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ABSTRACT

Parallels are being made between the success of the Small Satellite industry and the growing
capability ofCubesats Currently,Cubesatare being used as teaching tools by many Universities
and organisations all ovehe world, but commercial and scientific applications are hemg

flown on these very small satellite platforms.

Over the &g four yearswe have used our extensive small satellite power system design experience
to developand refinea CubeSatpower system that is highly efficient both electrically and
physically. What 6s more, the system has beeffrthethelis hi on
often on a 1 week delivery. Satellite power system purchases are are made online, visibey web
with a credit card for less than the price of a lab power supply.

Being a commercial offheshelf power systemthe unit by nature needs to be flexible and
modular; effectively plug-play. In addition, the system has to be simple and avoidcessary
complexity; this is in contrast to typical university designed CubeSat power systems which, by the
nature of the need for innovation, are often overly complex.

This paper will discuss the design and performance of the system and also theregsptio@icwe
are taking to allow CubeSat developers to specify and buy their system online.

1. INTRODUCTION

The power subsystem could possibly be the most eayol@reciated and forgotten of all of the-on

board electrical subsystems. There rhayseveral resons for this, but the most likely is that most
people just donot find the subject i nterest.i
generalisationthe author for one), buit is safe to sayhat no one is currently planning a mission to
demorstrate a new power management technique.

Figurel 1U Cubesat.



Grabbing theattentionof spacecraft engineeexe subjects like;more advanced communications
systems, otboard data handling, high speed data links, imagysiems, micrgropulsion, attitude

control algorithms, sensors and actuators. It is natural that the best people in a small organisation
focus on the more exciting aspects of a missioeselsubjects will typically behe differentiator of
anorganisab n 6 s s p a ¢ e thahofthesresbohthefworld. m

However, it is also clear that these systems need p@ndrpower that is delivered reliably and
efficiently. For most companies and organizations planning their @ubeSatmission, the
prospectof producing a reliable, yet affordable powssstem for their mission is not tivial
problem. Some netraditional spacecraft manufacturers, such as Universities, are finding out the
importance of a weltlesigned power system the havdy. The most ammon cause of failure on
CubeSats to date has been the power system.

As all CubeSatgequire some sort of power management system, and since this system will differ
little from mission to mission, it makes sense to provide arthefShelf solution forcommon

buses such as that used for the CubeSat Kit. By providing such a system, the responsibility of
design of the power system within smaller organisations can be removed, allowing the mission
design team to focus on the design of the rest of the mjadice

Another added bonus of buying an-tie-shelf system is that the power systenti have been
competently designed by an engineer with more than a fleeting interest in the probletnoaf@n
power. In the case of the power system describethisnpaper, the developelave extensive
experience in power subsystems design and are passionate about providing the optimum systems
and electrical design to suit the platform.
Theobjectives in the design of our CubeSat Power subsystem were as follows

1 Maximise the power available from the solar arrays.

Provide a high efficiency interface between the solar arrays and the rest of the spacecraft to
minimise losses.

Provide common regulated voltages of 5V and 3.3V.

1 Provide a digital interface that can el telemetry and telecommand functions for the
power system.

1 To be independent of user sgi requirements with no need for modificatiorstraight
integration with the spacecraft bus.

T To be truplayd 6pl ug and

2. CUBESAT ELECTRICAL POWER SYSTEM (EPS)
CubeSats come in various shapes and sizes, so it is necessary to have a npober system
solutions to catefor the requirements of each configuration. For this reason, the CubeSat EPS

design needed to be highly modular and adaptable;

POWER SYSTEM ARCHITECTURE

The CubeSat EPS developed and described in this paper uses a Maximum Power Point Tracker
(MPPT) system with a battery bus. The designers determined this to be the most versatile and
efficient toppology, and is ideal for CubeSats. In thebeSat EPS, the MPPT topology is
implementated using a dedicated MPPT for each opposing solar panel pair. This configuration has
many advantages:



It allows the use oflifferentsolar cell technologies and string lengths on each panel.

The Maximum Power éint (MPP) of an individual panel can be tracked over the changing
thermal conditions whilst in sunlightThe panels are likely to be at different temperatures
and hence have different characteristics, so this is important.

The system is highly modular @easily adaptable to multiple solar panel configurations.
It provides a graceful degradation in the system design with the loss of a panel or an MPPT

The batterytypically needs to behargedfor the majority of the surtliperiod so additional
loss thraugh having a switcimode power supply (SMPS) in series with the arraylitthe
impact on the overall sol&fficiency of the power system.

