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Abstract: This work proposes a new five-parameter model equation for PV devices, which operates
as a function of the main representative parameters of PV devices. It is specifically developed
for implementation in embedded systems. The methodology presented in this work is notable
due to the fact that three of the five parameters can be directly extracted from the experimental
current–voltage (I–V) curve, simplifying the iterative process until a pre-set small difference in the
determination of the maximum power is achieved. The iterative methodology for extracting the
remaining parameters is also described. The proposed methodology is verified by applying it to
seven different PV technologies, including crystalline and thin-film technologies. Its parameters are
compared with those obtained using the highly precise trust region iterative method. The resulting
parameters and the error in the adjustment along the I–V curve are discussed. This methodology
demonstrates the capability to accurately adjust the model along the entire I–V curve, determine the
maximum power, and is not dependent on highly variable parameters.

Keywords: photovoltaics; electrical characterization; five-parameter electrical model; I–V curve

1. Introduction

In recent years, there has been a significant global interest in photovoltaic (PV) tech-
nology [1,2]. This interest has been encouraged by the potential for improved reliability
and decreasing costs. Ongoing research is focused on continuously increasing the efficiency
of PV technology, with some studies reporting efficiencies above 22% [3,4]. Furthermore,
the outdoor lifetime of PV modules has been observed to extend beyond 20 years [5,6].

Concurrently, various electronic devices, such as current–voltage (I–V) curve tracers,
have been designed. However, low-cost electronic devices are unable to perform the neces-
sary parameter extraction required to obtain the electrical equivalent model of photovoltaic
modules, or they are very unusual. This is due to the absence of I–V curve tracers in the
market that allow us to obtain the main characteristic parameters of the electrical equiv-
alent model. This limitation is due to the high computational load associated with such
extractions. The electrical characterization of PV modules is essential as it allows for finding
the electrical equivalent circuit, which can be used for modeling purposes. For example,
this modeling can facilitate the study of long-term power degradation [7–10] and aid in
translation to standard test conditions (STC). Therefore, parameter extraction is crucial
for predicting or modeling the performance of PV devices under different environmental
conditions and asserting their power output.

The objective of this work is to propose a parameter extraction method that can be
implemented in devices with low computational resources, such as low-cost embedded
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systems, without compromising the accuracy of the process. Ultimately, the goal is to
obtain an equivalent electrical model to allow translation of the results to STC within these
devices while correctly determining the maximum power point.

It should be noted that the authors of this study have prior experience in the design and
development of low-cost I–V tracers for educational purposes [11,12] and that the proposed
designs are working successfully in multiple research laboratories. As an extension of
this previous work, the intention is to improve the functionality of the system by adding
in-circuit parameter extraction and translation capabilities.

The existing literature offers several models and methods for performing parameter
extraction. These include three, four, and five single-diode parameter models, where each
element represents a different electrical behavior in the PV cell. Some models even attempt
to enhance their features by incorporating two or even three diodes, resulting in the three-
diode seven-parameter model [13–16]. Each method is supposed to increase precision but
at the expense of increased computational load. Furthermore, in some cases, it becomes
challenging to interpret each of these parameters from a practical or physical perspective
due to their variability.

Regardless of the chosen model, determining the parameters for the equivalent cir-
cuit model of PV devices under test involves different approaches in the literature. Some
authors [17–19] utilize iterative methods to perform a numerical adjustment on the experi-
mental I–V curve. On the other hand, others propose simpler calculation equations based
on key representative points of the I–V curve [20] but do not always assert the maximum
power point (PM).

In this study, a new single-diode five-parameter model equation is proposed. This
equation is based on the main representative values directly extracted from the I–V curve,
aiming to simplify the process while working with parameters that exhibit high repeatability.
Additionally, an associated iterative methodology is presented, with the primary goal of
reliably estimating the PM. This estimation is crucial for accurately assessing PV module
performance. The iterative method introduced in this work employs variables that can be
linked to physical parameters, ensuring that it goes beyond a mere mathematical fitting of
the experimental I–V curve data. Therefore, facilitating its convergence and, consequently,
reducing the processing time.

