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Abstract: The purpose of this study is to employ and improve evolutionary algorithms, namely the
genetic algorithm (GA) and the differential evolution algorithm (DE), to extract the parameters of the
equivalent circuit model (ECM) of a bifacial photovoltaic module using the representative model of a
diode with five parameters (1D5P). The objective is to simulate the characteristics of the I–V curves
for various irradiation and temperature scenarios. A distinctive feature of this study is the exclusive
use of the information in the technical sheet of the bifacial module to conduct the entire extraction
and simulation process, eliminating the need to resort to external sources of data or experimental
data. To validate the methods, a comparison was made between the simulation results and the
data provided by the bifacial module manufacturer, contemplating different scenarios of irradiation
and temperature. The DE was the most accurate algorithm for the 1D5P model, which presented a
maximum average error of 1.57%. In comparison, the GA presented a maximum average error of
1.98% in the most distant scenario of STC conditions. Despite the errors inherent to the simulations,
none of the algorithms presented relative errors greater than 8%, which represents a satisfactory
modeling for the different operational conditions of the bifacial photovoltaic modules.

Keywords: bifacial photovoltaic module; evolutionary algorithms; parameter extraction; simulation;
equivalent circuit model

1. Introduction

With the pursuit of economic growth and industrial development, the world’s depen-
dence on electricity is becoming ever more significant. Even though investments in the
energy sector will fall by 20% from their 2020 levels [1], significant effort has been invested
in expanding energy generation capacity, increasing the efficiency of conventional energy
sources, and developing new energy sources.

The global energy matrix is based mainly on non-renewable sources, such as coal, oil,
and derivatives [2]. However, the increase in technological development also contributes
to the development of new sources of energy generation, i.e., renewable sources, which,
in addition to enabling improved reliability in the electrical system, allow for a variation
in the world’s energy matrix, thus reducing the environmental impacts caused by fossil
fuels. In addition to this scenario, the decrease in fossil fuel reserves and the environmental
impacts associated with non-renewable energies have considerably increased the interest in
sustainable, renewable, and ecologically sound energy sources [3,4], such as those derived
from bioethanol [5], wind energy [6], biomass [7], and photovoltaic Energy [8].

Within this scenario, solar energy stands out as one of the leading renewable energy
sources that is being captured and transformed through photovoltaic panels. The growing
number of installed photovoltaic systems has been remarkable, as evidenced by [3], which
showed that, by the end of 2018, more than 500 GW of power had been generated through
photovoltaic panels worldwide.
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Furthermore, as indicated by [9] in 2021, photovoltaics reached a level of 1 TWh
generated for the first time, while other renewable sources, such as wind, reached an export
of 2 TWh. In its projections report, the International Energy Agency (IEA) estimates that,
by 2050, photovoltaic energy production could represent approximately 11% of the total
world electricity production [10].

It is undeniable that photovoltaic energy is becoming one of the best choices in the
power generation sector. This is mainly because the energy generated through photovoltaic
modules is a renewable and inexhaustible source of energy, as highlighted by [11].

Despite the reductions in fees and taxes granted by the government in recent years, as
well as investments in technological advancements and improvements in energy efficiency
and production capacity that have led to a significant decrease in system costs, the acqui-
sition of photovoltaic equipment still requires a substantial investment [12]. In addition,
installation and engineering costs are considerable, as pointed out by the International
Energy Agency [1], especially when it comes to large installations, such as power plants.

In this context, conducting studies and simulations that analyze the relationship
between the photovoltaic generation system and deployment area, combined with the
detection of possible failures in energy generation or the tracking system, has the potential
to increase accuracy in the dimensioning process, thus avoiding financial losses [13,14].

Within the literature, several methods aim to represent a photovoltaic cell; the most
accepted is the representation of the solar cell through an electrical circuit composed
of a current source, a passive element, and resistances that configure its operation, in
which the values of the represented elements are determined through algorithms and
evolutionary computation due to their high degree of complexity. However, there are
also models with greater complexity that are composed of a current source in parallel
with two passive elements. These algorithms, despite being validated, tend to consume
greater processing power and, in certain operating conditions, present greater errors [15].
Thus, the representation of energy generation from a photovoltaic module is carried out
through simulations of photovoltaic electrical properties that are modeled by an electrical
equivalence circuit [16]. Several types of ECM have been suggested over time, among
which the single diode model stands out [14,16].