The direct connection between the battery and the bus provides maximum efficiency during
eclipseoperation

Using this configuration it allows the EPS to maximise the power from the arrays at the beginning
of the sunlit period, replenishing the charge of the battery in a quicker and more controlled manner.
In addition, once the battery is fully charged and ther@®ws power demand on the bus, the
unwanted power is left in the solar array by moving off the maximum power point, so no need for
hot and heavy analogue shunt electronics. The MPPT is typicallyR®Converter and therefore

can regulate its output to éhend of charge voltage of the battery once this level is reached,
removing the need for a complicated charge control system
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Figure2 Block Diagram of CubeSd&ower System

BATTERY CHARGE REGULATOR

With so little power available on a CubeSat, it is essential that the interface between the solar arrays
and the rest of the spacecratft is optimised for both energy transfer efficiency and systems design.
As previaisly described, an MPPT/BOBCR stands for Battery Charge Regulay3tem ensures



that the voltage of the array remains at its optimum value when the power requirement demands,
but it is also essential that the BCR itself is efficient.

Peak Power Tracking is implemented in hardware only, using only twaomms. By using such a

low component count we are able to maintain high efficiency even at low power levels. It also
means that the design is more reliable since there are fewer cembpdimat can failFurthermore,
thepower electronics of the BCR is designed such that the overall efficiency of the circuit is high at
about 90%.

In order to make the maximum use tbe system volume and mass, this BCR was designed to
operate when comcted to twosolar panelseachon opposite sides of the spacecraft. This is
possible because only one solar panel on the same axis can be in sunlight at any of@rtime.
CubeSats with only body mounted panels, this means that 3 BCRs interface toleBlArisys.

For missions that have deployable solar arrays, and hence more solar arrays in sunlight at one time,
the power system has been designed suchatdatghter board can be added containing additional
BCRs, expanding solar array interfacing calitgb

Figure3 Front and back images tife 1U CubeSat EPS

Power Conditioning Module

The Power Conditioning Module (PCM) consists of tweddcconverters; one regulating its output

to 5V and the other 3.3V. Each convertam provideover 25A at an efficiency of 9%98%
Regualting and distributing numerous voltages to the rest of the spacecraft makes the CubeSat EPS
a 06Centr al i seddebo tipeswad physkal Size ef @ubeSats, this is the most efficient
methal of suplpying standard regulated voltages

The PCM provides additional protection features that are essential for protection of the spacecraft
from anomalous operational modeshe PCMdainloading functiofdisables the output of the 5V

and 3.3V converters once the battery voltage reaches its minimum acceptable level (i.e. close to
zero capacity). This not only stops power consumption on the 5V and 3.3V buses, but also turns
OFF the power switch that supplies theétég/ voltage bus to the rest of the spacecraft. Built
hysteresis means that all three buses return to operation once the battery voltage has recovered to ¢
reasonable level. This functionality prevents the battery suffering permanent damage dere to ov
discharge.

Over Current Protection

As previously mentioned, three power buses are provided to the main CubeSat header. It is
important to the power system that these lines are protected againrsuoest in order to ensure
that the power system ives a short circuittvent downstream of the power module. The



dilemma, however, as an dfie-shelf item that will be used on numerous missions, it is impossible
to determine which bus the spacecraft essential systems will be rgni off e . y antuto tdrro n 6 t
off the receiver if you need to command it back.on)

The solution was to have a protection circuit that continuously tries to remake the connection to the
bus in the event of an oveurrent condition. Given that all CubeSats are singiagstwith no
redundancy, this was deemed to be the best compromise to the problem.

Another added feature of this system is that it is impossible to fullyaffisny of the power buses.
Therefore, we have provided a command line that will cycle the pbwsss; useful when a power
reset is required for one of the-board systems.

Telemetry and Telecommands

The power system has a small microcontroller to provide a serial bus interface using the 12C
standard through which system telemetry data can béonea

Due to the high number of telemetry channels on the power system, there is a need to interface the
signals to the microcontroller via a 32 channel analogue mulitplexer. The telemetry channels on the
power system include:

Solar Array Voltagegone channel per solar array)

Solar Array Currents (one channel per solar array channel)
Solar Array Temperature (one channel per solar array)
Battery Voltage

Battery Current

Battery Temperature

5V bus, 3.3V bus and Battery bus currents.

