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Abstract: CubeSats and small satellite solutions are increasing in popularity as they enable a fast,
cheap, and agile way for satellite applications. An essential component of nearly every satellite is the
energy storage device, which is practically equal to a battery. Consequently, an overview of past,
present, and future battery technologies for CubeSats is presented. CubeSats use typically commercial
off-the-shelf (COTS) batteries. They are not primarily dedicated to space, so their suitability to the
space environment needs to be evaluated. Batteries are also considered as potentially dangerous
goods. Thus, there are guidelines and standards that specify safety criteria and tests for the batteries
in order to be allowed for transportation and launch. Furthermore, the character of satellites” missions
determines their demand on batteries in terms of current rates, depth-of-discharge, and lifetime. Thus,
these expectations are discussed. A market survey was also carried out to identify currently available
commercial battery solutions and their parameters. This work summarizes the status, requirements,
and the market situation of batteries for CubeSats.

Keywords: battery; battery pack; CubeSat; electrical power supply; lithium-ion; market; qualification;
requirement; satellite; standard

1. Introduction

The NewSpace trend promotes the commercialization of space and favors faster and cheaper
solutions. This has resulted in an increasingly popular branch of satellites which tend to be smaller.
The recognized categories of ‘light” satellite solutions, according to their weight, are pico-satellites:
<1 kg, nano-satellites: 1-10 kg and micro-satellites: 10-100 kg. A special category is CubeSats.
The CubeSats are composed of standardized 10 x 10 X 10 cm cubes, where one cube is described as
1U [1]. A satellite can be constructed from several of such cubes to reach typically a 1-16U spacecraft.
Thus, the CubeSats are considered to be nano- or, in their lower range, micro-satellites, which are going
to be referred to in this manuscript as small satellite solutions, as often used in the industry sphere [2,3].
The CubeSat platform has two great advantages which directly impact the cost. Firstly, the fixed
size and shape allow for launcher requirement standardization. Secondly, the developed CubeSat
components fit exactly to the structure and this combatability opens them up to the wider market [4].
Another aspect of the NewSpace and CubeSat approach that brings the cost down is the utilization of
so-called commercial off-the-shelf (COTS) components. This practically means that, instead of using
space dedicated expensive components, ordinary components for terrestrial applications are used,
after they qualify for the space environment. So far, over 1200 CubeSats/nano-satellites have been
launched [5] and the number of launches is projected to be around 300 in 2020, with a growing trend
every year [6]. Moreover, a distinguishing feature of the CubeSat scene is that not only large nations
are constructing and operating the satellites, but now it is also feasible and done by small nations,
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companies, and even public institutions, such as universities, where these activities are carried out by
students [7]. In order to ensure global coverage for services, satellites are deployed in groups, forming
constellations. Moreover, 26 constellations were identified by A. Camps [8] and summarized in terms
of their size, form factor of satellites, and mission type. An example of existing CubeSat and Small
Satellite missions is provided in Table 1.

Table 1. List of a few well-known CubeSat missions and small satellite projects, adapted from [9],

licensed under CC BY 4.0.
Launch Year Mission Name Mission Type Size Frquuency No. of Status
and Cubesats
2018 KIPP Providing global connectivity 3U Ku-Band 2 Operational
2018 Radix Optical communication test 6U Optical 1 Successfully completed
2015 GOMX-3 Aircraft signal acquisition 30 X-Band 1 Successfully completed
2018 Lemur-2 Weather forecasting 3U - 100 Operational
2011 DICE Ionosphere Monitoring 150 UHF-Band 2 Successfully completed
2003 QuakeSat Earthquakes forecasting 30 UHF-Band 1 Successfully completed
- OLFAR Low radiations analysis - VHF 50-1000 Under review
2010 RAX Space weather forecasting 3U S-Band 2 Successfully completed
2018 MarCO Relaying for deep space 6U I;I:I;ai‘réd 2 Not Operational
2017 ISARA Bandwidth communication test 30 Ka-Band 1 Operational
2015 AeroCube OCSD  Optical communication speed test 15U Optical 2 Successfully completed
2017 ASTERIA Attitude control test 6U S-Band 1 Operational
2019 Starlink Ubiquitous Internet connectivity ~ Not a CubeSat an);igalg:n d 42,000 Partially operational
2019 OneWeb Ubiquitous Internet connectivity ~ Not a CubeSat Ku-band 650 Partially operational
2019 Telesat LEO Ubiquitous Internet connectivity =~ Not a CubeSat Ka-band 200 Partially operational
2019 Kuiper High-speed broadband services Not a CubeSat Ka-band 3236 Partially operational

In order to accomplish its mission, every satellite needs an electrical power supply to feed the
rest of the satellite bus and a payload. The power flow is controlled by an electronic power system
(EPS) which coordinates the flow between generation and storage units and the payload. Typically,
in the CubeSats, solar panels take the role of power generation and secondary batteries serve as
energy storage. Even though some exceptions can be found, such as nano-satellites without solar
panels, running only on primary batteries, or even one nano-satellite without any battery, they are
very marginal cases [10]. The task of the battery is to provide power when the production from solar
panels is not sufficient to cover the consumption. This is especially the case when a satellite passes
through an eclipse and there is no light reaching the solar panels. If the battery is not able to fulfill
this requirement, it can lead to an interruption of the mission, or even to a loss of the spacecraft.
Thus, the battery is a very important component in satellites and it is necessary to ensure its reliable
operation in the space with a sufficiently long lifetime.

This review provides an overview of battery technology used in CubeSats, its requirements and
market status.

2. Battery Types for Small Satellites

The selection of batteries for satellites is driven by multiple factors, such as, but not limited to, peak
power requirements, the worst-case orbit energy requirement, operating temperature, and mission
life [11]. At first, a suitable cell type is selected according to these requirements. Then, the combinations
of the cells are used to form a battery pack, which must fulfill all the target criteria.

2.1. Primary Batteries

Primary (non-rechargeable) batteries are used in cases when they are necessary only for one-time
short use, e.g., during launch or shortly after launch, or for extended periods of very small power
consumption. Their advantages compared to secondary batteries are typically higher volumetric
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and gravimetric energy density or power density and wider operating temperature range. A high
gravimetric power density can be offered for example by Ag-Zn cells with 1100 W/kg, but due to
their fast capacity loss (60%/year), they are suitable only for very early use. Other candidates can
be Li-SO, cells with 680 W/kg and a wide temperature range between —40 and 70 °C, though with
a smaller energy density (238 Wh/kg, 375 Wh/1). The high energy density can be provided by Li-BCy
and Li-CFy systems with 414 Wh/kg, 930 Wh/l and 614 Wh/kg, or 1050 Why/1, but their limitation is a low
specific power of 150 W/kg and 15 W/kg, respectively. Thus, Lithium-based batteries have become the
preferred choice [10,11].