To extract the parameters of the PV model, mathematical or computational methods
are used to solve nonlinear equations [17]. There are a wide variety of optimization
techniques used in parameter extraction, including the use of evolutionary algorithms,
such as the genetic algorithm (GA), differential evolution algorithm (DE), and others [18]. In
addition to evolutionary algorithms, several computational techniques using bio-inspired
algorithms are applied, such as the particle swarm algorithm [16].

However, in the literature, there are no standardized methods to characterize bifacial
photovoltaic modules as observed in conventional ones since bifacial characteristics are
not a linear combination of monofacial characteristics [19]. Therefore, the objective of
this study is to conduct simulations and performance evaluations of bifacial photovoltaic
modules under different irradiation and temperature conditions using the one diode
and five configurations (1D5P) model. This analysis will be performed using algorithms
inspired by nature, specifically the genetic algorithm (GA) and the differential evolution
algorithm (DE). The objective is to extract the parameters of the ECM equations using only
the data present in the specifications provided by the Canadian manufacturer [20].

The manuscript is organized as follows: Section 2 presents the materials and meth-
ods. It begins with Section 2.1, which presents how irradiation and temperature impact
the I–V curve of a photovoltaic module. Section 2.2 presents the equivalent circuit of a
photovoltaic module, followed by Sections 2.2.1 and 2.2.2, which present the ideal ECM
of a photovoltaic cell, followed by the representation of a photovoltaic cell using the one
diode and five parameter method (1D5P). Section 2.3 presents the concepts used to extract
the parameters necessary to represent the photovoltaic modules and the fitness function.
The next section presents the concepts of evolutionary algorithms, as well as the steps of
their implementation, and then, Section 3 first presents the parameters found through the
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algorithms used, followed by the simulations and I–V curves of each implementation at
different temperatures and irradiation scenarios. Finally, Section 4 presents the conclusions
obtained through the methods developed and implemented.

2. Materials and Methods
2.1. Influence of Temperature and Irradiation on the I–V Curve of a Photovoltaic Cell

Since many power conversion drives are sized by the maximum DC power installed
in them, one of the most significant characteristics of photovoltaic modules is the power
they generate at their maximum power point (Pmp). To do this, it is necessary to analyze
the module’s I–V curve to find the point of highest generation, where the maximum power
(Pm) will be the intersection of the maximum power current (Imp) and the maximum power
voltage (Vmp). In this context, the importance of analyzing the I–V curve of photovoltaic
modules is highlighted, in addition to such curves representing the relationship between
the two parameters, it is also used to identify PV failures [21].

Although the power (Wp) is the characteristic by which a module is identified, its
effectiveness and energy production are intrinsically linked to external elements. These
factors include the operating temperature of the cells, the presence of dirt on the surface of
the modules, the amount of solar radiation received, and exposure to wind action [22].

In the context of identifying the extent of the impacts of temperature and irradiation
on the efficiency of energy generation, several studies were carried out to better understand
these consequences.

Due to the electrical nature of an electron, this particle is directly influenced by
solar radiation. This occurs due to the excitation of electrons caused by the incidence of
solar photons. In this way, the current generated by sunlight maintains a proportional
relationship with the intensity of the radiation that reaches the semiconductor material.

On the other hand, temperature has a negative effect on the cell. This effect results
from the thermal agitation of the materials, which intensifies with increasing temperature.
This process speeds up the recombination of electron pairs, resulting in a decrease in the
number of free electrons. Consequently, the P-N junction experiences an increase in voltage
that results in a decrease in voltage at the cell’s output terminals [23].

It is important to note that an increase in solar radiation translates into a simultaneous
increase in the current generated by sunlight. Figure 1 [16] below illustrates the I–V graph
of a photovoltaic module when subject to variations in temperature and irradiation.
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2.2. Equivalent Circuit Modeling of a Bifacial Photovoltaic Module

A set of photovoltaic cells connected in series is called a photovoltaic module [11], and
the cells most used in the construction of commercial photovoltaic modules are those with
monocrystalline silicon and polycrystalline silicon [24,25].

Within the categories of photovoltaic modules, two main groups stand out: monofacial
and bifacial. As the name suggests, bifacial modules are equipped with cells on both sides
of the module, allowing solar radiation to be captured on both sides of the panel [26].

Bifacial modules were developed from conventional ones and have, as their main
characteristic, the ability to capture photons and generate energy on both sides, the front
and the back. The front face receives direct solar irradiation, and the rear receives both
diffuse solar irradiation and irradiation reflected by the ground, called albedo [27].

The extra power obtained at the rear of the module allows a gain from 5 to 30% when
compared to a conventional equivalent module, depending on how and where the module
is installed, the gain varies depending on the surface where the modules were installed [28].

