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Abstract: In selecting a mathematical model for simulating physical behaviours, it is important to
reach an acceptable compromise between analytical complexity and achievable precision. With the
aim of helping researchers and designers working in the area of photovoltaic systems to make a choice
among the numerous diode-based models, a criterion for rating both the usability and accuracy of
one-diode models is proposed in this paper. A three-level rating scale, which 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, is used.
The proposed criterion is tested on some one-diode equivalent circuits whose analytical procedures,
hypotheses and equations are minutely reviewed along with the operative steps to calculate the
model parameters. To assess the achievable accuracy, the current-voltage (I-V) curves at constant
solar irradiance and/or cell temperature obtained from the analysed models are compared to the
characteristics issued by photovoltaic (PV) panel manufacturers and the differences of current and
power are calculated. The results of the study highlight that, even if the five parameter equivalent
circuits are suitable tools, different usability ratings and accuracies can be observed.

Keywords: photovoltaic modules; one-diode equivalent circuit; five-parameter model;, I-V
characteristics; solar energy

1. Introduction

In the field of photovoltaics, the diode-based equivalent circuits of photovoltaic (PV) cells and
modules have been widely used because they allow the designer to optimize the system performance
and maximize the effectiveness of the economic investment. The use of accurate models of the
electrical behaviour of PV modules, which is obviously important to implement simulation tools,
is also required to test the dynamic performances of the inverters equipped with the maximum
power point tracker (MPPT). In order to get results, which would be confirmed by experimental
measurements, the practical effectiveness of MPPT control algorithms was analysed using different
diode-based equivalent circuits [1-3]. It was observed that the study of the transient conditions, which
are quite common for an MPPT, requires very reliable equations describing the behaviour of the PV
array working far from the standard rating conditions [4].

Usability and accuracy, which have been already addressed by other authors [5], are important
features that have to be carefully considered before deciding the mathematical model to be adopted to
simulate the electrical behaviour of PV devices. The usability is mainly affected by the mathematical
difficulties, which may be encountered in performing calculations, and the unavailability of the
performance data used to evaluate the model parameters. Before starting working, it would be
preferable to have a clear idea about the need of specific performance data, which may be not available

Energies 2016, 9, 427; doi:10.3390/en9060427 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/journal/energies

Energies 2016, 9, 427 2 of 48

or difficult to extract from the issued datasheets, and the computation difficulties, which may require
the use of mathematical tools ranging from simple algorithms to complex methods implemented
in dedicated computational software. Also the accuracy is a relevant parameter, even though its
achievable level may significantly depend on the physical characteristics of the modelled PV devices.

To better understand the origin of the diode-based equivalent circuits used for modelling PV
devices it is useful to remember that, like a semiconductor diode, a PV cell consists of two layers
of semiconductor material, usually silicon, differently doped, that are electrically connected to two
metallic electrodes deposited on their outer surfaces. To better understand the origin of the diode-based
equivalent circuits used for modelling PV devices it is useful to remember that a PV cell is a diode
made with two layers of semiconductor material, usually silicon, differently doped, that are electrically
connected to two metallic electrodes deposited on their outer surfaces. It is well-known [2,6] that the
absorption of light in semiconductors can, under certain conditions, create an electric current due to the
capability of the absorbed photons of converting fixed electrons in freely moving conduction electrons.

A silicon PV cell shares with semiconductor electronic devices, such as diodes and transistors, the
same processing and manufacturing techniques used to create p-n junctions. An ideal PV cell behaves
like an illuminated semiconductor diode whose I-V characteristic was described by Shockley [7] with
the following equation:

qv_
I=1I1 -1 (erT — 1) (1)

where I and V are the current and voltage, I, is the photocurrent generated by illumination, Ij is the
reverse saturation current of the diode, g is the electron charge (1.602 x 10~!? C), k is the Boltzmann
constant (1.381 x 10723 J/K), T is the junction temperature and diode ideality factor y, in compliance
with the traditional theory of semiconductors [8], is 1 for germanium and approximately 2 for silicon.

Wolf [9] observed that in a PV cell the photocurrent is not generated by only one diode but it is the
global effect of the presence of a multitude of elementary flanked diodes that are uniformly distributed
throughout the surface that separates the two semiconductor slabs of the p-n junction. The assertion of
Wolf arises from a significant difference between diodes and PV cells: unlike semiconductor diodes,
the upper electrode of a PV cell is deposited with a discontinuous structure that embeds several metal
elements (fingers), whose shape and size are chosen with the aim of maximizing the absorbing surface
and minimizing the contact resistance between fingers and silicon. In a real diode the electrodes face
each other and the carriers of electricity flow through the silicon slabs following linear paths, which
are perpendicular to the junction. In contrast, into a PV cell, because of the discrete shape of the upper
electrode, the carriers of electricity follow curved paths toward the fingers that collect them (Figure 1).

(@) (b)

Figure 1. Schematic electrical charges flow paths (a) in a diode and (b) in a photovoltaic (PV) cell.

As a result of the unequal length of the current paths, the carriers of electricity flow
through different thicknesses of semiconductor and different electrical resistances are thus opposed.
As consequence, each elementary portion of the p-n junction has a different electrical behaviour and,
in turn, a different I-V characteristic. In order to get a realistic representation, a PV cell may be
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approximated with the distribute constants electric circuit of Figure 2, which contains a multitude of
elementary lumped components composed of a current generator and a diode. Numerous electrical
resistances take account of various dissipative effects. Major contributions to the internal series
resistance come from the sheet resistance of the p-layer, the bulk resistance of the n-layer and the
resistance between the semiconductor layers and the metallic contacts.

finger finger
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-layer RP Rp Rp Rp RD  o-laver
PR M-y w—E-2
ISVANIS IV WA SIS
n-layer n-layer
s U ——
Rn Rn Rn Rn Rn Rn
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Figure 2. Distributed constant equivalent circuit.

The elementary diodes are inter-connected by resistors R, and R;;, which represent the transverse
distributed resistances of p-layer and n-layer, respectively; resistors R, are included to consider the
contact resistance between the semiconductor and the fingers, or the back contact. Because such
equivalent circuit would be too complex to be used, simplified equivalent circuits, which contain one
or two diodes, a current generator and two resistors, were considered.

Many authors have proposed analytical procedures for determining the model parameters on
the basis of the performance data usually provided by manufactures [10-57]. The identification of
the parameters contained in the diode-based equivalent circuits has been also tackled exploring the
possibility of using different procedures such as Lambert W-function, evolutionary algorithms, Pade
approximants, genetic algorithms, cluster analysis, artificial neural networks, harmony search-based
algorithms and small perturbations around the operating point [58—-69]. One-diode and two-diode
models have been also used to describe the electrical behaviour of PV modules built with different
technologies, such as thin-film PV cells and panels [17,18,47,49,66,70-82].

Because of the amount of combinations that can be obtained by changing the used set of
performance data, the adopted hypotheses and the analytical procedures for evaluating the model
parameters, a great number of one-diode models have been reported in the scientific literature.
The selection of the model fit for purpose may be a difficult task, which cannot disregard some
important aspects, such as:

e the kind and availability of the performance data used by the model;

e thereliability of the hypotheses on which the model is based;

e the procedure followed to obtain the expressions used to calculate the model parameters;

e the mathematical methods, tools and/or computer routines required to solve the equation system;
e  the robustness and stability of the mathematical approach;

e the achievable precision of the model.

The features mentioned above affect the model effectiveness and change its usability rating and
accuracy level. The usability is a qualitative parameter, whereas the accuracy achievable by a model
requires a quantitative assessment. An aware choice of the one-diode model, which should be the
best compromise between analytical complexity and expected accuracy, would require the capability
of performing the complex synthesis of both qualitative and quantitative features. In order to help
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researchers and designers, working in the area of photovoltaic systems, to select the model fit for
purpose, the usability and accuracy of some of the most famous one-diode models are overviewed
and rated in this study. The paper is organised as follows: Section 2 presents the five-parameter
equivalent circuit. To assess the usability rating the analytical procedures of some one-diode models are
synthetically reviewed in Section 3 along with the used performance data, the required mathematical
tools and the operative steps to obtain the model parameters. In Section 4, the accuracy of the
tested one-diode models is evaluated by calculating the I-V characteristics of some PV modules and
comparing them with the performance curves issued by manufacturers. A criterion for rating the
usability and accuracy of the analysed one-diode models is presented in Section 5. Moreover, the
model, which represents the ideal compromise between the usability and accuracy is highlighted.
The appendix lists the detailed descriptions of the procedures used by the ranked models and the
explicit or implicit expressions necessary to evaluate the model parameters; such a review also contains
the sequence of operative steps to easily calculate the model parameters.

2. The One-Diode Equivalent Circuit

The one-diode equivalent circuit depicted in Figure 3 is characterized by five parameters, which
are photocurrent I, diode reverse saturation current I, series resistance R;, shunt resistance Ry, and
diode quality factor n = aNk/g, in which a is the shape factor, N is the number of cells of the panel
that are connected in series, ¢ is the electron charge (1.602 x 101 C) and k is the Boltzmann constant
(1.381 x 102 J/K).

T@ I, N, D R,, v

O

Figure 3. One-diode equivalent circuit for a PV panel.

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

: IR
I:IL—Io(e%—l)—L
Rgp

@)
where T is the cell temperature. Following the traditional theory, the photocurrent depends on the
solar irradiance and the diode reverse saturation current is affected by the cell temperature. The values
of R, Rgy,, n and Iy variously affect the [-V characteristic of the PV panel [83]. The series and shunt
resistances take account of dissipative phenomena and parasitic currents within the PV panel.

At a constant value of the solar irradiance, the internal dissipation of energy is reduced if the
series resistance is lowered and/or the shunt resistance is increased. As a consequence, the panel
becomes more efficient because the maximum power point (MPP) slides towards right and the I-V
curve becomes sharper. Thin-film PV cells and modules, which present significant values of Rs and R,
due to the use of materials that are more energy dissipative than the mono or poly crystalline silicon,
are usually characterized by smooth I-V curves.

The analytical procedures proposed to calculate the five-parameter model generally require the
following data, some of them are provided by the manufacturer datasheets:
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e open circuit voltage Vo and short circuit current I . at the standard rating conditions (SRC):
irradiance Gy, = 1000 W/ m?, cell temperature Tyr = 25 °C and average solar spectrum at AM 1.5;

e voltage Vy e and current I, ¢ in the MPP at the SRC;

e open circuit voltage temperature coefficient py, and short circuit current temperature
coefficient pyq;

e number N of series connected PV cells;

e the derivative of the I-V curve calculated at the maximum power, short circuit and open
circuit points.

Because of the presence of current I in both terms of transcendent Equation (2), the solution of
the five-equation system, which is necessary to calculate the model parameters, cannot be faced by
means of exact mathematical methods. For this reason, both numerical calculation techniques and
approximate forms of the equations were adopted.

3. Usability of the One-Diode Models

The models proposed by Hadj Arab et al. [24], De Soto et al. [25], Sera et al. [26], Villalva et al. [27],
Lo Brano et al. [29], Seddaoui et al. [35], Siddique et al. [49], Yetayew et al. [52] and Orioli et al. [44] were
selected in order to assess the effectiveness of the proposed criterion. The models are based on some
fundamental equations that, for the first time, Kennerud [84], Phang ef al. [85] and de Blas et al. [23]
described even more than 30 years ago. Unfortunately, such early models were not conceived to
allow a complete representation of the I-V characteristic for values of the solar irradiance and cell
temperature different from the SRC.

To assess the usability rating of a procedure, which may be significantly lowered by the difficulties
encountered in using it, it is necessary to explore the complete sequence of operative steps that permit
to reach the wished results. Some of the analysed procedures evaluate the model parameters on the
basis of similar information, but they adopt different simplifying hypotheses to solve the equations
and/or do not use the same relations to describe the dependence on the cell temperature and/or the
solar irradiance. A synthetic description of the used information, simplifying hypotheses and solving
techniques is contained in the following paragraphs; the analytical procedures to calculate the model
parameters are minutely described in the appendix.

3.1. Hadj Arab, Chenlo and Benghanem Model (Link 4)

The model Hadj Arab et al. [20] uses the following information:

short circuit point [I = Iy ,;; V = 0];

open circuit point [I = 0; V' = Vi yfl;

derivative of current at the short circuit point [01/0V = —1/Rgo at I = Iy e, V = 0;
derivative of current at the open circuit point [01/0V = —1/Rs at [ = 0; V = Vi ¢l
MPP [I = Ly refi V = Vip,refl;

Gl W N

and assumes the following hypotheses:

Voc,ref Isc,rej Rs I Vac,ref
e nTref >>¢ ”Tref no’l,rej;e nT,(,f > %h
re s
Isc,refRS (3)
IO,rff 1

”Tref 1 1
Rs << Ry ”Trefe << RS T R-K

The model parameters can be calculated using the explicit equations described in the appendix.

