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Abstract  Accurately modeling photovoltaic (PV) systems is essential for performance optimization and reliability
assessment in renewable energy applications. This study proposes a novel hybrid methodology for parameter estimation
in single-, double-, and three-diode PV models, which combines the equilibrium optimization algorithm (EOA) with the
Newton-Raphson method to solve the implicit model equations. This approach was implemented in Python and validated
using experimental current-voltage (I-V) data from the Kyocera KC200GT solar module. The objective function aimed
to minimize the root mean square error (RMSE) between simulated and measured curves, wherein current values were
numerically computed via the Newton-Raphson method for each candidate solution. To evaluate the performance of the

models, comparisons were carried out under standard testing conditions (STC) with an irradiance level of 1000 W/m?. The
double-diode model reported the lowest RMSE value under these conditions (RMSE=0.0416 A), confirming its superior
accuracy and adequate balance between complexity and performance. Additionally, two lower irradiance levels (800 W/m?
and 400 W/mz) were analyzed in order to assess the consistency of the estimated parameters, i.e., the series resistance Rs,
shunt resistance Rsh, and ideality factors (n;, ny, n3). This extended analysis revealed that the Rsh parameter exhibits high
variability in the three models, with STC showing the greatest deviation (63.28). This further supports the robustness of the
proposed method, particularly in the case of the double-diode model. Overall, the hybrid EOA—Newton—Raphson strategy
provides a reliable and flexible framework for nonlinear parameter identification in PV systems.
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Nomenclature

Functions

e(¢)  Objective function (sum of the squared errors between Igim and Joxp)

RMSE Root mean square error between simulated and experimental current values [A]
Models

DD Double-diode PV model

EOA Equilibrium optimizer algorithm

NRM Newton—Raphson method

SD Single-diode PV model
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TD Three-diode PV model

Parameters

10) Vector of parameters to be optimized

C Initial population in heuristic approaches

F Exponential term to update the rule in the EOA

G Irradiance or solar insolation [W/m?]

Io1 Reverse saturation current for diffusion losses in the neutral region [A]
I Reverse saturation current for recombination in the depletion region [A]
Ips Reverse saturation current for surface or edge recombination [A]

Ipp, Photogenerated current by photoelectric effect [A]

ny Ideality factor for the diffusion region
N Ideality factor for the depletion region
ns Ideality factor for surface recombination
Ny Number of series-connected cells

R, Series resistance [(2]

Ry, Shunt resistance [2]

T Cell temperature [K]

Vi Thermal voltage, V; = % [V]

Variables

I Terminal current of the photovoltaic cell [A]

Iexpi;  Experimentally measured current at the k-th data point [A]

Iim(Vk, ¢) Simulated current from the PV model for voltage Vj, and the parameters ¢ [A]
Vv Terminal voltage of the photovoltaic cell [V]

Vi Voltage applied at the k-th experimental data point [V]

1. Introduction

The current ecological landscape reflects the consequences of a consumption model that heavily relies on the
exploitation of finite natural resources. In this context, the intensive use of fossil fuels poses a dual challenge:
their significant environmental impact and their limited long-term availability [1]. In response, the global energy
transition has increasingly favored renewable energy sources, with photovoltaic (PV) systems leading the expansion
of the installed capacity for electricity generation [2]. Solar energy is particularly relevant due to its global
availability, sustainability, and potential to decarbonize the energy sector.

Accurately modeling the behavior of PV systems is essential for analyzing and optimizing their performance.
Various electrical models—namely the single-diode, double-diode, and three-diode configurations—have been
developed to represent solar cell behavior with increasing levels of detail. The single-diode model (SDM) is widely
employed in PV research due to its simplicity and its ability to adequately capture the nonlinear current-voltage
(I-V) characteristics of solar cells at a relatively low computational cost [3]. In contrast, the double-diode model
(DDM) introduces a second diode to account for two distinct recombination mechanisms: diffusion and depletion-
region recombination. While this enhances physical accuracy, it also increases model complexity, as it requires
estimating seven parameters that are sensitive to environmental conditions [4]. The three-diode model (TDM)
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2 ELECTRICAL PARAMETER ESTIMATION IN SOLAR CELLS

further improves this representation by incorporating additional loss mechanisms, both optical and electrical.
Electrical losses stem from the series resistance (R,) due to wire and contact conduction, as well as from the
shunt resistance (Rp,), representing leakage currents. Optical losses, on the other hand, are associated with carrier
recombination in the depletion region and grain boundaries, which are modeled through three parallel diodes [5].

