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Abstract-The power produced by the PV is usually 
delivered to battery banks, inverter systems, external 
grids, or other electrical loads. However, the non-linear 
characteristics of PV arrays, unpredictable environmental 
conditions have a negative effect on the output of a PV 
panel. The electrical power transfer produced by PV 
systems depends on the amount of solar radiation falling 
onto the solar panels and the electrical load. As the solar 
radiation changes, the load characteristic should change 
well to maintain power transfer at highest energy 
efficiency. The Maximum power point tracking (MPPT) is a 
technique used to select the best electrical load to be 
presented to the wind turbines and photovoltaic (PV) solar 
systems with the intention of get the most usable power 
out. This paper is concerned itself primarily with 
Photovoltaic solar cell I-V curves. The paper starts by 
describing operation of solar cell system under different 
environment conditions and then different techniques to 
optimize the power output of an array with its 
implementation in MPPT is explained in detail. Finally, 
Simulation results through MATLAB/Simulink are 
presented to verify the performance of the proposed solar 
PV system and analysis the solar cell performance on 
difference irradiation levels test. Results demonstrate the 
advantages of the proposed method, such as its reliability, 
system predictive behaviour of MPPT operation point. The 
system design will be evaluated and verified solar PV. 

Index Terms- Solar cell, maximum power point 
tracking (MPPT), Perturb and observe (P&O), 
incremental conductance Method, photovo/taic (PV) 
system, DC-DC converter. 

1 INTRODUCTION 

The sunlight has been part of the process of 
different type of energy sources produce such as 
wind hydro, biomass, fossil fuel, which are used 
today to generate electrical energy. Several 
applications such as solar electric propulsion, solar 
desalination, photochemical are derived from sun 
energy [1]. The transformation of the solar radiation 
into electrical energy attracts researchers have 
intensified the past decades to develop more wide 
applications for the human development. PV cells 
constituted of semiconductor materials which have 
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the capacity to absorb solar energy and change it 
into usable electrical energy (the p-n junction directly 
converts light energy into electricity, directly 
proportional to the incident radiation) [2], [3]. 

A large quantity of electricity is produced when PV 
modules are connected in an array configuration. A 
PV panel produces a constant DC voltage 
depending on the solar radiation. Generally, power 
electronics is required at the interface with a 
microgrid connection, where an inverter changes the 
DC voltage generated, into a suitable 50 Hz AC 
voltage [4]. 

The falling of different of sun radiation onto the solar 
panel corresponding to a particular current, voltage 
and resistance as specified by Ohm's Law. 
However, variations in weather conditions make it 
difficult, when the resistance is lower or higher than 
the value it supposed to be, then, the power drawn 
from the solar cells will be less than the maximum 
available and not be as efficiently as it could be. 
Maximum power point tracking (MPPT) is a special 
control technique developed to constantly extract the 
maximum possible power from the various available 
power variations produced by one PV panel or a PV 
array, under varying conditions [2], [5]. This 
preserves the operation of a PV array at the highest 
possible efficiency by maximizing the energy 
captured. 

2 PHOTOVOLTAIC SYSTEM CONFIGURATIONS 

PV systems are operated using different types of 
configuration structures. Each configuration is 
attached to a power electronics device to interface 
with a microgrid or the national utility grid. The most 
common configuration structure used, is the 
centralised inverter installation. Multiple PV arrays 
are tied together either in series or parallel 
connection to a centralised inverter, which in turn 
converts the DC generated, to AC. The main 
convenience of this design is that, it uses only one 
inverter; this reduces the installation cost of a PV 
system. However, this configuration presents a high 
power loss due to the mismatch between the PV 
arrays and also, it is not reliable because it has a 
single point of failure at the inverter [6]. 

By contrast, the configuration of the PV string array 
system has PV panels connected in series to form a 
single string. Individual strings with their own inverter 
can be connected to the microgrid, or multiple 
strings can be interfaced to their own DC-DC 



converter, converging through a common inverter 
which is connected to the microgrid [4], [7]. 
Practically, this configuration does not have losses 
and MPPT can be applies to each string. It is 
however expensive to run several inverters. 