3.2. De Soto, Klein and Beckman Model (Link 5)

The model of De Soto et al. [25] is based on the following information:
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(1) short circuit point [I = Lsmrps V = 0];

(2) open circuit point [[ = 0; V = Vi fl;

() MPP [I= Ly reri V= Vi refl;

(4) derivative of power at the MPP [0P/0V = 0; V = Vi vl

(5) open circuit point with a cell temperature different from the SRC [I = 0; V' = Vi; G = Gpopy T # Tl

No simplifying hypothesis is assumed. To simultaneously solve the system of five equations
described in the appendix, De Soto et al. use a non-linear equation solver, such as Engineering
Equation Solver (EES) [86]. Laudani et al. proposed the use of closed forms to find the parameters of
the De Soto ef al. model [87].

3.3. Sera, Teodorescu and Rodriguez Model (Link 6)

The model proposed by Sera et al. [26] calculates the model parameters by means of
following information:

(1)  short circuit point [I = Iy V = 0];

(2) open circuit point [I = 0; V = Vi rfl;

() MPP [I =1Ly rer V = Vip refl;

(4) derivative of power at the MPP [0P/0V = 0; V =V, fl;

(5) derivative of current at the short circuit point [0I/0V = —1/Rgo at I = Iy rep; V = 0].

The following hypotheses are assumed:

Voc,ref Isc,ref Rs Vmp,ref Jrlmp/ref Rs
e"ref >>1 e "f >>1 e Mref >>1 4
Voc,ref ’sc,ref Rs ( )

e "Tref >>e "ref Rsh = Rsho

Due to the presence of implicit forms, the equation system is solved with the nine-step procedure
described in the appendix.

3.4. Villalva, Gazoli and Filho Model (Link 8)

Villalva et al. [27] propose a model based on the following information:

(1) short circuit point [I = I V = 0];
(2) open circuit point [[ = 0; V = Vi e |;
() MPP[I= Imp,ref/' V= Vmp,ref]r'

(4) maximum power [P = Py, fl;

(5) fixed shape factor [1 <a < 1.5].

The following hypotheses are assumed:

Isc,n'fRS V.
e T a1 %’{”Ef ~ 0 ®)
sh

and the nine-step iterative method described in the appendix is used to calculate the model parameters.

3.5. Lo Brano, Orioli, Ciulla and Di Gangi Model (Link 9)
The model Lo Brano et al. [29] uses the following information:
(1) short circuit point [I = I ., V = 0];

(2) open circuit point [I = 0; V = Vi refl;
(3) derivative of current at the short circuit point [01/JV = —1/Rgy at I = I o, V = 0];
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(4) derivative of current at the open circuit point [01/0V = —1/Rs at [ =0; V = Vi refl;
(5) MPP [I= Ly refi V = Viyp refl-

The model adopts a modified version of Equation (2):

aG[VHRI(T=Tyo )] +1R; o
I(G, T) = OCGIL(T) — IO(OCG/ T) e OLGnT _ 1)
(6)
oG [VAKI(T—Tyef)|+1R e
B Rsh,ref

where ag = G/Gref denotes the ratio between the generic solar irradiance and the solar irradiance at
the SRC and K is a thermal correction factor similar to the curve correction factor described by the
IEC891. Obviously, at the SRC, itis ag =1, T = Ty,y and Equation (6) becomes equal to the traditional
five-parameter Equation (2). Rs ref and Rgy, ref are the series and shunt resistances at the SRC, respectively.
Due to presence of term «a¢ in Equation (6), it is also assumed that the series and shunt resistance are
inversely affected by the solar irradiance:

R, Ry,
R(G) =~ RalG) = =7 )

No simplifying hypothesis is assumed and the model parameters are calculated by means of the
numerical iterative procedure, based on ten steps, described in the appendix.

3.6. Seddaoui, Rahmani, Kessal and Chauder Model (Link 10)
The Seddaoui et al. model [35] is based on the following information:

(1) short circuit point [I = I ., V = 0];

(2) open circuit point [I = 0; V = Vo refl;

(3) derivative of current at the short circuit point [01/0V = —1/Rg at I = Iy o, V = 0];
(4) derivative of current at the open circuit point [0]/0V = —1/Rso at I =0; V' = Vi el
(6) MPP [I=Lypreri V = Vi, refl-

The following hypotheses, also adopted by Phang et al. and Hadj Arab et al., are assumed:

Vuc,ref Isc,ref Rs Voc,ref

T, T, loref T 1
e"rf >>e "ref m@ ref >> i o
— ®
0,ref nT,, 1 1
Rs <<Rg 506 " <<Ry ~R-R
ref sh sho

The main difference with the Hadj Arab et al. model consists in a different way to calculate the I-V
characteristics for conditions far from the SRC. The model parameters are calculated using the explicit
equations described in the appendix.

3.7. Siddique, Xu and De Doncker Model (Link 11)
Siddique et al. [49] present a model that uses the following information:

(1) short circuit point [I = I ., V = 0];

(2) open circuit point [[ = 0; V = Vi efl;

(3) MPP[I= Imp,ref; V= Vmp,ref];

(4) derivative of power at the MPP [0P/0V =0 at 1= Ly e V = Vi refl;
(5) maximum power [P = Py, ]

No simplifying hypothesis is used and the model parameters are calculated solving some implicit
equations by means of the iterative procedure based on twelve steps described in the appendix.
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3.8. Yetayew and Jyothsna Model (Link 12)

Yetayew et al. [52] propose a model based on the following information:

(1) short circuit point [I = I 5 V = 0];

(2) open circuit point [[ = 0; V = Vi fl;

() MPP 1= 1Ly ref; V = Vip refl;

(4) 4thpoint AattheSRC[I=14,V=V,4with0<Vy < Vmp,mf] ;

(5) 5th point B at the SRC [I = Ip; V = Vg with Vi 1or < VB < Vi refl-

No simplifying hypothesis is assumed and the equation system described in the appendix is
solved by means of the Newton-Raphson method. It is known [88] that the Newton-Raphson technique
may result instable because of the wide range of variation of the model parameters. To overcome
such a difficulty, the definition of initial values of the model parameters, which should differ from the
correct values less than an order of magnitude, is required. Such a task, which is not easy, may make
difficult to use the Newton-Raphson method.

3.9. Orioli and Di Gangi Model (Link 13)

The model proposed by Orioli et al. [44] adopts the following information:

(1) short circuit point [I = I V = 0];

(2) open circuit point [[ = 0; V = Vi fl;

(3) derivative of current at the short circuit point [0I/0V = —1/Rg, at I = I e, V = 0];
(4) derivative of current at the open circuit point [0I/0V = —1/Rsp at1=0; V = Voc,ref] ;
(5) MPP [I=Lyp,refs V = Vi, efl-

and assumes the following hypotheses:

Isc,rej)‘:Rs,ref IO ref Isc,reﬁf:Rs,ref 1
e Mrf ~1 Rs,ref << Rsh,ref n% fe Mlyef << R href (9)
re sh,re
Vmp,ref + Imp,ref Rs,ref Vnc,ref
e "Tref >>1 e"ref >>1 (10)

To calculate the model parameters, the equations, which are based on the modified form used by
Lo Brano et al., are solved using the seven-step iterative procedure described in the appendix.

3.10. Features Affecting the Model Usability

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

The set of information used by a one-diode model may affect the usability rating of its analytical
procedure. Actually, many performance data can be easily found, because they are always listed in
tabular form in the PV module datasheets, whereas some data can be extracted only if a complete set
of I-V curves is provided by the manufacturers. Also, the required mathematical tools, which include
simple algorithms, iterative routines, mathematical methods or dedicated computer software, may
have a significant impact on the procedure usability.
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Table 1. Summary of the information and solving techniques used by the one-diode models.

Information Used for Calculation Solving Techniques

MODEL Max. Fixed Points Simplifying Mathematical

SCpP OCP MPP DSCP DOCP DMPP OCP* Power . 4th sth Hypotheses Tools
Hadj Arab et al. X X X X X X SC

De Soto et al. X X X X X NES
Sera et al. X X X X X X g
Villalva et al. X X X X X X P
Lo Brano et al. X X X X X g
Seddaoui et al. X X X X X X SC
Siddique et al. X X X X X g

Yetayew et al. X X X X NRM
Orioli et al. X X X X X X P

Notes: SCP: Short Circuit Point; OCP: Open Circuit Point; MPP: Maximum Power Point; DSCP: Derivative
of I at the SCP; DOCP: Derivative of I at the OCP; DMPP: Derivative of power at the MPP; OCP *: OCP at
condition # SRC; SC: Simple Calculation; NES: Non-linear Equation Solver; IP: Iterative Procedure; NRM:
Newton-Raphson Method.

4. Accuracy of the One-Diode Models

In order to assess the accuracy of the proposed procedures, a comparison between the tested
one-diode models was made using the I-V characteristics extracted from manufacturer datasheets
by reading the coordinates of a large number of points on each curve. For the sake of brevity, only
two PV modules, based on different production technologies, were considered. Obviously, because
the results are strongly affected by the particular shape of the considered I-V characteristics, a more
reliable assessment may require the use of a greater number of PV modules. Actually, the aim of
this accuracy assessment is not ranking the best or the worst among the analysed models, but only
reckoning the range of predictable precision in order to calibrate the proposed criterion. The data of
the simulated PV modules are listed in Table 2.

Table 2. Performance data of the simulated PV panels.

Voc,rcf Isc,ref Vmp,ref Imp,rcf o o Rso Rsho
PANEL Type Ngs V] [A] V] [A] uyoc [VI°C] ursc [A/°C] [Ql [l
Kyocera -1 -3
KD245GH-4FB2 Poly 60 3690 891 29.80 8.23 —1.33 x 10 5.35 x 10 0.493 120.5
Sanyo HIT-240 HDE4  HIT 60 4360 737 35.50 6.77 —1.09 x 1071 221 x10~% 0.873 3204.6

The Lo Brano et al. and the Orioli ef al. models also use the open voltage at G = 200 W/m? and
T =25 °C, which are 34.40 V and 40.61 V per the Kyocera and the Sanyo PV modules, respectively.
To calculate parameter K, these models use the values of voltage and current at the MPP for
G =1000 W/m?2 and T = 75 °C, which are 22.50 V and 8.35 A, for the Kyocera PV panel, and 28.89 V
and 7.13 A, for the Sanyo PV module. In order to get a reliable comparison between the calculated
and the experimental data, numerous points were extracted from the I-V characteristics issued by
the manufacturer, considering both the constant solar irradiance and the constant cell temperature
curves. To calculate Ry, and Ry, the reciprocal of slopes of the I-V curve in correspondence of the
short circuit and open circuit points were extracted from the issued I-V characteristics following the
graphical procedure described in [44]. Table 3 and Table 4 list the values of the parameters evaluated
with the analysed models.

The values of Table 3 and Table 4 were used to calculate the I-V characteristics of the selected
PV panels. In Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 the I-V curves evaluated at
T =25 °C with the models of Hadj Arab et al., De Soto et al., Sera et al., Villalva et al., Lo Brano et al.,
Seddaoui et al., Siddique et al., Yetayew et al. and Orioli et al. are compared with the characteristics
issued by manufacturers.
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Table 3. Model parameters of Kyocera KD245GH-4FB2 at the SRC.
Model Ip,ref [A] To,ef [A] n [V/K] )3 (o) I : 3 (9} K [Q/rC]
Hadj Arab et al. 89336  1.6881 x 1010 50199 x 10~  0.3189  120.4800 -
De Soto et al. 8.9270 15328 x 1077 55111 x 1073 0.2854  149.2274 -
Sera et al. 8.9126 39061 x 107 73079 x 10~ 0.1615  548.4865 -
Villalva et al. 8.9157 89791 x 1078  6.7215 x 1073 0.2000  311.0804 -
Lo Brano et al. 89337  1.6143 x 1010 50103 x 1073 0.3200  120.1600  8.6230 x 10~*
Seddaoui et al. 89336  1.6881 x 1010 50199 x 10~  0.3189  120.4800 -
Siddique et al. 89100  5.6501 x 107° 27675 x 10~*  0.1181  3.7815.10° -
Yetayew et al. 8.9384 20052 x 10711 4.6206 x 1073 0.3552  111.6164 -
Orioli et al. 89100  1.6965 x 1077 55369 x 1072  0.2722  142.8660  9.7323 x 10~*
Table 4. Model parameters of Sanyo HIT-240 HDE4 at the SRC.
MODEL Ip, ref [Al To,ef [A] n [VIK] R [Q] Ry [Q] K [Q/°C]
Hadj Arab et al. 7.3716  9.6843 x 107% 45754 x 1073 0.6877  3204.6400 -
De Soto et al. 7.3958  1.8862 x 10711 54876 x 1073  0.4555  130.0439 -
Sera et al. 7.3721 79253 x 1077 9.1206 x 1073 0.1420  488.0935 -
Villalva et al. 7.3842 26233 x 1072 6.7215 x 10~ 0.3300  171.2005 -
Lo Brano et al. 73716  9.6380 x 1074 45747 x 1073 0.6877 32039523 —1.600 x 103
Seddaoui et al. 73716  9.6843 x 10714 45754 x 1073 0.6877  3204.6400 .
Siddique et al. 73700 53195 x 107%  7.1635 x 1073 0.0542  2.2747-107 -
Yetayew et al. 73716 15551 x 1074 43277 x 10~3 07152  3212.5368 -
Orioli et al. 73700  3.6671 x 10719 32907 x 10=3  0.8200 7364149 —6.4618 x 10*
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Figure 4. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at

T =25°C and the characteristics calculated by means of the Sera et al., the Orioli et al. and the

De Soto et al. models.
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Figure 5. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at T = 25 °C and
the characteristics calculated by means of the Villalva ef al., the Yetayew ef al. and the Seddaoui ef al. models.

