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Introduction

Djamila Rekioua

Wind systems comprise generally a wind turbine, which is installed on top of a tall
tower, collects kinetic energy from the wind and converts it to electricity.
The most important advantages of the wind systems are:

• They use clean and free energy
• They require no connection to an existing power source or fuel supply
• They could be combined with other power sources to increase system reliability
• They consume no fossil fuels
• They could be installed and upgraded as wind firm, more wind turbine could be

added as power demand increases

The power price has considerably decreased since the last decade. This leads to
a large-scale application of wind systems in several promising areas. Compared
with conventional fossil energy sources, small wind energy systems are the best
option for many isolated or rural areas applications around the world. However,
because wind energy is an intermittent and a variable source of energy, stand-alone
turbines generally can use another source of energy to provide constant power,
such as solar photovoltaic or hydro.

Aims of the Book

Many books currently on the market are treating on the wind energy and wind
energy conversion systems. This book treats not only elementary definitions on
wind energy, but also optimization, modelization, simulation, and various linear
and nonlinear controls applied to wind systems with applications under MATLAB/
Simulink.

The main objective of this book is to enable all students for graduation and
postgraduations especially in the fields of electrical engineering to quickly
understand the concepts of wind systems, provide models, control, and optimi-
zation. We present in first part, some stand-alone wind applications, such as rural
electrification and pumping. And in second part, we give some applications in
grid-connected system. Mathematical models are given for each system and a

xix



corresponding example under MATLAB/Simulink package is given at the end of
each section. Various examples are given for an eventual implementation under
DSPACE package. Some electrical machine control approaches, such as vector
control, direct torque control, and fuzzy logic controllers are introduced in
different drive systems. Furthermore, in order to optimize the wind operation,
intelligent techniques are developed. By writing this book, we complete the
existing knowledge in the field of wind and the reader will learn how to make the
modeling and the optimization of the most used stand-alone and grid-connected
wind applications by applying different control strategies.

How the Book is Organized?

The book is organized through seven chapters as follows:

• Chapter 1 is intended as an introduction to the subject. It defines the wind
process, introduces the main meteorological elements, the wind velocity, and
presents an overview of wind systems (stand-alone systems and grid-connected
systems). This chapter includes also presizing and maintenance of wind systems.

• Chapter 2 focuses on wind energy conversion and power electronics modeling.
The different structures of converters used in wind systems are presented. Some
applications are given under Matlab/Simulink.

• In Chap. 3, a detailed review on the most used algorithms to track the maximum
power point is presented. Several maximum power point tracking (MPPT)
algorithms have been developed to track the maximum power point of the wind
turbine. We present the most used in wind energy conversion. Some simple
Matlab/Simulink examples are given.

• In Chap. 4, a description and modeling of the storage device is showed. The
study describes the different storage used in wind energy. We present some
energy storage applications under Matlab/Simulink.

• In Chap. 5, several nonlinear control of wind turbine systems are presented. The
mechanical and the electrical part of wind turbine is detailed with application
under Matlab/Simulink of some nonlinear control.

• The Chap. 6 is devoted to hybrid wind systems. The chapter describes the
different configurations and the different combinations of hybrid wind systems.
Different synoptic schemes and simulation applications are also presented.

• Finally, in Chap. 7, we present some wind examples with simulation and
experimental tests.

xx Introduction
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Chapter 1
Conversion Wind System Overview

1.1 Introduction

Wind energy is a renewable, clean, and free energy source for energy production.
Wind energy conversion system (WCES) requires no connection to an existing
power source, and they could be combined with other power sources to increase
system reliability and could be installed and upgraded as wind firm; more wind
turbine could be added as power demand increases. The first new modern
wind turbines were in 1979, and their power capacities were around 10–30 kW.
Wind power technologies can be classified as follows:

• by axis wind turbine [horizontal axis wind turbines (HAWT) or vertical axis
wind turbines (VAWT)]

• by localization (onshore or offshore).

1.2 Global Structure of a Conversion Wind System

The simplest structure of WCES is presented in Fig. 1.1. The aerogenerator and
power electronics interface are the main part of the WECS. Wind turbine converts
the mechanical energy to electrical one through electrical generator (EG), and
power electronic converters control the aerogenerator. The rotor is made up of
blades which convert wind energy into mechanical one. It turns the shaft at low
speeds, so we use gearbox to increase speeds required by EGs. Some turbines as
small-scale turbine do not require a gearbox, and they use a direct-drive system.

1.2.1 Wind Speeds

Wind speed, or wind velocity, is the fundamental output of a conversion wind
system. It depends on metrological conditions. It is commonly measured with an

D. Rekioua, Wind Power Electric Systems, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6425-8_1, � Springer-Verlag London 2014
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anemometer or by a weather station in (m/s) or (km/h). We modeled it under
MATLAB/Simulink (Figs. 1.2 and 1.3).

We defined the following speeds (Fig. 1.4):

• Cut-in wind speed (around 3.5 m/s): At this speed, the turbine starts to rotate.
• Nominal wind speed or rated wind speed (between 11 and 17 m/s): At these

speeds, the power output reaches the limit that the EG is capable of.
• Cut-out wind speed (between 17 and 30 m/s): As wind speeds increase, there is

a risk of damage to rotor, and we are obliged to use a braking system to bring the
rotor to a standstill.

EG PE

Vwind

Aerogenerator

Gearbox

Electrical
Generator

Power 
Electronics

Turbine

Blades

Vwind

tω

Rtω

R

gω
~

Fig. 1.1 Structure of a conversion wind system. R is the blade’s radius, Vwind is the wind speed
or air velocity, xt is the turbine speed, xg is the generator speed, G represents the gearbox, EG
represents the electrical generator, and PE represents power electronics

Fig. 1.2 Wind variations
under MATLAB/Simulink
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1.2.2 Aerogenerator

1.2.2.1 Wind Turbine Axis

Wind turbines can rotate about either HAWT or VAWT (Darius, Savonius).

Horizontal Axis Wind Turbines

HAWT is the most used. It is mounted on towers (Fig. 1.5). The main advantages
of the HAWT are its high efficiency and low cost/power ratio. Its drawbacks are
the complex design and the difficulties in maintenance because generator and
gearbox should be mounted on a tower.
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wind turbine
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Vertical Axis Wind Turbine

The first windmills built were based on vertical axis structure. There is Savonius
rotor (Fig. 1.6) and Darius rotor (Fig. 1.7). In VAWT, the maintenance is easy and
it receives wind from any direction. Its blade design is simple and has a fabrication
of low cost. Its main drawbacks reside on requiring a generator to run in motor
mode at start and having lower and oscillatory component in the aerodynamic
torque.

We can resume the wind turbines classification which depends on orientation of
the shaft and rotational axis in Table 1.1.

Vwind

Fig. 1.5 Horizontal axis
wind turbine description

Fig. 1.6 Savonius vertical
axis wind turbine description
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Vwind

Fig. 1.7 Darius vertical axis wind turbine description

Table 1.1 Wind turbine classification

Wind turbines Efficiency (%) [1] Description

HAWT One blade 13
Two blades 47
Three blades 50

VAWT Darius 40

Savonius 16

1.2 Global Structure of a Conversion Wind System 5



1.2.2.2 Mechanical Gearbox

The mechanical connection between an EG and the turbine rotor may be direct or
through a gearbox. In fact, the gearbox (G) converts the turning speed of the blades
xt to a rotational speed xg of an electrical generator (EG):

xt ¼
xg

G
ð1:1Þ

We defined the tip speed ratio (TSR) for wind turbines as ratio of the rotational
speed of the tip of a blade xtR to the actual wind speed Vwind (Table 1.2).

k ¼ xt � R
Vwind

ð1:2Þ

Modern horizontal axis wind turbine uses generally k of nine to ten for two-
bladed rotors and six to nine for three-bladed rotors [1].

1.2.2.3 Power Coefficient

We defined the power coefficient of a wind turbine as a measurement of how the
wind turbine converts the energy in the wind into electricity. It depends on wind
turbine axis (Fig. 1.8).

We can express power coefficient with different expressions [2, 3]:

Power Coefficient in Terms of Axial Induction Factor (a)

The fraction by which the axial component of velocity is reduced is known as the
axial induction factor (a). If the free stream velocity is V1 and the axial velocity at
the rotor plane is V2, then the axial induction factor is given as follows (Fig. 1.9):

a ¼ V1 � V2

V1
ð1:3Þ

The power coefficient Cp can be expressed in terms of axial induction factor
(a) as follows [2]:

Cp ¼ 4a � ð1� aÞ2 ð1:4Þ

Table 1.2 Tip speed ratio
number

k Value

1–2 Low
10 High
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Power Coefficient in Terms of the Tip Speed Ratio (TSR)

The power coefficient Cp can be expressed in terms of the TSR k as follows [1, 2]:

CpðkÞ ¼ �0:2121 � k3 þ 0:0856 � k2 þ 0:2539 � k ð1:5Þ

This expression is used in the case of Savonius turbine or small American
multiblades (less than 01 kW). It is shown in Fig 1.10.

The Power Coefficient in Terms of TSR k and Pitch Angle Beta b

The incidence angle is the angle between the wind relative velocity (a vector
velocity resulted from the wind axial rotor velocity and the wind rotational
velocity) and the rotation plane. We defined the pitch angle and the angle of
incidence i shown in Fig. 1.11 as follows:

i ¼ arct g
1
k

� �
¼ arct g

R � xtb

vwind

� �
ð1:6Þ

where Vres is a vector velocity resulted from the wind axial rotor velocity and Vrot

is the wind rotational velocity.

Fig. 1.8 Power coefficient
for different wind turbine axis

V1
V V2

Fig. 1.9 Wind velocity
direction through the rotor
plane of wind turbine
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In this case, the power coefficient can be expressed in terms of constant
coefficients [3]:

CpðkÞ ¼ c1
c2

ki
� c3 � b� c4

� �
� e

C5
ki þ c6 � k ð1:7Þ

where c1, c2, c3, c4, c5, and c6 are constant coefficients (Table 1.3).
The expression (1.7) can then be written as follows:

CpðkÞ ¼ 0:5176 � 116
ki
� 0:4 � b� 5

� �
� e�

21
ki þ 0:0068 � k ð1:8Þ

Fig. 1.10 Power coefficient in terms of TSR

β

V
resV

i

β
rotV

Movement
direction

Fig. 1.11 Pitch control
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where

1
ki
¼ 1

kþ 0:008k � b �
0:035

b3 þ 1
ð1:9Þ

We can represent the power coefficient for different pitch angle beta as shown
in Fig. 1.12.

• We can have the simplified expression (1.10) as follows (Fig. 1.13):

CpðkÞ ¼ 0:5176 � 116
ki
� 0:4 � b� 5

� �
� e�

21
ki ð1:10Þ

• The power coefficient Cp is related to tip speed ratio k and rotor blade pitch
angle:

Cpðk; bÞ ¼ 0:44� 0:0167bð Þ sin
p k� 3ð Þ

15� 0:3b

� �
� 0:00184 k� 3ð Þb ð1:11Þ

We can represent the power coefficient for different pitch angle beta as shown in
Fig. 1.14.

We can observe that for a fixed pitch angle b, a maximum power coefficient Cp

is achieved when the TSR k is at the optimal value.

Table 1.3 Values of the
coefficients c1, c2, c3, c4, c5,
and c6

Coefficient Value

c1 0.5176
c2 116
c3 0.4
c4 5
c5 21
c6 0.0068

Fig. 1.12 Power coefficient
for different pitch angle beta
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• Cp in an approximate relationship

The following approximate relationship for Cp used:

Cpðk; bÞ ¼
1
2
� R

k
� 0:022 � b2 � 5:6

� �
� e�0:17:R

k ð1:12Þ

Power Coefficient in Terms of Wind Speeds

We express the power coefficient by an approximation function using polynomial
interpolation [4]

Cp Vwindð Þ ¼ 1:1072� 1:2698 � Vwind � 0:493 � V2
wind � 0:0008 � V3

wind þ 0:0781

� V4
wind � 4:27 � expð�4Þ � V5

wind þ 1:37 � expð�5Þ � V6
wind � 2:44 � expð�7Þ

� V7
wind þ 1:83 � expð�9Þ � V8

wind

ð1:13Þ

The power coefficient can be represented as follows (Fig. 1.15):

Fig. 1.13 Power coefficient
for different pitch angle
beta with the simplified
expression

Fig. 1.14 Power coefficient
as a function of TSR and
pitch angle
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1.2.2.4 Wind Power Expression

The aerodynamic power of the wind through a wind disk of radius R is given by
[5]:

Pwind ¼
1
2
� q � p � R2 � V3

wind ð1:14Þ

where q represents the air density (q ¼ 1:235 kg=m3) and Awind ¼ p � R2 is the
swept area.

For example, for a small turbine (R = 1 m), we obtain the following curve
(Fig. 1.16) for different wind speeds:

We can also express the wind power by an approximation function using
polynomial interpolation [4]:

Pwind ¼ 4,240� 4,727 � Vwind � 2,194 � V2
wind � 562 � V3

wind

þ 88:5 � V4
wind � 8:91 � V5

wind þ 0:585 � V6
wind

� 0:0249 � V7
wind þ 6:64 � expð�4Þ � V8

wind

ð1:15Þ

We can represent it in Fig. 1.17:
We can deduce the aerodynamic torque expression by:

Pwind ¼ xtb � Twind ð1:16Þ

Thus,

Tewind ¼
1
2
� CT k; bð Þ � q � p � R3 � V2

wind ð1:17Þ

where CT k; bð Þ is the torque coefficient (TC) and it depends on the power coef-
ficient CP k; bð Þ and is defined as follows:

Fig. 1.15 Power coefficient
obtained with an
approximation function using
polynomial interpolation
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CT k; bð Þ ¼ CP k; bð Þ
k

ð1:18Þ

The torque coefficient (TC) can be represented as Fig. 1.18.
The mechanical power, which is converted by a wind turbine, Pt, is dependent

on the power coefficient Cp k; bð Þ. It is given by:

Pt ¼
1
2
� Cp k; bð Þ � q � p � R2 � V3

wind ð1:19Þ

A wind turbine can only convert just a certain percentage of the captured wind
power. This percentage is represented by Cp k; bð Þ which is a function of the wind
speed, turbine speed, and the blade pitch angle b (Fig. 1.19).

The CP k; bð Þ curve has a unique maximum CP k; bð Þ½ �opt that corresponds to a

maximum power. Where

kopt ¼
xt�opt

vwind

ð1:20Þ

The theoretical maximum power coefficient value is given by the Betz limit

Fig. 1.16 Aerodynamic
power versus wind speeds

Fig. 1.17 Aerodynamic
power obtained with
polynomial interpolation
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CP;max ¼
16
27
� 0:5926 ð1:21Þ

The theoretical maximum wind power will be:

Pmax ¼
1
2
� 16
27
� q � p � R2 � V3

wind ð1:22Þ

Thus (Fig. 1.20),

Pmax ¼ 0:3644 � p � R2 � V3
wind ð1:23Þ

We can also obtain the maximum power coefficient by the following expression [2]:

Fig. 1.18 Torque coefficient
for different pitch angle beta

Fig. 1.19 Power conversion
in a wind turbine
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Cp;max ¼
24

k2 �
Za2

a1

ð1� aÞ � ð1� 2aÞ � ð1� 4aÞ
ð1� 3aÞ

� �2

� da ð1:24Þ

where a1 corresponds to the axial induction factor for k = 0 and a2 corresponds to
the axial induction factor for k equal to the local speed ratio.

We can then obtain the curve Fig. 1.21.

1.2.2.5 Turbine Control

The turbine control includes two major parts: power control and pitch control. The
combination of pitch control and electrical power control results in two distinct
operating conditions (see Chap. 3).

• For wind power less than rated, the blades are fixed to capture the maximum
wind power and turbine speed will be controlled by adjusting electrical power.

• For wind power above rated, the rotor speed will be controlled by the pitch for
full power operation, with transient speed being allowed to rise above the
reference.

Fig. 1.20 Maximum power
for different wind speeds

Fig. 1.21 Ideal theoretical
maximum power coefficient
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1.2.2.6 Electrical Generator

There are different EGs for wind turbines. It depends principally on turbine
concept.

Fixed-Speed Wind Turbine Systems

This operation case is used when the wind speed is controlled by pitch control. The
fixed-speed wind system consists of a squirrel cage induction generator (SCIG)
directly connected to the grid (Fig. 1.22).

The pitch control system of the blades kept constant the rotational speed of the
machine, driven through a gearbox. This structure is the conventional concept
applied during the decade 1980–1990. Besides the simplicity of this system, this
solution has the advantages of the induction generator which is robust and standard.
Moreover, there is a simple direct connection due to the slip variation occurring
between the stator flux and rotor speed. However, the SCIG requires reactive
energy to ensure the rotor magnetization. Generally, capacitors are connected in
parallel with the generator to ensure the reactive power consumption (Fig. 1.23).

The advantages of fixed-speed wind turbines using SCIG are as follows [5]:

• Simple electrical system;
• High reliability;
• Moderate cost.

Their major disadvantages are as follows:

• The extracted power is not optimized: With this type of wind turbine, we have
not the possibility of adjusting the power generated.

• Lack of reactive power management by induction generator: The direct con-
nection of an induction generator to the grid requires the addition of capacitor
banks to reduce reactive power required to the grid.

Variable-Speed Wind Turbine System

This system is very simple, but it can be noisy due to the orientation of the blades
which limits the range of exploitable wind speeds. For this, a variable-speed
operation will be necessary to maximize the power extracted from the wind. But in
this case, a direct connection to the grid is not possible because of the stator
voltage frequency variations. A power electronic (PE) interface between the
generator and the grid is necessary. It consists of two converters (a rectifier and an
inverter) connected via a DC voltage bus.

The main advantages of this configuration are turbine system based on SCIG
[5]:

• Increase in energy efficiency;
• Reduction in torque ripple;
• Generation of an electrical power with a high quality.
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The use of ‘‘complex’’ power converters is its main disadvantage.
In variable-speed wind turbine system, we can use different generators.

Squirrel Cage Rotor Induction Generator

Induction generator can be used in variable-speed wind turbine by introducing a
frequency converter. This configuration allows a variable-speed operation, but it is
generally expensive. Indeed, the frequency converter size must be 100 % of rated
power stator of the electrical machine. For these reasons, this configuration is
rarely used because it is not competitive with other types of machines, especially
the doubly fed induction machine (DFIM) (Fig. 1.24).

Dual-Stator Induction Machine

A dual-stator induction machine (DSIM) is an induction machine which consists of
a standard squirrel cage rotor and a stator with two separate wound windings for a
dissimilar number of poles. Each stator winding is fed from an independent var-
iable-frequency variable-voltage inverter (Fig. 1.25).

Fig. 1.22 Induction generator [5]

G IG

Capacitors bank

Gearbox

Turbine

~Grid

Transformator

Fig. 1.23 Fixed-speed wind turbine system based on SCIG
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Doubly Fed Induction Generator

The doubly fed induction generator (DFIG) is a kind of induction machine in
which both the stator windings and the rotor windings are connected to the source.
With synchronous machines, it is currently one of the two competing solutions in
variable-speed wind turbine. A DFIG used in wind turbines offers different
advantages as operation at variable rotor speed, generation of electrical power at
lower wind speeds, and control of the power factor. Wind conversion system
consists of coupling the rotor of the DFIG to the grid through two three-phase
PWM inverters. The first one operates in a rectifier mode; the second one operates
in an inverter mode. In general, the size of the system is limited to 25 % of the
rated stator power of the electrical machine, which is sufficient to assure a vari-
ation of 30 % of the speed range. That is its main advantage, while its main
drawback is related to interactions with the grid, especially over currents caused by
grid voltage [5].

Self-Cascaded Machine or Brushless Doubly Fed Machine

The brushless doubly fed machine (BDFM) requires a special rotor structure
formed by several loops. It has its origins from the cascade technology induction
machines, and it consists of two sets of three-phase windings with different number
of pole pairs in the stator and a special rotor cage (Fig. 1.26).

G IG

Gearbox

Turbine

~Grid

Transformator

InverterControlled rectifier

VdcCb

Fig. 1.24 Wind energy system based on squirrel induction machine with variable frequency
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The most advantages of this structure are as follows:

• The gearbox could be done with one single stage of reduction.
• The rated power of the converter is lower than the nominal power of the gen-

erator (this advantage similar to that of the DFIG).
• Robust machine has a great overload capacity, and installation in hostile

atmospheres is easy.

Dual-Stator Winding Induction Machine

The dual-stator winding induction machine (DSWIM) has a normal squirrel-cage
rotor design and two windings on the stator, one with high power and the other with
low power. Therefore, it is different from the brushless doubly fed induction machine
which has a special rotor design. This idea of the dual-stator winding induction
machine design provides some advantages such as reducing the cost of the dual-
stator winding induction machine. It has the same advantages as the synchronous
machine connected to the grid via an electronic power interface [5] (Fig. 1.27).

Doubly Fed Induction Machine with Wound Rotor

In this case, the machine operates like a synchronous motor whose synchronous
speed can be varied by adjusting the frequency of the AC currents fed into the
rotor windings. So, mechanical power at the machine shaft is converted into
electrical power supplied to the AC power grid via both the stator and rotor
windings. Several structures have been developed using these machines, we can
find [5].

G DSI
M

Gearbox

Turbine

~Grid

Energy transfer

Energy transfer

Fig. 1.25 Wind energy system based on dual-stator induction machine
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• The doubly fed induction machine with energy rotor dissipation

In this configuration, the stator is connected directly to the grid and the rotor is
connected to a rectifier. A resistive load is placed at the output of the rectifier
through a DC/DC converter. The control of the DC/DC converter is used to vary
the energy dissipated by the rotor winding and to obtain variable-speed operation
in the stable part of the torque/speed characteristic of induction machine. Then,
machine slip will vary with the rotational speed variations. For a constant slip, the
power extracted from the rotor side is high and entirely dissipated in the resistance
R, which fails to maintain system efficiency, so in this case, the dimensions of the
converter and the resistance will be increased (Fig. 1.28).

