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ABSTRACT

Modelling of solar photovoltaic (PV) systems which convert the sunlight into electricity require taking weather data as input variables, such as solar radiation and 
temperature, the output of the system can be considered as electrical power. The change in the input of the solar PV system will cause a change in the output of the 
system. In this paper, modelling of solar PV modules based on double-diode model equivalent circuit was achieved using MATLAB script by estimating parameters of 
the non-linear I-V curve using Newton-Raphson method by adjusting the non-linear I-V curve at three points: maximum power, open circuit voltage, and short circuit 
current. The established non-linear model allows predicting the behaviour of solar PV modules under different physical and environmental factors. The established 
model was validated by comparing its predicted performance with measured data of KYOCERA KC125GT solar PV module recorded at the field. The accuracy of the 
model performance was evaluated using statistical error tests such as root mean square error, RMSE, and correlation coefficient, R2. The results showed that there is 
a good agreement between measured and predicted data. The performance of the predicted model used for simulation of the effect of variation of environmental 
factors such as solar radiation and temperature, and physical parameters such as series and parallel resistances. The simulation results show that the increase in solar 
radiation will result in an increase in harvested power, and the increase in temperature will result in a decrease in harvested power.
Index Terms—Solar photovoltaic energy, PV parameters extraction, double-diode model, modelling and simulation, performance evaluation, outdoor experiment
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I. INTRODUCTION

Solar PHOTOVOLTAIC (PV) systems generate electricity by converting sunlight into electricity. 
The basic component of a PV system is the solar PV cell; it requires semiconductor processing 
techniques in order to be manufactured at low cost and high efficiency. The grouped cells form a 
module (panel). The module contains many cells connected in series to get large output voltage, 
whereas a large output current at terminals of the module can be achieved by connecting the 
cells in parallel, or by increasing the cells surface area. A PV array is a set of modules connected 
together in series and parallel to achieve the desired voltage and current to form a large PV sys-
tem. The solar photovoltaic module produces DC electricity, it may uses to feed small loads like 
DC motors or lighting. More sophisticated applications requiring AC electricity, the DC/AC invert-
ers are implemented in solar PV systems. The output of a PV system is influenced by environ-
mental factors, and even the physical nature of the cell, but it mainly depends on environmental 
factors, especially solar radiation and temperature. The irradiation primarily affects the amount 
of current produced, and temperature controls the voltage produced. All of these factors need to 
be taken into consideration to know the behaviour of I-V curve and then accurately predict the 
PV energy production. The current-voltage relationship of a solar PV module is described by a 
mathematical model that is both implicit and nonlinear. 

Several studies have investigated modelling and simulation of the effects of environmental and 
physical factors on the performance of PV devices using MATLAB. Salmi et  al. [1] proposed a 
model based on single-diode using MATLAB/Simulink to study the behaviour of PV cell under 
different physical and environmental factors. The study also validated the MATLAB/Simulink 
model by comparing it with experimental results got from the solar panel. Kumar et al. [2] tested 
the behaviour of the single diode model created using MATLAB/Simulink on the performance 
of PV cell by comparing the characteristics of I-V curve obtained using the developed model 
with experimental values, they also studied the effect of environmental and physical factors 
on the performance of PV cell. Álvarez et al. [3] Modeled the behaviour of solar PV module/cell 
using singl e-dio de/2- resis tance  equivalent circuit. Lambert W-function was used to extract the 
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parameters of solar PV devices. The results showed that there is high 
accuracy for the presented methodology in estimating the solar PV 
parameters. The studies in the literature used an equivalent electri-
cal circuit to describe the PV device based on single diode [4–7] and 
double diode [8, 9]. To solve the non-linear I-V equation, different 
methods were proposed in the literature. Some of the studies pre-
sented the Gaussian Iteration method [10, 11]. Lambert W-function 
was also presented to solve I-V equation [3, 12–17]. While other stud-
ies used the Newton-Rapson method [6, 9, 18, 19].

