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Abstract

This document analyses the suitability of a 2U CubeSat for the University of Warwick Satel-
lite (WUSAT-4) project, regarding its ability to meet the requirements of its primary payload:
the fluorescent deep space petri-pod. As the CubeSat is designed to support this biological
payload throughout its experimental lifetime, significant attention was focused on thermal and
power requirements to ensure a successful mission. The structure and assembly of the com-
ponents within the CubeSat were also major design drivers in the assessment of the 2U as
an appropriate size to house a 0.5U payload. The ability to operate within the strictly defined
temperature limits of this payload was assessed through thermal modelling in ESATAN. These
results coupled with the power generation calculations, led to the conclusion that both temper-
ature and power requirements could not be satisfied using this configuration and payload size.
Additionally, the implication of using a larger payload (1U) with additional active thermal con-
trol measures would inevitably impact the power requirements, structural capabilities and the
internal component assembly. Therefore, an evaluation of the CAD model and analysis of this
in Abaqus was used to investigate the impact of this decision, revealing that a 1U payload was
unable to fit inside a 2U CubeSat despite meeting vibration requirements. Following a compre-
hensive analysis of different subsystems, it was concluded that a 2U structure could not satisfy
all platform and payload requirements. Consequently, a larger CubeSat was recommended to

overcome these issues and fulfil the complete project needs.



1 Introduction

CubeSat projects see ever increasing popularity among engineering students due to their ac-
cessibility and simplicity, providing an excellent educational tool for university satellite teams
like WUSAT [1]. This project is currently in the second year of its fourth iteration - WUSAT-4.
One integral benefit is the standardisation of sizing, referred to as a unit (U) or form factor. This
standardisation constrains the scope of design, allowing for convenient analysis that can as-
sess the capabilities of a specific form factor, whilst making it straightforward to scale a design
up. The first year of the WUSAT-4 project suggested the transition from a 1U to a 2U Cube-
Sat, with time limitations restricting the ability to verify this decision. Hence, this document
will focus on assessing the capabilities of a 2U CubeSat configuration to determine whether it
will sufficiently meet the WUSAT-4 project requirements. If the requirements are not satisfied,
considerations will be made to understand what is needed to rectify existing issues, such as

resizing the CubeSat.

2 Background

CubeSats come in various unit configurations, with a 1U CubeSat having the dimensions of a
100 mm cube and larger sizes being multiples of this basic unit [1]. In general, the primary func-
tion of a satellite is to support the requirements of its payload and meet its in-orbit operational
needs. WUSAT-4 is intended to carry the fluorescent deep space petri-pod (FDSPP) payload,
aiming to study the potential adverse effects of space travel on human health, by transporting
microscopic worms (Caenorhabditis Elegans) into orbit and photographing their response [2].
The payload mainly consists of electrical components (such as an On-Board Computer (OBC)
and camera) connected to biological instruments. The base payload being considered was
0.5U in size with in-built active heating, with the option for a more power-intensive 1U payload -
with active heating and cooling - being an alternative. Both forms required the biological com-
ponents to be maintained at a temperature below 10°C and would use their active heating and
cooling to maintain this temperature. As the payload is not orientation dependent, an attitude

determination and control system (ADCS) was not considered.

The size of a CubeSat significantly affects the thermal, electrical power system (EPS) and
structure subsystems; a larger surface area would increase the solar radiation incident on the
CubeSat’s body alongside the radiated heat emitted from the body, impacting both thermal
transfer and power generation. Conjointly, the size of the structure affects the packaging avail-
able, as well as the satellite’s vibrational response. Hence, this analysis will focus on whether
a 2U configuration can satisfy the requirements of these subsystems (defined by the European

Space Agency (ESA) 'Fly Your Satellite!” (FYS) programme [3]), and meet the payload’s needs.
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3 Thermal
3.1

Design Drivers

Thermal control requires maintaining all components within their operational temperature ranges.
While other components could peak at around 70 °C, the comparatively lower maximum temper-
ature for the FDSPP restricted the design. For success, the 2U CubeSat must keep the payload
below 10°C using thermal control measures. To further reduce internal heat dissipation, any
thermal control would be passive (requiring no power). Due to the precision needed to evaluate
the temperature of specific components, thermal modelling was undertaken in ESATAN-TMS.
Many studies have used this software to validate new thermal modelling methodologies [4],

specifically pertaining to space missions, thus it was deemed suitable for this application.