~Grid

Transformator

InverterControlled rectifier

VdcCbG DFIM

Gearbox

Turbine

Fig. 1.26 Wind system based on a doubly fed induction motor with variable frequency

Vdc

DSWIM

Fig. 1.27 Dual-stator winding induction machine (DSWIM)
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• Doubly fed induction machine—Kramer structure

In order to reduce the energy losses due to the structure of the previous system, a
DC/DC converter and a resistance are replaced by an inverter which returns slip
energy to the grid (Fig. 1.29).

• Doubly fed induction machine—Scherbius structure with cycloconverter

To allow bidirectional power flow between the rotor and the network, the rectifier–
inverter combination can be replaced by a cycloconverter (Fig. 1.30). This con-
figuration is then called Scherbius structure. In this case, the range of speed
variation increases twice than in the structure of Fig. 1.29. Indeed, if the slip
variation must remain below 30 % to maintain system efficiency, this variation can
be positive (hyposynchronous operation) or negative (hypersynchronous opera-
tion). The principle of the cycloconverter is to take fractions of the network
sinusoidal voltages to reproduce a lower frequency wave. Therefore, its use
generates significant harmonic disturbances that affect the power factor of the
device. Advances in PEs have led to the replacement of the cycloconverter by a
two IGBT converters controlled by PWM.

• Doubly fed asynchronous machine—Scherbius structure with PWM
converters

This configuration has the same characteristics as the Scherbius structure with
cycloconverter. The bidirectional converter allows hyposynchronous and hyper-
synchronous operation and power factor control of the grid side (Fig. 1.31).

• Doubly fed induction machine—Scherbius structure with ‘‘Matrix
converters’’

The matrix converter (see Chap. 2) is an interesting alternative that overcomes the
disadvantages of the previous structure. Indeed, it is characterized by [5]:

G DFIM

Turbine

Dissipated energy

Grid

Energy
Transfer

Fig. 1.28 Doubly fed induction machine with energy rotor dissipation
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Grid

G DFIM

Energy

Energy
Transfer

Fig. 1.29 DFIG with Kramer structure

Grid

G DFIM

Energy

Energy
Transfer

Fig. 1.30 Scherbius structure with cycloconverter

Energy Transfer

Energy Transfer

G DFIM

Fig. 1.31 Scherbius structure with PWM converters
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• It is a bidirectional power converter, and it offers the possibility of hyposyn-
chronous operation.

• The power factor is controllable.
• The matrix converter consists of nine bidirectional switches for voltage and

current (Fig. 1.32). Its operation can be seen as that of a forced commutated
cycloconverter.

Synchronous Generator with External Field Excitation

With the same size of IG, synchronous machines offer very important torques.
They can therefore be used in direct-drive wind turbines when they have a very
large number of poles [6–15]. In this case, operation is necessarily in variable-
speed frequency and the stator frequency is then incompatible with grid frequency.
We have to use converters [17]. Wind turbines based on a wound rotor synchro-
nous generator (SG) are interesting, especially when field current is a parameter
which can be useful for energy optimization and the armature current is controlled
through the PWM inverter [17]. However, they require a system of rings and
brushes which need a regular maintenance. Moreover, it is difficult to build a
machine with several pole pairs [18]. The development of rare earth permanent
magnets overcomes these drawbacks, and we can build synchronous machines
with competitive prices, with several poles developing important torques [16]. As
in the case of cage induction machine, the interface between the generator and the
grid generally consists of a rectifier and an inverter. In addition, the rectifier can be
controlled or not (with diodes).

Permanent Magnet Synchronous Generator

The most interesting solution is to connect the permanent magnet synchronous
generator (PMSG) stator with two three-phase PWM inverters (Fig. 1.33). In this

Energy Transfer

Energy Transfer

G DFI
M

Fig. 1.32 Scherbius structure with matrix converters
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case, the interface with the grid can be completely controlled via the inverter,
while the rectifier controls the power generated by the PMSG. Moreover, this type
of configuration ensures a decoupling between the behavior of the wind generator
and the grid behavior [18]. However, the two converters must be sized for the
generator-rated power, which is the main drawback of this configuration. Also,
structures, interposing a chopper between the rectifier and the inverter, are used.
The chopper allows an indirect control of the transmitted power that permits an
operation at the maximum power point tracking (MPPT).

Other Electrical Generators Used

Many other types of wind generators are also mentioned in literatures, such as:

• Switched reluctance generators (SRG) [9]

The principles of operation of SRG are based on reluctance torque. The machine
has a stator of wound salient poles and develops a torque that tends to align the
poles in a way that increases the reluctance in the magnetic circuit. We can use
SRG in Turbine–generator direct coupling operation (Fig. 1.34a) or coupling to
the turbine shaft through a gearbox (Fig. 1.34b). The instantaneous power avail-
able in a SRG is a function of the inductance L, the position of the rotor h, the rotor
speed xr, and the number of phases nphase and can be expressed as follows:

P h; kj

� �
¼ 1

2

Xnphase

k¼1

dLk hð Þ
dh

i2
k

" #
� xr ð1:25Þ

~Grid

Transformator

InverterControlled rectifier

VdcCb
PMSG

Turbine

Fig. 1.33 Wind energy system based on permanent magnet synchronous machine with variable
frequency
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The average resulting power can be derived from:

P ¼ Tem � xr ð1:26Þ

where xr is the angular velocity and Tem is the average value of torque.

• Linear induction generators (LIG) [5]

A linear motor has its stator and rotor ‘‘unrolled’’ so that, instead of producing a
torque, it produces a linear force along its length. The force is produced by linear
magnetic field acting on conductors in the field. Any conductor, which is placed in
this field, will have eddy currents induced in it, thus creating an opposing magnetic
field due to Lenz’s law. The two opposing fields will repel each other, thus cre-
ating motion as the magnetic field sweeps through the metal [16].

• Claw-pole generators [5]:

Claw-pole generator (CPG) is a special type of wound rotor SG (Fig. 1.35).

Power converterSRG

Turbine

encoder

G

Gearbox

Power converterSRG

Turbine

Encoder

(a)

(b)

Fig. 1.34 Switched reluctance generator in a wind turbine. a Direct-drive wind turbine with
SRG. b Indirect coupling with gearbox
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• Transverse-flux machines

Compared to classical motor concepts, a completely different mechanical structure
is necessary. It can be with PMTFM or without permanent magnet excitation.
PMTFM has an achievable torque density two times larger than that of conven-
tional or tooth wound winding permanent magnet synchronous motors [17].

• Brushless DFIGs (BDFIGs):

The BDFIG requires double-stator windings, with different number of poles in
both stator layers [5]. The first stator is connected to the grid, and thus, the
generator output frequency must be equal to the grid frequency. The second stator
winding is connected through a power converter, which is rated at only a fraction
of the wind turbine rating (Fig. 1.36).

This configuration allows controlling the stator active and reactive power. The
advantage of this system is that this concept does not require slip rings. Its
drawback is its complexity in machine operation principle and its assembly.

1.2.3 Power Electronics Interface

The type of electric generator used and the load/grid conditions dictate the
requirements of the PE interface (see Chap. 3).

If

~
Load

VdCb

Fig. 1.35 Claw-pole generator
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1.2.4 Load

The load can be an autonomous load or a grid utility.

1.2.4.1 Isolated or Autonomous Load

Even all attention is on powerful machines, it is observed an increasing demand for
smaller units to be installed near homes or buildings to use electrical energy
directly. Induction generator is widely used for the production of electricity from
wind energy, especially in remote and isolated areas. With all its advantages
(simplicity, robustness, low maintenance, small size per kW generated), it is the
generator the most used in the production of low power in isolated or autonomous
operation.

The ‘‘small wind’’ covers the power range from 20 to 100 kW with three
categories [11]:

• micro wind turbines from 20 to 500 W,
• mini wind turbines from 500 to 1 kW,
• small wind turbines with 1 to 100 kW.

In the case of micro and mini wind turbines, the power output is less than 1 kW,
so it is necessary to use a lower cost system which can ensure the highest per-
formances. In the case of small wind turbines, we obtain a good energy and a good
operation of the global system. So, it is necessary to add a PE interface to feed
loads with fixed voltages and frequencies. Different methods had been proposed in
different researches.

~Grid

Transformator

G BDFIG

Gearbox

Turbine

Fig. 1.36 Wind energy system based on brushless doubly fed induction generator
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1.2.4.2 Utility Grid

We can identify two types of wind turbines connected to the grid:

• fixed-speed wind turbines which consist of an induction machine with squirrel
cage

• variable speed wind turbines with of a double-fed induction machine (DFIG) or
a permanent magnet synchronous machine (PMSM).

Basic Grid Properties

It can be approximated by a first-order equivalent scheme (Fig. 1.37).
The apparent short-circuit power can be calculated as follows:

S ¼
ffiffiffi
3
p
� Un � Ig ð1:27Þ

Grid Connection Requirements

One major requirement at present time is the connection and optimized integration
of large wind farms into electrical grids. With increased wind power capacity,
transmission system operators (TSOs) have become concerned about the impact of
high levels of wind power generation on power systems. Thus, TSOs have issued
grid codes and grid requirements for wind turbines connection and operation. The
main issues of grid codes can be summarized as follows [15]:

• Active power control,
• Reactive power control,
• Voltage and frequency control,
• Power quality, for example flickers and harmonics,
• Fault ride-through capability.

Fig. 1.37 Equivalent scheme
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1.3 Introduction to Wind Systems

1.3.1 Stand-Alone Wind Systems

A stand-alone wind system (SAWS) is an off-the-grid electricity system for
locations that are not fitted with an electricity distribution system. In most remote
and winded sites, the wind energy is the main potential source of electrical energy.
Different configurations of wind systems are as follows [15]:

• Directly coupled wind system
• Stand-alone system with storage
• Hybrid system.

1.3.2 Directly Coupled Wind System

We present the various solutions of wind energy conversion applications used in
these low-power systems for both isolated and autonomous systems.

1.3.2.1 Synchronous Machines

Wound Rotor Synchronous Machine

This type of machine uses generally a current field excitation which requires the
presence of a power supply. Therefore, isolated sites are suitable for these gen-
erators only if there is a battery or a voltage source [16].

Permanent Magnet Synchronous Machines

The PMSM is a very interesting solution in autonomous wind energy applications
due to its advantages (a good efficiency and a good mass torque), and there is no
need for a power source for the excitation circuit. Its main drawback is its high cost
than induction machines. However, different structures of PMSMs supplying loads
through autonomous PE devices exist. We will give a brief presentation in
Fig. 1.38.

Diode Rectifier Structure

This configuration is the simplest one and finds its applications in the case of very-
low-power systems [9]. It is based on the direct association of a battery with the
bridge rectifier diodes (Fig. 1.39). In this case, there are no controlled components,
nor are few sensors, and then, the system cost is minimal. The operation is
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‘‘natural’’ but requires a very precise choice of all parameters (voltage and
machine parameters) by a system design [16].

Structure with Diode Rectifier Bridge and Chopper

The WCES should enable operation at maximum power to maximize energy
efficiency, regardless of the wind variations. This is the principle of MPPT.
However, with only the association of a diode rectifier bridge with a permanent
magnet SG, it is not always possible to achieve MPPT. In order to obtain this, a
buck chopper is placed after the diode bridge, which acts as a storage battery
(Fig. 1.40) [19, 21].

Bridge Structure with a Differential Control

In the same view for optimizing energy efficiency, a bridge structure with a dif-
ferential control allows operation with a duty cycle close to 0.5 by controlling the
two switches T1 and T2 (Fig. 1.41). This configuration is advantageous in terms of
operating reliability but requires two more components, resulting in a higher cost
and therefore higher losses [21].

Structure with PWM Rectifier

The reference configuration is obviously this one (Fig. 1.42) where the generator is
connected to a three-phase PWM rectifier. It is possible to obtain a dynamical
control which makes it easy to move the operating point over the entire speed
rotation range. But, it requires a more complex system; a complete three arms with
six switches, and a control unit that normally requires a mechanical position sensor.

Fig. 1.38 PMSG connected
to a wind turbine
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Variable Reluctance Machines

Some works have also involved in the use of variable reluctance synchronous
machine for application in wind energy conversion [21–23]. It has the structure of
stator windings which are similar to those of an induction machine. Its rotor may
be provided with a squirrel cage, which ensures the direct starting on the grid and
improves the stability of operation in synchronism. As the induction motor,
reluctance synchronous motor absorbs reactive power. The power factor is rela-
tively low, which limits its application area to a few tens of kilowatts [17].
However, the cage dampers are not obligatory, and the manufacturing cost can be
very attractive to use in autonomous wind turbine. The generator operation of this
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Fig. 1.39 Synchronous machine with diode rectifier
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Fig. 1.40 Synchronous machine connected to a diode rectifier bridge and buck chopper
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structure is very close to that of a squirrel induction machine. Therefore, it can be
used in stand-alone wind system feeding a bank of capacitors in parallel with the
load (Fig. 1.43) or on a PWM rectifier [23].

Induction Machines with Squirrel Cage

Squirrel induction machine is the one of the most widely used machines for
application in stand-alone WCES due to its robustness and price. The maintenance
cost is well below that of an alternator of the same power [21]. Finally, it is
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Fig. 1.41 Synchronous machine with converter diode bridge and chopper

Vdc
PMSG

Turbine

B
at

te
ry

Fig. 1.42 Synchronous machine connected to a PWM rectifier
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tolerant in extreme operations (over speed, overload, etc.). In what follows, we
give a summary of a few systems capable of providing reactive power needed for
the magnetization of induction generator and stabilization of the stator voltage.

Self-excited induction machine with fixed capacitors
The use of cage induction machine connected to the bank capacity has the
advantage of simplicity in implementation and low cost due to the absence of static
converters. However, this configuration allows operating limits which must be
taken into account, especially changes in the amplitude and voltage frequency
during load and speed variations [19]. Moreover, we must take precautions and
avoid overloading the machine to avoid the risk of demagnetization. There are
several configurations in the literature to connect capabilities to the machine ter-
minals. One of those is to use a single capacity, usually when we feed single-phase
loads. In this case, one enough capacity is used, the generator can provide the
necessary power to the load, which reduces the total system cost. However, in case
of default phase where the capacitor is connected, or in the capacitor itself, the
machine is demagnetized in the absence of another source of reactive power. Also,
this structure can induce unbalanced stator currents. Another solution is to use a
bank capacity of three capacitors connected in star or delta at the terminals of the
generator. This ensures more dependability for system wind generation, and
the load is single or three phase. In case of failure in one phase or in a capacitor,
the system can operate, but there will be a voltage drop due to the decrease in the
magnetization of the generator. This configuration can also lead to unbalanced
stator currents in the case of supplying a single load phase or three-phase unbal-
anced load. In what follows, we describe the different configurations.

MRV
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Capacity bank

Load

Fig. 1.43 Variable reluctance synchronous machine connected to bank capacitors
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Self-excited induction machine by a single fixed capacitor
Several works have been carried out in the case where the induction generator is
self-excited by a single excitation capacity. The winding of the machine is con-
nected in star or delta structures.

In case where the machine is connected in star, the capacity excitation can be
connected between one phase and neutral as it can be connected between two phases.

The first case is treated in [20–22], and each author provides a way of con-
necting the load:

• The load is in parallel with the capacitor excitation [21, 22].
• The load is between neutral and phase where capacity is not connected [21].
• The load is between the other two phases where the capacity is not connected

[20].

The second case is treated in [20, 21]. The first author proposes the connection
of the load in parallel with the capacity of excitation. But, the second author
proposes the connection.

• The first is to connect a capacitor and two other charges, each between two
terminals of the three phases of the machine.

• In the second, one connects a capacitor in parallel with a phase of the machine
and a load between the other two phases.

In case where the machine is connected in delta, the structures shown in
Fig. 1.44 have been proposed in [23]. The capacity of excitation is connected
between two terminals. The load can be placed in parallel with the capacity
(Fig.1.44a) or between one of two terminals, where the capacity is connected, and
the remaining terminal of the triangle (Fig. 1.44b).

Self-excited induction machine by a fixed battery bank
In this configuration, the stator windings of the induction machine are connected to
a capacity bank in parallel with the load. Many studies have been devoted to this
structure as shown in Fig. 1.45 [23–35]. In other works, the connection of
capacitors is in delta [36, 37].

Self-excited asynchronous machine by a fixed capacitor with a compensation
system
The use of a fixed capacity bank does not control the flow of reactive power and
therefore do not maintain the amplitude and frequency of the voltage supplied
which is constant during load variations or wind speed. To overcome this disad-
vantage, while keeping a capacity bank for self-excitation, several alternatives
were considered.

• Short-shunt connection

The most commonly structure used is to connect, in addition to parallel capacitors,
other capacitors in series with the load [23, 38] or with the stator of the machine
[39] (short-shunt connection). This approach reduces the voltage drop in load [18],
but it restricts the possibility of a continuous control voltage over a wide range of
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loads and/or speeds [40]. Figure 1.46 shows the self-excited induction machine
with a capacitor bank and compensation where capacity is in series with the load.

• Controlled capacity bank

Another solution, based on the concept of continuous control of the excitation
battery, was proposed in [35]. This is a device consisting of fixed capacities in
parallel with switches of gate thyristor off (GTO), connected in anti-parallel (see
Fig. 1.47). The apparent value of the capacity can then be adjusted periodically by
controlling the time during which the capacitor is connected to the circuit.

This device operates as a variable capacitor, so as to create a source of variable
reactive energy which allows decreasing the voltage variations when disturbing the
wind speed or load. However, in case of total discharge of the storage device, it
cannot obtain energy production.
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Fig. 1.44 Self-excited asynchronous machine with a single capacitor. a Capacity of excitation
connected between two terminals and b Capacity between one of two terminals
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Fig. 1.45 Self-excited induction machine with a capacitor bank
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• Generator reactive power

More effective solutions, but also more complex, have been proposed as static
reactive power generators (static VAR generator). They use systems based on PEs
[35]. Several structures of static compensators of reactive power called static VAR
compensator (SVC) have been proposed to maintain the voltage constant:

1. Thyristor-controlled reactor (TCR) [41].
2. Thyristor-switched capacitor (TSC) [41].
3. The static compensator (STATCOM) [42–44].
4. The voltage source inverter (VSI) [45–49].
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Fig. 1.46 Self-excited machine with short-shunt connection
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Fig. 1.47 Self-excited induction machine with a capacitor bank and graduators
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In [41], the proposed system consists, in addition to the parallel capacities, of a
static compensator for reactive power (SVC) connected in parallel with the stator
of the machine supplying a load. The static compensator consists of a bank of
capacitors switched by thyristors (TSC), in parallel with thyristor-controlled
reactors (TCR), to create a variable reactive power source. In [47], a structure
consisting of an excitation circuit which comprises a bank of fixed capacitors
connected permanently with the induction machine, ensures a minimum excitation
(see Fig. 1.48).

The aim of this structure is to maintain the terminal voltage of the machine with
a fixed amplitude and frequency according to the load and the speed variations.

Electronic load controllers (ELC) are also available [48–52]. These systems are
based on the shedding of excess power from the consumer’s demand in a resis-
tance with an electronic load controller (ELC) connected across the self-excited
induction generator. Thus, in [52], at constant input power and value of fixed
capacity, the induced voltage varies with the applied load. IGBT switches are used
to control the connection and the disconnection of the load dump. All systems
based on PEs previously cited provide satisfactory results in terms of voltage
regulation, but their disadvantages are the complexity of implementation and high
costs [40].

• Configuration with unidirectional converter

In this configuration (Fig. 1.49), energy converters are a PD3-type rectifier and a
buck/boost chopper type. This adaptation is intended to maintain the voltage at a
constant value across the load, and when the system is placed in a dynamic
environment, speed, load, and capacity vary. The output control voltage of the
desired value in the load terminals can be done by acting on the duty cycle a of the
signal controlling the switch of the DC–DC converter to the adequate value [52].
This structure allows controlling the output voltage to the desired value with a
satisfactory dynamic and with a simple control strategy in implementation and low
cost [48]. But it does not control the magnetization of the machine, and its overall
cost keeps on increasing because of the capacities introduced for the magnetization
and the use of two converters and a filtering system.

Another solution is given in [54], where the load is connected after the LC filter
(without the DC interface). It allows reducing the overall cost compared to the
previous configuration, but it does not control the voltage across the load and the
magnetization of the machine. In [31], the rectifier is composed of two different
components which are diodes and thyristors and the load is connected directly to
the output of the rectifier (without DC–DC interface and the LC filter). This
solution also reduces the overall cost compared with the previous structure and the
control of the voltage across the load, but it does not allow control of the machine
magnetization.
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• Configuration with bidirectional converters

The structure shown in Fig. 1.50 consists of an induction generator connected to a
rectifier and a PWM inverter. This configuration allows the control of the mag-
netization and the voltage at the output of the induction generator when the rotor
speed and the electrical load vary [55–64].

The insertion of static converters between the generator and its load allows
obtaining two new degrees of freedom. Others, which are used in the case of a
suitable control, lead to a better exploitation of the wind, which can result in the
following advantages [22]:

• Operation at low speeds.
• A reduction in acoustic noise.
• An optimization of energy transfer.
• A good management of transients toward the load.
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Fig. 1.48 Structure with PWM converter in parallel with the load [53]
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The major drawback of this architecture remains the high cost and complexity
of the control strategy.

1.3.3 Stand-Alone Wind System with Storage

The main important components of a stand-alone wind system with storage are
presented in Fig. 1.51. There are different solutions for the energy storage sub-
system (see Chap. 4):

• Electrochemical storage [batteries and hydrogen energy storage (HES)],
• Mechanical storage [flywheel energy storage (FES), pumped hydro energy

storage (PHES), compressed air energy storage (CAES)],
• Electromagnetic storage energy [supercapacitor energy storage (SES), super-

conducting magnetic energy storage (SMES)]
• Others (see Chap. 4).

