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Abstract Three models of equivalent circuit are frequently applied for modelling solar
cells/modules: single, double and three diode models. Among these, the single diode (SD) model
is currently the most widely applied for solar cell modelling. This model is characterized by five
parameters, which can be estimated using various methods. In the present work, the unknown
parameters of this model are determined using an improved hybrid method. Our research
introduces an innovative approach for this purpose. Our method formulates and resolves the
equations defining these critical parameters. Particularly, our main objective revolves around
estimating the diode's saturation current (lo), series resistance(R;), photocurrent (Iph) and parallel
resistance (Rsh), ideality factor (n) through these equations. We confirmed our method reliability
by thoroughly simulating the I-V curves of six PV cells, showing the credibility and the precision of
our approach. This research significantly advances solar cell modelling by offering an improved
technique for estimating crucial parameters within the SD model, enhancing the accuracy and
reliability of solar cell performance predictions.

Keywords: Photovoltaic, Single diode model, Solar cell, Parameter determination, Modelling.

Introduction

Recently, solar power has become an increasingly attractive renewable source of electricity in the world
[1]. This is mainly due to efforts provided to minimize the fossil fuels consumption and to deal with climate
changes, the integration of solar photovoltaic (PV) systems stands as a crucial driver in significantly
curbing both emissions and reliance on fossil fuels. The main advantages of this energy are it is
abundant, free-polluting, low installation and maintenance costs and it becomes more and more efficient.
Generally, solar energy is used in different applications, such as solar (PV) systems, water desalination,
and electricity generation. For these reasons, industry and researchers are paying more attention in the
prospective development of the worldwide energy sector all over the world [2]. This increased attention
is mainly driven by the challenges associated with finding alternatives to fossil fuels and mitigating the
environmental harm caused by CO2 emissions. In the literature, numerous works are dedicated to solar
photovoltaic research. For instance, the International Energy Agency (IEA) predicts that by 2030,
approximately 80% of the electricity produced in the world will originate from renewable sources [3].
Thus, photovoltaic solar energy will be the main driver of this expansion.

In grid-connected and off-grid systems, the power can be efficiently supplied by sustainable energy
sources, particularly solar and wind energy [4]. Globally, the percentage of sources of renewable energy
in the production of electricity has augmented from 26% in the first quarter of 2019 to almost 28% in the
same period in 2020 [4]. Furthermore, according to data from the US Energy Information Administration,
the percentage of electrical power produced in the US from renewable sources has increased from 20%
in 2020 to 22% in 2022 (“EIA”).

The solar cell produced power is generally small and, to obtain high powers, solar cells will be coupled
in series and parallel composing PV panels. To accurately predict the features of a photovoltaic system,
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it is indispensable to use an appropriate model of the equivalent electrical circuit to compute the PV cell
characteristics at different operating modes.

In the literature, various models have been proposed for analysing solar cells. The Single Diode (SD)
model stands as the commonly used approach [5,6]. While research such as [7,8] highlights the Double
Diode model's superiority in specific operational scenarios, the prediction of seven parameters presents
notable computational hurdles. Conversely, the SD model provides a rationalised approach, requiring
less computation time and predicting only five parameters. Thus, it proves more practical for parameter
extraction. Additionally, the Three-Diode model proposed in [9] presents a comprehensive
representation of solar cell characteristics but requires the estimation of nine parameters, leading to
increased complexity and computational time.

Our choice for the SD model over other alternatives, such as the Double and Three-Diode models, is
due to its inherent simplicity, computational efficiency, and ability to accurately capture essential solar
cell behaviour. With fewer parameters and simplified execution, the SD model emerges as the optimal
choice for our parameter extraction requirements. Despite its simplicity, this model has demonstrated its
efficacy in faithfully representing solar cell electrical circuits [7,8], affirming its suitability for our study's
objectives. For these reasons, the SD model is applied in the present work.

The electrical circuit corresponding to the single, double, and three diode models are presented in Figure
1. As illustrated in this figure, the circuit of the SD model consists of an ideal diode, mounted with a
current-generating component in series, representing the light flow, a series (Rs) and shunt (Rsh)
resistances representing the losses. Therefore, for SD model, the electrical circuit consists of five
unknown parameters which are: the generated photocurrent (Ipn) the diode reverse saturation current
(lo), the series resistance (Rs), the shunt resistance (Rsn), and the factor of ideality of the diode (n).