This phenomenon, called the photoelectric effect, is especially noticeable in silicon
due to its peculiar atomic structure, which consists of four electrons forming bonds with
their neighbors and configuring as a crystalline lattice [25]. However, for the phenomenon
to occur, the two layers that make up the silicon must be charged with inverse polarities,
one positively and the other negatively, so the silicon must be doped with impurities. In
order to perform the modeling of a bifacial photovoltaic panel, it is essential to identify
the parameters that reflect the physical phenomena observed in the equipment. For this,
developing an electrical model that resembles the real system is necessary. This procedure
is of crucial importance as it enables an accurate estimate of the energy generated by the
module and the electrical parameters under any circumstances [16].

As mentioned in [29], a photovoltaic cell can be described in an analogous way by
means of an equivalent electrical circuit, in which an electric current source operates in
parallel with a diode. The current source generates direct electrical current, while the diode
represents the P-N semiconductor found in photovoltaic cells. In this scenario, the diode
ideality factor assumes fundamental importance in characterizing the behavior of the P-N
junction, serving as an indication of how close or far the junction is from ideal conditions.
This parameter is intrinsically related to the manufacturing characteristics of the diode,
including the type of material used and the doping level. Its value is confined to a range
that varies between 1 and 2, where values close to 1 signal a diode performance that is
more in line with the ideal, as discussed in [30].

However, an equivalent scheme containing only these two elements is not adequately
comprehensive to trace the I–V curve of an actual photovoltaic panel [31] since the ohmic
losses of the material and the internal dissipation in the cell are not taken into account.
Consequently, the most prevalent models in the literature, which aim to represent a com-
mercial photovoltaic cell, are based on a current source connected to a diode and resistors
that capture ohmic losses and dissipation.

2.2.1. Modelling of a Photovoltaic Cell

The way a photovoltaic cell can be presented through an electrical circuit includes the
combination of an electric current source and a diode [29], as illustrated in the single-line
circuit shown in Figure 2 below.
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Equation (1) below describes the ECM of Figure 2:

I = Iph − Io (1)

where the current flowing through a diode (Io) is given by:

Io = Is

[
exp

(
qV

mkT

)
− 1
]

(2)

where I is the output current of the cell (A); Is is the inverse saturation current of the diode
(A); q is the elementary charge of the electron (1.602 × 10−19 coulombs); k is the Boltzmann
constant (1.31 × 10−23) J/K); T is the cell temperature (K); m is the ideality factor of the
diode; and V is the cell output voltage (V).

However, the circuit shown in Figure 2 represents an idealized scenario in which the
losses inherent to photovoltaic cells are not considered. These losses will be addressed in
the one diode and five parameters (1D5P) model, which will be discussed in the next topic.

2.2.2. One Diode Five Parameter Model (1D5P)

The one diode five parameter model (1D5P) or single diode model (SDM), as com-
monly found in the literature, are the most widely used equivalent electrical circuit models
in the literature used to represent a photovoltaic cell [32,33]. According to [30], a photo-
voltaic cell is composed of a photo-generated current (Iph) that is produced by the flow of
light that generates a continuous electric current and by its resistances.

In the scope of modeling an equivalent circuit to obtain the best representation of
a photovoltaic cell, a model with one diode and five parameters approaches the real
configuration due to the inclusion of two resistances in the equivalent circuit, (Rs) and (Rp).
The series resistance (Rs) encompasses two intrinsic resistances to the photovoltaic cell: the
resistance of the semiconductor material in its P-N junction and the resistance between the
material and the metallic terminals that capture the photogenerated current [25], while (Rp),
which is connected in parallel to the current source, represents the impurities and defects
in the structure, mainly close to the edges, creating an internal path for the leakage current
and reducing the current effectively generated by the device [25]. According to [34,35] the
equivalent electrical circuit of the 1D5P model can be represented as shown in Figure 3.
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Thus, when analyzing the electrical circuit, the result is five unknown parameters
that need to be extracted in this model: the inverse saturation current of the diode (Is),
the ideality factor of the diode (m), the photogenerated current (Iph), the series resistance
(Rs) and the parallel resistance (Rp). The five parameters to be obtained are present in the
characteristic equation of the model with one diode and five parameters, obtained from
Kirchhoff’s law, and express the electric current as follows.

