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Electrical energy generated by a photovoltaic (PV) panel depends heavily on
two climatic conditions: total solar irradiance and absolute temperature. If
high intensity of the solar illumination contributes positively to increasing
electrical power, a high degree of absolute temperature has, by contrast, a
negative effect on its electrical characteristic. In this paper, the electrical
efficiency provided by a conventional PV panel is enhanced using the proposed
photovoltaic thermal (PVT) panel. The latter contains serpentines fed by a
water tank, which allows cooling its PV cells at high temperature. Accord-
ingly, the desired enhancement needs two main requirements: an efficient
PVT panel model that accurately describes the actual PVT panel behavior and
an efficient controller that correctly tracks the maximum power point tracking
(MPPT). For this reason, a number of experimental test data is firstly recorded
from an actual ISOFOTON I-50-PVT module under different climatic condi-
tions. Afterward, the recorded data are fitted by the Curve Fitting Toolbox
(CF-Tool), creating therefore a 2-dimensional lookup table, used in the fol-
lowing step. Next, the fuzzy logic control (FLC) strategy is employed to syn-
thesize the proposed MPPT-FLC controller, which should ensure a good
extraction of the maximal electrical power. To validate the effectiveness of the
proposed MPPT-FLC controller based on a 2-dimensional lookup table, the
obtained performance is compared, in terms of electrical power and duty cycle,
to those provided by an MPPT-FLC controller for a conventional PV panel in
various climatic conditions.

Key words: Photovoltaic thermal system, 2-Dimensional lookup table, fuzzy
logic control, maximum power point tracking

INTRODUCTION

Solar energy offers the benefits of being a clean
and inexhaustible renewable energy that can be
used in many industrial and domestic applications
such as, heating systems, electrical networks, street

lighting, battery charging and autonomous PV
pumping systems.1,2 It is one of the most promising
renewable energies; it is clean, inexhaustible and
free to harvest.1,3 Indeed, the solar cell converts
light energy into electricity whose electrical char-
acteristics may vary depending on weather condi-
tions. It is often manufactured using a
semiconductor such as silicon, germanium, gallium,
arsenide, etc.3,4
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In the modeling stage of actual PV cell behavior,
several PV panel models have been proposed, in
which the model parameters are determined using
either analytical approaches or experimental test
data. Among scholars interested by this area, El-
Naggar, K., AlRashidi, M., AlHajri, M., Al-Othman,
A., 2012 used the simulated annealing (SA) opti-
mizer to identify the PV cells parameter where a
mathematical PV model is represented by an equiv-
alent circuit based on a single-diode model and two-
diode model.5 Ismail, M., Moghavvemi, M., Mahlia,
T., 2013 identified these parameters by solving the
modeling problem using a global optimization
based-genetic algorithm (GA).6 Askarzadeh, A., dos
Santos Coelho, L., 2015 enhanced the accuracy of
the PV panel model in different operating conditions
using the simplified bird mating optimizer
(SBMO).7

In the same vein, several MPPT technologies PV-
based models have been proposed to operate well
the actual PV panel at maximum power point
(MPP). Indeed, various MPPT strategies have been
reported in the literature, and in which the output
power of actual PV panels is ensured despite
changes in solar irradiance or temperature.3,7

Among scholars interested in this field, Safari, A.,
Mekhilef, S., 2011 presented a simulation and
hardware implementation of incremental conduc-
tance algorithm (INC), ensuring therefore a good
extraction of the MPPT for actual PV panels. The
obtained tracking dynamic was guaranteed by
applying a proportional integrator (PI) controller
on a buck converter, regardless of the direct use of
pulse width modulation (PWM).8 Abdelsalam et al.9

proposed a high-performance adaptive perturb and
observe (P&O) MPPT technique for PV panel based
micro-grids. The proposed technique allows ensur-
ing a steady state performance without oscillations
around the MPP.9 Bendib et al.10 proposed an
advanced FLC- based MPPT controller for a stand-
alone PV panel. Indeed, the MPPT-FLC controller is
synthesized to identify the MPP, providing there-
fore an adequate operating voltage.10

It should be noted that all previous modeling
approaches and MPPT controller synthesis tech-
niques have been conducted only for standard PV
panels. However, modeling and MPPT controller
synthesis for PVT panels represent the main con-
tribution of this paper. For this reason, an adequate
PVT panel model based on a 2-Dimensional lookup
table is used in modeling the actual PVT panel
behavior using Curve Fitting Toolbox, and the
MPPT-FLC controller is accordingly synthesized.
The proposed MPPT scheme should ensure a good
duty cycle, providing, thus, good tracking of the
MPP for the PVT panel. The obtained performance
is then compared to that provided by standard PV
panels controlled by an MPPT-FLC controller. The
results highlight improved performance in terms of
maximum power output, duty cycle and efficiency.

