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ARTICLE INFO ABSTRACT
Keyword: Building an accurate mathematical model of photovoltaic modules is an essential issue for providing reasonable
Photovoltaic analysis, control and optimization of photovoltaic energy systems. Therefore, this study provides a new accurate

Single diode model
Mono-crystalline
Thin film

Shell SP140
Iterative approach

model of photovoltaic Panels based on single diode Model. In this case, the proposed model is the link between
two models which are the ideal model and the resistance network. All parameters are estimated based on hybrid
Analytical/Numerical approach: three parameters photocurrent, reverse saturation current and ideality factor
are obtained using an Analytical approach based on the datasheet provided by the manufacturer under Standard
Test Conditions. The series and shunt resistances are obtained by using a Numerical approach similar to the
Villalva’s method in order to achieve the purpose of modeling the resistance network part. Our model is tested
with data from the manufacturer of three different technologies namely polycrystalline, Mono-crystalline silicon
modules and thin-film based on Copper Indium Diselenide, and for more accurate performance evaluation we are
introducing the Average Relative Error and the Root Mean Square Error. The simulated Current-Voltage and
Power-Voltage curves are in accordance with experimental characteristics, and there is a strong agreement be-
tween the proposed model and the experimental characteristics. The computation time is 0.23 s lower than those
obtained using others approach, and all obtained results under real environment conditions are also compared
with different models and indicated that the proposed model outperforms the others approach such as villalva’s
and kashif’s method.

technical maturity and are now competitive compared to a cost of en-
ergy integrating the value of CO, [5,6] . Among all renewable energy
sources, solar energy is the most promising energy [7]. Photovoltaic
systems represent the most direct way to convert solar energy into
electrical energy by utilizing the inherent properties of semiconductors
[8]. The cost of PV systems is always higher, so prior to installation a
modeling and characterization study of PV modules is required before
installation [1]. So it is always desirable to have a model which allows
studying the behavior of solar cells [7], i.e. Use the equivalent electrical
circuit built with diodes and resistors to build a model suitable for the
experimental data [9]. Over the years, many models have been pro-
posed, starting from single diode model, to the R,-model, the R,-model
as well as two and three diode models [10,11]. The most widely

Introduction

As a result of the pollution of fossil fuels and its rising prices, dete-
rioration of the environmental quality and air pollution with the
greenhouse gases such as CO, and CH, some activities are raised
worldwide in terms of technology to access clean and renewable energy
[1].Thanks to renewable energies benefits from the dynamic of the
Kyoto Protocol, which favors this solution in the fight against green-
house gases[2,3], the Photovoltaic power market has grown rapidly in
the last decade, and the share of renewable energies in the world’s
electricity mix had an exponential growth over the last years [4]. Along
with several technologies, namely wind and solar, have reached a real
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Nomenclature

ARE Average Relative Error

K Boltzmann constant (1.381.10722 J/K)

I-v Current-Voltage characteristic

CIS Copper Indium Diselenide

A Diode ideality factor

q Electric charge of an electron (1.602.107'°C)
Prax_esti  Estimated power at the maximum power point (W)

Prax_exp  Experimental power at the maximum power point (W)
E, Gap energy of solar cell(eV)

IAE Individual Absolute Error

MPP Maximum power point

N; Number of cells connected in series

Inmp Output Current at MPP(A)

Vinp Output Voltage at MPP(V)

Voc Open circuit voltage of the PV panel (V)

Voen Open circuit voltage of the PV panel at STCs (V)

B, Open circuit voltage temperature coefficient (V/°C)
Ly Photocurrent (A)

Iovn Photocurrent at STCs (A)

T PV cell temperature (°C)

Ty PV cell temperature at STCs (°C)

L Reverse saturation current of the diode at STCs (A)
I Reverse saturation current of the diode (A)

RMSE Root Mean square Error (A)

B Short circuit current temperature coefficient (A/°C)
R, Shunt resistance ()

STCs Standard Test Conditions

Rg Series resistance (Q)

I Short circuit current of the PV module (A)

Lscn Short circuit current of the PV module at STCs (A)
G Solar irradiance (W/m?)

G, Solar irradiance at STCs (1000 W/m?)

modeling methods that have high accuracy based on Artificial Intelli-
gence like the Meta-Heuristic approach and Evolutionary algorithms
summarized in Table.1 require solving implicit equations of output
voltage and current, hence increasing the complexity of the approach.
Obviously, the more complicated a model is, the more parameters are
involved in its computation [9]. There are also, Analytical and Numer-
ical methods such as these summarized in Table.2. In this paper we are
adopted the single diode model and focus our attention on the extraction
of all model parameters at STCs (T = 298 K, G = 1000 W/m?) namely
photo generation current I,,, leakage current I, Ideality factor of the
diode A, series resistance Ry and shunt resistance R,. And study the
impact of input solar radiation G and temperature T on our model pa-
rameters. Table 3 shows a literature reviews of these parameters with
increasing temperature and irradiation.

The Novelty of this study is provide an improved hybrid analytical/
Numerical approach that has no implicit equation to deal with, in order
to explore and discuss the behavior of the single diode parameters under
real environmental conditions in order to characterizing PV modules.
The performance of this method is evaluated using the datasheet pro-
vided by the manufacturers of the three PV modules such as Mono-
crystalline Shell SP140 [59], Poly-crystalline Shell S75[60] and thin
film Shell ST20 for different temperatures in the range of 20°C —60°C
and different irradiation and in the range of 200W/m? —1000W /m? for
three photovoltaic modules. All associated calculation methods that we
have evaluated are done by using Matlab Script.

