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Experimental validation of fuzzy logic controller based on voltage perturbation algorithm
in battery storage photovoltaic system

Introduction. Solar photovoltaic (PV) has recently become very important especially in electrical power applications for countries with
high luminosity because it is an effectively unlimited available energy resource. Depending on solar radiation and temperature, the PV
generator has a non-linear characteristic with a maximum power point (MPP). The novelty is the efficiency improvement of a PV energy
module, it is necessary to track the MPP of the PV array regardless of temperature or irradiation circumstances. Purpose. This paper
presents the modeling and the digitally simulation under MATLAB/Simulink of a Fuzzy Logic Controller based on Voltage Perturbation
Algorithm (FLC-VPA) applied to PV battery charging system, which consists of PV module, DC-DC boost converter, MPP tracking
(MPPT) unit and battery storage. Methods. The DSP1104 is then used to experimentally implement this MPPT algorithm for real-time
driving. The obtained results show the high precision of the proposed FLC-VPA MPPT around the optimal point compared to the
conventional VPA under stable and changing meteorological conditions. Practical value. The experimental results approve the
effectiveness and validity of the proposed total control system in the PV system. References 30, tables 3, figures 17.
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Bemyn. Cousuna gomoenexmpuuna (PV) emepeis ocmanmiv uacom cmana oyxce 8adciugoio, ocobiugo 6 enekmpoenepeemuyi 6
KpaiHax 3 6UCOKUM COHAYHUM OCBIMAEHHAM, OCKIIbKU 60HA € (DAKMUUHO HEOOMEMHCEHUM OOCMYNHUM eHepeemUuHUM DecypCoM.
3anescro 6i0 coHAUHO20 BUNPOMIHIOBAHHA Ma memnepamypu, PV eenepamop mae neninitiny Xapakmepucmuxy 3 moyKko MAKCUMATbHOT
nomyascrocmi (MPP). Hoeu3snoro € niosuwenns egpexmusnocmi PV enepeemuynoeo mooyns, wo neobxiono eiocmedxcyeamu MPP PV
bamapei nezanedcno 6i0 memnepamypu abo ymos onpominenns. Mema. YV yiti cmammi npedcmagneno mooenoganus ma yugpose
mooemosanns ¢ pamkax MATLAB/Simulink konmponepa newimkoi noeiku na ocnosi aneopummy 36ypeunss nanpyeu (FLC-VPA), wo
3acmocogyemucs 0o cucmemu 3apaoku PV b6amapeil, saxa cxiaoaemocs 3 PV moodyns, DC-DC nidsuuyysanvhoeo nepemeopiosaud,
cucmemu MPP (MPPT) ma axymynsmopnoi 6amapei. Memoou. DSP1104 euxopucmogyemvbcsi Oisk eKCnepumeHmanbHol peanizayii
yvo2o MPPT aneopummy 0ns pexcumy peanvHozo yacy. Ompumani pe3yabmamu nokazyioms 6UCOKy mounicms npononosanozo FLC-
VPA MPPT 6ina onmumanvhoi mouku nopienano 3 mpaouyitinum VPA y cmabinbnux ma MIHAUGUX MEMeopONoiuHUX YMOBAX.
Ilpakmuuna yinnicme. Pesyniomamu eKCnepumenmis niomeepoxcyloms e@eKmueHicms ma OOIPYHMOBAHICMb  3anpONOHO8AHOL
cucmemu xoumponio y PV cucmemi. bioin. 30, Tabm. 3, puc. 17.

Kniouogi crosa: ToUka MaKCHMAJIbHOI NMOTY:KHOCTi, KOHTPOJIepP HEYIiTKOI JIOTiKHM HAa OCHOBi aJiropuTmy 30ypeHHs] HANPYTH,
aKyMYJISITOP, MiABHINYBAJBHHUI IIEPeTBOPIOBAY.