Several studies have adopted hybrid approaches that combine analytical techniques with optimization algorithms
in order to estimate the unknown parameters of PV models. Among the most commonly used metaheuristics are
genetic algorithms (GAs), particle swarm optimization (PSO), and gray wolf optimization (GWO), which are
typically implemented in MATLAB [5]. More recent research has focused on hybrid metaheuristic strategies to
improve parameter estimation, particularly for more complex models such as the TDM. A notable example is the
TERIME algorithm, which integrates differential evolution, Gaussian-based local refinement, and memory-based
adaptation to balance exploration and exploitation. Although this approach incurs a higher computational cost, it
provides improved accuracy and robustness [6].

This work proposes a novel hybrid strategy that combines the equilibrium optimization algorithm (EOA) with the
Newton-Raphson method (NRM) to solve the implicit model equations. This approach was implemented entirely
in Python due to its computational efficiency, open-source ecosystem, and flexibility. To the best of our knowledge,
this is the first study to report the integration of the EOA with the NRM for estimating parameters in single-,
double-, and three-diode PV models. The EOA was selected for its ability to efficiently explore high-dimensional,
nonlinear search spaces. The procedure begins with a random initialization of candidate solutions within physically
plausible bounds, as reported in the literature [7], followed by an iterative process aimed at reaching an equilibrium
state. The quality of each solution is evaluated using the root mean square error (RMSE) between the simulated
and experimental I-V curves, using reference data obtained from the KC200GT module. The output current for
each candidate solution is computed using the NRM, ensuring numerical precision and convergence reliability
throughout the optimization process.

The remainder of this paper is organized as follows. Section 2 describes the physical principles and component-
level interpretations of PV cell models. Section 3 presents the mathematical formulations of the single-, double-,
and three-diode configurations, highlighting their increasing levels of model complexity. Section 4 defines the
nonlinear optimization problem used for parameter estimation based on experimental I-V data. Section 5 details
the proposed hybrid solution methodology that integrates the EOA and the NRM. Section 6 introduces the test
system used, i.e., the Kyocera KC200GT module, and outlines the experimental data and parameter bounds used
for model calibration. Section 7 provides a comprehensive numerical validation and performance comparison of
the three models, and, finally, Section 8 presents the main conclusions of this research and discusses potential
directions for future work.

2. Photovoltaic cell models

PV cell models are mathematical representations that characterize the electrical behavior of solar cells under
illumination [8]. These models serve as essential tools for predicting the I-V characteristics of PV devices, allowing
researchers and engineers to evaluate performance, optimize energy conversion, and diagnose faults under varying
environmental conditions. Regardless of model complexity, the fundamental physical mechanisms governing the
operation of a solar cell remain consistent. These include photocurrent generation as a result of photon absorption,
charge carrier transport through the semiconductor material, and various recombination processes that limit the
efficiency of charge collection. Moreover, practical PV modules exhibit parasitic effects such as resistive losses
due to internal wiring and contacts (which are modeled via the series resistance), as well as leakage currents across
the p — —n junction, caused by imperfections or degradation (modeled via shunt resistance) [9].

To ensure a coherent analysis across different model architectures, it is useful to identify and interpret the
common electrical components involved in each configuration. Photogenerated current, for instance, represents
the primary current source and depends linearly on solar irradiance and nonlinearly on temperature. Diodes
model the nonlinear recombination of carriers in distinct regions of the solar cell, ranging from the quasi-neutral
zone to the depletion region and the surface or edge interfaces. The series and shunt resistances, although often
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treated as secondary effects, play a critical role in shaping the fill factor and determining the maximum power
output. By establishing a unified physical framework, as summarized in Table 1, this study enables a comparative
assessment of the SDM, DDM, and TDM while maintaining a consistent basis for parameter interpretation.
This foundation is crucial for both the optimization procedure and the subsequent performance evaluation of the
proposed methodology.

Table 1. Physical interpretation of the components in PV cell models

Component Physical interpretation

Photogenerated current (/) It represents the current generated by the PV effect when photons are absorbed by the
semiconductor. It is directly proportional to solar irradiance and influenced by temperature. I,
serves as the primary source of electrical power in the cell [10].

Diode losses (I, n;) They model recombination mechanisms through exponential terms. The SDM uses one saturation
current (/,,;) and one ideality factor (n), while the SDM and the TDM assign a specific pair (1,
n;) to each recombination path:

* Jp;: diffusion in quasi-neutral regions
¢ Ip2: recombination in the depletion region
* Jp3: surface or edge recombination

The ideality factor indicates the dominant transport mechanism (diffusion, recombination,
tunneling) depending on the current level [11].

