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a b s t r a c t
Space systems require technologies intended for power generation and management most of the time.
Within the Electric Power Subsystem, one or a group of several batteries conform the secondary power
source of a space mission.
In this work, the initial design of a Li-ion battery for small spacecraft, based on Commercial Off-TheShelf (COTS) cells, is shown, the evolution of this design being thoroughly described from the first configuration.
This battery has been sized to satisfy the power requirements of the UNION/Lian-Hé mission, the third
Low Earth Orbit (LEO) microsatellite completely designed within an academic environment by the staff of
Instituto Universitario de Microgravedad ‘‘Ignacio Da Riva” (IDR/UPM).
Structural analyses of different battery configurations were carried out via Finite Element Method
(FEM) modeling, in order to assure the viability of the design. The final configuration of the battery
was reached based on these studies, which are described in the present work.
Ó 2020 National Authority for Remote Sensing and Space Sciences. Production and hosting by Elsevier B.
V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).

1. Introduction
Within the power subsystem of a small satellite (in terms of
deployed mass up to 100 kg, i.e., micro satellites according to
Wertz classification (Straub, 2015), two power sources are normally included: solar/photovoltaic panels, which are the primary
source of energy, and batteries, which represent the secondary
source.
In the present work the initial steps of the mechanical design
and development of a small spacecraft battery are described. The
designed battery is planned to the secondary source power for
the UNION/Lian-Hé satellite, which is in fact a joint development
between Instituto Universitario de Microgravedad ‘‘Ignacio Da Riva”
(IDR/UPM) and Beihang University (BUAA) (Garcia et al., 2016).
The UNION/Lian-Hé satellite has been designed with two major
concepts in mind: the use of the UPMSat-1 (launched in 1995) and
UPMSat-2 (launched in 2020) concept design, and the use of COTS
components in all possible cases in order to ensure reliability and
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reduce costs. Two orbits have been analyzed depending on the possible launcher:
 Long March-6 (600 km altitude, 0° ascending node, 97.79° inclination, and 96.68 min. period).
 Long March-7 (400 km altitude, 0.1° ascending node, 41° inclination, and 92.56 min. period). This was the final selection.
This satellite comprises seven subsystems: Structure/Mechanism Subsystem, Thermal Control Subsystem (TCS), Attitude Determine and Control Subsystem (ADCS), Electrical Power Subsystem
(EPS), On-board Data Handling Subsystem (OBDH), Communications Subsystem, and Payloads. With regards to the payloads, they
are proposed by both partners, IDR/UPM and BUAA, see Table 1.
After the first analyses and calculations, the concurrent design of
UNION/Lian-Hé reflected a final mass estimation of 45 kg, with
20.5 W average per orbit consumption. It should be also mentioned
that the date regarding the average consumption forced the
designers to foreseen two deployable solar panels, this design
being completely different from the former UPMSat-1 and
UPMSat-2 satellites.
Besides, the present work should be considered as part of an
ongoing academic project carried out by the staff devoted to space
power systems at IDR/UPM, and within the Master in Space Sys-
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Table 1
Mass and average power consumption of UNION/Lian-Hé satellite payloads (Garcia
et al., 2016). The university partner responsible for each payload (IDR/UPM or BUAA)
is indicated in brackets.
Payload

Mass [kg]

Power [W]

Earth Nadir Sensor (IDR/UPM)
Horizon Sensor (IDR/UPM)
Star Trackers Stns (IDR/UPM)
Sun Sensor SS60 (IDR/UPM)
Miniature Double core Loop Heat Pipe (IDR/UPM)
Fiber Bragg Grating Payload (IDR/UPM)
ADS-B Receiver (BUAA)
Camera (BUAA)
Coilable Mast (BUAA)
BeiDou Receiver (BUAA)

0.03
0.25
0.12
0.0065
0.1
0.06
1.1
0.2
0.08
0.03

1
0.5
0.5
0.5
3
0.5
2.2
2
–
1

Table 2
Structural, thermal and electric requirements of the the UNION/Lian-Hé battery.
Structural requirements
ST-001