I = Iph − Is

[
exp

(
q(V + IRs)

mkT

)
− 1
]
− V + IRs

Rp
(3)



Inventions 2023, 8, 134 6 of 18

However, because a bifacial photovoltaic module is composed of several cells con-
nected in series, the term (Ns) is added to Equation (3). Thus, the equation is now repre-
sented by:

I = Iph − Is

[
exp

(
q(V + IRs)

NsmkT

)
− 1
]
− V + IRs

Rp
(4)

2.3. Concepts for Parameter Extraction

Regardless of the evolutionary algorithm used, there are shared concepts between the
methods. The term “individual” refers to the proposed solution to the problem, in this case,
the parameters that need to be obtained. This collection of individuals is known as the
“population”.

The initial step in extracting parameters through evolutionary algorithms involves
creating an initial population composed of randomly generated Np individuals. However,
certain limitations are applied, mainly to define the ranges in which the parameter values
are feasible from a physical point of view. These ranges can be further adjusted to more
likely values if enough information is available. Table 1 displays the ranges of values for
each parameter in both models [16].

Table 1. Parameter ranges for creating the initial population in a SDM model, Genetic Algorithm and
Differential Evolution.

Parameters Minimum Maximum

Iph 0.90× Iiscre f 1.10× Iiscre f
Is 10−8 A 10−6 A
m 1 2
Rs 0 Ω 5 Ω
Rp 3000 Ω 5000 Ω

In this study, we will use the standard test conditions (STC) as a reference point, since
it is possible to find all the values of the main points of the I–V curve for this condition in
the datasheet of a bifacial photovoltaic module. Terms followed by “ref ” are taken from
data provided by the manufacturer under standard conditions.

Another important operation common to all algorithms in this study is the criterion
for evaluating individuals. This criterion, known as the fitness function, aims to verify
whether the parameters fit the model. This function is derived from the ECM equation. In
the case addressed in this work, in the model with one diode and five parameters, Equation
(4) is used. To determine the fitness, it is necessary to set the model equation equal to
zero and apply it to each of the points found in the data sheet of the module under the
reference conditions, that is, the open circuit voltage (V0Cre f , 0), maximum power point
(VMPre f , IMPre f ), and short circuit current (0, ISCre f ). Substituting the obtained data and
the physical constants, the system will present three equations where the unknowns will
be the parameters that the algorithm needs to extract. To ensure that the values remain
positive, the Root Mean Squared Error (RMSE) criterion is used. The equation is presented
in Equation (5) below.

RMSE(x) =

√√√√ 1
N

N

∑
k=1

f itness(V, I, x)2 (5)

where N represents the number of experimental points used. The fitness of the 1D5P model
is represented by:

f itness(V, I, x) = Iph − Is

[
exp
(

q(V + IRs)

NsmkT

)
− 1
]
− V + RS, I

Rp
− I (6)
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where x =
{

Iph, Is, m, RS,Rp

}
for the 1D5P model, representing the parameters to be

extracted by the algorithm.

2.4. Evolutionary Algorithms
2.4.1. Genetic Algorithm (GA)S

The genetic algorithm (GA) was developed by [36] and was considered an evolutionary
algorithm paradigm [37]. Holland employed Charles Darwin’s evolutionary theory as
an analogy for natural selection and reproduction processes, adapting these ideas to the
computational environment. In this scenario, the element tasked with solving problems
is called a chromosome or individual. Each chromosome contains M information, which
represents the parameters to be later extracted by the algorithm. The initial step for
applying the algorithm involves the generation of the initial population, executed in
a pseudo-random way, adopting Np = 50 and limits specified in Table 1. Next, each
individual generated is evaluated according to its aptitude (fitness), and the algorithm
progresses according to the flowchart are outlined in Figure 4. In this path, the following
operators are employed: GA Selection, GA Crossing and GA Mutation, as described in
Sections 2.4.3–2.4.5, respectively. This recursive process lasts until Ng reaches a value
of 3000. The choices of Np and Ng are supported by the parameter refinement process
explained in Section 3.1.
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2.4.2. Genetic Algorithm Coding

The basis for applying genetic algorithms to any problem, be it search or optimization,
starts with properly representing the problem. This representation is crucial to allow genetic
algorithms to act efficiently on it [38].

Genetic algorithms operate by manipulating populations of individuals or chromo-
somes. A chromosome is an array of data expressed as vectors or sequences of binary,
real, or a combination of both. It encapsulates a potential solution to the problem being
optimized, in the case of this study, the representative parameters of a photovoltaic cell.

Three different approaches can represent chromosomes: binary, integer, or real. This
representation is referred to as the genetic algorithm alphabet. The choice between these
three types depends on the nature of the class of problems to be solved [39]. The fitness
function evaluates each individual of the population, the result of the fitness function
applied to each individual of the population is defined by fPop.