The five-parameter single-diode model is considered the most versatile model among
those presented in the literature [8,13,21,22]. Consequently, it was selected as the model of
choice for this study. However, one of the main challenges associated with this model is
that its equation is in implicit form, making it difficult to determine its parameters [8,22,23].

The primary advantage of the five-parameter model is its simplicity and suitable rep-
resentation of the entire I–V curve. Moreover, it does not require excessive computational
load compared to more complex models, and it can be easily explained from both electrical
and physical perspectives. These factors make it the fundamental model employed in
this research.

This paper will compare the results of a proposed methodology for parameter ex-
traction from a set of I–V curves with the so-called “trust region” method [24], which
involves a high computational load. That methodology relies on a significant number of
adjusted curves to identify the best fit. It is a technique commonly employed for solving
optimization problems, including parameter estimation in mathematical models [25,26].

The trust region method operates by iteratively adjusting the parameters of the model
within a specified region or “trust region” based on suitable data. It aims to find the optimal
set of parameters that best fit the data while adhering to a certain variability range. During
each iteration, the method evaluates the objective function (in this case, the discrepancy
between the model predictions and the observed data) within the trust region. Based on
this evaluation, it determines whether to accept or reject the current set of parameters and
adjusts the trust region according to its root mean square (RMS) error.
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Equivalent Circuit of Five-Parameter Single-Diode Model

Figure 1 illustrates the equivalent electrical circuit model of the five-parameter single-
diode model.

Energies 2023, 16, x FOR PEER REVIEW  3  of  14 
 

 

discrepancy between the model predictions and the observed data) within the trust re-

gion. Based on this evaluation, it determines whether to accept or reject the current set of 

parameters and adjusts the trust region according to its root mean square (RMS) error. 

Equivalent Circuit of Five-Parameter Single-Diode Model 

Figure 1 illustrates the equivalent electrical circuit model of the five-parameter single-

diode model. 

 

Figure 1. Equivalent electrical circuit model of the five-parameter single-diode model. 

In this model, Iph represents the photogenerated current, which indicates the current 

generated by the illuminated photovoltaic device. It is essentially the current source that 

delivers electrical energy through the photovoltaic effect [21,27]. 

Diode D represents the PN junction necessary to establish an electric field that ena-

bles the movement of electrons out of the photovoltaic cell. ID represents the current flow-

ing through diode D. 

Rsh corresponds to the shunt resistance, which acts as a parasitic resistance through 

which the current IRsh flows. It represents a portion of current deviated from the photo-

generated current and can be understood as a conduction path within the PV cell. The 

presence of Rsh leads to a decrease in overall efficiency. 

Finally, Rs denotes the series resistance through which the output current I flows. It 

is another parasitic resistance that induces a voltage drop due to internal resistance and 

interconnection between cells. The voltage established at the output terminals of the de-

vice is V. 

From the equivalent electrical circuit, we can express the output current as I = Iph − ID 

− IRsh. By substituting ID with the diode equation, which is expressed by Shockley (1949) 

[28,29], and IRsh with Ohm’s law, we obtain Equation (1). 

𝐼 𝐼 𝐼 exp
𝑉 𝐼 𝑅
𝑚 𝑁  𝑉

1
𝑉 𝐼 𝑅
𝑅

.  (1)

In Equation (1), the following parameters are defined: 

I: Output current corresponding to the voltage V. 

Iph: Photogenerated current. 

I0: Diode reverse saturation current. 

m: Diode ideality factor. 

Ns: Number of series connected cells. 

Vt: Thermal voltage (Vt = kT/q, where k is the Boltzmann constant, T is the absolute 

temperature, and q is the electron charge). 

Rsh: Shunt resistance. 

Rs: Series resistance. 

Equation (1) is an implicit equation for I, and it remains valid for cells, modules, and 

PV generators by considering an appropriate value for Ns [30]. 

