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a b s t r a c t

This paper presents the design of a fuzzy sliding mode loss-minimization control for the speed of a per-
manent magnet synchronous generator (PMSG) and a high-performance on-line training radial basis
function network (RBFN) for the turbine pitch angle control. The back-propagation learning algorithm
is used to regulate the RBFN controller. The PMSG speed uses maximum power point tracking below
the rated speed, which corresponds to low and high wind speed, and the maximum energy can be cap-
tured from the wind. A sliding mode controller with an integral-operation switching surface is designed,
in which a fuzzy inference mechanism is utilized to estimate the upper bound of uncertainties. Further-
more, the fuzzy inference mechanism with center adaptation is investigated to estimate the optimal
bound of uncertainties.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, wind generation systems are attracting great atten-
tions as clean and safe renewable power sources. Wind generation
can be operated by constant speed and variable-speed operations
using power electronic converters. The variable-speed generation
system is more attractive than the fixed-speed system because of
the improvement in wind energy production and the reduction
of the flicker problem. And the wind turbine can be operated at
the maximum power operating point for various wind speeds by
adjusting the shaft speed optimally to achieve maximum efficiency
at all wind velocities [1,2]. All these characteristics are advantages
of the variable-speed wind energy conversion systems (WECS).
In order to achieve the maximum power control, some control
schemes have been studied.

Many generators of research interests and for practical use in
wind generation are induction machines with wound-rotor or
cage-type rotor [3,4]. Recently, the interest in PM synchronous
generators is increasing. The desirable features of the PMSG are
its compact structure, high air–gap flux density, high power den-
sity, high torque-to-inertia ratio, and high torque capability. More-
over, compared with an induction generator, a PMSG has the
advantage of a higher efficiency, due to the absence of rotor losses
and lower no-load current below the rated speed; and its decou-

pling control performance is much less sensitive to the parameter
variations of the generator [5]. Therefore, a high-performance
variable-speed generation including high efficiency and high
controllability is expected by using an PMSG for a wind generation
system [6].

Hui et al. proposed a small wind generation system with neural
network principles applied for wind speed estimation and PI con-
trol for maximum wind power extraction [7]. The mechanical
power of the wind turbine can be well tracked for both dynamic
and steady state, but the power deviation and speed tracking errors
are large with transient response for almost 20 s [7]. Boukhezzar
and Signerdidjane developed a cascaded nonlinear controller for
a variable-speed wind turbine equipped with a DFIG [8], but the
rotor speed errors are large with efficiency around 70%. Wang
and Chang proposed an advanced hill-climb searching method tak-
ing into account the wind-turbine inertia. However, it required an
additional intelligent memory method with an on-line training
process [9], and maximum error of power coefficient is about
23%. Shigeo et al. proposed an output maximization control with-
out mechanical sensors such as the wind speed sensor and position
sensor [10], but the ac power output efficiency is only around 80%.
Wai et al. proposed a novel MPEA including a MPED mechanism
and a MPDS control for a wind generation system with a PMSG,
but the power coefficient deviation is too large [11]. Tan and Islam
presented three sensorless control methods: the wind prediction,
fixed voltage scheme for inverter, and current-controlled inverter
[12]. However, the fixed voltage scheme does not vary with the
load to match the maximum power line of the wind turbine
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generator, and results in low conversion efficiency when the wind
speed is above or below the given range attained by Weibull distri-
bution for the wind speed [12]. Muljadi and Butterfield developed
two methods to adjust the aerodynamic power: pitch and genera-
tor load control, both of which are employed to regulate the oper-
ation of the wind turbine [13], but power coefficient deviation is
too large.

