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Abstract: Many diode-based equivalent circuits for simulating the electrical behaviour of
photovoltaic (PV) cells and panels are reported in the scientific literature. Two-diode equivalent
circuits, which require more complex procedures to calculate the seven model parameters, are less
numerous. The model parameters are generally calculated using the data extracted from the
datasheets issued by the PV panel manufactures and adopting simplifying hypotheses and
numerical solving techniques. A criterion for rating both the usability and accuracy of two-diode
models is proposed in this paper with the aim of supporting researchers and designers, working in
the area of PV systems, to select and use a model that may be fit for purpose. The criterion adopts a
three-level rating scale that considers the ease of finding the data used by the analytical procedure,
the simplicity of the mathematical tools needed to perform calculations and the accuracy achieved
in calculating the current and power. The analytical procedures, the simplifying hypotheses and
the operative steps to calculate the parameters of the most famous two-diode equivalent circuits are
exhaustively described in this paper. The accuracy of the models is tested by comparing the
characteristics issued by the PV panel manufacturers with the current-voltage (I-V) curves, at
constant solar irradiance and/or cell temperature, calculated with the analysed models with. The
results of the study show that the two-diode models recently proposed reach accuracies that are
comparable with the values derived from the one-diode models.

Keywords: photovoltaic modules; two-diode equivalent circuit; I-V characteristics; solar energy

1. Introduction

Numerous analytical procedures for determining the model parameters of one and two diode
equivalent circuits have been proposed [1-45]. These models use a set of analytical relations derived
from the performance data, usually provided by manufacturers, and arranged in an equation system
whose solution is often made easier through the adoption of some simplifying hypotheses and/or
iterative methods. Some authors have also faced the problem of the identification of the model
parameters by means of alternative methods such as genetic algorithms, cluster analysis, Pade
approximants, harmony search-based algorithms, Lambert W-function, reduced forms, evolutionary
algorithms, artificial neural networks and small perturbations around the operating point [46-59].

The paper is organised along the lines of a previous study regarding simplified one-diode
models for photovoltaic (PV) modules [60]. The analytical procedures to extract the two-diode
equivalent circuit parameters and the hypotheses assumed to simplify the mathematical
computations are described. In order to verify the effectiveness and accuracy of the analysed
models, the I-V characteristics calculated with the proposed procedures, are compared to the
performance curves issued by the manufacturers of some silicon PV modules. The paper is
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organised as follows: Section 2 presents the seven-parameter two-diode model and the effects of the
diode saturation currents, series and shunt resistances, on the shape of the I-V curves. The most
famous two-diode models are described in Section 3, along with the hypotheses adopted and the
operative steps to obtain the model parameters. In Section 4 the analysed two-diode models are used
to calculate the I-V characteristics of some PV modules and the results of the comparison with the
performance curves issued by manufacturers are presented. The detailed descriptions of the
mathematical procedures used to get the explicit or implicit expressions necessary to evaluate the
model parameters are listed in the Appendix A.

2. The Two-Diode Equivalent Circuit

In the two-diode model, which is depicted in Figure 1, a second diode is added to consider the
effect of the carrier recombination in the depletion region. The equivalent circuit contains seven
parameters, which are photocurrent Ii, diode reverse saturation currents lo1 and I, series resistance
Rs, shunt resistance R«, and diode quality factors n1 = aiNek/q and n2 = a2Nesk/q in which a1 and a2 are
the diode shape factors, N is the number of cells of the panel that are connected in series, g is the
electron charge (1.602 x 101 C) and k is the Boltzmann constant (1.381 x 10-2 J/K).
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Figure 1. Two-diode equivalent circuit for a PV panel.

The two-diode model is described by the well-known equation:

V+IR V+IR,
o v V +IR,
I=IL—IOI(e " —1J—102(e ! —1} (1)

R

sh

where, following the traditional theory, photocurrent I. depends on the solar irradiance and diode
currents lo1 and Iz are affected by the cell temperature. Due to the large number of parameters used,
the two-diode model is supposed to be fit to adequately represent any I-V characteristic, regardless
of the shape peculiarities due to the different production technology of the simulated PV panels.
Actually, because the production technology affects the shape of the I-V characteristics, crystalline
silicon and thin-film PV cells and modules have very different performance curves. As depicted in
Figure 2, in which the range-scaled I[-V characteristics at the standard rating conditions
(SRC)—irradiance Grs= 1000 W/m?, cell temperature Trs= 25 °C and average solar spectrum at AM
1.5—of some types of PV modules are compared, the crystalline PV modules show an I-V
characteristic with a very sharp bent, whereas the thin-film modules are generally characterized by
smoother I-V curves.



Energies 2017, 10, 564 3 0f 33

Range-scaled /-V characteristics at SRC
1.0

e
®
L

g
o

Range-scaled current i =11,

0.4 -
. v\
0.2 Kyocera KC175GHT-2 - Poylcrystalline \
1 — —EPV Solar EPV-42 - Amorphous \}
= = = Universe Solar Uisolar PVL-128 - Triple junction &
0.0 T T T T 1
0.0 0.6 0.4 0.6 0.8 1.0

Range-scaled voltage v=V/¥, ..,

Figure 2. Range-scaled I-V characteristics of crystalline and thin-film PV panels at the SRC.

Different techniques are used to make crystalline and thin-film PV modules. Mono-crystalline
and polycrystalline PV cells are made of wafers sawed from silicon ingots obtained by means of a
method of crystal growth or from molten silicon, which is carefully cooled and solidified.
Conversely, the material of thin-film PV modules is deposited onto a substrate, or onto previously
deposited layers, by means of various chemical and/or physical methods. The slopes of the I-V
curves of Figure 2 near the open circuit point (0, 1) confirm the fact that the high quality silicon slabs
of polycrystalline modules dissipate less energy than the materials used to make amorphous or
triple junction PV panels. The values of Rs, Rs, 111, n2, o1 and Iz variously affect the I-V characteristic
of the PV panel [61]. The series and shunt resistances, whose effects are shown in Figures 3 and 4,
take account of dissipative phenomena and parasitic currents within the PV panel.
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Figure 3. Effects of the series resistance on the I-V characteristic.



Energies 2017, 10, 564 4 0f 33
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Figure 4. Effects of the shunt resistance on the I-V characteristic.

The series resistance impacts the shape of the I-V characteristic close and beyond the maximum
power point (MPP), which is approximately set on the “knee” of the curve; the shunt resistance
modifies the I-V curve for values of the voltage that are smaller than the MPP voltage. As depicted in
Figure 5, the presence of the second diode saturation current modifies the curvature of the I-V
characteristic close the MPP.

I-V Characteristic
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Figure 5. Effects of the saturation currents on the I-V characteristic.

At a constant value of the solar irradiance, the position of the MPP is lowered if Rs is increased,
Rsn is reduced and Io2 is much greater than loi. As a consequence, a small value of the filling factor is
reached. Such a peculiarity characterizes thin-film PV modules that, for this reason, usually result
less energy efficient than the crystalline silicon PV panels.

The parameters of the two-diode models are generally calculated using the following data
which are usually available in the manufacturer datasheets:

e  open circuit voltage Vers and short circuit current Lcrr at the standard reporting conditions
(SRC);

e  voltage Vi and current Lmps at the MPP at the SRC;

e  open circuit voltage temperature coefficient uv.c and short circuit current temperature coefficient

[Lll,sc.
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Some procedures also require the number of series connected PV cells, or the derivative of the
I-V curve calculated at the short circuit and open circuit points. Due to the presence of current [ in
both terms of transcendent Equation (1), exact mathematical methods cannot be used to solve the
seven-equation system, which is necessary to calculate the model parameters. Both approximate
forms of the equations and numerical solving techniques have been used to solve the problem.

3. Usability of the Two-Diode Models

Some procedures to calculate the parameters of the two-diode model have been proposed.
Early models for PV cells and panels, which were presented by Chan et al. [40], Enebish et al. [41]
and Hovinen [42], were conceived to calculate the [-V characteristic at certain values of solar
irradiance and cell temperature, which can be the SRC or any others. Some models, able to give a
complete representation of the performance curves for any condition different from the SRC, were
proposed by Ishaque et al. [43], Gupta et al. [44] and Hejri et al. [45]. Such recent models face the
complex problem of the analytical solution of the involved equations by assuming some simplifying
hypotheses and/or reducing the number of independent parameters.

3.1. Chan and Phang Model

Chan et al. [40] used Equation (1) to represent the I-V characteristic of a PV solar cell at the SRC.
To make the calculated curve coincide with an experimental characteristic, the following
information was considered:

(1) shape factorai=1;

(2) shape factor a2=2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vicry);

(5) MPP (I =Inpre; V = Viuprep);

(6) derivative of current at the short circuit point (0I/0V = —1/Rsio at I = Iicre; V' =0);
(7) derivative of current at the open circuit point (0//0V = -1/Rs at [ = 0; V = Vicref).

