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 A B S T R A C T

Spacecraft solar arrays convert sunlight into electrical energy to fulfil the energy requirements of various 
missions. This work proposes a comprehensive environment for accurate power operation predictions. Specifi-
cally, this environment simulates the behaviour of a body-mounted solar array. Furthermore, the designing and 
modelling processes of the solar array require considering different technical and practical constraints posed by 
the space environment. These challenges necessitate a thorough evaluation of all potential sources of losses and 
degradation. Compared to conventional approaches, our novel SSA model incorporates the complete spacecraft 
mission design scenario, thus it incorporates the operational cyclogram and power budget calculation. To 
substantiate our proposed method, telemetry data from the commercial LEOS-50 platform is leveraged to 
develop an experimental, mathematical, and thermal in-orbit model based on GaAs technology. This approach 
stands out for its exceptional accuracy in predicting the output power characteristics of solar panels. Therefore, 
it ensures achieving mission requirements from inception to completion in the beginning-of-life and end-of-life 
stages. The results demonstrate the success of the SSA operation in converting sunlight into electrical energy 
with a high conversion rate.
1. Introduction

Recently, several spacecraft in low Earth orbit (LEO) have played a 
crucial role in various fields, e.g., communication, weather monitoring, 
and scientific research. To achieve these missions, spacecraft solar 
arrays (SSA) convert sunlight into electrical energy to fulfil the energy 
requirements of all systems and instruments of spacecraft [1,2]. Unlike 
other conventional power sources, SSA provides a sustainable and 
renewable source of energy in space, where access to traditional energy 
sources is limited. Moreover, this electric power source, i.e., SSA, affects 
the design of the spacecraft mission and capabilities [3,4]. Developing 
a suitable SSA requires obtaining an accurate model to predict power 
operations and to simulate SSA behaviour to optimize spacecraft perfor-
mance. This work proposes a systematic and comprehensive approach 
to ensure the proper functioning of micro-spacecraft in LEO orbits. This 
complete environment is used to simulate and design SSA that comprise 
body-mounted solar panels.
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1.1. State of the art of SSA power modelling

In the literature, various modelling methods, e.g., mathematical and 
numerical models, as well as some simulation tools have been proposed. 
Generally, SSA models can be classified into analytical, numerical, and 
empirical approaches. Each method takes into account different factors, 
e.g., shading, efficiency, and output power. For instance, mathematical 
models based on physical principles are employed for predicting SSA 
performance. For example, the one-diode model and the Lambertian 
model allow to simulation of the electrical characteristics of solar cells. 
These models aid in predicting power output based on irradiance, tem-
perature, and other variables. Otherwise, simulation and computational 
tools provide a virtual environment for analysing SSA performance by 
considering various environmental conditions and electrical character-
istics. Software packages like MATLAB, PSpice, and PVsyst allow for 
simulating the SSA behaviour under different scenarios, e.g., shading 
effects. These tools greatly facilitate the design process leading to 
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improving the overall power generation efficiency and optimizing the 
array configurations. For a comprehensive review, the reader is referred 
to [5–10].

In the literature, several studies have addressed the power budgets 
analysis and design challenges of different CubeSat sizes (e.g., 1U, 2U, 
and 3U) with different power ranges [11–17]. For instance, [12] per-
formed a power budget analysis method for a 1U CubeSat, considering 
operational modes and power consumption to determine the appropri-
ate spacecraft configuration and battery capacity. The CubeSat power 
budget was analysed in [16] to determine the number of solar panels 
and batteries required for mission performance. The study calculated 
power requirements per orbit period, estimated power consumption, 
and calculated power generation by solar panels to inform the design 
of the power system. They also considered the utilization of previous 
solar panel designs to minimize development time and cost.

A reliable spacecraft power supply subsystem was designed in [18] 
based on discrete water cycle multi-objective optimization. Other stud-
ies [19,20] analysed the relationship between received solar irradiance 
and spacecraft orientation to optimize solar cell design and energy 
balance. However, some studies focused only on standby mode when 
analysing power consumption. Recent studies, e.g., [11], have explored 
power capacity requirements and EPS characteristics for LEO Cube-
Sats in 5G applications. The study considered orbit altitude, coverage 
area, CubeSat movement, size constraints, volume resources, and 5G 
latency requirements. A mathematical and empirical model for a new 
spacecraft SSA power generation subsystem mission is designed and 
implemented [1,21].

In summary, these previous studies have explored power budget 
analysis, mission-specific power modes, and orientation scenarios for 
SSA design and validation. These considerations are crucial for effi-
cient energy management in spacecraft missions with varying power 
requirements and design constraints.

1.2. Work contributions and structure

This work proposes a comprehensive environment for accurate 
power operation predictions. Specifically, this environment simulates 
and predicts the power operations of a body-mounted SSA to ensure 
the success of the micro-spacecraft mission. Furthermore, the proposed 
SSA model considers various technical and practical factors, e.g., the 
thermal effects, the degradation factors, and environmental conditions 
till the end of life (EOL) of the spacecraft. Compared to conventional 
approaches, our novel SSA model incorporates the complete mission 
design scenario, thus it incorporates the operational cyclogram and 
power budget calculation.

In this work, a mathematical and thermal in-orbit model is devel-
oped for Gallium Arsenide (GaAs) SSA, of 30% efficiency [22] using the 
telemetry data of a commercial LEOS-50 platform [23]. This developed 
model verifies the capability of the LEOS-50 platform [23], to execute 
the proposed power budget. Therefore, it ensures achieving mission 
requirements from inception to completion at both the beginning-of-life 
and end-of-life stages. To maximize power generation, we consider var-
ious design factors, e.g., orientation, orbital dynamics, interconnection, 
arrangement of solar cells, and deployment mechanisms.

This paper is organized as follows: The SSA model, equivalent 
circuit, and power budget calculations are represented in Section 2. 
Mission cyclogram design scenarios with power budget calculations are 
described in Section 4. The simulation results are discussed in Section 6. 
Section 7 concludes the proposed work.

2. Spacecraft solar array model

The SSA is a crucial component of space missions that consists 
of multiple interconnected solar panels, which convert sunlight into 
electrical energy to power various systems on the spacecraft. The 
first step in designing and analysing spacecraft power systems is to 
2 
obtain an accurate SSA model to optimize performance and ensure 
mission success. This model should incorporate various design aspects, 
e.g., panel dimensions, deployment mechanisms, material properties, 
incident solar flux, and orientation relative to the Sun to maximize 
energy production while withstanding the harsh conditions of outer 
space.

2.1. Factors affecting SSA performance in LEO orbit

Practically, SSA efficiency in LEO orbit is influenced by various 
factors, e.g., variations in sunlight intensity, orbital dynamics, and mi-
crogravity conditions. For instance, the sunlight intensity varies in LEO 
due to Earth atmosphere, Sun angle, and orbital position. Therefore, the 
arrangement of solar cells in an SSA system is crucial for maximizing 
power generation. Additionally, deployment mechanisms are carefully 
constructed to ensure the seamless unfolding of the arrays after launch.

Therefore, orbiting around the Earth should be considered to max-
imize power generation by optimizing the spacecraft orientation. For 
instance, solar irradiance variations directly impact power generation 
capabilities. Moreover, spacecraft orientation and eclipse shadowing 
reduce the SSA exposure to sunlight. Orientation scenarios and their 
impact on spacecraft performance and power generation were investi-
gated in various papers, e.g., [19,20]. Moreover, ballistic and dynamic 
calculations of the spacecraft route are performed. Power budgeting 
also takes into account the spacecraft orbit and orientation to bal-
ance the coverage area and power generation requirements of the 
radio communication subsystem [11,17]. Therefore, SSA configurations 
should be designed to minimize shadowing to ensure consistent power 
generation. On the other hand, SSA can experience significant tem-
perature fluctuations, which affect their electrical performance and 
lifespan. To mitigate these effects, thermal insulation and heat dissipa-
tion mechanisms must be carefully considered to ensure optimal power 
generation.

Efficiency and conversion rates are the main factors of solar power 
generation in space. For instance, the degradation and ageing of any 
solar cell affect the SSA performance. Hence, degradation and ageing 
cause challenges to maintaining optimal power continuously [5].

Practically, SSA designing and modelling face various challenges 
and uncertainties for LEO spacecraft due to limited resources. More-
over, there are always technical and practical constraints that should 
be considered to develop the perfect SSA model. For instance, computa-
tional complexity and real-world testing and validation should be taken 
into account for space applications. Recently, as technology continues 
to advance, addressing the challenges and limitations in SSA modelling 
has become imperative for LEO spacecraft. By continuously refining 
our modelling approaches and exploring innovative solutions,  we can 
enhance the power generation capabilities of SSAs [23–25]. 

2.2. Optimizing SSA design for LEO spacecraft

The required power and regulated voltage should be achieved dur-
ing SSA design to successfully provide continuous and conditioned 
power to various loads of the spacecraft. Practically, SSA manufac-
turing requires careful consideration of various factors, e.g., advanced 
technologies, architecture, and structural configuration [19].

Recently, various manufacturing techniques have been proposed 
to enhance solar cell performance and efficiency to maximize the 
generated power. For instance, modern technology and innovative 
approaches have been utilized using new materials to squeeze every last 
drop of power from these tiny solar cells. Moreover, it is important to 
develop innovative approaches for designing lightweight and compact 
SSA as every gram counts in space. For instance, different types of SSA 
have been produced recently, e.g., monocrystalline, polycrystalline, 
and thin-film, each has its characteristics, e.g., efficiency, weight, and 
cost. Therefore, selecting the right SSA technology for LEO spacecraft 
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Fig. 1. Angle (𝛼) between the normal to an orbital plane and Sun direction.

involves striking a balance between power generation and mass and 
space constraints as well as reliability [7,8] .

By understanding the design principles, we can optimize the effi-
ciency and reliability of SSA utilizing advanced modelling techniques 
considering the various factors impacting performance. SSA structures 
must maintain the desired power output while enduring the harsh 
conditions of space, e.g., extreme temperatures, radiation, and microm-
eteoroids. The key aspects of SSA structural design include materials 
selection and deployment mechanisms as well as mechanical stability. 
This article explores the modelling techniques of SSA power generation 
for LEO spacecraft [9,26] .

2.3. Mathematical and computational equations

The SSA model uses mathematical equations and computational 
methods to simulate the electrical characteristics of the SSA, e.g., volt-
age output and current generation in different operational conditions. 
These outputs are used to evaluate energy conversion efficiency, opti-
mize deployment strategies, assess thermal effects on performance, and 
identify potential structural issues.

