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Abstract

This thesis deals with the analysis, modeling, and control of the doubly-fed induc-
tion machine used as a wind turbine generator. The energy efficiency of wind turbine
systems equipped with doubly-fed induction generators are compared to other wind
turbine generator systems. Moreover, the current control of the doubly-fed induction
generator is analyzed and finally the sensitivity of different current controllers with
respect to grid disturbances are investigated.

The energy efficiency of a variable-speed wind turbine system using a doubly-fed in-
duction generator is approximately as for a fixed-speed wind turbine equipped with an
induction generator. In comparison to a direct-driven permanent-magnet synchronous
generator there might be a small gain in the energy efficiency, depending on the average
wind-speed at the site. For a variable-speed wind turbine with an induction generator
equipped with a full-power inverter, the energy efficiency can be a few percentage units
smaller than for a system with a doubly-fed induction generator.

The flux dynamics of the doubly-fed induction machine consist of two poorly
damped poles which influence the current controller. These will cause oscillations,
with a frequency close to the line frequency, in the flux and in the rotor currents. It
has been found that by utilizing a suggested method combining feed-forward compen-
sation and “active resistance”, the low-frequency disturbances as well as the oscillations
are suppressed better than the other methods evaluated.

The maximum value of the rotor voltage will increase with the size of a voltage dip.
This means that it is necessary to design the inverter so it can handle a desired value
of a voltage dip. For the investigated systems the maximum rotor voltage and current,
due to a voltage dip, can be reduced if the doubly-fed induction machine is magnetized
from the stator circuit instead of the rotor circuit. Further, it has been found that
the choice of current control method is of greater importance if the bandwidth of the

current control loop is low.
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Chapter 1

Introduction

1.1 Background

The Swedish Parliament adopted new energy guidelines in 1997 following the trend of
moving towards an ecologically sustainable society. The energy policy decision, states
that the objective is to facilitate a change to an ecologically sustainable energy pro-
duction system. The decision also confirmed that the 1980 and 1991 guidelines still
applies, i.e., that the nuclear power production is to be phased out at a slow rate so
that the need for electrical energy can be met without risking employment and welfare.
The first nuclear reactor of Barsebéck was shut down 30th of November 1999. Nuclear
power production shall be replaced by improving the efficiency of electricity use, con-
version to renewable forms of energy and other environmentally acceptable electricity
production technologies [15]. According to [15] wind power can contribute to fulfilling
several of the national environmental quality objectives decided by Parliament in 1991.
Continued expansion of wind power is therefore of strategic importance. The Swedish
National Energy Agency suggest that the planning objectives for the expansion of wind
power should be 10 TWh/year within the next 10-15 years [15]. In Sweden, by end
of 2002, there were 328 MW of installed wind power, corresponding to 1 % of the
total installed electric power in the Swedish grid [13]. These wind turbines produced
0.6 TWh, corresponding to 0.4 % of the total production of electrical energy in 2002
[17]. In Denmark there were 2.49 TW of installed wind power in 2001, corresponding
to 20 % of the total installed electric power in the Danish grid. These Danish wind
turbines produced 4 TWh of electrical energy in 2001 [16].

Wind turbines can either operate at fixed speed or variable speed. For a fixed-speed
wind turbine the generator is directly connected to the electrical grid. For a variable-
speed wind turbine the generator is controlled by power electronic equipment. There
are several reasons for using variable-speed operation of wind turbines, among those
are possibilities to reduce stresses of the mechanical structure, acoustic noise reduction
and the possibility to control active and reactive power [4]. Most of the major wind
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turbine manufactures are developing new larger wind turbines in the 3-to-6-MW range
[2]. These large wind turbines are all based on variable-speed operation with pitch
control using a direct-driven synchronous generator (without gear box) or a doubly-fed
induction generator. Fixed-speed induction generators with stall control are regarded
as unfeasible [2] for these large wind turbines. Today, variable-slip, i.e., the slip of the
induction machine is controlled with external rotor resistances, or doubly-fed induction
generators are most commonly used by the wind turbine industry (year 2002) for larger
wind turbines [2].

The major advantage of the doubly-fed induction generator, which has made it
popular, is that the power electronic equipment only has to handle a fraction (20—
30 %) of the total system power [23, 44, 76]. This means that the losses in the power
electronic equipment can be reduced in comparison to power electronic equipment that
has to handle the total system power as for a direct-driven synchronous generator,

apart from the cost saving of using a smaller converter.

1.2 Review of Related Research

According to [5] the energy production can be increased by 2-6 % for a variable-speed
wind turbine in comparison to a fixed-speed wind turbine, while in [77] it is stated
that the increase in energy can be 39 %. In [45] it is shown that the gain in energy
generation of the variable-speed wind turbine compared to the most simple fixed-speed
wind turbine can vary between 3-28 % depending on the site conditions and design
parameters.

Calculations of the energy efficiency of the doubly-fed induction generator system,
has been presented in several papers, for instance [35, 53, 63]. A comparison to other
electrical systems for wind turbines are, however, harder to find. One exception is
in [9], where Datta et al. have made a comparison of the energy capture for different
schemes of the electrical configuration, i.e., fixed-speed wind turbine using an induction
generator, full variable-speed wind turbine using an inverter-fed induction generator,
and a variable-speed wind turbine using an doubly-fed induction generator. According
to [9] the energy capture can be significantly enhanced by using a doubly-fed induction
machine as a generator and the increased energy capture of a doubly-fed induction
generator by over 20 % with respect to a variable-speed system using a cage rotor in-
duction machine and by over 60 % in comparison to a fixed-speed system. Aspects such
as the wind distribution, electrical and mechanical losses of the systems were neglected
in that study.

Control of the doubly-fed induction machine is more complicated than the control of
a standard induction machine and has all the limitations that the line-fed synchronous
generator has, e.g., starting problem, synchronization and oscillatory transients [42].
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Wang et al. [72] have by simulations found that the flux is influenced both by load
changes and stator power supply variations. The flux response is a damped oscillation
and the flux and rotor current oscillate more severely when the speed is increasing
compared to when the speed is decreasing. Heller et al. [29] have investigated the
stability of the doubly-fed induction machine mathematically. They have shown that
the dynamics of the doubly-fed induction machine have poorly damped eigenvalues
with a corresponding natural frequency near the line frequency and that the system
is unstable for certain operation conditions. These poorly damped poles will influence
the current through the back emf. However, it has not been found in the literature
any evaluation of the performance of different current control laws with respect to
eliminating the influence of the back emf in the rotor current.

The flux oscillations can be damped in some different ways. One method is to
reduce the bandwidth of the current controllers [29]. Wang et al. [72] have introduced
a flux differentiation compensation that improves the damping of the flux. Kelber et
al. [38] have used another possibility; to use an extra inverter that substitutes the star
point of the stator winding, i.e., an extra degree of freedom is introduced that can be
used to actively damp out the flux oscillations. Kelber has in [37] made a comparison
of different methods of damping the flux oscillations. It was found, in the reference,
that the methods with a flux differentiation compensation and the method with an

extra inverter manage to damp out the oscillations best.

The response of the doubly-fed induction machine to grid disturbances, is a subject
rarely treated in the literature. One exception is Kelber in [37]. Kelber concluded that
it is necessary to actively damp the flux oscillations either with a flux differentiation
compensation or use an extra inverter in the star point of the stator winding. However,
Kelber has mainly focused on the “quality” of the damping and how fast a grid distur-
bance is damped out for different types of flux dampers. But, how the magnitude of the
currents in the rotor circuit depends on aspects such as the bandwidth of the current
control loop and the size of the grid disturbances was not presented. The magnitude
of the rotor current due to a grid disturbance is of importance since the magnitude
must not exceed the rated value of the inverter. If the magnitude of the rotor current
reaches the rated value, a “crow-bar” must short-circuit the rotor circuit in order to

protect the inverter.

1.3 Contributions

The contribution of this thesis are:

e An energy efficiency comparison of electrical systems for wind turbines is pre-
sented in Chapter 3. The investigated systems are one fixed-speed induction
generator system and three variable-speed systems. The variable-speed systems
are: a doubly-fed induction generator, an induction generator (with a full-power
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inverter) and a direct-driven permanent-magnet synchronous generator system.
Important electrical and mechanical losses of the systems are included in the
study.

e Analysis of the performance of different current controllers for the doubly-fed
induction generator, is presented in Section 6.1. Further, the influence of the
back emf on the rotor current for the different current controllers are investigated.

Finally, the obtained results are verified by measurements.

e Investigation of the ability of the doubly-fed induction machine to withstand dis-
turbances in the electrical grid, i.e., the maximum rotor current and voltage due
to a voltage dip are simulated. Aspects such as the current control method, the
bandwidth of the current control loop and the dip are included in the investiga-
tion. This is presented in Section 6.4.

1.4 Outline

This thesis is organized as follows:

Chapter 2 Description of properties of the wind and how the wind is transformed to
mechanical power. Finally, different wind turbine concepts are described.

Chapter 3 A theoretical investigation of the energy efficiency for the electrical sys-
tems of a wind turbine with a doubly-fed induction generator compared others
is presented.

Chapter 4 Presentation of steady-state induction machine models. Further, the op-
erational profile (speed—torque characteristics) of the induction machine and how
it is possible to affect its characteristic is presented.

Chapter 5 In this chapter, dynamic model and control aspects of the induction ma-
chine is presented. Vector control of the doubly-fed induction machine is more
thoroughly described.

Chapter 6 Analysis of the performance of different current controllers for the doubly-
fed induction generator. Further, investigation of the response of the doubly-fed
induction machine to grid disturbances.

Chapter 7 The conclusion is presented.

Chapter 8 The proposed future work is presented.



Chapter 2

Wind Turbines

This chapter serves as a tutorial, where properties of the wind, aerodynamic conversion
and different wind turbine concepts are described. The purpose is to describe the theory
and concepts that will be used later on and to introduce the reader not acquainted with

the subject. The interested reader can find more information in, for example, [4, 36].

2.1 Properties of the Wind

In this section the properties of the wind, which are of interest in this thesis, will
be described. First the wind distribution, i.e., the probability of a certain average
wind speed, will be presented. The wind distribution can be used to determine the
expected value of certain quantities, e.g. produced power. In order to simulate the
rapid continuous changes in the wind speed, i.e., turbulence, a model employing power
spectral density will be used.

2.1.1 Wind Distribution

The annual average wind speed is an extremely important factor for the output power
of a wind turbine. The average wind speed on a shorter time basis is, apart from the
annual wind speed, also dependent on the distribution. It has been found that the
wind distribution can be described by the Weibull probability density function [36].
The Weibull distribution is described by the following probability density function

w

flw) = —(—)k_le(w/c)k (2.1)

c
where k is a shape parameter, ¢ is a scale parameter, and w is the wind speed. Thus,

the average wind speed (or the expected wind speed) can be calculated from

Waye = /000 wf(w)dw = %F(%) (2.2)

where I' is Euler’s gamma function, i.e.,



If the shape parameter equals 2 in the Weibull distribution it is known as the Rayleigh
distribution. (The advantage of using the Rayleigh distribution is that it only depends
on the average wind speed.) In Figure 2.1 the wind speed probability density function
of the Rayleigh distribution is plotted. The average wind speeds in Figure 2.1 are

016 | | ! |
0.14 1

0.12 1

e
[E—
!
~N

Probability Density
o o
o o
& X
7

o
|

0 5 10 15 20 25
Wind Speed [m/s]

Figure 2.1: Probability density of the Rayleigh distribution. The average wind speeds
are 5.4 m/s (solid), 6.8 m/s (dashed) and 8.2 m/s (dotted).

