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Résumé
L'exploitation des énergies renouvelables permet la production d'énergie électrique décentralisée, ce
qui contribue a une solution pour alimenter une zone isolée avec I'énergie nécessaire. L'objectif
principal de ce travail est de contréler un systéme éolien basé sur une machine & courant continu
entrainée par une éolienne a vitesse variable. Un modéle a été établi pour chaque élément
constituant la chaine de conversion d'énergie. L’aérogénérateur a courant continu est connecté au
réseau électrique par l'intermédiaire de deux convertisseurs (DC/DC) et (DC/AC). En effet, le contrdle
par un régulateur classique (PI) de la vitesse de la génératrice en agissant sur le DC/DC nous a permis
de capter la puissance maximale du vent et réaliser ce qu'on appelle le fonctionnement en MPPT. De
méme un deuxieme régulateur Pl a été appliqué au convertisseur DC/DC pour garantir une tension du
bus continu constante. Ce systeme éolien alimente en plus une charge mécanique basée sur une
machine a courant continu dont la vitesse de rotation est contrélée par un autre régulateur P1 appliqué
a un deuxiéme convertisseur DC/DC.
Mots clés : Systeme de conversion de I'énergie éolienne, Hacheur, Point de puissance maximale,
Onduleur, PWM, (DC-DC), (AC-DC), PI, Régulateur a hystérésis du courant.
Abstract
Exploiting renewable energy allows the production of decentralized electrical energy, which
contributes to a solution for powering an isolated area with the necessary energy. The main objective
of this work is to control a wind energy system based on a DC machine driven by a variable speed
wind turbine which is connected to the grid and powering a mechanical load. Each component of the
wind system is modelled. The DC aero generator is connected to the electrical network through two
series converters (DC-DC) and (DC-AC). In fact, the control by a classic regulator (P1) of the speed of
the DC generator allowed us to capture the maximum power of the wind and establish the MPPT
operating mode. In the same manner, another PI controller is applied to the DC/AC converter in order
to regulate the DC link voltage to a smooth value. This wind system supplies a mechanical load whose
speed is controlled by using a PI controller applied to a DC/DC converter.
Key words: Wind energy conversion system, H-Bridge, Inverter, Maximum power point, PWM, (DC-
DC), (AC-DC), PI, Hysteresis current controller.
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Notations

V,: Average value of the slow component;

V. (t): Fluctuations caused by turbulence;

E.: Kinetic energy in (joule);

V: Wind speed in;

m: This is the mass of air ;

p: Is the density of air in general it is equal to 1.25 ;

V,;: This is the volume of air that rotates the blades of the wind turbine;
S: This is the area swept by the blades of the wind turbine ;
e: Is the thickness of the blades ;

P: The power in watts ;

E: The energy in joules ;

t: The time in seconds ;

v: This is the speed of the tip of the blades in ;

R: The length of the blades ;

Q: The angular speed of the blades ;

A: representing the ratio between the speed of the tip of the blades of the wind turbine and the
speed of the wind;

Cp: power coefficient;
Pm: The power extracted by the rotor ;
mt: Is the mass per second ;

V1. The speed before passing through the rotor plane ;



V,: The speed after passing through the rotor plane in (m/s) ;
Q,.: speed of the generator (fast shaft in rad/s);
G: multiplication ratio;

Q,: Blade rotation speed

J: Total inertia of rotating parts ;

f: Coefficient of viscous friction;

Cem: Electromagnetic torque of the generator ;
I: current consumed by the motor;

U: Motor supply voltage E: electromotive force;
R: internal resistance of the winding;

p: Number of pairs of poles of the inductor;

a: Number of armature winding path pairs ;

N: Total number of active armature leads;

¢: Useful flux per pole ;

Q: Rotation speed ;

Ea: Counter-electromotive force;

Pem: the electromagnetic power ;

Pu : the useful power ;

Pje: joule losses at the inductor ;

Pj: joule losses at the ;

Pfer: ferromagnetic losses;

Pmeca: mechanical losses;

E: the f.e.m.;



I: the armature current ;

Tem: the electromagnetic torque ;

Tu: the useful torque ;

R: the armature resistance;

r: the inductor resistance;

Cr: Itis the resistant torque imposed by the load;

J: The total moment of inertia (machine + driven load);
f: The friction proportional to the speed of rotation;
GSC: Grid side converter;

MSC: Machin side converter.
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GENERAL INTRODUCTION

Wind energy is one of the oldest used energy sources. Its use in the past was
widespread in the production of mechanical energy as man tried to use the wind in his life and
benefit from it. Moreover, the wind is used in many ways for example; move sailing boats,

rotate windmills to get water from the ground, etc [1].

The wind turbine first appeared as a windmill with a horizontal axis of mechanical
power generation, used since 1000 AD in Persia, Tibet and China. The transfer of the
mechanical mill from the Middle East to Europe between 1100 and 1300, wind-generated
electrical energy is sometimes considered the most important promising renewable energies
should be developed to replace hydrocarbons. But due to the volatile nature of the wind, wind
energy can only be considered as a complementary source of energy and not an alternative to

traditional solutions.

At the moment, many countries are resolutely moving towards wind energy. During
the 19™ century tens of thousands of modern windmills with rotors with a diameter of 25

meters were put into operation in France.

Currently, China tops the list of countries producing this energy with 145,362 MW,
which is about 33% of the global production of this energy, followed by the United States
with a production of 74,471 MW, Germany with 44,947 MW, India with about 25,088 MW
and Spain with 23,025 MW.

As for Algeria, we are still in an initial stage with one experimental wind farm with a
nominal capacity of 10 MW, knowing that the average annual wind speed is between 2 and 6
m/s. But modern turbines are more reliable and efficient, and their noise has been
significantly reduced compared to their predecessors. The current pursuit is in the
development of new control strategies to maximize the collection of energy from turbines.

Therefore, researchers working in the field of renewable energies are diligently
pursuing research and development with the aim of improving the efficiency of
electromechanical conversion and the quality of energy supplied to the grid. In this context,
the report below describes a study on the use of direct current machines in a wind system

supplying an electrical network.

The work presented in this thesis simulating a wind system powering a mechanical load and

inject the surplus power in the grig, and extract the needed power from the grid when the
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system does not produce enough power, our work consists around 3 main chapters which are

briefly described below:
In the first chapter of this thesis, state of the art wind power will be presented.

This is a fairly detailed study of the wind system and the various structures present. Next, we
discuss the different types of generators used in the conversion chain and the different

possible architectures.

The second chapter is devoted to the detailed modeling of the different systems that
make up the wind system, namely: the turbine, the DC machine, the chopper, and the three-

phase inverter.

The third chapter is devoted to the development of the different control strategies
applied to the different inverters (chopper and inverter) to operate the wind system in MPPT
and extract the maximum energy from the wind and powering a DC mechanical load
connected to the DC link. It will feed the machine while injecting the surplus into the
electrical network or feeding the load in the event that the turbine does not produce enough

energy.

Finally, we close this thesis with a general conclusion about the work done and will
offer some points of view to give fruitful follow-up to this work in the future.

18



Chapter 1: State of the art on wind

turbine systems
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Chapter 1: State of the art on wind turbine systems

1.2

1.1 Introduction

The wind is one of the clean renewable energy. It is a flow of gases and it is caused by
the differences in the atmospheric pressure. When a difference in the atmospheric pressure
happens, the air moves from higher into lower pressure areas. However, all of these caused by
sun effects, because the sun heats the wind unequally around the earth and 1 to 2 percent of
the solar energy which reaches the earth is stocked in wind. The human tried to use the wind
in his life and get advantages of it. Furthermore, the wind is used in several ways for example;
moving sailing boats rotate windmills to get water from underground, etc. The wind can be in
general divided into two types, global and local. However, the global wind is the large
movements around the world and the local is the movements of wind in a specific part on
earth. The wind can be described by two main factors speed and direction, and controlled by a
combination of three forces which are: - Pressure gradient force (PGF). - Coriolis force. -
Friction. The wind can be warm or cold because of the earth's surface effects in both friction
and pressure of the wind, and the warm wind has less density than the cold. Oceans give a
smoother surface more than the land and drastically different certain heat that cause ocean or
land breezes through changing of air pressure. In the daytime the heating is increased more
over the oceans, so the air over the land goes up and wind speed goes fast from ocean to land

and in the opposite direction at night [1].