Abbreviations

ANN Artificial Neural Network MPPT Maximum Power Point Tracking
FOCV Fractional Open-Circuit Voltage P&O Perturb and Observe
FSCC Fractional Short-Circuit Current PV Photovoltaic
FLC-VPA |Fuzzy Logic Controller based on Voltage Perturbation Algorithm PWM Pulse Width Modulated
FLC Fuzzy Logic Controller STC Standard Test Conditions
INC Incremental Conductivity VPA Voltage Perturbation Algorithm
MPP Maximum Power Point

Introduction. Renewable energies are an effective /. A o T e | AW
solution to eliminating greenhouse gas emissions. Among =P (V)%
the promising resources of production (wind, hydro and
so on), PV cells have become very important as they are 1 | 60

one of the most suitable and successful renewable sources
in the production of electricity due to its advantages such
as no fuel cost, and no noise; and because the solar cell is
a semiconductor device, it needs very little maintenance
and so on. 20

The PV module directly converts solar energy into
electricity. The output value of these PV modules varies
according to environmental conditions such as radiation and B S U A
the temperature (Fig 1). The solar modules have distinctive Fig. 1. Current and power curves under 1000 W/m? and 25 °C
characteristics, including that the maximum value of the
available energy is available only in one operating point that
has a specific voltage and current, called the MPP, whose
position changes as a function of radiation and temperature
of the solar module so that the used load (Fig. 2).

The major drawback of PV systems is the relatively
expensive cost of this kind of energy. To get rid of this
problem, we must make the solar panels work at maximum
power to increase the energy efficiency of these systems.
This requires a tracking mechanism of this point so that the
maximum power is generated continuously.

40

MPPT enables us to control the operating point by
regulating the duty cycle converter circuit connected
between the PV generator and the load or battery storage.

Various MPPT methods have been developed and
executed: P&O [1], INC [2], FOCV [3] and FSCC [4].
The existing methods have one or more defects, such as
costly, difficult to achieve, plurality of sensors, high
complexity, easy to instability. The first two are used in
many PV systems more largely than others because of
their simple implementation.
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Fig. 2. Current-Voltage (I-V) and Power-Voltage (P-V)
characteristics: @ — temperature 7 = 25 °C and different levels of
irradiance G: b — at irradiance G = 1000 W/m? and different
temperatures I’

When the control parameter is increased or decreased
to a small extent (step size) in the P&O method, a
disturbance occurs at the PV generator operating point. We
measure the PV external energy before and after the
disturbance, if there is an increase in the power, the
algorithm continues to perturb order in the same way; if it
is the other way around, the system will perturb in the
opposite way [5], and this algorithm can be described based
on the nature of the control variable you use [6]:

1) voltage — Voltage Perturbation Algorithm;
2) current — Current Perturbation Algorithm;
3) duty cycle — Duty Cycle Perturbation Algorithm.

To determine the unit operating point on both sides
of the MPP we derive the power from the voltage and
then approximate this point from the MPP by adjusting
the duty cycle. This method is called the INC method.

In the presence of uniform radiation the previous
two methods work effectively because there is only one
MPP in this case however, boot P&O and INC become
ineffective under rapid change in the atmosphere as well
as power fluctuations at the MPP [7-9].

FOCV and FSCC methods are simple methods for
obtaining maximum power, but they are inaccurate
because they give only an approximation of the constant
ratio between optimum voltage and open circuit voltage
or between optimum current and short circuit current for
the PV panel. This makes the efficiency of the PV system
weak and energy loss, especially that the MPP varies with
the level of radiation and temperature [10].

FLC and ANN are smart methods and techniques
that have recently been used in the literature [11-14].
ANN presents some drawbacks despite its good
performance, especially in the case of rapid fluctuations
in weather conditions. Hence, its robustness requires a
massive database [15]. The proposed FLC-VPA method is
better than MPPT methods used in a several applications
[16-20] because it is easy to design, robust and requires
no exact model.

The goal of the paper expressed in proposing a
fuzzy logic controller based on the principal of the well-
known voltage perturbation algorithm. The last-
mentioned algorithm uses a fixed step size, if it is taken to
large, the power perturbation increases. The main
contribution of this paper is the introduction of a FLC-

VPA that uses a variable step size to avoid the large time
response of VPA when the step size chosen too small.

PV module. To carry out the simulation and the
experimental part we chose the STP080S-80 12/Sb PV
module. The module is made up of 36 monocrystalline
silicon solar cells connected in series to produce a
maximum power of 80 W. Solar cells are typically studied
under STC, where the mean solar spectrum value is
AM1.5, and at an estimated irradiance of 1000 W/m?
with the cell temperature set as 25 °C.

The prototypical involves a current generator to
simulate the flow of incident light and a diode for the
polarization of cells (Fig. 3).

