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Abstract

The thermal control subsystem is one of the critical subsystems of a satellite. Optimization of
the design of this subsystem could benefit a satellite’s power and mass budgets. In previous
optimization studies regarding the thermal management of low Earth orbit satellites,
solstices are typically assumed to be the thermally extreme cases. However, this could
not always be accurate. In addition, previous studies often evaluated specific parts of
the thermal system, while overlooking the dynamics of energy conversion within the
satellite. In this study, thermally extreme cases are identified using a lumped analysis
approach. Moreover, heat dissipation of certain components is modeled based on the
relationship between the generation and the consumption of power. The process begins
with an orbital analysis, which provides inputs for the lumped analysis. According to the
results of the lumped analysis, finite element analyses are performed for the worst hot
and the worst cold cases. The aim is to minimize the need for heater energy consumption
by adjusting the coordinates of the corners of the radiators, where constraints are set by
the safe temperature intervals of specific components. This computationally demanding
optimization problem is solved by Bayesian optimization, also a first for a satellite design
study. The optimized system requires a reduced amount of heater energy while satisfying
the temperature constraints.

Keywords: spacecraft thermal control; microsatellite; thermal system design; thermal
analysis; sun-synchronous orbit; Bayesian optimization

1. Introduction

Earth-orbiting satellites are being employed in ever greater numbers for applications
ranging from Earth observation, communication, intelligence gathering, and navigation
to early warning systems. In order to function properly, satellites have communication and
power instruments, sensors, actuators, and processors, all of which dissipate heat. Addition-
ally, satellites receive thermal radiation from the sun and Earth, which varies significantly
during operation. Considering that all equipment inside the satellite have a safe operating
temperature interval, thermal management using a thermal control subsystem (TCS) is nec-
essary to ensure that the satellite remains functional. Ultimately, heat supplied, which is the
addition of the amount of the internally generated heat and the amount of the externally
absorbed heat, will be balanced by the heat removed, which is the amount of heat radiated
out to space. Therefore, TCSs are utilized to manipulate the thermo-optical properties of the
outer surfaces, and the conduction/storage paths in the interior, so as to control the transient
temperature field of the satellite. TCSs include, but are not limited to, multilayer insulation
blankets (MLI), radiators, heaters, thermal straps, heat pipes, and surface finishes. Depending
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on the mission and the size of the satellite, the TCS design should be as passive and simple as
possible. For small satellites, TCS can be composed almost entirely of passive methods [1-4].

Satellites orbiting Earth are exposed to three main external thermal loads: direct
solar thermal radiation, reflection of solar thermal radiation from the Earth (Albedo),
and planetary thermal radiation. In order to manipulate the amount of the thermal load
absorbed and emitted by a particular exterior satellite surface, special thermo-optical
properties are often utilized in TCS design. Nevertheless, environmental conditions in
space, such as the presence of atomic oxygen, charged particles, and ultraviolet radiation,
degrade exterior spacecraft surfaces throughout the mission duration. This may cause a
change in the thermo-optical properties of these surfaces, especially towards an increase
in solar absorptivity. This gives rise to different emission and absorption characteristics
in the beginning-of-life (BOL) and the end-of-life (EOL) of the mission. In addition, both
the amount of external heat exposure and the internal heat generation during the mission
are variables. When designing a spacecraft’s TCS, two extreme cases, the worst hot case
(WHC) and worst cold case (WCC), are considered. In WHC, EOL conditions are assumed,
and all external as well as internal thermal loads are assumed to be at their maximum
expected values. In WCC, BOL conditions are assumed, along with the minimum expected
external and internal heat supply values [5]. If the spacecraft is designed to thermally
survive both of these cases, ideally it is expected to survive all other cases as well. Typically,
the radiator area is determined first, considering the WHC, and then the heater power is
determined, considering the WCC. If the radiator area is more than sufficient, it will result
in a greater heater power requirement and eventually cause TCS to occupy a greater share
in the mass and power budgets, which are scarce resources for a spacecraft. Thermal design
optimization is thus desirable for the efficient operation of the satellite, in addition to the
fact that it reduces the trial-and-error in the design process [6].