In order to simplify the evaluation of the model parameters, the following hypotheses are
assumed:

Vu(' Jref 15(’ .r(ff'RX Vu(' Jref 1‘3'(' .r(ff'RX 2
nT,, nT,, 2nT,, 2nT,,
e >>e 7, e >>e ", R,>R, R, >R 2)
I Lsc rer Ry 1 I Lc ror Rs 1
0l,ref nT,., 02,ref 2nT,,,
— € <<— > ., € << > [sc,re/ Rs << Voc,ref (3)
nT, R 2nT

ref

sho ref sho

Moreover, as described in the Appendix A, some exponential terms containing the parameter Rs
are substituted with their respective power series. Using the first two terms, or the first three terms,
of the power series, the equation that describes the derivative of current at the open circuit point can
be approximated with a quadratic form, or a cubic form, respectively. Depending on the use of the
quadratic or cubic form, two models were presented, which in this paper are named Chan et al. n.1
and Chan et al. n.2 models, respectively. The model parameters can be calculated with the explicit
equations listed in the Appendix A. A new set of model parameters should be calculated for any
generic value of solar irradiance and/or cell temperature.

3.2. Enebish, Agchbayar, Dorjkhand, Baatar and Ylemj Model

The determination of a solar cell characteristic at the SRC was presented by Enebish et al. [41]
who proposed a double diode model based on the following information:

(1) shape factora1=1;
(2) shape factor a2=2;
(3) short circuit point (I = Licre;; V =0);



Energies 2017, 10, 564 6 of 33

(4) open circuit point (I =0; V = Vicry);

(5) derivative of current at the short circuit point (0I/0V = —1/Rsh at I = Isere; V' =0);
(6) derivative of current at the open circuit point (0I/0V =-1/Rs at [ =0; V = Vocrep);
(7) derivative of power at the MPP (0(VI)/0V = 0; V = Vinp.re).

The above information is used to write an equation system that is solved using the
Newton-Raphson technique. Because the convergence of the procedure strongly depends on the
initial values of Iy, lovre, lozre, Rs, and Rs, the use of some relations described in the appendix was
suggested. The model was only used to calculate the I-V characteristics at the SRC.

3.3. Hovinen Model

Hovinen [42] used the following information to calculate the parameters of the two-diode
equivalent circuit:

(1) shape factora1=1;

(2) shape factor a2=2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vicry);

(5) MPP (I =Inpref; V= Vinpref);

(6) derivative of current at the short circuit point (01/0V = ~1/Rsho at I = Lcrer; V = 0);
(7) derivative of power at the MPP (OP/0V = 0; V = Viup,r).

As described in the Appendix A, from the information used, parameters loiryf, lozre, Rsi, and Irrs
can be calculated by means of an iterative procedure. Hovinen did not use the model to calculate the
I-V characteristics for values of solar irradiance and cell temperature different from the SRC.

3.4. Ishaque, Salam and Taheri Model

An improved modelling approach for the two-diode model was proposed by Ishaque et al. [43].
The model is based on the following information:

(1) shape factora1=1;

(2) shape factor a2>1.2;

(3) diode current lo2 = Io1 = Io;

(4) short circuit point (I = Licre;; V =0);
(5) open circuit point (I =0; V = Vicry);
(6) MPP (I=Inpref; V= Vinpref);

(7) maximum power (P = Pup,r).

Assuming the hypotheses:

1 sc,ref Rs I sc,ref Rs ] R
nT,, (p-DnT,, ,
e " =1, " =], L AR 4)

R

sh

In which n = aiNek/q and p = a1 + a2, photocurrent I1-f at the SRC and shunt resistance Rs: can be
calculated with the iterative procedure described in the Appendix A.

3.5. Gupta, Tiwari, Fozdar and Chandna Model

Gupta et al. [44] based on the following information the analytical procedure to calculate the
parameters of a two-diode model of photovoltaic modules suitable for the use in simulation studies:

(1) shape factorm=1;

(2) shape factora2=1;

(3) shunt resistance Rsi = oo;

(4) fixed value of series resistance Rs;
(5) short circuit point (I = Licre;; V =0);
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(6) MPP (I = Imp,ref; V= Vmp/ref).
The two-diode equation is transformed in the following form:

4
v,

1|14 K,) ®)

=1

sc,ref

1-K,|e®

in which coefficients Ki, K2 and Ks are calculated with the equations listed in the Appendix A.

3.6. Hejri, Mokhtari, Azizian, Ghandhari and Soder Model

Hejri et al. [45] proposed a procedure for the extraction of the parameters of the two-diode
equivalent model. A set of approximate analytical solutions for the model parameters, which can be
used as initial conditions for the numerical solutions based on the Newton-Raphson method, were
also proposed. The model is based on the following information:

(1) shape factora1=1;

(2) shape factor a2=2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vicry);

(5) MPP (I=Inpref; V= Vinpref);

(6) derivative of current at the short circuit point (01/0V = ~1/Rsho at I = Lcrer; V = 0);
(7) derivative of power at the MPP (OP/0V = 0; V = Viup,r).

Adopting the following hypotheses:

Ve rer Lo rer Ry Ve ref Lo rer Ry
e T,y o> e T, ’ eznr,ef S e 2nT,,, (6)
I, . oLt I
W o M cc— ) B R <<R, 7)
n T;ef sho 2 n T;ef sho ' '

the model parameters are expressed the equations listed in the appendix, which are solved with the
Newton-Raphson method.

3.7. Summary of the Information Used by the Models

In order to better appreciate the analogies and differences between the various models, the sets
of information, hypotheses and solving techniques, on which the analysed procedures are based, are
summarised in in Table 1.

Table 1. Summary of the information and solving techniques used by the analysed models.

Information Used for Calculation Solving Techniques
Model SCP OCP MPP DSCP DOCP DMPP Max. Fixed Tt = Iz Fixed Simplif. Mathem.
Power aia: Rs Rsw Hypoth.  Tools
Chan & Phang X X X X X X X SC
Enebish et al. X X X X X X NRM
Hovinen X X X X X X P
Ishaque et al. X X X X X X X P
Gupta et al. X X X X SC
Hejri et al. X X X X X X X NRM

SCP: Short Circuit Point; OCP: Open Circuit Point; MPP: Maximum Power Point; DSCP: Derivative
of I at SCP; DOCP: Derivative of I at OCP; DMPP: Derivative of power at MPP; SC: Simple
Calculation; IP: Iterative Procedure; NRM: Newton-Raphson Method; Simplif. Hypoth.: Simplifying
Hypotheses; Mathem. Tools: Mathematical Tools.

Despite the fact that the same pieces of information are often shared, each model has a
particular capability to reproduce the I-V characteristics because of the different mathematical
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approaches used, which can be very simple or require the implementation of iterative routines and
the use of specific mathematical methods, are adopted.

4. Accuracy of the Simplified Two-Diode Models

The accuracy of the analysed two-diode models was verified using the various procedures to
calculate the I-V characteristics extracted from the manufacturer datasheets. For the sake of brevity,
only the [-V characteristics of two PV modules based on different production technologies were
used, although such an approach cannot be considered exhaustive because the results are
significantly affected by the particular shape of the considered I-V curves. In any case, the purpose of
this paper is not indicate the best or the worst among the analysed models, but only to evaluate the
range of predictable precision in order to calibrate the criterion. The performance data of the
simulated PV modules are listed in Table 2.

Table 2. Performance data of the simulated PV panels.

Voc,ref Isc,ref Vmp,ref Imp,ref Rso Rsho
Panel T e Ncs ,0¢ V/OC ,sc A/OC
P v @ v @ PO WO g (g
Kyocera ~ o -
KDriscriapgy POy 60 3690 891 2980 823 -133x107 535x10° 0493 1205
HIT-24
SanngDE A O HIT 60 4360 737 3550 677 -1.09x100 221x10° 0873 32046

To evaluate the differences between the calculated and the experimental data, numerous points
were extracted from the I-V characteristics issued by the manufacturers, considering both the
constant solar irradiance and the constant cell temperature curves. The graphical procedure
described in [26] was used to calculate Rsw and Rs, which correspond to the reciprocal of slopes of
the I-V curve in correspondence of the short circuit and open circuit. Tables 3 and 4 list the values of
the parameters obtained using the procedures of the analysed models.

Table 3. Model parameters of Kyocera KD245GH-4FB2 at the SRC.

Model I (A) Toiref (A) Tozref (A) n1 (V/K) n2 (V/K) R (Q) Ra (Q)
Chanetal. n.1 89105 29374x10710 8.6766 x10° 5.1723 x10° 1.0345x102 0.2982 120.2800
Chanetal.n.2 89107 3.2868 x 101 3.1907 x 106  5.1723 x 10 1.0345x 102 0.3083 120.2101
Enebish et al. 8.9335 3.5748 x1071° -1.1878 x10¢ 5.1723 x10° 1.0345x102 0.3163 120.1507

Hovinen 8.9334 3.5687 x 10710 -1.0926 x 10° 5.1723 x 103 1.0345x 102 0.3152 120.1540

Ishaque etal. 89304 3.6142x107° 3.6142x107° 51723 x10° 6.2067 x10° 0.2990 130.4742
Gupta et al. 89100 3.8684 x10°  1.0022x10° 9.2557x10° 9.2557 x103 0.2729 oo
Hejri et al. 8.9201 3.1573 x 10710 6.2900 x 10¢  5.1723 x 103 1.0345x 102 0.2819 247.5760
Table 4. Model parameters of Sanyo HIT-240 HDE4 at the SRC.

