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A B S T R A C T

Recent developments in the miniaturization and cost reduction of small satellites have attracted the attention of 
researchers worldwide. The miniaturized and lightweight modular small satellites have resulted in an extensive 
range of multi-unit small satellites. The most challenging design aspect of the multi-unit small satellites is 
thermal control. In space environment, heat can be removed through conduction and radiations, because there is 
no heat convection, which further intensifies the need to ensure thermal stability during the design and devel
opment phases. In this paper, we present a thermal model of a small spacecraft power-management tile. Using 
the proposed thermal model, the thermal resistance is measured analytically for a single tile. The proposed model 
is applied to a single small-unit satellite structure and the resultant thermal resistance is measured. The 
analytically measured thermal resistances of the satellite is verified using an experimental setup. Furthermore, 
analytical techniques are applied to 4 U (4 units) and 8 U (8 units) multi-unit satellites. From the resultant lower 
value of thermal resistance, it is concluded that the heat absorbed by the spacecraft tile facing the sun is quickly 
dissipated to the opposite relatively cooler tile on the dark face and eventually radiates to the space environment. 
The proposed model is a useful tool for the preliminary design phase of a spacecraft design. By utilizing the 
proposed model, the designer can determine the type of material and its dimensions that can be used to obtain 
low thermal resistance of the spacecraft structure.

1. Introduction

The utilization of small satellites in general, specifically CubeSats, 
has seen a significant rise owing to the Newspace movement, which is 
different from the traditional space design approach as it lowers 
development, testing, launch, and operational costs and time [1,2]. 
Initially intended for training and educational purposes with no 
perceived commercial applications, the trend has changed, and the ap
plications of nano-and microsatellites have expanded significantly in 
applications such as surveillance, remote sensing, navigation, space 
exploration, Earth observation, and scientific research [3–8]. Over the 
past few years, CubeSats developed in 2000 by California Polytechnic 
State University (Cal Poly) and Stanford University have undergone 
significant evolution in their commercial applications, presenting a 
promising future scope for commercial use [9]. With the rapid 
advancement in technology and innovative design approaches, there has 
been a great push forward in sending nanosatellite missions to even 
higher altitudes and deeper space [10–12]. The Department of Elec
tronics and Telecommunication (DET) at Politecnico di Torino also 

contributed to small satellite projects, including AraMiS (Modular Ar
chitecture of Satellites in Italian) [13]. This project involved the 
development of small satellites of various dimensions and configurations 
[14–16].

Low Earth Orbit (LEO) satellites normally encounter many potential 
risks, such as high thermal gradients, radioactive space environment, 
lower optical pointing accuracy compared to higher orbit satellites, and 
complicated sensor calibrations. Higher temperature variation is usually 
considered one of the most important fetal elements for satellite func
tional and structural integrity. This can worsen the optical pointing 
accuracy, deteriorate sensor calibration, and result in the destruction of 
electronic subsystem components and battery failures. Therefore, sat
ellite thermal control is an integral part of all spacecraft and is vital for 
successful missions.

In a spacecraft, heat primarily originates from instruments, heaters, 
or solar absorption, with radiation being the sole mechanism for heat 
dissipation. Thermal control includes controlling the amount of heat 
generation plus heat inflow and outflow from the spacecraft to ensure 
that the total accumulated heat inside the spacecraft remains within the 
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permissible limits. Spacecraft performance and the respective sub
systems’ lives can be prolonged when the temperature is kept within 
acceptable boundaries. With intensification in the subsystem’s minia
turization, modularity and redundancy features, small satellites thermal 
control is becoming gradually more challenging which adds further to 
the complexity level of thermal analysis. However, there are certain 
techniques if they are incorporated during the design and development 
stages of a small satellite, the heat removal issue can be easily resolved.

When a system is immersed in space, during thermal equilibrium, the 
heat absorbed from the surrounding plus heat generated by the system is 
equal to the total heat emitted to the environment as shown in Fig. 1. In 
space, there is no heat convection. The heat is removed from the system 
only through conduction and radiation [17]. Therefore, aerospace sys
tem structures directly exposed to solar radiation have higher temper
ature, while the structures facing dark have very low temperature. The 
difference in temperature is mainly due to the higher thermal resistance 
between the two opposite faces. The aerospace systems with higher 
thermal resistance trap some portion of the absorbed and generated 
heats inside the structure and results in disturbing the thermal equilib
rium. The trapped heat increases the satellite temperature and may cross 
the boundary beyond components safe temperature limit. This phe
nomenon may degrade the system performance and decrease the life
span of the system components. Given the significance of thermal 
resistance in satellite structures, it is crucial to develop techniques for 
measuring and analyzing thermal resistance within an aerospace ther
mal environment. The spacecraft’s thermal resistance is dependent on 
the material composition and design dimensions.

In a space thermal environment, satellite heat is usually removed by 
utilizing two techniques: active and passive heat control systems. The 
active thermal system is typically composed of heat radiators [18], 
shape-memory alloys (SMA) [19], and louvers [20], which require a 
power source, have larger dimensions, and are heavier and expensive. 
These attributes make active thermal heat control systems incompatible 
with small satellites, which usually have limited size, mass, and eco
nomic and power budgets [21]. In contrast, passive thermal control 
systems exploit satellite structure material conduction and radiation 
properties to control the temperature. Passive thermal control systems 
offer several advantages over active thermal control systems, primarily 
due to their inherent simplicity and efficiency. One of the most signifi
cant benefits of passive systems is that they do not require electric power 
to operate. This makes them highly desirable in spacecraft applications 
where power availability is limited.