Several studies have evaluated the optimization of satellite TCS design in previous
decades [7-13]. In recent studies, Xiong et al. [14] proposed an intelligent density-based
global sensitivity analysis framework for spacecraft thermal design, combining machine
learning, multi-fidelity modeling, and a neural network surrogate to achieve high accuracy
with significantly reduced computational cost. Wang et al. [15] introduced an intelligent
optimization strategy using blind Kriging and many-objective evolutionary algorithms
to minimize thermal power consumption and temperature deviation in a high-resolution
spaceborne optical sensor, with results validated by thermal vacuum testing. Bai et al. [16]
presented an optimized thermal design for a 310 kg X-band synthetic aperture radar (SAR)
satellite in low Earth orbit (LEO), achieving zero-power thermal control for the antenna and
reducing heater usage by 30% while maintaining temperature stability, verified through
thermal vacuum testing. Cannon et al. [17] proposed a passive thermal control system
based on deployable radiator panels for CubeSats. Using thermal simulations and exper-
imental validation, they optimized the radiator deployment concept to achieve up to a
60 °C reduction in spacecraft body temperature while maintaining a compact stowed con-
figuration. Chen et al. [18] proposed an adaptive thermal radiation design based on smart
radiator devices with temperature-dependent emissivity. Their simulations demonstrated
substantial reductions in spacecraft temperature fluctuations and thermal control power
consumption, while incorporating deep learning to accelerate the optimization of radiator
radiative properties. Finally, Tribak et al. [19] presented a multi-objective thermal optimiza-
tion framework for a 1U CubeSat, demonstrating the significant influence of the orbital
Beta angle on temperature distributions and reliability while simultaneously optimizing
thermal performance and mission constraints. Nevertheless, winter and summer solstices
are selected as the thermally extreme cases in most of these studies. Moreover, the satellite
is often evaluated in a segmented manner.
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In this study, a novel approach for the determination and analyses of the extreme cases
is presented. The extreme cases are detected more accurately than the conventional ap-
proach by the annual screening of the lumped temperature, which are shown to be different
from the solstices, and a finite element analysis (FEA) is carried out for those identified
cases. Obviously, this requires evaluating a significantly more expensive objective function,
which is a challenge for conventional global optimization algorithms. However, Bayesian
optimization, a machine learning-based method, is much more efficient in terms of function
evaluations compared to those exploitation-only methods, as it balances exploration and
exploitation [20]. Bayesian optimization relies on a surrogate model, which is usually a
Gaussian process, and an acquisition function to optimize any black-box function. Hence,
this study utilized Bayesian optimization in the TCS design of a generic microsatellite for
the first time. The objective will be to minimize the total energy consumed by the heaters
under the constraints set by the operating temperature intervals of several components.
This objective function indirectly involves the minimization of the radiator area as well;
thus, it considers both the mass and the power budgets. In this process, a systems engi-
neering approach is adopted in the identification of heat-generating components and the
evaluation of the satellite as a whole.

2. Method and Formulation

In this study, a satellite deployed in sun-synchronous orbit (SSO) is investigated, where
the Kepler parameters of the evaluated orbit are given in Table 1. The generic view of the
satellite under investigation is shown in Figure 1. The satellite deploys two solar panel wings,
as shown in this figure. £X and +Y panels of the satellite are covered by radiators and MLI
blankets, whereas the +=Z panels are entirely covered by MLI blankets. The satellite is thought
to maintain nadir alignment in +Z axis with a velocity constraint in +X axis. —Y face, on which
another solar panel is mounted, directly faces the sun. The satellite is assumed to contain
a certain number of generic electronic components, in addition to a transponder, a battery,
a power conditioning and distribution unit (PCDU), an antenna, and a propulsion unit.

Figure 1. Simplified view of a generic satellite with all solar panels placed on one side.

Table 1. Orbital parameters used in the analysis.

Orbital Parameter Value
Altitude 500 km
Eccentricity 0
Inclination 97.4°
RAAN 0°
Argument of Periapsis 0°
True Anomaly 0°
Epoch 1Jan
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2.1. Methodology

The methodology of this study, depicted in Figure 2, can be summarized as follows.
First, an orbital analysis including the maneuvers and the orientations corresponding to
all operational modes is performed using the Systems Tool Kit (STK). From this analysis,
the angles between the body axes of the satellite and the solar vector, the satellite—sun
distance, fraction of solar intensity reaching the satellite, and the angle between the Earth—
satellite vector and the Earth—sun vector are obtained in a transient fashion for a one-year
period. This data is used in MATLAB R2021a for the calculation of the solar and the Albedo
heat fluxes. The view factors of structural and solar panels to Earth are found using the
Monte Carlo Ray Tracing (MCRT) algorithm. After the planetary heat flux is calculated
as well, the total absorbed external heat flux is calculated for WHC and WCC separately.
Then, the internal heat generation profiles of the electronic components and the PCDU are
obtained, which leads to the solution of the coupled equations of lumped temperatures,
battery heat dissipation, and solar panel power generation. This analysis is carried out for
two separate cases:

¢ Throughout a year, assuming EOL properties and maximum heat inputs.
¢ Throughout a year, but assuming BOL properties and minimum heat inputs.

