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Abstract—This paper proposes an eight-parameter adaptive
electrical model based on the physical behavior of the photovoltaic
(PV) module with respect to variations of the environmental con-
ditions. In addition, an accurate parameter estimation technique
is proposed for this new model based on the pattern search opti-
mization algorithm. The usual characterization of the I–V curves
has five unknown parameters. The majority of the estimation tech-
niques identify those five parameters for a specific irradiance and
temperature. This means that different sets of five parameters are
found for each environmental condition, i.e., the estimated param-
eters are based only on a mathematical fitting with lack of phys-
ical meaning. In the proposed eight-parameter adaptive model, it
is necessary to execute the parameter estimation technique only
once, because the model is valid for all ranges of values of the
environmental conditions available on datasheets or experimen-
tal curves. Moreover, the restrictions imposed on each parameter
make the model capable of emulating the physical behavior of
the PV module, particularly useful in fault diagnosis and predic-
tive and corrective maintenance of PV systems. Comparison results
based on datasheet and experimental curves are presented to verify
the effectiveness of the proposed model and parameter estimation
technique.

Index Terms—Adaptive estimation, photovoltaic (PV) cells, PV
systems.

I. INTRODUCTION

MATHEMATICAL models for photovoltaic (PV)
cell/module are very relevant when a better understand-

ing of its working is necessary. These models have been used
to accurately predict the electrical power produced from PV
arrays, for simulations of PV arrays under different weather
conditions, and for design and optimization of maximum power
point (MPP) tracking (MPPT) techniques [1]–[5].

Manuscript received January 25, 2017; revised March 17, 2017; accepted
April 27, 2017. Date of publication May 25, 2017; date of current version
June 19, 2017. This work was supported in part by the Conselho Nacional de
Desenvolvimento Cientı́fico e Tecnológico-CNPq, in part by the Coordenação
de Aperfeiçoamento de Pessoal de Nı́vel Superior-CAPES, Brazil, and in part
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Fig. 1. Equivalent electrical representation of a PV cell.

PV modules present current–voltage (I–V) relationships with
nonlinear properties that depend on their constructive character-
istics as well as of the environmental conditions. Most models
for PV cells are based on electrical equivalent circuits that use a
set of parameters to represent their I–V relationships. The most
usual model considers a single-diode approach, which assumes
that one lumped diode mechanism is enough to describe the
characteristics of the PV cell [6]. Fig. 1 shows the equivalent
electrical model of this circuit, which is comprised of a photo-
generated current source (Ig ), an anti-parallel diode (D), a series
resistance (Rs), and a shunt resistance (Rp ).

The determination of parameters for the single-diode model
of PV cells by analytical techniques [7]–[9] is complex since
their I–V relationships are described by a set of nonlinear equa-
tions whose parameters are reciprocally coupled. Because of this
complexity, several different techniques to determine these pa-
rameters have been proposed in the literature. Some techniques
are based on symbolic evaluation of these equations to determine
explicit expressions that give the values of the five parameters
[10]–[12]. Techniques based on numerical solutions or iterative
algorithm have been also presented [13], [14], where a system
of equations is derived for specific operating points provided
in datasheets of commercial modules, such as the short-circuit
(SC), open-circuit (OC), and MPP operating points. Other ap-
proaches to determine the model’s parameters apply a curve
fitting [15] or optimization algorithms [8], [16]–[22]. These
techniques require an I–V curve for each PV module, which
may be experimental or provided by manufacturers’ datasheets.

The major drawback of these techniques is that the determina-
tion of the models parameters is only performed at standard test
conditions (STC). Consequently, it is required to use an extrapo-
lating method based on PV module’s datasheet to determine the
parameters for different environmental conditions. As a result,
different sets of parameters are obtained for each experimental
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I–V curve. Since the estimated parameters are based only on a
mathematical fit, there is no physical interpretation for the vari-
ation in the parameters. In [23]–[28], equations that relate the
variation in the parameters of the PV model with changes in the
environmental conditions are proposed, however, with little or
no physical validity.