Various authors have focused their efforts on minimizing the number of parameters 

that need to be determined. This simplifies the iterative adjustment process and reduces 

the  computational  load  required  [31]. However,  other  authors  prioritize  achieving  a 

Figure 1. Equivalent electrical circuit model of the five-parameter single-diode model.

In this model, Iph represents the photogenerated current, which indicates the current
generated by the illuminated photovoltaic device. It is essentially the current source that
delivers electrical energy through the photovoltaic effect [21,27].

Diode D represents the PN junction necessary to establish an electric field that enables
the movement of electrons out of the photovoltaic cell. ID represents the current flowing
through diode D.

Rsh corresponds to the shunt resistance, which acts as a parasitic resistance through
which the current IRsh flows. It represents a portion of current deviated from the photo-
generated current and can be understood as a conduction path within the PV cell. The
presence of Rsh leads to a decrease in overall efficiency.

Finally, Rs denotes the series resistance through which the output current I flows. It
is another parasitic resistance that induces a voltage drop due to internal resistance and
interconnection between cells. The voltage established at the output terminals of the device
is V.

From the equivalent electrical circuit, we can express the output current as I = Iph −
ID − IRsh. By substituting ID with the diode equation, which is expressed by Shockley
(1949) [28,29], and IRsh with Ohm’s law, we obtain Equation (1).

I = Iph − I0

[
exp

(
V + I Rs

m Ns Vt

)
− 1
]
− V + I Rs

Rsh
. (1)

In Equation (1), the following parameters are defined:
I: Output current corresponding to the voltage V.
Iph: Photogenerated current.
I0: Diode reverse saturation current.
m: Diode ideality factor.
Ns: Number of series connected cells.
Vt: Thermal voltage (Vt = kT/q, where k is the Boltzmann constant, T is the absolute

temperature, and q is the electron charge).
Rsh: Shunt resistance.
Rs: Series resistance.
Equation (1) is an implicit equation for I, and it remains valid for cells, modules, and

PV generators by considering an appropriate value for Ns [30].
Various authors have focused their efforts on minimizing the number of parameters

that need to be determined. This simplifies the iterative adjustment process and reduces
the computational load required [31]. However, other authors prioritize achieving a
mathematically precise adjustment along the entire I–V characteristic curve, which may
interpret the results as challenging or impractical [32].

The present study builds upon the equivalent circuit of the five-parameter single-diode
model, where some parameters can be easily determined from the I–V curve. It introduces
a detailed new methodology that incorporates an iterative adjustment process to accurately
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estimate the electric behavior of PV devices and their maximum power point (PM). The
study also includes an analysis of the reliability of the estimated results.

The developed methodology is based on a modified form of Equation (1) to reduce
the number of parameters that need to be determined. Out of the five parameters, three
can be easily extracted through simple observations of the I–V curve. The remaining two
parameters are determined based on their physical behavior until a suitable difference
around the (PM) is achieved because this is considered the most significant on the I–V curve.

By employing this approach, the study aims to streamline the parameter determination
process. Furthermore, it emphasizes the importance of accurately estimating the behavior
around the maximum power point, which is crucial for the overall performance analysis of
PV systems as degradation processes over time.

The methodology is validated by employing experimental characterization of I–V
curves under simulated sunlight. Since one of the objectives of this paper is to validate
the precision of the proposed method, it is important to limit the uncertainties that a
characterization in the real sun could shed on the results. Additionally, we compare them
with the precise iterative method known as the “trust region” method.

2. New Five-Parameter Model Equation and Iterative Adjusting Methodology

From the perspective of the equivalent circuit, the electric characterization of a PV
device requires an experimental I–V curve. This curve can be mathematically adjusted
according to the chosen electrical model to determine the values of its electrical parameters.

In this case, it is convenient, in terms of repeatability, to avoid using the I0 and Iph cur-
rents in the fundamental equation. This current is challenging to determine experimentally
and often exhibits significant inconsistency between tests. Instead, the equation can be
rearranged using other parameters that can be easily obtained from the I–V curve.

