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Abstract

In this paper, another simple and accurate approach to reconstructing the characteristics of a photovoltaic (PV) array exposed to solar radia-
tion has been presented. This approach uses a five-parameter diode model. The approach is based exclusively on the manufacturer's data
(three-point method: short-circuit current, open-circuit voltage, maximum power point). To carry out this work, we first carried out a
numer-ical characterization of local solar radiation in the city of Ngaoundere. We then established the mathematical equations describing
a solar photovoltaic module, and ran a numerical simulation on Matlab Simulink under standard conditions. The electrical parameters of
the photo-voltaic generator and its optimal electrical quantities (current, voltage and power) were analyzed as a function of meteorological
variations (temperature, irradiance) and series resistance. The simulation results show that we can achieve a maximum solar irradiance of
1214.9W/m2 in the city of Ngaoundere at solar noon. It has been shown that increasing solar irradiance is one of the most productive
factors in a PV module. It was also shown that increasing temperature and series resistance considerably reduces the performance of a solar
photovoltaic module. This result has enabled us to confirm that these PV cells perform best in a cold, clear-sky environment.
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1. Introduction

Most of the energy consumed today comes from the use of fossil fuels such as oil, coal, natural gas and nuclear power. These resources are
becoming increasingly scarce, while the world's energy demands are rising steadily. It is estimated that global reserves will be exhausted
around 2030 if consumption is not radically modified, and at most around 2100 if efforts are made on production and consumption (Tum-
muru et al., 2015). Given that this form of energy covers a large part of current energy production, it is necessary to find another solution
to take up the slack. The constraint imposed is to use a low-cost, low-pollution energy source, as environmental protection has become an
important issue. Renewable energies, such as solar, wind and water power, are inexhaustible and easily exploitable. Among these renewable
energies, solar energy is the most widely exploited in Sahelian zones due to its availability. This energy can be harnessed in two forms,
using solar thermal collectors (Fouakeu et al., 2019) or photovoltaic solar panels (Badi et al., 2021). A photovoltaic solar panel is an
electrical module comprising photovoltaic cells connected in parallel or series, designed to convert solar radiation into electrical energy.
Taking this technology as an example, a surface area of 145,000km? (4% of the surface area of arid deserts) of PV panels would be sufficient
to cover the world's entire energy needs (Kassmi et al., 2007). In the latter case, the design, optimization and realization of photovoltaic
systems are topical issues, since they will surely lead to better exploitation of solar energy (Zhang et al., 2020). Modeling the latter is
therefore a crucial step, and has led to a diversification in the models proposed by different researchers. Their differences lie mainly in the
number of diodes, the finite or infinite shunt resistance, the constant or non-constant ideality factor, and the methods for determining the
various unknown parameters (Khezzar et al., 2010; Ma et al., 2013a; Orioli and Di Gangi, 2013; Peng et al., 2013, 2014). In the literature,
we come across several models whose accuracies remain dependent on the mathematical modeling of the various intrinsic physical phe-
nomena involved in the power generation process. Most of the literature uses the equivalent four-parameter model based on mathematical
modeling of the voltage-current curve (Khezzar et al., 2010). But this model is simpler and less accurate (Ghani et al., 2013; Ghani and
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Duke, 2011). The aim of our work is to reconstruct the characteristics of a photovoltaic panel from one of these cells, and to model and
simulate it in order to improve its electrical performance. To do so, we will use the equivalent five-parameter model (Dongue et al., 2012;
Li et al., 2013; Ma et al., 2013a, 2013b; Orioli and Di Gangi, 2013; Satapathy et al., 2018; Boussaibo et al., 2024), which offers better
accuracy compared to the four-parameter model and is less complex compared to the double diode model (Cuce and Cuce, 2012; Ghani et
al., 2013). Subsequently, the characteristic curves lpv(V) and Ppy(V) were reconstructed and plotted.

