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This paper presents the performances of an artificial intelligent fuzzy logic controller
(FLC) based maximum power point tracking (MPPT) and a conventional perturb and
observe (P&0) based MPPT controller is presented for a stand-alone PV system and
tested in an emulated test bench experimentation. The studied system is composed
of a DC power supply emulating the PV panel, a DC/DC boost converter, a variable
resistive load and a real-time MPPT controller implemented in the dSPACE
DS1104 controller. To verify the performance of the FLC proposed, several
simulations have been performed in Matlab/Simulink environment. The
proposed method outperforms the P&O method in terms of global search
capability and dynamic performance, according to the comparison with the
P&O method. To verify the practical implementation of the proposed method,
the control of the emulated PV source and the MPPT algorithms are designed using
the simulink/Matlab environment and implemented on dSPACE DS1104 controller.
Experimental results confirm the efficiency of the proposed method and its high
accuracy to handle the resistance varying.

KEYWORDS

experimental validation, fuzzy logic control, intelligent control, stand-alone solar
energy system, DSPACE platform

1 Introduction

Photovoltaic (PV) systems are a clean energy technology that employs solar energy,
the planet’s most abundant and broadly distributed renewable energy source. PV power
generation systems have outperformed even the most optimistic predictions. The grid
linked PV system, the stand-alone PV system, and the hybrid system are the three main
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FIGURE 1
Diagram block of stand-alone photovoltaic energy
conversion system.

TABLE 1 Electrical specifications of BP SX150S panel at STC.

Electrical specifications

STC rated output (Pppp) 150 W
Output power tolerance + 5%

Rated voltage (Vypp) at STC 345V
Rated current (Ippp) at STC 435 A
Open circuit voltage (V,) at STC 435V
Short circuit current (Iy) at STC 475 A

Temperature coefficient of Voc (160 + 20)mV/'C
(0.065 + 0.015)%/°C
(0.5 £ 0.05)%/°C

No. of cells 72

Temperature coefficient of Isc

Temperature coefficient of power

types of PV systems now being used in different parts of the
world (Mao et al., 2020). Stand-alone PV systems are utilized in
distant and specialized locations including an energy storage
system, usually installed as a battery system, although alternative
options, such as fuel cells, are available. To fulfill the increased
demand for alternative sources of energy, grid-connected PV
systems are being used. Wind, tidal, and thermal energy may be
used in conjunction with solar photovoltaic systems to create
hybrid power systems (Mohapatra et al., 2017). However, Power
fluctuations produced by atmospheric factors affect PV systems,
i.e, solar irradiation and ambient temperature. Maximum power
point tracking (MPPT) algorithms are used to harvest maximum
power from a PV panel under specific operating conditions,
allowing the generated power to be controlled (Mohapatra et al,,
2017), (Zaouche et al., 2017).

Several publications have been published to help solar power
plants extract the most power possible. In PV systems, a suitable
MPPT controller tracks the maximum power point in all
environmental conditions. In recent years, a number of MPPT
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FIGURE 2
Modeling of a solar cell by the one-diode model.
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FIGURE 3
BP SX150S panel electrical characteristic.
controllers  have been  proposed, including P&O

(Mohammadinodoushan et al., 2021; Mousa et al., 2021; Inci,
2021), incremental conductance (INC) (Nadeem and Hussain,
2021), and fuzzy logic controller (FLC) (Yang et al., 2020). A little
variance in the step size causes the control parameter to be
perturbed in the P&O approach. Due to the measurement of PV
system output power, the orientation of the step size determined
by the P&O technique is altered somewhat. When a PV system’s
output power is lowered or raised, problems might arise (Sarvi
and Azadian, 2021).

