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KEYWORDS Abstract In this article, the use of MATLAB/SIMULINK interface to realize a generalized pho-
P-V and -V curve; tovoltaic simulation model is introduced. The model was created utilizing the photovoltaic (PV) cell
Photovoltaic cell; fundamental circuit equations, including the effects of solar radiation and variations in tempera-
Simulation; ture. This modeling approach enables the I-V and P-V curve of PV cells to be understood. It could
Dye-sensitized solar cell also be used as a tool to forecast the behavior of any solar PV cell under differing environmental
(DSSC); circumstances (e.g., temperature, irradiation conditions). These effects are simultaneously added
Matlab/Simulink in real-time. Due to their nonlinear features, they must be modeled to design and simulate the max-

imum power point of solar cells. This model applies to dye-sensitized solar cells with three different
semiconductors, namely, TiO,, ZnO, and SnO,; use N3 dye. According to changes in atmospheric
parameter values such as solar radiation, temperature, and operating parameter values like semi-
conductor type, dye concentration, and particles, the characteristic dimensions of photovoltaic sys-
tems such as power supply voltage (PV) and current—voltage (I-V) characteristics are drawn; in the
MATLAB/SIMULINK interface observed. The simulation results reveal that these elements and
the respective photovoltaic model affect the maximum operating performance of PV modules.
The battery made of TiO, semiconductor and N3 dye showed the greatest consistency with the
model battery, followed by the battery made of ZnO, and finally, the battery made of SnO, with

the same dye N3.
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1. Introduction

Photovoltaic cells are considered the basic energy conversion
unit of photovoltaic power generation systems. The operating
curves of solar systems under various operating situations are
costly and time-consuming. Photovoltaic cells have nonlinear
properties. Single models of solar power systems have been
developed and included in numerous engineering applications
to solve this challenge. Adjusted models have been modified
and different according to the kind of software that scientists
use, such as C Programming, Excel, Matlab/Simulink, or their
toolboxes. Matlab supports both numeric and symbolic mod-
eling approaches and provides curve fitting, statistics, opti-
mization, ODE and PDE solving, calculus, and other core
mathematical tools. Simulink adds an environment for model-
ing and simulating the behavior of multidomain systems and
for developing embedded systems. A function for computing
current, voltage, solar radiation, and temperature data was
developed in the Matlab environment [1,2]. The reliability of
several PV models was checked by bearing in mind the correc-
tion errors of certain data points [3].

One of these models is a reverse bias model, which is used
to clarify the temperature effect on PV cell performance [4].
The other model is a detailed terminal stress model suggested
using a five-parameter model [5-7]. Four-parameter and five-
parameter models [8] and [9] evaluated single-crystal photo-
voltaic modules. The suggested model is built by employing
common modules inside the Simulink environment in [10-13]
based on solar cells and arrays’ mathematical equations. The
influence of environmental (solar and temperature) conditions
and physical factors (diode factor, series resistance; R, shunt
resistance; saturation current and Rgy), etc. were explored in
these investigations.

The work in the Simscape/Simulink environment of the
work of [14,15] utilized solar cell blocks. With this module,
the manufacturer provides input parameters such as short-
circuit current, open-circuit voltage, etc. This approach has
the disadvantage of not assessing certain parameters, for exam-
ple, saturation current and temperature. In [16,17] and other
investigations, the solar model constructed with labeling tools
in the Simulink environment has been documented. This study
addressed only two issues (solar radiation and temperature)
and did not provide a step-by-step modeling process. On the
other hand, considering thermal convection, thermal radiation,
and power generation, some temperature-dependent models for
photovoltaic module operation have been proposed [18-20].
Commercial PV modules have demonstrated temperature
dependence experiments in panel energy and efficiency [9,21—
23]. The battery current is the specific v alue of the specific bat-
tery operating temperature and corresponding solar radiation
[24,2]. The voltage and current output of the photovoltaic gen-
erator will fluctuate if the temperature and solar radiation
change accordingly. Thus, variations in temperature and inten-
sity of the solar radiation should be incorporated in the last
photovoltaic model. The inclusion of these effects in modeling
PV generators was mentioned in [25-27]. The method is to
obtain a model of known temperature and known solar radia-
tion intensity and to address various temperature values and
levels of radiation. The battery’s operating temperature will
also change, resulting in a new output voltage and the new pho-
tocurrent value of the ambient temperature and radiation

intensity change. These influences of the battery output voltage
and battery current are represented by the Ki and Ko coeffi-
cients in the model [21,28]. Some studies studied nanocompsites
synthesized based on metal frame work [29-32].