Series resistance (R;) It models resistive losses due to bulk semiconductor resistance, contact resistance, and metallic
interconnections. High R values lead to a reduced fill factor and a lower output power [12].
Shunt resistance (Ry,) It accounts for leakage currents due to defects, cracks, or impurities. A low Ry, degrades

performance by reducing the open-circuit voltage and efficiency [12].

3. Mathematical modeling

Accurately modeling PV cells is essential for predicting their performance and optimizing energy conversion
systems. Several electrical models have been proposed in the literature, each offering varying degrees of complexity
and physical detail. This section presents the mathematical formulations of three widely studied configurations: the
SDM, the DDM, and the TDM. These models differ primarily in their number of recombination mechanisms,
but they share a common structure based on a photogenerated current source, one or more diodes, and resistive
losses. Their corresponding I-V equations are inherently nonlinear and transcendental, requiring numerical solution
methods for practical implementation.

3.1. Single-diode model

The SDM is a simplified yet widely adopted representation of the electrical behavior of PV cells. It comprises
a photogenerated current source (Ip,), an ideal diode to account for recombination effects, and two resistive
elements: a series resistance (Ry) representing internal conduction losses and a shunt resistance (Rg,) modeling
leakage pathways across the p — —n junction [13]. This configuration enables the accurate modeling of the I-V
characteristics of a solar cell under varying environmental conditions.

The output current of the cell is governed by a nonlinear transcendental equation that incorporates diode behavior,
resistive effects, and temperature-dependent parameters. The SDM equation is presented below.

ViiRs 1) _V+IR, M

=1, 1, (e Y,
ph 01 Rsh

Here, I and V denote the terminal current and voltage, respectively; Iy; is the reverse saturation current of the
diode; n; is the ideality factor that reflects the recombination mechanisms; and V; is the thermal voltage [14].
The nonlinear dependence of current on both voltage and itself (via I Rs) makes analytical solutions impractical,
necessitating numerical methods (such as the NRM) for accurately computing the [-V curve [15]. The configuration
of the aforementioned parameters is shown in Figure 1.
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.

Figure 1. Equivalent circuit of the SDM for a PV cell

3.2. Double-diode model

The DDM offers an enhanced representation of PV cell behavior when compared to the SDM, as it accounts for
two distinct recombination mechanisms. Specifically, it introduces a diffusion diode to model carrier losses in
the quasi-neutral regions of the semiconductor, as well as a second diode to capture recombination phenomena
within the depletion region [8, 16]. The equivalent circuit consists of both diodes connected in parallel with the
photogenerated current source. This configuration is further augmented by a series resistance (R;), which accounts
for ohmic losses in the bulk material and contacts, and a shunt resistance (Ry,) representing leakage currents due
to manufacturing imperfections. The output current, based on the parameters described above, is expressed by
Equation (2).

V + IR,
I=1Iy—In (e T 1) — Iy (e e 1) - ;7 )
sh

Here, I and V' denote the output current and voltage of the PV cell, respectively; I, is the photogenerated
current; Ip; and Iy represent the saturation currents associated with the diffusion and recombination diodes; 719

and nq are their corresponding ideality factors; and V; is the thermal voltage.
V+IRg

The recombination current — (2 (e n2Ve  — 1) models the carrier losses in the depletion region of the p — —n

junction [17]. Although the magnitude of Iy, is typically smaller than that of I, its influence becomes particularly
significant under low-irradiance conditions or in the presence of structural defects within the cell [18]. The complete
configuration of these parameters is illustrated in Figure 2.

lo o
v
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Figure 2. Equivalent circuit of the DDM for a PV cell

Stat., Optim. Inf. Comput. Vol. 14, month 2025



J. C. GARZON-ACOSTA, O. D. MONTOYA, AND C. L. TRUJILLO-RODRIGUEZ 5

3.3. Three-diode model

The TDM extends the physical accuracy of PV cell modeling by incorporating an additional recombination
mechanism, thereby offering a more refined representation than the SDM and the DDM. This configuration includes
three diodes in parallel with a photogenerated current source, along with a series resistance (1) and a shunt
resistance (Rg,) to represent ohmic and leakage losses, respectively. Each diode in the model accounts for a distinct
recombination path: diffusion in the quasi-neutral region, recombination in the depletion region, and surface or
edge recombination due to grain boundaries or passivation defects [19].