The remainder of this paper is organized in the following manner.
After an introduction, Section 2 describes the modelling of the photo-
voltaic modules used in this study organized in two step, the first is for
extract I, I; and A. In the second one the series and shunt resistances R
and Ry, are calculated by using an iterative approach. Finally, we preset
in section 3, all obtained result compared with some well-known
modeling methods.

Modeling the PV module

The performance of the Photovoltaic cell is mainly based on the se-
lection of Photovoltaic model and associated parameters, in practice two
predominant types, these are single diode Photovoltaic model [61] and
double diode Photovoltaic models [62]. But the authors[62,63] have
evaluated that the double diode PV model is expensive than to the single
diode model.

The Single-Diode model

The equivalent circuit of the single-diode model of photovoltaic
module is shown in Fig. 1.

Applying Kirchhoff’s current and voltage laws, the Output Current
and Output Voltage relation of the photovoltaic devise can be obtained
as:

V+4+Rgx1 V+Rs x1
79}, },75 1)

1=1, —I x
wis {EXP[ Ax Vi Rp
where:

I, is the photocurrent generated bay photovoltaic module under
illumination,Is is the reverse saturation current of the diode, A is the
diode ideality factor, Rg is the series resistance used to characterize
the resistance of electrode surface,R, is the shunt resistance used to
characterize the leakage current of P-N junction. Vt is the thermal
voltage given bay expression: V; = % where K is the Boltzmann

constant (1.38.10’23J/K),q is the electron charge (1.67.10’19C), N;
and T are the number of cells in series and the cell temperature,
respectively. While in order to design a single-diode photovoltaic
model, five electrical parameters must be evaluated.

The current Voltage characteristic that represents Eq. (1) is shown in
Fig. 2. Three remarkable points are highlighted such as the open circuit
voltage V,, the short circuit current I, and the maximum power point
(MPP).

As it was adopted in [64] the equivalent circuit model of photovol-
taic module used in this study shown in Fig. 1 is divided into the ideal
model part and the resistance network part. The Current-Voltage char-
acteristic expression of the ideal model part is given as follow:

Vi
Lo =1, —Is x {exp {A det} -1 } 2)

where I,; and Vj4 are the output current and output voltage of the ideal
model part, respectively. So it is a simple equation to solve without the
need for a numerical approach.

Parameter extraction

In this study the proposed model will be split into two parts. The first
part is purely analytical regards the estimation of three parameters I, , I;
and A. The value of Rp and Rg is extracted in step 2 using an Iterative
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Table 1

The literature reviews of Analytical/Numerical approach used for PV parameter

estimation.

Ref Approach

Results and some data paper

Sheraz and Abido
2014[12]

Hybrid approach
Differential Evolution/
Fuzzy Logic

Zagrouba et al. 2010
[13]

Genetic Algorithms (GAs)

Saadaoui et al. 2021 Genetic Algorithm based
[14] on Non-Uniform
Mutation (GAMNU)

Particle Swarm
Optimization (PSO)

Ben Hmamou et al.
2021[7]

Ketkar and M.
Chopde 2014[15]

Artificial Bee Colony
(ABC)

Bacterial Foraging
Optimization (BFO)

The authors provide an
efficient differential
evolution (DE) that requires
only the available data to
estimate the five parameters
of the electric circuit model of
PV systems. Sunpower
Photovoltaic module is used
to validate the proposed
model. Also, fuzzy logic based
(FLC) MPPT controller is also
adopted and compared with
the conventional incremental
conductance method. From
all obtained result showed
that the FLC MPPT has fast
convergence speed, less
fluctuation in the steady state
and may not fail under
quickly varying operating
conditions.

Zagrouba et al introduce a
numerical technique based on
GAs formulated as a non-
convex optimization problem
and using algorithm of
Newton Raphson to identify
the electrical parameters of
photovoltaic solar cells and
modules. The study conducts
to less satisfactory results
which depend on the initial
conditions leading to local
minima solutions. The GAs
overcomes problems involved
in the local minima.
Saadaoui et al introduce this
new improved genetic
algorithm based on search
operators “the mutation non-
uniform and Blend crossover
(BLX-a)”. The authors use for
validate their approach R.T.
C. France, Photowatt-PWP
201, STP6-120/36 and ESP-
160 PPW PV cells. The
performance results of the
proposed GAMNU algorithm
show a very high similarity
between the estimated curves
and the experimental data.
The PSO approach is based on
the behavior of social
organisms such as bird
flocking and fish schooling.
The performance is tested by
using the photovoltaic cell R.
T.C France, based on the
experimental values. The
values of RMSE obtained are
very low and less than those
obtained by others soft
computing algorithm

Ketkar et al added some
modifications implemented
in traditional ABC algorithm.
All of them demonstrate
ability of modified algorithm
to be primary candidate for
the parameter extraction in
wide search space.

BFO algorithm minimized
using global heuristic
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Table 1 (continued)

Ref Approach

Results and some data paper

Awadallah,
Venkatesh and
Member, 2016[16]

Jacob et al., 2015[17] Artificial Immune System

(AIS)

Mirbagheri,
Mirbagheri and
Mokhlis, 2014[18]

Imperialist Competitive
Algorithm (ICA)

Differential Evolution
(DE)

Kharchouf et al [19]

Dali, Bouharchouche GA-PSO

and Diaf, 2015[20]

Majid Dehghani et al Fuzzy Logic Controller
[21] (FLC)

optimization algorithms an
objective function based on
difference between computed
and targeted performance
given in the manufacturer
datasheet at STCs. This study
reveals that the reproduction
event contributes to the rapid
convergence of the bacterial
population to the optima.
Also, The obtained results
indicated that exist a good
matching between
experimental measurements
and estimated performance,
and shows the accuracy of
modeling.