R;

. ‘ Ao

IPI‘ D 'r}"*Il D y Rep

Iph D, Dz! % Ry, Iph D, D, A D; %Rsh

Figure 1. Electrical circuits models: (a) idealized, (b); SD-model (c); Double-diode (DD) model; (d) Three-
diode (TD) model

The current-voltage characteristic of the PV cell is illustrated in Figure 2. From this characteristic, we
deduce the information required for PV cell modelling, including the open circuit voltage, current,
maximum power point voltage, and short-circuit current. This information is necessary for PV cell
modelling. However, it is not sufficient to predict the five unknown parameters.
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Figure 2. PV cell characteristic: IV curve

To calculate the unknown parameters of the electrical equivalent circuit of the SD model, several
methods can be found in the literature. These last can be categorized into three groups: iterative, analytic
and hybrid approaches. Each of these methods is distinguished from the others by its efficiency,
precision in the identification of the parameters, its complexity, the computation time, and the required
experimental input data. A comprehensive review of the different approaches used for the photovoltaic
cell performance simulation is presented in [10].

Analytical-based techniques are non-iterative approaches established up on approximations and
simplifications. In addition, some experimental data of the I-V curve is needed for the parameter’s
prediction. The major advantages of these techniques are the computation time and the sufficiently
accurate results. Within this framework, several works were published.

In [11], the author proposes a mathematical approach that offers several advantages, notably in terms
of results around the maximum power point and precise reproduction of the |-V curve. However, a notable
limitation is the assumption of a fixed ideality factor for the diode, which may not accommodate variations
due to different photovoltaic technologies.

In [12], another mathematical method is presented, constrained to four equations with a constant ideality
factor. However, it shares the disadvantage of assuming a fixed ideality factor, like the approach in [11].
In [13], the Taylor series expansion is applied to calculate the five unknown parameters. However, a
significant drawback of this method is that the function must have a convergent power series expansion
at the chosen point, which may not always be the case.

Using the Thevenin equivalent circuit, the estimation of the five parameters is facilitated in [14]. This
method stands out for its practicality and efficiency in parameter estimation, making it a valuable
approach in the context of the study.

In [15], an analytical method is proposed for predicting the five parameters of the SD model. However,
it's worth noting that the RMSE value associated with this method tends to be slightly higher compared
to other methods.

In [16] an accurate and fast-based analytical method was proposed for the prediction of the parameters.
This approach is based on the data provided by the manufacturer. The main objective is the use of a
simple calculation technique for the ideality factor evaluation.

In [17], a dynamic modelling of electrical characteristics of a PV module is presented. Simulated Ipv-Vpv
characteristics show precise predictions, with RMSE ranging from 0.0852 to 0.0594. However, the
complexity of the model may generate implementation challenges.

In [18], an analytical technique is applied to find the parameters of the PV panel. Then, these parameters
are taken as the input values for an optimization procedure based on Gauss-Seidel to obtain more refined
parameters.
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In [19] an innovative-based analytical and iterative technique was suggested to find the SD model's
unknown parameters. This approach is based on electrical information deduced from the voltage of the
open-circuit, current and voltage corresponding to the maximum power point (MPPT) and short circuit
current. At first, a set of equations is constructed, and a closed-form expression for the five unknown
parameters is deduced. The ideality factor is iteratively computed by minimizing the RMSE between
observed and simulated results.

In [20], a novel hybrid analytical/iterative approach is introduced for extracting the parameters of the SD
model using Lambert's W-function. This method requires explicit equations for each parameter.
However, it's important to note that this approach requires a high level of mathematical proficiency and
familiarity with complex mathematical functions like Lambert's W-function. This could potentially restrict
its accessibility and applicability.

In [21], the SD model five parameters of photovoltaic panels are iteratively estimated. The iterative
algorithm follows three stages: (i) from the manufacturer information, the ideality factor is analytically
estimated, (ii), three analytical equations are formulated to find Rsh, lo, and Ipn as functions of Rs and n,
(iif), using an iterative algorithm to minimize the difference between the simulated and the experimental
values of the maximum power. However, the author's comparison is restricted to just one other method.
Considering both the advantages and drawbacks of method family in determining the five parameters of
the Single Diode (SD) model for PV panels, our study aims to achieve the highest possible electrical
efficiency by precisely determining the current-voltage characteristic, which is crucial for predicting the
parameters of a photovoltaic module.

In this pursuit, an improved form expression for Rs based on four equations as functions of the Ipn, lo, N,
and Rsh parameters is derived. In contrast, several methods that maintain one of the parameters
constant, are used in [11, 22-23], our approach integrates both analytical and iterative methods. This
hybrid process adjusts experimental characteristics and model estimates iteratively, allowing the
determination of all parameters without prior fixation.

A pivotal innovation in our approach lies in the simultaneous incremental adjustment of both (n) and (Rs).
The increment of (Rs) is customized according to the number of solar cells connected in a photovoltaic
unit, enabling adjustment of the algorithm convergence speed in correlation with the number of solar
cells. Rooted in the single diode model, our method depends on the measured current and voltage data.
To evaluate its efficacy, six photovoltaic units were tested.