Finally, the so called AC module configuration is 
made such that each PV panel has its own inverter. 
The primary advantage of this configuration is that it 
is simpler to increase the array size in the microgrid 
because the existing PV panels already have an 
DC-AC inverter. Furthermore, this configuration is 
more reliable because it does not have a single point 
of failure, and it is flexible [2], [8], [9]. Also, this 
configuration reduces the power loss to a minimum 
level, unlike the string array configuration which 
causes a mismatch between PV panels. On the 
downside is, high costs are required to realize such 
a system configuration due to the number of 
inverters which need to be used. 

3 ALGORITHMS FOR MAXIMUM POWER POINT 
TRACKING 

Applying maximum power point tracking to PV 
arrays is a way of extracting the maximum power 
that PV modules are capable of generating and that 
this power is available for application to loads. So 
MPPT is required to be implemented to the PV 
where it varies the module's operating point with the 
intention that the modules will be able to deliver the 
maximum power available. The maximum energy 
from the radiation of the sun occurs when the 
derivative of power is equal to zero. There exists a 
peak power corresponding to a particular voltage 
and current [10], [11]. 

Different algorithms have been developed to 
spontaneously optimize the power output of an array 
by tracking the peak power point of the solar PV 
module. The common method is maximum power 
point (MPP) tracking of a PV system, so that the 
maximum power possible can be extracted. Popular 
controllers for PV systems developed using MPPT 
methods are[5], [12]: 

• The perturbation and observation (P&O) 
algorithm 

• Incremental conductance (INC) 
• Parasitic capacitance 
• Voltage-based peak power tracking 
• Current-based peak power tracking 

First three methods are discussed and compare in 
this paper. 

3.1 Perturbation and observation algorithm 

Three different, popular and simple P&O algorithm 
techniques for controlling a PV system were 
established in subject literature [13]. One of these 
algorithms relates to reference voltage perturbation 

as displays in Figure 1. A P&O algorithm represents 
a permanent perturbation at the peak power point 
due to its oscillation at the steady state. It has a 
faster response to irradiance and temperature 
transients, but cannot operate at a high perturbation 
rate due to its loss of stability. Also, when the 
system use a low pass filter for rejecting noise, the 
reference current perturbation [14]. This is highly 
susceptible to noise and presents a slow response 
to irradiance transient changes, the PI controller 
oscillation, and direct duty ratio perturbation. At a 
slower transient response, direct duty ratio control 
presents a better stability characteristics and high
efficiency energy utilization. However, the 
performance of P&O algorithm is when there is a 
rapid change in irradiance, is worse. System stability 
is not affected by using low-pass feedback filters 
and it allows the use of high perturbation rates. A 
reference consulted, examined performances of the 
voltage perturbation and direct duty ratio 
perturbation on the system stability, characteristics, 
and energy utilization for autonomous PV pumping 
systems [5], [12], [15], [16]. 
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Figure 1: Flowchart of the perturbation and 
observation algorithm[12] 
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In general, perturbation leads to some power loss; 
also it is vulnerable to tracking the power under fast
varying atmospheric conditions. 
Hence, the perturbation and observation algorithm is 
subject to problems such as: 

• sustained oscillation around the maximum 
power point 

• fast-tracking versus oscillation trade-offs 
• using predefined constants. 

Optimization of the perturbation and observation 
algorithm is based on the following parameters: the 
amplitude of duty cycle perturbation and the 
sampling time required for the MPPT of the PV 



system. So, decreasing the duty cycle perturbation 
lessens the oscillation around the maximum power 
point, which therefore; this reduces steady-state 
losses. However, P&O algorithm is vulnerable at a 
rapid variation in atmospheric conditions. The 
selected sampling time should be more than the 
threshold to escape the instability of MPPT and 
should be selected to reduce oscillations around the 
steady state of the maximum power point. In this 
algorithm, the system should be at a steady state 
before the next measurement. The P&O algorithm 
becomes give an incorrect result when the time 
interval is very high [17] 

Filed maximum power point tracking (FMPPT) is not 
a popular or usual method for tracking the maximum 
power point in PV systems. This method is not is not 
recommended for large PV system due to different 
orientations of PV arrays belonging to the same PV 
field. 