The mathematical formulation of the TDM is given by (3):

V+IRs V+IRg V+IRg V+IR
I = Iph — 101 (6 mVe  — 1) — 102 (6 neVe  — 1) — IQ3 (6 naVe  — 1) - (3)
Rsh
Here, Iy, Iy2, and I3 denote the saturation currents associated with diffusion, depletion-region recombination,

and surface or edge recombination, respectively. Their corresponding ideality factors are denoted by 74, ns, and
V4+IRs

ns3. The third diode term, —Ig3 (e n3Ve  — 1), accounts for recombination losses occurring at the interfaces and

grain boundaries, which may result from imperfect surface passivation or material discontinuities. Although this
term typically represents a relatively small current, its inclusion enhances the model’s accuracy in replicating
experimental [-V behavior across a wider range of operating conditions [19]. The electrical configuration of the
diodes and the associated resistances is illustrated in Figure 3.

As in the SDM and the DDM, the nonlinear and implicit nature of this equation necessitates numerical solution
techniques (such as the NRM) for evaluating the output current across the operating voltage range.

I | | Rs
01 02 03

Iph § Rsh v

Figure 3. Equivalent circuit of the TDM for a PV cell

4. Optimization problem formulation

The identification of electrical parameters in the SDM, DDM, and TDM is formulated as a nonlinear optimization
problem. The goal is to determine the parameter vector ¢ that best reproduces the experimental behavior of the PV
module by minimizing the discrepancy between the model-predicted and measured I-V characteristics [20].

To this effect, the objective function defined in Equation (4) is used, which is based on the sum of squared
errors (SSE) between the simulated current values and the corresponding experimental measurements taken at
each voltage point.

N

e(0) = (Lim(Var ) — Lop)” @)

k=1

Here, ¢ denotes the parameter vector to be optimized; Vj; is the voltage applied at the k-th experimental data
point; Ieyp i represents the current measured at said point; and Igm (Vi, ¢) is the corresponding simulated current,
computed by the PV model using the parameters ¢. The index k runs from 1 to N, where N is the total number of
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experimental samples for this case. Thus, the objective function €(¢) quantifies the cumulative deviation between
the model and the experimental I-V data. Minimizing it leads to the optimal set of parameters that best fit the
observed behavior of the PV module.

The number and nature of the parameters depend on the chosen model:

° SDM (ZS - {Iph,71017R37R8}L7n1}
* DDM: ¢ = {Iph71017102>RsaRshvnla’nQ}
e TDM: ¢ = {Ipha-[0171027IOSvRsaRshanlan27n3}

The current I, cannot be obtained in closed form due to the implicit and nonlinear structure of the governing
I-V equations. Therefore, for each candidate parameter set generated during optimization, the current must be
numerically computed using an iterative technique [15]. In this work, the NRM is used for that purpose.

Note that the optimization problem is solved using the EOA [21], which efficiently explores the parameter space
to find the configuration that minimizes the total error between the simulated and experimental curves.

5. Solution methodology

This work applies a metaheuristic strategy to estimate the electrical parameters of the single-, double-, and three-
diode PV models. This methodology integrates a numerical technique and an optimization algorithm to fit the
simulated I-V curve to experimental data by minimizing a defined objective function [22]. Here, the EOA is used
for parameter estimation in the SDM, DDM, and TDM, in combination with the NRM for numerically solving
the current at each point of the I-V curve. Integrating this approach allows for a robust and efficient search for
the global optimum within the parameter space, overcoming the challenges posed by local minima which are often
encountered while using traditional optimization techniques. Coupling our strategy with the NRM ensures a precise
computation of the current values corresponding to each voltage level, thereby improving the accuracy of the
overall model fitting process [23]. This combined approach facilitates the extraction of more reliable and physically
consistent parameter sets, which are crucial for the accurate simulation, analysis, and optimization of PV system
performance under varying environmental conditions. Furthermore, the flexibility of this methodology enables its
application in different PV modules and experimental setups, making it a comprehensive tool for researchers and
engineers working in the field of PV modeling and diagnostics.

The EOA simulates the dynamic equilibrium behavior of particles in a solution. The process begins by generating
a random initial population of candidate solutions within the lower and upper bounds defined for each model. This
step is mathematically expressed in Equation (5).

C;"ni[ial = Cmin + randi . (Cmax - Cmin) (5)
In this implementation, a simplified version of the EOA was adopted. Instead of using the original time-varying
exponential concentration factor, the update factor ' was defined as shown in Equation (6).