5.4 m/s, 6.8 m/s, and 8.2 m/s. A wind speed of 5.4 m/s corresponds to a medium
wind site in Sweden, according to [64], while 8-9 m/s are wind speeds available at sites
located outside the Danish west coast [34]. For the Rayleigh distribution, the scale
factor, ¢, given the average wind speed can be found from (k=2, and I'(3) = /)

2
¢ = —Waye- (2.4)

VT

2.1.2 Wind Simulation

On a very short time basis, from minutes down to fraction of seconds, the wind varies
continuously, which is called turbulence. To be able to calculate the wind speed at the
wind turbine, a model of the turbulence power spectral density is thus needed. One
commonly used spectral density function is the Kaimal spectral density function [69]

S(f) = <ln((;;120)>2 (1 10:;535/3

where S is the single-sided longitudinal velocity component spectrum, f is the fre-
quency, z is height above ground, z, is the surface roughness coefficient, and wq is

(2.5)
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the average wind velocity at hub height. It is possible to use other turbulence power
spectral densities as well, such as the Frost and the von Karman Spectrum [69]. The
wind speed also varies in space, so different blades and blade segments are passed by
slightly different wind speeds at each time instant. In [69] a method (the “Sandia”
method) for calculating a 3D wind field, suitable for horizontal axis wind turbines, is
presented and in [74] it is described how to generate the wind field with a minimum of
computation.

2.2 Aerodynamic Conversion

The air flow over a stationary airfoil causes a lift force, F, and a drag force, Fip. The
lift force is perpendicular to the direction of the air flow and the drag force is in the
direction of the air flow. If the airfoil moves in the direction of the lift force, the relative
wind direction (or the effective direction of the air flow) has to be taken into account.
The pitch angle, (3, is the angle between the chord line of the blade and the plane of
rotation. The angle of attack, k, is the angle between the chord line of the blade and
the relative wind direction [36]. See Figure 2.2 for an illustration of the angles. If

relative wind speed

VO plane of rotation
r\l /
P

Fp

\
\
\
\
\
\
\
\
\
\
)
| /
\
\
\
\
\
\
\
\
\
\

Figure 2.2: Definition of the pitch angle, 3, and angle of attack, .

chord line

the angle of attack exceeds a certain value, a wake is created above the airfoil which
reduces the lift force and increases the drag force. Then the air flow around the airfoil
has stalled [4]. The incremental lift and drag force can be found from [61]

1

dFy, = ipC’LcwfeldX (2.6)
1

dFp = §pC’Dcwr2€1dX (2.7)

where p is density of the air, C', is the lift coefficient, C'p is the drag coefficient, c is
the chord length of the airfoil section, w,q is the relative wind speed and dy is the
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Lift and drag coeficients

0 10 20 30 40 50
Angle of attack [deg]

Figure 2.3: Lift, C';, and drag coefficient, Cp, as a function of the angle of attack, .

increment of the span length. The lift and drag coefficients are given as functions of
the angle of attack. See Figure 2.3 for an example of typical lift and drag coefficients.

Normally the power extracted from the wind is given as a fraction of the total power
in the wind. The fraction is described by a coefficient of performance, C,, [36]. This
method will be described in a following section. The coefficient of performance can
either be determined theoretically using blade element momentum theory or C), can
also be determined from measurements [4].

2.2.1 Aerodynamic Power Control

At high wind speeds it is necessary to limit the input power to the turbine, i.e., aero-
dynamic power control. There are three major ways of performing the aerodynamic
power control, i.e., by stall, pitch or active stall control. Stall control implies that
the blades are designed to stall in high wind speeds and no pitch mechanism is thus
required [4].

Pitch control is the most common method of controlling the aerodynamic power
generated by a turbine rotor, for newer larger wind turbines. Pitch control is used by
almost all variable-speed wind turbines. Below rated wind speed the turbine should
produce as much power as possible, i.e., using a pitch angle that maximizes the energy
capture. Above rated wind speed the pitch angle is controlled in such a way that the
aerodynamic power is at its rated [4]. In order to limit the aerodynamic power, at
high wind speeds, the pitch angle is controlled to decrease the angle of attack. See
Figure 2.2 for an illustration of the angle of attack. It is also possible to increase the

8



angle of attack towards stall in order to limit the aerodynamic power. This method
can be used to fine tune the power level at high wind speeds for fixed-speed turbines.
This control method is known as active stall or combi stall [4].

2.2.2 (Cy(A) Curve

A method that is often used for steady-state calculations of the mechanical power from
a wind turbine is the so-called C,(\) curve. Then the mechanical power, Ppecn, can be
determined by [36]

1
Poeh = §pAGC()\,ﬁ)wg (2.8)
QTTTT
= 2.9
g (2.9

where C), is the coefficient of performance, 3 is the pitch angle, X is the tip-speed ratio,
w is the wind speed, 2,7 is the rotor speed (on the low-speed side of the gear box), r,
is the rotor plane radius, p is the air density and A, is the area swept by the rotor. In
Figure 2.4 an example of a Cp(\) curve and the shaft power as a function of the wind
speed for rated rotor speed can be seen.

05 b 12
& ‘
204, ! T T
ke ?0.8
g 0.3 2
LS E 0.6
0.2 z
g T 041
=
(i)g 0.1 0.2
0 - - - 0¥ - - -
0 5 10 15 20 5 10 15 20 25
Tip Speed Ratio Wind Speed [m/s]

Figure 2.4: a) The coefficient of performance, C,, as a function of the tip speed ratio,
A. b) Mechanical power as a function of wind speed at rated rotor speed (solid line is

fixed pitch angle, i.e., stall control and dashed line is active stall).

Figure 2.5 shows an example of how the mechanical power, derived from the C,(\)
curve, and the rotor speed vary with the wind speed for a variable-speed wind turbine.
The rotor speed in the variable-speed area is controlled in order to keep the optimal
tip speed ratio, A, i.e., C) is kept at maximum as long as the power or rotor speed is
below its rated values. As mentioned before, the pitch angle is at higher wind speeds

9



controlled in order to limit the input power to the wind turbine, when the turbine has
reached the rated power. As can be seen in Figure 2.5b) the turbine, in this example,

a) . . . . b)
251 ‘ ‘ ‘
g
& .
=201 =
z
<)
N
3 E 0.4
=157
~
10 - - - - oL - - -
5 10 15 20 25 5 10 15 20 25
Wind Speed [m/s] Wind Speed [m/s]

Figure 2.5: Typical characteristic for a variable-speed wind turbine. a) Rotor speed as

a function of wind speed. b) Mechanical power as a function of wind speed.

reaches the rated power, 1 p.u., at a wind speed of approximately 13 m/s. It is possible
to optimize the radius of the wind turbines rotor to suit sites with different average
wind speeds. For example, if the rotor radius, r,, is increased, the output power of
the turbine is also increased, according to (2.8). This implies that the nominal power,
1 p.u., will be reached for a lower wind speed, referred to Figure 2.5b). However,
increasing the rotor radius implies that for higher wind speed the output power must
be even more limited, e.g., by pitch control, so that the nominal power of the generator
is not exceeded. Therefore, there is a trade-off between the rotor radius and the nominal
power of the generator. This choice is to a high extent dependent on the average wind
speed of the site.

2.3 Wind Turbine Concepts

Wind turbines can operate with either fixed speed (actually within a speed range about
1 %) or variable speed. For fixed-speed wind turbines, the generator (induction gen-
erator) is directly connected to the grid. Since the speed is almost fixed to the grid
frequency, and most certainly not controllable, it is not possible to store the turbu-
lence of the wind in form of rotational energy. Therefore, for a fixed-speed system
the turbulence of the wind will result in power variations, and thus affect the power
quality of the grid [48]. For a variable-speed wind turbine the generator is controlled
by power electronic equipment, which makes it possible to control the rotor speed. In
this way the power fluctuations caused by wind variations can be more or less absorbed
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by changing the rotor speed [52] and thus power variations originating from the wind
conversion and the drive train can be reduced. Hence, the power quality impact caused
by the wind turbine can be improved compared to a fixed-speed turbine [41].

The rotational speed, 2,7, of a wind turbine is fairly low and must therefore be
adjusted to the electrical frequency. This can be done in two ways, i.e., with a gear
box or with the number of poles, n,, of the generator. The number of poles sets the
mechanical speed, w,,, of the generator with respect to the electrical frequency. If the
gear ratio equals gr, the rotor speed of the wind turbine is adjusted to the electrical

frequency as
QrT
npgr

where w,r is referred to the electrical frequency of the grid. The dynamics of the drive

(2.10)

Wrr =

train can be expressed as
dQ,r

Jr— =T —Tr (2.11)
dw,,
— =17, -1, 2.12
Jdt © (2.12)

where Jr is the wind-turbine inertia, J is the generator inertia, T is the shaft torque,
T is the torque produced by the wind turbine rotor and 7 is the electromechanical
torque produced by the generator. It is most often convenient to have the rotational
speeds referred to same side of the gear box as

dQ,r Jr dw,r

JT dt npgr dt é(er GT'T) + C(wr er) T (2 3)
dw,, J dw,

om 2 =7 _ — — — 2.14

J a0t n, dt e 5(07“ HTT) C(Wr WTT) ( )

where w, is the rotational speed of the generator referred to the electrical frequency
and the shaft torque has been set to Ts = &(0, — 6,1) + ((w, — w,r), where £ is the
shaft stiffness and ( is the shaft dampening. The angles 0,1 and 6, can be found from

do, 7 do,
% S (2.15)

In this section the following wind turbine concepts will be presented:

= WrT

1. Fixed-speed wind turbine with an induction generator.

2. Variable-speed wind turbine equipped with a cage-bar induction generator or

synchronous generator.

3. Variable-speed wind turbine equipped with multiple-pole synchronous machine
or multiple-pole permanent-magnet synchronous generator.

4. Variable-speed wind turbine equipped with an doubly-fed induction generator.

There are also some other concepts, a description of these can be found in [23].
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2.3.1 Fixed-Speed System

For the fixed-speed wind turbine the induction generator is directly connected to the
electrical grid according to Figure 2.6. The rotor speed of the fixed-speed wind turbine

Gear

box — Grid

Figure 2.6: Fixed-speed generator system.

is adjusted by a gear box and the pole-pair number of the generator. The fixed-speed
wind turbine system is often equipped with two induction generators, one for low wind
speeds (with lower synchronous speed) and one for high wind speeds. This was the
“conventional” concept used by many Danish manufacturers in the 1980s and 1990s
[23].

2.3.2 Full Variable-Speed System

The system presented in Figure 2.7 consists of a wind turbine equipped with an inverter
connected to the stator of the generator. The generator could either be a singly-fed
induction generator or a synchronous generator. The gear box is designed so that
maximum rotor speed corresponds to rated speed of the generator. Since this full-

Gear

— Inverter —— Grid
box

Figure 2.7: Variable-speed generator system.

power converter system is commonly used for other applications, one advantage with
this system is its well-developed and robust control [3, 25, 42].
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2.3.3 Full Variable-Speed System with a Multiple-Pole Gen-
erator
Synchronous generators or permanent-magnet synchronous generators can be designed

with multiple poles which implies that there is no need for a gear box, see Fig-

ure 2.8. For the permanent-magnet synchronous generator a major advantage is its

Inverter —— Grid

Figure 2.8: Variable-speed multiple-pole generator system.

well-developed and robust control [3, 25, 42]. A synchronous generator with multiple
poles as a wind turbine generator is successfully manufactured by Enercon [14].

2.3.4 Limited Variable-Speed System

This system, see Figure 2.9, consists of a wind turbine with a variable-speed constant-
frequency induction generator (doubly-fed induction generator). This means that the
stator is directly connected to the grid while the rotor winding is connected via slip rings
to an inverter. The inverter is designed so that the induction generator can operate

Gear

box Inverter

Grid

Figure 2.9: Variable-speed doubly-fed induction generator system.

in a limited variable-speed range. The gear-box ratio is set so that the nominal speed
of the induction generator corresponds to the middle value of the rotor-speed range
of the wind turbine. This is done in order to minimize the size of the inverter, which
will vary with the rotor-speed range. With this inverter it is possible to control the

13



speed (or the torque) and also the reactive power on the stator side of the induction
generator.

