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Abstract - This paper proposes a parameter estima-
tion technique for the double-diode electrical model based
on the physical behavior of the photovoltaic (PV) module
with respect to variations of the environmental conditions.
There are several different techniques for PV parameter
estimation. However, most of them identify the parame-
ters for a specific irradiance and temperature. This means
that different sets of parameters are found for each en-
vironmental condition, providing results that do not rep-
resent I-V curves correctly. Thus, the parameters pro-
vide only a mathematical representation with lack of phys-
ical meaning. In the proposed technique, it is necessary
to execute the parameter estimation only once, because
the model is valid for all range of values of the environ-
mental conditions available on datasheets or experimental
curves. Moreover, the restrictions imposed on each param-
eter makes the model capable of emulating the physical
behavior of the PV module, particularly useful in fault di-
agnosis and predictive and corrective maintenance of PV
systems. Comparison results based on datasheet and ex-
perimental curves are presented to verify the effectiveness
of the proposed parameter estimation technique.
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I. INTRODUCTION

Mathematical models for PV cells/modules are very rele-
vant when necessary a better understanding of its working.
These models have been used to accurately predict the electri-
cal power produced from PV arrays, for simulations of PV ar-
rays under different weather conditions, and for design and op-
timization of maximum power point (MPP) tracking (MPPT)
techniques [1].

PV modules present current-voltage (I-V) relationships with
nonlinear properties that depend on their constructive charac-
teristics as well as the environmental conditions. Most mod-
els for PV cells are based on electrical equivalent circuits that
use a set of parameters to represent their I-V relationships.
Based on the physical interpretation of a PV cell and its ar-
rangement to form a module, two equivalent electrical models
can be built: the single-diode and double-diode models. Fig-
ure 1 shows the double-diode equivalent electrical circuit of
the PV cell, which is comprised of a photogenerated current
source (Iy), two anti-parallel diodes (dy), (dz), a series resis-
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tance ([2,) and a shunt resistance (R}).

The determination of parameters for the models of PV cells
by analytical techniques [2, 3] is complex since their I-V rela-
tionships are described by a set of nonlinear equations which
parameters are reciprocally coupled. Due to this complex-
ity, several different techniques to determine these parameters
have been proposed in literature. Some techniques are based
on numerical solutions or iterative algorithms to determine
the values of the seven [4], five [5] or four [6, 7] parameters,
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 maximum power
(MP) operating points.

However, under some specific conditions, the traditional
techniques may provide PV parameters with no physical
meaning. For example, in [5] the authors consider that the
value found for R, in the standard test conditions (STC) is
the same for any environmental condition. This simplification
contradicts the physical and constructive characteristics of the
solar cell [8]. In [6], it is considered that the saturation current
of both diodes are equal, different from that determined in [9],
where the saturation current is higher in diode d» as charac-
teristics of silicon solar cells. Other approaches to determine
the model parameters apply a curve fitting [10] or optimiza-
tion algorithms [11]. These techniques require an I-V curve
for each PV module, that may be experimental or provided by
manufacturers datasheets.

The major drawback of these techniques is that the deter-
mination of the model parameters is only performed at STC.
Consequently, it is required to use an extrapolating method
based on PV modules datasheet to determine the parameters
for different environmental conditions. As a result, differ-
ent sets of parameters are obtained for each experimental I-
V curve. Since the estimated parameters are based only on
a mathematical fit, there is no physical interpretation for the
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Fig. 1. Equivalent electrical representation of a PV cell.



variation in the parameters.

In [10] it was proposed an estimation technique to identify
the electrical model parameters presenting some correspon-
dence with the physical behavior of PV modules. The tech-
nique was able to find five unknown parameters of the single-
diode model from data provided by manufacturers datasheet or
experimental curves. The technique was based on a full scan
of the possible physical values of the parameters at the STC
and considered the dependence of R on temperature and irra-
diance. Although interesting, this technique is limited, since it
has not considered the other parameters’ dependence on tem-
perature and irradiance, i.e., it could not fully represent the
physical phenomena of PV modules.