F = ¢ mmax - rand (6)

where m is the current iteration, mp . 1S the maximum number of iterations, and rand is a random vector with
uniformly distributed values in the [0, 1] interval. This simplified approach reduces the complexity of the original
model while maintaining the essence of the candidate solutions’ dynamic behavior during the optimization process.
The position update formula for each agent is given by (7).

C«?ew =C;,+F- (Oeq — Cl) (7)
The fitness of each candidate is evaluated using the SSE between the simulated and experimental current values,
as shown in Equation (8).

e =Y (nim - 127)? (8)

N
k=1

Stat., Optim. Inf. Comput. Vol. 14, month 2025



J. C. GARZON-ACOSTA, O. D. MONTOYA, AND C. L. TRUJILLO-RODRIGUEZ 7

To compute I3'™, the current equation is numerically solved using the NRM. For the TDM, the current is defined
by a nonlinear equation, as shown in (9).

3
s V + IR,
I= D= 3 T (7 1) - = ©)
i=1 s

Since this equation is implicit in I, the NRM is used iteratively, as shown in Equation (10).

_ fk)
fI)’
where f(I;) represents the nonlinear current equation, and f’(Iy) is its derivative with respect to current. This

procedure is applied at each voltage point in the experimental I-V data.
Finally, model accuracy is evaluated using the RMSE, as defined in Equation (11).

I =1y (10)

N
RMSE = % S (im - 1) (1)
k=1
The NRM is executed for each voltage point to numerically compute the simulated current values based on the
candidate’s parameters. Thus, this method acts as an internal evaluator that provides the necessary current values
to assess the accuracy of each solution proposed by the EOA. While the EOA guides the search throughout the
parameter space, the NRM ensures that the objective function is evaluated with high numerical precision, enabling
accurate convergence towards the optimal parameter set.

6. Test system: Kyocera KC200GT

To validate the proposed parameter estimation methodology, the Kyocera KC200GT commercial PV module was
selected. This monocrystalline silicon module is commonly used in academic research and industrial benchmarking
studies due to its well-documented electrical performance and reliability under standardized test conditions [14].
The KC200GT consists of 54 series-connected cells and delivers a nominal maximum power of 200 W under
standard testing conditions (STC), which correspond to an irradiance of 1000 W/m? and a cell temperature of 25
°C.

In addition to the standard irradiance level of 1000 W/m?2, simulations were also conducted for 800 W/m? and
400 W/m?, with the aim of evaluating model performance under varying environmental conditions.

The experimental I-V data used for the extraction of model parameters are summarized in Tables 2, 3, and 4,
which correspond to irradiance levels of 1000 W/m?, 800 W/m?2, and 400 W/m?. These data points serve as the
reference for calibrating the single-, double-, and three-diode models through nonlinear optimization. Additionally,
Table 6 presents the parameter bounds employed in the optimization process.

To construct the experimental -V curve used in this study, key electrical parameters were extracted directly from
the datasheet of the Kyocera KC200GT module. Specifically, the short-circuit current, the open-circuit voltage, and
the current and voltage at the maximum power point were utilized as anchor values. The intermediate data points
were interpolated based on the graphical profile presented in the datasheet, ensuring a realistic reconstruction of
the module’s I-V behavior under STC. The resulting dataset is summarized in Table 2.

For the sake of comparison, Table 5 reports the parameter values obtained using the circle search algorithm
(CSA) and the transient search optimizer (TSO), two recent metaheuristic techniques introduced in 2022 and 2020,
respectively [5]. These algorithms were selected due to their demonstrated effectiveness in PV parameter estimation
tasks and their relevance in recent literature. Their inclusion provides a meaningful benchmark against which the
proposed method can be evaluated.

The parameter bounds necessary for executing the EOA are shown in Table 6.
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Table 2. Experimental I-V data for the Kyocera KC200GT module at 1000 W/m?

Voltage (V) 0.0 4.8 96 144 192 240 288
Current (A) 824 821 819 816 811 783 5.5
Voltage (V) 0.8 56 104 152 200 248 296
Current (A) 823 821 818 8.16 809 7.67 480
Voltage (V) 1.6 64 112 160 208 256 304
Current (A) 823 820 8.18 8.15 807 7.51 386
Voltage (V) 2.4 72 120 168 21.6 264 312
Current (A) 823 820 8.18 814 803 720 245
Voltage (V) 32 80 128 176 224 272 320
Current (A) 822 820 817 814 799 6.89 1.04
Voltage (V) 4.0 88 136 184 232 280 —

Current (A) 821 820 8.16 812 791 632 —

Table 3. Experimental I-V data for the Kyocera KC200GT module at 800 W/m?