DESIGN OF THE PVT PANEL MODEL

PVT Panel Model Based Single-Diode Electri-
cal Circuit

In general, the PVT cell is made of a semiconduc-
tor material which absorbs light energy and con-
verts it into electrical current. The solar cells are
generally connected in series and in parallel, and
then encapsulated in glass for a PVT panel. It
consists of modules interconnected to form a power
generation unit. This can ensure high compatibility
with conventional electrical equipment. Moreover,
these modules can also be connected in series-
parallel to increase the output power. Furthermore,
the interconnected modules are mounted on metal
supports and inclined at a desired angle depending
on the location; this set is often called module
field.8,9,11

Usually, the actual behavior of PVT cells can be
modeled in the same way as that of PV cells. This
can be done using the following single-diode equiv-
alent circuit model.12,13

According to Fig. 1, The output current IPVTc

generated by the PVT cell model is expressed using
the Eq. 114–16:

IPVTc
¼ Iph � IDm � Ish; ð1Þ

where IPVTc
; IDm and Ish denote, respectively, the

current generated by the incident light, the current
flowing through the diode Dm and the current
flowing through the shunt resistance Rp. Using
the Shockley equation for the diode current and
substituting the shunt resistance current, Eq. 1 is
rewritten as Eq. 214,16:

IPVTc
¼ Iph � I0 �1 þ e

VPVTc
þRs �IPVTc
n�Vt

� �
� VPVTc

þ Rs � IPVTc

Rp
;

ð2Þ

where n denotes the diode quality factor of the P–N
junction, VPVTc

is the output voltage provided by the
PVT cell model. The thermal voltage Vt subjected to
any temperature T, is defined by the following
equation:

Vt ¼
k � T
q

; ð3Þ

Fig. 1. Equivalent electrical circuit based-single diode for PV/PVT
cell.
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where q and k denote, respectively, the electron
charge and Boltzmann constant. In addition, the
reverse saturation current I0 of the diodes D can be
found using the information from the datasheet
given by:

I0 ¼ I0;n ¼ T

Tn

� �3
n

e
q�Vg
n�k

1
Tn

�1
Tð Þ ; ð4Þ

where Vg denotes the band-gap energy in the solar
cell. I0;n is the diode saturation current given at
STC. It can be found using the following equation:

I0;n ¼ Isc;n

�1 þ e
VocþKVoc

T�Tnð Þ
n�Vt

: ð5Þ

Here, Voc denotes the solar cell open-circuit voltage,
Isc;n is the solar cell short-circuit current and KVoc

is
the open-circuit voltage temperature coefficient. All
previous parameters are given at STC, i.e.,

Tn ¼ 25�C and Gn ¼ 1000 W/m2. It should be noted
that the photocurrent Iph, given in Eq. 1, depends
on irradiance intensity and cell temperature. It is
computed by the following equation:

Iph ¼ G

Gn
Isc;n þKIsc T � Tnð Þ
� �

; ð6Þ

where KIsc denotes the short-circuit current temper-
ature coefficient of the solar cell. In general, the
PVT panel model is built by connecting several PVT
cells in series and parallel. Furthermore, the output
current and output voltage generated by the PVT
panel model, arranged in Np parallel and Ns series
cells, can be expressed using the Eqs. 7 and 816:

IPVT ¼Np � IPVTc
; ð7Þ

VPVT ¼Ns � VPVTc
; ð8Þ

where the final mathematical equation connecting
IPVTc

by VPVTc
is found by substituting Eqs. 7 and 8

in Eq. 2. It yields also Eq. 1016:

IPVT ¼ Np � Iph �Np � I0 �1 þ e

VPVT
Ns

þRs
Np

�IPVT
n�Vt

 !

