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Spacecraft Design & Systems Engineering

Lecture 6 - Electrical Power Systems



A set of reference papers have been uploaded to Moodle to support the preparation of your final 
papers.

For the writing of your papers, feel free to use Word or LaTeX but make sure to follow the manuscript 
template.

Reminder: due date for the initial submission of your manuscript is similar to MDR deadline (15 
December)

After the MDR, feedback from the evaluation panel can be implemented in your report and a camera-
ready version must be submitted by 14 January 2024, 23:59 CET. (check Moodle for latest info)

Brief announcement
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https://moodle.epfl.ch/pluginfile.php/3275123/mod_folder/content/0/International-Astronautical-Congress-LaTeX-template.zip?forcedownload=1


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!



Learning Outcomes
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Source: NASA

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

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

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


Old reminder for the importance of EPS

Dunbar, Neil. “Trends in communications satellite platform design.” 
(1998). https://doi.org/10.1049/IC%3A19980881

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


How to size your EPS and power budget ?
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Think in terms of “mission modes”:

1. Initial sizing: Identify your average power needs

2. Define your mission phases (CONOPS)

3. Define the modes per mission phase

4. Identify which subsystems are active per mode

5. Estimate the power needs per mode

6. Identify the driving requirements

7. Size the EPS power and storage requirements 

accordingly

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

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

design...

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

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.

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


Which EPS technology to choose?

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!



Electrical Power System Intro
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The electrical power system (EPS) provides, stores, distributes, and controls spacecraft power. 

EPS is a critical subsystem; no power = no mission

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

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



Sizing your EPS and power budget
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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).



Sizing your EPS and power budget

10

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)

source: B. Foing (2022) EE584 EPFL



Primary power sources
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We typically use 4 types of power sources for spacecraft. 

From Spacecraft Systems 

Engineering by Fortescue, Stark, 

and Swinerd (Fig. 10.1)

Check backup slides for an exhaustive list and comparison



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



Solar panels

• How they work

• Their expected efficiencies

• Design options

• Calculations

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

comet/

And bonus 3D render of Comet 67P/C-G: https://sci.esa.int/comet-viewer/

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/


Solar Photovoltaic Array
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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.

- A structural substrate - rigid or flexible

- A deployment mechanism (or not) The ISS has the largest solar arrays ever built and deployed in space: 32800 cells of 

8x8 cm = 210 m2 . ISS has eight of this arrays. 

source
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Most commonly used : Silicon (120-210 W/m2) or Gallium Arsenide (170-260 W/m2)

Represents the 

minimum energy 

required to excite 

an electron in a 

semiconductor to 

a higher energy 

state

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


15

Reported timeline of research solar cell energy 

conversion efficiencies since 1976 (National 

Renewable Energy Laboratory)

https://en.wikipedia.org/wiki/Solar-cell_efficiency
https://en.wikipedia.org/wiki/Solar-cell_efficiency


Solar Photovoltaic Array
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There are 3 primary configurations for solar arrays

INTELSAT-603

Body-mounted arrays 

(spinner and cubesats)
Rigid-planar arrays Flexible arrays

Deployable solar arrays (3-axis stabilized)

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

Fixed solar arrays
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Rolling up the old Solar Panels

In this 3D animation one can see the old solar pannels of the Hubble Space
Telescope being rolled up.

More information and download options: http://www.spacetelescope.org/videos/heic0202f/

Credit:
ESA/Hubble (M. Kornmesser  L. L. Christensen)

Read more: How Hubble got its 

wings by ESA

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


Solar Photovoltaic Array
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Solar Energy Flux as Function of Solar Distance (Inner (left) and Outer (right) Solar System) from J.C.Van der Har et al., 

Thermal Radiation Effects on Deep-Space Trajectories, Advances in the Astronautical Sciences, 136:1861-1880 (2010)

*assuming solar flux in Earth orbit 

of 1371 W/m2

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. 

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


Solar Photovoltaic Array
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Pout: output power (W/m2)

Pin: solar flux (W/m2)

η: cell efficiency

θ: angle of incidence

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. Pout = Pinηcosθ



Solar Photovoltaic Array
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source: B. Foing (2022)

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:

• a solar array often provide max. Power coming out of an eclipse period
• you may need to protect your spacecraft against transient voltage 

excursions when coming in and out of eclipses.



Solar Photovoltaic Array
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NASA State-of-the-Art of Small Spacecraft Technology Ch.3 Power

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/


Solar Photovoltaic Array
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Game Time!!

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

1 …

2…

3…

4…

5…



Solar Photovoltaic Array
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Game Time!!

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

1. Psyche 75 m2

2. Juno 72 m2

3. Rosetta 61.5 m2

4. Lucy 51 m2

5. Dawn 38.5 m2



Get an idea of the size...
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NASA’s Psyche Spacecraft Prepares for Trip to Asteroid by Testing Solar Arrays

NASA’s Psyche mission is preparing for a 1.5 billion-mile (2.4 billion-kilometer) solar-powered trip to the metal-rich asteroid of the same name.  

In a cleanroom at NASA’s Jet Propulsion Laboratory in February 2022, twin solar arrays were attached to the spacecraft body, unfolded lengthwise, and then re-stowed as tests on Psyche continue. The five-panel, cross-shaped solar arrays are the largest ever installed on a spacecraft at JPL, so engineers had to test them one at a time.

