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Abstract: One of the most critical systems of any satellite is the Electrical Power System
(EPS) and without any available energy, the satellite would simply stop to function. There-
fore, the presented research within this paper investigates the areas relating to the satellite
EPS with the main focus towards the CubeSat platform. In this paper, an appropriate EPS ar-
chitecture with the suitable control policy for CubeSat missions is proposed. The suggested
control strategy combines two methods, the Maximum Power Point Tracking (MPPT) and
the Battery Charge Regulation (BCR), in one power converter circuit, in order to extract
the maximum power of the Photovoltaic (PV) system and regulate the battery voltage from
overcharging. This proposed combined control technique is using a Fuzzy Logic Control
(FLC) strategy serving two main purposes, the MPPT and BCR. Without an additional
battery charger circuit and without switching technique between the two controllers, there
are no switching losses and the efficiency of the charging characteristic can be increased
by selecting this proposed combined FLC. By testing a space-based PV model with the
proposed EPS architecture, some simulation results are compared to demonstrate the supe-
riority of the proposed control strategy over the conventional strategies such as Perturb and
Observe (P&O) and FLC with a Proportional Integral Derivative (PID) controller.

Key words: combined Fuzzy Logic Control, Electrical Power System, photovoltaic system,
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1. Introduction

In the last decade, numerous versions of CubeSat platforms based on the CubeSat standard,
such as 1Unit, 2Units and 3Units, have been built and put into orbit [1–4]. They have become an
excellent alternative to tests new technologies with a reduced cost of manufacturing and launch.
The structure of the studied CubeSat based 1.5 U standard is shown in Fig. 1.

Fig. 1. CubeSat based on 1.5 U platform [5]

During any CubeSat mission, the Electrical Power System (EPS) is the most important part
of handling power conversion and battery charging, as well as ensuring controlled power to the
rest of the CubeSat systems. The EPS of CubeSats has several circuit approaches that can mainly
be divided into two main types; the Direct Energy Transfer (DET) circuit and the Peak Power
Transfer (PPT) circuit [6]. All other topologies are dissimilarities, derivations or mixtures of
these two main types. Meanwhile, both of these configurations have a common circuit in the
arrangement of Photovoltaic (PV) solar panels (primary source) and power distribution units. The
distinction between DET and PPT consists of the power electronics interfacing the PV source
and storage system (secondary source). Nevertheless, the majority of CubeSat missions using the
DET topology have an efficiency loss [7]. In Low Earth Orbit (LEO) real conditions, while the
CubeSat’s angle towards the sun continuously changes and the amount of solar flux incoming
to solar cells varies significantly, the operation of the solar array at the maximum power point
seems to be suitable solution [8]. Therefore, the PPT has more advantages for LEO missions less
than 5 years life time that require more power at Beginning of Life (BOL) than at End of Life
(EOL). The PPT is a non-dissipative circuit for the reason that it can extract a precise power,
which is required by the CubeSat, up to the solar array’s maximum power [7]. This PPT approach
increases efficiency and simultaneously eliminates the potential of thermal dissipation problems
encountered in the DET method from BOL to EOL.

During sunlight periods, Maximum Power Point Tracking (MPPT) control algorithms are used
for PPT systems in space applications, which are quite similar to those used in ground applications.
In the literature, several works focused on the development of MPPT’s algorithms are studied such
as Perturb and Observe (P&O) in [9–12], Incremental Conductance (INC) in [13–15], a single
short pulse of loading [16], and the so-called intelligent control based on Fuzzy Logic (FL) in [17–
19]. However, nowadays, the development of the adaptive and artificial intelligence techniques to
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improve the efficiency of the PV system remains a challenging research field. Therefore, numerous
algorithms based on intelligent techniques such as FL in [20–23] and the adaptive neural-fuzzy in
[24–26] have been modified and developed. FL control techniques are appropriate for non-linear
control as demonstrated in [27–29]. Unlike traditional controllers such as P&O and INC, FL
Controllers (FLCs) are able to use experimental methods or professional knowledge to adjust the
output control system even without understanding the mathematical model of the systems being
controlled. In [30], a fuzzy controller for a maximum power point tracker and the hierarchical
fuzzy sub-systems controller are proposed for a CubeSat. In [31], simulation and implementation
of FLC based Maximum Power Point Tracking (MPPT) for different configurations of a partially
shaded PV system are presented. A control strategy based on the traditional PI controller and
intelligent fuzzy logic controller for power management of the DC micro grid consisting of PV
modules and fuel cells is presented in [32]. In [31], a comparative analysis of different MPPT
method including the fuzzy logic and the genetic algorithm techniques is presented.