Many studies were conducted regarding simulation PV
modules by [33-35]. However, the main difference in the above
research is that the effects of partial shadowing on solar mod-
ules are not taken into account.

This model evaluate parameters that can greatly affect the
I-V and P-V characteristics of PV cells, including physical
parameters such as saturation current, ideality factor, series
and parallel strength, and environmental circumstances the
proposed model will aid (solar radiation, temperature, and
shadow effects).

2. Experimental work

The author has conducted experimental studies on many
DSSCs made of various nanoscale semiconductors and various
dyes. The results show that, compared with N917 and black
dye, N3 dye provides the highest cell performance, so modeling
studies will be performed on cells made with N3 dye. Regard-
ing semiconductor types, TiO,nanomaterials (particle size
5 nm) provide the highest battery performance, followed by
ZnO, and finally SnO,. Therefore, the Matlab/Simulink simu-
lation model was verified for the three semiconductor/dye
combinations that achieve the highest performance; B. TiO,/
N3, ZnO/N3, and SnO,/N3. Battery performance is evaluated
based on maximum output current (I,.y), maximum output
power (P.x), and efficiency.

The characteristic equations of PV/solar cell voltage and
current (VI) are calculated by a series of equations as follows:

Determination of Iy

Ly = [T + Ki(Top — Toep)][G/1000] (1)

Iph, Photocurrent, A; Isc, Short circuit current (current when

the voltage is zero), A; K;“Short circuit temperature coeffi-

cient”; Top “Operating temperature”, K; Ty ““Reference tem-

perature”, K; GThe PV modeling illumination, W/mz.
Determination of I,:

Ls = (Lc)/(exp[(q * Voe) /(NSKAT,p)] — 1) (2)

I “‘reverse saturation current”, A; q “Electron charge (1.6 *
1071 °C)”; V,“Open circuit voltage” (the voltage when cur-
rent is zero), V; Ns “Number of cells connected in Series”; K
“Boltzman’s constant (1.3805 * 1072%)” and A “Ideality
factor”.

Determination of Ig:

Ig = (s (Top/ Trer) 3] [exp(qEy ((1/Trer) — (1/Top))/(KA))] (3)

I Current in Ry, resistance, A; I,;Module reverse saturation
current, A; E,Thebandgap, ev and K “Boltzman’s constant
(1.3805 * 10~ %),

Determination of I,:

Lo = Nplpn — NpIpn[exp((qVe + LRs)/(N;AKT)) — 1]
= [((Vo) + (Lo*R¢))/ (Rn)] (4)

I, Total output current, A; N, “Number of cells connected in
parallel”; V, “Output voltage”, V; Ry “Series resistance of PV
module”, Q and Rg, “parallel resistance of PV module”.
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This paper is research on the simulation and modeling
of dye-sensitized photovoltaic cells via the MATLAB/Simu-
link interface model. The simulation model is validated for
three types of semiconductor nanomaterials, such as B.
TiO,, ZnO, and SnO, and N3 dyes. The IV and PV fea-
tures of the model cell’s PV cell and the controlled cell
are shown.

The three batteries tested were named C1, C2, and C3, as
shown in Table 1.

2.1. Mathematical modeling of the solar cell

Mathematical equivalent circuit:

To create the model and assess the model parameters while
performing, we use the basic circuit equations of photovoltaic
(PV) solar cells indicated in equation (4) (in the introduction to
this study). Current I is determined by using the normal elec-
trical properties of the battery (Is., Vo) and variables: voltage
irradiance (G) (T). The model reflects the effects and tempera-
ture fluctuations of solar radiation.