Background

With the use of oil and gas in the production of electric power which pollute then
vironment, the researchers started to find sources that can be used in producing electric power
without any dangerous impact on the environment. The air is made of several gas particles
and these particles moves quickly during windy days and that produce a movement energy
called kinetic force Ex caused duo to the wind motion. The first scientist who figured out this
energy is Robert Boyle in 1660, then it has been developed theoretically by Daniel Bernoulli
in 1738. After that, the scientists tried to develop it more and more. The Kinetic energy can be
obtained by:

Ey =%mv2 (1.1)

where vis the speed of wind in meter per second (m/s), and mis the mass of wind in
kilogram (kg) and known as the body of air with specific characteristics (temperature,

humidity and pressure) and is given as:

m=3 (1. 2)
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Chapter 1: State of the art on wind turbine systems

1.3

1.4

Where k is a constant and equal to 1.38 * 10-23 (J/kg) and T is the air temperature of

gas in Kelvin.
Wind turbine

A wind turbine is a rotating machine which converts the wind kinetic energy into
mechanical energy. If the produced mechanical energy is then converted to electricity, the
system is called a wind generator Based on the axis in which the turbine rotates wind turbines
can be separated into two types (Horizontal Axis Wind Turbines and Vertical Axis Wind
Turbines). The first kind are more commonly used due to several inherent advantages, but, the

latter being used in small scale [2].
History of Wind Energy

The idea of using the wind as an energy started by moving the boats along the Nile
River in early time by 5000 B.C, while the first simple windmills were used in china in
pumping water 200 B.C, however, Persia and the Middle East used the vertical axis windmills
with woven reed sails for grinding the grain. Holland was best known for development in
windmills design, by 14th century, which preformed many helpful functions in that time,
Including timber milling and the most important function was pumping water to drain marshy,
low areas and reclaim large lands of Netherlands farming. At the end of 18th century, about
10,000 wind turbines were used in Netherland and Britain as well. By 1990 in Denmark there
were about 2500 windmills for mechanical loads which were producing an estimated
combined power approximately to 30MW. The wind turbine technology is one of the
attractive renewable energy. The wind power is developed significantly in 1990, where more
than 10,000 megawatt of the wind power capacity used around the world. The total amount of
the Swedish electricity production in 2003 was 143 terawatt hours, the important part comes
from hydropower and nuclear power, which participate about 65 terawatt hours each. 11
terawatt hours come from steam power. The total amount of installed wind power was
approximately 400MW at the end of 2003. The wind power has been the fastest-growing
exporter of the renewable energy around the world in the last years, and ability is also
progressively expanding in Sweden. Since 2000, the Swedish production has grown from 0.5

to 7.1 terawatt hours in 2011, there were approximately 2000 wind turbines in Sweden [1].
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1.5 Main components of wind turbine

Wind turbine with gearbox (structure shown in Figure 1.1) and directive-drive wind
turbine (structure shown in Figure 1.2) share the commercial wind power market. The latter is
also called gearless wind turbine whose rotor is directly connected with a permanent magnet

generator. The main components of wind turbine are listed as follows [1]:

Wind
\direction

Wind vane

b l Generator High speed
Yaw _—] P shaft

Swivel
beading Nacelle

Figure I- 1: Structure of wind turbine with gearbox[3].

Permanent magnet

Rotor
Stator N
- 1 acelle
Pitchsyste Rear beari / .
Rotor
hle‘ === Main shaft -
Yaw system
Fore DRaring /
Connector LY Bl fopepeimgeg

Blade
Tower

g VRN

Figure I- 2: Structure of directive wind turbine [4].
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1.5.1 Rotor

It is the heart of a wind turbine which contains the blades and the hub. Blades are used
to capture the wind energy and convert it into mechanical energy to force the rotor to rotate.

Hub is used to support the blades and is connected to other parts of the wind turbine

1.5.2 Pitch system

Pitch system turns the blades in/out of the wind to keep the rotor rotating in a lager
wind speed range. It is also an important power adjustment system for variable speed wind
turbine. It limits the power generation at the rated output power and helps wind turbine to
catch as much as possible wind energy when wind speed is low. It consists of a control system

and actuators.

1.5.3 Hub

The hub is the component holds the transmits motion and the rotor together to nacelle and
it transmits the loads that which are generated by the blades, most of the hubs are made of
steel either cast or welded and there are three main types of them that have been applied in
HAWTSs.

a. Rigid Hub: it is designed to keep all main parts in a stable position relative to the main shaft,
they are the most used design and are roughly universal for machines with three or more
blades

Figure I- 3:Rigid Hub [5].

b. Teetering Hub: this type of hubs are used on roughly all two blades of the wind turbines. The
teetering hub can decrease loads due to imbalances of aerodynamic or effects of dynamic

from rotation of the rotor or yawing of the wind turbine.
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Blade root adapter

Teeter damper

Teeter bearings

Main shaft

i?', <€—— Hub attachment

i - Hub body

Figure I- 4 : Teetering Hub [5].

c. Hinged Hub: This type of hubs are basically a rigid hub with hinges for the blades, this hub
in some ways a cross between a teetering hub and a rigid hub also the main function of the

coupling is to transmit torque between two shafts, but it may have another function too.

1.5.4 Wind speed sensors

Generally, two wind speed sensors are installed in wind turbines:

An anemometer for assessing direction and an anemometer for measuring speed usually
located at the back of the nacelle. The electronic signals emitted from the anemometer are
used by the wind turbine driving control system to start the wind turbine when the wind speed
reaches approximately the mean value of:5 m/s. Also, the electronic control system
automatically stops the wind turbine if the wind speed is over 25m/s to ensure wind turbine
system protection. The drive control system uses the signals from the wind vane to direct the

wind turbine into the wind using the steering gear.

Figure I- 5 : Wind speed sensors.
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1.5.5 Generator

Generally, two kinds of generators are used:

Direct current generator;
. Alternative current generator.

Anyway, it converts the mechanical energy that the rotor sends to it, into electrical energy
which can be injected in the grid.

’m C_c_>_c_>ling fan
Drive shaft
=
D-end N-end
Stator windi'r.:n'.g;s ~ Stator
- Rotor
Figure I- 6 : Scheme of the generator [5].
1.5.6 Nacelle

It is the housing that protect sall components which is attached to it and the prime
frame as well, this enclosure is in particular importance for the electric systems of the wind.
However, the nacelle which sits at the top of the tower and is connected to the rotor which
consists of the main components of the wind turbine, such as the gearbox, main frame and
generator. The nacelle is made of fiber glass and protects the internal components from the
environment. The cover of nacelle is fastened to the main frame, which supports all the other
parts inside the nacelle, the main frames are large metal structures that must be able to
withstand the large fatigue loads.

1.5.7 Blades

These are aerodynamically designed structures such that when wind flows over them
they are lifted as in airplane wings. The blades are also slightly controlled for greater

aerodynamic efficiency.
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1.5.8 Brake

This is either a mechanical, electrical or hydraulic brake used for stopping the turbine

in high wind conditions or any dangerous cases.

1.5.9 High-speed shaft

The main role of the high speed shaft is to transmit the speed and torque from the

gearbox and drives the generator to produce electric power.

1.5.10 Low-speed shaft

It is the principal — rotating element which is transfers torque from the rotor into the
rest of drive train which is transfers power from the rotor to the generator. Moreover, it
supports the rotor weight, and it is connected to the gearbox to increase the rotation speed.

1.5.11 Yaw system

Yaw system makes the rotor face into the wind when the wind direction changes. It
consists of a control system and actuators.

1.5.12 Gearbox

The gearbox steps up the speed according to the electric generator requirement.
However, gears connected the low speed shaft to the high speed shaft and the rotational
speeds increased from about 30 to 60 rotation per minute (rpm) to about 1000 to 1800 rpm,

the rotational speed is required by most of generators to produce electricity.

1.5.13 Controller

This is the most important part of the turbine as it controls everything from power
output to pitch angle. The controller senses wind speed, wind direction, shaft speed and torque

at one or more points. Also the temp of generator and power output produced is sensed

1.5.14 Wind direction

Generally erratic in nature, hence the rotor is made to face into the wind by means of

control systems.

1.5.15 Wind vane

Basically the job of a wind sensor, measuring the wind speed and communicating the

same to the yaw drive, so as to turn the turbine into the wind flow direction.
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1.6

1.5.16 Anemometer

It is applied to measure the wind speed and sends it to SCADA which is incorporated

in the wind system.

1.5.17 Tower

Due to surface aerodynamic dray caused by land or water surface, wind velocities
increase at higher altitudes. The tower helps the nacelle to stand at a high altitude so that

improving the power generation of wind turbine.
Wind turbine operation

The operation of wind turbine is automatically controlled according to the wind

conditions. A normal wind turbine operation procedure is as follows [6]:

1.6.1 System test

The rotor position is checked and changed if necessary, the system is checked for
faults. If no irregularities cases are detected, the wind turbine is ready for operation.

1.6.2 Idling

The wind turbine stands with braked rotor and is turned into the wind inflow direction
by the yaw system. With the wind speed measurement data providing by the anemometer, the

system determines when the starting level wind speed has been reached [6].

1.6.3 [Initiation

The rotor blades are pitched into the wind, and the mechanical rotor brake is released.

The rotor starts to rotate.

1.6.4 Powering up

The rotor speed increases until the synchronization speed of the generator is reached.
If the synchronization speed can be maintained constant over a specified period, the generator

is then coupled to the grid [6].