2. Materials and methods

2.1. Materials

The monocrystalline photovoltaic solar module is being studied in Cameroon, in the Adamaoua region, mainly in the town of Ngaoundere
(Latitude: 7.338149 and Longitude: 13.56683). This module is dark and black in color. It is covered by a thin glass plate. The cells are
encapsulated in a waterproof coating that protects them from water and water vapor. The photovoltaic solar module weighs 20.5 kg, has a
length (L) of 1769 mm, a width (W) of 1052 mm and a thickness (e) = 35 mm. The following figure shows the photovoltaic solar module
studied in this work.

2.2. Modeling
2.2.1. Solar radiation modelling

To calculate global solar irradiance G, we used the approach proposed by Jannot (2003). The declination § is determined by the following
expression:

5 =23.45sin0.986 ( j +284) )
The hour angle is defined by :

w=15"(TS -12) @)
The height h of the Sun is deduced by :

sinh =sin L*sin & +cos L*cos 8 *cosw 3)
The azimuth a is deduced by:

. coso*sinw
sing=———— )
cosh

The modulus w1 of the hour angle at sunrise is obtained by writing sin(h) =0, which leads to leads to :
cosw, =—tanL*tano (5)

Solar time at sunrise is therefore expressed as :
W
TS), =12——+ (6)
( )1 15

The solar flux | received on the surface permanently oriented towards the sun and which therefore receives solar radiation at normal
incidence is expressed by :

I =1370exp —L_ )
0.9+9.4sinh

Where TL is the Link disturbance factor calculated by :
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TL=24+1468+0.4(1+28)In(p,) 8)
Direct radiation D is deduced by :

D=1Isin(h) (9)
The diffuse radiation S is calculated by the correlation :

S—548 ﬁnUﬂ[TL—QS— ﬁnﬁﬂ} (10)

Global radiation G is determined by :
G=S+D (1)
2.2.2. Modeling a PV module

A PV module consists of a number of solar cells connected in series and parallel to achieve the desired voltage and current levels. A solar
panel cell is essentially a p-n semiconductor junction. When exposed to light, a direct current is generated. For simplicity, the single-diode
model shown in figure 2 is used in this document. This model offers a good compromise between simplicity and accuracy with its basic
structure. The equivalent circuit of the general model consists of a photocurrent (Ipn), a diode, a parallel resistor (Rp) expressing a leakage
current and a series resistor (Rs) due to contacts between semiconductors and metal parts.
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Fig. 2: Model of A Photovoltaic Solar Cell.

The one-diode model has the advantage of simplicity. It provides the static behavior of a PV cell under bias. From the equivalent circuit,
the current generated by the PV cell is (Zhang et al., 2020; Kadeval and Patel, 2021).

Where Ipn is the current generated by the light, Ish is the current flowing through the parallel resistor and lq is the diode current which is
proportional to the saturation current. The diode current (la) can be expressed by the following expression (Bi et al., 2017):

Iy =1 [exp[q(\/p‘gislpv)]—l} (13)

Where Isis the reverse saturation current in amperes (A), g is the electron charge (1.6 x 10-19 C), k is Boltzmann's constant (1.38 x 10-23
JIK), Tc is a cell temperature (°C), A is the diode's ideal factor and Rs is a series resistor (Q2). Applying the mesh law, the current (Isn)
flowing through the parallel resistor can be represented by the following expression:

_Vpy R

pv
h (14)
; Rsh

The equation for the current generated by the photovoltaic cell becomes (Boussaibo et al., 2024):

q(Vy, + Rl V., +RI
Low = lon = 15| €xp M | s (15)
KT A Rqh

The photon current (Ipn) depends mainly on the solar irradiance and the operating temperature of the cell, which is described by the follow-
ing equation (Satapathy et al., 2018):

I ph = gef[ e +Ki (Tc —Trer )J (16)
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Where Isc is the short-circuit current of the cell at 25°C and 1000W/m?, K; is the temperature coefficient of the short-circuit current of the
cell, Trer is the reference temperature of the cell in °C, G is the insolation in W/m? and Grer: the reference insolation of the cell in W/m2, On
the other hand, cell saturation current varies with cell temperature, which is described as follows (Hysa, 2019):

¢ ( 1 1J
3 gl + T F
T T,
I, - Irs{ Te J exp ref  lc @17

Where Irs is the reverse saturation current of the cell at a reference temperature and solar irradiation, Eq is the gap energy of the semicon-
ductor used in the cell in electronvolt (eV) and A is the ideal factor which depends on the PV technology.
The inverse saturation current is given by the following equation (Ghani and Duke, 2011):

| = lsc (18)
" e[ Ve |
N AKT,

Where Ns is the number of cells in series in a PV module, I is the short-circuit current and Vo is the open-circuit voltage. The equivalent
circuit for a solar module with N;s cells in series and Np cells in parallel is shown in Figure 3.

