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Grading rubric
Published for MDR.

Soon the final report rubric will be
published. It will be very similar to the
MDR grading

Note: you may use your MDR
presentation as a reference for your final
paper = Feel free to add appendixes to
the presentation!

Grading Rubric for the Mission Definition Review Presentation
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el Leaming Outcomes

By the end of this lecture you should be familiar
with...

- Power system functions & its elements

- Primary power sources: solar arrays &
RTGs.

- Secondary power systems: energy storage

- Power distribution, regulation and control

- Sizing your EPS and power budget

- Today’s project work

. Content source

Chapters 10 in “Spacecraft Systems Engineering” by
Fortescue, Stark, & Swinerd

Chapter 21.2 in “Space Mission Engineering: the New
= SMAD” by Wertz, Everett, and Puschell

Source: NASA


https://epfl.swisscovery.slsp.ch/discovery/fulldisplay?docid=alma990101338630205516&context=L&vid=41SLSP_EPF:prod&lang=en&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=any%2Ccontains%2CSpace%20Mission%20Engineering%3A%20the%20New%20SMAD&facet=rtype%2Cexclude%2Creviews%2Clk
https://epfl.swisscovery.slsp.ch/discovery/fulldisplay?docid=alma990101338630205516&context=L&vid=41SLSP_EPF:prod&lang=en&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=any%2Ccontains%2CSpace%20Mission%20Engineering%3A%20the%20New%20SMAD&facet=rtype%2Cexclude%2Creviews%2Clk
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Old reminder for the importance of EPS

DC Power (W)

Figure 3 Evolution of Spacecraft End of Life Power
i Dunbar, Neil. “Trends in communications satellite platform design.”
(1998). https://doi.org/10.1049/1C%3A19980881



https://doi.org/10.1049/IC%3A19980881

EPFL How to size your EPS and power budget ?

Think in terms of “mission modes”:
Initial sizing: Identify your average power needs
Define your mission phases (CONOPS)
Define the modes per mission phase
|dentify which subsystems are active per mode
Estimate the power needs per mode
Identify the driving requirements

Size the EPS power and storage requirements
accordingly

Define the EPS power source(s) (and storages)

Now, go in more details and re-iterate the
design...

Modes depend on your mission type,
CONOPS,

* Charging mode

* Science mode

Deployment mode
Communication mode

Safe mode

Standby mode

Eclipse mode

Re-entry mode

They influence your requirements, and
have an effect on mission operations,
planning etc.

Good examples of mission modes for AOCS:
https://www.spacenavigators.com/post/attitude-

and-orbit-control-system-aocs-modes-the-many-

hats-a-spacecraft-wears



https://www.spacenavigators.com/post/attitude-and-orbit-control-system-aocs-modes-the-many-hats-a-spacecraft-wears
https://www.spacenavigators.com/post/attitude-and-orbit-control-system-aocs-modes-the-many-hats-a-spacecraft-wears
https://www.spacenavigators.com/post/attitude-and-orbit-control-system-aocs-modes-the-many-hats-a-spacecraft-wears

=PrL

Which EPS technology to choose?

Electrical output (kW)

4
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Taken from fig 10.1 of:

Fortescue, P., Swinerd, G., & Stark, J.
(Eds.). (2011). Spacecraft systems
engineering. John Wiley & Sons.

Note, the original source material
dates from 1978!



EPFL Electrical Power System Intro

The electrical power system (EPS) provides, stores, distributes, and controls spacecraft power.
EPS is a critical subsystem; no power = no mission

{ Electrical Power System (EPS) J

|
1 v b :

Power source } [ Energy storage I { Power distribution ] [ Power conditioning and control ]

These tend to be combined into the Power Conditioning & Distribution Unit (PCDU)

EPS top-level functions

- Supply continuous electrical power to all spacecraft loads during the mission life

- Store, control, and distribute electrical power to the spacecraft

- Support power requirements for average and peak electrical load

- Regulate electrical power, protecting the spacecraft payload against failures within the EPS (and
other subsystems)

- Provide TM/TC capability for the EPS health and status, as well as control by ground station or an
autonomous system




EPFL Sizingyour EPS and power budget
We must identify the electrical power loads for mission operations at BOL and EOL.

Design Drivers
The most important sizing requirements are the demands for average and peak electrical power and

the orbital profile (inclination and altitude).

Average electrical power
Sizes the primary power-generation system (number of solar cells or size of RTGs, primary battery

size [given eclipse period and depth of discharge])
The average electrical power needed at EOL determines de size of the power sources.