1.6.5 Power generation

If the generator has successfully started the operation, power is delivered to the power

grid through the generator.
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1.7

1.6.6 Power off

If the wind speed is too strong and exceeds the cut-out wind speed, the system is

completely stopped by using of the mechanical brake.
Wind turbine development tendency

The initial wind turbines were passive stall-regulated load control, working in a narrow
wind speed range. Paul La Cour designed the first wind turbine for the direct current
production in 1891. After the First World War, due to the experience of propeller design for
aircraft, the scientific understanding of wind turbine design greatly stepped forward in
Europe. With the new theoretical background of wind turbine, many promising methods for
the modern wind turbine design emerged. The wind turbine WIME D-30 with a diameter of
30 m and a power of 100 kW operated from 1931 to 1942 in Crimea and produced power into
a small 20 MW grid. However, the start of the Second World War ruined these models. With
the reconstruction of Europe after the war, the developments of wind turbine attracted again
the researchers. Some prototypes of wind turbine were fabricated and provided electricity to
the grid. Such as the famous Gedser wind turbine, TVIND wind turbine , respectively. After
1980, the renaissance of the wind energy started tremendously in Europe and the USA. After
almost 40 years, wind turbine shares a part of the electricity market. It is necessary to
summarise the evolutions about site, size, power, and control of wind turbine so that the

research background of this thesis can be unfolded [6].

1.7.1 Evolution of site

In order to catch as much as possible wind energy, onshore wind turbines are being
installed in remote locations with abundant wind resource. Nowadays, offshore wind power
has successfully attracted interest in some countries, such as Denmark, China, UK,
Netherlands and Germany, because of its excellent wind resource and the avoidance of land-
use issues. With the development of support technologies, wind turbines are being erected
from shallow water (for fixed foundation wind turbine) to deeper water (for floating wind
turbine).

1.7.2 Evolution of size

If the aircraft Airbus A380 with a 79.75 m wingspan is regarded as a giant,
commercial wind turbines in our days should be called super-giant, as their rotor’s diameters
easily exceed 100 m. Referring to the modern wind turbine fabricated after the year 2004
shown in Figure 1.7
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Figure I- 7 : Gedser wind turbine, 200 kW, D = 24 m, Denmark 1957]6].

their total heights are at least 150 m. The wind power through an area A at a velocity v

is given by:
P = pAv® (1.3)

where, p is the air density. As can be seen from (1.3), the power (P) is proportional to
the cross-sectional area A. Hence, improving the area of rotor is an efficient way to capture
much more energy with the same wind speed v. The rotor diameter of the newest Siemens
offshore wind turbine SG 10.0-193DD is 193 m .Nowadays, the size limit of a wind turbine is
unknown. With the ambition for capturing enormous energy, larger wind turbine may appear
in the future.

1.7.3 Evolution of rated power

According to Yang et al. wind turbines are becoming larger with higher rated power,

as shown in Table.
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Repower M104 3.4 MW
GE 4.0-110 4.0MW

Gamesa G-128 4.5MW

Enercon E-126 TMW

Wind Power Ltd Aerogenerator X 10MW (in development)

Table I- 1: Evolution of wind turbine rated power [6].

1.7.4 Evolution of control

In the beginning, wind turbines were based on passive stall-regulated load control,
fixed-rotational speed, working in a narrow wind speed range. Then, variable speed wind
turbine with active pitch control appeared in order to produce the maximum power. The
application of blade-pitch control has allowed modern wind turbines to be larger and capable
of operating over wider wind speed ranges. However, researchers are trying to develop
intelligent blade that can measure wind speed and automatically adapt itself to wind
conditions. It is believed that with the intelligent blades, the reliability and efficiency of wind
turbine can be enhanced.

1.7.5 Evolution of cumulative installed capacity

According to the report of Wind EUROPE .the total cumulative installed capacity in
Europe has reached 204 GW in 2020, as shown in Figure 1-8. Therefore, wind turbines are
giant machines that automatically operate at remote places or off-shore under harsh and
random environment without a human supervisor. As a costly power generator and with
increasing contribution to grid, the reliability of wind turbine is an important issue. However,
its operation environment, the location of site and size of wind turbine bring a lot of

challenges to reliability and maintenance of wind turbine:

1.7.6 Challenges caused by site

The remote site of wind farm may not be accessible at all the time. Hence, the
maintenance activities for wind turbine only can be carried out during an accessible time
period. It requires prediction and planning. The deteriorated components that is likely to fail
during the inaccessible time period need to be repaired / replaced in advance to avoid

undesirable downtime of the system.
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Figure I- 8 : Evolution of wind turbine size and power|[7].

1.7.7 Challenges caused by size

To carry out maintenance activities, the increasing size of wind turbine may need
special vehicles or equipments. Besides, the rapid growth in design size that lacks a practical

operational experience may cause unexpected failures.

1.7.8 Challenges caused by control system

The control systems used for pitch, generator and converter are more and more
sophisticated. However, the electrical and electronic components are showing that they are
less reliable than mechanical components. Furthermore, the existing condition monitoring
system is not effective for detecting electrical and electronic failures. The downtime caused
by electrical and electronic components failures are more significant in remote location and

offshore because of the reduced accessibility.
To improve the reliability of wind turbines, several methods can be considered:

Improving wind turbines design theory and magnification technology;
Developing advanced condition monitoring system for wind turbine;

Producting the remaining useful life of the wind turbine and providing economical

maintenance schedules for wind turbine in service.
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1.8

Classification of Wind turbines
Generally, turbines are divided into two types according to their axis of rotation.

1.8.1 Vertical axes turbine

This type of wind turbine is characterized by its vertical axis. It uses the principle of
operation omnidirectional, which has the advantage of capturing the winds wherever they
come from without the need for a referral mechanism. Another advantage of this type of wind
turbine is the size of the blades, which is not so constraining compared with that of the
horizontal axis type. Several models of vertical-axis wind turbines have been designed, but
the two most famous are those of Darrieus and Savonius. All models in this category have

remained at the prototype stage, as they are currently not profitable, but all show ingenuity.

1.8.1.1 Darrieus Wind Turbine

The Darrieus wind turbine is a wind turbine based on an H-shaped rotor, cylindrical or
helical, which rotates around a fixed rod. This type of vertical wind turbine has many
advantages, including being able to be installed in much ventilated places and being very
quiet compared to other wind turbines on the market. The disadvantage of this type of wind
turbine is that it needs a relatively strong wind to start rotating and therefore to produce

energy.

. Rotor Darrieus
Rotor Darrieus Rotor Darrieus H Hélicoidale

Figure 1- 9 : Darrieus wind turbine[8].

32



Chapter 1: State of the art on wind turbine systems

1.8.1.2 Savonius wind Turbine

This type of wind turbine has the advantage of being particularly easy to install
because it is not cumbersome. The principle is that two half-cylinders rotate, driving one and
the other, even with a very light wind. In addition to a very attractive design aesthetic that
allows installers to easily project themselves with this wind turbine, the Savonius wind

turbine can work well with very low winds, which is not the case with the Darrieus wind

s
‘: par le vent
B ———
e

Figure I- 10 : Scheme of the Savonius rotor

turbine.

Eolienne Savonius

v

Figure I- 11 : Scheme of the

Savonius rotor [81. principle [8].

1.9 Horizontal axes turbine

1.9.1 Horizontal-axis wind turbines

They are the most commonly used type of wind turbine. They can be defined as a
turbine in which the shaft of the rotor is in the direction of the wind. A wind turbine could be
single-bladed, double-bladed, or three-bladed. The blades are aerodynamically designed to
rotate with the aerodynamic lift of the force. The pressure difference is created between the
upward and lower faces of the turbine blades. The speed of air through the front side of the
blade is high, and a low-pressure area is created there. On the other hand, airspeed is low on
the rear side, and a high-pressure area is created there. The air from the high-pressure region
moves the blades upward, giving them an aerodynamic lift. This relation is called Bernoulli's
relation, which states that where the pressure is high, speed will be low for a fluid. The blades
of the turbine are connected to the rotor of the electrical generator. HAWT can capture

stronger winds and have greater efficiency.
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1.9.1.1 Horizontal axis wind turbines with Aval direction

The wind blows on the back of the blades from the nacelle. The rotor is flexible and self-
steering. The upstream turbine arrangement is the most common because it is simpler and gives the
best results for high powers. There is no rudder, the maneuvering efforts are less important, and there
is better stability. The blades of horizontal-axis wind turbines must always be oriented in the direction

of the wind. For this, there are orientation devices on the nacelle according to this direction [8].

(Figure 1-12)

Wind turbine Amont
Wind turbine Aval , . A
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— |
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Figure I- 12 : Wind turbine Aval. Figure I- 13 : Wind turbines Amont.

