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H o Fuzzy Integral Power Control for DFIG Wind
Energy System
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Abstract—In order to maximize energy capturing from wind
energy, controlling the doubly fed induction generator to have optimal
power from the wind, generator speed and output electrical power
control in wind energy system have a great importance due to the
nonlinear behavior of wind velocities. In this paper purposes the
design of a control scheme is developed for power control of wind
energy system via H o fuzzy integral controller. Firstly, the nonlinear
system is represented in term of a TS fuzzy control design via linear
matrix inequality approach to find the optimal controller to have an
Hoo performance are derived. The proposed control method extract
the maximum energy from the wind and overcome the nonlinearity
and disturbances problems of wind energy system which give good
tracking performance and high efficiency power output of the DFIG.

Keywords—H . fuzzy integral control, linear matrix inequality,
wind energy system, doubly fed induction generator (DFIG).

I. INTRODUCTION

NDER the deterioration of the world environment,

the increased demand and the decline of petroleum
resources, it is imperative to implement the source for
a sustainable energy which is clean, cost effective and
inexhaustible. Renewable energy can be used for an
alternate resource; however, these alternative energies are
non-dispatchable [1]. The power output cannot be controlled,
thus, an individual country must consider the strategy in
utilizing to deliver these energies in significant quantities.
Remarkably, the wind power that many countries have
conducted their researches has become a potential source
for electricity generation. Wind energy can be generated into
electrical power by using wind turbine. Nevertheless, the wind
fluctuation is a major problem of power generating system that
yields uncertainty [2].

In order to overcome this problem, the MPPT technique
was used by several authors [3]-[6] to search for maximal
power point. To optimal power extraction by MPPT approach,
doubly fed induction generator (DFIG) is implemented to
produce electricity in wind power system. The DFIG is the
conventional three phase wound rotor induction generator
fed AC current into both the stator and the rotor windings.
Although the DFIG can support the variable speed operation,
their efficiency and reliability draw heavily on the applied
control approach [7]-[10].

Conventional PID control design is a widely used approach
in most basic control systems for the output active and reactive
power of wind turbine. However, the way of dealing with the
uncertainty of dynamic behavior of DFIG and turbulence wind
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velocities during operation is very difficult to obtain the proper
result by using the common conventional PID control method
[11], [12].

Recently, MPPT control based on a fuzzy logic approaches
have been introduced to some applications. Fuzzy PID gain
scheduling control scheme is a very useful strategy for
nonlinear process control [13]. This scheme produces a
nonlinear global controller from a series of local controllers
tuned at specific operation points. Nevertheless, this controller
are not usually appropriate for nonlinear system due to
the complicated mathematical models. In [14], an adaptive
TSK fuzzy tracking control for maximum energy extraction
was considered, which this method can be compensated
the nonlinearities of the system. To evaluate stability of
controllers, the design of H ., fuzzy for the complex nonlinear
systems which can be represented by a Takagi-Sugeno
(TS) fuzzy model has been considered by many researchers
[15]-[17].

Many control theories have been used H ., control methods
to verify stability of controllers to carry out nonlinear systems
with guaranteed H ., performance while fuzzy control enables
us to utilize qualitative, linguistic variables on the intricate
nonlinear system to draw a mathematical model for it. In this
TS fuzzy model, local dynamics in different state space parts
are represented through local linear systems [18], [19]. For
linear system modeling, a single function is used to describe
the whole behavior of a system whereas the fuzzy modeling
is an outstanding approach that integrated linear sub-models
to explain the whole behavior of the systems.

In this paper, the H, fuzzy integral controller for nonlinear
DFIG wind energy system is considered. The combination of
Hoo control methods with TS fuzzy control can be solved
the complex nonlinearity. However, dealing with the behavior
of strongly nonlinear of the wind energy system can occur
the output error. In order to closely obtain the maximum
energy, this paper contributes the TS fuzzy integral technique
to regulate the output error to be less or equal to the prescribed
value with guaranteed H, performance. The controller design
is formulated by a linear matrix inequality (LMI) and the
Lyapunov theory.