The P&O algorithm is the most commonly used MPPT
algorithm in renewable energy conversion system because it is
relatively simple to implement at low cost (Motahhir et al., 2020).
The system control commands are determined using this method
based on the difference in power output between the current and
prior system states. However, this method has given rise to
oscillations around the point of operation of MPP leading to
significant energy losses (Zaouche et al., 2017), (Vicente et al,
2020). Furthermore, in rapidly changing atmospheric conditions,
P&O does not adapt correctly. Because it is established on the
equivalence of increment and conductance, the INC technique
enables for the search for the greatest power to be achieved
(Yilmaz et al., 2018). The P&O and INC controllers are among
the most widely used MPPT controllers, owing to their ease of
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FIGURE 4
Structure of the Boost converter.

installation and straightforward design. Nonetheless, rapid
changes in weather conditions have an impact on the
controllers’ ability to function properly. Furthermore, even in
constant climatic conditions, oscillations around the MPP have
been seen using such methods. To put it another way, a decrease
in Sun irradiation can have an impact on the operation of these
controllers (Sarvi and Azadian, 2021). Recently MPPT methods
based on artificial intelligence techniques such as artificial neural
networks (ANN) and fuzzy logic controllers (FLC) have emerged
(Yang et al, 2020). The FLC is another well-known MPPT
controller that has significant advantages over traditional INC
and P&O control strategies (Youssef et al., 2018). The outputs/
inputs of these controller are fully dependent on system model
information. In (Harrag and Messalti, 2019), it is suggested that
an enhanced MPPT technique based on the SMC be used. The
suggested controller’s key advantages are its fast dynamic
response, high stability, and simplicity. A sliding mode MPPT
based improved krill herd algorithm for variable step size P&O
strategy is proposed in (Latifi et al., 2021), adaptive MPPT based
sliding mode and fuzzy controls (Miqoi et al., 2019), optimized
MPPT algorithm based on fuzzy logic control (Farajdadian and
Hosseini, 2019). Recent studies (Dorji et al., 2020; Pandey et al.,
2022) have compared between perturb and observe (P&O) and
fuzzy logic based on PV-MPPT algorithms. Simulation results
confirm the effectiveness of the FLC method.

When using a standard P&O strategy based on a
predetermined step size perturbation, output power variations
in solar systems are cancelled at the MPP, but this is not possible.
It is possible to repair a quicker dynamic response by using
greater step sizes, but this leads to huge changes with in output of
photovoltaic panels around their maximum point and increased
power loss. Small step sizes, on the other hand, lower PV array
output power fluctuation, but they might lead to a delayed
dynamic response when solar irradiation is quickly altered.

In this paper, performances of an artificial intelligent FLC
and a conventional perturb and observe (P&O) controller are
presented of a stand-alone PV system and tested in a real test
bench experimentation using dSPACE DS1104 controller card.
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TABLE 2 Electrical specifications of Boost converter.

Electrical specifications

Inductor (L) 0.6 mH
Input capacitor (C;) 500 uF
Output capacitor (C,) 2,200 pF
Switching frequency (f) 10 kHz

IGBT SKM50GB12T4

The studied system is composed by a DC power supply emulating
the PV panel, a DC/DC boost converter, a resistive load and a
real-time maximum power point tracking controller
implemented in the dSPACE card. Under the above test
conditions, a comparative analysis is performed for the
proposed artificial intelligent FLC and conventional P&O
control algorithm. Traditionally, the control algorithms of
power converters in real time are designed with
microcontrollers (Yang et al, 2020). But microcontrollers
suffer from a limited performance when used in control
applications requiring high operating speeds. Furthermore,
comprehending the microcontroller capabilities is difficult in
the event of complicated control structures, and programming
them becomes a time-consuming operation, resulting in poor
performance. A recent study (Altwallbah et al., 2022) presented a
hardware implementation of a P&O algorithm under the partial
shading condition on a digital signal processing controller
(TMS320F28335). The digital processing boards (DSP) with
rapid computational capacity, increased flexibility, and ease of
programming have emerged, they may now serve as an
alternative for numerical implementation of more complicated
control algorithms. In this paper the dSPACE DS1104 controller
is used to test the proposed control algorithms.

The main originality and contribution of the present work
over the related papers in the literature are summarized as given

below:

« An artificial intelligent fuzzy logic based MPPT controller
and a conventional perturb and observe controller are
presented for a stand-alone PV system, investigated and
compared to demonstrate the superiority of the FLC over
the conventional P&O.

o Extensive numerical investigations are made to
demonstrate the robustness of the proposed FLC
approach  against  parameter  changes, external
disturbances, and the conventional P&O.

« Extensive experimental validation is performed with a real
test  bench  experimentation  using  dSPACE

DS1104 controller.