Unlike active systems, which rely on powered components like 
pumps, fans, or heaters to regulate temperature, passive systems achieve 
thermal control through material properties, design strategies, and 

natural processes. Examples include the use of thermal insulation, ra
diators, phase-change materials, or heat pipes. These methods rely on 
principles like conduction, convection, and radiation to manage heat 
flow, requiring no moving parts or electrical input [22,23]. Various 
types of materials such as multilayer insulation, coatings, paints, mir
rors, radiating surfaces, thermal greases, and polyimide structures are 
used for passive thermal control [24–26]. These features make passive 
thermal control methods the primary solution for the thermal control 
system of a small satellite. The efficacy of a system is determined by 
precise thermal analysis and effective testing [27,28].

The thermal considerations in current and future deep-space mis
sions pose an even greater risk, as the environment is harsher than that 
of LEO missions. One of the critical factors to foresee when designing 
LEO and deepening space missions is to look at the high thermal gra
dients and their mitigation techniques. Several approaches have been 
proposed to mitigate the effects of thermal environments.

One approach involves using analytical and numerical techniques to 
solve the heat-transfer equations that govern the temperature distribu
tion in a satellite. Another approach is to use empirical data from pre
vious missions to estimate the thermal behavior of nanosatellites [29]. 
In [30], the authors proposed a novel thermal control system for 
CubeSats that utilized a phase-change material (PCM) to absorb excess 
heat and maintain a stable temperature. They proposed a PCM material 
onboard a honeycomb structure positioned near the electronic compo
nents of the nanosatellite to provide efficient thermal management. In 
another study [31], the authors investigated the thermal behavior of a 
nanosatellite with a solar panel as the main heat source. The authors 
developed a thermal model based on the finite element method (FEM) 
and simulated the temperature distribution in a nanosatellite. In [32], 
the authors examined the thermal behavior of nanosatellites in different 
orbital environments, including a Low Earth Orbit (LEO), geostationary 
orbit (GEO), and lunar orbit. The authors concluded that the thermal 
behavior of the nanosatellite was affected by the variation in solar flux 
and orientation of the satellite with respect to the sun. The authors in 
[33] proposed several simplified and detailed thermal models for 
small-form-factor nanosatellites.

In this study, thermal models developed for small-form-factor 
nanosatellites were used as a baseline and then applied to larger form 
factors. The paper also presents challenges and proposed solutions. 
Compared to previously developed models, our proposed model is 
simple, accurate, robust, and does not require special tools. The 
remainder of this paper is organized as follows. Section 2 discusses the 
proposed thermal model, and Section 3 discusses the thermal models of 
various satellite panels. In Section 4, the thermal modeling presented in 
Section 3 is applied to a 16.5 × 16.5 cm3 dimension AraMIS satellite and 

Fig. 1. Heat sources affecting thermal equilibrium.
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its panels, and their thermal resistances are measured. In Section 5, the 
thermal resistances evaluated using the thermal models presented in 
Section 4 are verified through laboratory experiments. Finally, Section 6
concludes the study.

2. Proposed thermal model

A thermal model of a satellite system consisting of different materials 
is shown in Fig. 2. The system consists of several components with 
different materials connected in diverse ways, as shown in Fig. 2(a). 
Each component has a related thermal resistor and a capacitor. The 
values of the thermal resistors and capacitors depend on the material 
type and its physical dimensions. The thermal resistance of a specific 
material is given by (1). 

θth =
L

σA
(1) 

Where θth is the material thermal resistance, L is the length, A is the 
cross-sectional area, and σis the thermal conductivity of the material. 

The transient thermal model is shown in Fig. 2(b), where each material 
of the structure shown in Fig. 2(a) has an associated thermal resistance 
and a thermal capacitance. Here, material_1, material_2, and material_5 
are connected in series with a parallel combination of material_3 and 
material_4. In transient thermal state, the heat flows through both 
thermal resistance and thermal capacitance. The associated thermal 
capacitors are the heat capacity of the material plus a correction term 
due to the thermal contacts of all thermal objects [34]. Fig 2(c) shows 
the steady-state thermal model of the structure, where all the capacitors 
are fully charged and have no role in the temperature behavior of the 
system; therefore, they can be omitted from the thermal model, as 
shown in Fig. 2(c). In this model, ΔT is the temperature difference be
tween the top side of material_1 and bottom side of material_5. The 
thermal resistance of the proposed model, shown in Fig. 2(c), is given by 
(2). 

θth material = θmaterial 1 + θmaterial 2 + θmaterial 3
//

θmaterial 4 + θmaterial 5 (2) 

Where θmaterial 1, θmaterial 2, θmaterial 3, θmaterial 4andθmaterial 5 are the ther
mal resistances of material_1, material_2, material_3, material_4, and 

Fig. 2. (a) Structure composed of five materials (b) Transient thermal model (c) Steady state thermal model.
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material_5, respectively, and θth material is the total thermal resistance of 
the structure from the top side of material_1 to the bottom side of ma
terial_5.