In our study, we introduce an enhancement for five-parameter estimation by combining analytical and
iterative methods. First, we delineate the implementation steps, incorporating analytical parameter
expressions and calculation processes. Next, we compare the results obtained with measurements and
other state of art methods. Finally, we will conclude by summarizing the concepts explored in this study.

Proposed Approach

Under different operation modes (irradiation and temperature), the SDM enables a very accurate
simulation of the electrical behaviour exhibited by various PV cells and modules [25,26]. Moreover, the
identification of its five parameters is less complicated compared to other models (double and triple
diode), requiring more parameter estimation.

The electrical equivalent circuit of the SD model is illustrated in Figure 1 (a). The law of Kirchhoff is the
origin of the specific equation for the SD model's five parameters [11,20]. The current of the cell is
expressed as the following:

I'=Ipn—1Ip—In 1)
where
Ip = I [exp(Ft) - 1] @
and
o= ®)

Thus, Eq. (1) can be replaced in the following way:
V+I Rg
nvy

V+IRg
Rsn

=1l —1o [exp( ) — 1] @)

Where
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Vy = 7 %)

where:

lpn: photocurrent,

lo: diode saturation current,

g: charge of an electron,

n: factor of ideality of the diode,
Rs: series resistances,

Rs: shunt resistances,

Tk: temperature in Kelvin,

K: constant of Boltzmann.

As previously mentioned, we apply iterative methods for determining Rs and n. As proposed in [19] the
diode ideality factor is iteratively evaluated according to the following equation:

n = ny + 0.01V; (6)
where ny = 1.
The series resistance Rs is determined through an iterative process as follows [20]:

Rs = R, + 0.001 1"V’—p @)

Photocurrent (Ipn):

The generated photocurrent (lph) is calculated according to the manufacturer's information related to the
short circuit at STC by applying the short circuit operating form: (V=0 and I=lsc). Under this conditions,
Eq. (4), becomes:

RsIsc

Iy =Ly — 1o [exp( e ) —1f— Ry Isc ©

Rsn
Due to the extremely low value of Rs, the exponential term in Eq. 8, can be equal to 1. Therefore, we
obtain the following expression:
Rs+Rg,

Iph = Thhlsc 9
Diode Saturation Current (lo)
Using the manufacturers data from the open circuit operating conditions (V=Voc and |=0) the diode’s
reverse saturation current (lo) can be determined. Within the open circuit conditions Eq. (4) becomes:

VOC VOC
0=1I,,— I [exp(n—vt - 1] R (20)
By rearranging Eg. (10), we can determine the equation of lo.
Iph—;Ls;

10 = T o) o (11)
exp(—t)—l

Parallel Resistance (Rsh)
To calculate the parallel resistance (Rsh), we use the model proposed in [28]. The computation method
starts by adding into Eqg. (4) the point reaching the maximum power and the short circuit conditions. The
following expression is obtained by replacing I, with Eq. (11) and the maximum power point conditions
(V=Vmp ) and (I=Imp) in (Eq. 4):

mp = lpn = Io [exp (2ot — 1] — A (12)

According to [27] and [19], we obtain the following results:
Vinp +ImpRs IscRs Voc IscRs Voc
Rsh = [VOC (exp (_antp_) — exp (n_Vt)> — Vmp <€Xp (n_Vt)> — exp ( th )] / [Imp(exp (n_Vt)) —
IscRs\y _ Yoc) | _ Vinp +lmpRs \ [ _
exp () -t (e (%) ) - exp (28n®) | -, @)
The Series Resistance (Rs)

A preliminary estimation of the series resistance Rs value is required for parameter identification: n, Rsh,
lo, and Iph. In our work, we will use experimentally data extracted from the |-V characteristic curve. After
that, the value of Rs is iteratively calculated by minimizing an objective function F. This objective function
corresponds to the mean difference between the experimental and the estimated currents as
represented in the following equation:

e (14)
where Imes, Ica and N are respectively the measured current, the estimated current and the number of
points (V(i), Imes (i)) measured.

To determinate the series resistance, we initiate the process using this formula:
Ry = (Vi) * exp(=Voc/ (nV;)) (15)
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This equation is commonly used in diode models to approximate the series resistance [28]. To calculate
the effect of series resistance on diode behaviour [29]. This equation considers variables such as the
factor of ideality (n) and the thermal voltage (V). The exponential term of the voltage, corresponding to
the open circuit (Voc), is needed to represent the nonlinear properties of the diode. Then, an initial value
(Rsn,init = 0.01) makes it possible to launch the process of computing the other parameters a, Rsn, lo,
and Iph. Afterwards, these parameter values are used to compute the predicted current value, lcal, |
corresponding to Eq. 4. Then, the objective function F, is evaluated. At this stage, if the function F is not
yet minimal, the stopping criterion is not fulfilled, and the iterative procedure continues by replacing Rs
with its new value: Rs = Rs +0.001.Ns/Np. These steps are repeated unless the stopping criterion
becomes satisfied and the value of Rs minimizing the objective function F is found [20].