Jacob et al introduce AIS
method that used A new
objective function based on
derivative of maximum
power with respect to
voltage. The result indicated
that AIS approach
outperforms the GA and PSO
algorithms. Also, AIS
approach can be used for
parameter extraction of panel
with different make and
models.

ICA approach allowed the
authors to find the optimal
number of components of the
proposed Hybrid Renewable
Energy System with the
lowest possible cost

In this study DE algorithm
was used to estimate the
electrical circuit parameters
of a SDM and DDM. The
Lambert W function allowed
the reconstruction of the I-V
and P-V characteristic. R.T.C.
France solar cell, Schutten
solar STM6-40/36 and the
Photowatt-PWP 201 modules
are used for validate DE
model. All obtained results
are compared with GA, PSO
in terms of accuracy,
consistency, speed of
convergence, computation
time, and gives reliable
results for all SDM
parameters with low RMSE
values between simulated
and experimental I-V and P-V
curves.

The hybrid method has
demonstrated a very high
ability to modeling, and
extracts all parameter of SDM
and DDM with a very low
RMSE and to identify the
model parameters with good
accuracy.

Majid Dehghani et al
proposed a new FLC for
Maximum Power Point
Tracking. In this study all
parameters of FLC have been
estimated by using hybrid
approach PSO-GA. The
performance of the proposed
PSO-GA based on optimized
FLC has been investigated

(continued on next page)
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Table 1 (continued)

Ref Approach Results and some data paper

with rapid changes of
temperature and irradiation.
The obtained result indicate
that the Proposed model
outperforms the P&O, INC,
GA based FLC and PSO based
optimizer FLC.
Bahrani Prakash and Naveen
Jain introduce in this study
two different MPPT methods,
P&O and (FLC). The
performance of both
proposed method has been
tested under STCs and
dynamic tests conditions. The
simulation results show that
the FLC provides improved
results for output power
compared with the P&O
method.
Madeti and Singh uses for the
first time the kNN rule based
method to detect and classify
the fault as well as locate the
faulted string of the PV array
in a typical grid tied
distributed inverter PV
system The obtained
simulation results provide
excellent classification
accuracy for the defects
tested.
FCM algorithm based on
artificial intelligence and
fuzzy information processing
function to perform
unsupervised clustering of
defect samples and solves the
problem of classification of
the sample data of JKM245p
modules.
The hybrid PSO-NF approach
was applied to simulate the
experimental power-voltage
and current-voltage
characteristics of SPMO85P-
BP PV module. The resulting
models fit well in both cases,
and the learning speed is fast.
Quality control approach ~ The QC method gives a good
(QQC) filtration of non-realistic
calculated normal direct
radiation data, and provides a
potential technique to be

Bahrani Prakash and P&O and FLC

Naveen Jain[22]

Madeti and Singh, k-Nearest Neighbors
2018[23] (kNN)

Zhu et al., 2018[24] Gaussian kernel-Fuzzy C

Means (GK-FCM)

Douiri, 2019[25] Neuro-Fuzzy system
tuned by Particle Swarm
Optimization algorithm

(PSO-NF)

BOOK et al., 2020[26]

implemented
Li et al, 2021[27] Artificial Neural Network The Multi-Neural Network
(ANN) (MANN) Method is applied to

experimental data of
Monocrystalline (x-Si),
Polycrystalline (m-Si), (CdTe)
and (CIGS) PV modules. The
performance is compared
with a single-ANN. The
results indicate that the
proposed MANN method has
a more accurate output
performance prediction.

approach. The algorithm has been tested using Matlab software.

Step 1: Analytical approach
Based on Eq.(1) and at the short circuit point (I = I;V = 0), the
short circuit current I, is given as follow:

Energy Conversion and Management: X 14 (2022) 100219

RS X ISC RS X Is(‘
I.=1,—1 R EaT ) L 3
4 sx{e"p{Asz} } Rp )
As it can be assumed that exp {’ZSX—X";:} ~ 1 because Rs can be neglected.

After simplification we obtain finally the expression of photocurrent
generated bay photovoltaic cells at STCs given bay:

R
1, v = IS(‘N 14— 4
' ( +RP> @

Under real condition the current generated by the incident light is
directly proportional to the Sun irradiation and with the Temperature,
then is linear increase with increasing the Temperature and the Sun
irradiation according to the following equation [65,66]:

by = Uy + (T = ) x o ®)
Herein G, Gy, f;, T, T, and I, are instantaneous solar irradiances and
Standard Test Conditions (STCs) irradiance, is the temperature coeffi-
cient of current, the cell junction ambient and nominal Temperatures,
the light generated current at STCs, respectively.
And at the open circuit point (I = 0; V = V,) Eq.(1) becomes:

Voe Voc
=1,—1Is —1 -
0=1p—1sx {ex” {A X Vt} } Rp ©)
We obtain the following expression:
‘/{)C ‘/(IL‘
I, =I5 x {exp {A ” Vt} -1 } + Rp 7
After, the saturation current Is can be simplified as Eq.(8):
Rs Ve
(1+g) %
Ifj=——+ (8)

Voc
exp |:A><V1:| -1

And as Rp is very large and Rs can be neglected, then we can assume
that:¥%= ~ 0

Rp

And from Eq.(4) and Eq.(8) the expression of I; becomes:

Tov ©

ol
And at real condition and as I; slightly dependent on irradiation, Eq.
(9) can be simplified as:

(Ipwn + (T — Tn))

Voun B (T—Tn)
exp {Tw} -1

IS:

Iy = 10

Also Several researchers [67,65,66,68,69]have evaluated that these
parameter is proportional to the cube of the photovoltaic cells temper-
ature, as shown in Eq.(11) :

3
Is=1, x I, xequXE' L 11
T AXK\T, T
where:
Im _ I:M (12)

exp (A) -1

Herein I, E, are the nominal saturation current, the band gap energy
of the semiconductor (E, = 1.12 for the polycrystalline Si at 25 °C
[65,61]), respectively. The values of I; versus the temperature found by
Egs.(10), (11) are grouped together in the Table 4.

