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Abstract

Wind energy has become one of the most important alternative energy resources
because of the global warming crisis. Wind turbines are often erected off-shore
because of favourable wind conditions, requiring lower towers than on-shore. The
doubly-fed induction generator is one of the most widely used generators with wind
turbines. In such a wind turbine the power converters are less robust than the
generator and other mechanical parts. If any switch failure occurs in the converters,
the wind turbine may be seriously damaged and have to stop. Therefore, converter
health monitoring and fault diagnosis are important to improve system reliability.
Moreover, to avoid shutting down the wind turbine, converter fault diagnosis may
permit a change in control strategy and/or reconfigure the power converters to permit
post-fault operation.

This research focuses on switch fault diagnosis and post-fault operation for the
converters of the doubly-fed induction generator. The effects of an open-switch fault
and a short-circuit switch fault are analysed. Several existing open-switch fault
diagnosis methods are examined but are found to be unsuitable for the doubly-fed
induction generator. The causes of false alarms with these methods are investigated.
A proposed diagnosis method, with false alarm suppression, has the fault detection
capability equivalent to the best of the existing methods, but improves system
reliability. After any open-switch fault is detected, reconfiguration to a four-switch
topology is activated to avoid shutting down the system. Short-circuit switch faults
are also investigated. Possible methods to deal with this fault are discussed and
demonstrated in simulation. Operating the doubly-fed induction generator as a
squirrel cage generator with aerodynamic power control of turbine blades is
suggested if this fault occurs in the machine-side converter, while constant dc voltage

control is suitable for a short-circuit switch fault in the grid-side converter.
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Preface

Condition monitoring and fault diagnosis have become increasing important for any
electrical drives as well as in generation systems. It can improve the reliability of the
drive system. For a wind turbine equipped with a doubly-fed induction generator
(DFIG), back-to-back converters are the weakest part of the DFIG system. Failure of
the converters may lead to unforeseen failure in other parts of the wind turbine
system. This research aims at fault diagnosis for the converters used in the DFIG,
which is installed in the wind turbine. To achieve the aim, an experimental system is
built and tested to prove its application capability in meeting the main objective. An
established control method is applied to the system. The effects of converter faults on
the DFIG are analysed. The appropriate fault diagnosis should be identified and the
appropriate operating strategies, after reconfiguration, should be established for the
system. This thesis covers the necessary details of the simulation model and the
experimental system of this research. The thesis is organised into 8 chapters.

Chapter 1 expresses the broad background of this research and introduces the
motivation of this research, objectives and methodology and scope of the research.
Chapter 2 explains the general background of wind energy and the different concepts
for wind turbines and generators as currently used.

Chapter 3 describes the basic theory of the doubly—fed induction generator. The
various types of doubly-fed induction generators are discussed, followed by the
dynamic equations and control methods which are required for this research.

Chapter 4 presents details of system simulation and its implementation. The detailed
mathematical models, which are discussed, are applied in both simulation and
experiment.

Chapter 5 reviews previous research on fault detection and diagnosis for a power
converter used in an electrical drive. The problem of diode current during an open-
switch fault, which has not been mentioned in the literature, is discussed in this
chapter.

Chapter 6 deals with converter faults in a doubly-fed induction generator, used with a
wind turbine. The effects of an open-switch fault and a short-circuit switch fault are

discussed and analysed. Reference frame theory is applied to analyse the effect of an

Vil



open-switch fault in the machine-side converter of the DFIG. In this chapter, two
problems with existing fault detection methods are discussed. One problem is solved
by a method proposed initially, while both problems are finally solved by the second
proposed method. The fault detection performance of both proposed methods are
simulated and implemented experimentally to compare with those of the existing
methods.

Chapter 7 describes action which could be taken after a converter fault is detected.
Several fault tolerant converter topologies are reviewed and the four-switch
topology, with dc-link midpoint connection, is selected and applicable to the DFIG.
Another topology, called “constant dc-voltage control”, is also proposed as an
alternative topology for the DFIG after a short-circuit switch fault. Both methods are
simulated and implemented experimentally and the results compared to prove the
suitability of the reconfiguration topologies.

Chapter 8 presents the conclusions and suggestion for further research.

vill
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Chapter One

Introduction

1.1 Background

Renewable energy has become important for the world due to the crisis of global
warming caused by fossil fuel consumption. Several types of renewable energy have
been exploited, for example, wind energy, solar energy and tide wave energy. Wind
energy has become widely exploited and has been used for more than a decade due to
the maturity of the technology to convert energy from the wind to electrical energy.
Wind energy is captured by means of wind turbines which convert the kinetic energy
of the wind into rotational kinetic energy. This mechanical energy is transformed to
electrical energy by means of an electrical generator. Generally, wind turbines are
not erected alone, but are erected with other wind turbines over a wide area called a
“wind farm”. The best place to set up the wind farm must be windy throughout the
year to allow harvesting energy from the wind as often as possible, and wind speeds
must be high enough to turn the wind turbine to generate electricity. Several
countries, especially in Europe [1.6-1.8] have been interested in wind energy and
have invested in research and on building large wind turbines to capture as much
energy as possible from the wind.

As well as the aerodynamic design of the turbine itself, the generator and its control
are very important for maximising the energy captured from the wind and meeting
requirement of the quality of the power output to the grid or the user. Two types of
generators have been used commercially — the induction generator and the
synchronous generator. A wound rotor synchronous generator (WRSG) is claimed to
be commercially successful, but only by one company, named “Enercon”[1.1]. The
largest wind turbine equipped with a synchronous generator is erected in Germany. It
can generate up to 7 MW [1.2]. However, this type of generator requires power
converters having a larger VA rating than the generator to guarantee the proper
operation of the generator. Another type of synchronous generator is the permanent

magnet synchronous generator (PMSG) which has a permanent magnet rotor. The
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advantage of this generator is no rotor power loss because there is no rotor winding.
However, the cost of permanent magnet is quite high. These two types of generator
are normally used in the direct drive wind turbine where there is no gear box
meaning that fewer parts to wear out.

The most widely used generator is the induction generator, especially the wound
rotor type which is applied with converters at its rotor terminals. This generator is
called a doubly-fed induction generator or DFIG. More than 70% of the wind
turbines in the world are equipped with DFIGs [1.3]. Many wind turbines equipped
with DFIGs are erected off-shore because, at sea, there are no obstacles to block the
wind and the towers do not need to be as high as equivalent turbines erected on-
shore. Two of the largest wind turbines equipped with DFIGs are erected off-shore in
the North Sea off Scotland. They are manufactured by Repower [1.4].

The DFIG consists of a wound rotor induction machine, back-to-back converters,
three-phase filters and a three-phase transformer. The stator of this generator is
directly connected to the grid while the rotor is also connected to the grid via the
back-to-back voltage source converters, three-phase filters and three-phase
transformer. One advantage of the DFIG is that the VA rating of the power
converters, three-phase filter and a three-phase transformer need be only a fraction of
the generator VA rating. The wind turbine driven DFIG operates in a typical speed
range of +33% [1.5] of its synchronous speed. Therefore, the converters required to
drive the DFIG are just one-third of the generator VA rating. Reduction of the size of
the converters and other components is the main advantage of the DFIG over other
generator types. However this type of generator requires slip rings and brushes to
connect the rotor windings to the converters. The slip rings and brushes require
maintenance to keep their condition in the optimum level, which is a disadvantage of
the DFIG. Slip rings and brushes are vital components in most of the generators
running in conventional power stations and their characteristics and maintenance
requirements are well known. Several research groups [1.9] have tried to invent a
brushless type of DFIG to solve this problem. However, the technology in this field

is not yet mature and prototypes have poorer performance than normal wound rotor

induction machines.
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The need for slip rings and brushes has been more than compensated by the
reduction in converter size. Since many DFIGs are erected off-shore, condition
monitoring and fault diagnosis is very important to help schedule maintenance and
protect the wind turbine from damage. The usual power converters used for wind
turbines are PWM voltage source converters, connected back-to-back, and made with
IGBTs as are used in many electrical drives. Without appropriate action, the faults
which can occur in the power converters will cause operation downtime and lost of
revenue. Therefore, converter fault diagnosis and fault tolerant control are necessary

to help prevent downtime, maintain generator availability and lost of revenue.
1.2. Motivation

PWM converters have become standard in industry due to their performance and
efficiency. In industry, they are mainly applied to drive singly-fed induction motors
and most of them operate from grid frequency. In a wind turbine with a DFIG, the
power converters are connected to the rotor of the generator and the rotor frequency
typically varies between 0% and 33% of grid frequency. Therefore, it is necessary to
investigate how a fault in a converter, especially the machine-side converter, affects
the operation of the generator and to determine whether existing methods proposed
for detecting faults in converter-fed induction machines are applicable and suitable

for the DFIG or not.

1.3. Objectives

This research deals with fault detection and post-fault operation for a wind turbine
driven DFIG. The objectives of this research can be divided into two parts — control
of the DFIG and fault diagnosis for the back-to-back converters. Meeting objectives
involved the following step,

e design the experimental system of the DFIG,

e apply established control method to operate the DFIG,

o investigate the effects of faults, especially open-switch faults in the

back-to-back converters on the generator and the generator system,
e propose and verify a method to solve the problems in the existing

methods of fault detection when applied to the DFIG,
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e investigate appropriate methods to operate the system after fault is

detected.
1.4. Methodology and Scope of This Research

Several methods have been proposed and applied to control the DFIG. In this
research, stator-flux vector control and voltage vector control are applied to the
generator and the grid-side converter. Regarding control of the DFIG, the scope is
simply to operate the DFIG properly and prove that under fluctuated input torque
conditions, as met with wind turbines, the DFIG can operate successfully and is
ready for the main objective of the research.

Regarding the main objective of this research, the scope is to be able to analyse the
effects of converter faults on the DFIG system. Within this investigation, the proper
fault diagnosis method, suitable for the DFIG should be identified and the proper

post-fault operation methods established to operate the system.
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Chapter Two

Wind Energy

This chapter deals with the nature and opportunities for wind energy. A general
description of wind energy, relating to its availability, scale and probability of
unevenness are given first. Knowledge of the wind is then applied to the conversion
from wind energy to electrical energy by wind turbines. The general structure of
wind turbines is briefly discussed and further reading can be found in the references
[2.1-2.4]. Several types of wind turbines are compared, including how their control
matches their design. Different choices for the generator used with wind turbines are
then proposed, compared and discussed. Finally, the application of doubly-fed

induction generators to wind turbines is discussed.
2.1 General Discussion of Wind

Wind energy is transformed from the heat energy from the sun that heats the earth.
The air generally flows from cold areas to hot areas due to temperature and pressure
differences [2.1-2.3]. The global or geographic wind is driven by these temperature
differences and pressure differences and is not much affected by the surface of the
earth. This type of wind dominates at altitude above 1000 meters [2.2]. The low level
wind, called “surface wind”, is influenced by the earth’s surface at altitudes up to
100 meters [2.3]. It is affected by any obstacle and the roughness of the earth’s
surface which can slow down the wind or cause turbulence. This is the wind pattern
that concerns wind energy production throughout the world. Different locations have
different wind patterns; therefore, to build a wind turbine, knowledge of the local
wind conditions is necessary.

During the daytime the land is heated by the sun more quickly than the sea, so the air
on the land rises and the air from the sea flows to replace the hot air on the land - on
shore wind. The opposite occurs at night time, where the sea releases heat more
slowly than the land, so the air pressure above the sea is lower than above the land,
resulting in air flow from the land to the sea — off-shore wind. Variation of wind

speed can be classified into variation with time and variation due to location and
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wind direction. Variation with time can be observed falling into three groups -
synoptic, diurnal (daily time scale) and short-term (gust and disturbance, 10 minutes
or less) as can be seen in the power spectrum density curve of wind speed in figure
2.1 [2.1]. The power spectrum density function describes the variation in average
power with frequency, and for the wind observed at a specific location shows that the
largest average power occurs due to speed varying over several days i.e. major
weather changes, but that short time turbulence as experienced in a normal windy

day is the next most significant variation.
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Figure 2.1 Wind spectrum based on work by van der Hoven

(Reproduced from [2.1])

It is quite difficult to predict the long-term wind speed, but is possible to predict the
hourly wind speed over a year by statistical distribution. The Weibull distribution
[2.1] has been used to represent the variation of the hourly wind speed over a year at

any typical site. The distribution can be written as
uY
_ H?J ] (2.1)

where F(U) is the fraction of time for which the hourly wind speed exceeds U, ¢ is

the scale parameter and £ is the shape parameter.

The parameter c is related to the annual mean wind speed U by the relationship
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U = cr(l + ;), 2.2)

where I' is the complete gamma function.

The mean wind speed in equation (2.2) can be written in integral form
U= [uru)du . 2.3)
Therefore, the probability density function can be derived as

rw)=-2FW0) _ v~ ) . (2.4)

e
au c*

2.2 Energy form the Wind

Wind is an unpredictable energy source and it fluctuates. Moreover, the energy per

unit mass is much less than water or steam which is used in hydro power and steam

power plant respectively. Generally, air density at 15°C and at sea level is 1.225
kg/m’, which is approximately 1000 time less than water (water density is 1000
kg/m3). Therefore, to provide the same energy level wind energy requires a larger
area than water. However, due to the energy crisis caused by the depletion of fossil
fuels and the global warming problem, renewable energy is increasingly important to
the world. Although hydro power is clean, it requires a large area to build a dam to
store the water. This may require destruction of forest which would affect the
environment and cause further problems. Wind energy is captured by change of

momentum of the air flow. Based on fluid mechanics, wind power can be calculated

by the mass flow model as shown in figure 2.2. The rate of change of air mass 6;—’:1 ,

through a rotor disk area A4 can be written as follows,

dm _

—-=pAU, (2.5)
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where p is the air density and U is air velocity.

As shown in equation (2.5), assuming that the area is constant, the mass flow rate is a

function of the air density and velocity.

U
Figure 2.2 Flow of air through a rotor disk; A, area; U, wind velocity [2.2]

The wind power P,,, can be calculated from

ldm_ ., 1 3
=20 2 2 U, .
wind 2dt 2p (26)

and the wind power density is

e =—pU”. 2.7
4 " 2” (2.7)

2.3 Conversion from Wind Energy to Electrical Energy

The conservation of energy law states, “energy can neither be created nor destroyed,
but can only be transformed from one form to other forms”. This law applies to the
conversion of wind energy to electrical energy. The equipment that is used to convert
wind energy to other useful energy is called a “wind turbine”. Generally, wind
energy is in the form of translational kinetic energy. Assuming that a wind turbine
system is lossless, once the wind blows the wind turbine, the translation kinetic
energy is transformed to rotational kinetic energy which can rotate the turbine with

the relationship as follows,

—mU?* =—Jo?, (2.8)
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where J is the moment of inertia of the turbine and other rotational parts, and @ is
the angular velocity.

The shaft of the wind turbine is directly or indirectly coupled to a generator which is
used to convert rotational mechanical energy, transferred via the generator shaft, to
electrical energy. In the case of indirect coupling, a gear box is installed between the
turbine shaft and the generator shaft for the purpose of increasing the rotational speed
to suit the generator. The details of different generator types will be discussed in a
later section.

As stated in the conservation of energy law, 100% of wind power cannot be extracted
from the wind. To explain this phenomenon, the concept of the actuator disc is taken
into consideration. The device that is used to capture power from the wind called an
actuator disc and the air-stream tube impinging on this actuator is shown in figure

2.3.