Voltage (V) 0.0 4.8 9.6 144 192 240 2838
Current (A) 650 650 649 641 638 623 520
Voltage (V) 0.8 5.6 104 152 20.0 248 29.6
Current (A) 650 650 649 640 638 6.18 4.70
Voltage (V) 1.6 6.4 11.2 160 20.8 256 314
Current (A) 650 650 647 640 635 6.03 3.00
Voltage (V) 2.4 7.2 120 168 21.6 264 323
Current (A) 650 650 646 639 632 585 1.56
Voltage (V) 32 8.0 128 176 224 272 33.0
Current (A) 650 650 644 639 629 5675 0.00
Voltage (V) 4.0 8.8 13.6 184 232 28.0 —

Current (A) 650 650 643 639 6.26 5.45 —

Table 4. Experimental I-V data for the Kyocera KC200GT module at 400 W/m?

Voltage (V) 0.0 4.8 96 144 192 240 288
Current (A) 333 333 333 332 329 318 235
Voltage (V) 0.8 56 104 152 200 248 29.6
Current (A) 333 333 332 332 328 315 190
Voltage (V) 1.6 64 112 160 208 256 304
Current (A) 333 333 332 331 326 305 130
Voltage (V) 2.4 72 120 168 21.6 264 312
Current (A) 333 333 332 330 323 299 0.70
Voltage (V) 32 80 128 176 224 272 320
Current (A) 333 333 332 330 320 288 0.00
Voltage (V) 4.0 88 136 184 232 280 —

Current (A) 333 333 332 329 320 272 —
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Table 5. Electrical parameters for the TDM as obtained with the CSA and TSO

Parameter CSA TSO

ni 1.00000 1.42169

no 1.45200 1.32019

ns 2.00000 1.25132

I,1 (A) 3.04846x 1010 | 2.01110x10~10
Io2 (A) 1.68208x 10~ 7 8.32234x 1011
Is3 (A) 1.00000x 10— 12 4.81327x10~8
Rs (2) 0.291994 0.252107
Ry () 500.00 285.97

Ipn (A) 8.19712 8.25201
RMSE (A) 0.03238 0.04444

Table 6. Parameter bounds for the Kyocera KC200GT’s TDM

Parameter Lower bound | Upper bound
I, (A) - 1000 W/m? 6.0 9.0
Ip, (A) - 800 W/m? 5.0 8.0
Ip (A) — 400 W/m? 2.0 5.0

Io1, Io2, Ioz (A) 1x107? 1x 106

Rs () 0.1 0.5
Ry, (2) 200 800
ni, ne, n3 1.0 2.0

7. Numerical validation

To assess the performance of each model configuration, a comprehensive numerical validation was conducted
using the experimental I-V data from the Kyocera KC200GT PV module. The objective was to quantify and
compare the accuracy of the SDM, DDM, and TDM when estimating their parameters through the EOA. All model
configurations were evaluated independently under identical initial conditions and optimization settings in order to
ensure consistency and fairness in the comparison. The RMSE was employed as the primary performance metric,
providing a robust measure of the deviation between the simulated and experimental curves.

The computational implementation was carried out in Python, version 3.12.8 (64-bit). All simulations were
executed on a personal computer equipped with an Intel(R) Core(TM) i5-5200U CPU (running at 2.20 GHz), 8
GB of RAM, and Microsoft Windows 10 (64-bit). The EOA was configured with a population size of 30 and
a maximum of 500 iterations. Additionally, the NRM was employed to numerically solve the implicit current
equations, which lack closed-form solutions. This iterative approach was essential for accurately simulating the
[-V curves and assessing the quality of fit during the optimization process. The results, including the estimated
parameters, convergence times, and RMSE values for each model configuration, are summarized in Table 7.

Table 7. Estimated parameters, convergence time, and RMSE for each model (EOA-NRM)

Parameter SDM DDM TDM

I (A) 8.20359 8.21306 8.21530
Io1 (A) 6.07689x10~7 | 8.71437x10=7 | 6.67523x10~7
Ios (A) - 3.10541x10~7 | 7.83895x10~7
Ipz (A) - - 5.37417x10~7
Rs () 0.29139 0.27152 0.29792
R, () 515.92 393.04 483.51

n or ny 1.4377 1.75619 1.61631

no - 1.38294 1.58845

n3 - - 1.48960
RMSE (A) 0.0636 0.0416 0.0980
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10 ELECTRICAL PARAMETER ESTIMATION IN SOLAR CELLS

Based on the updated results, the DDM exhibited the lowest RMSE (0.0416 A), demonstrating the highest
accuracy in fitting the experimental [-V data. This improved performance stems from the model’s ability to better
capture recombination mechanisms through the inclusion of a second exponential term, enhancing the model’s
flexibility without excessive complexity.