In [15], an estimation technique was proposed to identify the
electrical model parameters presenting some correspondence
with the physical behavior of PV modules. The technique was
able to find five unknown parameters of the single-diode model
from data provided by manufacturers’ datasheet or experimen-
tal curves. The method was based on a full scan of the possible
physical values of the parameters at the STC and considered
the dependence of Rs on temperature and irradiance. Although
interesting, this technique was limited, since it did not consider
the other parameters’ dependence on temperature and irradi-
ance, i.e., it could not fully represent the physical phenomena
of PV modules.

Aiming to solve this limitation, an eight-parameter adaptive
model (EPAM) that presents a strict correspondence with the
physical behavior of PV modules is proposed in this paper. The
model consists of four parameters related to the series resistance
Rs (Rs,ref1, Rs,ref2, kRs, and γRs), three related to the shunt
resistance Rp (Rp,ref, kRp, and γRp), and one related to the
diode ideality factor A (Aref ). The other two parameters that
describe the behavior of the PV module (Ig and the diode sat-
uration current, Isat) are derived from the previously defined
parameters.

The main contribution of this paper is the proposal of an
equivalent electrical model for PV modules, where all parame-
ters depend on temperature (T) and irradiance (S) values, which
is a new concept in the literature. Because of the adaptive nature
of EPAM, it is necessary to execute the parameter estimation
process only once, using a limited set of I–V curves acquired
for different environmental conditions. The pattern search (PS)
was the chosen optimization algorithm in the estimation pro-
cess of EPAM, because of its well-known capability to ob-
tain high-precision models for PV cells [16], [21]. Although
more complex, the resulting eight-parameter model is suitable
to determine the behavior of the PV module with accuracy for
environmental condition different from the ones used in the
parameter estimation process.

The increased complexity of EPAM (when compared with
the conventional five-parameter model) is justified by the ap-
plication areas in which an accurate and flexible electrical
model that preserves the physical meaning of the PV modules is
necessary.

The model’s accuracy is mandatory in areas that need a pre-
cise estimation of the PV system generation at specific places.
It is possible to use these precise generation data, based on
irradiance and temperature annual profiles of a specific loca-
tion, for choosing the PV module that extracts the most power
of a set of available modules; making an optimal design of the
PV inverter in terms of efficiency and cost [29]; forecasting the
PV system generation to ensure stable and reliable operation of
the grid [30]; and calculating the return on investment of the
whole PV system in order to attract possible investors.

The flexibility is the capability of the model to extrapolate
precise P–V and I–V curves for irradiance and temperature val-
ues different from the ones used in the parameter estimation
process. This flexibility is useful when a more reliable and ef-
ficient PV system is necessary. For example, it is possible to
implement the EPAM in the main controller of a PV inverter in
order to [31]: determine the MPP of the PV module at any irra-
diance and temperature condition, using a precise model-based
MPPT algorithm; detect partial shading, dust, or mismatch in
PV modules by comparing the real power extracted from the
module with the expected power obtained from the model, trig-
gering eventual maintenances.

The connection of the EPAM with the physical phenomena of
the PV modules is another important contribution of this paper,
embracing application areas like reliability, failure detection,
and predictive and corrective maintenance. For example, a set of
series resistances (obtained using the proposed EPAM) over time
could precisely predict the degradation or aging process of con-
tacts and tracks that connect cells or even a premature failure in
the semiconductor junction of a PV cell. Therefore, it is possi-
ble to use parameters’ tendency curves of a PV module to not
only detect the exact moment of failure but also predict failures
or premature degradation/aging processes. This is essential for
predictive maintenance of PV modules. If a similar procedure
is implemented with a PV array with series and parallel con-
nection of modules, it is also possible to detect abrupt changes
in the values of series and shunt resistances over time, which
could represent failure of a single or group of modules of the
array. This is essential for corrective maintenance of modules in
a wide PV system [32].