Besides this limitation, in a real cell, the phenomenon of
recombination of charge carriers represents a substantial loss
that can not be adequately represented using a single-diode
model [5,12,13] because it is based on the assumption that the
loss by recombination in the depletion region is absent. Thus,
to describe more precisely the junction p-n, a second diode is
added in the structure. The consideration of this loss leads to
a more precise model, known as the double-diode model (Fig.
1). In this model, the diffusion current due to the majority car-
riers is represented by Iz and flows through the first diode,
while the current 145 that flows through the second diode rep-
resents the recombination current, due to the minority carri-
ers [5, 12, 13]. The main contribution of this paper is the pro-
posal of a total scan technique for the double-diode equivalent
electrical model for PV modules where all parameters depend
on temperature (T) and irradiance (S) values.

II. MATHEMATICAL MODELING OF PV MODULES

For the equivalent electric circuit of PV module model (Fig.
1), the current is given as follows:
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where V' and I are the output voltage and current; N is the
number of series connected cells; 7' is the temperature (K);
Iy1 and Iy, are the reverse saturation currents of diffusion and
recombination phenomena; A; is the ideality factor of diffu-
sion and A, is the ideality factor of recombination; V; is the
thermal voltage given by V; = N kT/q, k is the Boltzmann
constant (k = 1.38 x 10723 J/K) and q is the electron charge

(=16 x10"C).

Based on the theory of p-n junctions [14] and in the charac-

teristics of silicon cells [9], it is possible to relate the saturation
current to the temperature as [5, 12, 13]:
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where the subscript ref is the value of the parameter at the

reference environmental condition. FE, is the material band
gap energy, also defined as a function of the temperature [15]

&)

aT?
T+b
where E o is its value at 0 K, and a and b are constants that
depend of the material. For silicon E; o = 1.1557¢V, a =
7.021 x 107*eVK ! and b = 1.108 K.
Usually, it is assumed that only I, depends on the tempera-
ture and irradiation, by using [16]:
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where S is the solar irradiance (W /m?) and « is the tempera-
ture coefficient of the SC current (A/°C). The resistances and
the ideality factors are determined for a reference environmen-
tal condition [17]. For other conditions, generally the values
found at the reference are repeated or a new estimation process
is performed. However, to characterize a PV module, it is im-
portant to study the dependence on irradiation and temperature
of all parameters of the model.

III. DEPENDENCE ON AMBIENT CONDITIONS OF
THE SOLAR CELL PARAMETERS

A. Dependence on Irradiance of Solar Cell Parameters

The resistances of the solar cells are parameters that limit
their conversion efficiencies. The resistance R, occurs mainly
due to the movement of electrons and the contact metal-silicon
of the cell [18]. On the other hand, R, represents parallel
high-conductivity paths across the solar cell. These parallel
paths are detrimental to the module performance especially at
low irradiances [19]. For an ideal cell, R is zero avoiding a
voltage drop before the load, and I?,, is infinite canceling an
alternative path for the current [18]. In real conditions, the
increase of R, and the decrease of R, cause a reduction in the
power and efficiency of the solar cell.

Consequently, it is necessary a special attention when mod-
eling these parameters, verifying if there are interferences of
external factors in their values. Some authors attribute the in-
crease of the conductivity of the active layer with the increase
of S, as one of the reasons for the decrease of R;. The rate
of decrease is faster at low values of S, becoming smaller for
higher S values [20], [21]. This implies yrs < 0 in:

S
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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 vari-
ations, provided in their datasheets. Therefore, it results in
a power trend line for T constant, that is in accordance with
some results found in the literature [18,22,23].

On the other hand, Iz, increases at low S values. Conceptu-
ally, R,, is related to the constructive characteristics of the p-n
junction. Thereby, a concentration of traps, present in the re-
gions of localized defects, act as collector for photo-generated
minority charge carriers. As S increases the traps begin to be
filled, so that after filling all traps, R, reaches its maximum



value. Thereafter, further increases of S at higher levels in-
duce degradation in the PV solar cell, causing the decrease of
R, [18,21,24] and consequently implying in yg, < 0 in:

S YRp
RP(S) = Rp,'ref <S'f> . (6)

In this paper, this behavior is confirmed through the same
process of parameter estimation performed in some modules.
As result of this, it is also possible to express this behavior as a
power trend line for T constant, that is also in accordance with
some results found in the literature [23,25].