KYOCERA KD245GH-4FB2 Datasheet
T=25°C —— — . Lo Brano etal.
10 1 = = = = Siddique et al.
9 | 1000 W/m? = « = Hadj Arab et al.
8 4
800 W/m?
7 4 - R o= em o
%‘ 61 600 W/m?
55 -
34 400 W/m?
3 .
2 4 200w/m?
1 4
0 T
0 5 10 15 20 25 30 35 40
Voltage [V]

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 Lo Brano et al., the Siddique et al. and the

Hadj Arab et al. models.

SANYO HIT-240 HDE4
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=—— = . Seraetal.

= = = = Orioli etal.
— De Soto et al.

T=25°C
8 1000 W/m?
7 .
800 W/m?
6 -4
‘1—(‘ S5 600 W/m?
o
E 4 A
>
o 400 W/m?
3
2 1 200 W/m?
1 .
0 T T
0 5 10

15 20 25
Voltage [V]

30 35

Figure 7. Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at T = 25 °C and
the characteristics calculated by means of the Sera et al., the Orioli et al. and the De Soto et al. models.
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SANYO HIT-240 HDE4 Datasheet
T=25°C — — . Villalva et al.
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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 the Villalva ef al., the Yetayew et al. and the
Seddaoui et al. models.

SANYO HIT-240 HDE4 ll?at;sheet |
T=25°C — — . LoBranoetal
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8 1 1000 w/m2 —— - — Hadj Arab et al.
7 -
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‘j—f' 51 e0wm
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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 the Lo Brano ef al., the Siddique ef al. and the
Hadj Arab et al. models.

Because the Hadj Arab ef al. and the Seddaoui et al. are based on the same information, it is not
surprising that the I-V curves at the SRC resulted quite similar. Conversely, significant differences are
expected for values of solar irradiance and temperature different from the SRC. Figures 10-15 depict
the I-V curves evaluated at G = 1000 W/m? and the characteristics issued by manufacturers.



Energies 2016, 9, 427 13 of 48

KYOCERA KD245GH-4FB2 — Datasheet
G=1000 W/m? —— — - Seraetal.
10 = = = = QOriolietal.
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Figure 10. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at
G =1000 W/m? and the characteristics calculated by means of the Sera et al., the Orioli et al. and
the De Soto et al. models.
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= « = Seddaoui et al.

funy
o

9
8 .
7 .
<6 -
55 -
5
O 4
3 .
2 .
1 .
0 T T T T T T T !
0 5 10 15 20 25 30 35 40
Voltage [V]

Figure 11. Comparison between the issued I-V characteristics of Kyocera KD245GH-4FB2 at
G =1000 W/m? and the characteristics calculated by means of the Villalva et al., the Yetayew et al. and
the Seddaoui et al. models.
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KYOCERA KD245GH-4FB2 ——— Datasheet
G=1000 W/m? — — - LoBranoetal.
10 = = = = Siddique et al.
= « = Hadj Arab etal.
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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 Lo Brano et al., the Siddique et al.
and the Hadj Arab et al. models.

SANYO HIT-240 HDE4 —— Datasheet

G=1000 W/m? — — - Seraetal.
= = = = Oriolietal.

8 1 —— « = De Soto et al.

Current [A]
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Figure 13. Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at
G = 1000 W/m? and the characteristics calculated by means of the Sera ef al., the Orioli et al. and
the De Soto et al. models.
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Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at
G = 1000 W/m? and the characteristics calculated by means of the Villalva et al., the Yetayew et al. and
the Seddaoui et al. models.

SANYO HIT-240 HDE4

Datasheet

G=1000 W/m? — — - LoBranoetal.
= = = = Siddique et al.
8 = « = Hadj Arab etal.
7 .
6 -
<5 |
5
t 4 A
]
O
3
2 .
1 .
0 T T T T
0 5 10 15 20 25 30 35 40
Voltage [V]

Comparison between the issued I-V characteristics of Sanyo HIT-240 HDE4 at

G = 1000 W/m? and the characteristics calculated by means of the Lo Brano et al., the Siddique et al.
and the Hadj Arab et al. models.

It can be generally observed in Figures 4-15 that most of the models result less accurate for
values of voltage greater than the MPP voltage. Moreover, it can be inferred that the one-diode
models are more precise if they are used to evaluate the I-V characteristics of the Kyocera PV panel.
This occurrence may be due to the different shape of the I-V curves used to compare the analysed
models. It can be also observed that models that use similar values of the parameters listed in Table 3
and Table 4 yield different I-V curves for values of the solar irradiance and the cell temperature far
from the SRC because different approaches were adopted to describe the effects of the solar irradiance
and cell temperature. To quantify the accuracy of the analysed models, the mean absolute difference
(MAD) for current and power was calculated with the following expressions:

MAD(P

MAD(I

-5 gl

i

calc,]

1ss,] calc,]

(11)

1ss,j

Viss,j Iiss,j (12)
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in which Vs j and I, ; 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 Vs, j 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 [lec,j - Iiss,j] (13)

MD(P) = MAX | Viss eate, — Visslis | (14)

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.

Table 5. Mean absolute current and power differences between the calculated and the issued -V
characteristics at temperature T = 25 °C.

Irradiance [W/m?]
200 400 600 800 1000
Hadj Arab et al. model 0.110 0.153 0.130 0.111 0.042
De Soto et al. model 0.101 0.149 0.132 0.124 0.052
Sera et al. model 0.094 0.065 0.057 0.092 0.136
Villalva et al. model 0.077 0.054 0.050 0.089 0.104
Current[A] o Branoetal. model ~ 0041 0059 0082 0033  0.042
Seddaoui et al. model 0.138 0.187 0.156 0.131 0.042
Siddique et al. model 0.137 0.123 0.087 0.094 0.166
Yetayew et al. model 0.209 0.253 0.192 0.136 0.051
Orioli ef al. model 0.076 0.107 0.115 0.042 0.064
Hadj Arab et al. model 3.138 4718 4.077 3.595 1.350
De Soto et al. model 3.103 4.681 4.166 3.948 1.608

PV Panel Mad

Kyocera
KD245GH-4FB2

Sera et al. model 2.851 2.075 1.772 2.869 4.257
Villalva et al. model 2.299 1.769 1.607 2.805 3.192
Power [W] Lo Brano ef al. model 1246 1870 2698 1074 1356

Seddaoui et al. model 4.320 5.977 5.006 4.216 1.350
Siddique et al. model 4173 3.901 2.698 2.881 5.229
Yetayew et al. model 6.625 8.123 6.184 4.387 6.625
Orioli et al. model 2.313 3.421 3.738 1.366 2.044
Hadj Arab et al. model 0.230 0.324 0.323 0.186 0.021
De Soto et al. model 0.173 0.286 0.333 0.307 0.242
Sera et al. model 0.072 0.100 0.174 0.234 0.321
Villalva et al. model 0.109 0.194 0.266 0.269 0.267
Current[A]  [oBranoetal. model ~ 0015 0028 0022 0041 0021
Seddaoui ef al. model 0.235 0.327 0.326 0.187 0.021
Siddique et al. model 0.102 0.074 0.136 0.212 0.337
Yetayew et al. model 0.251  0.346 0.340 0.190 0.024
Orioli et al. model 0.056  0.079 0.075 0.100 0.078
Hadj Arab et al. model 8.656  12.436 12.518 7.226 0.828
De Soto et al. model 6.362  10.750 12.598 11.382 8.686

Sanyo HIT-240
HDE4

Sera et al. model 2.303 3.465 6.428 8.855 12.496
Villalva et al. model 3303 6735 9664  9.858  9.846
Power [W] LoBranoetal. model 0487  1.011 0794  1.601  0.830

Seddaoui et al. model 8.813 12551 12.593 7.256 0.828
Siddique et al. model 3.591 2.646 5.060 8.179 13.321
Yetayew et al. model 9.427  13.281 13.125 7.350 0.963

Orioli et al. model 1.963 2913 2.805 3.799 2.952
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Table 6. Mean absolute current and power differences between the calculated andthe issued -V
characteristics at irradiance G = 1000 W/m?2.

Temperature [°C]
25 50 75
Hadj Arab et al. model ~ 0.042 0.125 0.200
De Soto et al. model 0.052 0.116 0.136
Sera et al. model 0.136 0.150 0.212
Villalva et al. model 0.104 0.178 0.191
Current [A] o Branoetal. model ~ 0.042 0048  0.063
Seddaoui et al. model 0.042 0.314 0.655
Siddique et al. model 0.166  0.308 0413
Yetayew et al. model 0.051 0.287 0.651

PV Panel Mad

KDZIfL};C()ECIir—iFBZ Orioli etal. model ~ 0.064 0088  0.113
Hadj Arab et al. model ~ 1.350 3.628 5.215

De Soto et al. model 1.608 3.269 3.481

Sera et al. model 4257 4.298 4.858

Power [W] Villalva et al. model 3.192 4.960 4.943

Lo Brano et al. model 1.356 1.333 1.611

Seddaoui et al. model 1.350 9453  18.222

Siddique et al. model 5.229 8.807  11.297

Yetayew ef al. model 6.625 8.680  18.140

Orioli et al. model 2.044 2.526 2.984

Hadj Arab et al. model ~ 0.021 0.035 0.066

De Soto et al. model 0.242 0.205 0.151

Sera et al. model 0.321 0.292 0.273

Villalva et al. model 0.267 0.236 0.195

Current[A] o Branoetal. model ~ 0.021  0.029  0.034

Seddaoui et al. model 0.021 0.114 0.247

Siddique et al. model 0.337 0.283 0.231

Yetayew et al. model 0.024 0.107 0.252

SanyI:’IgEIZ'MO Orioli et al. model 0078 0102 0117

Hadj Arab ef al. model ~ 0.828 1.292 2.257
De Soto et al. model 8.686 6.729 4.506
Sera et al. model 12496  9.984 8.167
Villalva et al. model 9.846 8.019 6.132
Lo Brano ef al. model 0.830 1.049 1.142
Seddaoui et al. model 0.828 4270 8.799
Siddique et al. model 13.321 10170  7.550
Yetayew et al. model 0.963 4.042 8.991
Orioli et al. model 2.952 3.623 3.951

Power [W]

Considering the solar irradiance variation, if the Hadj Arab et al., the Villalva et al., the
Lo Brano et al. and the Seddaoui ef al. models are used for the Kyocera PV panel, MAD(I)s ranging
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from 0.041 A to 0.054 A can be obtained. In the same conditions, the MAD(P)s vary from 1.074 W to
1.769 W. For the Sanyo PV module, the smallest MAD(I)s, which occur when the Hadj Arab et al., the
Lo Brano et al. and the Seddaoui ef al. models are used, vary between 0.015 A and 0.041 A. The smallest
MAD(P)s derived from the same models. These differences vary between 0.487 W and 1.601 W. The
greatest MAD(I)s for the Kyocera PV panel, which are calculated with the Siddique et al. and the
Yetayew et al. models, vary from 0.136 A to 0.253 A. The Yetayew et al. model yields the greatest
MAD(P)s, which range from 4.387 W to 8.123 W. For the Sanyo PV module, the greatest MAD(I)s
are noted for the De Soto ef al., the Siddique et al. and the Yetayew et al. models. These differences
are contained in the range from 0.251 A to 0.346 A. The greatest MAD(P)s, which belong to the same
models, vary from 9.427 W to 13.321 W.

At constant solar irradiance, if the Hadj Arab et al., the Lo Brano et al. and the Seddaoui et al.
models are used for the Kyocera PV panel, MAD(I)s ranging from 0.042 A to 0.063 A can be observed. In
the same conditions, the MAD(P)s vary from 1.333 W to 1.611 W. For the Sanyo PV module, the smallest
MAD(I)s, which are obtained from the Hadj Arab et al., the Lo Brano et al. and the Seddaoui et al.
models, vary between 0.021 A and 0.034 A. The smallest mean power differences are obtained from the
same models. These differences vary between 0.828 W and 1.142 W. For the Kyocera PV module, the
greatest MAD(I)s are generated by the Seddaoui ef al. and the Siddique et al. models. These differences
are contained in the range from 0.166 A to 0.655 A. The greatest MAD(P)s, which are obtained from
the Seddaoui et al. and the Yetayew et al. models, vary between 6.625 W and 18.222 W. The greatest
MAD(I)s for the Sanyo PV panel, which are obtained from the Sera et al. and the Siddique et al. models,
vary from 0.273 A to 0.337 A. The Siddique et al. and the Yetayew ef al. models yield the greatest
MAD(P)s, which range from 8.991 W to 13.321 W of the issued rated maximum power. In Tables 7
and 8 the values of MD(I) and MD(P) for the analysed panels, calculated considering the I-V curves at
a constant cell temperature of 25 °C, are listed.