Satellite lumped temperatures resulting from these analyses are tracked through time,
and the hottest instance in the first analysis is labeled as the WHC, whereas the coldest
instance in the second analysis is labeled as the WCC. This is a novel approach which could
enable predicting the worst thermal cases that a satellite can be exposed to more accurately
than choosing the winter or summer solstices as the extreme cases. Different orientations
of the satellite may expose less protected faces to external fluxes; therefore, the instance of
the highest solar flux may not be equal to the instance of the highest temperature.

STK orbital analysis
Angles between the body axes of the satellite and the solar vector
Distance from the satellite to the Sun
Fraction of solar intensity reaching the satellite
Angle between Earth-satellite vector and Earth-Sun vector

MATLAB

N

Calculate:
View factors using Monte Carlo ray tracing analysis
~>{ « Gebhart factors
Solar, Albedo, planetary irradiation
Internal heat generation except for battery

¥

Perform coupled analysis: Output (at WHC and WCC
Battery heat dissipation for 12 periods each):
Solar panel power generation —>{ « External heat fluxes
Lumped thermal analysis « Internal heat ‘L
WHC and WCC instances generation COMSOL FEM analysis

Temperature field
Heater power consumption

Perform optimization:
Objective: minimize heater power consumption <€
Constraints: temperature bounds of battery and fuel

Determine: No Yes _)-
» Radiator coordinates Terminate

Figure 2. The flowchart of the data flow for the optimization.

After the WHC and WCC instances are detected, a 3D thermal analysis is conducted at
both of these instances for 12 revolutions around Earth. This analysis employs a FEA tool,
COMSOL 6.3, with WHC and WCC instances occurring midway through the 12-periods
analysis durations. In the FEA, the heat fluxes calculated in MATLAB are defined on
the external faces, and internally heat generating components are defined accordingly.
MLI blankets are modeled using an effective thermal conductivity model [21]. The FEA
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model is solved by evaluating the conductive as well as radiative heat transfer between
the elements with the proper boundary conditions, and the resulting temperatures of
various components are obtained as the output. All these calculations are carried out for a
specific set of values defining the dimensions of the radiators that are located on three faces.
The optimization algorithm assigns this set of values to minimize the energy consumed
by the heaters, while satisfying the upper and the lower temperature limits of certain
components. In each iteration, a new radiator geometry is created, which eventually causes
a new set of external heat fluxes corresponding to the WHC and WCC instances to be used
in the two FEAs.

2.2. Lumped Analysis Formulation

In order to formulate the lumped analysis, relations for the amount of externally
absorbed thermal radiation should be identified. When Figure 1 is inspected for this
purpose, it is notable that there are two open radiative enclosures on both sides of the
satellite. One enclosure consists of the rear surface of the solar panel, the radiator, and the
MLI blanket on the +X side, and the other enclosure consists of the same entities on the
opposite side. On these surfaces, there are primary and secondary external irradiations.
Secondary irradiations are due to multiple reflections within the enclosure. This effect is
accounted for in the analysis assuming that all surfaces are diffuse. Therefore, Gebhart
factors are used to calculate the secondary irradiations absorbed by each surface. Gebhart
factors for the infrared spectrum on the +X side are calculated as follows [22]:

1 —Fboo —Fps Bﬁf Bl+2f Bl+3f 0 Fhex Fles
—Eio1 1 —Ejpes| |By By By | =|Eer 0 Fyues (1)
—Eipn —Fhpo 1 By Bjy By Fjer Fhe, 0

Here, B;j are Gebhart factors which is the fraction of the radiant energy emitted by i
that is absorbed by j directly and indirectly. In the notation adopted for the Gebhart factors,
1 denotes the radiator surface, 2 denotes the rear surface of the solar panel, and 3 denotes
the MLI surface. The superscripts + and i denote the enclosure on the +X side and the
infrared spectrum, respectively. Here, it should be noted that Gebhart factors should be
calculated for infrared and solar bands separately, as surface emissivities, €,, at these bands
are different.

Another thing to note in Figure 1 is that some parts of the external irradiation towards
the surfaces within the radiative enclosures are blocked by other surfaces. Regarding
Albedo and the planetary irradiations, this blockage effect is embedded in the calculation
of the view factors, where the view factor calculations have been complicated due to this
effect. Regarding the solar irradiation, however, a different method should be adopted as it
is approximated as rays directed from a fixed point rather than being calculated based on
view factors. Thus, the blockage effect for solar irradiation is considered by calculating the
shadow area on the +X and —X faces, and assuming that the irradiation is proportional to
the illuminated portion. As depicted in Figure 3, two angles are needed to determine the
shadow area on =X panels. These angles could be determined using the angles between
the solar vector and the satellite body axes, which are extracted from STK.

