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MPPT control of a Wind Energy Conversion
System using T-S Fuzzy Model

N. Harrabi, M. Kharrat, M. Souissi and A. Aitouche

Abstract—A wind generation system composed of a wind
turbine and a Permanent Magnet Synchronous Generator
(PMSG) associated to an AC-DC converter is treated in this
paper. As to maintain a maximum power produced by the
turbine, a fuzzy controller based on Takagi-Sugeno (T-S) model
is designed in the objective of Maximum Power Point Tracking
(MPPT). First, The Wind Energy Conversion System (WECS) is
modeled using TS fuzzy approach. Then, the design of the
controller is carried out in means of Linear Matrix Inequalities
(LMI) techniques and by applying Lyapunov stability approach.
Finally, Simulation results are presented to validate the
performance of the proposed strategy.

Index Terms —WECS, MPPT, T-S fuzzy controller, LMI.

l. INTRODUCTION

Many factors have led to the increase of renewable energy
popularity such as the low cost of installation, the lack of the
fossil fuels reserves, and especially it is considered as a
suitable solution for rural areas which are isolated. Since wind
energy conversion systems (WECS) can provide a reliable
electricity supply and allow continuous power generation, so
they represent a cost-competitive solution dedicated to rural
electrification. Therefore wind energy applications are widely
spread in the world.

The primary energy source of the generators in wind turbine
systems is the wind which is unpredictable and changes
frequently [1]. For this reason, a power electronic interface is
needed to establish the connection between the wind generator
and the grid in the objective of extracting the optimum of
produced power although different wind speed changes.

Many structures of wind systems are treated in literature like in
[2], [3], [4], [13] and [16]. In this study, we consider the
system shown in Fig.1, which is composed of a fixed pitch
angle wind turbine that drives a permanent magnet
synchronous generator (PMSG). An AC/DC power electronic
converter is mounted with the synchronous generator and
followed by a continuous DC bus. So, the wind turbine power
is transmitted to the DC link and finally supplied to the load.
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Fig. 1. Block diagram of the wind generation system

The aim in this work is to control the considered wind
system in order to track the maximum power point and to
provide a reliable energy supply. Numerous researches have
focused on this topic and different MPPT algorithms have
been investigated such as in [5], [6], [7] and [15].

The most known classical MPPT schemes for wind systems
are Pl regulator and vector control like in [8], [9], [12]
and [14].

In the current study, we propose an intelligent control
strategy to guarantee the maximum wind power tracking
using fuzzy logic. Due to the high non linearity that is
characterizing the system, the designed controller is based
mainly on T-S fuzzy modeling which permits to describe
non-linear system by the decomposition of the model into
linear local sub-models. . Next, a combination of those sub-
models is realized in the means of control design [10]. For
the stability analysis of the treated system, the control gains
are calculated by using Linear Matrix Inequality (LMI)
techniques and Lyapunov approach.

The paper is organized as following: in section Il the
different components of the wind energy studied system are
modeled. Then, the third section describes the design of the T-
S fuzzy controller. First, the MPPT strategy principle is
presented. Then, the system is described by a T-S fuzzy model
and stability analysis of the controller is studied in terms of H
infinity performance. In the next section, simulation results for
the proposed fuzzy controller are presented in order to check
the effectiveness of the control scheme. Finally, the manuscript
ends with some conclusions in section V.

1. MODELING OF THE WIND ENERGY CONVERSION
SYSTEM:

As illustrated in Fig.1, The WECS treated in this study
includes a fixed-pitch angle wind turbine coupled with a PMSG
and a power electronic converter. The power generated by the
turbine is given by [11]:
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R = 0.5C, (4, 5)pAV° @)

Where A denotes the turbine swept area (m?), p presents the
air density (Kg.m™3), v is the wind velocity (m.s™!), and
C, (4) is the power coefficient.

The tip-speed ratio A is such that A = (R.2/v) )
where R is the blade length and Q is the rotational speed.

The maximum power generated by the turbine satisfies

5 .3 3
F)t(max) = O'5Cp(max) (j’opt)pﬂ.R Q. / j‘opt ©)

Where Cpmax and Agy are respectively the optimal values of
the tip speed ratio and the power coefficient.

The expression of the optimum mechanical torque is the
following:

Tingren= Ko ©r 4
where K,=0.5Cpmax pR Aopt’

By defining i, and i, the stator current (d,q) components,
the electromagnetic torque in d-q reference frame is described

as Ty, = p‘I‘fiSq (5)
Where p represents the pole pairs number and y being the
magnetic flux.

