2
@
o
@

“@.. Substantial power dissipation einside the PCDU during clip

“@.Unregulated bus
“®.Bus voltage is imposed by the battery voltage
“@.. Impact on all DC/DC converters efficiency

“®.Semi-regulated bus
Power Conditioning Distribution Unit
“@.Regulated bus in sunlight only UNREGULATED
BUS
“®.Choice is based on - E_
“®.User's need (mission) D N e
.
“@.. Scientific payloads may require regulated bus to fulfill the 4
. . - . R R s i e
&.. Thermal stability of some specific loads may requires regu T 111
(thermal management is easier in that architecture) @ i i i i
I I I I
Battery Satellite (users)

Solar Array

“@.User’s flight heritage

B
ThalesAlenia

o ety SPACE
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Power management, control & distribution / Architecture

Conditioning topology

The conditioning concerns the way the power coming from the solar array is used to be delivered to the
different users of the spacecraft, as well as to the battery in order to guarantee the battery recharge

PCU 2x30 SCLIQO60

“@®.Direct Energy Transfer (DET) . o

“@.DET operates atf the bus voltage and extracts the available power T
from the solar array for this precise voltage

IRHNJ67130

“@.Simplest solution I -
“®.PWM control of SA e L@
“®. DC/DC converterimplemented between SA and bus

“®.Maximum Power Point Tracking (MPPT)

“®.. MPPT can operate in a wide range of voltages fo frack the maximum available power from the solar array,
converts the (VMP, IMP) into (Vbus, Ibus) and is particularly interesting in case of sensitive flux variations

- . . :
@.More complex and dissipative solution en charactoriotios
“®.Choice is based on Psa-BoL-Hot
24 Psa-EolL-Hot
“®.. Mission & orbit 2} ——FsaBoL-Cold T\
- . . o 180
&.SA flux variation (agility of the S/C, 160 : 1
interplanetary missions, ...) E a0
“@®.SA temperature variability * e _ X ! |
60 1
N 40 ‘\ \‘
= 1 \ 1 [ D
16/11/2017 0O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 'a
- . U )
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Power management, control & distribution / Architecture

Divided Bus PCcbu

Battery management P LS —

“®. Architecture MPPT, ... Switches
“@.Cenftralized ‘
“@&.Performed by OBC BAT Monitorings
“@.PCDU functions limited to monitoring lor2

batteries

“@.De-centralized at PCDU level
“@.Autonomous
8. PCDU ensures bafttery charge & protections in a reliable way
<. Voltage tapering
8. Protection against over-charge, over-discharge, over-temperature, ...
“@..Partially autonomous
8. PCDU ensures battery charge & protections
8. OBC is responsible of PCU re-configuration in case of internal failure

“®.Any infermediate solutions between these two extremes

“@..Choice based on
“@.Price
“@.Satellite reliability need

o
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Power management, control & distribution / Architecture

Battery management

“®.Functions
“@.Voltage / current control during charge
“@.. Current limitation during discharge
“@.Monitoring

. . Stage 1: Stage 2: Stage 3:
8.Profections Fast Charge (CC) Cor?stant Voltage
A 4.2V

Veel /
\Y (V)
eEH 2.8v F:.OC len

o (A) /I
/

T(°C)

0.1C I T { Cell Temperature )

1hr 1.5hr 'r 2 hr
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Power management, control & distribution / Architecture

Battery failure modes

“®.0Open circuit
“®.Loss of battery
“&.Short failure
“@..Degradation of the voltage

Battery protections

“®.By-pass

“@.. Actuation of electro-mechanical
device allowing to short circuit a failed

cell and avoid failure propagation at battery level (arm / fire circui’rry)

%

.Balancing (Li-lon)
“@®.. Voltage balancing at cells level via the actuation of a shunt in parallel with the cell to slightly discharge it to
improve battery end-of-charge voltage and increase cell life-time

“@.. Counterbalancing of cells mismatching

“®.May be integrated at battery level or at avionic level (PCDU or not)

“@.Some Li-lon batteries do not need cells balancing thanks to battery inner property