In order to illustrate this, let us consider the short-circuit condition and refer to Figure 1.
In this case, we can assert that I flows on Rs and V is equal to 0, and the resistances are
connected in parallel. If the voltage across Rs in parallel with Rsh is not significant enough
to forward bias the diode D, the current ID tends to be practically zero. Hence, writing I as
ISC = Iph − IRsh. Applying Ohm’s law, we obtain Equation (2).

Iph = ISC

(
1 +

Rs

Rsh

)
. (2)

Equation (2) provides a relationship between Iph and ISC, taking into account the losses
caused by resistances Rs and Rsh.

Similarly, if we consider the open-circuit condition where V is equal to VOC and I is
equal to 0, we can rewrite Equation (1) as Equation (3).

0 = Iph − I0

[
exp

(
VOC

m Ns Vt

)
− 1
]
− VOC

Rsh
. (3)

In the case of a properly functioning PV module, the exponential term in Equation (3)
is typically much larger than 1, often approximately on the order of magnitude of exp(20).
Therefore, we can approximate Equation (3) and obtain Equation (4).

I0 =

(
Iph −

VOC
Rsh

)[
exp

(
− VOC

m Ns Vt

)]
. (4)

By substituting the expression for Iph from Equation (2) into Equation (4), we obtain
Equation (5). In this equation, current I0 can be easily determined by knowing ISC, the
losses resistances (Rs and Rsh), and VOC.

I0 =

[
ISC(Rs + Rsh)−VOC

Rsh

][
exp

(
− VOC

m Ns Vt

)]
. (5)
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Therefore, by utilizing Equations (2) and (5), we can eliminate the inconvenience of
directly determining the I0 current, which can be challenging in practice. Substituting these
expressions into Equation (1), performing the necessary operations, and neglecting the
contribution of a small negative exponential term (which is approximately 1/exp(20) in
magnitude and significantly smaller than 1), we obtain a new equation, Equation (6), that
is independent of I0 and Iph.

I = ISC

(
Rs + Rsh

Rsh

)
− ISC(Rs + Rsh)−VOC

Rsh

[
exp

(
V −VOC + I Rs

m Ns Vt

)]
− V + I Rs

Rsh
. (6)

Equation (6) is more convenient for performing iterative parameter adjusting over the
I–V curve, especially under normal operating conditions, as it is a function of the main
macro parameters. Among the five parameters, ISC and VOC can be easily determined.
This reduces the problem of finding the remaining three parameters: m, Rs, and Rsh, as we
will explain in the following sections, which is also an advantage for characterization and
modeling purposes.

For the determination of Rsh, we evaluate the slope in the proximity of ISC. By consider-
ing Equation (1) in the vicinity of the short-circuit condition, we can neglect the contribution
of diode conduction. This allows us to write I as Iph − (V + I Rs)/Rsh. Taking the derivative
of this expression with respect to V, we obtain Equation (7).

∂I
∂V

= − 1
(Rsh − Rs)

. (7)

For a properly operating PV device, it is typically observed that Rs << Rsh (on the
order of magnitude of 100). In this case, we can approximate the inverse of Rs with its sign
changed to determine Rsh in the vicinity of the short-circuit current ISC. Therefore, Rsh can
be directly calculated from the data obtained from the experimental I–V curve, as shown in
Equation (8).

− 1
∂I
∂V

∣∣∣∣∣
ISC

≈ Rsh. (8)

On the other hand, it is important to note that the proximity of VOC is similar to the
aforementioned case. However, in this scenario, we neglect the contribution of IRsh in
comparison to IRs, because it can be demonstrated that Rsh has a low influence in the VOC
region. Therefore, we can express I as Iph− ID. Taking the derivative of this expression with
respect to V, we obtain Equation (9).