3.2 Incremental conductance algorithm 

The Incremental conductance is used mostly to 
focus directly on power variation in order to 
overcome the shortcomings of the perturbation & 
observation algorithm applied to MPPT under 
atmospheric conditions. Fundamentally, the 
incremental conductance algorithm is used to find 
and compare the conductance and the incremental 
conductance as seen in equation (1). Both are 
derived by calculation using the voltage and the 
current. Then, from the outcome it can decided 

Table 1 comaparison of different MPPT techniques [12] 

whether to increase or decrease the PV voltage in 
order to be at the maximum power point as follows 
[18]: 

P = V.I 

dP = 0 at maximum power point 
dV ' 

shift left of maximum power point 

shift right of maximum power point 

(1 ) 

d(I) + ~ = 0 
dV V ' 

at MPP 

d(I) + ~ > 0 
dV V ' 

at shift left of MPP 

d(I) + ~ < 0, at right shift of maximum power 
dV v 
point the value of the incremental conductance 
indicates that the MPPT has reached the state of the 
maximum power point. 

Table 1 illustrates the Comparison of MPPT 
techniques by taking into consideration several 
parameters. 

1vlPPT Algorithms 
COlll.parison p anuneters P erturb & Modified Artificial Constant voltage Incren1.ent al Parasitic 

observe P&O intelligence 

Efficiency (%) 81.5-85 93-96 >95 

PV Panel depending 
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operation 
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Analog o r digital control Both Digital Both 
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requirement 
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COlnple:xity Lov.r Medium High 
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Vari es 
current current 

3.3 Photovoltaic module model 

PV cells are assembled into modules to provide the 
desired output; they are connected in series to 
obtain a high voltage and in parallel to obtain high 
current. The physical PV modules are comprised of 
a number of connected PV cells, encapsulated by a 
transparent front panel and back panel. The front 
panel is usually a low-iron, tempered glass material. 
The number of cells in a PV module can vary 
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Figure 2: Equivalent circuit model of PV cell [19] 



depending on the manufacturer, but mostly a set of 
36 or 72 PV cells is used. The output characteristic 
of PV array depends on the cell temperature, solar 
radiation, and output voltage of the array [20]. 

The cell temperature and ambient temperature 
influence the cell characteristics, both are important 
parameters that are considered in the modelling of a 
PV system. For instance, intense radiation increases 
the open circuit voltage, while the short circuit 
current is linearly a function of the ambient radiation. 
An increase in the cell temperature decreases the 
open circuit voltage, while the short circuit current 
increases slightly with cell temperature. Therefore, 
the cell is less efficient when the temperature is 
high. The equivalent electrical model circuit of a 
solar cell can be represented with a photocurrent 
described by a constant current source Iph in parallel 
to a diode Vd and to a resistor RSh, representing a 
leakage current and connected to a series 
resistance Rs, which represents an internal 
resistance to the current flow; this is shown in Figure 
2 above. 

+ 

v 

Figure 3: Equivalent of N circuit model of solar 
array[19] 

The equivalent circuit of the PV solar array arranged 
in Np parallel and Ns series cells is represented in 
the Figure 3 above [21]. 

The mathematical model of the vOltage-current 
characteristic equation of a solar cell from Figure 5 
above [22], [21] is expressed in Equation 1: 

( e(V + IRs) ) (V + IRs) (2) I = I h - I exp - 1 - -=---:---=-
p s mKTc Rsh 

The photocurrent Iph relatively depends on the 
operating temperature of the cells and solar 
radiation as expressed in Equation 2. 