Peak electrical power

Sizes the energy-storage system (number of batteries, capacitor bank size) and the PCDU.
We usually multiply average power by 2 or 3 to obtain peak power requirements for attitude

control, payload, thermal, and EPS (when charging the batteries).




EPFL Sizingyour EPS and power budget

We must identify the electrical power loads for mission operations at BOL and EOL.

Design Drivers

The most important sizing requirements are the demands for average and peak electrical power and

the orbital profile (inclination and altitude).

Orbital profile

- Defines incident solar energy, eclipse/Sun
periods, and radiation environment

Other design factors to consider include

- Mission life: longer missions (>7 yr) often
need extra redundancy design,
independent battery charging, larger
capacity batteries, and larger arrays.

- Spacecraft configuration: body-mounted
solar arrays (spinner) vs deployable solar

= arrays (3-axis stabilized)

Solar Power Flux

(Wim?)

104

10°
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10"

10°

30

Spacecraft Power:
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20 30

Distance From the Sun (AU)

source: B. Foing (2022) EE584 EPFL 10
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Primary power sources

We typically use 4 types of power sources for spacecratft.

-

N\

[ Power Sources ]

From Spacecraft Systems
Engineering by Fortescue, Stark,
and Swinerd (Fig. 10.1)

'

\

l
' v

[ Solar Photovoltaic Arrays ]

[ Static (nuclear) sources ] Dynamic (nuclear) sources

| Incident solar radation —
! electrical energy

e e s R e J

\ |
I
I
I
I
|
I
A\

Efficiencies { <10-25%

Power range (kW) { 0.2-300

Specific power (W/kg) { 25-200

P Thermal energy — :

o mechanical energy — :
I .

) electrical energy |

Thermal energy — electrical
energy

Radioisotope Thermoelectric Brayton, Stirling, or Rankine
Generators (RTGs) thermodynamic power cycles

T T

* \
<5-20% <15-35%
0.2-10 5-300
5-20 9-15

Check backup slides for an exhaustive list and comparison

| Chermical energy - electrical |

| energy (via oxidation) "

11



EPFL Electrical Power System Intro

Below is an (extremely) simplified schematic of a typical spacecraft power system block elements

Solar array

Charge
control

Shunt voltage
limiter

Control

Discharge by

pass

Regulation

Secondary

A

S/C loads

12



« How they work

- Their expected efficiencies
« Design options

- Calculations



https://blogs.esa.int/rosetta/2014/09/10/rosetta-and-philae-snap-selfie-at-comet/
https://blogs.esa.int/rosetta/2014/09/10/rosetta-and-philae-snap-selfie-at-comet/
https://sci.esa.int/comet-viewer/

EPFL Solar Photovoltaic Array

A solar photovoltaic (PV) array is made up of:

- 1000s of PV solar cells connected electrically in series-parallel configuration, which produce
electricity (1s W to ~10s kW) when illuminated by sunlight.

- Astructural substrate - rigid or flexible

- A depIOyment mechanism (Or nOt) The ever built and deployed in space: 32800 cells of
8x8 cm = 210 m?. ISS has eight of this arrays.

ELECTRON FLOW

Represents the

minimum energy

required to excite
an electronin a

LoAD

. » semiconductor to

RS RN Material Bandgap [eV] .
T 288 a higher energy
§ o 3 S Metals 0 state
5 u H PbS (lead sulfide) 0.4
é g [Si (silicon) 11 ]
g = 2w CdTe (cadmium telluride) 1.4

c
6B g CIGS (copper indium gallium diselenide) 1.0-1.7
g <
83 % C (diamond) 5.5
=
gs u Si0; (silica gl ~9 . . .
E* 10z (v ghey) Most commonly used : Silicon (120-210 W/m2) or Gallium Arsenide (170-260 W/m2)

LiF (lithium fluoride) 13.6


https://en.wikipedia.org/wiki/Electrical_system_of_the_International_Space_Station
https://g2voptics.com/photovoltaics-solar-cells/theory-of-solar-cells/
https://www.researchgate.net/publication/273472786_Pathways_for_Solar_Photovoltaics
https://www.researchgate.net/publication/273472786_Pathways_for_Solar_Photovoltaics

E PFL Reported timeline of research solar cell energy

conversion efficiencies since 1976 (National
Renewable Energy Laboratory)
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https://en.wikipedia.org/wiki/Solar-cell_efficiency
https://en.wikipedia.org/wiki/Solar-cell_efficiency

L Solar Photovoltaic Array

There are 3 primary configurations for solar arrays

Fixed solar arrays

Deployable solar arrays (3-axis stabilized)

Body-mounted arrays
(spinner and cubesats)

Rigid-planar arrays Flexible arrays

INTELSAT-603

Most other missions... Hubble Telescope, ISS, ...

