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Abstract
The power generation from photovoltaic (PV) system is not constant and it varies based on solar irradiance and
temperature. For any environmental condition, to convert maximum available solar energy, PV systems must be
operated at maximum power point. To accomplish that two different maximum power point tracking (MPPT)
methods have been presented in this study. The first method can determine MPP point by measuring the derivative
of PV cell power (dP) and PV cell voltage (dV) which is called Perturb & Observe (P&O) method. The second
method uses fuzzy-logic-control (FLC) based MPPT method to determine MPP point for actual environment
conditions. In this paper, 3kW PV system model is studied in MATLAB. According to the simulated results, FLC
based MPPT method has better performance than P&O method. Compared to the P&O method, FLC-based MPPT
can increase tracking accuracy and efficiency performance 0.13% under standard test conditions (STC).
Keywords: PV model, PV characteristic curves, Maximum Power Point Tracking (MPPT), Perturb & Observe
(P&O) Method, Fuzzy Logic Control (FLC)

1. Introduction
Demand for energy is increasing every day. Due to fossil fuel exhaustion and the environmental problems caused
by the conventional power generation such as gasoline, coal, etc…, renewable energy sources such as photovoltaic
panels and wind – generators are now widely used [1]. They are popular and environmental friendly energy sources
[2, 3]. When enough solar irradiance reaches PV panel, PV panel generates electrical power without any harmful
effect to environment.
Recently, due to its development and cost reduction, PV systems become an efficient solution to the environment
problem [4]. However, the development for improving the efficiency of the PV system is still a challenging field of
research [5]. Efficiency of the PV panel system depends on load and environment condition.
Generated power from PV panels varies depending on electrical loads at the same environment condition. Because
of that, generation of maximum available power is not guaranteed at all electrical loads [6]. Hence, Maximum
available power can be generated at a specific point which is called Maximum Power Point (MPP). It is a single
operating point given by a localized voltage and current for each environmental condition. The position of MPP
point varies depending on solar irradiance, temperature and electrical load [7]. This problem requires a controller
algorithm to find and track the MPP point for all atmospheric changes. In the literature, there are various maximum
power point tracking methods used to operate PV systems at MPP.
Because of being simple and easy to implement, Perturb & Observe (P&O) method is one of the most used ones in
the literature. However, this method presents some drawbacks. P&O method shows convergence and oscillation
problems around MPP region. Also, depending on small derivation parameters, it has slow response rate to reach
MPP. To enhance the performance and remove these drawbacks of the P&O method, this study presents Fuzzy
Logic Control (FLC) based MPPT method. The simulation and a general comparison between P&O and FLC based
MPPTs are discussed in this paper.
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2. Equivalent Circuit Model of PV Panels
PV cells are p – n junction semi – conductors that when exposed to light releases electrons around a closed
electrical circuit [8]. In the literature, there are various types of PV cell equivalent circuit model. Commonly, single
diode equivalent circuit model is used to express typical electrical characteristic of PV arrays [6].
A PV panel is built from connecting several PV cells in series or parallel. Figure 1 shows a PV cell equivalent
circuit and a PV panel with 9 cells.

Figure 1. A PV panel and Equivalent circuit model of a PV cell

Electrons from the cell are excited to higher energy levels when a collision with a photon occurs. These electrons
are free to move across the junction and create a current. This current is modelled by the light generated current
source ( ). The intrinsic p – n junction characteristic of the PV cell is represented as a diode in the equivalent
circuit model [9].
The PV load current show in Fig. 1 is defined as

