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Abstract :

The study of Photovoltaic (PV) systems in an efficient manner requires a precise
knowledge of the I-V and P-V characteristic curves of solar PV array. Therefore, this
paper presents modelling and simulation of solar PV module using Matlab/Simulink.
This model is based on mathematical equations and is described through an equivalent
circuit including a photo current source, diode, shunt resistor expressing leakage
current and series resistor represents the internal losses due to the current flow. The
developed model allows the prediction of PV array behaviour under different circuit
model and environmental parameters (temperature, and solar radiation).A particular
typical 175Watt solar panel was used for model evaluation, and results was compared
with points taken directly from the manufacturer’s published curves and show excellent
correspondence to the model.
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Introduction:

Among the renewable energy resources, the energy due to the PV effect can be
considered the most essential and prerequisite sustainable resource because of the ubiquity,
abundance, and sustainability of solar radiant energy [1]. Even though the PV system is posed
to its high capital fabrication cost and low conversion efficiency, the skyrocketing oil prices
make solar energy naturally viable energy supply with potentially long-term benefits [2].PV
module represents the fundamental power conversion unit of a PV generator system. The
output characteristics of a PV module depend on the solar radiation, cell temperature, and the
output voltage of the PV module. Since PV module has nonlinear characteristics, it is
necessary to model it for the design and simulation of Maximum Power Point Tracking
(MPPT) for PV system applications. In addition to the mathematical modelling and simulation
of PV module enable researcher to have a better understanding of its working. The modelling
of PV module generally involves the approximation of the non-linear I-V curve. Many
researchers used circuit based approach to characterize the PV module of which the simplest
model is the current source in parallel to a diode [1, 3, 4]

Mathematical Equations of Solar PV Cell:

There are many equivalent circuits of a solar cell, where the single-diode and two-
diode models could be the most widely used. Since the single-diode model is simple and
accurate enough in many cases [3]. It is applied in this paper. The equivalent circuit shown in
Fig. 1; consists of a photo current source (1,,) in parallel with a diode (D). The output of the
current source is directly proportional to the light falling on the cell. During darkness, the
solar cell is not an active device; it works as a diode, i.e. a p-n junction. It produces neither a
current nor a voltage. Shunt resistance (Rgy,), in parallel with the diode, this corresponds to the
leakage current to the ground and it is commonly neglected, finally series resistor (R;)
represents the internal losses due to the current flow [3, 5].
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Figure (1): Equivalent circuit of a single solar cell

The voltage-current characteristic equation of a solar cell is given as:

1= L, —I[e9VHRI/ART _ 1] — (V + IR)/Rgp oovveeeveeeieieseeecseees, (2)
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Where:

I: Output current of the solar cell,

1, : Diode Current,

I, Shunt-leakage current,

I : Reverse saturation current of the diode,

V. Output voltage,

q: Electron charge (1.602 x 10~ 1° C),

A : Ideal factor of the diode,

K : Boltzmann’s constant (1.38 x 10~ %3 Joule/°K), and
T : Cell’s actual temperature in Kelvin (°K).

The ideal factor (4) in equation (2) determines the cell deviation from the ideal p-n junction
(diode) characteristics; it ranges between (1 and 5) 1 being the ideal value and is dependent on
PV technology [6, 7] and is listed in Table (1).In our case, A = 1.2.

Table (1): Factor (A) Dependence on PV Technology [7

Tesmolog

Si-Mono
Si-Poly
a-Si:H

a-Si:H tandem

a-Si:H triple

CdTe
CTS
AsGa

The photocurrent mainly depends on the solar radiation (H) and cell’s actual temperature (T),
which is described as [5]:

Ipp = [sc + Ki(T = Trof )] H oo (3)

Where:Iqis thecell’s short-circuit current at reference temperature (25°C) and reference solar
radiation (1kW/m?),K;is the cell’s short-circuit current temperature coefficient (1.7 *
107 3APK), T, ris the cell’s reference temperature, and His the solar radiation in kW/m?.