(ISC + Ki(Tc - TRef )) A 

1000 

(3) 

The saturation current of the cell varies with the cell 
temperature which is represented as; 

(4) 

1= Iph - ID (5) 

The resistance Rsh parallel to the diode is inversely 
proportional to the shunt leakage current to the 
ground. The variation of this resistance does not 
have an impact on the PV array and its leakage 
resistance is assumed to reach infinity without the 
leakage current to the ground. However, a small 
variation in series resistance Rsh will significantly 
affect output power of a PV array. The appropriate 
model of a PV solar cell with suitable complexity is 
shown in Figure 3 . 

( q(V+IRs) ) 
I = Iph - 10 exp - 1 

mKTc 
(6) 

The PV array circuit model is represented in Figure 
3 where Equation 7 can be used to determine the 
array current, where the array has N parallel (Np) 
and N series (Ns) cells; 

( q(~; +~:) 
Ipv = NpIph - NpIs exp--=-"=--'---

KTcm 

(~+IRs) 
Rp 

(7) 

where: 
m : ideality zing factor 

Tc : absolute temperature of the cell in Kelvin 

q : electric charge (1.602*1O-19C) 

v : imposed voltage across the cell 

10 : diode dark saturation current 

The solar cell is characterised by the following 
parameters: 

• Short circuit current: It represents the 
highest current value generated by a cell 
during the condition where the V=O. 

• Open circuit voltage: This is due to the 
voltage drop across the diode while it is 
passed through a photocurrent, Iph , 

where ID=Iph and the generated 
current is zero. 

• The mathematical expression of the cell 
voltage with no light is: 

mkTc (Iph) (Iph) Vac = --In - = Vt In -
e 10 10 

(8) 

where: 
Tc 
v: - mkTc 
t- e 

: absolute cell temperature 

: thermal voltage 

• Irradiance and weather: refers to the 
radiation and weather condition in the PV 



system. Modelling will face a variety of 
uncertainties with regard to the radiation. 

• Maximum power point: refers to the point at 
which the power dissipation in resistive load 
is at the maximum range of operation. 

• Maximum efficiency: corresponds to the 
ratio of maximum power divided by the 
incident light power. 

(9) 

where: 

:refers to the ambient radiation 

A :cell area 

• The fill factor corresponds to the ratio of the 
maximum power that can be delivered to the 
load as per Equation 10. 

(10) 

3.4 Design of a stand-alone Photovoltaic 
system 

A stand-alone PV system of 100 kW with a 450 VDC 
is required to be feed an inverter. The electrical 
characteristics of the photovoltaic SunPower SPR-
305-WHT PV module specifications chosen is 
described in Table 2. The entire stand-alone PV 
system was designed in MATLAB I SIMULINK 
software environment. The system was built was in 
SIMULINK by using physical electronic components 
such as resistors, diodes and a current source to 
represent the equivalent circuit of a solar cell as 
shown in Figure 4. A larger number of solar cells 
was then grouped in series and parallel to form a PV 
array. The radiation is kept constant at 1000 w/m 2 in 
this simulation. The calculation of the number of 
modules needs to meet the requirement. The 
number of panels required in series is 450 = 8.22. It 

54.7 

is not possible to have a fractional panel 0.22, thus 
the number of the panels to be used is rounded up 
to 9. 

Diode characteristic of Figure 4 
Id=lsat*[exp(VTNT)-1] 

Where: 
Id = diode current (A) 

Vd = diode voltage (V) 
Isat = diode saturation current (A) 

VT = temperature voltage =K*T/q*Qd*Ncell*Nser 
T= cell temperature (K) 

K = Boltzman constant = 1.3022e-23j.kl\-1 
Q =electron charge = 1.6022e-19c 

Ncell = number of series-connected cells per module 
Nser = number of series-connected module per string 

Table 2: Module parameters specification under 
standard test conditions (STC) 