The SDM achieved a competitive error of 0.0636 A. Despite its simplicity and reduced parameter count, it
effectively reproduced the overall electrical behavior of the solar cell while offering computational efficiency. In
all cases, the photogenerated current remained consistently close to 8.2 A, reflecting its robustness across different
model structures.

In contrast, the TDM, although more detailed, reported a higher error (0.098 A). Its added complexity, intended
to capture additional recombination and interface effects, may have led to overfitting or instability due to parameter
coupling and increased dimensionality.

As for the resistive parameters, the highest shunt resistance was observed in the single-diode case (515.9 ),
followed by the three-diode (483.5 1) and double-diode models (393.0 €2), suggesting differences in the way in
which each configuration compensates for leakage currents. The series resistance remained stable across models,
ranging from 0.27 to 0.30 .

Overall, while the simplest model offers a favorable trade-off between accuracy and efficiency, the double-
diode structure provides an enhanced descriptive capacity when greater detail is required. The TDM, despite
its theoretical advantages, failed to provide improved accuracy under the tested conditions, possibly due to the
optimizer’s behavior in flat regions or to the imposed boundary constraints.

To further evaluate the reliability of the parameter estimation procedure, the standard deviation of the extracted
values was analyzed over multiple runs using the method implemented in Python (EOA-NRM), and a comparison
against the results obtained from the CSA and TSO was performed. Table 8 presents the standard deviations
obtained for each parameter in the SDM, DDM, and TDM. Lower standard deviation values indicate greater
consistency and robustness in the optimization outcomes.

Table 8. Standard deviation of the parameters the for SDM, DDM, and TDM

Parameter SDM DDM TDM
Iy 0.0245 0.0231 0.0228
Io1 0.1265 | 4.1068e-7 | 3.1455e-7
Io2 - 1.2689¢-7 | 3.3693e-7
103 - - 2.4279¢-7
Rs () 0.0187 0.0163 0.0203
Rgp () 104.85 87.38 97.24
n 0.2026 - -

ny - 0.3094 0.2572
n2 - 0.0539 0.1096
ns3 - - 0.3123
RMSE (A) | 0.0129 0.0051 0.0286

Among the three models, the configuration with two diodes exhibited the most stable results, particularly
regarding the series resistance and the ideality factors associated with each diode. This suggests that the model’s
moderate complexity contributes to a more reliable convergence of the optimization algorithm. In contrast, the
SDM and the TDM showed greater variability in key parameters such as the shunt resistance and the photogenerated
current. These differences may be attributed to the structural limitations of the simpler model or to the over-
parameterization effects of the more complex one. Overall, the results emphasize the necessary balance between
model accuracy and parameter stability in the context of nonlinear identification.

Figure 4 illustrates the simulated I-V characteristics obtained from the SDM, DDM, and TDM, in comparison
with the experimental data.

Overall, the three configurations show a strong agreement with the measured behavior of the PV module across
most of the voltage range, successfully replicating the general nonlinear profile of the curve. Notably, minor
deviations emerge near the region corresponding to the maximum power point, particularly in the descending
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Comparison of 1, 2, and 3 Diode Models with Experimental Data 1000 W/m~2
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Figure 4. Comparison between the simulated I-V curves for the different diode models and the experimental data of the
KC200GT module at 1000 W/m?

portion of the curve. These differences are more pronounced in the more complex models, suggesting overfitting
or sensitivity to parameter initialization in this region. Nevertheless, all models provide an adequate representation
of the I-V behavior, validating the effectiveness of the proposed estimation methodology.

Table 9 presents the estimated values of the main electrical parameters i.e., the series resistance (R;), shunt
resistance (Rsp,), and diode ideality factors (n1, ne, ng), as obtained through the hybrid EOA-NRM optimization
for the single-, double-, and triple-diode models under irradiance levels of 1000, 800, and 400 W/m?. This table
does not compare the models against other optimization methods; it focuses on how the internal parameters vary
depending on the model structure and irradiance conditions.