During eclipse periods and peak-power demands, CubeSats are using batteries as a secondary
power source. Available battery technologies used in space applications are those including
Nickel-Metal Hydride (NiMH), Lithium-ion (Li-ion) and Li-ion Polymer (LiPo) [34]. Neverthe-
less, the only battery technology practicable for the CubeSat usage is that of Li-ion or LiPo, due
to their high energy densities [35]. Since these secondary power systems require a management
system for energy storage, but when the sunlight is brighter, PVs collect more power and exces-
sive voltage can damage the batteries. Hence, in the EPS, the Battery Charger Regulation (BCR)
block, which is responsible for implementing a Constant Voltage (CV) charging strategy, should
be used to prevent the battery failure in order to prevent the battery from overcharging when it is
already fully charged [36]. In [37], the design of a Buck-Boost converter with a PI controller is
used in order to combine both hybrid power sources PV/Wind with a battery storage system. In
[38], a PID controller is used for BCR with a conventional MPPT algorithm for the optimization
of the power extraction. In [39], a Sliding Mode Control (SMC) strategy was used for the MPPT
and the control of the battery voltage.

In the above literature, most of the proposed control strategies are based on two separated
controllers (MPPT and BCR) with independent electrical circuits. However, the reliability of the
EPS is reduced due to the complexity of the circuit with an additional battery charger and showing
an ineffective coordination between these two controllers. Therefore, the proposed combined
Fuzzy Logic Control strategy can be capable to place the operating point of the PV systems
precisely on the MPPs and control the battery voltage at the rated value without state transition or
switching mechanism between the MPPT and BCR controllers. Likewise, this proposed control
strategy is dedicated directly to control one power converter circuit including both the MPPT and
BCR techniques, which eliminates the need for extra battery charger.

The remaining part of this paper is organized as follows: Section 2 is dedicated to the proposed
electrical architecture of the EPS for a CubeSat. Then, the operating principle and modelling of
each EPS components (solar panel, boost converter and battery) are presented in the same
section. The common issues of the conventional control strategies are discussed in Section 3. In
Section 4, the proposed Fuzzy Logic Control strategy is presented. In Section 5, some simulation
results obtained under different irradiances and temperatures conditions are presented to show
the effectiveness of the proposed combined FLC approach. The conclusion and findings of the
proposed work are discussed in Section 6.
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2. Electrical Power System of the 1.5U Cubesat

In the 1.5U Cubesat EPS architecture, as shown in Fig. 2, the solar cells are placed on five
sides. Instead of using one boost converter per side of the CubeSat, a good trade-off can be to
use one boost converter for two solar panels on opposite sides. These solar panels are mounted
on opposing faces of the CubeSat connected to the same power converter (–X array and +X
array are connected to MPPT1, –Y and +Y to MPPT2 and +Z to MPPT3). The power converters
are connected in parallel and each converter has an MPPT algorithm. In this configuration only
one panel per pair can be directly illuminated by sun at any given time, with the second panel
providing a limited amount of energy due to albedo illumination from the earth. This is very
beneficial because it allows different MPPs to be tracked due to differences in irradiance and
temperature in separate solar panels.