3.2 Thermal Modelling

To perform thermal simulations, a base thermodynamic model was created using the existing
2U geometry, with bulk and optical properties, seen in Table 1, taken from material databases
[5] [6] [7] or from component datasheets [8] [9]. A simulation of this base model was done,
averaging the FDSPP temperature profile across ten orbits, assuming similar properties to the
90 minute ISS orbit. The results (in Figure 1) were used to develop an initial thermal control

design - with operational and non-operational cases indicating if components are active or not.

Body Density (ka/m”3) (p) | Thermal Conductivity (W/mK) (K) | Specific heat capacity (j/kgK) (c,) | Absorptivity (a) | Emissivity (¢)
Solar Arrays [8] [9] | 4214.3 20.0 3255 0.88 0.91

Kapton 1420.0 0.2 1090.0 0.38 0.67

FDSPP 2560.0 18.0 684.0 0.81 0.9
Communications 2259.0 25 15441 0.65 0.02

EPS 2560.0 18.0 684.0 0.15 0.59

OBC 2560.0 18.0 684.0 0.81 0.9
Aluminium-7075 2800.0 167.0 896.0 0.65 0.02

Table 1: Base thermal model bulk and optical properties, with bold indicating assumed values
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Fig. 1: Temperature fluctuation of FDSPP in ESATAN (b), with base model (a)



The temperature ranges seen in Figure 1 indicate that without any thermal control, the average
payload temperature would be around 42°C, much higher than the 10°C limit. From this, it was
decided to nullify conductive links between components, and add conductive links from each
component to the frame, to act as an omni-directional radiator, dissipating heat regardless
of the orientation [10]. Furthermore, insulative copper foil tape (¢ = 0.02, o = 0.32 [6]) was
attached to the interior faces of the frame, to restrict the radiative heat on the satellite’s interior
[11]. With these measures, another simulation was conducted to evaluate whether this thermal

design could keep the payload below 10°C, with results found in Figure 2.
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Fig. 2: Temperature fluctuation of FDSPP in ESATAN (b), with thermal control model (a).

It was evident from Figure 2, that the current thermal control measures would not be able to
keep the 0.5U payload below 10°C. Conjointly, when reviewing other CubeSat projects [12]
[13], it was clear that passively maintaining a component temperature below 10°C would be
impractical. Although, due to the payload’s ongoing development, assumptions were made
for both the optical and physical properties of the device. It was assumed that the payload
would have similar properties to a standard OBC taking property values from this component.
However, this does not account for the biological components within the payload, meaning the

results may reflect some inconsistency against reality.

Regardless, it is also likely that the results from the thermal modelling would be an underesti-
mation of the actual response, as the body was modelled as a solid, having a higher density,
volume and hence heat capacity than the actual payload would. This means the modelled body
would heat and cool slower than the actual components would in practice. Consequently, it is
reasonable to expect the actual payload would reach higher temperatures during an orbit. Ac-
cordingly, despite inaccuracies within the model, the results do support and indicate that a 2U

satellite would not be able to thermally support a 0.5U payload.



Due to the strict temperature limit of the 0.5U payload, it was also suggested to move towards a
larger 1U payload with in-built active cooling, to maintain its internal temperature requirements,
yielding a higher maximum operational temperature - although this would require more power
and packaging. Assuming that the 1U payload would be kept at a similar temperature range to

the 0.5U, all components would be sufficiently kept within their temperature ranges.

4 Electrical Power System (EPS)

4.1 Design Drivers

The EPS subsystem is responsible for generating, supplying and regulating electrical power
to the other subsystems throughout its operation. Considering a 20% margin for the unknown
power consumption of the 1U payload, it was estimated that the CubeSat will require 7.5 W
during the highest power-consuming operational phase when all subsystems are on. Without
ADCS, solar panel deployment is restricted and therefore needs to be mounted to each side
of the CubeSat to ensure power generation is possible. Consequently, an evaluation of the

potential power generation was conducted for a 2U configuration.

4.2 Power Generation

To estimate power generated (Q4(7%)) from radiation incident on solar panels, linear interpola-
tion was used to derive Equation 1 from the solar panel's datasheet [8]. Here T is the solar
array temperature, I, is the incident solar radiation and A, is the effective area, with values of

I,, albedo (I,) and Earth’s infrared radiation (1.) (for hot and cold cases) listed in Table 2 [5].