The complete set of all possible configurations a chromosome can adopt constitutes its
search space, as [38] mentioned.
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2.4.3. Selection for GA

According to [40,41] the tournament method is one of the main methods used for the
selection operator. In summary, this operator is implemented as follows: Nt individuals are
extracted from the temporary population, forming the set Pt, which will be the individuals
that will compete in the tournament. The tournament winner will be the individual from
the Pt set with the lowest fitness value. Thus, this individual is inserted into the population
for the next iteration. This procedure is repeated Np times to complete the population.

2.4.4. Crossover for GA

The crossover step is the genetic operator with the greatest impact in genetic algorithms
(GA). Inspired by the process of sexual reproduction in living beings, as [42] pointed out,
this phase aims to create offspring by mixing the genetic characteristics of the previously
selected parents.

We define the crossover probability parameter as Pc, which defines the probability
of an individual being selected for this purpose. This parameter is unique; therefore, all
individuals present in the population have the same chance of reproducing regardless of
the evaluation of the fitness function. According to [16], the higher this rate, the faster
the new structures will be introduced into the population. But if this rate is too high,
structures with good aptitudes can be removed faster than the ability of selection can create
better structures.

In this operator, all individuals randomly receive an index between 0 and 1 that will
define whether they will be selected for the crossover or not in the case where Pc = 0.3,
All individuals that have indices lower than 0.3 are selected for genetic recombination, in
which they are subjected to the exchange of information with each other and are added
to the initial population, causing an increase in the number of individuals in the same
population.

2.4.5. Mutation for GA

The purpose of this genetic operator is to introduce genetic traits in the members of
the population, which may or may not be relevant for each individual. This adjustment
in genetic characteristics happens in a specific way within each individual. The mutation
process is controlled by a fixed parameter Pm, mutation probability, which is generally rec-
ommended as 1% [43]. However, this parameter can be changed to increase the algorithm’s
search area, knowing that a very high rate makes the algorithm essentially random.

According to [44], a very common way to perform this operator is as follows: given a
real vector r = [r1r2 . . . rM], a very common way to generate a descendant r′ = [r1

′ . . . rM
′]

by mutation is:
r′j = rj + mj (7)

where j denotes the jth component of r that was selected for mutation and mj is a random
variable. The use of a normal (Gaussian) distribution, with zero mean and variance σm, has
been one of the main ways to introduce mutation in real coding individuals.

After mutation, the population is reevaluated, but only the mutated individuals and
those generated in the crossover need to be effectively evaluated.

2.5. Differential Evolution Algorithm (DE)

Similar to the genetic algorithm, the differential evolution algorithm (DE) employs
Charles Darwin’s evolutionary theory to execute this method in the computational context.
For this reason, DE is also classified as a bio-inspired algorithm [45].

The differential evolution method was proposed by [46] with the goal of creating
a population meta-heuristic dedicated to the optimization of functions in continuous
spaces, that is, for parameters with values belonging to the group of real numbers [46,47].
The steps of this algorithm are similar to those of the genetic algorithm; however, the
distinctive element of this approach resides in the exploitation of information intrinsic
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to the population to incorporate disturbances in individuals. This process differs from
associating disturbances to predefined probabilities [44].

In this algorithm, each individual is called a target vector and contains D information,
representing the parameters to be extracted. Like other algorithms, the initial procedure
consists of generating the initial population, which is created pseudo-randomly, adopting
Np = 50 and intervals as specified in Table 1. Subsequently, each particle is submitted
to evaluation through the fitness function, and the algorithm proceeds as outlined in the
flowchart of Figure 5, using the operators: ED Mutation, ED Crossover and ED Selection,
which are detailed in Section 2.5.1, Section 2.5.2, and Section 2.5.3, respectively. This
recursive process is performed until Ng = 300 is reached. The values chosen for Np and Ng
are based on the fine-tuning of parameters highlighted in Section 3.1.
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2.5.1. Mutation to DE

For each member of the population φi,G, with i = 1, . . . , NP, a new vector is produced
using Equation (8).

vi,G+1 = φrr1,G + 0.5(φrr3,G − φrr2,G) (8)

where rr1, rr2, rr3 are distinct values chosen from {1, 2, . . ., NP}, which are mutually distinct
and different items of index i.

After completing the mutation process, the matrix of mutated individuals is obtained,
in which each individual is denoted by vi,G+1 com i = 1, . . . , NP.