16



Glass fibre filled with DC83500

Thickness Adheswe (DPASSTY)
(microns) KaptonH  (12.5 microns)
o Adhesive (DP48971)
10 Silver Mesh
50 Adhesive [DPABIT1)
Kapton H (125 microns)
10 Adhesive (DPAB9T1)
Glass fiore filed with DC33500
70
2100

17



http://www.youtube.com/watch?v=2TPdsHXozHw
https://www.esa.int/Enabling_Support/Space_Engineering_Technology/How_Hubble_got_its_wings
https://www.esa.int/Enabling_Support/Space_Engineering_Technology/How_Hubble_got_its_wings

https://www.esa.int/ESA Multimedia/lmaqes/20§l/06/New

solar arrays for the International Space Station



https://www.esa.int/ESA_Multimedia/Images/2021/06/New_solar_arrays_for_the_International_Space_Station
https://www.esa.int/ESA_Multimedia/Images/2021/06/New_solar_arrays_for_the_International_Space_Station

L Solar Photovoltaic Array

Effect of solar distance on performance

Solar arrays are, however, only useable inside the orbit of Jupiter.

Beyond this distance from the Sun, the intensity of the solar radiation becomes too low to produce useful

amounts of electricity.

€ 10000

Y Mars
.

Jupiter
i S Mars e
—_—d

Distanes fram Sun |AU)

Solar Energy Flux as Function of Solar Distance (Inner (left) and Outer (right) Solar System) from J.C.Van der Har et al.,
, Advances in the Astronautical Sciences, 136:1861-1880 (2010)

Saturn
.-

Planet Distance from Sun (AU) | Relative solar intensity
Mercury 0.387 6.68
Venus 0.723 1.913
Earth 1.000 1.000
Mars 1.524 0.431
Jupiter 5.203 0.0369
Saturn 9.539 0.0110
Uranus 19.189 0.00272
Neptune 30.060 0.00111
(Pluto) 39.439 0.00064

*assuming solar flux in Earth orbit

of 1371 W/m?

19



https://www.researchgate.net/publication/261710863_Thermal_Radiation_Effects_on_Deep-Space_Trajectories

EPFL Solar Photovoltaic Array

Effect of Sun angle on performance

The amount of power provided declines as the Sun moves off the normal to the
panel.

Cosine curve decline until about 45 deg, then falls rapidly.
Typically no power generated above 70 deg to normal.
Watch for shadows! — deployables, antennas, etc.

- Shadowing considerations are important because a cell will go into open
circuit (become high resistance) when not illuminated.
- This means that in a series-connected string of cells, the shadowing of
one results in the loss of the entire string.

1 |
0° 30° 60° 90°

6 Sun Angle
GO
e,
Cell ogo

P, = Pi,ncosO

P, output power (W/m?)
P;,: solar flux (W/m?)

n: cell efficiency

0: angle of incidence

20



EPFL Solar Photovoltaic Array

Other effects on performance

Radiation effects

- Reduces available power voltage and current
- Degradation of the cells
- UV damage to glue

Temperatures

- Changes the I-V curves of the cells
- High temperatures

- Reduces power and voltage
- Low temperatures

- Increases power and voltages

Note

source: B. Foing (2022)

Radiation degradation factor

1

0.95 P——
e
0.9 . K\\'\

0.85 e \
08 < \
0.75 2 \
p \\
07 11 " Gans/Ge 135 micron TechStar N \\
—#— GalnP2/GaAs DJ - 140 micron Spectrolab
0865 + —&—GalnP2/GaAs DJ - 135 micron TechStar - = &
—s— Hi-5i 150 micron Sun Power ; \
06 *— GalnP2/GaAs/Ge TJ - 140 micron Spectrolab
—a— 5 K4710 Spectrolab
—+— Generic Cell (except Hi Eff Si)
T

0.55
1.00E+13 1.00E+14 1.00E+15 1.00E+18|
Electron Fluence (e/cm2) 1 MeV eq.

* you may need to protect your spacecraft against transient voltage

excursions when coming in and out of eclipses.