∂I
∂V

= −I0

(
1 + ∂I

∂V Rs

m Ns Vt

)[
exp

(
V + I Rs

m Ns Vt

)]
. (9)

Next, by solving the equation for ∂I/∂V in Equation (9), taking its inverse, and chang-
ing its sign, we obtain Equation (10). This equation reveals that in the vicinity of VOC, the
slope is determined by two unknown parameters, m and Rs (I0 may be determined using
Equation (2)). Increasing both parameters will result in a decrease in the slope towards the
same side.

− 1
∂I
∂V

∣∣∣∣∣
VOC

=
m Ns Vt

I0 exp
(

VOC
m Ns Vt

) + Rs. (10)

Observing Equation (10), we can conclude that the slope is influenced by three un-
known parameters: m, I0, and Rs. However, solving this equation algebraically can be
challenging. Both terms in the equation have the same sign and affect the slope similarly.
As a result, we can employ an iterative method where that slope serves as an initial value
for Rs. Then, we gradually decrease Rs in small steps until we achieve a predefined small
difference for PM.
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Additionally, we can estimate the value of Rs by starting with an initial value for m.
In the literature, a common initial value for m is taken as 1, representing the ideal case
(minimum value) [28,29]. By setting an upper limit for Rs, we can assess the difference in
the maximum power point compared to the experimental case.

Here is the algorithmic workflow for this approach:
1. Calculate the slope with its sign changed in the vicinity of VOC, and designate this

as the initial Rs value or seed. It should be set as a maximum value. We start with m = 1,
which represents a minimum value.

2. Using Equation (6), increment m and decrement Rs in small steps until a small
pre-set difference for PM is achieved.

If the computational load is not a concern, for each decrement of Rs, we can calculate
an entire range of m to find the best fit. However, if the computational load is an issue, how
we perform the increment and decrement will directly impact the result. Nonetheless, the
computational load can be adjusted by selecting suitable steps for each value, adjusting the
length of the data array to be calculated, and choosing a predefined difference for PM.

Therefore, using Equation (6), we have an implicit equation that depends on ISC, VOC,
Rsh, m, and Rs. The last three parameters can be determined by applying Equation (8) to
obtain Rsh, followed by an iterative process to obtain the values of m and Rs.

Finally, if the determination of Iph and I0 is required, we can utilize Equation (2) for Iph
and Equation (5) for I0, respectively.

3. Experimental Validation of the Proposed Method

In order to test the proposed methodology, seven PV modules of different technologies
were evaluated. The evaluated technologies included monocrystalline (mC), polycrys-
talline (pC), Copper–Indium–Selenide (CIS), Copper–Indium–Gallium–Selenide (CIGS),
Cadmium–Telluride (CdTe), amorphous silicon (a-Si), and heterojunction with an intrinsic
thin layer (HIT).

The I–V curves were obtained using an A-class solar simulator, as shown in Figure 2,
with controlled temperature chamber (1000 W/m2 and cell temperature of 25 ◦C), ensuring
these states and keeping them constant. The solar simulator is equipped with an electronic
charge and data acquisition system. The data acquisition process resulted in a dataset of
approximately 250 valid data points for the entire I–V curve [33].
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The PV module was exposed to collimated sunlight during the flash, which had a
duration of 10 ms. The module was installed on a perpendicular plane, which had a useful
area of 2 m × 2 m. The electronic load was activated during the 10 ms to trace the I–V
curve, and this process was controlled by a computer.

To compare the results and analyze their behaviors, a set of I–V curves from different
PV module technologies was used. The goal was to determine if the results obtained for
each methodology were suitable in each case.

To evaluate the percentage difference or percentage error (Error %) between the ad-
justed and experimental curves, Equation (11) was utilized. In this equation, Pi represents
the experimental power data, and P′i represents the adjusted power data. The error was
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then evaluated across the entire curve relative to its maximum power (PM). The inclusion
of PM in the expression helped to avoid indetermination in the cases where P = 0.