Considering the I-V curves at constant temperature for the Kyocera PV panel, the Lo Brano et al.
model seems to be the most accurate; the MD(I)s vary from —0.257 A to 0.132 A. The greatest current
differences, which are contained in the range —0.574 A to 0.636 A, are observed for the Siddique et al.
and the Yetayew ef al. models. The smallest MD(I)s are obtained for the Sanyo PV module from the
Hadj Arab et al., the Lo Brano et al. and the Seddaoui et al. models; these differences are in the range
—0.040 A to —0.147 A. The greatest inaccuracies derive from the de Soto et al., the Siddique et al. and
the Yetayew et al. models. For these models differences varying between 0.724 A and 1.125 A were
calculated. Table 9 and Table 10 list the MD(I)s calculated for Kyocera KD245GH-4FB2 and Sanyo
HIT-240 HDE4 PV panels at a constant solar irradiance of 1000 W/ mZ2.
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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.

Parameters At The Maximum Difference Points

Irradiance [W/m:

2]

200 400 600 800 1000

Voltage [V] 33.0 33.0 33.0 325 325

Hadj Arab et al. model Issued Current [A] 0.603 1.896 3.335 5.093 6.596
Calculated Current [A] 0.849 2.306 3.708 5.428 6.735

Difference [A] 0.246 0.410 0.373 0.335 0.139

Voltage [V] 32.0 32.5 33.0 32.5 32.5

De Soto et al. model Issued Current [A] 0.948 2.165 3.335 5.093 6.596
Calculated Current [A] 1.200 2.553 3.686 5.428 6.765

Difference [A] 0.252 0.388 0.351 0.335 0.169

Voltage [V] 33.0 345 35.5 33.5 345

Sera et al. model Issued Current [A] 0.603 0.843 0.891 4.224 4.305
Calculated Current [A] 0.221 0.460 0.466 4479 4.687

Difference [A] —0.382 —0.383 —0.425 0.255 0.382

Voltage [V] 33.5 35.0 355 33.5 34.0

Villalva ef al. model Issued Current [A] 0.394 0.429 0.891 4.224 4.992
Calculated Current [A] 0.037 0.001 0.553 4471 5.259

Difference [A] —0.357 —0.428 —0.338 0.247 0.267

Voltage [V] 32.0 335 344 35.0 325

Lo Brano et al. model Issued Current [A] 0.948 1.591 2.151 2.441 6.596
Calculated Current [A] 0.860 1.443 1.894 2.325 6.728

Difference [A] —0.088 —0.148 —0.257 —0.116 0.132

Voltage [V] 32.5 33.0 33.0 32.5 32.5

Seddaoui ef al. model Issued Current [A] 0.780 1.896 3.335 5.093 6.596
Calculated Current [A] 1.145 2.395 3.765 5.460 6.735

Difference [A] 0.366 0.499 0.430 0.367 0.139

Voltage [V] 33.0 345 35.5 36.2 345

Siddique et al. model Issued Current [A] 0.603 0.843 0.891 0.655 4.305
Calculated Current [A] 0.045 0.267 0.317 0.365 4.786

Difference [A] —0558 —-0.576 —0.574 —0.290 0.481

Voltage [V] 33.0 33.0 33.0 32.5 36.2
Yetayew et al. model Issued Current [A] 0.603 1.896 3.335 5.093 1.500
Calculated Current [A] 1.144 2.532 3.844 5.471 1.324

Difference [A] 0.541 0.636 0.509 0.378 —0.176

Voltage [V] 33.0 344 35.5 36.2 325
Orioli et al. model Issued Current [A] 0.603 0.945 0.891 0.655 6.596
Calculated Current [A] 0.450 0.674 0.536 0.444 6.816
Difference [A] —-0.153 —-0.271 —-0.355 —0.211 0.220
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Table 8. Maximum current differences between the calculated and the issued I-V characteristics of
Sanyo HIT-240 HDE4, at temperature T = 25 °C.

Parameters At The Maximum Difference Points

Irradiance [W/m:

2]

200 400 600 800 1000
Voltage [V] 38.5 39.1 39.1 39.1 42.7
Hadj Arab ef al. model Issued Current [A] 0471 1.187 2.171 3.350 1.070
Calculated Current [A] 1.147 2.128 3.093 3.903 0.971
Difference [A] 0.676 0.941 0.922 0.553 —0.099
Voltage [V] 38.5 39.1 39.7 39.1 39.7
De Soto ef al. model Issued Current [A] 0.471 1.187 1.819 3.350 4.018
Calculated Current [A] 1.000 2.029 2.802 4.191 4.653
Difference [A] 0.529 0.842 0.983 0.841 0.635
Voltage [V] 38.5 40.9 39.1 40.3 40.3
Sera et al. model Issued Current [A] 0471 0.401 2171 2.458 3.485
Calculated Current [A] 0.254 0.117 2.722 3.224 4516
Difference [A] —0217 —0.284 0.551 0.766 1.031
Voltage [V] 29.8 38.5 39.1 39.7 39.7
Villalva et al. model Issued Current [A] 1.464 1414 2171 2.934 4.018
Calculated Current [A] 1.291 1.922 2.918 3.702 4.791
Difference [A] —0.173 0.508 0.747 0.768 0.773
Voltage [V] 349 349 343 42.1 42.7
Lo Brano et al. model Issued Current [A] 1.144 2.551 4.128 1.010 1.070
Calculated Current [A] 1.104 2.491 4.080 0.863 0.971
Difference [A] —0.040 —0.0600 —0.048 —0.147 —0.099
Voltage [V] 38.5 39.1 39.1 39.1 42.7
Seddaoui et al. model Issued Current [A] 0.471 1.187 2171 3.350 1.070
Calculated Current [A] 1.152 2.132 3.095 3.904 0.971
Difference [A] 0.681 0.945 0.924 0.554 —0.099
Voltage [V] 38.5 40.6 39.1 40.3 40.6
Siddique et al. model Issued Current [A] 0.471 0.554 2171 2.458 3.233
Calculated Current [A] 0.051 0.150 2.613 3.195 4.358
Difference [A] —0420 —0.404 0.442 0.737 1.125
Voltage [V] 38.5 39.1 39.1 39.1 4.7
Yetayew et al. model Issued Current [A] 0.471 1.187 2.171 3.350 1.070
Calculated Current [A] 1.195 2177 3.121 3.896 0.953
Difference [A] 0.724 0.990 0.950 0.546 —-0.117
Voltage [V] 37.3 37.3 38.5 39.7 409
Orioli et al. model Issued Current [A] 0.720 1.865 2.508 2.934 2.923
Calculated Current [A] 0.600 1.682 2.326 2.682 2.701
Difference [A] —-0.120 —-0.183 —-0.182 —-0.252 —0.222
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Table 9. Maximum current differences between the calculated and the issued I-V characteristics of
Kyocera KD245GH-4FB2, at irradiance G = 1000 W/ m2.

. . . Temperature [°C]
Parameters at the Maximum Difference Points

25 50 75
Voltage [V] 325 29.5 26.0
Hadj Arab et al. model Issued Current [A] 6.596 6.039 5.950
Calculated Current [A] 6.735 6.421 6.594
Difference [A] 0.139 0.382 0.644
Voltage [V] 325 29.5 26.0
De Soto et al. model Issued Current [A] 6.596 6.039 5.950
Calculated Current [A] 6.765 6.362 6.412
Difference [A] 0.169 0.323 0.462
Voltage [V] 34.5 31.0 27.5
Sera et al. model Issued Current [A] 4.305 4.278 4.241
Calculated Current [A] 4.687 4.738 4.778
Difference [A] 0.382 0.460 0.537
Voltage [V] 34.0 31.0 27.5
Villalva et al. model Issued Current [A] 4.992 4.278 4.241
Calculated Current [A] 5.259 4.743 4.886
Difference [A] 0.267 0.465 0.645
Voltage [V] 325 29.0 26.0
Lo Brano ef al. model Issued Current [A] 6.596 6.515 5.950
Calculated Current [A] 6.728 6.683 6.173
Difference [A] 0.132 0.168 0.223
Voltage [V] 325 31.0 29.0
Seddaoui et al. model Issued Current [A] 6.596 4.278 2.122
Calculated Current [A] 6.735 5.063 3.638
Difference [A] 0.139 0.785 1.516
Voltage [V] 345 31.0 28.5
Siddique ef al. model Issued Current [A] 4.305 4.278 2.875
Calculated Current [A] 4.786 5.111 4.012
Difference [A] 0.481 0.833 1.137
Voltage [V] 36.2 33.6 29.5
Yetayew et al. model Issued Current [A] 1.500 0.000 1.326
Calculated Current [A] 1.324 0.787 2.822
Difference [A] —0.176 0.787 1.496
Voltage [V] 325 29.5 27.5
Orioli et al. model Issued Current [A] 6.596 6.039 4.241
Calculated Current [A] 6.816 6.300 4.562
Difference [A] 0.220 0.261 0.321
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Table 10. Maximum current differences between the calculated and the issued I-V characteristics of
Sanyo HIT-240 HDE4, at irradiance G = 1000 W/ m?2.

Temperature [°C
Parameters at the Maximum Difference Points P [°C]

25 50 75
Voltage [V] 427 39.7 37.3
Hadj Arab et al. model Issued Current [A] 1.070 1.440 1.120
Calculated Current [A] 0.971 1.293 0.951
Difference [A] —0.099 —0.147 —0.169
Voltage [V] 39.7 37.3 34.3
De Soto et al. model Issued Current [A] 4.018 3.810 4.100
Calculated Current [A] 4.653 4.263 4.403
Difference [A] 0.635 0.453 0.303
Voltage [V] 40.3 38.2 35.5
Sera et al. model Issued Current [A] 3.485 2.981 2.984
Calculated Current [A] 4.516 3.789 3.535
Difference [A] 1.031 0.808 0.551
Voltage [V] 39.7 37.3 34.3
Villalva et al. model Issued Current [A] 4.018 3.810 4.100
Calculated Current [A] 4.791 4.409 4.556
Difference [A] 0.773 0.599 0.456
Voltage [V] 427 40.6 379
Lo Brano et al. model Issued Current [A] 1.070 0.455 0.438
Calculated Current [A] 0.971 0.325 0.293
Difference [A] —0.099 —0.130 —0.145
Voltage [V] 42.7 40.9 38.2
Seddaoui et al. model Issued Current [A] 1.070 0.000 0.000
Calculated Current [A] 0.971 0.383 0.832
Difference [A] —0.099 0.383 0.832
Voltage [V] 40.6 38.2 35.5
Siddique ef al. model Issued Current [A] 3.233 2.981 2.984
Calculated Current [A] 4.358 3.871 3.542
Difference [A] 1.125 0.890 0.558
Voltage [V] 42.7 40.9 38.2
Yetayew et al. model Issued Current [A] 1.070 0.000 0.000
Calculated Current [A] 0.953 0.396 0.858
Difference [A] -0.117 0.396 0.858
Voltage [V] 40.9 36.7 34.9
Orioli et al. model Issued Current [A] 2.923 4.358 3.589
Calculated Current [A] 2.701 4.109 3.295
Difference [A] —0.222 —0.249 —0.294

The smallest MD(I)s for the Kyocera PV module at constant solar irradiance arise from the
Lo Brano et al. model. Such differences range from 0.132 A to 0.223 A. The greatest inaccuracies are
provided by the Seddaoui et al. and the Siddique et al. models, for which differences varying between
0.481 A and 1.516 A are observed. The Hadj Arab et al., the Lo Brano ef al. and the Seddaoui ef al. model
seem to be the most accurate for the Sanyo PV panel; the MD(I)s vary from —0.099 A to —0.145 A. The



Energies 2016, 9, 427 23 of 48

greatest current differences, which are contained in the range 0.858 A to 1.125 A, are observed for the
Siddique et al. and the Yetayew et al. models. Table 11-14 list the MD(P)s 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?
Parameters at the Maximum Difference Points [ ]

200 400 600 800 1000

Voltage [V] 33.0 33.5 33.0 32.5 32.5
Hadj Arab et al. model Issued Power [W] 19.91 53.31 110.06 165.51 214.37
Calculated Power [W] 28.02 67.00 122.36 176.41 218.90

Difference [W] 8.11 13.69 12.30 10.90 453

Voltage [V] 32.5 33.0 33.0 32.5 32.5
De Soto et al. model Issued Power [W] 25.34 62.55 110.06 165.51 214.37
Calculated Power [W] 33.44 75.23 121.63 176.41 219.88

Difference [W] 8.10 12.68 11.57 10.90 551

Voltage [V] 33.0 34.5 35.5 34.0 34.5
Sera et al. model Issued Power [W] 19.91 29.07 31.65 125.37 148.52
Calculated Power [W] 7.29 15.85 16.56 133.90 161.71

Difference [W] —-12.62 —-1322 —-15.09 8.53 13.19

Voltage [V] 33.5 35.0 35.5 33.5 34.0
Villalva et al. model Issued Power [W] 13.20 15.00 31.65 141.51 169.73
Calculated Power [W] 1.24 0.05 19.62 149.76 178.81

Difference [W] -1196 —-1495 -12.03 8.25 9.08

Voltage [V] 32.0 33.5 34.4 35.0 36.2

Lo Brano et al. model Issued Power [W] 30.34 53.31 74.00 85.42 54.30
Calculated Power [W] 27.52 48.33 65.17 81.38 49.86

Difference [W] —2.82 —4.98 —8.83 —4.04 -4.44

Voltage [V] 32.5 33.0 33.0 32.5 32.5
Seddaoui et al. model Issued Power [W] 25.34 62.55 110.06 165.51 214.37
Calculated Power [W] 37.23 79.04 124.26 17743  218.90

Difference [W] 11.89 16.49 14.20 11.92 4.53

Voltage [V] 33.0 34.5 35.5 36.2 34.5
Siddique et al. model Issued Power [W] 19.91 29.07 31.65 23.70 148.52
Calculated Power [W] 1.49 9.23 11.25 13.21 165.12

Difference [W] —1842 -19.84 —-2040 —10.49 16.60

Voltage [V] 33.0 33.5 33.0 325 325

Yetayew ef al. model Issued Power [W] 13.20 53.31 110.06 165.51 54.30
Calculated Power [W] 31.20 74.63 126.84 177.79 47.92

Difference [W] 18.00 21.32 16.78 12.28 —6.38

Voltage [V] 33.0 344 35.5 36.2 325
Orioli ef al. model Issued Power [W] 19.91 32.52 31.65 23.70 214.37
Calculated Power [W] 14.85 23.17 19.04 16.09 221.53

Difference [W] —5.06 —9.35 —12.61 —7.61 7.16
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Table 12. Maximum power differences between the calculated and the issued I-V characteristics of
Sanyo HIT-240 HDE4, at temperature T = 25 °C.