Stream-tube

U U |
= e Velocity U
______________ 7
_ {Pressure _ _ _ _
Actuator_» - Po
Disc e

Figure 2.3 Energy extracted from actuator disc and stream-tube [2.1]

As shown in the figure, the cross-section area of the upstream tube (in front of the
disc) is smaller than the cross-section area of the downstream tube (behind the disc).
This expansion is due to the law that the air mass flow rate must be the same
everywhere. Considering the air mass flow rate in terms of its density, cross-

sectional area and its speed, therefore, the equation of the mass flow rate is
pAU, = pd,U, = pA,U,,. 29

where subscripts o refers to far upstream, d refers to the condition at the disc and

w refers to the far wake (downstream).
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[2.1] considered that the actuator disc induces a velocity variation which

superimposes on the free-stream velocity. The stream-wise component of this
induced flow at the disc is given by —alU  , where a is the axial flow induced factor,

or the inflow factor. Form this consideration, the net stream-wise velocity is as

follows,
U,=U,(1-a). (2.10)

The speed of the air that passes through the actuator disc is changed resulting in
change of momentum which can be written in the form of velocity different times

mass flow rate at the disc as follows,

Rate of change of momentum = (U -~ U, )pAdU g (2.11)

The force that causes the change in momentum is due to difference of the pressure in

the front of and behind the disc which can be written as follows,
(s - pi)A, = (U, - U, )pA,U.(1-a). (2.12)

This phenomenon can be explained by Bernoulli’s equation by applied separately to
the upstream and downstream section of the stream-tube. Bernoulli stated that, under
steady-state condition, the summation of the kinetic energy, static pressure and
gravitational potential energy is constant provided no work is done on or by the fluid.

Hence, for the unit volume of the air [2.1],
%,OU2 + p+ pgh = constant . (2.13)
Considering upstream section,
1

1 +
—2_pooUi+poo+pooghooZ—ide§+pd+pdghd9 (2’14)

and downstream section,

10
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1 1 _
Epin + P, + P8, = Edej +p;+p.8h,. (2.15)

Assuming that flow is incompressible (p, = p,) and horizontal height is equal

(h, = h,), subtraction equations (2.15) from (2.14) results in

pi—r; =%p(Ui ~U). (2.16)

From equation (2.16), equation (2.12) can be written as follows,

%p(U:, - U\i )Ad = (Uoo - Uw)pAdUoo (1 - a)’ (217)

which also results in relationship between the U, and U_, as follows,

U,=(1-2a)U,. (2.18)

According to equations (2.12) and (2.18), the rate of work done by the force caused

by pressure difference is given by
P, =2pA,Ua(l-a) . (2.19)

Equation (2.19) can be rewritten in terms of P, of equation (2.6) as follows,
1 3
P, =c,P, =cP5pAdUw, (2.20)

where ¢, is called “the power coefficient” and is equal to 4a(1-a) .

From equation (2.20), differentiating this equation to find the maximum point by

letting the result be 0, the value a is equal to % resulting in the maximum

Cp = % ~ 0.593 . This value is called “Betz limit”.

11
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Another coefficient which may be useful for the application of the wind turbine
generator is called the “Thrust Coefficient”. This value can be derived from the wind
force equation which is equal to the wind power equation divided by wind speed.
This coefficient is not directly useful for energy capture, but it is useful for design of
the wind turbine blades and tower. As shown in equation (2.6), wind power is
proportional to the cube of wind speed; therefore, the best place for a wind farm
should be in a high wind speed region. Figure 2.4 shows the “wind speed map” of the
UK. As shown in the figure, Scotland is in a high wind region and is therefore

suitable for wind farms.

Annual mean wind speed .
at 25m ahove ground level [m/s] %

7 %5
L e
km25 0 125 km )%1*\.,

el
.

Figure 2.4 Wind map of the UK [2.23]

Copyright ETSU for the DTI 1999

2.3.1 Wind Turbines

Wind turbines have been used in the past for different purposes. An early model was
designed in Tibet, for religious reasons, based on a scoop-drag type device [2.10]
which today is used as an anemometer. Wind turbines were used for corn grinding in
Holland and other countries. This ancestor of today’s wind turbine had a horizontal

axis and four blades. Today’s wind turbines can be broadly classified into two types

12
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by the alignment of its rotor axis — vertical axis wind turbines (VAWT) and

horizontal axis wind turbines (HAWT), as shown in figure 2.5

(b)

Figure 2.5 (a) Darrieus vertical axis wind turbine and (b) horizontal axis wind turbine

Considering figure 2.6, this represents an airfoil in the air blown by the wind. In
aerodynamics, the object in the flowing fluid has two forces exerted on it, drag force

and lift force, which are in parallel and perpendicular to the relative wind direction

respectively. Moreover, there are two other forces that must be considered, o and
F,, which are important to the wind turbine engineer. F,  is in the wind direction

and is used in the design the turbine and tower to withstand the wind, whereas F, is

the force that causes torque to drive the turbine [2.4].

g \
F F thrust
e\ |

F /F b e

o Blade Direction

Figure 2.6 Schematic diagram of forces acting on an air-foil of the turbine’s blade

13
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From figure 2.6, U is wind speed, Qr is rotational speed and V; is the relative

elative

wind speed. Moreover, other two necessary variables are angles & and S which are

the angle of attack and blade pitch angle respectively.

VAWTs can be separated into drag types e.g. Savonius turbine and lift type e.g.
Darrieus turbine. However, the vertical axis wind turbine has several disadvantages,
as follows: lower wind speed caused by the turbine being near ground level, low
efficiency, requires dismantling for bearing replacement and requires guy wires to
hold the turbine up, as shown in figure 2.5a. For the HAWT, the main force that
drives the wind turbine is lift force. The largest to-date (2007) wind turbine was
manufactured by Enercon [2.17] named “Enercon E-126”, having a capacity of 6
MW and is likely able to produce power up to 7MW. From this point, the word
“wind turbine” refers to the HAWT. Wind turbines can be separated into upwind and
downwind designs. Downwind towers are rarely used for large-scale wind turbines
although they do not need an active yaw control. Downwind designs always have the
problem of turbulence behind the blades and are used only for low power wind

turbines.

i. Number of Blades

The number of blades can vary from one blade to multi blades [2.2, 2.3]. The more
blades there are the slower the rotational speed required. All modern wind turbines
are three-blade types [2.3]. This design is called the “Danish concept”. Three blades
have the particular advantage that the polar moment of inertia with respect to yawing
is constant, and is independent of the azimuthal position of the rotor [2.2]. Two-
bladed designs have the advantage of reduced blade cost, but have the problem of
instability of the blades in high wind. They therefore require an adjustable axis for
the hub (teetering hub) to avoid heavy shock to the turbine [2.3]. Moreover, the two-
blade wind turbine requires a higher rotational speed for a given power which results
in increased noise. Considering the energy captured, the more blades there are the
smoother is the energy captured. However, more blades mean higher cost and higher

moment of inertia. Figures 2.7a and 2.7b show commercial two-blade and three-

blade wind turbines respectively.

14
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(a) (b)
Figure 2.7 Wind turbines classified by the number of blades
(a) 2 MW two-bladed wind turbine [2.18],

(b) GE 3.6 MW three-bladed wind turbine [2.19].

ii. Inside the Nacelle and Hub

The components in the nacelle of the wind turbine consist of both mechanical and
electrical components. Figure 2.8a shows the nacelle and hub of a Vestas variable-
speed wind turbine. In this nacelle, the front-end has the gear box with the low-speed
side connected to the turbine rotor shaft and the high-speed side connected to the
generator shaft via the brake. The generator used in this turbine is a doubly-fed
induction generator. The power converters, transformer, controller and the yaw drive
are also included in this nacelle. Figure 2.8b show the nacelle and hub of an Enercon
[2.17] direct drive wind turbine. There is no gear box because the rotor is connected
directly to a low speed generator, which in this turbine is a multi-pole wound rotor
synchronous generator. The pitch actuators for both types of wind turbine are

installed in the hub which is located in front of the nacelle as shown in figure 2.8.

15
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Each blade has the necessary gears and pitch actuator, which can be either a

hydraulic or electric motor.

Figure 2.8 The drawing of the nacelle and hub of a wind turbine (a) the nacelle of the

Vestas wind turbine [2.14] (b) the nacelle of the Enercon wind turbine [2.17]

2.3.2 Power Control of the Wind Turbines

Wind turbines can be broadly classified into two types — fixed speed and variable
speed - which have different power control methods. Power control can be by control
only of blade angle, by control only of generator or by control of both blade angle

and generator [2.21].

i. Power Control by Aerodynamic Control

Blade angle control, also called “aerodynamic control”, can be classified into three
types - passive stall, active stall and pitch control. The main objective of
aerodynamic control is to protect the generator, the turbine and other mechanical
parts from overloading during high wind speed condition. With pitch angle control,
optimised power capture throughout the entire operable wind speed can be achieved.
The three types of aerodynamic control are shown in figure 2.9. The first method,
“passive stall control”, is generally applied to fixed-speed wind turbines. The blades
are fixed to the hub at one angle. This control depends only on wind speed.
According to the aerodynamics of the airfoil, as wind speed increases the relative
wind speed also increases resulting in an increase of the angle of attack « . If « is
still below its critical limit, the wind flowing above the blade is still a streamline.
When the angle increases, this streamline turns to turbulence and becomes complete
turbulence if @ is above its critical limit. This phenomenon results in a decrease in

lift force and an increase in drag force. Reference [2.3] noticed that the blade is

16
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twisted slightly as observed moving along the blade’s longitudinal axis. This is partly
done to ensure that the rotor blade gradually stalls instead of abruptly stalls when the

wind speed reaches its critical value.

Blade Direction Blade Direction

V ketative

(a) (b)

Blade Direction
LI

Figure 2.9 Schematics of blades for power control by aerodynamic control

(a) passive stall control, (b) active stall control and (¢) pitch angle control

Active stall control is similar to passive stall control, but instead of having fixed
blade angle there are mechanical rotational parts to turn the blade to increase the
angle of attack « above its critical limit. This method helps avoid any overshoot of
the rated power of the machine due the appearance of a wind gust [2.3] as shown in
figure 2.10. This method is also applied to fixed-speed wind turbines which can
operate only at one or two ideal wind speeds (generally two speeds). Therefore,
under other wind speed conditions the power captured is not the maximum power
that could be captured. The power output of each of these two types of wind turbine
depends only on the wind speed. Under stall conditions, the wind turbine behaves
like a wall as the flat side of the blade turns against the wind [2.11] resulting in high
stress on the turbine structure.

With pitch control, over a range of wind speeds from cut-in wind speed to rated wind

speed, the blade pitch angle S is adjusted to be zero or a small negative angle [2.21].

17



Chapter Two: Wind Energy

For wind speeds from rated wind speed to cut-off wind speed, the pitch angle £ is
steadily increased to reduce the aerodynamic force of the wind. The direction of
increasing blade pitch angle [ is opposite to the direction of increasing angle of
attack a as shown in figure 2.9c, called feathering. Under fully feathered mode, the
edge of the blade turns against the wind. Therefore, the stress on the turbine is
reduced and the power coefficient ¢, is also reduced. To achieve pitch angle control,
hydraulic or electrical servo motors are used to adjust the pitch angle of the blades.
The effect of each aerodynamic control on the turbine power characteristics is shown

in figure 2.10.

1 -“ /’.:\‘\
gk TR
Pitch : \
= 038 4 Control  J/ Active Passive
2 Stail Stall
5 ‘
g 0.6 -
&
=
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=
-
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Wind Speed (m/s)

Figure 2.10 Characteristic of turbine power with different power control method

To date, pitch angle control is applied to variable-speed wind turbines with variable

speed control of the generator to achieve maximum possible power at any wind

speed.

ii. Power Control by a Variable-Speed Generator

The second system to control the power of the wind turbine is by using variable-
speed generators. The aim of using a variable-speed generator is to optimally capture
the power from the wind at any wind speed and to limit the power captured under
maximum wind speed operation. Two methods for optimised operation have been
proposed to achieve this task - constant tip speed ratio and maximum power tracking.

The tip speed ratio A is the ratio between blade tip speed and wind speed as follows

18
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A=—m, .
U (2.21)
where Q is the angular velocity of the blades, # is the radius of the blade and U is

the free stream wind speed.

0.5 -
0.4 -
0.3 -
0.2 -

0.1 4

0.0 T T T T T >
0 2 4 6 8 10
Tip Speed Ratio, /.

Figure 2.11 Rotor power coefficient vs. tip speed ratio curve

Considering figure 2.11, the constant tip speed ratio method is based on the fact that
maximum power can be extracted from the wind at the tip speed ratio which provides

the maximum c,. This method requires a model of the wind turbine to calculate the
reference ¢, —A curve and store in the memory of the controller. The equation to
calculate the ¢, — 4 curve can be found in several references [2.21, 2.22]. The

equation used in this thesis is the equation used in SimPowerSystem toolbox in

MATLAB/SIMULINK [2.22] as follows,

-21
c,(4.8)= 05176[% ~0.4f - SJe( 2 0.00684,  (2.22)

4

-1
A = L _ 0'3035 : (2.23)
A+0.0838 B’ +1

Continuous measurement of wind speed and rotor speed is required to calculate
instantaneous A and compare with the reference stored in the memory. The
disadvantages of this method are inaccuracy of the measured wind speed due to the

location of the measurement system, which is on the nacelle, and any dirt on the
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blade surfaces which changes the characteristic of the wind turbine [2.21]. This
method is used commercially in some present wind turbines and is also used in this
research.

The second method, called maximum power point tracking (MPPT), is applied in

cases where the model of the turbine is unknown. The idea of this method is to

calculate the operating speed for which Z—P =0, which is the peak power point of
0

the power-rotational speed curve. For this operation the generator power is

continuously measured. If Z—P > 0, the generator speed is increased but if g£ <0
) @

. dP : 20 A
the generator speed is reduced. If - ~ (0, the speed is maintained constant and
@

maximum power is being extracted from the wind. This method is insensitive to
errors in wind speed measurement and is therefore better than tip speed ratio method.

This method is also applied to modern wind turbine generators [2.21].

(pu)

Generator Active Power (pu)
S S
a

Generator Active Power

0.2+ 0.2

s

0 0z 04 06 08 1 12 14 16 L8 2 0
Generator Speed (pu)

(a) (b)
Figure 2.12 Operating points of different generators (a) fixed-speed wind turbine, (b)

variable-speed wind turbine

Figure 2.12 compares the operating points between fixed-speed and variable-speed
wind turbines. As shown in figure 2.12a, for the fixed-speed wind turbine, only one
wind speed allows the turbine to extract the maximum power from the wind. In
contrast, in figure 2.12b, the turbine is operating with a variable-speed generator and

is under both pitch control and speed control to extract optimum power.
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2.4 Energy Conversion Configurations

Different generator configurations have been proposed and used with wind turbines.
The generators can be broadly classified into two types — synchronous and
asynchronous. For the associated power electronic converters, several topologies
have been used. The soft-starter is the usual configuration applied to fixed-speed
wind turbines. The configurations that will be presented in this section are variable

frequency converters for variable-speed wind turbines.
2.4.1 Detail Discussion of Different Configurations

This section describes energy conversion methods by the types of generator used and
the power electronics circuits applied with such generators. Energy conversion
configurations discussed in this sub-section are configurations that have been
commercially used in many countries. Some special configurations that may be used

in the future or may be under study are also briefly discussed.

i. Energy Conversion Systems Based on an Asynchronous Generator

The asynchronous generator, also called the induction generator, can be divided into
squirrel cage rotor and wound rotor types. The former has a short circuited rotor
which is not accessible, whereas the latter has a wound rotor with the same structure
of the stator. These rotor windings are connected to slip rings and can be connected
to an external circuit via carbon brushes. However, this type has the same

characteristic as the squirrel cage type when its rotor windings are short-circuited.

e Squirrel Cage Rotor Induction Generator

The first configuration is a “Danish concept” which is used with a fixed-speed wind

turbine together with stall control.