The first three eigenfrequencies of the battery must be one
order of magnitude higher, at a minimum, than the ones
specified by the launcher for the system in its totality. In the
present paper the frequencies required by Ariane 5 and
Soyuz are taken as reference.
ST-002
The margins of safety (ECSS Secretariat ESA-ESTEC
Requirements & Standards Division, 2008) for maximum
load calculated for the battery must be positive, for all load
cases.
Thermal requirements
TH-001
The cells of the battery must always work in the operational
superficial temperature range, specified by the manufacturer
for charge and discharge cases.
Electrical requirements
EL-001
The battery must provide a minimum voltage of 19.2 V and a
maximum voltage of 25.2 V.
EL-002
The battery must have a nominal capacity of 10 Ah.

tems at Universidad Politécnica de Madrid (UPM) (Pindado et al.,
2016; Pindado et al., n.d.). It should be underlined that after being
primary focused on space solar panel technology (Cubas et al.,
2017; 2014a; 2014b;; Pindado et al., 2018a; Pindado and Cubas,
2017), the academic staff of IDR/UPM is focusing on a wider scope
of projects within space power systems engineering (Pindado et al.,
2018b), including those related to spacecraft batteries (PorrasHermoso et al., 2018).
The batteries used in space missions have evolved over the last
years. They can be divided into two categories (Ahlberg Tidblad
et al., 2015): non-rechargeable, manufactured for one use only;
and rechargeable, designed for multiple charge–discharge cycles.
A general classification of the most used batteries in space systems
could be the following one (Hyder et al., 2000; Patel, 2004):

mal ones in order to guarantee a proper performance. Wide
temperature gradients and vacuum conditions, as well as extreme
vibrations and shocks during the launch and the separation with
the launcher, need to be considered in the design of batteries for
space systems.
In a preliminary phase of this project some mechanical, thermal
and electric requirements were stablished, see Table 2. ST-001
requirement was considered based on the experience at IDR/UPM
on space systems mechanical analysis, which suggests that this
kind of element should present very high stiffness (Aguado
Benito and Padilla Gutiérrez, 2017). On the other hand, ST-002
requirement implies that the battery module has to resist properly
and with no damage the applied loads, for all load cases. TH-001
requirement is related to specifications indicated by the manufacturer of the cells (Sony, 2011). In case of not fulfilling TH-001, the
thermal design of the mission needs to be modified, or active thermal control techniques have to be considered. EL-001 requirement
refers to the necessity of stablish an operational voltage range in
which the battery will perform without any failure. The nominal
capacity, a relevant parameter in any battery, is referred in EL002 requirement.
The present project of a space mission Li-ion battery development based on with COTS elements, was started with a first
mechanical predesign of the battery module (6S4P battery) and
the characterization of the cells (García Aldea, 2017). At this point,
different analyses were required in order to assure the viability of
this design. Those analyses led to a second design (6S2P battery),
which is being now under development.
The present paper is organized as follows. In Section 2 the first
proposed configuration of the battery (6S4P) is described, together
with the reasons that led to redesign a new configuration (6S2P).
The structural analyses performed on the 6S2P configuration are
described in Section 3, devoted to the more important results of
this work and its discussion. Finally, conclusions are summarized
in Section 4.

 Nickel-metal hybride. The chemical composition offers relatively low specific energy, temperature sensitivity and low
working cycle. Besides, memory effect is a great disadvantage
in this kind of batteries (Sato et al., 2001).
 Nickel-hydrogen. The principal advantage of this kind of batteries is its long life in terms of full discharge cycles and the capacity of working in overcharge. Nevertheless, low energy density
and high self-discharge rate (when compared to Li-ion batteries) are their greatest disadvantages.
 Lithium-ion. These batteries offer high specific energy and
energy density compared to nickel batteries. Other characteristics are a very high charge efficiency, a wide temperature operation range, a high working cycle and the capability of offering a
high and short energy peak without negative effects in the cell.
A balancing system is required to protect the cells against overcharges or any unexpected event during the management of the
battery.
 Lithium polymer. Similar to Li-ion batteries. Polymer improves
security as the inflammability of the cells is reduced.
Given the characteristics shown below, Li-ion technology was
selected as the best option to be the secondary energy source in
the UNION/Lian-Hé satellite mission (Ahlberg Tidblad et al., 2015).
At present, small satellites can be developed in shorter periods
and with lower budgets thank to the evolution of COTS electric and
electronic components (Funase et al., 2008; Underwood, et al., n.
d.). Furthermore, the use of these components in relation to the
battery in small satellites (Chin et al., 2014) and microsatellite missions (Guldager et al., n.d.), have proven to be ideal due to the
lower cost of the Li-ion cells and their high specific energy, among
other reasons (Barrera, 2018).
The design of the power subsystem is a critical milestone for
any space mission (Zoppi et al., 2017). As a result, any battery
designed for space applications must fulfill the power requirements of their specific missions, but also the structural and ther-