I. A, (248W—0.41W)(Ts+50°C) ¢ 600 o
1367W/mZ 30.18cm? 7800 , f28°C > T > =50°C
' _ I A, (20TW=0.5TW)(Ts—28°C) ¢ 1oro0 o
Qa(Ts) TSV B0 A8 e . if 125°C > T, > 28°C (1)
0, otherwise

Solar Rays (W/m?) | Albedo | Earth Infrared (W/m?)
Hot Case 1414 0.26 257
Cold Case 1322 0.19 218

Table 2: A table of radiation values from different sources for hot and cold cases to 3.30
To evaluate T, the transient temperature response was computed, only considering radiation
and conduction as sources of heat flux due to the vacuum of space - however, conduction was
omitted due to the ongoing internal structure development. Hence, the net heat flux (Q;) of
the panels was given by Equation 2, including heat flux from: solar radiation (Qs), albedo (Q.),

Earth’s infrared radiation (Q.), emitted radiation (Q,) and dissipated electricity (Q,).
Qs+Qa+Q6_Qr+Qp_Qd:Qt (2)
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For power generation, only radiation from solar rays was considered due to differences in the
spectra for the different sources of radiation. Additionally, the solar panels do not consume
power, meaning @, = 0. According to the Stefan-Boltzmann law, the radiation emitted by a
body is given by Equation 3 where ¢ is the Stefan-Boltzmann constant and A; is the total solar

array surface area. Also, the radiation absorbed by a surface is given by Equation 4.

QT = UaAtT4 (3)

Qs,a7e = le,a,eOZAe = ZIS,Q@O(ACOSQ (4)

When evaluating A, it was important to consider the effects that orientation would have on
the surface area receiving solar radiation - especially as the CubeSat currently lacks ADCS -
this was simulated with a simple model. As the CubeSat is symmetrical in design and has a
cuboid shape, only half of the 6 faces of the CubeSat and rotations up to angles of 90° were
considered. Modelling the orientation of the CubeSat required the determination of the effective
surface areas normal to the x, y and z-directions, Ax, Ay and Az. This was used to set up a
vector for the surface area, SA, as shown below in Equation 5. For an average value, this was

repeated using different initial orientations.

[AX Ay AZFZ:SZ (5)

The direction between the CubeSat and the source was defined using a vector, R. For simplicity,
the direction was defined as being aligned with the x-axis. The orientation of the CubeSat
was then altered by multiplying the surface area vector by the rotation matrices to rotate the
surface area vector around all 3 axes. Finally, the dot product of |S7\’\ and |R| yielded the
effective surface area, A., as illustrated by Equations 6 and 7 where v represents the rotational
axis around the y-axis and ¢ represents the rotational axis around the z-axis. The average
relative effective surface area was given by Equation 8, using Equation 7 and varying Ax,Ay
and Az with all possible initial combinations, also heat flux can be converted into a change in

temperature using Equation 9 where m is mass.

\S_A/| - |R| = A, = |Axcospcosip| + | Ay singcosih| + | Azsiny| (6)

2 22

1 21 2 2 2
/ |Ax cospcos)| + | Ay singcos)| + |Azsiny| dpdyp = AX; + AY% + AZ; (7)
0 0

4n?

A - 6(Ax+Ay+Az) N 6

22 2 2242 221
Ao QT+ A+ Ay + A7) 207+ 5 ?;? ~ 0.2412 (8)



Q = mc, AT 9)

Using the prior (90 minute) orbit, it was important to assess the eclipse duration, when no solar
radiation is incident on the body. This duration is dependent on the 5 angle [14], assuming a
LEO orbit with a low beta angle to evaluate the worst case scenario for power generation (incli-
nation of 30-60°, with a 35 minute eclipse and 55 minutes in sunlight). The transient response,
using the 1st order (accuracy) forward difference approximation for the 1st time derivative, was

determined using all prior equations in this section to produce Equation 10 where ¢ means time.

Z aIs,a,eAe - Qd(Ts(t)) — U&Ath(t)4
mep

Ts(t + 6t) = Ts(t) + ot

(10)

As shown by Equation 10, the thermal transient response and power generation were calcu-
lated simultaneously (seen in Figure 3), where «, £ and ¢, are seen in Table 1, A; = 0.06036m?,

A, = 0.01456m? and m = 0.35kg, while assuming that 7'(0) = 0°C.
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Fig. 3: A graph showing the thermal transient response and power generation of solar panels

The 2U configuration produces insufficient nominal power generation for the hot case in sun-
light at 5.3W (~29% lower) and insufficient average power at 3.2W (~57% lower), in compar-
ison to the peak power consumption. Considering a worst case scenario of a low S angle,
to accommodate the peak power consumption when all subsystems are active, its operational
temperature was exceeded by almost -30°C which presents thermal induced stress and lower
power generation risks. As solar panels near their end-of-life, their efficiencies decrease and
less radiation is converted into electricity; resulting in more thermal energy being stored, further
indicating that a 2U configuration would be insufficient. To rectify this issue, two possibilities

can be considered: implementing active ADCS, or moving to a larger form factor. Both options
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increase the effective surface area incident with solar radiation, leading to an increase in power

generation. However, the preferred option, ADCS implementation, demands more power.

