
Received July 21, 2021, accepted July 30, 2021, date of publication August 11, 2021, date of current version August 19, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3104098

Power Budgeting of LEO Satellites: An Electrical
Power System Design for 5G Missions
ALI JIHAD ALI 1, (Graduate Student Member, IEEE), MOHSEN KHALILY 1, (Senior Member, IEEE),
ATA SATTARZADEH 1, AHMED MASSOUD 2, (Senior Member, IEEE),
MAZEN O. HASNA 2, (Senior Member, IEEE), TAMER KHATTAB 2, (Senior Member, IEEE),
OKAN YURDUSEVEN 3, (Senior Member, IEEE), AND
RAHIM TAFAZOLLI 1, (Senior Member, IEEE)
1Institute for Communication Systems (ICS), Home of 5G and 6G Innovation Centres, University of Surrey, Guildford GU2 7XH, U.K.
2Department of Electrical Engineering, Qatar University, Doha, Qatar
3Institute of Electronics, Communications & Information Technology, Queen’s University Belfast, Belfast BT7 1NN, U.K.

Corresponding author: Ali Jihad Ali (ali.ali@surrey.ac.uk)

The work of Okan Yurduseven was supported by the Research Grant from the Leverhulme Trust through the Research Leadership under
Award RL-2019-019.

ABSTRACT Although Geostationary-Equatorial-Orbit (GEO) satellites have achieved significant success
in conducting space missions, they cannot meet the 5G latency requirements due to the far distance from
the earth surface. Therefore, Low-Earth-Orbit (LEO) satellites arise as a potential solution for the latency
problem. Nevertheless, integrating the 5G terrestrial networks with LEO satellites puts an increased burden
on the satellites’ limited budget, which stems from their miniature sizes, restricted weights, and the small
available surface for solar harvesting in the presence of additional required equipment. This paper aims to
design the Electrical Power System (EPS) for 5GLEO satellites and investigate altitudes that meet the latency
and capacity requirements of 5G applications. In this regard, accurate solar irradiance determination for the
nadir-orientation scenario, Multi-Junction (MJ) solar cells modeling, backup batteries type and number,
and designing highly-efficient converters are addressed. Accordingly, the power budgeting of the 5G LEO
satellite can be achieved based on defining the maximum generated power and determining the satellite’s
subsystem power requirements for 5G missions. In the sequel, the measured and simulated values of the
electrical V-I characteristics of an MJ solar panel are compared to validate the model by using a Clyde
Space solar panel that reaches a maximum power generation of approximately 1 W at (IMPP = 0.426 A,
VMPP = 2.35 V ). Moreover, a synchronous boost converter circuit is designed based on commercial off-the-
shelf elements.

INDEX TERMS 5G, CubeSat, electrical power system (EPS), low-earth-orbit (LEO) satellites, multi-
junction (MJ) solar cells.

I. INTRODUCTION
The vicinity to the earth, low-cost, relatively low complexity,
and off-the-shelf elements are unique merits for LEO
satellites; which have motivated researchers to consider them
for communication systems. The interest in developing these
satellites is increasing by leaps and bounds, mainly to be
integrated with 5G terrestrial networks due to their acceptable
latency values for many 5G scenarios, compared to the GEO
satellites’ high latency figures. Several papers have proposed
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schemes that utilize the high-capacity of GEO satellites and
the low latency of LEO satellites at the same time. By this
we mean building communication systems that consist, for
instance, of one or more GEO satellites and a constellation of
LEO satellites for high data rate satellite communications [1].

Although the importance of deploying LEO satellites to
support the terrestrial communication networks has been
emphasized in literature [2], obtaining LEO satellites that
are capable of providing the same quality of service (QoS)
as that of the terrestrial network remains a big challenge.
Higher-quality connections would requiremore complex sub-
systems with higher power consumption demand. The LEO
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satellites’ limited power resources motivated the authors
of [3] to propose a power effective solution with a system
comprised of GEO satellite and a constellation of LEO
satellites. They suggested improving GEO satellite antennas’
receiving capabilities instead of increasing the transmitted
power of the LEO satellite antennas. This, in turn, would
decrease the burden of both the power consumption and
the volume of the LEO satellites. It is a reasonable
solution to improve the signal that reaches the LEO satellite
instead of utilizing bigger or more equipment. Nevertheless,
the high number of antennas in the 5G mission, which
are required on the LEO satellite to support connections
between the constellation’s satellites, between GEO satellites
and LEO satellites, and between LEO satellites and the
earth, contributes to increasing the consumed power from the
Electrical Power System (EPS).