Model Inrer(A) Tot,rer (A) Tozref (A) n1(V/K) n2(V/K) Rs(Q) R (Q)
Chanetal.n.l  7.3699 2.3025x1072 21634x10% 5.1723x107% 1.0345x102 0.6102 3235.2782
Chanetal.n.2 73699 3.1880x 10712 9.4282x107 5.1723x10° 1.0345x102 0.6432 3218.6564
Enebishetal. 7.3716 4.2375x1072 -5.0268 x 107 5.1723x10% 1.0345x 102 0.6730 3194.7594

Hovinen 73703  7.6662 x 10713 42806 x10¢ 51723 x 103 1.0345x 102 0.1358 3224.3441
Ishaqueetal. 7.3986 3.8791x107> 3.8791x107"2 5.1723x10°% 6.2067 x 103 0.4720 121.8173
Gupta et al. 73700 2.8106 x10¢  7.2818 x10° 1.0831 x102 1.0831 x 102 0.3745 oo

Hejri et al. 73751 23069 x 1012 21033 x10° 51723 x10° 1.0345x102 0.3257 468.4439

The values of Tables 3 and 4 were used to calculate the I-V characteristics of the selected PV
panels. For the models of Chan et al., Enebish et al. and Hovinen only the I-V curves at the SRC,
which are depicted in Figures 6-9, were calculated because the authors did not suggest the way to
use their models for values of solar irradiance and cell temperature different from the SRC.
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Figure 6. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at T =25 °C
and the characteristics calculated by means of the Chan et al. models.
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Figure 7. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at T = 25 °C

and the characteristics calculated by means of the Enebish et al. and the Hovinen models.
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Figure 8. Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at T =25 °C and
the characteristics calculated by means of Chan et al. models.
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Figure 9. Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at T =25 °C and
the characteristics calculated by means of Enebish et al. and the Hovinen models.

The Enebish et al. model results very accurate for both Kyocera and Sanyo PV panels. The
Hovinen model, which is very accurate for the Kyocera PV module, shows a lack of precision for the
Sanyo PV panel. The Chan et al. models results less effective close the MPP of the simulated PV
modules. In Figures 10 and 11 the I-V curves evaluated at T = 25 °C using the models of Ishaque et
al., Gupta et al. and Hejri et al. are compared with the characteristics issued by manufacturers.
Figures 12 and 13 depict the I-V curves evaluated at G = 1000 W/m?2 and the characteristics issued by

manufacturers.
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Figure 10. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at T =25 °C
and the characteristics calculated by means of the Hejri et al., the Gupta et al. and the Ishaque et al.

models.
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Figure 11. Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at T = 25 °C
and the characteristics calculated by means of the Hejri et al., the Gupta et al. and the Ishaque et al.

models.
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Figure 12. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at G = 1000
W/m? and the characteristics calculated by means of the Hejri et al., the Gupta et al. and the Ishaque

et al. models.
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Figure 13. Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4at G = 1000
W/m? and the characteristics calculated by means of the Hejri et al., the Gupta et al. and the Ishaque

et al. models.
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As observed in Section 3, a value for Rs has to be fixed to use the Gupta et al. model. Because no
procedure was described by the authors, the needed value of Rs is defined imposing that the I-V
curve calculated at G = 200 W/m? and T = 25 °C contains the open circuit point extracted from the
datasheet characteristics for such values of solar irradiance and silicon temperature.

It can be generally observed in Figures 8-13 that the models result less accurate for values of
voltage greater than the MPP voltage. Moreover it seems that the analysed models are more precise
if they are used to evaluate the I-V characteristics of the Kyocera PV panel. This may be due to the
different shape of the issued I-V curves; actually, the I-V characteristics of the Sanyo PV module
show sharper “knees” close to the MPP. The Hejri et al. and the Ishaque et al. models adequately
reproduce the issued I-V characteristics of the Kyocera PV panel at the SRC, whereas they are less
effective for the Sanyo PV module; the curves calculated with the Gupta et al. model at the SRC are
rather different from the issued I-V characteristics. Such occurrences contrast with the fact that the
two-diode models should be particularly able to represent the I-V characteristics regardless the
shape of the simulated curves. In this regard, it must be highlighted that none of the analysed
models take full advantage of the seven independent parameters of the two-diode equivalent circuit.
It easy to verify that, if constant values for a1 and a2 are arbitrarily assumed, as was made by all the
analysed procedures, the number of independent parameters is reduced from seven to five.
Moreover, if it is set I,z = lo1, as it was proposed by Ishaque et al., the number of independent
parameters is further lowered to four. Only three independent parameters are used by the Gupta et
al. model, who set a fixed ratio of loz to In1 and neglected the shunt resistance. A lucky guess of the
values of a1 and a2, and the fact that the system of equations is solved without recourse to
mathematical simplifications, are probably the reasons why the Enebish et al. model better
reproduce the I-V characteristic of the simulated PV panels.

To quantify the accuracy of the analysed models, the mean absolute difference (MAD) for
current and power was calculated with the following expressions:

MAD(J) = % EN: I

J=1

8)

cale,j - iss,j

|4

iss,j= cale,j -

v

iss,joiss,j

MAD(P) =% i

J=1

©)

in which Vis; and Issj are the voltage and current of the j-th point extracted from the I-V
characteristics issued by manufacturers, I, is the value of the current calculated in correspondence
of Vissj and N is the number of extracted points. Moreover, in order to assess the range of dispersion
of the results, also the maximum difference (MD) for current and power was evaluated using the
following relations:

MD(I)=MAX|[ 1, ~1,,] (10)

MD(P)=MAX [V Lee; = Vi i s | (11)

iss,j ! cale,j

Tables 5 and 6, list the MAD(I)s and MAD(P)s for the Kyocera KD245GH-4FB2 and Sanyo
HIT-240 HDE4 PV panels.
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Table 5. Mean absolute current and power differences between the calculated and the issued I-V
characteristics at temperature T =25 °C.

Irradiance (W/m?)

200 400 600 800 1000

Ishaque et al. model 0.078 0.109 0.102 0.087  0.059

Current (A) Guptaetal. model 0.053 0.174 0.238 0.299  0.272
Hejrietal. model  0.068 0.125 0.122  0.127  0.067

Ishaque et al. model 2.103 3.298 3.206  2.824 1.931

Power (W)  Guptaetal. model 1.620 5.648 7.857 9.931 8.924
Hejri etal. model  2.074 3905 3.816 4.002 2.004

Ishaque et al. model 0.171 0.281 0.337 0297  0.228

Current (A) Guptaetal. model 0.080 0.224 0.343 0.375 0.376
Hejri et al. model  0.073 0.175 0.257  0.277  0.279

Ishaque et al. model 5.467 9.900 12.226 10.700 8.005

Power (W)  Guptaetal. model 2942 8614 13.477 14.897 14.892
Hejri etal. model ~ 2.590 6.580 9.838 10.669 10.747

PV Panel Absolute Mean Difference

Kyocera KD245GH-4FB2

Sanyo HIT-240 HDE4

Considering the solar irradiance variation, for the Kyocera PV panel the smallest MAD(I)s
range from 0.053 to 0.109 A; the smallest MAD(P)s vary from 1.620 to 3.298 W. For the Sanyo PV
module the smallest MAD(I)s vary between 0.073 and 0.277 A. The smallest MAD(P)s are in the
range from 2.590 to 10.669 W. The greatest MAD(I)s for the Kyocera PV panel vary from 0.078 to
0.299 A; the greatest MAD(P)s range from 2.103 to 9.931 W. For the Sanyo PV module the greatest
MAD(I)s are contained in the range from 0.171 to 0.376 A. The greatest MAD(P)s vary from 5.467 to
14.897 W.

Table 6. Mean absolute current and power differences between the calculated and the issued I-V
characteristics at irradiance G = 1000 W/m?2.

Temperature (°C)

25 50 75
Ishaque et al. model  0.059  0.085  0.124
Current (A)  Gupta et al. model 0.272 0.315 0.428
Hejri et al. model 0.067 0.338 0.669
Ishaque et al. model 1931  2.383  3.228
Power (W) Gupta et al. model 8.924 8.730 10.737
Hejri et al. model 2.004 9.979 19.517
Ishaque et al. model  0.228  0.193  0.143
Current (A)  Gupta et al. model 0376  0.366 0.369
Hejri et al. model 0.279 0.362 0.478
Ishaque et al. model  8.005  6.232  4.216
Power (W)  Guptaetal. model 14.892 13.513 12.655
Hejri et al. model ~ 10.747 13.195 16.587

PV Panel Absolute Mean Difference

Kyocera KD245GH-4FB2

Sanyo HIT-240 HDE4

At constant solar irradiance, the smallest MAD(I)s for the Kyocera PV panel range from 0.059 to
0.124 A MD(I)s; the smallest MAD(P)s vary from 1.931 to 3.383 W. For the Sanyo PV module the
smallest MAD(I)s vary between 0.143 and 0.228 A. The smallest MAD(P)s vary between 4.216 and
8.005 W. For the Kyocera PV module, the greatest MAD(I)s are contained in the range from 0.272 to
0.669 A. The greatest MAD(P)s vary between 8.924 and 19.517 W. The greatest MAD(I)s for the
Sanyo PV panel vary from 0.366 to 0.478 A. The greatest MAD(P)s range from 13.513 to 16.587 W. In
Tables 7 and 8 the values of the percentage ratio MD(I)/Im for the analysed panels, calculated
considering the I-V curves at a constant cell temperature of 25 °C, are listed.
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Table 7. Maximum current differences between the calculated and the issued I-V characteristics of
Kyocera KD245GH-4FB2, at temperature T =25 °C.