In this context, the SSA output power depends on the SAA type, 
orbital parameters, the SSA orientation, and illumination conditions as 
well as thermal parameters. Moreover, the SSA output power depends 
on air mass zero 𝐴𝑀0 = 1370 [W/m2], which is the total solar energy 
incident on a unit area perpendicular to the sun’s rays at the mean 
earth–Sun distance on top of the earth’s atmosphere. The illumination 
Coefficient 𝐾𝑖𝑙𝑙 is expressed in (1) for the spacecraft panels accord-
ing to the angle [𝛼] of each face of the spacecraft (body mounted 
configuration)  as shown in Fig.  1. 

𝐾𝑖𝑙𝑙 = 𝑛 ⊙ 𝑆 = 𝑛 ∗ 𝑆 cos 𝛼 (1)

From dot product in Eq.  (1) since vector 𝑛, 𝑆 are a unit vector then 
|𝑛|, |𝑆| = 1 and the illumination factor  can be calculated as [27–29]. 

cos 𝛼 = 𝑛 ⊙ 𝑆 =  illumination coefficient , (2)

Where 𝑛 is the normal vector to the SSA plane, and 𝑆 is the direction 
to the Sun vector.

Calculation of normal vector (n)
The calculation of the projection of 𝑛 in the body coordinate system 

(BCS) is shown in Fig.  2. The vector 𝑛 is expressed as 

𝑛 = sin(𝜃) cos(𝜙)𝑥 + sin(𝜃) sin(𝜙)𝑦 + cos(𝜃)𝑧, (3)

Here, 𝜙 is the angle between the X axis and the projection of the vector 
𝑛 in the XY plane. 𝜃 is the angle between the 𝑍-axis and vector 𝑛.
3 
Fig. 2. Projection of vector (n) in BCS.

Fig. 3. Calculation of vector (S) by using OCS.

Fig. 4. Equivalent circuit of PVC.

Calculation of vector (s)
Using the orbital coordinate system (OCS) as shown in Fig.  3, the 

vector (S) is expressed as 
𝑆 = − sin(𝜈) sin(𝛽)𝑧1 + cos(𝜈)𝑧2 + sin(𝜈) cos(𝛽)𝑌 (4)

Where 𝛽 is the angular position of the spacecraft in orbit (in shadow or 
the sun) at any instant, 𝜈 is the angle between the direction to the Sun 
and the normal to the orbital plane. The optimal Sun vector is obtained 
using the illumination modal orientations of the spacecraft faces during 
the worst-case scenario. The optimum Sun vector is calculated to 
achieve optimum illumination of the spacecraft faces as
(1∕

√

11,−3∕
√

11,−1∕
√

11)

2.4. Solar cell equivalent circuit

The equivalent circuit of a spacecraft solar cell simplifies the com-
plex physical processes occurring within the solar cell, enabling precise 
analysis and characterization of its electrical behaviour and optimizing 
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its operation. The equivalent circuit, see Fig.  4, consists of p–n junction 
diodes and resistors as well as photovoltaic current sources driven by 
the voltage value applied at its terminals. These components represent 
essential phenomena, e.g., carrier recombination, diffusion current, 
series resistance losses, and shunt resistance losses. Quantifying these 
parameters accurately leads to maximizing efficiency and reliability in 
space missions.

Generally, a solar cell, or a photovoltaic cell (PVC), is a particular 
p–n junction. In this junction, the diffusion process (diode D1) co-exists 
with the generation and recombination effect of the charge carrier 
(diode D2) induced by the presence of crystalline defects. This model 
is for a triple-junction solar cell with an efficiency of (30%), which has 
been tested and validated by the manufacturer (AZUR SPACE company) 
and is available on the company website [22] . The mathematical model 
of PVC should consider the intensity of the incident light, operational 
temperature, and degradation  due to the space radiation [27–29]. In 
the same context, the electrical properties of GaAs solar cells, e.g., 
their high efficiency and temperature stability, influence the equivalent 
circuit model. For example, the high open-circuit voltage (𝑉𝑜𝑐) and low 
temperature coefficient of GaAs cells are incorporated into the diode 
equations used in the model:
𝐼solar cell = 𝐼𝑆𝐶 − 𝐼𝑆 × (𝑒𝑟(𝑉 +𝐼 ⋅𝑅𝑠) − 1),

where 𝐼𝑆𝐶 is the short-circuit current, 𝐼𝑆 is the reverse saturation 
current, and 𝑅𝑠 is the series resistance.

2.5. Solar array mathematical model

The SSA mathematical model depends on the PVC characteris-
tics [22,30] . The volt–ampere characteristic (VAC) equation is given 
by: 
𝐼solar cell = 𝐼𝑆𝐶 − 𝐼𝑆 ×

(

𝑒𝛾(𝑉 +(𝑟𝐼)) − 1
)

, (5)

Where 𝐼𝑆 [A] is reverse saturation current, 𝛾 is the VAC shape factor, 
𝑟[𝛺] is PVC series resistance, 𝐼 [A] is the PVC load current, 𝑉  [V] is 
the PVC load voltage. 𝐼𝑠𝑐 [A] is the short circuit current of the solar 
cell, it can be equal to the PVC short circuit current 𝐼𝑜 is given the low 
difference of values between them.

Using the values of short circuit current 𝐼𝑜, open circuit voltage 𝑉𝑜𝑐 , 
current and voltage at maximum point 𝐼𝑚 and 𝑉𝑚, given in Table  5, the 
values of 𝑟, 𝛾 and 𝐼𝑠 can be calculated as follows:

𝑟 =
𝑉𝑚
𝐼𝑚

− 1

𝛾 ×
(

𝐼0−𝐼𝑚
) (6)

𝛾 =

𝐼𝑚
𝐼0−𝐼𝑚

+ ln
(

1 − 𝐼𝑚
𝐼0

)

2 × 𝑉𝑚 − 𝑉𝛺𝑐
(7)

𝐼𝑠 =
𝐼0

𝑒𝛾×𝑉𝑜𝑐−1
(8)

The output electric power given by PVC is given by: 
𝐏 = 𝐕 ⋅ 𝐈 (9)

This mathematical model reflects the specific performance characteris-
tics of GaAs solar cells, e.g. their high conversion efficiency (30%) and 
low degradation rate. This includes the calculation of maximum power 
point (𝑃𝑚) and the impact of GaAs’s superior radiation resistance on 
long-term performance.

2.6. Solar array power budget calculation

The SSA power budget calculation is an essential process in the 
spacecraft design and operation. It involves determining and optimizing 
the available power generated by the SSA for all mission phases without 
experiencing any energy shortage or interruption. The objective is to 
ensure that enough power is generated and stored in batteries during 
4 
the orbital day to meet all energy demands during orbiting daylight 
and eclipse periods. This calculation takes into account various factors, 
e.g., the cell efficiency, their degradation over time, and eclipse periods. 
In this section, the whole calculation of the SSA generated power is 
consistent with the methodology obtained by previous works [11,31].

2.6.1. Solar cell-specific output power calculation
The specific output power determines the efficiency and effective-

ness of the solar cells in converting sunlight into electrical energy to 
power various spacecraft subsystems. To calculate this value, several 
factors must be considered, e.g., incident solar radiation, eclipse pe-
riods, orientation angles, and solar cell characteristics, such as area, 
efficiency, and temperature coefficient. All these variables are then 
used in complex mathematical equations to determine the specific out-
put power for each solar cell and consequently assess its contribution 
to overall power generation.

Assuming that the Sun radiation is normal to the cell surface,  the 
specific output power 𝑃𝑜∕𝑇𝐽 [W/m2] is expressed as: 

𝑃𝑜∕𝑇𝐽 = AM0 × 𝜂𝑇𝐽 = 1370 × 0.3 = 410.1
[

W∕m2] , (10)

Where 𝜂𝑇𝐽 : efficiency of Triple junction solar cells which is assumed to 
be 30%.

2.6.2. Performance degradation models
This subsection outlines the factors contributing to solar array 

degradation, including radiation exposure, temperature effects, and 
system efficiency losses.

Degradation coefficient calculation
Degradation coefficient calculation plays a vital role in determining 

SSA performance and longevity. This calculation considers various 
factors, e.g., the radiation environment such as proton and electron 
fluxes, as well as the thickness and composition of protective cov-
ers on the solar cells. Practically, the degradation rate depends on 
multiple parameters, e.g., cell technology and quality, mission orbit, 
and shielding design. These factors affect the 𝐼 − 𝑉  characteristic 
of the SA. By employing advanced modelling techniques using data 
from previous missions, professionals can accurately estimate cell-
degradation coefficients, aiding in reliable spacecraft system design and 
operation. In general, the calculation considers both short-term and 
long-term degradation to predict the overall decline in cell efficiency 
over time.  The average degradation coefficient 𝐾𝑑 is defined as the 
factor by which the solar cell’s efficiency decreases over time due to 
space radiation and other environmental factors. It is calculated using 
the following equation [1,21]: 

𝐾𝑑 =
[

1 −
(

𝐷TJ
)]𝑆𝑎𝑡𝐿 =

[

1 −
( 2
100

)]2
= 0.9604, (11)

where 𝐷𝑇𝐽  is the degradation coefficient of triple-junction solar cells, 
representing the annual percentage decrease in efficiency due to the 
influence of the space environment. For this study, 𝐷𝑇𝐽  is assumed 
to be 2% per year, based on empirical data from previous missions 
using GaAs solar cells in LEO orbit. This coefficient accounts for the 
cumulative effects of radiation, temperature cycling, and other envi-
ronmental factors. 𝑆𝑎𝑡𝐿 is the spacecraft’s lifetime in years (assumed 
to be 2 years). This equation accounts for the cumulative effect of 
degradation over the mission duration.