Fig. 3. Equivalent schematic of the PV cell

To account for physical phenomena at the cell level,
the model is supplemented with a series resistor R,. The
behavior of a PV cell with a silicon based PN junction can
be characterized by the equation in statics [21]:

Ipv:Iphfld- (1)
The diode current is given by:

V +R.1
fdzzs{exp( A—”H @

where: ¢ is the electron charge (¢ = 1.602-10 " C); k is
the Boltzmann constant (k = 1.38:10 % J/K); 4 is the
diode ideality; I, is the reverse diode saturation current;
R, is the series resistance of the cell; 7T is the temperature, K;
Vo 1,y are the output voltage and current of the solar cell,
respectlvely.

The saturation current /; varying with temperature,
which is described as:

3
o (B ()]
Is =150 {T,efj epr A.kJ (T Ty H )
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where 1, is the generated photo-current, which is primarily

determined by irradiance G and cell temperature 7' as
follows:

[ph = [ph_nom : [1 +a(T Toom )] (%)

G
sc_nom’ G ; (6)

nom

1 =1

ph_nom
where G,,, is the nominal irradiance; 7, is the nominal
temperature; /., is the nominal short circuit current; V. om
is the nominal open circuit voltage of PV panel at STCs.

The Suntech A STP080S-12/Bb PV panel was
utilized in the simulation, and the data for the PV module
can be seen in Table 1.
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Table 1
Parameter condition of STP080S-12/Bb PV module

Parameter Value
Maximum power P, W 80
Maximum voltage V.., V 17.5
Current at the maximum power ., A | 4.58
Open circuit voltage V., V 21.9
Short circuit current /,., A 4.95

The maximum voltage V., and maximum current /,,,,,
to the MPP, the open circuit voltage V,., the short circuit
current /., and the slopes of the curves /-V near V. and I,
are used to determine the ideal factor and series resistance
for a specific solar radiation and temperature [22].

DC/DC converter. A chopper is a DC/DC converter
that converts DC energy at one voltage (or current) level
to DC energy at a different voltage (or current).
Depending on the load voltage, numerous DC/DC
converters can be connected to the PV generator (buck,
boost and buck boost).

The employed structure of the DC-DC boost chopper
in this research is shown in Fig. 4, where S is the switch, L
is the boost inductor and C is the filter capacitor.

L D
[~
£t ©

Fig. 4. Scheme of the boost converter

Equation (7) is the energy model of the used boost
converter:

R e T P AT

where I, V, V,, I, and a are the input current, input
voltage, output voltage, output current and duty ratio of
boost converter, respectively. Because the output voltage
of a DC-DC boost converter is always higher than the
input voltage, it can be used to connect low module
voltages to high load/battery voltages [23].

By adjusting the switching duty cycle a, an IGBT
can boost the PV module’s output voltage:

Ve=V/(1-a). ®)

When the switch S is turned on, current travels from
the input source through the inductor L to the IGBT,
storing energy in the inductor as a result. The energy
stored in the inductor is released through the diode to the
C and the load when the switch S is turned off.

The boost converter specifications are shown in
Table 2.

Table 2
Boost converter parameters
600V, 41 A,
IGBT 1x IRGPC60K 15V at 125 °C
Schottky 150V, 8 A,

diode P GIBYW29-1509616 | g8y ar150°C

L 2x LEYBOLD 56214 parallel | 0.011 mH, 2.5 A

C 2x REA series 47 uF, 400 V

Battery modeling. Batteries are complicated
electrochemical devices that use chemical bonds to store
electrical charge. Lead acid battery is generally used
storage component in PV system. There are several lead
battery models proposed, in this paper we have opted for
the Thevenin model used in [24] (Fig. 5).

Res 1
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Fig. 5. Circuit diagram of the battery

The battery, on the other hand, is an energy storage
element whose energy is measured in kWh. When a
capacitor is used to mimic the battery unit, the following
factors can be considered:

Crp

__2E
Vrrzlax - Vrrzlin
where Cy, is the battery charge capacity; E), is the energy
given by the manufacturer of the battery, kWh; Vax, Vinin
are the maximum and the minimum voltage of the battery

in open circuit respectively.

The circuit in Fig. 5 describes the characteristics of a
lead acid battery with a complete manner yet very simplified,
this circuit expresses the input equivalent impedance Z, by:

Zy(s)= Ry +— R B ()
Rblels—i-l RprbpS+l

®)

where R, and C, are the energy and voltage during
charging and discharging using the parallel circuit; the
resistance of Ry, is significant because the self-discharging
current of a battery is minimal.