1.3.4 Hybrid System

Hybrid power systems (HPSs) combine two or more sources of renewable energy
as one or more conventional energy sources [65–78]. The renewable energy
sources such as photovoltaic and wind do not deliver a constant power, but due to
their complementarities, their combination provides a continuous electrical output.
HPSs are generally independent from large interconnected networks and are often
used in remote areas. The purpose of a hybrid power system is to produce as much
energy from renewable energy sources to ensure the load demand. In addition to
sources of energy, an hybrid system may also incorporate a distribution system
to DC distribution system AC, a storage system, converters, fillers, and an option
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Fig. 1.50 Structure based on two PWM converters
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to load management or supervision system. All these components can be con-
nected in different architectures. The renewable energy sources can be connected
to the bus or DC, depending on the size of the system. The power delivered by
HPS can vary from a few watts for domestic applications up to a few megawatts
for systems used in the electrification of small villages. Thus, for the hybrid
systems used in applications with very low power (under 5 kW), they are generally
used to feed DC loads. Larger systems, with a power greater than 100 kW, are
connected to the AC bus and are designed to be connected to large interconnected
networks [69]. Hybrid systems are characterized by several different sources,
several different loads, several storage elements, and several forms of energy.
Wind generators in a hybrid system can be connected in three configurations, DC
bus architecture, AC bus architecture, and DC–AC bus architecture.

1.3.4.1 Advantages and Disadvantages of Stand-Alone Wind System

Advantages of Hybrid System

• Not dependent on one source of energy.
• Simple to use.
• Efficiency, low cycle cost of living component of the hybrid system.

Disadvantages of a Hybrid System

• More complex than single-source systems and the need for storage
• high capital cost compared to diesel generators
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Fig. 1.51 Main components of a stand-alone wind system with storage
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1.3.5 Grid Wind Systems

Power converters act as the interface between the EG and the grid. The power may
flow in both directions, depending on topology and applications. The typical
scheme of a grid wind system is represented in Fig. 1.52. It consists of a power
generation, a grid, and loads, which are the customers. Delivered power syn-
chronization with the grid is a basic requirement for interconnecting distributed
power generators with the power system.

1.3.6 Sizing of Wind Turbine

Sizing an isolated wind energy system is different from sizing a system for gird
integration. But generally, it depends mainly on the site location that dictates

• the average wind speed,
• the turbine orientation,
• the average energy consumption of the application.

1.3.6.1 Determination of Load Profile

The average energy consumption is determined through the application and the
number of hours of their operation. For example, we display the load profile in
Fig. 1.53.

1.3.6.2 Analysis of Wind Velocity

The average wind speed is obtained from the record of the meteorological station
in the site location. For example, we present in Fig. 1.54 the average wind speed.

1.3.6.3 Calculation of Wind Energy

Mechanical power is given by Eq. 1.14. Then, wind energy produced Pwind by
wind generator during a time Dt is given by:

Ewind ¼ Pwind � Dt ð1:28Þ
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1.3.6.4 Size of Wind

The minimum surface of the generator needed to ensure full (100 %) coverage
load (ELoad) is expressed by [75]:

Swind;m ¼
ELoad;m

Ewind;m
ð1:29Þ

where Ewind,m (kWh/m2) is the monthly energy produced by the system per unit
area and ELoad,m is the monthly energy required by the load (where m = 1, 2, …,
12 represents the month of the year).

The total energy produced by the wind generator which supplies the load can be
expressed by:
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Fig. 1.52 Basic power conversion wind turbine system connected to the grid
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ELoad ¼ Ewind � Swind ð1:30Þ

The calculation of wind generator size (Swind) is established from the annual
mean of the monthly contribution (Ewind). The load is represented by the annual
average energy ELoad.

Swind ¼ f � EL

Ew
ð1:31Þ

where f is the fraction of load supplied by the wind energy.
The number of wind generator is calculated using the surface of the system unit

Swind,u, taking the entire value:

Nwind ¼ ENT
Swind

Swind;u

� �
þ 1 ð1:32Þ

1.3.6.5 Size of Storage

Battery Storage

Always, before calculations, we start by identifying the electrical usage. In the first
step, we have to know the amount of energy we will be consuming per day
ELoad,max (Wh/day). In the second step, we have to identify days of autonomy Nj

(backup days). We multiply ELoad,max by this factor Nj.

Eauto ¼ El;max � Nj ð1:33Þ

Then, we have to identify depth of discharge (DOD) and convert it to a decimal
value. Divide Eq. 1.30 by this value (DOD).
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C ¼ Eauto

DOD
¼ El;max � Nj

DOD
ð1:34Þ

We have to associate each ambient temperature of a battery bank with coeffi-
cient of temperature factor FT. We select the multiplier corresponding to the
lowest average temperature that batteries will be exposed to. That multiplier
depends on the battery type (Table 1.4 gives an example of such data).

We multiply Eq. 1.34 by this factor (FT), and then, we obtain the minimum
capacity of battery bank (Wh).

Cbatt;minðWhÞ ¼ C � FT ð1:35Þ

Finally, we divide the minimum capacity of battery bank by battery voltage
Vbatt and we obtain the minimum capacity (Ah) of the battery bank.

Cbatt;minðA � hÞ ¼
Cbatt;minðW � hÞ

Vbatt

¼
EL;maxj � Nj � FT

Vbatt � DOD:
: ð1:36Þ

where Vbatt is the battery voltage and DOD is the depth of discharge.
The number of batteries to be used is determined from the capacity of a battery

unit Cbatt,u and is given by:

Nbatt ¼ ENT
Cbatt;min

Cbatt;u

� �
ð37Þ

Other Storage Systems

See Chap. 4.

1.4 Maintenance of Wind Systems

Gearbox and EG are the two most costly maintenance items for a wind system. In
wind farms, generally an integrated online condition monitoring system can serve
as an effective tool for managing day-to-day maintenance routines for a wind
turbine and consolidating risky, costly maintenance activities [79]. Generally,
there are two types of maintenance.

1.4.1 Large Maintenance

We have to make a full tightening of all bolts of the machine, lubrication, elec-
trical testing, change filters, etc.
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1.4.2 Low Maintenance

We have to do some partial tightening, some electrical tests, lubrication, etc. In
addition, annual maintenance of high voltage equipment and yearly inspection of
pales must be made.

1.5 Total Costs for Wind Turbine Installation

Total costs for wind turbine installation depend on different parameters [80]:

• The number of turbines ordered,
• Financing cost,
• Construction contracts,
• The location of the project,
• Wind resource assessment and site analysis expenses,
• Construction expenses,
• Interconnection studies,
• Utility system upgrades,
• Transformers, protection, and metering equipment,
• Insurance, operations, warranty, maintenance and repair, legal and consultation

fees,
• Taxes and incentives.

1.6 Onshore and Offshore Wind Power Technologies

1.6.1 Onshore Wind Power Technologies

Generally, we use the bladed, stall- or pitch-regulated, horizontal axis machine
operating at near-fixed rotational speed. We can also use gearless ‘‘direct-drive’’
turbines with variable-speed generators. Control methods are pitch control and
stall control.

Table 1.4 Factor FT
calculation [75]

Temperature in �C Temperature in �F Factor (FT)

+26 80+ 1.00
+21 70 1.04
+15 60 1.11
+10 50 1.19
+4 40 1.30
-1 30 1.40
-6 20 1.59
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1.6.2 Offshore Wind Power Technologies

Offshore turbines are taller and have longer blades, which results in a larger swept
area and therefore higher electricity output.

1.7 Conclusion

This chapter is intended as an introduction to WCESs. It defines the wind process,
introduces the main meteorological elements and the wind velocity, and presents
an overview of stand-alone systems and grid-connected systems. We have also
included short details on presizing, maintenance, and total costs of wind systems.
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Chapter 2
Wind Energy Conversion and Power
Electronics Modeling

2.1 Wind Energy Conversion Modeling

The global structure of a wind energy conversion system consists generally of the
aerogenerator, the power electronics, and the load (Fig. 2.1). The modelization of
this system is presented as follows. Each component can be modeled separately.

2.1.1 Aerogenerator Modeling

2.1.1.1 Velocity Modeling

We have defined in Chap. 1 that there are three important values of wind speeds
which are the cut-in wind speed, the nominal wind speed, or rated wind speed, and
finally the cut out wind speed. These speeds define the wind turbine operation, and it is
commonly measured with an anemometer or by a weather station in (m/s) or (km/h).

The usual models are [1]:

• Weibull distribution,
• Weibull distribution hybrid,
• Rayleigh distribution.

Weibull Distribution

This is the general model that describes the wind speed variations. This model
optimizes the turbine design to minimize the electricity production costs. The
Weibull coefficient reflects the distribution of wind speeds, and it is determined by
the Weibull distribution curve. The function of probability density Weibull is
given as [1]:

D. Rekioua, Wind Power Electric Systems, Green Energy and Technology,
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f vð Þ ¼ k � c�k � vk�1e� v=cð Þk ð2:1Þ

where the probability density f (V) is the frequency distribution of the measured
velocities, k and c are Weibull parameters, where the parameter k (dimensionless
shape factor) characterizes the shape of the frequency distribution, while C (scale
factor). Determines the quality of the wind this one has the same unit as the speed.
These two parameters k and C are used for the calculation of mean wind speed. We
use the following expression to obtain the scale factor [1]:

C ¼ vmean

c � 1þ 1
k

� � ð2:2Þ

where c is the gamma function.
The area under the curve is defined by [1]:

f vð Þ ¼ 1� e� v=cð Þk : ð2:3Þ

Weibull Distribution Hybrid

Hybrid Weibull distribution is used where the calm frequency recorded higher or
equal to 15 %. Generally, this proportion cannot be neglected and must be taken
into account during the site characterization in terms of wind. This distribution is
as follows:

Control 

Drive bus 
control 

Power control 

G EG PE

Autonomous Load
or Grid model

Vwind

Gearbox model Power Electronics
model

Turbine model

Vwind

Wind speed model

Pmec

gω
tω

3------2

Fig. 2.1 Structure of a conversion wind system modeling
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f vð Þ ¼ 1� ff0ð Þ � k

c

� �
� v

c

� �k�1
e�

v
cð Þ

k

for v [ 0 ð2:4Þ

f vð Þ ¼ ff0 for v \ 0 ð2:5Þ

where ffo is the calm frequency.

Rayleigh Distribution

The Rayleigh distribution is a special case of the Weibull distribution when the
shape factor k is equal to 2, its probability density is given by:

f vð Þ ¼ 2 � v

c2
� e� v=cð Þ2 ð2:6Þ

Wind Speed Estimation

The wind speed can be estimated using neural networks. The inputs to the ANN
are the rotor speed xr and mechanical power Pm. It is obtained using the relation
(Fig. 2.2).

Pm ¼ xr � J
dxr

dt

� �
þ Pe: ð2:7Þ

2.1.1.2 Shaft Model

Two-Mass Model

The two-mass model is very much used in scientific researches [2–5]. It is rep-
resented in Fig. 2.3.

Driving by the aerodynamic torque Ta, the rotor of the wind turbine runs at the
speed xr . The low-speed shaft torque Tls acts as a braking torque on the rotor
(Fig. 2.3). The dynamics of the rotor is characterized by the first-order differential
equation:

ANN

Pm

Pm

ω r

Fig. 2.2 Estimated of wind
speed using neural networks
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Jr _xt ¼ Ta � Tls � Kr xt ð2:8Þ

The low-speed shaft results Tls from the torsion and friction effects due to the
difference between xt and the low-shaft speed xls. This torque act as a breaking
torque on the rotor.

Tls ¼ Blsðht � hlsÞ þ Kls ðxt � xlsÞ ð2:9Þ

Using the gearbox G, torque and speed of low shaft are provided to generate a
torque on high shaft,

Ths ¼
Tls

G
ð2:10Þ

And we have

hg ¼ G � hls

xg ¼ G � xls

ð2:11Þ

Practically, we have

Ths ¼ G � Tls

G
ð2:12Þ

Through the gearbox, the low-shaft speed xls is increased by the gearbox ratio
to obtain the generator speed xg, while the low-speed shaft torque Tls is increased.
If we assume an ideal gearbox with a ratio G, we can write the following:

Ta

Tem

ω r

ωg
Tls

Ths

Jr

Jg

Kr Kg

Bls

Kls

Fig. 2.3 Drive train dynamics
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G ¼ Tls

Ths

¼ xg

xls

¼ hg

hls

ð2:13Þ

The generator is driven by the high-speed shaft Torque Ths and braked by the
generator electromagnetic torque Tem. Its dynamic is given as:

Jg _xg ¼ Ths � Kg xg � Tem ð2:14Þ

One-Mass Model

The rigidity of the main shaft of the drive of great wind turbines can be considered
perfect. Also, two-mass model can then be reduced to one-mass model. The one-
mass model comprises a single inertia and a single friction coefficient with all
external friction coefficients (Fig. 2.4).

This model assumes that:

• Drive shafts are perfectly rigid,
• The speed gearbox is ideal,
• The generator inertia can be neglected compared with the turbine one or reduced

to the low shaft.

With this model, the drive flexibility is not taken into account thus we will have
the possibility of neglecting some mechanical coupling properties [4, 5].

T

ω r

Tg

Jt

Kt

Kls

a

Fig. 2.4 One-mass model
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One-Mass Model Reduced to the Low Shaft
The turbine inertia model in this case can be represented as in Fig. 2.5.

Since the low shaft is infinitely rigid (torsion coefficient on the low shaft Bls is
infinite), then:

ht ¼ hls and xt ¼ xls; ð2:15Þ

We obtain

G ¼ Tls

Ths

¼ xg

xt
¼ hg

ht
ð2:16Þ

Jr � _xt ¼ Ta � G � Ths � Kr � x
G � Jg � _xt ¼ Ths � Kg � G � xt � Tem

ð2:17Þ

Multiplying the second expression of Eq. 2.17 and by adding the two equations,
we obtain as follows:

Jt _xt ¼ Ta � Kt xt � Tg ð2:18Þ

with

Jt ¼ Jr þ G2 Jg ð2:19Þ

Ta

ω r

Tg

Kt

Tem

Jt

ng

Fig. 2.5 One-mass model reduced to the low shaft
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Kt ¼ Kr þ G2 Kg ð2:20Þ

Tg ¼ G � Tem ð2:21Þ

where Jt, Kt, and Tg are, respectively, the inertia, the friction coefficient of the
turbine, and the electromagnetic torque of the generator reduced to the low shaft.

The generator inertia reduced to the low shaft is often neglected next to the
rotor inertia. The one-mass model reduced to the low shaft is generally used in the
control of aerogenerator.

One-Mass Model Reduced to High-Speed Shaft
The proposed mechanical model consists of the total turbine inertia reduced to the
generator shaft (high-speed shaft) [5]. This model is illustrated in Fig. 2.6.

We use the same assumptions for the model reduced to low shaft, the equations
became:

Jr

G
_xg ¼ Ta � GTls �

Kr

G
xg

Jg _xg ¼ Ths � Kgxg � Tem

ð2:22Þ

Dividing the second expression of Eq. 2.19 by G and summing the two
expressions, we obtain

Ta

ωg

G

Kths

Tem

Jt,hs

Ta,hs

Fig. 2.6 One-mass model reduced to high-speed shaft
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Jths
_xg ¼ Tahs

� Kths
xg � Tem ð2:23Þ

with

Jths
¼ Jg þ

Jr

G2
ð2:24Þ

Kths
¼ Kg þ

Kr

G2
ð2:25Þ

Tahs
¼ Ta

G
ð2:26Þ

where Jths
, Kths

, and Tahs
are, respectively, the inertia, the external friction coeffi-

cient of the turbine, and aerodynamic torque of the generator reduced the high
shaft.

It should be noted that the generator inertia is very small compared with the
turbine inertia reported on this shaft. The one-mass model reduced to the high shaft
is generally used in the generator control. The one-mass model under MATLAB/
Simulink is shown in Fig. 2.7.

Dynamic Turbine Model
The diagram of the dynamic model of the wind-based turbine is given in Fig. 2.8.
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To Workspace2

Scope vent

Look-Up
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Fig. 2.7 One-mass model reduced to high-speed shaft
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2.1.1.3 Electrical Generators Modeling

Permanent Magnet Synchronous Generators

Due to absence of the field current and field winding, permanent magnet machines
exhibit high efficiency in operation, simple and robust structure in construction and
high power-to-weight ratio. The attractiveness of the permanent magnet machines
is further enhanced by the availability of high-energy rare-earth permanent magnet
materials such as SmCo and NdFeB. However, the speed control of permanent
magnet DC motor via changing the field current is not possible.

The voltage equations are given by:

va

vb

vc

2
4

3
5 ¼ Rs

ia

ib

ic

2
4

3
5þ Lc

d
dt

ia
ib
ic

2
4

3
5þ

Ea

Eb

Ec

2
4

3
5 ð2:27Þ

where va, b, c the machine phase voltages, ia, b, c the current phase voltages, Lc the
cyclic inductance, Rs resistance of the stator winding, Ea, b, c represents the induced
E.F.M (electric force motor) in the stator phase windings.

The electromagnetic torque is expressed as:

Tem ¼
P

x
Ea � ia þ Eb � ib þ Ec � icð Þ ð2:28Þ

where P the number of pole pairs, x the rotor speed x ¼ P � Xð Þ:
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Fig. 2.8 Dynamic model of the wind turbine
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Induction Generator

Linear Model
We use an induction motor that is modeled using voltage and flux equations
referred in a general frame [6]:

Vds ¼ RsIds þ dUds

dt

Vqs ¼ RsIqs þ dUqs

dt

8<
: ð2:29Þ

where Ids; Iqs

� �
; Vds;Vqs

� �
and ðUds;UqsÞ are the d; qð Þ components of the stator

current, voltage, and flux, Rs is the stator resistance.

0 ¼ Vdr ¼ RrIdr þ dUdr

dt
þ dh

dt
Uqr

0 ¼ Vqr ¼ RrIqr þ dUqr

dt
� dh

dt
Udr

8<
: ð2:30Þ

where Idr and Iqr are (d, q) rotor current, Rr is the rotor resistance, and Udr and Uqr

are (d, q) rotor flux.
We have

Uds

Uqs

Urd

Uqr

2
664

3
775 ¼

Ls

0
Lm

0

0
Ls

0
Lm

Lm

0
Lr

0

0
Lm

0
Lr

2
664

3
775 �

ids

iqs

idr

iqr

2
664

3
775

We obtain the following mathematical model:

dids

dt

diqs

dt

didr

dt

diqr

dt

2
66666664

3
77777775
¼ 1

r

� Rs
Ls

P�xr �L2
m

Ls�Lr

Lm�Rr
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P�xr �Lm
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m
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� Rs

Ls

P�xr �Lm
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Lm�Rr
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� Rr
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�P � xr
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Lm�Rs
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P � xr � Rr
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3
777775

ids

iqs

idr

iqr

2
6664

3
7775

þ 1
r

1
Ls

0

0 1
Ls

� Lm
Ls�Lr

0

0 � Lm
Ls�Lr

2
666664

3
777775

vds

vqs

ffi 	
ð2:31Þ

with r is the leakage coefficient.
Mechanical equation:

Tem � TLoad ¼ Jmot �
dxr

dt
ð2:32Þ

with Jmot the inertia of the AC motor.
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The electromagnetic torque can be written as:

Tem ¼ P � /ds � iqs � /qs � ids

� �
ð2:33Þ

Figure 2.9 shows the block diagram under MATLAB/Simulink of induction
generator in linear operation.

Some simulation results are presented in Fig. (2.10).

Saturated Model
The linear model of the induction machine is widely known and used. It yields
results relatively accurate when the operating point studied is not so far from the
conditions of the model parameter identification. This is often the case when the
motor operating, at rated voltage, is studied. As the air gap of induction machines
is generally narrow, the saturation effect is not negligible in this structure. So, to
improve the accuracy of simulation studies, especially when the voltage is vari-
able, the nonlinearity of the iron has to be taken into account in the machine
model. This becomes a necessary condition to study an autonomous induction
generator because the linear model is not able to describe the behavior of the
system. Thus, only approaches, which take account of the saturation effect, can be
used. This effect is not easy to yield with using three-phase classical models. So,
we usually adopt diphase approaches to take globally account of the magnetic
nonlinearity. This evidently supposes some simplifying hypotheses. Indeed, the
induction is considered homogenous in the whole structure. Moreover, the use of
diphase model supposes that the saturation effect is considered only on the first
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Fig. 2.9 Block diagram under MATLAB/Simulink of induction generator in linear operation
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harmonics and does not affect the sinusoidal behavior of the variables. We adopt
the diphase model of the induction machine expressed in the stator frame. The
classical electrical equations are written as follows:

Vds

Vqs

0

0

2
6664

3
7775 ¼

Rs �xs � ls 0 �xs � Lm

xs � ls Rs xs � Lm 0

�Rr xr � lr Rr �xr � lr þ Lmð Þ
�xr � lr �Rr xr � lr þ Lmð Þ Rr

2
6664

3
7775

ids

iqs

id0

iq0

2
6664

3
7775

þ

ls 0 Lm þ L0m �
i2
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id0:iq0

imj j

0 ls L0m �
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i0j j Lm þ L0m �
i2
q0

i0j j

�lr 0 lr þ Lm þ L0m �
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d0

i0j j L0m �
id0:iq0
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3
77777775
�
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dt

diqs

dt
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dt

diq0

dt

2
66666664

3
77777775

ð2:34Þ

where Rs, ls, Rr, and lr are the stator and rotor phase resistances and leakage
inductances, respectively, Lm is the magnetizing inductance and x ¼ p � X:
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V
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i s
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A
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Fig. 2.10 Stator current and
voltage of induction
generator in linear operation
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Besides, Vds, ids, Vqs, and iqs are the d-q stator voltages and currents, respec-
tively. id0 and iq0 are the magnetizing currents, along the d and q axis, given by:

id0 ¼ ids þ idr

iq0 ¼ iqs þ iqr



ð2:35Þ

where idr and iqr are the d–q rotor currents.
Thus, the saturation effect is taken into account by the expression of the

magnetizing inductance Lm with respect to the magnetizing current i0 defined as:

i0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2
d0 þ i2q0

q
ð2:36Þ

To express Lm in function of i0, we can use different approaches in this case, we
use a polynomial approximation of degree 12 [6].

Lm ¼ f i0j jð Þ ¼
Pn
j¼0

aj : i0j j j0

L0m ¼ dLm
d i0j j ¼

d
d i0j j f i0j jð Þ ¼

Pn
j¼0

j : aj : i0j jj�1
0

8>><
>>:

ð2:37Þ

Figure 2.11 shows the block diagram under MATLAB/Simulink of induction
generator in saturated operation.

