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ABSTRACT The output power of wind turbine should be maintained at rated value when wind speed
exceeds rated speed. However, the wind turbine is a system with large nonlinearity and time delay. Therefore,
it is difficult for conventional linear controllers to realize effective control. In order to solve this problem,
a combination of feedforward control with feedback control is developed. In feedback loop, feedback
linearization theory is adopted to overcome the nonlinear features, and sliding mode algorithm is employed to
improve the robustness of the system. On the other hand, in feedforward loop, a cerebellar model articulation
controller is implemented to approximate the system. Furthermore, an improved credit assignment method
is used to adjust the weight of the network. Together these procedures improve the effectiveness of the
algorithm. Through this method, not only can the stability of the nonlinear model be ensured, but also
the control lag caused by the time-delayed system can be compensated. Simulation results show that the
feedforward-feedback compound control algorithm can both keep the output power at rated value and

improve dynamic response speed, reduce adjustment time, has small steady-state error.

INDEX TERMS Feedback linearization, sliding mode control, ICA-CMAC, wind energy, pitch control.

I. INTRODUCTION

In order to reduce both environmental pollution and chemical
energy consumption, wind energy is being widely developed
by a growing number of countries [1]-[9]. However, wind
turbines operate in a highly complex working environment,
which is affected by a variety of factors. Varying wind speed
has a great influence on the performance of a wind turbine.
When the wind speed exceeds the rated value, the output
power of the wind turbine must be maintained at the rated
value. If one only relies on the blade’s aerodynamics to
regulate the output power, the output value becomes uncon-
trollable. Consequently, the power generation quality and the
reliability of the wind turbine are both degraded. In order
to address these problems, pitch control technologies have
been largely adopted [10]-[15]. Recently, the large scale
variable-speed variable-pitch wind turbine has become the
mainstay of steam production worldwide. When the wind
speed exceeds the rated value, the angle of the blade is
adjusted to keep the output power constant. Many control
strategies and algorithms are used in pitch systems to improve

the control performance [16]-[26]. Civelek et al. [18] pro-
posed a new intelligent genetic algorithm (IGA) to adjust
the parameters of conventional PID. Compared with conven-
tional genetic algorithm, the IGA adopted a new method,
in which both the crossover point value and mutation rate
were increased to enhance the iteration limit number so
that the optimized parameters could be obtained. Simulation
results showed that the system efficiency using the IGA was
about 17% greater than that of the system adjusted by the GA.
Zhu et al. [19] adopted a method known as H>/Hs.-based
pitch control. Due to the strongly nonlinear character and
sensitivity to external disturbance of wind turbines, controller
design is a focus. In order to reduce the pitch angle error,
Corradini et al. [20] designed an observer-based controller,
in which wind speed was assumed rather than measured. Fur-
thermore, a sliding surface was defined. Then, the stability of
the proposed controller was proven by theoretical calculation
and the proposed method was verified by using FAST soft-
ware. Basing on FAST, Lasheen and Elshafei [21] designed
a fuzzy-model predictive controller to adjust the pitch angle.
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Although nonlinear models with higher accuracy, the authors
used a linear model in the fuzzy system. However, a nonlinear
model would increase computational difficulty. In their paper,
the proposed controller could address nonlinear problem.
Furthermore, a Kalman observer was adopted to estimate
immeasurable system states. Thus the system performance
was further improved. Yilmaz and Ozer [22] employed two
neuro-controllers to adjust pitch angle to obtain the most
suitable output power when the wind speed exceeds the
rated value. In their paper, the proposed MLP-NNC-based
controller could closely approximate the nonlinearity of the
wind turbine. However, other studies have shown that the
performance of RBF-based controllers is better than that of
MLP-NNC-based controllers. Xiao et al. [23] proposed a
fuzzy algorithm to maintain the output power at the rated
value, which has the advantage of approximating the non-
linear system without an accurate mathematical model. The
unwanted absorptions of output power were greatly reduced
based on the fuzzy rules designed by the algorithm. Bagheri
and Sun [24] proposed a Nussbaum-type function and an
adaptive radial-basis function neural network to address the
nonlinear problem of a wind turbine. Furthermore, the Lya-
punov stability of the system was analyzed.