Nomenclature Ns Number of cells 
connected in series

FF Fill factor NP Number of cells 
connected in parallel

G Irradiance (W/m2) Pmax Maximum power (W)

I PV output current (A) q Electron charge (C)

I0 Reverse saturation current (A) Rs Series resistance (Ω)

Iph Photogenerated current (A ) Rsh Shunt resistance (Ω)

Isc Short circuit current (A) STC Standard test condition

Imp Current at MPP (A) T Temperature (Kelvin)

k Boltzmann constant (J/k) Tamb Ambient temperature (°C)

KI Temperature coefficient of Isc 
(A/K)

V PV output voltage (V)

KV Temperature coefficient of Voc 
(V/K)

Vmp Voltage at MPP (V)

MPP Maximum power point Voc Open circuit voltage (V)

n Ideality diode factor VT Thermal voltage (V)

NOCT Nominal operating cell 
temperature

ηmax Maximum efficiency

Although several studies were reported on the description of solar 
photovoltaic devices performance[1, 2, 20–23], there were limita-
tions that the second diode element is not included in the mathe-
matical model. The single diode model does not represent a type of 
recombination that occurred in the PN junction which can be repre-
sented by the second diode [24]. This type of recombination has an 
effect on the voltage at the terminals of practical solar PV devices. 
It found that the double-diode model exhibits better accuracy than 
the single-diode model [25].

Some of the studies in the literature extracted the non-linear param-
eters of the solar cell [26]. But due to the non-linear relationship 
between the characteristics of solar PV cell and solar PV module 
composed of a number of N of cells, it can't multiply the values of 
extracted cell parameters by N to get module parameters, because 
there is a connection resistance between the connected cells, more-
over, there is a slight difference between the solar PV cells during 
fabrication. So there is a need to extract the parameters of the solar 
PV module.

The purpose of this paper is to estimate the parameters of non-
linear I-V curve of the photovoltaic panel based on double-diode 
equivalent circuit, and also to introduce the behaviour of solar pho-
tovoltaic panels under different physical factors and various weather 

conditions by applying a mathematical model developed using dou-
ble-diode equivalent circuit. Also to reach to the equations which 
explain the effect of the mentioned factors on the solar photovoltaic 
panel performance without intention of a detailed analysis of the 
semiconductor physics. The MATLAB script file program is used for 
simulation, which uses Newton-Raphson’s method to solve current-
voltage relationship numerically.

This paper is organized as follow. Section 2 presents the mathemati-
cal model of a solar PV cell, module, and array based on both one-
diode and two-diode diode. Section 3 presents the components of 
I-V curve. Section 4 describes mathematically the effects of weather 
factors such as irradiation and temperature as well as the physical 
factors of solar cell on the performance of solar PV module. Section 
5 introduces a numerical technique to estimate the parameters of 
solar PV module. Section 6 offers statistical error tests used to evalu-
ate the performance of the model. Section 7 illustrates the simula-
tion results of the effects on the PV module.

II. MODELLING OF PV DEVICES

Several mathematical models to describe photovoltaic devices from 
simple to more complex models are existed. In this paper, three 
models are presented.

A. Ideal Solar PV Cell
An ideal solar cell consists of one diode connected in parallel with 
photo-generated current (photo current, Iph) as shown in Fig. 1. The 
current-voltage (I-V) relationship of the ideal photovoltaic cell can be 
mathematically described, given as [18, 27, 28]: 

I I I eph cell cell

V
nVT� � �

�

�
�
�

�

�
�
�, ,0 1  (1)

where Iph,cell (in Amperes) is the photogenerated current of the solar 
cell, it is directly proportional to the solar radiation, ID is the diode 
current (in Amperes), I0,cell is the diode reverse saturation current, e is 
the exponential function, n is the diode ideality factor (ideal value is 
1), V is terminal voltage (in volts), and VT (in volts) is the thermal volt-
age of the cell, it’s given by [18]:

V
kT
q

T =  (2)

Fig. 1. Equivalent circuit of a practical PV device.
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where T is the temperature(in Kelvin) of the p–n junction, k is the 
Boltzmann constant (1.38064 × 10−23 J/K), and q is the electron 
charge (in coulomb) equals 1.6021 × 10−19 C [18].

B. Single-Diode Mathematical Model
The equation of a solar PV cell presented in (1) doesn't represent 
the current-voltage (I-V) characteristics of a practical solar PV device 
which requires including additional parameters to the basic equa-
tion. The equivalent circuit of one diode mathematical model for 
solar PV devices is shown in Fig. 1 with ignoring the second diode, 
its mathematical equation can be represented by (3). The circuit con-
sists of a series resistance Rs and a shunt resistance Rsh in parallel with 
a diode. The series resistance is the losses of series resistive, which 
are presented in the practical solar cell, and the reason of existence 
(representation) of shunt resistance is the reverse saturation current 
at the p-n junction, it depends on the method of fabrication of the 
solar PV cell. Generally, the value of series resistance is very low, and 
the value of shunt resistance is high [18]. The output current shown 
in Fig. 1 is given by [12, 18, 29–34]:

I I I e
V R I

R
ph

V R I
nV s

sh
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0 1  (3)