Some simulation results are presented Fig. (2.12).

Double-Fed Induction Generator

The DFIG dynamic model in Park’s reference is expressed as follows [7]. Voltage
equations are given by:

vds ¼ Rsids þ
d
dt

/ds � xs/qs

vqs ¼ Rsiqs þ
d
dt

/qs þ xs/ds

vdr ¼ Rridr þ
d
dt

/dr � xs � xð Þ/qr

vqr ¼ Rriqr þ
d
dt

/qr þ xs � xð Þ/dr

8>>>>>>>>>><
>>>>>>>>>>:

ð2:38Þ

Flux linkage equations are obtained from:

/ds ¼ Lsids þ Lmidr

/qs ¼ Lsiqs þ Lmiqr

/dr ¼ Lridr þ Lmids

/qr ¼ Lsiqr þ Lmiqs

8>>>><
>>>>:

ð2:39Þ
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Electromagnetic torque equation is

Tem ¼ p /ds � iqs � /qs � ids

� �
ð2:40Þ

Figure 2.13 shows the block diagram under MATLAB/Simulink of DFIG.

2.2 Power Electronics Modeling

2.2.1 Soft Starter

Generally, it is used to start induction generator. It is an AC–AC direct converter
with two thyristors back-to-back in each phase (see Fig. (2.14)).

2.2.2 Capacitor Bank

A capacitor bank is generally used in induction generators to obtain the magne-
tizing flux. It is connected to the generator in autonomous or stand-alone system
(see Fig. (2.15)).
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2.2.3 Diode Rectifier

This topology is simple, low cost, and there is less harmonic distortion and low
losses. Low efficiency is its most disadvantage (see Fig. (2.16)).

2.2.4 The Back-to-Back PWM-VSI

The back-to-back PWM-VSI is a bidirectional power converter consisting of two
conventional pulse width modulated (PWM) voltage source converters (VSC), as
shown in Fig 2.17. One of the converters operates in the rectifying mode, while the
other converter operates in the inverting mode. These two converters are con-
nected together via a DC-link consisting of a capacitor.

This topology provides active and reactive control, high-power factor in the
generator side and high efficiency, but its disadvantages are short life, high-
switching losses, and frequency harmonics.

I.G

Bus bar

Fig. 2.14 Scheme with soft
starter

I.G 

Capacity bank
Fig. 2.15 Scheme with
capacitor bank
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2.2.4.1 Modeling of the Rectifier

Using the functions of connection Si for each switch, we define the rectifier
transfer matrix as [7]:

VþDC

V�DC

ffi 	
¼

S1

S2

S3

S4

S5

S6

" #
�

va

vb

vc

2
4

3
5 ð2:41Þ

with Si, i = 1–6, function of connection associated with each switch of the rec-
tifier. The DC-link voltage is obtained as

VDC ¼ VþDC � V�DC: ð2:42Þ

Vdc

Fig. 2.16 Scheme with diode rectifier

VDC

Rectifier Inverter

Fig. 2.17 The back-to-back PWM-VSI converter

2.2 Power Electronics Modeling 67



In the same way, we can express DC current is according to the currents among

is ¼ S1 S3 S5½ �
i1

i2

i3

2
4

3
5: ð2:43Þ

2.2.4.2 Modeling of the Filter

The relation between DC-link voltage and the DC-link current is given as [7]:

dVdc

dt
¼ 1

CDC

is � i0ð Þ ð2:44Þ

where CDC is the DC-link capacitance.

2.2.4.3 Modeling of the Inverter

We use the functions of connection Si, for each switch we define the inverter
transfer matrix as [7]:

va

vb

vc

2
4

3
5 ¼ VDC

3

2 �1 �1
�1 2 �1
�1 �1 2

2
4

3
5 �

S7

S9

S11

2
4

3
5 ð2:45Þ

with Si, i = 7–12, function of connection associated with each switch of the inverter.
For the two converters, the technique of control by pulse width the modulation

(PWM) is applied as well as the complementary order for each arm is adopted.

2.2.5 Tandem Converter

It consists of two parallel inverters. The first one operates as a current source
converter (CSC), and the second operates as a back-to-back PWM voltage source
inverter (VSI) Fig. (2.18).

This structure has several advantages [8].

• Low-switching frequency of the primary converter.
• Low level of the switched current of the secondary converter.

2.2.6 Matrix Converter

The simplified three phases matrix converter topology incorporated in system of
wind turbine is shown in Fig. 2.19. Matrix converter consists of nine bidirectional
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switches, and each output phase is associated with three switches set connected to
three input phases. This configuration of bidirectional switch enables to connect
any input phase a, b, or c to any output phase A, B, or C at any instant. Since the
matrix converter is supplied by the voltage source, the input phases must not be
shorted, and due to the inductive nature of the load, the output phases must not be
open. If the switch function of a switch Sij in Fig. 2.19 is defined as [1, 2].

SijðtÞ ¼
1 Sij is closed
0 Sij is open



i 2 a; b; cf g; j 2 A;B;Cf g ð2:46Þ

The following constraints are applied to the switching functions:

Saj þ Sbj þ Scj ¼ 1; j 2 A;B;Cf g ð2:47Þ

This constraint comes from the fact that MC is supplied from a voltage source
and generally feeds an inductive load. Connecting more than one input phases to
one output phase causes a short circuit between two input sources. Also, discon-
necting all input phases from an output phase results an open circuit in the load [3].

The aim of the modulation strategy is to synthesize the output voltages from the
input voltages and the input currents from the output currents.

The three-phase matrix converter can be represented by a set of three matrixes
from because the nine bidirectional switches can connect one input phase to one
output phase directly without any intermediate energy storage elements. Therefore,

Fig. 2.18 Tandem converter topology
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the output voltage and input currents of the matrix converter can be represented by
the transfer function T and the transposed TT such as

Vo ¼ T � Vi ð2:48Þ

VA

VB

VC

2
4

3
5 ¼

SaA SbA ScA

SaB SbB ScB

SaC SbC ScC

2
4

3
5 �

Va

Vb

Vc

2
4

3
5 ð2:49Þ

Ii ¼ TT � Io ð2:50Þ

The basic idea of the indirect modulation technique is to separate the control of
the input currents and output voltage. The transfer function T for the matrix
converter into the product of the rectifier transfer function and inverter transfer
function.

T ¼ R � I ð2:51Þ

SaA SaB SaC

SbA SbB SbC

ScA ScB ScC

2
4

3
5 ¼ S7 S8

S9 S10

S11 S12

2
4

3
5 � S1 S3 S5

S2 S4 S6

ffi 	
ð2:52Þ

The matrix converter model provides the basis to regard the matrix converter as
a back-to-back PWM converter without any DC-link energy storage. This means
the well-known space vector PWM strategies for VSI or PWM rectifier can be
applied to the matrix converter.

IaA

IaB

IaC

IcC

IbA

IbB

IcA

IcB

IcC

IA IB IC

Ia
Va

Vb

Vc

N 

VA

VB

VC

Fig. 2.19 A matrix converter circuit
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By substituting Eq. (2.52) into (2.49), we obtain

VA

VB

VC

2
4

3
5 ¼

S7 S8

S9 S10

S11 S12

2
4

3
5 � S1 S3 S5

S2 S4 S6

ffi 	
�

Va

Vb

Vc

2
4

3
5 ð2:53Þ

VA

VB

VC

2
4

3
5 ¼

S7 � S1 þ S8 � S2 S7 � S3 þ S8 � S4 S7 � S5 þ S8 � S6

S9 � S1 þ S10 � S2 S9 � S3 þ S10 � S4 S9 � S5 þ S10 � S6

S11 � S1 þ S12 � S2 S11 � S3 þ S12 � S4 S11 � S5 þ S12 � S6

2
4

3
5 �

Va

Vb

Vc

2
4

3
5

ð2:54Þ

Therefore, the indirect modulation technique enables well-known space vector
PWM to be applied for a rectifier as well as an inverter stage [4].

The model of matrix converter under MATLAB/Simulink is shown in figure
(Fig. 2.20).

2.2.7 Multilevel Converter

This topology provides higher voltage and power capability and has low-switching
losses, but it is a complex control with voltage unbalanced on DC-link.
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Fig. 2.20 Matrix converter model under MATLAB/Simulink
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2 level VSI

Three phase
2 level VSI

Three phase
2 level VSI

(a) (b)

(c) (d)

(e)

Fig. 2.21 Different multilevel topologies. a One inverter leg of a three level diode clamped
multilevel converter. b One inverter leg of three level multilevel converter with bidirectional
switch interconnection. c One inverter leg of three level flying capacitor multilevel converter.
d One inverter leg of three level converters consisting of H bridge inverters. e Three level
converters with three-phase inverters
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2.2.8 DC/DC Converter

There are three topologies of DC/DC converter which be used in wind energy
conversion system. They are the full bridge converter (FBC) using phase-shift
control, the single active bridge (SAB) converter, and the series parallel resonant
converter (SPRC) [9].

2.2.8.1 Full Bridge Converter

The most used topology in WECSs is the FBC (Fig. 2.22).

2.2.8.2 Single Active Bridge Converter

The SAB converter is shown in Fig. 2.24. It is looks similar to the FBC but due to
the voltage stiff output it behaves differently and accordingly it is controlled in a
different way [10] Fig. (2.23).

2.2.8.3 Resonant Converter

It is a combination of converter topologies or switching strategies that result in
zero voltage and/or zero current switching. The three most used resonant con-
verters are

• Series resonant converter SRC.
• Parallel resonant converter PRC.
• SPRC or LCC resonant converter. It is a combination of SRC and PRC topol-

ogies (Fig. 2.24).
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Fig. 2.22 Full-bridge converter (FBC)
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2.2.9 Load Modeling

The most important parameters to model a load are as follows:

• the voltage level,
• kind of source (DC or AC),
• the apparent short-circuit power,
• the short-circuit angle (Fig. 2.25).

Different terms are used to characterize a grid:

• transmission grid
• distribution grid
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Fig. 2.23 Single active bridge (SAB)
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Fig. 2.24 Half-bridge series parallel resonant converter (SPRC)
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• AC or DC grid
• stiff grid
• weak grid
• isolated grid.

2.2.10 Grid Model

We can represent electrical grid by a voltage source, short-circuit impedance, a
capacitor bank, a resistance for losses, and the generator used (Fig. 2.21).

2.3 Conclusion

This chapter focuses on wind energy conversion and power electronics modeling.
The energy conversion modeling has been presented with details of all its com-
ponents. The different structures of converters used in wind systems are also
presented. Some programs are given under MATLAB/Simulink. The global sys-
tem needs to be controlled and optimized.

References

1. Abdullah MA, Yatim AHM, Tan CW, Saidur R (2012) A review of maximum power point
tracking algorithms for wind energy systems. Renew Sustain Energy Rev 16:3220–3227

2. Hong YY, Lu S, Chiou CS (2009) MPPT for PM wind generator using gradient
approximation. Energy Convers Manage 50:82–89

Rsc Xsc
Electrical 
generator Grid 

RlossesCapacitor 
bank 

Fig. 2.25 Electrical grid model

2.2 Power Electronics Modeling 75



3. Kesraoui M, Korichi N, Belkadi A (2011) Maximum power point tracker of wind energy
conversion system. Renew Energy 36:2655–2662

4. Nakamura T, Morimoto S, Sanada M, Takeda Y (2002) Optimum control of IPMSG for wind
generation system. PPC-Osaka conf IEEE 3:1435–1440

5. Mahdi AJ, Tang WH, Jiang L, Wu QH (2010) A comparative study on variable-speed
operations of a wind generation system using vector control. ICREPQ’10: international
conference on renewable energies and power quality, pp 1–6

6. Idjdarene K (2010) Contribution à l’étude et la commande de génératrices asynchrones à cage
dédiées à des centrales électriques éoliennes autonomes. PHD, University of Bejaia-USTL de
Lille, Bejaia

7. Meharrar A, Tioursi M, Hatti M, Boudghène A (2011) Stambouli. Expert Syst Appl
38:7659–7664

8. Thongam JS, Ouhrouche M (2011) InTech book Chap. 15, (Fundamental and advanced
topics in wind power, 2011)

9. Datta R, Ranganathan VT (2003) A method of tracking the peak power points for a variable
speed wind energy conversion system. IEEE Trans Energy Convers 18(1):163–168

10. Munteanu I, Bratu AI, Cutululis NA, Ceanga E (2008) Optimal control of wind energy
systems. Springer-Verlag, London

76 2 Wind Energy Conversion and Power Electronics Modeling



Chapter 3
Optimisation of Wind System Conversion

3.1 Introduction to Optimization Algorithms

The output power of wind energy system varies depending on the wind speed. Due
to the nonlinear characteristic of the wind turbine, it is difficult to maintain the
maximum power output of the wind turbine for all wind speed conditions. There-
fore, over the years, several maximum power point tracking (MPPT) algorithms
have been developed to track the maximum power point of the wind turbine [1–34].

3.2 Maximum Power Point Tracking Algorithms

3.2.1 Perturb and Observe (P&O) Technique or Hill Climb
Searching (HCS)

Hill climb searching (HCS) or perturbation and observation (P&O) control is
usually used for the peak power of the wind turbine that will maximize the
extracted energy. This control efforts to climb the Pm(xm) curve in the direction of
increasing Pm, by varying the rotational speed periodically with a small incre-
mental step in order to reduce the oscillation around the MPP. The P&O algorithm
compares the power previously delivered after one disturbance. A flowchart of this
method is shown in Fig. 3.1.

The principle can be described as follows: As shown in Fig. 3.2, in the
ascending phase of the Pm(xm) characteristics and considering a positive change of
the rotational speed, the tracker generates a positive change Dxm [ 0, which
results in an increase in the delivered mechanical power and change of the
operating point Xi ði ¼ 1; 2; . . .; n� 1Þ. In this case, the rotational speed and the
Pm power increase up to a new point Xi + 1. Similar steps with opposite direction
can be done in the case of a decrease in the mechanical power, by setting X = xm;
the instantaneous rotational speed of the wind turbine follows the maximum power
point according to a predetermined rotational speed and power values. Under these

D. Rekioua, Wind Power Electric Systems, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6425-8_3, � Springer-Verlag London 2014
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conditions, the tracker seeks the MPP permanently. At specified wind speed, the
desired mechanical power is the solution of the nonlinear equation given by
(dPm=dxm ¼ 0).

The controlling rule for adjusting the step size varies from one group of studies
to another, depending on the disturbed variable [9, 15, and 30]. The magnitude of
the step size is the main factor determining the amplitude of oscillations that
allows the convergence rate to the final response. Nevertheless, a larger distur-
bance will lead to a higher value of oscillation amplitude around the peak point.
In this algorithm, there is a trade-off between the rate of response and the amount

Measure Ωt (t1), Tt(t1) 

Ωt -ref=Ω t (t1) 

Pt(t1)= Ωt (t1)*Tt(t1) 

Measure Ωt (t2), Tt(t2) 

Ω t -ref=Ωt (t2) 

Pt(t2)= Ωt(t2)*Tt(t2) 

ΔPt= Pt(t1)-Pt(t2) 

ΔPt 0 ?

Increase Ω tDecrease Ω t

YesNo

Beginning

Fig. 3.1 Flowchart of the P&O method
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of oscillations under steady state conditions. To overcome this trade-off, the step
size of varying amplitude can be applied. The step-size amplitude can be deter-
mined according to power variations based on the previously applied disturbance.
Therefore, larger step-size amplitude is selected when power is far from MPP due
to the larger magnitude of Pm(xm) slope and small amplitude is selected when
power is close to MPP. The step size is continually decreased until it approaches
zero in the aim to drive the operating point to settle down at the MPP.

The speed step is computed as:

DxmðkÞ ¼ C:
dPmðkÞ
dxmðkÞ

And the reference generator speed is computed as:

x�mðk þ 1Þ ¼ xmðkÞ þ DxmðkÞ ð3:1Þ

where: xm(K) and xm(K + 1) are generator speed values at sampling time (k) and
(k + 1), respectively, and (C) is the step change (Fig. 3.3).

3.2.1.1 Application Under Matlab/Simulink

We make an application of the P&O method in a wind system. The block diagram
under Matlab/Simulink can be represented in Fig. 3.4.

The turbine model is obtained using equations given in Chap. 1. We can
implement it under Matlab/Simulink in Fig. 3.5.
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The P&O method is represented in Fig. 3.6.
We make an application with a chosen wind speed profile (Fig. 3.7). We note

that the power coefficient Cp kept constant (Fig. 3.8) whatever the wind variations
and the reference torque follows the turbine torque (Figs. 3.9 and 3.10).

We note also that the turbine speed follows the wind profile (Fig. 3.11).
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3.2.2 Tip Speed Ratio Method

In order to have maximum possible power, the turbine should always operate at kopt.
The tip speed ratio (TSR) control method regulates the tip speed ratio to maintain it
to an optimal value, at which the rotational speed is optimum and the power
extracted is maximum. This control requires the knowledge of wind speed, the
turbine speed, and the reference optimal point of the TSR which can be determined
experimentally or theoretically [3]. The comparison of the TSR reference with the
actual value feeds this difference to the controller and gives the reference power.
Figure 3.12 shows the block diagram of a WECS with TSR method.

We make an application of the TSR method in a wind system. The block
diagram under Matlab/Simulink can be represented in Fig. 3.13.

The TSR method is represented in Fig. 3.14.
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3.2.3 Power Signal Feedback (PSF) Method

Power signal feedback method generates a reference power signal to maximize the
output power. However, it requires the knowledge of the wind turbine and max-
imum power curve which can be obtained from the experimental results or sim-
ulations [21]. Then, the data points for maximum turbine power and the
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corresponding wind turbine speed must be recorded in a lookup table [8, 11]. The
PSF control method regulates the turbine power to maintain it to an optimal value,
so that the power coefficient Cp is always at its maximum value corresponding to
the optimum tip speed ratio. Figure 3.15 shows the block diagram of a WECS with
TSR control.
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Maximum power output at different wind speeds can be expressed using
polynomial curve fit

Pm�opt ¼ �0:3þ 1:08 � V3
Wv
� 0:125 � V2

W þ 0:842 � V3
W ð3:2Þ

We can represent it in Fig. 3.16.
The block diagram of WTCS with PSF method under Matlab/Simulink is

represented in Fig. 3.17.
The PSF method is represented in Fig. 3.18.

Fig. 3.16 Maximum power using polynomial curve
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3.3 Optimal Torque Control

Optimal torque control (OTC) is a slight variant of PSF control [14]. It adjusts the
generator torque to its optimal at different wind speeds. However, it requires the
knowledge of turbine characteristics (Cpmax and kopt).

We have:

vwind ¼
R � xt

k
ð3:3Þ

We obtain the power function of rotational turbine speed

PtðxtÞ ¼
1
2
� CpðxtÞ � q � p � R4

k3ðxtÞ
� x3

t ð3:4Þ

With:

PtðxtÞ ¼ Tem � xt ð3:5Þ

Ct � xt ¼
1
2
� CpðkÞ � q � p � R2 � v3

wind ð3:6Þ

Then:

Tem ¼
1
2
� CpðxtÞ � q � p � R4

k3ðxtÞ
� x2

t ð3:7Þ

1

Tem ref

Epi          Spi

pi1
Lookup Table1

2

Pem

1

Wm

Fig. 3.18 PSF method
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Assuming optimal conditions, power value, speed, and optimal torque are given
by the following relations:

Popt ¼
1
2
� Cp�opt � q � p � R2 � v3

wind ð3:8Þ

xopt ¼
vwind � kopt

R
ð3:9Þ

Tem�opt ¼ Tem�ref ¼ Kopt � x2
opt ð3:10Þ

With:

Kopt ¼
1
2
� Cp�optðxtÞ � q � p � R4

k3
optðxtÞ

ð3:11Þ

Figure 3.19 shows the block diagram of a WECS with OTC.

Application sous Matlab/Simulink:
We make an application of the OTC method in a wind system. The block diagram
under Matlab/Simulink can be represented in Fig. 3.20.

The OTC method is represented in Fig. 3.21.
We make an application with a chosen wind speed profile (Fig. 3.22). We remark

that the power coefficient Cp kept constant (Fig. 3.23) whatever the wind variations
and the reference torque follows the turbine torque (Figs. 3.24 and 3.25).

A comparison between the three most used MPPT methods (P&O, PSF, and
TSR), has been made to show their performances (Figs. 3.26, 3.27 and 3.28).

ωm
2

Rectifier

Control

ωm 

load

Iq-ref

Tem

Tem-ref 

- +

Turbine

EG

Eq.109

Fig. 3.19 Optimal torque control of wind energy conversion system
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3.4 Sliding Mode Control

The advantages of sliding mode control are various and important: high precision,
good stability, simplicity, invariance, robustness, etc. This allows it to be partic-
ularly suitable for systems with imprecise model. Often it is better to specify the
dynamics system during the convergence mode. In this case, the controller
structure has two parts, one represents the dynamics during the sliding mode and
the other represents the discontinuous dynamics system during the convergence
mode.

The design of the control can be obtained in three important steps, and each step
is dependent on another one:

• The choice of surface

For a system defined by the following equation, the vector of surface has the same
dimension as the control vector (u).

_x ¼ A x; tð Þ � xþ B x; tð Þ � u ð3:12Þ

We find in scientific researches different forms of the sliding surface, and each
surface has better performance for a given application. In general, we choose a
nonlinear surface. The nonlinear form is a function of the error on the controlled
variable (x), and it is given by:

SðxÞ ¼ o

ot
þ kx

� �r�1

�e xð Þ ð3:13Þ

where e xð Þ ¼ x̂� x is the difference between the controlled variable x and its
reference x̂ , kx is a positive constant, r is the number of times to derive the
surface to obtain the control, and x is the controlled variable.

The purpose of the control is to maintain the surface to zero. This one is a linear
differential equation with a unique solution e(x) = 0 for a suitable choice of
parameter kx with respect to the convergence condition.

• The establishment of the invariance conditions

The conditions of invariance and convergence criteria have different dynamics that
allow the system to converge to the sliding surface and stay there regardless of the
disturbance: There are two considerations to ensure the convergence mode.