Specific output power degradation due to system efficiency
Over time, the solar cells experience degradation in their specific 

output power due to system efficiency, radiation damage, temperature 
effects, and production defects. Therefore calculating the specific actual 
power, 𝑃𝑎𝑐𝑡∕𝑇𝐽 [W/m2], takes into account the system efficiency , 𝜂sys, 
including wire losses, chemical battery, blocking diodes, etc [1,21]. 
𝑃 = 𝑃 × 𝜂 (12)
𝑎𝑐𝑡∕𝑇𝐽 𝑡∕𝑇𝐽 sys 
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Assuming a system efficiency 𝜂𝑠𝑦𝑠 = 0.9, which accounts for losses due 
to wiring, blocking diodes, battery charging/discharging inefficiencies, 
and other parasitic losses in the power distribution system. This value 
is based on empirical data from similar spacecraft power systems and 
is consistent with industry standards for LEO missions.1  Therefore, 
𝑃𝑎𝑐𝑡∕𝑇𝐽 = 348.054 × 0.9 = 313.25 [W∕m2]. So understanding and 
mitigating these degradation mechanisms is crucial for maintaining 
maximum power generation from spacecraft solar cells and ensuring 
optimal performance throughout their operational lifespan.

2.6.3. EOL specific output power calculation
With a finite lifespan, solar cells experience degradation over time 

due to factors, e.g., radiation exposure and temperature fluctuations. 
Calculating the specific output power at end-of-life (EOL) must consider 
various factors, e.g., the initial rated output power, degradation rate, 
and estimated lifetime. By accounting for these factors, the EOL-specific 
output power can be estimated using empirical or analytical models 
based on prior space mission data. The EOL specific output power, 
𝑃O/EOL [W/m2] is given by:

𝑃𝑂∕𝐸𝑂𝐿 = 𝑃𝑜∕𝑇𝐽 ×𝐾𝑑 (13)
𝑃𝑂∕𝐸𝑂𝐿 = 410.1 × 0.9604 = 393.86

[

W∕m2]

This calculation allows evaluation of whether anticipated energy will 
meet operational requirements throughout its intended lifespan or if 
necessary mitigating strategies need to be implemented to maintain 
optimum performance.

2.6.4. Temperature coefficient calculation
Solar cells are sensitive to temperature variations significantly af-

fecting their power output. Practically, the SSA is exposed to a wide 
range of temperatures during its operation under space environmen-
tal conditions. Therefore, temperature coefficient calculation consid-
ers various factors, e.g., temperature coefficients of voltage, current, 
power, and efficiency. These values are usually obtained through ex-
tensive testing under controlled conditions. Accurate calculations of 
the temperature coefficient ensure that the cells can deliver optimal 
performance regardless of the harsh conditions in space. For instance, 
if the spacecraft is in the shadow period, the SSA temperature can 
get as low as −80 ◦C. The highest operating temperature for the SSA 
of the spacecraft under study is 70 ◦C, occurring during the sunlit 
period. These temperature variations affect the I-V characteristic of 
the SA. Therefore, a temperature coefficient 𝐾𝑡 must be taken into 
account [1,21]:

𝐾𝑡 = (1 + 𝜖 × 𝛥T) (14)

𝛥T = 𝑇max − 𝑇ambient = 70 − 28 = 42 ◦C (15)

Where 𝐾𝑡: Temperature coefficient, 𝑇max: Maximum temperature =
70 ◦C, for altitude = 668 km, 𝑇ambient = 28 ◦C, 𝜖 = −0.0025 ◦C−1, 
The temperature coefficient of the triple junction solar cell degrades 
the output power (𝑃(𝑂∕𝐸𝑂𝐿)), so 𝐾𝑡 = 0.89. The specific output power 
at regulation temperature, 𝑃𝑡∕𝑇𝐽  [W/m2] can be calculated as follow [1,
21]:

𝑃𝑡∕𝑇𝐽 = 𝑃𝑂∕𝐸𝑂𝐿 ×𝐾𝑡 (16)
= 393.86 × 0.89 = 348.054

[

W∕m2]

1 The assumed system efficiency is validated using real-time telemetry data 
from the LEOS-50 platform, which operates under similar conditions. The 
power generation and distribution performance of the platform align with the 
assumed efficiency, supporting the use of 𝜂 = 0.9 in the model.
𝑠𝑦𝑠
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2.6.5. Effect of illumination coefficient on output power calculation
Calculating the illumination coefficient is a crucial aspect in the 

design and operation of spacecraft to optimize energy generation and 
ensure an uninterrupted power supply during missions. Practically, 
the solar radiation flux density (illumination) affects the electrical 
power characteristics of the SSA during its operation under space 
environmental conditions [30]. Thus this coefficient represents the 
time fraction that a solar cell receives direct sunlight, determining 
its efficiency and power output. Estimating this coefficient includes 
various factors, e.g., spacecraft trajectory, Earth obliquity, shadowing 
effects, and atmospheric interference.

In this context, the specific output power depends on the change of 
illumination angle on the SSA and the illumination of the orbit.  The 
specific output power 𝑃𝑖𝑙𝑙 [W/m2] of a triple-junction (TJ) solar array 
considering system efficiency losses is expressed as [30]: 
𝑃act/TJ = 𝑃𝑡∕𝑇𝐽 × 𝜂sys (17)

where 𝑃act/TJ [W/m2] is the actual specific output power of the solar 
array after accounting for system losses. 𝑃𝑡∕𝑇𝐽  [W/m2] is the specific 
output power of the TJ solar cell at the operating temperature. 𝜂sys
(dimensionless, range: 0–1) is the system efficiency, which accounts for 
losses in power conditioning, wiring, and battery charging.

The nominal specific power output of a TJ solar cell is influenced 
by factors such as radiation degradation, thermal effects, and system 
aging. The power at the operating temperature is given by: 
𝑃𝑡∕𝑇𝐽 = 𝑃𝑂∕𝐸𝑂𝐿 ×𝐾𝑡 (18)

where 𝑃𝑂∕𝐸𝑂𝐿 [W/m2] is the specific power at the end-of-life (EOL), 
considering radiation and aging effects. 𝐾𝑡 (dimensionless) is the tem-
perature correction factor, accounting for power reduction due to tem-
perature variations.

The system efficiency factor (𝜂sys) accounts for losses occurring in 
the electrical power system, including:

• Power conversion losses in regulators and converters.
• Resistive losses in wiring and connections.
• Blocking diode and switch losses.
• Energy conversion inefficiencies in battery charging and discharg-
ing.

The overall system efficiency is expressed as: 
𝜂sys = 𝜂wiring × 𝜂conversion × 𝜂battery (19)

where 𝜂wiring represents efficiency losses in power distribution wiring. 
𝜂conversion accounts for DC-DC converter efficiency. 𝜂battery considers 
battery charge/discharge efficiency. For this study, assuming typical 
values 𝜂sys = 0.9 which corresponds to a 90% overall system efficiency. 
The final computation is obtained by substituting realistic values as:
𝑃𝑡∕𝑇𝐽 = 348.05 W/m2, 𝜂sys = 0.90

𝑃act/TJ = 348.05 × 0.90 = 313.25 W/m2

After accounting for power conversion and system losses, the actual 
available power for the spacecraft is 313.25 W/m2. Eq.  (17) provides a 
quantitative relationship for estimating the real-world power output of 
spacecraft solar arrays after accounting for environmental and system 
losses. This equation is essential for designing power budgets and 
ensuring adequate energy supply for mission operations.

The power budget calculations explicitly consider the properties of 
GaAs technology, e.g. the higher specific power output (𝑃𝑜∕𝑇𝐽 ) and 
lower degradation coefficient (𝐾𝑑).  For example:
𝑃𝑜∕𝑇𝐽 = 𝐴𝑀0 × 𝜂𝑇𝐽 = 1370 × 0.3 = 410.1 [W/m2],

where 𝜂𝑇𝐽  is the efficiency of the triple-junction GaAs solar cell. The 
temperature Correction Factor 𝐾𝑡 is given by: 
𝐾 = (1 + 𝜖 × 𝛥𝑇 ) (20)
𝑡
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where 𝜖 [1/K] is the temperature coefficient of the solar cells, repre-
senting the rate at which power output decreases per degree rise in 
temperature. 𝛥𝑇  [K] is the temperature variation, calculated as: 
𝛥𝑇 = 𝑇max − 𝑇ambient (21)

where 𝑇max [K] is the maximum expected operating temperature of the 
solar array. 𝑇ambient [K] is the reference ambient temperature in space. 
Using assumed values:
𝑇max = 70 ◦C, 𝑇ambient = 28 ◦C, 𝜖 = −0.0025 K−1
𝛥𝑇 = 70 − 28 = 42 K
𝐾𝑡 = 1 + (−0.0025 × 42) = 0.89

Substituting into Eq. (18)
𝑃𝑡∕𝑇𝐽 = 393.86 × 0.89 = 348.05 W/m2

The system efficiency factor accounts for power losses in the electrical 
system, such as wiring resistance, conversion inefficiencies, and battery 
charge/discharge losses. 
𝜂sys = 𝜂wiring × 𝜂conversion × 𝜂battery (22)

where 𝜂sys (dimensionless) is the overall system efficiency, which de-
termines how much of the generated power is effectively available for 
spacecraft systems. 𝜂wiring (dimensionless) represents losses in power 
distribution wiring due to resistance (0.98 typical value). 𝜂conversion (di-
mensionless) accounts for DC-DC converter efficiency, typically around 
0.95. 𝜂battery (dimensionless) represents efficiency losses during battery 
charging and discharging, usually around 0.97. Using realistic values:
𝜂sys = 0.98 × 0.95 × 0.97 = 0.90

Substituting values into Eq. (17):
𝑃act/TJ = 348.05 × 0.90 = 313.25 W/m2

Eqs.  (18) and (19) provide essential corrections for estimating real-
world power availability from spacecraft solar arrays. Eq. (18) adjusts 
for temperature effects, while Eq. (19) accounts for system losses, 
ensuring accurate power budgeting.

Practically, the GaAs technology enhances the solar array’s perfor-
mance in LEO. This includes:

• High Efficiency: GaAs solar cells have a higher conversion ef-
ficiency compared to traditional silicon-based cells, resulting in 
greater power generation per unit area.

• Radiation Resistance: GaAs cells are more resistant to radiation-
induced degradation, which is critical for maintaining perfor-
mance over the spacecraft’s mission lifetime.

• Temperature Stability: The low temperature coefficient of GaAs 
cells ensures stable performance under the extreme temperature 
variations encountered in LEO.

2.7. Solar array area calculation

The solar panels on a spacecraft are crucial for capturing sunlight 
and converting it into electrical energy to power various onboard 
systems. Therefore, calculating the SSA area is an integral part of 
spacecraft design to ensure optimal power generation while minimiz-
ing weight and costs. Calculating the SSA area requires considering 
factors, e.g., power requirements, expected sunlight exposure, orbital 
parameters, eclipse duration, and solar panel efficiency. These calcu-
lations involve advanced mathematical models using state-of-the-art 
simulation tools and computer algorithms.