�
Np

Ns
� VPVT þRs � IPVT

Rp
:

ð9Þ

PVT Panel Model-Based Experimental Test
Data

Curve Fitting Tool is a powerful algorithm that
allows creating a suitable PVT panel model using
experimental test data. This tool allows modeling
the recorded experimental test data by a Simulink
2-Dimensional lookup table. This can be done when
the following steps are achieved:

Step1: Open Curve Fitting Tool and load the
recorded data to be fitted;
Step2: Put the measured solar irradiance vectors
in xdata box, the measured output voltage vectors
in ydata box and the measured output current
vectors in zdata box;
Step3: Creates a fit-object by selecting one of four
fit-types: Custom Equation; Interpolant; Lowess
and Polynomial;
Step4: Save the fitted array data and use them to
parameterize a Simulink 2-Dimensional lookup
Table block.

SYNTHESIS OF THE MPPT CONTROLLER

The interface between the PVT panel model and
the system load is commonly performed using
various power electronic circuits.

Figure 2 shows the standard MPPT configuration
excited by total solar irradiance and absolute tem-
perature signals.

According to Fig. 2, the standard MPPT configu-
ration consists of a PVT panel modeled by a
Simulink 2-Dimensional lookup table. It is associ-
ated with a DC-DC step-up converter connected to a
system load. This converter is commonly used to
boost the PVT panel DC voltage and perform as well
the MPPT task of extracting maximum power where
some climatic conditions are considered. It should
be noted that a good performance provided by
MPPT configuration depends heavily on duty cycle
quality that should ensure a good extraction of the
maximum power from the PVT panel. In this paper,
this above mentioned objective is ensured by syn-
thesizing an efficient MPPT controller using fuzzy
logic control strategy.14,15

Synthesis of the MPPT Fuzzy Logic Controller

In this section, the controller synthesis step is
performed by fuzzy logic based control. Indeed, the
synthesized controller has the ability to reduce the
oscillations of the output power when the MPP is
reached. This increases the power loss in the PVT
panel, thus reducing its efficiency. The main idea
proposed in synthesizing a MPPT-FLC controller
lies in determining the optimal duty cycle (D) from
two inputs: error input (E) and change in error
input (DE) at sample time (k). These are expressed
by Eqs. 10 and 1116,17:

EðkÞ ¼ PpvðkÞ � Ppvðk� 1Þ
VpvðkÞ � Vpvðk� 1Þ ; ð10Þ

DEðkÞ ¼EðkÞ � Eðk� 1Þ ; ð11Þ

where PpvðkÞ denotes the instant power generated
by the PVT panel. The MPPT-FLC controller deter-
mines, at each sample time (k), the next action
required from the fuzzy knowledge base and adjusts
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duty cycle of the PWM generator to set the operat-
ing point of the system to MPP. In the other words,
when the term (dPpv=dVpv) is greater than zero, the
MPPT-FLC controller changes the duty cycle (D) to
increase (Vpv) until (Ppv) reaches (Pmpp) or
(dPpv=dVpv) equals zero. Otherwise, when the term
(dPpv=dVpv) is less than zero, the MPPT-FLC con-
troller changes (D) to decrease (Vpv) until (Ppv)
reaches (Pmpp). This process can be illustrated by
Fig. 3.18,19

In general the synthesis of the MPPT-FLC based
fuzzy control is achieved using the following three
basic parts: (1) fuzzification, (2) inference engine,
and (3) defuzzification.20,21

– In the fuzzyfication part, the membership func-
tion values are assigned to the linguistic vari-
ables, using the five following fuzzy subsets22:

NG: NegativeGreat;
NP: NegativeProximate;

EZ:EquivalentZero;
PP: PositiveProximate;
PG: PositiveGreat.

– In the inference engine part, the fuzzy output
presents the change in duty cycle (DD), com-
puted using the Eq. 12 fuzzy-rule (Ri) type based
Mamdani method20,21:

ðRiÞ : if EðKÞ is x1 andDEðKÞ is x2f gthen DD is x3f g ;
ð12Þ

where x1; x2f g, and x3 are linguistic terms associ-
ated with the input and output variables E;DEf g
and DD respectively. In the inference engine based
on the Mamdani method, one of the following fuzzy
combination techniques can be used: Max–Min,
Max-Prod and Somme-Prod. Here, the fuzzy combi-
nation Min–Max is used. Furthermore, Table I
summarizes the 25 control fuzzy rules, employed
for controlling the DC-DC boost converter such as
the MPP of the PVT generator when it is reached.22

– The deffuzzification part is performed by either
the Center of Area (COA) or the Max Criterion

Fig. 2. Standard MPPT configuration.