B. Dependence on Temperature of Solar Cell Parameters

When the temperature increases, the MP of the cells de-
creases, especially due to the reduction of the OC voltage [18].
Some studies presented in [26] show that Ry is a thermal sen-
sitive resistance that belongs to the form of the positive tem-
perature coefficient type. They indicate an exponential or ap-
proximately linear growth of Rs with increasing temperature
[23,26,27]. The authors in [20] claim that there is a minimum
value for R at a particular temperature, and that increasing or
decreasing temperature from that point causes R to increase.
This behavior is explained in terms of the various contributions
to the series resistance, such that above ambient temperature
the sheet resistance of the diffusion layer becomes dominant
and R increases with temperature, implying krs > 0 in:

RG(T) = Rs,refl + Rs,refQ[l + kRs(T - Tref)]~ (7)

In this paper, this behavior is confirmed through the process
of parameter estimation in the previous subsection, that was
repeated, but this time for curves of different temperatures.
Though the physical structure of R of the cell is complicated,
with influence of base contact, base bulk, sheet and metallic
resistances, (7) is a theoretical equation based on these factors
and may accurately predict the values of R; [26]. A similar
conclusion can be found in [18,23,27].

On the other hand, the effect of temperature on R, is similar
to the effect caused by high S. Previous researches report that
R, decreases monotonically with temperature [23, 28]. The
rate of decrease is faster at low T values exhibiting an approx-
imately linear behavior, especially at temperatures higher than
ambient temperature [27,28]. This is interpreted as a combina-
tion of tunnelling and trapping-detrapping of carriers through
the defect states that act as recombination centres or traps [29].
From this analysis it can be inferred that kr, < 0 in:

RP(T) = Rp,ref[l + kRp(T - wa)]- (®)

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 is also in accordance with some results
found in the literature [18,27,29].

IV. PROPOSED TECHNIQUE

The proposed technique in this paper tries to solve the lim-
itations found in the techniques that do not consider the influ-
ence of environmental conditions on the electrical parameters

of the PV model. For this, a total scan of all possible val-
ues of %, (from 0 to 2 with a step of 1m2), I, (from I, to
Is. + 0.5 A with a step of 1 mA) and Ay, As (from 1 to 2 with
a step of 0.1) is performed, making it possible to calculate
R, through an approximate equation, since it is not possible
to write a complete equation as a function only of known pa-
rameters and a scan in values of R, makes the computational
cost unfeasible, since it presents larger magnitudes than those
of the R, values. Besides R,,, the saturation currents are also
calculated by equations.

Using the characteristic conditions of current and voltage
(0,Isc), (Voe,0), (Vinp, Imp), available on datasheets, (1)
yields to the following equations:
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Using the approximation:
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in (9), it implies that:
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To determine [p; a combination of (10) and (11) is per-
formed. This implies:
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Using (10), one can determine [p2 as
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With all parameters determined, the relation given in (1)
can be solved and the best set of parameters can be chosen
based on the lowest value of the mean absolute error in power
(MAEP) calculated between the curve generated by the elec-
tric model and from the datasheet curve or from the experi-
mental curve. The flowchart of the proposed technique is seen
in Figure 2.

This metric that uses the P-V curves instead of I-V curves on
conventional metrics, has already been discussed in [10]. The
motivation for this metric is that most applications for the PV
electrical model need accurate values of the generated power.
The absolute error in power for a specific voltage point is cal-
culated by:

Ips = (17)

error = |Pcu7've - 7rwdel‘ (18)

where P,y 18 the product of Ve and 1.y, Obtained by
the datasheet or experimental curve; and P,,,,4.; is the product
of Vinoder and I, 0401 Obtained by the simulation of the elec-
trical model with the parameters estimated by the proposed
technique.
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Fig. 2. Proposed technique flowchart.

The MAEDP is calculated by:

NP
ne1 ETTOT,

MAEP = 2=
NP

where error is calculated for all voltage points going from
zero to the OC condition and N, is the number of voltage
points extracted from the datasheet or experimental I-V curve
of the PV module.

After obtaining all parameters for reference environmen-
tal condition one can determined the kgs, krp, Yrs and Yrp
coefficients in (7) and (8). For this, it is considered that
Ay = Aj ey and Ay = Ag,cp. Furthermore, (2), (4) and
(17) are calculated for different conditions of reference. Thus,
an equation for V,, is required and a curve-fitting algorithm
is carried with all S-dependent V. values, along with linear
variation with temperature resulting in:

& ) (20)

Sref
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where [ is the temperature coefficient of the OC voltage and
kv oc 1s the parameter of OC voltage correction with S.

For obtaining the kg, and kg, coefficients, the P-V curves
are built for each kg, and kg, changing from 0 to 10 %/°C
with a step of 0.1 %/°C. Thus, using all available temperature
conditions in the datasheet with constant irradiance, the coeffi-
cients krs and kg, related to the lowest mean value of MAEP
are chosen.