(1)
where I and V represent PV cell output current and voltage.
and
are the PV cell series and shunt resistance
respectively.
is the PV cell photo current, is the diode saturation current, A is the diode quality factor ( 1.2),
K is Boltzmann’s constant (
) and T is the PV cell temperature in kelvins.
By using Eq. (1), the 3 kW PV panel system is modelled in MATLAB. As known by researches about PV cells and
panels, solar irradiance and temperature affect PV panel operating point and electrical characteristics. In this
context, the voltage – current and voltage – power characteristic curves are plotted for different solar irradiance and
temperature values to show electrical changes.
Variation of solar irradiance affects PV panel power directly that PV power increases if solar irradiance increases.
Figure 2 shows PV electrical characteristics curves for different solar irradiance levels (0-250-500-750-1000
W/ ) at a constant temperature (25°C). The maximum power occurs at around 80% of the open circuit voltage of
PV panel.
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Figure 2. Current, voltage and power curves of PV panel under constant temperature and different solar irradiance
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Variation of ambient temperature also affects PV panel power inversely that PV power increases if ambient
temperature decreases. Figure 3 shows PV electrical characteristics curves for different ambient temperature levels
(0°C, 25°C, 50°C, 75°C and 100°C) at a constant solar irradiance (1000 W/ ). Unlike previous case, the
maximum available power of the PV panel can be at different voltage level in different temperature.
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Figure 3. Current, voltage and power curves of PV panel under constant solar irradiance and different temperature

3. Maximum Power Point Tracking Methods for PV Panels
PV cells and panels generate different power depended on different environment condition and electrical load.
Because of that, generation of maximum power is not guaranteed at all electrical loads [6]. Figure 4 illustrates
maximum power point where PV panels operates maximum efficiency for a specific solar irradiance and
temperature values. As shown in Figure 4, there is only one electrical load point which corresponds to the MPP for
uniform environment condition. To utilize the PV panels on MPP, there are many MPPT algorithms have been
developed and implemented by the researchers in the literature [10-11].

Figure 4. V – I and P – V curves for electrical load value of maximum power

To accomplish MPPT for 3kW PV system, two different MPPT methods are presented and compared in this study.
The first method is P&O method which operates by periodically incrementing and decrementing the output voltage
of the PV panel and compares output power of PV panel. The second method is fuzzy logic control (FLC) based
MPPT method to determine MPP point.
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3.1. Perturb & Observe (P&O) MPPT Method
One of the most and popular techniques of MPPT is the P&O technique. The main concept of this method is to
push the system to operate at the direction which the output power obtained from the PV system increases [5].
Basically, this method measures the derivative of PV panel power (dP) and derivative of PV panel voltage (dV)
and uses PV power-voltage curve to determine the movement of the operating point. If the sign of (dP/dV) is
positive, the actual point is in the left side of the MPP; else (dP/dV) is negative, the actual point is in the right side
of the MPP. And this process continues until (dP/dV) equals to zero. The implementation of the P&O algorithm is
shown in Figure 5.

Figure 5. P&O maximum power point algorithm

This method works well in the steady state condition (solar irradiance and temperature changes slowly). However,
the P&O method fails to track MPP when the environment condition is rapidly changed [5].
3.2. Fuzzy Logic Control (FLC) MPPT Method
Fuzzy logic control (FLC) based MPPT is one of the most used method to perform MPPT for any PV system in
any environment condition. FLCs gain several advantages of better performance, robust and simple design. In
addition, this method does not require the knowledge of the exact model of system [5]. The main parts of FLCs are
examined in four parts, which are fuzzification, fuzzy rule-base, fuzzy inference engine and defuzzification. A
general FLC control scheme is shown in Figure 6.
In the proposed FLC system, the input of FLC is sum of angle conductance (
) and angle of
increment of conductance (
). The input variables are described in Eq. (2) and the MPPT
determination condition was illustrated in Figure 7.

(2)
As seen in Figure 7, sum of the angles of PV panel conductance and increment of conductance equals to zero
around MPPT point. Therefore, the membership function of the input and the rule base set of the FLC MPPT must
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be identified according to that condition for fuzzy inference system. In this context, the input variable of sum of
angles (
) is assigned to several linguistic variables which are denoted by NB (Negative Big), NS (Negative
Small), ZE (Zero), PS (Positive Small) and PB (Positive Big). The membership functions for the input and output
are illustrated in Figure 8 and the corresponding fuzzy rule set is shown in Figure 9.