The transformer between the inverter and rotor circuit in Figure 2.10 is to indicate
and highlight the stator-to-rotor turns ratio. The stator-to-rotor turns ratio can be
designed so that maximum voltage of the inverter corresponds to the desired maximum
rotor voltage which in principle appear as the highest desirable slip (with a safety
margin). The reason is that it is possible to use a smaller converter and in this way the
converter losses can be reduced, in addition to the investment cost. The transformer
can be treated as ideal since it is actually a part of the induction generator itself. For

wr,
Inverter

Grid

Figure 2.10: Doubly-fed induction generator system.

this system the speed range, i.e., the slip, is approximately determined by the ratio
between the windings of the stator and the rotor. Another possibility is to use a higher
stator voltage compared to the rotor to gain the same effect as the stator-to-rotor turns
ratio. For example, a stator voltage of 2.8 kV and a maximum rotor voltage of 690 V

corresponds to a stator voltage of 690 V and a stator-to-rotor turns ratio of 1:4, see
Figure 2.11.

w, 690 V
Inverter Grid

2.8 kV

Figure 2.11: Example of increased stator voltage.

There is a variant of the doubly-fed induction generator method which uses external
rotor resistances, which can be controlled. Some of the drawbacks of this method are
that it is not possible to decrease the rotor speed below synchronous speed, energy is
unnecessary dissipated in the external rotor resistances and that there is no possibility
to control the reactive power.

Manufacturers, that produces wind turbines with the doubly-fed induction machine
as generator are, for example, DeWind, GE Wind Energy, Nordex, and Vestas [12, 19,
46, 70].
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Chapter 3

Energy Efficiency Comparison of
Electrical Systems for Wind
Turbines

In the energy efficiency comparison, in this chapter, the following systems described in
Chapter 2 will be investigated.

e Fixed-speed wind turbine equipped with one or two induction generators (IG).
For the fixed-speed system using two generators, one generator is used for low
wind speeds (with lower synchronous speed) and the other is used for medium

and high wind speeds. This system is referred to as the fixed-speed system.

e Variable-speed wind turbine equipped with a doubly-fed induction generator
(DFIG). The gear-box ratio is set so that the nominal speed of the induction
generator corresponds to the middle value of the rotor-speed range of the wind

turbine. This system is referred to as the DFIG system.

e Variable-speed wind turbine equipped with an full-power inverter connected to
the stator of the induction generator (IG). For this system the gear-box ratio
is designed so that the synchronous speed of the generator corresponds to the
maximum speed of the turbine. This system is referred to as the variable-speed
1G system.

e Variable-speed wind turbine equipped with an inverter connected to the stator
of a multiple-pole permanent-magnet synchronous generator (PMSG). Since this
system is equipped multiple-pole generator, there is no need for a gear box. This
system is referred to as the PMSG system.

It is assumed that there exists a pitch mechanism in all of the wind-turbine systems.

Datta et al. [9] have made a comparison of the produced electrical energy for dif-
ferent schemes of the electrical configuration, i.e., fixed-speed system, variable-speed
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IG system, and a DFIG system. In [9], the mechanical and electrical losses of the sys-
tem are neglected, but will not be neglected in this chapter. The calculated produced
electrical energy in [9] is based on a 10-minute-long constructed wind speed (with an
average value of 10 m/s), while here the losses of the system are calculated for all
wind speeds and then normalized using the wind-speed distribution. According to [9],
the produced energy can be significantly enhanced by using a DFIG system, i.e., by
over 20 % with respect to a variable speed IG system. Most probably, the reason for
this is the fact that the generator in the variable-speed IG system is running in the
field-weakening region for high wind speeds. Since the mechanical and electrical losses
of the system are neglected in [9], a proper design of the gear-box ratio would (most
probably) strongly have reduced this large amount of increase of produced electrical
energy.

In [22], Grauers thoroughly described and analyzed the losses of permanent-magnet
synchronous generators for a wind-turbine application. This will be used later on in
this section.

The rotor-speed range and the stator-to-rotor turns ratio of the induction generator
are important aspects that will be studied. As described in Chapter 2 the same effect
as the stator-to-rotor turns ratio can be accomplished with having a higher stator volt-
age than the maximum rotor voltage. However, in this section, only the stator-to-rotor
turns ratio will be used and not the possibility to having a higher stator voltage than
the rotor voltage. As pointed out in Chapter 2 it is possible to optimize the rotor
radius of the wind turbine with respect to the size of the generator and the average
wind speed. Since the main objective, in this study, is to study the drive train and
energy capture given the same rotor, such an optimization is not performed here. If the
rotor size with respect to the generator size would be maximized, this would affect all
three wind turbines in almost the same way. Another possibility to increase the energy
capture is to increase the rotational speed of the wind turbine [45]. This requires, off
course that the blades are re-designed. Moreover, this would lead to increased noise
emission. The turbulence has a small influence on the result [45]. The influence of the

turbulence has been neglected in this study.

Some of the material presented in this section has been published in [51].

3.1 Losses of the System Components

This section describes how the losses of the different components of the wind turbine
systems are calculated.
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3.1.1 Induction Generator

For the static modeling of the induction generator, the equivalent circuit has been
used, as described in Section 4.1. The losses of the induction generator can be found
from (4.6). Variations in the magnetizing resistance, R,,, due to applied stator voltage
and frequency have been neglected.

For the induction generators used in this section, operated at 690 V, 50 Hz, the
parameters are:

1 MW: R, =3.1mQ, R, =4.6 mQ, R,, =85, L,y =0.15 mH, L,y = 0.15 mH,
L,, =7 mH, and n, = 2.

0.4 MW: R, =4.0mQ, R, = 1.0m, R,, =200¢2, L,y =0.41 mH, L,y = 0.14 mH,
L,, =12 mH, and n, = 3.

3.1.2 Inverter

In order to be able to feed the induction generator from a variable voltage and frequency
source, the induction generator can be connected to a pulse-width modulated (PWM)
inverter. In Figure 3.1, an equivalent circuit of the inverter is drawn, where each
transistor, T1 to T6, is equipped with a reverse (free-wheeling) diode. A PWM circuit
switches on and off the transistors. The duty cycle of the transistor and the diode

determines whether the transistor or a diode is conducting in a transistor leg (e.g., T1

and T4).
Tl‘@ T%@ Tgl@ e éZZEEo
Tﬁ@ TQ@X T@@ z% o T Vi
- 0

Figure 3.1: Inverter scheme.

The losses of the inverter can be divided into switching losses and conducting losses.
The switching losses of the transistors are the turn-on and turn-off losses. For the diode,
the switching losses mainly consist of turn-off losses [67], i.e. reverse-recovery energy.
The turn-on and turn-off losses for the transistor and the reverse-recovery energy loss
for a diode can be found from data sheets. The conducting losses arise from the current
through the transistors and diodes. The transistor and the diode can be modeled as
constant voltage drops, Vogg and Vpg, and a resistance in series, rcp and rp, see
Figure 3.1. Simplified expressions of the transistor’s and diode’s conducting losses, for
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a transistor leg, are (with a third harmonic voltage injection) [1]

o VC’EOIrms\/i + IrmsVCEOmi COS(¢> + TCEIerS

P
;T N \/6 9
2om;  Arepl?m;
+ TCE rmsm o TCE rmsm COS(¢) (31)
V3 cos(¢)6m 457/3
VTOIrms\/i IrmsVTOmi COS((b) 7aT[ers
PC D — -
Y 7.‘_ )\/6 2
rel2 m; drpI2  m;cos(Q) (3.2)

B V3 cos(¢)6m * 45m/3

where I is the root mean square (RMS) value of the (sinusoidal) current to the grid
or the generator, m; is the modulation index, and ¢ is the phase shift between the
voltage and the current.

Since, for the values in this paper [56, 57, 58] (see Table 3.1 for actual values),
r=rcg ~rpand V = Vogo = Vro, it is possible to model the transistor and the
diode with the same model. The conduction losses can, with the above mentioned
approximation, be expressed as

2V 2V L
7\[‘/ +rl?
T

rms”’

Pc:Pc,T_FPc,D: (33)

A reasonable assumption is that the switching losses of the transistor is proportional
to the current [1]. This implies that the switching losses from the transistor and the
inverse diode can be expressed as

2\/5-[1‘1115
”[_—fsw (3.4)
C,nom

PS,D = Er?“fsw (35>

where F,, and E.g is the turn-on and turn-off energy losses respectively, for the transis-

PS,T = (Eon + Eoff)

tor, E,, is the reverse recovery energy for the diode, and /¢ nom is the nominal current
through the transistor. The total losses in the three transistor legs of the inverter
become

Pioss = 3(P. + P.r + P.p). (3.6)

The back-to-back inverter can be seen as two inverters which are connected together:
the machine-side inverter (MSI), and the grid-side inverter (GSI). For the MSI the
current through the valves, I,.,s, are the stator current for the variable-speed IG system
or the rotor current for the DFIG system. One way of calculating I, for the GSI is to
use the current that produces the active power in the machine, adjusted with the ratio
between machine-side voltage and the grid voltage. The reactive current is assumed
to be stored in the dc-link capacitor. Thus, it is now possible to calculate the losses of
the back-to-back inverter as

Boss,inverter - -Ploss,GSI + Ploss,MSI- (37)

In this section the switching frequency is set to 5 kHz.

18



Table 3.1: Inverter Data.
Inverter Characteristics 1 (IGBT and inverse diode)

Nominal current Ic nom 1200 A

Operating dc-link voltage Voo 1000 V
Vero 1.2V

Lead resistance (IGBT) rCE 0.8 mQ

Turn-on and turn-off

E E 733 mJ
energy (IGBT) on - Fof o

Vro 1.2V
Lead resistance (diode) rT 0.7 mQ
R
everse recovery B, 163 mJ

energy (diode)

Inverter Characteristics 2 (IGBT and inverse diode)

Nominal current Ic nom 600 A

Operating dc-link voltage Vpe 1000 V
Vero 1.2V

Lead resistance (IGBT)  rcg 1.6 mQ

Turn-on and turn-off

Eon + Eog 367 mJ
energy (IGBT) * Fott o

Vro 1.2V
Lead resistance (diode) T 1.3 mQ
R
everse recovery o $1.3 m]

energy (diode)

Inverter Characteristics 3 (IGBT and inverse diode)

Nominal current Ic nom 300 A

Operating dc-link voltage Voo 1000 V
Vero 1.2V

Lead resistance (IGBT) TCE 3.1 mQ

Turn-on and turn-off

E E 183 mJ
energy (IGBT) on 7 Fof o

Vro 1.2V
Lead resistance (diode) rT 2.7 mQ2
Reverse recovery

E,, 40 mJ

energy (diode)

3.1.3 Gear-Box Losses

In [21] the gear-box losses, Possn, are estimated according to

Q,
Ploss,GB = nf)lowspeed + anQ (38)

where 7 is the gear-mesh losses constant and ¢ is a friction constant. According to [22],
for a 1-MW gear box, the constants n = 0.02 and £ = 0.005 are reasonable.

19



3.1.4 Total System Losses

When calculating the losses for the system we will take into account the IG losses,
gear-box losses, as well as machine-side and grid-side inverter losses. The total system
losses become

Ploss = Ploss,aB 1 Ploss,1G + Ploss,ast + Ploss,Ms1 (3.9)

where Poss1c are the losses of the IG. The losses of the slip-rings for the DFIG-system,
friction loses of the IG are neglected.
The average value (or expected value) of the produced power, during a year, for a

wind turbine can be found from
P = / P(w)f(w)dw (3.10)
0

where f(w) is the probability density function. The Rayleigh distribution will be used
here, see also Section 2.1.1.

3.2 Fixed-Speed System

Steady-state calculations will be carried out in this section in order to determine the
losses of the fixed-speed systems, according to Section 3.1. The shaft mechanical power
is assumed to follow the C,(\) curve shown in Figure 2.4. In Figure 3.3 the gear-box
losses and the induction generator losses are plotted as a function of wind speed, for
the configurations with one and two generators. In the case with two generators the
break-even point of the produced power determines the switch-over from the small
generator to the bigger one.