Psyche is expected to launch no earlier than August 2022. About an hour after launch, the arrays will deploy and latch into place in a sequential process that will take 7 ½ minutes per array. They will then provide power for the journey to Psyche and for operating the three science instruments. In total, the solar arrays are 37 feet (11.3 meters) long. Only the three center panels can be deployed at JPL; the two cross panels on each wing are deployed using specialized equipment at Maxar Technologies in Palo Alto, California, where the arrays and spacecraft chassis were built. When they deploy fully in flight, the spacecraft will be about the size of a singles tennis court. 

Psyche is scheduled to arrive at the asteroid in 2026 and spend nearly two years making increasingly close orbits? Scientists think the asteroid Psyche could be part of the core of a planetesimal, the building block of an early rocky planet, which would provide a unique opportunity to study how planets like our own Earth formed.

For more information about NASA’s Psyche mission go to: nasa.gov/psyche and psyche.asu.edu/

Credit: NASA/JPL-Caltech

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

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


A link with the Thermal Subsystem...

https://www.youtube.com/watch?v=aQaCY7wlQEc&pp=

ygUuVGhlIFBhcmtlciBTb2xhciBQcm9iZSAtIFNtYXJ0ZX

IgRXZlcnkgRGF5IDE5OA%3D%3D 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


Radioisotope 
Thermoelectric 
Generators (RTGs)

• Use in real missions

• How they work



Radioisotope Thermoelectric Generators (RTGs)
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RTGs are independent of the Sun and are used most commonly for deep space missions to the outer 
solar system.

Read more: What is radioisotope power and why does NASA use it?

https://rps.nasa.gov/about-rps/overview/


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.

Main advantages

+ Sun independence
+ Unaffected by S/C orientation 
+ Unaffected by shadows

Main disadvantages

- Low efficiencies (~8%)
- Removal of waste heat is required (via fins)
- Power decrease due to to nuclear decay
- Radiation emission (so often boom-mounted)
- High safety/compliance requirements
- Pu availability is limited

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

Radioisotope Thermoelectric Generators

29



Radioisotope Thermoelectric Generators
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Radioisotope Thermoelectric Generators
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Photovoltaic sources are not attractive for interplanetary missions to the outer planets → solar radiation 
decreases with distance. 

From Spacecraft Systems 

Engineering by Fortescue, Stark, 

and Swinerd (Fig. 10.1)

Building Curiosity: Mars Rover Power

NASA's Curiosity is the biggest robot explorer ever to rove Mars. How do you power something like that?

http://www.youtube.com/watch?v=fBtXnug-rgM


How do RTGs work?

https://www.youtube.com/watch?v

=1oS-BmoSBtQ
32

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/Imag

es/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


Batteries: energy storage
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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.

Multiple battery technologies have been used in space

NASA State-of-the-Art of Small 

Spacecraft Technology Ch.3 Power

Read more: A review on battery technology for space application

Lithium-Ion is starting to replace most 
Nickel-Cadmiun and Nickel-Hidrogen

batteries

In some cases Lithium-Polymer are 
used

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


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 

Batteries: energy storage
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Nickel-Hydrogen batteries for Hubble

Read more: A review on battery technology for space application

https://www.sciencedirect.com/science/article/abs/pii/S2352152X23001895


Batteries: energy storage

36

NASA State-of-the-Art of Small Spacecraft Technology Ch.3 Power

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/


Power distribution, regulation, and control 
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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) 



Power distribution, regulation, and control 
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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

- 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.



Power distribution, regulation, and control 
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We must identify the electrical power loads for mission operations at BOL and EOL.

Harness or clabling that interconnects the subsystems is a large part of the 
mass (and volume) of a spacecraft

Typically 10% of the total dry mass of spacecraft 



Sizing your EPS

• Equations



Sizing your EPS and power budget
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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)

i. Select type of solar cell and estimate power output, Po, with the Sun normal to the 
array (Si cells, Po = 0.148 x 1367 W/m2 = 202 W/m2)

ii. Determine the BOL power production capability, PBOL, per unit area of the array (worst 
case θ=23.5 deg, PBOL= 143 W/m2)

FireSat example

(35.3 min)

(63.5 min)

(110 W)

(110 W)

(0.6)

(0.8)

Depends primarily on the type of regulation (DET vs PPT)

→ use 0.77



Sizing your EPS and power budget
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1. Prepare operating power budget
2. Size primary power source (5 yr)

a. If solar arrays…
iv. Determine the EOL power production capability, PEOL, for the solar array (performance 

degradation is 3.75%/yr for Si cells, Ld=0.826 for 5 yr mission, PEOL=118.1 W/m2)

iv. Estimate solar array area required to produce the necessary power, Psa, based on 
PEOL (A = 2.0m2)

iv. Estimate the mass of the array (for planar arrays m= 0.04*Psa)(m = 9.6 kg)

FireSat example



Sizing your EPS and power budget
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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 (Pe) [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) (Cr=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)

FireSat example



Time for a 15-min break!
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Your turn…

Today’s Project Work:

 Continue drafting out the details of your mission.

 It would be a good time to start working on your final paper (if you haven’t done so already)

 Today you need to start:

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

 Calculate overall mass and dimensions

- Define power distribution scheme 

 Estimate power consumption and mass

- Size your batteries 

 Calculate overall mass and dimensions

- Size your Thermal subsystem

45



Backup slides



Backup slides

Defining your spacecraft concurrently (more on this in ENG411)

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


Backup tables
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From SMAD 3d Edition (Ch 11)
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