D)
ThalesAlenia
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Power management, control & distribution / Architecture

Distribution architecture

Distribution concerns the way the power is distributed from primary & secondary sources to user’s
through PCDU. To avoid failure propagation in case of user’s short failure, these lines shall be protected

by
“®.Fuse
“@.Simplest solution
“@.Imposes all the user’'s to be compatible with bus fransients induces by fuse blowing
“@d.Imposes the need of extraction during AIT phase

“@.Active switches

Divided BL\li PCDU
. . . 4
@.Flexible solution oo o bistribution » Users
.. o . ” A
&.0ON/OFF switching capability condnmsning
“@.Control of fault current ‘ DET, BCR/
MPPT, ... BDR/
’ Switches
[
BAT Monitorings
lor2
batteries

D)
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Power management, control & distribution / Architecture

Disfribution architecture / some definitions.

Current falls

<12 .I.I:E /;. _-". N /u(.f./ii’g‘i’.:l;
“8.LCL e 78 =
“@&.Lafching Current Limiter / \
“@.Limits current at user's switch ON or short failure v s e
during limitation time R
“@.Trips-OFF if limitation time is exceeded
“@..ON/OFF command capability Reacton tme /1 Te-erftme t
“®.FCL !
“@..Fold-back current limiter
“@.Essential load (e.g. OBC)
FCL I-V CHARACTERISTICS
“@.Limits current af user’s switch ON and during short failure (with decreasing L%taegll elase
“&.PO-LCL » Inom
“&.Permanent-ON LCL Vbus
“@.Essential load (e.g. OBC)
“@.LCL + automatic periodic re-arming Himit-min Himit-max
Q.
Current
16/11/2017 §6 any Hfird Borty wWithout the prior witen perniission of Tholes Alenia Spase. ThalesAle«ﬁia
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Power management, control & distribution / Architecture

Other constituents of PCDU

“®.Command of mechanisms
“@.SADM motor driver
“@&.Antenna motor driver
N

%

.Command on deployment
“@..Actuation of pyro
“@&.Actuation of thermal knifes

",

.Li-lon battery cells management

“®. Acquisition of thermistors

o
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Power management, control & distribution / PC(D)U

Examples uSAT

“@.Low power: 260 W / Low voltage : unregulated bus (22-37 V)
-Solar Array regulator: Boost converter
“®.Not reliable
~@.Distribution functions
“@®.LCL, Pyro
“@.DC/DC for secondary (+5, +-15,4#20 V) + LCL protection
“@&.Adaptability of the distribution by paralleling of LCL's

“@.CNES/Astrium/TAS-F Myriade platform baseline

o
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Power management, control & distribution / PC(D)U

Examples Scientific, earth observation & cons’rello’rlons A.,.,:Em
“®.Large flexibility needed i Document
“®.Modular sfructure
“&.Large flexibility
“®.Redundancy (tolerant to one failure) .
“@®.Bus Power : 500 W to 4200 W
“®.Bus voltage : up to 50 V, non-regulated or regulated
“@&.Solar Array Regulation : MPPT or DET (S3R or S2R) =

[/

“@..Lithium Cells Management : cells voltage balancing and by-pass electronics
.Distribution : LCLs, FCLs, Relays+Fuses, Heater Switches, Pyro Electronics
“@.TMTC : MIL-1553B bus or other

Challenges of new constellations

“@®.Use of COTS (component off-the-shelf) taken from automotive product lines and tested in
radiation “a posteriori” — including plastic package

“®.Use of automative production lines

“®.Review of complete validation / test concept (burn-in at part level, screening at board level,
limited tests at S/C level,,,)

o

o
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Power management, control & distribution / PC(D)U

Examples Scientific & earth observation

lllustration CNES
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Power management, control & distribution / PC(D)U

Examples Geo low power

SPACEBUS 3000 PCU

“&.Full regulated bus 5.5 kW / 50 V
“&..Solar array regulation: S3R

“®..No distribution function (PCU only)
“@. Flight heritage : 35 PCU’s, 380 years

y4

PROPRIETARY INFORMATION
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Power management, control & distribution / PC(D)U