The tolerance is the lowest value of F provided by the model. According to [20], it can be calculated by
analysing the changes of F as a function of Rs.

Diode Ideality Factor (n)

Many studies assume that PV technology can be used to determine the value of the ideality factor.
According to these studies, this factor is a constant and it depends on the used PV technology. Usually,
a value of this parameter between 0 and 1 is taken.

This parameter depends on the number of cells constituting the PV module, the temperature and it varies
with voltage and other factors. In this work, we apply an iterative method to calculate this parameter as
proposed in [19], hence making the calculation of the ideality factor more reliable and systematic. The
diode ideality factor, n, is determined based on Eg. 6.

The flowchart algorithm, dealing with five parameters determination and presuming the previously
mentioned steps is shown in (Figure 3).

This flowchart begins with collecting input data. Subsequently, all equations including Rsh, Rs, lph, lo,
RMSE, and F are calculated. Subsequently, we compare each value of RMSE and F against a
predetermined tolerance (initially set at 1e-5). If both RMSE and F exceed the tolerance, both n and Rs
are incremented, and the tolerance will be updated to a new value calculated as tolerance = RMSE / Isc.
This iterative process ensures the refinement of parameter values until satisfactory accuracy is attained.

Results and Discussions

To study the effectiveness of the suggested approach and to measure the discrepancy between the
obtained results and the measured ones, RMSE [19, 20,24] criterion is applied:

1
RMSE = Z?’=1 I (Imes,i - Ical,i)2 (16)

To ensure the accuracy of the proposed prediction method, another tool was also applied as an
evaluation criterion. This is the Mean Absolute Percentage Error, MAE [24], which is computed as
described by the following equation:

1
MAE = EZ?:l'Imes,i - Ical,il a7
N denotes the number of the used data points

The proposed method will be evaluated through a comparison of the experimental 1-V curves supplied
by the manufacturers of various commercial PV modules with the |-V curve generated using our method.
This comparative analysis provides a thorough assessment of the suggested strategy.

The I-V curves of the studied different PV modules are simulated. The obtained results are illustrated in
figures Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, and Figure 9. The characteristics of the tested
PV cells are shown in Table 1:
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Figure 3. Flow diagram of the suggested approach

Table 1. The characteristics of the tested PV cells

Solar Cell Type Number of serie Irradiation Temperature
connected W/ m? °C
BP 5170 S photovoltaic monocrystalline 72 1000 25
silicon cells
Photowatt-PWP 201 Polycrystalline 36 1000 45
BP MSX120 monocrystalline 1 1000 25
KC200GT polycrystalline 1 1000 25
RTC France Thin film 1 1000 25

The experimental data (provided by the manufacturer) [19,20] are compared against results obtained
using the proposed method on the studied PV cells. The points on the graphs are comprised of blue,
green, and red data points, depicting the voltage (V) and current (I) values retrieved from the module
datasheets under standard test conditions (STC).

This analysis will offer comprehensions into the performance and the implementation of the proposed
approach. Through this comparison, we can validate the proposed approach against the experimental
data, which shows its potential as a reliable tool to characterize the performance of PV module.

The electrical specifications of the considered photovoltaic cells are summarized in Table 2.
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Table 2. Electrical features of the considered PV cells/ modules

Electrical BP BP Photowatt- RTC PVM 752 KC200
feature 517S MSX120 PWP201 France GaAs GT
Imp (A) 4.72 3.56 0.9120 6.894 .10 0.937 .101 7.61

Vimp (V) 36 33.7 12.649 4.507 .10* 8.053 .101 26.3

Voc (V) 44.2 42.1 16.778 5.728 .10 9.926 .101 32.9

Isc (A) 5 3.87 1.030 7.03.10 0.998 .10 8.21
Ns 72 72 36 1 1 54

To verify the correspondence between the generated curves and the experimental data, the RMSE and
the non-dimensional standard deviation are used as validation criteria. The results are presented in
Tables 3, 4 and 5.

BP 5170S
PVM
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., N ::
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Z 0.04 i Y ¥
*
* *
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+ 14
+ i
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* proposed method + + proposed method +
02 0.0 02 0.4 06 058 10 0 10 20 V(V) 30 a0
_ vl _ Figure 7.1-V Computed and experimental curves related to BP
Figure 4. I-V Computed and experimental curves. 5170 S solar cell (T=25 -C, G=103W/m?2)
For the PVM 752 GaAs (T=25 -C, G=10% W/m?)
KC200GT
Thin film: RTC France 10
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+
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-0.29 + proposed method : 0 . . T T T T T *
T T T T T T T T T 0 5 10 15 20
-02 -01 00 01 02 03 04 05 06
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Figure 5. I-V Computed and experimental curves for the
RTC France solar cell (T =33 -C, G = 10 W/m?)