Fig. 2. EPS architecture of 1.5U CubeSat

2.1. Solar panel modelling

In this paper, a model of a solar panel has been developed using MATLAB/Simulink, the
simplified model of the solar cell is shown in Fig. 3 as follows [40].

In the model D is the diode representing the PN junction polarization phenomena, Rs and Rsh

are the series and shunt resistors representing losses. Based on the application of the Kirchhoff
law in Fig. 3, the following equation is obtained:

Iph = ID + IR + I, (1)
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Fig. 3. Solar cell model

where:
ID = I0

(
eq
(
V+I Rs
nKT

)
− 1
)
, IR =

V + IRs

RSH
. (2)

The current generated by the solar cell has the following expression:

I = Iph − I0

(
eq
(
V+I Rs
nKT

)
− 1
)
− V + IRs

RSH
, (3)

where: Iph and I0 are the current source and the saturation current of the diode, respectively.
K is the Boltzmann constant (1.38 × 10−23 J/K); n is the ideality factor (from 1 to 2); T is the
temperature (in Kelvin); q is the electron charge (1.6 × 10−19 C).

The current source has the following Equation (4):

Iph = (ISC + Ki (T − 298.15))
G
Gn
, (4)

where: G and Gn are the irradiance and the refrerence irradiance, respectively. Ki is the temper-
ature coefficient of short-circuit current. ISC is the short-circuit current.

After simplification (RSH = ∞) in (3), the following equation is obtained:

I = ISC − I0

(
eq
(
V+I Rs
nKT

)
− 1
)
. (5)

Supposing I = 0, (V = Voc), the following equation is obtained:

I0 = ISCe−
(
Voc
Vt

)
, (6)

where: Voc is the open-circuit output voltage. The voltage Vt =
nKT

q
.

After substitution of (6) in (5), the following equation is found:

I = ISC

(
1 − e

(
V−Voc−I Rs

Vt

) )
. (7)

The parameters of the used solar cell model are listed in Appendix A.
In this study, for 1.5U CubeSat, three solar cells are connected in parallel in each solar panel.

The generated power and the electrical characteristics of the solar panel depend on environmental
conditions such as irradiances and temperatures. The electrical characteristics of the various
photovoltaic panels existing on the space industry market are not identical.
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2.2. Power converter
The configuration of the boost converter connected with the solar panel is shown in Fig. 4.

Fig. 4. Electrical scheme of the boost converter

The dynamic model of the boost DC–DC converter in state space form is found by the
application of the equation of basic electronic laws, which is written in (8). [41]:

d
dt
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1
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C2R
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il
vdc2
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
vpv

L
0

 , (8)

where: vpv is the voltage of the PV panel, vdc2 and iload =
vdc2

R
are the output voltage and load

current, respectively. U ∈ {0, 1} is the switch state M. The parameters of the boost converter are
presented in Appendix B.

3. EPS control strategy issue

As already mentioned in the introduction, many research works have implemented two in-
dependent controllers MPPT and BCR. Generally, this type of topology requires a supervisor to
switch between these two controllers. The operating principle is shown in the following flowchart
(Fig. 5):

Obviously, in the PV system, there is only one point on its electrical characteristic curve (P–V
or I–V), called the Maximum Power Point (MPP), at which a maximum output power is produced.
However, since the MPP varies with different levels of irradiance and temperature, it is difficult
to maintain MPP operation at all these environmental conditions without changes in the system
parameters. The MPPT algorithm aims to follow the MPP of a non-linear PV system, where, the
maximum possible current depends on the solar irradiance received by the PV cell. Therefore, to
increase the power, it is only possible to vary the voltage. The controlled variation of the voltage
can be made by means of a DC–DC converter, while, by specific and well-defined algorithms,
this automatic variation is ensured for its duty cycle.
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Fig. 5. Control strategy flowchart

The P&O method is the MPPT technique most widely used in PV systems because of its
simplicity and easy implementation. The operating principle of this method is to generate a
periodic disturbance of the operating voltage and observe its effect on the output power.