The coefficients yrs and g, are determined after I?, and
IR, being obtained through complete scans at different irra-
diance and the same temperature. This process is similar to
that described in Figure 2. Thus, a curve-fitting algorithm is
carried with all the best values of R and R,, determining an
adjusted value for the coefficients.

V. COMPARISON RESULTS

Some techniques in literature are implemented for compar-
ison by using MATLAB. Two results are shown in this sec-
tion. The first case is for the datasheet curves, obtained by a
curve extractor algorithm developed in MATLAB through im-
age processing, and the second one is for experimental curves,
obtained through a curve extractor prototype, that include irra-
diance and temperature sensors together with accurate voltage
and current probes to measure the output voltage and current
during charging/discharging capacitors.

A. PV Module KC200GT - Datasheet Curves

Table I shows the comparison results obtained for the mod-
ule KC200GT, a multicrystal PV module from Kyocera. The
results of all parameters were estimated at the reference con-
dition, defined as Sy = 1000 W/m? and T,..; = 25°C.

The remaining parameters found for the proposed method:
Rsreri = 013m& Ry per2 = 0.126m8); kps =
0.3%/°C; krp = 04%/°C; vrs = 1.28; yrp = 1.57. As
can be seen in Table I, the proposed model did not obtain the
best result in the reference condition, presenting the second
lowest value of M AFE P among the simulated techniques.

However, as can be seen in Table I and in the Figures 3 and
4,the proposed model present the best performance for seven



TABLE I: Estimation techniques comparison for module

TABLE II: Estimation techniques comparison for module

KC200GT GBR255
Parameter Techiniques* Parameter Techiniques*
A B C D A B C D
Ay 1 1 1 1 Ay 1.8 1 1 1
Ay - 2 2 1.7 Ay - 2 2 1.8
Rs (mQ) 0.256 0.268 0.262 0.256 Rs (mQ) 0.43 0.75 0.76 0.43
R, () 149.94 201.52 312.72 139.68 R, () 123x10* 138 170.2 )
I, (A) 8.19 8.19 8.19 8.2 I, (A) 8.82 8.82 8.86 8.82
Io1 (A) 34x10710 35x1071° 32x10710 34x1071° Io1 (A) 6.86x10~° 562x107° 52x107°7  2.08x10~ 2
Ipo (A) - 35x107 1Y 343%x107% 632x107° T2 (A) - 5.62x107°%  1.22x107° 6.86x10~°
MAEP,.;(W) 0.40 0.92 0.93 0.44 MAEP,.;(W) 1.57 7 6 1.57
MAEP,, (W) 0.67 1.03 1.79 0.49 MAEP,,(W) 2.26 8 11 2.11

Techiques*: A - Total Scan [10], B - Ishaque [6], C - Hejri [5], D - Proposal.
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Fig. 3. Comparison between the proposed technique and datasheet
curves for module KC200GT at different irradiances, 25 °C.
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Fig. 4. Comparison between the proposed technique and datasheet
curves for module KC200GT at different temperatures, 1000 W/m?.

curves at different temperature and irradiance conditions, pre-
senting o lowest value of M AEP,,, .

Techiques*: A - Total Scan [10], B - Ishaque [6], C - Hejri [5], D - Proposal.
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Fig. 5. Comparison between the proposed technique and the
experimental curves for the module GBR255 at different irradiances
and temperatures.

B. PV Module GBR255 - Experimental Curves

Table II shows the comparison results obtained for the mod-
ule GBR255, a poly crystalline PV module from Globo Brasil.
All parameters were estimated at the reference condition, de-
fined as Syey = 970 W/m? and T = 54°C.

The remaining parameters found for the proposed method:
Rerer1 = 0.157TmME Ry yepr = 0.273m8); kre =
15%/°C; yrs = 2.17. As can be seen in Table II and Figure
5, the proposed model obtained the best result of M AEP at
the reference condition and the lowest M AEP,,, for the four
curves at different temperature and irradiance conditions from
each PV module.

VI. CONCLUSION

This paper proposes an accurate parameter estimation tech-
nique for the double-diode model. This new approach pre-
sented superior results when compared with well-known tech-
niques, showing that the proposed total scan is effective in em-



ulating the physical behavior of modules, particularly useful
in fault diagnosis and predictive and corrective maintenance
of photovoltaic systems.
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