This paper is organized as follows. The dynamic model
of wind energy system and the nonlinear fuzzy model are
presented in Section II. In Section III, the proposed H ., fuzzy
integral controller for DFIG wind energy system are explained.
The proposed approaches are demonstrated through simulation
results in Section IV and finally, the conclusion is given in
Section VI.
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II. DFIG WIND ENERGY SYSTEM DESCRIPTIONS

Wind turbines are mechanical devices used in wind energy
systems to generate electricity from the kinetic power of
the wind. Wind turbines consist of different parts such as
rotor blades (turbine), gearbox, doubly fed induction generator
(DFIG). In this section, the modeling of the wind turbine and
the modeling of DFIG are described.

A. Aerodynamic Model and Mechanical Torque Calculation

The tip speed ratio can be defined as the ratio of the rotor
speed and the wind speed:

Wm,
A=R—. 1
v, )]
Under the wind speed, the wind energy is generated by wind
turbine can be expressed as follows:

1
Py = 5pair ArCy (A, 0) Vi 2)

where A is the tip speed ratio, R is the wind turbine rotor
radius (m), V,, is the equivalent wind speed (m/s), w,, is the
wind turbine speed (rad/s), Ag is the swept area of the turbine,
0 is the pitch angle of the rotor (deg) and C,, is the power
coefficient.

The power coefficient can be reasonably approximated by
the following equations [20]:
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The mechanical power and torque of the wind turbine are:

Py =Thnwm (®)]
T = 0.5p7 R¥V,,2Cp A ©6)

where 7;,, is the aerodynamic torque extracted from the wind.
Thus, any change in the wind speed and the rotor speed
induces the change in the optimal value of the tip speed
ratio which brings about to the maximum value of the power

coefficient Cpm .- 10 this way, the optimal torque is affected:

T = me2 (7)

where Kk = O.5p7rR5C;‘;'7"“f is a factor determined by the wind
turbine characteristics [fl].

B. Modeling of the DFIG

The doubly fed induction generator is basically the three
phase electric machines that are fed AC currents through both
the stator and the rotor cores. The application of the Park
transformation in the three phase electrical system (a,b, c)

frame allows to convert a dynamic model in a dgq frame as
follows:

vas = Rsigs + %Sﬁds — WsPgs 3
Vgs = Rsigs + %qu + wsPds )
Var = Reigr + %wdr — (ws — Pwy) pgr (10)
Vgr = Rylgr + %qur + (ws — Pw,.) @ar- (11)

III. PROPOSED CONTROL STRATEGY

A. Nonlinear Model of the Wind Energy System

The wind energy system is shown in Fig. 1. By considering
the behavior of the input variables and pursuing the proper
fuzzy membership functions and fuzzy rules of the proposed
controller, the wind turbine speed control system can closely
achieve the maximize operating point with a maximum
value to the power coefficient; i.e., increasing output power.
For obtaining an acceptable computation effort as well as
measurable output quantities, the stator flux linkage, the rotor
current and the rotor speed with the disturbance can be
expressed by following nonlinear equations

z(t) = A(x)x(t) + B(x)u(t) + Byw(t) (12)
2(t) = C, (x)x(t) (13)
u(t) = C,(w)a(t) (14)
where z(t) = [ Pds  Pqs  Gdr  lgr Wr ]T is the state
vector of the system, u(t) = [ Vds Ugs Vdr Vgr Im ]T
is the control input signal, z(t) = [ Qs Py w, ]T is
the controlled output, y(t) = [ Qs Ps w, ]T is the

measured output, w(t) is the input disturbance and the matrices
A(x), B(x), By, Ci(x),Ca(x) are suitable matrices of the
system,

— e ws  Lm P 0 0
—ws —fa 0 Lo e 0
A(z) = 0 0 _TRL% —ws + Pwr 0
(wo —Per) Bm 0wy —pu, - B o
~Trer Hiar 0 0 o -5
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Fig. 1 Configuration of the DFIG wind turbine