Generally, the commonly used MPPT techniques such as the P&O and INC methods use a
fixed step for incrementing or disrupting the voltage. While, the choice of step value is a serious
issue for these techniques for the following reasons:

– If the step value is large and conditions (temperature and irradiance) change rapidly, the
MPPT algorithm will respond quickly and converge to the optimal operating point, but this
causes ripples and considerable losses once these conditions are stable.

– If the step value is small, the losses and ripples under stable conditions will be reduced, but
the system will not be able to follow the MPP under a sudden change in these conditions.

Therefore, to overcome these issues, the solution is to automatically and intelligently adjust
the duty cycle step value by using one of the most efficient methods, which is the fuzzy logic
theory. Compared to the traditional controllers such as P&O and INC, the FLC is capable to
adjust the duty cycle of the power converter even without needing to understand the complex
mathematical model of the system. However, it requires a professional knowledge to determine
fuzzy inference rules.

The secondary control state of the EPS is BCR, which consists in regulating the battery
voltage at a specific reference voltage with a PID controller. In this battery charge control
loop, the pole placement method is used to calculate the PID controller parameters. These
calculated controller parameters include the values of the designed boost converter parameters,
such as inductance, capacitance and resistance. However, the stability of the closed-loop system is
sensitive to variations in these parameters, which is a significant problem for controller robustness.
Moreover, due to environmental effects in space and other disturbances (EMC and heating), system
parameters are constantly changing. Therefore, the controller design must be independent of the
system parameters to reduce its sensitivity, increase its robustness and ensure the stability of the
system, which can be achieved by the use of the FLC theory.
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A switch is included in the conventional control system to alternate between the two different
controllers. Regardless the rapid function of this switch, the impact of switching from one
controller to another will be visible, as well as the additional oscillations at the output system.
In the case when the environmental conditions lead to a point where the voltage is close to the
state of the switching condition, the switch will be a disruptive element and will import more
significant oscillations in the system response. The ideal solution to avoid this unwanted impact
related to the use of the switch is to combine the two controllers (MPPT and BCR) as suggested
in this paper.

4. Proposed combined Fuzzy Logic Control

A combined Fuzzy Logic Control (FLC) is suggested based on two MPPT and BCR techniques
to perform both tasks simultaneously. Fig. 6, shows the equivalent circuit of the EPS by using the
proposed control strategy that allows the reduction of the typical EPS architecture (Fig. 2).

Fig. 6. Proposed equivalent EPS architecture

This proposed equivalent EPS architecture based on C-FLC not only allows for significant
reduction of the ripples around the desired value (without switching between the two controllers)
but also allows one to completely get rid of an additional electronic circuit. In CubSats, this
optimization is crucial and brings several advantages such as power efficiency, less weight and
more space [42]. Furthermore, the proposed C-FLC can be generalized for any CubeSat 1U to
6U. Whereas, a certain adaptation of the sizing parameters of the power converters is neces-
sary depending on the size of the solar panels and the electrical characteristics of the CubeSat
subsystems.

One of the advantages of the proposed C-FLC is the consideration of the duty cycle feedback
as an input variable, which makes it possible to know precisely their position with respect to
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the MPP. Then, the ripples around the MPP can be considerably reduced with improved MPP
efficiency, flexibility and convergence speed.

The design of the FL system requires going through the steps of selecting fuzzy parameters,
such as membership functions, the inferences method and the fuzzification strategy [43]; these
steps which constituted the fuzzy logic controller are illustrated in Fig. 7.

Fig. 7. Structure of fuzzy logic controller

The most common FL MPPT algorithms generate fuzzy input variables from PV system
voltage and current signals. The fuzzy input variables would therefore be used to calculate the
duty cycle control in order to adjust the operating point of the photovoltaic system to maximize
the output power.