Hot
Cold

I
* asolar array often provide max. Power coming out of an eclipse period \ \

21



E PF L SOIar PhotWOItaic A"ay NASA State-of-the-Art of Small Spacecraft Technology Ch.3 Power

Table 3-2: Solar Array/Panel Products
Specific | Peak BOL
Company Product Panel Type Power | Solar Array | TRL | Ref
(Wikg) | Power (W) Exolera | |oidOutSolar | Deployed 140 150 56 | (14)
Arrays (FOSA) Flexible
9.25W / 3U-
AAC Clyde Photon Body Mount + N 12Face | 7.9 | (1) —
Space Deployed Rigia Hawk Deployed Rigid | 54 36-112 | 7-9 | (15)
(PCB)
28-423V) MMA Design
Blue Canyon | poy g iar array | Body Mount + * 148118 | 7.9 | (12) 9 L
Technologies Deployed Rigid (6U-120) zHawk Depl?ggg )ng id 95 36 7-9 | (16)
Solar Panels for | Body Mounted 50 2(1v) 9
CubeSats Set (Polyimide) Face Airbus
Solar Panels for | Body Mounted 4 (2U) il -
CubeSats Set | (Polyimide) 49 Face 9 Def;;::eand SparkF\:t;:gISoIar Deployed Rigid 165 66 56 | (17)
Solar Panels for | Body Mounted 75 8(3U) 9 Netherlands
CubeSats Set (Polyimide) Face
Solar Panels for | Body Mounted 68 18 (6U) s Agencia DSA/1A
CubeSats Set (Polyimide) Face Espacial Civil Deployed Rigid 107 7.2 7-9 | (18
p _ ploy! g
12(3U) Ecuatoriana
. Double
Solar Panels for | Deployed Rigid -
CubeSats Set | _ (Polyimide) 42 Z‘:&"’gﬁg‘f ¢ GomSpace | Nanopower DSP | Deployed Rigid * 1.2 7-9 | (19)
Mounted
Smallsat Solar Body Mount +
. f 5655/1‘1‘?) ISISPACE Panels Deployed Rigid 46 23W/U 79 | (20)
olar Panels for | Deployed Rigid
CubeSats Set | _ (Polyimide) 89 zﬂ";:g'f ¢ Flexible PV
Mounted ROSA blanket 100 1000 5™ | (21)
34.aU) Redwire
DHV Solar Panels for | Deployed Rigid ) .
Technologies | CubeSats Set (Polyimide) 108 [?:;g:;ﬂ; & |(13) Space Aladdin Hybrid Array: 80 300 5.6
SmallSat Array Flex Rigid
. 68 (6U)
Solar Panels for | Deployed Rigid
CubeSats Set | (CFRP) 80| e | 1U Solar Panel | Deployed Rigid 50 24 79
Solar Panels for | Body Mounted 2(1U) i o
CubeSats St (Pglwmi“dej 50 Foce 9 1.5U Solar Panel | Deployed Rigid 55 24 7-9
Solar Panels for | Body Mounted 4 (2U) lar e 35
CubeSats Set | (Polyimide) 49 Face ¢ EnduroSat Pgrl:eizr? ay Deployed Rigid 66 8.4 56 | (35
Body mounted Sandwich
solar array panel | CFRP substrate Lol 17 2 6U Solar -
Deployed Rigid 64 19.2 5-6
Body mounted Sandwich 9% 171 g Panel/Array
solar array panel | CFRP substrate
) CubeSat GaAs -
Low thickness ioni o
Body mounted i 0 o s Nanoavionics Solar Panel Deployed Rigid Unk Unk 7-9 | (89)
solar array panel | oepp substrate
Malton * Available with inquiry to manufacturer
ultiple : ** For SmallSat use
= deployable solar | . Sandwich 57 697 8 or
‘amay wing CFRP substrate



https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/

FL Solar Photovoltaic Array

Game Time!!

Name the top-5 missions with the largest solar arrays!

1...

23



EPFL Solar Photovoltaic Array

Game Time!!

Name the top-5 missions with the largest solar arrays!

VERYBODY,

1. Psyche 75 m?
2. Juno 72 m?

3. Rosetta 61.5 m?
4. Lucy 51 m?

5. Dawn 38.5 m?

A i B 2 el

imakeameme:org|
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Get anidea of the size...

http://www.youtube.com/watch?v=fh6DIEF|R1M

25


http://www.youtube.com/watch?v=fh6DlEFjR1M
http://www.youtube.com/watch?v=fh6DlEFjR1M

=PrL

A link with the Thermal Subsystem...

ygUuVGhlIFBhemtlciBTbh2xhciBQecmiZ SAtIENtY XJO0ZX
1gRXZIcnkgRGF5IDE50A%3D%3 26



https://www.youtube.com/watch?v=aQaCY7wlQEc&pp=ygUuVGhlIFBhcmtlciBTb2xhciBQcm9iZSAtIFNtYXJ0ZXIgRXZlcnkgRGF5IDE5OA%3D%3D
https://www.youtube.com/watch?v=aQaCY7wlQEc&pp=ygUuVGhlIFBhcmtlciBTb2xhciBQcm9iZSAtIFNtYXJ0ZXIgRXZlcnkgRGF5IDE5OA%3D%3D
https://www.youtube.com/watch?v=aQaCY7wlQEc&pp=ygUuVGhlIFBhcmtlciBTb2xhciBQcm9iZSAtIFNtYXJ0ZXIgRXZlcnkgRGF5IDE5OA%3D%3D

HIGH-GAIN ANTENNA
(3.7-meter qimtor)

Radioisotope
Thermoelectric
Generators (RTGs)

Use in real missions
- How they work




EPFL Radioisotope Thermoelectric Generators (RTGs)

RTGs are independent of the Sun and are used most commonly for deep space missions to the outer

solar system.