• The discrete function switching

This is the first convergence condition. We have to give to the surface a dynamic
converging to zero. It is given by:
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_S xð Þ[ 0 if S xð Þ\0
_S xð Þ\0 if S xð Þ[ 0

�
ð3:14Þ

It can be written as:

_S xð Þ � S xð Þ\0 ð3:15Þ

• Lyapunov function

The Lyapunov function is a positive scalar function for the state variables of the
system. The idea is to choose a scalar function to ensure the attraction of the
variable to be controlled to its reference value.

We define the Lyapunov function as follows:

V xð Þ ¼ 1
2
� S2 xð Þ ð3:16Þ

The derivative of this function is:

_V xð Þ ¼ S xð Þ � _S xð Þ ð3:17Þ

The function will decrease, if its derivative is negative. This is checked only if
the condition (Eq. 3.25) is verified.

• Determination of the control law

The structure of a sliding mode controller consists of two parts. The first one
concerns the exact linearization ueq

� �
, and the second one concerns the stabil-

ization unð Þ.

u ¼ ueq þ un ð3:18Þ

where ueq corresponds to the control. It serves to maintain the variable control on
the sliding surface.

un is the discrete control determined to check the convergence condition
(Eq. 3.15).

We consider a system defined in state space, and we have to find analogical
expression of the control (u).

_S xð Þ ¼ oS

ot
¼ oS

ox
� ox

ot
ð3:19Þ
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Substituting Eqs. 3.17 and 3.13 in Eq. 3.19, we obtain:

_S xð Þ ¼ oS

ox
� A x; tð Þ þ B x; tð Þ � ueq

� �
þ oS

ox
� B x; tð Þ � un ð3:20Þ

We deduce the expression of the equivalent control:

ueq ¼ �
oS

o t
� B x; tð Þ

� ��1

� oS

o t
� A x; tð Þ ð3:21Þ

For the equivalent control can take a finite value, it must:

oS

ox
� B x; tð Þ 6¼ 0 ð3:22Þ

In the convergence mode and replacing the equivalent control by its expression,
we find the new expression of the surface derivative:

_S x; tð Þ ¼ oS

ox
� B x; tð Þ � un ð3:23Þ

And the condition expressed by Eq. 3.14 becomes:

S x; tð Þ � oS

ox
� B x; tð Þ � un\0 ð3:24Þ

The simplest form that can take the discrete control is as follows:

un ¼ ks � sign S x; tð Þð Þ ð3:25Þ

where the sign of ks must be different from that of oS
ox � B x; tð Þ.

3.5 Fuzzy Logic Controller Technique

Fuzzy logic controller (FLC) is introduced to determine the operating point cor-
responding to the maximum power for different wins speed. In this case, inputs of
the FLC are power variation (DPwind) and speed variation (DXt). The output is
reference voltage variation (DXt,ref). In order to converge toward the optimal point,
rules are relatively simple to establish. These rules depend on the variations of
power DPwind and voltage DXt. In accordance with Table 3.1, if the power (Pwind)
increased, the operating point should be increased as well. However, if the power
(Pwind) decreased, the speed (Xt,ref) should do the same.
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From these linguistic rules, the MPPT algorithm contains measurement of
variation of wind power DPwind and variation of turbine speed DXt proposes a
variation of DXt,ref according to Eq. 3.26.

DPwind ¼ PwindðkÞ � Pwindðk � 1Þ
DXt ¼ XtðkÞ � Xtðk � 1Þ
Xt�refðkÞ ¼ Xtðk � 1Þ þ Xt�refðkÞ

8><
>: ð3:26Þ

where Pwind(k) and Xt(k) are the power and speed of the turbine at sampled times
(k), and DXt,ref (k) is the instant of reference speed.

The block FLC includes three functional blocks: fuzzification, fuzzy rule
algorithm, and defuzzification (Fig. 3.29).

Figure 3.30 shows the membership function of input and output variables in
which membership functions of input variables DPwind and DXt are triangular and
have seven fuzzy subsets. Seven fuzzy subsets are considered for membership
functions of the output variable DXt,ref.. These inputs and output variables are

Table 3.1 Fuzzy rule table

DPwind

DXt

BN MN SN Z SP MP BP

BN BP BP MP Z MN BN BN
MN BP MP SP Z SN MN BN
SN MP SP SP Z SN SN MN
Z BN MN SN Z SP MP BP
SP MN SN SN Z SP SP MP
MP BN MN SN Z SP MP BP
BP BN BN MN Z MP BP BP

Ω t ,ref [k]
Ω t ,ref[k]

Tem_refSpeed 

regulator

+ 

+ 

FLC 

MPPT

 Pwind[k]

Pwind[k-1]

+

- 

 Pwind

Ωt [k]

Ωt [k-1]

+ 

- 

Ω t

+ 

- 

Ω t,m

Fig. 3.29 Structure of fuzzy controller MPPT wind applied to the system
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expressed in terms of linguistic variables (such as big negative (BN), means
negative (MN), small negative (SN), zero (Z), small positive (SP), means positive
(MP), and big positive (BP).

We can represent the WECS controlled by FLC as in Fig. 3.31.

3.6 Adaptative Fuzzy Logic Controller

The adaptative fuzzy logic controller (AFLC) is improved from scaling FLC if any
one of its tunable parameters (membership functions, fuzzy rules, and scaling
factors) changes when the controller is being used, if not, it is a conventional fuzzy
controller. The error (e) and the variation error (De) of the system and of the
modifier-based learning are used to modify the fuzzy parameters to optimize
system operation. The errors are given by [34]:

eðkÞ ¼ Pwindðk þ 1Þ � PwindðkÞ
Xtðk þ 1Þ � XtðkÞ

ð3:27Þ

BN MN SP BPZ 

-1 0 1

wind,ref) 

SN MP

2/31/3-1/3-2/3 t

wind wind

BN MN SP BPZ

-1 0 1 

wind) 

SN MP

-2/3 -1/3 1/3 2/3

1

0

Fig. 3.30 Membership functions of DPwind, DXt, and DPwind,ref
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And the error variation De(k) is

DeðkÞ ¼ eðk þ 1Þ � eðkÞ ð3:28Þ

The input e(k) shows if the load operation point at the instant k is located on the
left or on the right of the maximum power point, while the input De(k) expresses
the moving direction of this point. The fuzzy parameters can be adjusted using the
following condition: If e\e (limit value), then the modifier-based learning will be
selected. The controller Mamdani type with seven classes’ membership functions
is represented in Table 3.2.

The AFLC method is composed of two parts: the fuzzy logic control and
adaptive mechanism. The FLC is one part of AFLC, which is composed of three
units: fuzzification, fuzzy rules, and defuzzification [34] (Fig. 3.32).

Figure 3.33 shows the membership function of AFLC.

3.7 Artificial Neural Networks Method

Artificial neural networks (ANN) are electronic models based on the neural
structure of the brain. This function permits ANNs to be used in the design of
adaptive and intelligent systems since they are able to solve problems from

Fuzzy controller

DC/AC

3------2

A
C/DC

Fuzzy controller

Vdcref Vgref

ω t Pg

EG

Fig. 3.31 Wind energy conversion system controlled by fuzzy logic controller
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previous examples. ANN models involve the creation of massively paralleled
networks composed mostly of nonlinear elements known as neurons. Each model
involves the training of the paralleled networks to solve specific problem [33].
ANNs consist of neurons in layers, where the activations of the input layer are set
by an external parameter. Generally, networks contain three layers—input, hidden,
and output. The input layer receives data usually from an external source, while
the output layer sends information to an external device. There may be one or
more hidden layers between the input and output layers. The back-propagation
method is the common type of learning algorithm [33].

Table 3.2 Modified fuzzy rules table

Error (e) Variation error (De)

NB NM NS Z PS PM PM

NB NB NB NM Z Z Z Z
NM NB NM NM Z NM PS PS
NS NB NB NB NB PM PS PM
Z NB NB NS Z PS PM PB
PS NM NS Z PS PM PB PB
PM NS PB PB PB PB PB PB
PB Z PB PB PB PB PB PB

Fuzzy Knowledge base controller

Learning mechanism

FUZZIFICATION INFERENCE DEFFUZIFICATION

Rules

Knowledge base

Inverse Fuzzy 
model

Knowledge-base Modifier

• Scalling
• Fuzzy set
• Rules base

e(k)

Δe(k)

Fig. 3.32 Block diagram of adaptative fuzzy logic controller
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3.8 Radial Basis Function Network

Radial basis function network (RBFN) has a similar feature to fuzzy system. The
output value is calculated using the weighted sum method, and the number of
nodes in the hidden layer of the RBFN is the same as the number of if–then rules in
the fuzzy system. The receptive field functions of the RBFN are similar to the
membership functions of the premise part in the fuzzy system. An application of
RBFN on a wind energy conversion system is represented in Fig. 3.34. The
electrical generator is driven by a wind turbine supplying the power to a load (grid
for example), through back-to-back converters. To control the DC/AC converter,
we use an MPPT (P&O and RBFN) control for maximizing power and a PWM
control. The reference dc voltage Vdcref is obtained using P&O method and RBFN
controller force Vdc to follow its reference Vdcref and adjust the load current ref-
erence ILoadref for the PWM inverter control (Figs. 3.35 and 3.36).

3.9 Particle Swarm Optimization Method

Particle swarm optimization (PSO) method applies an analogy of swarm behavior
of natural creatures (birds or fish), for example, the schooling of fish and the
flocking of birds. Birds usually seek food (their objective) in swarms. Each indi-
vidual bird (agent) reconfigures its behavior, based on its own experience and the
experiences of other [30–32].

A swarm is a population of particles, and each particle flies toward the optimum
or a quasi-optimum solution based on its own experience, experience of nearby
particles, and global best position among particles in the swarm. At time t, each
particle i has its position Xi

t and a velocity Vi
t in a variable space. The velocity and

position of each particle change in the next generation (Xkþ1
i , Vkþ1

i ) (Fig. 3.37).
Where i individual particle, Xk

i current position of the particle i, Xkþ1
i modified

position of the particle i. Pbesti velocity based on personal best, Gbesti velocity
based on global test, Vk

i current velocity of the particle i, and Vkþ1
i modified

velocity of the particle i.

Fig. 3.33 Membership
functions of AFLC method
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3.9.1 Adaptative Neuro-Fuzzy Inference System

The adaptative neuro-fuzzy inference system (ANFIS) controller is designed and
adapted to tracking a maximum power of the wind. ANFIS is the integration of
artificial neural networks and fuzzy inference systems [33]. Neural network (NN)
is used to adjust input and output parameters of membership function in the FLC.
A typical architecture of a neuro-fuzzy network for two inputs (x and y) is shown
in Fig. 3.38.

The first layer is called input layer. Each node of this layer stores the parameters
to define a bell-shaped membership function. In the second layer, each node per-
forms connective operation ‘‘AND’’ within the rule antecedent to determine the
corresponding firing, and the nodes of layer 3 perform a normalization process to
produce the normalized firing strength. The fourth layer deals with the consequent
part of the fuzzy rule. The node of this layer is adaptive with output. Finally, the fifth
layer which is the final output is the weighted average of all rule outputs [33].

The first of three input signals of ANFIS is the error signal e(t), the second one
is the changing of error signal depending on time de(t)/dt, and the third input signal
of ANFIS is the value of power Pmec.

load

Turbine

Rectifier

Fig. 3.34 ANN control of wind energy conversion system
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Fig. 3.35 ANN training
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We have:

eðtÞ ¼ xt � xt�nom ð3:29Þ

And:

deðtÞ
dt
¼ xt � xt�nom

dt
ð3:30Þ

PWM

DC/AC

EG

AC/DC

P&O

VdcIdc

Vdcref

MPPT

RBFN
ILoadref Iload

Fig. 3.36 Wind energy conversion system with RBFN controller
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Fig. 3.37 PSO concept
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3.9.2 Comparison Between Different Optimization Methods

MPPT
methods

Proprieties

TSR • Regulates the wind turbine rotor speed to maintain an optimal tip speed ratio
• The TSR direction control method is limited by the difficulty in wind speed and

turbine speed measurements
PSF • Requires the knowledge of the wind turbine’s maximum power curve and tracks

this curve through its control mechanisms.
HCS or P&O • Its purpose is to search continuously for the peak output power of the wind

turbine
• It is a popular method due to its simplicity and independence of system

characteristics
• It can be fast and effective in spite of the variations in wind speeds and the

presence of turbine inertia
• It is simple to implement

SMC • High precision
• Good stability
• Simplicity, invariance
• Robustness, etc.

(continued)
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Fig. 3.38 General structure of neuro-fuzzy controller
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(continued)

MPPT
methods

Proprieties

FLC • Can reduce the effect of cutting force disturbances
AFLC • Can perform an adaptive fuzzy inference process using various inference

parameters, such as the shape and location of a membership function,
dynamically and quickly

PSO • It applies an analogy of swarm behavior of natural creatures (birds or fish)
• It finds the optimal solution using a population of particles and forces the system

to reach its equilibrium quickly where the turbine inertia effect is minimized
WRBFM • Maintain the system stability and reach the desired performance even with

parameter uncertainties
ANN • Do not require mathematical models and have the ability to approximate

nonlinear systems
RBFM • It has a similar feature to the fuzzy system

• It is very useful to be applied to control the dynamic systems
ANFIS • It is the integration of artificial neural networks and fuzzy inference systems
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Chapter 4
Modeling of Storage Systems

4.1 Introduction

Energy storage is a dominant factor. It can reduce power fluctuations, enhance
system flexibility, and enable the storage and dispatch of electricity generated by
variable renewable energy sources such as wind and solar. Different storage
technologies are used with wind energy system or with hybrid wind systems. It can
be electrical, chemical or electrochemical, mechanical, or thermal. Energy storage
facility is comprised of storage medium, power conversion system, and balance of
plant.

4.2 Electrochemical Storage

4.2.1 Electrochemical Batteries

The desired battery is obtained when two or more cells are connected in an
appropriate series/parallel arrangement to obtain the required operating voltage
and capacity for a certain load (Fig. 4.1).

In the market, there are many different types of batteries and most of them are
subject to further research and development. In PV systems, several types of batteries
can be used: nickel–cadmium (Ni–Cd), nickel–zinc (Ni–Zn), lead–acid, etc. Nev-
ertheless, it must have some important properties as high charge or discharge effi-
ciency, low self-discharge, long life under cyclic by charging or by discharging, etc.

4.2.1.1 Nickel–Cadmium Batteries

The Ni–Cd batteries are commonly known as relatively cheap and robust. The
positive nickel electrode is a nickel hydroxide/nickel oxyhydroxide (Ni(OH)2/
NiOOH) compound, while the negative cadmium electrode consists of metallic

D. Rekioua, Wind Power Electric Systems, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6425-8_4, � Springer-Verlag London 2014
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cadmium (Cd) and cadmium hydroxide (Cd(OH)2). The electrolyte is an aqueous
solution of potassium hydroxide (KOH). Due to its disadvantage of life span and
environmental technology of cadmium, Ni–Cd batteries are not very applicable in
WECS.

4.2.1.2 Nickel–Hydrogen Batteries

Nickel–Hydrogen battery has some advantages as long cycle, resistance to over-
charge, and good energy density, but it has high cost, high cell pressure, and low
volumetric energy density. It is used generally in space applications and com-
munication satellites.

4.2.1.3 Nickel–Metal Hydride Batteries

These batteries are used generally in commercial consumer product. Their dis-
advantages are high self-discharge and failure leading to high pressure.

4.2.1.4 Nickel–Zinc Batteries

The positive electrode is the nickel oxide, but the negative electrode is composed
of zinc metal. In addition to better environmental quality, this type of battery has a
high energy density (25 % higher than nickel–cadmium).

Electrolyte

-+
plate

Fig. 4.1 Battery cell
composition
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4.2.1.5 Lead–Acid Batteries

The lead–acid batteries are the most used in PV applications especially in stand-
alone power systems because of its spill proof and the ease to transport. The lead–
acid battery consists of two electrodes immersed in sulfuric acid electrolyte. The
negative one is attached to a grid with sponge metallic lead, and the positive one is
attached to a porous grid with granules of metallic lead dioxide.

There are two types of lead–acid batteries (Fig. 4.2):

• flooded (FLA)
• valve-regulated (VRLA).

In wind energy conversion system, electrochemical batteries are often used due
to their advantages, but due to their disadvantages (smaller power density, low
depth of discharge, life cycle, lifetime, etc…), research is focused on ultra-battery
(see Sect. 4.5.1) which is a battery with integrated super capacitor in one unit cell
providing high power discharge and charge with a long, low-cost life [1].

4.2.1.6 Sodium–Sulfur Batteries

In a sodium–sulfur (NaS) battery, sodium and sulfur are in liquid form and are the
electrodes, sodium being the cathode and sulfur being the anode. They are sepa-
rated by alumina which has the role of electrolyte. This one allows only the
positive sodium ions to go through it and combine with the sulfur to form sodium
polysulfide. This type of battery has a high energy density, high efficiency of
charge/discharge (89–92 %), and long life cycle, and it is fabricated from inex-
pensive materials (Fig. 4.3).

Due to their advantages (high energy density, high number of cycles), Nas
batteries are very used in WECS.

Negative
Plate

Positive
plate

Grid

Separator
Grid

Fig. 4.2 Lead–acid battery
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4.2.1.7 Sodium–Nickel Chloride Batteries

Sodium–nickel chloride battery is also known as Zero Emission Battery Research
Activity (ZEBRA) battery, and it is a system operating at around 270–350 �C. The
chemical reaction in the battery converts sodium chloride and nickel to nickel
chloride and sodium during the charging phase. During discharge, the reaction is
reversed. Each cell is enclosed in a robust steel case. A ZEBRA battery is designed
for a 2 h discharge with peak power capability as required.

They are used in WECS because of their advantages as high energy density and
resistant for short circuits.

4.2.1.8 Lithium-ion Batteries

The operation of Lithium-ion (Li-ion) batteries is based on the transfer of lithium
ions from the positive electrode to the negative electrode during charging and vice
versa during discharging. The positive electrode of a Li-ion battery consists of one
of a number of lithium metal oxides, which can store lithium ions, and the negative
electrode of a Li-ion battery is a carbon electrode. The electrolyte is made up of
lithium salts dissolved in organic carbonates.

Lithium-ion batteries are very used in WECS due to their advantages as small
self-discharge and long life for deep cycles.

Fig. 4.3 Sodium–sulfur cell
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4.2.1.9 Flow Batteries or Vanadium Redox Flow Battery

The vanadium redox flow battery (VRB) stores energy in two tanks that are
separated from the cell stack.

There are three kinds of flow batteries:

• Vanadium Redox (VR),
• Polysulphide Bromide (PSB),
• Zinc Bromine (ZnBr).

The flow battery process is explained in Fig. 4.4.
In flow batteries, energy is stored as a potential chemical energy and it is stored

in the electrolyte solutions. The advantages of VRB are [2]:

• increasing energy densities by more than 70 % due to increased vanadium ion
concentrations

• operation at increased current densities
• increasing the operating temperature window
• storing of megawatts/megawatt-hours of power and energy in simple designs
• flexibility to design power and energy capacities separately
• discharging power for up to 12 h at a time
• quickly brought up to full power when needed

Electrolyte 
tank

Electrolyte 
tank
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le

ct
ro

de
s
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le
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+ -

Loads

Pump Pump

Fig. 4.4 Flow battery process
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• long life cycle ([5,000 deep cycles) due to excellent electrochemical reversibility
• high energy efficiencies
• uses no highly reactive or toxic substances, minimizing safety and environ-

mental issues
• sits idle for long periods of time without losing storage capacity
• low maintenance cost.

For all these advantages, the VRB is an excellent candidate for wind
applications.

4.2.2 Electrochemical Battery Model

The simplest models are based solely on electrochemistry. These models can
predict energy storage, but they are not able to model phenomena such as the time
rate of change of voltage under load nor do they include temperature and age
effects. A cell is characterized by its capacity. It is an amount of electricity,
expressed in Ah, and it is able to return after a full charge and discharge at a
constant current. This capacity varies depending on several factors, such as the
intensity of discharge, temperature, and electrolyte concentration.

The Peukert equation (Eq. 1.19) is an empirical formula which approximates
how the available capacity of a battery changes according to the rate of discharge
[2–20].

In
batt � t ¼ C ð4:1Þ

where Ibatt the discharge current, n the Peukert constant.
The Peukert constant increases with age for any of the battery types (Table 4.1).
t is the time to discharge at current Ibatt, C is the capacity according to Peukert,

at a one-ampere discharge rate, expressed in Ah.
Equation (4.1) shows that at higher currents, there is less available capacity in

the battery. The Peukert constant is directly related to the internal resistance of the
battery and indicates how well a battery performs under continuous heavy cur-
rents. We can relate the discharge current at one discharge rate to another com-
bination of current and discharge rate. Then, we obtain [20–31]:

C1 ¼ C2 �
Ibatt 2

Ibatt 1

� �n�1

ð4:2Þ

where C1 and C2 are capacities of the battery at different discharge-rate states.
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The state of charge (SOC) at a constant discharge rate can be obtained by the
following equation:

SOCðtÞ ¼ 1� Ibatt

C

� �
� t ð4:3Þ

The current is continuously variable over time. We discredit then the above
equation by considering the constant current between two calculation steps. We
can determine the expression of the change in charge state of the cell at time tk:

DSOCðtkÞ ¼
Ibatt k

C1
� Ibatt k

Ibatt 1

� �n�1

�Dt ð4:4Þ

This approach also takes into account the phases of recharging the battery.
Indeed, if the current in the cell becomes negative, its state of charge increases.
Ultimately, cell state of charge expressed by:

SOCðtkÞ ¼ SOCðtk�1Þ þ DSOCðtkÞ ð4:5Þ

These models are modeling the batteries in the shape of electronic circuits.
There are many models proposed by different scientific research.

An application is made under Matlab/Similink, using CIEMAT model (Fig. 4.5).
Some simulation results are presented (Fig. 4.6).