This paper is organized as follows. Section II presents the
modeling of the PV cell concerning its physical behavior. Sec-
tion III describes the EPAM and the proposed parameter esti-
mation technique as well as details of its implementation. Sec-
tion IV presents simulation and experimental results as well as
a comparative analysis. Finally, Section V presents the conclu-
sions of this work.

II. MATHEMATICAL MODEL FOR PHOTOVOLTAIC CELLS

The equations of the PV module (see Fig. 1) are given by

I = Ig − Isat

[
e(

V + I R s
V t

) − 1
]
− V + IRs

Rp
(1)

Vt =
NsAkT

q
(2)

where V and I are the output voltage and current; Vt is the
thermal voltage; q is the electron charge; k is the Boltzmann
constant; and T is the temperature; Ns is the number of series-
connected cells; Isat is the reverse saturation current; and A is
the diode ideality factor.

Usually, it is assumed that only Ig and Isat depend on the
environmental conditions, by using [33]:
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Ig = [Ig,STC + α(T − Tref )]
S

Sref
(3)

Isat = Isat,ref

(
T

Tref

)3

exp

[
qEgNs

kA

(
1
T

− 1
Tref

)]
(4)

where S is the solar irradiation, Eg is the bandgap energy of the
solar cell, and α is the temperature coefficient of the SC current.
The subscript ref is the value of the parameter at the reference
environmental condition. The resistances and A are determined
for a reference environmental condition [33]. For other condi-
tions, usually the values found at the reference are repeated or a
new estimation process is made. However, to characterize a PV
module, it is important to study the dependence on irradiation
and temperature of all the parameters of the model.

A. Dependence on Irradiance of Solar Cell Parameters

Throughout its operation, the efficiency of the solar cells is
reduced by the dissipation of energy by means of internal resis-
tances. The resistance Rs occurs mainly due to the movement
of electrons and the contact metal silicon of the cell [34]. On
the other hand, Rp represents parallel high-conductivity paths
across the solar cell. These parallel paths are detrimental to the
module performance, especially at low irradiances [35].

Therefore, Rs and Rp are important parameters for the PV
model. Keeping Rs low is necessary since their growth causes a
reduction in power, especially because of a reduction of the
SC current [34]. Unlike the Rs , Rp must be high to avoid
the reduction of the current in the junction, reducing Ig and
the performance of the cell.

Consequently, a special attention is necessary when modeling
these parameters, verifying if there are interferences of external
factors in their values. Some authors attribute the increase of
the conductivity of the active layer with the increase of the
irradiance, as one of the reasons for the decrease of Rs . The rate
of decrease is faster at low values of S, becoming smaller for
higher S values [36], [37]. This implies γRs < 0 in

Rs(S) = Rs,ref1

(
S

Sref

)γRs

+ Rs,ref2. (5)

In this paper, this behavior is confirmed through a process of
parameter estimation performed in some modules for each one
of the curves that represent the module for irradiance variations,
provided in their datasheets. Therefore, it results in a power
trend line for T constant, which is in accordance with some
results found in the literature [25], [33], [34].

On the other hand, Rp increases at low irradiance values.
Conceptually, Rp is related to the constructive characteristics of
the p-n junction. Thereby, a concentration of traps, present in the
regions of localized defects, act as collector for photogenerated
minority charge carriers. As S increases, the traps begin to be
filled so that after filling all traps, Rp reaches its maximum
value. Thereafter, further increases of S at higher levels induce
degradation in the PV solar cell, causing the decrease of Rp

[34], [37], [38] and consequently implying in γRp < 0 in

Rp(S) = Rp,ref

(
S

Sref

)γRp

. (6)

In this paper, this behavior is confirmed through the same pro-
cess of parameter estimation performed in some modules. As
a result of this, it is also possible to express this behavior as
a power trend line for T constant, which also is in accordance
with some results found in the literature [26], [33].