2. The 6S4P prototype and the evolution to the 6S2P
configuration
The battery designed in the first place satisfies the power specifications and it has a 6S4P configuration, it means the battery has
4 parallel row of 6 cells in series each row. A schematic image of
the battery first design is shown in Fig. 1.
The cells selected for this battery are Samsung INR 18650-25R,
These are very well-known Li-ion cells type within the industrial
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Table 3
Specifications of the Samsung INR 18650-25R cells.
Nominal Capacity [Ah]
Nominal Voltage [V]
Maximum Voltage [V]
Minimum Voltage [V]
Maximum Current [A]
Mass [kg]
Dimensions [m]
Operational Temperature
(Superficial Temperature)

2.5
3.6
4.2
2.5
20
0.045
Height: 0.06Diameter: 0.02
Charge: 0 °C to 50 °C (T < 45 °C
recommended). Discharge: 20 °C to
75 °C (T < 65 °C recommended)

Table 4
Structural properties of the materials used in the battery design.
Material

Density [kg/m3]

Young’s Modulus [GPa]

Poisson’s Ratio

Al 7075-T651
DelrinÒ
Li-ion cell

2810
1400
2700

71.7
2.2
20

0.33
0.39
0.27

Fig. 1. UNION/Lian-Hé 6S4P battery. Figure extracted from (García Aldea, 2017).

sector. In Table 3 the specifications of one of these cells are
summarized.
The reasons why those cells are selected in this project are the
following:
 Minimum weight among all the cells proposed, 0.045 kg versus
0.050 kg presented by other models.
 The cells were subjected to the following tests previous their
commercialization:
o Fall: both bases and lateral face from 1 m (impact velocity,
Vimp  4.4 m/s). Acceptance criteria: No leakages, voltage
drop DV 5 0.025 V, internal resistance gain DRi 5 1.0 mO.
o Vibrations: Test procedure (Safety Data Sheet. SAMSUNG SDI
Li-ion rechargeable cells. MODEL INR 18650-25R., 2015): As
to the UN transportation regulation (UN38.3), for each axis
(X- and Y-axis with cylindrical cells) from 7 Hz to 200 Hz
and then to 7 Hz for 15 min, repetition 12 times (totally 3
testing hours), the acceleration being 1 g from 7 Hz to
18 Hz and 8 g (amplitude 1.6 mm) up to 200 Hz. Acceptance
criteria: No leakages, voltage drop DV 5 0.010 V.
o Short circuit during 10 min.: No fire / No explosion.
o Inverse charge: I = 10 A during 2.5 h: No fire / No explosion.
o High-temperature charge (130 °C): No fire / No explosion.

Fig. 2. 6S4P Battery FEM model.

stiffness of the bolts when are preloaded by the proper torque.
RBE2 elements are used to join bolts to the other parts of the structure of the battery.
The normal modes analysis has been performed to the battery
in order to validate the ST-001 requirement. The first three eigenfrequencies obtained have a quite high importance in the design of
a battery for space use. Those frequencies are shown in Table 5.
These frequency values do not accomplish the ST-001 requirement
as they are larger than the limits stablished by the reference
launchers: Ariane 5 (max. longitudinal freq.: 90 Hz; max. lateral
freq.: 45 Hz), and Soyuz (max. longitudinal freq.: 35 Hz; max. lateral freq.: 15 Hz). Furthermore, it could be said that these frequencies would correspond (in a similar order of magnitude) to the
values required for the entire microsatellite by the manual user
of the launcher (Mugnier, 2000). Low stiffness could derive from
the high center of mass of the structure and low bending strength.