When solar radiation impinges on the top side of the structure 
(material_1), as shown in Fig. 2(a), it conducts to the bottom side (ma
terial_5). The temperature difference (ΔT) between the illuminated face 
(material_1) and dark side (material_5) of the aerospace system depends 
on the thermal resistance (θth material), and the incoming unwanted solar 
power absorbed by the structure (Pu) is given by (3). 

ΔT = Pu⋅θth material (3) 

A specific amount of incoming solar power is absorbed by the 
structure and a portion is reflected. The absorbed power (P) is given by 
(4). 

P = α⋅Pd⋅S (4) 

Where α is the absorptivity of the exposed surface; Pd is the impinging 
solar power density; S is the exposed surface area; and P is the power 
absorbed by the surface.

In the case of small satellites, material_1 of the structure shown in 
Fig. 2(a) will have solar panels exposed to solar radiation. A fraction of 
percentage of the absorbed solar power is converted into useful elec
trical energy, whereas the remaining power is transmitted to the satellite 
subsystems. The power transmitted to the satellite structure accumulates 
as unwanted heat power. The unwanted power (Pu) depends on Pd, solar 
panel conversion efficiency (η), absorptivity (α), and S, as given by (5). 

Pu = Pd⋅S⋅(1 − η)⋅α (5) 

Re-arranging (3) and (5) yields (6). 

ΔT = Pd⋅S⋅(1 − η)⋅α⋅θth (6) 

To find ΔT for a structure as shown in Fig. 2(a), rearranging (2) and 
(6) will result in (7). 

ΔT =Pd⋅S⋅(1 − η)⋅α⋅
(
θmaterial 1+θmaterial 2+θmaterial 3

//
θmaterial 4+θmaterial 5

)

(7) 

The Eq. (7) concludes that the temperature difference and resultant 
heat accumulation inside a specific structure are dependent on the 
impinging solar power density (Pd), exposed surface area (S), solar panel 
conversion efficiency (η), absorptivity (α), and thermal resistance of the 
structure (θth). Since all these parameters are generally fixed in the 
design or operational context, except the thermal resistance of the 
structure (θth), which represents the structure’s ability to resist heat 
transfer. A higherθth leading to low heat transfer from the illuminated 
face to the dark face of the satellite and greater heat buildup inside the 
structure. Conversely, reducing the thermal resistance allows heat to 
dissipate more effectively, mitigating temperature rise and heat 

accumulation.
Therefore, to manage heat accumulation effectively within the 

spacecraft structure, the focus should be on minimizing the thermal 
resistance. By optimizing the materials and design of the structure such 
as using high-conductivity materials, or designing efficient thermal 
pathways, the system can better handle the thermal load imposed by 
solar power absorption and maintain thermal stability.

3. Thermal models of various panels

AraMiS satellites are composed of individual panel bodies, 
commonly referred to as tiles, which consist of outer-facing solar panels 
and essential electronic components for power management, attitude 
determination, and inner-side control systems. These tiles vary in size 
and are made from different materials, such as FR4, copper, and 
aluminum, among others. Fig. 3 illustrates three AraMiS tiles with 
distinct dimensions, comprising FR4, a combination of Aluminum and 
FR4, and a Honeycomb structure.

3.1. Thermo-mechanical model of the AraMiS solar panel

The architecture of the AraMiS satellites is characterized by a 
configuration of six identical tiles that are strategically affixed to the 
external surfaces of the satellite. Among these tiles, five were specifically 
engineered as power management units responsible for the efficient 
generation and distribution of power throughout the satellite system. 
The sixth tile plays a pivotal role in telecommunications, accommoda
ting essential components, such as antennas and transceivers, and 
facilitating seamless communication with ground stations and other 
spacecraft. In addition to their functional roles, these six tiles also play a 
critical role in providing the necessary mechanical structure to the sat
ellite, ensuring its overall stability and structural integrity. The tiles 
were precisely assembled into a unified cuboid structure, with 
aluminum rails serving as the means of attachment, further contributing 
to the robustness and resilience of the satellite in a demanding space 
environment. To comprehensively analyze the thermal and mechanical 
behavior of a typical AraMiS tile, a detailed thermomechanical model is 
presented in Fig. 4, where E1, E2, E3, and E4 denote the four edges of the 
tile, which is essential for determining its overall performance and 
structural characteristics. The ingenious design and integration of 
identical tiles forms the foundation of the AraMiS satellite, endowing it 
with versatility and reliability for a range of space missions.

This paper presents comprehensive generalized thermal models of an 
AraMiS tile, considering both the center-to-edge and edge- to-edge 
scenarios for a specific AraMiS panel. Using these models, the thermal 
resistances of the AraMiS tiles in both center-to-edge and edge-to-edge 
orientations were quantified. These measured resistances played a 
crucial role in evaluating the overall thermal resistance of the entire 

Fig. 3. (a) CubeSat dimension tile composed of FR4 material (b) 16.5 × 16.5cm2 Aluminum structure (c) 16.5 × 16.5cm2 Honeycomb structure.
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AraMiS satellite. It is important to note that the structural material and 
dimensions of the AraMiS tile may vary from one satellite to another 
depending on specific mission requirements. In this study, the tile was 
assumed to comprise a combination of solar cells, resin, aluminum, FR4, 
and copper materials. This analysis provides valuable insights into the 
thermal behavior of the AraMiS tile, contributing to the design and 
optimization of future satellite missions with enhanced thermal per
formance and reliability.