C. Double-Diode Mathematical Model
The equivalent (electrical) circuit of double-diode mathemati-
cal model for solar PV devices is illustrated in Fig. 1, [9, 19, 35–37] 
its mathematical equation can be represented by (4). This model 
describes the effect of carriers recombination (which is presented by 
the second diode), it is also more accurate than one diode model, 
thus it adds further complexity [25, 35]:

The mathematical equation that describes the current-voltage 
(I-V) relationship which is got from the double diode equivalent cir-
cuit is given by [9, 19, 35]
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where Iph (in Amperes) is the photogenerated current, I01 and I02 are 
the saturation currents of diode D1 and D2, respectively. n1 and n2 are 
the ideality factor of diode D1 and D2, respectively. There is a so-
called “short circuit current”, it’s the maximum available current 
at the practical solar PV device terminals, at short circuit condition 
which means zero output voltage (I = Isc, V = 0), also by ignoring sec-
ond and third terms in the right-hand side of (4) for their very small 
values, yield [18, 34]

I I
R

R R
sc ph

sh

s sh
�

�
 (5)

The series resistance value is very low and the value of shunt resis-
tance is high in practical solar cells, so the assumption of Isc ≈ Iph can 
be used in the modelling of solar PV devices [18, 38]. The reverse 
saturation current I0 is affected by temperature variation as follow: 
[9, 18, 19]
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where Isc,STC (in amperes), and Voc,STC (in volts) represent the short cir-
cuit current and open circuit voltage at standard test condition (STC), 
respectively. At STC an irradiance is 1000 W/m2 with an AM 1.5 spec-
trum at 25°C [18]. AM stands for air mass, it defines the light spec-
trum (spectral distribution of the solar reference irradiance). KI, KV, are 
the temperature coefficients of short circuit current and open circuit 
voltage respectively. ΔT is the difference (Kelvin) between the actual 
cell temperature (in Kelvin) and the temperature at STC (in Kelvin), 
(ΔT = T − TSTC). In fact I01, and I02 are not function of irradiance because 
Isc,STC shown in (6) and (7) describes the short circuit current at STC, 
thus I01, and I02 are independent of irradiance.

If the panel (module) is composed of a number of Ns cells con-
nected in series and number of NP cells connected in parallel, then 
VT = Ns × kT/q is the equivalent thermal voltage of the panel (mod-
ule), Ns × Rs is the module equivalent series resistance, and Ns × Rsh 
is the equivalent shunt resistance [18, 31]. Also, the photo and satu-
ration currents expressed as Isc = Np × Isc,cell, I0 = NP × I0,cell respectively. 
So, for a PV module composed of Ns cells connected in series and NP 
cells connected in parallel, the current-voltage relationship (4) can 
be rewritten as:
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where Isc (in Amperes) is the module short circuit current, it usually 
given in datasheet, Rs (in Ω) is the module series resistance, and Rsh 
(in Ω) is the module shunt resistance. The model given in (8) can be 
used not only for a PV module, but also for a PV array including sev-
eral PV modules, or even a single cell (Ns = 1, Np = 1). Henceforward 
the term “module” will be used to indicate to the PV device since the 
datasheet gives information about module composed of many cells 
connected in series and parallel. 

In fact, cells are covered with anti-reflective coating, when they are 
mounted into modules, then they will have a temperature differ-
ent to (higher than) ambient temperature. The nominal operating 
cell temperature (NOCT) is the temperature of the cells mounted in 
the module which will reach when the cells operated at irradiance 
800 W/m2, temperature of ambient of 20°C, AM 1.5, and a wind 
speed of 1 m/s. The cell temperature Tcell (in °C) can be estimated 
as [39, 40]:

T T
G

cell amb� � �� ��NOCT 20
800

 (9)

where Tamb is the ambient temperature (in °C), NOCT usually informed 
in the datasheet, and G is the irradiation (in W/m2). It can be clearly 
seen from (9) that, at fixed ambient temperature the increase in irra-
diation will result in an increase of the cell temperature.

The I-V curve illustrated in Fig. 2 originated by using equation 
(8) using steps illustrated in the flowchart in Fig. 3. As can be seen 
in Fig. 2, three remarkable points are highlighted: short circuit cur-
rent point (0, Isc), open circuit voltage point (Voc,0), and maximum 
power point (Vmp,Imp). The I–V characteristics of the solar PV module 
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are influenced by the internal characteristics of the device (Rs, Rsh, I01, 
I02, n1, n2) and the external factors, such as irradiance G, and tempera-
ture T. The incident light directly affects the current generated by 
the device, and the temperature affects the terminal voltage of the 
device. The simulation in this paper to get the curves of I-V and P-V 
characteristics will be achieved by using double diode model (8).