Gear Box Ltility Grid

SCIG
Figure 2.13 The first concept — fixed-speed wind turbine with a directly grid

connected squirrel cage induction generator
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This configuration, shown in figure 2.13, consists of a squirrel cage induction
generator connected directly to the grid. It requires an auxiliary circuit to gradually
increase the stator voltage to avoid inrush current during generator starting process
and a capacitor bank for reactive power compensation. This configuration is optimal
at only one or two wind speeds, depending on the design of the stator winding of the
generator.

At other wind speeds it cannot acquire the maximum power from the wind [2.6, 2.7].
The power and power factor of this configuration are not controllable. The power
depends only on the fixed blade pitch angle of the turbine. Moreover, if wind gusts
occur, the power will fluctuate and can no longer be regulated [2.10].

The second configuration in this subclass is the variable-speed induction generator.
Variable-speed operation is applied to this generator by connecting back-to-back
voltage source converters between the generator and the grid to decouple the

generator from the grid as shown in figure 2.14.

& S*_EJ <}I Gy Grid

SCIG

Figure 2.14 The second concept - variable-speed wind turbine with full rating back-
to-back converters connected between a squirrel cage induction generator and the

grid

This configuration provides the full control of the power factor and the grid-side
converter can regulate the power supplied to the grid. However, the converter ratings
must be at least the same as the generator, which results in an expensive system
[2.10]. This configuration has application only in laboratories, and from the survey it

has not been commercially used [2.8].

e Wound Rotor Induction Generator

The wound rotor induction machine is the most interesting machine used in many

wind turbines. The first configuration is similar to the Danish concept except that the
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rotor is connected to three-phase resistor bank paralleling with a diode bridge in
parallel with a semiconductor switch [2.14, 2.21]. The schematic of this type is

shown in figure 2.15.

Utility Grid

Figure 2.15 The third concept - variable-speed wind turbine with a wound rotor

induction generator with variable resistor control

This concept is based on varying rotor resistance to control the speed of the
generator. It was applied by Vestas [2.14, 2.21], the wind turbine manufacturer,
under the name “OptiSlip”. The Vestas V66-1.65MW is an example of a wind
turbine that uses this configuration. Although the generator’s stator is connected
directly to the grid, this generator is used with wind turbines having pitch control
which helps smooth the power generated [2.10]. This configuration can operate only
above synchronous speed, as for the Danish concept. The rotor power is dissipated in
the external resistor.

The next configuration, called the doubly-fed induction generator (DFIG), has been
widely used. More than 70% [2.10] of the generators used in wind turbines are
DFIGs. For this configuration, the stator is directly connected to the grid while the

rotor is connected to the grid via back-to-back converters, as shown figure 2.16

Utility Grid

i \
A /

Figure 2.16 The fourth concept - variable-speed wind turbine with a doubly-fed

induction generator
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This generator can operate at sub-synchronous speed, synchronous speed and super-
synchronous speed and can be controlled by controlling the rotor currents via the
converters. Under super-synchronous speed generation, the generator sends power to
the grid from both stator and rotor. Since the rotor power is a fraction of the stator
power, as can be calculated by the product of the stator power and the slip, the VA
rating of the converters is lower than the machine rating which can reduce the cost of
the system. Since this type of generator has a wound rotor with slip rings and carbon
brushes, periodic maintenance is required which is one drawback of this type.
However, this is compensated by the extra power from the rotor and the cost
reduction of the converters. Some research into brushless doubly-fed induction
generators and brushless doubly-fed reluctance generators has been conducted [2.20].
These machines require no brushes or slip rings and are also applicable to low-speed
operation. However, the technology in this area is not mature and only small-scale
generators (less than 250 kW) have been built for test. The details of the theory and
control of the DFIG will be discussed in the next chapter, as this configuration is the
one used in this research.

Another possible configuration is shown in figure 2.17 [2.9]. This configuration is
applicable to connection to a dc-transmission line and therefore no grid-side
converter is required. Due to having a converter at both stator and rotor, this

configuration has the flexibility to control the power from both stator and rotor.

nDC
Gear Box Transmission

DFIG
esl

Figure 2.17 The fifth concept - variable-speed wind turbine using a doubly-fed

induction generator with full generator control

ii. Energy Conversion Systems Based on a Synchronous Generator
Another generator type is the synchronous generator which can be divided into two

subclasses - permanent magnet type and wound rotor type. The converters used with
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this generator must have full rating because they are connected to the stator side of

the generator.

e Permanent Magnet Synchronous Generator

The permanent magnet synchronous generator (PMSG) is the first configuration,
shown in figure 2.18. It uses a diode bridge rectifier and boost converter for the

machine-side converter [2.6, 2.9].

Utility Grid
GEOE

Figure 2.18 The sixth concept - variable-speed wind turbine with a permanent

magnet synchronous generator and boost converter

The second configuration uses a PWM converter as the machine-side converter,
which allows vector control of the generator. The grid-side converter is also a PWM

converter, the same as that used in figure 2.14, to control the power and power factor

to the grid.

Gear Box Utility Grid

PMSG

Figure 2.19 The seventh concept - variable-speed wind turbine with a permanent

magnet synchronous generator with full-rating back-to-back converters

This configuration has been manufactured for both direct-drive systems, under the
brand “Zepharos”[2.15], and geared systems by WinWind company [2.16]. The
advantages of the permanent magnet generator are the ability to manufacture multi-

pole designs and no rotor copper losses, because there is no rotor winding. However,
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the cost of the generator is the main drawback, especially for the direct-drive

configuration, because permanent magnets are so expensive [2.12].

e Wound Rotor Synchronous Generator

The third configuration uses the wound rotor synchronous generator (WRSG)
connected to the shaft of the turbine. This configuration requires a converter to
supply dc voltage to excite the generator field winding and the full converter rating

for the stator side of the generator, as shown in figure 2.20.

Figure 2.20 The eighth concept - variable-speed wind turbine using a wound rotor
synchronous generator with full-rating back-to-back converters on the stator and a

PWM rectifier on the rotor

Enercon [2.17] is the only manufacturer using this configuration commercially
[2.12]. Moreover, at the time that this thesis is written the largest wind turbines are
manufactured by Enercon and use this arrangement. The main advantage of this
configuration is the elimination of a gear box. However the diameter of the generator

is quite large because a large number of slots must be used for a multi-pole machine

design.
2.4.2 Comparison of Different Configurations

As discussed in the previous section, each configuration has its advantages and

disadvantages. These are summarised in table 2.1
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Table 2.1: Advantages and disadvantages of different energy conversion

configurations

Configuration Advantages and Disadvantages

Advantages

e squirrel cage induction generator is simple

il rugged and low maintenance
— =K

1

Utility Grid

Disadvantages

|
P

e active and reactive power are not controllable

Concept 1 e maintenance for gearbox

¢ only one or two optimal operating points are

available

Advantages

e active and reactive power are controllable

e squirrel cage induction generator is rugged and

low maintenance

Disadvantages

e maintenance for gearbox
e back-to-back converters having at least the same

rating to the generator, expensive

Advantages

e maximum power tracking is possible

e [ow converter cost

Utility Grid

e =O=RI simple control system

I

Disadvantages

e operating range is similar to the first concept
Concept 3 e no rotor power fed to the grid

e reactive power control is not possible

e maintenance for the brushes, slip rings and
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Table 2.1:

Advantages and

configurations (continued)

disadvantages of different energy conversion

Configuration

Advantages and Disadvantages

Utllity Grid

Concept 4

Advantages

e small converter rating to control the generator

for wide speed range

e more power generated than stator-fed generator,
at super-synchronous speed generation

¢ low converter cost

e full control of active and reactive power by

lower converter rating

Disadvantages

¢ maintenance for the brushes, slip rings and

gearbox

e Gear Box

Concept S

nc
Transmission

Advantages

e full control for both stator and rotor

¢ no grid-side converter required

Disadvantages

e fully rating converter at stator side
e maintenance for the brushes, slip rings and

gearbox

Concept 6

PMSG

Advantages

e fewer power semiconductor switches than back-
to-back converters

e no rotor winding loss and excitation is not
required

e active and reactive power are controllable

e good for low wind speed sites

Disadvantages

e PMSG is expensive
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Table 2.1: Advantages and disadvantages of different energy conversion

configurations (continued)

Configuration Advantages and Disadvantages

Advantages

¢ no rotor winding loss and excitation is not
required

e active and reactive power are controllable
Utility Grid

: “ H =) e no gearbox required for gearless system

e good for low wind speed sites

Disadvantages

Concept 7

e PMSG is expensive
e Fully rated converters at stator-side

e expensive converters

Advantages

e good for low wind speed sites
e no gearbox required

e active and reactive power are controllable

Disadvantages

e large diameter generator/heavy

Concept 8

e fully rated converters at stator side
e expensive converters

e maintenance for brushes and slip-rings

2.5 Application of Doubly-Fed Induction Generators to Wind Turbines

As mentioned previously, doubly-fed induction generators (DFIGs) require lower
converter rating than other generator configurations. This is one of the benefits of
using the DFIGs in wind power generation. As discussed in [2.12], the DFIG
configurations use standard components which make this system relatively cheap
compared to competitors, the wound rotor synchronous generators or permanent

magnet synchronous generators.
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2.6 Summary

As renewable energy becomes increasingly important, due to the fossil fuel and the
pollution crises, wind energy becomes one of the effective and interesting energy
sources since it is available almost everywhere and clean. Horizontal axis wind
turbines have become the most well-known converters to extract wind energy and
convert to electrical energy form. Several types of wind turbine have been designed
and commercially used. Variable-speed wind turbines are widely used because they
have the capability of extracting the maximum available power at any wind speed.
Moreover, they also reduce the stress on the turbine tower. Several types of generator
have been commercially used with variable-speed wind turbines, but only doubly-fed
induction generators and wound rotor synchronous generators are commercially
successful. However, comparing the two types, using the doubly-fed induction
generator provides more benefit than using the wound rotor synchronous generator
because the component used for this generator are standard ones and can be easily

found in the market.
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Chapter Three

Doubly-Fed Induction Generators

This chapter covers the principle and control of a doubly-fed induction generator
(DFIG) used with a wind turbine. Most of wind turbines to-date are built with
DFIGs. The DFIG is a variable-speed generator which requires a converter having a
rating which is a fraction of the generator rating. This is one of the advantages of the
DFIG over other variable-speed generators which require full rating converters. The
chapter begins with an introduction to the doubly-fed induction generator. A detailed
mathematical model is then discussed to illustrate the physical behaviour of the
DFIG. The chapter includes a review of the control methods for both machine-side

and grid-side converters and a discussion of the control methods used in this thesis.
3.1 Introduction to the Doubly-Fed Induction Generator

A DFIG consists of a wound rotor induction machine (WRIM) having its stator
directly connected to the grid and its rotor connected to the grid via back-to-back
converters, a three-phase filter and usually a three-phase transformer. The connection
diagram of the DFIG is shown in figure 3.1. The WRIM is controlled by the
machine-side converter to operate as a variable speed constant frequency generator
whereas the grid-side converter operates as the power conditioner to control the

active and reactive power of the rotor.

I
l 2\
é ; Utility Grid

3 Back-to-Back
Converters Filter

WRIM
i3S K3

Figure 3.1 The connection diagram of a doubly-fed induction generator
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As discussed in many textbooks on electrical machines, the rotor voltages as a
function of the induction machine speed is still valid for the DFIG. Slip for the

induction machine is defined as follows,

§ == ; (3.1)

where n, and n, are the synchronous speed and rotor speed in rpm respectively.

However, unlike the squirrel cage induction machine, the stator-rotor turns ratio must

be taken into account for the WRIM. Therefore the rotor voltage u,, stator voltage

u, and machine slip s are related as follows,

U, =—-su,, (3.2)

where N, and N, are the effective number of turns of the stator and rotor windings

respectively, per phase.

Similar to a wound rotor synchronous generator, the DFIG is a rotor controlled
generator. However, instead of controlling only stator power factor at synchronous
speed, the DFIG can operate as a synchronous generator over a range of speeds
depending on the rating of the rotor supply. Generally, for wind turbine applications
the speed range is limited to approximately 33% [3.1] above and below synchronous
speed. The generator can therefore operate at sub-synchronous speeds, synchronous
speed and super-synchronous speeds. With the assumption that the system is lossless,
for sub-synchronous speed generation, power is delivered from the stator but the
rotor consumes power. For synchronous speed generation, the rotor frequency is
zero, therefore, rotor currents are dc and the total rotor power is zero. The DFIG
delivers power only from stator. For super-synchronous speed generation both stator
and rotor deliver power to the grid. A wind turbine with a DFIG can use this benefit
during high wind speed operation. This is one of the advantages of the DFIG over
other variable speed generators [3.2]. The powef flow diagram for these operations

with the assumption that the system is lossless is presented in figure 3.2.
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Pmcch Pmech

(a) (b)

Pstator

Pmech

P rotor

(©)

Figure 3.2 Power flow diagram of a doubly-fed induction generator under different

operating region (a) sub-synchronous speed generation, (b) synchronous speed
generation (c¢) super-synchronous speed generation

Assuming that the converter is lossless, the rotor power P. is equal to converter

r

power P__ . As shown in figure 3.2, the total electrical power flowing to the grid is

conv *

the sum of the power from the stator and the power from the rotor as follows,

Rolal - I)s + Pconv > (33)
whereas the relationship between the stator power and the rotor power is
P =-sP, (3.4)

where s is the per-unit slip.

This equation shows that the rotor power is a linear function of the generator slip.
Due to the power-speed variation shown in figure 3.2, the DFIG has an advantage
over the singly-fed induction generator. As explained, the DFIG operates above,
below or at synchronous speed; therefore, the range of output power can be
controlled by using converters having ratings of half of the power span dictated by

the desired speed range [3.3] as shown in figure 3.3.
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Figure 3.3 Power-speed relationship of a lossless DFIG under constant torque

This figure shows the advantage of the DFIG over the singly-fed induction generator
with a fully rated converter. The converter used for the rotor can be any bi-
directional converter e.g. matrix converter [3.4-3.7], cyclo-converter [3.8-3.11],
current source converters [3.9, 3.10], or PWM voltage-source back-to-back

converters. Only the latter are considered and used in this thesis.
3.1.1 Classification of Doubly-Fed Induction Generators

Doubly-fed induction generators can be classified into two groups - brushed type and
brushless type. The brushless type can also be separated into different subgroups,

depending on their construction [3.3].

i. Standard Doubly-Fed Induction Generator (SDFIG)

The standard DFIG is normally a wound rotor induction machine. This machine has
a rotor winding wound like the stator and connected to slip rings. This winding can
be connected in either star or delta depending on applications. The rotor is connected
to the external circuit via carbon brushes on the slip rings. A schematic diagram of
this generator is shown in figure 3.4. The main drawback of this type is the

maintenance required for the brushes and slip rings. This is the type of generator that

is used in this research.
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Figure 3.4 Schematic of a standard DFIG

ii. Cascaded Doubly-Fed Induction Generator (CDFIG)

This is the so-called brushless doubly-fed induction generator. It consists of two
wound rotor induction machines connected back-to back, as shown in figure 3.5. The
stator of one machine is used as the power winding whereas the stator of another
machine is used as the control winding connected to the converter. The rotor
windings of the two machines are connected together via brushes. The machines
have both mechanical coupling and electrical coupling, as shown in figure 3.5. The
connection of the rotor windings can be positive sequence or negative sequence,
resulting in addition or subtraction of the torques of two machines. The positive
phase sequence is made by connecting the same phases of each rotor winding
together, whereas the negative phase sequence is achieved by swapping two phases.
Positive phase sequence is the normal connection but negative phase sequence is
applied for academic purposes. The synchronous speed of the cascaded DFIG can be
calculated as follows [3.3],

60-(f,+ 1)

i = (3.5)

where f, and P, are the frequency and number of pole pairs of the power machine

and £, and P, are the frequency and the number of pole pairs of the control machine.