In this paper, the optimal EPS characteristics of one
common type of LEO satellites (Cubesat) are investigated
for the 5G mission. To this end, the CubeSat’s subsystems
are defined, so the satellite’s energy requirements can be
specified. Generally, CubeSats have three main segments:
execution, functional, and scientific. The execution segment
is related to the CubeSat propulsion and movement technolo-
gies. The scientific segment depends mainly on the mission
tools and sensors, while the functional segment consists
of the EPS, Communication Subsystem (COM), Attitude
Determination and Control Subsystem (ADCS), and On-
Board Computer (OBC) [4].

The remainder of the paper is organized as follows:
Section II surveys the state-of-the-art relevant to our work
and provides a list of our contributions. The on-orbit incident
solar irradiance for the chosen 1U (10cm × 10cm × 10cm)
CubeSat is discussed in section III. Section IV introduces
the MJ solar cells modeling. Section V covers the backup
storage systems (battery’s type and number). Following that,
section VI proposes a scheme for synchronous converters
design. Numerical results are presented in section VII, and
finally section VIII concludes the contents of the paper.

II. RELATED WORK
Previous studies have investigated the development of Cube-
Sat subsystems and addressed different challenging design
concerns. For example, the CubeSat’s high-speed movement
while scanning the Earth needs effective equipment to
achieve the desired altitude control [5]. In other words,
an effective ADCS subsystem should alleviate the angular
variations to avoid all the unexpected space disturbances [6].
The stable movement of satellites, which are orbiting based
on a particular orientation scenario, allows for easier and
accurate determination of the received solar irradiance to
the satellite’s sides. Hence, the satellite orientation should
be maintained as much as possible [7]. Other papers
presented the power limitations of these satellites for the
communication missions as in [8].

To determine the generated power for CubeSats, it is
crucial to study the relationship between the received

solar irradiance on the satellite’s sides. Hence, orientation
scenarios play a key role in defining the amount of solar
irradiance. In the literature, only few papers highlighted
the effect of the orientation scenarios on the CubeSat
performance [9], [10]. For example, the authors of [9] did
not present the mathematical concepts of their work, which is
focused mainly on the design of the Solar Module Integrated
Converters (SMIC). In [10], the main orientation scenarios
were introduced, taking into account the satellite altitude
and the orbital parameters to evaluate their performance.
However, the authors concentrated primarily on batteries’
characteristics with a brief discussion of the principal source
of power for the satellite and for recharging its batteries,
which is the satellite’s solar cells. Although [11] focused on
several important aspects related to the optimal connection
for the EPS components, this work did not address the solar
irradiance with the orientation scenario.

Based on the fact that the incident solar irradiance excites
the solar cells to generate power, it is essential to identify
an accurate model of high-efficient solar panels to estimate
the satellite’s generated power on orbit during all CubeSat’s
trajectory stages.

The solar cells’ latest development has led to engaging
materials different from silicon in the cell structure [12].
Consequently, higher conversion efficiencies were obtained
by the Multi-Junction (MJ) solar cells [13]. Several materials
were exploited to achieve MJ solar cells so that each material
absorbs a specific range of the solar irradiance spectrum,
resulting in more irradiance being converted into electrical
power. A high conversion efficiency performance has been
captured using MJ solar cells in [14] and [15] by mitigating
the chromatic aberration. It is worth noting that Five-Junction
solar cells have recorded the highest efficiencies among all
PV technologies [16].

Different models were devised to define the MJ solar
cell parameters in different environmental conditions [17].
In [18], the authors introduced a general review of the existing
modeling approaches for the high concentration MJ solar
cells in terms of the cell parameters, the received irradiance,
and the temperature. On the other hand, comprehensive
analytical solutions for the single-diode and two-diode
equivalent circuits were employed for modeling the MJ
panels [19]. While four methods for studying the MJ cell’s
behavior were compared in [20], three of them are analytical,
and the fourth is an algorithm for the optimization of
nonlinear problems. The analytical methods in [19] and [21]
presented approaches used to predict the V-I characteristics
to ensure getting accurate models for the studied cells.
Nevertheless, the results show some differences between the
analytical and experimental validation.