The angles that are shown in Figure 3 are given as follows:

cos Oy

&y = arccos
\/(cos 0x)* + (cos by )

(2)
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cos By
\/(cos 02)* + (cos fy)?

where 0 represents the angle between the solar vector and a particular axis of the satellite.
Using Equations (2) and (3), the shadow area on the +X panel could be found as follows:

&dy = arccos

®)

Wsp tan & x

> (ZLX — WSP tandDX tan (Dz) (4)

Ash,l =
where it should be noted that, except for the notation of the Gebhart factors, the numbering
of surfaces and bodies follows the notation given in Table 2. Then, the solar irradiation
incident on the +X panel is found by Equation (5). For other panels, it is much more
straightforward, which is why the equations for those panels are not given.

A1 —A
qsi1 = Scos 9X1A715h,1 o
where the solar heat flux is given by:
S = CSfS . (6)
(Rsatﬂsun/ AU)

where Rgat—ssun is the satellite-sun distance, f; is the fraction of solar intensity reaching
the satellite, AU is the astronomical unit, and C; is the solar constant (C; = 1367 W/ m?).
The solar irradiation absorbed by the radiator on the +X panel, taking multiple reflections
into account, could be found as follows:

qS,l,V = LIs,z',l [D(r + Bii_ls(l - DCr) + B;—ls(l - “m)} (7)

(a) (b)
projection of solar
vector onto yz-plane

W
projection of solar X

vector onto xy-plane

Oy

Ly

y

Figure 3. Shading conditions of =X panels observed from (a) xy-plane, (b) yz-plane. The red arrow
represents the solar vector.

It should also be noted that although the rear faces of the solar panels do not see the
sun, due to the multiple reflections within the enclosure, they do absorb some amount of
solar irradiation. For the rear face of the solar panel on the +X side, it could be calculated
as follows:

qs3 = Qs,i,l [B;_zs(l — IXr) + B;‘;(l - lxmﬂ (8)

Additionally, Albedo irradiation absorbed by the radiator on the +X panel is given
using the Gebhart factors by:

Gap,y = aScos & [arFr e+ B Fie(1 — ar) + B Foo(1 — ap) + B3y Fa e (1 — ) | ©)
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where a is the Albedo coefficient. It should be noted that since the Earth-sun distance is
orders of magnitude greater than the Earth—satellite distance, solar Zenith angle ¢, the angle
between the Earth-satellite vector and the Earth—sun vector, is approximately equal to the
angle between the solar vector and the 4-Z axis of the satellite.

The last external source of irradiation, the Earth heat flux, on the £X panels is given by:

Ge1r = I |€rF1e + BﬂiFl,e(l —€) + Bz+1iF2,e(1 —€p) + B;ﬁiFS,e(l - €m)} (10)

where I, is the Earth’s radiation intensity. View factors from the =X panels and the rear
surface of the solar panels to Earth, which are necessary for finding the Albedo and the
planetary irradiations, are found using the MCRT method [23]. The algorithm is applied
for the geometry represented in Figure 4 to find the view factors to Earth, where the rays
hitting the Earth are identified as those which intersect the virtual tangent disk, whose
center aligns with the center of the depicted coordinate system. The view factors from other
faces to Earth, and those between the solar panels and the structural panels are found using
the analytical formulae given in [24].

Table 2. Notation used for the lumped formulation.

Surface Number Body Letter
+X panel 1 Satellite body A
—X panel 2 +X solar panel B
+X solar panel rear face 3 —X solar panel C
—X solar panel rear face 4 BM solar panel D
+Y panel 5 +X MLI E
—Y panel 6 —XMLI F
+Z panel 7 +Y MLI G
—Z panel 8 +Z MLI H
—ZMLI I

Figure 4. Geometry evaluated in MCRT algorithm.
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The next step is to identify the total internal heat generation. First, the heat dissipation
of all other instruments is specified, using which the heat dissipation of the PCDU can be
found, which is given by [25]:

1
Qpcpu = ) Qeomp (UPCDU 1) (11)
where ) Qcomp expresses the amount of power dissipated by all other equipment, including
heaters. Additionally, the power extracted by the PCDU equals Ppcpy = Y- Qcomp/ 7PcDU-

After all external and internal thermal loads except for the dissipation of the battery
are identified, coupled analysis begins. In this system, the satellite body, three solar panels,
and MLI blankets on five surfaces constitute a thermal network of nine nodes visualized
in Figure 5. To begin with, the battery dissipates heat both when charging and when
discharging. The heat dissipation of the battery depends on the rate and efficiency of
charge and discharge, which is calculated as follows [25]:

Figure 5. Visualization of the thermal network. The labeling of the nodes matches the labeling of the
bodies in Table 2. G denotes conductive coupling and R denotes radiative coupling.