25 30
VIV]

Figure 8. |-V Computed and experimental curves for the
KC200GT (T=25 -C, G=10% W/m?)
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Figure 6.1-V Computed and experimental curves for the
Photowatt PWP201 (T=45 -C, 10% W/m2)

40

Figure 9. I-V Computed and experimental curves related to BP
MSX120 SOLAR Cell (T=25 -C, 103 W/m2)

The recovered parameters obtained from the proposed approach for the six tested PV cells/modules are
provided in the Table 3. These results prove the efficiency and reliability of our method to accurately
calculate the crucial parameters for pv systems.
Table 3. Estimated parameters of the considered PV cells/modules
BP 5170 S BP MSX120 Photowatt-PWP 201 RTC France PVM 752 GaAs KC200GT
Rs(Q) 0.0800 0.382 0.004500 0.028085 0.02709 0.254
Rsh(Q) 311.1528 1406.7684 127.3007431 8.655413 134.67840 113.51274
lo(A) 5.269796e-08 1.192641e-06 1.301936e-07 1.346865e-09 3.105327e-7 1.858382e-08
Iph(A) 5.000128 3.870852 1.03 0.762767 0.09982 8.224465
n 1.221067 1.420067 1.010654 1.000285 1.000278 1.1150
Table 4. Computed the RMSE and tolerance ¢ for the Photowatt-PWP 201
Method Photowatt-PWP 201
RMSE €
Suggested 5,589e-4 5,4265e-4
Choulli Reference [20] (hybrid analyticall/iterative) 2.18e-03 -
Pindado Reference [38] (explicit model) 4.27e-3 4.138e-3
Das Reference [37] (explicit model) 2.64e-3 2.558e-3
Cubas Reference [11] (hybrid analyticall/iterative) 2,94e-3 2,85e-3
Phang Reference [32] (hybrid analyticall/iterative) 35,49¢e-3 34,4e-3
Lidaighbi Reference [19] (hybrid analyticall/iterative) 2,164e-3 2,097e-3
GWO Reference [39] ( Meta- heuristic) 5.48 e-3 5.31e-3
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Table 5. Computed RMSE and ¢ for the PVM.752 GaAs

Model PVM.752 GaAs
RMSE €
Suggested 5,466e-3 54,73e-3
(ELPSO) Reference [30] (Meta- heuristic) 25,4e-3 254,5e-3
(CPSO) Reference [30] (Meta- heuristic) 25,4e-3 254,5e-3
(BSA) Reference [30] (Meta- heuristic) 2,14e-3 21,44e-3
(ABC) Reference [30] (Meta- heuristic) 2,04e-3 20,44e-3

Table 6. Computed the RMSE and the tolerance ¢ for the RTC France solar cell

Method RTCSolar cell

RMSE €
Suggested 2,537e-4 3,337e-4

Choulli Reference [20] (hybrid analytical/iterative) 7.90740e-04 -
Peng Reference [33] (hybrid analyticall/iterative) 3,543e-3 4,65e-3
Louzazni Reference [34] (Analytical) 5,80e-3 7,62e-3
Toledo Reference [35] (Analytical) 0,77e-3 1,01e-3
Akbaba Reference [36] (Explicit model) 23,60e-3 31,03e-3
Das Reference [37] (Explicit model) 31,74e-3 41,73e-3
Pindado Reference [38] (Explicit model) 7,63e-3 10,03e-3
Oulcaid Reference [39] (Explicit model) 031,99e-3 42,06e-3
BSA Reference [30] (Meta- heuristic) 1.44 e-3 1.89 e-3

Table 7. Computed the RMSE and the tolerance ¢ for each BP 517S, BP MSX120 and KC200GT solar cells

Cell Values of Suggested methods
RMSE €
BP 517S 15.395e-3 3.079e-3
BP MSX120 30.607e-3 7.908e-3
KC200GT 33.366e-3 4.064e-3

This study presents a significant advancement in computational methodologies within the field of
procedures calculation involving parameters (n) and (Ry). Specifically, this work combines the analytical
algorithm proposed by [19] for determining the parameter (n) with an innovative approach for computing
(Ry) introduced in [20]. The synergy of these methodologies culminates in the development of a novel
hybrid algorithm that notably enhances computational simplicity and efficacy in addressing the
challenges posed by the calculation of (Ry).

By utilizing experimental data points, the algorithm continuously adapts these parameters to approximate
practical behaviour for predicting solar cell performance. Its iterative aspect not only enhances accuracy
but also provides an efficient convergence towards optimal parameter determination. The algorithm's
success in minimizing RMSE, a crucial metric reflecting alignment between calculated and measured
data.