B. TS Fuzzy Model

The TS fuzzy model is explained by IF-THEN rules which
can be able to approximate the nonlinear system (12) - (14)
by combining the linear models via nonlinear membership
functions. A TS fuzzy model is examined in the ¢-th rule as
follows:

Plan Rule ::
IF @41 () is Mu(t) and...and xy;(t) is Mj;(t) THEN

(t) = Aix(t) + Biu(t) + Buw(t) (15)
(t) = 01 o (t) (16)
y(t) = Cy,x(t) i=1,2,3,..,71 17)

where Mj;(t) is the fuzzy sets, r is the number of if-then
rules, x,, (t) is the premise variables, x(t) € R" is the state
vector, u(t) € R™ is the input, w(t) € RP is the input
disturbance which belongs to £»[0,00), y(t) € R’ is the
measured output, z(¢t) € R® is the controlled output, the
matrices A;, B;, By, C1,, Cs, are suitable matrices of the
system. In this paper, it is assumed that zj(t) is the vector
containing all the individual elements xy, (t), ..., s, (t). For
any specified state vector and the control input, the TS fuzzy
model is inferred as follows.

T

I

Let v
s (@(t)) = [ Mt as(6)
and = (2(1)

pe(w(t) = 5

where Mj; (z1(t)) is the grade of membership of xj(t) in
M;;. Tt is assumed in this paper that

> @i (x(®) 20,

where v are the number of premise variables, for all ¢.
Therefore, for all ¢. For the simplicity of the notations, we use
w; = w; (z(t)) and p; = p; (x(t)). Thus, we can generalize

1=1,2,...,v
t=1,2,...,71;

that the TS fuzzy models as the weighted average of the
following forms:

#(t) = Z;l i (Aiz(t) + Biu(t)) + Bow(t)  (18)
RERI) (19)
y(t) =D pi(Coa(t)  i=1,23,.r  (20)

C. Hoo Fuzzy Integral Controller

This section begins with considering the problem of
designing an H., fuzzy integral controller which guarantees
the Lo gain from the exogenous input noise to the regulated
output less than or equal to some prescribed value. Here, an
LMI approach will be utilized to derive a fuzzy controller
which stabilizes the system (15)-(17). Suppose there exists a
fuzzy integral controller of the term:

Controller Rule j:
IF () is My;(t) and...and @y (t) is M;;(t) THEN

u(t) = —Kz(t) + Kryq(t),¥j = 1,2, 3,..,r. (1)

where z(t) is state vector and ¢(t) is state integral vector.
K; and K, are the controller gain of an H., fuzzy state
feedback and state integral feedback controller, respectively.
Finally, the fuzzy controller can be inferred as

t)+ Krjq(t)) ,Vi=1,2,3, ..,

Z/M

(22)
From the system (15)-(17) with the fuzzy controller (22)
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can be rewritten by

(0 =30 iy (Ay®) + Bui() 23
i=1 j=1

20 =303 i (Cra() 24)
i=1 j=1

56) = >3 iy (Cai(t)) 25)
i=1 j=1

where
Aij: { AiEZBin Bif)(lj }73511}: [ B, 0 ]7

él,,:|:01 0:|,C~’2 :[CQ 0],

=[5 oo =[]

An LMI approach will be applied to derive a fuzzy
controller which stabilizes the system (23)-(25) and guarantees
the disturbance rejection of level v > 0, immediately. Firstly
to design fuzzy integral controller, the following requirement
are satisfied

(a) The closed loop system is asymptotically stable when
w(t) = 0.

(b) Under zero initial condition, the system (24) satisfies
IZ]], < 7|/w], for any non-zero w(t) € Lo [0, +00), where
v > 0 is a prescribed constant.

Next, let us recall the following definition.

Definition 1. Suppose ~ is a given positive real number: A
system of the form (23) and (24) is said to Lo-gain less than
or equal to v if

/ v FT()E(t) dt < A2 { / v wT(t)w(t)] dt. (26)

for all Ty > 0 and w(t) € L2[0,T%].

Note that for the symmetric block matrices, we use (*) as
an ellipsis for terms that are induced by symmetry.