Nsh Rs*Ns/Nsh

Fig. 3: Equivalent Model of A Photovoltaic Solar Module.

The terminal equation for the current and voltage of a PV module becomes the following (Essakhi, 2019; Boussaibo et al., 2024):

\Y% Rl Ng,V
q{pv+ s pv] sh pV+Rs|pv
Ns Nsh 1 Rs (19)

KT.A Rqn

Ipv = Rshlph —Rqls| exp

The terminal equation for the power and voltage of a PV module is described with the following expression (Robinson et al., 2020):

\Y Rl NgnV
q(pv+ s pv] sh pv+RS|pv
Ns Nsh 1 Rs (20)
KT.A Rqn
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PV module current and power were simulated under the influence of illuminance, wall temperature and cell series resistance as a function
of PV module voltage. The following table shows the simulation parameters of the PV module under standard conditions (optical mass:
AM 1.5).

Table 1: Photovoltaic Module Characteristics

Module parameters Symbols Values

Power rating P, 190 W

MPP voltage Vi 36,14 V

Short circuit current lsc 5,69 A

Open circuit voltage Ve 43,66 V

Number of cells in series Ns 72

Number of cells in parallel Nsh 1

Ideal diode factor A 1,2

Temperature coefficient of short-circuit current ki 0.04%

Parallel resistance Rsn 300 Q

Solar radiation G 1000 — 800 — 600 — 400 — 200 W/m?
Cell temperature T 25-35-45-55-65°C

Series resistance Rs 0.001 - 0.011 - 0.021 - 0.031 - 0.041 Q
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2.2.3. Methods of resolution

The solar radiation equations were solved simultaneously using Matlab 2014 software. The solar photovoltaic module was simulated with
the Matlab Simulink interface under the influence of irradiance, wall temperature and cell series resistance. The following figure 4 shows
the block diagram of the PV cell in Matlab-Simulink.
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Fig. 4: PV Module Block Diagram in Matlab-Simulink.
3. Results and discussion

3.1. Characterization of daily solar radiation

Figure 5 shows the evolution of predicted diffuse (S), direct (D) and global (G) solar radiation as a function of time. Analysis of figure 4
shows that the three curves evolve in a similar bell-shaped pattern. This shows the increase and decrease in sunshine during the day. It can
be seen from this figure that at 13:00 min, global radiation reached a maximum value of 1214.907 W/m?2. This solar flux value proves the
sufficiency of solar irradiance for solar collector performance evaluation, since the ASHRAE (American Society of Heating, Refrigerating
and Air-Conditioning Engineers standard) requires that, for solar collector efficiency tests, solar irradiance must be above 630 W/m?
(Fouakeu et al., 2019).
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Fig. 5: Solar Radiation Profile.

3.2. Characterization of the photovoltaic solar module
3.2.1. Influence of solar radiation

Figure 6 below shows the evolution of photovoltaic electric current as a function of electric voltage 1pv(V) under the influence of solar
irradiance. It can be seen that when solar irradiance increases by 200 W/m?2, current intensity increases by 1.14 A. However, the voltage
increases by 3.53V when solar irradiance rises from 200W/m? to 1000W/m?. This result reassures us that the PV module's electric current
is highly dependent on solar irradiance. This result is similar to that of Satapathy et al. (2018), Badi et al. (2021) et Boussaibo et al. (2024),
who characterized a PV module with solar irradiance varying from 100 W/m? to 1000 W/m?2,
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Fig. 5: I(V) Characteristics of A PV Module for Different Solar Irradiances (T=25°C And Rs=0.001Q).
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Figure 7 shows the evolution of the PV module's electrical power as a function of the electrical voltage Ppv(V) under the influence of solar
irradiance. It can be seen that as solar irradiance increases, the PV module produces more electrical power. It is also observed that when
irradiance increases by 200 W/m?, the maximum PV power increases by 36 W. This result reassures us that the PV module's electrical
power is highly dependent on solar irradiance. Similar results were observed in the work of Bi et al. (2017), Satapathy et al. (2018) et Badi
et al. (2021), who obtained an increase in power of 37 W when solar irradiance increased by 200 W/m?2,
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Fig. 6: Pp (V) Characteristics of A PV Module for Different Solar Irradiances (T=25°C and Rs=0.001(Q2).
3.2.2. Influence of cell temperature