The 6S4P battery is composed of 24Li-ion cells, two EN AW
7075 T651 aluminum frame including mounting brackets to provide stiffness and two insulating plates where the battery electronics will be placed. In Table 4, the structural properties of the
materials used are indicated.
In order to perform the structural analysis required, a Finite Element Method (FEM) model of the 6S4P battery was created (Fig. 2).
NASTRAN/PATRANÒ software was used in the present work. The
upper brackets of the battery are modeled as 1D element while
the Li-ion cells are modeled as 3D elements in order to visualize
deeper how the cells are stressed in each load case. 2D elements
have been used for the rest of the modeling. This FEM model
includes the mechanical interfaces of the battery with the satellite.
Additionally, screws are modelled with CBUSH elements with high
translational and rotational constants (K1 = K2 = K3 = 1012 N/m, K4 =
100 Nm/rad, K5 = 107Nm/rad, K6 = 107 Nm/rad) to simulate the
313
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Table 5
First three eigenfrequencies of the 6S4P
battery.

3. Results and discussion
Once the 6S2P battery was properly defined by using CAD
(Computer Aided Design), its structural behavior was analyzed.
As done regarding the 6S4P battery (see Section 2), a FEM model
of the 6S2P battery was developed out (see Fig. 4), a new normal
modes analysis being performed in order to fulfill ST-001 requirement. The mode shape of the first three normal modes of the battery can be observed in Fig. 5. It should be underlined that batterysatellite mechanical interface is quite relevant in relation to these
normal modes. The eigenfrequencies obtained are included in
Table 6, these values greatly exceeding the minimum specified
by the user manual of the reference launcher (Ariane 5, see reference (Mugnier, 2000)). Therefore, at this point it was assumed that
the design of 6S2P battery fulfills the ST-001 requirement (see
Table 2).
Once the eigenfrequencies were obtained, the calculation of the
safety margins for different vibration loads was performed as the
next step in the structural analysis. The margins of safety are calculated as shown below:

Frequency [Hz]
Lateral 1
Lateral 2
Longitudinal

107.4
107.4
129.3

After these results, it was clear that a revision of the battery
mechanical design was required.
It was decided to split the 6S4P battery into two new and identical battery modules called hereinafter 6S2P batteries. The 6S2P
battery module has a lower value of the center of mass Z coordinate, the aluminum frame being modified by adding reinforcements in the closure trays based on T-beams, resulting in higher
stiffness. Besides, the two insulating plates have been reduced in
order to maintain the battery mass of this new design in relation
to the initial one. The 6S2P battery prototype, including union elements and connectors, is shown in Fig. 3.

MOSy ¼

ry
1
rVMmax Kp KM KLD FOSY

ð1Þ

MOSu ¼

ru
1
rVMmax Kp KM KLD FOSU

ð2Þ

where MOSy is the margin of safety of elastic limit, MOSu is the margin of safety of ultimate strength, ry is the elastic limit of the material (expressed in MPa), ru is the ultimate strength of the material
(expressed in MPa), rVMMax is the maximum Von Mises stress for
each load case (expressed in MPa), Kp is the project factor (typically
its value is 1.1), KM is model factor (typical value is 1.1), KLD is the
local design factor (typical value is 1.1), FOSY is the security factor
of the elastic limit (typical value is 1.1), and FOSU is the security factor of the ultimate strength (typical value is 1.25). Those typical values were obtained from ECSS-E-ST-32-10C (ECSS Secretariat ESAESTEC Requirements & Standards Division, 2009).
Several vibration analyses were performed, so the margin of
safety have been calculated for each material of the structure for
each load case. The maximum load suffered by the structure is
one of the main purpose of structural analysis, so maximum Von
Mises stress is one of the most important results to be obtained
in those analyses.
Two types of load cases have been analyzed: sinusoidal load
and random load. The load levels have been chosen based on other
Li-ion batteries qualification analysis (Remy et al., n.d.; Results,

Fig. 3. UNION/Lian-Hé 6S2P battery isometric view (top) and exploded isometric
view (bottom).