VPA MPPT. VPA is one of the easier online
procedures can be realized by applying a disruption to the
reference voltage. According to the flowchart (Fig. 6) VPA
operates by periodically perturbing (increases or decreases)
the module terminal voltage and estimates the power
difference between the present and the past extracted power
from the PV source such us V,,(n), 1,(n) and P, (n) are
voltage, current and power of PV panel at n™ iteration,

respectively.
v

Ppv(n)=Vpv(n)*Ipv(n)

AP=Ppy(n)-Ppy(n-1)

[Vret@=ret-tyraveer | | Vref(n)=Vref(n-1)-AVref || Vret(my=Vref(n-D-AVrer | [ Vreftn)=Vref(n-1)+AVrer
I I T |

Fig. 6. Flow chart of the VPA MPPT

If the power difference is positive, the tracking is in
the right direction and the perturbation direction will keep
on (increase or decrease) in the next cycle.

However, the opposite perturbation direction will
occur at a negative power difference; similarly, the next
cycle is repeated until the MPP is tracked.

22
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The choice of the perturbation step value (AV,)
applied to the system, is very important because it is the
responsible of oscillations and moreover the convergence
speed to the final response. If a large perturbation step is
used the algorithm will find the maximum value faster,
nevertheless the quantity of power loss caused by the
perturbation is high.

A modest perturbation step, on the other hand, can
lessen the power loss caused by the perturbation while
slowing down the system’s tracking speed. This
phenomenon is a term used to describe the trade-off
between tracking speed and tracking precision [25].

FLC-VPA MPPT controller. Fuzzy systems are
based on Lotfi Zadeh’s fuzzy set theory and related
techniques, which he pioneered in 1965. Because of their
simplicity and effectiveness for both linear and nonlinear
systems, they have been successfully applied in a variety
of domains including control systems engineering,
industrial automation, and optimization. FLCs which
don’t require the knowledge of an exact plant model, have
recently been introduced in the following of the MPP in
PV systems [26].

FLC-VPA method suggested in this research takes
advantage of the VPA’s simplicity as well as its ability to
reduce the FLC’s steady state oscillations. FLC-VPA
technique examines the properties of PV panels before
perturbing the operating voltage by an appropriate increment
(AV,) to adjust the PV power. The power variation (AP,,)
might be in either a positive or negative direction.

The value of (AP,,) can be huge or tiny. From here,
the voltage variation (AV,,) is increased or lowered in a
small or large way in the direction that allows the power
P, to be increased until the optimum is reached.

FLC-VPA MPPT controller, like conventional FLC,
consists of 3 phases — fuzzification, rule processing unit
and defuzzification (Fig. 7). The triangular and
trapezoidal shapes were chosen for the fuzzy control
because they consume less hardware memory and have a
simpler parametric representation. The triangular version
of this procedure’s membership function assumes that
there is only one main fuzzy subset for each input [27].

2 Fuzzyfication [—¥ Inference |—# Defuzzification

SAPpv

SAVref

SAVpv
Fig. 7. Fuzzy controller structure

1. Fuzzification. The fuzzy control requires that
variable used in describing the control rules has to be
expressed in terms of fuzzy set notations with linguistic
labels [28]. In this paper, the FLC-VPA MPPT method
has two input variables, namely AP, (n), AV,,(n), and one
output variable AV,.(n); at a sampling instant n, where the
variable AP,,(n) and AV,,(n) are expressed as follows:

Ava:va(n)_va(n_ 1); (10)

AVPV: va(n)_ va(n_ 1); (11)
where P,,(n) and V,(n) are the power and the voltage of
the PV module.

The fuzzy sets for both inputs and output are:
P (positive), N (negative), Z (zero), as shown in Fig. 8.
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Fig. 8. Membership functions:

a—input AV,,; b—input AP,; c—output AV,

2. Inference method. The inference method used to
determine the output of fuzzy logic controller. Several
inference methods are discussed in literature include
Compositional Rule of Inference, Generalized Modus
Ponens and Sugeno inference method [29].

In this study Mamdani’s inference method is
employed because it was the most common method used
in engineering application [30].

The composition operation is the method by which a
control output is generated, the commonly applied method
is MAX/MIN used in this article.

The membership function of every rule is given by
the MIN operator and MAX operator. The construction of
control rules to relate the fuzzy input to the fuzzy output
depends on the knowledge base of the system dynamics.
The control rules proposed is presented in Table 3. For
one example, control rule in Table 3 is expressed as
follows. «IF AP,, is P and AV, is P THEN AV, is P».
This implies that «IF the power change is positive, AND
the voltage variation is positive THEN the perturbation
step will increase in the next cycle».