Parameters at the Maximum Difference Points

Irradiance [W/m:

2]

200 400 600 800 1000

Voltage [V] 39.1 39.1 39.1 39.1 42.7

Hadj Arab ef al. model Issued Power [W] 13.28 46.44 84.96 131.07 45.73
Calculated Power [W] 39.34 83.25 121.03 152.70 41.51

Difference [W] 26.06 36.81 36.07 21.63 —4.22

Voltage [V] 38.5 39.1 39.7 39.7 39.7
De Soto ef al. model Issued Power [W] 18.13 46.44 72.26 116.58 159.62
Calculated Power [W] 38.53 79.38 111.34 149.71 184.86

Difference [W] 20.40 32.94 39.08 33.13 25.24

Voltage [V] 38.5 40.9 39.1 40.3 40.6
Sera et al. model Issued Power [W] 1813 1642 8496  99.14  131.28
Calculated Power [W] 9.78 4.77 106.49 130.01 173.06

Difference [W] —-8.35 —11.65 21.53 30.87 41.78

Voltage [V] 37.3 38.5 39.7 40.3 39.7
Villalva ef al. model Issued Power [W] 26.89 54.47 72.26 99.14 159.62
Calculated Power [W] 33.02 74.04 101.86 129.68 190.36

Difference [W] 6.13 19.57 29.60 30.54 30.74

Voltage [V] 349 349 421 421 42.7

Lo Brano et al. model Issued Power [W] 3996 89.08 1236 4257 4573
Calculated Power [W] 38.55 86.97 10.54 36.38 41.49

Difference [W] —1.41 —-2.11 —-1.82 —6.19 —4.24

Voltage [V] 38.5 39.1 39.1 39.1 42.7

Seddaoui et al. model Issued Power [W] 18.13 46.44 84.96 131.07 45.73
Calculated Power [W] 44.39 83.41 121.09 152.74 41.51

Difference [W] 26.26 36.97 36.13 21.67 —4.22

Voltage [V] 38.5 40.6 39.1 40.3 40.6
Siddique et al. model Issued Power [W] 18.13 22.48 84.96 99.14 131.28
Calculated Power [W] 1.96 6.07 102.25 128.85 176.96

Difference [W] -16.17 —1641 17.29 29.71 45.68

Voltage [V] 39.1 39.1 39.1 39.1 42.7

Yetayew et al. model Issued Power [W] 13.28 46.44 84.96 131.07 45.73
Calculated Power [W] 41.49 85.18 122.11 152.43 40.73

Difference [W] 28.21 38.74 37.15 21.36 -5.00

Voltage [V] 37.3 39.1 38.5 39.7 40.9
Orioli ef al. model Issued Power [W] 2689 4644 9664 11658  119.63
Calculated Power [W] 22.39 39.44 89.61 106.56 110.54

Difference [W] —4.50 —7.00 —-7.03 —10.02 —9.09
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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/ m2.

. . . Temperature [°C]
Parameters at the Maximum Difference Points

25 50 75

Voltage [V] 325 29.5 26.5
Hadj Arab et al. model Issued Power [W] 214.37 178.15 144.13
Calculated Power [W] 218.90 189.42 161.18

Difference [W] 453 11.27 17.05

Voltage [V] 325 29.5 26.5
De Soto et al. model Issued Power [W] 214.37 178.15 144.13
Calculated Power [W] 219.88 187.68 156.31

Difference [W] 5.51 9.53 12.18

Voltage [V] 34.5 31.0 27.5
Sera et al. model Issued Power [W] 148.52 132.62 116.63
Calculated Power [W] 161.71 146.88 131.39

Difference [W] 13.19 14.26 14.76

Voltage [V] 34.0 31.0 27.5
Villalva et al. model Issued Power [W] 169.73 132.62 116.63
Calculated Power [W] 178.81 147.05 134.37

Difference [W] 9.08 14.43 17.74

Voltage [V] 36.2 29.0 26.0
Lo Brano ef al. model Issued Power [W] 54.30 188.94 154.70
Calculated Power [W] 49.86 193.81 160.49

Difference [W] —4.44 4.87 5.79

Voltage [V] 325 33.6 29.5

Seddaoui et al. model Issued Power [W] 214.37 0.00 39.12
Calculated Power [W] 218.90 26.35 83.75

Difference [W] 4.53 26.35 44.63

Voltage [V] 345 315 28.5

Siddique ef al. model Issued Power [W] 148.52 113.18 81.94
Calculated Power [W] 165.12 139.35 114.35

Difference [W] 16.60 26.17 32.41

Voltage [V] 325 33.6 30.2

Yetayew et al. model Issued Power [W] 54.30 0.00 4.98
Calculated Power [W] 47.92 26.46 49.88

Difference [W] —6.38 26.46 44.90

Voltage [V] 325 29.5 27.5
Orioli et al. model Issued Power [W] 214.37 178.15 116.63
Calculated Power [W] 221.53 185.86 125.47

Difference [W] 7.16 7.71 8.84
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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?2.

. . . Temperature [°C]
Parameters at the Maximum Difference Points

25 50 75

Voltage [V] 42.7 39.7 37.3

Hadj Arab et al. model Issued Power [W] 45.73 57.22 41.80
Calculated Power [W] 41.51 51.37 35.50
Difference [W] —4.22 —5.85 —6.30

Voltage [V] 39.7 37.3 34.3
De Soto et al. model Issued Power [W] 159.62 142.18 140.68
Calculated Power [W] 184.86 159.12 151.09

Difference [W] 25.24 16.94 10.41

Voltage [V] 40.6 38.2 35.5
Sera et al. model Issued Power [W] 131.28 113.78 105.97
Calculated Power [W] 173.06 144.60 125.55

Difference [W] 41.78 30.82 19.58

Voltage [V] 39.7 38.2 34.3
Villalva et al. model Issued Power [W] 159.62 113.78 140.68
Calculated Power [W] 190.36 136.17 156.31

Difference [W] 30.74 22.39 15.63

Voltage [V] 42.7 40.6 379

Lo Brano ef al. model Issued Power [W] 45.73 18.46 16.62
Calculated Power [W] 41.49 13.18 11.10

Difference [W] —4.24 —5.28 —5.52

Voltage [V] 42.7 409 38.2

Seddaoui et al. model Issued Power [W] 45.73 0.00 0.00
Calculated Power [W] 41.51 15.68 31.74

Difference [W] —4.22 15.68 31.74

Voltage [V] 40.6 38.2 35.5
Siddique ef al. model Issued Power [W] 131.28 113.78 105.97
Calculated Power [W] 176.96 147.74 125.79

Difference [W] 45.68 33.96 19.82

Voltage [V] 427 409 38.2

Yetayew et al. model Issued Power [W] 45.73 0.00 0.00
Calculated Power [W] 40.73 16.21 32.76

Difference [W] —5.00 16.21 32.76

Voltage [V] 40.9 39.7 349

Orioli et al. model Issued Power [W] 119.63 57.22 125.32
Calculated Power [W] 110.54 47.96 115.05
Difference [W] -9.09 —-9.26 —-10.27

For the Kyocera PV panel, the smallest MD(P)s at constant cell temperature are again obtained
with the Lo Brano et al. model that yields values varying from —2.82 W to —8.83 W. The greatest
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MD(P)s, which occur with the Siddique ef al. and the Yetayew ef al. models, are in the range —20.40 W
to 21.32 W. For the Sanyo PV module, the smallest MD(P)s at constant temperature, which vary from
—1.41 W to —6.19 W, are generated by the Hadj Arab et al., the Lo Brano et al. and the Seddaoui ef al.
models. The De Soto et al., the Siddique et al. and the Yetayew et al. models yield the greatest
inaccuracies, which vary from 28.21 W to 45.68 W.

Considering the MD(P)s at constant solar irradiance, the smallest values for the Kyocera PV panel
are obtained from the Lo Brano ef al. model. The differences range from —4.44 W to 5.79 W. The
greatest inaccuracies are provide by the Siddique et al. and the Yetayew et al. models. Differences,
varying between 16.60 W and 44.90 W, were calculated. The Hadj Arab et al., the Lo Brano et al., and
the Seddaoui et al. models yield the smallest MD(P)s for the Sanyo PV module, which are in the range
from —4.22 W to —5.52 W. The greatest values are due to the Siddiqui et al. and the Yetayew ef al.
models. Such differences vary from 32.76 W to 45.68 W. In Tables 15 and 16, the percentage ratios of
MAD(I) to the current at the issued MPP, and of MAD(P) to the rated maximum power, are listed. In
the last column the average values of the ratios of MAD(!) to the current at the issued MPP, and of
MAD(P) to the rated maximum power, calculated for all I-V curves, are listed.

Table 15. Percentage ratio of the mean absolute difference, MAD(I) to the rated current at the maximum
power point.

I-V Characteristic MADD/1y,p,ref [%]
PV Panel . 2
Irradiance [W/m*] 200 400 600 800 1000 1000 1000 Average
Temperature [°C] 25 25 25 25 25 50 75  Value
Hadj Arabetal. model 134 186 158 135 051 152 243 1.51
De Soto et al. model 123 181 160 151 063 141 1.65 1.41
Sera et al. model 114 079 0.69 112 165 182 258 1.40
Kyocera

KD245GH-4FB2  Villalva et al. model 094 066 061 108 126 216 232 1.29
Lo Branoetal. model 050 0.72 1.00 040 051 058 0.77 0.64

Seddaoui ef al. model  1.68 227 190 159 051 382 796 2.82

Siddique et al. model ~ 1.66 149 1.06 114 202 374 5.02 2.31

Yetayew efal. model 254 3.07 233 165 0.62 349 791 3.09

Orioli et al. model 092 130 140 051 078 107 1.37 1.05

Hadj Arab et al. model 340 479 477 275 031 052 097 2.50

De Soto et al. model 256 422 492 453 357 3.03 223 3.58

Sanyo HIT-240 Sera et al. model 1.06 148 257 346 474 431 403 3.09
HDE4 Villalva et al. model 1.61 287 393 397 394 349 288 3.24
LoBranoetal. model 022 041 032 061 031 043 050 0.40

Seddaoui et al. model 347 483 482 276 031 1.68 3.65 3.07

Siddique et al. model ~ 1.51 1.09 2.01 3.13 498 418 341 2.90

Yetayew et al. model 371 511 502 281 035 158 372 3.19

Orioli et al. model 083 117 111 148 115 151 173 1.28
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Table 16. Percentage ratio of MAD(P) to the rated maximum power.

I-V Characteristic MAD(P)/ Vinp,ref Lup, ref [%]
PV Panel Irradiance [W/m?] 200 400 600 800 1000 1000 1000 Average
Temperature [°C] 25 25 25 25 25 50 75  Value
Hadj Arab et al. model 128 192 166 147 055 148 213 150
DeSoto etal. model 127 191 170 161 066 133 142 141
Kyocera Sera et al. model 116 085 072 117 174 175 198 134

KD245GH-4FB2  Villalva et al. model 094 072 066 114 130 2.02 202 1.26
LoBranoetal. model 051 076 110 044 055 054 0.66 0.65

Seddaoui et al. model 1.76 244 204 172 055 385 743 2.83

Siddique et al. model  1.70 159 110 117 213 359 4.61 227

Yetayew et al. model 270 331 252 179 270 354 740 342

Orioli et al. model 094 139 152 056 0.83 1.03 1.22 1.07

Hadj Arab et al. model 3.60 517 521 3.01 034 054 094 2.69

De Soto et al. model 265 447 524 474 361 280 187 3.63

SanyoHIT-240 Sera et al. model 096 144 267 368 520 415 340 3.07
HDE4 Villalva et al. model 1.37 280 4.02 410 410 334 255 3.18
LoBranoetal. model 020 042 033 067 035 044 048 0.41

Seddaoui et al. model  3.67 522 524 302 034 178 3.66 3.28

Siddique et al. model 149 110 211 340 554 423 314 3.00

Yetayew et al. model 392 553 546 3.06 040 1.68 3.74 340

Orioli et al. model 082 121 117 158 123 151 1.64 1.31

For the Kyocera PV panel the smallest MAD(I)s range from 0.40% to 0.77% of the current at the
MPP; the greatest MAD(I)s vary from 1.65% to 7.96%. The smallest MAD(I)s for the Sanyo PV module
are in the range 0.22% to 0.61% of the current at the MPP; the greatest MAD(I)s range from 3.71% to
5.11%. The smallest MAD(P)s range from 0.44% to 0.72% of the rated maximum power for the Kyocera
PV panel; the greatest MAD(P)s vary from 1.79% to 7.43%. For the Sanyo PV module the smallest
MAD(P)s are in the range 0.20% to 0.67% of the rated maximum power; the greatest MAD(P)s vary
from 3.74% to 5.54%.