B. Dependence on Temperature of Solar Cell Parameters

When the temperature increases, the maximum power of the
cells decreases, especially because of the reduction of the OC
voltage [34]. Some studies presented in [39] show that Rs is
a thermal-sensitive resistance that belongs to the form of the
positive temperature coefficient type. They indicate an expo-
nential or approximately linear growth of Rs with increasing
temperature [27], [33], [39]. Arora et al. in [36] claim that there
is a minimum value for Rs at a particular temperature, and that
increasing or decreasing temperature from that point causes Rs

to increase. This behavior is explained in terms of the various
contributions to the series resistance, such that above room tem-
perature, the sheet resistance of the diffusion layer becomes
dominant and Rs increases with temperature, implying kRs > 0
in

Rs(T ) = Rs,ref1 + Rs,ref2[1 + kRs(T − Tref )]. (7)

In this paper, this behavior is confirmed through the process
of parameter estimation in the previous section, which was
repeated, but this time for curves of different temperatures.
Though the physical structure of Rs of the cell is complicated,
with influence of base contact, base bulk, sheet, and metallic re-
sistances, (7) is a theory equation based on these factors and may
accurately predict the values of Rs [39]. A similar conclusion
can be found in [27], [33], and [34].

On the other hand, the effect of temperature on Rp is sim-
ilar to the effect caused by high irradiance. Previous research
works report that Rp decreases monotonically with temperature
[33], [40]. The rate of decrease is faster at low T values exhibit-
ing an approximately linear behavior, especially at temperatures
higher than room temperature [27], [40]. This is interpreted as
a combination of tunneling and trapping–detrapping of carriers
through the defect states that act as recombination centers or
traps [41]. From this analysis, it can be inferred that kRp < 0 in

Rp(T ) = Rp,ref [1 + kRp(T − Tref )]. (8)

In this paper, this behavior is confirmed through a process of
parameter estimation performed in some modules. As result of
this, it is possible to express this behavior as a linear trend line
for S constant. This result also is in accordance with some results
found in the literature [27], [34], [41].

III. PROPOSED MODEL AND ESTIMATION TECHNIQUE

A. Eight-Parameter Adaptive Model

Based on the studies in the previous section, it is possible
to formulate a mathematical EPAM capable of predicting the
physical behavior of a PV module. The equations that describe
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this model are given by

Rs = Rs,ref2[1 + kRs(T − Tref )] + Rs,ref1

(
S

Sref

)γRs

(9)

Rp = Rp,ref [1 + kRp(T − Tref )]
(

S

Sref

)γRp

(10)

A = Aref (11)

Ig = ISC

(
1 +

Rs

Rp

)
(12)

Isat =
Ig − VOC

Rp

e
V OC
V t − 1

. (13)

Equations (9) and (10) include the irradiance and temperature
effects simultaneously into Rs and Rp . Piazza and Vitale [28]
also considered the two influences simultaneously, but they used
purely mathematical expressions without physical foundation.
Therefore, the proposed EPAM is the first model to integrate
the extrapolation equations of the parameters (as a function of
irradiance and temperature) into the optimization algorithm in
order to utilize multiple I–V curves as input data in the param-
eter estimation process. Equation (12) is obtained from (1) in
the SC condition and represents another way of expressing Ig

dependence with S and T . On the other hand, (13) is obtained
from (1) in the OC condition and also represents another way
of expressing Isat dependence with T .

Finally, according to [42], through the auxiliary expressions

ISC = [ISC,ref + α(T − Tref )]
(

S

Sref

)
(14)

VOC = VOC,ref + β(T − Tref ) + kV ocVt ln
(

S

Sref

)
(15)

where β is the temperature coefficient of the OC voltage, it is
possible to estimate ISC and VOC values for any environmental
condition so that they can then be applied in (9)–(13).