2.2. Experimental setup

Matlab/Simulink Interface:

The experimental photovoltaic test system setup is an
equivalent photovoltaic cell circuit used to verify the Matlab/
Simulink model. The equivalent photovoltaic cell circuit
(Fig. 1). A PV cell can be represented in parallel by a current
source I,,, which is coupled to a diode, as while it has lit, it cre-
ates current and acts as a diode when not illuminated. The cir-
cuit model equivalent also contains a shunt and a range of
internal strengths (Fig. 1). Ry and Ry, are resistors. The Ry,
value is generally considerably larger than that of R,. While
R, is relatively small that can be omitted to facilitate the anal-
ysis. Fig. 2 shows the experimental apparatus. The system con-
sists of a rheostat, a solar radiometer, two digital multimeters,
and a battery-composed solar system. The specifications are
listed in Table 2.

Reference cell:

1000 W solar cells are utilized as a referral cell simulation,
the detailed cell specifications are provided in Table 2.

The simulation model’s input parameters are:

T, Reference temperature value = 298.15 K.

K: Boltzman’s constant = 1.3805%10 % J/K.

K;: Short circuit temperature coefficient = 0.0013.

A: Ideality factor = 1.2.

E,: Band gap energy = 1.1eV.

Rg:Is the series resistor, normally the value of this one is
very small = 0.0001 Q,.

Rgy: Parallel resistance of PV module = 1000 Q.

q: Electron charge = 1.6¥10 " €.

I,.: PV module with 25 °C and 1000 W/m2 short circuit
current = 5.711 mA.

1

>

AM—0
RS

Y 3R, 4

O

Fig. 1  The equivalent PV cell circuit model.

Fig. 2 The experimental setup of the solar simulation system.

Table 2 DS-100 M PV module data® on electrical

characteristics.

DS-100 M Name
Maximum voltage (Vax) 0.436 V
Maximum current (I;.x) 5.1 mA
Maximum power (Ppax) 2.223 W

Range of operating temperature —15 °C to 60 °C

* The electrical requirements are subject to 1 kW/m? irradiation
test circumstances, 1.5 air mass spectrum, and 25 °C cell
temperature.

Voe: PV module open circuit voltage at 298.15 K and
1000 W/m? = 0.577 V.

3. Results and discussion

Because of the nonlinear characteristics of photovoltaic mod-
ules, it is necessary to model them to design and simulate max-

Table 1 Characteristics of DSSCs tested with Matlab/Simulink model.

Nomination of Cell Type of Semiconductor Type of Dye Tz, A Piax. W The efficiency of the resulting cell, %
Cl TiO, N3 5.1 2.223 5.56

C2 ZnO N3 3.61 1.660 4.15

C3 SnO, N3 3.42 1.504 3.76
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imum power point tracking (MPPT) for photovoltaic system
applications.

3.1. Model calculation of the solar system equations

The modeled equivalent circuit is shown in Fig. 3.
The simulation calculation models of I,p, Irg, I, and IO (ac-
cording to Egs. (1)—(4)) are shown in Figs. 4-7.

3.2. Matlab simulation of P-V and I-V characteristics of the PV
cell

(Model validation):

The model of the PV cell is realized by the Matlab program.
During execution, equations from 1 to 4 were used to evaluate
the model parameters for the experimental test system. The
program also uses the typical electrical parameters (Is., Voc)
and variables of the battery or module: irradiance (G), voltage,
and temperature (T) to determine the current I.

The test results and empirical results are recorded under the
conditions of an irradiation intensity of 1000 W/m? and an
operating temperature of 40 °C.

3.2.1. Characteristic curve Current-voltage (1V') curve and
characteristic curve

The power-voltage (PV) characteristic curve is displayed accord-
ing to the solar radiation and temperature values specified in the
MATLAB/Simulink interface. For the three photovoltaic cell

types tested, the results of this simulation method are shown in
Figs. 8-10; C1, C2, and C3 (as described in Table 1). These fig-
ures show the empirical results of the MATLAB/Simulink inter-
face simulation model (simulation (IV) curve and simulation
(PV) curve) and the characteristic curve (IV) and (PV) curve of
the generated PV cell) (see Tables 3-5).

Table 6 shows the experimental data and empirical simula-
tion data of PV cells C1, C2, and C3. The P-V and I-V simu-
lations and experimental findings for short circuit current,
open-circuit tensions, and maximum power output can be seen
from Figs. 8-10 and Table 6.

Therefore, the MATLAB/Simulink simulation model is
suitable for DSSC. The consistency of cell C1 made of TiO,/
N3 is closer, followed by cell C2 made of ZnO/N3, and finally
cell C3 made of SnO,/N3.