Instead of the I–V curve equation, manufacturers of the solar PV 
devices support some of the experimental data about thermal 
and electrical characteristics of the modules, which is known data-
sheet. Datasheet of the module contains its specification, and it 
provides information about its performance according to STC. The 
specification of the KYOCERA KC125GT polycrystalline solar PV panel 
(module) is illustrated in Table I. Some of the experimental data pro-
vided in the datasheet are components of I-V curve. the following 
section presents the components of I-V curve.

Fig. 2. curve of I–V characteristic of a practical PV device, where 
three remarkable points: short circuit point (0, Isc), open circuit point 
(Voc, 0), and MPP (Vmp, Imp).

Fig. 3. Flowchart for determining the electrical characteristics of a solar PV module.
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III. COMPONENTS OF I-V CURVE

The components of I-V curve which are clearly seen in Fig. 2 and 
informed in the datasheet are the following:

A. Short Circuit Current
The first important element in the characteristics of solar PV devices 
is the short circuit current Isc, which is represented in I-V curve by a 
point called short circuit point, this point is originated when the non-
linear I-V curve crosses the current axis (y-axis). The value of current 
at this point is called the short circuit current. It is informed in the 
datasheet at STC.

Moreover, datasheets usually inform the short circuit current at other 
cases such as 800 W/m2, NOCT, AM 1.5, this value is lower than the 
Isc,STC because the short circuit current of the solar PV module is influ-
enced (linearly depends) by the solar radiation. The temperature 
affects the short circuit current according to the following equation 
[9, 18, 19, 21]:

I I K T
G

G
sc sc STC I

STC
� �� �, �  (10)

where G and GSTC are the actual irradiance on the surface of module 
and the irradiance at standard test condition, respectively, (both in 
Watts per square meters). KI is informed in datasheet.

B. Open Circuit Voltage
The second important element in the characteristics of solar PV 
devices is the open circuit voltage Voc, which is represented in the 
I-V curve by a point called open circuit point, this point is originated 
when the non-linear I-V curve crosses the voltage axis (y-axis). The 
voltage value at this point is called the open circuit voltage, it is 
informed in the datasheet at STC, it’s known as the nominal open cir-
cuit voltage, it is the maximum value available at terminals of a prac-
tical module at STC. Also, datasheets usually inform the open circuit 
voltage at the case of 800 W/m2, NOCT, AM 1.5. However, the data-
sheet may inform I-V characteristics at other conditions. Applying 
the condition of open circuit point,(Voc,0), to the I-V expression (8) 

and ignoring both third and fourth terms on the right-hand side for 
simplicity, yield [27, 41]: 

V V ln
I
I

oc T
sc� �

�

�
�

�

�
�1

0
 (11)

It can be clearly seen from (11) that the relation between the ratio of 
Isc/I0 and open circuit voltage is logarithmic relation, and it is noted 
that the short circuit current scales linearly with irradiance as clari-
fied in (10), thus at constant temperature the Voc scales logarithmi-
cally with irradiance. So it can be noted that the increase in irradiance 
caused a logarithmic increase (little change) in the open circuit volt-
age. Therefore, it can be perceivable that the solar irradiance affects 
the short circuit current much larger than the open circuit voltage. 

On the other side, under constant irradiance the increasing tempera-
ture (the influence of VT = kT/q can be ignored because the value of 
k is very small) caused increasing saturation current I0, which in turn 
caused decreasing (clearly change) the open circuit voltage as noted 
from (11). In another form, the open circuit voltage can be formed 
in terms of temperature coefficient KV of the open circuit voltage, as 
follow [18, 42]:

V V K Toc oc STC V� ��� ��, 1 �  (12)

The temperature coefficient KV of the open circuit voltage is informed 
in the datasheet, and it describes the quantity of decreasing of Voc 
when the temperature is increased.

C. Maximum Power Point
The third important component in the solar PV characteristics is the 
maximum power point (MPP) which is represented in the I-V curve 
by a point with coordinate V = Vmp, and I = Imp, these values are known 
as optimum operating voltage and optimum operating current, 
respectively. The power curve P-V is originated from the multiplica-
tions of voltage by current (P = V × I). The value of power at short 
circuit point (0, Isc) is zero, where the voltage at this point equals zero, 
and the value of power at open circuit voltage point (Voc, 0) is zero, 
because the current is zero at this point. Between these two points, 
there is a maximum power somewhere happens, this point is called 
maximum power point. From (8) the maximum power is given as:
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 (13)

Since the I-V curve is influenced by the internal component of PV 
device and external factors, then the power curve P-V is conse-
quently influenced by those.