Although the full model is described by ten parameters, only
eight are effectively estimated (hence the name EPAM). These
parameters (Rs,ref1, Rs,ref2, kRs, γRs, Rp,ref , kRp, γRp, and Aref )
correspond to the intrinsic physical characteristics (form of man-
ufacturing and quality of materials) of the PV module. The
remaining two parameters (Ig and Isat) are calculated as a con-
sequence of the other mentioned parameters and only corre-
spond to the PV module operational condition, i.e., a PV module
presents different values of Ig and Isat according to the environ-
mental conditions. Then, since N curves representing different
values of irradiance and temperature are used, a single value
of Ig and Isat is not viable to represent the module. Therefore,
the algorithm estimates only eight parameters and Ig and Isat
become auxiliary parameters to complete the model.

Therefore, with a set of experimental (or datasheet) curves
that encompass relevant ranges of S and T (requiring the use
of sensors or estimation techniques to obtain those environmen-
tal parameters), it is possible to execute a parameter estimation
process for the EPAM. After the estimation process, the result-
ing EPAM will reproduce the physical behavior of the module,

Fig. 2. Flowchart of the PS algorithm [43] used in the proposed parameter
estimation technique for the EPAM.

adapting its I–V and P–V curves according to variations of S
and T .

B. Parameter Estimation Technique Based on Pattern Search

To perform the parameters’ estimation for the EPAM, some
optimization techniques such as genetic algorithm, simulated
annealing, and PS were tested, with the PS technique being the
one that presented the best results.

The PS algorithm is a multivariate nonlinear global tech-
nique capable of solving optimization problems [16]. The PS
technique can be explained as follows: it begins by using a set
of points, known as a mesh, around the given point [43]. This
mesh is made by adding scalar multiple of vectors, called pat-
terns, to the actual point. Subsequently, the algorithm looks for
a mesh around the actual point to obtain a point in which the
objective function has a lower value; when it happens, this point
is defined as the new actual point of the iteration and the mesh
dimension becomes larger. Otherwise, the actual point remains
the same at the next iteration and the mesh dimension becomes
smaller. The stop criteria of the PS technique occur when one
of the following cases is reached [43]: the maximum number of
iterations; the maximum number of function evaluations; the tol-
erance on mesh size; tolerance on vector (the distance between
two points); or tolerance on function value. The flowchart of
optimization using the PS technique is shown in Fig. 2.

The optimization problem is formulated as a minimization
of an objective function based on the correlation given in (1),
which is used to reduce the value of the mean absolute error
in power (MAEP) estimated between the curve originated by
the electric model and the curve from the datasheet or from the
experimental curve.
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The MAEP is based in the error in terms of power:

error = |Pcurve − Pmodel| (16)

where Pcurve is the product of Vcurve and Icurve obtained from
the datasheet or from the experimental curve, and Pmodel is the
product of Vmodel and Imodel obtained by the simulation of the
model with the parameters estimated by the proposed technique.

The MAEP is calculated by

MAEP =
∑Np

n=1 errorn

Np
(17)

where error is calculated for all voltage points going from
zero to the OC condition and Np is the number of voltage points
extracted from the datasheet or experimental I–V curve of the PV
module. This metric, based on P–V curves instead of I–V curves
used on conventional metrics, has already been explored in [15].
The reason for this metric is because most of the applications for
the PV electrical model needs accurate values of the generated
power. If more than one curve is involved in the estimation
process, then a new objective function can be defined by

MAEP av =
∑Nc

i=1 MAEPi

Nc
(18)

where MAEPi is the individual error of each curve and Nc is
the number of curves.

The following is a step-by-step guide to estimate the param-
eters of the EPAM through the PS algorithm.

1) First, the module constants (k, q, and Ns ) are defined.
2) Then, a set of I–V (or P–V) curves, covering a good vari-

ation of irradiation and temperature, is chosen. These are
the training curves for EPAM.