The present form organizes the present paper: in Section 2,
the system description is established. Section 3 deals with the
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FIGURE 5
Flowchart of the P&O algorithm.

TABLE 3 MPP search rules.

Case AP AV Research direction  Duty ratio

1 + + Right direction D(k)=D(k-1)-«a
2 + - Right direction D(k)=Dk-1+a
3 - - Wrong direction D(k)=D(k-1)-a
4 - + Wrong direction D(k)=D(k-1)+a

proposed strategy design procedure. Section 4, described in
detail the extensive numerical investigation of the proposed
the
investigation. Finally, Section 5 deals with the main

candidate strategy and extensive experimental

conclusion of the present paper.

2 PV system description

Figure 1 shows the diagram block of the stand-alone
photovoltaic energy conversion system. It mainly contains a
BP SX150S panel and a variable resistive load that are
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interconnected via a boost converter controlled by the MPPT
controller:

2.1 BP SX150S panel modeling

The fundamental composition element of a PV panel is the
solar cell. A cell can be assimilated to a photocell in generator
convention. The BP SX150S PV panel is composed of 72 multi-
crystalline silicon PV cells connected in series (N;). To
comprehend and investigate the features of a solar cell,
mathematical models have been created. There are a few
different sorts of models, such as single-diode and two-diode
models (Bennett et al., 2012), (Dhaundiyal and Atsu, 2019). The
two diode model takes into consideration an additional diode in
the equivalent circuit of a single diode, this diode connected in
parallel with the first diode. The one-diode model contains few
parameters and easier to model compared to a two-diode model.
According to the article (Dhaundiyal and Atsu, 2019), the
simulation results and the experimental results of the
electrical characteristics P(V) and I(V) of the solar panel
clearly show that the results are similar. In this paper, the
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FIGURE 6
Fuzzy controller structure.

TABLE 4 Rule base table for fuzzy MPPT controller.

e Ae

NB NS ZE PS PB
NB Rule 1 ZE Rule 2 ZE Rule 3 PB Rule 4 PB Rule 5 PB
NS  Rule 6 ZE Rule 7 ZE Rule 8 PS Rule 9 PS Rule 10 PS
ZE Rule 11 PS Rule 12 ZE Rule 13 ZE Rule 14 ZE Rule 15 NS
PS Rule 16 NS Rule 17 NS Rule 18 NS Rule 19 ZE  Rule 20 ZE
PB Rule 21 NB  Rule 22 NB  Rule 23 NB  Rule 24 ZE  Rule 25 ZE

one-diode model is chosen to model the solar cell (Dhaundiyal
and Atsu, 2019).

The electrical circuit equivalent to a one-diode model is
presented in Figure 2. The chosen model is efficient, less
complex to model and reproduces the electrical characteristic
of the BP SX150S panel, as shown in Figure 3. The mathematical
equation of the PV panel model is given by the current I,, versus
the voltage Vp, in Eq. 1:

Voo +1,,Rs Vi + 1R
Ipv=IPh_Is<eXp<%>_l)_<%> (1)
sV T S

where V1 (equal to (a.k.T/q)) is the diode thermal voltage, k is
the Boltzmann constant, q is the electron charge, a is the diode
ideality factor and T is the temperature in Kelvin. Ipy is the light
generated current, I is the diode saturation current, Ry and Ry,
are the series and parallel equivalent resistances.

Table 1 lists the electrical parameters of the BP SX150S panel
used in this study, which are reported at Standard Test Condition
(STC ie. 1000 W/m? and 25°C).

2.2 Boost converter modeling

Figure 4 shows the boost converter’s construction, which is
used to boost the PV output voltage (Vo) for a resistive load. It
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controls the input source to load power transmission through a
Pulse Width Modulation (PWM) technology provided by a high
frequency regulating device called an Insulated Gate Bipolar
Transistor (IGBT). A 10 kHz PWM signal is injected into the
converter’s switch S by a controlling device.

The PWM signal’s duty cycle D may be changed in real-time
to follow the PV panel’s highest available power and extract as
much of it as possible. The parameter values of the designed
in Table 2.
characterizing these parameters are given as follows (Weng
et al., 2019):

boost converter are listed The equations

1
1-D
L Ve (Vo=Vy)
ALjppe X fs XV,
B I, xD
- fsx AV ippie

V, = Vi

2
Co

where ALy is the inductor ripple current and AV, is the
output voltage ripple.

