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ABSTRACT

In this paper, we use the particle swarm optimization (PSO) algorithm to improve the performance of the stand-

alone photovoltaic (PV) system. This system consists of a PV panel, a DC-DC boost converter, a fuzzy logic

controller (FLC) based maximum power point tracker (MPPT) algorithm and a resistive load. The PSO algorithm

is used to optimize the membership functions of both input and output variables of FLC so the stand-alone PV

system to deliver a maximum power. The optimized FLC is compared to standard FLC based MPPT controller

under constant and varying atmospheric conditions. Simulation results show that the optimized FLC gives a better

performance compared to standard FLC.
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1. INTRODUCTION

Solar energy is directly converted into electricity by photovoltaic (PV) panel. The generated power from

PV panel is mainly dependent on atmospheric conditions, i.e. solar irradiance and ambient temperature. In

order to extract the maximal power of PV panel, several maximal power point tracking (MPPT) methods

[1-4] were proposed for stand-alone and grid-connected PV systems. Among the proposed methods, ripple

correlation control, hill-climbing, perturb and observe (P and O) and incremental conductance are the most

used techniques [5-8]. Although these techniques are relatively simple to implement, they suffer from

oscillation of the operating point around the maximum power point (MPP), leading to significant energy

losses especially in large scale photovoltaic systems. Recently fuzzy control (FC) is used as a maximum

power point tracker [9-16]. The use of FC in PV systems is more suitable compared with conventional

approaches, and it is reported in [17] that the performance of the fuzzy control based MPPT is better than

the conventional (P and O) controller in terms of tracking speed and fluctuations around the MPP under

rapid variations of solar irradiance and temperature.

In this work, we propose a more efficiency design of FC based MPPT intended to be used in photovoltaic

system. The key idea is to use PSO algorithm to optimize the membership functions of both input and

output variables of FC so the stand-alone photovoltaic system delivers a maximum power. PSO algorithm

is one of the most powerful optimization techniques and it is able to deal with large search spaces and to

locate global optimum without a precise description of the problem [18-24]. Some recent control algorithms

are discussed in [25-30].

The paper is organized as follows: Section 2 presents the mathematical model of PV panel. Section 3

describes the structure of the PV system including the FLC as MPP tracker. The particle swarm optimization

approach is described in Section 4. In Section 5, we present the simulation results. Finally, a general

conclusion is given in Section 6.
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2. MATHEMATICAL MODEL OF PV PANEL

Figure 1 shows the equivalent electrical circuit of a solar cell [31, 32]. This circuit can be depicted through

a single diode connected with a photo current source I
Ph

, an equivalent parallel resistance R
P
 and an equivalent

series resistance R
S
.

Eq. (1) shows the equivalent circuit of the current flowing in the diode.
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where,

I : PV array output current;

V : PV array output voltage;

I
Ph

: Solar cell photocurrent;

q : Electron charge, 1.60217733e-19 C;

 : Diodeidealityfactor (usually between 1 and 5);

k : Boltzmann’s constant, 1.380658e-23 J/K;

T : Operating temperature ofthecellin degreesKelvin (K).



Figure 1: Single diode model of a solar cell

Eq. (2) gives the cell’s photocurrent I
Ph

. This last depends on their radiation S(W/m2) and the temperature

T(K):
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where, k
1
 = 0.0017 A/°C;

I
sc

: Cell’s short circuit current at the reference temperature;

T
r

: Cell reference temperature (25°C).

The reverse saturation current I
S
 varies with temperature as statedin the following:
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where,
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I
rs

: Reverse saturationcurrent at T;

E
g

: Bandgap energy of the semiconductor used in the solar cell.

3. PROPOSED PV SYSTEM

As depicted in Figure 2, the developed systemcontains of a PV panel, a DC–DC boost converter, a controller

as an MPP tracker and a resistive load.

Figure 2: FLC based control MPPT schema of resistive load connected a PV system
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3.1. Control of DC-DC Boost Converter

Control of boost converter is used to increase the PV voltage at the input of a resistive charge. The power

switch modulates the energy transfer from the input source when the load is controlled by a varying the

value of the duty cycle D. In this type ofconverter,the output voltageis always greater thanthe input voltage.

The relationship of output-input voltage and current can be determined as follows [33-35]:
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where V
in
 and I

in
 are respectively the voltage and current of input, V

Out
 and I

out 
are respectively the voltage

and current of output.