3) After that, one of these curves is chosen as a reference (this
curve may, for example, represent the average conditions
of irradiance and temperature at which the PV module will
be subjected) and the PS algorithm (see Fig. 2) is applied
to estimate the set [Rs,ref , Rp,ref , Aref , Ig , Isat] using
(17) as the objective function. Besides the starting points
vector, two other vectors are defined, representing the
lower and upper bounds in which the model parameters
are restricted, in order to avoid a parameter to assume
values with no physical meaning. The upper bounds (UB),
lower bounds (LB), and starting points (X0) vectors for
this estimation process follow the format [Rs,ref , Rp,ref ,
Aref ] and are defined as

a) LB1 = [0; 50; 1];
b) UB1 = [3; 10000; 2];
c) X01 = [0.001; 1000; 1].

4) Then, the PS algorithm (see Fig. 2) is applied again, now
for all available curves (reference and training curves) and
under new LB and UB, where (18) is used as the objective
function and (9)–(13) are used to form the model. The
previous values found Rp,ref and Aref corresponding to
the starting points of EPAM. The value found for Rs,ref is
divided by two to be used as the starting point of Rs,ref1

and Rs,ref2. Then, the UB, LB, and X0 vectors for this
estimation process follow the format [γRs, γRp, kRs, kRp,
Rs,ref1, Rs,ref2] and are defined as

a) LB2 = [−5; −5; 0.001;−0.01; 0; 0],
b) UB2 = [−0.05; −0.05; 0.01; −0.001; Rs,ref ;

Rs,ref ],
c) X02 = (UB+LB)/2 + LB.

Besides that, the equality constraint

Rs,ref1 + Rs,ref2 = Rs,ref (19)

is employed to ensure consistency with the values obtained
in the previous step.

5) The stop criteria used in the PS algorithm were the fol-
lowing.

a) Maximum number of iterations: 1000.
b) Maximum number of function (objective) evalua-

tions: 10 000.
c) Termination tolerance on mesh size, termination tol-

erance on vector X, and termination tolerance on
function value: 2.22 × 10−16.

IV. COMPARISON RESULTS

All algorithms presented in this paper are implemented by
using MATLAB. In order to evaluate the estimation accuracy
of the proposed technique, the MAEP generated for the best set
of parameters obtained, in relation to a reference condition, is
calculated and compared with the values found for other tech-
niques, already known in the literature, for both types of curves
(experimental and datasheets). For the datasheet curves, a curve
extractor algorithm developed in MATLAB through image pro-
cessing was used. For the experimental curves, a curve extractor
prototype was developed, including irradiance and temperature
sensors together with accurate voltage and current probes to
measure the output voltage and current during charging capac-
itors. In addition, the electrical model generated by each tech-
nique is simulated for other environmental conditions, in order
to evaluate its performance by means of the average value of
MAEP.

A. Datasheet Curves

In this section, the results of the modules SP140PC (a mono
crystalline PV module from Shell Solar) and ST40 (a copper in-
dium diselenide-based PV module from Shell Solar) are shown.
Table I shows the comparison results, where all parameters were
estimated at the reference condition, defined as Sref = 1000
W/m2 and Tref = 25 ◦C for both modules. Aref and Rp,ref are
the values shown in Table I as A and Rp , respectively.

The remaining parameters found for the EPAM were the fol-
lowing.

1) Module SP140PC:
Rs,ref1 = Rs,ref2 = 0.5 mΩ;
kRs = 0.1%/◦C;
kRp = −2.07%/◦C;
γRs = −0.65;
γRp = −0.05.

2) Module ST40:
Rs,ref1 = Rs,ref2 = 247.8 mΩ;
kRs = 3.66%/◦C;
kRp = −0.15%/◦C;
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Fig. 3. Comparison between the proposed estimated electrical model and the datasheet curves for the modules (a) and (b) SP140PC and (c) and (d) ST40 at
different irradiances and temperatures.