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

As it was previously observed, the usability is a qualitative parameter whereas the accuracy level
is quantitatively described. Even though it is not simple to find an index able to globally represent
both the usability and accuracy of the considered analytical procedure, an attempt to get a concise
description of the model performances, is necessary in order to define the rating criterion. The approach
proposed, which is based on a 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 (short circuit current, open circuit voltage, MPP current
and voltage;
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e medium, when the data have to be extracted by reading the I-V characteristics (open circuit
voltage at conditions different from the SRC, current and voltage of the 4th and 5th points);
e low, when the derivative of the I-V curves, at the short circuit and open circuit points, are required.

The simplicity of the used mathematical tools is considered:

e 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.

In order to condense the precision data, the results of the accuracy assessment are summarized in
Table 17, where the average ratios of MAD(I) to the rated current at the MPP, and of MAD(P) to the
rated maximum power, extracted from Table 15 and Table 16, are listed.

Table 17. Average ratios of MAD(I) to the rated current at the MPP andof MAD(P) to the rated
maximum power.

Average MAD(D)/L, o [%] Average MAD(P)/ Vi, vef L ref [ %]

MODEL Kyocera Sanyo HIT-240 Kyocera Sanyo HIT-240 Accil:?l?:cly
KD245GH-4FB2 HDE4 KD245GH-4FB2 HDE4

Hadj Arab et al. 1.51 2.50 1.50 2.69 2.05
De Soto et al. 141 3.58 141 3.63 2.51
Sera et al. 1.40 3.00 1.34 3.07 2.23
Villalva et al. 1.29 3.24 1.26 3.18 2.4
Lo Brano et al. 0.64 0.40 0.65 0.41 0.53
Seddaoui et al. 2.82 3.07 2.83 3.8 3.00
Siddique et al. 2.31 2.90 2.27 3.00 2.62
Yetayew et al. 3.09 3.19 342 3.40 3.27
Orioli et al. 1.05 1.28 1.07 1.31 1.18

It can be observed that the global accuracy listed in Table 17, which is calculated averaging the
accuracies evaluated for the Kyocera and Sanyo PV panels, ranges from 0.53% to 3.27%. 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 0.52% to 1.39%;
e medium, for values of the mean difference in the subrange 1.39% to 2.26%;
e low, for values of the mean difference in the subrange 2.26% to 3.14%.

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.

As it can be observed in Table 18, some models, such as De Soto et al., Yetayew et al., Villalva et al.,
Siddique et al. have good level of usability, but reach a smaller accuracy. Adversely, some models,
such as Hadj Arab et al., Sera et al. and Lo Brano et al. are more accurate, but their usability is lower.
Although the solving technique required by Seddaoui et al. model allows users to tackle a medium
level of mathematical difficulty, the data finding results more elaborate and a low level of accuracy
in the calculated current and power was obtained. As it was predictable, the choice of the one-diode
model requires a wise compromise between usability and accuracy, which may prefer the usability to
the accuracy, the accuracy to the usability, or try to find an acceptable balance between such features.
No model achieved the highest rating for all the considered features. On the basis of the practical
application of the proposed criterion, a medium degree of mathematical difficulty and a high level of
current and power accuracy was provided by Orioli et al. model despite the major difficulty in the
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data finding. The information, hypotheses and solving techniques required by the model represent the
best possible compromise for researchers and designers to calculate precise and reliable parameters.

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

MODEL Ease of Data Finding = Mathematical Difficulty = Current and Power Accuracy

Hadj Arab et al. Low High Medium
De Soto et al. Medium Low Low

Sera et al. Low Medium Medium

Villalva et al. High Medium Medium
Lo Brano et al. Low Medium High
Seddaoui et al. Low High Low
Siddique et al. High Medium Low
Yetayew et al. Medium Low Low
Orioli ef al. High Medium High

6. Conclusions

A criterion for rating the usability and accuracy performances of diode-based equivalent circuits
was tested on some one-diode models. In order to define the criterion an accurate examination of the
used analytical procedures along with the comparison between calculated results and reference data
was carried out. The procedures adopted by the tested models were minutely described and analysed
along with the used performance data, simplifying hypotheses and mathematical methods needed to
calculate the model parameters. Most of the performance data can be easily found, because they are
always listed in the PV module datasheets, whereas some data can be extracted only if a complete set
of I-V curves is provided by the manufacturers. Moreover, mathematical tools with different degrees
of complexity, which include simple algorithms, iterative routines, mathematical methods or dedicated
computer software, may be necessary to calculate the model parameters.

The tested models were implemented to calculate the I-V curves, at constant cell temperature and
solar irradiance, of two different types of PV modules. The accuracy achievable with the one-diode
models was assessed by comparing the calculated I-V curves with the I-V characteristics issued by
manufactures and evaluating the maximum difference and the mean absolute difference between the
calculated and issued values of current and power. Depending on the used model, the most effective
one-diode equivalent circuits yielded for the poly-crystalline Kyocera KD245GH-4FB2 PV panel values
of the current difference that averagely range from 0.40% to 0.77% of the current at the MPP. The
values of the power difference averagely vary between 0.44% and 0.72% of the rated maximum power.
For the Sanyo HIT-240 HDE4 PV module greater accuracies were generally observed. The current
differences averagely vary from 0.22% to 0.61% of the current at the MPP. The power accuracies
averagely range from 0.20% to 0.67% of the rated maximum power. The accuracies of the less effective
models averagely reach 7.96% of the current at the MPP and 7.43% of the rated maximum power for
the Kyocera PV panel, whereas average differences of 5.11% of the current at the MPP and of 5.54% of
the rated maximum power were observed for the Sanyo PV module.

In order to rate both the usability and accuracy of the considered analytical procedure, a three-level
rating scale (high, medium and low) was defined considering some significant features, such as the ease
of finding the performance 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 of
the analysed PV modules. No model achieved the highest rating for all the considered features. As it
was predictable, the selection of the one-diode model requires that researchers and PV designers, who
are the only persons aware of the peculiarities of the problem to be solved, reach a suitable compromise
between analytical complexity and expected accuracy. In our opinion, even though the presented
criterion is obviously debatable and other approaches may be used to rate the usability and accuracy
of the one-diode models, the information provided in this paper may be useful to make more aware
choices and support the users in implementing the selected model.
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Nomenclature
a diode shape factor
G solar irradiance (W/m?)
Gref solar irradiance at the SRC (1000 W/m?)
I current generated by the panel (A)
Leglc,j current of the j-th calculated point of the I-V characteristic (A)
Liss j current of the j-th point extracted from the issued I-V characteristic (A)
It photocurrent (A)
It ref photocurrent (A) at the SRC (A)
Ly, ref current in the maximum power point at the SRC (A)
Isc short circuit current of the panel (A)
Lsc ref short circuit current of the panel at the SRC (A)
Iy diode saturation current (A)
Lo ref diode saturation current at the SRC (A)
It ref photocurrent (A) at the SRC (A)
Lp, ref current in the maximum power point at the SRC (A)
Isc short circuit current of the panel (A)
Lsc,ref short circuit current of the panel at the SRC (A)
Iy diode saturation current (A)
Lo ref diode saturation current at the SRC (A)
k Boltzmann constant (J/K)
K thermal correction factor (Q2/°C)
n diode quality factor (V/K)
N number of points extracted from the issued I-V characteristic
Nes number of cells connected in series
p power generated by the panel (W)
q electron charge (C)
R series resistance ((2)
Rso reciprocal of slope of the I-V characteristic for V = V,c and I = 0 (Q))
R ref series resistance at the SRC (Q)
Ry, shunt resistance (Q))
Ry reciprocal of slope of the I-V characteristic for V =0 and I = I (Q2)
R, ref shunt resistance at the SRC (Q)
T temperature of the PV cell (°K)
Tref temperature of the PV panel at the SRC (25 °C —298.15°K)
Vv voltage generated by the PV panel (V)
Voe open circuit voltage of the PV panel (V)
Voe ref open circuit voltage of the PV panel at the SRC (V)
Viss,j voltage of the j-th point extracted from the issued I-V characteristic (A)
Vi, ref voltage in the maximum power point at the SRC (V)
fofe ratio of the current irradiance to the irradiance at SRC
Y diode ideality factor
£G bandgap energy of the material (eV)
W s thermal coefficient of the short circuit current (A /°C)

WV oc thermal coefficient of the open circuit voltage (V/°C)



Energies 2016, 9, 427 32 of 48

Appendix

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

Al. Kennerud Model

To make the calculated curve coincide with an experimental curve, the following information
is considered:

(1) short circuit point (I = I ., V = 0);

(2) open circuit point (I = 0; V = Vi 1e0);

(3) derivative of current at the short circuit point (9(I)/ 0V = —1/Rg, at I = I e, V = 0);
(4) derivative of current at the open circuit point (0(I)/ 0V = —1/Rs at I = 0; V = Vi 1);
(5) derivative of power at the MPP (0P/0V =0at I =Ly V = Vi rep)-

The fifth piece of information, which is described by the following relation:

oP o(VI) ol
= = — =1 \% — =0 Al
V|V =Vupref ov ‘ V= Viupref mpref T Vinpref V| V= Vi rer (A1)
I= Imp,ref I= Imp,ref I= Imp,ref
can also be written as: 5 ;
I mp,ref
= =——"" A2
8V' V= Vmp,ref Vmp,ref (A2)
I= Imp,ref

The derivative of Equation (2) with respect to the voltage is:

ol Iy ol V+IRs 1 ol
_— = — — _ nT N — JR—
v T (1 + Rs 0V> e R, (1 + R (3V> (A3)

Using Equations (A2) and (A3), the five pieces of information are described by the
following equations:

1) I= Isc,ref} V=0

Isc,rejRS I R
Isc,ref = IL,ref - IO,ref <€ Mref 1) - 50}26); ’ (A4)
s
(2 I=0;V= Voc,ref:
Voc,ref v
0= TIpref — Iopef <e Mref 1) - ;C'”f (A5)
sh
(3) 0I/3V =—1/Rgpatl=I,p V =0:
I Ry \ —gd™ R 1
0,ref (1_ s )e Tref 4 (1_ s ) — (A6)
nTh, f Rspo Rgp Rspo Rspo

(4) 0l/0V=-1/Rypatl=0;V= Voc,ref:

V

Iy ref ( Ry ) Uqf'mf 1 ( R ) 1
. 1-— eref 4 —(1— = A7
nTref ng Rsh Rso Rso ( )




Energies 2016, 9, 427 33 of 48

(B) P/OV =0atI=1lop i V= Vi nf
Vin e +1y e Rs
Ioef 1_R, Ly ref e%"fpf . 1 1_R. L, ref _ L ref (A8)
nTref Vmp,ref Rgp Vmp,ref Vmp,ref

Using the above five pieces of information, Equations (A4)—(A8), listed in the appendix, are written
and solved using the Newton-Raphson technique in order to calculate the model parameters I e, Io ref,
Rs, Ry, and n. The model cannot be used for any value of solar irradiance and cell temperature because
Kennerud described the operation of PV devices at only the SRC.