Several methods of MJ parameter extraction have been
investigated in the literature, such as curve fitting, fill factor,
experimental results, and data-sheet information [22], [23].
In [22], the MJ parameters are obtained by curve fitting the
cell’s experimental characteristics, considering the single-
diode model, which leads to steady-state errors in the final
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values. On the other hand, the authors of [24] assumed
the values of the overall series and parallel resistances,
respectively, without highlighting the computation formula.
In [25], the resistances were calculated depending on the
empirical experiments in comparison to [26] and [27], where
resistances were obtained from the V-I characteristics. Other
papers did not discuss the resistances of each junction layer
as in [23].

In this paper, the CubeSat power budgeting is considered
as a critical enabler to the success of a CubeSat constellation
for the 5G mission. A combination of related issues may
affect the power budgeting. For example, it is vital to achieve
a balance between a broad coverage area of the satellite
network while maintaining low latency values [28], but
this may influence the period of power generation. Another
aspect that should be considered is the increased power
consumption due to the number of used antennas [29], [30].
By this we mean, designing the EPS would experience many
difficulties that should be carefully investigated. They are
related to the orbit altitude, the coverage area, CubeSats
high-speed movement, limited generated power under the
significantly constrained size and volume resources, and 5G
latency requirements [31], [32].

This paper continues the work started by the authors in [4],
where several CubeSats applications were addressed besides
discussing the main orientation scenarios of CubeSats with
a focus on the nadir orientation scenario. In this paper,
the modelling, analysis, andmeasurements of the EPS system
are presented. By this we mean, several solar cells are
simulated and the simulation results of the available solar
cell are validated. Also, a new scheme for designing the
EPS converters is proposed to achieve a high conversion
efficiency where the previous method is employed to design
and fabricate a high-efficiency boost converter. As a result,
the optimal budgeting for the satellite power to meet the
mission’s necessary power is reachedwith the presented work
starting from the input (irradiance determination) to the EPS
(solar cells, batteries, and converters) and ending with the
output (feeding the 5G CubeSat subsystems with the needed
power).

A. PAPER CONTRIBUTIONS
The main contribution in this paper, versus existing afore-
mentioned literature, is to introduce a scheme for budgeting
the power of the 5G CubeSat satellite, which can be
summarized in the following points:
• Employing the algorithm, presented in [4], to deter-
mine the received solar irradiance on the CubeSat’s
sides for nadir orientation scenario in a simple way
without considering the direct cosine matrix and
Euler 321 sequences as in [10]. Taking into account
the chosen height ranges that guarantee the desired
latency.

• Introducing an accurate model for the MJ solar cells.
• Defining the type and number of batteries for the 5G
mission based on the 5G mission power requirements.

• Introducing a new scheme for designing high-efficiency
converters.

• Validating the solar cells and converter models through
comparison between the simulation and the experimen-
tal results.

• Designing the EPS circuit and applying the perturb &
observation algorithm to obtain the maximum power
point for the converters.

III. OPTIMAL SATELLITE ORIENTATION SCENARIOS
CubeSat satellites could have several orientation scenarios
while they rotate around the earth, such as Nadir-Orientation,
Free-Orientation, and Sun-pointing [4]. The nadir orientation
scenario was chosen for the following reasons:

1) It is the most suitable option for the 1U CubeSat. For
example, in the Sun-Pointing scenario, only one face
always receives the radiation compared with the case
of four faces that receive power in the nadir orientation
scenario.

2) The 5G mission needs stable and accurate pointing
towards the gateways and the User Equipment (UE)
simultaneously. Hence, the free orientation scenario
cannot guarantee the needed stability of connections
between them.

Therefore, the nadir orientation is the potential orientation
scenario for a CubeSat based 5G missions since it is always
pointing towards the earth’s center, as shown in Fig. 1.
In this scenario, three sides could obtain maximum power
generation: Z , −Z , and −X . Besides, X is exposed to the
power for a short period before the eclipse stage and after it.
Moreover, the satellite’s angular location could be determined
based on the approach presented in [4], so the solar irradiance
variations through the satellite’s path can be computed.