Irradiance (W/m?)

200 400 600 800 1000
Voltage (V) 26.5 33.0 33.0 325 36.6
Issued Current (A) 1.705 1.896 3.335 5.093  0.700
Calculated Current (A)  1.564 2.198 3.626 5387  0.467
MD(I)/Lnp,ref (%) -1.713 3.670 3.536 3.572 -2.831

Voltage (V) 329 345 350 34.9 35.0
Issued Current (A) 0.623 0.885 1.512 2587 3.557
Calculated Current (A)  0.732  1.396 2231 3.527 4.434
MDY/ Inp.ref (%) 1.324 6209 8.736 11.422 10.656

Voltage (V) 32.0 33.0 33.0 325 32.5
Issued Current (A) 0948 1.896 3.335 5093 6.596
Calculated Current (A) 1136  2.237 3.667 5427  6.787
MD(I)/Inp,ref (%) 2284 4156 4.034 4.058 2321

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model

Considering the I-V curves at constant temperature of the Kyocera PV panel, the smallest
percentage values of MD(I)/Inprs vary from 1.324% to 3.670% and the greatest are contained in the
range from 2.284% to 11.422%. The smallest percentage values of MD(I)/Imyrs for the Sanyo PV
module are in the range from 3.383% to 12.349%, the greatest vary between 4.919% and 18.035%.
Tables 9 and 10 list the values of the percentage ratio MD(I)/Imrs calculated for Kyocera
KD245GH-4FB2 and Sanyo HIT-240 HDE4 PV panels at a constant solar irradiance of 1000W/m?2.

Table 8. Maximum current differences between the calculated and the issued I-V characteristics of
Sanyo HIT-240 HDE4, at temperature T =25 °C.

Irradiance (W/m?)

200 400 600 800 1000

Voltage (V) 38.5 39.1 39.7 39.1 39.1
Issued Current (A) 0471 1187  1.819  3.350  4.529
Calculated Current (A) 0.804 1.897 2712 4130 5.103
MD(I)/Inpref (%) 4919 10487 13.191 11.521 8.479
Voltage (V) 38.3 39.8 40.2 40.9 40.6
Issued Current (A) 0.514  0.900 1.514 2.016 3.233
Calculated Current (A) 0.747 1.578 2.577 3217 4454
MD(I)/Inpref (%) 3.456 10.030 15.687 17.740 18.035
Voltage (V) 37.3 38.5 39.7 40.3 40.3
Issued Current (A) 0720 1414 1.819 2458 3485
Calculated Current (A) 0.949 1.979 2.654 3.336 4.368
MD(I)/Inpref (%) 3.383 8.360 12349 12969 13.043

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model

Table 9. Maximum current differences between the calculated and the issued I-V characteristics of
Kyocera KD245GH-4FB2, at irradiance G = 1000 W/m?.

Temperature (°C)
25 50 75

Voltage (V) 36.6 29.0 26.0
Issued Current (A) 0.700 6.515 5.950
Calculated Current (A) 0467 6.776  6.342
MD(I)/IanEf (%) -2.831 3.159 4.763

Voltage (V) 35.0 31.3 27.9
Issued Current (A) 3.557 3905 3.662
Calculated Current (A) 4434 5140 5242
MD(I)/Lnp,ref (%) 10.656 15.006 19.210

Voltage (V) 325 325 29.5
Issued Current (A) 6596  1.998 1.326
Calculated Current (A) 6.787 2.849  3.008
MD(I)/IanEf (%) 2.321 10.340 20.437

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model
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Table 10. Maximum current differences between the calculated and the issuedI-V characteristics of
Sanyo HIT-240 HDE4, at irradiance G = 1000 W/m?2.

Temperature (°C)
25 50 75
Voltage (V) 39.1 37.3 37.9
Issued Current (A) 4.529 3.810 0.438
Calculated Current (A) 5103  4.192  0.165
MDI)/Lnp,ref (%) 8.479  5.657 -4.047
Voltage (V) 40.6 38.2 35.5
Issued Current (A) 3233 2953  3.042
Calculated Current (A) 4454 4195  4.248
MDI)/Lnp,ref (%) 18.035 18.360 17.829
Voltage (V) 40.3 38.2 36.1
Issued Current (A) 3485 2981 2.366
Calculated Current (A)  4.368  3.993  3.543
MDI)/Lnp,ref (%) 13.043 14948 17.386

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model

The smallest percentage values of MD(I)/Imyrs for the Kyocera PV module at constant solar
irradiance range from 2.321% to 4.763%; the greatest percentage values of MD(I)Lyf vary between
10.656% and 20.437%. For the Sanyo PV panel the smallest percentage values of MD(I)/lup,f vary
from —4.047% to 8.479%; the greatest are contained in the range from 17.829% to 18.360%. Tables 11—
14 show the values of the percentage ratio MD(P)/Viup,reflmpref calculated for the analysed PV modules.

Table 11. Maximum power differences between the calculated and the issued I-V characteristics of
Kyocera KD245GH-4FB2, at temperature T =25 °C.

Irradiance (W/m?)

200 400 600 800 1000

Voltage (V) 32.5 33.0 33.0 32.5 36.6
Issued Power (W) 2534 6255 110.06 165.51 25.62
Calculated Power (W)  29.41 7253 119.65 175.06 17.10
MD(P)/Vinprelmprer (%) 1.660 4.064 3.912  3.893 —3.475

Voltage (V) 329 345 35.0 34.9 35.0
Issued Power (W) 20.52 30.50 52.87 90.25 124.50
Calculated Power (W) 2410 48.09 78.01 123.04 155.20
MD(P)/Vip,reflmnp,ref (%) 1462 7.176 10.253 13.368 12.518

Voltage (V) 32.0 33.0 33.0 33.5 32.5
Issued Power (W) 30.34 6255 110.06 141.51 214.37
Calculated Power (W) 36.35 73.83 121.00 152.52 220.59
MD(P)/Viupreflmpref (%) ~ 2.449 4598 4.461 4487  2.536

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model

Table 12. Maximum power differences between the calculated and the issued I-V characteristics of
Sanyo HIT-240 HDE4, at temperature T =25 °C.

Irradiance (W/m?)

200 400 600 800 1000

Voltage (V) 38.5 39.1 39.7 39.1 39.7
Issued Power (W) 18.13 4644 7226 131.07 159.62
Calculated Power (W) 3098 7421 107.75 161.58 182.29
MD(P)/Vup,reflmpref (%)~ 5.344 11.555 14.768 12.697 9.435

Voltage (V) 38.3 40.2 40.8 40.9 40.9
Issued Power (W) 19.69 29.77 4650 8244 119.63
Calculated Power (W)  28.65 5693 89.79 13154 169.56
MD(P)/Vmpreflmpref (%)~ 3.727  11.299 18.009 20.429 20.777

Voltage (V) 37.3 39.1 39.7 40.3 40.3
Issued Power (W) 26.89 4644 7226 99.14 140.56
Calculated Power (W) 3543 68.43 10546 13455 176.15
MD(P)/Vupreflmpref (%)~ 3.553 9,149  13.812 14.734 14.811

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model
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Table 13. Maximum power differences between the calculated and the issued I-V characteristics of
Kyocera KD245GH-4FB2, at irradiance G = 1000 W/m?.

Temperature (°C)
25 50 75
Voltage (V) 36.6 29.5 26.0
Issued Power (W) 25.62 17815 154.70
Calculated Power (W)  17.10 185.74 164.88
MD(P)/Vip,reflmpref (%) ~ —3.475  3.095  4.151
Voltage (V) 35.0 31.3 27.9
Issued Power (W) 124.50 12212 102.32
Calculated Power (W)  155.20 160.74 146.49
MD(P)/Vip,reflmpref (%) 12518 15.747 18.009
Voltage (V) 32.5 325 29.5
Issued Power (W) 214.37 6494 39.12
Calculated Power (W) 22059 92.60 88.74
MD(P)/Vinpreflmnp,ref (%) 2536 11.279 20.235

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model

Table 14. Maximum power differences between the calculated and the issued I-V characteristics of
Sanyo HIT-240 HDE4, at irradiance G = 1000 W/m?.