Fig. 3 represents the variation of Is as a function of the temperature.
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Table 2
The literature reviews of Meta-heuristic algorithms used for PV parameter optimization.
Ref approach Model Type of solar cell Result
type
Lidaighbi et al. 2021[28] Hybrid Approach SDM Shell SP70 the analytical techniques estimate the current-voltage curve and
Numeric/Analytical Shell SP70 the power-voltage curve at STCs with excellent accuracy and
almost the same performance as the numerical method

Louzazni et al. 2019[29] Lagrange Multiplier SDM R.T.C France Used to find the power and current-voltage characteristics as

Method (LMM) Photowatt-PWP 201. objective and constraint functions. It’s easy to used based on
characteristics functions of solar cell

Qais, Hasanien, and Hybrid Analytica/ TDM KC200GT applied to extract seven optimal parameters (ng, L1, Loz, lo3, n1,
Alghuwainem 2019[30] sunflower optimization MSX-60CS6K-280 M ny and Ry) and other parameters (R, and I;,) are calculated

(SFO) algorithm analytically.

Toledo and Blanes 2016 Analytical and Quasi- SDM R.T.C France AQE method, able to obtain the five parameters of the solar cell
[31] Explicit (AQE single-diode model just using four arbitrary points of the I-V

curve and their slopes

Ruschel et al. 2016[32] unnamed SDM Multi-crystalline, Mono-crystalline, Difficulty to apply the model on all PV module because a large

CIGS, Tandem, Amorphous and CdTe variation was found during the simulation of Rp.
Tong and Pora 2016[33] Approach based on SDM Polycrystalline mono-crystalline, thin This model is not valid for polycrystalline module technology
intrinsic property of solar film panels. For example: but gives good results for other technologies.
cells -Model STM6-40/36
-STP6-120/36

Bogning Dongue, Njomo, a nonlinear analytical SDM / Monocrystalline: SM55 The model is valid in all points of I-V and P-V characteristics,

and Ebengai 2013[34] five-point model DDM Multi-Crystalline: S75 based only on the manufacturer’s data.
Thin-film: ST40

Deihimi, Naghizadeh, and Unnamed SDM R.T.C. France The main aim of the proposed method is providing an accurate

Meyabadi 2016[35] tool for derivation of model parameters. This method is
providing high selective capability for users of PV module
according to their systems.

A. Laudani et al. 2015[36] Unnamed SDM CEC6PPVMMSanyo HIT-N225A01 With a low iteration number, the model is able to extract the

parameters with a high degree of accuracy.
Batzelis et al. 2015 [37] Unnamed SDM Conergy Power Plus 190PC, Day4 New coefficient was introduced, This coefficient was used to
Energy 60MC-I, Perllight PLM-250P-60,  derive an analytical expression for the diode ideality factor of the
Solea SM 190 model using only datasheet information.
Yingli YL-165

Silva et al. 2016[38] Unnamed SDM Polycrystalline PV Panel Kyocera In this study A new error metric MAEP was defined and two
KC200GT, Polycrystalline PV Panel different methods based on two different error metrics, MAEP
Kyocera KS20T and NRMSD are proposed.

Antonino Laudani, Riganti ~ Unnamed SDM Mono-crystalline, Multi-crystalline a fully mathematical approach was used to gain insight to the
Fulginei, and Salvini silicon five-parameter model related to the one-diode equivalent circuit
2014[39] Suntech STP-280

SunPower SPR-315

Atersa A-120

Atersa A-130

Isofoton I-110

Zaimi et al. 2019 [40] Unnamed KC130GT Three parameters are expressed in terms of Ideality factor and

SM55 PV photovoltaic metrics. The optimized values of model-physical
parameters are obtained by minimizing RMSE of the output
current.

Tutkun, Elibol, and Aktas shuffled frog leaping SDM Monocrystalline and Polycrystalline The SFLA approach has produced significant and encouraging

2015[41]

algorithm (SFLA)

results in the vicinity of MPP.

Table 3

The literature reviews of single diode parameters with increasing temperature

and irradiance.

From this figure we can see that the two expressions of Is Eq.(10) and Eq.

(11) give the same values at low temperature and at high temperature
there is a small difference which can be neglected.

The ideality factor A is thus an important input parameter in the
description of the solar cell’s electrical behaviour. Their value is may be
arbitrarily chosen [70], and many authors discuss ways to estimate the
correct value of this parameter[71 72], usually A < 1.5. In this study we
can obtained the value of A using two method. The first, when we take

into account the previous assumption in Eq. (7) we can express V,. by:

Parameter Increasing Temperature Increasing Irradiance

Ly Linear increase [42] Linear increase [42]

Is Polynomial increase [43] Exponential increase[48]
Exponential increase [44,45] Decrease [46]
Decrease [46] increase[49]
increase[47]

A Linear decrease [50,51] Linear increase[48]
Invariant[47,52] Linear decrease[50]

Rg Linear increase[43] Invariant[48]
Linear decrease[50,52] Decrease[46,49]
Exponential decrease[44] Increase [55,56]
Exponential increase[53]
Increase[54]

R, Linear decrease[43,50,52] Linear decrease[48,50]

Decrease [47]

Decrease[49,56,57]
Inverse decrease[32]
Invariant[58]

Voc = A x Vt x log

Voc = A x Vt x log

’;—V+1 a3)

s

Take into account Eq. (5) and equation Eq. (10) we can obtain:

(Tpwn + B(T = Tn))x &

Uyt (T—Tn))

+1 a14)

Vocn 4Py (T—Tr
exp | Yonthu(T=Tn) | |

Finally, the expression of the diode ideality factor can be expressed
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Fig. 1. Equivalent Circuit Model of photovoltaic module.
. Shell SP140 3,0x107
G=1000 W/m’ .| —— I from Equation (10)
[ T=25 °C 2,5x107° 1 '
54" s —#— I, fromEquation (11)
= t Mpp 2,0x107
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= | T <
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24 7
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Fig. 2. The I-V curve adjusted to three remarkable points for Shell
SP140 module.