4.3 Hydrogen Energy Storage

Generally, hydrogen system consists of an electrolyzer, a pressurized gas store and
fuel cells. The electrolyzer converts electrical energy into chemical energy in the
form of hydrogen during times of surplus electrical supply. This hydrogen is stored
until there is a shortage of electrical energy to power the loads on the system, and
then, it is reconverted by a fuel cell (hydrogen and air oxygen) to electricity.
Hydrogen can store energy for long periods. Different hydrogen storage modes are
used:

• compressed,
• liquefied,
• metal hydride,
• etc.

Table 4.1 Peukert constant [11]

AGM
batteries

Gel
batteries

Flooded
batteries

Typical lead–acid
batteries

Lithium-ion
batteries

1.05–1.15 1.1–1.25 1.2–1.6 1.35 1.1
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For example, for a wind system or an hybrid wind/photovoltaic (or hydro)
system supplying a load (Fig. 4.7), we can add battery system for short-term
storage and also to stabilize the system against fluctuations in energy sources, but
for a long-term storage, an electrolyzer coupled to a hydrogen storage tank is used.

The system management operates as (Fig. 4.8):

• When the energy demand loads are less than the production of wind and solar
panels, the excess energy is sent to the electrolyzer to produce the hydrogen and
then store it.

• When energy demand exceeds energy load capacity available, the stored
hydrogen is regenerated into electricity via cell fuel.

Different Wind or hybrid system structures with hydrogen storage are proposed
in scientist research and some of them are real implanted systems. In wind energy
conversion system, hydrogen energy storage (HES) with all advantages (higher
energy density and lower per volume than a gasoline,…) is one of the best storage
solutions to suppress fast wind power fluctuations (Figs. 4.9, 4.10).
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4.4 Mechanical Storage

4.4.1 Flywheel Energy Storage

Flywheel electric energy storage system includes a cylinder with a shaft connected
to an electrical generator. Electric energy is converted by the generator to kinetic
energy which is stored by increasing the flywheel’s rotational speed. The stored
energy is converted to electric energy via the generator, slowing the flywheel’s
rotational speed.

For wind standalone applications, storage cost still represents the major eco-
nomic restraint. Energy storage in wind systems can be achieved in different ways.
However, the inertial energy storage adapts well to sudden changes of the power
from the wind generator. Moreover, it allows obtaining high power to weight and
number of charge cycles and discharge very high.

Battery System 

PV or Hydro

wind Loads

PAC

Hydrogen 
storage

Electrolyser

Fig. 4.7 Hybrid wind/photovoltaic system with hydrogen storage supplying a load
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The reference speed for the flywheel is determined by:

Xref ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ec ref

Jt

r
ð4:6Þ

with:

Jt ¼ JIG þ JFlywheel ð4:7Þ

The reference speed is limited in order to maintain the IG in the area of
operation at constant power and not exceed the maximum speed of the flywheel.

Figure 4.11 represents the torque and power as a function of speed. We notice
that:

• For 0�X�Xrated, the torque may be maximal giving up a power proportional
to the speed PIG ¼ k � X:

• For X i Xrated, the power is maximum and corresponds to the rated power of the
machine, and the electromagnetic torque is inversely proportional to the speed
Tem ¼ k

X :

Energy demand Load EDL 

Energy production 
Epr=Ewind+Epv

EDL< Epr 

?

ΔE= Epr -EDL Electrolyser

Hydrogen 
production

Hydrogen 
storageFuel cells

Electricity 
production

Bus continuLoad

Fig. 4.8 Energy management of a wind/PV system with hydrogen storage
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So, if we want to have the machine rated power, it is necessary to use it beyond
its rated speed, which lets us to consider the speed as the lower limit storage and
the dual value of speed as the upper limit storage.

Thus, a field-weakening operation will be necessary to obtain a constant power
in the speed range 1,500–3,000 rpm.

The reference flux is then determinate by:

Uref ¼
Urated ) if Xj j �Xrated

Urated � Xrated

Xj j ) if Xj j i Xrated

�
ð4:8Þ

with X flywheel speed, Xrated: rated speed, Urated: rated flux, and Uref: reference
flux.

In wind energy conversion system, flywheel energy storage (FES) is able to
suppress fast wind power fluctuations. We make an application to a WECS based

PV or Hydro

Wind Residential 
stand-alone 

PAC

Hydrogen 
 storage

Electrolyser

Water Heat

Heat

Electricity

Grid

Hydrogen 
compression

Hydrogen 
refueling

Hydrogen 
distribution

Fig. 4.9 Production of electricity and heat of a hybrid wind/PV (or hydro) system with hydrogen
storage
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on induction generator. The system is constituted of a wind turbine, an induction
generator, a rectifier/inverter, and FES system (Fig. 4.12).

The goal of the device is to provide a constant power and voltage to the load
connected to the rectifier/inverter even if the speed varies. This can be achieved
mainly by the control of the DC bus voltage at a constant value, and the FES
system participates to maintain the power of the load constant as long as the wind
power is sufficient. To control the speed of the FES system, we must find reference
speed with which the system must turn to ensure the energy transfer required at
each time. The reference speed can be determinate by the reference energy. The
power assessment of the overall system is given by [32]:

(a) (b)

Fig. 4.10 Flywheel system a For long term (more than 1 h). b For short term (less than 1 min)

(rd/s)

P (W)

Prated

rated 2. rated

(rd/s)

Tem (N.m)

Tem max

rated 2. rated

Fig. 4.11 Power and torque as a function of speed
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Pref ¼ Pload � Pwind � DP ð4:9Þ

where Pref is the reference power, Pload the load power, Pwind the wind power, and
DP is the power required to control the DC voltage Vdc at constant value.

The application is made under Matlab/Simulink under a wind power profile
which provides power continuously required by the load through the SISE.
Figure 4.13 shows the development of wind power which varies between 1,000
and 2,400 W. We note that the power supplied to the load is kept constant through
the FES system. Figure 4.14 corresponds to the storage power FES system. This
power can be positive or negative. It depends on the wind power and the power
load required. We note that it is positive when the wind power produced is greater
than the load power required by the load and is negative when there is a less power
produced compared with that of the load. Flywheel speed and the reference speed
are represented in Fig. 4.15 [34].
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The rotational speed increases when the energy is transferred to the flywheel
and decreases when the flywheel is unloaded. The electromagnetic torque follows
the evolution of the speed (Fig. 4.16). To regulate the bus voltage, we need a
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required power represented in Fig. 4.17. The voltage DC bus is kept constant
around 465 V, with an overshoot at startup by about 10 % (Fig. 4.18). Variations
of stator flux are represented in Fig. 4.19. The flux Usa, and Usb follows the

0 5 10 15 20 25 30
-2500

-2000

-1500

-1000

-500

0

P
(W

)

t(s) 

windP

loadP

Fig. 4.14 Wind and load
power

0 5 10 15 20 25 30
-1000

-800

-600

-400

-200

0

200

400

600

800

1000

t(s) 

P F
ly

w
(W

)

Fig. 4.15 Power storage
SISE

0 5 10 15 20 25 30
-200

-180

-160

-140

-120

-100

-80

-60

-40

-20

0

t(s) 

ΔP
(W

)

Fig. 4.16 Power of the DC
bus

122 4 Modeling of Storage Systems



variations of the speed and does not exceed the nominal flux. The results of
simulation clearly show the good operation of the FES system storage (Fig. 4.20).

The simulation stator flux trajectory is represented in Figs. 4.21 and 4.22.
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4.4.2 Pumped Hydro Energy Storage

Pumped Hydro Energy Storage (PHES) system consists of a pumped hydro system
with two large water reservoirs (upper and lower), electric machine (motor/gen-
erator), and reversible pump-turbine group (Fig. 4.23).
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It is considered an attractive alternative for energy storage due to its main
advantages:

• provides ancillary services at high ramp rates,
• provides benefits from intraday energy price variation (releasing energy at high

demand periods and buying energy at off-peak periods).
• can be started up in few minutes
• its autonomy depends on the volume of stored water.

4.4.3 Compressed Air Energy Storage

The basic idea of compressed air energy storage (CAES) is to compress air using
inexpensive energy, and in its turn, the compressed air (released into a combustion
turbine generator system and sent through the system’s turbine) is used to generate
energy. There are two types of storage:
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Fig. 4.24 Compressed air energy storage basis
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• compressed air is stored in underground geologic formations (salt formations,
aquifers) for larger CAES plants,

• compressed air is stored in tanks or large on-site pipes for smaller CAES plants.

The proposed system in Fig. 4.24 is able to provide large energy storage.
In offshore wind systems, we use pipelines as an alternative storage for com-

pressed air. CAES is good storage solution for WECS onshore or in offshore.

4.5 Electromagnetic Storage

4.5.1 Supercapacitor Energy Storage

It is known as electric double-layer capacitors, as super capacitors (SC), electro-
chemical double-layer capacitors (EDLCs), or ultra-capacitors. They use polarized
liquid layers between conducting ionic electrolyte and conducting electrode to
increase the capacitance. They allow a much higher energy density, with a high
power density, but the voltage varies with the energy stored and it has a highest
dielectric absorption. Their important parameter is the relatively low, state-of-
charge-dependent maximum voltage of 2.5 V and a great efficiency (around 95 %).

In wind energy conversion system, supercapacitor energy storage (SES) is used
to suppress fast wind power fluctuations, but with a small timescale, thus they can
be considered only as a support for wind turbine systems, and generally they are
combined with a battery system as an hybrid storage system.

4.5.2 Superconducting Magnetic Energy Storage

This system consists essentially of a coil of cryogenically cooled with a super-
conducting material, a power conditioning system and a refrigeration system.
Energy is stored in the magnetic field created by the flow of direct current in the
coil. This one can be stored as long as the refrigeration is operational.

The main advantage of this system is its great efficiency and can be applied to
systems requiring continuous operation and a large number of complete cycles of
discharge load.

In wind energy conversion system, superconducting magnetic energy storage
(SMES) is generally not used due to the coil which is very sensitive for temper-
ature changes.
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4.6 Thermal Energy Storage

In thermal energy storage system, we use materials that kept at high /low tem-
perature in enclosures. We use after a heat engine to produce electrical energy,
which will be powered by heat/cold recovered. Energy input can be provided by
electrical resistance heating or by refrigeration/cryogenic procedures. The main
applications of thermal energy storage (TES) system are [33]:

• industrial cooling (below -18 �C)
• building cooling (at 0–12 �C),
• building heating (at 25–50 �C)
• industrial heat storage (higher than 175 �C).

4.7 Conclusion

There are various energy storage systems. Each one of them has its proper pro-
prieties as lifetime, costs, density, and efficiency. Generally, for applications, we
can summarize as:

• For energy management applications, we use PHS, CAES, electrochemical
batteries, flow batteries, fuel cells, solar fuels, and TES.

• For power quality and short duration, we use flywheels, batteries, capacitors,
and super capacitors.

• Others applications, we use batteries, flow batteries, fuel cells, and Metal–Air
cells.

We summarized in Table 4.2 the most storage technologies used in wind energy
conversion system.
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Chapter 5
Control of Wind Turbine Systems

5.1 Basic Principles of Wind Turbine Control Systems

The time constants of the electrical system are much lower than that of other parts
of the aerogenerator. This allows to separate the control of the electrical machine
from the aeroturbine and to define two levels of control.

• A control module of level 1 is applied to the electric generator via the power
converter and the pitch system.

• A control module of level 2 which provides inputs b� and T�em of level 1. This
control configuration is shown in Fig. 5.1.

Control level 2 of the aerogenerator can be performed without modeling the
electrical part. This approach is often used in the specific literature to the aero-
generator control. However, we can find many works dedicated specifically to the
electrical part control we can mention.

5.2 Level 1 (Mechanical Part)

5.2.1 No Linear Control by Static State Feedback

We assume that the wind speed is measured. The control laws developed here can
be applied to large wind turbines. ~vwind is a fictive measure of the wind speed. We
can rebuild the aerodynamic torque from this measure and that of the rotor speed
~xt

~Ta ¼
1
2

qpR3Cqð~kÞ~m2
wind ð5:1Þ

D. Rekioua, Wind Power Electric Systems, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6425-8_5, � Springer-Verlag London 2014
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with

~k ¼ ~xtR

~vwind

ð5:2Þ

It is also assumed that the rotor speed xt measurement is available. According
to the dynamic equations of the system, we have:

_xt ¼
1
Jt

Ta �
Kt

Jt
xt �

1
Jt

Tg ð5:3Þ

We will use a linearizing control Tg which reduces the system to a single
integrator with a new input w

_xt ¼ w ð5:4Þ
That control is given by:

Tg ¼ Jt
1
Jt

Ta �
Kt

Jt
xt � w

� �
ð5:5Þ

Tracking error is defined by:

ex ¼ xtopt
� xt ð5:6Þ

Control of the 
turbine

Pitch control 

Torque control 
∗

emT

∗β

β

emT

tω

e P

Level 2 Level 1

Fig. 5.1 Control levels of a variable wind speed

134 5 Control of Wind Turbine Systems



where

xtopt
¼ koptvwind

R
ð5:7Þ

xtopt
is the rotor’s speed which allows to have a specific speed corresponding to the

optimal value of the power coefficient CpðkÞ.
We want to impose to the error ex a dynamic of first order

_ex þ a0 ex ¼ 0; a0 [ 0 ð5:8Þ

Similarly, we obtain the expression

w ¼ _xtopt
þ a0 xtopt

� xt

� �
ð5:9Þ

Hence, the control:

Tg ¼ Ta � Ktxt � a0Jtex � Jt _xtopt
ð5:10Þ

The choice of the dynamic of the tracking error of the first order is due to the
fact that the relative degree of the system is equal to 1.

This control by static state feedback leads to good feedback in the lack of
disturbance, but if not, it has the disadvantage of not rejecting these disturbances.

We make an application under MATLAB/SIMULINK. The simulation was
performed under the following conditions:

• Lack of additive disturbance to the generator torque.
• A profile of an average wind velocity of 7 m/s.

The characteristics of the controlled wind turbine are shown in Fig. 5.1, which
are the wind speed, the aerodynamic torque, rotor speed and its optimal reference,
the aerodynamic power and its optimal reference, and the torque/couple of gen-
erator. We note that the rotor speed is very close to its optimal value. The wind
energy capture is maximal in the range of 0–150 s. The trajectory of the aero-
dynamic power is almost identical to the one of its reference; then, we can confirm
that this control method gives good feedback in the lack of disturbances.

5.2.2 No Linear Dynamic Control by State Feedback

This control is developed with the objective of rejecting the constant additive
disturbances on the control. We apply a second-order dynamic on the tracking
error formula: ex ¼ xtopt

� xt

€ex þ b1 _ex þ b0 ex ¼ 0 ð5:11Þ

b0 and b1 are selected such as the polynomial s2 þ b1 sþ b0 ¼ 0 is Hurwitz.
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Assuming also a constant disturbance acts on the system, we have:

Jt _xt ¼ Ta � Ktxt � Tg þ d ð5:12Þ

Deriving this equation, we obtain:

€xt ¼
1
Jt

_Ta � Kt _xt � _Tg

� �
ð5:13Þ

We are looking for a control that will change the system to a double integrator
with the new input w

€xt ¼ w ð5:14Þ

Then, we deduce

_Tg ¼ Jt
1
Jt

_Ta �
Kt

Jt
_xt � w

� �
ð5:15Þ

We use Eqs. (5.11) and (5.13) and obtain :

w ¼ €xtopt
þ b1 _xtopt

� _xt

� �
þ b0 xtopt

� xt

� �
ð5:16Þ

Finally, we obtain the dynamic control:

_Tg ¼ _Ta þ b1Jt � Ktð Þ _xt þ b0 Jtxt � Jt €xtopt
þ b1 _xtopt

þ b0xtopt

� �
ð5:17Þ

The compromise between the optimization of wind energy capture and the
minimization of the transitional efforts undergone by the driving device is
accomplished by choosing a tracking dynamic which permits to follow of the
average trend of the optimal rotation speed without following closely the peaks of
wind (Fig. 5.2).

We make an application under MATLAB/SIMULINK with the same conditions
in no linear control by static state feedback (NLCSSF). The controlled wind tur-
bine characteristics are shown in Fig. 5.3. We note that the rotor speed increases
with the wind speed. The wind speed trajectory is almost identical to the one of its
reference. The captured aerodynamic power is maximal for the wind high speeds,
and it is noted too that it coincides with the optimal power.

5.2.3 Indirect Speed Control

The wind system, under certain conditions, is dynamically stable around any
balance point of the maximal efficiency curve for a generator torque and a constant
operating wind speed. The maximal aerodynamic efficiency curve is defined in the
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Fig. 5.2 Obtained results of nonlinear control with static feedback. a Wind speed profile vwind.
b Generator torque Tg. c Rotor speed xt. d Aerodynamic torque Ta. e Aerodynamic power Pa
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plane xt ; Tað Þ by the set of points xtopt
;Taopt

� �
corresponding to the interval of

wind speeds in which the wind turbine operates.
We have:

Ta ¼
1
2
qpR3 CqðkoptÞm2

wind ð5:18Þ

If the aerodynamic torque is controlled so as to follow the optimal torque, the
wind turbine remains around its optimal yield curve.

We have a given point k0 ;Cp0

� �
of the curve Cp kð Þ that we want to follow. In

order to maximize the energy production below the nominal power Pnom, this point
is selected in a neighborhood where power coefficient is at its maximum

kopt ;Cpopt0

ffi 	
.
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Fig. 5.3 Obtained results of the nonlinear control by dynamic state feedback. a Rotor speed xt .
b Aerodynamic torque Ta. c Aerodynamic power Pa

138 5 Control of Wind Turbine Systems



Since

Cq kð Þ ¼ Cp kð Þ
k

ð5:19Þ

The aerodynamic torque could be written:

Ta ¼
1
2

qpR3 Cp kð Þ
k

m2
wind ð5:20Þ

If k ¼ kopt, Ta could be expressed according to the rotor

Ta ¼
1
2
qpR5Cpopt

1

k3
opt

x2
t ð5:21Þ

This torque corresponds to an optimal operating in relation to the wind speed,
and it is proportional to the square of the aeroturbine rotation speed at the oper-

ating point kopt ;Cpopt 0

ffi 	
.

Ta ¼ koptx
2
t ð5:22Þ

with

kopt ¼
q
2

pR5Cpopt

1

k3
opt

ð5:23Þ

If we consider the model with one mass of wind turbine, in steady state we
have:

0 ¼ Ta � Ktxt � Tg ð5:24Þ

The generator torque Tg satisfies:

Tg ¼ kopt x
2
t � Ktxt ð5:25Þ

The structure of the indirect control speed is shown in Fig. 5.4.
This technique has two disadvantages: The first is that it does not consider

sufficiently the dynamic aspects of the aeroturbine and the wind. Indeed, the syn-
thesis of this control assumes that the wind turbine is in a steady state on the optimal
efficiency curve. The rotor speed fluctuations in response to the wind variations
deviate in a significant way the wind turbine from this trajectory. In addition, the
wind speed variations are faster than the closed-loop dynamic system; the control
system does not have the time to stabilize on the optimal efficiency curve. This
continuous transaction is accompanied by energy losses. The second disadvantage is
the lack of robustness toward the measurement noise and disturbances. We make an
application under MATLAB/SIMULINK. The simulation is performed under the
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same conditions as for the previous two methods. We observe from the Fig. 5.5a that
the rotor speed deviates from its optimal trajectory even in the lack of disturbance.
The aerodynamic power (Fig. 5.5d) is consequently affected by this deviation.

5.2.4 Comparison Between the Three Controls

To highlight the most effective controls, we make a comparison between the three
methods under two different perturbation torques.

• For Tr = 10 kN m

ISV NLCSSF NLDCSF

Static error on Pa (kW) 14.7 2.9 0
Static error on xt (tr/min) 2.97 0.47 0

• For Tr = 15 kN m

ISV NLCSSF NLDCSF

Static error on Pa (kW) 22.2 4.15 0
Static error on xt (tr/min) 4.22 0.72 0

We can remark in the studied example that the most effective strategy is the
nonlinear dynamic control by state feedback (NLDCSF). It rejects the disturbance
on the control and achieves better tracking of the optimal speed.

5.3 Level 2 (Electrical Part)

5.3.1 Scalar Control of Wind System

The steady-state performance of an induction motor is modeled using the con-
ventional equivalent circuit (Fig. 5.6). Assuming that Rm is infinite, the expression
of electromagnetic can be written as:

TemAC ¼ 3P � Vs

xs


 �2 Rr
g xsX2

m

RrRs
g � x2

s � LsLr � X2
m

� �h i2
þx2

s
RrLs

g þ RsLr

h i2 ð5:26Þ

with

g ¼ xs � x
xs

ð5:27Þ
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Vs rms motor voltage (V). Rs stator resistance per phase (X), Rr equivalent rotor
resistance per phase (X), Rm core loss resistance (X), Xs stator leakage reactance
(X), Xr equivalent rotor leakage reactance (X), Xm magnetizing reactance (X), xs

angular frequency of the supply (rd/s), x motor speed (rd/s), and g slip.
Mechanical power Pmec, stator current Is, and stator power Ps will be:

Pmec ¼ 3
Rr

g
I2
r ð5:28Þ

Is ¼ 1þ Rr=gþ jLrxs

jLmxs

����
����Ir ð5:29Þ

Ps ¼ Pmec þ Pjr þ Pjs ð5:30Þ

From the three previous equations, we obtain the total power absorbed by the
stator according to speed:

Ps ¼ 3k2 xs � xð Þ � xs

Rr
Ls
Xm

ffi 	2 þ Rs
R2

r þ L2
r � xs � xð Þ2

RrLsð Þ2

 !0
B@

1
CA ð5:31Þ

Generally, in variable speed drives, motor airgap flux is maintained constant at
all frequencies so that the motor can deliver a constant torque. This will occur if
the Vs/fs (Vs/xs) ratio is kept constant at its nominal value. To compensate the
voltage drop due to stator resistance effect at low frequencies, a boost voltage Vs0

is added to phase voltages. For aerodynamic loads, the stator voltage as function of
frequency is given by (Fig. 5.7):

For 0� f � fN Vs ¼ Vs0 þ K � fN ð5:32Þ

For f � fN Vs ¼ VN ð5:33Þ

Rs

Vs Xm Rm

Xs Xr

Rr/g

Fig. 5.6 Induction motor equivalent circuit
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5.3.2 Vector Control of Wind System

We oriented the rotor flux Ur along the direct axis

Udr ¼ Ur

Uqr ¼ 0

(
ð5:34Þ

We obtain:

Vds ¼ RsIds þ rLs
dIds

dt
þ Lm

Lr

dUr

dt
� xs � rLs � Iqs

Vqs ¼ RsIqs þ rLs
dIqs

dt
þ xs

Lm

Lr
Ur þ xs � rLs � Ids

xrAC ¼ Lm

Tr

Iqs

Ur

TemAC ¼ p
Lm

Lr
ðUr � IqsÞ

8>>>>>>>>>>><
>>>>>>>>>>>:

ð5:35Þ

The new control is as follows (Fig. 5.8):

Vds
� ¼ Rs þ s � rLsð ÞIds ¼ Vds þ xs � rLs � Iqs ¼ Vds þ eds

Vqs
� ¼ Rs þ s � rLsð ÞIqs ¼ Vqs � xs

Lm

Lr
Ur þ xs � rLs � Ids


 �
¼ Vqs � eqs

8><
>:

ð5:36Þ

fN0 2fN f(Hz)

VN

Vs0
VS/fs=cste

Tem.ws
2 =cste

P=cste

Vs

Tem

V

Fig. 5.7 Scalar control [7]
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5.3.3 Direct Torque Control of Wind System

5.3.3.1 DTC Principals

Direct torque control (DTC) of induction machines (IM) is a powerful control
method for motor drives. Featuring a direct control of the stator flux and torque
instead of the conventional current control technique, it provides a systematic
solution to improve operating characteristics of the motor and the voltage inverter
source [1–10]. In principle, DTC method is based mainly on instantaneous space
vector theory. By optimal selection of the space voltage vectors in each sampling
period, DTC achieves effective control of the stator flux and torque. Consequently,
the number of space voltage vectors and switching frequency directly influence the
performance of DTC control system. For a prefixed switching strategy, the drive
operation, in terms of torque, switching frequency, and torque response are quite
different at low and high speed.