Examples Geo high power

SPACEBUS 4000 PCU

“@.Fullregulated bus 6 to 27 kW / 100 V

~@.Solar array regulation: S3R

“®..No distribution function (PCU only)

“@.Flight heritage : 60 PCU'’s, 40 in flight, 240 years

PPPPPPPPPPPPPPPPPPPP
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Power budget

Study case

“®.. Study of a micro satellite to target ship based and ground based radars
“@.Lifetime: 12 years
“@..0rbit: Leo

“®. Payload requirements
“@.Acquisition in sun & eclipse phases

“@..Bus power of 650 W
“@®.Max power fo be considered

@.Sum of all user’'s needs (AOCS, payloads, emitters, receivers, thermal control...) including distribution
losses (LCL, fuse, harness)

@.Worst case consumption in all satellite phases (acquisition, data tfransmission, night& day modes, seasons
variation on thermal control, ...)

@..Excluding power conditioning needs
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Power budget
Orbit selection

“@.. Alfitude trade-off
“@&.Lower than 1000 km (to avoid Van Allen belts impacts on radiation level

“@.Above 500 km to ensure that the cluster altitude can be maintained during lifetime (atmospheric drag effect)
“@.Instrument precision is better at low altitude but insfrument coverage increases with alfitude

-> Circular orbit of 600 km altitude has been selected among several candidates (out of the scope of this study

case, based essentially on payload needs)

“®.. Inclination trade -off
“@..Polar orbit for best possible coverage worldwide
“@..Sun-synchronous orbit as other candidate

Orbit characteristics

Average height 600 km 600 km
Period 97 min 97 min
Eccentricity 0.001 (circular orbit) 0.001 (circular orbit)
Inclination 90 ° (polar orbit) 98 ° (sun-synchronous)
Eclipse duration 21.3 min 30 min
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Power budget

Orbit selection / Inclination frade-off
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Power budget

Orbit selection / Inclination trade-off

“@..EPS sizing shall consider worst case conditions of illumination and EOL photovoltaic efficiency of
SA cells. This leads to the following data (worst case figures).

Sun-synchronous Polar Cell
Minimum SA flux (W/m2) 1220 520 manufacturer
BOL SA cell efficiency 28% r data
EOL/BOL ratio o —b65%
Total available SA power (W / m?2) 260 | 110

“®.Note that photovoltaic efficiency EOL/BOL ratio takes infto account the following elements (SA
panel manufacturer data)

o o Space Solar Cell Efficiencies on the Rise
“@.5-years mission lifefime
“@.radiation effects ol Sproved e
§ L P o
@.UV and meteoritic impact § iy & o

“@.effect of ATOX density (aggressive and g o e T

corrosive environment fied to the LEO) it o

on cover glass protection g = sallivm arseside
“@.Effect of temperature (including earth albedo) 5 =

o

1970 1975 1980 1985 1990 1995 2000 2005
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Power budget

. Compatible with bus power (< 1 kW)
. High hardware heritage

“®.. Reduced current levels
“®.. Reduced harness & power dissipations

EPS siring / Battery sizing & bus regulation trade-off

“®.. Regulated power bus — main hypothesis

“@®.. BDR (Baftery => bus) conversion efficiency 94%
“&. Unregulated power bus — main hypothesis Available Energy evolution
“@.. Internal losses (Boﬂ-ery => bUS) in’rernol connec’rions ]% LEO cycling in Real Time @20°C-EOCV=4.05Volts at different DoD

“@®.. Baftery
“®. Max DOD of 40 % considered following
“@.. Orbit characteristics (period and eclipse)
“@.. Mission duration 10 years => 55 000 cycles
“@.. Battery dissipation (at battery level)
“@.. 25 W (discharge) | | | | | |
“@&. 15 W (charge) P A E— e S —
“®.. BAT to PCDU harness losses : 3% 1 1 1 1 ‘