(Pgen — Pecpu) (1 = 1bc),  if Prcpu < Pgen
(PPCDU - Pgen) (1 — ﬂb/d), otherwise

Qpat = (12)

where total internal heat generation is obtained by adding those of all components,
the PCDU and the battery. The electrical power generated by the solar panels is given by:

Pgen = Aspfpnc(T) cos (1 — 6y)S (13)

where f, is the packing factor, and 7. is the cell efficiency, which depends on the temperature
of the solar panels. The temperature of the solar panel wing on the +X side is given by [26]:

aT, ; ; ;
chBa—tB = A3{q3 + g6+ Bzﬁzeban} + BﬂebUTé — Kl — B;zl)eb + ef} aTg} (14)
and the temperature of the body-mounted solar panel is given by:
oT k
mDCDTtD = Abmge |96 + tbfm(TA —Tp) — €f‘7T§} (15)
bm

Additionally, the temperature of the MLI in +X side is given by:
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aT, , , k ,
mEcEa—tE = Ay [ql + Bieno TS + Bijeno T + %(TA —Tg) — (1 - B%’)emaTé} (16)
m,

Finally, the lumped temperature of the spacecraft bus is given by:

oT . . . i
mac AT;‘ =Y Qi+ Qi+t Ar,lera(BlﬁlTj}1 + B TS + B ng) + Ar,ze,a(BHl T
ir

+BTE + B;;T;%) + Gom(Tp = Ta) + Y. G i (Tj — Ta) — Are,0 TS (17)
jm

In the above equations, all temperatures are lumped temperatures. The system of
coupled first-order differential equations is solved using the Euler’s method [27].

2.3. FEA Model Details

The satellite FEA model is created in COMSOL based on the computer-aided design
(CAD) geometry presented in Figure 6. In this geometry, all electronic components are
modeled as cubes, whereas the propulsion unit and the antenna are modeled as a cylinder
and a disk, respectively. The mesh, containing 61,617 tetrahedral elements, is generated
using COMSOL’s physics-controlled mesh tool. This 3-D model is utilized in a transient
thermal analysis with conduction and radiation heat transfer modes, where perfect thermal
contacts between surfaces are assumed. The relative tolerance of the solver is 0.01 and the
time steps are dynamically controlled. Furthermore, view factors are computed using the
hemicube method, while setting the ambient temperature at 4 K.

In the model, externally absorbed heat fluxes identified through the lumped analysis
are defined as inward heat flux inputs on each external surface, and the radiation boundary
condition is specified for all surfaces. The thermo-optical properties and the material
properties used in the analysis are presented in Tables 3 and 4, respectively. The heat
dissipation values of the electronic components are defined as volumetric heat generation
on each part, where the heat generation values of generic electronic components are
distributed randomly. The internal heat generation values of the PCDU and the battery
are calculated by user-defined functions (UDFs) as explained in Section 2.2. For the WCC
analysis, heaters on certain components are also considered where UDFs are utilized to
simulate the on-off controlled heaters.

Figure 6. Exploded CAD view of the satellite.
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The analysis is controlled from MATLAB with LiveLink. Based on the coordinates
assigned by the optimization algorithm, radiators and MLI blankets on the three panels
are created as prisms autonomously in the COMSOL CAD tool. Finally, data on time-
dependent heater power consumption are extracted from COMSOL and integrated using
the trapezoidal rule to obtain the energy.

Table 3. Surface thermo-optical properties.

Surface Property WHC WCC
XMLI blanket 0.4
€MLI blanket 0.6
Xradiator 0.3 0.15
€radiator 0.89
€structural panel interior 0.03
€electronic components 0.4
Xsolar panel front side 0.64
€solar panel front side 0.82
Xsolar panel rear side 0.2
€solar panel rear side 0.2

Table 4. Material properties used in the FEM model.
Material p (kg/m®) ¢, (J/kgK) k (W/mK)
Structural panels 1600 900 130
Electronic components 1500 900 130
MLI blankets 600 600 107° (k1), 5 (ky)
Propulsion unit 2640 1200 5
Deployable solar panels 1600 900 130
Body-mounted solar panel 1600 900 2x1078 (k ), 130 (kH)
Radiator and antenna 2700 900 130

3. Results and Discussion
3.1. Verification

Prior to the optimization study, the external irradiations on six different panels of
the satellite at the summer solstice were calculated based on the methodology explained
in Section 2.2. In order to verify the accuracy of the calculations, irradiation results are
compared with those obtained using COMSOL. As presented in Figure 7, there is no
significant discrepancy between the two results. On the +Y panel, there is a maximum of
11 W/m? difference between the two results. This originates from the fact that our method
assumes that the reflection of solar heat flux from the Earth surface is entirely diffuse,
whereas, in a more realistic view, it is between diffuse and specular. However, considering
that only a part of the irradiation is absorbed and that the entire panel is only a quarter
square meter in area, the externally absorbed power predicted by the two methods will not
differ significantly.