In this study, a sliding mode controller combined with fuzzy
inference mechanism and adaptive algorithm is proposed for PMSG
speed control [14]. In the sliding mode controller, a switching sur-
face with an integral operation is designed. When the sliding mode
occurs, the system dynamic behaves as a robust state feedback
control system. In a general sliding mode control, the upper bound
of uncertainties, including parameter variations and external
mechanical disturbance, must be available [15,16]. However, the
bound of the uncertainties is difficult to obtain in advance for prac-
tical applications. A fuzzy sliding mode position controller is inves-
tigated to resolve the above difficulty, in which a simple fuzzy
inference mechanism is utilized to estimate the upper bound of
uncertainties. Furthermore, to reduce the control effort of the slid-
ing mode controller, the fuzzy inference mechanism is improved
by adapting the center of the membership functions to estimate
the optimal bound of uncertainties [17]. The operating principle
and control objects for variable speed, pitch-regulated wind tur-
bine were also introduced. Pitch controller was designed based
on RBFN algorithm to cope with the nonlinear system. Experimen-
tal results are provided to show the effectiveness of the proposed
overall PMSG control system.

2. Analysis of wind generator system

2.1. Composition of wind generation system

The wind power generation system studied in this paper is shown
in Fig. 1. The wind turbine is coupled to the shaft of an PMSG through
a gear box, where the converter loss of the speedup gear is ignored in
this study. The PMSG is connected with the power converter and in-
verter circuit. Wind power (Pw) is converted into mechanical (Pm),
there after into ac electrical power (Pe), then to dc output power
(Pdc), and the power is directly fed to the power system.

2.2. Wind turbine characteristics

In order to capture the maximal wind energy, it is necessary to
install the power electronic devices between the wind turbine gen-
erator (WTG) and the grid where the frequency is constant. The in-
put of a wind turbine is the wind and the output is the mechanical
power turning the generator rotor [7,8]. For a variable-speed wind
turbine, the output mechanical power available from a wind tur-
bine could be expressed as

Pm ¼
1
2
qACpðk; bÞV3

x ð1Þ

where q and A are air density and the area swept by blades, respec-
tively. Vx is the wind velocity (m/s), and Cp is called the power coef-
ficient, and is given as a nonlinear function of the tip speed ratio
(TSR) k with

k ¼ xrr
Vx

ð2Þ

where r is the wind turbine blade radius, xr is the turbine speed. Cp

is a function of the TSR k and the blade pitch angle b, and is general
defined with

Cp ¼ 0:73
151
ki
� 0:58b� 0:002b2:14 � 13:2

� �
e
�18:4

ki

ki ¼
1

1
k�0:02b� 0:003

b3þ1

ð3Þ

By using (3), the typical CP versus k curve is shown in Fig. 2. In a
wind turbine, there is an optimum value of tip speed ratio kopt that
leads to maximum power coefficient Cpmax. When b = 0, the TSR in
(2) can be adjusted to its optimum value with kopt = 6.9, and with
the power coefficient reaching Cpmax = 0.4412, the control objective
of the maximum power extraction is arrived. From (1) and (2), we
get

Pmax ¼
1

2k3
opt

pqCp maxr5x3
opt ð4Þ

This equation shows the relationship between the turbine
power and turbine speed at maximum power output. When regu-
lating the system under the specification of maximum power, it
must be taken into account that turbine power must never be high-
er than generator rated power. Once generator rated power is
reached at rated wind velocity, output power must be limited.
For variable-speed wind turbine, a mechanical actuator is usually
employed to change the pitch angle of the blades in order to reduce
power coefficient and maintain the power at its rated value. For
some wind turbines, when working with the maximum power
coefficient, rated speed is obtained at a wind velocity lower than
that of generator rated power.

2.3. PMSG

The wind generator chosen for this study is a three-phase
PMSG, where the mechanical torque (Tm) and electrical torque
(Te) can be expressed as [6]

Tm ¼
Pm

xr
ð5Þ

Te ¼
Pe

xe
¼ 2

np

Pe

xr
ð6Þ

In general, the mechanical dynamic equation of a PMSG is given by

J
dxr

dt
¼ Tm � Bxr � Te ð7Þ

Fig. 1. Wind generation system configuration.
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