D. Fill Factor
The fill factor (FF) describes the quality of solar PV modules. It’s 
defined as the ratio of the maximum power output, Pmax, to the prod-
uct of open circuit voltage and short circuit current [27, 41]:

FF
P

I V
I V
I V

max

sc oc

mp mp

sc oc
= =  (14)

The fill factor has no units, it also can be interpreted graphically as 
the ratio of rectangular areas (area A/area B), as shown in Fig. 2.

TABLE I. SPECIFICATIONS OF KYOCERA KC125GT POLYCRYSTALLINE SOLAR 
PV MODULE

Electrical characteristics

Maximum power (Pmax) 125 Wp

Open circuit voltage (Voc) 21.7 V

Optimum operating voltage (Vmp) 17.4 V

Short circuit current (Isc) 8.0 A

Optimum operating current (Imp) 7.2 A

Module efficiency (ηmax) 16.40 %

Thermal characteristics

Temperature coefficient of Isc (KI) 0.00318 %/°C

Temperature coefficient of Voc (KV) -0.0821 %/°C

Component materials

Cells per module 36

Cell type polycrystalline
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E. Efficiency of the Solar PV Module
The efficiency of the solar photovoltaic module is defined as the ratio 
of the output electric power of the PV module to the solar power 
incident on the solar PV module surface. Input power is represented 
by the irradiance G multiplied by the area of solar PV panel (module), 
Amod, (it should be noted that Amod = NSNPAcell). Output power can be 
taken to be maximum power since the PV panel operated up to its 
maximum efficiency, then [41]:

�max
max

mod

sc oc

mod

P
GA

FF
I V

GA
� �  (15)

where ηmax is the maximum efficiency of the photovoltaic module. 
As can be clearly seen from (15) the efficiency of power conversion 
is proportional to three main parameters: short circuit current, open 
circuit voltage, and fill factor, for a given solar irradiance.

IV. EFFECT OF PARAMETERS VARIATION ON PV MODULE 
PERFORMANCE

The most affected factors on PV performance are the irradiance level 
and temperature, as well as the variations of physical parameters of 
the solar cell also effect on PV performance. The I-V curve of the PV 
module is sensitive to these variations, and consequently the P-V 
curve is sensitive to those variations. The effects of these parameters 
on the solar photovoltaic module performance are individually 
presented in this section.

A. Effect of Solar Irradiation
The Isc of a PV module depends linearly on irradiance level as 
illustrated in equation (10), and the I-V equation (8) depends strongly 
on Isc, then it can be noted that any variations in irradiation level will 
cause variations in the output current. i.e. the increase of irradiation 
will cause an increase in the output current. Unlike short circuit 
current, the effect of irradiation is not strong on open circuit voltage. 
From (11) the decrease in short circuit current will cause a very slight 
decrease in open circuit voltage which depend logarithmically on 
short circuit current. As the Isc increases due to increasing irradiance 
level, the power increases accordingly.

B. Effect of Temperature
Solar cell temperature has a strong effect on I-V curve characteristics. 
The increasing of temperature caused increasing the reverse 
saturation current, and consequently Voc (which is inverse 
proportional to I0) will decreases as shown in equation (11). Also, 
it can be seen from (12) the increasing of cell temperature caused 
a decrease in open circuit voltage. Whereas the increasing in 
temperature will cause a very slight increase in the short circuit 
current as expected in (10). As the open circuit voltage decreases 
temperature increases, then the power decreases accordingly.

C. Effect of the Series Resistance
Although the fill factor of a solar cell is a useful parameter to evaluate 
the performance of solar PV device, it can’t be expressed explicitly 
in terms of other PV device parameters. In other words, it can’t be 
clearly seen the effect of physical parameters (such as series resis-
tance) of solar cells on the behaviour of I-V curve originated using (8), 
because it’s not an explicit equation. But in general, the series resis-
tance impedes the flow of the output electric current, and accord-
ingly the output power decreases.

D. Effect of Shunt Resistance
For the same reason related to equation (8), it can’t be clearly seen 
the effect of the shunt resistance on the behavior of I-V non-linear 
equation. 

E. Effect of Ideality Diode Factor (n1)
It’s also difficult (for the same reason) to know the effect of the 
ideality diode factor on the behaviour of I-V curve. But as general 
the increasing of n1 degrades the performance of solar PV module 
by decreasing the fill factor, therefore the power will decreases 
accordingly.