In Table 3.2 the gain in energy of the wind turbine equipped with two generators
compared with the wind turbine equipped with one generator is presented. It can be
seen in the table that it is beneficial to use two generators compared to one. It should
be pointed out that if the rotor radius of the wind turbine has been optimized with
respect to generator and the average wind speed, for the case with an average wind
speed of 5.4 m/s, the gain in energy might have been lower than in the table. The

average value of the produced power has been found from (3.10). The reason that

Table 3.2: Gain in energy for a two-generator system in comparison to a one-generator

system.
Average wind speed Gain in energy
m/s %o
5.4 8.01
6.8 3.67
8.2 2.04

the wind turbine with two generators performs better is mainly due to the fact that
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Figure 3.2: a) Gear-box losses, in percent of maximum shaft power, as a function of
wind speed. One generator (solid) and two generators (dashed). b) Induction generator
losses, in percent of maximum shaft power, at different wind speeds. One generator
(solid) and two generators (dashed).

the smaller generator has more poles than the larger generator, i.e., the rotor speed of
the smaller generator becomes closer to the rotor speed that would have given optimal
tip-speed ratio, and more energy is therefore captured from the wind.

The fixed-speed system with two generators will anyway be referred to as the fized-

speed system and the one-generator system will not be analyzed further.

3.3 Variable-Speed Systems

For a variable-speed system where the induction generator is equipped with a stator
fed inverter, i.e., the variable-speed IG system, it is possible to reduce the magnetizing
losses by operating the generator on a flux that minimize the magnetizing losses of
the generator. For the DFIG system there are, at least, two methods to lower the
magnetizing losses of the induction generator. This can be done by:

1. By short-circuiting the stator of the induction generator at low wind speeds, and
convert all power out through the inverter. Referred to as the short-circuited
DFIG.

2. By having the stator A-connected at high wind speeds and Y-connected at low
wind speeds; referred to as the Y-A-connected DFIG.

When the doubly-fed induction generator is A-connected for all wind speeds, it is
referred to as the A-connected DFIG.
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Steady-state calculations will be carried out in order to determine the losses of
the different variable-speed systems, according to Section 3.1. For the DFIG systems
the reactive power at the stator has been set to 0 VAr. It is assumed that the shaft
mechanical power and the rotor speed vary according to Figure 2.5. In Figure 3.3 the
gear-box losses and the losses of the induction generator are plotted. The generator
losses are plotted both for the variable-speed IG system and for the DFIG systems.
For the doubly-fed generators the losses are plotted for the A-connected, the short-
circuited and the Y-A-connected DFIG. The break-even point of the total losses or

Vo ") 25
2.5 S T SRR IS
=2 =
75} :15'
2 5 %
o 0
— EI 11
m
o 11 =
0.5 0-5
oL - - - 0L - - -
5 10 15 20 25 5 10 15 20 25
Wind Speed [m/s] Wind Speed [m/s]

Figure 3.3: a) Gear-box losses, in percent of maximum shaft power, as a function of
wind speed. b) Induction generator losses, in percent of maximum shaft power, at
different wind speeds. Variable-speed IG system (dotted), A-connected DFIG (solid),
short-circuited DFIG (dashed) and Y-A-connected DFIG (dash-dotted).

the rated values of the equipment determines the switch-over point, for the doubly-fed
generators, i.e., the Y-A coupling or the synchronization of the stator voltage to the
grid. It can be seen in the figure that the generator losses can be reduced for the
doubly-fed generator systems with the two above mentioned methods. The inverter
losses increases, see Figure 3.4a), yet the total losses will decrease as can be seen in
Figure 3.4b).

In Figure 3.5 the gain in energy by reducing the magnetizing losses, by the two
above-mentioned methods, is presented as a function of the rotor-speed range. The
gain in energy is calculated using (3.10). It can be seen in the figure that the system
with a Y-A-connection has approximately 0.3 percentage units lower losses than the
system with short-circuited stator at low wind speeds. Since the system with a Y-
A-connected DFIG performs better than the system with short-circuited DFIG, the
system with a Y-A-connected DFIG will further be referred to as the DFIG system,
and the other variants will not be subjected to any further studies.
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Figure 3.4: a) Inverter losses, in percent of maximum shaft power, as a function of wind

speed. Variable-speed IG system (dotted), A-connected DFIG (solid), short-circuited

DFIG (dashed) and Y-A-connected DFIG (dash-dotted). b) Total losses, in percent of
maximum shaft power, at different wind speeds.
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Figure 3.5: Increased gain in energy, for average wind speeds of 5.4 m/s (solid), 6.8 m/s
(dashed) and 8.2 m/s (dotted), as function of the rotor speed range, for a DFIG-system
when it is equipped with: a) Short-circuited DFIG. b) Y-A-connected DFIG.
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3.3.1 Investigation of the Influence of the Stator-to-Rotor Turns
Ratio

The ratings of the inverter of the doubly-fed induction generator depend on the rotor-
speed range, i.e., the maximum deviation from synchronous speed. Figure 3.6a) shows
the maximum power and the maximum reactive power that are fed to the doubly-fed
induction generator by the inverter as a function of the rotor-speed range. Since the
inverter losses depend on the current through the valves, it is important to design the
stator-to-rotor turns ratio, indicated with the transformer in Figure 2.10, of the gen-
erator properly, i.e., so the rotor currents become as small as possible. In Figure 3.6a)

0 . . . . .
24-25 22-25 20-25 18-25 16-25 14-25 12-25
Rotor-Speed Range [rpm]

=

1:2 :

1:4 1

Turns Ratio

0 : : : : :
24-25 22-25 20-25 1825 16-25 14-25 12-25
Rotor-Speed Range [rpm]

Figure 3.6: a) Maximum active power (solid) and maximum reactive power (dashed)
that the inverter supply the doubly-fed induction generator. Active power is in percent
of maximum active power and reactive power is in percent of maximum reactive power,
respectively, that is handled by the inverter in the variable-speed IG system. b) Stator-

to-rotor turns ratio.

it can be seen that the size of the inverter increases, and thereby the cost of the in-
verter, with the rotor-speed range. In this section the stator-to-rotor turns ratio, for
the doubly-fed induction generator, is adjusted so that maximum rotor voltage is 75 %
of the rated voltage, i.e., 75 % of 690 V. This is done in order to have safety margin,
e.g. in case of a wind gust. Figure 3.6b) the stator-to-rotor turns ratio, to achieve the
maximum desired rotor voltage, is plotted.

In Figure 3.7 the inverter losses are plotted for different designs of the rotor-speed
range. It can be seen in the figure that the inverter losses become smaller for high
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Figure 3.7: Inverter losses for some different rotor-speed ranges.

stator-to-rotor turns ratios, i.e. for a small rotor-speed range. Note that if the rotor-
speed range is limited, it is not possible to obtain the optimal tip speed ratio, A, of the
wind turbine at low wind speeds.

3.4 Comparison Between Different Systems

In Figure 3.8 the gain in energy for a DFIG system compared to fixed-speed system,
variable-speed IG system, and the PMSG system, for different average wind speeds,
as a function of the rotor-speed range, is presented. The average efficiency, with an
average wind speed of 6.8 m/s, for the permanent-magnet synchronous generator is
taken from [22]. The inverter losses of the permanent-magnet synchronous generator
system are assumed similar to the stator-fed induction generator system. It can be
seen in the figure that the gain in energy increases with the rotor-speed range, even
though the inverter losses of the DFIG system increases with the rotor-speed range.
One reason for this is that if the rotor-speed range increases, the DFIG can operate at
optimal tip speed ratio, A, for lower and lower wind speeds. If the rotor-speed range
is set ideally, i.e., it is possible to run at optimal tip-speed ratio in the whole variable-
speed area, the DFIG system produces approximately the same amount of energy as
the fixed-speed system. Further, it can be seen that there is a possibility to gain a few
percentage units (approximately 3 %) in energy efficiency compared to a variable-speed
IG system. In comparison to a direct-driven PMSG system there might be a slight gain
in the energy depending on the average wind speed

3.5 Conclusions

In this section the gain in total energy produced by the doubly-fed induction generator
system compared to the stator-fed generator system, for a wind turbine application,
has been studied. It was found that if the range of the variable speed is set properly,
there is the possibility to gain a few percentage units (approximately 3 %) in energy
efficiency compared to a variable-speed induction generator. In comparison to a direct-
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Figure 3.8: Gain in energy production for a DFIG-system, for average wind speeds of
5.4 m/s (solid), 6.8 m/s (dashed) and 8.2 m/s (dotted), as a function of the rotor speed

range. The gain in energy is in comparisons with a) Fixed-speed system. b) Variable-
speed IG system. ¢) PMSG system.

driven permanent-magnet synchronous generator system there might be a slight gain
in the energy depending on the average wind speed.

The stator-to-rotor turns ratio is an important design parameter for lowering the
losses of the doubly-fed induction generator system.

In comparison with the result obtained in [9], there is a great difference in the
gain in energy (even for a high average wind speed), i.e., 3 % in comparison with
20 % for the doubly-fed induction generator system compared to the variable-speed
induction generator system. Further, in this study it was found that the fixed-speed
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system produces approximately the same amount of energy as the doubly-fed induction
generator system, while in [9] the gain in energy for the doubly-fed induction generator
system is 60 %. Probable reasons for this might be, in [9] the electric and mechanical
losses are neglected, the maximum power, that can be produced, of each turbine is
different and that the result is only calculated with one simulated wind speed (with an
average value of 10 m/s).

The results found here are fairly similar to the ones found by Mutschler et al.
[45]. However, here the energy capture by a two-generator fixed-speed turbine and a
variable-speed system was found to be almost the same, while Mutschler et al. [45]

found a difference of 1-8 %. The higher value was for a low average wind speed.
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Chapter 4

Steady-State Analysis of
Doubly-Fed Induction Machines

In this chapter, suitable models of standard induction machine (IM) and the doubly-fed
induction machine (DFIM) for steady-state calculations will be presented. Further, the
operational profile (speed—torque characteristics) of the induction machine and how it
is possible to affect these characteristics are shown. There are two main types of rotors
in the induction machines: the short-circuited squirrel-cage rotor and the wound rotor
with slip rings that either can be short-circuited or connected to an external electric
circuit. This circuit can either be connected to a passive load (resistors) or an active
source (converter). The most commonly used rotor is the short-circuited squirrel-cage
rotor. In applications where it is desired to influence the rotor circuit, a wound rotor
with slip rings can be used, to be able to affect the speed-torque characteristics without
changing the stator supply. An application can for example be to increase the starting
torque (by increasing the rotor resistance by external resistances) or to control the
speed of a wind turbine. Machines fed from the stator and the rotor are called DFIM.
DFIM concepts are presented in Section 4.3.

4.1 Equivalent Circuit

Figure 4.1 shows a diagram over the steady-state equivalent circuit of the short-
circuited induction machine [43]. This equivalent circuit is valid for one equivalent
Y-phase and for steady-state calculations. In the case that it is A-connected the ma-
chine can still be represented by this equivalent Y representation. In this section the
jw-method is adopted for calculations. In the equivalent circuit V is the applied phase
stator voltage to the induction machine, I is the stator current, I, is the rotor current,
R, is the stator resistance, R, is the rotor resistance, L) is the stator leakage induc-
tance, L, is the rotor leakage inductance, R,, represents the magnetizing losses, L, is
the magnetizing inductance, w; is the stator angular frequency, and s is the slip. The
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o |2

Figure 4.1: Equivalent circuit of the induction machine with a short-circuited rotor.

latter is defined by

g LT W W2 (4.1)

w1 w1

where w, is the rotor speed (referred to the electrical side).

Most induction machines have a short-circuited rotor, but to be able to influence the
rotor circuit, the induction machine must be equipped with a wound rotor equipped
with slip rings. In order to take the wound rotor with slip rings into consideration
we have to extend the equivalent circuit with the applied phase rotor voltage, V,.
The equivalent circuit with the inclusion of an external rotor voltage can be seen in
Figure 4.2, [54].

I, I, R
S - _r
Rs jwlLs)\ jwlLT/\ s
+ } '7 +
Vv,
S

Figure 4.2: Equivalent circuit of the induction machine with inclusion of rotor voltage.