1.9.1.2 Horizontal axis wind turbines with amont direction

The wind blows on the front of the blades in the direction of the nacelle. The blades
are rigid, and the rotor is oriented according to the direction of the wind by an orientation
device [1].( Figure 1-13)

1.9.2 Effect of number of blades

When the number of blades on a wind turbine increases, the aerodynamic efficiency
increases. However, as we move from two blades to three blades, we get an increase in
efficiency of 3%, but as we move from three blades to four blades, the efficiency gain is
marginal. Moreover, as we increase the number of blades, the cost of the system increases.
When we use a larger number of blades, the blades should be thinner to become more
aerodynamically efficient. But when the blade has a thinner portion at the root, it may not

resist bending stress induced by axial wind loads. In general, wind turbines with three blades
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and a thicker root are used. In general, the lower the number of blades on a wind turbine, the

lower the cost of materials and manufacturing [8]:

(TR

Figure I- 14: Horizontal wind turbine blades.

1.10 Different wind turbine technologies

There are basically two wind turbine technologies, those with fixed speed and those

with variable speed

1.10.1 Fixed-Speed Wind Turbine

A fixed-speed wind turbine system is a simpler way of connecting wind power onto the
electric grid. Today, such a system uses an induction machine almost exclusively for
converting the mechanic power extracted from wind into electric power. The induction
machine’s operational characteristics, together with its rather low price and robustness, are the
main reasons for this. The stall and the pitch aerodynamic control strategies presented in the

preceding sections have been used in combination with a fixed-speed system [9].

1.10.2 Variable-Speed Wind Turbines

The fault response of variable-speed systems is, to a large extent, influenced by the power
electronic converter. A modern power electronic converter can theoretically maintain the
desired output current almost regardless of the grid voltage, provided that the current and
voltage limits of the converter are not violated, and that driving energy from the wind turbine

is available [9].
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1.11  Design of the wind turbine rotor

There are several parameters involved in the design of an efficient yet economical wind
turbine. Generally and efficient design of the blade is known to maximize the lift and
minimize the drag on the blade. Now, minimization of the drag means that the aerofoil should
face the relative wind in such a way that minimum possible area is exposed to the drag force
of the wind. Furthermore the angle of this relative wind to the blades is determined by the
relative magnitudes of the wind speed and the blade velocity. The thing to note here is that the
wind velocity basically stays constant throughout the swept area but the blade velocity
increases from the inner edge to the tip. Which means the relative angle of the wind with

respect to the blade is ever-changing [2].
1.12  Different stages of energy conversion

Wind generators can be grouped into different categories. They can be classified according to:

The nature of the electromechanical converter (synchronous, asynchronous machine, direct

current, etc.).

. The nature of the mechanical coupling (presence of speed multiplier or direct attack).
The type of operation (fixed or variable speed).

. The type of sensor (vertical or horizontal axis).

These different categories can intersect, for example, a wind turbine can be variable speed,

have a speed multiplier and an asynchronous generator [8]:
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Figure I- 15 : Different stages of energy conversion [10].

1.13 Speed multiplier

The mechanical transmission is done by means of a multiplier of speed whose main role is to
adapt the speed of rotation of the turbine to that of the generator. It helps turn high-torque, slow-speed
power into a low torque power and fast speed. The multiplier therefore connects the (primary) speed of
the wind turbine to the (secondary) shaft of the electrical generator. The principle of wind power

conversion is illustrated in the figure. The whole chain of conversion involves a wide variety of fields

and poses aerodynamic problems, mechanical, electrical or automatic [11]:

Figure I- 16:Speed multiplier.

1.14 Variable speed systems

1.14.1 Wound rotor induction machine

This machine requires the use of a gearbox, on the other hand its robustness is slightly
reduced by the presence of the ring and brush system. The asynchronous machine has a

wound rotor with electronic adjustment which ensures the variation of the slip. This allows
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the assembly to operate at variable speed over a greater speed range compared to the squirrel-

cage induction machine.

Grid

Figure I- 17 : Wound rotor induction machine [12].

1.14.2 DC-Excited synchronous machine

The synchronous machine has not been widely used in wind power installations, such
as the case of an asynchronous machine, because it is more complex to control and it requires

a constant speed at the rotor to create a constant frequency voltage at the stator.

Another solution is proposed to operate the synchronous machine at variable speed. It consists

of using an inverter-rectifier assembly.

The speed variation range is from 0.5 up to 1.2 of the speed of synchronism. But,
contrary to the cases of the asynchronous generator with Double Power supply, the
conversion chain placed on the stator must be sized for the full power of the production

system.

P =F" Q,
"9@ = +“—,>"‘ A
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Figure I- 18 : Synchronous machine connected to the network via a converter.

1.14.3 Permanent magnet synchronous machine

The Permanent Magnet Synchronous Motor (PMSM) is an AC synchronous motor
whose field excitation is provided by permanent magnets, and has a sinusoidal back EMF

waveform. The PMSM is a cross between an induction motor and brushless DC motor.

This type of machine uses a multi-pole rotor permanent magnet, which gives the
advantage of developing a very high mass torque and eliminating the gearbox. In addition, the
machine does not consume reactive energy in the circuit rotoric. The speed variation range is

from 0.6 up to 1.2 of the speed of synchronism
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Figure I- 19 :Permanent magnet synchronous machine[12].

1.14.4 DC machines

DC motors make up most of the mechanical motion we see around us. They convert
electrical energy in the form of direct current into mechanical energy. Due to its simple
operation and controls and due to its availability in a wide range of power ratings, it was
chosen to simulate the wind in the wind turbine system. We will focus on DC motors and

their use as generators in wind systemsin the next chapter:.
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Figure I- 20 :DC-machine[13].
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1.15 Conclusion

In this chapter, some main notions on wind technology were given concerning mainly,
its types of its classification, its main constituents and its operating principle of a wind turbine
chain, the different types of machines used characterizing their operating principles..Through
the literature, any wind energy system structure based on DC generator has been studied yet.
So, in this thesis, we propose the study and the control of a grid connected wind system based
on a DC generator and powering a mechanical load composed also of a DC machine. Hence,

the next chapter is reserved to the proposed wind system modelling.
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2.2

2.1 Introduction
After a brief description of the most used wind turbine system structures in the
previous chapter, the main goal of this present chapter is the system components modelling.
In fact, the studied system is composed by:
1- Wind turbine;

2- DC generator;
3- H-Bridge;
4-Inveter;

5-Continuous bus.
Wind system modelling

The general scheme of the studied system is depicted in Figure (11.1). All its components are

described hereafter:

2.2.1 Wind speed

Since wind is the source of electrical energy produced by wind turbines, The most
important problem is t the amount of wind which cannot controlled and therefore the lack of
control over the energy produced. The wind speed V (t) can be divided into two components

as follows [12]:
V() =Vy+V, (t) (1. 1)

V, : Average value of the slow component;

V; (t) : Fluctuations caused by turbulence.

The proposed wind energy conversion system is presented in Figure(ll-1).
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Figure 11- 1 : Electrical scheme of the proposed wind system.

Chopper

2.2.2 Turbine modelling

The power extracted by a wind turbine is given by the following relationship:

1
Puin = 5. Cp(LB).0.5V] (I1. 2)
Where A is defined by:

A=Qt-R)/v (1.3)

Cp: Power coefficient;

A: Specific speed;

B : pitch angle;

p: The wind density in [Kg/m3];

S: The area swept by the blades of the wind turbine [m?];

Q;: The angular mechanical speed of the wind turbine rotor [rad/s];
Vv : Wind speed [m/s];

R: Radius of a turbine blade [m].

In our case the gearbox considered as sample gain (G). So, one can write
Qmec = G. Q¢ (1. 4)

Qq: is the DC generator speed (rad/s) ;
G: Gearbox gain;
Qt : Turbine speed (rad/s).

43




Chapter 2: Wind Energy system modeling

So, the generator torque (Cy) is related to the turbine torque (Cy) by:

Cg

Z%Ct (11. 5)

The mechanical equation of the wind system at the generator side is expressed by:

deec
J =2 = Cg — Cem — fOmec (11. 6)

Where, J and f are given respectively given by:

J =

f=

Jtur

]ur

22 +]mach (“- 7)
fur

(t;z + fmach (“- 8)

(Kg.m?) is the turbine Inertia; Jnacn(Kg.m?) is the generator inertia; fy(N.m.s) is the

turbine friction; fnacn(N.m.S) is the generator friction.

Cem is the electromagnetic torque of the generator (N.m).

From these previous equations, one can establish the following bloc scheme of the wind

system.
[ Turbine [ Multiplier ] [ Arbor ]
e T — ¥ Co1 S |
Ig : /\ B R. Qyyrbine D‘t‘l.lrnine-l : :
| v : i
PN | I
i Cs : l
I 4 i I
I _I_ | | Inmn
vil ¢ Py . Cor ,
: P 2 ﬂt | I :
I |

Figure I1- 2 : Bloc Scheme of the wind system [14].