So the following results deal with the system (23)-(25).
Theorem 1. Consider the system (23)-(25). Given a prescribed
Hoo performance v > 0 and the inequality (26) holds if there
exist a matrix P; = PlT, Py = P,T and matrices Y, Yr5,5 =
1,2, ...,r, satisfying the following linear matrix inequalities:

(P P
P—<P2 P1>>0 @7

1 O OO

) )
AN ON (*;; <0, (8

B," 0 —2I (x
Ci,P Ci,P, 0 —1
where
vl = A;P + PA" - Y;" BT - BY; + BYj;
+YI]TBT7

Ui = PAT —Y;"BT + Y[ BT - Gy,
Wi = —Cy;Py — PyCo .

Furthermore, the suitable choice of the fuzzy controller is
u(t) = Z pi (— K (t) + K1;q(t)) (29)
j=1
where K; =Y;P; ™" and Kp; = Y;; P, ",
Proof: The detail of the proof is omitted for brevity.

IV. SIMULATION RESULTS

The system from (12)-(14) can be described by the
following state equations:

1(t) =— %xl (t) + wsza(t) + Lm%xg(t) (30)
.’i‘Q(t) =— wswl(t) + —%(Eg(t) + Lm%(&;(t) 31
R,
ig(t) =— oL l’g(t) — (ws + P$5(t))934(t) (32)
£4(t) = (0 — Pas(t) 221 (1)
R,
+ (ws — Pas(t))zs(t) — oL, 4(t) (33)
1 L,

z5(t) = Tl L—Sml(t)m4(t) I z5(t) (34)
alt) =1 1L (wszl(t) - Rf(ﬂ) 1 (t)

_ wglLs (wsz:n(t) _ Rszz:(t)) x3(t)

- wlL <’”S[“jl(t) - RS?(’:)) z4(t) (35)
() = (S - ) (6)

where

xl(t) = @Pds, -Z'Q(t) = Pqs, 583(15) = idT‘a {E4(t) =
igr, T5(t) = wr and 21(t) = Qs, 22(t) = Ps, 23(t) = wy.
It is found that the flux magnetic, the currents and the speed
in dynamic model of DFIG from (30) and (37) are highly
nonlinear. Simultaneously, it is also possible in changing the
wind speed. Thus, the nonlinearity including the disturbance
wind have to be taken into account. The nonlinear system
plant can be approximated by TS fuzzy rules. Let choose the
membership functions of the fuzzy sets as shown in Fig. 2
The membership function can be written as

ny (z1(t)) = %and Ni (z1(t) = %
s ra(0) =~ g, () = O
n3 (w5(t)) = %and N3 (x5(t)) = %

The dynamic model of the wind energy system is
represented by TS fuzzy model (15)-(17), which is composed
of 8 rules. Thus, the local system matrices A4;, B;, C1, and Co,
as the following below. The parameter v;; corresponding with
each rule is addressed in Table I. The fuzzy premise variables
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2, depend not only the converter states, but also the lower
and upper bound parameter (n;, IV;) that can be obtained from
specification DFIG wind energy system.

TABLE 1
TS Fuzzy RULES

Rules Fuzzy-Sets Then-Part

i My; Ma; Ms; vii V2 U3
1 E1 F1 G1 n1 na ns
2 E1 F1 G2 ni1 n2 N3
3 E; Fy G, ni Ny ns
4 E1  Fy Go niy N2 Ns
5 E, Fi Gy N1 n2 mn3
6 FEo Fi G2 N1 n2 N3
7 E2 F2 Gl N1 N2 ns
8 Ey Fy G N1 N2 N3

The local system matrices are shown as follows:

-7 ws Lo £ 0 0
R
—ws o 0 Ly = 0
Ay = Ag = 0 0 - aRL'T,. ws — ng 0
_ Lm _ _ Ry
(ws ) ng)LLs 0 ws + ng e 0
_—d1 _ Zm — J
T TG7, Ls 2 O 0 0 T T
_ Rs Rs
£ ws L 75 0 0
R R
—ws -fe 0 L 35 0
Ay = Ag = 0 0 —URL*'T ws — n3 0
L R
(ws — n3)Lfs& 0 —ws+ng - of
— 1 Lm —
76T Le N2 0 0 0 T Ty
R Rg
-fe ws L § 0 0
—ws [y 0 Ly Bs 0
Ls Ls
Az = Ag = 0 0 Be ws- Ny 0
L R
(ws — Ng) fm. 0 —ws+Ng -H- 0
_ 1 Lm __f
iFGT Ly 2 0 0 0 T T
_Rs Rs
7e w}; Lo 2 (JR 0
—_ — 2ts Zts
ws T 0 Lo g5 0
Ay = Ag = 0 0 7”1?;'_ ws — N3 0
L, .
(ws — Ng) fm 0 —ws+ Ny —H= 0
— 1 Lom __fr
T 7GT Le N2 0 0 0 T T
10 o0 0 0
01 o0 0 0
1
By,Bg,...Bg= |0 0 1= 0 0
1
00 0 - 0
1
00 o0 0 .
[ -
T +GZ I,
0o o o 0o o
0o 0 o 0
Bw=| 0 0 0 001 0
0 0 001l 0 0
0.01 0 0 o o
1 1 s
0 - Doy — Day 0
Tobm P22 GoLs P22~ P22
C1, =C12 = 0 0 0 7 Do 0
0 0 0 0 1
1 1 Rg
1 _Dys 0 — Do — Dag 0
LsLy 23 wsLs 723 weLg2 23
Ci13=C14 = 0 0 0 %;LD% 0
0 0 0 0 1
; 24 0 —5l—Doy ——25Dyy 0
TsLm wals “ols
C15 = C16 = 0 0 0 lﬂll_)% 0
0 0 0 0 1
1 1 R
0 - Dos  — Do 0
LsLm 25 wsLs 725 T Lg2 35
Ci7=Cig = 0 0 0 IL";LD25 0
0 0 0 0 1

TABLE II

PARAMETER OF DFIG
Symbol Value
Rated Power 1.5 Mw
Stator resistance 0.012 ©
Rotor resistance 0.021 ©
Pole pairs 3
Stator inductance 0.0137 H
Rotor inductance 0.0136 H
Mutual inductance  0.0135 H
Friction coefficient ~ 0.0024 N.M.s—!
Moment of inertia 1000 kg.m?

Slip 30
Angular speed 157 rad/sec

TABLE III
PARAMETER OF TURBINE
Symbol Value

Radius of wind ~ 35.25 m
Gain multiplier 90
Air density 1.225 kg/m3

wsn Rsn wsNn Ry N-
D22:<Lm1— Ls2)7D23:( = 2),
o wle Ran _ le RsNZ
D24—(Lm— LS>,D25—<Lm I. >7

1 ws@ds  0.1Rgigy
Dys = ( Phs 1 )

L,L,, L., L, ’
1 S S '1 S ) T
Dyr — (wgpd _ 0.1Rsi, >7
wsLs L, L
Doe — 0.1Rs [ wspds - 0.1Riqr
28 — wsLSQ Lm Ls ;
Ly (wspas  0.1Rgig,
Doy = — — s
¥ 7L ( Lum L,

In order to examine the performance of the proposed control
strategies under different situations, the changing in the wind
speeds from 5 m/s to 11 m/s as input [22] is assumed as shown
in Fig. 3. Figs. 4-6 show the performance of the proposed H o
fuzzy integral controller (HFI) as compared to PID controller.

V. CONCLUSION

This paper has presented the H ., fuzzy integral controller
for the DFIG wind energy system. We have developed
Hoo TS fuzzy control system in conjunction with a control
strategy whose design procedures are satisfied the tracking
of the power. Analysis performance and simulation show that
the proposed controller can overcome nonlinearities and the
disturbances of the dynamic behavior of wind energy system.
Also, it can simultaneously achieve the steady-state behavior
of the system and satisfactory power tracking, including
a stability criterion which guarantees the stability of the
nonlinear TS fuzzy control system. The obtained results
show that the proposed controller provides a better dynamic
performance and high-efficiency control system for the DFIG
wind energy system.
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