On the other hand, the cell’s saturation current () varies with the cell temperature, which is
described as [7]:

e ]

3
Is = Li(T/Trep) @ M€ Trer T e (4)

Where:I,¢ is the cell’s reverse saturation current at a reference temperature and a solar
radiation, Eg is the bang-gap energy of the semiconductor used in the cell(Eg= 1.12eV for
silicon).
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Model of Solar PV Array:

Since a typical PV cell produces less than 2W at 0.5V approximately, the cells must be
connected in series-parallel configuration on a module to produce enough high power. A PV
array is a group of several PV cells which are electrically connected in series and parallel
circuits to generate the required current and voltage. The equivalent circuit for the solar
module arranged in N, parallel and N series is shown in Fig. 2 [5, 7].
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Figure (2): Equivalent circuit of solar PV array

The terminal equation for the current and voltage of the array becomes as follows:
I= Nply, — NpI[e@V/NHR/ND /AKD) _ 4] — (ZZ 4 IR /Ry o (5)

The shunt resistance (R;,) is inversely related with shunt leakage current to the ground. In
general, the PV efficiency is insensitive to variation in R, and the shunt-leakage resistance
can be assumed to approach infinity without leakage current to ground. On the other hand, a
small variation in series resistor (R;) will significantly affect the PV output power. The
simplified model of PV solar cell with suitable complexity is shown in Fig. 3 and can be
expressed as [5]:

I = Npl,, — NpI [e@W/NsHIR/Np) JAKT) _ 1] e (6)
N,
Np \ N_PRS
I
NPIph
AN
I\' '/I NS Voo 1 v

Figure (3): Simplified model of solar PV array

The most simplified model of generalized PV module is depicted in Fig. 4 [5, 7]. The
equivalent circuit is described on the following equation:

I= Npl,, — NpI [e@V/NsAKT) — 9] e (7
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Figure (4): Appropriate model of solar PV array
The reverse saturation current at reference temperature can be approximately obtained as:
Is = Igc/[€V0C/NSAKT) 1] et (8)
Where: V,is theopen-circuit voltage of a PV module.

Simulink Modelling for Solar PV Array:

The Solar PV model (CRM175S 125M-72) is chosen for modelling. The typical
electrical characteristics of the model are given in Table (2) [8].

Table (2): Typical electrical characteristics of CRM175S 125M-72 Solar PVmodel [8]

Electrical characteristics CRML175S
125M-72

Power

Number of cells in series

Current at max. power point (Inp)
Voltage at max. power point (Vmp)
Short-circuit current (/)

Open circuit voltage (Vo)

Max. voltage system

A block diagram of the step by step model based upon the equations (1 to 8) of PV array is
represented in Simulink environment as given in the following steps; as shown in Figures (5 -
11).

Step 1:

Figure (5): Subsystem for calculation of I,,,,
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Step 2:
S e
Math pro2
Function
prod

Figure (6): Subsystem for calculation of I,

Step 3:
A
K
L™
T
prol
Figure (7): Subsystem for calculation of NJAKT
Step 4:
b
3
+ Irs
* Div2
q i Math
prol Divl Function
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Figure (8): Subsystem for calculation ofI,.;

Step 5:

|

MMath
Function
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Figure (9): Subsystem for calculation of the output current
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Step 6: All above five subsystems are interconnected as given in Fig.10.

Temperature (I}

Inh

\i
]
L)
[

Ref. Temperature -
Tref 528 I - Tsc

Irs Subsystem of
output current I

Subsystem for
calculation Is

Irs
T NsAKT — = NzAKT

P e Subsystem for
j calculation Irs

Ns Subsystem

Figure (10): Interconnection of five subsystems

The final model is shown in Fig. 11.

%Sigﬂaﬂ 2 | Temperature (I)
i(®
T
o 2 = = -
Solar insolation (H) I
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F» -0
ESigpall ] PV Array Product P-V
Voltage (V)

Figure (11): Simulink circuit of PV model

The final model takes radiation, operating temperature in (°C) and module voltage as input
and gives the output current (/) and output voltage (V).

Results and Discussion:

The Matlab/Simulink model in Fig. 11 readily offers an investigation in variation of
model parameter (resistance Ry andR,) and variation of environmental parameter (solar
radiation & working temperature).

A. Model Parameter Variation:
In this section, effect of variation of series and shunt resistance and their influence on
I-V and P-V characteristics of PV model is studied.