The proposed C-FLC algorithm has four input variables: ∆P is the variations of the power of
the photovoltaic system, ∆VB is the variation of the output voltage of the boost converter, VB is
the difference between the maximum battery voltage charging (VBMAX) and the feedback of the
instantaneous voltage (VB (k)), Din is the feedback of the duty cycle at instant (K − 1). While, the
output is based on one variable Dout obtained by the addition (duty cycle (K − 1) + Delta duty
cycle). Fig. 8 shows the flowchart of the fuzzy controller calculation process.

The choice of the fuzzification approach consists in defining the forms of membership func-
tions and their arrangement in the universe of discourse. There are several forms of membership
functions, such as the triangular shape, the trapezoidal shape and so on. Comparative studies of
these different forms of membership functions have shown almost identical results [44]. However,
triangular shapes are proportionally easy to program, which explains why they are the most used.
In this proposed control strategy, for the membership functions, two forms at once are adopted,
which are the triangular and trapezoidal forms.

The definition of membership functions for this combined FLC requires special knowledge
of the system and consists in applying several tests. If the duty cycle membership functions
are smaller than necessary, large overshoots and ripples on the battery voltage can be obtained.
Otherwise, if the membership functions of the duty cycle are large, the desired battery voltage
will be quickly maintained without ripples or overshoots, but with a slow response time. These
effects can reduce battery lifetime, which directly affects the mission of the satellite. Therefore,
suitable sizes of membership functions and right fuzzy rules need to be well defined.

In order to achieve an appropriate FL control to the proposed system, the following flowchart
(Fig. 9) should be followed:

The membership functions for the input Din, the inputs ∆P, VB, ∆VB (K ) and the output
Dout are shown in Fig. 10, Fig. 11 and Fig. 12, respectively. The input Din is expressed by the
following variables: VS (Very Small), SM (Small), M (Medium), FA (Fast), and VF (Very Fast).
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Fig. 8. Flowchart of proposed combined FLC algorithm

The inputs ∆P, VB, ∆VB (K ) are expressed by the following variables: VL (Very Low), L (Low),
M (Medium), H (High), and VH (Very High). The output variable Dout of the proposed method
is expressed by five fuzzy membership functions: NM (Negative Minimum), N (Negative), CO
(Correct), P (Positive), and PM (Positive Maximum).

The fuzzy rules have been defined based on the description of the system to be controlled,
according to the linguistic variables and the membership functions for the inputs and output
variables. A total of 50 rules (Appendix E) were used for the proposed combined FLC.

The Mamdani inference method [45] is adopted in this paper. The AND operator is performed
by the calculation of the minimum, while the OR operator is performed by calculating the
maximum. For the defuzzification method, the Centre of Gravity Method (COG) [45] is used,
which is expressed as follows:

xS =

∫
x

uβ (x)x d x∫
x

uβ (x) d x
, (9)

where: uβ (x) is the membership function and xS is the exact value of the FL output.
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Fig. 9. Flowchart of the FL making process

Fig. 10. Membership functions of the
input Din

Fig. 11. Membership functions of the Inputs∆P,
∆VB and VB

Fig. 12. Membership functions of the output Dout
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This COG expression is frequently adopted because it makes possible to define analytically
the output of the FL system, to simplify its implementation and to reduce the calculation time.
Moreover, this definition makes it possible to avoid the discontinuities that could appear in the
other methods of defuzzification, in particular the method of Middle-of-Maxima [45].

5. Simulation results

In this section, simulation results are presented and discussed without and with BCR using
three different control techniques (P&O-PID, FLC-PID and the proposed Combined FLC (C-
FLC)). The used P&O and PID techniques are described in Appendix C and D, respectively. The
Simulink block diagram of the EPS and the control strategy is shown in Fig. 13. In this simulation,
only the control block is changed. While, the solar cell model and the EPS component are identical
in order to maintain the same electrical characteristics allowing a reliable comparison.

Fig. 13. MATLAB/Simulink implementation of the EPS and control strategy

In this simulation, the most important environmental parameters (irradiance and temperature),
which influence the value of the power generated by the PV system, are variable as shown in the
Fig. 14.