Therefore, for zero frequency at the control winding, the generator operates with a

cascaded synchronous speed as follows,

s (3.6)
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This topology has greater losses than the standard DFIG because of losses in four

windings.

Control Winding

A

Figure 3.5 Schematic of a cascaded DFIG

iii. Single Frame Cascaded Doubly-Fed Induction Generator (SF-CDFIG)

Instead of having two separated machines, this generator is built in a single frame,
which improves mechanical robustness. It has been used in Germany and it is
manufactured up to 250 kW as a self-synchronous drive [3.3]. However, it suffers
from the same loss problem as the cascaded DFIG. This generator is also called the

twin stator generator [3.12]. A schematic of this generator is shown in figure 3.6.

MR

e
(va

Figure 3.6 Schematic of a self-cascaded DFIG

iv. Brushless Doubly-Fed Induction Generator (BDFIG)

This type is a compact version of the brushless DFIG. The principle of operation is
same as its ancestor, the CDFIG. However, the main winding and the control
winding are placed in the same slots in the stator which makes the frame size bigger
than a cage rotor machine with the same power rating. The rotor of this generator is a
cage type with a special design. Different rotor structures have been designed and
tested [3.13]. The main idea is to make the identical number of poles called nests as
shown in figure 3.7. The number of rotor poles must be equal to the sum of the
number of stator poles of both the stator windings, to couple the air-gap field from
both [3.14]. The stator windings of this generator require different numbers of pole
pairs to avoid direct transformer coupling and the difference in the number of pole

pairs must be more than one to avoid magnetic pull on the rotor [3.3, 3.14].
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Figure 3.7 Variant nested loop rotor design for a BDFM [3.13]

A schematic of this generator is shown in figure 3.8.

A
Ta

Figure 3.8 Schematic of a BDFIG

v. Brushless Doubly-Fed Reluctance Generator (BDFRG)

The schematic of this type is same as the BDFIG. It has the same stator winding
configuration as the BDFIG, but instead of having a squirrel cage rotor, it has a
reluctance rotor as shown in figure 3.9 [3.3]. The advantage of this type of generator

is that the model and the control scheme are the same as the standard DFIG [3.3].

J & \
L 7NN 2 o>
| 4
g e =\
Simple Salient With Flux Barriers Axlally.Laml'nated
Anisotopic

Figure 3.9 Schematic of cross-sectional view of several rotor designs of the BDFRG

3.1.2 Back-to-Back Converters, Three-Phase Filter and Transformer

The rotor converters consist of two PWM voltage source converters connected back-

to-back with a dc-link capacitor, as shown in figure 3.10.

38



Chapter Three: Doubly-Fed Induction Generators

Sim Ssm Ssm e i Sie Ssq Ss,
ﬁ (k] J(} i
A Al
B

B =

= (:

_J(jx T €N

Machine-Side Converter Grid-Side Converter

Transformer

Figure 3.10 The back-to-back converters, three-phase choke and three-phase

transformer

The machine-side converter is connected to the rotor of the DFIG and is controlled to
achieve the optimised speed to capture the maximum power from the wind, and also
to control the power factor of the generator. The grid-side converter is connected to
the grid via the three-phase filter and transformer. This converter is controlled to
regulate the dc-link voltage and control reactive power. The total reactive power
required by the DFIG can be controlled by the combined action of the two
converters. Their reactive powers can be controlled independently. The three-phase
choke is used to filter the high frequency component from the current before
delivering to the grid. The function of the three-phase transformer is to convert the

grid voltage to suit the rotor and to limit the required VA rating of the converters in

line with the working speed range.
3.2 Equations and Model of a Doubly-Fed Induction Generator

Generally, the model and equations for a DFIG are the same as for the familiar
induction machine. This section illustrates the general model and the control model
of a doubly-fed induction generator. For a more detailed analysis, the reader can

consult any of the textbooks on electrical machines in the references.

3.2.1 General Model

In the stationary reference frame, the voltage equations of the stator and rotor are

expressed in space vector form are as follows,

1,7'_‘ = Rl_\ o (37)
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s

—y - dA _
U, =Ri'+———jo 1 :
o /? (3.8)

r°r 2

where superscript s indicates stationary reference frame.

Transforming equations (3.7) and (3.8) into the synchronous reference frame, the

stator and rotor voltage equations become

ul =Ri‘+—""+ jo, A, 3.9)
e .

e

where superscript e indicates synchronous reference frame.
The stator and rotor flux linkage in equations (3.9) and (3.10) respectively can be

expressed in terms of currents and inductances as follows,

A =Li+Li (.11)

m-r 2

Af=Li+Lif (3.12)

m°s 2

where L, L, and L, are stator inductance, rotor inductance and magnetising

inductance respectively.

The term Li‘ and L i¢ are stator flux linkage and mutual flux linkage produced by
stator current, whereas the term L,i¢ and L i are the rotor flux linkage and mutual
flux linkage produced by rotor current. The terms Li° and Li° can also be
separated into leakage flux linkages L,i° and L,i’ and magnetising flux linkages

Li° and L i° respectively. The voltage equations in terms of inductances and

currents can be derived from equations (3.9), (3.10), (3.11) and (3.12) as follows,

u’=Ri+ d(flf‘e)+ d([;;t’;’c)+ jo, (L‘\_i__f + me,"), (3.13)
0 =Ri‘+ d<L"’T"U>+ d(L"’i—‘“u>+j(a) ~o,\Li +L,i°) (3.14)
T dr dr A

These space vector equations can be written in matrix form as follows,
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2756 Rs 0 l_ :’ n d Ls Lm ; \-e . L s Lm l_ e
= _ —_— . + §
ar] Lo R is] alL, LT, L |

This voltage equation consists of ohmic losses, transformer voltage, speed voltage

due to rotation of the reference frame and the true speed voltage due to rotation of

the rotor. Only the last term, — jo, A’ =—jo, (L,f," +Li _"), contributes to the

m-s

electro-mechanical energy conversion. The equivalent circuit for the space vector

voltage equations is shown in figure 3.11.

Figure 3.11 The dynamic equivalent circuit of the DFIG

Equation (3.15) can also be split into real and imaginary parts lying on direct-axis (d-
axis) and quadrature-axis (g-axis). The equation can be written in matrix form for the

sake of computer modelling as follows,

r - —

Uy R, + pL, -, pL, -w,L, iy

ug, ,L, R + pL -a,L, pL, Iy,

Uy | rL, ~(w,-o,)L, R+pL (o -0 |i,| G160
u, | | (0 -, pL, (0, -0), R +pL, i,

From this point, words stator flux and rotor flux will be used to represent stator flux

linkage and rotor flux linkage respectively for the sake of simplicity.

3.2.2 Control Model

Generally, the DFIG is controlled by stator-flux vector control or grid-flux vector

control. This is similar to the case of rotor-flux vector control for the stator-fed
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induction machine. Rotor-flux vector control is also possible, but its implementation
is more complicated than stator-flux vector control due to the complexity of the rotor
voltage equation. This is the same reason as with stator-flux vector control for the

stator-fed induction machine [3.9, 3.10]

For grid-flux vector control, the virtual grid flux can be artificially calculated from

Ay =——, (3.17)

where I&‘ and w, are the grid flux vector and grid flux angular velocity respectively.

This method ignores stator resistance, and in large machines the voltage drop across
the stator resistance is negligibly small compared with the stator voltage. This
method can be adopted from the stator-flux vector control method.

In the case of stator-flux vector control, the reference frame used is fixed to stator

flux, which can be estimated from
%= [ -ri (3.18)

Considering the stator flux vector in a stationary reference frame, the stator flux

vector can be expressed as

A5 =Dy + Ay =)™, (3.19)

where 4 is the angle between stationary reference frame and the stator flux vector.

The vector of the stator flux is aligned with the d-axis of the stator flux reference

frame. This vector is rotating in space with velocity

d
0, = }f’ (3.20)

in the counter-clockwise direction. The stator flux vector in its own reference frame

becomes
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A=Al =2+ jA,. (3.21)

When substituting equation (3.19) into equation (3.21), the stator flux becomes

= |Rlere =, + jo=|E

. (3.22)

This equation shows that in the stator flux reference frame, only the d-axis
component of the stator flux exists, which is equal to the modulus of the stator flux

space vector, as shown in figure 3.12.

b P

Figure 3.12 The stator flux vector diagram

The stator flux can be written in terms of the three-phase magnetising inductance and
the so-called stator magnetising current as follows,

TAs L v TAs TAS

1 =—1" +1 .
ms L s r (3.23)

m

From equation (3.23), f" =1+ 0, , where o, is the stator leakage factor calculated

m

from o, = %’i Further detail on this concept is presented [3.8-3.10]. Therefore, the

m

stator magnetising current can be written as

i*=(l+o )i +i*. (3.24)

ms
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Since only the d-axis component of the stator magnetising current exists, the stator

current space vector in the stator flux reference frame can be calculated by equation
(3.25),

#:4%%}#% (3.25)

f—wl (3.26)

i, =", (3.27)

i. Voltage Equation of a DFIG
Referring to equation (3.13), the stator voltage equation in terms of the inductance

and current in stator flux reference frame is

T As T As
u” =Ri” +L ——+L —

Li*+jo, L i*. 3.28
dt sts J As™m®r ( )

+jo,

\)

From the stator current calculated in equation (3.25) and substituting into equation

(3.28), the stator voltage equation in the stator flux reference frame is

ms

TAs . TAs
—-i" I+ L ——+jo,L
/ ) n dt -] A

lms ¢

T ; djn| (3.29)
C o) |

m

i _ R Qm

Rewriting equation (3.29) in first-order differential equation form, the equation
becomes

dfiy]
T,———+
dt

N

TAS
st

i (1 +jo,T,

lms

B

where 7, = % is the stator time constant and o is the stator leakage factor.

A
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Since the stator flux amplitude is constant, separating equation (3.30) into d-axis and

g-axis equation yields:

d ims _ (1 + O )
T AS § .
T.\' d t + lm\‘ I = RIV usd + lra' ) (3 3 1)
- \l+0, ,
T, 1" = ( RO-‘ ) Uy +1, . (3.32)

From equation (3.14), the rotor voltage equation of the DFIG in the stator flux

reference frame is

gi*
dt

= As
+ L % + jloy ~ 0, )Li* + j(0, -0, )L,i".  (3.33)

S

—As __ TAs
u" =Ri" + L

The rotor voltage in terms of rotor current and stator magnetising current can be
derived by substituting equation (3.25) into equation (3.33) resulting in
ZT/'LV dll_i‘l

ms Tl

—As TAs . TAs .
=Ri"+ol ——+L\(l-0c)—+jo,cli”+ jo,L(l-c)i* (3.34)
ur rer r dt r( ) dt ] sl rts J sl r( jms

bl

L : :
where o is the total leakage factor calculated from o =1-—"- and w,, is the slip

sr

angular frequency.

Rewriting equation (3.34) in first-order differential form, the equation is

T As — Ay d TA.Y ) )
oT, % + lT/L‘ — _ZZ_ - Z',(l - O')_|;,':“ ' - j(] - O')‘[ra)sl i"j:f' _ jO'TrCUs;i,M . (3.35)

L . :
where 7, = — is the rotor time constant.

r

Tas|
il 1s

Since the amplitude of stator magnetising current is constant, the derivative of

zero. Equation (3.35) can be separated into d-axis and g-axis equations as follows,

45



Chapter Three: Doubly-Fed Induction Generators

oT —di’d 4, =t + 071w, i
Tt R, r@ulrg > (3.36)
di, u
ry . Yy TAS ;
oT, i +i, = 2 —(I—O')T,a)s, | =0T, . (3.37)
r

Following equations (3.36) and (3.37) and multiplying these equations by R, there

are rotational cross coupling voltage between d-axis and g-axis which are oL,

TAs
lms

and -(1-0)Lw

rsl

~ol,w4i,,. These terms can be compensated by adding the

negative terms of these coupling voltages which are -olL w.,_ and

rsltrg

(1 - O.)Lra)sl

fnﬁ."l +oL,w,i,, into the outputs of the controller.

ii. Active Power, Reactive Power and Torque Equations of a DFIG

From the general power equation, the stator active and reactive power in stator flux-
linkage reference frame can be calculated form dg-axis terminal voltages and
currents as follows,

$q°sq

P = %Re(i[.’“f QE %(usdisd rugi,), (3.38)

0 = %Im(ﬁf"i{“* )= %( st — gl )- (3.39)

For large machines, the voltage across the stator resistance is negligible, so the stator

flux can be estimated from equation (3.17). In this case, the voltage vector is

perpendicular to the flux linkage vector therefore, u, =0 andu = u#*|. Equations
(3.38) and (3.39) become
. 3.40
P.\' - E‘us l.w/ > ( * )
31l
= iy 3.41
0, ="l (3.41)

Under this assumption, the amplitude of stator voltage is equal to [3.9, 3.10],
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I—/l\

a)b m

, (3.42)

IN s

therefore, substituting equations (3.27), (3.26) and (3.42) into (3.40) and (3.41), the

stator active and reactive powers in terms of rotor current are

Sl o,
R & _Ewi\ L n,:; qu ’ (343)
S
Q\ = 5 a)is L (J m\ ‘ = lld ) (344)

An electromagnetic torque equation can be derived from the torque equation in the
stator flux reference frame presented in [3.9, 3.10] and the relationship between
stator-torque producing current and rotor-torque producing current. The torque
equation becomes

3 37
T 2 P/l\u' sq A _EP L ﬂ’\d rq > (345)

where P is the number of pole pairs of the generator.
3.3 Equations and Model of the Grid-Side Converter

The equations and model of the grid-side converter depend on the reference frame
and control method used for this converter. These can be classified into four types as
presented in [3.15] - voltage vector control, direct power control based on voltage
vector, virtual grid-flux vector control and direct power control based on virtual grid

flux vector. Only voltage vector control is considered and used in this research.

Sia Sy zk Ste T'hree-Phas
J J " I'ransformer
A
B .
I
S Sgs S, Three-Phin
‘r Y J :“:‘ »k"“ Three- llm
Yoltage Source

Grid-Side Converter

(a) (b)
Figure 3.13 (a) The circuit diagram of the grid-side converter and (b) a simplified

diagram of the grid-side converter
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Referring to figure 3.13, the ac side of the converter is connected to the grid while

the dc side is connected to a load or another converter.
3.3.1 Voltage Equation of the Grid-Side Converter

This converter can operate at unity power factor or at leading or lagging power
factor. Moreover, this converter topology is capable of operating as a rectifier or an
inverter. The voltage equation of the PWM rectifier can be written in vector form as

follows,

.8

@ =R +1, % 7V (3:46)

conv *

Since this system is controlled by voltage vector control, the reference frame used is
the reference frame fixed to grid voltage. Considering the grid voltage in stationary

reference frame, the grid voltage vector can be expressed as

7=+ iy < e

where 6, is the angle between stationary reference frame and the grid voltage vector.