3.3. Simulation results under changing solar irradiation and
temperature

Another simulation study was conducted to study the effects of
temperature changes (with constant solar radiation) and
changes in solar radiation (with constant temperature) on the
characteristics of the battery Cl1.

3.3.1. Effect of changing the temperature at constant solar
irradiation

Using the software simulation model Matlab/Simulink to sim-
ulate the IV and PV characteristics of the PV cell is carried out

oo o =]
(o]
Top v il
» Top(k)
o Tref(c) Tref(k) | Tref(k) Is In1
Tref
Irs
s olisc Is In2
Isc lo > lo
Irs

“»{In3

> Top(k)

Irs

> In4

—» Top(k)

Tref(k)

Iph
200 »G
G
»iisc
Iph

Fig. 3 The modeled equivalent circuit of Fig. 1.
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Fig. 4 The modeled circuit of Eq. (1), I, (Photocurrent).
211 p———P X
Voc
1.6*10*-19 —P X
x
q Isc
36 P> &
Ns "
i 5 Irs
1.3°10°23 |— i s
K 1 >
13 b——oun cost
A
+
Top(k)

Fig. 5 The modeled circuit of Eq. (2), Is(Reverse saturation current).

at different operating temperatures, while the solar radiation
intensity remains constant at 1000 W/m>. The operating tem-
peratures tested are 25, 50, and 75 °C. The IV and PV charac-
teristics are shown in Fig. 1 and Fig. 2. Examination of these
figures showed that:

e If the operational temperature falls, the output power and
voltage rise, while the current remains virtually unchanged.

e The current output increased marginally when the working
temperature increased, but the output voltage decreased
sharply. As the temperature increased, the net power output
decreased.

Therefore, changes in ambient temperature have a signifi-
cant impact on open-circuit voltage and maximum output
power. The open-circuit voltage values are 0.3, 0.43, and
0.54 V, and the ambient temperature is 75, 50, and 25 °C.
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Fig. 7 The modeled circuit of Eq. (4), I, (Total output current).

With the increase in ambient temperature, the short circuit
current increased significantly, but this increase is not enough
to compensate for the loss of power caused by an open circuit
voltage drop. Maximum voltage; Vy.x = 0.409 V and maxi-
mum output power; P.. = 2.041 mW realized at an ambient
temperature of 25 °C (see Figs. 11 and 12).

3.3.2. Effect of changing solar irradiation at a constant
temperature

Simulate photovoltaic cells under various solar radiation
levels; B. 400, 700, and 1000 W/m2 and a constant ambient
temperature of 25 °C.

The results of these tests are graphically displayed as the IV
and PV characteristics in Figs. 13 and 14, respectively. Exam-

ination of these figures showed that the model’s output fea-
tures correspond to the DS100M solar cell characteristics.
The output power, current, and voltage are reduced when
the solar radiation is reduced from 1000 to 400 W/m>. This
means that at a fixed temperature, as the irradiation increased,
the short-circuit current I . increased, which will lead to an
increase in power output under these operating conditions.
This seems logical and is the expected behavior of the solar
energy conversion system. The maximum current value is
Vimax = 5.36 mA, which is obtained when the solar radiation
intensity is 1000 W/m?.

At a fixed ambient temperature of 25 °C and solar irradia-
tion intensity of 1000 W/m? the values recorded are: short cir-
cuit current (I) = 536 mA, maximum current
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Experimental
values of power

Experimental
values of current

Simulation model
for current

-=-===Simulation model
for power

Fig. 8 Simulation model and experimental (P-V), (I-V) characteristics curves (MATLAB/Simulink simulation model and characteristics

figure of cell C1).

Experimental
values of power

Experimental
values of current

Simulation model
for current

=====Simulation model
for power

Fig. 9 Simulation model and experimental (P-V), (I-V) characteristic curves (MATLAB/Simulink simulation model and characteristics

figure of cell C2).

(Imax) = 4.98 mA, and maximum voltage (Vi) = 0.409 V.
These corresponds to the maximum power (P..) = 2.041
mW.

