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Abstract—A particle swarm optimized Takagi-Sugeno (T-S)
fuzzy logic controller for maximum power point tracking in a
photovoltaic (PV) system is presented. The method proposed
automates the tuning of fuzzy logic controller (FLC) rules and
membership functions as opposed to the trial-and-error approach.
Expert knowledge used for tuning the FLC is extracted from
an improved PV module model under varying solar radiation,
temperature, and load conditions. The proposed optimized FLC
provides fast and accurate tracking of the maximum power point
(MPP) under varying operating conditions. The formulation,
implementation, and simulation results are presented. Results
obtained has shown that the optimized FLC gives a better
performance compared with the conventional FLC tuned using
trial and error.

I. INTRODUCTION

Photovoltaic (PV) power generation is a reliable and eco-
nomical source of electricity in rural areas, especially in
developing countries where the population has low incomes
and the grid power supply is not fully extended due to viability
and financial constraints. It is crucial to operate the PV energy
conversion systems near the maximum power point (MPP) to
increase the efficiency of the PV system. PV module current
and power varies non-linearly with the terminal voltage, solar
radiation, and temperature. Many MPP tracking strategies have
been proposed such as perturb and observe and incremen-
tal conductance [1]-[3]. Recently artificial intelligence based
methods using genetic algorithms, neural networks, and fuzzy
logic have been introduced [4]-[6] in order to improve on
the tracking efficiency. Fuzzy logic is appropriate for non-
linear control because it does not use complex mathematical
equations. The behaviour of a FLC depends on shape of
membership functions and the rule base. However, there is no
formal method to determine accurately the fuzzy parameters
to yield optimum operating point and a good control system
depends on the experience of the designer. This paper proposes
an automated method for choosing the FLC parameters using
particle swarm optimization.
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II. MAXIMUM POWER POINT TRACKING
A. Principle of operation

The power produced from a PV module depends on the
operating voltage of the load, the solar radiation level, and
cell temperature. This is illustrated in Fig.1 and Fig.2. If a
variable load resistance R, is connected across the module’s
terminals, the operating point is determined by the intersection
of module I-V curve and the load I-V characteristic as shown
in Fig.3. The I-V characteristic consists of two regions: Zone 1
is the current source region, and Zone II is the voltage source
region. In Zone I, the internal impedance of the module is high,
while in Zone II the internal impedance is low. The maximum
power point P, , is located at the knee of the power curve.
The power delivered to the load is maximum when the source
internal impedance matches the load impedance. The load
characteristic is a straight line with a slope of I/V = 1/R
. If R is small, the module operates in the region AB only
and behaves like a constant current source at a value close
to module short circuit current, Ig.. If R is large, the module
operates in the region C'D behaving like a constant voltage
source, at a value almost equal to module open-circuit voltage,
Voe. Maximum power point tracking is based on load line
adjustment under varying atmospheric and load conditions by
searching for an optimal equivalent output resistance R,p; .
A dc-dc converter is used to perform load-line adjustment by
varying the converter duty cycle using a controller.

B. MPPT control system

The model of a maximum power point tracker (MPPT) was
modelled in Matlab/Simulink. The PV module was modeled
using model equations given in [7] and implemented as a
Simulink S-function whose inputs are the ambient solar radi-
ation G,, ambient temperature T,, and the load resistance R.
The model outputs are: module operating voltage V;,,, output
current I,,,, voltage at maximum power V,,,,, and the maximum
power P,,,. BP solar SX75TU [8] PV module was used to
validate the PV module model and for testing the MPPT
algorithm. A buck-boost converter was chosen for the MPPT
because it is able to perform maximum power tracking in both
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zones I and II of Fig. 3. An averaged state space model [9]
of the converter was developed for simulation. The simulation
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Fig. 4. MPPT Simulink model

model is shown in Fig. 4. A solar radiation level of 1000W/m?
is taken as G, = 100% .

III. FuzZY LOGIC CONTROLLER STRUCTURE

The general structure of a FLC is presented in Fig. 5.
It comprises of three principal components: fuzzification, in-
ferencing, and defuzzification. Fuzzification is the conversion
of input data into suitable linguistic values such as small,
large, etc using a membership function. Rule inferencing is the
simulation of human decision making process in order to infer
the fuzzy control action from the knowledge of the control
rules and the linguistic variable definitions. Defuzzification is
the conversion of an inferred fuzzy controller output into a
non-fuzzy control action.