2.2. Secondary Batteries

Secondary batteries are much more used than the primary batteries in CubeSats, as most of the
missions have an orbital character and the cumulative energy demand over a satellite’s lifetime is
much higher than the primary batteries can deliver. A survey made by J. Bouwmeester in 2010,
illustrated in Figure la, shows the representation of the secondary battery chemistries used
in nano-satellites: 66% Lithium-ion (Li-ion), 16% Nickel-Cadmium (Ni-Cd), 12% Lithium-polymer
(Li-pol), 4% Lithium-Chloride (Li-Cl), and 2% none [10]. Since then, Nickel-metal hydride (Ni-MH)
batteries were used also in the Horyu-4 satellite, manufactured in 2013-2014. Otherwise, the selection
is completely ruled by Lithium-based batteries due to their significantly higher (2-3X) energy and
power densities than for Ni-Cd and Ni-MH systems [12-14].

Cylindrical 18650 (18 mm diameter and 65 mm height) COTS cells are widely used for CubeSats,
due to their suitable size and generally good tolerance for the space environment. Li-ion battery
family covers multiple chemistries, in this case, their anode is typically graphite or other carbon-based
materials. The cells and their characteristics differ based on the cathode materials, which are
qualitatively summarized in Table 2. Chin et al. summarized in [15] representative 18650 COTS cells
according to their maximum discharge rate capability and nominal capacity, as presented in Figure 1b.
The performance of the cells can be considered bound by three specific cells: Sony VIC4, LG HG2,
and Panasonic NCR18650G.
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Figure 1. (a) Battery types used in pico- and nano-satellites until 2010 according to [10]. Reprinted from
Acta Astronautica, Vol. 67, J. Bouwmeester, J. Guo, Survey of worldwide pico- and nanosatellite
missions, distributions and subsystem technology, pp. 854-862, Copyright (2010), with permission
from Elsevier; (b) Summary of maximum discharge rate capabilities versus nameplate capacity of some
representative COTS 18650 Li-ion cells. Types of COTS battery cells [15]. Reprinted from Proceedings
of the IEEE, Vol. 106, K.B. Chin et al., Energy Storage Technologies for Small Satellite Applications,
pp. 419428, Copyright (2018), with permission from IEEE.

Li-pol cells are traditionally having a pouch format. This provides them the benefit of flexible size,
slim profile, and generally reduced weight. However, due to the mechanical attributes, they might
be prone to damage in the space environment (vacuum) if not carefully constructed. A bulging
problem of pouch cells was solved by potting them with polyurethane and epoxy resin to avoid
swelling in vacuum [16]. The characterization of commercial Li-pol cells from two manufacturers was
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performed in [14], whereby the cells from one manufacturer lost significant capacity in vacuum while
the cells from the other manufacturer withstood the stress without any problems.

Table 2. Overview of the commercially available 18,650 Li-ion cell chemistries and their qualitative
characteristics [15]. Reprinted from Proceedings of the IEEE, Vol. 106, K.B. Chin et al., Energy Storage
Technologies for Small Satellite Applications, pp. 419-428, Copyright (2018), with permission from IEEE.

Full Name Chemical Abbreviation Short Name Characteristics

Low cost, high discharge rate capability, good

Lithium manganese oxide LiMn,Oy4 LMO e
safety, low specific energy.
Lithium manganese nickel LiNiMnCoO, NMC Low cost, hlgh specific enersy, good discharge
rate capability, low resistance, good safety.
L1th1um nickel c.obalt LiNiCoAIO, NCA The hlghest specific energ‘y'and cycle life, lower
aluminum oxide discharge rate capability, good safety.
Lithium nickel cobalt oxide LiNiCoO, NCO Rarely used
Lithium cobalt oxide LiCoO, LCO Expensive, low spec1.f1.c energy, lower discharge
rate capability, poor safety.
Lithium iron phosphate LiFePO, LEP Highest discharge rate capability, low specific

energy, excellent safety.

Prismatic cells with suitable size for CubeSats are available too [17]. Besides terrestrial dedicated
batteries, the space dedicated batteries of smaller formats can be found, e.g., supplied by SAFT [18].

Several trends were identified for improving batteries for nano-satellites. The capacity of
18,650 cells is incrementally improving, the cells with the maximum capacity reaching 3500-3600 mAh
are currently available on the market [19]. Considering an approximate cell weight of 50 g and
an average voltage of 3.6 V, the current solutions offer an energy density of 252 Wh/kg and 762 Whyl.

One of the challenges for space applications is the low-temperature operation. On the orbit,
the spacecraft surface experiences extreme temperature fluctuations, which can reach up to £100 °C [20].
In the case of a low thermal mass and low heat generation, the batteries can be exposed to subzero
temperatures. A low temperature is also expected at satellites dedicated to exploratory missions
in deep space. In these cases of subzero temperatures, a reduction of useable capacity during
discharging and rapid degradation of the cells during charging are expected. General limits for Li-ion
batteries, often stated in datasheets, are charging down to 0 °C, discharging to —20 °C. Gave et al.
introduced cells, being able to discharge at —40 °C with 100 Wh/kg and repetitive charging at
—20 °C [21]. Farmakis et al. demonstrated cells being able to cycle at —40 °C with 140 Wh/kg [22].
Chin et al. accommodated an alternative approach when at first a classical Li-ion cell was enhanced
with a developed low-temperature electrolyte, which ensured 71% capacity retention at —40 °C [23].
Especially, they introduced super-capacitors to form a hybrid energy system. At low temperatures,
the Li-ion batteries’ internal resistance is rapidly increased, causing a major voltage drop that limits
the discharge by reaching the battery minimum voltage very quickly. The super-capacitors have lower
resistance than Li-ion batteries and they are suitable for high currents. Thus, in a hybrid system,
the super-capacitors significantly reduce the voltage drop when high currents are drawn, especially at
low temperatures, and thereby the system’s performance is highly improved. The dependence of the
resistance on the temperature according to the mentioned technology is presented in Figure 2.