The short-circuit current is proportional to solar radiation,
showing the predicted response to radiation changes by the
characteristic curve of Fig. 13. Fig. 14 displays the variation

in solar (G) radiation characteristic curve (PV) while the ambi-
ent temperature (T,) is maintained constantly at 25 °C. The
increase in the intensity of solar radiation increased the maxi-
mal capacity.

The suggested model also has extra advantages and may
therefore be used to examine the effects of environmental fac-



9256 A.M. Tayeb et al.

=-====Experimental
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Experimental
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current
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Fig. 10 Simulation model and experimental (I-V), (P-V) Characteristics curves (Matlab/Simulink simulation model and characteristics
figure of cell C3).

Table 3 Simulation model and experimental (P-V), (I-V) characteristics data of cell C1 (TiO,/N3).

Parameter I, A Voo, V Viaxs V Loaxs A Prax, W F. F Eff.,%
Practical cell data 5711 0.577 0.436 5.1 2.223 67.10 5.56
Model data 5.372 0.543 0.413 4.8 2.13 64.68 5.34

Table 4 Simulation model and experimental (P-V), (I-V) characteristic data of cell C2 (ZnO/N3).

Parameter I, A Voor V Vinax, V Tnaxs A Prax, W F. F Eff., %
Practical cell data 3.96 0.56 0.46 3.61 1.66 73.87 4.15
Model data 3.52 0.5 0.41 3.21 1.47 65.75 3.69
(SnO,/N3).

Table 5 Simulation model and experimental (P-V), (I-V) characteristics data of cell C2.
Parameter I, A Voo, V Vinax, V Tnaxs A P, W F. F Eff., %

Practical cell data 3.6 0.56 0.44 342 1.5 72.66 3.76
Model data 3.1 0.48 0.35 2.77 1.21 58.85 3.04
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Table 6 Experimental and simulated data for cells C1, C2, and C3.

Parameter Cell Type

Cl C2 C3

Experimental data Simulated data Experimental data Simulated data Experimental data Simulated data
L., A 5.71 5.37 3.96 3.52 3.6 3.1
Voo, V 0.57 0.54 0.56 0.5 0.56 0.48
Vinaxs V 0.436 0.41 0.46 0.41 0.44 0.35
Lnaxs A 5.1 4.89 3.61 3.21 3.42 2.77
Prax, W 2.22 2.13 1.66 1.47 1.5 1.21
F.F 67.38 64.68 73.87 65.75 72.66 58.85

5.55 5.33 4.15 3.69 3.76 3.04
Efficiency, % 96% 89% 81%

Fig. 11

Output I-V curve with varying temperature.

—|V curve at
125558

—IV curve at

T50°C

—|V curve at

T75°C

Fig. 12 Output P-V curve with varying temperature.
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—|V curve at
irrediance

1000 W/ m?

— |V curve at
irrediance

700 W/ m?

—|V curve at
irrediance
400 W/ m?

Fig. 13  Output I-V curve with the varying irradiation intensity.

——|P curve at
irrediance
1000 W/ m?

——|P curve at
irrediance

700 W/ m?

——|P curve at
irrediance
400 W/ m?

Fig. 14  Output P- V curve with the varying irradiation intensity.

tors, for example, temperature and solar radiation changes,
and the effect of physical characteristics, such as series resis-
tance, R, and shunt resistance Rgj,.

4. Conclusion

The obtained results from modeling and experiments were
drawn from the current study. Using the MATLAB/Simulink
model, a PV model is created based on the mathematical
equations of solar cells. This model is used to simulate a
PV cell with MATLAB/Simulink block libraries with a
step-by-step process. This modeling approach enables the I
V and P-V curve of PV cells to be understood. It could also
be used as a tool to forecast the behavior of any solar PV cell
under differing environmental circumstances (e.g., tempera-
ture, irradiation conditions). The change in the environmental

parameter is considered as input data in this situation,
whereas the output data are considered for the I-V and P-
V characteristics. Results indicated that the output curves
of the model match the DS-100 M solar cell characteristics.
This has a considerable effect on the open-circuit voltage
and maximum output power changes in ambient temperature.
The findings have shown that when solar irradiation falls
from 1000 to 100 W/m?, output power, current, and voltage
decrease. The output power and voltage are increased by low-
ering the ambient temperature, however, the output current
maintains virtually constant.

5. Availability of data and materials

Any data concerning this article are available from the corre-
sponding author on request.
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