In this paper, a novel compound control algorithm is
proposed to enhance controller performance and maintain
output power at rated value when wind speed exceeds its
rated speed. As wind turbine is a strongly nonlinear system,
in [27], conventional linear PID controller was adopted as a
feedback controller and it is not meet control requirements.
In order to overcome nonlinear problem, several control
algorithms are proposed in [28]-[33]. Feedback linearization
theory is a classic approch addressing nonlinear problem [28].
As the effects of parameters varying and external distur-
bances, however, the robustness of feedback linearization
controller should be improved. Sliding mode algorithm can
address the problems of parameters varying and external
disturbances [34]-[41]. Thus, in feedback loop, we adopt
sliding mode algorithm to enhance the robustness of feedback
linearization so that system tracking control performance is
also improved. And wind turbine is a time delay system,
reseachers adopted many advanced control approaches to
overcome time delay problem [42], [43]. However, only is
feedback controller hard to effectively address the problem.
Thereby, feedforward controller is proposed to compensate
time delay. In [27], CMAC network was adopted as feed-
forward controller, in which errors are evenly distributed to
each activated unit. Thus, learning rate of the CMAC net-
work is slow. In order to improve learning rate, we propose
an improved credit assignment approch (ICA) to optimize
CMAC. The main contributions of this paper are threefold:
(1) To improve tracking control performance as well as to
attenuate the effects of time delay and uncertain distue-
bances, a feedforward-feedback compound control construc-
ture is presented; (ii) At initial time, neural network needs
to learn feedback control algorithm, in which feedback con-
trol performance will affect the neural network performance.
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Thus, sliding mode theory is adopted to optimize feedback
linearization algorithm as well as two disturbance variables
are considered in wind turbine model. Further, system Lya-
punov stability is proven; (iii) Since learning rate is slow
in CMAC network, an improved credit assignment (ICA)
approach is adopted optimize network weight, in which lower
credit weights are adjusted more than higher credit weights.
And then the network performance is improved.

Il. MODELING FOR WIND TURBINE SYSTEM
A wind turbine is a device that converts wind energy into
electrical energy, with a shaft power that can be expressed

by [23, eq. (1)].
P—1 R23C, (A 1
= 5PTRY (A, B) (D

where P is the shaft power of the wind turbine, p is the air
density, R is the radius of the wind wheel, v is the wind speed,
Cp(A, B)is the rotor power coefficient, A is the tip speed ratio,
and S is the pitch angle.

From Equation (1), the shaft power of the wind turbine is
determined by the wind speed and rotor power coefficient
when the radius of the rotor has been selected. The rotor
power coefficient is expressed as follows[23].

_ . o a(A=3)
Cp(A, B) = (0.44 — 0.01678) sm(—15 — 0.3,3)
—0.00184(A — 3)8 ()
Here
s\ — wrR 3)
%

where w, is the rotor speed.

Drive train of stiffness model is adopted [19]. Therefore,
the relationship between low-speed shaft and high-speed
shaft is expressed as follows [44].

&y + k*Jg) = T, — kT, 4

where J, is the inertia moment of the wind wheel, k is the
drive ratio, J, is the inertia moment of the generator, 7 is
the aerodynamical torque of the wind wheel, and 7, is the
electromagnetic torque.

As the electro-hydraulic proportional valves work stably
and have a long life, it is widely used in wind turbine sys-
tems [45], [46]. In this paper, the transfer function model of
the hydraulic pitch system can be expressed by Equation (5).

Y(s) K,
16) (2 + 34 1) + KK,

)

Wh

where G(s) is the system transfer function, Y (s) is the output
transfer function, I(s) is the input transfer function, K; is
the proportional coefficient of the electrohydraulic system,
&y 1s the damping ratio of the hydraulic mechanism, wj, is
the natural frequency of the hydraulic system, and Kj is the
feedback coefficient.

Since the natural frequency of the pitch system is much
larger than that of the wind turbine, the variable-pitch

17051



IEEE Access

H. Ren et al.: Novel Constant Output Powers Compound Control Strategy for Variable-Speed Variable-Pitch Wind Turbines

hydraulic system can be used as the first-order system as
follows.

_Y® _ K
OO =75 T s KK ©

According to double-fed generator equivalent circuit, sta-
tor equation and rotor equation, the expression of the electro-
magnetic torque can be expressed by Equation (7).