Fig. 14. 1.5U CubeSat in orbit with variation of environmental parameters
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Based on the variable attitude (change of angle of attack) of the CubeSat, as shown in Fig. 14,
the irradiance and the temperature of solar panels change in orbit. Therefore, in this paper, a
hypothesis has been assumed that when the incident solar irradiance is almost normal to the
surface (optimal angle of attack) during the sunlight period, the irradiation and the temperature
achieve respectively 1000 W/m2 and 60°C. Otherwise, when different reduced angles of attack
are obtained during the period of sunlight, the irradiance and the temperature reach 800 W/m2

and 40°C and for the lowest irradiance and temperature are 700 W/m2 and 20°C, respectively.

5.1. Irradiance and temperature variations using the classical techniques without BCR
In order to explain that the implementation of BCR is needed for the EPS, Fig. 15 shows the

voltage outputs obtained by different controllers (FLC and P&O).

Fig. 15. Output voltages obtained by different MPPT algorithms at different levels of irradiance and temper-
ature without BCR

From Fig. 15, it can be noticed that the output voltage has clearly exceeded the maximum
battery charge voltage only when the irradiance and temperature are 1000 W/m2 and 60°C,
respectively. While, when the irradiance and temperature are 800 W/m2 and 40°C, respectively,
the output voltage is just below the rated value and in 700 W/m2 and 20°C it is very much below
the rated value. Therefore, it can be deduced that the BCR must act only when the output voltage
has clearly exceeded the maximum battery charge voltage to avoid causes that can damage the
battery.

5.2. Irradiance and temperature variations using P&O and FLC with BCR,
and the proposed technique C-FLC
The purpose of this test is to analyse the behaviour of the system after implementing the

proposed combined FLC that have an internal fuzzy BCR compared to the BCR based on PID
control loop with P&O and FLC. The environmental conditions (irradiance and temperature)
for validating the proposed C-FLC are chosen, 1000 W/m2 and 60°C, 800 W/m2 and 40°C and
700 W/m2 and 20°C, respectively, in such a way as to have at first a large overshoot on the system
response, then just below and at the end greatly below. Fig. 16, Fig. 18 and Fig. 20 show different
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magnitudes of the boost outputs, which are power, current and voltage, and, their zooms are
shown in Fig. 17, Fig. 19 and Fig. 21.

Fig. 16. Output powers obtained by different MPPT algorithms at different levels of
irradiance and temperature with BCR

(a) (b)

(c) (d)

Fig. 17. Zoom of output powers obtained by different algorithms at: constant conditions of 1000 W/m2 and
60°C (a); constant conditions of 800 W/m2 and 40°C (b); during change of the conditions from 800 W/m2

and 40°C to 700 W/m2 and 20°C (c); constant conditions of 700 W/m2 and 20°C (d)

According to the simulation results shown in Fig. 16, the powers are clearly reduced with
irradiance and temperature at 1 000 W/m2 and 60°C due to the operation of the BCR. While, in
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Fig. 17(a), which is the zoom of output powers obtained at constant conditions of 1000 W/m2 and
60°C, C-FLC is showing better control performances such as less power oscillations compared
to the powers obtained by FLC+PID and P&O+PID. However, as shown in Fig. 17(b), the power
obtained by P&O+PID contains higher ripples compared to the powers obtained by C-FLC and
FLC+PID that have the same control behaviour with irradiance and temperature at 800 W/m2

and 40°C and 700 W/m2 and 20°C, respectively. In Fig. 17(c), it can be noticed that when the
conditions pass from 800 W/m2 and 40°C to 700 W/m2 and 20°C, compared to the powers
obtained by FLC+PID and P&O+PID, C-FLC provides better control performance such as less
power ripples. In Fig. 17(d), the same observation seen in Fig. 17(b) is obtained, where the
curves C-FLC and FLC+PID are superimposed. Therefore, the similarity of control behaviour
between the two controllers (C-FLC and FLC+PID) is noticed just when BCR is not functioning
to limit the output voltage of the boost converter to not exceed the maximum battery charge
voltage.