F. Effect of Recombination
The equivalent circuit represents recombination by the second 
diode term, it has a reverse saturation current I02 different from 
the ideal diode, it also has a diode quality factor different to 1 [41], 
most often diode quality factor is assumed to be closed to 2 [35, 41]. 
Equation (11) shows that the increase of saturation current will cause 
a decrease in the open circuit voltage, consequently, the power 
decreases.

V. PARAMETERS ESTIMATION OF SOLAR PV MODULE

Modelling the performance of the solar PV module requires properly 
estimating the physical parameters such as shunt (parallel) resis-
tance Rsh and series resistance Rs. For the double diode model, sev-
eral previous studies considered the ideality factors of diodes n1 = 1  
and n2 = 2, [9, 19] . Ishaque et  al. [19] proposed a modification of 
equations (6) and (7) to set both I01 and I02 equal in magnitude, i.e. :
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The value of n1 is recommended to be the unity, and n2 ≥ 1.2 [19]. 

Since n1 = 1, and 
n n

p
1 2 1
�

� , it yields that variable p ≥ 2.2. There are 

two parameters stay unknown in equation (8), shunt resistance Rsh, 
and series resistance Rs, to establish a model, these parameters must 
be calculated for predicting the photovoltaic module performance.

In this study Rs and Rsh were calculated by Supposing the maximum 
experimental power obtained from the datasheet Pmax,e at STC equals 
the maximum power Pmax,m estimated using the established model 
(4) at MPP. The relation between Rs and Rsh can be found by applying 
Pmax,e = Pmax,m as follow [9]:
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From (17) Rsh can be described as [9, 19]:
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Several iterations using the numerical Newton-Raphson method are 
required to determine the values of Rs and Rsh. The iterative method 
will continue until Pmax,e = Pmax,m (in fact � � � �P Pmax e max m, ,  toler-
ance). The value of Rs must be started from Rs = 0, and slowly incre-
mented until Pmax,e = Pmax,m. At each iteration, Rsh is determined from 
(18). Initial guesses of Rsh may be given by [18, 19]: 

R R
V

I I
V V

I
s sh min

mp

sc STC mp
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mp
0 0� �
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�
, ,

,

,  (19)

The mathematical equation (8) of the non-linear I-V curve is not an 
explicit equation, since V = f(V,I) and I = f(V,I). numerical technique 
such as Newton-Raphson must be applied to solve the non-linear I-V 
equation. it is given as [43]:

I I
f I

f I
i i

i

i

� � �
� �
� �

1 ·  (20)

where, Ii is the ith iteration current, and the f(I) is derivative of the form 
f(I).

The iterative method algorithm used to calculate the values of Rs 
and Rsh to establish the non-linear I-V model is illustrated in Fig. 4 
[9, 19].

VI. MODEL VALIDATION

The accuracy of the established model can be examined by compar-
ing its performance with measured data. This can be achieved by 

using the statistical error tests, such as sum of squared error (SSE), 
root mean square error (RMSE), and correlation coefficient, R2. These 
criteria are given in the following equations [44–50]:
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where, I Im ei i,  are the ith current values of the mathematical model 
and the experiment, respectively. Imi , Iei denote the mean values of 
the established current of I-V curve and the experimental current, 
respectively. σm, σe are the standard deviation of the established cur-
rent of I-V curve and the experimental current, respectively, and s is 
the number of samples. RMSE is useful to know how closely a model 
fits some measured data, it’s a suitable tool to inspect the quality of 
the fit between estimated and measured data. It measures the aver-
age mismatch between each point of measured data and the model. 
The correlation coefficient describes the correlation between esti-
mated and measured data, its values between -1 (indicates a perfect 
negative correlation), and 1 (indicates a perfect positive correlation), 
whereas the value of 0 denotes the two data sets are completely 
different. 

VII, RESULTS AND DISCUSSION

A. Verification of the Model
The electrical and thermal specifications of the polycrystalline 
KYOCERA KC125GT solar PV module presented in Table I are used 
to establish I-V curve model, where the series and shunt resistances 
included in equation (4) are calculated by using the iterative method 
shown in Fig. 4. At each iteration, the error in maximum power 
εPmax  decreased. When the error is closed to zero, it verifies that 

Pmax,m = Pmax,e, thus the iterative method gives the solution Rs = 0.204Ω 
and Rsh = 40.523Ω. The unknown parameters of the established 
model are determined at STC based on the characteristics of the 
mentioned PV module. They are shown in Table II.