—3spx 123 3px2ry

m 2
Tom = U} + ="~ U3
w1 c? wic

[(r1r2 + sX26X15 4 sx2) sinayp

3px
+p';’
wicC

— (X267 — X15r2) cosa2]U Uy @)

where ¢ = \/(r1r2 — sX20X15 + $X2)% + (X205 71 + X1572),
p is the pole pairs, w; is the synchronous angular velocity, s
is the slip rate, U is the stator voltage, U is the rotor voltage,
a1 is the phase difference between stator and rotor, ry is
the stator winding resistance, xi, is the leakage reactance,
ry is the rotor winding resistance calculated to stator, xp,
is the leakage calculated to stator side, x,, is the excitation
reactance.

Electromagnetic power of doubly-fed generator can be
expressed by Equation(8).

wq —3sx2 o) 3x2 Tl
P, = TemQI = Tem? = Ul + c2 U2

C

3Xm 2\ .
+ — [(rir2 + sx20 X156 + 85X;;,) sSina
c

— (Sx2571 — X1572) cOS 121U U (8)

where 21 is the generator synchronous mechanical angular
velocity.

IIl. COMPOUND CONTROL BASED ON FEEDBACK
LINEARIZATION WITH SLIDING MODE AND ICA-CMAC

In order to control the wind turbine, which is a strongly non-
linear system with large hysteresis, the feedforward-feedback
compound control strategy is adopted. In feedback control
loop, feedback linearization theory is proposed. Nevertheless,
there are uncertain disturbances in wind farm and construc-
tion parameters varying so that the model of wind turbine
is unprecise. Thus, the robustness of the system adopting
feedback linearization theory should be enhanced. In order
to address this problem, sliding mode algorithm is employed
to improve the robustness of the system. On the other hand,
CMAC algorithm is implemented in the feedforward control
loop. Conventionally, in CMAC network, the error is assumed
to be equally distributed among all the activated memory
cells, rather than considering the individual contribution of
each cell to the error, and the weights that are adjusted at dif-
ferent times are assumed to have the same credit. Therefore,
the real-time performance of the network is reduced. In this
paper, the weights of high credit are not adjusted while the
weights of low credit are adjusted. At the same time, a balance
learning process is developed to further optimize the method
for adjusting the weights. Thus, the learning efficiency of
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FIGURE 1. Block diagram of compound control strategy for wind turbines.

the network is improved. The compound control strategy is
shown in Figure 1.

A. FEEDBACK LINEARIZATION WITH SLIDING MODE
CONTROL FOR WIND TURBINE

The differential equations of the wind turbine can be obtained
from Section II. Furthermore, for model uncertainty, some
factors should be considered [47]. To verify the system
robustness, some researchers even considered the situation of
sensor failure [48], [49]. In the paper, two uncertain variables
are included in the models of wind turbine.

v Cp(X, B)

a)r(Jr + kz]g) = - kTem + dl
. 1 ©
B =KiKi(—pB1 — B)+ d>
K
where d; and d> are both uncertain variables of the system.
Defining state variables x; = w,, x» = §, and control input

u = B, the state equations can be given as

. 1 1 53
x| = Tszg( PRV Cp(r, x2) — kTem) + di
1
Xy = KgKy(—u—x2) + da
K
(10)

The output expression is as follows.
y=x (11)

In order to gain the affine models of the wind turbine,
the affine nonlinear models of single-input single-output sys-
tem are formulated by Equation (12).

X =f(x)+ gx)u
{y = hx) (12)

where x is the n-dimensional vector, u is the input, f(x) and
g(x) are both smooth vector fields in R”, y € R, and A(x) is a
smooth nonlinear function.

Comparing Equation (12) with (10) and (11), each expres-
sion in the affine models of the wind turbine can be obtained
as follows.

_ i)
fxy = [fz(X)]
]
Jr +k2J, 2
—K K x)

(—an2 3Cy(M, x2) — kTom)

(13)
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g0x) = [(}(d KS] (14)
d* = [2} (15)
h(x) = x; (16)

Feedback linearization is to make input variable appear in
the output expression by finding derivative of output expres-
sion. Then, an equivalent linear model of the output expres-
sion can be obtained through designing a reasonable input
variable. Thereby, the procedure of feedback linearization of
wind turbine model can be described as follows.