Error % =

(
Pi − P′ i

PM

)
100. (11)

4. Comparative Results from the Experimental I–V Curves

The parameters obtained from the five-parameter single-diode model are presented
in Table 1. These parameters were calculated using the proposed adjusting (A) methodol-
ogy, and for comparison, the values calculated by the trust region (TR) methodology are
also provided.

Table 1. Results obtained from the adjusted methodology presented (A), together with the trust
region method (TR). Between the square brackets, the RMS error and the maximum experimental
power are indicated.

Module (Ref) and [RMS
Error] Rsh (Ω) Rs (Ω) m I0 (A) Iph (A) PM (W) and [exp. PM]

mC (TR) [0.0414] 9970 0.17 1.18 1.85 × 10−9 11.51 446.3 [451.3]
mC (A) 253 0.18 1.01 3.63 × 10−11 11.57 451.0

pC (TR) [0.0656] >1 × 104 0.21 1.37 8.92 × 10−8 11.33 403.9 [408.7]
pC (A) 247 0.26 1.11 9.23 × 10−10 11.37 408.7

CIS (TR) [0.0085] 487 2.7 1.86 1.73 × 10−5 3.36 115.5 [115.8]
CIS (A) 493 2.7 1.81 1.12 × 10−5 3.35 115.8

CIGS (TR) [0.0090] 292 1.9 2.05 5.27 × 10−6 2.60 136.0 [136.3]
CIGS (A) 429 1.5 2.35 2.42 × 10−5 2.58 136.3

CdTe (TR) [0.0023] 1002 1.2 2.71 4.23 × 10−4 1.77 91.7 [91.6]
CdTe (A) 976 1.4 2.64 3.26 × 10−4 1.76 91.6

a-Si (TR) [0.0101] 406 0.6 1.52 4.37 × 10−7 3.38 149.9 [150.2]
a-Si (A) 713 0.5 1.64 1.35 × 10−6 3.37 150.2

HIT (TR) [0.0209] >1 × 1010 0.5 1.70 1.10 × 10−5 6.00 294.2 [297.4]
HIT (A) 2157 0.6 1.52 2.35 × 10−6 6.01 297.4

The table includes the seven module technologies used in this study. The calculated
values for I0 and Iph are also presented, providing the complete set of parameters for the
classical five-parameter model.

From the traced I–V curves, ISC and VOC were easily extracted by reading directly from
the curves. As mentioned earlier, the inverse slope method was employed to determine
Rsh by the slope in the proximity of the short-circuit current. A maximum value of Rs was
obtained with the slope in the proximity of the open-circuit voltage by starting with an m
seed value of 1. Using an iterative process, m was incrementally adjusted in small steps,
and Rs was recalculated until a minimal difference for the maximum power point was
achieved (pre-set to ±0.1%).

When comparing the parameter values obtained through the methodologies, it was
observed that there was high variability in the Rsh values, even varying by more than one
order of magnitude. This variation may be attributed to the different approaches used
by the methodologies to extract Rsh. Even more, this discrepancy can be attributed to the
effect of electrical noise during the curve tracing, where even small changes can result in
significant alterations in the slope, particularly in this nearly horizontal slope.

However, for Rs and m, the proposed methodology tended to yield similar values.
In the case of I0, significant differences were observed, varying by one or two orders
of magnitude. This is in accordance with the literature, which often reports substantial
differences in this parameter, even among different I–V curves of the same PV module.
Hence, the present methodology avoided utilizing I0. This discrepancy can be attributed
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to the fact that I0 is a very small value and has a significant influence on the curvature or
“knee” region of the I–V curve.

Nevertheless, in all cases, the adjusted methodology ensures that a difference smaller
than 0.1% of PM is achieved with the proposed method, surpassing the performance of
the trust region methodology. Although the TR methodology consistently presents a low
root mean square (RMS) error across the entire curve, it is not specifically focused on the
maximum power point. Even so, the proposed methodology is able to achieve the main
goal of precisely adjusting the maximum power of the PV device, enabling repeatability in
future studies stemming from this work.