Based on these calculations, the required area of the solar array, 𝑆𝑠𝑎
[m2] is expressed as:

𝑆𝑠𝑎 =
𝑃daily/avg 
𝑃act ∕𝑇𝐽

= 35
95.892

= 0.36 m2 (23)

𝑆sa/act = 𝑆𝑠𝑎 ×  safety and packing factor (24)
= 0.36 × 1.1 = 0.4 [m2]
6 
2.8. Chemical battery model and operating conditions

This section discusses the operating conditions of chemical batteries, 
including temperature variations, charge/discharge cycles, and the im-
pact of orbital dynamics on battery performance. Moreover, this section 
outlines the mathematical formulation of the chemical battery model, 
including equations for battery capacity, discharge characteristics, and 
energy storage. 

2.8.1. Chemical battery sizing
The chemical batteries serve as the primary power source for space-

craft, providing electricity during eclipse periods. Therefore, the proper 
size of the spacecraft chemical battery is an essential aspect of space-
craft design to ensure uninterrupted operation. On another hand, it 
is required to optimize spacecraft structure fulfilling cost, weight, and 
volume constraints, allowing for efficient allocation of resources while 
guaranteeing long-term energy functionality. Determining the proper 
size requires considering various factors, e.g., mission duration, power 
consumption, and worst-case scenarios. Additionally, the thermal man-
agement system is required to maintain appropriate battery tempera-
tures and prevent overheating or freezing during extreme temperature 
variations in space. In chemical battery sizing, the required battery 
capacity is determined, and then its mass is calculated.

It is necessary to consider the operating conditions of chemical bat-
teries, including temperature variations, charge/discharge cycles, and 
the impact of orbital dynamics on battery performance. This includes:

• Temperature Effects: The influence of extreme temperature fluc-
tuations in LEO on battery efficiency and lifespan.

• Eclipse Periods: The role of chemical batteries in providing power 
during eclipse periods, including the calculation of energy re-
quirements and battery sizing.

• Mission Constraints: The integration of battery operating condi-
tions with mission-specific requirements, such as power consump-
tion profiles and mission duration.

2.8.2. Chemical battery capacity calculation
The chemical batteries are vital elements in the spacecraft that 

facilitate power generation during eclipse phases or backup power 
during emergencies. Therefore calculating the capacity of the chemical 
battery is a crucial task in the aerospace industry that involves assessing 
the energy storage capabilities of the battery system. Furthermore, 
accurate estimation is essential to ensure uninterrupted power supply 
throughout a spacecraft entire operational life cycle.

These calculations require mathematical models and simulations 
using extensive empirical data considering various factors, e.g., envi-
ronmental conditions like temperature variations, and discharge rates 
that impact the durability and lifespan of the battery. Moreover, it is 
important to calculate the average and peak power demands of each 
onboard system. Furthermore, precise calculation knowledge of specific 
spacecraft technologies and battery chemistry.

In this work, the calculation of the chemical battery capacity is 
based on various data:

• The daily average power consumption Pdailv/avg = 35 W.
• The efficiency of the lithium iron phosphate chemical battery 
𝜂𝑏 = 0.8,

• Average bus voltage 𝑉𝑎𝑣𝑔 = 28 V,
• Energy density for lithium iron chemical batteries 𝐸𝑑 = 157
Wh/kg.

The energy consumed during the orbital shadowed period (𝐸𝑆ℎ𝑎𝑑𝑜𝑤) is 
expressed as [1,2]: 

𝐸Shadow =
𝑃daily/average × 𝑇Shadow 

, (25)

𝜂𝑏
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Where 𝐸𝑆ℎ𝑎𝑑𝑜𝑤 is the energy consumed during the shadow period [Wh], 
and shadow time is 31.05 min calculated from STK simulation for the 
spacecraft in orbit as a worst-case shadow time.

𝐸Shadow =
35 × 31.05

60
0.8

= 22.640 Wh

The energy consumed during the shadow period can be expressed by 
ampere-hour: 

𝐸′
Shadow =

𝐸Shadow 
𝑉avg 

= 22.640
23.5

= 0.9634 Ah (26)

The required depth of discharge 𝐷𝑂𝐷 = 20% is specified to pre-
serve the battery efficient operation during the spacecraft lifetime. The 
battery-rated capacity (𝐶𝑟𝑎𝑡𝑒𝑑) is expressed as:- 

Crated =
E′
shadow 
DOD

= 0.9634
0.2

= 4.817 Ah (27)

2.9. SSA ray direction tracking model

The SSA efficiency is a crucial factor in mission success as it provides 
the primary power source for onboard systems. The efficiency of an SSA 
depends on its ability to maintain alignment with the Sun’s rays [32]. 
Therefore, it is required to ensure optimal orientation of the SSA 
relative to the Sun using an efficient sun-tracking mechanism.

2.9.1. Sun-tracking mechanisms
To achieve this, spacecraft employ various sun-tracking mecha-

nisms, which can be classified as:

• Fixed solar arrays: Passive solar arrays fixed to the spacecraft 
body, requiring attitude control maneuvers for optimization.

• Active sun-tracking systems: Mechanically actuated systems 
that dynamically orient the solar arrays.

Active tracking is superior, as it continuously maximizes energy collec-
tion [33].

2.9.2. Solar Array Drive Assemblies (SADAs)
Solar Array Drive Assemblies (SADAs) are electromechanical sys-

tems that rotate SSA to track the Sun’s movement. These systems can 
be classified into:

• Single-axis SADAs: Allow rotation around one axis, typically 
suitable for geostationary satellites.

• Dual-axis SADAs: Enable movement along two perpendicular 
axes, allowing finer Sun tracking in low-Earth orbits.

The torque disturbances caused by SADAs must be minimized to pre-
vent affecting spacecraft attitude stability [34].

2.9.3. Modelling sun-tracking behaviour
The ray direction tracking model governs the SSA alignment with 

the Sun to maintain optimal energy generation throughout the mission. 
The SSA orientation is governed by their normal vector relative to the 
Sun’s direction: 
𝜃 = cos−1(𝑛̂ ⋅ 𝑆̂), (28)

where 𝜃 is the Sun incidence angle, 𝑛̂ is the unit normal vector to 
the SSA, 𝑆̂ is the unit vector pointing towards the Sun. Minimizing 𝜃
ensures optimal energy absorption. Sun sensors and onboard algorithms 
dynamically adjust 𝑛̂ to track the Sun efficiently [35].

Implementing sun-tracking systems involves several challenges,
e.g., mechanical complexity, control algorithms, and disturbance miti-
gation. Recent advancements in SSA tracking include flexible SSA [36], 
machine learning-based tracking [35] miniaturized SADAs [34]. The 
ray direction tracking model is a fundamental aspect of spacecraft 
power management. By integrating SADAs, analytical models, and 
advanced control strategies, spacecraft can ensure optimal solar energy 
collection.
7 
2.10. External thermal fluxes

In LEO, the incoming solar radiation varies due to factors,
e.g., changing orbital positions, eclipse events, and orientation vari-
ations. These fluctuations significantly impact the overall thermal 
balance of the solar array and, thus, its efficiency. Therefore, it is 
important to assess and analyse these external thermal fluxes to ac-
curately predict temperature levels and mitigate any potential issues, 
e.g., degradation or failure of photovoltaic cells.

To ensure proper design, advanced modelling techniques have been 
employed using real data accounting for these external thermal fluxes 
on solar arrays of LEO spacecraft. So, calculating the external fluxes is 
very important to estimate the real generated power from SSA during 
the real operation. Estimating the dynamic behaviour of the SSA power 
requires the instantaneous calculation of the three absorbed thermal 
fluxes with the true anomaly in orbit. These fluxes include the thermal 
flux of direct solar radiation, 𝑄𝑆 , the thermal flux of reflected solar 
radiation, 𝑄𝑆𝑂, and the thermal flux of Earth radiation, 𝑄𝑍 .

In this work, a separate module is implemented to estimate the 
whole thermal fluxes as represented: 
Qi = QS + QSO + QZ + QK (29)

where 𝑄𝑆 thermal flux of direct solar radiation, (W/m2). 𝑄𝑆𝑂  is 
thermal flux of reflected solar radiation, (W/m2). 𝑄𝑍 thermal flux of 
Earth radiation, (W/m2). 𝑄𝐾 thermal flux between two surfaces of SA, 
(W/m2). 
Qss = ass × So × cos 𝛼j (30)

Where 𝑎𝑠𝑠 is the irradiation absorption factor of the work surface =
0.886. 𝑆0 is the average solar irradiance constant, considered as AM0 
= 1370 [W/m2]. 𝛼 is the angular position. The value of thermal fluxes 
is represented as
Qss = 1204.5 × cos 𝛼j2

[

W∕m2] ,

Qso = 231.29 × cos 𝛼𝑖,
[

W∕m2]

𝑄𝑍 = 140, [W/m2],  "𝑄𝐾 , the thermal flux between two surfaces of 
the solar array, is neglected in this analysis because its contribution 
is negligible compared to the dominant thermal fluxes 𝑄𝑆 , 𝑄𝑆𝑂, and 
𝑄𝑍 . This assumption is justified by the relatively small temperature 
differences between the solar array surfaces and the minimal heat 
exchange between them in the space environment. 

Fig.  5 represents the simulation result of the external fluxes ab-
sorbed 𝑄𝑖 VS true anomaly 𝛽 during the operation of the SSA in orbit 
with all external factors. The flux components are decomposed into 
their primary contributors:

1. S0S0: The average solar irradiance constant, presented as the 
baseline contribution from solar radiation in space, measured in 
W/m2.

2. QSQS: The thermal flux of direct solar radiation, demonstrating 
the periodic exposure of the solar arrays to sunlight as the 
spacecraft moves along its orbit.

3. QSOQSO: The thermal flux of reflected solar radiation, account-
ing for the contributions from Earth albedo effects.

4. QZQZ: The thermal flux of Earth radiation, representing the 
thermal emission from Earth surface and atmosphere.

Fig.  5 captures the periodic nature of these fluxes, driven by the 
spacecraft dynamics and its orientation concerning the Sun and Earth. 
Peaks correspond to periods of direct exposure to sunlight, while dips 
indicate eclipse phases where the spacecraft is shielded from solar 
radiation. The comparative magnitudes of QSQS, QSOQSO, and QZQZ 
highlight the dominance of direct solar radiation (QSQS) in deter-
mining the external thermal environment of the solar arrays. This 
visualization validates the modelling environment designed for simu-
lating spacecraft SSA performance in LEO, as detailed in the study. 
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Fig. 5. Variation of external thermal fluxes as a function of the true anomaly 𝛽, 
representing the angular position of the spacecraft relative to the Sun.