Fig. 4. Structural 6S2P battery FEM.
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Fig. 5. Mode shapes of the first (top-left), second (top-right) and third (bottom) normal modes of the 6S2P battery.

Table 6
First three eigenfrequencies of
the 6S2P battery.

 Sinusoidal load. The load levels for lateral axes (X-axis and Yaxis, see Fig. 4) and longitudinal axis (Z-axis) are shown in
Table 7. Since the excitation frequencies are lower than all the
eigenfrequencies of the battery, the maximum stress corresponds to the stress obtained when excitation frequency is
maximum, what means 100 Hz. The margins of safety have
been calculated for the aluminum support and the insulating
plates resulting in positive margins for all the elements. Maximum Von Mises stress and margins of safety are shown in
Table 8. The battery-satellite interface is the area which suffers

Frequency [Hz]
X-axis
Y-axis
Z-axis

825.5
879.5
893.3

Table 7
Sinusoidal load levels in lateral axes (X-axis and Y-axis) and longitudinal axis (Z-axis).

Lateral axes
(X- and Y-axis)
Longitudinal axis
(Z-axis)

Frequencies
range [Hz]

Acceleration
[mm]

0-peak
acceleration [g]

2–19
19–70
70–100
5–22
22–60
60–100

±10
–
–
±10
–
–

–
13.5
8
–
15
20

Table 9
Random load levels in lateral axes (X-axis and Y-axis) and longitudinal axis (Z-axis).

Lateral axes (Xand Y-axis)

Longitudinal axis
(Z-axis)

2000), and the specifications defined in the aforementioned reference launcher user manual (Mugnier, 2000).

Frequency
[Hz]

Slope
[dBoctave1]

Power Spectral Density
(PSD) [g2Hz1]

20
100
300
2000
20
100
300
2000

3
–
–
5
3
–
–
5

–
0.24
0.24
–
–
0.576
0.576
–

Table 8
Maximum stress and margin of safety for the 2D elements from the sinusoidal load analysis.
EN AW 7075 T6521

Maximum Von Mises stress [MPa]
MOSy
MOSu

Insulating plates

X-axis

Y-axis

Z-axis

X-axis

Y-axis

Z-axis

4
84.89
96.67

15.9
20.61
23.57

5.45
62.04
70.69

0.48
36.00
43.11

3.57
3.97
4.93

0.491
35.17
42.12
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Table 10
Maximum stress and margin of safety for the 2D elements from the random load analysis.
EN AW 7075 T6521

Maximum Von Mises stress [MPa]
MOSy
MOSu

Insulating plates

X-axis

Y-axis

Z-axis

X-axis

Y-axis

Z-axis

25.9
12.26
14.08

4.58
74.01
84.30

30.4
10.30
11.85

2.91
5.10
6.28

1.02
16.41
19.76

3.14
4.66
5.74

was rejected as the mechanical analysis results did not fulfill the
design requirements.
A new configuration of two independent modules that include
several reinforcements in their aluminum frames was proposed.
These modules (6S2P) are composed of two 6-cell series connected
in parallel.
The structural 6S2P battery FEM model showed results that satisfy the structural requirements of the mission. The high eigenfrequencies and the positive margins of safety calculated allowed the
responsible team at IDR/UPM to finish a first structural design of
the battery that might be considered over-designed. Nevertheless,
mass optimization based on more structural modeling will be carried out in following design phases.
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Fig. 6. Distribution of Von Mises stress in the 2D elements as a result of sinusoidal
load in Y-axis (top) and random load in Z-axis (below).

the highest stress. Also, the insulating plates suffer lower stress
than the support aluminum does, but their margin of safety is
lower because of the lower mechanical properties, see Fig. 5.
 Random load in the random load analysis, random vibrations
within a frequencies spectrum which is specified are applied
to the model in its three axes. Load conditions are given in
Table 9. The margins of safety calculated in this case are all of
them positive too. The 2D elements maximum stress and their
corresponding margins of safety can be seen in Table 10.
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