3.2. Thermal model of AraMiS 16.5 × 16.5 cm2 tile

AraMiS 16.5 × 16.5 cm2 tile is shown in Fig. 3(b), which is composed 
of solar cells, resin, aluminum, copper, and FR4 materials. Apart from its 
intended function, the tile also acts as a mechanical structure of the 
AraMiS satellite. Three types of models, top-to-bottom, edge-to-edge and 
center-to-edge, are presented for this tile.

3.2.1. Top-to-bottom thermal model of AraMiS 16.5 × 16.5 cm2 tile
The proposed thermal model presented in section-2 is applied on 

AraMiS 16.5 × 16.5 cm2 dimension tile. Fig. 5 shows top-to-bottom cross 
sectional view and thermal model of the tile. This tile incorporates solar 
cells on its top layer and houses all the necessary electronic components 
related to power management, attitude determination, and control 
subsystems on its bottom layer (4th layer). In addition, the tile also 
provides a vital mechanical structure for the satellite. Furthermore, a 
ground plane is integrated into layers 4 and an aluminum layer 3 is 
added to provide extra strength to the satellite structure. The composi
tion of this tile predominantly includes six solar cells, resins, FR4 ma
terials, and copper materials (utilized for traces and ground planes). A 
cross-sectional view of the tile is presented in Fig. 5(a), where the 
colors green, red, pink, and blue represent the FR4 material, copper 
traces and ground planes, resin, and solar cells, respectively. Addition
ally, a corresponding thermoelectric model is provided in Fig. 5(b), 
where the symbols θS,θR, θF, θAl, and θCurepresent the resistances of the 
solar cell, resin, FR4, aluminum and copper, respectively. The letters ‘a’, 
‘b’, and ‘c’ represent the PCB various sections in Fig. 5(a) while these 
letters show the resistances of the corresponding sections in Fig. 5(b). 
Moreover, numbers 1, 2, 3, and 4 represent the resistances of the cor
responding layers in Fig. 5(b). The equivalent mathematical equation of 
the thermal model shown in Fig. 5(b) is given in (8). The thorough ex
amination of the tile composition and thermal-electric model presented 
in this paper provides valuable insights for optimizing its performance 
and overall thermal behavior in the AraMiS missions.

The thermal model depicted in Fig. 5(b) is expressed mathematically 
in (8). 

θth EE =
θS + θR

6
+ θF 1

+
(

θF a1

//(
θCu b2 + θF b2

)//
θF c1

)
+ θAl 3 + θCu 4 + θF 4

(8) 

3.2.2. Edge-to-Edge thermal model of AraMiS 16.5 × 16.5 cm2 tile
The proposed thermal model presented in section-2 is applied on 

Fig. 4. Thermo-mechanical model of AraMiS Tile.

Fig. 5. AraMiS 16.5 × 16.5 cm2 Tile (a) top-to-bottom cross-sectional view (b) thermal model.
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AraMiS 16.5 × 16.5 cm2 dimension tile. Fig. 6 shows top view, cross 
sectional view and thermal model of the tile. To determine edge-to-edge 
thermal resistance (θth_E2E4), the panel has been divided into small 
subsections (a, b, c, d, e, f, and g) of various lengths according to the type 
of material, as shown in Fig. 6(b). Layers 1 and 3 are entirely composed 
of FR4 and aluminum materials respectively, while Layers 2 and 4 are a 
mixture of FR4 material along with copper traces and embedded ground 
plane. Layers 1, 3 and 4 materials are extending in parallel from edge to 
edge as shown in Fig. 6(b) and therefore have corresponding thermal 
resistances connected in parallel as shown in Fig. 6(c). The symbol
sθS,θR,θF,θCu,θPOSand θAlin Fig. 6(c) represent the resistances of the solar 
cell, resin, FR4, copper, solar positive terminal and aluminum respec
tively while the letters (‘a’, ‘b’, ‘c’, ‘d’, ‘e’, ‘f’ and ‘g’) attached with these 
resistances symbols represent the corresponding sections resistances 
attached with these materials. The thermal model of Fig. 6(c) is written 
in mathematical form as given in (9).  

3.2.3. Centre-to-Edge thermal model of AraMiS 16.5 × 16.5 cm2 tile
To find center-to-edge thermal model of the tile, we are dividing the 

tile into three concentric circles with centers r0 and radii r1, r2 and r3 as 
shown in Fig. 7(a). Suppose that the solar power (E) is striking on the 
center of the tile and spreads out towards the edges of the tile. The circle 
receiving the incoming solar power has a radius ‘r1’ and the outer circles 
where the power is spreading out have radii ‘r2’ and ‘r3’ as shown in 
Fig. 7(a). The center-to-edge thermal model is based on the thermal 
resistance between the two circles.

The solar power (E) absorbed by a circle of radius r is given by (10). 

E = φαπr2 (10) 

Where ‘φ’ is the solar power density and ‘α’ is the absorptivity of the 
circle surface with radius r.

The temperature difference (ΔT) of length dr is given by (11). 

dT = Edθ = E
dr

λ2πrt
= φαπr2 dr

λ2πrt
=

φα
2λt

rdr

∫r2

r1

dT =
φα

2φλt

∫r2

r1

rdr =
α
(
r2
2 − r2

1
)

4λt

ΔT =
αφ
4λt

(
r2
2 − r2

1
)

(11) 

Here ‘λ’ is the thermal conductivity of the material and ‘t’ is the thickness 
of the circular section.