TABLE I
ESTIMATION TECHNIQUES COMPARISON FOR DATASHEET CURVES

γRs = −0.48;
γRp = −1.45.

As can be seen in Table I and Fig. 3, the proposed model
obtained the best results of the two performance indexes for
seven curves at different irradiance and temperature conditions.

B. Experimental Curves

In this section, the results of the modules GBR255 (a poly
crystalline PV module from Globo Brasil) and SW130 (a poly
crystalline PV module from SolarWorld) are shown. Table II
shows the comparison results, where all parameters were esti-

TABLE II
ESTIMATION TECHNIQUES COMPARISON FOR EXPERIMENTAL CURVES

mated at the reference condition, defined as Sref = 948 W/m2

and Tref = 54.5 ◦C for the module GBR255 and Sref =
913 W/m2 and Tref = 47.5 ◦C for the module SW130. Aref
and Rp,ref are the values shown in Table II as A and Rp , re-
spectively. The Accarino technique [10] once again obtained the
worst results, and for this reason, it was omitted in the table.

The remaining parameters found for the EPAM were the fol-
lowing.

1) Module GBR255:
Rs,ref1 = Rs,ref2 = 262.9 mΩ;
kRs = 20.73%/◦C;
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Fig. 4. Comparison between the proposed estimated electrical model and the
experimental curves for the modules (a) GBR255 and (b) SW130, at different
temperatures and irradiances.

kRp = −0.15%/◦C;
γRs = −1.7;
γRp = −0.81.

2) Module SW130:
Rs,ref1 = Rs,ref2 = 234.0 mΩ;
kRs = 3.9%/◦C;
kRp = −0.1%/◦C;
γRs = −0.41;
γRp = −1.28.

As can be seen, the proposed model once again obtained
the best result of MAEP at the reference condition and the
lowest MAEPav for the four curves at different temperature and
irradiance conditions from each PV module. Fig. 4 helps to
illustrate that the EPAM can accurately represent the behavior
of the experimental curves.

Observing Tables I and II, the proposed EPAM and estima-
tion technique (search algorithm based on the PS) presented the
best results in both metrics (MAEPref and MAEPav) when com-
pared with four well-known techniques. Although the proposed
estimation technique (A) presents the longest execution time,
this is not significant because the estimation process needs to be
executed only once. The EPAM only needs one set of eight pa-
rameters for all possible irradiance and temperature conditions.
On the other hand, if techniques B, C, or D are used with the
conventional five-parameter model, the estimation process
should be executed for every irradiance and temperature com-
bination, leading to large execution times.

Moreover, while the entire parameter estimation process
should be done offline, resulting in the values of Rs,ref1, Rs,ref2,
kRs, γRs, Rp,ref , kRp, γRp, and Aref , the emulation of the PV mod-
ule, using the expressions (9)–(13), makes the EPAM capable
of operating online in a microcontroller.

Therefore, it can be concluded that the physical behavior of
the parameters of the PV module can be described by (9)–(13),
resulting in a simple, accurate, and practical model, since it can
be applied to more than one environmental condition without the

need to run the estimation algorithm more than once, which is
different from the techniques that apply the single-diode model.
Besides that, the proposed model and technique have shown
good versatility, since they can be implemented through curves
derived from datasheets or experimental, and they can represent
the behavior of several types of PV modules.

V. CONCLUSION

This paper presented an innovative concept in terms of PV
modeling. The proposed model, the EPAM, is based on the
physical behavior of the PV module even when variations on the
environmental conditions occur. In addition, an accurate param-
eter estimation technique is proposed for this new model based
on the PS optimization algorithm. This new approach presented
superior results when compared with well-known techniques,
showing that EPAM is effective in emulating the physical be-
havior of modules, which is particularly useful in fault diagnosis
and predictive and corrective maintenance of PV systems.
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