Table 4
The estimated value of the reverse saturation current of the diode of Shell SP140
Module using Eq. (10) and Eq. (11).

Temperature reverse saturation current Is reverse saturation current Is
[§9) (mA) Eq.(10) (mA) Eq.(11)
20 5,41788.107 5,39775.107
30 1,58027.10°° 1,58555.10°°
40 4,30566.10°° 4,36135.10°°
50 1,10280.10° 1,13016.10°
60 2,77355.10° 2,77355.10°°
as:
Voc — (Voen + (T — Tn
A — ( ocn ﬂ» ( )) (1 5)

Vt x log (%)

where we can calculate the value of A the diode factor ideality using the
Nominal Operating Cell Temperature Conditions (NOCT):
T = T_NOCT

Fig. 3. The Ig versus T curve of Shell SP140 Module using Eq.10 and Eq.11.

~ Voc NOCT — (Voo + B, (Tnocr — i)

(16)
Vt_NOCT x log (%)

where
Vt_NOCT represent the thermal voltage at T = T_NOCT that given
with expression below:

viNocr — KX T-NOCT a7
q

The second method focused on the ideal part of the equivalent circuit

shown in Fig. 1, the output current represents in Eq. (2) become at
maximum power point current as:(Vig = Vip;Iig = Inp)-

Vm
Inp = Ipy —Is x {exp [A » :/,J —1 } (18)

Vi
I x {GXP{AXI;/J —1}:Ipv—lmp (19)

At T =T, Eq. (12) becomes:
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I

I =—2"2""_ (20)
exp {7} -1
At short circuit current I, = I.,(ideal part), Eq. (19) becomes:
[pm Vmp
_ - —1 =L —1I, 21
o [ 1 = e
exp || — 1
1 Vip L,
_ - —l1y=1-2 22
, x {exP [A X Vm} } Ln (22)
exp || — 1

We take account the assumption: exp { A‘i”(;'m} >1 and exp [ A\i‘:}’m} >1

Vanp
€Xp A><Vm:|

L,
— = (1 7 L ) (23)
exp }
Vmp - Vocn Im
—2 % —Jp(1--"2 24
A x Vin n( 1) (24)

Finally, the expression of the diode ideality factor for ideal part as:

Vmp - Vm'n

Vitn x ln(l - j:j_';)

Finally, we are obtained two expressions of the diode ideality factor:
Eq. (25) and Eq. (16). The first expression depends with ideal part and
the last one depends with network resistance part of the equivalent
circuit. The values obtained using these expressions are summarized in
Table 5.

We can see that the expression found by the ideal part of the circuit is
far from reality. In the end the expression that we will adopted to find
the values of ideality factor A is Eq. (25).that of the resistance network
part

A= (25)

Step 2: Iterative solution of R, and Rp

The value of two parameters shunt and series resistances Rp, R;,
respectively are obtained through iteration approach. Several re-
searchers have evaluated these two parameters graphically using the
datasheet provided by the manufacturers [64], but in this study, the
series and shunt resistances are calculated simultaneously, similar to the
procedure proposed in [67].

The initial value of Rp is the slope of the line segment between short-
circuit and the maximum power points, their expressions is shown in Eq.
(26),

Vmp _ V(I(rn - Vmp

R, = (26)

Iscn - Imp Imp

and for series resistance Ry the initial condition is Rg = 0.
At the best operating point (V = Vip;I = Ip) of the system, the
corresponding output current is given bay:

Vmp +R3 X Imp:| -1 }

Vm7 Rg XImJ
[mp:lpv—lsx{exp{ YERT _ Yo R Xy

Rp (27)

Table 5
The estimated values of the diode ideality factor for Shell SP140 Module.

Photovoltaic modules from Eq.16(ideal part) from Eq.25(resistance part)

Shell SP140 2.26 1.2714
Shell S75 1.90 1.40
Shell ST20 3.80 1.35
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Vmp RS X Imp Vmp RS X Imp

AL/ R /APy S | 15—, 28
Rp r $ 2P AXxVt » 28)
Rp 1

_ (29)
V R‘ Iﬂl x
mp + Rs X Ly Ly —Is x {exp {W} -1 } I

Ax

Finally the expression for Ry can be rearranged and rewritten as:

Vmp + RS X Im/)
JANY P! ern SR

From Fig. 1 and by using the resistance network part the Output
Current and Voltage of the photovoltaic module can be determined
using the Eq. (31) and Eq. (32), respectively.

Vid

I=Ty—= (3D
P

R, =

(30)

V=Vy-R, xI (32)

where equation Eq.(5) and Eq.(6) are solved to obtain the estimated
Current-Voltage characteristic curve of the proposed model of photo-
voltaic module [64].

Then we can calculate the estimated power of the photovoltaic
module using the expressions as shown in Eq. (33).