2.2.3 BETZ limit

and

The power coefficient Cp represents the aerodynamic efficiency of the wind turbine
also depends on the characteristic of the turbine. This coefficient has a theoretical limit,

known as the Betz limit, equal to 0.593 and which is never reached in practice [Heier, 1998].
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Within the framework of this thesis, we will use an approximate expression of the
coefficient of power as a function of the relative speed A and the angle of inclination of the

blades 3, of which the expression originates from the work of El Aimani [EIl Aimani, 2003]:

Vi

| 2]

Figure 11- 3 : Tub of air current around a wind turbine.

In short, what BETZ has proven in a nutshell is that in the best conditions we can only harness
59% of the wind energy that hits the propellers.
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Figure II- 4 : Power coefficient for different types of wind turbines [15].

2.2.4 Power coefficient Cp

Several numerical approximations have been developed in the literature to determine
an expression for the coefficient Cp [16]:
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First expression

Cp =5 (v — 0,0228% — 5,6)e™%17

_ 9V,

40

y : is the peripheral speed ratio;
B : represents the angle of attack of the blade in degrees.

. Second expression

151 —18.5

Cp = 0,73 (== — 0,58.5 — 0,002. %1% — 13,2) e %

With:

1 1 0.003

M A+0.028  B3+1

. Third expression

(A -3)

Cp = (0,44 — 0,01678).sin [15_03ﬁ

|- 0.00184.2 - 3)p

. Fourth expression

116 —21

Cp = 05176 (5= — 0,4.f —5) e + 0,0068.

With:

1 1 0.035

A A+0.088  B3+1

This last expression is part of the SIMULINK library, and therefore will be the one used
to validate the model of our wind system. The curve of this last formula is given by
Figure(l.5) Several curves are represented on this figure depending on the angle of attack J,
but in this thesis we will only be interested in the one corresponding to f=0. This is because

on a small wind turbine there is no way to change the pitch angle of the blades as this means

producing a more expensive wind turbine.
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Figure 11- 5 : CP curve from SIMULINK model [17].

2.3 DC generator modelling

The generator used in our work to convert the turbine mechanical power in electric
power is a DC generator which will be described in this paragraph. Generally, a machine is an
electromechanical converter allowing the bidirectional conversion of energy between an
electrical installation through which a direct current flows and a mechanical device. It is also

called dynamo.

2.3.1 Construction

Before arriving to the mathematical model of the DC machine which will be used for the
machine simulation, we must describe the machine and we begin by its construction. In fact,

the main elements of the DC machine are shown in Figure (11.9):

Steel

Commutator Field winding

\\\Il'l,'

@
S

T

%,

Armature
(laminated)

S,
e
n
(0]
g

Jm
1%}
-4
T
e}
<

winding

Figure I1- 6 : DC motor.
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a) Inductor
It is the fixed part of the motor, whose main function is to create the necessary magnetic
excitation field for machine operating. It is constituted either by a permanent magnet or by an

electromagnet whose windings are traversed by the direct current of excitation.

Stator

scgment
Rotor

retaining sleeve

Connecring
cables

£ N Permanent
Tooth-coil X _ magnct
windings \ .

Figure 11- 7 : Inductor (Stator) of the DC machine.
When the inductor is not constitute with permanent magnets, it consists of coil fed by

a direct current (Ie), called excitation current. It is then equivalent to its resistance in series

with the coil.

b) Rotor
This is the moving part of the machine, which includes one or more coils rotating in

the magnetic field (Figure 1I- 8).

Figure 11- 8 : Armature.
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2.3.2 DC machine symbole

There are two symbols to for DC machine which are presented in Figure (11-9)

Inductor Inductor

AV V.V Vi

Armature OR. : : Armature

Figure 11- 9 : DC machine symbol [12].

2.3.3 Principle of operation

The inductor (or Stator) creates a magnetic field B~. This stator can be made up of permanent
magnets or electromagnets.

The armature (or Rotor) carries conductors, in the form of turns traversed by a direct current;
these whorls subjected to the forces of Laplace involve the rotation. Indeed, the variation of
the field flux through the turns, generates an electromagnetic force (emf) induced in the rotor,
which is rectified by the assembly (collectorballais). The value of this e.m.f.is proportional to
the mechanical speed of the Dc machine(£2,,) and the magnetic flux (¢) and it is expressed as

follows:
E=KQn,p (11. 16)

Where,
0,,: Mechanical machine speed (rd/s);

¢: The magnetic flux provided by the stator.

2.3.4 Equivalent diagram of a DC machine

The motor behaves like a resistor in series with a voltage generator(EMF: electromotive

force).
1, R 1
& —{ -+
o 3Pl e
Inductor Induced B

Figure 1l- 10 : Equivalent diagram of a DC machine.
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2.3.5 Different DC machine Excitation Modes

There are four excitation modes for the DC machine which are described hereafter:

a) Series excitation:

In this case of excitation, the magnetic field circuit is placed with the motor rotor. Its
particularity is to have an inductor which is crossed by the same current as the inductor.
Therefore has a lower resistance than that of other types of machines. The inductor is in series
with the armature (rotor). The main advantage of this excitation type is the single power
source. The direction of rotation is changed by swapping the connections of the armature and

the inductor. The machine electric circuit is represented by the following figure.

I
U
[ ]

Figure 11- 11 : Electrical modeling of a series excitation motor.

b) Shunt excitation
In this excitation type, the winding is connected in parallel to the motor supply it has the
same properties as the separately excited motor because, in both cases, the inductor
constitutes a circuit external to that of the armature. The electrical circuit is represented by the

following figure. Also in this case one power source is necessary.

Figure I1- 12 : Electrical modeling of a shunt excitation motor.

¢) Compound excitation

The compound excitation motor is composed from two excitations (serie excitation and

shunt excitation) at the same time. The following figure shows the machine electrical circuit.
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P-1+i

i

; .

Figure 11- 13 : Electrical modeling of a compound excitation motor.

d) Separately excited motor
This mode of excitation requires two separate power sources. The power supply for the
field winding is taken from a source independent of the main source of the rotor. The
direction of rotation is changed by swapping the terminals of the armature or the inductor.

The machine electrical circuit is shown in the following figure:

T®

Figure I1- 14 : Electrical modeling of a DC machine with separate excitation.

2.3.6 DC machine modelling
To its simplicity, the separated excitation mode is chosen for the DC machine used in

this work. The equivalent electrical model of the DC machine of our DC machine is presented

in Figure.
B, I,
W L WV ——
i lI:'rl 'y E :-_ ]...‘I
+ et} ‘jl- . -\.E= r-:mII ! Jfﬂll:ﬁ 'b-:\- -+
i v |f —
T r

m ity — Homr— . ; 1 s
= - -4 | L
A AN
_i .;1,-."““*[--"’; Elt)

Figure Il- 15: Electrical model of the separated excitation DC-machine [18].
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The mathematical model of the permanent magnet DC machine is formed by three
equations (electrical question, mechanical equation and electromagnetic torque equation) as
expressed hereafter:

a. Electrical equation

dig(t)

Ua(t) = Raia(t) + LaT + E, (“ 17)
b. Mechanical equation
dq
Cem=]E+fQ+cr (11. 18)

c. Electromagnetic torque

cem = kpla = KmQ (1. 19)
d. Electromagnetic force

Ea = KpQ (1. 20)

Where,

Ra and L, are respectively the machine resistor

(Q) and machine inductance (H);

Jand f are respectively the machine inertia (kg/m?);
Friction (N.s/m);

Kmis torque constant;

Cr is the load torque (N.m).

2.3.7 DC machine Four-Quadrant Operation

The four quadrants of the operation of a DC machine is presented in the following

figure
Electromagnet
ic torque
Reverse P q
Regenerating Mo;wa.u'
(Braking) otoring
Q3 ) Q4 »Speed
Reverse Forward
Motoring Regenerating
(Braking)

Figure 1l- 16: DC machine Four-Quadrant Operation.
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2.4

Quadrant 1: The machine spins forward and runs as a forward motor;
Quadrant 2: The machine rotates forward and operates as a generator;
Quadrant 3. The machine rotates backwards and operates as a reverse motor;
Quadrant 4. The machine rotates backwards and operates as generator.

H bridge modelling

In order to permit to DC machine to operate in the four quadrant described previously,
an H bridge chopper is necessary whose model is given hereafter:

1
1,/ 73D, I,/ /\D,
P 15 (,;EL:; i"\ I:IR
UL. k—J - r A
— “E
T, S% ﬁD: ts T, Aé /\Dy

Figure 11- 17 : Structure of the four-quadrant chopper controlling the DC machine.

The DC machine is likely to operate as a motor where the energy transfer takes place
from the source U, to the DC machine or as a generator where the energy transfer takes place
from the DC machine to electrical source U..