3 MPPT algorithms

3.1 Conventional perturb and observe
algorithm

The P&O algorithm uses current and voltage sensors to
measure the solar array’s output power. Because of its
simplicity, the conventional P&O algorithm has been widely
used. The algorithm mechanism has been depicted in Figure 5.
After a prolonged process of data collection of perturbation and
observation, the operating point converges to the MPP. The
algorithm forecasts the time to approach MPP by comparing the
power and voltages of time (k) with the sample at a time (k — 1).
If the power change is positive, a little voltage fluctuation affects
the power of the solar panel, and the voltage perturbation
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FIGURE 7
The PV system under MATLAB/Simulink.

continues in the same direction. However, if delta power is
negative, the MPP is far away, and the perturbation must be
2021). The P&O
. As a result, the entire PV
curve is examined by minor perturbations to discover the MPP,

reduced to approach it (Yanarates et al,

algorithm is summarized in Table 3

which increases the algorithm’s response time. When the
perturbation size is increased, steady state oscillations around
the MPP result. To alleviate the response time problem and
steady state oscillations, many researchers have proposed other
algorithms.

3.2 The proposed fuzzy controller based
MPPT algorithm

The MPPT algorithm based on a fuzzy logic controller (FLC)
is an intelligent way of tracking the maximum power point in a
PV system. It makes use of fuzzy set theory rather than a rigorous
mathematical model. It is made up of a step-by-step adaptive
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search that achieves rapid convergence. Fuzzification, inference
engine and defuzzification are functional blocks of the fuzzy
controller. Figure 6 shows the main components of the Mamdani
type fuzzy controller (Shiau et al., 2015).

MFs are used to convert actual input values back to linguistic
values during the fuzzification process. The “if-then” rules that
make up the heuristic engine link the input and output. The
defuzzification step is used to return the output linguistic variable
to its original state of the clear output. The slope of the power-
voltage curve (Pp, — Vp,) is the most common input to the fuzzy
controller in PV systems (Guenounou et al., 2021), (Zaouche
et al.,, 2016).

In this case, triangular and trapezoidal MFs are used as input
and output because they are simple to implement and reduce
computational complexity. These functions are simple to
implement. For the linguistic variables depicted in Figure 10,
P denotes positive and N denotes negative. Furthermore, the
letters B, S, and ZE stand for Big, Small, and Zero. In Figure 9,
each input variable, e (k) and Ae(k), is assigned to one of five

frontiersin.org
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FIGURE 9
Generated PV voltages for FLC and P&O controls.

different linguistic variables. As a result, the proposed fuzzy rules
set contains 25 distinct fuzzy rules. Table 4 contains the entire set
of fuzzy rules.

The error and error variation are the two inputs variables that
are described at a sampling instant k by following:

_ va(k)_va(k_ 1)
(B Y
Ae(k) =e(k)—e(k-1)

3)
(4)

The FLC determines the next operating point based on these
two inputs, using MFs and a rule table. Depending on whether E
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is negative or positive, the operating point will be on the right or
left side of the MPP. The MPP is reached that E is equal to zero.
The Ae input determines whether or not the operating point
moves along the MPP direction.

A fuzzy-based PI controller is considered in this work, with a
duty ratio D computed as given below:

D(k) = Gp x ADy (k) + D(k—-1) (5)

where, Gp represents the factor’s scaling output and ADy is the
normalized incremental change of the duty cycle.

4 Results and discussion
4.1 Simulation section

The simulation tests of the PV system depicted in Figure 1
have been performed under MATLAB/Simulink environment.
The panel’s maximum output power is 150W. The output
capacitance and the series input inductance of the boost
converter are C, = 1100 uF and L = 0.6mH, respectively. A
variable resistive load is connected to the boost’s output. The
Simulink diagram of the studied system is shown in Figure 7,
where the DC-DC boost converter is implemented using the
MathWorks Simscape library.