Available Energy vs. BoL Energy (in %)
Check-up 4.1V @20°C

Note: PCDU low level consumption: 30 W for both configurations
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Power budget

EPS sizing / bus regulation tfrade-off & Battery sizing

User's power in eclipse (W) 650
PCDU losses during eclipse (W) 70 35 Pout/n - Pout + LL
Satellite power requirement in eclipse (W) 720 685
Harness & Bafttery losses (W) 50 45
Total battery power need in eclipse (W) 770 730
Pecl*0,5h
Eclipse duration (min) 30 |
Battery useful cycled energy requirement EOL(W h) 385 | 365 * 1 | 20% fading,
Battery energy mission degradation (40% Dob / 56000 cycles) 30% il 5% calendar loss .
Battery useful cycled energy requirement BOL(W h) 550 2~ 5% Rbat degradation
Battery energy requirement BOL (Wh) 1375 ( 1300 ) “
P — Energy/DOD
Slight advantage for URB coupled with lower PCDU mass / complexity.
If no specific requirement on payload (including EMC), URB is selected. 5oy T T T T T T T T T T T
MPPT unregulated 28V 1
cell - PDU J 1
: 1
I
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Power budget

EPS sizing / Conditioning topology trade-off

“®. Unregulated topology
“®.. Internal PCU losses (Battery =>bus) 1%
“@®.. PCDU low level consumption

30 W for both configurations

“@&. MPPT
“®.. Conversion efficiency 925 %
“®.. Ability to track the maximum power whatever the battery state is (charged, discharged, with or
without failure, ...). 99 % accuracy
“@&. DET
“®.. Conversion efficiency 98 %

“@.. Since DET extracts SA power at fixed battery voltage [28 V; 37 V], SA electrical efficiency is never
perfectly optimized, leading to a mean value 5 % lower than maximum value (typical value, function

of SA sizing/temperature & battery EOC, / failure modes)
~@®.. Battery data (based on previous selection)
“&.. Battery recharge duration = 90 % of sunlit duration

Note: Considering 28 V URB with 40 % DoD, battery voltage is comprised between
28 & 37 V in nominal operating cases
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EPS sizing / Conditioning topology frade-off

Power budget

(97 -30)*0.9
Battery power requirement in eclipse (W) 730
Eclipse duration (min) / Battery charge duration (min) 30/60 4« |_—] ((Pecl)*30 min)/Tenarge
Battery charge power need (W) 365 e
Harness, BAT & PCDU losses (W) 30 <« | 1% PCDU; 3% harness;
Battery recharge power need (W) 395 15W BAT
User's power need in sunlight (W) 650
Battery recharge power need (W) 395
PCDU low level (W) 30
Total bus power needs (W) 1075 5 % MPPT & 1% tracking
| vs.2 % DET
SA conditioning losses (W) 70 20 e
TOTAL SA power needs (W) 1145 1095 Non-opfimization : 5%
SA efficiency (W/m?) 261 o 248 4—
Minimum SA surface requirement (m?) gz‘r

No impact on SA size (considering nominal /
constant SA illumination)
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Minimum SA flux (W/m?2)

Sun-synchronous

520

BOL SA cell efficiency

28 %

EOL/BOL ratio

76.5 %

Total available SA power (W / m2)

261
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Conclusions

The design of any Power Subsystem is strongly linked with System

analyses (Attitude & Orbit, Mission, Operations)

The electrical architecture of spacecrafts is not standard

¢ 0000

®
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. Unregulated or regulated Power
. Voltage (28 V, 50V, 100V, ...)

. Conditioning (S3R, MPPT, ...)

. Protections (reliable or not)

. Distribution (fuse, LCL, ...)

and shall be adapted nearly on case by case ....

MMRTG Engineering Unit
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Thales Alenia Space Belgium (ETCA)
@ Tél.:+32/71 442211
“®. Fax:+32/71 442200
“®.. www.thalesaleniaspace.com

Vincent Lempereur
“®.. PCU/PCDU & EPS product manager
“®. Tel: +32/71 4428 89
“®. E-mail: vincent.lempereur@thalesaleniaspace.com
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