Temperature (°C)
25 50 75
Voltage (V) 39.7 37.3 37.9
Issued Power (W) 159.62 14218 16.62
Calculated Power (W) 18229 15645 6.24
MD(P)/Vinp,reflmp,ref (%) 9.435 5.940 -4.319
Voltage (V) 40.9 38.2 355
Issued Power (W) 119.63 112.78 107.85
Calculated Power (W)  169.56 160.25 150.64
MD(P)/Vmp,reflmpref (%)~ 20.777 19.751 17.803
Voltage (V) 40.3 38.2 36.1
Issued Power (W) 140.56 113.78 85.45
Calculated Power (W)  176.15 15240 127.97
MD(P)/Vinpreflnp,ref (%) 39.7 16.070 17.692

Parameters at the Maximum Difference Points

Ishaque et al. model

Gupta et al. model

Hejri et al. model

For the Kyocera PV panel, the smallest percentage values of MD(P)/Viup,reflmy.ref at constant cell
temperature vary from 1.462% to 4.064%. The greatest percentage values of MD(P)/Viupreflmp,rf are in
the range 2.449% to 13.368%. For the Sanyo PV module, the smallest percentage values of
MD(P)/Vup,reflmp,ref at constant temperature vary from 3.553% to 13.812%; the greatest range 5.344% to
20.777%.

Considering the MD(P)/Vipreflmp.ref at constant solar irradiance, the smallest percentage values
for the Kyocera PV panel range from 2.536% to 4.151%; the greatest vary between 12.518% and
20.235%. The smallest percentage values of MD(P)/Vup,reflm,ref for the Sanyo PV module are in the
range from —4.319% to 9.435%; the greatest vary from 17.803% to 20.777%. Tables 15 and 16 list the
percentage ratios of MAD(I) to the current at the issued MPP and of MAD(P) to the rated maximum
power. The average values of the ratios of MAD(I) to the current at the issued MPP, and of MAD(P)
to the rated maximum power, calculated for all I-V curves, are indicated in the last column.
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Table 15. Percentage ratio of MAD(I) to the rated current at the MPP.

17 of 33

I-V Characteristic MAD D)/ Lnp,ref (%)
PV Panel Irradiance (W/m?) 200 400 600 800 1000 1000 1000  Average
Temperature (°C) 25 25 25 25 25 50 75 Value
Kyocera Ishaque et al. model 095 132 124 106 072 1.03 151 1.12
KD245GH- Gupta et al. model 0.64 2.11 2.89 3.63 3.30 3.83 5.20 3.09
4FB2 Hejri et al. model 0.83 152 148 1.54 0.81 4.11 8.49 2.68
Sanyo Ishaque et al. model 253 415 498 439 337 285 211 3.48
HIT-240 Gupta et al. model 118 331 507 5.54 5.55 541 5.45 4.50
HDE4 Hejri et al. model 1.08 258 3.80 4.09 4.12 5.35 7.06 4.01
Table 16. Percentage ratio of MAD(P) to the rated maximum power.
I-V Characteristic MAD(P)/Viusp,ref Lnmp,rer (%)
PV Panel Irradiance (W/m?) 200 400 600 800 1000 1000 1000  Average
Temperature (°C) 25 25 25 25 25 50 75 Value
Kyocera Ishaque et al. model 086 134 131 115 079 097 132 111
KD245GH-4FB2 Gupta et al. model 0.66 230 320 405 364 356 438 3.11
Hejri et al. model 085 159 156 1.63 082 407 7.96 2.64
Ishaque et al. model 227 412 5.09 445 333 259 1.75 3.37
Sanygé{g%o Guptaetal. model 122 358 561 620 620 562 527 481
Hejri et al. model 1.08 274 409 444 447 549 6.90 4.17

For the Kyocera PV panel the smallest MAD(I)s range from 0.64% to 1.51% of the current at the
MPP; the greatest MAD(I)s vary from 0.95% to 8.49%. The smallest MAD(I)s for the Sanyo PV
module are in the range 1.08% to 4.09% of the current at the MPP; the greatest MAD(I)s range from
2.53% to 7.06%. The smallest MAD(P)s range from 0.66% to 1.34% of the rated maximum power for
the Kyocera PV panel; the greatest MAD(P)s vary from 0.86% to 7.96%. For the Sanyo PV module the
smallest MAD(P)s are in the range 1.08% to 4.44% of the rated maximum power; the greatest

MAD(P)s vary from 2.27% to 6.90%.

5. Rating of the Usability and Accuracy of the Simplified One-Diode Models

In order to rate the usability and accuracy of the analysed models, the criterion based on a
three-level rating scale described in [60] was adopted. The three-level rating scale takes into

consideration the following features:

e the ease of finding the performance data used by the analytical procedure;
e  the simplicity of the mathematical tools needed to perform calculations;

e  the accuracy achieved in calculating the current and power of the analysed PV modules.

The ease of finding the input data is assumed:

e high, when only tabular data are required;

¢  medium, when the data have to be extracted by reading the I-V characteristics;
¢ low, when the derivative of the I-V curves are required.

The simplicity of the used mathematical tools is considered:

. high, if only simple calculations are necessary;
e  medium, if an iterative procedure is used;

¢ low, when the analytical procedure requires the use of dedicated computational software.

Table 17 lists the average ratios of MAD(!) to the rated current at the MPP, and of MAD(P) to

the rated maximum power, extracted from Tables 15 and 16.
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Table 17. Average ratios of MAD(I) to the rated current at the MPP and of MAD(P) to the rated

maximum power.

Average MAD(I)/Imp,ref (0/0) Average MAD(P)/Vmp,rchmp,ref (o/o)
Sanyo Sanyo Global
Hode KDZIflgoGCI?-ZFBZ HIT-240 KDZIflgoGCI?-ZFBZ HIT-240 Aceuracy
HDE4 HDE4
Ishaque et al. 1.12 3.48 1.11 3.37 2.27
Gupta et al. 3.09 4.50 3.11 4.81 3.88
Hejri et al. 2.68 4.01 2.64 4.17 3.38

The global accuracy listed in Table 17, which is calculated averaging the accuracies evaluated
for the Kyocera and Sanyo PV panels, varies between 2.27% and 3.88%. Such range of variation was
divided in three equal intervals, which were used to qualitatively describe the accuracy of the
analysed models:

e  high, for values of the mean difference in the subrange 2.27% to 2.81%;
e  medium, for values of the mean difference in the subrange 2.81% to 3.34%;
e low, for values of the mean difference in the subrange 3.34% to 3.88%.

Table 18 lists the rating of the ease of finding data, simplicity of mathematical tools, and

accuracy in calculating the current and power, based on the three-level rating scale previously
described.

Table 18. Usability and accuracy ratings of the analysed one-diode models.

Model Ease of Data Finding Mathematical Simplicity Current and Power Accuracy

Ishaque et al. High Medium High
Gupta et al. High High Low
Hejri et al. Low Low Low

Excepting the Hejri et al. model, the models require data that are easy to be found. The Gupta et
al. model achieves a small accuracy and presents the greatest mathematical difficulties. The Ishaque
et al. model, which is very accurate and has a medium degree of mathematical difficulty, may be
considered the best option among the two-diode models.

In order to assess the suitability of adopting two-diode models instead of one-diode models, a
comparison with the performances of the best known diode-based models was carried out
considering the [-V characteristics of the same PV panels. Table 19 lists the usability and accuracy
ratings of the one-diode models ranked in [60,62] along with the ones of the two-diode models
analysed in the present paper. To make a consistent comparison, the accuracy was rated on the basis
of the smallest and the greatest mean differences calculated for all the analysed models. According
to such minimum and maximum values, the following accuracy subranges were defined:

e  high, for values of the mean difference in the subrange 0.53% to 1.91%;
e  medium, for values of the mean difference in the subrange 1.91% to 3.30%;
¢ low, for values of the mean difference in the subrange 3.30% to 4.68%.
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Table 19. Usability and accuracy ratings of the analysed one-diode based models.

Ease of Data Mathematical Current and
Model o S
Finding Simplicity Power Accuracy
Hadj Arab et al. Low High Medium
De Soto et al. Medium Low Medium
Sera et al. Low Medium Medium
Villalva et al. High Medium Medium
One-diode Lo Brano et al. Low Medium High
Seddaoui et al. Low High Medium
Siddique et al. High Medium Medium
Yetayew et al. Medium Low Medium
Orioli et al. High Medium High
Townsend n.1 High Low Medium
Townsend n.2 High High Medium
Duffie et al. Medium High Low
Simplified Xiao et al. High Medium Low
one-diode Ulapane et al. High Medium Medium
Saloux et al. High High Medium
Mahmoud et al. n.1 High Low Low
Averbukh et al. High Low Low
Mahmoud et al. n.2 High High Medium
Ishaque et al. High Medium Medium
Two-diode Gupta et al. High High Low
Hejri et al. Low Low Low

It can be observed that the analysed two-diode models reach values of the accuracy comparable
with the precision of the simplified one-diode models. Such result is not surprising because, as it was
previously pointed out, only a part of the seven parameters of the two-diode models are obtained
from the equations that describe the relevant proprieties of the I-V curves. Actually, the Hejri et al.
model is a five-parameter model because it arbitrarily sets the values of a1 and a2. The Ishaque et al.
model is a four-parameter model because it also fix Iz = loi. The Gupta et al. model is a
tree-parameter model because the values of a1, a2, Rs and Rs: are not obtained from calculations. As a
consequence, it is quite logical that such incomplete seven-parameter models do not surpass the
accuracy of the one-diode models.