The FLC output variable (D) and input variables (e and Ae )
are both computed by five membership functions. The variation’s
ranges are [-50,50] for Ae [-35,5] for e, and [-1.5,1] for the
output. In order to determine these intervals, the maximum
values permitted are used for our PV system in the testing
environment for each variable.

The factor’s scaling output is set to 0.04. The increment step
of the P&O method is set at 0.02.

The standard test conditions (STC) are adopted for the
simulations, which are STC: S = 1000W/m* and T = 25°C.
Due to the lack of place, the impact of the variation of
atmospheric conditions will be studied in future work.

The system is simulated in a 1s total time with a 50 ps fixed
step size. At time 0.5 s, a variation of the load from R = 20 Q to
R = 14 O was performed to test the MPPT’s performance.

4.1.1 Simulation results discussion

Figure 8 shows the results of the generated PV currents for
each the proposed FLC and the P&O method (Motahhir et al.,
2020). In the presented results during the transient load step of
R =20 Q) between 0 and 0.5 s, it can be seen that the proposed
FLC generates a current which is around the rated value 4.35 A
with a tracking error of 4% and with extremely reduced
oscillations (the minimal generated current is 4.2 A as shown
in the zoom on the current given in Figure 8B). Contrary to the
conventional P&O method, which generates a current around the
rated value with an important tracking error of 27% and it
presents a high oscillation (a minimal current value of 3.2 A is
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FIGURE 11
Laboratory experimental setup of the emulated PV system.

observed). In the second transient load step of R = 14 Q) between
0.5 and 1s, it is clearly observed that the proposed FLC shows the
better current generation, which much perfectly the rated value
4.35 A as depicted in Figure 8. Contrary to the conventional
P&O, which shows the lowest oscillations compared to the first
step but a tracking error of 2% is observed (minimal current value
of 4.26 A).

Figure 9 shows the results of the generated PV voltages for
each the proposed FLC and the conventional P&O. In the
presented results during the transient load step of R = 20 Q
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between 0 and 0.5s; it can be seen that the P&O generates a
voltage which is around the value 37 V which diverge from the
maximum power point (MPP) voltage of 34.5V as given in
Table 1. Contrary to the proposed FLC method, which generates
a voltage around the rated MPP voltage value. In the second
transient load step of R = 14 Q) between 0.5 and 1s, it is clearly
observed that both proposed FLC and P&O generate a voltage
which much perfectly the MPP voltage value 34.5 V as depicted
in Figure 9.

Figure 10 shows the results of the generated PV powers for
each the proposed FLC and the conventional P&O. In the
presented results during the transient load step of R = 20 Q
between 0 and 0.5s; it is observed that the proposed FLC
generates a power which is around the rated value 150 W
with a tracking error of 6 W under the rated value and 1 W
after the rated value which represents an error of 4.66% with
extremely reduced oscillations. Contrary to the conventional
P&0O method, which generates power with an important
tracking power error of 28.66% and it presents a high
oscillation. In the second transient load step of R = 14Q
between 0.5 and 1s, it is clearly observed that the proposed
FLC shows better power generation, which much perfectly the
rated value 150 W as depicted in Figure 10. Contrary to the
conventional P&O, which
compared to the first step but a power loss of 1.26% is observed.

shows the lowest oscillations

4.2 Experimental section

Figure 11 shows the experimental test bench of the emulated
PV system. The hardware implementation has been developed in
the GREAH laboratory - France. Different components of
experimental test bench of the emulated PV system have been
discussed in this section by giving a list of components and their
specifications.

The suggested MPPT controller is implemented on a
dSPACE DSI1104 platform, which allows real-time testing.
An Emulated PV Source (EPVS) was linked to a variable
DC load using a boost converter which specifications are
listed in Table 2. To generate the necessary PWM signal, a
DS1104SL-DSP-PWM block is used. This later is depicted in
Figure 12B. For the measurement of both the current and the
voltage of the EPVS, two sensors have been used: Cleqee
A622 for the current and TAO057 for the voltage. The
measured voltage and current are subsequently transformed
to digital signals using a DSP Analog Digital Converter (ADC)
interface that operates over a voltage range of =10 V to +10 V
and filtered with implemented digital filters. By multiplying
the instant current and voltage, the instantaneous power is
computed. A gain scale of 10 and a gain scale of 20 are
respectively programmed to rescale the measured current
and voltage signals. Figure 12A shows the used Digital
(DAC) blocks

Analog Converter providing calculated
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FIGURE 12

(A) ADC and DAC conversion blocks of the EPVS current and voltage, (B) PWM generation block.