Applying Kirchhoff’s voltage law to the circuit in Figure 4.12 yields

Vs = RsIs +jw1Ls)\Is +jw1Lm<Is + Ir + IRm) (42)

VvV, R, . :

? = ? +jwil,al, +Jw1Lm(Is + 1. + IRm) (43)
0=R,ILn+jwiL,(Is+ 1. +1g,) (4.4)

where I is the current through R,,. The mechanical power, Py, and the losses,
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Pioss, of the induction machine can be found as

1—s

1 _

Paeen = 3|L2R,—> — 3Re [VTI:]
S

Ploss = 3R |I,|* + 3R, |L.|> + 3R, |1, |? (4.6)

where the multiplication by 3 is due to the fact that the induction machines has three
phases. The electromechanical torque, T,, can be found from

T, = Poecn 2 = 3|, 2R, 2 — 3Re [VTI:} T (4.7)
SWw

(1—s)w 1 Swq

where n, is the number of pole pairs. Table 4.1 shows typical parameters of the

induction machine in per unit (p.u.).

Table 4.1: Typical parameters of the induction machine in p.u., [65].

Small Medium Large
Machine Machine Machine
4 kW 100 kW 800 kW

Stator and rotor resistance R, and R, 0.04 0.01 0.01
Leakage inductance Lor~ Lsx+ Ly 0.2 0.3 0.3
Magnetizing inductance Ly, 2.0 3.5 4.0

4.2 Steady-State Characteristics

In this section the speed—torque characteristics of the induction machine will be pre-
sented. See Appendix C.2 for data and parameters of the induction machine used in

this section.

4.2.1 Induction Machine Connected to the Grid

Figure 4.3 shows the shaft torque of an induction machine as a function of rotor speed
when a 22-kW induction machine is connected to a 50-Hz grid and has a short-circuited
rotor, i.e., V,. = 0. As can be seen in the figure the speed—torque characteristic is quite
linear around synchronous speed, i.e., 1 p.u. If the rotor speed is below synchronous
speed (positive slip) the induction machine is operating as a motor and if the rotor
speed is above synchronous speed (negative slip) the induction machine is running as

a generator.

4.2.2 Induction Machine with External Rotor Resistance

Section 4.1 showed how the mechanical power and the mechanical torque are given by
the slip, rotor resistance and the rotor current, see (4.7). The speed—torque character-
istic of the induction machine is quite linear around synchronous speed, as could be
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Shaft Torque [times rated]

—4 . . :
0 0.5 1 1.5 2
Rotor Speed [p.u.]

Figure 4.3: Shaft torque of the induction machine with a short-circuited rotor, v, = 0,

as a function rotor speed.

seen in Figure 4.3, and the torque in (4.7) is proportional to the inverse of the rotor
resistance. This implies that it is possible to have external rotor resistances connected
in series with the existing rotor resistances of a wound-rotor induction machine. By
changing the value of the external rotor resistance it is possible to change the slope of
the speed—torque characteristic. Figure 4.4 shows the speed—torque characteristic for
three different rotor resistances. One disadvantage with this method is that it is only
possible to increase the slip using the external rotor resistances. This implies that if
the induction machine is running as a motor, then an increased rotor resistance will
decrease the rotor speed. On the other hand, if the induction machine is running as a
generator, then if the rotor resistance increases, the rotor speed will also increase, see
Figure 4.4.

4.2.3 Induction Machine with Slip Power Recovery (Using a
Diode Rectifier)

Before semiconductors were available, one way of adjusting the slip was to introduce
external rotor resistances as described in previous section. The external rotor resistance
will cause additional losses in the rotor circuit. When semiconductors became available
it was possible to recover the slip otherwise dissipated in the external rotor resistance.
Thus, the slip power can be recovered into mechanical or electrical energy; therefore

7

this method is called “slip power recovery.” The rotor current must be rectified with
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Shaft Torque [times rated|
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Rotor Speed [p.u.]

Figure 4.4: Shaft torque of the induction machine as a function rotor speed for different
rotor resistances. Solid R, equals nominal rotor resistance, dashed equals two times

the nominal rotor resistance and dotted equals four times the nominal rotor resistance.

a diode rectifier. For motor operation, the rotor circuit will see the diode rectifier
as a resistance and therefore this method will work approximately in the same way
as for the external rotor resistances. Note that the diode rectifier cannot be used in
generator operation. The rectified current could be converted to mechanical power
using a dc motor coupled to the shaft of the induction motor (Krdmer drive) or fed
back into the grid (Scherbius drive). Since Krémer drive require an extra dc motor it
is of no interest, while the Scherbius drive is still in use [42]. The main advantage of
this configuration compared to the external rotor resistance is that the losses of the

external rotor resistance can be recovered.

4.2.4 Induction Machine Fed by a Stator-Circuit Connected

Inverter

If both stator voltage and frequency can be adjusted by an inverter, the torque—speed
characteristic can be easily changed. When the speed is increased so that the stator
voltage reaches maximum voltage, there is need for field weakening, i.e., the stator
voltage is kept constant while the frequency is still increased. In this section it is
assumed that the rotor is short-circuited, i.e., V,. = 0.
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Open-Loop Control

For applications where the dynamical performance is of a minor importance, e.g. pump
and fan drives, the induction machine can be open-loop controlled, often called “volts
per hertz” control. The idea is to keep the air-gap flux, ¥,,, constant by keeping the
ratio between the applied voltage and frequency constant, i.e.,

constant = M ~V,,
w1

where the approximation is due to neglecting the stator resistance and stator leakage
inductance. Since the rotor only “feels” the air-gap flux and its speed relative to the
rotor, the torque—speed characteristic will maintain its shape. However, the torque—
speed curve will move back and forward in the speed direction. Figure 4.5 shows the
speed—torque characteristics for the open-loop-controlled induction machine for differ-
ent applied frequencies using (4.2)—(4.4) and (4.7). It can be seen in the figure that
the shapes of the curves d) and e) differ significantly from the others. This is due to
field weakening. The reason for this, as mentioned before, is that the rated voltage has
been reached, but the frequency has still been increased.

Shaft Torque [times rated|

0 0.5 1 1.5
Rotor Speed [p.u.]

Figure 4.5: Torque—speed characteristic for an open-loop-controlled induction machine.
The curves are from left to right a) V/f = 0.5/0.5, b) V/f = 0.75/0.75, ¢) V/f = 1/1,
d) V/f =1/1.25 (field weakening) and e) V/f = 1/1.5 (field weakening).

The frequency (and voltage) must be varied slowly in order to maintain stability
[3]. The open-loop controlled induction machine has unstable zones in the V' — f-plane
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which are caused by the stator resistance and stator leakage inductance in the sense
that these two parameters contribute to self excitation [68].

Vector Control

Vector control, or field-oriented control, of the induction machine is used where high
dynamic performance of the drive is desired. The main idea behind vector control is to
transform the model of the induction machine so that it is mathematically equivalent
to a separately magnetized dc machine. This means that if the induction machine is fed
by an inverter, it is possible to produce any torque at any speed, as long as maximum
allowed torque, speed, or power is not reached. Figure 4.6 shows the operational area
for an inverter-fed induction machine. In the figure the maximum allowed rotor speed

1_,, . - . BN

e
U1
1

)
1

|
e
W
1

Shaft Torque [times rated|

-1.5 -1 -0.5 0 0.5 1 1.5
Rotor Speed [p.u.]

Figure 4.6: Operational area for an inverter-fed induction machine.

is set to 1.5 p.u. and the maximum torque and the maximum power are set to the
rated values. Above synchronous speed, the rated power will limit the system, so that

the rated torque can not be produced in this region.

4.3 Doubly-Fed Induction Machines

In this section a short presentation of different kinds of doubly-fed machines is made.
The doubly-fed machine can be categorized into a standard doubly-fed induction ma-
chine, cascaded doubly-fed induction machine, single frame cascaded doubly-fed induc-
tion machine and doubly-fed reluctance machine. Hopfensperger et al. have done a
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classification and comparison of various doubly-fed machines [31] which has served as
a basis for this section.

Doubly-fed machines can be used in variable-speed constant-frequency applications,
such as wind turbines. The main advantage of a doubly-fed machine compared to a
singly-fed for a variable-speed system is the reduced rating of the converter’s power
rating. The reduction in power rating is dependent on the speed range of the drive
[29, 31, 42].

4.3.1 Standard Doubly-Fed Induction Machine

The standard doubly-fed induction machine is a wound rotor induction machine equipped
with slip rings. Figure 4.7 shows a principle diagram of the doubly-fed induction ma-
chine. The stator circuit is connected directly to the grid while the rotor circuit is
controlled by an inverter via slip rings.

Inverter

Figure 4.7: Principle of the standard doubly-fed induction machine.

In Chapter 5, control and dynamic analysis of the standard doubly-fed induction

machine are treated in more detail.

4.3.2 Cascaded Doubly-Fed Induction Machine

The cascaded doubly-fed induction machine consists of two doubly-fed induction ma-
chines with wound rotors, that are connected mechanically through the rotor and
electrically through the rotor circuits. See Figure 4.8 for a principle diagram. The
stator circuit of one of the machines is directly connected to the grid while the other
machine’s stator is connected via an inverter to the grid. Since the rotor voltages of
both machines are equal, it is possible to control the induction machine that is directly
connected to the grid with the other induction machine.

It is possible to achieve decoupled control of active and reactive power control of the
cascaded doubly-fed induction machine in a manner similar to the standard doubly-fed
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Inverter

Figure 4.8: Principle of cascaded doubly-fed induction machine.

induction machine [32].

It is doubtful whether it is practical to combine two individual machines to form
a cascaded doubly-fed induction machine, even though it is the basic configuration of
doubly-fed induction machine arrangement. Due to a large amount of windings, the
losses are expected to be higher than for a standard doubly-fed induction machine of

a comparable rating [31].

Single-Frame Cascaded Doubly-Fed Induction Machine

The single-frame cascaded doubly-fed induction machine is a cascaded doubly-fed in-
duction machine, but with the two induction machines in one common frame. Although
this machine is mechanically more robust than the cascaded doubly-fed induction ma-

chine, it suffers from comparatively low efficiency [31].

4.3.3 Brushless Doubly-Fed Induction Machine

This is an induction machine with two stator windings in the same slot. That is, one
winding for the power and one winding for the control. See Figure 4.9 for a principle
sketch. To avoid a direct transformer coupling between the two stator windings, they
can not have the same number of pole pairs. Furthermore, to avoid unbalanced mag-
netic pull on the rotor the difference between the pole pairs must be greater than one
[71]. The number of poles in the rotor must equal the sum of the number of poles in
the two stator windings [71]. For further information and more details, see [71, 73, 78].

Doubly-Fed Reluctance Machine

The stator of the doubly-fed reluctance machine is identical to the brushless doubly-fed
induction machine, while the rotor is based on the principle of reluctance. An equivalent
circuit with constant parameters can be obtained for the doubly-fed reluctance machine,
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Inverter

Figure 4.9: Principle of the brushless doubly-fed induction machine.

in spite the fact that the machine is characterized by a pulsating air-gap flux. It has
almost the same equivalent circuit as the standard doubly-fed induction machine [75].

4.4 Steady-State Operational Characteristics of the
Doubly-Fed Induction Machine

In this thesis the standard doubly-fed induction machine is the only one to be studied
further, since most of the other doubly-fed machines are still in research process [31].
This is confirmed by the fact and that the standard doubly-fed induction machine is
the only one used today by the major wind turbine manufacturers.

For the doubly-fed induction machine the applied rotor voltage, V., can be adjusted
to get the desired slip or torque. Simplified expressions of the slip can be derived
from (4.2) and (4.3), by neglecting the resistances and assuming that the stator flux
equals the rotor flux, as

w2 vV,
s="a ‘Vs . (4.8)
Since the stator is connected to the grid, the flux is mainly determined by the voltage
and frequency of the grid. It is also possible to control the power factor or the reactive
power in the stator circuit [76], in a similar way as for the synchronous generator.
Figure 4.10 shows a principle diagram of the power flow in a doubly-fed induction
machine. It can be seen in the figure that power through the inverter is the slip power,
i.e., the slip, s, multiplied with the stator power, P,. In Figure 4.11 an example of how
the grid power, P, ~ (1 — s)P;, the stator power, Ps, and, the rotor power, P, ~ —sP;
varies with the slip. In the figure the shaft power is constant (1 p.u.) and all losses are
neglected.