The results of the output voltages are illustrated in Fig. 18 and Fig. 19.

Fig. 18. Output voltages obtained by different MPPT algorithms at different levels of
irradiance and temperature with BCR

Unlike the results shown in Fig. 15, due to the BCR function which limits the output voltage
of the boost converter, during irradiance and the temperature at 1 000 W/m2 and 60°C as shown
in Fig. 18, the output voltage of the compared algorithms does not exceed the nominal value of the
battery voltage. However, from Fig. 19(a), it follows that oscillations around these output signals
obtained by P&O+PID and FLC+PID are more important than those obtained by the proposed
C-FLC. While, Fig. 19(b), shows that C-FLC and FLC+PID have the same performances when
the battery voltage is below the maximum battery voltage and the BCR is not functioning. During
the change of the conditions from 800 W/m2 and 40°C to 700 W/m2 and 20°C in Fig. 19(c), it
is noticeable that the output voltage obtained by P&O+PID contains higher ripples compared to
the output voltage obtained by C-FLC and FLC+PID. In Fig. 19(d), it is observed that the BCR
is not functioning and the curves of the output voltages obtained by C-FLC and FLC+PID are
superimposed. Consequently, it could be deduced that the proposed C-FLC controller is more
stable than the other algorithms and thus allows more power with good quality to be stored in
batteries that indeed can prolong its lifetime.
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(a) (b)

(c) (d)

Fig. 19. Zoom of output voltages obtained by different algorithms at: constant conditions of 1000 W/m2 and
60°C (a); constant conditions of 800 W/m2 and 40°C (b); during change of the conditions from 800 W/m2

and 40 °C to 700 W/m2 and 20°C (c); constant conditions of 700 W/m2 and 20°C (d)

Current outputs are one of the important electrical characteristics to be analysed for the
evaluation of the proposed control technique advantages. Therefore, the results of current outputs
are shown in Fig. 20 and Fig. 21.

Fig. 20. Output currents obtained by different MPPT algorithms at different levels of irradiance
and temperature with BCR
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(a) (b)

(c) (d)

Fig. 21. Zoom of output currents obtained by different algorithms at: constant conditions of 1000 W/m2 and
60°C (a); constant conditions of 800 W/m2 and 40°C (b); during change of the conditions from 800 W/m2

and 40°C to 700 W/m2 and 20°C (c); constant conditions of 700 W/m2 and 20°C (d)

From the simulation results shown in Fig. 20 and Fig. 21, it is noticed that the current
responses have the same behaviour as power responses, such as less and small oscillations for
C-FLC compared to other techniques. This improvement can reduce the effects of internal heating
and extend the lifetime of components in electrical circuits.

6. Conclusion

In this paper, the typical Electrical Power System architecture for a CubeSat was modified for
the implementation of the proposed combined Fuzzy Logic Control (C-FLC) strategy to simulta-
neously execute the Maximum Power Point Tracking and Battery Charge Regulator techniques. By
simulation (MATLAB / Simulink), this suggested control technique based on C-FLC was tested
and compared to other conventional control strategies such as Perturb and Observe (P&O) and
FLC with a Proportional Integral Derivative (PID) controller. From the obtained simulation re-
sults, in contrast with the conventional control techniques, the proposed control strategy is capable
to extract the MPPs, preventing power oscillations and avoid the damage of the battery. In addition,
the battery lifespan can be prolonged by reducing the battery current ripples up to three times and
also significantly decreases the oscillations of output voltage up to four times as compared to the
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system with conventional techniques. Hence, by adopting the C-FLC strategy with the reduced
EPS circuit, the reliability and the efficiency of the EPS can be improved. As future work, the pro-
posed combined FLC will be implemented in an FPGA platform; highlighting that the proposed
combined FLC can offer the advantage of being precisely controlling the real EPS for CubeSats.
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Appendix
Appendix A

In this paper, simulations are investigated with a triple junction solar cell. The parameters of
this solar cell are presented in Table 1.