A further verification study is conducted using [28] as a reference, where the lumped
temperature of a CubeSat is studied. In that study, a polar circular orbit with zero Beta
angle was assumed. To match this, eccentricity, inclination, RAAN and epoch date are
set to 0, 90°, 0°, and 22 September, respectively, in STK. The time-dependent temperature
profile is obtained from the article using a plot digitizer tool. As presented in Figure 8,
results of the reference study are reproduced successfully using the current methodology.
Now that the methods have been verified, external heat flux values calculated based on

https://doi.org/10.3390/astronautics1030014
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STK and MATLAB can be used in the optimization study, and the time-dependent lumped
temperatures can be used to detect WHC and WCC.

(a) +X plane (b) -X plane (C) +Y plane
120 120 100
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Figure 7. Comparison of the surface irradiations as calculated based on the current methodology
(black curves) and as calculated by COMSOL (red curves) due to external sources on (a) +X, (b) —X,
(c) +Y, (d) =Y, (e) +Z, and (f) —Z panels of the satellite.

15

Temperature (°C)

reference study |
current methodology

_30 1 1 1 1 1 1 L | 1
0 1 2 3 4 5 6 7 8 9 10

Time (h)

Figure 8. Comparison of the time-dependent temperature profile obtained from the current method-
ology in comparison to [28].
3.2. Optimization

The main objective of this study is to minimize the heater energy consumption of the
satellite in the WCC, under the constraints imposed by the temperature intervals of the
battery and the propulsion tank. The objective function is given as follows:

tend
F(X) = /O Qheater(t)dt (18)

where Qpeater is the heater power consumption during the WCC period, te,gq denotes the

T
12-periods duration, and xy = [+Xleft/ +Xrights - - - » T Ydowns —I—Yup] is the vector of design
variables, which are the coordinates of the corners of the three radiators. On the other hand,
the constraints can be formulated as follows:

Thattery, wee > |0 :C (19)
Tpropulsion tank, WCC 5°C

https://doi.org/10.3390/astronautics1030014


https://doi.org/10.3390/astronautics1030014

Astronautics 2026, 1, 14

12 of 19

40 °C

Tbattery WHC
’ 20
| e e

Tpropulsion tank, WHC

Bayesian optimization algorithm in MATLAB is utilized, which is trained with 20 ran-
domly sampled initial data points. Expected improvement plus acquisition function is
preferred in this study. The acquisition function determines the next point in the input space
to evaluate the objective function based on the exploration-exploitation trade-off, where
the exploration ratio is 0.5. In this, the acquisition function takes into account the mean and
deviation of the surrogate model, which is a Gaussian process with an automatic relevance
determination (ARD) Matérn 5/2 kernel, representing the objective function. The coupled
constraint is also modeled by a separate surrogate model using the same kernel.

Bayesian optimization is shown to be suitable for minimizing computationally expen-
sive functions where the number of evaluations is limited to a few hundreds [29]. In this
optimization study, 120 function evaluations are carried out, where each evaluation takes
around 2 h. The variation in the minimum objective function as a function of the number
of evaluations performed is presented in Figure 9. The figure illustrates the minimum
value of the objective function. The first design point provides a lower objective value, yet
it does not meet the constraints; thus, it does not continue as the best point. After that,
the surrogate model predicts new design points that provide a lower objective value and
also meet the constraints, where the stopping criteria is to reach 120 iterations.

%10°

798

Min objective

L | | | 1 | 8.8
] 20 40 60 80 100 120

Function evaluations

Figure 9. Tracking of Bayesian optimization.

On the other hand, Table 5 presents the design bounds and the set of optimal values
for the coordinates of the corners of the radiators. It should be noted that each face of the
satellite is a 50 cm by 50 cm square. In the table, the capital letter represents the panel
on which the radiator is mounted. Additionally, subscripts “left” and “right” denote the
distances of the radiator’s vertical edges from the left edge of the panel, whereas subscripts
“down” and “up” denote the distances of the radiator’s horizontal edges from the lower
edge of the panel. This notation is visualized in Figure 10.

The relationship between the total radiator area and the total heater energy consump-
tion across different optimization iterations is shown in Figure 11 where the green and
red colors, respectively, denote whether or not the constraints are satisfied. Contrary to
expectations, there is no visible correlation between these two parameters. There are several
iterations which yield roughly the same energy consumption employing varying radiator
areas. Conversely, some iterations employ roughly the same radiator area, but the resulting
heater energy consumptions are different. These observations mean that not only the
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radiator area but also the placement of the radiators influence energy efficiency, considering

the distribution of the heat-generating components on the panels.

FXest

+X

right

Figure 10. Demonstration of corner coordinates for the radiator mounted on the +X panel.

Table 5. Optimized coordinates of the corners of the radiators.