2.5.2. Crossover to DE

In order to obtain diversity in the mutated parameters, the Differential Evolution
Crossover Operator is implemented. Let φi,G be the target vector under analysis and
vi,G+1 be the respective mutated vector, obtained by Equation (8). The vector ui,G+1 =
(u1i,G+1, u2i,G+1, . . . , uMMi,G+1), called a trial vector, is obtained as follows:

uji,G+1

{
uji,G+1, i f rj ≤ CR or j = Ii
φji,G, i f rj > CR and j 6= Ii

where j = 1, . . . , M, rj ∼ (0, 1), CR ∈ [0, 1] is a constant that defines the crossover rate,
and Ii is a randomly chosen index ∈{1,. . .,M}, which guarantees that u1i,G+1 receives at least
one component of vi,G+1.
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2.5.3. Selection for DE

After the mutation and crossover steps, in which all Np vectors served as target vectors,
the selection of vectors that will be preserved for the next generation is completed using
a greedy criterion, which means always choosing the best alternative that seems most
promising at that time.

With φi,G as the target vector under analysis and ui,G+1 as its respective trial vector,
the differential evolution selection operator is completed as follows:

If ui,G+1 has a fitness value greater than the fitness value of φi,G, then φi,G+1 = ui,G+1;
Otherwise, φi,G+1 = φi,G
At the end of the selection process, we have the new population formed by the target

vectors φi,G+1, with i = 1, . . . , Np.
Finally, by combining the selection, crossover, and mutation operators as shown in the

flowchart in Figure 5, we obtain the standard version of the differential evolution algorithm
(or details on other variants, see, for example [48,49]).

2.6. Plot I–V Curve

After extracting the parameters performed by the algorithms mentioned in the pre-
vious topics, it is possible to carry out simulations for any irradiation and temperature
indices. This is possible through Equations (9) and (10) below, which allow the updating of
Iph and Is to different operating conditions [50].

Iph =

(
G

Gre f

)(
Iph,re f+µISC

(
T− Tre f

))
(9)

where G and Gre f is the irradiation in W/m2.

Is = Is,re f

(
T

Tre f

)3

exp

[( qeg

km

)( 1
Tre f
− 1

T

)]
(10)

where eg represents the diffusion factor of the diode (V) and µISC denotes the temperature
coefficient of the short-circuit current.

The value of the Rp parameter changes proportionally to the irradiance value, as
indicated by Equation (11) below [51]. On the other hand, in this method, the values of m
and Rs remain unchanged.

Rp = Rpre f

(Gre f

G

)
(11)

In this way, acquiring the I–V curve of a bifacial module using the 1D5P model is feasi-
ble when applying Equation (3). This allows the determination of the bifacial photovoltaic
module’s currents, voltages, and output powers according to the desired conditions.

The implementation of the algorithms for calculating the parameters and generating
the graphics was carried out using the MATLAB™ software (Version R2023b 23.2) [52],
where all lines of code were developed without applying a toolbox.

3. Results and Discussions

As Section 2 of this study shows, evolutionary algorithms extract essential parameters
from models under reference conditions. Thus, Table 2 presents the parameter values found
using the genetic algorithm and the differential evolution algorithm for the 1D5P model of
the bifacial solar module CANADIAN CS3W-410PB-AG.
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Table 2. Parameters extracted by GA and DE from the CANADIAN CS3W-410PB-AG bifacial
photovoltaic module.

Is Rs m Rp Iph

GA 1D5P 8.87 × 10−8 1.086 × 10−1 1.452482 3610.26 11.29
DE 1D5P 2.20 × 10−7 5.544 × 10−2 1.530758 4358.18 11.06

With the extracted parameters, it becomes possible to adjust them for different values
of temperature and irradiation by using the auxiliary equations presented in Section 2.6 of
this study. This makes it possible to simulate I–V curves for specific scenarios.

To evaluate the effectiveness of the algorithms, simulations were carried out in four
different scenarios. The first occurs under STC conditions with G = 1000 W/m2 and cell
temperature T = 25 ◦C, the second with an irradiation of G = 600 W/m2 and cell temperature
T = 20 ◦C, the third with G = 1100 W/m2 and T = 60 ◦C, and finally, the nominal operating
temperature (NOCT) with G = 800 W/m2 and T ∼= 44 ◦C. As observed in the selected
irradiation and temperature values, such data address several scenarios of operational
conditions in which the simulations encompass both optimistic scenarios, such as the third
case, and pessimistic scenarios of low irradiation and low temperature, represented by
the second case. The first case was simulated according to the standard test conditions
informed in the datasheet by the manufacturer of the bifacial module; the second case was
simulated according to [53], where it is indicated that European irradiation and temperature
are milder than the temperatures found in places of high irradiation, such as in Brazil,
which approaches the third condition simulated in this work [54]. Finally, the last case
concerns the NOCT conditions, which are more frequent [55] and serve to validate the
effectiveness of the schemes employed in typical situations.