Another technology, which combines capacitors and Li-ion batteries are Li-ion capacitors. They are
hybrid energy-storage devices, that combine ions sorption by capacitor type electrode and Li-ion
insertion and intercalation by a Li-ion battery type electrode [24]. Li-ion capacitors have significantly
lower energy density than Li-ion batteries. However, they can operate over a wider temperature
window, they have higher power capability (larger C-rates), and much longer lifetime. Akio and
Shuhei [25] tested a Li-ion capacitor system in a satellite. The Li-ion capacitor cell specifications were
303 g weight, 125 X 165 X 15 mm size, pouch format, 1.171 Ah capacity, and 11.8 Wh/kg energy density.
They identified that if the battery capacity is utilized only to 10% and less, Li-ion capacitors can be
a competitive solution for the energy storage system.
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Figure 2. Summary of ohmic resistance of all energy storage systems from ground testing [23].
Reprinted from Proceedings of the AIAA/USU Conference on Small Satellites, K.B. Chin et al.,
Li-ion battery and super-capacitor Hybrid energy system for low-temperature SmallSat applications
Conference on Small Satellites, with permission from the authors.

Great attention is given also to the development of Lithium-Sulfur (Li-S) batteries. Li-S batteries
have a theoretical gravimetric energy density six times higher than Li-ion batteries, which could
potentially lead to smaller and especially lighter battery systems, which translates in the space industry
to be significantly cheaper. At this moment, the technology is not commercially ready. The practically
obtained energy density needs to be improved to be the preferred option for Li-ion batteries.
Moreover, Li-S batteries suffer from fast degradation, high self-discharge at high state-of-charge
levels, and limitations in power capability that needs to be addressed [26-28].

The solid-state battery technology represents another direction of the development. The promises
of this technology are significantly improved energy densities, longer life, and enhanced safety.
Moreover, solid-state technology could be further applied to Li-S batteries to take advantage of both
their strong sides [29,30].

A concept of how to revolutionize the use of batteries in satellites, was presented by Lyman et al. [31].
A classical battery pack could be at least partially replaced by a structural energy storage. In this case,
the battery is integrated into body parts of a satellite and by that utilizing some of the ‘dead weight’ for
storing the energy.

3. Battery Suitability and Safety

The term ‘battery” is commonly used not-uniquely for a single cell and for a battery pack (multiple
cells connected in series, parallel, or a combination of both). To keep a clear distinction between these
two system levels, the following section uses the terms (battery) ‘cell’ and (battery) “pack’ to point out
the clear difference at what level the tests are required. The cell level testing is typically focused on the
electrochemical performance, lifetime, safety, and mechanical structure of a cell. A battery pack consists
of a certain number of battery cells, it has typically a printed circuit board (PCB) with electronics,
providing basic functionalities (e.g., electrical connection routing, safety, balancing, control etc.) and
a mechanical structure that keeps it together. Thus, the battery pack level is more complex and it
includes requirements also in terms of electronics to be used in space.

3.1. Suitability for Space Environment

COTS battery cells are the most popular to be used in CubeSats. However, they are not primarily
dedicated to the space environment. Thus, tests, proving their suitability, must be conducted before
the cells can be used in spacecrafts.
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Radiation, vacuum, temperature, and vibrations can be considered as main factors of the space
environment that can affect the batteries.

3.1.1. Space Radiation

The space environment contains energetic particles, such as electrons and ions, with energies
in the range of MeV or higher [32]. These particles can cause damage to a spacecraft in terms of [33]:

e Total ionizing dose (TID): over time, it’s cumulative impact leads to a component degradation.

e Displacements damage dose (DDD): atoms can be knocked out of their original location.
Single events effects (SEEs): causing upsets/latchups/transients in electronics.

Deep dielectric charging: penetration of dielectrics by an energetic electron leading to a discharge,
which damages circuits and materials.

Typically, shielding is used to reduce components exposure to this radiation. However, the shielding
at CubeSats is very limited due to their size and weight restrictions [34]. Electronics COTS components
were tested in [35] and it was shown that some of them were able to survive up to 20-30 krad.
The amount of radiation effect in terms of TID, DDD, and SEE on small satellites was studied by
Samwel et al. [36] for maximum and minimum solar activity. They considered a 3 years mission with
polar sun-synchronous orbit at 800 km altitude and 98.5° inclination. In that condition, the total TID
exposure without any shielding would be 3.73 Mrad, and with 1.5 mm aluminum shielding only

33.1 krad, during maximum solar activity. The amount of expected TID per year at reference orbits is
illustrated in Figure 3.

— SSO orbit
3 -- GEO orbit
Y - GTO orbit

10°}* N .
% - LTO orbit

TID [krad/year]

4 6
Al Shielding Thickness [mm]

(a)

—=&— Maximum Solar Activity
—— Mini Solar Activity

Dose in Si (rads)
3
™ L

~t—e—
T T T T

o 1 2 3 4 5 6 7 8 9 10 1"
Aluminum Shielding Thickness (mm)

(b)

Figure 3. (a) Total Ionizing Dose for four reference orbits in relation to thicknes of aluminum
shielding [34]. Reprinted from Acta Astronautica, Vol. 131, D. Sel¢an et al., Nanosatellites in LEO
and beyond: Advanced Radiation protection techniques for COTS-based spacecraft, pp. 131-144,
Copyright (2016), with permission from Elsevier; (b) Total ionizing dose-depth curves for Si as the
target material for a 3-year mission length during maximum and minimum solar activity for polar
sun-synchronous orbit at 800 km altitude and 98.5° inclination [36]. Reprinted from Advances in Space
Research, Vol. 64, SW. Samwel et al., Space radiation impact on smallsats during maximum and
minimum solar activity, pp. 239-251, Copyright (2019), with permission from Elsevier.
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Related to Li-ion battery cells, the effect of neutron and gamma radiation on LiCoO, cathode
material was studied by Qiu et al. [37]. They identified an increasing grain size of the cathode material
due to the irradiation. An 8.4% capacity loss was measured after 2.774 Mrad gamma irradiation;
however, the radiation-induced electrolyte decomposition could be a contributing factor, which was
not eliminated. Tan et al. [38] studied the effect of gamma radiation on the Li-ion battery electrolyte.
The electrolyte kept its original color after 100 krad exposure, but after 700 krad and 2.7 Mrad it
changed its color due to its decomposition. Another study, this time on both a cathode (LiFePOy) and
electrolyte, was carried out by Tan’s group [39]. They revealed that both components contribute to
the capacity loss after heavy radiation (26.7% loss at 9.8 Mrad of the irradiated cathode, 11.2% loss at
5.7 Mrad of the irradiated electrolyte), as shown in Figure 4c. However, regarding the cell’s resistance,
the electrolyte shows high sensitivity and it increases gradually (Figure 4b), while at the cathode,
a significant increase was detected only after 9.8 Mrad radiation, as presented in Figure 4a. Cells from
five various manufactures were studied at radiation doses up to 25 Mrad [40,41]. Visible performance
variances between radiated cells and control cells started from 1 to 3 Mrad. Thus, the lifetime of Li-ion
battery cells is negatively affected by the radiation. However, the expected levels of TID for batteries
in CubeSats at LEO are in the range of 10-30 krad [42]. In that case, using linear interpolation based on
the previous studies, it can be expected that the radiation will contribute maximally only to 0.1% of
capacity loss. Hence, it is considered generally negligible [11]. Nevertheless, the ESA Li-ion battery
testing handbook [43] recommends performing radiation test for cell qualification. The total dose
irradiation test [44] is still very relevant for battery packs since electronic parts are sensitive to the
radiation [45].
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Figure 4. Changes in cell resistance during charge (top) and discharge (bottom) as a function of
(a) irradiation dose to the LiFePO, cathode, and (b) irradiation dose to the electrolyte. (c) Discharge
curve examples of batteries fabricated with irradiated cathode only (top) and irradiated electrolyte only
(bottom) [39]. Reprinted from Journal of Power Sources, Vol. 318, C. Tan et al., Radiation effects on
the electrode and electrolyte of a lithium-ion battery, pp. 242-250, Copyright (2016), with permission
from Elsevier.
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3.1.2. Vacuum