Also, the mechanical speed behavior of the PMSG is
described by

dQ
t
where J is defining the PMSG moment of inertia and f is the

friction coefficient.
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Fig.2. PMSG associated to the rectifier
In Fig.2 , a description of the synchronous generator coupling
with the rectifier is presented. The input three phases voltages
Vs (i=1,2,3) and the output current Iy are described using pi
which denotes the average value of the switching function u;
over the PWM period, the output DC side voltage U, and the

input currents ig. The dynamic of the stator voltage
expressions in d — q reference frame are given by :

. dig, . U,
Vg = —Rylgy — L I'I' pQlesq = Tﬁd

di 0]
. sq . Uc
V, =—Rii —LSK—pQLS|5d+pQ‘Pf:7ﬂ

sq S'sq q
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where R, and L¢denote respectively the synchronous resistance
and inductance.

The stator current, the stator voltage and the output current are
expressed in d-q reference frame as following :

d. s 1

il —_— w . — 0

dt>| | Ls {'sd}r Ls {Ed}l{ﬂdlu -
Ei Yy _Rs |[% 0 1 Eq 2Ls ﬁq ¢

dt = Ls Ls

with w=pQ is the electrical angular speed, E4 and E, are the
electromotive force (d,q) components given by E; = 0 and

Vsa | _ 1 By U
Vsq 2 ﬂq Cc (9)
3 isd
IO =Z|:ﬁd ﬁqi||:i5q‘| (10)

The voltage at the rectifier output satisfies:

dUC _ 3 isd UC
e alh A

(11)

I1. T-S FUZZY CONTROLLER
A. The principle of MPPT control

The aim of the MPPT algorithm is to keep the

generated power at its maximum by maintaining the tip
speed ratio at Aoy, . SO, the reference of the rotor speed is
given by the following expression 2, = (Agp:-1,,)/R .
The principle of the control strategy is to keep the controlled
parameters at their references, once the optimum value of X is
known, it is easy to calculate the reference of the g-axis stator
currant as following:

i ot (12)

sqr
Py ¢
The reference signal of the d-axis stator current is supposed
equal to zero iy, =0, therefore, we can calculate the
reference of the voltage as follows

2
Ucr =—(p1// Qr) 13)
g

B. T-S Fuzzy Modeling

In this section we will focus on the T-S fuzzy modeling of the
WECS. So we introduce the state vector as:

x) =iy iy U, QI
and the control signal as

u® =[s; BT
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So that, the fuzzy model of the WECS can be described by :

X(t) = A(x, u)x(t) + B(xX)u(t) (14)
y(t) = Cx(t)
Where
_ R, _
pQ 0 0
LS
-R
p0 s 0 Py ¢
L L
A(X,u) = s s
3 3 1
— By — L, ——— 0
4C 4C R,C
KQ-f
0 _p'//f 0 Kp2—1
L J J |
U _
c o
2L,
B(x)=| 0 Y.
2L
0 0
1 0 0 O
01 0 O
C =
and 0010
0 0 0 1

The fuzzy premise variables are noted z (t) and given by :
4 (t) =2 z,(t) = Byizs(0) = Bz, () = U

Hence, the wind generation system is then described by T-S
fuzzy rules which are written in ‘if-then’ form as following:

If z,(t) is S;; and ...and z,(t) is S,;, then
X(t) = Ax(t) + Bju(t)
y(® =Cx()

(15)

Where §;; denotes the fuzzy sets, r is the fuzzy rules number
and A4; and B; are the local subsystem matrices given by:

R —Z,.
S oy 0 0 4 9
L 2L
_Rs Py ¢ -7,
“Pai 0 L B.=| 0 4i
A= : : ! 2L
3 3 1 0 s
— s 14 o~
ac? ac¥  Re 0 0
0 3 Py ¢ Kozj_i - f - 0 0 -
L J i
Let define the premises variable vector as:

z(t) =[z,() z,@®) z@®) z,®O

The WECS can be described by the following equations:

r
>'<(t)=_ZlHi (z(t){ Ax(t)+Bju ()]
i=

The degree of activation for rule “i” is normalized as:

C(z(t . 4
2 vi () 1=
Defining M; and m; as the maximum and the minimum

bounds of the variable z (¢t) for j=1,2,3,4 , the membership
functions are chosen as

f ] [
oM -m, 7
j j
The reference state vector to track is defined as
- - T .
X () =[ig Iy U, QI., so we introduce

e(t) = x(t)—x. (t) as a state tracking errors, therefore the
new PDC fuzzy controller is given by :

r
u(t) = —ElHi (z(t)Kje(t) (18)
and the the resulting dynamic error model is designed as :
r
é(t) = _Zl Hi (z(t))(A (t) + B;u(t) + Ax,) (19)
1=]