Table 1. Parameters of PV cell [46]

Electrical Values at:
characteristics Spectrum AM0 WRC = 1367 W/m2, T = 28°C

Voc 2.667 V

ISC 0.506 A

Rs 0.546 Ω

Ki 0.32 mA/°C

Impp 0.487 A

Vmpp 2.371 V

Appendix B
Based on [47, 48], the calculated parameters of the boost converter are presented in Table 2.

Table 2. Boost converter parameters

Parameters Values

Inductance L 0.00099 H

Capacitor C1 0.7 e–4 F

Capacitor C2 2 e–3 F

Resistor R 7.95 Ohms

Appendix C
The secondary control state consists in regulating the battery voltage at 4 V (or any voltage

desired) with a PID controller as shown in Fig. 22. This control loop takes care of the Constant
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Fig. 22. Closed loop of battery voltage regulation based on PID controller

Voltage (CV) charging phase of the battery. A switch is included in the system to alternate between
the two control states. Then, the small ripple approximation is used to model the boost and design
the controller. Based on this assumption, the following transfer function of the boost converter is
given as described in [49]:

Gv (s) =
vdc2(s)

d (s)
=
−IL ⇄ L ⇄ s + Vdc2D′

C2Ls2 +
L
R

s + D′2
. (10)

The calculation of the PID controller parameters is done by the pole placement method.

Appendix D
The P&O method is the MPPT technique most widely used in photovoltaic systems because

of its simplicity and easy implementation. The operating principle of this method is to generate
a periodic disturbance of the operating voltage and observe its effect on the output power. The
flowchart of the P&O algorithm is illustrated in Fig. 23.

Fig. 23. P&O MPPT algorithm flowchart
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Appendix E
A total of 50 rules used for the proposed combined FLC are shown in Table 3, where inputs

1, 2, 3, and 4 are ∆P, Din, VB and ∆VB (K ) and the output is Dout.

Table 3. Fuzzy rules for the proposed combined FLC

∆P Din VB ∆VB (K ) Dout ∆P Din VB ∆VB (K ) Dout

1 1 1 2 3 1 2 3 1 1 4 1 1

1 2 1 2 3 1 2 3 1 2 4 2 1

1 3 1 2 3 1 2 3 1 3 4 3 2

1 4 1 2 3 1 2 4 1 4 4 4 3

1 5 1 2 3 1 2 5 1 5 4 5 3

2 1 1 2 3 1 2 2 2 1 5 1 1

2 2 1 2 3 1 2 2 2 2 5 2 1

2 3 1 2 3 1 2 3 2 3 5 3 2

2 4 1 2 3 1 2 4 2 4 5 4 2

2 5 1 2 3 1 2 5 2 5 5 5 3

3 1 1 2 3 1 2 1 3 1 5 1 1

3 2 1 2 3 1 2 3 3 2 5 2 1

3 3 1 2 3 1 2 3 3 3 5 3 2

3 4 1 2 3 1 2 4 3 4 5 4 2

3 5 1 2 3 1 2 5 3 5 5 5 3

4 1 1 2 3 1 2 1 4 1 5 1 1

4 2 1 2 3 1 2 2 4 2 5 2 1

4 3 1 2 3 1 2 3 4 3 5 3 2

4 4 1 2 3 1 2 3 4 4 5 4 2

4 5 1 2 3 1 2 4 4 5 5 5 3

5 1 1 2 3 1 2 1 5 1 5 1 1

5 2 1 2 3 1 2 2 5 2 5 2 1

5 3 1 2 3 1 2 3 5 3 5 3 2

5 4 1 2 3 1 2 3 5 4 5 4 2

5 5 1 2 3 1 2 3 5 5 5 5 3
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