The accuracy of the performance of the established model is evalu-
ated by using a comparison of its performance with experimental 
data provided by the manufacturer datasheet. The panel is made of 
36 (Ns = 36) PV cells connected in series (NP = 1), and provides 125 W 
of power at STC. Fig. 5 shows the I-V and P-V characteristics of the 
selected panel (module) in combined axes under STC. The three 
remarkable points Voc = 21.7V, Isc = 8A, and maximum power point 
(Pmax = 125.3W, Vmp = 17.4V, Imp = 7.2A) are shown. The I-V and P-V 
curves exactly match these remarkable points.

The established model performance accuracy is also tested by 
comparing its performance with measured data recorded by the 
PVPM1000C device at the field. The equipment used for the mea-
surement is shown in Fig. 6, which are: reference cell for measur-
ing the solar irradiance and temperature, and solar PV panel, both 
are set in the same tilt angle and direction. The characteristics of Fig. 4. Flowchart of the algorithm used to establish the I-V model.
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I-V and P-V curves were recorded by PVPM1000C device, then they 
transmitted to the computer for analysis. The outdoor weather con-
ditions at execution of the experiment were G = 1004 W/m2 and 
T = 58°C (cell temperature). These conditions are applied to the 
established model to evaluate its performance. The results are 
shown in Figs 7 and 8.

Several statistical criteria were used to evaluate the model perfor-
mance under outdoor test conditions (G=1004 W/m2 and T=58°C), 
their values were: SSE=3.7744 A2, RMSE=0.3822 A, and R2 = 0.9980.

In fact, even though the ambient temperature is constant or slightly 
changed, the increase of irradiance will result in an increase in cell 
temperature, as clarified in (9). So Fig. 9 gives a prediction of the 
effect of cell temperature and solar irradiance on the output power 
harvested from the module under investigation. It shows that, when 
the temperature axis is fixed at 25oC, the power varies through the 
irradiance axis from 0 to 125 W. Also when irradiance is fixed at a 
specified value such as 631.6 W/m2, the power varies along the tem-
perature axis from 76.98 W to 61.24 W.

TABLE II. PARAMETERS OF THE ESTABLISHED MODEL OF THE KC125GT 
SOLAR PV MODULE AT STC.

Imp 7.2 A

Vmp 17.4 V

Pmax,m 125.28 W

Isc 8 A

Voc 21.7 V

I01=I02 5.177×10−10 A

Rs 0.204 Ω

Rsh 40.523 Ω
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Fig. 5. I-V and P-V Characteristic of KYOCERA KC125GT solar PV 
module with three remarkable points at STC.

Fig. 6. Outdoor measurement equipment.
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Fig. 7. I-V curve of the established model and experimental data, 
comparison with [51].
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comparison with [51].
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B. Simulation of the Influence of Environmental and Physical 
Factors on the Model Performance
The effects of variation of external factors of environment, irradia-
tion and temperature, as well as the internal parameters of PV device 
on I-V and P-V curves Based on double-diode model have been sim-
ulated. The effect of weather parameters (G,T) and physical param-
eters (Rs, Rsh, n, I02) on the solar photovoltaic module performance 
are investigated separately in this study. The variation of irradiance is 
simulated to know its influence on the performance of solar PV mod-
ule. Figs. 10 and 11 illustrate in a combined plot the variation effect of 
both irradiance and temperature on I-V and P-V curves, respectively. 
The results shown in Fig. 10 show that the effect of temperature is 
strong on open circuit voltage, and the effect of irradiance is strong 
on short circuit current. It is clearly seen from Fig. 10, also as expected 
from equation (10) that the Isc strongly depends on the irradiance, i.e. 
the higher the irradiance the larger the short circuit current, which 
in turn the larger the output power. On the other hand, voltage is 
not going to vary much. It becomes clear from shown figures and 
results presented in Table II that one of the most electrical param-
eters affected by the irradiance level is the short circuit current. It can 

be observed from Fig. 11 that the decreasing of irradiance level will 
result in a decrease of maximum power. The simulation result of the 
I-V and P-V curves regarding to the influence of temperature is also 
illustrated in Figs 10 and 11, respectively. As expected from (11) and 
(12), Fig. 10 shows that the increase of temperature degrades the PV 
module performance, i.e. the higher the temperature, the lower the 
Voc, which in turn the lower the maximum output power as shown in 
Fig. 11. On the other hand, the short circuit current is not going to 
vary much, and it is almost staying constant. It becomes clear from 
Figs 10 and 11, that the temperature affects the open circuit voltage 
more than the short circuit current.