Regarding Iph, the fitting methodology yields almost the same values consistently.
Thus from Equation (6), we can extract or model an I–V curve as a function of Rs, Rsh,

VOC, ISC, and m, instead of Rs, Rsh, Iph, I0, and m.

4.1. Result from Adjusted Parameters and Experimental I–V Curves

To illustrate the methodology, Figure 3 displays the experimental I–V curves that were
traced, with one curve for each tested module. These curves are graphically presented in
shared plots. The experimental dataset is represented using “bubble plots”, while the fitted
curves are represented by continuous lines. The resulting error curve is shown with its
values on the right axis, indicated by a scale labeled as Error (%). A horizontal reference
line at zero percent is included for reference, along with a vertical trace line indicating the
voltage corresponding to the maximum power point (VM).

4.1.1. mC PV Module

Examining Figure 3a, for the first crystalline technology, the monocrystalline PV
module, we can observe that the error % curve exhibits significant variations around the PM
point, both in excess and in defect, reaching differences of up to −3% in that region. Several
factors could explain this, such as electrical noise observed in the “knee” region, a change in
the slope towards VOC, the inability of the adjusted methodology to accurately determine
the m value (which has a major influence in this region), or even abrupt changes in the
curve (mismatch). However, regardless of these fluctuations, the PM point is consistently
located with precision within ±0.1%, as intended in this study. The remainder of the curve
demonstrates high precision in the adjustment over the plain zone towards ISC.

4.1.2. pC PV Module

In the case of the polycrystalline PV module, Figure 3b, we can observe a behavior
similar to the mC module around the PM point, with variations in excess and defect on both
sides. Additionally, there is noticeable electrical noise present in the “knee” region, which
can potentially affect the accuracy of the adjustment in that area. As a result, the error %
fluctuates between ±2%. However, despite these fluctuations, PM point is still determined
with precision in the same range.

4.1.3. CIS PV Module

The curves obtained from the first thin-film module tested are depicted in Figure 3c.
The CIS curve demonstrates excellent performance in its adjustment with the experimental
data. However, the error curve exhibits electrical noise throughout the entire I–V curve,
likely due to the electronic load or fluctuations on the light source, reaching an amplitude
of approximately ±0.1%.

Despite this noise, the maximum error observed is around 0.6%. The higher Rs value
can be attributed to a larger number of cell series interconnected, which is commonly
associated with thin-film technologies [34–37]. The m parameter deviates from the ideal
case as it tends to “round out” the knee of the curve. This deviation could be attributed to
an increase in dissimilar crystal ordering within the cell, which is often associated with the
fabrication process [38,39].
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Figure 3. I-V plots; experimental I-V curves, I-V adjusted curves, and error curves for the seven
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amorphous silicon (a-Si), (g) and heterojunction with an intrinsic thin layer (HIT).

4.1.4. CIGS PV Module

In the case of the CIGS module tested, its curves are depicted in Figure 3d. The
adjusted curve exhibits slight differences in the region surrounding the PM point. These
differences are evident in the error curve, indicating both excess and defect around the PM,
with maximum values reaching approximately 1.3%. However, the power is successfully
fitted within a tolerance of 0.1%. Additionally, there is a noticeable difference in curvature
on both sides between the experimental and adjusted curves.

This effect could be attributed to a slight electrical mismatch between each half of the
PV module or a lack of precision in the five-parameter model used to represent it.

4.1.5. CdTe PV Module

Figure 3e displays the CdTe module, as mentioned earlier. The fitting achieves an
accuracy of under ±0.5% for the majority of the curve, indicating excellent performance in
the adjustment process. However, there is still some presence of electrical noise, particularly
noticeable in the VOC region. Nevertheless, we can confidently state that the adjustment
was successfully applied along the entire I–V curve and accurately located the PM point.

4.1.6. a-Si PV Module

On the other hand, Figure 3f illustrates the curves of the a-Si PV module. Similarly,
these curves exhibit an unclear fit with variations in excess and defect around the PM point,
resulting in an error beyond ±1.0% for the overall dataset. However, the approximation
improves significantly to below 0.1% for the PM point.