Figure 6. Block diagram of the proposed FLC-based MPPT system
 MPP

3000

200

100

1000

0

PV Power (W)

Angle (Degree)

2000

0

0

50

100
150
PV Voltage (V)

200

-100
250

Figure 7. PV power – voltage and angle MPPT diagram for the proposed FLC-based MPPT system

Figure 8. Membership functions for the FLC based MPPT (a) Membership function for input (
function for output (
)
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Figure 9. Fuzzy rules and PV power – voltage and angle MPPT diagram for the proposed FLC-based MPPT system

The defuzzification method used in this study is center of gravity method, which is one of the commonly used
method in the literature shown in Eq. (3):

(3)
where
is the inference result of rule ;
value of defuzzification process.

is the corresponding output value of rule ; and

is the output

4. Simulation Results of MPPTs and Discussion
This study compares tracking performance and accuracy between P&O method and FLC method using MATLAB.
The performances of P&O method for 0.5V and 3.5V derivation parameters and FLC control method are shown in
Figure 10. The simulations have been investigated under standard test conditions (1000 W/
- 25°C).

Figure 10. PV power curves under standard test condition (a) P&O and FLC MPPT method response (b) P&O and FLC
MPPT oscillations

As shown in Figure 10, P&O (3.5V) MPPT has the best response iteration rate but the worst accuracy performance
because of more oscillations. The P&O (3.5V) method is 6.88 times iteration faster than 0.5V P&O and 5.4
iteration times faster than FLC method. Nevertheless, its accuracy performance is almost 99.86% and worse than
P&O (0.5V) and FLC MPPT method. The overall simulation results for response iteration rate, tracking accuracy
performance are presented in Table 1.
Table 1. Comparison results for P&O and FLC MPPT
MPPT
P&O (3.5V)
P&O (0.5V)
FLC

Iteration
Number
50
344
270

MPP Power
(W)
2995.85
2999.65
2999.7

Tracking
Accuracy
%99.86
%99.98
%99.99

To highlight the FLC MPPT method performance, the following simulation results are shown in Figure 11 for
different solar irradiance values (1000 – 800 – 600 – 400 W/ ) at fixed temperature of 25°C. The P&O (0.5V)
algorithm has better MPPT accuracy than P&O (3.5V) MPPT but slower response rate than FLC and P&O (3.5V)
MPPT methods. Also, oscillations remain around MPP. The FLC method has better response time than P&O
(0.5V), and best MPPT accuracy performance (99.99%). In addition, oscillations do not occur around MPP. Hence,

21

the FLC MPPT method has increased 0.13% the tracking accuracy – performance compared to P&O MPPT
method.

Figure 11. PV power curves under standard test condition (a) P&O and FLC MPPT method response (b) P&O and FLC
MPPT oscillations

For practical application, the FLC method must be selected for its higher performance and acceptable response rate
compared to P&O method. The FLC method has better tracking efficiency and less oscillation at each step.
5. Conclusions
Photovoltaic power is one of the cleanest and abundant energy type in environment. It is practically free and
inexhaustible in the world. According to the researches and applications, it is likely to be an alternative main
source of power in the future. The power generation from PV systems depends on atmospheric changes like solar
irradiance and temperature. Because of that fact, MPPT methods play important role to operate PV system at
maximum efficiency for all environment condition. This paper presents electrical characteristics of 3kW PV
system and general comparison of FLC based and P&O MPPT methods. Both MPPT methods are investigated and
realized in MATLAB environment. The tracking accuracy and performance efficiency are compared in detail by
simulation results in MATLAB. Based on the simulation results, it can be concluded that with both MPPT methods
PV system can generate maximum power for actual environment condition. However, the tracking accuracy and
performance of FLC MPPT is better and more convenient than P&O MPPTs for PV system. FLC MPPT has no
oscillations around MPP region and more stable output power than conventional MPPTs.
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