Table 3
Control rules
G N z P
AP,
N P Z N
V4 N V4 P
P N V4 P

3. Defuzzification. After evaluating the rules, the
FLC-VPA’s final step is to compute the output, which is
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the perturbation step (AV,,) with the defuzzification
process.

The centroid approach, commonly known as the
Center of Gravity method, is employed in this paper,
because it has good averaging capabilities and gives
decent results. The crisp value of the control output AV,
is calculated as:

inAVj

_ /=
AVref - n >
E W,
J
J=1

where 7 is the maximum number of effective rules; W; is
the weighting factor; V; is the value corresponding to AV,
membership function.

This adjustment is added to the previous control
voltage value to get the final control voltage:

Vou(n) = Vol — 1) + AV,pr(n). (13)

The terminal and reference voltages were measured
at each sample period, and the error e = (V,,y — V) was
determined. FLC-VPA adjusts the reference voltage (V)
for MPPT as previously stated. This voltage is the
positive input (reference) to the PI controller, which
conducts steady-state voltage control.

To get the terminal voltage to the desired value, a
PWM generator is utilized to adjust the duty ratio of
the converter. FLC-VPA controller is implemented in
real-time for MPPT following the methods outlined
above.

Simulation results. A simulation of a solar panel
with 36 cells connected to a storage battery via a DC-DC
boost converter with MPPT algorithms is used in this
section. The DC input voltage is converted to the battery
voltage level using a DC-DC boost converter. This
research compares and contrasts the VPA and FLC-VPA
MPPT algorithms for tracking of maximum power. We
have combined the two improved methods shown above
in Fig. 9 to evaluate their efficiency.

(12)

{1}
\'[l;:lule pc-De =
) Converter e
I Batteries
Iov | VPA, FLC-VPA |y,
3 ref PI
. v v,
Vev Ll oA .‘ Controtler [ PWM
Algorithme Vv,
pv

Fig. 9. Block diagram of the PV battery charging system

a) PI controller effectiveness. To improve the
efficiency of the PI controller, the two MPPT algorithms
studied in this paper was simulated under constant
irradiance 1000 W/m?” and temperature 25 °C.

Figure 10 shows that for VPA or FLC-VPA MPPT
algorithms the PI loop provides overall system stability.

The error e in VPA is very large compared with the
error of FLC-VPA because of the voltage reference
perturbation.

Yo IR
:U\/H\\’VHU/\U/\VWHHW Wv _ZN AR

Fig. 10. PI controller efficiency for both controllers:
a—VPA; b-FLC-VPA

b) [Irradiation influence. Figure 11 depicts the
simulation results by changing the solar irradiation
disturbance from 1000 W/m* to 600 W/m” at a constant
temperature of 25 °C. When the simulation is started, both
MPPT algorithms detect the maximum power available;
although the detection of the maximum power is taking
place, VPA and FLC-VPA generate the necessary control
signals for the operation power of PV module follows the
MPP with a minimum error.

The irradiation intensity abruptly rises to 600 W/m?’
at t = 0.2 s, causing a negative change, and the MPP
search process is initialized to look for a new MPP. After
determining the new MPP, the two MPPT algorithms
investigated in this study operate the PV module at the
new MPP.
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Fig. 11. Variations in irradiance have an impact on the
management of both MPPT at a constant temperature of 25 °C

c) Temperature influence. We report in Fig. 12 the
response of the two algorithms to a random variation of
the temperature.

We note that for a quick variation of temperature,
between a minimal value of 15 °C and a maximum value of
25 °C; it’s clear that the algorithm which adapts better is
FLC-VPA. Thus, with this simulation tool, we have
highlighted the fact that for fast step changes in
temperature, the advantages of the FLC-VPA to the VPA
by achievement of the MPP which is carried out
instantaneously in the good direction without additional
oscillations when the MPP is reached. And what enhance
our study is that the power and the voltage of the PV
module follow the variation of temperature conversely
what is completely the opposite in the current PV module
witch stay constant under temperature variation.
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Fig. 12. The effect of temperature fluctuations on the control of
both MPPT at a fixed irradiance of 1000 W/m?

Experimental results. A prototype PV battery
charging system was created and tested for experimental
verification. In this study, a STP080S-12/Bb PV module
with a 30° and a maximum power of 80 W in standard
irradiance and temperature was used. To draw the /,,(V),)
and P,(V,,) characteristics of STP080S-12/Bb module
the circuit shown in Fig. 13 is used.