The real-time telemetry data used for model calibration ensures the 
accuracy of these flux predictions under actual operational conditions, 
underscoring the model’s capability to capture the intricate thermal 
dynamics encountered in space.

2.11. The thermal balance of the solar array

Practically, the thermal balance of the SSA is crucial to maximize 
the energy conversion efficiency for successful spacecraft operation. 
It should also ensure the SSA capability to withstand space envi-
ronmental conditions. Both heat dissipation and insulation should be 
taken into account to maintain optimal performance and prevent any 
damage due to extreme temperature variations. Additionally, efficient 
heat transfer mechanisms might be employed to dissipate excess heat. 
The design should account also for the spacecraft’s position towards 
the Sun and shadowing effects from other components. In this work, 
a model of thermal balance and temperature calculation is imple-
mented.  The thermal balance model includes the thermal coefficient 
𝜖 = 0.0025[1∕degree], which quantifies the reduction in specific power 
due to temperature variations. This coefficient is used to calculate the 
change in specific power as follows: 
𝛥T = T1 − To; To = 298 [K◦] (31)

Reduction of SSA-specific power due to thermal effects: 
Pth = PSA ∗ (1 − 𝜖𝛥T) (32)

Where 𝑃𝑡ℎ is specific power due to thermal effects, and ▵ 𝑇  is the 
change in temperature and the input parameters.

3. Long-term solar array performance

The power generation capability of an SSA is influenced by mul-
tiple interdependent factors, including seasonal variations in solar ir-
radiance, orbital mechanics, degradation effects, and thermal cycling. 
Ensuring stable power generation over an extended mission duration is 
crucial for operational reliability.

3.1. Solar power under seasonal variations

The seasonal variation in solar power generation is primarily at-
tributed to the Earth’s axial tilt and changes in the Sun-spacecraft 
orientation over the year. These effects lead to fluctuations in solar 
exposure, particularly during the summer and winter solstices. Fig.  6 
illustrates the solar power output over different months, showing a peak 
8 
Fig. 6. Seasonal variation in solar array power output over a one-year period.

Fig. 7. Power output decline due to radiation-induced degradation over a two-year 
period.

around the summer solstice and a minimum during the winter solstice. 
The key observations are that the peak power output occurs during the 
summer solstice due to maximum solar exposure. Moreover, a power 
reduction of approximately 10-15% is observed during the winter 
solstice due to increased eclipse duration. The power fluctuations align 
with orbital variations, confirming the dependence of SSA performance 
on seasonal solar angles.

3.2. Long-term degradation effects

SSA experiences efficiency losses over time due to radiation damage, 
atomic oxygen erosion, and thermal stress. This degradation follows an 
exponential decay model, which is mathematically expressed as: 
𝑃𝐸𝑂𝐿 = 𝑃𝐵𝑂𝐿 × (1 −𝐷𝑇𝐽 )𝑡, (33)

where 𝑃𝐸𝑂𝐿 and 𝑃𝐵𝑂𝐿 and the end-of-life and the beginning-of-life 
power output, respectively. 𝐷𝑇𝐽  is the annual degradation coefficient 
(assumed to be 2% for GaAs solar cells), while is the mission duration 
in years.

As depicted in Fig.  7, the power loss follows a cumulative pattern 
with a 4% reduction in power output observed after one year. The 
total 8% loss is recorded after two years, requiring sufficient power 
margins in spacecraft design.

3.3. Impact of thermal cycling

Thermal fluctuations in LEO significantly impact SSA performance. 
The spacecraft undergoes rapid heating and cooling cycles as it transi-
tions between sunlight and eclipse phases. The temperature-dependent 
efficiency variation of the GaAs solar cells is described by: 
𝜂(𝑇 ) = 𝜂 ×

(

1 + 𝛼 × (𝑇 − 𝑇 )
)

, (34)
𝑟𝑒𝑓 𝑇 𝑟𝑒𝑓
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Fig. 8. Temperature-dependent efficiency variation due to thermal cycling in LEO.

Fig. 9. Cumulative energy budget analysis over the mission lifetime.

where 𝜂(𝑇 ) is the solar cell efficiency at temperature 𝑇 , while 𝜂𝑟𝑒𝑓  is the 
reference efficiency at 𝑇𝑟𝑒𝑓 = 28 ◦C. 𝛼𝑇  is the temperature coefficient 
(−0.0025 per ◦C). 𝑇  is the instantaneous SSA temperature.

Major findings from Fig.  8 are that the temperature fluctuations 
range from −80 ◦C (eclipse) to +70 ◦C (direct sunlight). A temporary
5%–7% reduction in power output occurs at peak temperatures due to 
increased internal resistance. The cooling effect during eclipse phases 
restores efficiency, but repeated thermal cycling introduces structural 
fatigue in solar cells.

3.4. Energy budget and power margin considerations

A comprehensive power budget analysis must account for seasonal 
variations, degradation effects, and thermal cycling losses. To maintain 
operational feasibility, a safety margin of 15%–20% above nominal 
power requirements is recommended. 
𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 × (1 +𝑀), (35)

where 𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 is the total power generation requirement. 𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the 
nominal mission power consumption. 𝑀 is the power margin factor 
(15%–20%).

The designed SSA ensures stable power generation across all mission 
phases, as depicted in Fig.  9. The power margin compensates for cu-
mulative efficiency losses. Energy storage systems successfully mitigate 
power fluctuations during eclipse phases.

4. Mission cyclogram design with power budget calculations

Spacecraft mission cyclogram design is a crucial aspect of maximiz-
ing the spacecraft efficiency while ensuring optimal power allocation 
during the worst-case scenario. This cyclogram involves analysing var-
ious operational scenarios, e.g., different orbital positions, payload 
9 
activities, and communication requirements. Therefore it is required 
to determine a comprehensive schedule that minimizes conflicts and 
maximizes resource utilization. This process can be achieved by de-
termining the overall energy consumption of the spacecraft during its 
mission lifespan.

This calculation involves accounting for the solar energy availability 
and the load profile of each subsystem and payload, considering factors 
e.g., spacecraft orientation, SSA temperature, and shadowing effect. For 
worst-case conditions, energy budget analysis requires to consideration 
of various margin factors, e.g.:

• EOL worst-case SSA degradation.
• Summer solstice intensity.
• Battery has one shorted cell.
• SSA high temperature.
• Spacecraft load profile with payload operation.
• SSA off-point angle variation.
• SSA clamped to battery voltage after the eclipse.

4.1. Spacecraft platform description

The underlying spacecraft platform is the LEOS platform, which 
houses various components and systems necessary for ensuring reli-
able and efficient operations of spacecraft in orbit [23]. Technical 
specifications of LEOS platform versions 50MR, 50HR, and 100HR are 
given in Table  4 [24,25]. The LEOS platform is assumed to operate 
in a specific space mission with a lifetime of up to two years.  The 
spacecraft orbit around the Earth is circular at 668 km altitude, and 
the orbit inclination is 63◦. The degradation coefficients, such as 𝐷𝑇𝐽 , 
are altitude-dependent because the radiation environment varies with 
orbital altitude. In this study, the degradation coefficients are calcu-
lated for the specific altitude of 668 km, which is representative of the 
spacecraft’s orbit. For missions at different altitudes, the degradation 
coefficients would need to be adjusted based on the specific radiation 
environment’’. 

Moreover, the LEOS platform provides support for the spacecraft 
payload, power generation and distribution systems, communication 
subsystems, thermal control mechanisms, attitude control and propul-
sion systems. In this context, the primary power supply system (PPSS) 
must provide power with a bus voltage of 28.5 V as well the power 
control. The power control distribution unit (PCDU) is switched off 
when the spacecraft is inside the launch vehicle. Then PCDU is switched 
on automatically after separating the spacecraft from the launch vehi-
cle. The PCDU operates continuously for the whole spacecraft lifetime 
according to the duty cycle and power consumption specified by the 
spacecraft operational modes’ power dissipation given in Table  1 [24,
25].

The output power value delivered by every solar panel should 
satisfy the load requirements at the mission EOL, at the worst case 
of illumination with the SSA surface facing solar irradiance. This case 
might happen during the summer solstice with the normal line oriented 
to the SSA surface).

4.2. PCDU design interface

The PCDU design interface serves as the central point for managing, 
controlling, and distributing power through the spacecraft. A well-
designed PCDU interface ensures efficient utilization of available power 
resources while offering flexibility to cater to diverse mission require-
ments. The interface design must accommodate the integration of var-
ious equipment like solar panels, batteries, and other power manage-
ment devices seamlessly. Additionally, it should provide comprehensive 
monitoring and control capabilities to enable operators to regulate 
voltage levels and protect against potential faults or failures in real 
time. The design should also consider factors such as weight, size limi-
tations, thermal management, electromagnetic interference mitigation, 
reliability, and redundancy [26].
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Table 1
Spacecraft operational modes power dissipation [23]. 
 Spacecraft Designed PCDU power 
 operational mode o/p power dissipation  
 Idle 5 W ≤0.5 W  
 Sun pointing 15.5 W ≤0.5 W  
 Imaging 70 W ≤0.5 W  
 Data transmission 50 W ≤0.5 W  

Table 2
Inter-connection between the strings of the body-mounted solar panels and the batteries 
module.
 LiFePO4 LiFePO4 LiFePO4 
 (B1) (B2) (B3)  
 Panel (-Y) 2 2 2  
 Panel (+X) 2 – –  
 Panel (-Z) – 2 –  
 Panel (-X) – – 2  

Table 3
Storage battery module technical characteristics [23].
 Parameter Value  
 Number of series 7 series  
 connected cells LiFePO4 cells  
 end of charge 25.2  
 Module voltage [V]  
 Constant 23  
 operating voltage [V]  
 Cell capacity 2.5 [Ah]  
 Maximum allowed 2.5 A = 1C  
 charging current recommend 1∕2 C 
 Depth of Discharge (DoD) 18%  
 Voltage at 18% (DoD) discharge 22.4 [V]  
 Voltage at 30% (DoD) discharge 21.7 [V]  
 Cut-off voltage 21  
 (70% (DoD) discharged) [V]  
 Maximum discharge current 7.5 [A]  

In this work, PCDU controls the operation of 3 parallel identical 
Lithium iron phosphate (LiFePO4) battery modules. The battery module 
has a 7.5 [Ah] capacity, corresponding to 157 [Wh] energy. The electric 
characteristics of the battery module are given in Table  3 [23],  which 
provides the technical characteristics of the storage battery module 
as documented in the referenced source.  To ensure its charging ca-
pabilities, a hardware interconnection mechanism is designed for the 
energy storage module as shown in Table  2. This hardware intercon-
nection mechanism ensures the charging of the battery module in all 
illumination conditions and spacecraft orientation during the flight in 
orbit.