Sun

Ulysses (1990-2009)

Venus
Galileo (1990 flyby)

Cassini-Huygens (1998 flyby)

Earth's Moon

Apollo Lunar Surface Experiment Package (Six
missions 1969-1977)

Earth
Transit 4A (1961-1971)

Nimbus Il (1969-1972)

Galileo (1990 flyby, 1992 flyby)

Cassini-Huygens (1999 flyby)

Mars
Viking 1 and 2 landers (1976-1982)
+Mars Pathfinder (1997)

+Mars Exploration Rovers (Opportunity: 2004-2018;
Spirit: 2004-2011)

Mars Science Laboratory (2012-present)

Mars 2020 (2021-present)

Jupiter and Its Moons
Pioneer 10 & 11 (1972 & 1973 flybys)
Voyager 1 and 2 (1979 flyby)
Ulysses (1991 flyby, 2004 flyby)

Galileo (1995-2003) | +Galileo atmospheric probe
(1995)

Cassini-Huygens (2000 flyby)

New Horizons (2007 flyby)

Saturn and its Moons
Pioneer 11 (1973 flyby)

Voyager 1 and 2 (1980 flyby)

Cassini-Huygens (2004-2017) | +Huygens Titan probe

(2005)

Uranus

Voyager 2 (1986 flyby)

Neptune

Voyager 2 (1989 flyby)

Pluto and the Kuiper Belt

New Horizons (Pluto flyby 2015, KBO flyby 2019)

Interstellar Space
Voyager 1 (2012)
Voyager 2 (TBD)

Note: Pioneers 10 and 11 and New Horizons also are
on interstellar trajectories.

28


https://rps.nasa.gov/about-rps/overview/
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- Radioisotope Thermoelectric Generators
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Working principle

RTGs work by radioactive decay of an isotope, which generates heat that is converted into electricity
(thermoelectric effect).

Plutonium 238 is the most common isotope used — it has lowest shielding requirements and longest
half-life (87.4 yr) of suitable fuels.

Aluminium outer Active cooling system
Cooling tubes shell assembly (ACS) mamf%'d
Heat source General purpose Sssngls
. Gas management heat source (GPHS relief device
+  Sun independence silgport assembly l BT

+ Unaffected by S/C orientation
+ Unaffected by shadows

Main disadvantages ~ [CTk{ S

- Low efficiencies (~8%) N
- Removal of waste heat is required (via fins) ot NS

- Power decrease due to to nuclear decay
Midspan heat

- Radiation emission (so often boom-mounted) RTGmounting o Sicon-germanium  5o\rce g ppon
- High safety/compliance requirements M insilation  (8HGe)unicolple
- Pu availability is limited

. RTGs are used to provide low power levels for long periods of time 29








http://www.youtube.com/watch?v=fBtXnug-rgM
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How do RTGs work?

T/E CONVERTOR RADIATORS

EXPANSION COMPENSATOR

— SUPPORT LEG

REACTOR

—SHIELD

OEPIT-US-V

“~——STRUCTURE 8 RING STIFFENERS

LOWER NoK MANIFOLD

USA Put A Nuclear Reactor In
INSTRUMENTATION COMPARTMENT F s : Space And Abandoned It - Ho...

331 kvues - ily a 6 mois
_'_ Scott Manley @
In the early days of the US Space program there was a

parallel nuclear power program to develop the nuclear...

SNAP System 10A Schematic



https://www.youtube.com/watch?v=1oS-BmoSBtQ
https://www.youtube.com/watch?v=1oS-BmoSBtQ

Batteries and Power
Distribution & control

Technologies

Important parameters

https://www.esa.int/ESA_Multimedia/lmag
€s/2019/10/Galileo_lithium-ion_battery



https://www.esa.int/ESA_Multimedia/Images/2019/10/Galileo_lithium-ion_battery
https://www.esa.int/ESA_Multimedia/Images/2019/10/Galileo_lithium-ion_battery

PFL Batteries: energy storage

Rarely are batteries used as primary energy source (one shot, no recharge) — launch vehicles.
That’s why they are often referred to as secondary power systems.