The thermal resistance of a section with length dr, as shown in Fig. 8, 
is given by (12). 

Δθ =
ΔT
E

=

αφr2

4λt
φ⋅π⋅r2 =

α
4πλt

(12) 

The above equation shows that thermal resistance of a circular sec
tion depends on the thickness ‘t’ and the material absorptivity (α).

In Fig. 7(b), the circle with radius r1 contains the FR4 material and 
the ground plane (extended in layer 4). The subsection between circles r1 
and r2 contains copper traces, FR4 material, and ground plane. The 
subsection between circles r2 and r3 contains the FR4 material and 
ground plane. The center-to-edge thermal model (θth_CE) is shown in 
Fig. 7(c). Here, rirj (i, j = 0, 1, 2, 3) represents the subsections of the three 

Fig. 6. AraMiS Tile (a) top view (b) cross-sectional side view (c) thermal model.

θth EE =

((
3
2

θS

//
3
2

θR

//

θPOS

//(
θCu b2 + θCu c2 + θCu d2

)//(
θF b2 + θF c2 + θF d2

))

+ 2θF e2

)

//
θF f1

//
θAl f3

//
θCu g4

//
θF f4

(9) 
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circles. For example, θF_2_r2r3 represents the thermal resistance of the 
FR4 material in layer 2 of the subsection between the circles r2 and r3. 
The rest of the modeling representation is identical to that of the pre
vious models.

The thermal model of Fig. 7(c) is written in mathematical form as 
given in (13). 

θth CE = θS
//

θR
//

θF 1 r0r3

//
θF 2 r0r3//(θF 2 r0r1

+θCu 2 r1r2 + θF 2 r2r3 )//θAl 3 r0r3

//
θCu 4 r0r3

//
θF 4 r0r3

(13) 

4. Thermal model of the AraMiS cubic satellite

In the thermal model of the AraMiS satellites, we analytically 
measured the thermal resistances of various dimensions of AraMiS sat
ellites, that is, 1 U (16.5 × 16.5 × 16.5 cm3), 4 U (33 × 16.5 × 33 cm3) 
and 8 U (33 × 33 × 33 cm3), as shown in Figs. 8(a), 11(a), and 14(a), 
respectively. These thermal resistances are measured from the center of 
the tile exposed to solar radiation to the center of the tile mounted on the 
dark side (i.e., opposite face to incoming solar radiation). The AraMiS 
satellite is composed of six tiles mounted on the external periphery of the 
satellite. These tiles are connected by satellite structures composed of 

aluminum rails (as shown in Figs. 8(b), 11(b), and 14(b), respectively). 
The AraMiS 16.5 × 16.5 cm2 satellite structure is composed of twelve 
aluminum rails connected together and six tiles mounted on these rails, 
as shown in Fig. 8. Tiles and aluminum rails have associated thermal 
resistances.

To measure the thermal resistance of a specific satellite, we assumed 
that incoming solar radiation is perceived by the center of the illumi
nated tile with the highest temperature. It then flows through the lateral 
tiles and aluminum rails (mounted on the four lateral faces) towards the 
dark side (i.e., the minimum temperature point) of the satellite, which is 
mounted on the opposite face of the illuminated tile. The illuminated tile 
will have center-to-edge thermal resistance (θth_CE), while the four lateral 
tiles will have four parallel edge-to-edge thermal resistances (θth_EE) 
along with the lateral aluminum rails of the structure frame. The heat 
finally flows to the center of the dark face tile with center-to-edge 
thermal resistance (θth_CE).

4.1. Thermal model of AraMiS 1U cubic satellite

Eventually, we are ready to employ the proposed thermal model on 
the AraMiS satellites to measure their thermal resistance. In the case of 

Fig. 7. Tile (a) Top view (b) cross-sectional view (c) thermal model.

Fig. 8. AraMiS 16.5 × 16.5 × 16.5cm3 satellite (a) actual satellite (b) structure frame.
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the AraMiS 1 U satellite, there is one illuminated tile, four lateral tiles, 
and a single tile on the dark face. The detailed thermal model of the 
AraMiS 1 U satellite is shown in Fig. 9, where the illuminated tile has 
center-to-edge thermal resistance (θth_CE), and the four lateral tiles have 
associated edge-to-edge thermal resistances (θth_EE). The satellite tile 
mounted on the dark face has an associated center-to-edge thermal 
resistance (θth_CE). The models of the thermal resistances θth_CE and θth_EE 
shown in Fig. 9 are inserted from the thermal models of the AraMiS tiles 
shown in Figs. 6 and Fig. 7 respectively. Four aluminum rail thermal 
resistances (θal_EE) associated with the aluminum rails of the satellite 
frame structure are connected in parallel with θth_EE, further reducing the 
overall satellite thermal resistance and are integral parts of the satellite 
thermal model. Eight aluminum thermal resistances (θal_Equ) are con
nected on the two equipotential surfaces as shown in Fig. 9. The surfaces 
of the satellite thermal model at the same temperature level are termed 
as equipotential surfaces. No net heat flow across the equipotential 
surfaces, therefore θal_Equ resistances play no role in the satellite 