Variable Lower Bound (mm) Upper Bound (mm) Optimum Value (mm)
+Xleft 10 110 14.6
+Xright 390 490 470.6
+Xdown 10 110 38.4
+Xup 390 490 443.6
—Xieft 10 110 87.9
—Xright 390 490 466.8
—Xdown 10 110 85.0
—Xup 390 490 464.4
+Yefe 10 110 70.6
+Yright 390 490 480.3
+Ydown 10 110 76.1
+Yup 390 490 436.6
1000
. pPe abe Aoy "
" )
L
= 800 | o f‘ e
%
o e,
& 600 | ¢
L ]
400 y : * * !
0.3 0.35 0.4 0.45 0.5 0.55
Area (mz)

Figure 11. Relationship between heater energy consumption and radiator area. Red points: con-

straints are not met; Green points: constraints are met.
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3.3. Lumped Analysis

As explained in Section 2.1, two lumped analyses are performed to only detect WHC
and WCC, providing the external heat flux inputs corresponding to these instances for the
FEA. As mentioned before, although the method and formulation could be extended to any
small satellite, a satellite in SSO is considered in this study. The orbital analysis in STK utilized
the Kepler parameters presented in Table 1. In this analysis, satellite ephimeris is generated
using the High-Precision Orbit Propagator (HPOP), along with the EGM96 model to calculate
gravitational perturbations. Furthermore, eclipses are calculated using the conical shadow
model to account for penumbra and umbra regions. The result of this one-year analysis
is utilized in both scenarios. It should also be noted that two altitude hold maneuvers are
considered for 1 May and 29 August, providing AV of 6 m/s and 5 m/s, respectively.

In the lumped analysis, a total mass of 60 kg and an effective specific heat capacity of
940 J /kgK representing the satellite bus are utilized. Suitable parameters are also applied
for the three solar panels and six MLI blankets, separately. Additionally, it is assumed that
the Albedo coefficient, a, changes from 0.35 in WHC to 0.25 in WCC, whereas the planetary
radiation intensity, I., changes from 236 W/ m?2 in WHC to 211 W/m? in WCC.

In Figure 12, the number of epoch days to reach WHC and WCC across different
iterations of the optimization is presented. Apparently, WHC remains almost constant
throughout different iterations, whereas WCC changes appreciably. Another noteworthy
point is that both extreme cases occur at rather arbitrary dates, not at the winter or summer
solstices, which are April 22 and June 30 for WHC and WCC, respectively. This proves that
lumped analyses are indeed necessary to find the actual extreme cases.

300 T T

250

Epoch Days
[
]

150

100
0

Iterations

Figure 12. The change of epoch days to reach WHC and WCC based on the results of the lumped
analysis from iteration to iteration.

The total external thermal loads and the resulting satellite lumped temperature profiles
in the optimized case for both WHC and WCC are presented in Figure 13 for a duration
of an entire year. It is evident that the lumped temperature of the satellite changes only a
few degrees of Celsius within a particular scenario, whereas it changes significantly from
one scenario to another. In WHC, the transponder’s duty cycle causes larger temperature
oscillations, while in WCC, with the transponder off, temperature oscillations result only
from orbital variations in external heat fluxes.

Similarly, the lumped temperature of the body-mounted solar panel is given in
Figure 14 along with the total generated power. Obviously, the temperatures are simi-
lar in both cases, independent of the lumped satellite temperature, which is due to the
conductive isolation. Another notable point is the occurrence of short eclipses during a
specific period of the year, caused by the changing Beta angle. During this period, the solar
panel temperatures oscillate rapidly due to their small thermal mass. Although the solar
panel temperatures in both scenarios are similar, the electrical power generated by the
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solar panels differs significantly. The power depends on the cell efficiency as presented in
Equation (13), which is expressed separately in WHC (EOL) and WCC (BOL) as follows:

Hewnc = 0.44 —4.53 x 1074T 1)
Hewee = 0465 — 4.5 x 1074T (22)
(a) (b)
38 3 . .
8 s 8 \/| \/
o o 25+ | ]
2 a7 B
g 3
o 2 ot
£ 365 :
a April 22 = June 30
36 Sl . 15 pZe .
100 200 300 100 200 300
Time (d) Time (d)
(c) (d)
40 26 =
_35} _
< =24t
3 30 =
% g 22
o 25 o
20 - : . 20 . ‘ N
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Time (d) Time (d)

Figure 13. Lumped analysis results for satellite temperature in (a) WHC and (b) WCC, and total
external thermal load in (¢) WHC and (d) WCC.
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Figure 14. Lumped analysis results for body-mounted solar panel temperature in (a) WHC and
(b) WCC, and total generated power in (¢) WHC and (d) WCC.