Most space power subsystems need energy storage when not illuminated by the Sun (unless nuclear

powered).

In almost all cases, this energy storage is performed by chemical batteries.
10

Multiple battery technologies have been used in space

Table 10.6 Performance of batter,
technologies for space use [14]

Type Specific energy (W h/ke

Lithium-lon is starting to replace most )
Nickel-Cadmiun and Nickel-Hidrogen Ni-Cd 39
batteries Ni-H, 52
Ag-Zn 60
In some cases Lithium-Polymer are Ni—-MH 60
used ——> | Li-Ion 80
Li-TiS, 125
Na-S 150

. A review on battery technology for space application

NASA State-of-the-Art of Small
Spacecraft Technology Ch.3 Power
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https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
https://www.sciencedirect.com/science/article/abs/pii/S2352152X23001895

PFL Batteries: energy storage

Three parameters to keep in mind when it comes to batteries

- Capacity (Ah) [C(EOL)= Capacity End of Life]

- Depth of discharge: how much of the battery’s capacity (in Ah)
is removed from the charged battery on a regular basis (in %).

- Total number of cycles: number of charge-discharge cycles a
battery can complete before losing performance.

When batteries are used and how often

In LEO, during eclipses — 40% of each orbit (depending on
inclination) — 5000/6000 charge-discharge cycles per year — large
number of low depth discharges — Ni-Cd or Ag-Zn

In GEO, during 2 equinoctial periods — eclipse seasons lasting ~45
days at each equinox — from minutes to 1.2h for a total of ~90
eclipses — few depth discharges — Ni-H2

. A review on battery technology for space application
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Nickel-Hydrogen batteries for Hubble
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https://www.sciencedirect.com/science/article/abs/pii/S2352152X23001895
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Batteries: energy storage

Table 3-3: Battery (Pack) Product Table

V‘g::"“”‘ Specific | Typical Max
Company Product Den ‘nm Energy | Capacity | Discharge Cells Used TRL | Ref
L [Wh kg] [Ah] Rate [A]
EaglePicher
Technologies NPD-002271 27 153.5 14.5 15 EaglePicher Li-ion 7-9 | (39)
MNanopower BPX GomSpace NanoPower Li-
GomSpace (45-2P) 228.7 150 52 25 on 79 | (42)
Nanopower BP4 GomSpace NanoPower Li-
GomSpace (25-2P) 211.9 149.2 52 25 ion 7-9 | (43)
AAC Clyde Space Optimus 169.5 119 4.84 26 Clyde Space Li-Polymer | 7-9 | (44)
28V Modular *
Ibeos Battery 151.1 109.8 9.82 20 N/A | (45)
Saft VES16 4S1P 109.2 91 as |[45-Comt SAFT Lidon 7-9 | 46)
9 - Pulse
Vectronic 10 - Cont.
Aeros; GmbH VLB-X 101.96 74.6 12 20 - Pulse SAFT Li-lon 7-9 | (4T)
BAT-110
Berlin Space Modular Battery .
Technologies (Nominal 3 69.73 57.75 75 3 Li-Fe 7-9 | (48)
strings)
GUMUSH n-ART BAT 1845 155.1 6.01 8 Li-lon 7-9
AeroSpace

* Available with Inquiry to Manufacturer

NASA State-of-the-Art of Small Spacecraft Technology Ch.3 Power
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EPFL Power distribution, regulation, and control

Most often simply called Power Conditioning and Distribution (PCDU) or Power Management and
Distribution (PMAD)

- Conditioning — manage power generation and supply the bus with the requested power at the
requested voltage

The S/C EPS must be designed to operate with both primary and secondary power systems
whose characteristics are changing with time.

Prevent overcharging the batteries and undesired heating to the s/c

- Distribution — distribute the conditioned power to all “users” (typical 28 or 50 V buses)
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EPFL Power distribution, regulation, and control

There are 2 main ways to control the power generated:

- Direct energy transfer (DET) with shunt dumps
- Dissipates power not used by the loads (into “shunts” = resistors)
- High efficiency, few parts. low mass
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- Maximum power point tracking (MPPT) (most used in interplanetary)
- DC-DC converter operating in series with the solar array
- Dynamically changes the operating point of the array to its max. Power
- Permits to extract large amount of power when the array is cold
- PPT uses 4-7% of total power.
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‘ - Harness or clabling that interconnects the subsystems is a large part of the

e —— % mass (and volume) of a spacecraft i
e - _ Typically 10% of t t ass of spacecraft =
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M Sizing your EPS