equivalent thermal resistance and can be omitted from the satellite 
thermal model. The complete thermal model of the satellite is shown in 
Fig. 9, where each tile and satellite aluminum frame has all the 
respective associated thermal resistances. The nomenclature used for the 
thermal resistance representation shown in the AraMiS complete ther
mal model in Fig. 9 is already provided in the respective tile thermal 
models discussed in Sections 3.1 and 3.2. Here, the new resistances are 
the satellite structure aluminum rail thermal resistances θal_Equ and θal_EE. 
Consequently, there are four θth_EE and four θal_EE connected in parallel to 
attach the illuminated tile on one end with the dark tile on the other 
side. A simplified thermal model of the complete satellite is shown in 
Fig. 10, where each tile is represented by a single thermal resistance. 
Here, the complete satellite thermal model is reduced to two θth_CE, four 
θth_EE, and four θal_EE values. The AraMiS 1 U satellite thermal model 
shown in Fig. 10 can be expressed mathematically, as given in (14). 

θth sat 1U = 2θth CE +

(
θth EE

4

//
θal EE

4

)

(14) 

Calculated values of the AraMiS 1 U satellite and its tile resistances in 
various directions are given in Table 1.

4.2. Thermal model of AraMiS 4U cubic satellite

In the case of AraMiS 4 U satellite, there are 4 illuminated tiles, 8 
lateral tiles, 8 lateral aluminum rails and 4 tiles on the dark face. The 
detailed thermal model of the AraMiS 4 U satellite is shown in Fig. 12, 
where the illuminated tiles have four parallel centre-to-edge thermal 
resistances (θth_CE) and the lateral tiles have eight parallel associated 
edge-to-edge thermal resistances (θth_EE). The tiles mounted on the dark 
face have four parallel associated centre-to-edge thermal resistances 
(θth_CE). The models of the thermal resistances θth_CE and θth_EE shown in 

Fig. 9. AraMiS 16.5 × 16.5 × 16.5cm3 satellite detailed thermal model.

Fig. 10. AraMiS 16.5 × 16.5 × 16.5cm3 satellite simplified thermal model.
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Fig. 12 are inserted from the thermal models of the AraMiS tiles shown 
in Figs. 6 and Fig. 7, respectively. Eight aluminum rail thermal re
sistances (θal_EE) which are associated with the aluminum rails of the 
satellite frame structure are connected in parallel with θth_EE. Sixteen 
aluminum thermal resistances (θal_Equ) are connected on the two equi
potential surfaces (eight on each surface) as shown in Fig. 12. The θal_Equ 
resistances play no role in the satellite equivalent thermal resistance and 
can be neglected. The complete thermal model of the satellite is given in 
Fig. 12 while the simplified thermal model of the complete satellite is 
given in Fig. 13, where each tile is represented with a single thermal 

resistance. Here, the complete satellite thermal model reduces to 8 
θth_CE, 8 θth_EE and 8 θal_EE. The AraMiS 4 U satellite thermal model given 
in Fig. 13 can be expressed mathematically as given in (15). 

θth sat 4U =
θth CE

2
+

(
θth EE

8

//
θal EE

8

)

(15) 

Calculated values of the AraMiS 4 U satellite and its tile resistances in 
various directions are given in Table 2. The table shows that θth_CE, θth_EE 
and θal_EE are same for 1 U and AraMiS 4 U satellites because 4 U is a 
modular replica of 1 U satellite. The overall thermal resistance for 
AraMiS 4 U satellite (θth sat 4U) has decreased 4 times because 4 modular 
1 U satellites are connected in parallel in the 4 U structure.

4.3. Thermal model of AraMiS 8U cubic satellite

In the case of AraMiS 8 U satellite, there are 16 lateral tiles, 4 illu
minated tiles facing solar radiations and 4 dark tiles mounted on the 
dark face of the satellite. The sixteen lateral tiles are divided into two 
series connected banks of lateral tiles and aluminum rails. Each bank is 

Fig. 11. AraMiS 4 U satellite (a) actual satellite (b) structure frame.

Table 1 
Calculated thermal resistances of AraMiS 1 U (16.5 × 16.5 × 16.5cm3) satellite.

Thermal Resistance Symbol Value

center-to-edge θth CE 0.86oC/W
edge-to-edge θth EE 1.66oC/W
aluminum rail θal EE 0.046oC/W
AraMiS 1 U Satellite thermal resistance θth sat 1U 1.73oC/W

Fig. 12. AraMiS 33 × 16.5 × 33 cm3 satellite detailed thermal model.
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similar to the 4 U lateral structure (i.e., consisted of 8 lateral tiles and 8 
lateral aluminum rails) as shown in Fig. 14. The corresponding detailed 
thermal model of the AraMiS 8 U satellite is shown in Fig. 15, where the 
illuminated tiles have four parallel centre-to-edge thermal resistances 
(θth_CE) and the dark face have four associated parallel connected centre- 
to-edge thermal resistances (θth_CE). The 16 lateral tiles divided into two 
series connected banks have the same number of associated edge-to- 
edge thermal resistances (θth_EE) and the satellite frame structure has 
16 aluminum rail thermal resistances (θal_EE). Each bank is similar to the 
4 U satellite lateral structure where 8 θth_CE and 8 θal_EE are connected in 
parallel. Twenty-four aluminum thermal resistances (θal_Equ) are con
nected on the three equipotential surfaces (eight on each surface) as 
shown in Fig. 15. The θal_Equ resistances play no role in the satellite 
equivalent thermal resistance and can be neglected. The models of the 
thermal resistances θth_CE and θth_EE shown in Fig. 15 are inserted from 
the thermal models of the AraMiS tiles given in Figs. 6 and Fig. 7, 
respectively. The complete thermal model of the satellite is given in 
Fig. 15 while the simplified thermal model of the complete satellite is 
given in Fig. 16, where each tile is represented with a single thermal 
resistance. Here, the complete satellite thermal model reduces to 8 
θth_CE, 16 θth_EE and 16 θal_EE. The AraMiS 8 U satellite thermal model 

given in Fig. 15 can be expressed mathematically as given in (16). 