This difference primarily occurs on the left side of VM, possibly due to an elec-
trical mismatch effect present in the PV module, which induces a slight drop. Conse-
quently, the error curve displays a small region near the PM point where the error reaches
approximately −1.0%.

4.1.7. HIT PV Module

Figure 3g illustrates the curves obtained for the HIT PV module. Similar to the
crystalline module, we can observe significant discrepancies and noise around the PM
point, with errors reaching approximately ±2%. However, it is important to note that
despite the dispersion caused by the noise generated by the tracer load, the PM point is
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accurately determined within the set range. Nonetheless, due to the noise present, the
reliability of the results is affected.

4.2. Results and Facts

Analyzing the results obtained by applying the proposed methodology, we can make
the following assertions: The methodology can extract a suitable model to represent the
performance characteristics of PV devices across various technologies, except for the proper
determination of Rsh.

It avoids the determination of highly variable parameters, such as I0, by utilizing ISC
and m instead.

5. Conclusions

This paper presents a new model equation for the five-parameter equivalent circuit as
a function of the main macro values that can be easily extracted from an experimental I–V
curve, such as ISC, VOC, Rsh, m, and Rs. Additionally, an iterative methodology to obtain
values for m and Rs is explained in detail, tested, and compared to a method considered as
a standard reference.

In the proposed mathematical model, very small approximations and neglects were
made, which helps simplify the fitting process. As a result, three of the five model parame-
ters can be determined almost directly from a straightforward analysis of the experimental
I–V curve. Therefore, the problem is reduced to adjusting only two related parameters: m
and Rs. The procedure to obtain seed values for m and Rs is also shown. Consequently, the
equation becomes a function of the main macro parameters of the I–V curve, such as ISC
and VOC, instead of other parameters that are more difficult to obtain directly, such as I0
and Iph. Furthermore, the conversion equations between these parameters are presented.

The main advantage of this approach is to avoid highly dispersive parameters that
can affect comparative studies, for example, studies related to the degradation process.
This new equation leads to a more suitable method for extracting the main electrical
parameters that describe the operation of PV devices based on the main I–V parameters.
This is particularly significant when considering the implementation of these algorithms
on low-cost hardware devices with limited computational capacity.

The five electrical parameters were applied to seven different PV module technologies.
Based on the observation of the percentage difference of errors obtained for the entire data
set, it indicates a high disparity in some cases. These errors primarily occur near the prox-
imity of the maximum power point and the VOC. They are interpreted as slight differences
between the module’s actual behavior and the behavior assumed by the equivalent model.
This difference is mainly attributed to the diode model, as its influence zone (m) or “knee”
zone exhibits different curvatures on both sides of the maximum power point, and due to
noise present in the I–V curve tracer or in the light source.

For all cases, the deviation between the experimental and adjusted data was below
0.1% of PM, demonstrating reliability in its determination, achieving one of the main goals,
and resulting in the main advantage of the method, compared with others.

The simplicity of this new method allows for its incorporation into embedded hard-
ware, enabling operation without the need for a personal computer. Only the extraction of
VOC, ISC, and the slopes in these regions of the I–V curve is required, tasks easily achievable
for small, low-cost devices. An iterative process that varies the seed values (Rs and m) in
opposite directions leads to the determination of the remaining parameters.

This paper can be further expanded or extended as a translation methodology by
incorporating models for the variation of VOC and ISC with temperature and irradiance.
Such models would be useful for testing modules under any kind of light, e.g., natural
sunlight or simulated sunlight. Additionally, Equation (6) presented in this paper may
be more convenient for simulation purposes on various computational platforms. It is
easy to interpret, modify, and adapt to different operating conditions, providing flexibility,
versatility, and usability in different scenarios.
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Finally, the presented methodology effectively represents the behavior of PV modules
and may be easily adaptable to embedded electronics systems.
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