No model achieves the highest ratings for all the considered features. For this reason the choice
of the best model requires a wise compromise between usability and accuracy. The Orioli et al.
model, the Townsend n.2 model, the Saloux et al. model and the Mahmoud et al. n.2 model have the
best global rating. The Orioli et al. model, which reaches a high precision, presents some
mathematical difficulties; conversely, the parameters of the Townsend n.2 model, the Saloux et al.
model and the Mahmoud et al. n.2 model can be easily calculated but these models are less precise.

6. Conclusions

In order to rate the usability of the two-diode models for PV cells and panels, the analytical
procedures to evaluate the model parameters and the hypotheses, which were adopted to simplify
calculations, were described in detail. Using the data extracted from the datasheets issued by the
manufactures of two different types of PV modules, the I-V curves at constant cell temperature and
solar irradiance were calculated by means of the analysed models. In order to test the model
accuracies, the calculated I-V curves were compared with the issued I-V characteristics. The
maximum difference and the mean absolute difference between the calculated values of current and
the numerous values of current extracted from the issued I-V characteristics were considered; also
the maximum difference and the mean absolute difference for the generated power were evaluated.

The achieved accuracy obviously depends on the used model and the considered I-V curve. For
the most effective two-diode equivalent circuits, the calculated current differences averagely vary
between 0.64% and 1.51% of the current at the MPP, for the poly-crystalline Kyocera KD245GH-4FB2
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PV panel. The values of the power difference averagely range from 0.66% to 1.34% of the rated
maximum power. For the Sanyo HIT-240 HDE4 PV module smaller accuracies were generally
observed. The current differences averagely vary from 1.08% to 4.09% of the current at the MPP. The
power accuracies averagely range from 1.08% and 4.44% of the rated maximum power. The
accuracies of the less effective models averagely reach 8.49% of the current at the MMP and 7.96% of
the rated maximum power for the Kyocera PV panel, whereas average differences of 7.06% of the
current at the MMP and of 6.90% of the rated maximum power were observed for the Sanyo PV
module.

It is not a trivial matter to identify the most usable and accurate model because no model
reaches the highest ratings for all the features considered by the adopted criterion. Among the
previously analysed models, the Ishaque et al. model is the most accurate and has a medium degree
of mathematical difficulty. If the model comparison is extended to the one-diode based models
ranked in [60,62], the best ratings among the simplified one-diode models are given to the Townsend
n.2 model, the Saloux et al. model and the Mahmoud et al. n.2 model, which present the same degree
of ease of data finding, mathematical simplicity and current and power accuracy; the Orioli et al.
model reaches the best rating among the five-parameter models. The analysed two-diode models do
not confirm their supposed capability to yield very accurate results. The lack of effectiveness is
probably due to the fact that the proposed analytical procedures arbitrarily fix some of the seven
parameters of the two-diode model with the consequence of wasting the opportunities given by the
presence of a wider number of model parameters.

Author Contributions: Aldo Orioli and Alessandra Di Gangi conceived and performed the criterion;
Vincenzo Franzitta and Aldo Orioli carried out the analysis between the characteristics of the PV modules and
the calculated current-voltage curves; Aldo Orioli and Alessandra Di Gangi wrote the paper.
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Appendix A

In this appendix the equations used by the various two-diode models to describe the physical
properties of PV panels are listed along with the analytical procedures adopted to get the explicit or
implicit expressions necessary to calculate the equivalent model parameters.

Appendix A.1. Chan and Phang Model
The following information is used:

(1) shape factorai=1;

(2) shape factor a2=2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vicry);

(5) MPP (I =Inpre; V = Viuprey);

(6) derivative of current at the short circuit point (0I/0V = —1/Rsi at I = Iicre; V' =0);

(7) derivative of current at the open circuit point (0I/0V =-1/Rsw at [ = 0; V = Vicrep);
that permits to write the following equations:

I

seref Rs

Le ref Ry

I__.R
_ nT,. 2nT,. sc,ref 7"
Isc,ref - IL,ref - IOl,ref e - 1 - 102,ref e - l - R (Al)
sh
VU(',I'(' VU(‘J'(‘
0 =7 I nT,.e_/j 1 I ZnTH,_: 1 VOC,FQf
=Ly ey Tdorer| € L= L | € —= (A2)

R

sh
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Viip ref +Lup rer Rs Vup rer Hmp rer Rs
s opstRe Lo g R A S
_ nT, 2nT,q mp ,ref mp,ref " s
Imp,re_ff - IL,ref - IOl,rc{f e -1 |- ]OZ,VQ/" e -1 |- R (A3)
sh
Lse e Rs Lsc o Rs
IOl,ref e nT., 02,ref e 2nT, + 1
aI _ nT’ref 2n71ref Rsh _ 1
ovl= LR LR TR (Ad)
I:IS(.R/ [0 Lref ”Tre/ 02,ref ZnTm,f 1 sho
1+R |~ o "l g 020, —
n Tre_f 2n Trc?f Rsh
v, - Ve r
oc.ref oc,ref
Loy ot 02 anl, 1
a V y:(;/ﬂt‘v/‘t’f I Voc,ref Vm',r'ef 1 R (A5)
- 0l,ref T, 02,ref _2nT, s0
1+ R | “0hrd oy 0 G20l g ©
n T'ref 2 n 71]6/‘ Rsh

in which n = Nek/q. Assuming the following hypotheses, the equations can be approximated in order
to simplify the evaluation of the model parameters:

Voc re Loe rer Ry Voe ref Lsc rer Ry A6
T, T, 2nT,, 2nT,,,
e >>e ", e >>e ™ . R,>>R., R, >R, (A6)
1 01,ref IS;;C-RS 1 1 02,ref I;n-’;fff 1
Te << ST e <<K—, L, R <<V, s (A7)
n ref sho n ref sho

Using Irrs from Equation (A2) and assuming the hypotheses in Equations (A6) and (A7),
Equations (A1)-(A5) can be rewritten as:

Voe,re Voe,rer %
nT, 2nT, oc,ref
ref ref 2 — A8
]Ol,refe +102,r€fe Iwef + R 0 (A8)
sh
Ve ref Voup ref Hmp ref Bs Voc ref Voup ref Hmp rer Bs _ V
nT,, nT,, 2nT,, 2nT,, oc,ref mp,ref
o f o f _ —
[01,)'ef + [02,re_3f € + R mpref O (A9)
sh
Rsh = Rsho (Alo)
7 Vo ref I Voe ref
01, Ty 02, 2nT,,
(R, —R,)| —=Le" + =L |-1=0 (A11)
nT,, 2nT,,

Extracting loirf and lozrf from Equations (A8) and (A9), and using Equation (A10), the following
expression, which only contains the unknown series resistance, can be obtained from Equation
(A11):

1 +

sc,ref _Imp,ref - R R - sc,ref + R _R
S0 s

sho

14 %4 nT Vi rersVocrer  Lmp.rer Ry
mp ,ref _ ( oc,ref I ref ] e nT,r e nT,.

sho

(A12)

_2 [ _ Voc,ref _ n]—'ref
sc,ref R RSO _ RS

sho

2nT,., e 2nT,,, O

J Vipret Vocrer  Lmp.rer Rs

In order to get the solution of Equation (A12), the exponential terms containing parameter Rs
can be substituted with their respective power series:
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Ly rer R 2 3
nly 1+ [Wlp,ref s i [mp,ref Rs n i [mp,ref Rs P (A13)
nt,, 2 nT,, 31 nT,
Lyp rer R 2 3
e 2nT,, =1+ [mp,refRs + i [mp,refRs n i [mp,refRs P (A14)
2nT,, 2N\ 2nT, 31\ 2nT,,

Using the first two terms of Equations (A13) and (A14), Equation (A12) can be approximated
with the following quadratic form:

a,R’+aR +a,=0 (A15)
whereas, if the first three terms of Equations (A13) and (A14) are used, a cubic form can be obtained:
b,R} +b,R + bR, +b,=0 (Al6)

Both Equations (A15) and (A16) can be easily solved by means of ordinary mathematical
methods because the involved coefficients a and b only contain known quantities. Diode currents
Ioiref and lozref can be calculated with the following equations obtained by solving Equations (A8) and
(A11):

Voc,ref
]Ol,ref = e - sc,ref + zn]:ﬁef € ”Tref/' (A17)
Rsho Rso - Rs
T Voc.rq'
n __ocref
_ oc.ref ref 20T,
lowy =\ Ly =5 "R _pg | (A18)
sho so Tt

The shunt resistance can be calculated with the following equation, obtained from Equation
(A4):

-1

I R I, mp ,ref Rs I R I, mp ,ref Rs
R, = 1 _ oty Lo B oty (A19)
Rsho - Rs nT;ef 2nT;ef
whereas photocurrent I.rfis calculated from Equations (A2):
Voe ref Voe ref V
_ nT,, 2nT, oc,ref
[L’mf = ]Ol,ref e " =1+ [Oz’ref e =1 |+ — (A20)

sh

Appendix A.2. Enebish, Agchbayar, Dorjkhand, Baatar and Ylemj Model
The model uses the following information:

(1) shape factorm=1;

(2) shape factor a2=2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vicry);

(5) derivative of current at the short circuit point (0I/0V = —1/Rsh at I = Isere; V' =0);
(6) derivative of current at the open circuit point (0I/0V =-1/Rs at [ =0; V = Vocrep);
(7) derivative of power at the MPP ((VI)/0V = 0; V = Viup,re).