FIGURE 1. Nadir-pointing orientation scenarios.

This paper uses the approach proposed in [4] to calculate
the incident solar irradiance on the sides of the satellite
depending on the value of the angle βi, which is the subtended
angle between the satellite side and the direction of the solar
irradiance, as depicted in Fig. 2. This figure exhibits two
cases for βi (the angle between the X -axis side and the solar
irradiance direction). The first one is when it equals 90◦ (the
maximum received radiation) and the second one is when the
angle is 75◦.
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FIGURE 2. The proposed angle β (subtended between the satellite side
and the solar irradiation vector).

The aggregate generated power in (2) can be represented
by:

Pin =
6∑
s=1

Pini (1)

where Pini is the amount of the generated power for each
side [4].

Since CubeSats are proceeding along the eclipse zone
regularly, the power generated by the solar cells is not
adequate to maintain the flow of the satellite’s operations.
Moreover, in the illuminated zone, sometimes, the higher
data rate demand or the increased number of users could
lead to additional power consumption from the EPS. Con-
sequently, equipping the EPS with batteries is fundamental
to store enough energy for different payload conditions.
Thus, the periods of illuminated and shadowed areas should
be determined accurately, so batteries’ capacity could be
obtained as in [4], [33].

IV. MULTI-JUNCTION SOLAR CELLS
MJ solar cells have an increased conversion efficiency, for
a given solar irradiance, owing to the usage of multiple p-n
junctions made of several semiconductors (different energy
bandgaps), as illustrated in Fig. 3. Consequently, each layer
absorbs a different light spectrum, which boosts the produced
power. Modeling is a vital tool to estimate the generated
power by the solar cells. Accordingly, the CubeSat’s gener-
ated power can be predicted before the launching process. For
this reason, the following subsections will focus on modeling
the Triple Junction (3J) solar cells.

Two main equivalent circuits are used for modeling 3J
solar cells. The first one is the single-diode equivalent
circuit model, and it uses five parameters: the diode reverse
current, series and parallel resistors, generated currents, and
thermal voltage, to study the cell characteristics. The second
circuit model is the three-diodes circuit, where the circuit is
represented using a more complex and precise model.

FIGURE 3. Triple-junction cells structure, where Eg is the energy
band-gap of each substrate material.

FIGURE 4. The single diode equivalent circuit.

A. APPROXIMATE MODEL WITH A SINGLE-DIODE CIRCUIT
In this approach, the 3J solar cell is approximated by the one
diode equivalent circuit due to the easy calculations and the
reduced number of employed parameters. The single-diode
equivalent circuit is illustrated in Fig. 4 [25]. Here, the cell can
be described as a source, a diode, and resistors, which present
the power loss in connection points and through conductors.

B. DETAILED MODEL WITH THE THREE-DIODE CIRCUIT
This part presents the three diodes equivalent circuit for 3J
solar cell modeling. As shown in Fig. 5, the equivalent circuit
includes three-diode circuits connected to perform the layers
of the three materials [20], [23], [24], [34]. The three circuits
have a series connection that leads to the same current passing
through them, and the output voltage is the sum of their
voltages.

Using different materials means different saturation cur-
rents for each diode, which can be obtained using:

IOi = Ki.
(

T
TRef

)3

.

(
exp

(
−
q.Egi
ni.KB

.

(
1
T
−

1
TRef

)))
(2)

where in the three diodes calculations: i ∈ [1, 3], the reverse
saturation current of the diode is IOi, Ki represents the
recombination current, T is the temperature, TRef is the
reference temperature value, the charge of the electron is q,
Egi is the bandgap energy, ni is the diode ideality factor, and
KB is Boltzmann constant.
The diode current is given as follows [23]:

IDi = IOi.
(
exp

(
q.VDi
ni.KB.T

)
− 1

)
(3)
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FIGURE 5. The three layers equivalent circuit of the triple-junction cell.