A2. Phang et al. Model

Phang et al. calculate the model parameters by means of the following information:

(1) short circuit point (I = I o, V = 0);

(2) open circuit point (I = 0; V = Vi 1p);

(3) derivative of current at the short circuit point (0I/0V = —1/Rgyp at I = I e, V = 0);
(4) derivative of current at the open circuit point (0I/0V = —1/Rs at [ = 0; V = Vi 1y);
(6) MPP (I =1Luprer V = Vi, ref)-

The first four pieces of information are described by Equations (A4)—-(A7); the fifth piece of
information corresponds to the equation:

Vmp,ref""mp,refRS V + I RS
Imp,ref = IL,ref - IO,ref (e "ref - 1) — et R hmp,ref (A9)
S,

The following expressions of I . are obtained from Equations (A4) and (A5):

Isc,;efRS L refRs
IL,ref = Isc,ref + IO,ref e "l -1+ ,R f (A10)
s
Voc,ref V
Ipref = Ioref (e ref 1) + %’”f (A11)
sh

in order to be substituted in Equations (A5) and (A9), respectively. After some manipulations.
Equations (A5)-(A7) and (A10) can be rewritten in the following forms:

VO;’“’f ISC’;"f ks Rs Voc ref
I eMref —e "rf ) — ] (1+>+ — =0 (A12)
Oref seref Rsp Rgp
L yofRs
1 1 Iore f SC';gf
1 ref e (A13)
Rsh Rsho — Rs nTref
v,
1 IO ref O?ref
Rso — R —+—=e"rf | -1=0 Al4
( S0 S) (Rsh + nTref e ( )
Vocref \V -V R Ympref + mp,refRs
I iTep . Locref — Ympref g 14 25 ) g "Tref =0 Al5
0,ref€ + Ry, mp,ref + Ry, 0,ref€ ( )
Assuming the following hypotheses:
Vnc,ref lsc/ref Rs I Voc,ref 1 I lsc,ref Rs 1 1
e et ws o M 0T e o Rs << Ry, Oref iy o — - (A16)

nTref Rgp nTref Rsp Rspo — Rs
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Equations (A12)—(A15) are significantly simplified and, after some manipulations, the model
parameters can be calculated by means of the following explicit forms:

Rsh = Rsho (A17)
"— Vmp,ref + Imp,refRso - Voc,ref (A18)
Vm re Voc,re Im re
Trgf [11’1 (Isc,ref B thof B Imp/”f) B 11’1 (Isc,ref o Rshnf> + Isc,ref_‘gvc,rif/Rsho]
V _ Voc,ref
IO,ref = (Isc,ref - Ig:;::f) e Tref (A19)
1%
nT _ ocref
Ry = Ry — —L o™ 7 (A20)
IO,ref
Isc refRs
I _ I ",Tri‘f RS
Lyref = f0,ref e -1)+ Isc,ref 1+ R (A21)
sho

The model parameters are calculated by means of explicit Equations (A17)—(A21). Phang et al.
only calculate the I-V characteristic at the SRC.

A3. de Blas et al. Model

The same five pieces of information adopted by Phang et al. are used by de Blas et al. and the
following hypotheses are assumed:

Vnc,ref Isc,ref Rs Vac,rej

e el sse M 0 Ty o 2 (A22)
nTref R

If Equation (A11) is substituted in Equation (A4), and the first of the hypotheses in Equation (A22)
is considered, the diode reverse saturation current can be calculated as:

R Voc,ref
Isc’ref (1 + ﬁ) - Rspo
IO,ref = v

(A23)

Moreover, if Equations (A11) and (A23) are used in Equation (A9), it is possible to write parameter
n in the following form:

Vmp,ref + Imp,refRs - Voc,ref

(Isc,ref_lmp,ref)(1+RS/Rsh)_Vmp,ref/Rsh :|

(A24)
Trefln |: Isc,ref(1+RS/Rsh)_Vmp,r@f/Rsh

n =

From Equation (A3) it is possible to extract the general form of the derivative of the current:

oI e+ g
ov == Z I V+IRs ~ 1 (A25)
1+ R (e 7 + )

and use it to write the conditions regarding the derivatives in the short circuit and open circuit points
at the SRC:

Isc,refRS

IO,ref nT,, 1
o et TR — (A26)

v v=0 oy S R
I= Isc,ref 1+ RS ”Tref ¢ " + Rgp
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I Vuc,ref
O,ref nT, 1
o1 e R 1
— =— ! =—— (A27)
ov| V= Voc,ref I ot Vno;,ref . RSO
I1=0 1+ Rs nfmf e ref 4 R

Due to the second hypothesis in Equation (A22), it is possible to extract the following expression
from Equation (A26):
Rspp = Rpo — Rs (A28)

If Equation (A23) is substituted in Equation (A26), resistance Rs can be calculated with the
following equation:

VOL‘,V[’f Isc,ref Rso
. Rso (524 1) + Ry (1- 2552

s =

A29
Vuc,refflsc,refRsho ( )

”Tref

The resolution of the equations requires an iterative procedure based on the following steps:

(1) aninitial value of R, is assumed;

(2) Rgy is calculated by Equation (A28);

(3) nis calculated by Equation (A24);

(4)  Ipe is calculated by Equation (A23);

(5)  IL e is calculated by Equation (A11);

(6) Rsis calculated by Equation (A29);

(7) the initial value of Ry is compared with the value calculated by Equation (A29);

(8) the analytical procedure is concluded if the comparison is satisfied within a fixed accuracy;
otherwise, a new value of R; is assumed and the iterative procedure is repeated.

In order to use the model in conditions different from the SRC, de Blas et al. adopt for the diode
reverse saturation current the equation proposed by Townsend [88]:

e 1 1
1o(T) = T ey (TTf> ot e (A30)
re

in which ¢ is the bandgap energy of the material. Moreover, de Blas ef al. suggest calculating the
model parameters by means of the values of the short circuit current and open circuit voltage measured
under the specific cell temperature and solar irradiance conditions. Unfortunately, the measured values
of the short circuit current and open circuit voltage are often unavailable and the values that may be
extracted from the [-V curves issued by the manufacturer only refer to some particular values of solar
irradiance and/or cell temperature.

A4. Hadj Arab, Chenlo and Benghanem Model

The Hadj Arab ef al. model is an improvement of the Phang ef al. model that permits to evaluate
the I-V characteristics for values of solar irradiance and silicon temperature different from the SRC.
Because the model parameters obtained with Equations (A17)—(A21) are only valid for the values of
irradiance and temperature in correspondence of which they were calculated, Hadj Arab et al. use
the method of Chenlo ef al. [89] that permits to translate the I-V curve, referred to irradiance G; and
temperature T, to other irradiance G, and temperature Ty. Any point (I, V1) of the I-V characteristic
is shifted to a new point (I, V) and the curve is translated without distorting its shape. The procedure
is based on the following equations:

12 = Il =+ ISC(GZI TZ) - ISC(Gll Tl) (A31)
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Vo=Vi+ Voc(G2/ TZ) - VOC(Gll Tl) (A32)
G
Isc(Ga, T2) = Lsc(Gy, Tl)é + by (T2 — Th) (A33)
Gy
Vgc(GZ, Tz) = VOC(Gll Tl) +nTiln ?1 + Ky oc (Tz - Tl) (A34)

where s and py, are the short circuit current and the open circuit voltage thermal
coefficients, respectively.

Ab. De Soto, Klein and Beckman Model

The first four pieces of information correspond to Equations (A4), (A5), (A9) and (A8), respectively.
The last piece of information permits to write the following equation:

Voc(T)

0= IL(Grefr T)—Ip(T) (ET _ 1) _ Voc(T)

Rsh

(A35)

that requires the use of appropriate relations for I (Gy.f,T), Io(T) and Vi (T). Equation (A35) is calculated
assuming the following relations for the photocurrent, the open circuit voltage and the shunt resistance:

G
(G T) = Ty g+ b (T—Twy) (A36)
re
VOC(T) = Voc,ref + Wy ,0c (T - Tref) (A37)
G
Rsh(G) = Rsh,ref%f (A38)

in which Ry . is the value of the shunt resistance evaluated at SRC. Diode saturation current Io(T) is
calculated with Equation (A35) in which the silicon bandgap energy is described by the following form:

ec = 1.121 [1 —0.0002677 (T — Tn,f)] (A39)

The simultaneous solution of Equations (A4), (A5), (A9), (A8) and (A35), which is necessary to
calculate the model parameters, is facilitated by a non-linear equation solver, such as EES [88].

Ab. Sera, Teodorescu and Rodriguez Model
Assuming the following hypotheses:

Voc,r@f Isc,rej Rs Vmp,rej + [mp,rej Rs Vac,ref Isc,ref Rs
”Tr’f ”Tref ”Tref "Tref "Tref
e'"rf >>1 e >>1 e >>1 e >>e Rg, = Ry (A40)

Equations (A4), (A5) and (A9), which refer to the first three pieces of information, are rewritten as:

lsc,refRS I Rs
Isc,ref = IL,ref - IO,refe Mef — % (A41)
sh
Voc,ref V
R e (A42)
Rsp

Vmp,ref""mp,refRs V. +1 R
T mp,re mp,ref \s
Imp,ref = IL,ref - IO,refe "ref - ! Ry, (A43)
s
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Photocurrent I} s can be extracted from Equation (A42):

1

nnlc":ff Voc,re f
IL,ref = IO,refe 4+ R (A44)
sh
and substituted in Equation (A41) in order to write the following expression:
V _ I R _ Voc,ref

Io ref = (Isc,ref _ ‘””’fRs”efs) e s (A45)

sh

If Equation (A45) is used in Equation (A43):
v, +1 Rs—V,
Vm ref T Im re _Isc re Rs Voc re _Isc re Rs it ";P,Tﬂf - et

Imp,ref = lscref — pres ﬁ’shf 220 - (Isc,ref - %) e Tref (A46)

parameter 7 can be calculated with the following form:

V, +1 Rs -V,

0 — mp,ref mp,ref s oc,ref (A47)

Iy - 3 )(R5+R<]1)7Vm re
T n ( scref — imp,ref s pref
ref |: Isc,n’f (RS +Rgp ) - Voc,ref

The fourth piece of information is described by Equation (A1) that, using Equations (A25) and
(A42), becomes:

v, +1 Rs—V
V Isc,ref(Rsh""RS)_Voc,ref mpief ";IfT::j; veref + L
op mp,ref nTR, € R
(97 V= Vm mf = Imp,ref B Vmp,ref+Imp,refR57Voc,ref =0 (A48)
P 1+R Isc,ref(Rs}1+RS)_Voc,refe nT,,(,f + 1
I= Imp,ref s nTRg, Rsn

Due to the last hypothesis in Equation (A40), the condition about the derivative of current at the
short circuit point is described by the following equation:

Isc,refRS _Vnc,ref

o Isc,ref(Rsh +RS)_Voc,refe V‘Tref + 1 1
ar _ nTRyy Rsi - (A49)
vl v=o0 T rop (R +Re) Vi oy el s Vet Rsp
1 + R scref \Nsh s Ocﬂ’fe "Tref + L
I= Isc,ref § nTRg, Rgp

The model parameters can be calculated with Equations (A44), (A45), (A47), (A48) and (A49).
Due to the presence of implicit forms, the iterative procedure based on the following steps has to
be used:

(1) aninitial values of R; is assumed;

(2) an initial values of Ry, is assumed;

(3) nis calculated by Equation (A47);

(4) Equation (A48) is calculated;

(5) the value of Ry, is modified and steps 3 and 4 are repeated until Eq. (A48) is verified within
a fixed accuracy;

(6) Equation (A49) is calculated;

(7) the iterative procedure is concluded if Equation (A49) is verified within a fixed accuracy;
otherwise, a new value of R; is assumed and steps 2, 3, 4, 5 and 6 are repeated.

(8)  Io,ref is calculated by Equation (A45);
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(9)  Iper is calculated by Equation (A44).

In order to describe the electrical behaviour of the analysed PV device far from the SRC, the
values of Iy and I}, in Equation (2) are updated using the following equations:

V. IR o
10:<Isc_ oc T 1sc s)e_‘;T (A50)
Rsh
oc V
I = IpenF + 2% (A51)
Rgp

in which the dependence of I;c and V. on the solar irradiance and cell temperature is calculated with
the following relations:

G
ISC(Gr T) = Isc,refGif + PLI,SC (T - Tref) (A52)
re

Voe(G, T) = Voe(G) + by e (T = T (A53)

To calculate V,.(G), the following equation, which is derived from Equation (A42), has to be
numerically solved:

I1L(G)Rsp — Ve (G
Voe(G) = nTefln L(G)Ra — Vo (G) (A54)
IO,re f Rsh
in which the following expression is assumed for I (G):
I(G) =1 & (A55)
L = ILyref Gref
A7. Villalva, Gazoli and Filho Model
If the following hypotheses are assumed:
Lsc,re f Rs V.
e i o~1 2 L0 (A56)
Rgp
the short circuit and open circuit conditions permit to write the following expressions:
Rsp +R
IL,ref = %Isc,ref (A57)
IL,re f
7 (A58)
e "Tref o 1
The third and fourth pieces of information correspond to the following equations:
anp,rff+lnzp,refR5 V. +1 RS
Imp,ref = IL,ref - IO,ref (e href - ) _ Jmpref R mporef (A59)
sh
anp,ref+1nlp,r‘efR5 V + I R
Pmp,ref = Vmp,reflmp,ref = Vmp,ref lIL,ref - IO,ref (6 "Tref - 1> - mpref R hmp,mf : (A60)
S
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where Py, ref 18 value of the experimental peak power issued on datasheets or measured. Shunt
resistance Ry, can be extracted from Equation (A60):

Vmp,ref (Vmp,ref + Imp,refRS)
Vmp,rej + Imp,ref Rs
Vmp,ref lIL,ref - IO,ref (e "Tref - 1) 1 - Pmp,ref

the first four pieces of information correspond to Equations (A57)—(A60) listed in the appendix. Such
equations are modified to consider the effect of the solar irradiance and cell temperature by means of
the following relations:

Rsh =

(A61)

I = [Imf + s (T - Trefﬂ Gif (A62)

Isc,ref + Mpsc (T - Tref)
Voc,ref ¥1v,0c(T=Tref)
e "Tref o 1

Iy = (A63)