The operational area for a 22-kW doubly-fed induction machine is shown in Fig-
ure 4.12. The maximum rotor voltage is set to 0.35 p.u. and the reactive power from the
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Figure 4.10: Power flow in the doubly-fed induction generator.
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Figure 4.11: a) Slip b) Grid power (solid), stator power (dotted) and rotor power
(dashed).

stator is kept at zero. As can be seen in the figure, the rotor speed can approximately
vary between 0.65 to 1.35 p.u., i.e., the rotor speed can vary £0.35 p.u. around syn-
chronous speed. The torque can vary between plus/minus the rated torque. However,

the rated power limits the torque for rotor speeds above synchronous.
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Figure 4.12: Operational area for a doubly-fed induction machine.
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Chapter 5

Dynamic Modeling and Control of
the Doubly-Fed Induction Machine

In this chapter dynamic space-vector models of the induction machine will be presented,
suitable for different purposes. Design and implementation aspects of controllers for the
DFIM will be presented. Finally, vector control of the doubly-fed induction machine
is treated in detail.

5.1 Dynamic Modeling of the Induction Machine

Since all of the dynamic models of the induction machine are described in space vectors,
a short description of space vectors will also be presented. The induction machine
models are based on the fifth-order two-axis representation commonly know as the
“Park model” [40]. The equations will be arranged in alternative representations. For
certain applications it is more convenient to use the I' representation or the inverse-I"
representation instead of the equivalent T representation.

5.1.1 Space-Vector Notation

The idea behind space vectors is to describe the induction machine with two phases
instead of three. A three-phase stator winding, which is supplied with three phase
currents, forms a rotating flux in the air gap. The same rotating flux could also be
formed with only two phases, as seen in Figure 5.1. This is the principle of space
vectors.

In order to determine the space vector, s®, of a three-phase quantity, s,, s, and s,

the following transformation can be applied [25]

s : 2K 2
S :3a+355:?<3a+a3b+a Sc>

where K is a constant and



Im

> E

Figure 5.1: Principle of space vectors.

Superscript “s” indicates that the space vectors are referred to the reference frame of
the stator of the induction machine. The constant K can be chosen arbitrary, though
if it is chosen as

1
K=—
V2

the space vectors quantities, i.e., voltages and currents, will be scaled according to the
RMS value of the three phase quantities. A general space vector, s®, can be expressed

as
g5 — gel (01+9)

where ¢ is a phase shift and 6; can be found from the synchronous frequency, wy, as

91 = /wldt.

It is also possible to transform it to synchronous coordinates (dg coordinates) as
S = Sy +j5q = e*j01ss — §ej¢.

The synchronous coordinate system is not indicated by a superscript. Space vectors in
synchronous coordinates will be dc quantities in the steady state. The instantaneous
power in a three-phase system is given by

3 3
P = v,i, + Upip + Vol = ﬁ(vaia + vgig) = ﬁRe [Vi*}

The above-mentioned choice of the scaling constant K yields
P = 3Re [Vi*].
K will be chosen as 1/ V2 throughout this thesis.
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5.1.2 Park Model (T Representation)

The stator of the induction machine can be described by the following space-vector
equation [40]

dws
dt

where v? is the stator voltage, i is the stator current, R, is the stator resistance,

v = R i} + (5.1)

and W? is the stator flux. The equation is represented in stator coordinates, which is
indicated with superscript “s.” Further, the rotor equation can be described by
dw’

dt

where v/ is the rotor voltage, i/ is the rotor current, Rz, is the rotor resistance and ¥7. is

T __ r
v, = R,1, +

(5.2)

the rotor flux. The rotor equation is described in rotor coordinates, which is indicated
by superscript “r.” The relation between stator and rotor coordinates is given by

x* = elfrx” (5.3)

where 0, the is the rotor angle referred to the electrical system. The stator, ¥?, rotor,

W7 and air-gap fluxes, ¥; , are given by

WS = L,if + Lilel? = (Loy + Lpy)if + Lyyitel? (5.4)
U = L,ife % + L,i = L,ite™ % + (L.y + Lyy,)il (5.5)
W = Lyil + Lypile’’
where L,, is the magnetizing inductance, L is the stator inductance, L, is the rotor
inductance, L) is the stator leakage inductance, and L, is the rotor leakage induc-
tance. The induction machine can be represented in several ways. The Park model,

also called T model since the leakage inductances forms the letter “T.,” see Figure 5.2,
can be described using (5.1) and (5.2) in stator coordinates as [40]

dws

5= R, - 5.7
vi=Ril+ o 5.7)

dw?
SR T — B 5.8
AL L+ dt Jwr 3, ( )

where w, is the (electrical) rotor speed, i.e.,

de,

Wy = .

dt

The term jw, ¥? in (5.8) arises from the transformation from rotor to stator coordinates.
The fluxes are given by

W' = Li° + Ly,i° (5.9)
W8 = L,i° + L,i° (5.10)
WS = Loid + L’ (5.11)
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Figure 5.2: Park model (or T model) of the induction machine in stator coordinates.

Figure 5.2 shows a diagram over the T model in stator coordinates. Sometimes it
is desirable to transform the Park model of the induction machine to synchronous
coordinates. Transformation to synchronous coordinates implies that the variables
will be dc quantities in the steady state. Transformation to synchronous coordinates
implies substituting % — %4— jwr, where wy is stator frequency (synchronous speed), or

p — p+jwy, where p is the derivative operator. The stator and rotor voltage equations

become
dw, .
Vg = Rsis + F —f-le\IfS (512)
dw, .
VvV, = Rrir + d—t +JW2\I’T (513)

where wy = w; — w, is the slip frequency. The torque production can be identified
from the applied power. The applied power that is fed to the induction machine can
be expressed as

P = 3Re [Vsi:} + 3Re [VTi:}
aw, . dw,

& i + & 1& — 3Re [jwrlIlmi:}

= 3R, Ji,|? + 3R, [i.)> + SRe[
where we can identify the following terms:

Ploss = 3Rs‘is|2 + BRT‘iT|2

dw,., n d‘I'r.*}
1 1

dt ° dt "

Prcen = —3Re |jwn Wit | = 3w,Im | @,

Psela = 3Re [

where Py is the resistive (copper) losses, Pgelq is the stored magnetic power, and Pyecn
is the mechanical power produced by the induction machine. The electromechanical
torque can now be found from:

P mech
T, = ——
wy /My

= 3n,Im [\pmi:} — 3n,Im [\Il:is] = 3n,Im [qul] = 3n,Im [\psi:} .(5.14)

The mechanical dynamics can be described by the following differential equation:

Ji dw,
n, dt

T, - T, (5.15)
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where T} is the applied shaft torque, w, is the electrical rotor speed, and .J is the inertia.

5.1.3 I Representation

From a dynamic point of view, the rotor and the stator leakage inductance have the
same effect. Therefore, it is possible to use a different representation of the Park
model in which the leakage inductance is placed in the rotor circuit, the so-called T’
representation of the induction machine [59]. The I' representation is more suitable to
work with when developing control laws than the Park model. The I'-representation
is particularly suited for control in which it is attempted to keep the magnitude of the
stator flux constant [59]. This model is named I" representation since the inductances
form the letter “I';” see Figure 5.3. This model can be described by the following vector

. Jquf?{r

i R, Lor  Rer o 7 M
+ > ] YN ] O L
Vs Lar VR

Figure 5.3: I' representation of the induction machine in stator coordinates.

equations in stator and rotor coordinates, respectively:

dws
s = Ri; ° 5.16
v i, + T ( )
. L dWkp
or transformed to synchronous coordinates as
dw, .
vy = Ry, + e +ju P, (5.18)
B . Wrr .
Vrr = Rrrigpr + T +jwoWrr (5.19)
where the fluxes are given by
W, = Lyr(is +irr) (5.20)
Wpir = Lyris + (Lor + Lar)igr = Loripr + . (5.21)

The quantities and parameters of the I' model relate to the Park model as follows:

. i, L,
VRI = 71Vr 1pr = — ‘I’R,F =¥, =
I Lm

Rrr =R, Lor = 0 Lsy + YA L Lyr = rLy,.
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The electromechanical torque can be found from (5.14) as

T, = 3np1m[\11mi;f] = 3n,Im [\yri:] = 3n,Im [\pR,Fig,F] = 3n,Im [\psigr] (5.22)

5.1.4 Inverse-I' Representation

In the I" model the leakage inductance is reduced to the rotor side. It is also possible
to reduce the leakage inductance to the stator side. This will accordingly be called the
mverse-I" representation. The inverse-I" representation is more suitable to work with
for control where the rotor-flux magnitude is maintained at a constant value [59]. The
inductances form an “inverse I'” sign, see Figure 5.4. This model can be described by
the following vector equations in synchronous coordinates:

dw, .
Vg = Rsis + W +JW1\IIS (523)
dw
Vrp = RRiR + d—tR —I—ng\IlR (524)

where the fluxes are given by

W, = (L, + La)is + Lyig
Up =W,y = Ly(is + ir).

As can be seen in the above equation, the rotor flux equals the air-gap flux for the
inverse-I' representation.
Figure 5.4 shows a circuit diagram of the inverse-I' representation in stator coor-

dinates. The quantities and parameters of the inverse-I" representation relates to the

v Ly % Vi

Figure 5.4: Inverse-I" representation of the induction machine in stator coordinates.

Park model as follows:

. L,
VR ="7Vr Ip = — Vr =Y, T =
gl L,

RR - 72Rr LO’ = Ls)\ + ﬁ)/Lr/\ LM = fyLm

The electromechanical torque can be found from (5.14) as
T, = 3n,Im [mmi:] = 3n,Im [\Ilri:] = 3n,Im [\IlRi*R] — 3n,Im [xp;;is] (5.25)
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Note that the I' representation, the inverse-I" representation, and the T representa-
tions are identical to each other with respect to the dynamic and the steady-state

performance.

5.2 Induction Machine Control

In this section, different aspects of designing and implementing control systems for

induction machines are treated.

5.2.1 Cascade Control

Since the electrical and mechanical dynamics are in different time scales, i.e., the
electrical dynamics are much faster than the mechanical, it might be advantageous
to control the machine in a cascade structure. Since the electrical dynamics are the
fastest, the current has to be controlled in an inner loop. Then a speed controller can

be added in an outer slower loop, see Figure 5.5. If the inner control loop is set much

wref Tref sref ref

’ Fy(p) % : F(p) — Tnv. M

W

Figure 5.5: Cascade control.

faster, than the outer, it is possible to neglect the dynamics of the inner control loop,
i.e., assuming its transfer function to be 1. This assumption will usually make the

design of the outer control loop much easier.

5.2.2 Controller Design

There are a number of methods for designing controllers, such as pole placement, linear
quadratic, and internal model control (IMC) [20]. Due to the simplicity of IMC for
designing controller it will be used throughout this thesis. IMC can, for instance, be
used for current or speed control of any ac machine [26, 30, 66]. The idea behind IMC
is to augment the error between the system, G(p), and the model of the system, G(p),
by a transfer function C(p), see Figure 5.6. It is just a matter of choosing the right
transfer function C'(p). The closed-loop system will be

Galp) = Go) (1+ COIGH) - G0)]) C). (5.26)
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Figure 5.6: Principle of IMC.

One common way of choosing the transfer function C(p) when G(p) has more poles

than zeros is [20]

«Q
P+«

c) = (=) G w) (5.27)

where n is chosen so that C'(p) become implementable, i.e., the order of the denominator
is greater than of the numerator. The parameter « is a design parameter adjusted to
the desired bandwidth of the closed-loop system. The controller, F'(p), becomes (inside
the dashed area in Figure 5.6)

F(p) = (1 - C(p)@(p)>_10(p)- (5.28)

For a first-order system, n = 1 is sufficient. The controller then becomes an ordinary
PI controller:

ki QA
F(p)=ky+—=—-G"(p) (5.29)
p p
where £, is the proportional gain and k; is the integral gain. The closed-loop system

with ideal parameters becomes

o«
p+a

Ga(p) = G(p)C(p) (5.30)

The relationship between the bandwidth and the rise time (10 %-90 %), when n = 1,

is @ = In9/t .