- Equations



EPFL Sizingyour EPS and power budget

FireSat example

1. Prepare operating power budget
a. Estimate power requirements for payload and each s/c bus subsystem
I.  Average power required during daylight/eclipse (110 W during d/e)
ii.  Orbit altitude and eclipse duration (700 km, 35.5 min)
iii. Design lifetime (5 yr)
2. Size primary power source
a. If solar arrays...
i.  Calculate amount of power that must be produced by the solar arrays (239.4 W)

T, = time interval during eclipse per orbit [min]

Ty = time interval during daylight per orbit|min] (35.3 min)
Pe Te Pd Td’ P, = s/c power required during eclipse [W| (63.5 min)
( X + X ) Py = :/L’ power required during daylight [W] (110'W)
Psq = = d P Cormg TR T (110 w)
Td o = ef ficiency of power distribution during eclipse (0.6)

Xq = ef ficiency of power distribution during daylight (0.8)
Depends primarily on the type of regulation (DET vs PPT)

I.  Select type of solar cell and estimate power output, P,, with the Sun normal to the
array (Si cells, P, =0.148 x 1367 W/m? = 202 W/m?)

ii. Determine the BOL power production capability, Pz, , per unit area of the array (worst
case 6=23.5 deg, Py = 143 W/m?)

PBOL = PO Id COSQ I4 = inherent solar array degradation

— use 0.77
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EPFL Sizingyour EPS and power budget

FireSat example

1. Prepare operating power budget
2. Size primary power source (5 yr)
a. If solar arrays...
iv. Determine the EOL power production capability, Pco,, for the solar array (performance
degradation is 3.75%l/yr for Si cells, L;=0.826 for 5 yr mission, P, =118.1 W/m?)

PEOL = PBOLLd Lq = actual lifetime degradataion = (1 — degaradation/yr)s/ct/¢

iv. Estimate solar array area required to produce the necessary power, P,, based on

PeoL (A= 2.0m?)
A= Psa/PEOL

sa’

Iv. Estimate the mass of the array (for planar arrays m= 0.04*P_,)(m = 9.6 kg)
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EPFL Sizingyour EPS and power budget

FireSat example

1. Prepare operating power budget
2. Size primary power source (5 yr)
a. If RTGs...look for reference documentation on existing reactors.

1. Size the battery

a. Determine energy storage requirements considering
I.  Mission length (5 yr)
ii. Primary or secondary power storage (secondary)
iii. Orbital parameters (eclipse frequency and length) (16 eclipses/day at 35.3 min/eclipse)
iv. Power use profile (eclipse load 110 W (P,) [26.4 V, 4.2 A max], DOD of 20% (upper limit))
v. Battery charge/discharge cycle limits (TBD)

b. Select type of batteries (NiCd or NiH2, both are space qualified and have adequate

characteristics)

c. Determine the size of the batteries (battery capacity) (C,=119 Whr = 4.5Ah [26.4 V bus])
I.  Number of batteries (N = 3, nonredundant)
ii.  Transmission efficiency between the battery and the load (n = 0.9)

C, = W [Whr]|(* for Ah divide by bus voltage) >



BREWSTER ROCKIT: SPACE GUY!

WELL PLANTTHIS Y AND THIS TIME | DIDN'T
TIME BOMB ON THE | FORGET IT WAS DAYLIGHT
R.U. SIRIUSI SAVING LAST NIGHTI
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50, | SET THE CLOCK BB

ON THE BOMB

\ AHEAD ONE HOUR!

beewrockil Syahoo.cor

BY TIM RICKARD

ITS FALL | THINK YOU'RE
SUPPOSED TO SET THE

CLOCK BACK ONE HOUR.
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EPFL Yourtum...

Today’s Project Work:

A0 Continue drafting out the details of your mission.
A0 1t would be a good time to start working on your final paper (if you haven’t done so already)

A0 Today you need to start:

Select and size your electrical power system (solar arrays or other)

A Calculate overall mass and dimensions

Define power distribution scheme

A0 Estimate power consumption and mass

Size your batteries

A Calculate overall mass and dimensions

Size your Thermal subsystem

45






EPFL Backup slides

Defining your spacecraft concurrently (more on this in ENG411)
Need to reach LLO ot 100 km with o total Av of €€0m/s