The vector of the grid voltage is aligned with the d-axis of the grid voltage reference
frame which rotates at the speed
_do,

a) =

e 3.48)
& dr (

in the counter-clockwise direction. The grid voltage vector in its reference frame

becomes
ut = e % = Uy + JUg, - (3.49)
When substituting equation (3.47) into equation (3.49), the grid voltage vector

becomes

-/

. (3.50)

17
e'e

0 .
“=u,+j0=

—g _ |7 -5
ug —Iug ug
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This equation shows that only the d-axis component exists in its reference frame and
is equal to the modulus of the grid-voltage vector as shown in figure 3.14. Referring
to equation (3.46), transforming this equation into the grid voltage reference frame,

the voltage equation of the PWM becomes

'8
F+L %+ jo,Lif +7VE (3.51)

ﬁg R conv *
dt

g /g

This equation can be written in the form of a first-order differential equation as

follows,

dt e ut _

& BT 8 g7 if (3.52)
Ty r'g

ar R, R, #E

L
where 7, = R—f is the time constant of the three-phase choke of the PWM rectifier.
s

Since only the d-axis grid voltage exists in the control reference frame, the q-axis
grid voltage will not appear in the equation. Splitting equation (3.52) into d-axis and

g-axis components, it becomes

d.
T/ ! vmnvd 4+ & u + ) z./lgq , (353)
di R, R,
dl Vconv .
z'f—jtiﬂ qu —w,Li,. (3.54)

As in the case of the machine-side converter control, the cross-coupling voltages

. u ) . .
between d-axis and g-axis which are Y;—d— +w,7 i, and —@, L i, respectively must
s
be added to the negative outputs of the controllers to compensate the cross-coupling

terms.
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q

\
R,

Figure 3.14 Voltage vector diagram for voltage vector control

3.3.2 Active and Reactive Power Equations of the Grid-Side Converter

From the general power equation, the grid-side converter power in grid voltage

reference frame can be calculated as follows,

R R .

P = ERe(u;’zgg = —i(ugdlgd e (3.55)
A TN Y ,

0, =§Im(”flgg ): E(unggd —ugdlgq). (3.56)

Since only the d-axis component, which is equal to the modulus of the grid voltage

vector, exists in this reference frame, the active and reactive power equations become

B
Pg o Eugdlgd > (357)
L
Qg = -Eugdlgq 5 (3.58)

3.4 Control of an Induction Generator

This section describes the control of the machine-side converter which is used to
control the wound rotor induction machine to operate as an induction generator for a
wind turbine. Several control methods for each converter are first discussed and then
followed by the method used in this research.

Generally, as discussed previously, the rotor currents are controlled by stator-flux

vector control [3.8-3.10]. The reference frame used in this control method can be
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either stator flux [3.16] or grid flux [3.17]. However, the grid voltage is also a
possible choice [3.18]. As well as a conventional PI controller, several sophisticated
methods, for example, robust PI control or nonlinear control, have been applied to
improve the performance of the control of the DFIGs [3.19-3.21]. However, the
objective is to extract the maximum power from the wind. Several direct power and
reactive power control schemes have also been proposed [3.22-3.24]. Sensorless
control schemes have also been proposed to avoid using rotational transducers [3.25-
3.29].

Control of the DFIG is not the main objective of this research, but it is essential to
allow the main objectives to be achieved. The next part discusses the process to
achieve control of the machine-side converter to drive the wound rotor induction

machine as a doubly-fed induction generator based on stator-flux vector control.
3.4.1 Stator Flux Estimation

The first task for this control is to acquire the stator flux vector for use as a reference
frame. The stator flux can be estimated by integration of stator EMF in the stationary
reference frame as shown in equation (3.18). However, direct integration is
unpractical since there may be a dc-offset caused by the measurement offset error,
resulting in the integral output saturation. Several alternative methods have been
proposed. Pena and co-authors [3.16] used a digital band-pass filter with cut-off
frequencies of 0.5Hz and 1Hz to eliminate dc-offset. Holtz [3.30] proposed a
feedback low-pass filter to stabilise the integrator and prevent the integrator output
from increasing indefinitely. This method requires the complement between the
phase shift and the voltage drift level. Another estimator, proposed by Lascu and co-
authors [3.31], used the combination of the current model and the voltage model for
sensorless motor drive application. This estimator, with some modification, is used to
estimate the stator flux for control of the DFIG. Since the rotor current is measurable,

stator flux from the current model in a stationary reference frame can be simply

calculated from

AV=Li*+Li' (3.59)

where superscript si indicates current model in stationary reference frame.
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The stator flux linkage in a stationary reference frame is calculated from the voltage

model as follows

2= [ -RD -, = [e ,.d. (3.60)

where and superscript sv indicates voltage model in stationary reference frame and

U.mp 1S @ compensation voltage calculated from the output of a PI controller having

the difference between the stator flux from the voltage model and the stator flux from
the current model.

This variable can be written in equation as follows,
By = K, (A = 20 )+ K, (A7 - 7 ) (3.61)
The proportional and integral gains can be simply calculated from [3.31]

K,=0+a0,, K, =0,-0,. (3.62)

From [3.31], values of @, = 2-5 rad/s and @,= 20-30 rad/s are practical for a smooth

transition between the two models. The flux speed can be estimated from [3.11] as

follows,

sV sV
(l\'de.\ compg ﬂ’.\'q e.\'r compd )

Wy = i 2 ’ (3.63)

However, to improve the quality or the stator flux and angle, a three-phase phase-
locked loop (PLL) is applied to stator-flux vector control. For PLL application, the g-

axis stator flux component is fed to the PI controller and the controller output is used

as the stator flux angular velocity @, and the integration of @, is the stator flux
angle.
3.4.2 Control of the Machine-Side Converter

Once the stator flux in a stationary reference frame and its speed is estimated, the

rotor current is oriented to the stator flux reference frame and controlled as shown in
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figure 3.15. Referring to equation (3.34), since ‘zf‘\ is constant this equation can be

m.

split into d-axis and g-axis components as follows,

. di
u,=Ri +oL 6’; —olLai,, (3.64)

d
u, =Ri, +0olL, ;’t" +o, ((1 ~o)L

ryims

72|+ oLi,) (3.65)

From figure 3.15 and equations (3.64) and (3.65), the outputs of the PI controller of

the inner loop of both dq currents v,, and v,, are

, . di
v,=Ri, +0L, —67’:— , (3.66)
, di
v, =R, +ol, =% (3.67)
dt

As can be seen in equations (3.36) and (3.37), multiplying both equations by rotor

resistance R., both equations have cross-coupling voltages oL, and

r

&+ O'L,ird) respectively. As shown in figure 3.15, the cross-coupling

— Wy ((1 -o)L,

15+ O'L,i,d) are added to equations

compensation terms — oL, i, and a)s,((l—a)Lr

(3.66) and (3.67) for the output voltage command before transforming to a stationary
reference frame for the space vector modulation generator as follows,

v, =v —olw, (3.68)

rsttrg 0

7+ o). (3.69)

ms

v:q = v;‘q + a)‘vl ((1 B O-)Lr
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Figure 3.15 Stator-flux vector control diagram of the machine-side converter

3.5 Control of the Grid-Side Converter

The main operating mode of the grid-side converter is the same as that of a PWM
rectifier. Therefore, the equations and control method used for this converter are the
same as for the PWM rectifier. Research on modelling and control are aimed at
improving the control of the PWM rectifier to operate effectively and efficiently
[3.32-3.35]. Several researchers have proposed novel methods and switching
schemes to improve performance and simplify the control system [3.36-3.43]. Some
strategies were about optimising or reducing the dc-link capacitor size [3.44 -3.46].

As indicated previously, control is not the main objective of this research but it is a
necessary subject. This research deals with voltage vector control based on a simple

PI controller. The diagram of the control of the grid-side converter is shown in figure

3.16.
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Figure 3.16 Grid voltage vector control diagram of the grid-side converter

The voltage vector can be calculated from Clarke’s transform u,, and u,,. These

variables are then sent to the PLL to estimate the voltage angle and grid frequency.

The equations for the control diagram shown in figure 3.16 can be derived as follows

i
s - gd . *
Uy = Rii, + L, _—a’t =0 L Vg

l
on g4 - *
ugq = Rflgq i Lf dt + a)gL_/'lgd + vconvq .

The first two terms of these equations can be defined as v, andv,, , thus

di
L : gd
Vea = R./lxd + L./' dt >
di
o - . £q
v.ut/ - R./'l.w/ + L.I' dt :

(3.70)

(3.71)

(3.72)

(3.73)

As shown in figure 3.15, the compensation voltage to decoupling the d and q axis

voltage components, ®,L,i,, +v,, and -o,L,i, , must be added to the negative

output of the PI controller. Therefore, the final voltage outputs of the controller

become
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vconvd = _vgd + (wgl‘figq + ugd )9 (374)

*

vconvq = _v;;q - a)gLfigd . (375)

The voltages in equations (3.74) and (3.75) are the command voltage for the

switching function module which will be first transformed back to « — p form and

fed to the switching function module.
3.6 Summary

DFIGs have been widely used in wind turbines as they require lower VA rating
converters to control them. They are generally driven by the back-to-back converters
connected between the rotor and the grid with direct connection of the stator to the
grid. The converter size is half of the power span of the generator. The generator can
be classified into brushed and brushless types. The brushes and slip rings are the
main disadvantage of the brushed generator and therefore research on brushless
DFIGs are ongoing. However, the technology in this field is not mature enough to
use commercially. The usual method applied to control the DFIGs is stator-flux
vector control, which is analogous to rotor-flux vector control for the stator-fed
induction machine. This control can be achieved by the machine-side converter
which is connected to the rotor of the generator. Another converter is used to control
the power flowing between the rotor and the grid and also used to control the reactive
power at the transformer at the grid side. The control method used in this research is
voltage vector control. For this converter, it is usually controlled make the power

factor at the grid side of the transformer be unity.
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Chapter Four

System Design, Simulation and Implementation

This chapter describes the design and construction of the simulation and
experimental systems for this research. The chapter begins with the design of the
system in simulation based on MATLAB/SIMULINK [4.1]. The experimental
system is then built to implement control of a doubly-fed induction generator
(DFIG), converter fault detection and system reconfiguration, which will be
presented in later chapters. The knowledge required for system implementation is

discussed in this chapter.
4.1 Operation of a DFIG

This section concentrates on the design of the control systems for DFIG operation.
The algorithms and methods presented here are applied to both simulation and
experiment. In the simulation, most parts of the model are built using existing
SIMULINK blocks, although some of them, especially the code for the space vector
modulation (SVM), are written in an m-file s-function for ease of implementation

and modification for the main part of this research.
4.1.1 Design of Machine Control

The design of the control system must satisfy the purpose of controlling the DFIG for
application with a wind turbine. For machine control, two line-to-line stator voltages,
two stator phase currents and two rotor phase currents are measured and then per-
unitised by the base values shown appendix A. All measured variables are
transformed to two-phase variables in their own reference frame by equation (4.1) for

stator voltages and equation (4.2) for both stator and rotor currents, as follows,

T
v.s'a :g 2 v.\'ah , (41)
v.\'ﬂ 3 0 £ Vihe
2

(V8]
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isa.ra 2
Liprp 3

2 : .
The factor 3 appears in the transformation matrices due to the used of the non-

E

2 |:ls‘a,ra:| 4 2)
ﬁ \/g ixh,rh .
2

power-invariant transformation in this research.

i. Stator Flux Estimation
Rotor currents are transformed to a stationary reference fixed to the stator, for the

purpose of estimating the stator flux linkage, by inverse Park’s transform as follows,

i cosp —sinul| i,
{ } = { : ﬂ}{ } - (4.3)

I sing  cosp | iy
Since the system is to be implemented by a DSP, both simulation and experiment are
implemented in discrete forms. According to equations (3.59)-(3.63), these equations

are simulated and implemented in per-unit discrete forms. First, the stator fluxes

calculated by using a current model are

A0 =Li (k)+ L, (k), (4.4)

sSTsa m-ra

Ay =Liy(k)+L,i(k). 4.5)

The stator fluxes in a voltage model are discretised by trapezoidal approximation

[4.2] as follows,
s AL T A Y
A )= Tz =)+ = {er, () e, (k- 1), (46)

Za(b) = Ty =)+ 2 e (k) e =1), @7

where 7. is the sampling time and e, and e;, are the stator back emf which can be

computed by
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e..\\'.mmp «a (k) P u.:a (k) iy R.\ i:\\a (k) = u\\cump _sa (k) > (4 8)

e.:cnmp p (k) = u:ﬁ (k) — R.\' \‘ﬂ (k) = u.:c‘nlnp B (k) . (49)

The compensation voltage Useomp s and Usomy o are calculated by PI control

discretised by trapezoidal approximation as follows,

u.:comp _Sa (k) Kp (2‘::; (k) §= ﬂ’:’a (k )) + u:‘.omp _sai (k B 1) > (4 1 O)

u.:comp_ sp (k) = Kp (l:; (k) o /’{’:’ﬁ (k )) + uz()mp _ s (k D 1) > (4 l 1 )

where u,,,, ., and u;, . are the integral terms calculated from

u:ump _sai (k) e u:mnp _sai (k By 1) + K{u K/ (2‘::1 (k) B Z':la (k )) > (4 1 2)

W o5 (0)= Uy 5 (= 1)+ K, K (25 (K) - A2, (K)), (4.13)

comp _spi comp _spi

where K, = . The value of K| and K, can be calculated from equation (3.62).

a)ha.s'e
The stator flux angular frequency and its angle are estimated by using a three-phase

phase-locked loop (PLL) as shown in figure 4.1.

7
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Figure 4.1 Diagram of the PLL applied to the stator flux linkage angular frequency

and angle estimation

Generally, only the direct axis (d-axis) stator flux component exists in its own
reference frame and no quadrature axis (q-axis) stator flux component exists. The
existence of any g-axis stator flux component indicates that there is variation of the
stator flux frequency. Therefore, the g-axis component is used as an input for the

PLL. The g-axis component is fed to the PI controller, the output of which is the
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stator flux angular frequency in pu. This output is then integrated to estimate the
angle of the stator flux. The value of the angle is also in pu, where 1 pu is equivalent

to 2 radian.

Transforming the stator flux into its own reference frame, only the d-axis component

exists. Therefore, the stator magnetising current is

=——. (4.14)

This current is used to calculate the compensating voltage which will be discussed in

the next subsection.

ii. Loop Control for the Machine-Side Converter (MSC)

Loop control for the MSC can be separated into the inner loop, which is used to
control the d-axis and g-axis currents, and the outer loop, which is used to control the
speed of the generator. For inner-loop control, all variables are transformed to the

stator flux reference frame by Park’s transform as follows

isd rd COSQ Sing i.s'a ra
=L AP (4.15)
Lig rg —sinf cosd | iy g
where @ is u for stator variables and g —¢& for rotor variables as shown in figure
3.12.
The inner loop control of the MSC is control of the d-axis (flux-producing)
component current and g-axis (torque-producing) component current. Generally the
stator active and reactive power can be calculated from equations (3.38) and (3.39).

By neglecting the stator resistance, as shown in chapter 3, the stator active and

reactive power can be calculated by [4.3-4.5]

2
P=-20, A, (4.16)
0. = _2_% —i— in Qimﬁ?‘ ~iy, ) (4.17)

s
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where @, is the angular frequency of the flux.

From equation (3.45), the electromagnetic torque of the generator can be derived

from

2
r--3pk
2" I

TAs
lms

Ly (4.18)

where P is the number of pole pairs.
Due to implementation in per-unit, the factors of % and P are not included.