θth sat 8U =
θth CE

2
+

(
θth EE

4

//
θal EE

4

)

(16) 

Thermal resistance value of the AraMiS 8 U satellite (θth_sat_8 U) using 
(14) and Table 1 is 0.441 ◦C/W. The thermal resistance of AraMiS 8 U 
satellite is a bit more than the AraMiS 4 U structure because of the one 
extra series connected lateral bank.

5. AraMiS thermal resistance practical measurement

In the preceding part of the paper, a thermal model was presented for 
the AraMiS satellite, and theoretical values of the thermal resistances of 
the AraMiS tiles and complete satellites were determined. To verify the 
theoretical values, the practical thermal resistance was measured using 
the experimental setup shown in Fig. 17(a) and (b). The laboratory setup 
consisted of a vacuum chamber, data acquisition system, temperature 
sensors, and the system under test (AraMiS satellite and tiles).

To measure the thermal resistance of the AraMiS satellite, a source is 
required to provide thermal power to the satellite that is equivalent to 
the solar radiation at AM0 (e.g., solar power at AM0 is 1366 W/m2). 
Solar simulators can be used to provide AM0 equivalent solar radiation, 
but here, we are going to perform this measurement inside a vacuum 
chamber, and it is not possible to place a solar simulator inside a small 
vacuum chamber. For this purpose, a 2.2 Ω/100 W power resistor is 
used, which increases the satellite single-face temperature up to the 
temperature increase by AM0 sunlight. One of the AraMiS tile (16.5 ×
16.5 cm2) which harvests solar power and also provides basic structure 
to the AraMiS 1 U (16.5 × 16.5 × 16.5 cm3), AraMiS 4 U (33 × 16.5 × 33 
cm3) and AraMiS 8 U (33 × 33 × 33 cm3) satellites is used in the thermal 

Fig. 13. AraMiS 33 × 16.5 × 33 cm3 satellite simplified thermal model.

Table 2 
Calculated thermal resistances of AraMiS 4 U satellite.

Thermal Resistance Symbol Value

center-to-edge θth CE 0.86oC/W
edge-to-edge θth EE 1.66oC/W
aluminum rail θal EE 0.046oC/W
AraMiS 4 U Satellite thermal resistance θth sat 4U 0.435oC/W

Fig. 14. AraMiS 33 × 33 × 3 3cm3 satellite (a) actual satellite (b) structure frame.
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measurement as shown in Fig. 17(a).
To measure the thermal resistance of a tile, the power absorbed by 

the system and the corresponding temperature difference values are 
required, as expressed in (3). In the thermal measurement setup, an 
AraMiS satellite was placed inside the vacuum chamber, and a vacuum 
was generated in the chamber through a vacuum pump. Power equiv
alent to solar power is provided to the satellite through a 2.2 Ω/100 W 
power resistor. The AraMiS 1 U satellite, with a cubic shape and tile 
dimensions of 16.5 × 16.5 cm² (0.027 m²), has one, two or at most three 
panels exposed to sunlight at a time. When a single panel is exposed to 
solar radiation at AM0 (1366 W/m²), it absorbs 37.2 W of power (1366 
W/m² × 0.027 m²). If two panels are exposed at a 45◦ angle to the 
sunlight, the total equivalent panel surface area, accounting for their 
size and inclination, is approximately 0.038 m² (0.027 × cos (45◦) × 2). 
Under these conditions, the absorbed solar power is about 51.9 W. If 
three panels are exposed to sunlight, the sunlight will strike the panels at 

different angles due to the geometry of the AraMiS 1 U cubic shape. 
Assuming the cube’s edges are aligned with a Cartesian coordinate 
system, and sunlight is coming from a direction perpendicular to one of 
the cube’s diagonals, then the angle of incidence for each panel will be 
54.74◦ and the effective surface area will be 0.047 m² (0.027 × cos 
(54.74◦) × 3). The absorbed solar power will be 63.87 W (1366 W/m² ×
0.027 m²).

To validate the thermal resistance measured through our proposed 
model for the AraMiS satellite and its tiles, here we are going to measure 
its values through an experimental setup. As single tile is absorbing 37.2 
W power when exposed to solar radiations at AM0, therefore, we must 
provide a power of 37.2 W to the AraMiS satellite on one tile, assuming 
that it is the top tile facing solar radiation. To provide 37.2 W of power to 
the AraMiS satellite, a constant current of 4.1A was drawn through a 2.2 
Ω/100 W power resistor. Three temperature sensors are used to measure 
the temperature difference between top, bottom and lateral tiles of the 

Fig. 15. AraMiS 33 × 33 × 33 cm3 satellite detailed thermal model.

Fig. 16. AraMiS 33 × 33 × 33 cm3 satellite simplified thermal model.