In order to calculate the model parameters, an iterative procedure is used. The goal is to find
the value of R,, and hence of Ry, from Equation (A61), that makes the peak of the mathematical
power-voltage curve coincide with Py, ... The following iterative method is adopted:

(1) afixed value of a is used to calculate n = aNk/g;

(2) aninitial values of Ry, is assumed;

(3) aninitial values of Ry is assumed;

(4) I is calculated by Equation (A57);

(5) Iy is calculated by Equation (A58);

(6) Ry is calculated by Equation (A61);

(7) Equation (2) 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 P, r1;

the iterative procedure is concluded if the comparison is satisfied within a fixed accuracy; otherwise,
a new value of R; is assumed and steps 4, 5, 6 ,7 and 8 are repeated.
Villalva et al. use a value of a = 1.3 and the following initial values of the series and

shunt resistances:

Ro—0 Ry = Jmeres  Vores = Vipres (A64)
s sh Isc’rgf - Imp,ref ImP/”?f

A8. Lo Brano, Orioli, Ciulla and Di Gangi Model

The used information permits to write Equations (A4), (A5), (A9), (A26) and (A27) from which
the following expressions can be extracted:

I R
Rs,ref %
IL,YEf = ]. + — ISC,YEf + IO,VEf e ef _ 1 (A65)
Rsh,re f
\%
"o R (A66)
Tin [1 + Lf‘If/'f}
O,ref
Vm re +Im re Rs,yg

IO,re f = (A67)

Vmp,ref + Imp,ref Rs,rej
e "ref -1
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Rsno — R ref
Rsh,ref = . ToorefRoref (A68)
0,r T,
1= (Rao = Rogey ) wiple "
I Vuc/ref
0,ref "Tref 1 .
Rso nTher € + R ref 1
Rs,ref = Voo ref (A69)
IU,ref e nTn,f
nTref Rsh,ref

The model parameters are calculated using the implicit Equations (A65)-(A68) and (A69), which
are solved with a numerical procedure based on a double process of trial and error for the parameters
Rs and n with the second process nested into the first. To start the process, it is necessary to use the
following positions:

IL,ref = Isc,ref Rsh,ref = Rsho (A70)

To calculate the model parameters, the following sequence of steps is adopted:

(1) theinitial values of I} ;,r and R, s from Equation (A70) are set;

(2) aninitial values of R; r is assumed;

(3) an initial values of n is assumed;

(4)  Io e is calculated by Equation (A67);

(5)  IL e is calculated by Equation (A65);

(6)  Rgp,ref is calculated by Equation (A68);

(7) the current value of n is compared with the value calculated with Equation (A66);

(8) the current value of n is modified and steps 4, 5, 6 and 7 are repeated until Equation (A66) is
verified within a fixed accuracy;

(9) the current value of Ry ¢f is compared with the value calculated with Equation (A69);

(10) the iterative procedure is concluded if Equation (A69) is verified within a fixed accuracy;
otherwise, a new value of Rs,ef is assumed and steps 3, 4, 5, 6, 7, 8 and 9 are repeated.

To increase the robustness of the iterative procedure, the input data Ve ref, sc,refs Vinp,refs Lp,refs Rso
and Ry, are range-scaled in order to delimit the [-V characteristic between the unity values of voltage
and current. Range-scaling is achieved by dividing the voltage data by V. e, the current data by Iy o
and the resistance data by the ratio of Vi ,;r and Iy . The thermal correction factor K is used to slide
the I-V characteristic at irradiance G, on the V axis in order to better fit the characteristics issued
by the manufacturer at temperatures T~ # Ty Factor K is calculated with the formal imposition that
the |-V characteristic evaluated with Equation (26) at G, and at the selected temperature T" must
contain the MPP issued by the manufacturer for the same T".The value of T to be used to determine K
should be chosen considering the maximum or the minimum expected working temperature of the
PV module and, obviously, the data provided by the manufacturer. Photocurrent I; (T) and reverse
saturation current Ip(xg,T) are calculated with the following expressions:

IL(T) = IL,ref + Hlsc (T - Tref) (A71)
—02, Ih1,T
Ip(og, T) = exp [ oclc_ 0(_)2 In Io(zé.é ,}) +Inlp(0.2, T)] (A72)

that is obtained with the logarithmical interpolation of the value of Ip(1, T), calculated with for G = G,
(g = 1), and the value of I5(0.2, T), calculated for G = 200 W/m? (a¢ = 0.2). Both Iy(1, T) and I5(0.2, T)
can be evaluated with the following equation, which refers to the open circuit point:

(A73)

Voc (g, T)
nT

Io(ag, T) = oG [IL(T) ~ VOC(CXG’T)/Rsh,ref]

e
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Open circuit voltage V,c(x,T) is calculated by means of the expression:

Voc(&G, T) = Vac(G, Tref) + ivoc (T = Trey ) (A74)

To calculate Ip(1, T) and Ip(0.2, T) with Equation (A73), the values of Vic(1, Tjp) and Vioc(0.2, Trey)
must be used in Equation (A74). The values of V(1, Tyef) correspond to V. er, whereas the value of
Voc(0.2, Thf) has to be extracted from the I-V curves issued by the manufacturer at G = 200 W/ m? and
T =Ty

A9. Seddaoui, Rahmani, Kessal and Chauder Model

The hypotheses and equations of the model of Phang et al. are used and the model parameters are
calculated by means of the procedure proposed by Hadj Arab et al. Unlike the Hadj Arab ef al. model,
to calculate the I-V characteristics for conditions different from the SRC, reverse saturation current
Io(T) was calculated with the following expressions:

T eGNes [

Io(T) = lopef | =— | ¢ " " 7 (A75)
Tre f

whereas, for shunt resistance Ry, and photocurrent I; (G,T), Equation (A38) and (A62) were used.

A10. Siddique, Xu and De Doncker Model

The following equations can be obtained by solving Equations (A4) and (A5), which refer to the
short circuit and open circuit conditions:

R Voc,ref
(1 + T;) IO,ref - R,

IO,ref - Vac/ref Isc/ref Rs (A76)
nT, nT,
e 'ref —p ref
Vac,ref v Isc,ref Rs
(1 + 1’5—;) Ioef €™ =1+ —ﬁg:;f 1—e "ref
IL,ref = Voc,ref lsc/refRS (A77)

e nT”,f —e nT”,f

If the previous equations are substituted in Equation (A9), which describes the third piece of
information, resistance Ry, can be calculated with the following expression:

Rs (Isc,ref - Imp,ref) - Vmp,ref - (Rslsc,ref - Voc,ref) B/A

Ry, = (A78)
’ Imp,ref - Isc,ref (1 - B/A>
in which it is:
Voc,ref Isc,refRS
A=e"ef —¢ "rf (A79)
Vmp/ref +Imp/refR Isc,refRS
B=e "f —e "rf (A80)
The following equation can be analogously extracted from Equation (A1) and (A25):
Isc,re RS_Voc/re
Ry, = Vmp,ref - Imp,refRs +C % - (Vmp,ref - Imp,refRs) (A81)

Isc,r[’ C
Imp,ref + Tf (Imp,refRs - Vmp,ref)
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where it is:
Vmp,ref+lntp,refR5
e ”Tref
c=% (A82)
nT,ef

From Equations (A78) and (A81), the following relation is obtained:

Rs (Isc,ref_lmp,ref)_Vmp,ref_ (RS Isc,ref_voc,ref)B/A +
Imp,ref_Isc,ref(l_B/A)

Isc,refRf‘/; Vuc,ref _ ( (A83)

o Vmp,refflmp,refRS‘FC Vmp,refflmp,refRs) =0

C

sc,re

lmp,n’f+ A (Imp,refRsfvmp,ref)

Only the values of Rs contained into the following range:

Voc,ref - Vmp,ref

T (A84)

Rs,min =0 Rs,max =
pref
are valid, whereas the shunt resistance, which can be calculated using either Equation (A78) or
Equation (A81), should not exceed the minimum value given by:

V,
mp,ref (A85)

Rspmin = 7 ——
’ Isc,ref - Imp,ref

The model parameters are calculated with the following steps:

(1) theinitial value a = 1 is set and n = N¢k/q is used;

(2) Rsis calculated by Equation (A83);

(8) ifitis Rs <Rs min Or Rs > Rs max, the value of parameter a is slightly increased and step 2 is repeated;

(4) ifitis Rs min < Rs < R max, then:

(5) Ry, is calculated by Equation (A78);

(6) o is calculated by Equation (A76);

(7) I refis calculated by Equation (A77);

(8) ifitis Rg < Reymin OF Ioref < 00T I yor < Lse e, the value of a is slightly increased and steps 2, 3, 4,
5, 6 and 7 are repeated;

(9) ifitis Ry, = Rep,min and Ip rer > 0 and Ip er > Igc rer then:

(10) Equation (2) is calculated in order to find the maximum power point;

(11) the calculated maximum power is compared with the issued value of Py, rf;

(12) the whole iterative procedure is repeated by slightly incrementing # until it is found the condition
in which the minimum difference between the calculated maximum power and the issued value
Of Pyyyp e 1s reached.

The dependence on values of solar irradiance and cell temperature different from the SRC is
considered using Equations (A62) and (A30), for the photocurrent and the reverse saturation current,
respectively. The open circuit voltage is described with the following expression:

G
Voc(G,T) = Vocref + 1V ,0c (T - Tref) +nTln ( > (A86)

Gre f

which was proposed by Chenlo ef al. [86].
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Al1. Yetayew and Jyothsna Model

Points A and B are selected on the I-V characteristic at the SRC in correspondence of the following
voltage values:
Voc,ref v Vmp,ref + Voc,re f

Va = -
A 2 B 2

The above five pieces of information permit to write five independent versions of Equation (2)
that are solved by means of the Newton-Raphson method. In order to consider the effects of conditions
different from the SRC, Equations (A30), (A62) and (A38) are used to describe parameters Io(T), I1.(G,T)
and R, (G).

(A87)

A12. Orioli and Di Gangi model

If the following hypotheses are assumed:

Isc,ref Rs,ref

Isc,ref Rs,ref 1
e "™ ~1 Rgur<<Ry,

nT,
e rf <<
ef 1T f Rsh,re f

(A88)

the photocurrent and the shunt resistance can be calculated with the following expressions obtained
from Equations (A4) and (A6), which describe the conditions related to the short circuit point and the
derivative of current at the short circuit point:

IL,ref = Isc,ref (A89)

Rsh,ref = Rsho (A90)

Using the previous equations in Equation (A5), which describes the open circuit condition, the
following expression can be obtained:

Voc,ref
I _ Isc,ref* Rano
Oref = v

oc,ref

e "Tn’f o 1

(A91)

If Equations (A89), (A90) and (A91) are used in Equation (A9), which contains the MPP condition,
and the following hypotheses are adopted:

Vmp/reffljtnp,refRs,ref Vo]t.:,ref
e ref >>1 e >>1 (A92)

it is possible to extract the following expression for parameter #:

Vmp,ref + Imp,refRs,ref - Voc,ref

n= (A93)

T. An (Isc,refflmp/ref)Rsho - (Vmp,ref‘i'lmp/refRs,ref)

ref Isc,refRsha - Vac,ref
The fifth piece of the used information is expressed by the equation:
oy WL
61‘ B 1T, © * R 1 (A94)
ov| V= Voc,ref Tores # 1 R
I=0 1T+ Rs,ref nTn»f e s + Rgpo

To calculate the model parameters, the following sequence of steps is adopted:

(1)  Ip e is calculated by Equation (A89);
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(2)  Rgpref is calculated by Equation (A90);

(3)  loer is calculated by Equation (A91);

(4) an initial values of R ref is assumed;

(5) mnis calculated by Equation (A93);

(6) Equation (A94) is calculated;

(7) the iterative procedure is concluded if Equation (A94) is verified within a fixed accuracy;
otherwise, a new value of R; f is assumed and steps 5, 6, and 7 are repeated.

Unlike the Lo Brano et al. model, factor K is calculated with the formal imposition that the I-V
characteristic evaluated by Equation (26), at G,.,f and at a selected temperature T + Ty, must reach
the MPP in correspondence of the same voltage for which the MPP is reached on the I-V curve issued
by the manufacturer for G = Gand T = T".The value of T" to be used to determine K is chosen
considering the maximum or the minimum expected working temperature of the PV module and,
obviously, the data provided by the manufacturer. In order to avoid the graphical extraction of Ry, and
Rgpo, the following empirical relations are proposed:

V,
Rep = o2 (A95)
sc,ref
%
Rsho = Csh IOC/VEf (A96)
sc,ref

in which C; = 0.11175; Cy, = 34.49692, for mono and polycrystalline PV panels, C; = 0.16129;
C,, = 124.48114, for HIT PV modules. The diode reverse saturation current is calculated with the
following equation:

I(T) -V ,T)/R
Ip(og, T) = ag l L(T) VOC&CG(%G i Shol (A97)
e~ AT —
which refers to the open circuit point. Open circuit voltage Voc(ag,T) is evulated by means of the
following empirical expression:

Vae(G, T) = Vo ey {1+ C1In (06) + Cz [In () + G [In () | + b e T = Ty)  (A98)

where: C; = 5.468511 x 1072, C, = 5.973869 x 1073 and C3 = 7.616178 x 10~4.
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