To evaluate the variability and sensitivity of these parameters, Table 10 reports the standard deviation of each
parameter across the modeling approaches and irradiance levels. The results indicate that the shunt resistance
(Rsp) exhibits the highest variability, suggesting that it is particularly sensitive to model structure and may play
a compensatory role in fitting the experimental I-V data. Conversely, when present, the ideality factors no and ng
show lower variation under reduced irradiance, reflecting increased stability in the deeper layers of the multi-diode
models.

Table 9. Parameters for each diode model, estimated via EOA-NRM at 1000, 800, and 400 W/m?>

Parameter 1000 W/m? 800 W/m? 400 W/m?

SDM DDM TDM SDM DDM TDM SDM DDM TDM
R () 0.29139  0.27152  0.29792 | 0.22434  0.21767 0.34925 | 0.29851 0.34617  0.30368
Rgp, (2) 515.92 393.04 483.51 554.47 462.57 472.94 566.92 490.82 492.95
ni 1.4377  1.75619 1.61631 | 1.49353 1.45960 1.47853 | 1.42719 1.58566 1.71085
ng - 1.38294  1.58845 - 1.78404  1.77105 - 1.52005 1.51685
n3 — — 1.48960 — — 1.60736 — — 1.56716
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Comparison of 1, 2, and 3 Diode Models with Experimental Data 800 W/m~™2
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Figure 5. Comparison between the simulated I-V curves from the different diode models and the experimental data of the
KC200GT module at 800 W/m?

Comparison of 1, 2, and 3 Diode Models with Experimental Data 400 W/m~2

3.5 S
F T T T e L -0 0--vovov
3.0 +
L]
2.5
. 2.0
=
5
<
5 154
(o]
1.0+
® Experimental
__ 1Diode Model
0.5 4 Time=2.21s
2 Diode Model
Time=3.39s
3 Diode Model
0.0 1 Time=4.57s
T T T T T T T
0 5 10 15 20 25 30

Voltage [V]

Figure 6. Comparison between the simulated I-V curves from the different diode models and the experimental data of the
KC200GT module at 400 W/m?
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Table 10. Standard deviation of the parameters Rs, Rgp, n1, n2, and n3 for each irradiance level

Parameter | 1000 W/m2 | 800 W/m? | 400 W/m?
Rs () 0.0135 0.0582 0.0216
Rap, () 63.28 47.88 41.07

ni 0.1596 0.0174 0.1475
no 0.1452 0.0068 0.0019
ng — — 0.0209

As shown in Table 10, the shunt resistance (Rsp) exhibits the highest variability across all irradiance levels.
This suggests that R, often plays a compensatory role during optimization, allowing different values of this
parameter to yield similar RMSE outcomes. In the case of the TDM, this effect is amplified by the larger number
of parameters, which increases the likelihood of coupling between them. Consequently, the objective-function
landscape becomes relatively flat with respect to Ry, explaining the instability and higher error observed for this
model.

8. Conclusions and future work

This study proposed a hybrid parameter estimation methodology for PV cell modeling which integrates the global
exploration capabilities of the EOA and the local refinement accuracy of the NRM. Implemented entirely in Python,
this strategy was applied to the SDM, DDM, and TDM and validated using experimental data for the Kyocera
KC200GT module.

A comparison of the results indicated that the double-diode configuration offers the most favorable trade-off
between model simplicity and accuracy, achieving the lowest RMSE while faithfully reproducing the I-V behavior.
The SDM provided a reasonable approximation near the open-circuit voltage, capturing the overall voltage range
with fewer parameters. However, its simplified structure limited the accuracy across the entire I-V curve, making
it less reliable than the DDM in terms of overall performance. In contrast, the TDM, despite its enhanced physical
expressiveness, did not yield significant improvements and showed susceptibility to overfitting due to parameter
coupling and the need for more iterations to converge. On the other hand, the algorithm itself demonstrated high
accuracy but exhibited large variations in shunt resistance across all irradiance levels.

The use of the NRM as a numerical solver ensured a reliable convergence, particularly in the nonlinear regions
near the maximum power point. Nonetheless, slight deviations were observed in this region for all models, possibly
linked to high estimated shunt resistance values.

As future work, it would be valuable to investigate which model parameters could be more effectively controlled
or constrained during the optimization process in order to ensure more consistent estimations, particularly regarding
the resistive parameters. Since a high shunt resistance is essential for minimizing leakage currents and maintaining
ideal cell performance, refining the algorithm to better guide this parameter within physically meaningful limits
could enhance model reliability.
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