= =2 A4 4 A4 A4 A -2

Battery heater atus.
The telecommands on the power system are as follows:

1 Battery bus ovecurrent protection switch command cycle OFF and ON.

Figure4 Front and back images of the 1U CubeSat EPS
(Note the larger inductors needed for thenleigpower 3U Solar Panels).



3. SOLAR PANELS FOR CUBESATS

Of the available solar cell technologies, the GalnP2/GaAs/Ge-jundiion cell is the only real
option for CubeSats Other tharhavinga significantly higher efficiency than other technologies,

the most advantageous characteristic of this technology is that the terminal voltage of the cell is
over 2V (at least double that of othgpical cell technologies). Given the relatively smalhpa

area available on €ubeSatit is possible to acheive a useable array voltage with only one cell.
This enables the use of large area solar celise standard cell size of the space indutry
providing a coseffective means of getting decent powarels from CubeSat solar panels.

For 1U CubeSats, a single 100mm x 83mm panel can accommodate two High Efficiency Large
Area solar cells. This equates to a power of greater than 2W and a terminal voltage of between 4V
and 6V. Most of the major solaell providers in the USA, Europe and Japan can provide-multi
junction cells. We have typically used the Spectrolab UTJ cells for our CubeSat ptnelarge

area cells having dimensions 39.70mm x 69.11nkor solar panels with significant cutout areas

on the solar panel, we us@@m x 20mm to enable us to acheive the same panel voltage as a
standard 1U solar panel.

Figure5 1U CubeSat Solar panels using 20mm x 20mm Spectrolab solar cells.

For 3U CubeSats, it is possible to accommodate @laoge area cells in series on the 330mm x
83mm side panel, resulting in a voltage of 14V #¥ &t the panel. The image below shows a 7
cell 3U CubeSat side panel using Spectrolab 28.3% efficiest cell



Figure6 1U Clyde Space 3U CubeSat Solar Array

CubeSat Battery

At Clyde Space we have-lmuse expertise in the use of commercial Lithium Polymer cells in
space, and we have developed a screening programme for the aigecefls on space missions.
The cells that we use have dimenion&®mm x 37mm x 5mm, and are athe perfect size for a slim
2 cell CubeSat battery. Furthermore, 2 lithium ion cells in series provide an ideal voltage of 7V
8.4V, making it simple to etfiently generate the 5V and 3.3V buses using-gtegn converters.

For battery capacity requirements, this can tend to be mission specific, but certain general platform
information allows the battery capacity requirement to be determirexd. instancethe typical

Orbit Average Powe(OAP) for a 1U CubeSat in a sun sylinousorbit with maximum eclipse
should beno more than 1.8W (the panels &@)mm x 83nm, so even with high efficiency cells the
maxmum power per panel is aboutl®V). Therefore, thenaxmum battery capacity would be
requiredfor 1.8W for 35 mins = Whrs. With a DoD of 20%, this equatEsa battery capacity of
6Whrs. With Lithium lon cells it is important to also consider that the capacity fades over the
battery life. 30% fade is measonable assumption for a 3 year mission in LEO, therefore a battery
capacity of ®hrsat beginning of lifgBOL) is preferable
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Figure7 Typical Power Profile of a 1U CubeSat.



Our solution is to have a scalable, integrated or four cell battery (2slp or 2s2p) for 1U
CubeSats and a separate scalable battery for up to 2s3p per battery unit. Each two cell lithium
polymer battery string provides a minimum BOL capacity of 2 x 3.7V x 1.25Ah = 9.25Whrs.

Due to the form factoof the lithium polymer cells themselves, we have been able to use only PCB
material to support the cells mechanically. This has enabled the integration of several other
functions with the battery, including; a thermostatically controlled heater (wittr-rae
capability), cell balancing circuit, over current protection, current telemetry, current direction
telemetry, plus battery voltage monitoring. A picture of our 2 cell CubeSat battery is shown in
Figure8.

Figure8 Clyde Space 2s1p CubeSat Battery daughter board and remote battery board.

Figure9 3U CubeSat battery with cell retainer baard

4. INTERFACES

The main power system interfaces are designed to be compatible with the standard Pumpkin, Inc.
CubeSat Kit bus via the stack Samtec ESQ connector. The power system specific connections
through the bus connector are as follows:

1 Separation/activation steh. Using the NC and C pins of the plunger switch on the
launcher interface facet, the spacecratft is held OFF during launch, coming ON only once the
spacecraft have separated from the launch vehicle.

1 The Remove Before Flight (RBF) switch is used to a@isect the battery negative from
ground, hence isolating the battery. This is particularly important when putting the