Therefore, the controlled torque, active and reactive powers are

L.l
T =—-—Z'"—z”f§ i (4.19)
L.
P=-w, L—'" - i s (4.20)

s

“i,) (421)

2
L o=
- m 1z As T As
Q.v - a)/Lv L lms lms

AY

However, equations (4.20) and (4.21) are for the machines having size larger than 10
kW [4.5, 4.6] which their stator resistance can be neglected. In this research, for the

sake of simplicity, equation (4.21) is used in d-axis current control loop. During

TAS
lms

implementation, by assuming that is constant, the command to the change in

reactive power is reduced to d-axis current command.
Two identical PI controllers are used for the d-axis and g-axis currents. The
controller outputs are sent to the space vector modulation module. According to

equations (3.68) and (3.69), the d-axis and g-axis voltages are

v:d = (Rrird + O-L'. %) + (— O-Lra)s/irq )’ (422)

ms

voLi,)  423)

v:q = (Rrirq + 0L, a;:’ ) + (a)x, ((1 —o)L,
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The terms in the first parenthesis are the current controller outputs v,, and v, before

compensating for the cross coupling terms, as shown in equations (3.66) and (3.67)
respectively. The terms in the second parenthesis are the compensation voltages that
require to be added into the voltage equations for decoupling between d-axis and g-

axis components. The transfer function of the system in the s-domain is

rll(s) ) HI.(S): ’ : L)’ (424)

where K, = L and T, = oL,
R R

r r

By using a zero-order hold, the discrete-time transfer function of the system in

equation (4.24) is
H(z)=K,—F+. (4.25)

Likewise, the PI controller in the discrete form can be derived as

7 —
PI(z)= K (KT, +1)—"== "‘{‘5 . (4.26)
Z p—
Referring to equations (4.22) and (4.23), the compensating voltages are added to the
outputs of the PI controllers to yield the command voltages for the switching
function module to drive the MSC. With knowledge of the plant’s transfer function
and the controller model, the inner loop control diagram of the MSC can be

described as shown in figure 4.2.

67



Chapter Four: System Design, Simulation and Implementation
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Figure 4.2 Inner-loop control of the MSC

Outer-loop control of the g-axis current is the speed loop control, used to control the
speed of the DFIG to achieve maximum power from the particular wind speed.
Assuming that the current loop is fast, then the dynamics of the inner loop can be
neglected. The mechanical model of the machine is a first-order model which is in
the same form as the inner loop. The same principle is applied to the speed loop

having a transfer function as follows,

K., g
Bl s e
() S & ) B

, (4.27)

where J is the moment of inertia of the DFIG-dc motor, B is the friction coefficient

of the system, K, = & and 7, = i
B B

Discretising equation (4.27) by first-order hold, the transfer function in the z-domain

is
Hm (Z) s K I__L_— 9 (428)

The diagram of the outer loop control for the MSC is shown in figure 4.3
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Figure 4.3 Outer-loop control of the MSC

iii. Constant Tip Speed Ratio Operation

As discussed in chapter 2, constant tip speed ratio operation is assumed for the DFIG
for this research. However, for the sake of simplicity, instead of calculating the
optimised operating speed command directly from the turbine power equation in
chapter 2, the speed command is created from the linear relationship between wind
speed in meters/second (m/s) and optimised generator speed required in pu, as

follows,
W, =a, +ayv,. (4.29)

This wind speed command is also used to calculate the torque command for the dc
motor drive which represents the wind turbine which will be discussed in a later

section.
4.1.2 Design of Grid-Side Converter Control

As discussed in chapter 3, the main function of this converter is to regulate the dc-

link voltage and reactive power of the rotor converter.

i. Phase-Locked Loop (PLL)

A phase-locked loop is applied to the grid-side converter to determine the grid
frequency and the angle of the grid voltage. Several techniques have been proposed
to improve the performance of a PLL under distorted voltage condition [4.6-4.8]. The
technique used here is the simple three-phase PLL that uses the assumption that the
frequency does not vary too much. The PLL measures two line voltages or three
phase voltages and then transforms these voltages into a voltage vector rotating
reference frame. When the frequency of the estimated signal matches the frequency
of the real voltage signal, voltages in their own reference frame have only d-axis

components and the g-axis components are zero. Hence the existence of any g-axis
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voltage indicates that there is a change in the frequency of the three-phase voltages.
The g-axis voltage is sent to a PI controller to regulate its value to be zero. The PI

controller output is the grid angular frequency @, and the integration of this output

is the phase angle of the voltage vector. This phase angle is fed back to the

transformation module. This procedure can be simply represented in figure 4.4.

"a.b.c va.’. L @ i (7) H

it E)R) hid Y N g-f‘Tsl /‘/gm
3 = mod

27 >

) 4
0
h 4

Figure 4.4 The diagram of the three-phase PLL

ii. Loop Control for the Grid-Side Converter (GSC)

The outputs of this PLL, @, and Hg , are used for orientation and control of the GSC

current. The grid current vector is oriented to the grid voltage reference frame by

1. cosd, sind, |i,,
Fl=l Ll (4.30)
Lo —sin@, cos6, | i,

Similar to the MSC, the GSC control loop can also be separated into an inner loop,

using equation (4.30).

which is used to control currents, and an outer loop, which is used to control the dc-
link voltage. Unlike the MSC, the d-axis current is used to control active power,
whereas the q-axis current is used to control reactive power. As presented in chapter
3, the active power and reactive power equations in the grid voltage reference frame

can be derived as shown in equation (4.31) and (4.32) respectively, in which due to

implementation in the per-unit system, the factor of - is again not included.

P =u

g ad ! gd 2

(4.31)

(4.32)

5 = —ugdlgq s
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Generally, unity power factor operation is preferable for the GSC and therefore the
reactive power command is set to zero. However, in this research, due to existence of
three-phase transformer, the secondary side, which is connected to the GSC via
three-phase choke, must be magnetised to make unity power factor of the primary
side, which is connected to the grid. As in the case of the MSC, the outputs of the PI
controllers are the voltage commands for the space vector modulation module. The

d-axis and g-axis controlled voltage equations are

,, | di |

Veonvd = —{R/'lgd +L, —jtij + (a)gszgq T Ugg ) (4.33)
* | di, |

Veomy = _£R/l&"l + Lf djl ) + (— Dy L,/ La ) (4.34)

The terms in the first parenthesis are the output of the current controller u;d and u;:q :

whereas the terms in the second parenthesis are the compensation voltage that must
be added to the negative outputs of the controllers. The transfer function of the

system in the s-domain is

I,(s) L,(5) n
CASEA A = 4.35
Uy(s) Uyls) He(s) s+ (3:3)

L, : :
where K, = 1 and 7, = _R_/— By using a zero-order hold, the discrete-time transfer
/ 1

function of the system in equation (4.35) is

—
'\I‘l
I =
N~

l-e

H,(2)=K, (4.36)

The same discrete-time PI controller structure as used in the MSC is used in the
GSC. Following equations (4.33) and (4.34). the compensating voltages are added to

the negative outputs of the PI controllers to generate the voltage command for the
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switching function to drive the GSC. The inner-loop control of the GSC is shown in

figure 4.5
Control System Grid-Filter Model
................-...................i.............::.......-....................:
2 — s - L]
()gLf/gq + ‘115‘ EE (’5—[4_{’,5,; +‘l/5_. '
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Figure 4.5 Inner-loop control of the GSC

The outer loop of the GSC is placed in the d-axis control loop to regulate the dc-link
voltage. The transfer function of the outer-loop control is conveniently expressed in
the integral form instead of the first order form. This transfer function in the s-
domain can be derived as follows,

Vies) _ I

diie H (s)= s’ (4.37)

where C is the capacitance value of the de-link capacitor.

The transfer function of the dc-link voltage control the in s-domain is

HL.(z):l( = ] (4.38)

Current [gd: _l_ rdc :
Model C's
DC-Link

Model

Figure 4.6 Outer-loop control of the GSC
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4.1.3 Switching Command

The switching command for the converters is based on the space vector modulation
method (SVM). For more information, the reader may consult power electronics
textbooks. The code for SVM generation is modified from the original Texas
Instruments Co. Ltd. (TT) DSP code [4.2, 4.10] because TI pulse width modulation
signal (PWM) has reverse logic comparing to general PWM signals presented in
many references. The detailed comparisons between the original TI code and the

modified TI code are presented in table 4.1.

Table 4.1: Comparison of SVM generation between the original TI code and the
modified TT code

Original T1 code Modified TI code
e uses position (positive or negative) of | e use angle calculated from two-phase
each phase command voltage to input signals to determine sector
determine sector e no transformation required
e require transformation e the code follows several references
e require two phase/three phase e slightly longer code
transformation ¢ provides same output as original TI
e different reference axes are used code

when transforming the two phase

signals to three phase signals

4.2 Wind Turbine Representation

In this research, the wind turbine is represented by a dc motor controlled by a two-
quadrant line commutated dc motor drive. As discussed in section 4.1.1.i11, the per-
unit generator speed command is calculated as a function of wind speed in m/s.
Likewise, the per-unit torque command for dc drive is also calculated as a function of
wind speed. Referring to equations (2.22) and (2.23), the relationship between per-

unit torque and wind speed, calculated from the power at the maximum c,, is written

in the form of a binomial function as follows,
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T,; =b, +byv, + bzvi : (4.39)

Equations (2.22) and (2.23) are used to calculate the power-speed curve and the
maximum power point for each wind speed, as shown in figure 4.7. In this research.
the operating speed range is from 0.8 pu to 1.2 pu as shown in figure 4.7. The cut-in
wind speed is 7 m/s. From this plot at 7m/s, the generator operates at 0.8 pu speed
but as the wind speed increases over 8 m/s but below 12 m/s, the generator operates

under an optimised operating speed command which can be written as follows,
@ =01y, (4.40)

where o, is the rotor speed command for speed control loop in pu and v, is the

programmed wind speed command.
When the wind speed is over 12 m/s, the generator speed command is maintained at
1.2 pu as shown in figure 4.7. Due to the torque mismatch between the DFIG and the

dc motor, the dc motor is not able to drive the DFIG at its rated torque.
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Figure 4.7 Power-speed curves with the maximum power points
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Figure 4.8 Torque-speed curve with the operating points that yield maximum power

from the wind turbine curve shown in figure 4.7

The torque command for the dc motor is calculated from figure 4.7 and shown in
figure 4.8. In system implementation, there are three equations which are used to
command the dc drive to follow the curve in this plot. For wind speeds between 8

m/s and 12 m/s the torque equation in terms of wind speed is

*

T, =0.0057872v,, (4.41)

n

where T is torque command for dc motor drive in pu.

Under low wind speed (7-8 m/s) and high wind speed (>12 m/s) conditions, as shown
in figure 4.7, the generator does not operate at the maximum power point of the
turbine. Therefore the torque commands for the dc motor must be different. From

calculation in MATLAB/SIMULINK, the torque commands can be derived as

follows,
for 7<v, <8m/s: T, =0.13532v, —0.71857, (4.42)
for v, >12 m/s: T. =0.20533v, —1.63. (4.43)
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The speed command for the DFIG, equation (4.40), and the torque command for the
dc motor, equation (4.41), represent the torque and speed which describe the

maximum power point on the wind characteristic curves. These are not the equations

of the torque-speed characteristic of the wind turbine.
The wind speed is modelled by combination of average wind speed, ramp wind

speed and varied wind speed [4.9]. The wind speed model can be written as follows,
v, (t)= vwo(l +> 4, sin(a)kt)], (4.44)
K

where v, is the mean value of wind speed, 4, is the amplitude of the k" harmonic

and o, is the frequency (pulsation) of the £” harmonic.

In this research, frequency varies between 0.01Hz and 1Hz and the value of k is set
to 20. This wind speed equation is applied only to generate the torque command for
dc motor, to introduce torque variations as would appear with real wind. The average
wind speed is used for calculating the generator speed command (no harmonic

components) because in reality the wind turbine has a high moment of inertia.
4.3 Simulation and Experimental Validation

This section presents the results of simulation and experimental testing for the
purpose of confirming the theory found in many references and making the system
ready for the main objective of this research. As mentioned previously, the
algorithms presented are applied to both simulation and experimental system
implementation. All variables and parameters are per-unitised by the base values
listed in Appendix A. The switching frequencies and sampling frequencies of both

MSC and GSC in simulation and experiment are 5 kHz.

4.3.1 Simulation Validation

In this research, the simulated system is generated in MATLAB/SIMULINK
program. Since a built-in asynchronous machine model supports only a squirrel cage

machine and 1:1 turn ratio for a wound rotor machine, therefore the modification to

match the experimental machine is required.
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Modification in this machine is made by changing the base voltage of the rotor and
putting the gain to the rotor currents. The value of the ratio is acquired by measuring
the rotor voltage while doing open—circuit test. For the current gain, the locked-rotor
test is performed and the stator and rotor currents are measured. The gain is
calculated from the ratio between one stator phase current and one rotor phase
current. However, this gain is required to be adjusted to match the real currents
during the experiments.

Due to the large size of the simulated system, some procedures used in the real
system must be ignored to save memory. In simulation, the system is started by
energising both stator and rotor at the same time by direct on-line start. The rotor
winding are short circuited through the negative dc bus by turning on all bottom
switches and turning off all top switches in the MSC, which is the same as operating
the MSC in 000 vector state of SVM. This method provides no effect on the grid-side
converter during building up the DC voltage.

Once the dc-link voltage, boosted by the GSC, is steady at the reference level and the
torque input is at the set-point, the PWM signal changes from 000 vector state to
SVM mode and follows the maximum tip speed ratio algorithm. The mechanical
input of the generator is set to torque and the wind turbine data are simulated by
equations (4.41)—(4.43). This section presents the simulation results which are
necessary to prove that the DFIG system is operating successfully. The same
operations will also be presented later in the experimental section. The schematic of

the simulation system is shown in figure 4.9
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Figure 4.9 Schematic of the simulation system

77



Chapter Four: System Design, Simulation and Implementation

i. Steady-State Operation

These results show the waveforms under steady-state operating conditions. Figure
4.10 shows the stator current and rotor current waveforms for sub-synchronous speed
generation (0.8 pu speed, 1200 rpm). Under the same operating conditions, figure
4.11 shows the generator torque, stator active power, grid-side converter active
power and total active power. The rotor current waveforms shown in figure 4.10
contain distortion at the peaks of the waveforms due to the effect of switching

currents. This distortion is quite significant because the amplitude of the currents is

quite low.

i i i i i i i i
31.45 3.46 347 348 349 3.5 351 352 353 354 355

: ; : I I Ib drc ; .
e B e o s /~ .......... f e .............. - ]

Ir (pu)

z 5 S : .67 5 3.75
Time (s)

Figure 4.10 Simulation results showing stator and rotor current waveforms for

steady-state operation at 0.8 pu sub-synchronous speed generation
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Figure 4.11 Simulation results showing generator torque, stator active power, grid-

side converter active power and total active power for steady-state operation at 0.8

pu sub-synchronous speed generation

The same sets of waveforms under super-synchronous speed generation (1.2 pu

speed 1800 rpm) are shown in figures 4.12 and 4.13 respectively.

545 346 347 348 3.4 3.5 351 332 35 354 355

-0.6F
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-liIS 3f3 3.35 3.4 3.45 3.5 3.55 3.6 3.65 37 3.75
Time (8)

Figure 4.12 Simulation results showing stator and rotor current waveforms for

steady-state operation at 1.2 pu super-synchronous speed generation
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Figure 4.13 Simulation results showing generator torque, stator active power, grid-

side converter active power and total active power for steady-state operation at 1.2

pu super-synchronous speed generation
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Figure 4.14 Simulation results showing average value of the electromagnetic torque
(Te), total active power (Pt), stator active power (Ps) and grid-side converter active

power (P]) at different operating speed
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The rotor current waveforms in figure 4.12 are smoother than the waveforms in
figure 4.10 due to the higher rotor current under super-synchronous speed operation.