5.3.3.2 DTC Structure

A configuration of DTC scheme is represented in Fig. 5.9. In this system, the
instantaneous values of flux and torque can be calculated from stator variables and
mechanical speed or using only stator variables. Stator flux and torque can be
controlled directly and independently by properly selecting the inverter switching
configurations. With a three-phase voltage source inverter, six nonzero-voltage
vectors and two zero-voltage vectors can be applied to the machine terminals.

Iqs

Ids

-eds

+eqs

Vqs*

Vds*

Vqs

Vds

IM

Fig. 5.8 Structure of the decoupling regulator
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The stator flux can be estimated using measured current and voltage vectors [11]:

/sðtÞ ¼
Z t

0

ðVs � RsisÞdt ð5:37Þ

Since stator resistance Rs is is relatively small, the voltage drop Rs is might be
neglected (Vs � Rsis); we obtain:

/sðtÞ ¼ Vs � T þ /sð0Þ ð5:38Þ

/sð0Þ is the stator flux initial value at the switching time and T the sampling period
in which the voltage vector is applied to stator windings.

It is clear that stator flux directly depended on the space voltage vector Vs and
the system sampling period T.

The stator voltage vector Vs is selected using Table 5.1, where signs of torque
and flux errors ET and EU are determined with a zero hysteresis band (Fig. 5.9).

ET ¼ Teref � TemAC ð5:39Þ

E/ ¼ /sref � /s ð5:40Þ

where

/s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð/saÞ

2 þ ð/sbÞ
2

q
ð5:41Þ
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Fig. 5.9 Block diagram of the conventional DTC of induction motor drives
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Table 5.1 shows the associated inverter switching states of the conventional
direct torque control strategy.

The definition of flux sector and inverter voltage vectors is shown in Fig. 5.10,
where the stator flux vector is rotating with a speed of xrAC. For each possible
switching configuration, the output voltages can be represented in terms of space
vector, according to the following equation:

VS ¼ VSa þ jVSb ¼
ffiffiffi
2
3

r
Va þ Vb exp j

2p
3


 �
þ Vc exp j

4p
3


 �� �
ð5:42Þ

where Va, Vb, and Vc are voltage phases

5.3.3.3 Application: DTC of IM Fed by a Wind Turbine

The DTC control applied to the induction motor is simulated through MATLAB/
SIMULINK. The simulation model of the induction motor is given in Fig. 5.11.

Simulation diagram of the stator flow control stator is illustrated in Fig. 5.12.
The control signal flow (fx_con) is generated by a comparator with hysteresis,

Table 5.1 Switching table for the conventional DTC

ET E/ N

1 2 3 4 5 6

ET = 1 E/ = 1 V2(110) V3(010) V4(011) V5(001) V6(101) V1(100)
E/ = 0 V6(101) V1(100) V2(110) V3(010) V4(011) V5(001)

ET = 0 E/ = 1 V3(010) V4(011) V5(001) V6(101) V1(100) V2(110)
E/ = 0 V5(001) V6(101) V1(100) V2(110) V3(010) V4(011)

α

β

V0 (000)

V7 (111)

V1 (100)

V2 (110)V3 (010)

(011)

V

V4

5 (001) V6 (101)
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Fig. 5.10 Movement of the
inverter voltage in the space
vector plane
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after estimating the vector flux, which compares the flow module to its reference
value (Fig. 5.13).

Figure 5.14 shows the block diagram of the overall system.
Some simulation results are presented (Fig. 5.15).

5.3.4 Modulated Hysteresis Direct Torque Control of Wind
System

5.3.4.1 MHDTC Control Strategy

The use of hysteresis controllers in DTC leads to distortion in the currents sup-
plied to the grid and large variations in the power factor. In another hand, when
using vector control strategy, the direct bus voltage varies with the wind varia-
tions, but the associated PWM leads to a better quality of current and power
factor. So, in order to obtain performances with the advantages of both DTC and
FOC methods, we apply an improved modulated hysteresis direct torque control
which consists in superposing, to the constant torque reference, a triangular signal
with the desired switching frequency as in the PWM control used with FOC. The
modulated reference torque is compared to the estimated torque by using a
hysteresis controller as in the classical DTC (Fig. 5.16). The new torque reference
T�eref is then defined by:

T�eref ¼ Teref þ Tetr ð5:43Þ

where Teref is the reference torque and Tetr the triangular signal.
To impose a switching frequency, the estimated torque variation during a half

period should not exceed the difference between the maximum of the upper limit
and the minimum of the lower limit. In this case, the switching frequency is equal
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Fig. 5.14 Simulation diagram of the overall structure of the DTC control
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to the imposed one only if the triangular signal magnitude Atr and the hysteresis
bandwidth BH verify the two conditions:

dTe

dt


 �
max

¼ 4ftr Atr þ BHð Þ ð5:44Þ

dTe

dt


 �
min

[
2BH

Ttr

ð5:45Þ

where Te is electromagnetic torque and ftr is the frequency of the triangular signal.
The torque dynamic (dTe/dt) is equivalent to the current dynamic, and so it is

fixed by the machine parameters. The modulated hysteresis application needs to
know the two values (dTe/dt)min and (dTe/dt)max to obtain the minimal triangular
frequency which is expressed by (Fig. 5.17):

ftrmin ¼
dTe

dt


 �
max

1
4 Atr þ BHð Þimp

ð5:46Þ

5.3.4.2 Application to Wind Energy Conversion System

We make an application of MHDTC on WECS. The studied system is represented
in the Fig. 5.18.

The control principle consists in adjusting the active power supplied to the grid
to its reference value Pref and the reactive power Qref to zero in order to fix the
power factor at the unit. The active power reference is deduced by controlling the

BH
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Teref

Teref*Ulim

Teref *llim

Fig. 5.17 Determination of the switch states [5]
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direct bus voltage with a proportional integral corrector generating the current
reference ic�ref to the capacitance.

Thus, we can write:

Pref ¼ Vdc: idc � icrefð Þ ð5:47Þ

Pref ¼ Pdc � Pcref ð5:48Þ

with

icref ¼ PI � Vdcref � Vdcð Þ ð5:49Þ

Active and reactive power references Pref and Qref are given by the following
equations:

Pref ¼ Edind ref þ Eqinq ref ð5:50Þ

Qref ¼ Eqind ref � Edinq ref ð5:51Þ

where Ed;Eq are the Park transform of the stator emfs E1;E2;E3

Equation (5.50) is then multiplied by Ed and Eq. 5 by Eq. Then, the addition
and subtraction of the two new equations give the reference current values
according to active and reactive power ones by:

ind�ref ¼
PrefEd þ QrefEq

E2
d þ E2

q

ð5:52Þ

inq�ref ¼
PrefEq � QrefEd

V2
d þ V2

q

ð5:53Þ
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where Vd and Vq are the Park transform of the three-phase stator voltages
(Fig. 5.19).

We make application under MATLAB/SIMULINK. The model of power
control is given as (Fig. 5.20):
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Fig. 5.21 Simulation results of MHDTC applied to an induction generator
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Some simulation results can be represented (Fig. 5.21):
This method uses the advantages of the classical DTC and the FOC while

correcting some of their difficulties. It leads to the following:

• a sinusoidal grid current with constant periodic frequency,
• a unit power factor, and
• a constant DC bus voltage.

5.3.5 Direct Power Control of Wind System

5.3.5.1 Direct Power Control Principals

In this control strategy, the error in the reference power and the actual power is
utilized to generate the voltage control directly as in conventional DTC drives
[12]. This method reduces the number of PI controllers used when compared to the
vector control-based variable speed wind turbine generator systems. The direct
power control (DPC) like DTC is a stator flux-based control technique having the
advantages of robustness and fast controls.

5.3.5.2 DPC Structure

In the DPC structure, we use a PI controller in the DC link; this allows us to reduce
the DC link capacitor fluctuation voltages.

5.3.5.3 Application: DPC of IM Fed by a Wind Turbine

Figure 5.22 shows the configuration of the proposed control system based on DPC
method. The controller features relay control of the active and reactive power by
using hysteresis comparators and a switching table. In this configuration, the DC
bus voltage is regulated by adjusting the active power transmitted to the load. As
shown in Fig. 5.22, the active power control Pref is provided from the PI regulator
of DC voltage controller block. The reactive power control Qref is directly given
from the outside of the controller. Errors between the controlled and the estimated
feedback power are input to the hysteresis comparators and digitized to the signals
DP and DQ defined as [12–19]:

DP ¼ 1 if Pref � P�Dhp; DP ¼ 0 if Pref � P� � Dhp

DQ ¼ 1 if Qref � Q�Dhq; DQ ¼ 0 if Qref � Q� � Dhq
ð5:54Þ

where Dhp and Dhq are the hysteresis band (Fig. 5.23).
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Also, the phase of the flux vector is converted to the digitized signals hn. For
this purpose, the stationary coordinates are divided into twelve (12) sectors, as
shown in Fig. 5.24, and the sectors can be numerically expressed as:

The digitized variables DP, DQ, and the flux vector position cw ¼ arctg wb=wa

� �
form a digital word, which by accessing the address of the lookup table selects the
appropriate voltage vector according to the switching Table 5.2.

Fig. 5.22 PI controller
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Fig. 5.23 Block scheme of DPC [9]
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5.3.6 Sliding Mode Control

The sliding mode control (SMC) can be justified and designed using the stability
notion of Lypunov [13]. Whatever the application, the design of the sliding mode
can be summarized in 3 steps:

• The choice of the number of the sliding surface. Generally, this is equal to the
input control vector.

• The choice of the sliding surface equation form. It must satisfy the conver-
gence of the control and the stability of the system. This goal can be reached if
the control variable Uc permits to satisfy the Lyapunov function SðxÞ _SðxÞ\0.
Based on this condition, Slotine proposes a general form of sliding-mode sur-
face [13]:

SðxÞ ¼ d
dt
þ kx


 �r�1

x� � xð Þ ð5:55Þ

3

2

1

5
6

7

8

9
10 11

12

4

Fig. 5.24 a–b plane divided into 12 sectors to detect the phase of the voltage vector [9]

Table. 5.2 Switching table for direct instantaneous power control [9]

DP DQ H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12

0 1 101 111 100 000 110 111 010 000 011 111 001 000
0 0 111 111 000 000 111 111 000 000 111 111 000 000
1 1 101 100 100 110 110 010 010 011 011 001 001 101
1 0 100 110 110 010 010 011 011 001 001 101 101 100
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• The control law design. The control variable is decomposed into two parts: Ueq

and Un:

Uc ¼ Ueq þ Un ð5:56Þ

The dynamic while in sliding mode can be written as: _S ¼ 0. By solving this
equation, the equivalent control Ueq can be obtained [13].

The nonlinear component Un satisfies SðxÞ _SðxÞ\0 and is given by:

Un ¼ K � signðSðxÞÞ ð5:57Þ

The common used form of Un is a constant relay control (Fig. 5.25) [13].
However, this latter produces a drawback in the performances of a control

system, which is known as chattering phenomenon. In order to reduce the chat-
tering phenomenon due to the discontinuous nature of the controller, a smooth
function is defined in some neighborhood of the sliding surface with a threshold
(Fig. 5.26) [13].
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Fig. 5.26 Smoothed sign
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This method consists to calculate the two control components (equivalent
and discontinuous) from an adequate surface [13]. In this case, we chose the error
between the variables of control like a simple surface of sliding mode. For the
mechanical speed, the surface is given by

SðxmÞ ¼ xm � xm ref ð5:58Þ

The first derivate of Eq. 5.58, gives:

_SðxÞ ¼ _x� _xref ð5:59Þ

In the sliding-mode regime arise, the dynamic of the system in sliding mode is
subjected to the following equation SðwÞ ¼ 0; thus, for the ideal sliding mode, we
have also _SðwÞ ¼ 0 [13].

We replace Eq. 5.59 and with the conditions of the sliding mode; we obtain:

Tem eq ¼ Tgear � J � _xref ð5:60Þ

where Tem eq is the equivalent component of the reference electromagnetic torque.
The reference electromagnetic torque is defined by:

Tem ref ¼ Tem eq þ Tem n ð5:61Þ
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Fig. 5.27 Synoptic scheme of sliding-mode control strategy
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The nonlinear component of electromagnetic torque Tem n satisfies the Lypu-
nov condition SðxÞ _SðxÞ\0 and is given by a relay or smoothed function
(Figs. 5.25, 5.26 and 5.27).

The synoptic scheme of the SMC strategy is given by Fig. 5.28.

5.3.7 Fuzzy Logic Controller

Fuzzy logic controller (FLC) is explained in Sect. 5.3.5. It was applied to search
maximum power point.

5.3.7.1 Fuzzy Logic Controller Applied to a WECS

Classic PI controllers are replaced by fuzzy controllers for controlling the stator
flow and the electromagnetic torque of the electrical generator. These controllers
are based on the same structure of a conventional controller with the difference

d/dt 

FLC 

e  refT +

eT  -

E 

dE
sqdI sqI ref

Fig. 5.28 Basic scheme of electromagnetic torque fuzzy controller

Table 5.3 Fuzzy rules table

dIsq dE

GN PN Z PP GP

E GN GN GN PN PN Z
PN GN PN PN Z PP
Z GN PN Z PP GP
PP PN Z PP PP GP
GP Z PP PP GP GP
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that we retain the incremental form. The following figure shows the basic idea of
the electromagnetic torque controller.

E is the error defined as:

EðkÞ ¼ Te�refðkÞ � TeðkÞ ð5:62Þ

dE is the error derivate and is given as:

dEðkÞ ¼ EðkÞ � Eðk � 1Þ
Te

ð5:63Þ

The regulator output is:

Isq�refðkÞ ¼ Isq�refðk � 1Þ þ dIsqðkÞ ð5:64Þ

The fuzzy rules used are listed in Table 5.3.

5.4 Conclusion

Several nonlinear controls of wind turbine systems have been presented in this
chapter. The mechanical and the electrical levels have been studied separately. We
have presented three applications under MATLAB/SIMULINK of the NLCSSF,
the NLDCSF, and the indirect speed control. From the studied example, the most
effective strategy is the NLDCSF. It rejects the disturbance on the control and
achieves better tracking of the optimal speed.
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Chapter 6
Hybrid Wind Systems

6.1 Advantages and Disadvantages of a Hybrid System

6.1.1 Advantages of Hybrid System

• Not dependent on one source of energy.
• Simple to use.
• Efficiency, low cycle cost of living component of the hybrid system.

6.1.2 Disadvantages of a Hybrid System

• More complex than single-source systems and the need for storage,
• high capital cost compared to diesel generators.

6.2 Configuration of Hybrid System

Photovoltaic and wind generators in a hybrid system can be connected in three
configurations, DC bus architecture, AC bus architecture, and DC–AC bus
architecture [1, 2].

6.2.1 Architecture of DC Bus

In the hybrid system presented in Fig. 6.1, the power supplied by each source is
centralized on a DC bus. Thus, the energy conversion system to provide AC power
at their first rectifier has to be converted then continuously. The generators are
connected in series with the inverter to power the load alternatives. The inverter

D. Rekioua, Wind Power Electric Systems, Green Energy and Technology,
DOI: 10.1007/978-1-4471-6425-8_6, � Springer-Verlag London 2014
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should supply the alternating loads from the DC bus and must follow the set point
for the amplitude and frequency [3]. The batteries are sized to supply peak loads.
The advantage of this topology is the simplicity of operation, and the load demand
is satisfied without interruption even when the generators charge the short-term
storage units.

6.2.2 Architecture of AC Bus

In this topology, all components of the HPS are related to alternating loads, as
shown in Fig. 6.2. This configuration provides superior performance compared to
the previous configuration, since each converter can be synchronized with the
generator so that it can supply the load independently and simultaneously with
other converters [1]. This provides flexibility for the energy sources which fed the
load demand. In the case of low load demand, all generators and storage systems
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Diesel generator
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Inverter 

Fuel cell and 
Electrolyser
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Fig. 6.1 Configuration of the hybrid system with DC bus
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are stationary except, for example, the photovoltaic generator to cover the load
demand. However, during heavy load demands or during peak hours, generators
and storage units operate in parallel to cover the load demand. The realization of
this system is relatively complicated because of parallel operation, by synchro-
nizing the output voltages with the charge voltages [2]. This topology has several
advantages compared to the DC coupled topology such as higher overall effi-
ciency, smaller sizes of the power conditioning unit while keeping a high level of
energy availability, and optimal operation of the diesel generator due to reducing
its operating time and consequently its maintenance cost [4].
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6.2.3 Architecture of DC/AC Bus

The configuration of DC and AC bus is shown in Fig. 6.3. It has superior per-
formance compared to the previous configurations. In this case, renewable energy
and diesel generators can power a portion of the load directly to AC, which can
increase system performance and reduce power rating of the diesel generator and
the inverter. The diesel generator and the inverter can operate independently or in
parallel by synchronizing their output voltages. Converters located between two
buses (the rectifier and inverter) can be replaced by a bidirectional converter,
which in normal operation, performs the conversion DC/AC (inverter operation).
When there is a surplus of energy from the diesel generator, it can also charge
batteries (operating as a rectifier). The bidirectional inverter can supply the peak
load when the diesel generator is overloaded [5].

The advantages of this configuration are:

• The diesel generator and the inverter can operate independently or in parallel.
When the load level is low, one or the other can generate the necessary energy.
However, both sources can operate in parallel during peak load.

• The possibility of reducing the nominal power of the diesel generator and the
inverter without affecting the system’s ability to supply peak loads.
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The disadvantages of this configuration are:

• The implementation of this system is relatively complicated because of the
parallel operation (the inverter should be able to operate autonomously and
operate with synchronization of the output voltages with output voltages of
diesel generator).

6.2.4 Classifications of Hybrid Energy Systems

The power delivered by the hybrid system can vary from a few watts for domestic
applications up to a few megawatts for systems used in the electrification of small
islands [6]. Thus, for hybrid systems with a power below 100 kW, the configu-
ration with AC and DC bus, with battery storage, is the most used. The storage
system uses a high number of batteries to be able to cover the average load for
several days. This type of hybrid system uses small renewable energy sources
connected to the DC bus. Another possibility is to convert the continuous power to
an alternative one by using inverters. Hybrid systems used for applications with
very low power (below 5 kW) supply generally DC loads (Table 6.1).

6.3 Different Combinations of Hybrid Systems

6.3.1 Hybrid Wind/Photovoltaic System

The optimization of wind energy, photovoltaic with electrochemical storage
(batteries), depends on many economic models of each system separately (wind
and photovoltaic). The advantage of a hybrid system depends on many important
factors: the shape and type of load, the wind, solar radiation, cost and availability
of energy, the relative cost of the machine wind, solar array, electrochemical
storage system, and other efficiency factors [7]. Photovoltaic systems are currently
economical for low power installations. For autonomous systems, the cost of
energy storage is the biggest constraint the overall system cost for large power

Table 6.1 Classification of hybrid systems by power range

Power of hybrid
system [kW]

Applications

Low power: \5 Autonomous system: telecommunication stations, pumping water, other
isolated applications

Average power:
10–250

Microisolated systems: feeding a remote village, rural

Great power: [500 Large isolated systems (Islands)
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installations. Minimizing the cost of storage and reducing its capacity are the main
reasons for the combination of wind and photovoltaic systems [8]. This type of
hybrid system includes a photovoltaic subsystem. A DC/DC parallel type can
catch up whenever the maximum power point, for example, a wind turbine that
converts wind energy into electricity. Both energy sources are connected to a DC
bus. Battery and inverter are included as part of backup and storage system
(Fig. 6.4).

6.3.2 Sizing of Hybrid Wind/Photovoltaic System

The effectiveness of any electric system depends on its sizing and its use. The
sizing should be based on meteorological data, solar radiation, and wind speed;
and the exact load profile of consumers over long periods.

6.3.2.1 Determination of the Load Profile of Consumers

The exact knowledge of the customers load profile determines the size of generator
[9].

6.3.2.2 Analysis of Solar and Wind Energy Potential

We make application in Bejaia (Algeria) which is a coastal region with two
complementary sources (wind speed and radiation), so the coupling of a photo-
voltaic system and wind is very interesting for the production electricity
throughout the year.
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6.3.2.3 Photovoltaic Energy Calculation

The energy produced by a photovoltaic generator is estimated using data from the
global irradiation on an inclined plane, ambient temperature, and the data sheet
used for the photovoltaic panel.