Figure 6 shows the superimposition of the curves generated by the GA and DE
evolutionary algorithms using the 1D5P model under reference conditions (STC). Both
curves are compared with data provided by [20]. Table 3 indicates the points of (V0Cre f , 0),
(VMPre f , IMPre f ), (0, ISCre f ) and the average relative error (e%) of the data obtained through
the parameters in relation to the manufacturer’s values. The relative percentage error (e%)
is calculated according to Equation (12), where valuedata represents the value presented by
the manufacturer and the valuesimulated is the value found through the simulation, and the
maximum power point PMP is found by the product of the current IMP by the voltage VMP.

e% =

∣∣∣∣valuedata − valuesimulated
valuedata

∣∣∣∣ ∗ 100% (12)

Table 3. Points of interest of the different methods on STC conditions with G = 1000 W/m2 and
T = 25 ◦C.

Method PMP IMP VMP ISC VOC

Data Provided by
the Manufacturer 410.159 W 10.49 A 39.10 V 11.06 A 47.6 V

GA 1D5P 416.330 W 10.54 A 39.50 V 11.29 A 47.58 V
e% 1.50% 0.48% 1.02% 2.08% 0.04%

DE 1D5P 410.405 W 10.39 A 39.50 V 11.063 A 47.61 V
e% 0.06% 0.95% 1.02% 0.03% 0.02%

Through Table 3, it is possible to verify that the simulations using the 1D5P model
obtained slightly better results when combined with the differential evolution algorithm
than with the genetic algorithm. The average error found through the GA was 1.04%, while
for the DE it was 0.45%. Thus, it is evident that, for the STC conditions, the differential
evolution algorithm tends to represent in a more efficient way the bifacial module.
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In general, the results were positive for the STC conditions since the worst case
occurred in the short-circuit current Isc where the relative error was 2.08% presented by
the GA.

Similar to the previous case, Figures 7–9 show the superimposition of the curves gen-
erated by the evolutionary algorithms and the data provided by CANADIAN SOLAR [20]
under the conditions specified at the beginning of this topic.
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Figure 9. Superposition of the I–V curves generated by GA and DE in the 1D5P model under
operating conditions G = 800 W/m2 and T ∼= 44 ◦C.

Tables 4–6 show the points of interest (V0Cre f , 0), (VMPre f , IMPre f ), (0, ISCre f ) and
the respective relative errors of each method. It is important to emphasize that the data
provided by CANADIAN SOLAR, except for the standard test conditions and nominal
operating temperature, are generated from simulations made in the PVSYST software
(Version 2020) [56].
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Table 4. Points of interest of the different methods under the conditions G = 600 W/m2 and T = 20 ◦C.

Method PMP IMP VMP ISC VOC

Data Provided by
the Manufacturer 250.500 W 6.25 A 40.08 V 6.61 A 47.4 V

GA 1D5P 247.936 W 6.40 A 38.74 V 6.76 A 46.99 V
e% 1.02% 2.4% 3.34% 2.27% 0.86%

ED 1D5P 242.899 W 6.27 A 38.74 V 6.63 A 46.99 V
e% 3.03% 0.32% 3.34% 0.30% 0.86%

Table 5. Points of interest of the different methods under the conditions G = 1100 W/m2 and
T = 60 ◦C.

Method PMP IMP VMP ISC VOC

Data Provided by
the Manufacturer 392.800 W 11.57 A 33.95 V 12.37 A 42.70 V

GA 1D5P 402.044 W 11.51 A 34.93 V 12.65 A 43.10 V
e% 2.35% 0.52% 2.88% 2.26% 0.94%

DE 1D5P 397.503 W 11.38 A 34.93 V 12.39 A 43.12 V
e% 1.20% 1.64% 2.88% 0.16% 0.98%

Table 6. Points of interest of the different methods under the conditions G = 800 W/m2 and T ∼= 44 ◦C.