VDi is the diode’s voltage, and it is given as:

VDi = Vi + IOut .RSi (4)

where IOut is the cell output current, and RSi is the series
resistance. Since it is difficult to obtain the values of each
layer’s series and parallel resistances, this paper relies on
values reported in previous papers, which have conducted
experimental calculations for the chosen cell resistances as
in [22] and [25]. The layers voltage Vi is given as:

Vi =
ni.KB.T

q
. ln

[
IL − IOut

IOi
+ 1

]
− IOut .RSi (5)

On the other hand, the shunt current can be found as
follows:

IShunti =
Vi + IOut .RSi

RSh
(6)

where RSh is the parallel resistant.
The solar irradiance generated current is given by:

IPV =
S
Sref

(
IL +

dISC
dC

(
T − Tref

))
(7)

where S is the incident solar irradiance value, and Sref
is the Standard Test Conditions (STC) irradiance value
1353 W/m2, whereas the current fraction represents the
short-circuit current coefficient. Moreover, IL represents the

intensity of the solar irradiance at the location of the CubeSat
and it can be expressed as follows:

IL = Iavg. (1− A.Cos (θEarth)) (8)

where Iavg is the intensity at the mean sun to earth distance
W/m2, A is the eccentricity of the orbit, and θEarth represents
the angular position within the orbit.

The equivalent output current can be obtained as:

IOut = IOuti = IPVi − IDi − IShunti (9)

Finally, the equivalent circuit voltage is:

VOut = V1 + V2 + V3 (10)

V. THE ELECTRICAL POWER SYSTEM OF CUBESATS
In this paper, the amount of CubeSat satellites’ generated
power is determined for the 5G mission. It is assumed first
that a trade-off between the coverage area and the satellite
altitude is realized to record low latency values. It is known
that the latency requirements for the 5G connection should
not exceed 1 ms for the ultra-Reliable Low Latency Commu-
nication (uRLLC) services and 4 ms for the enhanced Mobile
Broadband (eMBB) services. Consequently, to meet these
requirements, the satellite altitude should range between
160 km above the equator (the latency would be around
1 ms) and 600 km above the equator (the latency would be
4 ms) [32]. However, deploying CubeSats at these altitudes is
not practical for reasons concerned with the atmospheric drag
and reduction in the life cycle of the satellite. Thus, CubeSats
can be used in applications other than time-sensitive services
such as themassiveMachine Type Communications (mMTC)
and 5G over satellite-like broadcast and multicast.

A. THE EPS DESIGN
The knowledge of the payload energy requirements is a
principle factor before designing the EPS to guarantee
a successful CubeSat mission. The solar cells, batteries,
and converters (current/voltage adjusting circuits) are the
backbone of the satellite’s EPS. The only source of energy
generation in satellites is the solar cells, whereas the storage
system (backup batteries) supports the solar cells when the
satellite in the shadowed zone or when the demanded energy
is more than the generated one.

Several types of batteries are used for satellite missions,
such as Lithium-Ion (Li-Ion), Nickel Cadmium (NiCd), and
Nickel Metal Hybrid (Ni MH) [4]. Each type has its unique
specifications, but the preferred type, for CubeSats missions,
is the Li-Ion because it meets the constraints of mass and
volume [35].

The required energy of the satellite’s subsystems Etot can
be written as follows:

Etot =
E
η

(11)

where E represents the energy obtained from the solar cells,
and η is the conversion stage efficiency. Therefore, we can
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determine the accurate number of batteries to secure the
needed amount of energy for CubeSat’s subsystems. The
solar cells’ harvested energy is given as:

Esun =
∫ TSun−light

0
Pin(t).dt (12)

where TSun−light is the interval in which the CubeSat receives
the solar irradiance, and Pin (t) is the instantaneous received
power. Thus, the batteries’ energy is the difference between
the total subsystems’ requirements and the energy generated
by the solar cells. The batteries’ energy can be expressed as:

Erbatt ≥ η .(Esun −
TSun−light
Torbit

Etot ) (13)

where Erbatt is the energy required from satellite’s batteries
and Torbit is the rotation period of the CubeSat around
the Earth. As a result, one nominal battery energy can be
described as follows [36]:

Ebatt =
(Umax + Umin)

2
.C (14)

where the Li-Ion battery voltage limits are Umax and Umin,
respectively, whereas C represents the battery capacity [Ah].
Hence, the needed number of batteries would be:

n =
⌈
Erbatt
Ebatt

⌉
(15)

where d·e is the ceiling function.