3.2. Fuzzy MPPT controller

3.2.1. Structure of the Fuzzy Controller

The FC contains of three stages in this control algorithm, namely fuzzification, inference engine and

defuzzification.

a) Fuzzification Interfaçe

The fuzzification interface makes it to turn a precise greatness or a numerical value e(k) and e(k) to

linguistic values such as Positive Big (PB), Positive Petit (PP) and Negative Petit (NP). The shapes of the

membership functions associated with the linguistic variables FLC that we used are linear functions of
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triangular type. The partition of fuzzy subsets and the type of membership function, which can adapt shape

up to a PV system, are depicted in Figure 3. At a sampling instant k, these two variable inputs are expressed

as follows:

 
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where P(k) is the instantaneous power of the PV array system and V(k) gives the corresponding instantaneous

voltage. The e(k) value will show the location of the operating load power point whether on the left or right

side of the point of the MPP. The e(k) indicates the moving direction of the operating power point.

Figure 3: Membership Functions of-(a) and-(b).

(a)

(b)

b) Inference engine

Table 1 shows the rule table of a fuzzy controller, where two entries and a output of the matrix that are

fuzzy sets of error e(k), change of error e(k) and change of the duty ratio D
N
 to the converter. The matrix

Table 1

Rule base table for computation D
N
.

e

e NB NS ZE PE PB

NB ZE ZE PB PB PB

NS ZE ZE PS PS PS

ZE PS ZE ZE ZE NS

PS NS NS NS ZE ZE

PB NB NB NB ZE ZE
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rows depict the flve fuzzy sets of the error, the matrix columns depict the five fuzzy sets of the errors

variation and the matrix cells depict the on possible output fuzzy sets giving the normalized incremental

change of the duty ratio D
N
.

c) Defuzzification interface

Defuzzification for this system is the centre of gravity to compute the output of this FLC which is the duty

ration (cycle). The change of duty ratio D
N 

is determined by the centre of gravity defuzzification method

as follows:
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The output of fuzzy logic controller is the change of duty ratio D
N
, which is converted to the duty ratio

D by:

     1 D ND k D k G D k    (8)

where G
D
 is the output scaling factor of the controller.

4. PARTICLE SWARM OPTIMIZATION

4.1. Overview of the PSO Algorithm

The PSO algorithm is based on the collaboration between particles, proposed by R. Eberhart and J. Kennedy

in 1995[14] have attracted considerable attention. PSO also is a new branch of population-based heuristic

algorithms. The particle swarm is experiencing a growing interest due to simple algorithmic structure and

of the fast convergence rate that may be controlled via few parameters.

PSO algorithm can be summarized in the following steps:

1. Initialize each particle vectors of the swarm by assigning a random velocity and position in the

problem search space.

2. Compare the particle fitness value with each pbest. If the current solution is better than its pbest,

then update its pbest by the current solution.

3. Finding the best individual pbest in a local search, the competition is one to one, while in the global

search, It is necessary to find for the best individual among the swarm as the gbest.

4. Updating the velocities using the Eq. 11 and the positions of each particle in the swarm using the

Eq. 13.

5. Repeat Steps 2-4 until the stopping criterion is met.

In PSO, each potential solution is represented as a particle. A position x
i
 and a velocity v

i 
are associated

with each particle. The position and velocity of the ith particle are depicted by

x
i
 = (x

i,1
, x

i,2
,..., x

i,N
) (9)

v
i
 = (x

i,1
, v

i,2
,..., v

i,N
) (10)

The position and velocity of each particle are updated according to individual best, ,k

ipbest and global

best, ,k

igbest using the equations (11) and (13) [12].

The velocity of the particles is depicted in Eq (11)
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where, k

iV : current particle velocity, 1k

iV  : particle velocity update, k

ipbest : the best position found by the

particle, k

igbest : the best solution found by the swarm.

where c
1
: influence of individual learning rate, c

2
: influence of social learning rate, r

1 
and r

2
: two uniformly

distributed random in range [0, 1]. w, named the inertia weight, decrease linearly during a run is as given

in (12)

max

max

Iter iter
w

Iter


 (12)

where, Iter
max

 is the maximum number of iteration cycles and iter is the current iteration number.

The position of the particle is shown in Eq (13).

1 1k k k

i i iX X V   (13)

where, 1k

iX   is the current particle position, k

iX  is the particle position update.

4.2. Evaluation of the Particle Fitness

The evaluation function for each particle is based on the minimization of integral of error quadratic (IEQ)

criterion given by:

    
2

max

0

ft

PVIEQ P t P t dt  (14)

Where, P
max

 is the maximum power that the panel may issue under the test conditions, P
PV 

is the instant

power provided by the PV panel and t
f
 is the simulation time.

Figure 4 shows the Matlab–Simulink model used to evaluate fitness.