Voltage(Volt)

Po
w
er
(W

at
t)

Increase

Pmpp(dPpv/dVpv=0)

P(dPpv/dVpv>0)

Decrease

P(dPpv/dVpv<0)

Fig. 3. Power-voltage characteristic of a PVT panel.

Table I. Fuzzy rules

DEE NG NP EZ PP PG

NG NG NG NG NG NG
NP NP NP NP NP NP
EZ EZ EZ EZ EZ EZ
PP PP PP PP PP PP
PG PG PG PG PG PG
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Method (MCM). Here, the COA deffuzzification
method is used to determine (DD). It is expressed
by Eq. 1320,21:

DD ¼
Pn

j¼1ðlðDDjÞ � DDjÞPn
j¼1 lðDDjÞ

; ð13Þ

where lðXÞ denotes the degree of the membership
function of the variable (X). Moreover, Fig. 4 shows
the partition of fuzzy subsets and the shape of
membership function plots for error E, change in
error DE and change in duty cycle DD
respectively.22

Finally, the actual duty cycle is computed, at each
sample (k) using the Eq. 14:

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
-0.1

0.15

0.4

0.65

0.9

1.1 GPGN PPEZNP

-0.02 0 0.02
-0.1

0.15

0.4

0.65

0.9

1.1 NG PP PGEZNP

-100 -50 0 50 100
-0.1

0.15

0.4

0.65

0.9

1.1 PGNG NP PPEZ

(a) (b)

(c)

Fig. 4. (a) Membership functions for input variable E. (b) Membership functions for input variable DE . (c) Membership functions for output
variable DD.

Fig. 5. Experimental prototype of PV and PVT panels.
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DDðkÞ ¼ Dðk� 1Þ þ DDðkÞ: ð14Þ

EXPERIMENTAL AND SIMULATION
RESULTS

Experimental results

In this part, two solar systems based on the
ISOFOTON I-50 PV modules are modeled and then
controlled by the MPPT-FLC controllers. The first
solar system is a standard PV panel system whose
cells are operated without a cooling system. On the
other hand, the proposed PVT panel system is
reinforced against high temperatures by means of a
closed water circuit.15

The abovementioned solar systems are positioned
on the building roof of the Center for the Develop-
ment of Renewable Energies (CDER), Ghardia,
Algeria. Furthermore, they are inclined by an angle
equal to the latitude of the area and each one has
two instruments. The first one is the K-type ther-
mocouple based Campbell CS215 instrument used
to measure the temperature of PV and PVT panels
whereas the second one is a solar power meter based
Kipp & Zonen CMP21 pyranometer instrument
used to measure total solar irradiance.

The Agilent 34970A Data Acquisition Control is
employed along with a current measurement shunt
resistor to record the measured values of current and
voltage of the PV and PVT panels with high accuracy.
The experimental systems are shown in Fig. 5.15

The dimensions of the PV and PVT panels are
1224mm� 1047mm. The datasheet values of these
solar systems are shown in Table II.19

The experiment is carried out for nine arbitrarily
chosen days during 2017. This allows sweeping the
possible variations of the meteorological conditions
observed over the year. The measured voltage and

measured current were recorded in different
weather conditions, as summarized in Table III.

Figures 6 and 7 show the measured I–V charac-
teristics recorded through actual PV and PVT
panels under different weather conditions summa-
rized before.

DESIGN OF PV AND PVT PANEL MODEL

In the CF-Tool function, a Custom Equation is
chosen to fit the experimental test data recorded
through the actual PVT and PVT panels where the
proposed PVT panel model is designed with the five
parameters: a1; b1; c1;d1, and m1 whereas the pro-
posed PV panel model is designed with other five
parameters a0; b0; c0;d0, and m0. Moreover, the
proposed mathematical equation for the PVT panel
model is expressed as Eq. 1523–25:

IPVT ¼ f ðVPVT ;GÞ ¼ a1 �G� b1ð�1 þ e�1þm1�VPVT Þ

� VPVT þ c1

d1
:

ð15Þ

And the fitting process provides the following
solution:

ða1; b1; c1;d1;m1Þ ¼ ð0:002947; 15:19;�15:77; 3:083;

� 0:08653Þ
;

ð16Þ
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Fig. 6. Measured I–V curves recorded PVT panel.