VI. SYNCHRONOUS BUCK AND BOOST CONVERTERS
In this section, a new approach is implemented to obtain
the optimal setup of the EPS converters’ parameters. The
regulation of voltages/currents is achieved using synchronous
boost and buck converters. Hence, the number and type of
converters are defined based on the CubeSat subsystems’
voltage/current requirements. Fig. 6 displays the converters’
design process, which starts with entering the output’s desired
efficiency, the frequency range, voltage/current ripples, and
voltage/current margins. Then the duty cycle range is
computed depending on the inserted parameters. Following
that, the maximum values of inductance L and capacitance C
are determined. After that, the designed converter efficiency
is calculated based on the obtained parameters.

A. THE CONVERTER POWER LOSSES
The following power loss formulas were used to ensure
obtaining the desired efficiency of converters. Based on
the above-mentioned scheme, the power loss calculations
are implemented continuously until reaching the converter’s
parameters, which guarantee minimum power losses.

1) CONDUCTION POWER LOSSES
The power dissipation of the converter components, such
as inductor and capacitor resistances, leads to power losses,
which can be expressed as follows [39]:

Pcond = Pq1 + Pq2 + Pwr + Pesr (16)

FIGURE 6. A flow chart for designing the EPS converters.

where Pq1 and Pq2 represent conduction losses due to the
drain-source resistance RDS for the case of using two instead
of one MOSFET transistors and a single diode.

Pq1 = Ieff (max)2.RDS .D (17)

Pq2 = Ieff (max)2.RDS .(1− D) (18)

where Ieff (max) represents the maximum current, and D is
the duty cycle. On the other hand, capacitor and inductor
resistance losses (Pesr and Pwr respectively), are neglected
for switching frequencies under 500 kHz.

2) SWITCHING POWER LOSSES
Each switching transition produces a power loss. Therefore,
the total switching power loss is related to the switching
frequency, and it can be obtained using:

Psw = Pturn + Pover + Pqrr + Pgate (19)
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wherePturn represents the power loss of each switching cycle,
and it can be calculated by:

Pturn =
2
3
. (CossL + CossH) .V 2

min.f (20)

where CossH and CossL are capacitances of transistors TR1
and TR2, respectively, whereas Vmin is the minimum voltage
value. The change in the transition state between switches
generates power loss, which can be written as:

Pover = 0.5.Ieff (max).tf .f (21)

where tf is the falling time from on to off state.
The power loss due to the reverse recovery current can be

expressed as:

Pqrr = Qrr .Vo.f (22)

where the reverse recovery charge is Qrr .
Additional power loss could be caused by charging the

gate-source capacitance Cgs of MOSFET transistors, which
consumes power that could be computed by:

Pgate = Qg.Vmax .f (23)

where Qg is the charge of the gate.
It is worth mentioning that, the number of converters in

the EPS subsystem can be reduced since it is not possible to
illuminate two opposite sides of the satellite at the same time,
for example, Z and −Z . Nevertheless, protection circuits
would be needed in this case.

VII. NUMERICAL RESULTS
A. THE EPS DESIGN
The proposed CubeSat mission is to provide 5G services
for the areas covered by its course, which means that the
payload would mainly be the communication subsystem.
To accomplish the mission requirements, the CubeSat should
have three antennas; the first is for the feeder link, the second
is an off-set parabolic reflector antenna for users link, and the
third antenna would be used to relay data among the satellites
of the constellation. CubeSat’s subsystems’ power and energy
consumptions are displayed in Table 1 [36].

As can be seen in Table 1, the needed power is 12 W
and we know that the selected satellite is a 1U CubeSat.
Therefore, the first step, after considering the convenient
altitude and the suitable orientation scenario, is to choose
the solar cells, including the available surface that can be
covered with solar cells and consequently the number of solar
cells. Hence, the generated power can be obtained and the
number of required batteries could be selected. As a case
study, the Clyde Space (CS102834) cell is studied for the
proposed EPS where the area by which a single side of the
1U CubeSat can receive solar irradiance is A = 80.51 cm2,
knowing that the solar irradiance reaches around 1353W/m2.
The maximum generated power is calculated for a cell’s
efficiency of 28.35%, which is the efficiency of (CS102834)
cells:

TABLE 1. Satellite’s power and energy requirements.