Voc 64.2 V 

Isc 5.96A 

Vmp 54.7 V 

Imp 5.58 A 

P 305W 

Rs 0.037998 

Rp 993.51 

Isat 1.1753e-08 

IPh 5.9602 

Qd 1.3 
Number of cells per 

96 module 
Number of series 
connected module per 9 
string 
Number of parallel 

40 strings 

The actual output voltage from the PV system is 
therefore: 9 * 54.7 = 492.3 Vdc . The output current 
from the PV f system is calculated as follows: 

P = VI 

ltotal = 100000/450 = 222.22 A 

The number of panels in parallel = 222.22 = 39.82. It 
5.58 

is not possible to have a fractional panel of 0.82, 
therefore the number of panels in parallel is rounded 
up to 40. The actual power is calculated as follows: 

Actual power = (40 * 5.58 * 9 * 54.7) = 109.88KW 

4 SIMULAION RESULTS AND DISCUSSION 

Figure 4: Equivalent circuit of a solar cell 

i- From the section above, the current-voltage(I-V) 
output characteristics of PV module and PV array 
under normal condition curves are illustrated in 
Figure 5 and Figure 6. The solar radiation reference 
is set to 1000 kw/m2, 750 kw/m2, 500 kw/m2 and 250 
kw/m2 produce a particular current and voltage. At 
1000 kw/m2, the current and voltage correspond 
respectively to 5.58 A and 54.7 V for one PV 
module, 223 A and 492 V for the PVarray. 
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Figure 5: I-V characteristics of one module at 25 deg.C 

The power-voltage (I-V) output characteristics of PV The optimum power transfer point operation of solar 
module and PV array under normal condition curves cell I-V curves are located by a dot on knee of the 
are illustrated in Figure 7, Figure 8 and also are curves in Figure 5 and Figure 6, likewise Figure 7 
showing the maximum power at 1000 kw/m2, 750 and Figure 8. However, if the resistance is lower or 
kw/m2, 500 kw/m2 and 250 kw/m2 each correspond higher than the value that it is supposed to be, then, 
to a particular voltage and power. At 1000 kw/m2 the power drawn from the solar cells will be less 
the power and voltage are respectively 305 Wand than the maximum available and not be as efficiently 
54.7 V for one PV module; 492 V and 109 KW for as it could be. So, many controllers used different 
the PVarray. strategies to track for this point to extract the 

maximum power av_ailable from a cell as see in [12]. 
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Figure 6: I-V characteristics of array at 25 deg.C 
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To confirm solar cell design is correct, one can 
simulate a stand-alone PV system model compared 
with power-voltage(I-V) and current-voltage(I-V) 
output characteristics, in order to analyse and 
evaluate its performance. The PV system array has 
a power capacity of 109.8 kW, output voltage of 492 
Vdc and output current of 222.2 A. 

Figure 9, Figure 10 and Figure 11 below depicts 
respectively the output voltage, current and power 

500 • I 

X 0.4200 
Y:492.7 

from the of PV array at a constant solar radiation of 
1000 W/m2; the value of the output voltage is 492,7 
Vdc after reaching the steady state after 250 ms. the 
current value is 222.9 A after reaching the steady 
state after 400 ms and the power value is 109.9 KW 
after reaching the steady state after 400 ms. The 
simulation result is almost the same as for the PV 
system output voltage, when comparison, the 
calculated output voltage which is 492 VdC, the solar 
cell I-V curves and stand-alone PVarray. 
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Figure 9: The output voltage of the PV system array 
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Figure 11: The output power of the PV system array 

5 CONCLUSION 

The design of the PV system needs to take into 
consideration several parameters such as 
temperature, radiation, environmental conditions 
which can have an impact on overall energy 
efficiency. The power drawn from the solar cells 
could be less than the maximum available and not 
be as efficiently as it could be. Special controller 
devices used different strategies to track for this 
point to extract the maximum power available from a 
cell. Throughout this paper, a complete design using 
MATLAB/SIMULINK has been presented. The 

simulation results presented to verify the 
performance of solar PV system and analysis the 
solar cell performance on difference irradiation 
levels test. The proposed method has advantages of 
predicting the behaviour of MPPT operation point, 
and reliability of the design PV system. 
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