Our methodology underwent different comparison, are detailed in Tables 4, 5, and 6, with diverse
analytical approaches [19, 33-35], explicit models [36-38], and notable metaheuristic strategies like the
Grey Wolf Optimizer (GWO) in [39].

The RMSE values were extracted for Enhanced Leader Particle Swarm Optimization (ELPSO),
Conventional Particle Swarm Optimization (CPSO), Backtracking Search Algorithm (BSA), and Atrtificial
Bee Colony (ABC) algorithms referenced from [30].

Our method, while demonstrating superior performance and accuracy across various methods, shows a
simplicity in implementation. It stands out for its clarity and lack of complexity; also, it achieves best
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results. This simplicity facilitates the implementation and significantly reduces the required time without
compromising its efficiency.

Its particularity relies in the choice of initial values for parameters (n) and (R;), using an iterative
improvement process that radically minimizes RMSE values. These outcomes clearly affirm the
effectiveness and superiority of our methodology over existing approaches.

The evaluation, based on RMSE and ¢ analyses, clearly demonstrates the superior performance of our
model. The basis of our method is the concurrent calculation of parameters (n) and (R;), ensuring their
optimization within the algorithm until both equations validate a minimum error within defined tolerance
limits.

Conclusions

The development of an enhanced method for estimating parameters in single diode models represents
a fundamental step in the optimization of photovoltaic (PV) systems.

Equivalent circuit models like the single diode model serve as essential tools for PV system simulations.
Various techniques, both analytical and iterative, have been proposed to estimate crucial parameters
within these models. Our work specifically presents an improved method for extracting series resistance
(Rs) and the ideality factor (n) within the single diode model, leveraging I-V curves and using an iterative
algorithm. This novel approach consistently outperformed existing approaches in terms of accuracy and
precision, demonstrating minimal error values(RMSE).

The comparison between our outcomes and experimental data confirms the reliability and practicality of
our proposed model for accurately characterizing solar cells. Indeed, the RMSE value obtained for the
solar cells Photowatt-PWP 201, PVM.752 GaAs and RTC solar cell are 5.589¢e-4,5.466e-3, and 2.537e-
4, respectively. While these results are encouraging, further advancements are necessary. Future
research could extend the algorithm's applicability across diverse operating conditions and refine its
accuracy. Expanding the algorithm by including additional parameters and optimizing the iterative
process could significantly enhance its precision. Additionally, integrating machine learning or
optimization techniques holds promise for further enhancing the model's efficiency.

Conflicts of Interest

The authors declare that there is no conflict of interest regarding the publication of this paper.

Acknowledgment

This work was supported by the Laboratory of Technology, Energy, and Innovative Materials, Faculty of
Sciences of Gafsa (TEMI). We would like to express our sincere gratitude to our staff at TEMI Lab for
their valuable guidance and support throughout the research process. Their expertise and insights were
invaluable in shaping our research and helping us to overcome challenges. Additionally, we would like
to thank the University of Gabes and the National Engineering School of Gabes for their helpful feedback
and support.

References

[1] V. Martyniuk and K. Klen. (2022). Estimation of parameters of photovoltaic modules based on ideality factor
variation. Proceedings of the 2022 41% International Conference on Electronics and Nanotechnology, Kyiv,
Ukraine, 692-692.

[2] Zywiotek, J., Rosak-Szyrocka, J., Khan, M.A., Sharif, A. (2022). Trust in renewable energy as part of energy-
saving knowledge. Energies, 15(4), 1-14.

[3] Kongphet, V., Migan-Dubois, A., Delpha, C., Lechenadec, J.-Y., Diallo, D. (2022). Low-cost |-V tracer for PV
fault diagnosis using single-diode model parameters and |-V curve characteristics. Energies, 15(15), 1-31.

[4] Al-Subhi, A., (2022). Efficient mathematical models for parameters estimation of single-diode photovoltaic
cells. Energy Systems.

[5] Ali, C., Hikmat, S. H., Faycal, D., Boumediéne, B., Jean-Pierre, C. (2008). An equivalent circuit approach to
organic solar cell modelling. Microelectronics Journal, 39(10), 1173-1180.

[6] Vivek, T., Gupta, S. C., Yashwant S. (2015). Study of characteristics of single and double diode electrical

10.11113/mjfas.v20n3.3373

658


https://ieeexplore.ieee.org/author/37089399700
https://ieeexplore.ieee.org/author/37279067900
https://ieeexplore.ieee.org/author/37085537927

MJFAS

Amaidi et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 648-660

(7]

(8]

(9]

[10]
(11]
[12]
[13]

[14]

(18]
[16]
[17]

(18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]
[33]

(34]

[35]

equivalent circuit models of solar PV module. Proceedings of the 2015 International Conference on Energy
Systems and Applications, Pune, India. 312-317.