There are two input variables, error F(k), and change of
error CE(k) at the ky, sampling instant defined as:

 Po(k) — P (k1)
B0 = 3 R = Valk 1) .
CE(K) = E(k) — E(k — 1) 2)

where Py, (k) is the instantaneous power of the PV module.
E(k) is the gradient of the P-V curve of Fig. 1. There are three
possible values for E(k): E(k) > 0 system is moving towards
the MPP ; E(k) = 0 system operating at the MPP; E(k) < 0
system is moving away from the MPP.

The fuzzy control algorithm was developed on the Matlab
fuzzy logic toolbox using Takagi-Sugeno inference system.
The Sugeno method is more compact and has a computation-
ally efficient representation than a Mamdani system [10]. The
input membership functions for E (k) and CE(k) are as shown
in Fig. 6, while the output is the change in duty cycle pD. The
inputs are fuzzified using five membership functions: Negative
Big (NB), Negative Small (NS), Zero (ZE), Positive Small (PS),
and Positive Big (PB). The FLC has twenty five rules whose
output membership functions are defined as:
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pD(k) = aE(k) + bCE(k) + ¢ 3)
where a, b, and ¢ are constants.

IV. FUZZY CONTROLLER DESIGN USING PARTICLE SWARM
OPTIMIZATION

The conventional design of the membership functions and
the rule base of a fuzzy inference system is based on the
experience of the operator or the designer of the system [10].
Various techniques have been proposed for improving the
design and performance of fuzzy inference systems. These
include simple heuristic methods [11], neuro-fuzzy (ANFIS)
[12], [13], genetic algorithms [5], and particle swarm optimiza-
tion (PSO) [14]-[16]. Before starting the design of the PSO
based fuzzy controller, the basic principle of PSO is presented.

A. Principle of particle swarm optimization

Particle swarm optimization is an evolutionary optimization
technique based on the movement and intelligence of swarms.
It applies the concept of social interaction to problem solving.
The algorithm was developed by Kennedy and Eberthart in
1995 for simulating the flight patterns of birds, which is
governed by three factors: avoiding collision, matching the
velocity, and flock centering [17]. The developers observed
that the bird flocking behaviour can be applied in optimization
using a population of potential solutions called particles that
are flown through an n-dimensional search space. The instan-
taneous position of each particle is identified by the vector

X(k) = [X1(k), Xo(k), ..., X (k)] 4)

where X, (k) represents a parameter of the problem that has
to be optimized. Initially, each particle position is randomly
generated and the particle then moves with a random velocity
subject to the boundary conditions. At the time step k + 1, the
velocity of iy, particle is given by

Vilk+1) =wVi(k) + Clrand()—(Pi(b“t)gixi(k)) +

Cyrand)() (Gbesf,(kA);Xi(k')) 5)

where w is the inertia factor; Cq; and Cy are the social and
cognitive rate, respectively; Pjest) is the best position ever
found by the particle during its motion; Gpes: is the best
position discovered by the entire swarm; rand() is a uniform
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Fig. 6. Particles of the input membership function

TABLE I
FLC RULE BASE

E CE NB NS ZE PS PB

NB M Fy MF5 MF3 MFy MFj5
NS MFg M Fr M Fy M Fy M F1o
ZE MFi11 | MFi2 | MF3 | MFi4 | MFis
PS MFig | MFi7 | MFg | MFig | MFy
PB MF> | MFoy | MFo3z | MFoy | MFss

random number generator between 0 and 1 ; and At is the time
step. The new position of each particle is then determined by,

Xi(k+1) = X;(k) + Vi(k)At (6)

If a particle position violates the side constraints, the current
velocity is set to zero and a new velocity is evaluated as,

() (Pi(best) (k)_X'i(k))
At

Vi(k) = Cirand +

CQ?"CLTLCZ() (Gbest(lzt_xi(k)) (7)
and a new position is re-evaluated using (6).