The switches consist of an IGBT or MOSFET transistor is composed from transistor in
parallel with diode in order to ensure motor and the generator operation. In fact, in the case of
motor operation, the current conduction is established by the transistor, and in the generator
mode situation, the current conduction is ensured by the diode. This assembly allows

operation in the 4 quadrants as follow:
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Figure 11- 18 : Front motor and generator operation.

The H bridge model is as following:
The instantaneous voltage of the DC machine is expressed in function of source

voltage and switching command (H) as follow:
Us = (2H — 1)Ue (11. 21)

In the same way, the source current is expressed as a function of DC machine current

and the H command as follows:
ie = (2H — 1)is (1. 22)

The mean value of the DC machine voltage can be easily obtained by writing the mean
value of the equation (11.2).

< Us >= (2a — 1)Ue (I1. 23)

Where,
aisduty cycle (0 < a < 1).
After DC machine and H bridge modelling, the final model of the DC machine
associated to the H bridge chopper is given by following state variable model [12]:
(2H — DE = Raia + (L + La) = + KMQ (1. 24)
. aqn
KMia = ]E + fQ + Cr (11. 25)

This can easily be written in the following state form:

dialdt = Z-DE _Ra ;, KM (11. 26)
L+La L+La L+La

B lo-Z (1. 27)

dt ] ] J
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2.5

Inverter modelling

Generally, the inverter is a static converter which allows the adjustment of the power
transfer between a direct current or voltage source and an alternating current or voltage
source. It connects a structure of DC voltage or current to a single-phase or three-phase
receiver of AC current or voltage.

The frequency "f" of the alternative source is:

Either imposed (fixed or adjustable), by an autonomous electronic control ( autonomous
power system).

Either imposed constant by the source itself (assisted inverter debited on the network).

Either imposed, variable by the source itself (inverter supplying a machine synchronous,
controlled by the frequency of the emf. of the machine). The standardized inverter symbol is

shown in the following figure:

Source | —— Charge
\/

Figure 11- 19: Standardized inverter symbol [19].

Figure shows the structure of a three-phase inverter that connects a DC voltage source

to a three-phase current receiver.

i

L

| L
'y
=1
-]

Source .
lnverter Récepteur

Figure 11- 20 : Structure of a three-phase voltage inverter [20].

2.5.1 Types of voltage inverters

There are two types of inverters which are used in practice which are described

hereafter:
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a) Single phase voltage inverter

The single voltage inverter circuit for obtaining an alternating voltage from a direct

voltage using four switches is presented in the following figure:

(@ N N S

Figure I1- 21 : Bridge Voltage Single Phase Inverter uising one DC source [20].
The instantanous model of this inverter is given by:
Vs = (26 — 1)E (11. 28)
Where, G is the command signal obtained by a PWM technique (this technique will be

developed later in this work)which is necessary to obtain an alternating voltage with a desired

frequency from the DC source.

c)Three-phase inverters

The three-phase voltage inverter circuit is shown by figure. As shown, it formed by
three single-phase half bridges. Each half bridge comprises a thyristor (or a transistor) and a
diode [20].

The DC voltage source (Vpy) can be obtained from a bridge rectifier or a battery
voltage or a regulate DC link voltage as will be shown later in the future chapter. To ensure
the continuity of the AC output currents Ia, Ib, Ic, the switches S1, S'1 and S2, S'2, S3 and S'3

must be complementary in pairs. We define Si = (Ti, Di)
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St S2-{ % S3-{
Vo (5 g

Sd4-{L & S5+ & S6-k & 3

— N

Figure 11-22 : Three-phase Full —Bridge Inverter.

2.5.2 Grid-Side converter modeling

As has been mentioned, the inverter assembly consists of six bidirectional switches,
each switch consists of a transistor (T) and a diode (D) mounted head to tail The pairs of
switches (S1, S'1), (S2, S'2), (S3, S'3) are controlled in a complementary way, to ensure the
continuity of the currents in the load on the one hand, and to avoid the short-circuit of the
source on the other hand. To guard against an untimely short-circuit, it is necessary to leave a
small time interval between the closing command of Si and Si' (i=1,2,3) . The diodes Dij (i€
[1,2], je [1, 2,3]) are free-wheeling diodes providing the current conduction from the load to

the DC source.

Figure 11-13: Three Phase Two Level Voltage Inverter.

From the circuit (Figure 11-23), one can write:
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Vao = Van + Voo
Vo = Ven + Vo (1. 29)
Veo = Ven + Voo
As the load is a three-phase load (alternating machine for example) the system Va,, /z,and

Venvbeing balanced (Van + Vn + Ven = 0), we will therefore write:

Vnozw (I1. 30)

Replacing this last equation in equation, we obtain:

VAn — ZVAO_‘;BO_VCO

Vg, = w (11. 31)
I Ve
kVCn — Vao VBO+2VC0)

3

On the other hand, from the electrical circuit (Figure 11-23), one can write:

2 if§1=1

Vao =94 2 (11. 32)
— 2 ifS1=0
Yac ir52=1

Voo =9 . . (11. 33)
—2 if52=0
He if§3=1

Voo =1 D . (11. 34)
—2 if§3=0

So, one can write:

(Vao = (25, - D)
U C

JVBO = (25, - 1)%!
Udc

LVCO = (253 - 1) TdJ

(I1. 35)

By replacing equation (11.37) in equation (11.33), we obtain the mathematical model of

the two level three phase inverter as follows:

VAn U 2 -1 -1 51
Van =% -1 2 =1{[S: (11. 36)
Ven -1 -1 2183

In addition, the relationship between the current modulated by the innverter (Idc) and

the three-phase alternating currents (ia, ib and ic) is defined by the following equation:
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I,
Ige=1[S1 Sz S3] IB] (11. 37)

Ic

2.5.3 Grid connecting line modeling

Note that the determination of the logical states (Fi) and (Si) of the interceptors
depends on the control strategy to be applied to the MSC and GSC. By applying the lattice
law, we can write the mathematical relations linking the voltages of the output of the GSC to

the network voltages as follows:

digg
9 4t +Vainv

. di
Vog = Rging + Lg—2 + Viiny (11. 38)

Vag = Rgiag + L

. dic
Veg = Rgicg + Lg—2 + Veiny

The application of the Park transformation to the last equations, allows us to obtain:

. di .
Vag = Rglag + Ly —2 + @sLgiqg + Vainy 1,39
— P digg ; '
Vag = Rglqg + Lg— .~ — @slglag + Vginw

2.6 Modelling of the continuos bus

The following figure represents the DC bus and we can see that it is represented by the
capacitor where the two converters are connected.
The coupling of the two static converters (rotor side and network side) is done via a
DC bus, it is therefore necessary to have the mathematical model of this circuit
Grid

Continuos bus
(Dc-Dc) Converter - (Dc-Ac) Converter
"‘ L \
MSC T GSC

Figure I1- 24 : DC-bus scheme.

The time evolution of the DC bus voltage is obtained from the integration of the

capacitive current

dUc_li
at ¢ €

(11. 40)

Ue(t) = Uc +-~ fff i.dt (I1. 41)
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2.7

The adjustment of the DC bus is carried out by means of a regulation loop making it
possible to maintain a constant voltage of the DC bus, with an integral proportional corrector

generating the reference of the current to be injected into the capacitor (ic-ref).[21]:
Conclusion

This chapter is devoted to the studied wind system modelling. Firstly, the general
electric circuit of the proposed system is presented. Next, all the system components are
described and there mathematic models are established. In fact, at the beginning, we have
described all equations for turbine operation. In the second we have considered the DC
machine associated to the H bridge chopper modeling. All required equations of them are
established. Inverter, three-phase line between the grid and inverter finished the wind
system modelling. Now, all system components are ready to be considered for control

strategies application to ensure some performances in the closed loop in the next chapter.
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Energy system

61



3.1 Introduction

In the previous chapter we have interested on the wind system modelling. In this chapter
we will focus on developing control strategies that will be applied to the system in order to
achieve some performances in the closed loop.

In fact, a Pl controller is developed and applied to the DC generator in order to ensure the
MPPT mode and extract the maximum power from the wind. Also, another PI controller is
applied to the inverter in such a way to inject the produced power in the grid by controlling
the DC bus voltage. Finally, a last PI controller is applied to a mechanical load based on DC
machine in order to regulate its speed to a desired value with a torque load. All the obtained

simulation results are presented and discussed.

3.2 PWM control strategies

Several control types (hysteresis current control, sinusoidal triangle control, etc...) can be
applied to the bridge chopper and to the inverter to ensure the desired performances. In our
case and for its simplicity, we have limited ourselves to the application of the current
hysteresis PWM strategy which is described hereafter:

reference current

l:'ﬂt
> 17

— i L{>o_:

hysteresis comparator

)

current measurement

I

Figure I11- 1 : Inverter arm hysteresis controller.