EPVS’s current and voltage references that will be injected into
the programmable DC source. In this study, the sampling step
time is programmed equal to 50 pus

4.2.1 Emulated PV source

A DC power supply Elgar 5,500 which is programmable is
used to generate the output characteristics of a BP SX150S PV
panel (Weng et al,, 2019). This emulation makes it possible to
compensate for the lack of the PV panel and facilitates the
emulation of weather changes. The used Simulink model of
the PV panel is implemented in a dSPACE DS1104 controller

Frontiers in Energy Research
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DS1104SL_DSP_PWM

using a 50 us sampling time. This last generates the PWM signals
controlling the boost converter with a 10kHz switching
frequency. The analog signal (0-10V range) required to
control the DC power supply is generated from a DAC
output. Figure 13 shows the practical characteristics of the
EPVS obtained by varying the output current of the power
DC supply.

4.2.2 Experimental results discussion

In the experimental steps, the system is also tested in a 1s
total time with a 50 us fixed step size. At time 0.5s, a variation
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Electrical characteristics of the PV panel BP SX150S.
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o
o

|

w
S
T
L

Voltage (V)
2

N
o
@
w ¥
& o
I

[S)
—
W
N
o

PO

FLC

FIGURE 15
Experimental voltages for both FLC and P&O controls.

of the load from R = 20 Q to R = 14 Q was performed to test
the MPPT’s performance is also applied in this testing part.
Figure 14 shows the experimental current generated by the
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FIGURE 16
Experimental power for both FLC and P&O controls

emulated PV system due to the proposed FLC and the
conventional P&O. It is observed that the proposed FLC
offers the best results as it shows extremely lowest
oscillations compared to the P&O at the transient load step
R = 20Q and more important the current is maintained close
to the rated value with the FLC than the second one at the
transient load step R = 14Q.

Figure 15 presents the experimental generated voltage by
both the FLC and P&O. Here also it is clearly shown that the
first control maintains the generated voltage very close to the
rated value with the fastest convergence than the P&O.
Figure 16 shows the experimental generated power by the
test bench. It is is clearly observed that the FLC offers the
highest power generation and performance than the
conventional control. In fact, the power generated by the
FLC converges progressively to the MPP with a fast
criterion, as can be seen at Os where the conventional
control shows oscillations between 0 and 0.2 s which is not
good for the dynamic of the test bench.

The comparative analysis of the proposed FLC and the
conventional P&O shows that the FLC ensures fast
convergence, high stability, and lowest tracking errors in
comparaison to the conventional P&O. In a general way,
the proposed method outperforms the P&O method in
terms of global search capability. Thus, from the
previous simulation and experimental results, the proposed
method validates the objective mentioned in the
introduction part which is to shows that the FLC
based  MPPT
reliable power to the load side than the conventional
MPPT methods.

guarantee efficient, secure, and

5 Conclusion

This paper presents a simulation and experimental
validation of a stand-alone photovoltaic system. A DC
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power supply imitating a solar panel, a DC/DC boost
converter, a resistive load, and a real-time maximum power
point tracking controller built-in a dSPACE DS1104 controller
make up the investigated system. In the details of the work,
performances of an intelligent FLC and a P&O controller are
presented. Both simulated and experimental results are given
to  demonstrate the obtained performances. The
main highlights of the present work are summarized as

follows:

o The comparative analysis shows that the FLC proposed
ensures fast convergence, high stability, and the lowest
tracking errors in comparison to P&O method.

» The FLC proposed reacts quickly to load variations and
keeps power at its highest level.

o The proposed FLC shows the lowest transitional state
response time, and the steady state variations are
significantly minimized over the P&O algorithm, which
shows an overtaking.

The practical results obtained in the different tests show
the effectiveness of the proposed method. The proposed
method is a solution for solving the problem of MPP
tracking and the study carried out in this paper answers the
questions studied. This work can be used to implement
different practical applications of solar energy conversion
systems.
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