There are two aspects regarding batteries and vacuum. The first is related to the outgassing.
Batteries, as any component going to the space vacuum environment and not being considered as
‘low-outgassing’, have to go through the process of a thermal bakeout (thermal vacuum) to trigger
any possible sublimation or evaporation during the ground test. This is done in order to prevent
outgassing material to contaminate sensitive components and by that to jeopardize the mission [46].
The test specifications are generally provided by the launch provider [1]. The specific test procedure
can be found for example in the ESA standard ECSS-Q-ST-70-02C [47], where it is expected for the
component to stay for 24 h at a pressure of 1073 Pa (~7.5:107° torr, 10~> mbar, 1.45-10~7 psi) and elevated
temperature. The temperature is specified in the standard to be 125°C. However, for the battery cells,
it has to be lower to not compromise their functionality.

The second aspect is focused directly on the functionality of batteries in vacuum. The cells can
experience electrolyte leakage or swelling, in the case of pouch cells, just by being exposed to the
vacuum [48]. A ‘leak’ test is then performed to assess the battery suitability. ECSS-E-HB-20-02A [43]
specifies the leak test procedure followingly: The battery cells shall be outgassed first, then they are
exposed to a vacuum of 10~® mbar (~10_4 Pa, 7.5-10~7 torr, 1.45-1078 psi). Then, a mass spectrometer
or a pH paper shall be used to detect any possible leak. In JSC 66548 [48], the leak test is defined
as a 6 h stay at 107 torr (~1.3-1073 Pa, 1.3-10~° mbar, 1.9-10~ psi) for EVA environment, or 8-10 psi
(~5.5-6.9-10* Pa, 414-517 torr, 552-690 mbar) for Li-ion polymer/pouch cells instead. There shall
be (1) a visual inspection for any leaks and bulges, (2) weight check, with a change less than 0.1%
in order to pass, (3) OCV check, with a change less than 0.1% in order to pass, and (4) capacity check,
with a change less than 5%. Several 18650 COTS cells were evaluated in [49]. The mass change
after the thermal vacuum was typically around +0.005 g. One sample lost weight over 0.02 g and it
was considered as having a not sufficiently robust seal. The cycling capability in vacuum shall be
also assessed. Ten charging-discharging cycles at a pressure of 1077 torr (~1.3-10~° Pa, 1.3-10~7 mbar,
1.9-107 psi) were performed for two types of Li-pol cells in [14]. For one battery cell type, the discharge
capacity in the vacuum was within 1% of the capacity value in the standard pressure, while the other
battery cell type experienced 10% capacity reduction after the first cycle in the vacuum and after the
second cycle, one cell even failed. Eleven cycles at room temperature and pressure about 10~ Pa
(~7.5:107° torr, 10~° mbar, 1.45-10~7 psi) were considered in the testbed developed for evaluating COTS
Li-ion batteries for nano-satellites in [50].

3.1.3. Temperature

According to ECSS-E-ST-10-03C [51], additioned by [52] for CubeSats, all space segment equipment
shall be tested in vacuum for extreme temperatures (i.e., hot and cold case) and temperature rate of
change. Eight thermal cycles shall be performed between maximum and minimum temperature limits.
The temperature limit is considered as a qualification temperature value, which is the acceptance
temperature extended by 5 °C towards harsher conditions. The vacuum test can be combined with the
ambient test to reach the target number of cycles, but at least one thermal cycle has to be carried out
in the vacuum.

3.1.4. Vibration and Shocks

Batteries are exposed to vibrations during the satellite launch which can impose a risk of internal
short hazards in cells or mechanical damages in the battery packs. The specifics of the vibration test are
determined typically by the launch provider (i.e., launcher/mission specific) [1]. NASA determines the
vibration test as one minute vibrations with characteristics shown in Table 3 in each axis. The batteries
shall then be evaluated with pass/fail criteria being 0.1% change in OCV and mass before and after the
test, and 5% change in capacity [48].
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Table 3. Vibration test specifications according to JSC 66548 [48].

Frequency (Hz) ASD (G*/Hz) dB/OCT Grms
20 0.02880
40 0.02880 0.00 0.76
70 0.07200 493 1.43
700 0.07200 0.00 6.89
2000 0.01872 -3.86 9.65

3.2. Safety Requirements and Flight Acceptance

Li-ion batteries are considered, by the UN, to be dangerous goods of class 9 [53]. They are
electrochemical devices, which store a considerable large portion of energy and by its rapid release,
often due to abuse or damage, they produce a large amount of heat. When the heat is not
sufficiently dissipated, the battery temperature increases. When a temperature threshold is reached,
the so-called ‘thermal runaway’ takes place. Thermal runaway is a heat-generating exothermic reaction,
which propels itself and often ends in cell’s venting, rupture, explosion, or fire [54]. Therefore, safety
regulations are imposed on Li-ion batteries to ensure their safety.

3.2.1. On-ground Handling and Transportation

As the first regulatory area, it can be considered on ground handling and transportation.
Various standards are dealing with Li-ion batteries (e.g., UL 1642, UN 38.3, IEC 62281) and they
were recently summarized by Carré and Ruiz [55]. They identified that even though, the type of tests
are shared in some degree across the standards, their test procedures are not harmonized, asking for
a different number of samples, test values, and limits, and to be performed at different levels (a single
cell/ a battery pack/ a spacecraft). Thus, the situation is rather complex. The list of tests required
according to the standards, as summarized in [55], is shown in Table 4.