4.3. Solar array specifications

In this work, the SSA design is proposed to be a 6/2/2/2 configu-
ration according to the designed optimum Sun vector. In total, these 
strings will be mounted on the four panels of the bus surface of the 
LEOS platform structure. The panel consists of a string of 12 cells in 
series [22,23]. The spacecraft electrical design requirements and the 
SSA characteristics are illustrated in Table  5 [2,23].

4.4. Spacecraft orbital motion

Also, a simplified model of spacecraft orbital motion is used to 
estimate the SSA illumination and to determine the most effective sun-
pointing vector for the sun-tracking flight mode [1,4]. For instance, 
for a spacecraft operating in a circular orbit, the orbital illumination 
parameters are characterized by an angle 𝛼 of the spacecraft orbital 
plane concerning the Sun, as shown in Fig.  2.
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Fig. 10. Solar array specific power VS true anomaly 𝛽, i.e., the angle between the 
direction to the Sun and the noon line.

Fig. 11. Illumination coefficient, cos 𝛼, Model simulation VS calculated by STK pro-
gram. Beta (𝛽) is the angle between the direction to the Sun and the noon line (satellite 
in orbit position).

5. Validation of the solar array model

The proposed SSA model is validated to ensure the accuracy and 
reliability of simulations of SSA performance under specific conditions. 
Therefore, extensive testing and analysis are conducted using real data 
obtained from the existing SSA platform. For instance, this validation 
includes measuring various parameters, e.g., current–voltage charac-
teristics, temperature coefficients, and spectral responses. Additionally, 
sophisticated software tools are utilized to simulate different scenarios 
and compare the results with actual measurements. Afterwards, any dis-
crepancies between the modelled and observed data can be addressed, 
leading to improved models to provide more accurate predictions for 
designing optimal solar power systems.

Fig.  11 presents the variation of the illumination coefficient
cos 𝑓0 cos 𝛼 as a function of the true anomaly 𝛽, where 𝛼 represents 
the angle between the direction to the Sun and the normal to the 
SSA surface. This coefficient is critical in evaluating the effective solar 
irradiance incident on the solar arrays. The results are shown for both 
a model simulation and calculations performed using the STK software, 
enabling a direct comparison. Key insights of these results are the 
following:

1. Illumination Cycles: The plot exhibits a periodic pattern where 
the illumination coefficient cos 𝑓0 cos 𝛼 reaches a maximum of 
1 during direct sunlight phases. Thus it indicates full exposure 
of the solar arrays to solar irradiance. During eclipse phases, 
cos 𝑓0 cos 𝛼 drops to zero, corresponding to periods of no solar 
illumination.

2. Validation with STK: The close alignment between the model-
simulated results and STK-calculated values highlights the ac-
curacy and reliability of the developed model. The near-perfect 
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match between the two datasets confirms that the proposed 
simulation methodology effectively captures the illumination 
dynamics of SSA in LEO orbit.

3. Shadow Factor: The figure also reflects the role of shadow 
effects, emphasizing transitions between illuminated and shad-
owed states. This transition is critical for optimizing power 
generation and understanding thermal conditions.

4. Contribution: The figure provides strong evidence of the capa-
bility of the proposed model to replicate real orbital conditions 
with high fidelity. By incorporating cos 𝑓0 cos 𝛼, a key parameter 
for energy generation, this visualization contributes to refin-
ing spacecraft design and operation, ensuring efficient energy 
utilization in LEO.

The comparison between the model and STK results reinforces the 
work contribution to validating and advancing spacecraft illumination 
modelling, with applications in mission planning and SSA optimization.

The validation process of the proposed SSA model encompasses a 
series of meticulous tests and analyses using real data derived from 
an existing SSA platform. These validation efforts aim to ensure the 
accuracy, reliability, and fidelity of the simulations conducted on the 
SSA performance under specific operational conditions. Discrepancies 
can be identified and addressed by comparing the simulated results 
with actual measurements, ultimately enhancing the model predictive 
capabilities for designing optimized solar power systems for space 
missions.

6. Results and discussion

In this work, we developed a power generation model for a SSA 
for the LEO spacecraft. This model simulates the real capabilities of 
the designed SSA and the power generated under the whole operating 
conditions including the influence of thermal effects. The subsequent 
discussion delves into the SSA behaviour for one day during 15 revo-
lutions around the Earth, providing insights into its performance under 
different circumstances.

Notably, our research investigates a spectrum of parameters affect-
ing SSA performance, encompassing orbit altitude, orientation, and 
atmospheric conditions. These factors collectively contribute to the 
efficiency of power generation, and our study rigorously examines their 
impact on the SSA, thereby addressing critical aspects often overlooked 
in existing literature. Through our meticulous research and analysis, 
we not only establish the efficiency and feasibility of our SSA power 
generation model but also contribute novel insights that distinguish our 
work from existing studies. The results demonstrate the successful sim-
ulation of SSA operation, showcasing its ability to convert sunlight into 
electric energy with an impressive conversion rate. The application of 
a high-efficiency model ensures an optimal power profile, guaranteeing 
uninterrupted operation under various conditions.

6.1. Generated solar power

Comparing the model predictions for the power generated by the 
SSA with actual power output measurements further contributes to 
validation as shown in Fig.  12. This involves analysing the relationship 
between solar irradiance, Sun angles, and SSA efficiency. Discrepancies 
in power generation estimates are meticulously evaluated to refine the 
model predictive capabilities.

Fig.  12 illustrates the variation in the generated solar power over 
time, plotted in seconds. The periodic nature of the solar power output 
reflects the spacecraft orbit, where it alternates between illuminated 
and eclipse phases. The key observations from these results are the 
following:
11 
Fig. 12. Generated solar power.

1. Periodic Solar Power Generation: The plot shows a repeating 
pattern of power generation. During sunlight phases, the solar 
arrays operate at peak efficiency, generating maximum power. 
In eclipse phases, solar power generation drops to zero due to 
the absence of solar irradiance.

2. Peak Performance: The consistent magnitude of the power gen-
erated during illuminated phases indicates that the solar arrays 
are effectively capturing solar energy. This reflects the system 
ability to optimize energy capture based on Sun angles and solar 
irradiance.

3. Eclipse Impact: The sharp transitions between peak and zero 
power output highlight the spacecraft movement between the 
illuminated and shadowed regions of its orbit, reinforcing the 
importance of energy storage systems (batteries) to maintain a 
continuous power supply.

4. Model Validation: The figure supports the validation of the 
predictive model developed in this study by comparing the sim-
ulated power output with actual measurements from real-time 
telemetry data. The high consistency between model predictions 
and observed power output demonstrates the accuracy of the 
model in accounting for solar irradiance, Sun angles, and the 
efficiency of the solar arrays.

These observations highlight the following contributions:

1. Improved Predictive Accuracy: The ability to predict solar power 
generation with high accuracy ensures optimal design and oper-
ation of the spacecraft’s energy system, contributing to mission 
reliability and efficiency.

2. SA Performance Evaluation: The figure highlights the efficiency 
of the solar arrays in converting solar energy to electrical power. 
Any discrepancies between predicted and observed power out-
puts can be used to refine the model, improving its predictive 
capabilities.

3. Energy Management Insights: The periodic power profile pro-
vides insights into energy availability, enabling efficient schedul-
ing of power-intensive operations during illuminated phases 
while ensuring adequate battery charge during eclipse phases.

4. Validation Methodology: By integrating real-time telemetry data,
the study validates the relationship between solar irradiance, 
Sun angles, and SSA efficiency, ensuring the reliability of the 
energy system design under real orbital conditions.

This figure emphasizes the SSA robustness and the accuracy of the 
predictive model, thus it contributes to the development of advanced 
energy systems for spacecraft operating in LEO environments.

6.2. Average solar power

The proposed SSA model shortcomings can be addressed through 
meticulous comparison, analysis, and adjustment, improving and accu-
rately representing the SSA behaviour. This iterative validation process 
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Fig. 13. Average solar power generated Vs. time [min] [23,37,38].

aims to achieve a model that reliably predicts SSA performance, thus 
it allows for designing efficient and optimized power systems for space 
missions. Ultimately, this validation process enhances the overall suc-
cess and reliability of micro-spacecraft missions reliant on solar power 
generation.

In this work, the obtained SSA power model was validated by com-
paring the cos(𝛼) calculated by the designed MATLAB program with 
cos(𝛼) generated by STK software as shown in Fig.  11. The interesting 
finding is that they are almost the same.

The simulation results are validated by comparing our simulation 
results with the proposed spacecraft telemetry as shown in Fig.  13. 
These figures indicate the same results of the proposed model with the 
spacecraft telemetry [23,37,38].

Fig.  13 depicts the variation in the average solar power generated 
by the spacecraft’s SSA over time, measured in seconds. The figure 
highlights the cyclic nature of power generation in LEO Orbit, as 
influenced by the spacecraft orbital dynamics and its exposure to solar 
radiation. Key observations from these results are as follows:

1. Periodic Power Generation: The plot shows a repeating pattern 
of power generation, with intervals of high average power cor-
responding to the sunlight phases of the orbit and intervals of 
zero power during eclipse phases. This periodicity reflects the 
spacecraft’s alternating exposure to sunlight and Earth’s shadow 
as it traverses its orbit.

2. Stability During Illumination: The flat-topped peaks indicate a 
consistent average solar power output during illuminated peri-
ods, demonstrating the solar array’s ability to maintain stable 
energy generation when fully exposed to sunlight.

3. Eclipse Impact: The troughs, where the power drops to zero, 
represent the eclipse phases where the spacecraft is shielded 
from solar irradiance. These periods are critical for assessing 
energy storage and power management strategies to ensure un-
interrupted spacecraft operation.