The electrical energy produced by a photovoltaic generator is given by:

Epv ¼ gpv � ApvEs ð6:1Þ

with Apv: the total area of the photovoltaic generator; ggen: the efficiency of the
photovoltaic generator.

gpv ¼ gr � gpc 1� asc Tj � Tjref

� �� �
ð6:2Þ

where Es is a solar radiation on tilted plane module, gr is the reference efficiency of
the photovoltaic generator, gpc is the power conditioning efficiency which is equal
to 1 if a perfect maximum power tracker (MPPT) is used, asc is the temperature
coefficient of short current (A/�K) and found on the data sheet, Tj cell temperature,
Tjref is the reference cell.

6.3.2.4 Wind Energy Calculation

The power contained in the form of kinetic energy, in the wind, is expressed by:

Pwind ¼
1
2
� q � Swind � v3

wind: ð6:3Þ

The energy produced by wind generator is expressed by:

Ewind ¼ Pwind � Dt: ð6:4Þ

6.3.2.5 Sizing of Photovoltaic and Wind Systems

The monthly energy produced by the system per unit of area is denoted Epv,m

(kWh/m2) for photovoltaic energy and Ewind,m (kWh/m2)2 for wind energy and
EL,m represents the energy required by load every month (where m = 1, 2, …, 12
represents the month of the year).

The total energy produced by both photovoltaic and wind a generator supplying
the load is expressed by:

EL ¼ Epv � Apv þ Ewind � Swind ð6:5Þ
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where

• For photovoltaic generator

Apv ¼
EL;m

Epv;m
: ð6:5Þ

• For wind generator

Swind ¼
EL;m

Ewind;m
ð6:6Þ

with

Epv � Apv ¼ fpv � EL

Ewind � Swind ¼ 1� fpv

� �
� EL ¼ fwind � EL

ð6:7Þ

where fpv is the fraction of load supplied by the photovoltaic energy.

• fwind = (1 - fpv) is the fraction of load supplied by the wind energy.
• fpv = 1: indicates that the entire load is supplied by the photovoltaic source.
• fpv = 0: indicates that the entire load is powered by the wind source.

The sizing is based on monthly annual average [10, 11]. The calculation of the
size of wind generator and photovoltaic (Apv and Swind) is established from the
annual average values of each monthly contribution Epv and Ewind

� �
: The load is

represented by the annual average energy EL:

Apv ¼ f � EL

Epv

Swind ¼ 1� fð Þ � EL

Ewind

ð6:8Þ

The number of photovoltaic and wind generator to consider is calculated according
to the area of the system unit taking the full value of the report by excess.

Npv ¼ ENT
Apv

Apv;u

� �

Nwind ¼ ENT
Swind

Swind;u

� � ð6:9Þ
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6.3.2.6 Sizing Batteries

(see Chap. 1), Sect. 1.3.5.

6.3.2.7 Control of Hybrid Photovoltaic/Wind System

Managing energy sources (photovoltaic and wind) is provided by a supervisor. For
the design of the supervisor, it was decided that the subphotovoltaic system would
be the main generator, while the subsystem wind generator would be comple-
mentary. This choice is motivated by the design already made based on monthly
averages annual rating site. However, the supervisor applications extend to con-
sidering the subwind system as the main generator, and the photovoltaic subsystem
would be complementary.

Three operating modes are possible to determine the ability of the hybrid
system to supply the total power required (the power load and the power required
to charge the batteries) and those based on atmospheric conditions (insolation,
temperature, and wind speed). This supervisor is essential to effectively control
energy subsystems (photovoltaic, wind). We can have three cases [9, 12].

• Case 1
This mode corresponds to the periods or photovoltaic power is sufficient to supply
the load demand. However, the PV generator must provide the total power while
the wind subsystem is supposed stop and the batteries are charging. This situation
is maintained until the power required by the load does not exceed the maximum
PV power. Beyond this limit, the supervisor switches in the case 2 and activates
the wind generator. In this case, the objective of the photovoltaic system is under
power control according to this reference:

Pref1 PV ¼ Prequired ¼ Vbatt � Iload þ Ibattð Þ: ð6:10Þ

With Iload: the load’s current, Ibatt: the battery’s current, Prequired: the total required
power.

• Case 2
In this case, the photovoltaic system generates the maximum power (operating at
maximum power point (MPPTw = 1), and the wind system is controlled to pro-
duce a reference power. This one is the power required to complete the power
produced by the photovoltaic generator at the same time supplying the total power
load. It should be noted that in cases 1 and 2, batteries are not used to produce load
power, instead they become a part of the power required. Once the maximum
production limit of the hybrid system is reached or exceeded by any power
demand, the system switches in the case 3.
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In the cases 2 and 3, the PV system produces maximum power at MPPT
operation. Different algorithms can be used to extract the maximum power (see
Chap. 4). The reference power is given by:

Pref2 PV ¼ Popt
pv ¼ Popt

s ¼ Vopt
pv � Iopt

pv ð6:11Þ

The wind system starts its operation when the PV power is insufficient to supply
the total power required. The supervisor controls the wind system by power control
or by maximum power operation. The objective in case 2 is to produce the
additional power to supply the total power applied. The wind power reference is
given by:

Pref1 w ¼ Prequired � Popt
s ¼ Vbatt � Iload þ Ibatt � Isð Þ ð6:12Þ

When the contribution of wind power subsystem is no longer sufficient to supply
the total power required, the supervisor switches in the case 3. The objective of
this subsystem is the generation of maximum power extraction.

• Case 3
In this case, the two photovoltaic and wind generators provide maximum power
(operating at MPPT). In addition, to supply the load demand, the batteries are
charged or discharged. At discharge, the case 3 is maintained as long as the
available energy levels of the batteries is sufficient to complete the load demand,
after that, the load must be disconnected to charge the batteries. The wind system
produces maximum power MPPT, the reference power is given by:

Pref2 w ¼ Popt
w ¼ Kopt � x3

opt ð6:13Þ

with Kopt: a coefficient which depends on the ratio of tip speed to optimal power
coefficient maximum. The reference angular velocity which corresponds to the
operating MPPT is given by:

xref ¼ xopt ¼
ffiffi
½

p
3�Pref2�w

Kopt

ð6:14Þ

Then, the supervisor decides the case (1 or 2/3) by comparing the measured
mechanical speed with the reference speed.

If x\xopt; case 1; Pw ¼ Pref1 w

If x ¼ xopt; case 2=3; Pw ¼ Pref2 w ¼ Popt
w

(
ð6:15Þ

A description of operating cases is shown in Fig. 6.5.
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6.4 Hybrid Wind/Photovoltaic/Diesel Generator System

This type of hybrid system is well suited for decentralized production of electricity
and can contribute to solving the problem of connecting to the electricity networks
(cases of isolated sites) [6, 13]. The initial data in the implementation of such a
system of production to renewable sources of energy like any other energy system
are the demand, which will be determined by comparing the load to be supplied.
This request must be estimated as accurately as possible both from a standpoint of
powers called as its temporal distribution, even if its random nature makes this
often difficult task. Adding a generator to a system of renewable energy production
may on the one hand increase the reliability of power system loads and to reduce
significantly the cost of electricity produced by a significant decrease of the size of
the storage system [5, 7, 14].

Ref [11] proposed that there are multiple types of electrical circuit architectures
which could be used depending on people needs and site capabilities. In the first
architecture (Fig. 6.6), the generators and the battery are all installed in one place
and are connected to a main AC bus bar before being connected to the grid. The
power delivered by all the energy conversion systems and the battery is fed to the
grid through a single point. In this case, the power produced by the PV system and
the battery is inverted into AC before being connected to the main AC bus. This
system is called centralized AC bus architecture.

The energy conversion systems can also be connected to the grid in another
manner (Fig. 6.7). This system is called decentralized AC bus architecture. The
power sources in this case do not need to be connected to one main bus bar. The
power generated by each source is conditioned separately to be identical to that
required by the grid.

The third architecture uses a main centralized DC bus bar (Fig. 6.8). The energy
conversion systems produced by AC power (wind energy converter and the diesel
generator) deliver their power to rectifiers to be converted into DC, and then, it is
delivered to the main DC bus bar. A main inverter feeds the AC grid from this
main DC bus.

CASE 1

(MPPTpv=0,  MPPTw =0)

1. PV     system: Control 
power

2. Wind System: Stopped

3. Batteries: In charge

CASE 3

(MPPTw =pv,  MPPTw=1)

1. PV system:
Operating at maximum power

2 Wind  System:Operating  at 
maximum 

3. Batteries: In  charge  or  in 
discharge

CASE 2

(MPPTpv=1,  MPPTw =0)

1. PV system:
Operating at maximum 
power

2. Wind  System:   Control 
power

3. Batteries:  In charge 

Fig. 6.5 Description of operating cases
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The monitoring equipment includes data loggers, wind speed and direction
sensors, ambient and battery temperature sensors, and various AC and DC current/
voltage/power sensors. The purposes for using monitoring systems are [15]:

• Determine components and system efficiencies.
• Verify proper system functioning.
• Provide system trouble shooting.
• Detect and analyze significant load changes.
• Calculate actual cost of utilized energy.

We propose a system control of the hybrid wind/PV//diesel system [16]. It is
based on the overall energy balance equation.
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DC/AC

A
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Pg
Diesel 3∼

DC/ACBattery

Backup System

Fig. 6.6 Centralized AC bus architecture of hybrid wind/photovoltaic/diesel generator system
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Pdiesel ¼ Pload � Pwind � Ppv þ DPdiss�Punm ð6:16Þ

where Pdiesel is the power delivered from the diesel generator(s), Pload is the power
required by the load, Pwind is the power delivered from the wind turbine, DPdiss is
the power dissipated in the dump load, Punm is the unmet load, and Ppv is the
power delivered from the PV.

The power control unit (PCU) is a central location for making the various
connections of subsystems (wind, photovoltaic, diesel generator) (Fig. 6.9).

The monitoring system’s role is to manage and control the operation of hybrid
power system, depending on weather (irradiance, wind speed) and the power
required. The manager controls the opening and closing of three relays under the
following conditions:

AC
Load

DC/AC

DC/AC

Diesel

3 ∼

DC/ACBattery

AC/DC

Fig. 6.7 Distributed AC bus architecture of hybrid wind/photovoltaic/diesel generator system
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• The relay of the PV generator is open if:

– batteries are charged
– current output by the PV generator is zero
– load power is zero.

• The relay wind generator is open if:

– batteries are charged
– wind speed is less than the initial speed of the turbine
– wind speed is greater than the stall speed of the wind
– load power is zero.

• The relay of the diesel generator is open if:

– batteries are charged
– generators (wind and PV) give a power greater than the load power
– load power is zero, and the batteries are charged.
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Fig. 6.8 Centralized DC bus architecture of hybrid wind/photovoltaic/diesel generator system
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And the closure of this relay is when the state of battery charge reaches the
minimum level.

From these conditions, we find that the monitoring system includes 06 inputs,
03 outputs, and 06 tests.

• The inputs variables are:

– insolation (G),
– wind speed (Vwind),
– power of PV generator (Ppv),
– wind power generator (Pwind),
– power load (Pload),
– battery voltage (Vbatt).
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Fig. 6.9 Control of hybrid wind/photovoltaic/diesel generator system
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• The outputs variables are:

– Tpv the control signal relay of PV generator
– Twind the signal relay control of wind generator
– Tdiesel the control signal relay of diesel generator.

• The different tests are:

– test on the PV power Ppv ¼ 0 or G ¼ 0 , Að Þ
– test on the wind speed , Bð Þ
– test on the load power Pload ¼ 0 , Cð Þ
– test on PV and wind power Ppv þ Pwind�Pload , Dð Þ
– test on voltage battery Vbatt�Vmin , Eð Þ
– test on voltage battery Vbatt�Vmax , Fð Þ:

From the number of test, we determined the number of possible combinations
that we calculated using the following equation [17]:

Xc ¼ 2ninp ð6:17Þ

where X number of possible combinations, ninp number of inputs. We can obtain
64 combinations, but the number of possible combinations is reduced to 36. The
logical equations are determined and give the control signals of the relays from
each source: (Figs. 6.10, 6.11, 6.12)

Tpv ¼ E:F þ E:F
� �

A:Dþ A:B:C:Dþ A:B:C:D:E:F
� �

Twind ¼ E:F þ E:F
� �

B:Dþ A:B:C:Dþ A:B:C:D:E:F
� �

Tdiesel ¼ E:F:D
� �

A:Bþ A:B:C:þ A:B:C
� �

:

ð6:18Þ
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C (Test on the load power)
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E (Test on voltage battery)

F (Test on voltage battery)

Fig. 6.10 Supervisor of hybrid wind/photovoltaic/diesel generator system with battery storage
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6.5 Hybrid Photovoltaic/Wind//Hydro System

These systems consist of microhydro, solar, and wind plants [18] (Fig. 6.13) and
can be combined by a diesel generator backup.

The power control unit (PCU) is used to supervise and control the operations of
PV/wind/hydro diesel hybrid power system. It coordinates when power should be
generated by PV panels, wind turbine, and hydro turbine, and when it should be
generated by diesel generator. The use of diesel generator is only when the demand
cannot be sufficient by others energy.
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6.6 Hybrid Photovoltaic/Wind/Fuel Cell System

The necessary changes in our energy supply system can be accomplished if we use
a hybrid system with solar, wind energies, and fuel cell. Generally, the overall
system comprises a wind subsystem with an AC/DC rectifier to connect the wind
generator to the DC bus. It also consists of a PV subsystem connected to the DC
bus via a filter and DC/DC converter. The excess energy is stored as electrolytic
hydrogen through an electrolyzer, and we use a fuel cell to generate electricity
during low insolation and low wind speed (Fig. 6.14).

In fact, when supply and demand do not coincide, we need a convenient way to
both store and transport renewable energy. This is where hydrogen comes into play
as a storage and transport medium. When excess electric energy from wind and
solar energy is stored in hydrogen and then converted back to electricity, we have a
solar–wind hydrogen energy cycle. Wind and solar, fuel cells, and electrolysis use
excess electricity to split water into oxygen and hydrogen. When we need elec-
tricity the gases are fed into a fuel cell which converts the chemical energy of the
hydrogen (and oxygen) into electricity, water, and heat.
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Fig. 6.13 Description of hybrid photovoltaic/wind//hydro system
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6.7 Conclusion

This chapter has been devoted to hybrid wind systems. We have presented and
described the different configurations and the different combinations of hybrid
wind systems. Different synoptic schemes and simulation applications are also
presented. We have presented a study of a hybrid wind/PV//diesel system with
battery storage. The application is under Matlab/Simulink during three different
profiles of insolation and wind speed (low, medium, and high conditions). This
study seems interesting and can be applied to electrification or a pumping system
for example.

DC/DCPV 
pannels

DC/DC

Electrolyser
DC/DCH2O

AC/DC

Gearbox 

Pwind

DC/AC

H2 O2

Load

Fuel cell

Fig. 6.14 Hybrid wind/PV/fuel cell configuration
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Chapter 7
Examples of Wind Systems

7.1 Examples of Wind Turbines

7.1.1 Wind Turbine of 600 W

In our Laboratory LTII (University of Bejaia—Algeria), we have installed a 600 W
wind turbine (Fig. 7.1). Its technical specifications are given in Table 7.1.

Electrical specifications are summarized in Table 7.2 (Figs. 7.2, 7.3).

7.1.1.1 Identification of the PMSM Parameters

The machine used is a permanent magnet synchronous machine with rotor smooth,
with an output of 600 W (Table 7.3).

To calculate the values of resistance and the stator inductance per phase, we use
the following scheme (Fig. 7.4). In order to avoid the short-circuit of the source,
we inserted a resistance Rs between the source and a phase stator.

Where Rs and Ls are, respectively, the stator phase resistance and inductance, Rs

is the inserted resistance.
Three measurements of voltage and current were performed. We have

Rins ¼
U

I
ð7:1Þ

Thus, Rins ¼ 17:416 X and then, we calculate the stator resistance Rs ¼ 0:457 X.
To determinate the inductance, we have

Z ¼ u

i
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where

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rs þ Rinsð Þ2þ 4L2

s � x2

q
ð7:2Þ

Fig. 7.1 Example of a horizontal wind turbine of 600 W

Table 7.1 Technical
specifications of 600 W wind
turbine

Number of blades 02
Diameter 02 m
Material Fiberglass and carbon fiber
Direction of rotation Counterclockwise
Control systems Electronic regulator

Table 7.2 Electrical
specification 600 W wind
turbine

Alternator Three phase permanent magnet
Magnets Ferrites
Nominal power 600 W
Nominal speed 1,000 rpm
Regulator 12 V 60 A
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Thus,

Ls ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u=ið Þ2� 2Rs þ Rinsð Þ2

4 � x2

s
ð7:3Þ

We obtain Ls ¼ 0:029 H
A wind speed of 17 m/s, the electrical speed xe = 196.349 rad/s; thus, P = 17.
The excitation flux is Uf ¼ 0:13 Wb, the rotor inertia is J = 0.1 kg m2, and the

viscous coefficient is about f = 0.06 N m s/rad (Fig. 7.5).
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Wind speed (m/s)

PerformanceFig. 7.2 Performance of
600 W wind turbine
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Average annual wind speed (m/s)

EnergyFig. 7.3 Monthly energy
output of 600 W wind turbine

Table 7.3 Electrical
parameters of 600 W PMSM

Value Parameter

PN 600 W
Rs 0.457
Ls 0.029 H
sm 4.721 s
/f 0.13 Wb
P 17
J 0.1 kg m2

f 0.06 N m s/rad
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7.1.1.2 Simulations Results

We make an application of the WECS of 600 W under MATLAB/SIMULINK.
We choose a wind speed profile (Fig. 7.6) (Figs. 7.7, 7.8, 7.9, 7.10 and 7.11).

We remark that the electrical power follows the wind speed profile with a
maximum value of power which corresponds to a wind speed of 13 m/s.

7.1.2 Wind Turbine of 1 kW

The turbine comprises a permanent magnet brushless alternator, which combined
with Whisper’s high efficiency composite airfoil blade design, delivers 900 W
peak power at 28 mph (12.5 m/s). It is designed to operate with medium to high
wind speed averages of 12 mph and greater (see Tables 7.4 and 7.5) (Fig. 7.12).

Its applications cover stand-alone or hybrid systems, telecommunication,
remote home and small applications (Figs. 7.13, 7.14 and 7.15).

Fig. 7.5 Voltage at wind
speed of Vwind = 17 m/s

∼

Rins

A

V

Rs

Rs Ls

Fig. 7.4 Diagram of two-phase stator fed by a DC or AC source
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Vwind

(m/s)

Time(s)

Fig. 7.6 Voltage at wind
speed of Vwind = 17 m/s

Cp

Lamda

Fig. 7.7 Power factor

Fig. 7.8 Current waveforms
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Fig. 7.9 Voltage waveforms

Fig. 7.10 Power waveform

Fig. 7.11 Electromagnetic
torque
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Table 7.4 Technical
specifications of wind turbine
of 900 W

Rotor diameter 2.1 m
Voltage 12 V, 24 V DC
Start up wind speed 3.4 m/s
Survival wind speed 55 m/s
Over speed protection Side furling
Rated power 900 W at 12.5 m/s
Turbine controller Whisper controller
Kilowatt hours per month 100 kW h/month at 5.4 m/s

Table 7.5 PMSM electrical
parameters of 900 W

Values Parameters

PN 900 W
Rs 0.49
Ls 0.0016 H
sm 4.721 s
/f 0.148 Wb
P 5
J 1.6
f 0.0001

Fig. 7.12 Example of a horizontal wind turbine of 900 W
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Fig. 7.13 Monthly energy output
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Fig. 7.15 Power coefficient of wind power 900 W
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The overall installed system in our laboratory comprises a wind turbine; a
Whisper controller (Fig. 7.16), which offers greater reliability and superior control
for battery charging; a battery bank (Fig. 7.17); fuses; and electrical protection
cards (Fig. 7.18).

Fig. 7.16 Installed hybrid wind–photovoltaic system

Fig. 7.17 Battery bank
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For voltage sensors (Fig. 7.19), we use Hall effect sensor LV25P equivalent to a
transformer and which is composed of a primary coil and a secondary coil.

For current sensor, its principle is the same as that of the voltage one, measuring
current creates an output voltage proportional. It differs from the voltage sensor by
the number of input pins and does not require resistor to limit the input current as
the previous sensor (Fig. 7.20).

Fig. 7.18 Whisper controller with cards protection and fuses

Fig. 7.19 Voltage sensor
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7.1.2.1 PMSM Parameters Identification

Some tests are important to confirm that the wind generator was not damaged in
shipment and is ready to install on the tower (Figs. 7.21, 7.22, 7.23, 7.24, 7.25 and
7.26).

• Ground test
• Open-circuit test
• Short-circuit test
• Phase to phase test.

Fig. 7.20 Current sensor

Fig. 7.21 Wind turbine tests
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7.1.2.2 Practical Results

An anemometer (Fig. 7.27) with wind sensor, temperature sensor, and humidity
sensor is arranged on the wind turbine with an indoor unit display (Fig. 7.28).

We present some results of signal measured at different frequencies (Figs. 7.29,
7.30, 7.31, 7.32 and 7.33).

Fig. 7.22 PMSM of the wind turbine
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Fig. 7.23 Power coefficient
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Fig. 7.24 Voltage and current waveforms

Fig. 7.25 Speed waveform
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Fig. 7.26 Braking test machine

Fig. 7.27 Anemometer
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Fig. 7.28 Indoor unit display of the anemometer

Fig. 7.29 Example of signal at f = 21.348 Hz
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Fig. 7.30 Example of signal at f = 27.482 Hz

Fig. 7.31 Example of signal at f = 24.873 Hz
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Fig. 7.32 Example of signal at f = 17.9969 Hz

Fig. 7.33 Example of signal at f = 21.106 Hz
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7.2 Conclusion

In this chapter, we have presented two wind examples with simulation and
experimental tests. These examples can help students of graduation and post-
graduations in the fields of electrical engineering quickly understand the identi-
fication of wind turbine and make easily the simulation of the studied system.
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