. dh(x)  dh(x)dx 8h(x) N
Y= T Tax [f (x) + g)u + d*]
oh oh oh
- (x)f( )+ (x)g( o+ 22 g (17)
In accordance to Equation (16)
PO _1 o )
ax
Substituting Equations (13) and (14) into Equation (17)
oh
(x)f(x) Lyh(x) = £i(x) (19)
oh ( )
8(x) = Lgh(x) =0 (20)

As Equation (20)=0, the input variable u will not appear in
Equation (17). Thus, finding derivative of the output expres-
sion will be proceeded.

ALk 3x L)
= e = @) + g+ d”)
2 ILrh(x)
= L7h() + LeLph(ou + —5——d 1)
Here
2, OLeh(x) o afl(x) 3f1(X) fi(x)
tjun) = S5 = RN [
3 9
= P00+ fl(x)f() 22)
oLy 3fi(x) d
= [0
_ afl(x)Ksz (23)
d0x2
Therefore
LgLsh(x) #0 (24)

The input u appears in the output expression, and the
relative order is equal to the order of the system. Thus, the
global linearization condition can be satisfied.

Defining d = 24" g+ and |d| < D.

The error is defined as follows.

where y, is the reference variable.
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Thus, the sliding mode function is obtained as follows.
s(x, 1) = ce (26)

Here

c>0 27

The final control law can be obtained as follows.

o 8f1(x) fl( )
u= "fl(x)K K ( (

fi(x) +

f (x))
+ nsat(s)) (28)

where v is the control aid term, n > D, and sat(s) is the satu-
ration function. The saz(s) can be expressed by Equation (29).

1 s>6
sat(s) = {s/8 |s| <4 29)
-1 s<-4

where § is a small positive variable.
The Lyapunov function is defined by Equation (30).

V= =% (30)
Then

V =55 =s(¢ +ce) = s(g — ¥+ ceé)

= s(a - afl(")f( ) - fl(x)f( )
_Y (x)Kszu —d +cé) 31)
dx2

Substituting the Equation (28) into Equation (31), then

. d 0
V= s — fl(x)ﬂ( )~ fl(x)fz( )
a d
—v— (2 f l(x)ﬁ( )+ f ](x)fz(X))
+17sat(s)) —d + cé)
= s(g — v — nsat(s) — d + ceé) (32)
Defining
b= g+ co (33)
Then

V = s(—nsat(s) —d) = —ds —n|s| < (D —n)ls| <0or

—ds—n|5—|<(D )u<0 (34)

The system is stable because V is negative semidefinite
based on Equation (34).

When V = 0, according to the LaSalle invariance princi-
ple, the closed-loop system is gradually stable.

When ¢t — oo, then s — 0 and the convergence rate of s
depends on 7.
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FIGURE 2. Structure diagram of CMAC.

B. NETWORK ALGORITHM FOR CEREBELLAR MODEL
ARTICULATION
The CMAC is an adaptive neural network based on the table
query concept [27]. The input space is divided into multiple
units, each of which is allocated a specific memory address.
The information in each cell is distributed to the address of
the adjacent cell. The number of stored addresses is usually
much smaller than the number of units that needs to handle
the problem of the maximum input space. And therefore the
mapping relationship is many-to-one. The contents of the
table are changed by the network learning algorithm, which
has multi-dimensional nonlinear mapping capability from the
input to the output. As the least-mean-square algorithm is
adopted, and the CMAC is a local approximation network, its
learning rate is very fast. The structure diagram of the CMAC
is shown in Figure 2. S is the input space, which contains
the n-dimensional input vector. The inputs are mapped to the
memory cells of the virtual associative memory area, AC,
when they have been quantified. AP is the actual memory
area.

The input space up is limited to the range [Siin, Smax] and
divided into N + 2b units.

R, = S([u,]) = [s1([wp]), s2([w,]), - -+, se([w, 1" (35)

where [up] is the quantization code and it is mapped to b units
in AC.

w1 -+ ®p = Smin
wi=wi-1+Aw (i=b+1,---,b+N) (36)
ON+b+1** * ON+2b = Smax

where w is the rotor speed of the wind turbine, Aw =

Smax —Smin

N=T
si([up]) = {(1) u, € [w;, witpl, (=b+1,--- b+ N)

37)

silwp) =1, j=1,2,---b 38)

where s;([u,]) = 1 is the activated storage unit.