Table 4. Required safety tests per standard as summarized in [55].

Safety International Standards
UL1642 UN383 IEC62133 IEC62281 IEC 60086 Part4 AFSPC MAN 91-710 ECSS E-HB-20-02A

Electrical Tests

External short circuit X X X X X X X
Abnormal charge X X X X X X
Forced discharge X X X X X X X

Mechanical Tests
Crush X X X
Impact X X X
Shock X X X X
Vibration X X X X X
Environmental Tests
Heating X X X
Temperature Cycling X X X X X
Low pressure (altitude) X X X X X
Additional Specialized Tests
Projectile (fire) X
Drop X X X X
Continuous low charge X
charging
Internal short circuit X X X

X: Applicable
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3.2.2. Qualification and Flight Acceptance

The second regulatory area is flight acceptance. The battery pack, as a part of a spacecraft, in order
to be deployed in space, needs to be compliant with launch and deployment providers. Each of them
might have their specific requirements. One crucial factor is that if humans are involved in the process
(e.g., crewed launch rocket, deployment from ISS), then the requirements are more strict. Generally,
it is a good practice to follow standards and guidelines provided by space facilitating institutions,
as provided for example in JSC 66548 [48], JSC 20793 [56] by NASA, or in ECSS-E-HB-20-02A by
ESA [43]. Considering the before mentioned documents and cell selection methodology presented by
ABSL [49], the battery cell/pack acceptance process can be illustrated as in Figure 5.

Requirement assessment Lot / batch acceptance
& Engineering test — Qualification test — tost P Flight acceptance test
Market survey

Figure 5. Process for flight accepted battery cells/packs.

At the beginning of the process, the requirements for the battery pack have to be assessed.
That incorporates typically considerations from launch/deployment providers, market demands,
spacecraft design, and mission design. It can result in a need for specific dimensions, weight, energy
storage capability, power capability, lifetime, safety, and monitoring features. Thus, the battery pack
requirements impose some requirements and expectations on battery cells, which shall be used in it.
Currently, on the market, there are many battery cell products from various manufacturers which
can be potentially used in CubeSats. The first step, according to [49], is to define specific criteria and
then evaluate the market available cells against them “on paper”. Then, moving to the engineering
test phase, a few best candidates are selected for the early test campaign, which shall assess their
compliance in the space critical areas (e.g., vacuum, vibration). The engineering test phase is further
used for evaluating the cells” performance, lifetime, and safety in order to select the most promising
candidates and to assess their suitability in close detail. In this phase, the battery pack functionalities
and design are tested as well and adjustments can be done. The cells and packs used in engineering
testing are considered unclassified and they do not have to have a quality assurance [48]. The expected
tests to be performed on COTS Li-ion batteries according to NASA [48] is illustrated in Figure 6.

Engineering test

v v Y

‘ Cell safety
| Cell overcharge;

Battery and charger characterization Battery pack safety ; )
) . | Cell overdischarge;
Charging and load characterization Battery overcharge; |
R | Cell external short;
(current, voltage and temperature); Battery overdischarge; | . .
. . | Cell simulated internal short;
Performance under unique environments Battery external short

i Cell heat-to-vent;
i Cell vent and burst pressure

Figure 6. The minimum number of tests to be performed on COTS Li-ion batteries for engineering
evaluation according to and recreated from [48].

The qualification test is carried out on battery cells and packs, which are identical to ones,
which will be used in the spacecraft. It is the most comprehensive testing that needs to be carefully
documented and which certifies if the used technology is acceptable for flight. They are exposed to
higher stress than the flight batteries and even abused (e.g., short circuit, overcharge), so they are not
expected to be used for the flight.
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Manufacturing differences can exist in battery cells between different lots and batches.
Thus, to ensure the quality of the critical performance and safety, a lot acceptance test (LAT) is
required. A defined sample needs to be selected from every new lot and undergo LAT. Generally,
the LAT is less comprehensive than the qualification test, but it is also a destructive test. The LAT is
performed typically only at the cell level. The detailed documentation is expected as well.

The flight acceptance test (FAT) is performed on all the flight batteries (cells and packs), without any
exception and they cannot be further modified or compromised in any manner. FAT is used to ensure
safety and avoid a risk of any detectable manufacturing defect. Due to the character of the FAT, it is
not a destructive test and its detail documentation is needed.

The overview of the recommended tests according to [43] is presented in Table 5. However,
not all the tests are described there in detail, for example, it is not explained what it is expected under
‘balancing system test’ for qualification and FAT at the battery cell level.

Table 5. Applicability of the tests on Li-ion battery cells/packs [43]. Reprinted and edited Table 6-1 of
ECSS-E-HB-20-02A “Space engineering—Li-ion battery testing handbook”, reproduced with permission
of ESA.

Cell Level Pack Level
Qualification LAT FAT Qualification FAT
X X X
X X

Test

Standard capacity and/or energy measurements X

Internal resistance measurement

X XXX

X
AC impedance measurement X
X

Self-discharge test

X
X
X
X

Charge retention test

X
X

Cell rate capability

X
X

Cell EMF measurement

Battery magnetic moment measurement

Battery corona test

Low level sine vibration

High level sine vibration

Random vibration
Shock
Thermal vacuum

Leak

s

XIXIXR|X| X | X[ X]|X]| X
>

XXX XX

Hermeticity

Radiation

Calendar

Real time cycling

Accelerated cycling

Wear-out

Overcharge

Overdischarge

Short-circuit

Vent

Burst

XXX X|X| X[ X
<

Protective devices

RIXPXIXR| X XXX X XXX R XXX XXX
<

Balancing system

3.2.3. Passivation

The last important consideration in satellite battery life is passivation, in order not to pollute
space and not to create more debris. The satellites on the Earth orbit are required to be responsibly
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disposed. That means typically a controlled re-entry to the atmosphere or transfer to a disposal orbit.
If the re-entry is not planned or it is prevented, then the satellite has to be passivated [57]. After the
end of the mission, the satellite is expected to stay up to 25 years in the disposal phase [58]. During this
time, any battery catastrophic event leading to the debris has to be avoided, which means avoiding
the conditions leading to it. Thus, the passivated battery shall not be further cycled and it shall avoid
the thermal runaway. Every cell has an onset point when the self-heating reaction starts. If this heat
is not properly dissipated, it will lead to reaching the thermal runaway threshold. The illustration
of the (self)heating process is shown in Figure 7a. The specific value of the onset and the thermal
runaway thresholds were identified as being dependent on the remaining energy in the cell (cell’s
state-of-charge), illustrated in Figure 7b. Consequently, according to investigations done by European
Space Agency (ESA), Airbus Defence and Space, Saft, ABSL EnerSys, and CEA, it is recommended
to passivate the battery by (1) discharging as much as possible (even over-discharge down to 0 V),
(2) isolating the battery from the solar arrays to prevent any charging, and (3) maintaining the battery
temperature below the relevant safety thresholds [42-58]. Regarding the battery temperature, the
worst-case scenarios during the disposal phase shall be evaluated, as they can reach extreme values,
illustrated in Figure 7c, and mitigated if needed (e.g., by satellite spinning) [42].