4. Validation of the Model: The periodic nature of the average solar 
power generation aligns with theoretical predictions and vali-
dates the computational model developed in this study. The use 
of real-time telemetry data ensures the reliability and accuracy 
of the simulated results, particularly in capturing the spacecraft’s 
real orbital behaviour.

5. Contribution: This figure underscores the importance of mod-
elling and simulating solar power generation dynamics for space-
craft operating in LEO. By accurately predicting power output 
over time, the study contributes to optimizing energy system 
designs, ensuring reliable operation, and supporting mission 
planning.

The visualization effectively demonstrates the robustness of the SSA 
design and the model’s predictive capabilities, providing a foundation 
for improving spacecraft energy systems in future missions.
12 
6.3. Sun angle calculation

The validation process also focuses on accurately calculating the 
Sun angles. The angles at which sunlight strikes the SSA directly affect 
its power generation, as shown in Fig.  15. The accuracy of Sun angle 
predictions can be assessed by comparing the calculated Sun angles 
with those obtained from spacecraft positioning data.

Fig.  15 depicts the calculated variations of Sun angles over time, 
measured in seconds, as a function of the spacecraft’s orbital dynamics. 
The figure illustrates multiple components of angle calculations, includ-
ing solar incidence angle and angular conversions, which are critical for 
assessing SSA performance and power generation. The key observations 
from these results are the following:

1. Sun Incidence Angle on Solar Array (Green Dashed Line): The 
Sun incidence angle represents the angle at which sunlight 
strikes the surface of the solar arrays. This parameter directly 
impacts the efficiency of solar energy conversion. The periodic 
variation reflects the orbital motion, with the angle increasing 
during shadow phases and decreasing during illuminated phases.

2. Angle Conversion Metrics (Black, Blue, and Orange Lines): These 
angular conversions represent intermediary steps in the calcula-
tion of Sun angles, accounting for spacecraft orientation, orbital 
position, and solar geometry. The variations in these values 
provide critical insights into the spacecraft’s relative orientation 
to the Sun.

3. Cyclic Patterns: The cyclic nature of the angular metrics high-
lights the periodic changes in the spacecraft’s orientation relative 
to the Sun and Earth, characteristic of LEO dynamics. The sharp 
peaks and troughs align with transitions between illuminated 
and shadowed regions of the orbit.

4. Model Validation: The close agreement between the calculated 
Sun angles and those derived from spacecraft positioning data 
validates the model accuracy. This highlights the capability of 
the model to capture real-world orbital behaviours and their 
impact on SSA performance.

These observations highlight the following contributions:

1. Sun Angle Prediction Accuracy: The accurate calculation of Sun 
angles is fundamental to optimizing the design and operation of 
solar arrays. This figure validates the model’s ability to predict 
Sun angles precisely, ensuring reliable energy generation.

2. Impact on Solar Array Performance: The relationship between 
Sun angles and SSA performance emphasizes the importance 
of proper orientation for maximizing solar power output. The 
figure supports this by demonstrating the periodic alignment of 
the SSA with optimal angles during illuminated phases.

3. Validation with Spacecraft Data: By comparing model predic-
tions with spacecraft positioning data, the study ensures the 
reliability of the angle calculation method, enhancing confidence 
in its integration into SSA energy models.

4. Energy Management Optimization: Understanding the Sun an-
gles allows for better scheduling of spacecraft operations, en-
suring efficient use of solar energy and minimizing reliance on 
stored energy during eclipse phases. This figure underscores 
the critical role of accurate Sun angle calculations in predict-
ing SSA performance and optimizing spacecraft energy systems, 
contributing to the overall reliability of the spacecraft in LEO 
environments.

6.4. SSA operating temperature

To underscore the novelty of our results, Fig.  14 presents the SSA 
operating temperature over time, providing a dynamic visualization of 
its performance under different thermal conditions. Fig.  14 presents 
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Fig. 14. Solar array temperature over time: dynamic visualization of its performance 
under different thermal conditions.

the time-dependent variation in SSA temperature, which highlights 
the dynamic thermal response under varying orbital conditions. The 
graph illustrates periodic fluctuations in temperature, corresponding to 
the spacecraft transitions between sunlight (illumination) and shadow 
(eclipse) phases within its orbit.

The observations from these results are the following:

1. Temperature Cycles: The repeated peaks and troughs reflect SSA 
exposure to direct solar radiation during daylight phases and the 
cooling effect during eclipses. This periodic behaviour is intrinsic 
to the orbital environment, where thermal loads alternate with 
shadow cooling.

2. Thermal Behaviour: The magnitude and consistency of the tem-
perature variation demonstrate the ability of the thermal design 
to withstand rapid heating and cooling cycles while maintaining 
structural and operational stability.

3. Performance Insight: The data validate the thermal modelling 
environment developed in this study, which incorporates real-
time telemetry data to simulate SSA performance under realistic 
space conditions. The precise alignment of modelled and mea-
sured temperatures reinforces the accuracy and reliability of the 
predictive thermal model.

This visualization underscores the robustness of the spacecraft thermal 
design and its ability to effectively manage dynamic thermal condi-
tions. It also validates the methodology for integrating telemetry data 
into thermal simulations, which contributes to the advancement of 
spacecraft thermal modelling and design in LEO environments.

6.5. Average orbital power

In the initial design phase of the spacecraft and during the operation 
of the SSA in orbit, it is helpful to know the power over all possible 
orbits. To determine the available power over all possible 𝛽. Fig.  10 
further illustrates the total power generated by the Solar Array, consid-
ering external factors and thermal effects. Thus, it will reflect the real 
capabilities of the SSA to execute the designed mission requirements. 
Crucially, the introduced parameter 𝐾𝑡ℎ, which represents the ratio of 
specific power due to thermal effects to the specific power of SSA,  is 
calculated as 0.9935, based on the ratio of the specific power due to 
thermal effects (𝑃𝑡ℎ) to the specific power of the solar array (𝑃𝑆𝐴). This 
value is derived from the thermal model and validated using real-time 
telemetry data from the LEOS-50 platform.2

Kth = P𝑡ℎ∕P𝑆𝐴 = 0.9935 (36)

2 To ensure the accuracy of the value 0.9935, it is validated using real-time 
telemetry data from the LEOS-50 platform. The thermal model’s predictions are 
compared with actual measurements of the solar array’s power output under 
varying thermal conditions, demonstrating good agreement between the model 
and the observed data.
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Fig. 15. Sun angle.

This quantification emphasizes the precise control and efficiency
achieved in mitigating thermal impacts on power generation. In sum-
mary, our study not only establishes the efficacy of our SSA power 
generation model but also introduces novel parameters and insights 
that contribute significantly to the current body of knowledge. Our 
results showcase advancements over existing studies, particularly in the 
accurate simulation of SSA operation and the quantification of thermal 
effects through the innovative Kth parameter.

Fig.  10 illustrates the variation of the specific power generated as a 
function of the true anomaly (𝛽), which represents the angular position 
of the spacecraft in its orbit relative to the Sun. The plot captures the 
dynamic behaviour of the SSA power generation in response to varying 
illumination conditions in LEO orbit.

The key observations from these results are as follows:

1. Cyclic Behaviour: The figure reveals a clear periodic pattern in 
the specific power output, with peaks corresponding to periods 
of maximum solar exposure during the sunlight phases of the 
orbit. The sharp drops to near-zero power indicate the eclipse 
phases, where the SSA is in the Earth shadow and receives no 
direct solar irradiance.

2. Orbital Effects: The variation in 𝛽 reflects the spacecraft rela-
tive position to the Sun, emphasizing the dependency of power 
generation on the angle between the SSA and the Sun. This 
demonstrates the importance of orientation and solar tracking 
to maximize energy capture.

3. Performance Validation: The periodic power output aligns with 
the theoretical predictions of the SSA performance under mod-
elled conditions. This validates the modelling approach devel-
oped in the study, which uses real-time telemetry data to accu-
rately simulate and predict power generation.

4. Contribution: The analysis highlights the effectiveness of the 
SSA design in maintaining a consistent and predictable power 
profile, which is crucial for ensuring the uninterrupted operation 
of onboard systems. The integration of real-time telemetry data 
into the model provides critical insight into optimizing power 
generation in dynamic orbital environments.

This figure is a key contribution to the study as it demonstrates the 
practical application of the developed model in accurately predict-
ing SSA performance, thereby supporting the advancement of energy 
system designs for spacecraft in LEO.

6.6. Sun angle incident on the SSA

Ensuring that the Sun angle calculations only consider the portion 
of the Sun illumination that directly impacts the SSA is essential. 
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This validation step excludes any angles that correspond to shading or 
obstruction from other spacecraft components, as shown in Fig.  16. By 
validating this aspect, the model predictions align with the practical 
realities of SSA exposure to sunlight.

Fig.  16 illustrates the Sun angle incident on the SSA over time, mea-
sured in seconds. The plot specifically highlights the angular position of 
sunlight directly impacting the solar array, excluding any effects from 
shading or obstructions caused by other spacecraft components.

The key observations from these results are the following:

1. Periodic Sun Angle Variation: The Sun angle exhibits a periodic 
pattern, reflecting the spacecraft’s movement through its orbit. 
During illuminated phases, the angle is optimized for solar en-
ergy capture, while during eclipse phases, the angle increases 
due to the absence of direct solar exposure.

2. Sharp Transitions: The sharp transitions between low and high 
Sun angles correspond to the transitions between the illuminated 
(daylight) and eclipse (shadow) portions of the orbit. These 
transitions align with the spacecraft orbital motion in LEO.

3. Exclusion of Obstructions: The figure ensures that only the por-
tion of the sun’s illumination directly incident on the SSA is con-
sidered in the model. This eliminates any angular components 
associated with shading or obstructions, ensuring the accuracy 
of the calculated Sun angles.

4. Model Validation: The alignment between the predicted Sun 
angles and observed values demonstrates the reliability of the 
model in capturing the practical realities of SSA exposure to 
sunlight. The exclusion of obstructed angles further enhances the 
precision of the model.

These observations highlight the following contributions:

1. Refinement of Sun Angle Calculations: The focus on direct solar 
incidence ensures that the model accurately represents the actual 
exposure of the solar arrays, leading to more precise predictions 
of solar power generation.

2. Enhanced Solar Array Efficiency: By isolating the useable portion 
of sunlight, the figure supports the optimization of SSA orienta-
tion and design to maximize energy capture during illuminated 
phases.