Method PMP IMP VMP ISC VOC

Data Provided by
the Manufacturer 306.235 W 8.39 A 36.5 V 8.92 A 44.80 V

GA 1D5P 307.190 W 8.43 A 36.44 V 9.12 A 44.39 V
e% 0.31% 0.48% 0.16% 2.24% 0.92%

DE 1D5P 301.723 W 8.28 A 36.44 V 8.94 A 44.40 V
e% 1.47% 1.31% 0.16% 0.22% 0.89%

Analyzing Figures 7–9, as well as their respective tables, it is observed that the 1D5P
method combined with GA and DE had good results in the simulated scenarios, with the
best result being the DE, where the average error in the simulation of low irradiation and
temperature with G = 600 W/m2 and T = 20 ◦C was 1.57%, the average error for the third
case with G = 1100 W/m2 and T = 60 ◦C was 1.37%, and finally, a 0.81% error for the NOCT
case. However, despite the GA presenting a larger error than the DE, the algorithm still
had good results, with an average error of 1.98% in the most complex simulated condition,
in which G = 600 W/m2 and T = 20 ◦C.

A crucial observation is that, as conditions move away from STC conditions, the error
increases. This phenomenon arises from the fact that the reference parameters are obtained
from the technical sheet under STC conditions. The same characteristics can be observed
in [15] where, according to the I–V curves were simulated in conditions far from the STC
conditions, the accentuated error is visible by yourself. However, even choosing a more
complex condition with G = 600 W/m2 and Tc = 20 ◦C, the algorithms presented errors of
less than 8%. In studies such as the one conducted by [57], in which several approaches
to modeling and obtaining parameters of photovoltaic modules were evaluated with the
purpose of examining the effectiveness and accuracy of each method, the finding from
Chenni’s method [50] stood out as the most accurate. This indicates that this error range is
acceptable for simulating photovoltaic modules.

3.1. Definition of Np and Ng Parameters

As detailed in item 2, as the value of the fitness function approaches zero, the parame-
ters adjust more and more to the model. Therefore, the criteria to determine the values of
Np (number of individuals in the population) and Ng (number of iterations) were estab-
lished, with the priority that the calculated value of the fitness function (fitness) was the
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closest to zero and was limited to a maximum of 10−2. However, if aptitude convergence
did not occur within a period of up to 2 s, the selected parameters would be those that
originated from the minimum aptitude value in up to 2 s. Table 7 presents the fitness values
for different combinations of Np and Ng, summarizing the search for more appropriate
values for each simulation scheme conducted in the research (fine-tuning of parameters). It
is important to note that the time in Table 7 only serves as a reference point to compare the
computational cost of the three methods employed superficially. It should be noted that the
simulations were performed on a machine with a GTX 1650 4 GB, an I5-10300H processor,
and 12GB of RAM.

Table 7. Refined settings of the Np and Ng parameters.

Np Ng Fitness Value Time (s)

GA 1D5P

10 100 2.8315 0.08
30 100 0.51032 0.07
50 100 0.42002 0.06
10 2000 0.82778 0.24
30 2000 0.32560 0.83
50 3000 0.06020 1.81

DE 1D5P

10 100 2.260 0.01
30 100 0.151 0.05
50 100 0.062 0.07
10 300 0.563 0.06
30 300 0.060 0.09
50 300 0.001 0.12

Analyzing Table 7, it is observed that the number of iterations and the number of
individuals in the initial population directly impact the value of the fitness function, thus,
with the relative increase of Ng and Np, the value of the fitness function tends to approach
zero despite having a higher operational cost due to processing the Np individuals to be
analyzed individually with their M characteristics.

4. Conclusions

This study used evolutionary optimization algorithms, such as the genetic algorithm
(GA) and the differential evolution algorithm (DE) to obtain the parameters of the ECM of a
photovoltaic module in the 1D5P model. The objective was to simulate the I–V characteristic
curves for various irradiation and temperature conditions, using the information available
in the module’s technical sheet. Additionally, a comparative analysis was carried out
between the results obtained by each method and the data provided by the Canadian
module manufacturer, considering different irradiation and temperature scenarios.

In general, the DE was the evolutionary algorithm that stood out with the best per-
formance. It registered maximum relative errors of 1.02% in the standard test conditions
(STC) and 3.34% in the scenario furthest from the reference conditions. On the other hand,
the GA presented more significant errors, reaching a maximum relative error of 2.08% in
the STC conditions and 3.34% in a simulation that deviated from the reference conditions.
With regard to the simulations of scenarios three and four, both algorithms exhibited solid
performance, registering maximum relative errors of 2.88% for both of them.

One of the most significant contributions of this study is the conclusion that using
the 1D5P model results in a good representation of bifacial photovoltaic modules. This
conclusion is evidenced by the low errors found by the evolutionary algorithms in the
different simulations carried out in this study, both close to the reference conditions and in
more extreme operational conditions.
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