Stage 1 Stage 3
04
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15 | A leration 1 ¥
° | . | { _ 03 }; . =
. nse: g o - 90%50C
g 0f ! £ &/
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£ - of APUF |
: -
. i
i
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Figure 7. (a) Cell self-heating rate during forced thermal ramp test (from Ref. [59]).; (b) Accelerating rate
calorimetry measurements performed for Sony cells from 0 to 100% SOC [60]. Reprinted from Journal
of Power Sources, Vol. 128, E.P. Roth and D.H. Doughty, Thermal abuse performance of high-power
18650 Li-ion cells, pp. 308-318, Copyright (2014), with permission from Elsevier; (c) Temperature range
for battery—the worst-case scenarios, adapted from [42].

4. Mission Requirements on Batteries

Mission requirements on batteries are to a large degree determined by the satellite application
and its space placement, which are partially mutually coupled. For instance, satellites dedicated
to taking detailed and high-resolution pictures of Earth’s surface would be in very close proximity
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to Earth, typically in the low Earth orbit (LEO). The satellites dedicated to a large surface coverage
(e.g., for TV broadcasting and telecommunication) would be placed commonly in geostationary Earth
orbit (GEO). The satellite placement can be then divided into LEO, medium Earth orbit (MEO), GEO,
and deep space [61]. A large database of CubeSats and nano-satellites can be found in [5]. Orbits of
launched nano-satellites are visualized in Figure 8 and it shows that so far nearly all the nano-satellites
were dedicated to LEO, except MarCO CubeSats [62], which were deployed in deep space to flyby
Mars, and TDO CubeSats intended for geostationary transfer orbit (GTO). The database contains also
announced and planned CubeSat missions, besides mainly LEO, missions are targeting MEO, GEO,
and various deep-space destinations. The specific placement determines the environmental conditions
relevant to batteries, such as periodicity, charging from Sun availability, external temperature factors,
and radiation. The requirements in terms of ‘classical’ satellites were summarized by Borthomieu [61]
and are shown in Table 6.
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Figure 8. Launched CubeSats and nano-satellites according to orbits (from Ref. [5]).

Table 6. The battery requirements for classical satellites according to Borthomieu [61].

Requirement LEO MEO GEO
Lifetime (years) . 215 up to 18 up to 14
(5 in average)
Cycles per year 5500 90 180
Charge current (C-rate) 0.33 0.07-0.1 0.05-0.1
Cycle depth-of-discharge (DOD) (%) 10-40 60-80 60-80
Discharge current linked to cycle DOD (C-rate) 0.5-0.7 0.5-0.7 0.5-0.7
Temperature ange (°C) 00 30 soitee ponods 03 solatie periods
Resistance to radiation Low Higgf(;:; fi’iﬂgg{;ﬁ;ﬂity high (crossing Van Allen belt)
Importance of gravimetric energy density Low High High
Compliance with ESA and NASA standards Yes Yes yes

Requirements for batteries in CubeSats are similar as for the ‘classical’ satellites, due to the same
characteristics of orbits, but they vary in specifics due to the characteristics of CubeSat platform.
CubeSats offer a more agile platform with a shorter development cycle. Thus, the speed of development
and the cost is prioritized above very high reliability and long lifetime [63]. Consequently, the
expected lifetime for batteries in CubeSats is rather less than for larger satellites. According to ESA,
the expectations for In-Orbit Demonstration (IOD) missions in LEO are: “low cost and short schedule
(typically <1 MEuro and <2 years to flight readiness), short operational lifetime (typically <1 year
in low altitude LEO)” [64]. Regular missions in LEO are generally expected to be under five years [10].
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The GEO lifetime is expected to be ~5-7 years [63]. Lifetime tests are recommended to determine
the technology limitations and required battery sizing. General guidelines for them can be found
in the ESA handbook [43]. The tests are divided into calendar and cycling. They can be performed
in real-time, or accelerated conditions are used to speed up the process. Specific mission conditions can
be incorporated in the tests to get closer to the conditions, which the batteries will experience. However,
based on the character of the orbit, generic expectations were formulated for LEO and GEO. A generic
real-time LEO orbit lasts 90 min when the battery is charging for 60 min (sunlight) and discharging for
30 min (eclipse). A generic real-time GEO orbit consists of a solstice period and 45 eclipses. The battery
is mainly discharged only during the eclipse periods. Thus, cycle-wise, only 45 cycles per season can
be considered. The eclipses do not have the same time length, but they vary from the shortest of 21 min
to the longest of 72 min. The longest eclipse represent also the deepest discharge that the battery
will experience and it is often designed to be 60-80% cycle DOD. The wide study was performed
on COTS Li-ion cells lifetime for LEO and GEO missions by ABSL [49,65,66]. It was shown that the
battery lifetime depends on many factors and it varies for different cells. Thus, to achieve the target
mission life, it is necessary to consider general factors such as cycle DOD, maximum charging voltage,
temperature, current rate, and storage SOC. Moreover, an issue with the extrapolation of test results
was mentioned, which can lead to predicted values that are wrong. Besides extensive experimental
testing, the battery lifetime can also be evaluated through a detailed model, which captures sufficiently
their internal mechanisms. Such study, applying a first principles based mathematical model was
carried out by Lee et al. [67], where they studied the influence of different cycle DODs in a LEO orbit on
battery current, voltage, and lifetime, in a form of end of discharge voltage, as illustrated in Figure 9.
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Figure 9. (a) Potential (voltage) and current profiles simulated for the first LEO cycle; (b) the
measured and (c) simulated end-of-discharge voltage (EODV) as a function of cycle number [67].
Reprinted from Journal of Power Sources, Vol. 162, ].-W. Lee et al., Simulation of charge-discharge
cycling of lithium-ion batteries under low-earth-orbit conditions, pp. 1395-1400, Copyright (2006),
with permission from Elsevier.
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For longer missions, the battery lifetime is the most limiting factor. In that case, it bounds the
allowable cycle DOD. The cycle DOD per orbit further determines the average charging/discharging
current. According to these considerations, the average power, and by that the average current
demanded from a single battery cell, is rather low, as shown in Table 6. Typically, the consumption is
in a range of Watts for small CubeSats with only body-mounted solar panels. Approximately, itis 2 W
power generation per 1 U side covered by solar panels [68]. However, it is necessary to consider that
not all solar panels face Sun at the same time. A bus available power can be then roughly linked to
CubeSat’s mass (respective size), as shown in Figure 10 [10]. CubeSat power budget can be designed
as negative, e.g., 1 U YUsend-1, where average power consumption was 2.2-2.8 W, but the maximum
power generation was 2 W. In that case, the satellite had to spend a few orbits in safe mode with
average power consumption 1.3 W, in order to recharge the batteries. However, it is more common
to design CubeSats with a positive power budget with an average power generation being higher
than an average power consumption (e.g., 1.5U DICE with ~1.4 W average power consumption and
~1.7 W average power generation) [69]. CubeSats can be equipped with deployable solar panels and
then the expected power consumption can be considerably higher. Larger CubeSats can have power
consumption reaching 100 W [12,70]. However, the average power consumption does not determine
the required peak power consumption. There can be a payload, or a propulsion system, which needs
to draw a large amount of power only for a very limited time (e.g., up to 30 W only for a CubeSat
propulsion [71]). In that case, the satellite’s power system still needs to provide a sufficient amount of
power, that might require high power from the batteries.