Posiimarea =1 X'V (33)

Rg is iteratively incremented and at each iteration the value of the
shunt resistance Rp is calculated using Eq.(30), then the value of output
current and voltage are updated using Eq.(31) and Eq.(32), until the
experimental power provided by the manufacturers is confused (or near)
with the value of the estimated power calculated by Eq. (33). When this
condition is reached we keep the values of Rs and Rp correspond to this
iteration. Fig. 4 shows the flowchart of extraction of all parameters for
the proposed model.

Results and discussion

The Electrical characteristics at STCs and NOCT conditions and the
temperature coefficients for open circuit voltage and short circuit cur-
rent of the used photovoltaic modules are summarized in Table 6.

Verification of the open circuit voltage

From Eq. (14) we can see that the open circuit voltage V,. depends of
the temperature T and irradiation G. The estimated and experimental
values of V,. for Shell SP140 module at several values of temperature
and Irradiation and the corresponding Individual Absolute Error (IAE) of
the V,. calculated by using Eq.(34) are tabulated in Table 7. It can be
seen that the calculated values under different temperature and irradi-
ation are very close to the experimental values.

[AEVor' = (Vﬂff)mrimamd - (V(/'l')axparimemal (34)

The estimated values of V,, compared with their provided by the
manufacturers are represented in Fig. 5 when T changes and G =
1000W/m?, and in Fig. 6 when G change and T = 25 °C.

From Fig. 5 and Fig. 6 we can conclude that the maximum value of
IAEy, is equal to 0.17 V when G = 600W/m? and equal to 0.2V when
T = 60°C, indicate that the obtained results has significantly better
accuracy of V,. between the data provided by the manufacturer and the
estimated value using Eq.(14) of proposed model.

Verification of Current-Voltage characteristic curves

In this study the five parameters of proposed model are calculated
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Start

Input the data for specific PV modules,
Initialize R; and R,
R=0,01;
R,=R, _min from Eq(26)
tolerance =0.001

Calculate:
A from Equation (25)
I from Equation (10)
I, from Equation (5)
R, from Equation (30)

Ry « Ry + 0.01

For 0< Vx’d < Vocn
Solve Equation (2).
Solve Equation (31).
Solve Equation (32).
Calculate: P,;; by Equation (33).

Error = |Pmax _exp Pmax _estil

Error <
tolerance

Yes

Output
Al Ly, R, R,

End

Fig. 4. Flowchart of extraction of all parameters model.

Table 6

Electrical characteristics of the used photovoltaic module:
Photovoltaic PolycrystallineShell MonocrystallineShell Thin film
module SP140 S75 Shell ST20
Iien(A) 47 4.7 1.54
Voen (V) 42.8 21.6 229
Inp(A) 4.25 4.26 1.28
Vip (V) 33 17.6 15.6
Praxe(W) 140.2 75 20
p; (mA/°C) 2 2 0.2
Py mV/°C —152 -76 —-100
Ns 72 36 42
Vnocr(V) 39.2 20.0 20.2
Tnocr(°C) 47 45 45

according to the datasheet information provided by the manufacturer
using the analytical and iterative approach, so the parameters I, Is and
A are calculated through Egs. (5), (10) and (16), respectively. But the
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series and shunt resistances are estimated using an iterative method.
Then all model parameters, all five parameters are calculated using our
model for three photovoltaic modules Shell SP140, Shell S75 and Shell
ST20 are summarized in Table 8

Eq. (2), Eq. (31) and Eq. (32) are used to plotting the Current-Voltage
characteristic curve of the actual output for photovoltaic modules.

The performance of proposed approach is validated for the Photo-
voltaic module of three different technologies such as mono-crystalline
(Shell SP140), poly-crystalline (Shell S75) and thin film (Shell ST20).
The accuracy of proposed model with respect to the experimental data is
studied using the Current-Voltage and Power-Voltage curves for an
incident irradiance G = 1000 W/m? and different values of module
temperature T, and also for module temperature T = 25 °C and different
value of incident irradiance G for previous three modules are shows in
the Figs. 7-11. All these figures show that every point in the simulated I-
V and P-V curves are in accordance with experimental values, i.e the
theoretical and simulated curves is almost merged. Thus there is a good
correlation between the results obtained by our model and the values
given by the manufacturer. Finally, we can conclude from all these
figures that our proposed model is successfully validated under different
environmental conditions and confirms the accuracy of the extraction
procedure.

More accurate performance evaluation

In this paragraph another complementary method was adopted in
order to obtain a more accurate evaluation of the performance of our
result obtained in previous section, we proposed to calculate the
Average Relative Error (ARE) and the Root Mean Square Error (RMSE),
then we compared the obtained value using the proposed method with
villalva’s [67]and kashif’s models [71]. Several methods have been
developed to calculate ARE, each of these methods involves a slightly
different statistical calculation (Shaw, 1997; Long, 1998; Stanley, 1999).
Since these measurement error estimates are calculated using different
formulas [74], in our study we will use the following relationship[64]:

1 N T estimated — Tiexperimental
ARE =— "1 : (35
N i—1 li.mpm‘imemal
ZNfl (ll experimental li eslimaled)2
RMSE = || &=t — (36)

where I estimateds Ti.experimentat » N are the estimated current , experimental
current, number of the estimated or experimental current, respectively.