Tanvir, A., Sharmin S., Faysal, N., M. (2016). Comparative analysis between single diode and double diode
model of PV cell: Concentrate different parameters effect on its efficiency. J. of Power and Energy Engineering.
4(4B), 31-46.

Nahla, M. A. A. S, Nor Z. Y., Balbir, S. (2013). Single-diode model and two-diode model of PV modules: A
comparison. Proceedings of the 2013 IEEE International Conference on Control System, Computing and
Engineering, Penang, Malaysia. 2010-214.

Kensuke, N., Nobuhiro, S., Yukiharu, U., Takashi, F. (2007). Analysis of multicrystalline silicon solar cells by
modified 3-diode equivalent circuit model taking leakage current through periphery into consideration. Solar
Energy Materials and Solar Cells, (13), 1222-1227.

Samuel, R., F., Hany, M., H., Rania A91., T., Shady H., E., A., and Martin, C. (2022). A Comprehensive review
of photovoltaic modules models and algorithms used in parameter extraction. Energies, 15(23).

Cubas, J., Pindado, S., Victoria, M., (2014). On the analytical approach for modeling photovoltaic systems
behavior. J. of Power Sources, 247, 467-474.

Marcelo, G. V., Jonas, R. G., Ernesto R., F. (2009). Comprehensive approach to modeling and simulation of
photovoltaic arrays. IEEE Tran. on Power Elec., 24(5).

Shu-xian, L., Cun-jiao, D., Ting-ting, G., Shuo, W., Jing-shu, S., Jia-pei, L. (2013). A new explicit I-V model of
a solar cell based on Taylor’s series expansion. Solar Energy, 94, 221-231.

Mohamed, A., M. (2015). Efficient approximation of photovoltaic model using dependent Thevenin equivalent
circuit based on exponential sums function. Proceeding of the 2015 IEEE Photovoltaic Specialist Conference,
New Orleans, EUA. 1-6.

Franco, R., A., P, Vieira, F., H., T. (2018). Analytical method for extraction of the single-diode model
parameters for photovoltaic panels from datasheet data. Electronics Letters, 54(8), 519-521.

Robinson, N., Justus, S., Elijah, A., Nicodemus, O. (2020). A fast and accurate analytical method for parameter
determination of a photovoltaic system based on manufacturer’s data. J. of Renewable Energy.

Elyaqouti, M., Boulfaf, N., Hamid, N., Izbaim, D., Chaoufi, J., Bouhouch, L. (2021). Thermal and electrical
modelling of photovoltaic modules. Int J Ambient Energy, 2021, 1-17.

Senthamizh, S., S., Gokulakrishnan, L., Arunachaleashwer, S., Lokesh, V., Venkadesan, A. (2023).
Parameter estimation of a single diode model of a PV panel using Gauss-Seidel Method: An experimental
validation. Proceeding of the 2023 International Conference for Advancement in Technology.

Lidaighbi, S., Elyagouti, M., Ben Hmamou, D., Saadaoui, D., Assalaou, K., Arjdal, E. (2022). A new hybrid
method to estimate the single-diode model parameters of solar photovoltaic panel. Energy Conversion and
Management,15, 1-14.

Choulli, I., Elyagouti, M., Saadaoui, D., Lidaighbi, S., Elhammoudy, A., Obukhov, S., Ibrahim, A. (2023). A
novel hybrid analytical/iterative method to extract the single-diode model's parameters using Lambert's W-
function. Energy Conversion and Management, 18, 1-15.

Abdelaaziz, B., Noureddine, M., Hassan, S. (2020). an efficient iterative method for extracting parameters of
photovoltaic panels with single diode model. Proceeding of the 2020 International Conference on Renewable
Energies for Developing Countries, Marrakech, Morocco. 1-6.

Villalva, M. G., Gazoli, J. R., Filho, E. R. (2009). Comprehensive approach to modeling and simulation of
photovoltaic arrays. IEEE Trans Power Electron, 24(5), 1198-208.

Bellia, H., Youcef, R., Fatima, M. (2014). A detailed modeling of photovoltaic module using MATLAB. NRIAG
J Astron Geophys, 3(1), 53-61.

Mukaram, M. Z., & Yusof, F. (2017). Solar radiation forecast using hybrid SARIMA and ANN model: A case
study at several locations in Peninsular Malaysia. Malaysian Journal of Fundamental and Applied Sciences
Special Issue on Some Advances in Industrial and Applied Mathematics, 13, 346-350.

Zaiyu, G., Guojiang, X., Xiaofan, F. (2023). Parameter extraction of solar photovoltaic cell and module models
with metaheuristic algorithms: A review. Sustainability, 15, 1-45.

Li, S., Gong, W., Gu, Q. (2021) A comprehensive survey on meta-heuristic algorithms for parameter extraction
of photovoltaic models. Renew. Sustain. Energy Rev. 141, 110828.