The first six pieces of information are represented by Equations (A1), (A2), (A4) and (A5); the
information regarding the derivative of power at the MPP is described by the following equation:
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Viup ref T lmp rer Rs Viup et ¥ lmp rer R

1 1 1
01,ref nT, 02,ref 20T,
Vo | Sy~ Yot ¢ ‘R,
8(VI) nLy ne,. sh
aV IVfIVntp,rff T Smpref T I Viip rer Homp rer Rs I Viup rer mp res Rs =0 (A21)
=Ly ref 1+ R, 0lref_, Ty 4t 20T, +
nT, 2nT,, R,

in which n = Nesk/g. The equation system is solved with the Newton-Raphson technique. Because the
convergence of the procedure strongly depends on the initial values of Ivry, Ioiry, Iz ref, Rs, and Rsi, the
following relations are used to begin the evaluation of the model parameters:

Iyver = Loc e (A22)
_ Vnc,ref
— L,ref nTref
Iy ==2T0 (A23)
] _Voc,ref
— L,l’eff 2}"Tref
1 02ref = ) e (A24)
12P, 12P 6V,
R =—————+—""43R, (A25)
1 ef c.ref ref
1 1 12P 41
— =7 10P, —— +IiMRm ——V“' d (A26)
sh oc,ref sc,ref ‘ oc,ref

in which Po and P1 are the areas under the I-V and the VI-V curves at the SRC, respectively.

Appendix A.3. Hovinen Model
The following information is used:

(1) shape factorai=1;

(2) shape factor a2=2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vcry);

(5) MPP (I = Inpref; V = Vinprep);

(6) derivative of current at the short circuit point (0I/0V = —1/Rsio at I = Iicre; V' =0);
(7) derivative of power at the MPP (0P/0V = 0; V = Viup,rep).

Using the following notation:

Voc.ref Voe ref Lo ror Ry Lsc rer By
nT, 2nT,,r nT,, 2nT,, A27
A=€ rej, B=¢ re/, C=e ref , D=¢ ref ( )
Viup rer Homp rer Ry Vip rer Hop rer Rs
nT, 2nT,,, A28
E=e " , G=e ! (A28)

in which n = N«k/q, Equations (A1)-(A4) and (A21), which represent the used information, can be
synthetically rewritten as:

1

seref T

IYC rej ‘Rs
IL,ref - IOl,re/' (C - 1) - IOZ,ref (D - 1) - ’—f (A29)

sh
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V
oc,ref
0=1,,; =1y, (A=1)=1y, (B-1)-—2 (A30)
sh
V +1/ R
— mp,ref mp,ref " s
]mp,ref - ]L,regf - 101,r¢f (E - 1) - 102,rc{f (G - ]') - r - (A31)
sh
]01refL+102refL B
ol B " nT,, " 2nT, R, 1
ovl= T == A32
a V ?:7[0:[ rof C D 1 Rsho ( )
' 1+Rs 101r6f7+[02ref7+7
, n]:'ef ’ 2”1‘6]' Rsh
E G 1
Vmp,ref ]Ol,ref + ]02,ref 27 +—
| _ nT,, nT, R,)
p) V=V oy mporef - =0 (A33)
V I=1, p;ef E G 1
" 1+Rv Olref7+102ref7+7
A 7 nTref B 2nTmf R,

Equations (A29) and (A31) can be solved in order to find the following expressions for diode
currents Ioi,f and loz,rer:

1
ol ,.———— v o+ R -V, +0(V,, =1 R )|=PBL,,,
I sc,ref Rsho _ RS |:IB( mp ,ref mp,ref = s r)L,rejf) ( oc,ref sc,ref T s ):| IB mp ref (A34)
01,ref %B _ 0{5
I 1 Voc ref - Isc ref'Rs [ [ A
of — — — or — 01y, 35
02,ref ﬂ Rsho _ RS sc,ref 01,ref ( )
in which it is:
V:)C ref - I sc,ref Rs
o=| 1+ L C-4 (A36)
n]—;’ef
I/oc ref - I sc,ref Rs
B=| 1+—=5 = D-B (A37)
2n]—;’ef
Vo o 1 R -V _ .
7: E _ A _ C mp ,ref mp,ref = s oc,ref (A38)
nz:fef
v +I1 R =V
§=G-B-D-twrd mwrd s ocrd (A39)
2nT,,

From Equation (A32) the following relation can be extracted:

1 1 I C L7 D
= 5 re T re N A40
Rsh Rsho _Rs ol nT;'ef i 2nT;'ef ( )
Using Equations (A30) and (A40), photocurrent I can be calculated with the following
equation:
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1

Lref —

1

0

V:)c,ref V:)c,ref I/oc,ref
Lref A-1- C +102M B-1- D |+ ‘R (A41)

h Tref h Treff

In order to calculate Rs, which is the only unknown parameter present in Equations (A34)-(A36)
and (A40), Equation (A31) can be rewritten in the following form:

V. E 1
1+| R+ e Y [ G +—[=0 (A42)
mpref Tref 2nTref R,

Parameters o ref, Ioz,rf, Rsi, and ILrfcan be calculated by means the following iterative procedure:

(1) aninitial value of Rsis assumed;

(2) loirsis calculated by Equation (A34);

(3) lozrsis calculated by Equation (A35);

(4) Rsnis calculated by Equation (A40);

(5) Irris calculated by Equation (A41);

(6) the iterative procedure is concluded if Equation (A42) is verified within a fixed accuracy;
otherwise, a new value of Rs is assumed and the procedure is repeated.

Appendix A.4. Ishaque, Salam and Taheri Model
The model uses the following information:

(1) shape factorm=1;

(2) shape factor a2 >1.2;

(3) diode current loz = Io1 = Io;

(4) short circuit point (I = Licre;; V =0);
(5) open circuit point (I =0; V = Vicry);
(6) MPP (I =lnpre; V = Viuprep);

(7) maximum power (P = Pup,ry).

Due to the first three pieces of information, Equation (1) is simplified in the following form:

V+IR, V+IR
: o V+IR

I=1,-I|e"™ +e" -2 |-—uw—s (A43)

R

sh
in which n = Nesk/q and p = a1 + a2. Assuming the hypotheses:
I sc,ref ’RA' I sc,ref'Rs

. ol I R

’ —1 K K
e =1, Ul 22 (Add)

Rsh

the photocurrent at the SRC can be calculated with following equation derived from the short circuit
condition:

I.s‘c,re/' = [L ref (A45)
Because in the MPP it is:
Vip ref lmp ref Rs Vip ref +mp re R 14 +7 R
_ T (p-)nT mp,ref mp,ref * s
Pmp,ref - Vmp,ref IL,ref - IO,ref e " te - 2 - (A4:6)

sh

where Py is the measured peak power, or the value issued on datasheet, resistance Rs: can be
calculated by means of the following equation:
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V +7 R

R _ mp ,ref mp,ref " s
sh Vi ret Hserer Ry Vi ref +se rer R P A47
[ _ [ e nT +e (p-1)nT _ 2 _ mp ref ( )
L,ref 0,ref

mpref

To consider the effects of solar irradiance G and silicon temperature T, the photocurrent is
evaluated with the following form proposed by Townsend [3]:

G

1,(G,T)= [1 v 1, (T-T, )]G— (A48)
ref

whereas, for the diode reverse current, the following equation is used:
[sc,ref + lul,sc (T - Tref )
Vo ref Y1y oc (T=Toer ) (A49)

(a;+ay)nT/p _1

IO(T):

e

In order to calculate the model parameters, an iterative procedure, similar to the procedure
described by Villalva et al. [9], is used. The idea is to match the calculated peak power and the
experimental peak power, which may be extracted from the manufacturer’s datasheets, by
iteratively increasing the value of Rs while simultaneously calculating the value of Rs.. The following
sequence of steps is adopted:

(1) fixed values of a1 and azare set to calculate n and p;

(2) aninitial values of Rs: is assumed;

(3) aninitial values of Rs is assumed;

(4) Iis calculated by Equation (A48);

(5) Iois calculated by Equation (A49);

(6) Rsnis calculated by Equation (A47):

(7) Equation (A43) is used in order to find the MPP and calculate the maximum power;

(8) the calculated maximum power is compared with the issued value of Pup,ref;

(9) the iterative procedure is concluded if the comparison is satisfied within a fixed accuracy;
otherwise, a new value of Rsis assumed and steps 4, 5, 6,7 and 8 are repeated.