Irradiation change and temperature constant

When G changes and T = 25 °C, Table 9 shows the obtained values of
Average Relative Errors (ARE) of three different models. Fig. 12(a) and
(b) shows their variation at different level of irradiation G for Shell SP
140 and for Shell S75 PV modules. It can be seen that ARE of the Kashif’s
model [71] is the largest, with a maximum value of 62.61 % for S75
module at G = 400 W/m?. For PV module Shell SP140, Shell S75, the
obtained values of ARE with kashif’s model are significantly greater
than that of the proposed model and Villalva’s model. In addition, for
two PV modules, the performance of the Villalva’s model is not very
different from that of the proposed model because in our study we are

Table 7

The experimental and estimated values and the corresponding Individual Absolute Error of the V. for Shell SP140 Module.
T (°C) Experimental V,. (V) Estimated V,. (V) IAEy,. (V) G (W/m?) Experimental V. (V) Estimated V,. (V) IAEy,. (V)
20 43,47238 43.5828 0,11042 1000 42,8956 43,0071 0.1115
30 41,94444 42.0628 0,11836 800 42,2544 42,3000 0.0456
40 40,625 40.5428 0,0822 600 41,4031 41,5823 0.1792
50 39,09722 39.0228 0,07442 400 40,2912 40,3071 0.0159
60 37,70833 37.5028 0,20553 200 38,2751 38,4428 0.1677




D. Ben hmamou et al.

45
44-
43
Z 42
> 41
40-
39
38

—+— Estimated Values
—e— Experimental values for shell SP140

N
N

~N

(a)

37

20 30 40 50
T (°C)

60

Energy Conversion and Management: X 14 (2022) 100219

0,24 -

0,20

0,16 -

IAE (V)

0,12~

1.,

(b)

30T(°C)40

60

Fig. 5. Variation of the Estimated and Experimental values of V,. vs T for Shell SP140 module when G = 1000 (W/m?): (a), Individual Absolute Errors of V,. (b).
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Fig. 6. Variation of the Estimated and Experimental values of V,. vs G for Shell SP140 module when T = 25 °C (a), Individual Absolute Errors of V,. (b).

Table 8

Calculated model parameters of the proposed approach compared with Villal-
va’s method [67] and Gang Wang’s method [73].

PV modules A Lv(A) I (A) Rs(Q) Rp(Q)
Shell SP140 1.2714 4.7148 5.694.10°® 0.8540 272.9720
Shell S75 1.5 4.7025 7.915.107 0.086 164.1287
Shell ST20 2.9071 1.54 1.022.10° 1.342 1.58.10°
7
Proposed Approach: T=20°C T=30°C
61 T=40°C =50°C T=60°C  (g)
*  Experimental Data for shell SP140
/'\5 1
g
=4 3
£3 k
S
2 ¥
’;‘i
11 *
%
O T T T .4 T
0 10 20 30 40 50
Voltage (V)

using the same approach adopted in [67]. Also, in most cases, the per-
formance of the proposed approach can be closed to or better than that

of the villalva’s model with a minimum value
100 W/m?2 and T = 25 °C.

Temperature changes and irradiation constant:

of 1.14 % for SP140 at G =

When T changes and G = 1000 W/m?, Table 10 shows the ARE of

three different models. Fig. 13(a), (b) and Fig.

14 show their variation at

different level of temperature T for Shell SP 140, Shell S75 and Shell

6- Proposed Approach: 200 W/m* —— 400 W/m’
600 W/m® 800 W/m” 1000 W/m’
54 * Experimental Data for shell SP140
R i S S

- *« (b)
<4 —
=
53
b e . . e e k.
=]
C). —

| NN

O T T

0 10 20
Voltage(V )

Fig. 7. I-V curves of proposed model of the shell SP140 PV module for several temperature (a) and Irradiation levels (b).
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Fig. 8. I-V curves of proposed model of the shell S75 PV module for several temperature (a) and Irradiation levels (b).
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Fig. 9. P-V curves of proposed model of the shell SP140 PV module for several temperature (a) and Irradiation levels (b).
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Fig. 10. P-V curves of proposed model of the shell S75 PV module for several temperature (a) and Irradiation levels (b).

ST20 PV modules. It can be seen that the ARE of the kashif’s model are
still large, and the maximum value can reach 38.54 % using Shell ST20
PV module. Also, from Table 6 we can see for these three different PV
modules at different temperatures, the performance of the proposed

approach can be closed to the Villalva’s model, thus verifying the
effectiveness of the proposed model.

10

Evaluation at standard test conditions

In this section we use for evaluate our model the polycrystalline
Module used in [75]. Fig. 15 show the obtained both estimated and
experimental data points I-V and P-V curves for polycrystalline PV
modules compared with different model such as Y.Tao’s Model[75], S.
Shongwe’s Model [76], W.De Soto’s Model [65] and Phang’s Model
[77]. an excellent agreement between the I-V and P-V points are
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Fig. 11. P-V (a) and I-V (b) curves of proposed model of the shell ST20 PV module for several temperature levels.

Table 9
Comparison of Average Relative Errors (ARE) when Temperature T = 25 °C.

PV G(W/ K. Ishaque’s Villalva’s model ~ Proposed model
modules m?) model (%) (%) (%)
SP140 1000 10.79 4.26 1.14
800 15.08 4.57 2.08
600 18.95 7.33 2.97
400 12.85 6.12 3.60
200 19.39 5.65 3.36
S75 1000 54.79 38.93 25.82
800 46.39 16.84 15.64
600 58.20 15.41 18.73
400 62.61 20.81 19.28
200 47.23 19.60 21.41

determined using the proposed model and its better than those obtained
using other model, but we can observe a small difference between
measured and estimated value for Phang’s model in MPP point.

Table 11 summarized the calculated values of all model parameters
and RMSE compared with previously model. It can be see that the
minimum value of RMSE is 0.0031 A obtained with the proposed model,
this result indicates that the estimated values using our model are very
close to the experimental data at STCs. Also, we are introduced the IAE
for our model compared with previously model and its variation are
shown in Fig. 16, from this figure we can see that the IAE of our model
almost have the same variation as the Y.Tao’s Model, W.De Soto’s Model

31007 T=25°C for Shell 875 (a)
E 20 B villalva
2 I Kashif ishak
M I Proposed Model
0 60
kE
2 401
O
on
£ 20
>
< 0
200 400 600 800 1000
G (W/m?)

and Phang’s Model. Also, the minimum value of IAE is equal to zero with
Y.Tao’s model at the vicinity of voltage V.= 39 V.