1- Effects of Series Resistance (R;)

The series resistance of the PV cell is low, and in some cases, it can be neglected.
However, to render the model suitable for any given PV cell, it is possible to vary this
resistance and predict the influence of its variation on the PV cell outputs. The effect of
the R, on the I-V and P-V characteristics is shown in Fig. 12. The simulation is produced
for four different values ofRg as 0Q2, 5SmQ, 10mQ, and 15mQ.
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Figure (12): Effect of R, on the (a): 1-V characteristics and (b): P-V characteristics at constant solar
radiation (IkW/m?) and constant temperature (25°C)

The variation of Ry affects the slope angle of the 1-V curves resulting in a deviation of the

maximum power point (i.e. reducing the series resistance lead to an increase in the power
output and a deviation of the maximum power point as well).

2- Effects of Shunt Resistance (Rgy)

The effect of varying R, is much less obvious in a PV model compared to the Rq,
and it will only become noticeable when it (R,;,) decreased too much. Since for a low
shunt resistor, the PV cell current collapses more steeply which means higher power
loss. The simulation is produced for two different values of Rg: infinity & 1Q. The
resultant I-V characteristics & power-curves plotted are shown in Fig. 13.
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Figure (13): Effect of R, on the (a): 1-V characteristics and (b): P-V characteristics at constant solar
radiation (IkW/m?) and constant temperature (25°C)

It is observed that the smallest value of R, causes PV cell current to fall more steeply

indicating higher power loss. All practical PV cell therefore must have high value of R,
and low value of Rs for giving more output power.
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B. Environmental Parameter Variation:
Simulink model is used to demonstrate behaviour of PV cell under varying two
environmental conditions of solar insolation and temperature.

1- Effects of Solar Radiation(H)
The influence of the solar radiation on the solar cell voltage, current, and
maximum power point at the constant temperature is shown in Figs. (14-15).

IV-CURVES of PV module --- CRM175S125M-72
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Figure (14): 1-V characteristic at constant temperature (25°C) with different solar radiation: (a) From
data sheet, (b) From Matlab/Simulink
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Figure (15): Effect of solar radiation on P-V characteristics at constant temperature (25°C)

As it can be noted from these figures, more power is delivered from the solar cell as the
irradiation level increases. This is due to increase in both the voltage and the current
when solar cell is exposed to more irradiation. Solar radiation clearly has a major effect
on the current, and the relationship of solar radiation with the current is indeed a linear
one.
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2- Effects of Temperature (T)

The temperature of a PV module greatly affects its performance. Although the
temperature is not as important as the duration and intensity of sunlight, the PV module
power output is reduced at high temperatures. The temperature of a PV module also
affects its efficiency. In general, the efficiency of a PV module is reduced when the
temperature is increased. The impacts of the ambient temperature on the solar cell
voltage, current, and maximum power output are shown in Figs. (16-17).

IV-CURVES of PV module --- CRM175S125M-72
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Figure (16): 1-V characteristic at constant solar radiation (1kW/m?) with different temperature:
(a) From data sheet, (b) From Matlab/Simulink
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Figure (17): Effect of temperature on P-V characteristics at constant solar radiation (1kW/m?)
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With increase of working temperature, the short-circuit current of the PV cell increases,
whereas the maximum power output decreases. Inasmuch as the increase in the output current
is much less than the decrease in the voltage, the net power decreases at high temperatures.
I-V characteristic curves are obtained for the selected modules with the output power of 175W
from simulation as shown in Fig. 14 (b) and Fig. 16 (b) and compared with the curves
provided by the datasheet as in Fig. 14 (a) and Fig. 16 (a) respectively. The results obtained
from the simulation model are well matched with the datasheet information.

Conclusions:

In this study, the developed model of PV array not only helps to predict the
behaviour of any PV cell under different physical and environmental conditions, also it can
be considered a smart tool to extract the internal parameters of any solar PV cell
including the series and shunt resistance. Some of these parameters are not always provided
by the manufactures. The Simulink for model PV array is developed based on the
mathematical model of the PV module. The essential parameters required for modelling the
solar PV array are taken from datasheets of typical 175W solar PV array. The results from the
Matlab model show excellent correspondence to manufacturer’s published curves.
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