The switching on and blocking pulses of the inverter switches are generated using a
hysteresis comparator to limit the phase current in the hysteresis band (Al)Consequently, the
three static switches' switching conditions are (I= a ,b ,c),the inverters are defined in terms of
the corresponding Logic states as follows:

Fi = 1siler— I > Al (111-1)
Fi = —1siler- I < Al

The principle of this technique is detailed in the following figure:
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Switching logic Actual . Upper \
Curent  \ Band Y\
3l Reference [
: = + L 117 % cUrrent — Lower
.J.' 1 :; Al Band
D—H T~ " '
b q iy \ /
D—HH ~
e o cyninlnlnis
| e Signals
Figure 111-2: Control by current hysteresis for three phases
{ Fll =1 si Iiaref - Ia > Al (|||-2)
Fli =—1si Iiaref - Ia < Al
{ le =1 si Iibref_lb > Al (|||-3)
in =—1si Iibref - Ib < Al
{ F3i = 110lijcrer — I > Al (111-4)
F3i = —15i ligres — 1. <Al

3.3 Control strategies applied to MSC (H-Bridge)

The main objective of controlling the MSC (Bridge Chopper) is to extract the maximum
power from the wind. So, in order to ensure the MPPT mode, the power coefficient (Figure
I11-3) must be kept at the maximum value by controlling the generator speed.

To see the result of our simulation we use a Matlab script program

63



Chapter 3: Control of the Wind Energy system
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Figure 111- 3 : Power coefficient as a function of the specific speed 4

To extract the maximum power from the wind and achieve the so-called MPPT (Maximum
Power Point Tracking), it is necessary to ensure that the set speed (1) remains practically

equal to its optimum value, for each wind speed (v), expressed by:

Ay, = irerR (111-5)

op~— v

Therefore the speed of the DC-generator must follow its reference value given by:
AopV
Qgref = T”. G (111-6)

3.4 PI Speed controller

In order to ensure that the speed generator follows the reference (equation 111.6) and achieve
the MPPT, a PI controller is considered whose parameters are calculated basing on the

mechanical equation of the generator (Figure I11-4) as follows:
(va + R I gzu
J S+f

Figure I11- 4 :P1 controller of the generator speed .

The standard transfer function of a Pl regulator is as follows:
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Uref(S) _ (KpS+Ki)

S = s (m-7)
The open loop system transfer function is:
_ (Kp -S+Ki 1
Go(S) = ( s ) (].S+f) (111-8)
And therefore the closed loop transfer function is easily obtained:
_ (KpS+Ki)

We notice that the dynamics of the closed-loop transfer function is of second order. Its

characteristic polynomial is of the following form

P,(S) =v’j—2252+v2v—‘225+1 (111-10)

&+ The damping coefficient;

Wy System pulse.

By comparing the equation (111-10) and the denominator of the equation (111-9), we easily find
the two gains of the PI regulator as follows:

—f (111-11)

Note that the parameters (J and f) are obtained by machine identification.

2eKi

K; = Jwé¢ and ”
0

Finally, the detailed control scheme of the GSC control based on PI controller to ensure

MPPT is given by the following figure:

" Grid
MSC  DClink GsC
J-
Machine -r
ig i |
hysteresis
A gy T
Dprgr = % -
+

Figure I11- 5: Control scheme of the MSC.

In order to show that the wind system is operated in the MPPT mode, a wind speed

waveform is applied.
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Figure 111- 6 : Wind speed curve (m/s).

The following figures illustrate the obtained simulation results.

According to Figure (Figure 111-7) the generator speed (£,) follows the optimal
reference speed (Qyrer) to extract the maximum power and ensure the system operation in the
MPPT mode. Moreover, the power coefficient C, remained close to its optimal value
(Cpopt=0.4993) (see figure I11-8). Also, the specific speed is kept at its optimum value
(Aopt=6.4) (see figure 111- 9) during the wind speed variation.
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Figure 111- 7 : Generator rotational speed with its reference (rad/s).
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Figure Il1- 8 : Curve of the power coefficient (Cp).
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Figure 111- 9 :Curve of the specific velocity ().

Figure (111-10) presents the current (i;) of the DC-generator with its reference (iarer). By
comparison of figures (111-6) and (I11-10), we notice that the generator current increases and
decreases with the wind speed variation and it has a negative value which means that the
generator produces active power and supplies it to the DC link bus .In other words, the DC-

generator produces through its armature the maximum power extracted from the wind.

2 T

0 - -
5| X 25.576 |
- Y -0.513127

4l X 3.4355 |
- Y -5.42766

-10

DC generator current
)

-12

-14 X 17.6094 ]
Y -16.0699
-16 .Y B
-18 1 1 1 1 1
0 5 10 15 20 25 30

time

Figure 111-10 : DC-generator current (i;) with its reference i (A).
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Figure (111-11) shows the captured wind power (P,,) with its maximum produced wind power
(Pwmax). From this figure, one can see that the wind power follows its references maximum
power which means that the maximum power is captured and is available to be either used or
injected in the grid.

9000 | | . . .

pw
pw max | -

8000

7000

6000

5000

4000

3000

wind power and max wind power

2000

1000

0 5 10 15 20 25 30
time

Figure I11- 11 : Wind Power(P,) and its maximum reference value (Pymax) (W).
3.5 Control strategies applied to GSC

The main goal of controlling the GSC is to ensure the following objectives:
a) Guarantying a smooth DC voltage of the DC bus in order to ensure a balance power of all
components of the wind system;
b) A decoupled control of the active and reactive power flow between the network and the
DC bus with a desired power factor.
In this section, we will establish the control scheme of the GSC. To do this, a Pl regulator
will be synthesized to control the DC bus voltage (Vqc) to its reference value (Vcrer). The
active and reactive power circulating in the three-phase line, connecting the GSC and the

network are expressed by:
3 . .

Pg:E(Udgldg'f' Vgglqg) (111-12)
3 . .

Q=3 Waglag - Vagiqg)
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The orientation of the network voltage on the d-axis leads to:

Vg = Us (111-13)
Vgg =0 (111-14)
Therefore, the expressions giving the active and reactive power (equation) are simplified and
become:

Py= S ugiqg (111-15)
Qg=- %usiqg (111-16)

From equation (111-12), one can remark that the active power (F,) can be
controlled, at its reference value (Py,.r), by acting on the direct component (i,4) of the line

current and consequently the set point for this current is expressed by:

, 2
lagref = 3_ungref (1m-17)

Also, from equation (I111-13), one can remark that the reactive power (Q,) can be
regulated to its reference value (Qgrf) by the adjusting quadrature component (i,4) of the

line current. From where, we can establish the reference current expression:
. 2
lggref ='3_ungref (111-18)

Elsewhere, the active power at the DC bus side is equal to the active power exchanged

between the GSC and the network with negligible losses and one can write:

Ve iredzz Uslgg=Vaclona (111-19)
Where: i,..4 IS the average value of the modulated current on the GSC side.

iona IS the average value of the modulated current on the MSC side.

From equation (111-19), one can see that the DC bus voltage (v,.) can be controlled by acting

on the current component (i44). A PI controller combined with hysteresis current controller is

used to control the GSC to ensure all the cited performances in closed loop.

The closed loop scheme of the PI controller applied to the DC voltage control is depicted in

the following figure:

S.kpe + ki
5

o=

1"-"rl:I cref —

Figure 111-12 : Closed loop of PI controller applied to the DC voltage.
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Noting that, the Pl parameters calculation is established in the same manner as in the MSC
speed control described previously. Finally, the global scheme control of the DC voltage and

the power factor is presented in the following figure:

v

Continuos bus Grid
— MSC GSC
— T
| | | | lag )
. h lbg| .
Vdcref + /—.\— Vd,c Hysteres1s g
\[/ ‘-’-—1____ __,_#'— i(a,b,c)gref
PI abc dq
id.gref iqgref =0

Figure 111- 13 : Structure of the GSC control for DC voltage regulation and power factor

correction.

Noting that, to achieve a unity power factor at the grid side, the injected reactive
power reference is taken equal to zero. According to equation (111-18), to ensure a reactive

power nil, the quadrature command current must be taken (iggrer=0) (See Figure 111-13).
3.6 Mechanical load control

As has mentioned previously, the mechanical load considered in this work is a DC
machine driven by an H-Bridge converter. Also, a Pl controller combined with hysteresis
current controller is applied to regulate its speed to a desired value. The Pl parameters sizing
is achieving in the same manner as in the DC voltage and MSC regulation. Noting that the
desired machine speed is fixed to 120 rd/s with a load torque of (cr=5N.m) which is applied at
t=0s.

The obtained simulation results are presented in the figures (111- (14-16)):

From figure (111-14), one can note that the DC bus voltage (Vqc) is regulated practically to its
reference (Vcrer=700V) with some fluctuations which are due to the different loads
perturbations.