The c cells in AC are mapped to the actual memory, AP,
using the virtual coding (compressed memory space) tech-
nique. The network output is the sum of the weights of the
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c cells in AP, which can be expressed as follows.

b
Yo=Y wisi(luy]) = Rl w, (39)
j=1

where w, = [wy, w, -+ - w; - -~ wp]T, wj is the weight value.

Then
b
=y wi=Rlw, (40)
j=1

The weights can be adjusted as follows.
() — up())si([up])

P

(41)

where y is the learning rate of the neural network, i, is the
expected output, and u,(¢) is the output of the CMAC.
Here

b
IR, = > 2w, =0 42)
j=1

Combining the above two equations with Equation (38),
the following can be obtained.

(ur —un(®)) _ e(t)
b Uh

Gradient descent method-based the CMAC algorithm,
the mean value of the errors is assigned to update the weight
in each active memory cell, regardless of the different degrees
of influence of the different cells. In several previous studies,
the credits of the weights of all the activated memory cells
were assumed to be the same, despite the different adjustment
numbers in different cells. With this weight-based learning
method, the memory cells that do not need to be adjusted,
or that only require the minor adjustment numbers, still need
to learn repeatedly. This impairs the usefulness of the net-
work, prolongs the learning time, and reduces the learning
rate. Therefore, in order to improve the learning efficiency,
a method based on the credit assigned (CA) was adopted
to optimize the weights in [50]. In this paper, based on [50],
a balanced learning constant for the distribution of errors is
introduced, and then the CA method is further improved. As a
result, its convergence rate is accelerated. The adjusted values
can be expressed as follows.

J0E(1) _ u(t) — uy(t)
ow 4 b Ry
FGH+ D¢

=y DR, (44)

21 FH+ D¢
W(t) = wit — 1)+ Aw(r) + aw(t) — w(t — 1)) (45)

Awi(t) =y (43)

Aw(t) = —y

where f(j) is the updated number of the memory unit acti-
vated, £ is the equilibrium learning constant, and ICA-CMAC
is the conventional CMAC or CA-CMAC respectively when
& = 0or & = 1. That is to say that CMAC and CA-CMAC
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FIGURE 3. (a) Step wind speed; (b) Pitch angle under step wind speed; (c) Rotor speed under step wind speed; (d) Output power under
step wind speed; (e) Comparison diagram of Un and Ut; and (f) Error between Un and Ut.

are special cases of the ICA-CMAC, while « is the inertial
coefficient, a € (0, 1).

In this paper, the adopted feedforward-feedback control
structure has the characteristic that the control is performed
by the feedback control loop at the start of the procedure.
After the ICA-CMAC has learned sufficiently, it is the main
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factor for control in the system. Therefore, the network learn-
ing of the ICA-CMAC is strongly affected by the control
performance of the feedback loop. Due to the strong nonlinear
characteristics of wind turbines, the conventional PID con-
troller that is adopted in the feedback control loop achieves
low control accuracy, as a result of which the ICA-CMAC
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FIGURE 4. (a) Random wind speed; (b) Pitch angle under random wind speed; (c) Rotor speed under random wind speed; (d) Output
power under random wind speed; (e) Comparison diagram of Un and Ut; (f) Error between Un and Ut.

learning results are not ideal. In order to overcome the non-
linearity of the wind turbine and improve the accuracy of the
inner loop feedback control, the control law is designed by
the feedback linearization method, which is a powerful tool to
solve nonlinear problems. Rigorous mathematical derivation
is employed and input state appears in the output equation.
Then, the appropriate control law can be designed to obtain

17056

the linear output expression. However, the robustness of the
system cannot be guaranteed when the feedback linearization
method is adopted. On the other hand, the sliding mode
variable structure control has a switching characteristic. And
furthermore its system structure changes with time. This con-
trol characteristic can force the system to move up and down
along a specified state trajectory under certain conditions,
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TABLE 1. Parameters of the wind turbine.