5.2.3 Saturation and Anti-Windup

When designing control laws, the control signal cannot be arbitrary large due to de-
sign limitations of the inverter or the machine. Therefore, the control signal must be
limited (saturated). This causes the integral part of the Pl-controller to accumulate

7

the control error during the saturation, i.e., integration “wind-up.” This might cause

overshoots in the controlled variable since the integration part of control law will keep
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the ideal control signal high even when the controlled variable is getting closer to the
reference value [25].

One method to avoid integration wind-up is to use the “back-calculation” method
[25]. Another anti-windup method can be found in [62]. The idea behind the back-
calculation method is to modify the reference value, in case of saturation, so that the
ideal control signal, u, does not exceed the maximum value, i.e., |u| = Upax. The
algorithm can be described as [25]

u = kpe+ k;I (5.31)
Usay = sat(u) (5.32)
df Ugar — U
_ = 5.33
a T (5:33)

where e is the control error and I is the integral of the control error.

5.2.4 Discretization

Throughout the thesis, differential equations and control laws will be described in con-
tinuous time. However, when implementing control laws in computers, they have to be
discretized. The forward Euler method will be used, i.e., a derivative is approximated

as

z(n+1) —z(n)

Tsample

z(t) =

(5.34)

where n indicates the sample number, at time ¢ = nTgmple. For a continuous system

given as

the discrete equivalent using the forward Euler method then becomes

z(n+1) = (I + ATsample) (1) + Tsample Bu(n) (5.37)
y(n) = Cx(n). (5.38)

The forward Euler discretization can also be written as

qg—1
Tsample

p— (5.39)
where ¢ is the forward shift operator. Stability of a linear time-invariant continuous
systems requires that the poles are in the left half plane. For a linear time-invariant
discrete system the corresponding stability region is inside the unit circle [55]. Mapping
the unit circle onto the continuous p plane using (5.39) gives the region in the p plane
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p plane

1 / Tsample

Figure 5.7: Region of stability.

where the poles of the continuous system must be located in order to get a stable
discretization [24]. Figure 5.7 shows where the poles of continuous system must be
located so that the forward Euler discretization, in (5.39), becomes stable. As can be
seen in the figure the poles must be inside a circle with the radius of 1/Tampie With the
center point located at (—1/Tsample, 0) in order for the forward Euler discretization to
be stable.

5.3 Vector Control of the Doubly-Fed Induction Ma-

chine

In the literature, vector control of the doubly-fed induction machine has been done in
several ways. One common way is to control the rotor currents with stator-flux orienta-
tion [33, 42, 49, 63| or with air-gap-flux orientation [72, 76]. If the stator resistance can
be considered small, the stator-flux orientation gives orientation also with the stator
voltage [8, 42, 44]. According to [8], pure stator-voltage orientation can be done with-
out any significant error. Another method presented in the literature is to control the
stator currents with stator voltage orientation [50]. In this thesis, stator-flux-oriented
rotor current control is adopted. This is due to the fact that the torque, with this
choice of reference, is only dependent on the ¢ component of the rotor current in the
steady state for a stator-flux-oriented system. For stator-flux-oriented control of the

doubly-fed induction machine it is advantageous to use the I' model [59].

In [8, 33] the current controller is based on the dynamics described by (5.19). Using
the relation in (5.21), i.e., Wrr = Lyripr + ¥, the rotor equation can be rewritten

as
. v )
Vrr = Rrrigr + df’r +jwa PR
. . di dw, .
= (RRI —|—Jw2LU’F)lR’F —+ L@I‘ d}?r —+ 1 —|—Jw2\IIS. (540)
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Since the stator flux, ¥, is almost fixed to the stator voltage it is practically constant.
This implies that the derivative of stator flux is close to zero and can be neglected
[8]. The term jwsL,rigr, in (5.40), introduces a cross coupling between the rotor
current’s d and ¢ components. It is possible to decouple the cross coupling in the
control law [8, 49], while [33] states that the influence is of minor importance since it
is an order of magnitude smaller than the term jw,W,. Nevertheless, in this thesis the
d and q components will be decoupled since for a DSP-based digital controller is easy
to implement. Hence, if the rotor voltage is chosen as

VR = Vi +jweLerirr (5.41)

the rotor currents will be decoupled. The rotor current dynamics in (5.40) can now be

written as
, . dirr
Virr = Brripr + Lor T E (5.42)
where E = % +jwaW, & jwyW, is defined as the back emf. Treating the back emf as

a disturbance, the transfer function from the rotor voltage, v}, to the rotor current,
irr, can be found as

1
Gp) =——-—. 5.43
(») pLor + Rrr (5.43)
Using IMC (see Section 5.2.2) to design the current controllers yields
ki Qe 4
F(p) = kp + P gG (p) (5.44)

where a, is the bandwidth of the current control loop, k, is the proportional gain and
k; is the integral gain. The proportional and the integral gains become

k‘p = CYCLQF k’l = OéCRRyF. (545)

In Figure 5.8 a block diagram of the current control scheme. In the figure the actual

induction machine is in the dashed box.

N
I+ 1 iR,p
1)

Lorp+ Rrr + jwaLgr

sref
Ipr +

J W2La,r

Figure 5.8: Block diagram of the current control system.
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Hence, the current control law can be written as

VRI = k:pe + k’z /edt +jw2La,FiR,F (546)
where e = iﬁfp —ipr is the control error, £, is the proportional gain, k; is the integral
gain and the term jwsL,rigr is added in order to decouple the d and ¢ components
of the rotor current.

In order to evaluate the performance of the current controller, simulations of the
system have been carried out. In Figure 5.9, a simulation of the current control with
three different bandwidths, a,, 0.14 p.u., 1.4 p.u., and 14 p.u., can be seen. As can be

0 005 01 015 02 025 03 035 04
Time [s]

0 005 01 015 02 025 03 035 04

Time [s]

Figure 5.9: Simulation of rotor current control. The reference values are initially set to
zero, and after 0.1 s, il}gg’r changes to 0.5 p.u., after 0.2 s, i;g% changes to —0.5 p.u.,
and finally after 0.3 s iﬁ,@e;’r changes to —0.25 p.u. The bandwidth of the current control
loop is set to 0.14 p.u. (50 ms rise time) dotted line, 1.4 p.u. (5 ms rise time) solid line
and 14 p.u. (0.5 ms rise time) dashed line. a) The rotor current’s d component b) The
rotor current’s ¢ component

seen in Figure 5.9b) the rotor current does not reach the the reference value perfectly if
the bandwidth of the current controller is set to 0.14 p.u. This tracking error is caused
by the back emf, E. The back emf, E ~ jw,W,, is dependent of the slip frequency
ws. A step in the ¢ component rotor current implies that the electromechanical torque
will be changed accordingly since it is proportional to the rotor current’s ¢ component.

The induction machine, in this simulation, operates under no-load conditions, which
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implies that the rotor speed will vary according to (5.15), i.e.,

i dw,
n, dt

=T, (5.47)

If the electromechanical torque is constant and differs from zero, the above equation
implies that the rotor speed, w,, will vary as a ramp. Since the stator frequency,
wy, is almost fixed to the grid frequency, the slip frequency will vary according to
wy = w1 — w,. This tracking error can be eliminated with an increased bandwidth of
the current control loop [33], which also can be seen in Figure 5.9b).

It can also be seen in Figure 5.9 that oscillations occur in the current when the
bandwidth is set to 1.4 p.u. The reason for this is that the bandwidth is close to the
excitation frequency of the stator voltage and oscillations occur in the stator flux.
The stator flux, and the derivative of the stator flux in the back emf, will affect the
performance of the current controller. The explicit reason for the oscillations in the
stator flux will be further discussed in Section 5.3.2. If the bandwidth of the current
controller is increased even further, to e.g. 14 p.u., the current controller is fast enough
to handle the disturbance and oscillations caused by the back emf.

The main disturbance to the current controller is the back emf, E. The transfer
function from the back emf to the current can be expressed as

Irr(p) p

E(p) B Lorp* + (Rpr + kp)p + K

P
— ) 5.48
Lorp?> + (Rrr + acLor)p + acRrr (5.48)

In Figure 5.10 a Bode plot of the above transfer function can be seen for different
bandwidths, i.e., the same bandwidths as in Figure 5.9. In the figure it can be seen
that if the bandwidth of the rotor current controller increases, the damping of the back

emf, E, becomes better.

5.3.1 Current Control with Feed-Forward of the Back EMF

As described previous, the back emf causes a tracking error, when the rotor speed
changes, in the current if the bandwidth is small enough. It is possible to include
a feed-forward compensating term in the control law that will compensate for the
tracking error caused by the back emf [33, 42, 49]. This can be done by setting the
rotor voltage equal

VRD = Vrr +jwsloripr +jwr¥s. (5.49)

In a similar way as before, the rotor-current dynamics in (5.40) can be rewritten as

dipr , 4%, dipr

1 a ~ RR,FiR,F + LU,F . (550)

12 .
Verr = Rrripr + Lor 1
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Figure 5.10: Bode plot of the transfer function from the back emf, E, to the current.
Solid line corresponds to a bandwidth of 0.14 p.u., dashed line to a bandwidth 1.4 p.u.
and dash-dotted to a bandwidth of 14 p.u.

Neglecting the derivative of the stator flux, the proportional and integral gains of the
controller can still be found from (5.45). In Figure 5.11 a simulation of current control
with feed-forward of the back emf is presented. The assumptions of this simulation is
identical to the assumptions of the simulation in Figure 5.9 except for the feed-forward
of the back emf in the control law. It can be seen in Figure 5.11 that the tracking error
has vanished, although oscillations in the d component rotor current can still be seen.
The reason for this is that the derivative of the stator flux has been neglected.
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Figure 5.11: Simulation of rotor current control with feed-forward of the back emf. The
reference values are initially set to zero and, after 0.1 s, irﬁar changes to 0.5 p.u., after
0.2 s, irﬁfw changes to —0.5 p.u., and finally after 0.3 s, i;%;’r changes to —0.25 p.u. The
bandwidth of the current control loop is set to 0.14 p.u. (50 ms rise time) dotted line,
1.4 p.u. (5 ms rise time) solid line and 14 p.u. (0.5 ms rise time) dashed line. a) The
rotor current’s d component b) The rotor current’s ¢ component.

5.3.2 Stability Analysis

In [72] Wang et al. have by simulations derived that 1) the flux is influenced both by
load change and stator power supply variations, 2) the flux response is a damped os-
cillation, and 3) the flux and rotor current oscillate more severely when speed is rising
than when the speed is falling. Heller et al. [29] have investigated the stability of the
doubly-fed induction machine mathematically. They have shown that the dynamics of
the doubly-fed induction machine have poorly damped eigenvalues with a correspond-
ing natural frequency near the line frequency and that when the d component rotor
current exceeds a certain value, the system turns unstable. It is concluded that either
it is necessary to reduce the bandwidth of the current control loops or to implement
an additional flux damper [29]. But if the bandwidth of the current control loop is
reduced, the assumption of fast current dynamics might not hold. In Section 6.1.4 a
stability analysis will be performed when the current dynamics are considered.

This section will present a stability analysis, using Lyapunov’s linearization method
[60], of the flux dynamics in a way similar to what has been done in [6, 29]. Since the
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current dynamics are assumed much faster than the flux dynamics we can neglect
the current dynamics when analyzing the stability. The flux dynamics can be found
from (5.18). Eliminating the stator current in (5.18) using (5.20) yields

dw R
s — _Rs‘ ° < 2 j >lI!5 5.51
v Ipr + 1 + LM,F + Jwi ( )

The stator voltage in stator coordinates equals v¢ = ju,el% where 6, is grid angle.