The zoom of the phase voltage (Va) and its corresponding current (i) shows that and after
powering the load (mechanical load), the active power surplus is injected in the grid. Is
negative which means that the wind system injects active power to the grid after powering the
load (See figure 111-16)).
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For the second stage when the wind speed slows down to 2m/s from t=24s) (see figure 111-6) ,
so, the zoom of the phase voltage (Va) and corresponding current (i;) indicate that the
produced wind power is not enough to satisfy the mechanical load power to operate at the
desired speed with load required torque. So, the deficit of power is extracted from the grid to

ensure the needed mechanical load power.
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Figure 111- 14 : DC bus voltage rate (Vdc) (V).
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Figure 111- 15 :Voltage V,(V)/100 and current (i,) of phase (a).
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Figure 111- 16 :Zoom voltage (V,)/100) (V)and current (iy) (A) of phase (a) in the case of

enough wind power.
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Figure 111- 17: Zoom voltage ((V4)/100) (V) and current (i,) (A) of phase (a) in the case of not

enough wind power.

The two following figures present the speed of the DC machine and its current. As you
can observe that machine is regulated to its reference value of 120 rd/s (Figure 111-18). And
the machine draws a current of 2.74A in order to satisfy the load torque of 5N.m (Figure IlI-
19). It is powered from the wind turbine and in the absence of sufficient wind power it
powered from the grid through the continuous bus.
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Figure 111- 18: DC-machine curent (A).
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Figure 111- 19: DC-machine speed (rd/s).
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3.7 System power balance and losses calculation

The system losses are divided in two forms:

- Joule losses in resistors;

- Friction losses in the mechanical part of the system.

These total system losses are calculated as follows:

Perts = losses = Ryic® + Raiy” + 3Ryl opf° +Hiwg? + fowy® (111.20)
Where, R, is the DC machine and the DC generator resistor (Q);

Ry is the three phase line resistor (£2);

f,and f, are the friction of the DC machine and the DC generator (Ns/m);

let 1S the rms value of the three phase current flowing in the line between the GSC and
the grid (A);

ic and iy are the current of the DC machine and the DC generator (A);

g and oy are the DC generator speed and the DC machine speed (rd/s).

Since the efficiency of the system is usually bellow unity, the produced active power at the
grid side is equal the produced wind power minus the losses and one can write:

P, = — (B, — losses) (1nr.21)

If Pyis greater than losses, Py is negative which means that a power surplus in wind power
which is injected in the grid. But, if Py is less than losses, Py is positive which means that the
wind power is not enough to satisfy all losses and the needed power to supply the mechanical
load is extracted from the grid.

The following figure shows the active power (Pg) (W) and (-(Pw-losses))(W). From the figure,

one can note the two powers are identical.
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Figure 111- 20: Active power (pg) and turbine power minues losses (-(pw-perts))(W).

The following figure shows the grid active power (Pg) and reactive power (Qg). From the
figure, one can remark, the reactive power (Qg) is equal to zero in order to ensure a unity
power factor at the gird side. From (t=0s to 24s), the active power is negative which means
that is injected in the grid (case of wind power surplus). But for (t>24s) (wind speed is falling)
(see Figure 111-8), the active power is positive which means that is extracted from the grid to
satisfy the needed power for different load and losses (case of insufficiency wind power).
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Figure I11-21 :Grid active power Py (W) reactive power (Qg) (VAr).
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3.8 CONCLUSION

This chapter has been devoted mainly to the control the converters (MSC and GSC) of
the wind power system to satisfy the desired performances in closed loop. Indeed, the DC-
generator has been controlled by a simple Pl regulator to ensure operation in MPPT
mode.Good dynamics responses have been obtained which proved the MPPT operating mode

of the system.

Another PI controller has been applied to the GSC in order to ensure a smooth DC
voltage with a unity power factor at the grid side. In fact, the DC voltage followed practically
its reference value and a nil reactive power is injected in the grid which means that a unity

power factor is achieved.

The speed of the loaded DC machine followed its reference value perfectly by using
also a linear PI controller. From the simulation results, it has been proved that the produced
active power is positive in the case of wind power surplus and positive in the case of wind

power deficit.
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General conclusion

The main goal of this thesis was to study and control a grid connected wind energy
conversion system based on a DC generator and powering a mechanical load formed by a DC
machine. In fact, after a general description of some wind turbines based on different
generators. Since wind turbine based on DC generator has not been considered in any work
yet in the literature, we have proposed a novel structure for this purpose. The wind system
components modelling have been considered in the second chapter. Indeed, sample Statics
and dynamics models are obtained. Three PI regulators are sized for controlling the system to
satisfy the closed loop performances. In fact, the MPPT is successfully achieved through the
H-bridge control and smooth DC voltage is guaranteed with a unity power factor through the
GSC control also. The performances of a mechanical load are achieved (speed regulation with
a load torque through the control of also an H-Bridge chopper. Other important thing
concerning the produced grid active power, which is negative and injected in the grid in the
case of wind power surplus and positive and extracted from the grid in the case of wind power
deficit.

As perspectives, in order to enrich this work in the future, some perspectives are

advanced:
- Using others controllers such (fuzzy logic, sliding mode,);
- Working the system with a unity power factor which is not nil;

- Ensure some ancillary servicessuch (active filtering, reactive power compensation,

continuity of service in the event of a voltage dip;

- Adding others systems to buildan hybrid energy system.

79



References

[1] K-ALMAKHALAS,F-ALSEHLLI." Wind power ".Engineering thesis. Electrical
Engineering. Blekinge institute of technology. (December 2014).

[2] B-SAMANTARAY, K-PATNAIK."A study of wind energy potential in
India".Electrical Engineering.department of electrical engineering national institute of
technology Rourkela (2010).

[3]M-MOLINA, J-ALVAREZ. "technical and regulatory exigencies for grid
connection of windfarmtechnical regulations, potential estimation and siting
assessment"(2011).

[4] W-TENG, R-JIANG, X-DING, Y-LIU, Z-MA. "detection and quantization of
bearing fault in direct drive wind turbine via comparative analysis. Shock and
vibration"Research Article (2016).

[5] J-MANWELL, J-MCGOWAN, A-ROGERS."wind energy explained: theory,
design and application" PhD thesis.(2009).

[6]JINRUI-MA."prognosis and maintenance modelling for wind turbines".phd
thesis.Université de technologie de Troyes. (27juin 2019).

[7] https://www.cleanenergywire.org/factsheets/ german-onshore-wind-power-output-
business-and-perspectives. Online, accessed: 2019-1-16.

[8] A-DRIHEM."Conception et simulation du comportement d’une éolienne a des
variations de certains parametres".mémoire de master. Université Badji Mokhtar
Annaba.(2017)

[9]T-PETRU.""Modeling of wind turbines for power system studies”.phd
thesis.Department of electric power engineering Chalmers. University of technology
G oteborg, Sweden (2003).

[10] M-TOUATI."Etude d’une génératrice ¢olienne connectée au réseau
électrique".mémoire magister en electrotechnique.université de Batna. (2015)

[11] O-TOUNSI, Z-LASKRI. "Etude et commande d’une turbine éolienne utilisant
une machine asynchrone a double alimentation”, université badji Mokhtar- Algérie. (2017)

[12] A-KERROUM, A-GUEFFAF."Commande d’un systéme ¢éolien a base d'un
génerateur a courant continu connecté au réseau electrique”. Mémoire de master.University

Amar Telidji of Laghouat faculty of technology department électronique.(2020).

80



[13] H-JEDLI, N-HIDOURI."™ a power drive scheme for an isolated pitched wind
turbinewater pumping system based on dc machine".Faculty of sciences of Gafsa, campus
universitaire Sidi Ahmed Zarrouk.(2012).

[14] A-BEN AMAR." étude de la commande d’un systeme éolien base sur une
gada".memoire magister en electrotechnique.université hadj Lakhdar — Batna.(2016).

[15] A-TAMAARAT." modélisation et commande d'un systéme de conversion
d’énergie éolienne a base d'une mada".université Mohamed khider Biskra.(2015)

[16]A-ZAIMI. "Optimisation de la commande d’une éolienne a base de machine
synchrone a aimants permanents». Energie électrique. (2014).

[17] S-ZIRAOUL."modélisation et étude d’un systeme d’énergie éolienne reli¢ au
réseau".memoire de master. Université Badji Mokhtar- Annaba.(2017)

[18] M-BOUTOUBAT."Association convertisseurs machines électriques™.Cours
association convertisseurs machines électriques .université de Amar Telidji Laghouat. (2021)

[19]J-MARIE NDENG."les onduleurs autonomes”. BTS électrotechnique 2eme
année sciences physiques appliquées. lycée Edmond Labbé.(2010)

[20] A-SOYED. "les convertisseurs dc/ac: les onduleurs".cours d’électronique de
puissance.Higher Institute of Technological Studies in Tunis (Tunisia)

[21] G-SEMRAU."Dynamic modeling and characterization of a wind turbine system
leading to controls development".Rochester Institute of Technology. (2010)

81