B. Structure of the particles

Particle swarms are used to determine the optimal input
and output membership functions. The particles for the input
membership functions (MFs) for error, F, and change of
error, C'F, are assigned as shown in Fig. 6, where X; and
Y; corresponds to E, and C'E respectively. The output MF
particles are given by MF; = [zjq4, 2jb, 2jc] for each of the
output MFs in Table I. For a swarm S; in a population U
having N members (where ¢ € [1,N]), the particles are
arranged as,

where,
X = [x1, 29,23, 4] 9
Yi = [y1, Y2, Y3, ya (10)

Z; = [Zi,laa Zi,1by Zi,1cy - - - » 21,25a5 %i,25b) Zi,25c] (11)

Thus the swarm S; consists of 83 particles encoded as real
numbers with the boundary conditions shown in Table II. The
values were derived by observing the parameter variations
during simulation. The velocity of the particles V; has the same
dimensions as S; and also encoded as real numbers.



TABLE 11
BOUNDARY CONDITIONS

Particle | Minimum | Maximum

T; —50 50

Yi —10 10

Za —0.5 0.5

Zp —0.05 0.05

Ze —0.01 0.01

TABLE III

INITIALIZATION OF PSO PARAMETERS
Parameter Value
Population (N) 30
Number of iterations (Iymaa) 50
Inertia factor (w) 0.5
Social rate (C1) 0.9
Cognitive rate (C2) 2.5

C. Initialization of the algorithm

The size of the population N, the maximum number of
iterations I,,.., the inertia factor w, social rate Cy, and the
cognitive rate Cy, were initialized as shown in Table III. The
initial velocity and position of each particle was randomly
generated.

D. Optimization criterion

The goal of maximum power tracking is to minimize the
error between the PV module output power FP,,, and the
maximum possible power, P,,,.. The fitness of each swarm is
evaluated using (12).

f(8i) =

E. Simulation steps

(Pmaa: - Pm)2 (12)

The tuning of the FLC parameters can be summarized as

follows:

o Step 1: Encode the MF particles for inputs and outputs
as presented in Fig.6 and Table I.

o Step 2: Initialize the swarm position vector S; and cor-
responding velocity V; for all swarms in the population.
All particles are randomly generated (i.e no experienced
particles are used).

o Step 3: Update the velocity of each particle in the swarms
using (5), and the position using (6).

« Step 4: Decode each swarm (S;) into a fuzzy inference
system (FIS) structure and output the results to the
MPPT controller. The fitness of each FIS structure is then
evaluated and used to update Ppes; and Gpesy-

o Step 5: Repeat Steps 3 and 4 for the set number of
iterations.

F. Optimal FLC structure

The system converges to an optimal solution which is the
FIS structure obtained from the best swarm at the end of the
simulation. The input MFs of the best solution before and after
simulation are presented in Fig. 7 and Fig. 8. The rule surface
before and after optimization are as shown in Fig. 9 and Fig.
10 respectively.
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V. SIMULATION RESULTS

The performance of the particle swarm optimized fuzzy
controller (OFLC) was validated using simulations under dif-



Fig. 10. Rule surface after optimization

ferent PV module operating conditions using the Simulink
model presented in Fig. 4. The conventional FLC and the
OFLC were simulated under the following test conditions:

« Constant temperature of 25°C' and constant solar radiation
of 1000W/m? with 90% step change in load

o Constant temperature of 25°C' and constant load with
50% fast change in solar radiation

« Constant solar radiation of 1000W/m? and constant load
with 50% fast change in temperature

The simulation results are presented in Figs. 11-16. The results
show that an optimized fuzzy logic controller has improved
performance and is more robust than the conventional con-
troller.

VI. CONCLUSION

In this work, the optimization of Takagi-Sugeno based
FLC for maximum power point tracking in a PV system
is presented. An improved PV module model that outputs
both the operating power and the optimal power was first
developed. A complete MPPT model was then implemented in
Matlab/Simulink and used for tuning of the FLC parameters
using the intelligence of particle swarms. Simulation results
has shown that the proposed optimized FLC is robust and
provides fast and accurate tracking of the maximum power
point compared to the conventional FLC.
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