Figure 8 shows the evolution of the photovoltaic electric current as a function of the electric voltage Ipv(V) under the influence of cell
temperature. It can be seen that when the cell temperature increases by 10°C, the current intensity increases very slightly, resulting in a
pronounced decrease of 1.35 volts in the PV module voltage. This result is similar to that of Satapathy et al. (2018), Azem and Klemo
(2019) et Kadeval and Patel (2021) who characterized a PV module under solar radiation of 1000 W/m?,
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Fig. 7: 1,(V) Characteristics of A PV Module for Different Temperatures (G=1000W/M? and Rs=0.00102).

The following figure 9 shows the evolution of the PV module's electrical power as a function of the electrical voltage Ppv(V) under the
influence of cell temperature. It can be seen that the maximum PV power is 196.989 188.889 180.789 172.321 and 164.589 W for cell
temperatures of 25, 35, 45, 55 and 65°C respectively. These profiles show that as cell temperature increases, the PV module produces less
electrical power. This result reassures us that increasing cell temperature significantly reduces PV performance. Satapathy et al. (2018),
Azem and Klemo (2019) et Kadeval and Patel (2021) had obtained similar results by characterizing a PV module under solar radiation of
1000 W/m2,
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Fig. 8: P,,(V) Characteristics of A PV Module for Different Temperatures (G=1000 W/M? and Rs=0.001 Q).
3.2.3. Influence of cell series resistance

Figure 10 shows the evolution of photovoltaic electric current as a function of electric voltage under the influence of the cell's series
resistance. It can be seen that the series resistance affects the slope of the characteristic in the area where the photodiode behaves as a
voltage generator. It does not affect the open-circuit voltage or the short-circuit current. This result is similar to that of (Hysa, 2019), who
characterized a PV module under solar radiation of 1000 W/m2.
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Fig. 9: 1,,(V) Characteristics of A PV Module for Different Series Resistances (G=1000 W/M? and T=25°C).

The following figure 11 shows the evolution of the PV module's electrical power as a function of the electrical voltage under the influence
of the series resistance. It is observed that the maximum power of the PV module is 195.971; 175.458; 156.044; 136.63 and 119.78 respec-
tively for series resistances of 1 mQ, 11 mQ, 21 mQ, 31 mQ and 41 mQ. Increasing the series resistance results in a decrease in the slope
of the power curve. It is also noted that as the series resistance of the cell increases, the PV module produces less electrical power. This
result is similar to the work of Ghani and Duke (2011) et Hysa (2019) who characterized a PV module under solar radiation of 1000 W/m?,
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Fig. 10: Pp(V) Characteristics of A PV Module for Different Resistances (G=1000W/M2 and T=25°C).
4. Conclusion

the aim of this work was to present another simple and accurate approach to reconstructing the characteristics of a photovoltaic generator
exposed to solar radiation. this approach uses a five-parameter diode model. to achieve this, we first performed a numerical characterization
of the local solar radiation. we then established the mathematical equations describing a solar photovoltaic module and ran a numerical
simulation on Matlab simulink under standard conditions. the electrical parameters of the photovoltaic generator were analyzed as a func-
tion of weather variations and series resistance. the results of the simulation showed that we could obtain maximum sunshine of 1214.9
w/m? in the city of Ngaoundere. it has been shown that increasing solar irradiance is one of the most productive factors in a pv module. it
was also shown that increasing temperature and series resistance considerably reduces the performance of a solar photovoltaic module. this
result has enabled us to confirm that these pv cells perform best in a cold, clear-sky environment.
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