Table III. Absolute temperature and total solar irradiance recorded over the year 2017

Day 1 2 3 4 5 6 7 8 9

G 700.65 900.33 672.59 878.04 984.23 936.47 1036.32 983.27 838.31
T 22.30 26.90 34.09 37.05 38.21 39.09 39.33 39.89 41.45

Table II. Datasheet values of ISOFOTONI-50 PV
module

Parameters Datasheet values

Maximum power Pmax 39.10 W
Short circuit current 2.99 A
Open circuit voltage 20.80 V
Maximum voltage Vmax 14.90 V
Maximum current Imax 2.620 A
Number of cells 36
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where the PVT model accuracy is given by the Root
Mean Square Error RMSE1 ¼ 0:196. Figure 8
shows the 3D view of the corresponding 2-Dimen-
sional lookup table data.

Similarly, the CF-Tool function is used to fit the
experimental test data recorded through the actual
PV system. The PV panel model is created using the
same previous fit-type, providing, thus, the
Eq. 1723–25:

IPV ¼ f ðVPV ;GÞ ¼ a0 �G� b0ð�1 þ e�1þm0�VPV Þ

� VPV þ c0

d0
;

ð17Þ

where

ða0; b0; c0;d0;m0Þ
¼ ð0:002869; 2:477;�7034; 8551; 0:0532Þ:

ð18Þ

And the model accuracy is given by
RMSE0 ¼ 0:2397.

Synthesis of MPPT-FLC Controller for PV
and PVT Panels

Performance assessments in terms of power out-
put and duty cycle for both PV and PVT panels are
performed using the MPPT configuration shown in
Fig. 9. Accordingly, the Boost parameters are given
by22:
L ¼ 350 � 10�6H;C1 ¼ C2 ¼ 560 � 10�6F;R ¼ 20X.

Furthermore, the MPPT-FLC synthesis controller
ensuring a good extraction of the MPP for both
previous panels has been previously mentioned. To
highlight the good performance of the proposed PVT
system, the following simulation is performed for
various total solar irradiance values

(600W=m2; 1000W=m2 and 800W=m2) at fixed
absolute temperature of 25�C (see Fig. 10).

Furthermore, Fig. 10 shows the duty cycles by the
MPPT-FLC controller for PV and PVT panels.

According to Figs. 10, 11 and 12, one can clearly
see that both PV and PVT panels based on MPPT-
FLC controllers can track the maximum power
operating voltage point. It can also be observed that
the dynamic response and the duty cycle provided
by the proposed MPPT-FLC controller are better
than those provided by the standard PV panel. This
is ensured regardless of the rapid change in total
solar radiation. Furthermore, both MPPT-FLC con-
trollers allow reducing the power losses for PV and
PVT panels. This can be explained by the complete

Fig. 8. 3D view of the 2-dimensional lookup table data for the PVT system.
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Fig. 7. Measured I–V curves recorded PV panel.
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Fig. 9. MPPT-FLC configuration for PV and PVT panels.
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absence of oscillation. Now, a rapid increase in cell
temperature from 24:5�C to 40:5�C within a time
period of 3 s is used whereas the total solar irradi-

ance is kept at a constant value of 1000W=m2 (see
Fig. 13).

Accordingly, the output power provided by the PV
and PVT panels is given by Fig. 14

According to Figs. 13 and 14, the output power
provided by both PV and PVT panels decreases
linearly whereas the proposed PVT panel offers
better performance in terms of minimum sensitivity
at high absolute temperature and generated power.

CONCLUSION

In this paper, the modeling and synthesis of the
MPPT controller for both PV and PVT panels were
discussed and analyzed in different weather condi-
tions. In the modeling stage, the curve fitting tool is
applied to develop both adequate PV and PVT panel
models, in which 2-dimensional lookup
table Simulink blocks are derived using

experimental test data. These models are then used
to synthesize two MPPT-FLC controllers and their
performance is evaluated in terms of output power
and duty cycle for various climatic variations. As a
result, the MPPT-FLC controller synthesized via
the PVT panel provided better steady state perfor-
mance characterized by increased output power,
improved duty cycle and rapid achievement of the
MPP.
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