The variation of series resistance is simulated to know its influence 
on the performance of the PV module by setting the irradiance and 
temperature under STC, (G = 1000W/m2, T = 25°C), and varying the 
series resistance (Rs = 0.204Ω, 0.5Ω, 1Ω, 1.5Ω). The simulation result 
of the Characteristics of the I-V curve regarding to the mentioned 
conditions is shown in Fig. 12. It shows that all values of open circuit 
voltage across the same point in the voltage axis although of varia-
tion of series resistance, thus it verifies that, the open circuit voltages 
are independent of values of series resistance, but as can be seen, 
the increasing of series resistance value caused a large difference 
in the I-V characteristics. Thus, the increase of series resistance will 
result in a decrease in power. It can be clearly seen from Fig. 12 that 

Fig. 9. 3D visualization of predicting the harvested power from the 
selected module in terms of irradiance and temperature.
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Fig. 10. I-V characteristics at various irradiance and temperature.
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Fig. 12. Effect of series resistance variation on I-V characteristics.
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the most parameter affected by series resistance is the fill factor, thus 
consequently the output power.

The variation of shunt resistance is simulated to know its influence 
on the performance of the PV module by setting the irradiance and 
temperature under STC, (G = 1000W/m2, T = 25°C), and varying the 
shunt resistance to be (Rsh = 40.523Ω, 10Ω, 5Ω, 3Ω). The simulation 
result of the Characteristics of the I-V curve according to these con-
ditions is depicted in Fig. 13. The results shown in the figure show 
that the open circuit voltage is slightly modified as shunt resistance 
decreases, i.e. the decrease of shunt resistance will cause a slightly 
decrease in the open circuit voltage. The maximum power is influ-
enced by shunt resistance, i.e. the higher the Rsh, the greater the 
power and FF. It can be clearly seen that the most parameter affected 
by shunt resistance is the fill factor, and consequently the maximum 
power.

The variation of the diode ideality factor is simulated to know its influ-
ence on the performance of the PV module by setting the irradiance 
and temperature under STC, (G = 1000W/m2, T = 25°C), and varying 
the diode ideality factor to be (n1 = 1, 1.4, 1.8, 2.5). The simulation 
result of the Characteristics of I-V curve according to these condi-
tions is illustrated in Fig. 14. It becomes clear from the shown results 

that one of the most electrical parameters affected by the diode ide-
ality factor is the fill factor. Fig. 14 illustrates a slightly reduction of 
open circuit voltage as the diode ideality factor increases. The maxi-
mum power is influenced by n1, i.e. the lower the, the greater the 
power and FF. 

The variation of recombination diode (reverse saturation cur-
rent of the second diode, I02) is simulated to know its influence on 
the performance of the solar PV module by setting the irradiance 
and temperature under STC, (G = 1000W/m2, T = 25°C), and vary-
ing the recombination diode to be (I02 = 5.177 × 10−9, 5.177 × 10−6, 
51.77 × 10−6, 0.5177 × 10−3 A). The simulation result of the I-V curve 
characteristics under the mentioned conditions is shown in Fig. 15. 
The results indicate that, when recombination diode increases, the 
open circuit voltage heavily decreased, and consequently the 
maximum power is degraded, and the short circuit current remains 
constant. 

VIII. CONCLUSION

In this study, a mathematical model was established based on dou-
ble diode equivalent circuit to describe the performance of solar PV 
module, also to predict the performance under different weather 
conditions. The model parameters were estimated using the numeri-
cal Newton-Raphson method. Measured data of KYOCERA KC125GT 
solar PV panel (module) recorded at the field were used to validate 
the established model. The accuracy of the established model is 
evaluated using statistical error tests such as correlation coefficient, 
absolute error, and root mean square error. The results showed 
a good agreement between measured data and the established 
model. The effect of weather conditions on the performance of the 
mentioned solar PV module was simulated using the established 
model. It can be concluded that:

• The effect of irradiance is strong on short circuit current, and the 
effect of temperature is strong on the open circuit voltage.

• The short circuit current depends strongly on solar irradiance. The 
higher the irradiance the larger the short circuit current, which 
in turn the larger the harvested power, whereas, the open circuit 
voltage is not going to vary much.

• The increase in temperature decreases the open circuit voltage, 
and the maximum output power degrades accordingly. whereas, 
the short circuit current almost remains constant.

Fig. 13. Effect of shunt resistance variation on I-V characteristics.

Fig. 14. Effect of diode ideality factor (n1) variation on I-V 
characteristics.

Fig. 15. Effect of recombination diode (I02) variation on I-V 
characteristics.
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• The most parameter affected by series and shunt resistances is 
the fill factor, and consequently the output power. The fill factor 
decreases at increasing series resistance and decreasing shunt 
resistance.

• The increase in reverse saturation current of the second diode 
decreases the open circuit voltage heavily, and consequently the 
output maximum power.
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