Two batteries in series each one is determined by
nominal voltage of a battery (12 V,.) and battery capacity
(100 Ah) compose the energy storage component.

s B

3 I LU T

Fig. 13. Circuit measurement of 1,,(V,,) and P,(V),,)
of STP080S-12/Bb module

The PV power system consists also of a DC-DC
boost converter, which has the parameters summarized in
Table 2 to step up the PV module voltage. Figure 14
depicts the synoptic diagram of this PV system.

PV Module

Batteries

FOTIT ADVASP

Sensors

Boost converter
Fig. 14. Experimental setup of the PV battery charging system

The control platform for assessing MPPT algorithms
was a dSPACE 1104 controller board. Allowing
MATLAB/Simulink to communicate with real-world
hardware. This is accomplished by utilizing dSPACE

interface blocks’ input/output (I/0); the inputs are analog
to digital converter (ADC) and the outputs are digital to
analog converter (DAC). The voltage and current of the
PV module are used as inputs to the dSPACE 1104
interface for the MPPT algorithms proposed in this work,
and LEM sensors (LV25-P) and (LA25-P) are employed
for data processing.

On MATLAB/Simulink model the MPPT method
generate the reference voltage and is compared with the
sensed PV module voltage which gives the modulating
wave for the PWM after real-time simulation.

The output of the dSPACE 1104 is limited by 10 V,
so we utilized an amplifier circuit to boost the output
voltage to a level that could feed the IGBT (15 V). When
the pulses are augmented, they pass via an isolated circuit
that separates the power and control circuits. For noise
rejection from the module current and voltage feedback
signals, low pass filters are used.

The PV array’s nonlinear feature can be seen in the
current and power curves (see Fig. 1). As a result, an
MPPT algorithm must be implemented to force the
system to function at MPP all the time.

In this paper two MPPT algorithms are carried out,
therefore, to confirm the efficiency of the algorithms a
real time simulation using DSP1104 is used.

Figure 15 shows the current, power and voltage of
PV module under constant temperature and irradiance
using VPA with 0.5 V of perturbation step. In the solar
irradiation 779 W/m”, PV output current is ranging from
1.5 A to 4 A and the rate of change of the PV module
voltage is about 12 V results a PV power output perturbs
between 30 W and 51 W, all this perturbation creates
power loss in the PV system.
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Fig. 15. Real time simulation results using VPA under constant

irradiance and temperature

0

To reduce the perturbation, we can minimize the
perturbation step value but that can provoke a divergence
of the system after a few seconds of the beginning of the
real time simulation.

The system is working with an average power of
51 W, which corresponds to the maximum power of the
PV module under 780 W/m? and this power is practically
constant (Fig. 16). As a result, the system’s operation in
this state demonstrates the FLC-VPA method’s efficiency
tracking.

Comparison of MPPT algorithms. The boost
converter is turned on inactive mode at first. As a result,
the PV module is directly connected to the two 24 V
storage batteries. The operational voltage and current of
the PV module are 17.5 V and 1.9 A, respectively.
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Fig. 16. Real time simulation results using FLC-VPA
under constant irradiance and temperature

The irradiance measured is 473 W/m’, both of
algorithms optimize the PV system by make the PV module
offer the maximum power, but the FLC-VPA is better than
the VPA because this last present a very perturbed reference
voltage and that's clear in the error curve.

When the FLC-VPA method is employed, the PV
module power is 33.5 W, however when the VPA is
applied, the power is balanced between 25 W and 32.5 W,
resulting in significant power losses (Fig. 17). It should be
emphasized that the VPA controls the system using
oscillating signal responses, and hence may fail to achieve
the optimization goal described in the introduction. The
efficiency of the FLC-VPA system, as well as its ability to
operate at maximum power, is demonstrated in this study.
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Fig. 17. Experimental results for both controllers showing
system responses to a PV panel

Conclusions. In this research, we combine the
traditional voltage perturbation algorithm with the fuzzy
logic controller in the field of energy development with
the goal of improvement the performance and maximizing
the efficiency of solar modules by allowing them to
operate at their maximum power. By incorporating the
advantages of both algorithms, this controller increased
the voltage perturbation algorithm's simplicity while also
eliminating the complexity of the original fuzzy logic
controller and ensuring the system's efficiency. The fuzzy
logic based on voltage perturbation controller's

effectiveness for system optimization is demonstrated
through simulation and experimental findings utilizing the
control system card dSPACE1104.
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