A. Ali et al.                                                                                                                                                                                                                                       



Results in Engineering 25 (2025) 104217

12

satellite. One temperature sensor is attached to the illuminated tile with 
a 2.2 Ω/100 W power resistor, 2nd temperature sensor is attached to the 
lateral side tile and a 3rd temperature sensor is attached to the dark tile 
(i.e., opposite face of the power resistor tile). The illuminated and dark 
side temperature sensors measured the temperature difference between 
top and bottom side tiles of the satellite. Temperature sensor data were 
acquired using a data acquisition system. When 37.2 W of power is 
applied through the power resistor, the illuminated tile started heating, 
and the heat flew towards the dark tile through lateral tiles. The tem
perature sensor values started to increase. After some time, the tem
perature of the tiles attained steady-state values and the data from the 
temperature sensors became stable. All the sensor data were acquired 
and recorded continuously during the experiment.

The thermal resistance of the AraMiS-U1 satellite was experimentally 
measured using the setup depicted in Fig. 17, and the results are pre
sented in Fig. 18. The duration of these measurements was 133 mins. 

Notably, the temperature of the top tile increased upon the application 
of heat (37.2 W) through a power resistor. This thermal energy propa
gates to both the lateral and bottom tiles, causing a corresponding in
crease in their temperatures. After approximately 80 min, the system 
reached a state of thermal equilibrium, as is evident from the plots 
where no further increase in the temperatures of the respective tiles was 
observed. The thermal resistance, determined through the experimental 
setup, was found to be 1.83 ◦C/W (91.76 × 0.02). This value closely 
aligns with the theoretically predicted thermal resistance of 1.73 ◦C/W, 
as derived from our proposed model given in Table 1.

Here in the above experimental thermal resistance measurement, we 
haven’t assumed the terrestrial albedo’s reflected radiation effect. 
Terrestrial albedo plays a significant role in the thermal analysis of 
spacecraft [35,36]. It represents the proportion of sunlight reflected 
from the Earth’s surface back into the atmosphere without being 
absorbed. This value varies across the Earth’s surface, influenced by 

Fig. 17. (a)Solar panel with power resistor and temperature sensor (b) Vacuum chamber with one of the AraMiS satellite.

Fig. 18. Practically measured thermal resistances (Qth) values of AraMiS-1 U satellite.
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factors such as regional atmospheric conditions and surface character
istics, including snow, forests, deserts, and oceans. On average, terres
trial albedo is slightly below then 0.4 [35,36].

For the AraMiS system, which orbits relatively close to the Earth’s 
surface (<1/5th of the Earth’s radius), the Earth’s reflected radiation 
can be approximated as the product of solar radiation and Earth’s al
bedo, which yields 1366 × 0.4 = 546 W/m2. However, at an altitude of 
1200 km, this value decreases by approximately 70 % [37,38], which 
results in a received power of 546 × 0.3 = 163 W/m2 and the AraMiS 1 U 
with dimension 0.027 m2 will receive 163 × 0.027= 4 W.

Thermal resistance (θth = ΔT/P) is defined as the ratio of the tem
perature difference (ΔT) to the power flow (P) through a structure. If the 
effect of Earth’s albedo-reflected radiation is neglected, will result in 
higher ΔT, leading proportionally to a higher power flow (P). However, 
the thermal resistance (θth, ratio between ΔT and P) will remain constant 
for a given structure, as it is a property determined by the material and 
geometry of the structure.

6. Conclusion

In this paper, a preliminary thermal model is presented for the 
AraMiS multicube small spacecraft. The proposed model is composed of 
thermal resistors and thermal capacitors; however, in the case of thermal 
equilibrium, the capacitors are fully charged and do not contribute to 
heat flow. Therefore, the final model was reduced to thermal resistors. 
The anticipated model is applied to the AraMiS 16.5 × 16.5 cm2 

dimension tile and the corresponding thermal resistance network, and 
the equivalent mathematical modeling equation is derived. In the 
mathematical model of the AraMiS 16.5 × 16.5 cm2 dimension tile, each 
material, that is, FR4, copper, aluminum, etc., has its own corresponding 
thermal resistance, whose value is dependent on the dimensions of the 
respective material. the AraMiS 16.5 × 16.5 cm2 dimension tile resistor 
in the thermal models of AraMiS-1 U the AraMiS-4 U and AraMiS-8 U 
satellites, and the AraMiS 16.5 × 16.5 cm2 is represented by a single 
resistor in the thermal models of the AraMiS multiunit satellites. The 
thermal resistances of the AraMiS 16.5 × 16.5 cm2 tile and the AraMiS-1 
U satellite are measured through an experimental setup.

The theoretical values measured using the proposed model had very 
small deviations from the experimental results, which demonstrates the 
accuracy of the proposed model. The proposed model can be applied to a 
small spacecraft to measure the thermal resistance of the structure. The 
thermal resistance values of the AraMiS multi-cube structures measured 
using this model are very low, indicating that the heat absorbed by the 
satellite-illuminated face can be easily dissipated to the cooler dark face.

The proposed model serves as an effective tool during the initial 
spacecraft design phase. It allows researchers and engineers to find 
suitable materials and dimensions necessary to achieve a targeted 
thermal resistance for the spacecraft structure. Researchers can experi
ment with various material types and dimensions to achieve their 
desired thermal resistance values.
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