7

6 4

Available Specific Power (W/kg)

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Satellite Mass (kg)

Figure 10. Available bus power with respect to satellite mass until 2010 according to [10]. Reprinted from
Acta Astronautica, Vol. 67, J]. Bouwmeester, J. Guo, Survey of worldwide pico- and nanosatellite
missions, distributions and subsystem technology, pp. 854-862, Copyright (2010), with permission
from Elsevier.

A critical factor for batteries is temperature. The rate of chemical reactions is growing exponentially
with temperature, resulting in a fast degradation at high temperatures. Moreover, charging with
a too high current at low temperatures also results in rapid degradation due to Lithium plating [72].
The temperature on the spacecraft surface varies significantly and rapidly, and in extreme cases,
it can reach over 100 °C or below —100 °C [73]. An example of temperature variations is shown
in Figure 11 for the surface and the EPS of GOMX-4 CubeSats at LEO during one day. While the batteries
in ‘classical’ satellites experience fairly constant temperature over the year [74], the temperature of
batteries in CubeSats is fluctuating noticeably due to the reduced thermal mass of the spacecraft.
The battery temperature operating range is determined by its specific composition and the selection of
the battery technology then sets the required conditions, which have to be maintained at the spacecraft.
The battery temperature is one criterium of spacecraft and mission design. The thermal balance drives
the temperature evolution. Externally, the heat is received from external sources (direct sunlight,
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reflected sunlight, etc) and it is removed by the spacecraft emission. Internally, the payload can be
controlled to adjust the generated heat and battery heaters are used when the temperature is too

low [20].
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Figure 11. External temperature distribution from fine sun sensors during no payload operational

mode and internal temperature at EPS for (a) GOMX-4A and (b) GOMX-4B [75].

5. Market Status

By screening the market, commercially available battery pack solutions for CubeSats were
identified. Prototype solutions developed by universities or (research) institutions, which are not
available on the market are not considered. The search for battery manufacturers/suppliers was
performed in three web-based databases [5,76,77]. Only publicly available material was considered,
which was found often incomplete. However, manufacturers might have additional information
available on request about their products. In order to stay neutral and avoid a possible conflict of
interest or product advertisement, the specific manufacturer names and the product names were
omitted. There were found to be 18 different manufactures and 25 different products (not considering

subtypes), as summarized in Table 7.
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Table 7. The battery products available at the market for CubeSats.

17 of 25

Volumetric ~ Gravimetric
Energy Capacity Energy Energy g . . . .
BP or EPS Battery Cell (Wh) Density Density Self-Consumption Heaters Cell Balancing Protection Price
(Wh/D) (Wh/kg)
. . 11 182 138
EPS Li-pol 1 SABLE-pol » 19 157 15 mW oc 4400 E
’ 14 133 108
. . 11 72 71 150 pA (CPU asleep)
- ®
EPS Li-pol 1.5 Ah iPod' 2 0 105 2 mA (CPU active) OC, OV, Uv
EPS 18650 Li-ion 2.6 Ah 19.24 91 96 160 mW yes OC, 0V, UV
.. 225 96 122 . OC (thermal),reverse ¥
EPS 18650 Li-ion 3.15 Ah 45.0 054 125 yes current, 3300-7500 E
EPS Super capacitors
EPS 20.4 70 20 mA @3.7V (normal operation) 3300 E
EPS With external battery pack up to 161 Wh 150 mW yes yes OC, oV, Uv
EPS Li-ion LiFePoy uv
EPS Li-ion LiFePoy 39.8 143 111 0.16 W (max) yes ocC 2335E
EPS 10.2 49 20 mA @3.7V (normal operation) 2500 E
42 42
EPS 84 65
EPS 3.2 Ah 35 OC, 0V, UV 2500 E
Cylindrical Li-ion
EPS LiFePO4 3300 mAh 30 64 61 yes yes OC, 0V, UV
20 83 50
36 80 55
EPS 70 58 4 ne
150 83 57
<01W
30 161 112 .
BP Li-pol 40 169 119 : g; x Yes (to mi‘gtam 1-65 yes oc, OV, UV
80 163 119 L
(quiescent)
. 222 343 193
BP Li-pol 1.5Ah 444 343 207 OC (thermal) 3500-6300 E
BP Li-pol 1.5Ah 350 333 - Nanotubes to route oV, UV 3000-40,000 E
heat from payload
BP Li-pol 19.2 116 110
BP 18650 Li-ion 2.6 Ah 385 212 149 yes
BP 18650 Li-ion 2.6 Ah 77 235 154 4 mA (operating) yes sc, 0C

15 pA (switched off)
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Table 7. Cont.