Ahmed, H. (2017). A simple approach to extract the unknown parameters of PV modules. Turkish J. of Elect.
Eng. and Comp. Sci., 25(5).

Chan, D. S. H., Phang, J. C. H. (1987). Analytical methods for the extraction of solar-cell single- and double-
diode model parameters from |-V characteristics. IEEE Trans. on Electron Devices, 34, 286-293.

Neamen, D. A., (1992). Semiconductor physics and devices basic principles. Fourth edition, Raghu Srinivasan,
University of New Mexico.

Rezaee J., A. (2018). Enhanced leader particle swarm optimisation (ELPSO): An efficient algorithm for
parameter estimation of photovoltaic (PV) cells and modules. Solar Energy, 159, 78-87.

Abdul, K., M., S., Saravanan, M. (2016). A new method for accurate estimation of PV module parameters and
extraction of maximum power point under varying environmental conditions. Turk. J. Elec. Eng. and Comp.
Sci., 24(4), 2028-2024.

Phang, J.,, C., H,, Chan, D., S., H., Phillips, J., R. (1984). Accurate analytical method for the extraction of solar
cell model parameters. Electronics Letters, 20, 406-408.

Peng, L., Sun, Y., Meng, Z., Wang, Y., Xu, Y., (2013). A new method for determining the characteristics of
solar cells. J. of Power Sources, 227, 131-136.

Louzazni, M., Khouya, A., Amechnoue, K., Gandelli, A., Mussetta, M., Craciunescu, A. (2018). Metaheuristic
algorithm for photovoltaic parameters: Comparative study and prediction with a firefly algorithm. Applied
Sciences, 8(3).

Toledo, F., J., Blanes, J., M., ; Galiano, V. (2018). Two-step linear least-squares method for photovoltaic single-
diode model parameters extraction. IEEE Trans. on Indus. Electro., 65(8), 6301-6308.

10.11113/mjfas.v20n3.3373

659


https://www.sciencedirect.com/journal/solar-energy-materials-and-solar-cells
https://www.sciencedirect.com/journal/solar-energy-materials-and-solar-cells
https://www.sciencedirect.com/journal/solar-energy-materials-and-solar-cells/vol/91/issue/13
https://www.researchgate.net/profile/Mohamed-Mohamed-269?_sg%5B0%5D=xkirs38vjND0EVBrjGtQw5sDegVZGrY8GGufl-4L3igHHdEzB9k7NYwO-Pv0GmjEWDphm2A.F9nUasjXQ1z1xxVv1q-vMcfS-ugkAPMefsg_0iw7W0iOrOwx8WJG3V0gzQl-hcbBIipuXgvZEmmxOf2ZlvOAUg&_sg%5B1%5D=BA7R4IH2nEvo4XcWTgRefvEI24sSlf2IJUuUKxmEikx3VSaYid2cXdrmDvjIOzCJNrHP0aE.yfkbHDghtt_B29dAAd2H_2Nudy6dLaptZOljB6_T8XG5TWPR5Dy6TwupQgR2zr3ceh9MHVB67W2JsMV7F3om5g
https://ieeexplore.ieee.org/author/37089730572
https://ieeexplore.ieee.org/author/37089797139
https://ieeexplore.ieee.org/author/37089797705
https://ieeexplore.ieee.org/author/37089792582
https://ieeexplore.ieee.org/author/37086218988
https://ieeexplore.ieee.org/author/37086218988
https://ieeexplore.ieee.org/xpl/conhome/10079844/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9162003/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9162003/proceeding
https://ieeexplore.ieee.org/author/38490493600
https://ieeexplore.ieee.org/author/37273757100
https://ieeexplore.ieee.org/author/37086355227
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=41

MJFAS

Amaidi et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 648-660

[36]
[37]
(38]

[39]

Akbaba, M., Alattawi, M., A., A. (1995). A new model for |-V characteristic of solar cell generators and its
applications. Solar Energy Materials and Solar Cells, 37, 123-132.

Das, A., K. (2013). An explicit J-V model of a solar cell using equivalent rational function form for simple
estimation of maximum power point voltage. Solar Energy, 98, 400-403.

Pindado, S., Cubas, J. (2017). Simple mathematical approach to solar cell/panel behavior based on datasheet
information. Renewable Energy, 103, 729-738.

Oulcaid, M., El Fadil, H., Ammeh, L., Yahya, A., Giri, F. (2020). One shape parameter-based explicit model for
photovoltaic cell and panel. Sustainable Energy, Grids and Networks, 21.

10.11113/mjfas.v20n3.3373

660


https://www.sciencedirect.com/journal/solar-energy
https://www.sciencedirect.com/journal/solar-energy/vol/98/part/PC