Symbol Parameter Value
P.ored Rated output power 3000KW
rate
vV ed Rated wind speed 12m/s
rate
R Radius of the rotor 47.5m
J Inertia moment of the rotor 6250000kg-m”
-
J Inertia moment of the generator 15kg-m®
4
k Drive ratio 80
7 Stator winding resistance 0.0148Q
7 Rotor winding resistance 0.0370Q
calculated to stator
X, Leakage reactance 0.0727Q2
o
X, Leakage calculated to stator side 0.0863Q2
e}
X Excitation reactance 2.0000€
m
TABLE 2. Parameters of the proposeed controller.
Symbol Parameter Value
c Design parameter of the sliding 10
mode function
n Sliding mode switching gain 3
) Boundary Parameter of saturation 0.05
function
b Generalization parameter of the 5
ICA-CMAC network
& Equilibrium learning constant 0.7
a Inertia value 0.04
V4 Learning rate of the ICA-CMAC 0.1
network

which is called the sliding mode. This sliding mode algorithm
can be designed but will be unaffected by the parameters and
perturbations of the system. Therefore, a system controlled
by the sliding mode has strong robustness. Furthermore, the
sliding mode control is combined with the feedback lineariza-
tion method to improve both system performance and the
accuracy of the inner loop feedback control, which is used
as a learning object for the ICA-CMAC.

IV. SIMULATION AND RESULTS ANALYSIS

In order to verify the effectiveness of the proposed algorithm,
a specific type of wind turbine is adopted as the control
object. The parameters of the wind turbine are expressed
in TABLE 1. The parameters of the proposed controller are
shown in TABLE 2.

Checking step response is an effective way to verify the
performance of the controller. Therefore, the response speed,
overshoot and steady-state performance of the pitch system
are verified by the step wind speed. At the start of the simula-
tion, since the ICA-CMAC has not achieved learning proce-
dure from closed-loop control, the control performance is not
yet satisfactory. After a period of learning, the ICA-CMAC
plays the major role in the control system.
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Figure 3b, Figure 3¢ and Figure 3d show that when a feed-
back linearization controller, a PID or a CMAC controller is
used, the system has a large overshoot, and the adjusting time
is long. Furthermore, from the comparison of the feedback
linearization controller with the PID and CMAC controller,
it is found that the overshoot of feedback linearization is
smaller than that of PID and CMAC. In addition, as the
CMAC firstly needs to learn PID controller, its adjusting time
is longer than that of the feedback linearization controller at
the start of the simulation. Therefore, considering the relative
advantages of the two control algorithms, feedback lineariza-
tion is used to design the feedback controller and sliding
mode algorithm is adopted to optimize its performance. At the
same time, the improved CMAC, ICA-CMAC, is used to
design the feedforward controller. Thus, using the proposed
compound controller, the system quickly responds in respect
to the wind speed, with a very small steady-state error. As the
pitch angle can be adjusted very accurately, the output power
of the wind turbine can also be well maintained at the rated
value. The power output shown in Figure 3(d) verifies this
conclusion.

In practice, step wind speed is extremely rare. In most
cases, the wind speed is random. Therefore, in order to further
verify the practicality of the proposed controller, the output
power is controlled under random wind speed as shown
in Figure 4b, Figure 4c and Figure 4d. These show that
when the compound controller proposed in this paper is
used, the output power can be well maintained at the rated
value, and the fluctuation is smaller than those of the other
controllers. Thus, the desired control targets can be fulfilled.

V. CONCLUSION

As a wind turbine is a strongly nonlinear system with large
hysteresis, it is difficult to achieve satisfactory control with
conventional controllers. In order to realize effective control
for a wind turbine, a compound feedforward-feedback con-
trol is developed here. In the feedback control loop, feed-
back linearization in combination with sliding mode theory
is adopted, both to achieve stable control and improve the
robustness. In the feedforward loop, the ICA-CMAC con-
troller is used. This controller not only approximates the
nonlinear model well but also applies a control quantity to
the system ahead of time to compensate for the delay caused
by the large inertia of the pitch system.

The compound control method adopted in this paper not
only keep the output power at the rated value but can also has
a fast response speed, short adjusting time and small steady-
state error under random wind speed. And the desired control
targets can be achieved.
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