Advantage and disadvantages of the proposed model.

Compared with the others approach and with Artificial intelligence
algorithms that require a few input data and use powerful mathematical
tools for estimated all model parameter accurately but at long calcula-
tion time. The advantages of our model based on hybrid approach are:

o All estimated parameter model investigated in this study attempts to
use the available data to accurately predict energy production;

e Applicable in large-scale PV systems especially for three PV tech-
nologies like monocrystalline, polycrystalline and the thin films PV
cells/modules;

e Using a Processor Intel(R)Core(TM)i5-6500 CPU @3.2 GHz 3.19
GHz; RAM:8.00G, the obtained computation time is 0.23 s that lower
than those obtained using others model (Y.Tao’s model, S.
Shongwe’s model, W.De Soto’s model and Phang’s Model).

e The accuracy of proposed model is high compared with previously
approach;

The disadvantages of proposed model are:

30
S T =25°C for Shell SP140 (b)
7 I villalva
5 B Kashif ishak
5 20 [ Proposed Model
z
kS
o
o 10+
an
o]
o)
>
< 0

200 400 600 800 1000
G (W/m?)

Fig. 12. ARE of three different models when G changes and T = 25 °C, for Shell S75 (a); and for Shell SP 140(b).

11
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Table 10
Comparison of Average Relative Errors (ARE) when Irradiance G = 1000 W/m?*

PV T K. Ishaque’s model Villalva’s model Proposed model
module °C (%) (%) (%)
SP140 20 31.67 2.70 2.41
30 9.76 3.69 2.70
40 8.34 5.97 3.32
50 6.86 6.78 3.56
60 7.60 7.19 4.47
S75 20 14.01 4.88 3.15
30 8.14 5.51 4.36
40 6.49 5.91 4.75
50 5.84 6.81 4.58
60 7.21 7.79 5.43
ST20 20 38.54 8.08 7.76
30 8.78 9.44 7.32
40 6.52 7.08 7.78
50 11.89 9.87 8.47
60 8.63 10.09 8.31

e In the construction step the performance of our model was tested
with a large amount of PV modules and it was remarked that the
proposed model is not valid for all PV systems;

e Requires a large amount of input data.

Conclusion

In this study, a new Hybrid approach is introduced to estimate the
parameters of solar cells and photovoltaic modules or panels. This
approach is based on two main steps, the first is purely analytical and the
second is iterative approach that is implemented in Matlab using for
calculated the series and shunt resistance. The method then is used to
find the best configuration to the parameters of and Photovoltaic mod-
ules using RMSE and ARE as criteria. In order to analyze the perfor-
mance and stability, our approach has been tested using data provided
by the manufacturers for Shell SP140, S75 and ST20 modules. The ob-
tained results of the proposed approach have been compared with others
models such as K. Ishaque’s model and Villalva’s model to estimate the
parameters of previously Photovoltaic modules. Moreover, the I-V and
P-V curves indicate a good correlation between the estimated values
using our model and the values given by the manufacturer. When G
changes, the minimum values of ARE is equal to 1.41% and when T
changes the minimum value is equal to 2.41%, these two values are
obtained using our approach. From these results, it can be concluded
that the performance of our model is close to the results of Villalva’s
model for estimating the parameters of Single diode model, and even it is

35
@ G = 1000 W/m? for Shell SP140 (3)
\§30 1

25+
5 B villalva
Q201 Kashif ishak
g I Proposed Model
< 151
2
2 10-
=
S 5
<

0 4
20 30 40 50 60
T(°C)
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better than the K. Ishaque’s model. An additional test has been per-
formed to verify the stability of the proposed Approach. In this test, the
proposed approach is compared with Y.Tao’s model, S. Shongwe’s
model, Phang’s model and W.De Soto’s model. The obtained RMSE
using our approach is 0.0031 A, it’s considered as the smallest among
the values found by the compared models. The computation time is 0.23
s lower than those obtained using previously approach. Also, the IAE is
calculated and it’s very low in the voltage range [0, 30 V] compared
with the others model, it takes a minimum value equal to 0.00191 at the
vicinity of V.= 37 V. All estimated outcomes provide evidence that the
obtained values by our model are better and outperforms all previously
compared models under dynamic test conditions. Furthermore, the
parameter extraction method is superior in terms of accuracy and
convergence. The possible directions for future work would be(i) the
implementation of the model in practical applications; (ii) modeling of
the dynamic optimization techniques and application for tracking the
global MPP; (iii) the employment of the dynamic optimization tech-
niques in other applications such as control systems and power
electronics.
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Fig. 15. Measured and simulated I-V and P-V curves for polycrystalline PV modules at STCs.

Table 11
Comparison of calculated Root Mean Square Error (RMSE) at STCs.

Polycrystalline PV Module

Parameters Y.Tao S. Phang W.De Proposed
Shongwe Soto method
ILy(A) 4.285 4.253 4.253 4.270 4.250
I,(A) 1.36.10° 3.54.10° 2.85.10° 1.28.10° 7.45.10°°
9 11 10
A 1.904 2.968 1.500 1.718 1.710
R(Q) 0.823 0.319 0.1235 0.919 0.0020
R,(Q) 155.850 411.948 155.85 148.89 199.1565
RMSE(A) 0.00431 0.01359 0.054 0.0232 0.0031
Computation 0.83 0.7 0.41 0.57 0.23
time(s)
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Fig. 16. The obtained IAE for Polycrystalline Module at STCs.
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