‘ Select architecture ‘

$ —— We select launcher B with o total launch capacity of 1000 kg
= -==-9
Trajectory }—»: (orbit, Av, +margins) |
. J Using "I'sio|kovsky Equation
I ¥ J we get o er mass of €25 kg
{ latmch s L (e rase (rmarging) | Define subsystem distributi ‘
‘ Select launcher(s) ]—»} launch mass | > drymass (+margins) || DN SUDSYStem distribution v
u_____l_____) e o J (SMAD %'s) without (20%) margin 687 kg
‘ P — ‘ Define configuration
efine launcher adapter ’
User manual indicated the launcher | RIS A -
°‘-°!°‘Pt€" interface weighs 150 kg =TT R | available mass budget i
| wetmass | e 3
[ J We assume the use +
We have an available ; of D‘; ‘OHSELSBSter:
s Select equipment
y wel mass of €50 kg [ Select type of propulsion ‘ ¢ ST
we have a ottt I N I ¢ 7777777777
mission! YE ' ISP b i
L | [ I specific masses, power per |
b - mode, data usage, ;
NO. l_: dimensions [
o J
,,,,,,,,,,,,,,,, R | R, A
h! ‘ I r b
i new power & data | | |
t i I | new dry mass i
new wet mass :4—: budgets, a_.nd H—: (+margins) :
7777777777777777 3 i configuration - ___ -y
LS J



https://edu.epfl.ch/coursebook/en/concurrent-engineering-challenge-ENG-411

=PFL Backup tables

TABLE 11-41. Steps in the Power Distribution Subsystem Design.

Step l Consider Possibilities
TABLE 11- i 2
1-33. Matrix for Comparing Most Common Spacecraft Power Sources. We may etermine the l * All spacecraft loads, their duty |« Low-voltage dc: 5 V
use different factors to select the correct power source but specific power ang cycles, and special operating |+ High-voltage dc: 270 V
specific cost are used extensively. ‘ modes i .
< * High-voltage 1-phase ac:
EPS S “ * Inverters for ac requirements 115 V;mg, 60 Hz
Design Solar Thermal Fadio: + Transient behavior « High-voltage, 3-phase ac:
Parameters Photovoltaic Dy i i a‘d o guclear Z:TI' Wil Tohe 120/440 Vims: A0Q Fiz
- « Load-failure isolation
Power Range (kW) 0.2-300 5-300 02-10 | 5300 | 02-50
Specific Power (W/kg) 25-200 9-15 5-20 2-40 275 2. Decide on « Individual load « Converters at each load—for a few
T i ial loads
Specific Cost ($/W b = centralized or requirements special
P (W) 800-3,000 | 1,000-2,000 ;ggK gl R decentralized | Total system mass « Centralized converters control voltage
Data control from the main bus (no specialized
Hardness | power requirements)
— Natural Radiation | Low-Medium High Very high | Very high High | -
- Nuclear Threat Medium High Very high | Very high High | 3. Determine the | = Detection (active or passive) | * Cable size (length and diameter)
— Laser Threat Medium High Very high | Very high High fault protection |  |solation and excess:cursni:-danying bty
- Pellets Low Medium Very high | Very high | Medium | subsystem « Correction (change devices, |* Sizz ?I p;:;vlﬁtr storage in case of
Stability and Low Medium High High High | reset fuses, work around lost | & S1Ort ¢ . "
Maneuverability | subsystem) * Location of fuses and their type From SMAD 3d Edition (Ch 11)
Low-orbit Drag High High Low Medium Low |
(due to )
radiator) TABLE 11-42. Steps in the Power Regulation and Control Subsystem Design.
Degradation ift i i
gl ion Over Life Medium Medium Low Low Low Step Consider Possibilities
Storage Required for Yes Yes No No No
Solar Eclipse | 1. Determine the « All spacecraft loads, their duty |+ Primary batteries
Sensitivity to Medium High None None None power source cycles, and special operating « Photovoltaic
Sun Angle ‘ modes » Static power
Sensitivity to Low High None None None | + Dynamic power
Spacecraft (with bypass
Shadowing diodes) [2. Design the + Power source « Peak-power tracker
f A _— f
Obstruction of High High ow Medium None electrical control « Battery charging « Direct-energy transfer
Spacecraft (due to subsystem « Spacecraft heating
yeere YT — — e 3. Develop the « How much control does each  Unregulated
Fuel Availability Unlimited Unlimited Very low | Very low Medium electrical bus load require? « Quasi-regulated
Safety f\nalysis Minimal Minimal Routine | Extensive Routine voltage control « Battery voltage variation from « Fully regulated
Reporting > charge to discharge o X
IR Signature Low Medium Medium High Medium  Battery recharge subsystem | * Parallel orindividual charging
e — k — <5 yrs—parallel charge
Pnnglpal Earth-orbiting | Interplanetary, Inter- Inter- Inter- « Battery cycle life il dent charge
Applications spacecraft | Earth-orbiting | planetary | planetary | planetary L « Total system mass - > 5 yrs—independent charg
spacecraft .
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