Figures 4.10 to 4.13 show results proving that the system is capable of operating
satisfactorily under either sub-synchronous or super-synchronous generation mode.
The current waveforms do not contain significant high-order harmonic components
leading to quite smooth waveforms of active power and electromagnetic torque. The
results shown in figure 4.14 confirm that the system operates as explained in the
theory of the DFIG. The stator and rotor powers flow in opposite directions for sub-
synchronous speed generation and in the same direction for super-synchronous speed
generation. The rotor power is approximately equal to that of the grid-side converter
due to the small losses in the converters. At synchronous speed, the rotor power is
not zero due to rotor copper and converter losses which are compensated by the

power generated from the rotor at 1.05 pu speed.

ii. Operation through Synchronous Speed
This subsection presents the results under operation through synchronous speed. As
shown in figure 4.15, when the speed changes from sub-synchronous region to super-

synchronous region, the phase sequence of rotor current changes
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Figure 4.15 Simulation results showing operation through synchronous speed
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This is because when induction machine operates above synchronous speed, the rotor

speed is faster than the air-gap flux speed. Therefore, to maintain the rotor flux at

synchronous speed the rotor phase sequence must change.

iii. Step Change in Stator Reactive Power

The response to a step change in stator reactive power command reveals the
capability of controlling the stator reactive power by the d-axis rotor current. The
results show response to a step change in stator reactive power by changing d-axis
current command at sub-synchronous and super-synchronous speed. The simulation

results for this subsection are shown in figures 4.16 and 4.17 respectively
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Figure 4.16 Simulation results showing the response to a step change in reactive
power at 0.8 pu sub-synchronous speed generation (a) stator voltage and current, (b)

rotor currents and (c¢) d-axis rotor current
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Figure 4.17 Simulation results showing the response to a step change in reactive
power at 1.2 pu super-synchronous speed generation (a) stator voltage and current,

(b) rotor currents and (c) d-axis rotor current

Under normal operation, the generator consumes reactive power only from the stator
and the rotor reactive power is set to zero. In figures 4.16 and 4.17, the system is
controlled to change to unity power factor at the stator. Under this condition, the

generator consumes reactive power only via the rotor.
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iv. Grid-Side Converter Operation

Figure 4.18 shows the operation of the grid-side converter under sub-synchronous

(rectifying mode) and super-synchronous (inverting mode) speed generation.

; (e il (O X EER S SO EEy ) ST et & e s R o ot SO = Sy (SRR N1 S S i (SN, (0
B e e
=r ;
N || SR i T 0 e R = S S
(a)
‘5/1
A
b9 o1 09 094 0.9 097 098
Time (s)
1
’E‘ IS e e I ) N N AN
i
- 0 ......................................................
- (b)
::“_05 ................................................................................
. i R S A = Petp o o
b.‘) (.91 0.92 0.93 0.94 095 0.96 0.97 .98 0.99 1
Time (s)

Figure 4.18 Simulation results showing the grid-side converter operation under

(a) rectifying mode (b) inverting mode

This figure shows the waveform of grid voltage and the primary-side (grid side)
current of the three phase transformer. Generally, this converter operates at unity
power factor. However, since there is a transformer in the system, to make the power
factor on the grid side unity the converter has to be controlled to magnetise the

transformer on the converter side.

4.3.2. System Implementation

A schematic diagram of the whole system is shown in figure 4.19 The DFIG is
directly mechanically coupled to the dc motor operated as the wind turbine under
torque control. The main apparatus used in this system are a wound rotor induction
machine, a dc motor, an analogue dc drive, a three-phase variac, a three-phase
transformer, three single-phase chokes, two dc-link capacitors, six single-leg IGBT

modules and the TI DSP board eZdsp F2812 [4.12]. The ratings and specifications of

these apparatus are listed in appendix A.
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Figure 4.19 Schematic diagram of the experimental system

The converters used in this research are built from six 1200V, 75A single-leg IGBT
modules type SKM75GB123D made by Semikron [4.15]. The experimental system
is controlled by a TI digital signal processor (DSP) type TMS320F2812 [4.11] in the
development platform eZdsp F2812 [4.12], shown in figure 4.20. The features of this
DSP are listed in [4.11]. For more detailed information, consult the TI datasheet

[4.11].

Figure 4.20 Photograph of the eZdsp F2812 board

This DSP can be programmed in C language. In this research, the program is stored

in the flash memory which has higher capacity than the on-chip RAM. The general
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purpose 1/Os (GPIOs) [4.14] are used as indicators and as inputs for controls as
command of the DSP. The detail of the GPIO usage will be presented in the

operating procedure subsection. All programs are written in polling mode.

i. System Diagram and Details
The experimental system shown in figure 4.19 can be divided into three main parts —
machine-side converter control, grid-side converter control and dc motor control.

The machine-side converter control is the first part that will be discussed, having the

schematic diagram shown in figure 4.21.
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Figure 4.21 Detailed diagram of the machine-side converter implementation

There are six analogue signals required — two line voltages, two stator-phase currents
and two rotor-phase currents, which are fed into ADC channels 0 to 5. The sampling
method for ADC channel is simultaneous sampling, which can sample two channels
at the same time. This has the benefit of no delay for the same types of signal being
sampled. All signals are fed into a signal conditioning circuit to scale their
amplitudes and limit the maximum amplitude to 3.0Vdc. The maximum values of all
ac signals are set to 2 pu.

An incremental encoder with a resolution of 1000 pulses/revolution is used as the
speed sensor. The output of the encoder consists of two continuous pulse trains
shifted 90 degree from each other and an index pulse to indicate that the shaft has
rotated 1 revolution. The outputs are fed to the signal conditioning circuit to remove

noise and limit the maximum amplitude to 3.3Vdc. One of the requirements for
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encoder installation is to isolate the encoder shaft from the machine shaft to avoid
any electromagnetic interference (EMI) that can distort the encoder pulses. The code
used to calculate the rotor angle is taken from TI code [4.10].

Six PWM channels (PWM Ch0-5) are used to drive the MSC. They are fed to
isolating circuit to avoid damage to the DSP due to faults in the converter. The
auxiliary control switches are connected to several GPIOs used for step commands

and for indicating readiness of the system to start. The GPIOs used in the system are
listed in table 4.2.

Table 4.2: List of GPIOs used in the system and their functions

GPIO No. Functions

GPIO A6 Indicating that the ADC channel is ready

GPIO B8 Enable open-switch fault detection module

GPIO B12 Disable one switch

GPIO B11 Change PWM mode from 50% duty cycle to SVM
and control wind speed

GPIO G5 Control wind speed

GPIO EO Control wind speed

The schematic diagram for the control of the GSC is shown in figure 4.22.
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Figure 4.22 Detailed diagram of the grid-side converter implementation
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For this converter, six analogue signals are required. The first two signals are two
line voltages which are used in the machine-side converter control. Two grid-side
converter currents and two dc-link voltage are fed into ADC channel 8-9 and 10-11
respectively. Six PWM channels (PWM Ch6-11) are used to drive this converter.
[solating circuits similar to those used in the control of the MSC are also used here.

The last main system which is the control of the dc motor as a wind turbine is shown

figure 4.23

~
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Command
PWM Channel e ol

Py | Transmitter

TMS320F2812 Core | T4

Figure 4.23 Detailed diagram of the dc motor control implementation

The dc motor is controlled by the commercial analogue dc motor drive circuit. This
drive can operate in either speed control or torque control mode. For this research,
the dc motor is operated in torque control mode. The torque command signal is sent
from a DSP in the form of PWM signal via PWM T4 channel. Due to EMI radiated
from the system, a fibre optic cable is used as the means of transmission. The output
at the receiver is then amplified by a simple op-amp and filtered by a simple RC low-
pass filter.

The schematic diagrams of some circuits and photographs of each necessary

component are presented in appendix A. A photograph of the whole system is shown

in figure 4.24.
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Figure 4.24 The photograph of the experimental system

ii. Operating Procedure

This subsection describes the operating procedure for the experimental system. The
controller gains for both MSC and GSC were empirically tuned in simulation and
readjusted while commissioning the system. All dc power supply must be started first
and followed by the DSP. Due to errors in the ADC channels, all measured variables
which should be zero must be averaged and then subtracted from their instantaneous
values to set all channels to zero initially. The sequence of operations is shown in the
flowchart in figure 4.25.

Instead of applying full voltage to the system, as in the simulation studies, the dc
motor is first operated until its speed reach maximum speed with lowest torque
command applied. The voltage for the DFIG system is gradually applied by the
variable transformer until the voltage reaches rated voltage. During this process, the
grid-side converter builds the dc-link voltage up to desired voltage and the generator
is operating as a squirrel cage generator with rotor windings connected to the

negative dc bus. During this process, the feedback signals of all controllers are set to
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the reference value to generate zero errors. While operating at steady state, the PWM
signal is changed from 000 vector state to SVM and the feedback signal is set to the

actual values. The generator speed is brought down to minimum operating speed.
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Figure 4.25 Flowchart of operating procedure

To tune the system to operate successfully, some internal variables are required and
they can be measured from a digital-to-analogue converter (DAC). For this system,
the McBSP is used in SPI mode [4.13] to transfer some variables to the 8-channel
digital-to-analogue converter chip. For the sake of convenience, up to 8 measurable

and immeasurable variables can be output via DAC channels. To prove that the
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output from the DAC is usable, a DAC current signal was calibrated and compared

with the output from a current probe. The comparison is shown in figure 4.26,

indicating that the output from the DAC channels are satisfactory.

DAC output (pu)

(b)

Current probe output (pu)

1 i i i i i i
125 0.1 -0.075  -0.05 -0.025 0 0.025 005 0075 0.1 0.125
Time (s)

Figure 4.26 Comparison between signal from (a) digital-to-analogue converter and

(b) current probe

The DAC signals are normally captured by a digital oscilloscope, but for long-term

data the waveforms are captured by a National Instruments data acquisition card.

iii. Experimental Results

The experimental results shown in this section are used to prove that the system is
ready for the main part of this research. First of all, the results under steady-state
conditions at sub-synchronous speed and super-synchronous speed generation are
presented. These results prove that the system can operate successfully over the
range of operating conditions. The synchronous speed generation results are not
presented here due to the difficulty in recording the results using an oscilloscope.
However, operation at this speed will be presented in the long-term operation results
which include the effects of wind fluctuation.

Figure 4.27 shows the stator current and rotor current waveforms for steady-state
operation with sub-synchronous speed generation (0.8 pu speed 1200 rpm). Under
the same operating conditions, figure 4.28 shows the generator torque, stator active

power, grid-side converter active power and total active power. The equations used
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for active and reactive power calculation of the generator are based on terminal

voltages and currents as shown in equations (3.38) and (3.39).
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Figure 4.27 Experimental results showing stator and rotor current waveforms for

steady-state operation at 0.8 pu sub-synchronous speed generation
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Figure 4.28 Experimental results showing generator torque, stator active power, grid-

side converter active power and total active power for steady-state operation at 0.8

pu sub-synchronous speed generation

Figure 4.29 shows the stator current and rotor current waveforms for steady-state

operation with super-synchronous speed generation. (1.2 pu speed 1800 rpm). Under
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the same operating conditions, figure 4.30 shows the generator torque, total active
power, stator active power and grid-side converter active power.
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Figure 4.29 Experimental results showing stator and rotor current waveforms for

steady-state operation at 1.2 pu super-synchronous speed generation
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Figure 4.30 Experimental results showing generator torque, stator active power, grid-

side converter active power and total active power for steady-state operation at 1.2

pu super-synchronous speed generation

Figure 4.31 shows the mean value of electromagnetic torque, stator active power,

grid-side converter active power and total active power at different driven torque and
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operating speed calculated from average wind speed. As shown in this figure, the
grid-side converter active power is close to zero at approximately 1.065 pu speed

instead of synchronous speed. This is due to losses in rotor circuit.
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Figure 4.31 Experimental results showing average value of the electromagnetic

torque (Te), total active power (Pt), stator active power (Ps) and grid-side converter

active power (P1) at different operating speed
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Figure 4.32 Experimental results showing operation through synchronous speed

Figure 4.32 shows rotor currents and generator speed for operation through

synchronous speed. As shown by the rotor current waveform, the phase sequence is
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changed from abc at sub-synchronous speed to acb at super-synchronous speed. As
discussed for the simulation results of figure 4.15, the phase sequence of the
generator rotor must be changed to produce counter-rotating rotor flux which
opposes the change of flux linkage on the rotor.

Figures 4.33 and 4.34 show the response of stator current and rotor currents to a step
change in the d-axis rotor current under sub-synchronous speed and super-
synchronous speed generation respectively. Before the step change in the d-axis rotor
current, the d-axis rotor current is set to zero. This means the reactive power at the
rotor is zero. Therefore the DFIG is magnetised only via the stator. After the step
change of d-axis rotor current which magnetises the DFIG via the rotor only, the
stator current has 180 degree phase shift from stator voltage as shown in figures
4.33a and 4.34a. This is due to the reference direction of the stator current which is
positive if stator currents flow into the generator and negative if stator currents flow
out of the generator. As shown in figures 4.33b and 4.34b, the amplitude of rotor
currents is increased because of magnetisation via the rotor. The rotor currents now
consist of both torque producing current and flux producing current. Likewise, the

amplitude of stator current is decreased, as shown in figures 4.33a and 4.34a.

o ?,1; .
=i
z 09 (a)
=04
2 =007
- _0.8 U
2
0d
0.6
. 0l
2 i ,
= 0Ar (b)
gt | :
28 0.2 0.15 0.1 0.05 0 0.05 0.1 0.15 0.2 0.25
0.6
0.5
2
: b
A (c)
0.1
Vi1

Time (s)

Figure 4.33 Experimental results showing the response to a step change in reactive
power at 0.8 pu sub-synchronous speed generation (a) stator voltage and current, (b)

rotor currents and (c¢) d-axis rotor current
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Figure 4.34 Experimental results showing the response to a step change in reactive
power at 1.2 pu super-synchronous speed generation (a) stator voltage and current,

(b) rotor currents and (c) d-axis rotor current

The waveforms in figure 4.35 are grid voltage and transformer primary (grid side)

currents.
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Figure 4.35 Experimental results showing grid-side converter operation under

(a) rectifying mode and (b) inverting mode
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As mentioned in the simulation results, to make the power factor unity on the grid
side of the transformer, the transformer must be magnetised from the converter side.
Power flows into the rotor under sub-synchronous speed generation and flows out of
the rotor under super-synchronous speed generation which results in rectifying mode
and inverting mode operation for the GSC, as shown in figure 4.35. The results
shown prove the capability of operation under different condition as presented in
several references.