5 Structure and Mechanisms

5.1 Design Drivers

Structurally, the 2U capabilities will be assessed using packaging and integration, as well as
vibrational responses to high loads. The packaging refers to component positioning within
the configuration, needing to fit all components within the design. As the thermal analysis
recommended the need for the larger 1U payload, the packaging evaluation becomes critical.
Vibrations pose a risk to the satellite’s structural integrity during the launch phase in which the
satellite is subject to significant vibrational loads. To prevent damage, the natural frequency

response of the satellite must be above the minimum 130 Hz ESA requirement [3].

5.2 Structural Analysis

The integration of subsystem components poses a significant challenge in the design of Cube-
Sats. In light of the need for the larger 1U payload, the 2U structure provides less packaging
space leading to higher integration risk due to the compact conditions; a 2U CubeSat will not
meet packaging requirements for the WUSAT-4 project. The implementation of a larger form
factor would provide more space, reducing integration complexities and providing a larger ca-
pacity for additional components if needed in later stages. Although, the larger form factor
comes with the caveat of additional components, and hence a higher bill of materials (BoM)
cost. The integration risk is highlighted by evaluating the packaging on a general assembily,

which can be seen as illustrated in Figure 4.
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Fig. 4: 2U integration risk (a), and Abaqus/CAE vibrational analysis model (b)



To model the vibrational loads, SIMULIA Abaqus/CAE 2023 was employed to conduct modal
analyses of the 2U CubeSat structure, with the aim to meet the environmental requirement
4.10.1. within the ESA FYS framework [3]. The simulated geometry was solely comprised
of rails and cross-members and can be seen in Figure 4. To achieve adequate mesh quality
(comprised of linear hexahedral C3D8R elements), all holes were removed, leaving a monolithic
body for analysis. The material properties of Al-7075 (p seen in Table 1, Young’s Modulus =
7.25. 10'° Pa [7] and Poisson’s Ratio = 0.33 [7]) were used throughout, under the assumption

of elastic material deformation (excluding heating effects).

By applying a frequency load, the first natural frequency was obtained for the 2U CubeSat,
being found to be 637.92 Hz. While it is evident that this value exceeds the 130 Hz requirement
by 391%, it is likely that for a fully-populated structure, the frequency response would be less
substantial - although it is unlikely that this would drastically lower the simulated response.
Furthermore, the structure-only modal analysis is not fully representative of that conducted on
a finished CubeSat design. Regardless, it is clear that from a vibrational perspective, a 2U

CubeSat does meet the required capabilities.

6 Discussion

The analysis conducted suggests that the adoption of a 2U configuration may not fulfil project
requirements effectively. Despite all components likely being kept within their operational limit,
when using a larger 1U payload, the subsequent increase in power and packaging cannot be

satisfied by the 2U structure.

Instead, a larger CubeSat configuration has been suggested to meet the project’s capabilities.
Although difficult to fully determine what size should be used, numerous factors aid the rec-
ommendation for a 3U body. Firstly, the 3U structure is the most common CubeSat form [15],
having a breadth of papers to aid in further design and analysis, whilst suggesting this size can
readily adapt to different project needs. In conjunction, the selected power conditioning and
distribution unit (PCDU) has been rated for a 3U maximum size, stating that if a larger structure
is used, the PCDU would need to be re-selected and reevaluated. This further substantiates

the rationale for transitioning to the 3U body.

Increasing the CubeSat’s size by 1U minimally impacts the thermal control, as the tempera-
ture changes are expected to be negligible. The adjustment also simplifies the design scaling
process, as primarily only the rails require modification, facilitating easier design modifications.
Furthermore, it enhances support for the FDSPP, which has strict requirements, by providing

additional space for control features. Consequently, it is recommended that further evaluation



should be performed to assess the capabilities of a 3U form factor, for the WUSAT-4 project.

7 Conclusion

Evaluating the capabilities of a 2U CubeSat indicated that this structure could not sufficiently

fulfil the essential project needs, especially within the thermal, EPS as well as structure and

mechanisms subsystems. The thermal evaluation suggested that a larger 1U payload, with

in-built cooling, would be needed to ensure that the 10°C maximum operation threshold of the

biological components was met, allowing the payload to maintain its own temperature require-

ments. On this basis, both the increased power demand and packaging requirement that the

1U payload needed could not be attained by the 2U configuration. This led to the discussion of

project progression, recommending that a 3U form factor should be further evaluated in a simi-

lar manner, to determine if it can ensure both project and ESA requirements can be satisfied.
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