By introducing another state variable e, = je in order to
avoid steady state errors, then the control law is expressed by

u(t) = —él H, (z(t)KE(t)

where K, =[Kj Fijand &(t)=[e(t) e ®)] -

So that the augmented form of T-S model is described by:

(20)

BH

é(t) = £ Hj (z(t))[Ge (t) + D;h1
i=1

C. Stability analysis

In order to study the stability of the system, the H,tracking
performance is adopted for ensuring smooth reference
tracking under the influence of perturbation, denoting by y a
defined value :
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T e 2 o0 T
[ 8" (t)e(tydt < y° [, hThdt 1)
V (8) =e" Pe isthe Lyapunov function candidate where

P = PT>0 is the common definite positive matrix.

The Lyaunov function time derivative has to satisfy:
V(@E@l)=e'PeE+8 Peg <0 (22)
In the aim to accomplish the H-infinity performance
associated to the tracking error, the condition is:

V(@) +&' (t)e)—»°h"h <0 (23)
By remplacing (19) and (21) in (22) we get:

&' (DIGIP+RGi' Te(t)
T Hi(z(t) {+h [ PTe(t) -y’h"h <0 24)
= & O[PD R

T HEOIEP-RETH P I HD
[éT(t) HT}X i=l i=1 y

r|-| )D.'P g
El i(2(t)D; A (25)

To check this inequality, it suffices to check that:

r _ _ r _
X HiZOIGP+RGT [+l P X Hi(z(t)D,

i=1 r i=1 <0 -
3 H; ()P . ¢
i=
That means :
[ r . r _
2 Hi(zM)GiP+RG ] P X Hi(z()D;
i=1 i=1 4
r ST 2
_ZlHi(Z(T))Di P wal 27)
L =
| 0}0
0 0
!3y using the Shur lemma we obtain: )
r _ _ r _
Y Hi(2®)GIP+RG'] P X Hi(z()D; |
i=1 i=1
r _
¥ H;(z(t)D;' P —2 01/<0 (28)
i=1
I 0 -1

Which allows writing :

[GIP+RG"] PD, |
D'P -’ 0]<0 (29)
I 0 -l

P71 oo
By multiplyingby | 0 1 0/, we obtain:
0 01

PGIP+RGTIP PlPD, P
D,"ppt -1 0 |<0

pt 0 -
(30)

Let X = P~' and M; = K;P~! , by using the T-S fuzzy control
law, the MPPT of the WECS is realised if the control gains are
prescribed as K; = M;X~' with the matrices X and M,
satisfying the following LMI:

AIX+XAT-BM;-M[B D, X
o1 2
X 0 -l

V. SIMULATION RESULTS

In order to check the performance of the proposed controller
for the optimum extracted power from the WECS, the wind
speed profile is chosen as illustrated in Fig 3.
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Fig.3. The wind profile
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Fig.4. The rotor speed with its reference

The above figure is presenting the speed rotor tracking. It is
clear that the curve follws its reference for the different wind
speed variations.
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Fig.5. d-axis stator current with its reference

As it is shown in Fig.5, the direct stator current is still
somewhat precisely close to zero which represents the
reference of d-axis stator current.
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Fig.6. g-axis stator current with its reference

Moreover, the trajectory of the g-axis stator current which is
given by Fig.6 is following the reference signal. Therefore, a
good tracking performance is obtained through the proposed
controller.
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Fig.7. The bus voltage trajectory with its reference

The bus voltage curve which is shown in Fig.7 is tracking the
signal of reference.

From simulations, it can be seen that the states follow their
references signals which illustrates the effectiveness of the
control scheme.
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Fig.8 .WECS produced power respone

With reference to Fig.8, we can notice that for different wind
speed values, the power generated by the WECS is kept
maximized in spite of rapid wind speed variations. Thus, we
can deduce that the designed T-S fuzzy controller ensures a
good tracking performance and can to guarantee the MPPT.

V. CONCLUSION

In this study, a T-S fuzzy control scheme is designed for a
wind system turbine. The different components of the WECS
were modeled by means of T-S fuzzy approach. After that, the
control strategy was described and the fuzzy controller design
was presented. As to finish, the simulation process validates
the efficiency of the MPPT algorithm in the aim to achieve the
maximum power generated by the system although the wind
speed variation.
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