Volumetric ~ Gravimetric
Energy Capacity Energy Energy

BP or EPS Battery Cell (Wh) Density Density Self-Consumption Heaters Cell Balancing Protection Price
(Wh/D) (Wh/kg)
BP 45 245 110 Yes (8W @16V) OcC, oV, Uv
BP 18650 Li-ion 3.1Ah 42 194 175 yes
BP 18650 Li-ion 40 184 129 <TBD pA (quiescent) yes OC, 0V, UV, 0T, UT
86.4 179 125 8 ;OA (io(r"OPer?ﬁ“)g) 186‘%
BP 18650 Li-ion, 3 Ah 64.8 134 94 P yes OC, 0V, UV, OT
86.4 179 125 2.5 mA (sleep) 8W
. 20 pA (in undervoltage) yes
69
BP 18650 Li-ion 92 yes yes SC, OV, UV From 4500 E
69

Short-circuit (SC), Over-current (OC), Over-voltage (OV), Under-voltage (UV), Over-temperature (OT), Under-temperature (UT).
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By analyzing the market, two types of products containing battery cells were identified. These are
the electrical power supply (EPS) and the battery pack (BP). Their market representation is illustrated
in Figure 12a. The EPS is a unit that routes and control electrical energy flow in a satellite. It receives the
energy from solar panels, it supplies the load, and it exchanges energy with batteries. Thus, the EPS has
various converters and it provides electrical buses at various voltage levels (e.g., 3.3 V, 5 V, raw battery
voltage, etc.). Some EPSs have integrated battery cells and consequently, they do not necessarily require
extra BPs. BPs contain battery cells and some electronic circuitry for proper handling of the cells. From
the market survey, it is visible that there are two approaches regarding the battery management system
(BMS) (e.g., safety, monitoring and control). In the first approach, a BP is as simple as possible and it
dedicates any sophisticated functionality to the EPS, including safety features. In the second approach,
a BP is more complex and more self-sufficient unit, integrating most of the BMS functionalities. It is
quite common to have protection implemented in the BP, such as over-current (OC), over-voltage
(OV), and under-voltage (UV) protection. The OC takes the role of short-circuit (SC) protection as well.
Furthermore, some products consider over- or under-temperature protection. It is also not rare that
an EPS/BP has heaters, typically to keep the cells above 0 °C, though not all of them. Regarding the
cell balancing, it seems that it is not yet so spread among the products. That might be feasible for
CubeSats, considering a relative low number of used cells, the possibility of prior matching, and not so
long missions.

Battery products

= Bp
EPS 14

@)

Battery cell types

= Li-pol (pouch)
10 = 18650 (cylindrical)
Supercapacitors

1 8 Other/Unspecified

(b)

Figure 12. (a) Distribution of battery products solutions on the market: EPS vs. BP; (b) Types of COTS
battery cells (and supercapacitors) available on the market.

A very important parameter is the self-consumption of the system. The critical phase of the
CubeSat deployment is detumbling, where extra energy is needed to power up the system and to
deploy for example antennas or solar panels and to stabilize the position. At this stage, energy
from solar panels might be not available and the batteries have to cover the consumption. If during
the transportation, waiting for launch, during launch, waiting for deployment, and deployment,
the batteries got too discharged, they might not be able to support the detumbling or they can get
also over-discharged and get damaged. Thus, the system is typically equipped with a kill switch,
which prevents powering up the extensive circuitry to reduce EPS/BP consumption before the CubeSat
deployment. The self-consumption further plays a role during the mission, when it influences
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a power budget and it has to be accounted for. In Table 7, it is shown that EPS consumption typically
ranges between 15 and 160 mW. The self-consumption of only BPs is rather less. It is often divided
into two modes: active/operating and non-active/non-operating/quiescent. During the active mode,
the self-consumption ranges at 4-20 mA, at a cell voltage of 3.7 V resulting in 14.8-74 mW. During the
non-active mode, it is in a range of 3-15 uA, at a cell voltage of 3.7 V resulting in 11.1-55.5 uW.

Both Li-pol pouch cells and 18650 Li-ion cylindrical cells are commonly used, the identified
representation is shown in Figure 12b. The Li-pol cells have a capacity of 1.5 Ah. The Li-ion cells are
ranging from 2.6 Ah to 3.15 Ah. Based on the EPS/BP size, weight, and energy, the volumetric and
gravimetric energy density was computed and it is presented in Table 7 per product. The sorted and
visualized independent volumetric/gravimetric energy density is shown in Figure 13a, the coupled
volumetric and gravimetric energy density is shown in Figure 13b. The volumetric energy density
ranges between 58 and 254 Wh/l for EPSs and 116-343 Wh/1 for BPs. The gravimetric energy density is
in the range of 41-157 Wh/kg and 94-333 Wh/kg for EPSs and BPs, respectively. Generally, BPs have
higher energy density than EPSs; however, there are some EPSs that outperforms other BPs. One type of
a BP (2 sub types) has a significantly higher energy density than others, as shown in Figure 13b. It uses
an ordinary 1.5 Ah Li-pol cell. The high energy density is reached here by minimalistic mechanical and
electronic structure. This BP has only an OC protection and it does not have heaters.
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Figure 13. (a) Distribution of battery products solutions on the market: EPS vs. BP; (b) Types of COTS
battery cells (and supercapacitors) available on the market.
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The publicly available pricing of the components ranging between 2335 and 7500 Euro for an EPS
and 3000—40,000 for a BP, as shown in Table 7. When it is related to an energy unit, it is 58—400 Euro/Wh
for an EPS and 65-284 Euro/Wh for a BP. That is approximately by three orders more than a considered
automotive price for a pack with 187 Euro/kWh [78]. With further growth of the CubeSat market and
increasing production volumes, it can be expected that the price will be decreasing, as it happens
in automotive.

6. Conclusions

CubeSats are a growing space industry segment and the batteries are an essential part of every
satellite. Unsurprisingly, the Li-ion is the battery chemistry of choice nowadays in the aforementioned
applications. In the future, Li-S or solid-state batteries are the prospective technologies. With the
consideration of availability and price, COTS battery cells are especially used. However, since they
are not dedicated primarily to space applications, their suitability for the space environment has
to be assessed. Regarding handling, transportation, and launch, there are many standards posing
safety requirements on the batteries. Thus, qualification and flight acceptance tests have to be
performed on the batteries for a CubeSat to be allowed to reach the space through the whole logistic
chain. Unfortunately, the standards are not unified, which causes a significant test burden on battery
manufactures since every launch/deployment provider can have different requirements.

The batteries have to also support the mission throughout their whole life. IOD missions last
often less than one year. The regular missions at LEO are expected to take 3-5 years, which can be
translated to 16,500-27,500 partial cycles. For batteries to be able to deliver such a high amount of
cycles, typically reduced cycle DODs of 10-40% are used. Real-time and accelerated lifetime testing is
used to validate an expected battery lifetime.

The market survey of CubeSat battery manufacturers was carried out. Sixteen various
manufactures were identified. Battery cells are used in an EPS or in a dedicated battery pack.
The most commonly used technologies are Li-pol pouch cells with 1.5 Ah and 18650 cylindrical Li-ion
cells, ranging from 2.6-3.15 Ah. There is very high variability in the products regarding their energy
density, functionalities, and provided information.
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