Figures 4.36 and 4.37 show long-term data recorded while operating over a range of
wind speeds. Theses data are presented as six relationships - wind speed vs. time,
generator speed vs. time, generator torque vs. time, stator power vs. time, grid-side
converter power vs. time and generator power vs. time. The operation starts from
cut-in wind speed (7 m/s), then moves in steps to maximum wind speed (12.8 m/s)
and then back to cut-in speed. A pseudo-random fluctuation in wind speed is
included in the wind speed value for the torque command to introduce a realistic
wind speed, but not for the speed command of DFIG. Due to high EMI in these

measurements, all data are smoothed by moving average filters before plotting.
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Figure 4.36 Experimental results of long-term operation of the DFIG under different

wind speed (a) wind speed (b) generator speed and (c) electromagnetic torque
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Figure 4.37 Experimental results of long-term operation of the DFIG under different

wind speed (a) stator active power (b) grid-side converter active power and (c) total

active power
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Figure 4.38 Comparison of two wind speed patterns (a) 8m/s wind speed and (b) 12.8

m/s wind speed

Figure 4.38 compares two wind speed patterns having different average values. As
shown in equation (4.44), the fluctuation level is proportional to the average wind

speed. Therefore, the wind fluctuation is higher at high wind speed and lower at low
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wind speed. As the wind fluctuation is modelled by the summation of sine waves, as

shown in equation (4.44), the wind speed fluctuation appears periodically.

Figure 4.39 shows a detailed view of the results in figures 4.36 and 4.37 at 12.8 m/s

wind speed over a short time interval. This shows the effect of wind speed

fluctuation on both generator torque and power.

Little variation would appear in the generator speed in a real wind turbine due to its
high moment of inertia. However, due to the low moment of inertia of the de motor-

DFIG system the wind fluctuation causes considerable speed variation as shown in

figure 4.39d.
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Figure 4.39 Detailed view of (a) wind speed, (b) generator torque, (¢) generator

The speed variation causes variation in rotor frequency resulting in rotor power
variation. However, as shown in figure 4.40, variation in speed does not have much

effect on the dc-link voltage. This means the dc-link voltage is well regulated, as can

power and (d) generator speed

be seen from the detailed dc-link voltage variation, which is below 1%.

99



Chapter Four: System Design, Simulation and Implementation

SR TR,

—

(a)

o ki ¥

Generator speed (pu)
P - —
=
— 0l N O N L X

—_—

[
N
n
b
(=)

L
n
—

1
[

1
~

n

(=

1

h
—
1

1

h

—

®

H ; i H
1825 185 1878 19 19.25 195

N
=
=

"~
B
<

— b
QA <
o
T

Uy : : ; ; : ; f :

(oL DY 5 A . ol A " hosls, SENN. e el Sk, | Wy e 8 b
G N SN W SN (b)
DU - T S R 3, A R S S, S : ; 7
4 i i i ‘ ; i i i i 1 i

16:5 1oy 1% 125 25N FEFAN 18 18250 IRS 1858 19 1925 135
Time (min)

DC-link voltae (V)

Figure 4.40 Magnified view of (a) generator speed and (b) dc-link voltage

Figures 4.41 and 4.42 show the relationship between generator torque and generator
speed and between generator power and generator speed respectively. These results
are compatible with the maximum power point and optimised torque for maximum

power point as shown in figures 4.7 and 4.8.
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Figure 4.41 Electromagnetic torque vs. generator speed curve
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Figure 4.42 Generator power vs. generator speed curve

4.4 Summary

The necessary equations and methods required for simulation and experiment are
summarised in this chapter. Both simulation and experimental systems are in discrete
form, therefore, continuous model are discretised. For control of the MSC, the stator
flux estimation is required and implemented by the method used for the sensorless
application for direct torque control of an induction motor as discussed in chapter 3.
A PLL is applied to estimate stator flux angular frequency and help smooth the
frequency signal. Another PLL is applied to voltage vector control of the GSC for
angle and grid angular frequency estimation. In the case of the wind turbine, the
model of wind turbine acquired from MATLAB/SIMULINK as discussed in chapter
2 are implemented in this chapter. The whole system is simulated in
MATLAB/SIMULINK program. However, the modification for an asynchronous
machine model is required. For the experimental system, a single DSP is used to
perform control of the MSC, GSC and dc motor. Up to 8 variables can be output and
recorded by an oscilloscope for one experiment via DAC channel. For long-term
operation, the results are captured by a National Instruments data acquisition card.
The long-term operation results confirm that the experimental system can operate

under fluctuated input torque and can operate for a long period of time without any
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problems. Therefore, all simulation and experimental results confirm that, the

simulation and experimental system are ready for the main part of this research

which is about fault diagnosis and reconfiguration for the fault in power converters.
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Chapter Five

Faults and Fault Diagnosis Methods in Electrical Drives

This chapter reviews the previous work on open-switch fault and short-circuit switch
fault diagnosis in electrical drives. Basically, the diagnostic task can be classified
into three steps - feature extraction or fault detection, fault identification and
corrective action. The review starts with variable speed electrical drives and their
protection [5.1] followed by the analysis of open-switch faults and their effects on
the current and other variables of the drive. Other research on open-switch fault
diagnosis is surveyed and classified into different approaches. The advantages and
drawbacks of each method are also discussed. The analysis and effects of a short-
circuit switch fault are then discussed. Previous work done on diagnosis of this fault

is discussed and the advantages and drawbacks of each method are discussed.
5.1 Fault Protection Used in Conventional Inverter Drives

Inverter-fed drives are widely used in industry. In such applications, the reliability of
the inverter system is highly important. An example of an inverter-fed drive is the

open-loop volt/Hz control of an induction motor as shown in figure 5.1.

15 S Ne
T T4 @ a

A

/1

/ \v
7 B
‘ : / " PWM Signal
Speed Command i~

_\__, Vit
| Controller

Figure 5.1 Voltage-fed AC drive based V/f control

This system consists of six-diodes on the rectifier side, a dc-link capacitor and six
power semiconductor switches with six anti-parallel recovery diodes. Various
possible fault modes have been reviewed by Kasha [5.1]. Such faults can be

passively protected by the conventional protection system as shown in figure Il
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The input circuit breaker trips for steady state overcurrents whereas the metal oxide
varistors protect the system against overvoltage. Input fuses will blow when a short
circuit appears in the diode rectifier or de-link capacitor. The fuse in the dc link
protects the system from switch rupture caused by shoot-through faults in the
voltage-fed inverter. Overtemperature conditions in the induction motor are protected
by the circuit breaker activated by a thermal-relay. With this protection system, the
components and motor are protected from severe damage such as explosive rupture,

but the system shuts down which consequently causes down time.
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Figure 5.2 The structure of conventional drive system with protection

The protection system discussed above has no ability to determine whether the fault
is critical or not. It operates when its protection variables exceed some threshold. For
instance, if the machine is operating under light load conditions, an open-switch fault
will not cause an overcurrent condition to activate protection devices. Nevertheless,
this fault can cause catastrophic failure of other switches and mechanical parts of an
electrical machine driven by the inverter. Understanding the effect of an open-switch

fault on all variables is necessary to successfully detect it and to prevent a cascade

failure in the drive.
5.2 Analysis of Open-Switch Faults in Electrical Drives

An IGBT switch is usually driven by an isolated gate drive amplifier. Malfunction of
this unit can cause either an open-circuit switch or a short-circuit switch. An open-
switch fault is usually caused by misfiring pulses from the gate drive unit. Once a
switch in a converter leg becomes open circuit, only the anti-parallel diode is
connected to either positive or negative dc bus, depending on which switch is faulty.

The equivalent circuit of the faulty leg is shown in figure 5.3.
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Figure 5.3 Circuit diagram of an inverter leg with an open-switch fault in the top

switch

Under fault conditions, as shown in figure 5.3, the inverter pole voltage v, depends

on the switching pattern of switch S,. In the case of phase A current larger than

V, A a ks : :
Zeto, V.g=~— ;‘ . In the case of phase A current negative, if switch S, 1is on
Vi : . V. ; . .
Vag == and if S, 1is off, v,= - A simulation model in

MATLAB/SIMULINK for demonstrating an open-switch fault in the top switch of

leg A of a conventional inverter-fed volt/Hz controlled induction motor is shown in

figure 5.4
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Figure 5.4 Simulation model for an open-switch fault in V/f system
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5.2.1 Effects on Machine Currents

After the fault appears, phase A of the converter is connected to the positive dc bus

via the diode. Under this condition, if the current in phase A is positive and switch

S, is inoperative, i, is connected to the negative bus via diode D, and consequently
i, decreases to zero. Under steady state conditions [5.2], since the purely inductive

circuit in the electric machine cannot support any dc voltage, the current is biased
either positive or negative for the whole cycle. Since the sum of the three-phase
currents is zero, the healthy phase currents also have dc offsets with a sum equal to
the dc offset of the faulty phase but of opposite sign. The current waveforms and
torque-speed characteristic curve of the induction motor under open-switch fault

conditions are shown in figures 5.5a and 5.5b respectively.

Current (A)

220 i i i i
N3 04z 044 046 048 o o.s( :
me s

(a)

70

60F- . \,\

e

40
30

20

Generator torque (Nm)

10

se 140 145 150 155 160
Generator speed (rad/s)

(b)
Figure 5.5 Simulation results showing (a) three-phase current waveforms and (b)
torque-speed curve of the induction motor for an open-switch fault appearing at the

top switch of phase A of the converter
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i. Open-Switch Fault in a Closed-Loop PWM Rectifier

The PWM rectifier is generally used in a regenerative induction motor drive system.
The ac side is connected to the grid and the dc side is connected to the dc-link
capacitor, as shown in figure 5.6. This back-to-back topology is used to improve the
quality of the grid interface including control of the grid power factor. In the PWM
rectifier, the reference current direction is flowing to the converter, opposite to that

for the inverter which is generally connected to an electrical machine in the drive

system.

Rectifier Inverter

JG J(}J

—_— T ————

Reference Direction

Figure 5.6 The induction motor drive with back-to-back converters

Under open-switch fault conditions in the PWM rectifier, the current in the faulty leg
does not remain zero as in the case of the inverter. Current can flow through the anti-
parallel diode associated with the faulty switch, allowing current to flow in the faulty
half cycle, as shown in figure 5.7. The waveforms shown in figure 5.7 are the ac
current waveforms of the rotor currents of a doubly-fed induction generator under
super-synchronous speed generation at 1.2 pu speed. The fault appears in the top

switch of phase A.
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Figure 5.7 The diode current appearing in the faulty phase current

(a) simulation results (b) experimental results

To explain this phenomenon, the operation of a de-dc boost converter is considered.
Generally, the PWM rectifier has the same operating scheme as a boost converter.
The operation is first turning on a switch to charge an inductor, causing energy
storage in the inductor as shown in figure 5.8a. This duration is called the boost
period. Once the switch is off, the energy stored in the inductor is released to the load

through a diode, as in figure 5.8b.
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Figure 5.8 Boost converter operation mode (a) boost mode, (b) freewheeling mode

The semiconductor switch is thus responsible for boosting energy to the inductor,
whereas the diode is responsible for freewheeling energy to the high voltage side.
The same principle applies to a three-phase PWM rectifier. During the boost period
of each phase for positive current, current from the ac source flows through the
bottom IGBT and then via the diode of another phase, connected to the same
negative dc bus. The same operation for negative current occurs with the top switch

of the phase and the top diode of another phase.
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Since space vector modulation is used to control

the converter, for ease of

investigation the switching pattern of space vector modulation is shown in figure 5.9
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Figure 5.9 Switching pattern of the space vector modulation

To clearly explain the appearance of diode current, the example of an open-switch

fault at the top switch of phase A of the grid-side converter is shown in figure 5.10.

Generally, to build up and maintain the desired dc voltage, the switches require to

boost the energy in the inductor. Therefore, if the switch is open (faulty) while its

firing signal is high, the boost period is cancelled. Since the current flow through an

inductor cannot stop immediately, the current of the faulty phase must find a path.

The only path is through a diode that is associated with the faulty switch. If there was

: di .
no path for this current, a voltage spike caused by L;; would occur with consequent

damage to the converter.
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Figure 5.10 The current flow diagram of the faulty converter

The interpretation of this phenomenon is shown in figure 5.10. Beginning with the
first command signal 000, phase B of the converter is in the boost state whereas the
other phases are in the freewheeling state. As explained before, during the boost state
the currents flowing through phase B switch will flow to other phases connected to
the same dc bus. Therefore, the sum of the currents through the other phases is equal
to the current in phase B inductor.

During the second command, 010, all three phases are in the freewheeling state. The
current flowing in phase A is equal to i, —i,.

During command 110, phase A top switch should conduct current and phase A

should be in boost state. However, because of the open-switch fault, the boost period
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is cancelled. Since the current flowing through the inductor cannot stop immediately,
the freewheeling state is maintained.

In the last command 111, phase C is in the boost state and its current flows through
phase B and the phase A inductor discharges energy during this command. The
sequence of operation returns to command 110 and 010, which maintain the
freewheeling period of phase A. Under command 000, phase B becomes boosted
again and the phase A inductor is charged again. Since the software for closed-loop
operation is designed to minimise error, under faulty conditions the modulating
signal is affected. It prolongs the sector that is occupied by the faulty switch and the
charging period (000 command) becomes longer than usual. Therefore, the current
flowing through the diode is built up until the diode continuously conducts current as
shown in figure 5.7.

This phenomenon does not appear in the case of an inverter because the main task of
inductor is to act as a filter. The operation is similar to a buck converter. While
operating away from unity power factor, the diode peak current is reduced because,
for each half cycle, the converter operates in both inverter and rectifier modes. There

is not enough time for the rectifier mode to maintain current to flow through diode.

5.2.2 Effects on Electromagnetic Torque

Normal three-phase current in the stator of the motor generates an MMF wave in

each phase. Their vectorial sum becomes the resultant MMF having constant

2

magnitude rotating at synchronous speed, o, = where f is the supply

frequency and P is the number of pole pairs. This results in smooth electromagnetic
torque. However, if an open-switch fault appears in the inverter supplying the stator
of the motor, dc components appear in the phase currents and the fundamental

component of the faulty phase current is reduced as shown in figure 5.11.
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Figure 5.11 Current spectrum of phase A and phase B current during healthy
conditions and with an open-switch fault on switch S1 (a) phase A current and (b)

phase B current

This unbalanced three-phase current adversely affects the resultant MMF wave. The
new MMF wave has a dc component as well as a fundamental component. The dc
component is a stationary MMF, its position depending on which phase is faulty,
whereas the fundamental component generates a rotating MMF wave. Therefore the

strength of the MMF wave becomes unbalanced in the air-gap. The electromagnetic

torque will oscillate at line frequency as shown in figure 5.12.
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Figure 5.12 Simulation results showing electromagnetic torque of an inverter fed
induction motor when an open-switch fault appears in the top switch of phase A of

the converter
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5.3 Review of Existing Methods for Open-Switch Fault Detection

Open-switch fault detection methods can be broadly classified into two types -
model-based methods and non-model-based methods. Model-based methods use a
mathematical model of the drive system, for example, the redundant model, to
compare the variables under healthy and faulty conditions, as presented in [5.2].
Sleszynski et al. [5.3] proposed a model-based method applied to detect open-switch
faults in vector controlled induction motor drives. The idea is to compare the
predicted values of the voltage model or the current model of the drive system to the
actual motor currents measured. However, the principal problem identified is
sensitivity to error in the machine parameters, which makes the system unreliable. To
solve this problem, an online parameter estimation routine is required, but this
increases the complexity of the system and also requires a sophisticated
mathematical model for this routine.

Non-model-based methods require knowledge of diagnostic variables under faulty
conditions. Such knowledge is required to extract the fault signature from the
diagnostic variable and is also used to identify and localise the fault. The advantage
of non-model-based methods is that they are independent of system parameters and
can be applied to highly non-linear systems. Several variables can be used for open-
switch fault diagnosis. The best-known variables are three-phase current signals
which have been modified, by various methods, to fulfil diagnostic tasks. In this

work only non-model-based methods are considered.

5.3.1 Current Vector Approach
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