The following initial values of the series and shunt resistances are suggested:

14 V Voprer

R :O, R — mp,ref _ oc,ref_
W=7 7 I (A50)

sc,ref - mp ,ref mp ,ref

The model uses Equations (A48) and (A49) to calculate the I-V characteristics for conditions
different from the SRC.

Appendix A.5. Gupta, Tiwari, Fozdar and Chandna Model
The following information is used:

(1) shape factorai=1;

(2) shape factora2=1;

(3) shunt resistance Rsi = oo;

(4) fixed value of series resistance Rs;
(5) short circuit point (I = Licre;; V =0);
(6) MPP (I = Lnpret V = Vipref).

Due to the first three pieces of information and ignoring the last term of Equation (1), which
corresponds to set Rsn = oo, Gupta et al. transformed the two-diode equation in the following form:
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1% 14
I=1,—I|e™™ —1|-KI,|e"" -1 (A51)
in which:
(V + IR ) (V + IR ) V
I,=K]I,, L= L= A52
. no nl T n2 T KZVoc,ref ( )

Considering that in short circuit point at the SRC, the exponential terms of Equation (A51) are
equal to one, it is:

Loer = Lscrer (A53)
Equation (A51) becomes:

4

1=K, | e = —1](1+K,) (A54)

I1=1

se,ref

in which lo1 = K3 Isery. Coefficient Ks can be extracted from Equation (A54) considering the piece of
information that refers to the MPP at the SRC:

1— Imp,r@f
K — [sc,ref
3 Vo (A55)
e 1 |(1+K,)

Under the open circuit conditions, Equation (A54) becomes:

1

0=1,,|1-K| e -1|(1+K,) (A56)

sc,ref

If Equation (A47) is substituted in Equation (A56), the following expression for K2 can be
obtained:

mp,ref -1
vV
K,=—7>"" (A57)

h’l 1_ Imp,rejf'
1

se,ref

For parameter Ki it is empirically assumed that:

2/5
K, = T (A58)
3.77

The evaluation of the model parameters requires the following simple steps:

(1) coefficient K1 is calculated by Equation (59);
(2) coefficient Kz is calculated by Equation (58);
(3) coefficient Ks is calculated by Equation (56).

The effects of the cell temperature and solar radiation were included by adding the following
corrections to the values of [ and V in Equation (A54):
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Al =#1,scGi(T -1, )+ 211, (A59)
ref ref
AV =, (T-T, )= RAI (A60)

In order to use Equation (A60), a value of Rs is needed; unfortunately, no information was
provided by the authors about the way to fix the value of the series resistance.

Appendix A.6. Hejri, Mokhtari, Azizian, Ghandhari and Soder Model
The model uses the following information:

(1) shape factorai=1;

(2) shape factor a2 =2;

(3) short circuit point (I = Licre;; V =0);

(4) open circuit point (I =0; V = Vicry);

(5) MPP (I =Imprer V = Viuprep);

(6) derivative of current at the short circuit point (0I/0V = —1/Rsi at I = Iscre; V' =0);
(7) derivative of power at the MPP (0P/QV = 0; V = Vinp,rep).

The used information is described by Equations (A1l)—(A4) and (A21). From Equation (A2),
which refers to the open circuit condition, the following expression can be derived:

v

oc,ref

nT,

=1+

Voe.ref
2nT, oc,re,
o2 _ |4 Locrer

I 02,ref R

L,ref = IOl,ref (A61)

sh

in which n = Nek/q. Equation (A61) can be substituted in Equations (Al) and (A3), which represent
the short circuit point and the MPP conditions, respectively:

Voc,re_/' I Sc,r@/'Rs Vuc,r(g/ I sc,ref” Rs
nT, nT,, 2nT,, 2nT,, ocref  LscyreftVs
_— ref ref ref ref »'€ 5T €
Isc,ref - IOl,ref e e +102,ref e e + R (A62)
sh
Voe ref Viup ref ¥ mp rer Ry Voe ref Viup ref ¥ mp rer Ry
nT, nT, 2nT, 2nT,
_ ref ref ref ref
Imp,rejf - IO],rqf € e + IOZ,ref +
(A63)
+ oc,ref - mp ,ref + Imp,refRs
Rsh
Assuming the following hypotheses:
Voe.ref Lse rer Ry Voc.ref Lse rer Ry A6l
nT,, nT,, 2nT,, 2nT,,
e " >>e Y, e >>e / (A64)
Equations (A62) and (A63) can be rewritten as:
v, . 1 R v, . 1 ‘R
oc ,ref sc,ref *ts oc,ref sc,ref "ts
e ot Lot Voo =R
nT,,, nT,,, 2nT,,, 2nT,,, oc,ref sc,ref T ts
of ¢ of of — _ 2
[Ol,rqf' e e + [02,ref e e - [sc,ref R (A65)

sh
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-+ R

Voe ref Vip ref T mp rer Bs Voe ref Vip ref T mp rer Rs R
nly Ty 21T,y 2nT,y — s
Lo, € -e + 1o, | € —-e =1, 1+—R +
sh
’ (A66)
_ oc,ref - mp ref
Rsh
and solved with respect to the unknown variables loi,ref and lozref :
_ Vo(‘,re/ _ Vmp,ref+1mp,re/'Rs
Me 2nT,r — Ne 2nT,r
IOl’ref = Var,re/' Vmp,rq/ +[mp,rq/ Rs (A67)
e2nTn,f —e 2nT,,
_ Voc,ref _ Vmp,re/""[mp,ref'Rs
Me " —Ne "
I = (A68)
02,ref _ Voc,r@f _ Vmp,"ef+1mp,r¢fR.s
2n T;'ej —e znTrej
where it is:
R V.
— N _ oc,ref
M =1+ ]sc,ref R (A69)
sh sh
R V. .
— s _ ___mp,ref
N - 1 + (Isc,ref' [mp,ref) (A7O)
sh Rsh

Equation (A4), which refers to the derivative of the current at the short circuit point, can be
rewritten in the following form:

I Lse rer Ry I Lse rer Ry 1
(Rgho _ Rv) 01,ref e nT, + 02,ref e 2nT,. + _ 1 — 0 (A71)
‘ A n Tref 2 n Tref' Rsh
Because it is usually:
L o R

Ji , M,}Lf‘ s 1 I , 1

Me n ref << 02: ef << , RS << RSh (A72)
n T;ef sho 2n ];’ef Rsho

from Equation (A71) one can conclude that Rsw = Rs: and Equation (A71) can be used in the form:

Ji Lse ror Ry I Lo ror Rs 1
ref T, ref 2nT,,,
(R, —R,)| —Lrd g "y 2rd o2l 4 | _1=0 (A73)
n ]—;ef 2 n Tref Rsh

that avoids the graphical extraction of parameter Rsw from the experimental I-V curve of the
analysed PV panel. Because the derivative of the current is:

V+IR, V+IR,
a[ —_(1+R a] j( 101 e nT + 102 e 2nT +LJ (A74)

v oV )\ nT onT R

sh

from the condition regarding the maximum power:
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d(P a(V1
aP) _ov) =1 _+V )ﬂf =0
I [ Varrs OV [ty o ot plren, (A75)

[:1mp.rs3/ ]zlmp‘reg/ lmp.ref

it can be extracted the following form:

a[ - _ Imp,ref
V=V re A76
a V [=Imp7re// Vmp ref ( )

that can be used in Equation (A74) to write the following equation:

f [ f ] V;np,ref +1, mp .rq'Rs ] Vmp Jref +1, mp,refo

B mp 1

A =|1-R 2 | e T Ll M (A77)
mp.ref Viprer \ 1T 2nT R,

Model parameters loirs, lozrf and ILrf are expressed the equations by Equations (A67), (A68) and
A(61) in which unknown resistances Rs and Rs: are present. To calculate the series and shunt
resistances, Equations (A73) and (A77) can be solved with the Newton-Raphson method.
Unfortunately, because of the very small terms loirf and lozr, the Newton—-Raphson method may not
converge for some PV modules. To overcome such a difficulty, Equations (A67) and (A68) are used
to eliminate lovrs and lozrns in Equations (A73) and (A77). To consider the dependence on the
temperature and irradiance the following relations are used:

G
IL (Ga T) = |:IL,ref +ﬂ1,sc (T_Tref ):|G_ (A78)
ref
r Y e
Iy (D)= Iy | —— | € T T (A79)
ref
> ag 11
1, (T)=1,,,. TT J o2 (T,-ef TJ (AS0)
ref
R(G)=R,,, (A81)
_ Gref
R, (G) —Rsh,m_,f? (A82)

where Rsrr and Ry are the series and shunt resistances, evaluated by solving Equations (A73) and
(A77) at the SRC, and ¢c is the bandgap energy of the material that for silicon cells is calculated with
the following equation:

£, =1.121[1-0.0002677(T - T,,,) | (A83)
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