Pin = 3.08+ 0+ 0+ 0+ 0+ 0 = 3.08W

Depending on the nadir orientation scenario, only a single
side would enjoy the maximum generated power, as the solar
irradiation ultimately faces this satellite’s side. Consequently,
there is insignificant sun radiation received on the other sides
that could be neglected. Studying the Albedo and the earth
irradiance effect on the CubeSat is beyond this paper’s scope,
particularly for the 5G mission. CubeSats would have low
altitudes to fulfill the requirements of the 5G applications.
As a result, the proceeding factors would not have significant
implications on the satellite’s mission.

The net generated power, for a single side, is given by [4]:

Pin1 = 2.88W

As it is evident in Table 1, both OBC and COM work
almost during all the orbit period, which is logical since the
payload is the communication subsystem. Assuming a 90%
converters’ efficiency and from (11), the total energy needed
by the satellite is:

Etot = 19.995W .h

For a CubeSat at an altitude of 400 km, the illuminated
stage period is 56.36 minutes whereas the shadowed stage
period equals 36.04 minutes. As a result, the sun-light stage
generated energy is computed as per (12):

Esun = 2.705W .h

So, the energy required from Li-Ion batteries to compen-
sate for the CubeSat needs, i.e. that which solar cells cannot
cover, is:

Erbatt = 17.29W .h

The characteristics of the selected Li-Ion 18650 battery
are:
• Nominal Voltage: 3.7 V
• Typical Capacity 2600 mAh
• The voltage’s marginal values 4.2 V and 3 V

Consequently, the storage battery energy is ascertained by
(14) as:

Ebatt = 9.36 W .h

Thus, the number of desired batteries is given as:

n =
⌈
17.29
9.36

⌉
= d1.84e = 2

Typically, satellites are equipped with battery packs that
involve two or four batteries, such as Clyde Space and GOM
Space products.
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FIGURE 7. Satellite sides power variations.

TABLE 2. The InGaP/GaAs/Ge cells parameters.

B. THE INCIDENT SOLAR IRRADIANCE
After choosing the nadir orientation scenario, the generated
power for each satellite side could be determined. Since
the CubeSat is in a continuous movement around the earth,
the gained irradiance decreases and increases based on the
difference between each side angle and the solar irradiance
direction [4]. Fig. 7 illustrates the variations in the CubeSat’s
generated power depending on the side’s inclination angle β.

C. MODEL VERIFICATION
In a pursuit to evaluate the proposed model, five triple-
junction solar cells were employed, which are manufactured
by AzurSpace (3G30A), Clyde Space (CS102834), Spec-
troLab (XTJ), SolAero (ZTJ-�), and Emcore (ZTJ). The
bandgap energy and the material parameters for the used
cells are given in Table 2, which shows Varshini coefficients
to calculate the bandgap and the reserve saturation currents
for each diode of the InGaP/GaAs/Ge substrates [23], [34].
Parameters obtained from manufacturers are VMP, VOC , ISC ,
TRef , the cell area, and the solar cell efficiency, whereas
the other parameters such as IO1, IO2, IO3, and IPV can
be calculated as per (2) and (7). Note that the diode
ideality factor values are assumed depending on the available
experimental values in literature, and on surveying other 3J
products [27]. Table 3 compares the nominal parameters and
the simulated ones. It is clear that the proposed model shows
an excellent matching percentage between the simulated and
nominal parameters, which proves the accuracy of the results.

Fig. 8 shows the V-I characteristics for different 3J solar
cells, which are AzurSpace (3G30A), SolAero (ZTJ-�),
Clyde Space (CS102834), SpectroLab (XTJ), and Emcore
(ZTJ) under the STC conditions. The convergence between

TABLE 3. Nominal and simulated currents and voltages of 3J cells.