3.4. Finite Element Analysis

External heat flux values identified through the lumped analysis are given as inputs
into the FEA. On the other hand, battery heat dissipation, electrical power generation,
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and heater power consumption values are recalculated within the FEA by UDFs. Time-
dependent values of battery heat dissipation and total internal heat generation in the
optimized case for both scenarios identified through the FEA are illustrated in Figure 15.
As evident from the figure, the total internal heat generation profile in the WHC follows
a pulsed trend due to the transponder’s duty cycle. It is assumed that the transponder is
active five times per revolution, with the on-state corresponding to around 26% of its duty
cycle. Nevertheless, in WCC, the transponder is off and the total internal heat generation is
much smaller. Furthermore, it is assumed that #7pcpu, b, and 7, g4 are equal to 0.9, 0.91,
and 0.95, respectively.

Temperatures of battery, propulsion unit and solar cells as well as the average temper-
ature of the satellite body in the optimized case, are depicted in Figure 16. Starting from a
20 °C initial condition, periodic steady state has been reached within the 12 period duration.
To test the mesh independence, the number of elements is increased from 61,617 to 142,576,
where the results for WHC are presented in Figure 17. It is noteworthy that the average
temperature of the front surface of the solar panels is regarded as the solar cell temperature.
That temperature is utilized in the calculation of the electrical power generation and thus
the battery heat dissipation through Equations (12), (13), (21) and (22). As also predicted in
the lumped analysis, solar cell temperatures are subject to large swings due to their small
thermal mass. Figure 16 shows that the temperature profiles stay within the safe limits.
The battery temperature is successfully maintained over 0 °C by on-off heaters in WCC.
Table 6 present the temperature intervals of several parts of the satellite. As a final remark,
while lumped analysis is an effective method for identifying worst-case scenarios, FEA
results show that it inevitably overestimates the temperature in WHC and underestimates
itin WCC.

250 7 T T T T 1 B

200 |1

— 150 |1

Power (W'

100+ a _

50~ —

o E T T T —1 T v o —7 T =
o 2 4 B 8 10 12 14 16 18
Time (h)

Figure 15. Internal heat generation values of battery and the entire satellite in both extreme cases.

Table 6. Minimum and maximum temperatures of several satellite parts, where “op” denotes
operating, and “est” denotes estimated.

Satellite Part Tmin, op (°C)  Tmax,op (°C)  Thin, est (°C)  Timax, est (°C)
Battery 0 40 3.68 34.6
Propulsion unit 5 45 16.5 23.5
Electronic components —40 85 4.00 36.7
Solar cells —40 100 -10.5 62.6
Structural panels —80 150 3.96 38.6
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Figure 16. Temperature profiles of various entities modeled by FEA over time in (a) WHC and
(b) WCC.
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Figure 17. Testing of mesh independence in WHC, where the solid lines denote the original mesh
and the squares denote the refined mesh. Blue indicates the solar cells, black indicates the average,
and magenta indicates the propulsion unit.

4. Conclusions

Satellites should be maintained as close to room temperature as possible since most
components of the satellite operate safely at these temperatures, where some components
require more stringent thermal management compared to others. This is impossible without
a thermal control subsystem, as the satellite is exposed to significantly varying external
and internal thermal loads. In satellite thermal design, two of the possibly worst thermal
cases are considered. In the design, a passive thermal control strategy, such as MLI blankets
and radiators, is desirable; however, heaters are mostly utilized as well. It is desirable to
minimize the heater power consumption and the radiator area considering power and
mass budgets.

This study aimed to minimize the heater energy consumption under the constraints
imposed by the operating temperature intervals of specific equipment. Bayesian opti-
mization is utilized for the first time in a satellite thermal design study. The optimization
algorithm determines the corner coordinates of rectangular radiators. On the modeling
side, several analysis steps were assembled from a systems engineering perspective. First,
an orbital analysis is performed to provide inputs for lumped analyses. Two lumped
analyses are conducted, representing thermally extreme cases. These analyses provided the
external heat flux inputs for finite element analyses. Additionally, in contrast to previous
studies, the dates corresponding to the worst hot and cold cases are determined by these
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two lumped analyses. Finally, two finite element analyses are performed, according to
which the temperature profiles of several components as well as the necessary heater power
are determined.

The results show that there is no considerable correlation between the radiator area
and the heater energy consumption. That being said, not only the radiator area but also
its location influences the energy efficiency. Additionally, the dates corresponding to the
extreme thermal cases are affected by the radiator selection, and are not solstices. Conse-
quently, it could be safely argued that Bayesian optimization method enabled solving a
computationally expensive optimization problem and thus achieving reduced heater energy
consumption while satisfying temperature constraints. The approach in this study could
bring an integral and realistic perspective to satellite thermal control. When integrated
into satellite research and development, this methodology could provide a time-efficient
thermal design process, as well as energy and mass savings in satellite operation.
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