3. Validation of Practical Application: The figure validates the 
model’s applicability by aligning its predictions with real-world 
conditions, accounting for factors like orbital motion and struc-
tural geometry.

4. Impact on Energy System Design: Accurate Sun angle calcu-
lations are critical for optimizing spacecraft energy systems. 
This figure underscores the importance of considering only di-
rect sunlight, ensuring robust performance under operational 
conditions.

This figure demonstrates the significance of precise Sun angle cal-
culations in predicting SSA performance, contributing to the overall 
reliability and efficiency of spacecraft energy systems in LEO environ-
ments.

The Sun angle, defined as the angle between the normal to the solar 
array and the Sun direction, exhibits non-periodic behaviour due to 
several dynamic orbital and external influences:

• Orbital Precession and Perturbations: The spacecraft orbit under-
goes gravitational perturbations due to Earth’s equatorial bulge, 
resulting in a slow but continuous precession of the orbital plane. 
This causes a gradual shift in the Sun angle over time, preventing 
strict periodicity in the short term.

• Sun-Synchronous Orbit Effects: In a Sun-synchronous orbit, the 
Sun angle changes gradually due to Earth’s axial tilt and seasonal 
variations, contributing to long-term fluctuations.
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Fig. 16. Sun angle incident on the SSA.

• Eclipse Occurrence and Geometry: The frequency and duration 
of eclipse periods are influenced by the orbital altitude and in-
clination, which further modulate the Sun angle irregularly over 
time.

These factors contribute to the non-periodic nature of the Sun angle 
over short durations, even though they follow predictable long-term 
trends. 

6.7. SSA temperature panel calculation

Temperature is a critical factor that influences the performance 
of SSA. The model ability to predict temperature variations across 
the solar panels is validated against actual thermal measurements as 
shown in Fig.  17. This step includes assessing how accurately the model 
accounts for the effects of solar heating, radiative cooling, and other 
thermal dynamics in space.

The key observations from these results are the following:

1. Periodic Temperature Fluctuations: The temperature profile
demonstrates a clear cyclic behaviour. During sunlight phases, 
the panels heat up due to solar irradiance, while during eclipse 
phases, the panels cool down as they radiate heat into space. The 
consistency of these fluctuations reflects the orbital dynamics of 
the spacecraft.

2. Thermal Stability: The predictable maximum and minimum tem-
perature levels indicate a stable thermal environment for the 
solar arrays, suggesting that the thermal design effectively miti-
gates extreme temperature variations.

3. Solar Heating and Radiative Cooling: The periodic heating dur-
ing illuminated phases and cooling during eclipse phases em-
phasize the importance of accurately modelling the thermal 
dynamics affecting the solar panels. These factors directly impact 
the efficiency and longevity of the solar arrays.

4. Model Validation: The comparison of the predicted temperature 
variations with actual spacecraft telemetry data validates the 
accuracy of the thermal model. The model successfully cap-
tures the influence of solar heating, radiative cooling, and the 
spacecraft’s thermal design.

These observations highlight the following contributions:

1. Enhanced Thermal Modelling: This figure underscores the
model’s capability to predict the thermal behaviour of solar 
panels accurately. By including critical parameters such as so-
lar heating and radiative cooling, the model provides reliable 
predictions for thermal performance.
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2. Design Optimization: The insights from the thermal calculations 
help refine the SSA design, ensuring it operates efficiently under 
the harsh thermal conditions of space. The stability of the tem-
perature profile is essential for maintaining the structural and 
operational integrity of the solar panels.

3. Validation Against Real Data: The close alignment of the model’s 
results with spacecraft telemetry data confirms the robustness 
and reliability of the thermal model, ensuring its applicability 
in designing and optimizing solar-powered spacecraft.

4. Iterative Improvement: The identified discrepancies between the 
model and real-world data allow for iterative refinement of the 
thermal simulation, leading to increasingly accurate predictions 
of SSA behaviour and enhanced mission success.

This figure highlights the critical role of thermal modelling in ensuring 
the efficient operation of solar arrays in LEO environments. By accu-
rately predicting temperature variations, the model contributes to the 
development of robust and reliable energy systems for space missions. 
Unlike the Sun angle, solar power output and temperature exhibit a 
strictly periodic behaviour due to the dominance of the orbital cycle:

• Orbital Illumination Cycle: The spacecraft undergoes a
predictable cycle of daylight and eclipse every orbit (approx-
imately 90 min in LEO). This ensures that solar power genera-
tion follows a strict periodic pattern, rising during sunlight and 
dropping during the eclipse.

• Thermal Equilibrium Dynamics: The solar array absorbs solar en-
ergy during illumination, increasing its temperature, and radiates 
heat during eclipse, causing cooling. This results in a predictable 
periodic heating and cooling cycle.

• Power System Regulation: The spacecraft’s power management 
system adjusts the power conversion and battery charging pro-
cess, stabilizing energy output despite Sun angle fluctuations.

Thus, while the Sun angle follows a non-periodic trajectory, the solar 
power output and temperature remain strictly periodic due to their 
dependence on the short-term orbital cycle. This analysis demonstrates 
that:

• The Sun angle is non-periodic in short-term analysis due to orbital 
precession, seasonal shifts, and eclipse variations.

• Solar power and temperature remain fully periodic because they 
are governed by the stable, repetitive orbital cycle.

These findings confirm that while Sun angle fluctuations introduce 
long-term variations, the primary driver of periodic power and thermal 
behaviour is the orbit itself. This insight is crucial for designing energy 
management strategies in Low Earth Orbit missions. 

6.8. Impact of performance degradation on solar array output

The obtained results also show the decline in power generation as a 
result of radiation-induced degradation and temperature effects over 
the spacecraft’s mission lifetime. The predictions of the degradation 
models are compared with real-time telemetry data from the LEOS-
50 platform to validate their accuracy. This comparison demonstrates 
the ability of the models to capture the long-term behaviour of the 
solar array under realistic conditions. Therefore, degradation must be 
taken into account when sizing the solar array and battery system. This 
includes recommendations for mitigating degradation effects, such as 
optimizing the array’s orientation and incorporating redundancy.

7. Conclusions

In conclusion, modelling SSA power generation for LEO spacecraft 
is a complex and multidimensional task. The novelty of this (mod-
elling/simulation) approach is to validate the SSA capabilities within 
the designed mission operation scenarios under external factors. The 
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Fig. 17. Panel Temperature calculation.

proposed environment leads to ensuring the SSA outputs and capa-
bilities to perform the mission-designed scenarios before starting the 
manufacturing process. Thus, it provides a useful tool in designing 
future SSA of LEO spacecraft. The mathematical model obtained allows 
to guarantee of the execution of the proposed power budget throughout 
the spacecraft’s life cycle.

The results were validated by the STK program using the LEOS-
50 commercial platform telemetry analysis. The interesting point is 
that the power capability of the commercial platform of LEOS-50 is 
suitable for the proposed new spacecraft design scenario load profile. 
This study can contribute to the development of efficient and reliable 
power subsystems, which are essential for the success of spacecraft 
missions.

Further potential research directions in the SSA model incorporate a 
machine learning algorithm utilizing the available real-time data from 
different platforms. Moreover, integrating the attitude control system 
within the SSA might be effective in maximizing energy production.
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See Tables  4–6.



A. Mokhtar et al. Franklin Open 11 (2025) 100268 
Table 4
Technical specifications of LEOS platform versions: 50MR, 50HR, and 100HR.
 Parameter LEOS-50MR LEOS-50HR LEOS-100HR  
 Payload volume 530 × 530 × 200 mm3 50U 530 × 530 × 340 mm3 75U 530 × 530 × 620 mm3 150U  
 Payload mass 10–15 kg 15–30 kg 30–70 kg  
 Payload power for 10:30 h 505 km Sun 
synchronous orbit @ 100% Nadir Pointing 
+ 20 min/day transmit

250 W peak for 10 min per 
orbit or 25 W av. for 100 min 
per orbit

250 W peak for 10 min per 
orbit or 25 W av. for 100 min 
per orbit

300 W peak for 20 min per 
orbit or 60 W av. for 100 min 
per orbit

 

 Platform design lifetime 5 years 5 years 5 years  
 Heritage KR1 (2015),

KR1B (2016)
NExSat

Lagari 10x LEOS-100 for India  
Table 5
Configuration of the body-mounted solar panels and the solar cell electrical
parameters.
 Type of solar cell Gallium Arsenide triple junction 

(GaAs)
 

 Number of series cells 12 cells  
 Manufacturer and cell category AZUR-space 3 J cell with 

efficiency 30%
 

 Open circuit voltage of solar cell (1367 
W/m2, 28 ◦C)

2.616 [V]  

 Short circuit current of solar cell (1367 
W/m2, 28 ◦C)

0.519 [A]  

 𝑉𝑚 Maximum power point voltage of 
solar cell (AM0)

2.345 [V]  

 𝐼𝑚 Maximum power point current of 
solar cell (AM0)

0.503 [A]  

 𝑃𝑚 Maximum power of solar cell (AM0) 1.18 [W]  
 Open circuit voltage temperature 
coefficient

−6.2 [mV/◦C]  

 Short circuit current temperature 
coefficient

0.35 [mA/◦C]  

 Maximum power point voltage 
temperature coefficient

−6.3 [mV/◦C]  

 Maximum power point current 
temperature coefficient

0.27 [mA/◦C]  

 Average power consumption of the 
spacecraft 𝑃𝑑𝑎𝑖𝑙𝑣∕𝑎𝑣𝑔

35 [W]  

 Solar cell strings distribution on 
spacecraft panels

Panel (-Y) 6 solar strings
Panel (+X) 2 solar strings
Panel (-Z) 2 solar strings
Panel (-X) 2 solar strings

 

Table 6
Spacecraft subsystems power consumption.
 Subsystem Operation duration power Standby power  
 consumption (watt) consumption (watt) 
 TTC_S 25 3.5  
 TTC_TLM 7.5 7.5  
 AOC Prep.1 12.85 0  
 AOC Prep.2 19.85 0  
 AOC Imaging 27.1 0  
 AOC Discharge 22.75 0  
 AOC standby 0 10.75  
 AOC orientation 
to Sun pointing

54.75 0  

 CDH 10 10  
 PL Imaging 60 0  
 PL download 22 0  
 PL Stand by 0 2  
 PLCDHS 10 10  
 TTC_X 80 0  
 TTC_GPS 5.3 5.3  
 PS 6 6  
16 
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