FIGURE 8. V-I characteristics for the chosen cells at 28◦C. Colored circles
represent data-sheet values.

the nominal values and the simulated ones is evident,
knowing that the solid points represent the nominal maximum
power points of each cell. It is clear that Clyde Space
(CS102834) and Emcore (ZTJ) cells’ performance is very
close to the nominal maximum power points. It is worth
mentioning here that the error in matching percentages is
originated mainly from the errors in estimating the values
of series and parallel resistances. Obtaining resistances from
experimental results is the best way to ensure getting accurate
values. However, this paper relies on previous papers in which
experiments were conducted on 3J solar cells.

Fig. 9 illustrates V-P characteristics for the chosen cells
under the STC conditions. Both the V-I and V-P character-
istics demonstrate a high matching percentage between the
simulated results and the nominal values of 3J solar cells that,
in turn, validates the accuracy of the proposed model.

D. VERIFICATION OF THE PROPOSED MODEL USING
CELL’s MEASUREMENTS
The experiment was conducted on one of the body cells
(CS102834) of the Qatar University (QU) CubeSat, produced
by Clyde Space. Fig. 10 demonstrates the experiment
instruments, which are:

1) Hydrogen light bulb.
2) The 3J cells.
3) Pyranometer sensor (Apogee SP-110), to measure the

artificial irradiance on the panel.
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FIGURE 9. V-P characteristics of the chosen cells at 28◦ C. Colored circles
represent the data-sheet values.

TABLE 4. The model verification.

TABLE 5. A comparison between converters efficiencies.

4) Three lists of resistances as the load.
5) Multimeters.

The experiment has been implemented under different irradi-
ance and thermal conditions. Fig. 11 shows the comparison
between the measured and the simulated characteristics of
the cell under a temperature of 90◦C and irradiance of
800 W/m2. It is worth mentioning that there are two series-
connected panels on each side, which is called 2S1P (two
series on each parallel branch). Table 4 compares the accuracy
percentage reached between the proposed model and other
models addressed in the literature.

E. THE CONVERTER VERIFICATION
The scheme introduced previously for designing convert-
ers is utilized for designing a boost converter. Table 5
compares the achieved efficiency values for several man-
ufactured converters and the converter proposed in this
paper [39], [40]. The purpose of this comparison is to prove
that the introduced scheme could produce viable and practical
solutions. Fig. 12 shows the synchronous boost converter

FIGURE 10. The 3J solar cell experimental testing.

FIGURE 11. The CubeSat side panels characteristics based-on the
experimental and model characteristics.

FIGURE 12. The designed synchronous boost converter.

circuit, which uses the Perturb and Observation algorithm
P & O to track the maximum power point [11]. It should
be noted that Atmeg 8 microcontroller and one MOSFET
transistor IRF3205 were used to implement the P & O
algorithm and to control the flow of currents effectively.
Although the proposed converter efficiency seems lower than
other converters’ efficiency in Table 5, it achieves a very high
efficiency since it uses COTS elements.
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VIII. CONCLUSION
In this work, the basics of designing the EPS of CubeSats
were addressed for the 5G mission. The power input of these
satellites was covered by selecting the altitude, that considers
the 5G latency, and the convenient orientation scenario, which
meets the transmission consistency. Then the total amount
of the received solar irradiance on the satellite’s sides was
determined. Next, a highly accurate model for several MJ
panels, that harvest the solar irradiance, was introduced in
an effort to predict the satellite’s generated power, taking
into account the efficiency of the used converters, which
supply power to the satellite subsystems to guarantee the
success of the mission. In addition, the solar irradiance of the
satellite throughout its route, based on the nadir orientation
scenario, was exhibited. Moreover, the 3J solar cells model
was verified after doing measurements on the cells of QU
CubeSat. Besides, the synchronous converter design was
discussed and compared with other CubeSats’ converters.
To conclude, this paper addressed the input, the components
of the EPS, and the output of the circuit that meets the latency
and power requirements of a CubeSat, designed to join a
constellation for a 5G mission.

The introduced work could be enhanced further by
addressing the effect of the CubeSat’s location concerning
the sun and the earth in-depth, the former of which impacts
the on-orbit power generation whereas the latter is concerned
with the coverage area and the 5G load’s power. Using
more complex algorithms to track the maximum power-
point would improve the generated power amount. Finally,
addressing the link budget and discussing the subsystems’
power requirements of the 5G payload would shed light on
the obstructions of considering these satellites for the 5G
missions and beyond.
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