Figure 4: Fitness evaluation with Matlab–Simulink model

Power calculate

by the PV panel
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5. CONTROL RESULTS

In order to test the robustness of the designed fuzzy controller based MPP tracker under constant and

varying atmospheric conditions, various parts of the stand-alone PV system (see Figure 2) using the Matlab/

simulink environment. The simulation results are given at a sampling frequency of 100Hz. The setting of

membership functions of the controller’s variables is depicted as follows:

-In the design of FLC, two inputs variables (e and e) and the output variable D characterized by

five membership functions are defined respectively on the ranges of variation for input and output

[-35, 5], [-49, 49] and [-3, 3]. We note here that these intervals were obtained by calculating the

maximum and the minimum values allowed for each used variable in our simulated environment

for a stand-alone PV system.

Table 2 shows the used electrical data in our MATLAB simulations for a BP SX150S panel manufactured

by BP solar company. The best chosen parameters for the PSO algorithm is summarized in Table 3.

Table 2

Parameters of BP SX 150S panel.

Electrical characteristics Values

No. of modules in series (N
S
) 72

No. of modules in series (N
P
) 1

Maximum power (P
max

) 150 W

Voltage at P
max

(V
max

) 34.5 V

Current at P
max

(I
max

) 4.35 A

Short circuit voltage (I
sc
) 4.75 A

Open circuit voltage (V
oc

) 43.5 V

Table 3

Parameters of PSO used

Parameters Values

Number of parameters 15

Population size 40

Generations 200

C
1
 = C

2
 2.10

5.1. Stable environmental conditions

Figure 5 shows the evolution of best solutions for 200 generations obtained when PSO algorithm is employed

for stand-alone PV system and the convergence towards the minimum error fitness value in few iteration.

Simulation results under two atmospheric conditions, solar irradiance 1000W/m² and ambient

temperature 25°C, are presented in Figures 6 and 7.We can compare the FLC optimized by PSO and the

standard FLC. The duty ratio of the DC-DC boost converter is optimally adjusted as is depicted in Figure 6.

It can be seen that the optimized FLC (0.18 s) outperform widely the standard FLC (0.25 s) in response

time. Furthermore, the output power of PV panel generated by the optimized FLC is toward of MPP (150

W), while that obtained result by the standard FLC there exceeded largely, shown in Figure 7.

5.2. Simulation under varying atmospheric conditions

Although the ambient temperature during a day doesn’t change quickly, a rapid changing temperature is

used here to evaluate the effectiveness of the fuzzy controller based MPPT. Simulation resultsare given in
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Figure 7: PV panel power under stable environmental conditions.

Figure 5: Convergence profile of PSO algorithm for 200 generations.

Figure 6: Duty ratio signal under stable environmental conditions.
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Figures 10 and 11under solar radiation 1000W/m², a rapid decrease in ambient temperaturefrom 50°Cto

25°C over a time period of 2 s, a rapid increasefrom 25°C to 40°C during 2 s and a slow decreasefrom 40°C

to 35°C over a time period of 7s (see Figure 8).

It can be noted in Figure 9 that the PSOalgorithm converges faster to minimum fitness value for 200

generations. The duty ratio of the boost converter is represented in Figure 10. From Figure 11, it can be

Figure 8: Temperature profile.

Figure 9: Convergence profile of PSO algorithm for 200 generations.

Figure 10: Duty ratio signal under ambient temperature variations.
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seen thanthe optimized FLC reaches the MPP quicker than the standard FLC to reach the same target and

also the optimized FLC reduced considerably the oscillations during temperature variations, what the fuzzy

controller optimized by PSO more effective and more robust to ambient temperature variations.

In this Figure 12, the ambient temperature is constant 25°C and under solar radiation variations, a rapid

increase from 400W/m² to 800W/m² during 2 s, a rapid increase from 800W/m² to 1080W/m² during 5 s

and a slow decreasefrom 1080W/m² to 800W/m² over a time period of 2 s.

As seen from Figure 13, the error fitness profile of the PSO algorithm for 200 generations. Simulation

results are shown in Figure 14 and 15. It can be observed that, the optimized FLC is the most efficient and

converges quickly to the MPP and with insignificant oscillations. Results show a good robustness of the

optimized FLC with respect to irradiance variations.

6. CONCLUSIONS

In this work, a fuzzy controller is used to track the maximum power point in stand-alone PV system. The

use of particle swarm optimization to FLCs design holds a great of promise in overcoming two of the major

problems in fuzzy controllers design; design time and design optimization. To improve the design and

Figure 11: PV panel power under ambient temperature variations.

Figure 12: Irradiance profile
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Figure 13: Convergence profile of PSO algorithm for 200 generations

Figure 14: Duty ratio signal under solar radiation variations

 (a)  (b)

Figure 15: (a) PV panel power under solar radiation variations, (b): Zoom of few sample

further improve the performances of the FLC based MPPT we optimize the membership functions of both

input and output controller variables. According to the simulated, the standard FLC design shows much

better performances and robustness that of standard FLC under constant and varying atmospheric conditions.
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