Transformation to synchronous coordinates gives
vy = jugel 0= (5.52)

where 6 is the angle that corresponds to the synchronous speed wy. Splitting (5.51)

into real and imaginary parts, assuming stator-flux orientation, i.e., ¥, = 1), yields

d S . - RS
j; = —vssin(fs — 01) + Rsigar — o g (5.53)
d@l . . Vs COS(95 - 01) + Rsqu,F
i ” . (5.54)
Making the variable substitution Af = 6, — 6, yields
dys . . R
;ﬁ = —vsin(A0) + Rsigar — Torr )y (5.55)
dAf _ do,  déy o vs co8(A0) + Ryipgr (5.56)
dt dt dt (N

where w; is the frequency of the applied stator voltage. Egs. (5.55) and (5.56) form
a non-linear system. This system has two equilibrium points (neglecting the periodic
solutions of the trigonometric functions). One of the solutions corresponds to negative
flux, which is not reasonable, therefore it is not applicable. The second equilibrium
point becomes

v + Rsi}”%gI R%(v, — wsLMIir}%;I)Q

or A _ 5.57
vsor W QL?V[,FUS(U? ( )

-ref ref
Ry s+ Rsigyr — ws Ly riggr

LM,F VsWs

Aby ~ — (5.58)
where the approximations are obtained as a second-order Taylor series expansion of the
equilibrium point around Ry = 0. See Figure 5.12 for a phase portrait. Linearization of

the system around the equilibrium point yields the following characteristic polynomial

-ref -ref
0+ R, (2 B WSLM,FZRd,F(Us - RSZRq,F))p
Ly v
2 2, sref ref  \2 sref
R Riwsir (Rsifqr)” — Reifarvs\ o
7] + (14 5 wy.
MT M,T'Us Us
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Figure 5.12: Phase portrait of the flux dynamics. The rotor current’s d component,
iRaT, is set to —0.5 p.u. and the ¢ component, i, 1, is set to 0.5 p.u. The equilibrium

point is marked with “x”.

The above characteristic polynomial uses a second-order Taylor series expansion around
R, = 0. For a first-order Taylor series expansion around R, = 0 the characteristic

polynomial is reduced to

Rs Ws L Z'ref Rs Z'ref

P+ —(2 - M)p+ (1 - ﬂ)& (5.59)
LM,F Vs Vs

There are two poorly damped eigenvalues' where the oscillating frequency is close to

the line frequency, wy, as concluded in [29]. In order for the system to be stable the

following constraint, which is similar to what can be found in [6, 29], can be set on
ilﬁgr:

20? 20,
Ys ~ Y (5.60)

ref ~ .
wsLyr(vs — R, p)  wsLar

-ref
TRar <

There are different methods of damping the flux oscillations. As mentioned before, one
method is to reduce the bandwidth of the current controllers [29]. In [72], a feedback
of the derivative of flux was introduced in order to improve the damping of the flux.
Another possibility is to use an inverter to substitute the star point of the stator wind-

ing, i.e., an extra degree of freedom is introduced that can be used to actively damp

'When simulating the doubly-fed induction machine in synchronous coordinates, one must be
aware of the poorly damped eigenvalues, which can cause instability due to a poor discretization of

the induction machine model.
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out the flux oscillations, [38].

Kelber in [37] made a comparison of different methods of damping the flux os-
cillations. The methods are 1) reducing the bandwidth of the current control loop,
2) compensation of the transformation angle (to synchronous coordinates), 3) feedback
of the derivative of the flux and 4) the method with an inverter substituting the star
point in the stator winding. It is concluded in [37] that the method with reducing the
bandwidth works quite well, although it has the disadvantage of slowly damping of
a grid disturbances. Compensation of the transformation angle method improves the
dampening only slightly. Feedback of the flux derivative method performs well and has
a low cost; the disadvantage of this method is that the method cause relatively high
rotor currents. The method with an inverter in the star point of the stator winding
performs very well, but the disadvantage with this method is the required addition in

hardware and software. Since there is a need for another inverter the cost is also very
high.

5.4 Sensorless Operation

With “sensorless” operation, implies, in this thesis, that the rotor position is not mea-
sured. This means that the stator frequency, wy, and the slip frequency, ws, and their
corresponding angles, #; and 6, must be estimated. Note that if no stator variables
exist in the control law, it might be unnecessary to estimate wy.

5.4.1 Estimation of 6,

For a system which is oriented with the stator voltage, or the voltage drop across the
stator resistance is negligible, the angle 8, can easily be found from measurement of the
stator voltage. For a stator-flux-oriented control of the doubly-fed induction machine,
where the voltage drop across the stator resistance can not be neglected, the stator
flux can be estimated in stator coordinates using (5.16) as [33, 39]

U = /(vg — R,i%)dt (5.61)

and the estimate of the transformation angle, #;, can then be found from 0, = arg \ili

WA~y

The sign is used for estimated variables and parameters. Since, the estimator
in (5.61) is an open-loop integration, it is marginally stable, i.e, it has to be modified
in order to gain stability. This could be done by replacing the open-loop integration
with a low-pass filter [25]. It is also possible to estimate the transformation angle
in synchronous coordinates. Starting with the stator voltage equation in stator co-
ordinates and taking into account that for a stator-flux-oriented system W3 = 9,e%
yields

s _ *S d\:[’i . *S dl/)s
v, = RS + T - RS + i

e 4 juyihel?, (5.62)
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If v¢ = v and if = i, the above equation can be rewritten in synchronous

coordinates as

dis .5 . 5
vs = Riis + d—ieﬁl + juwprhe (5.63)
where él =0, — 91 is the estimation error. Taking the real part of the above equation

and neglecting the flux dynamics yields

Vsqg = Rgisq — w1t sin(by) (5.64)

Now it is possible to form an error signal, suitable for a phase locked loop (PLL)-type
estimator, as
A Vsd — Rsisd ~ Vsd — Esisd

€ =sin(#; — 6;) = sin(6;) = — Y R (5.65)
1%s s

where the approximation is due to the fact that the stator is directly connected to the

grid so wi1¥pr = vs. The flux frequency PLL-type estimator is then given by

dan

do .
d—tl = W1 + Y2€ (567>

where v, and 7, are gain parameters. If the true stator frequency and position are given
by % =0 and % = wy, then it is shown in [27] that the estimation error equations
for O = w; — @, and 0, = 6, — 6, are asymptotic stable if {1,792} > 0. This implies
that @; and 6; will converge to wy and 6 respectively asymptotically. If the difference
0, — él is small, it is possible to approximate sin(f; — él) ~ 0 — él, and the following
characteristic polynomial, of the system described by (5.66) and (5.67), can be found

P*+7p + 11 (5.68)

If the parameters are chosen as

H=p" =2 (5.69)

then p can be adjusted to the desired bandwidth of the PLL-type estimator.

5.4.2 Estimation of 0,

In the literature are, at least, two methods to perform sensorless operation. In the first
method a set of variables is estimated or measured in one reference frame and then
the variables are used in another reference frame to estimate the slip angle #5. This
can be done by estimating the rotor currents from the flux and the stator currents. In
[10] the estimation of the rotor currents have been carried out in stator coordinates
while in [33, 44] it have been done in synchronous coordinates. The method will
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here be described in synchronous coordinates. Starting with the stator flux, which, in
synchronous coordinates, is given by

W, =1y = Lyr(s+igr) (5.70)

and since the stator flux is known, i.e., it is to a great extent determined by the stator
voltage, it is possible to use the above-mentioned equation to estimate the rotor current,
ie.,

° s

ipr=-—— —1i, (5.71)

M,

where the stator current has been measured and transformed with the transformation
angle 6y; see previous section for determination of this angle. The magnitude of the
stator flux can be estimated as ¥s = vs/wy [33]. Then, if the rotor current is measured

in rotor coordinates the estimate of the slip angle can be found as
05 = arg ipp —arg iRI. (5.72)

The second method is based on determining the slip frequency by the rotor circuit
equation. In [39] a stator-flux-oriented sensorless control using the rotor voltage circuit

equation is proposed. The rotor voltage equation is given by

Yrr

dt

Vrr = Rpripr + +jwaWrr (5.73)

neglecting the derivative of the flux, the slip frequency, wy, can be estimated from the

imaginary part of the above equation as

o - VRal — RRrripgr  Vrqr — RRIMRer (5.74)
) = = — . .
¢Rd,1" ws + LO’,FZSd

Then, the estimate of the slip angle, 92, can be found from integration of the estimate

of the slip frequency, ws, as

0y = / Godt. (5.75)

5.5 Torque and Speed Control of the Doubly-Fed

Induction Machine

5.5.1 Torque Control

The electromechanical torque can be found from (5.22). Assuming perfect field orien-
tation, i.e., ¥, = 1, the electromechanical torque can be found as

Te = —?)np'(ﬁsqu,[‘. (576)
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Since the stator flux, 1, is almost fixed to the stator voltage, the torque can be con-
trolled by the ¢ component of the rotor current, i, . Since it is difficult to measure the
torque, it is most often controlled in an open-loop manner. Therefore, the ¢ component

reference current, irﬁ; r» can be determined from the reference torque, Tr, as

ref
-ref Te

= — : D.77
Rq,I’ 3711;1/15 ( )

Instead of using the actual flux in (5.77), the approximation in (5.57) can be used

ref 2 ref )2 jref
Us F Raiger Bi(vs —wilnrifgar)® s + Relggr v

(5.78)

S
Wy QL?M,FUSME W Wy

Figure 5.13 shows a block diagram of the open-loop torque control scheme.

ref

YRa,r .
ref -ref 1pr
3n,
P S

Figure 5.13: Block diagram of the torque control system.

5.5.2 Speed Control

Since the current dynamics, i.e., with the bandwidth «., should be set much faster
than the speed dynamics, the speed can be controlled in cascade with the current. The
mechanical dynamic is described by (5.15) as

i dw,
n, dt

=T.-T, (5.79)

where T, is the electromechanical torque and T, is the shaft torque. The electrome-
chanical torque can be expressed, under the assumption that the current dynamics is

much faster, as
T, — Tref
e Te
where the reference torque is set to
Teref — Te/ref _ Bawr

where an “active damping” term, B,, is introduced. This is an inner feedback loop
[28]. Its transfer function, treating the shaft torque, T, as a disturbance, now becomes




Using internal model control, as described in Section 5.2.2; yields in following propor-
tional, k,s, and integral, k;; gains, of the controller:

where a4 is the desired closed-loop bandwidth of the speed control loop. The closed-
loop dynamic is then described by
s

H, = )
l(p) D+ .

Figure 5.14 shows a block diagram of the speed control system. In the figure, D(p)

describes disturbances, i.e., in this case the shaft torque, T%.

wﬁef k:is Tref JM\R Wy
t Eip + ? € > H(p)

Figure 5.14: Block diagram of the speed control system.

5.5.3 Choosing the “Active Damping”

The transfer function from a disturbance, D(p), to the rotational speed can be described
by, see Figure 5.14,

wr (p) p
D(p) ip2 + (Ba + kps)p + kis

np

if the active damping is chosen as B, = nias we get
P

wr(p) p
D(p)  (p+ay)

i.e., a disturbance, D(p), is damped with the same time constant as the bandwidth of
the speed control loop.

5.5.4 Evaluation

Figure 5.15 shows a simulation of the speed control loop with a constant driving torque
of approximately 40 % of rated torque (note that the stator voltage is lower than the
rated voltage, which means that the maximum torque is approximately 60 % of rated).
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The bandwidth of the current control loop is set to 1.4 p.u., the flux damping, ay, is
set to 0.14 p.u., and the bandwidth of the speed control loop, ay, is set to 0.014 p.u. A
bandwidth of 1.4 p.u. corresponds to a rise time of 5 ms and 0.014 p.u. corresponds to
0.5 s. Initially the speed reference is set to 1 p.u., after 3 s it is changed to 0.75 p.u.,
after 6 s it is changed to 1.25 p.u., and after 9 s the reference is ramped down during
3 s to 1 p.u. Figure 5.16 shows the corresponding measurement. The driving torque
has been produced by a dc machine connected to the induction machine’s shaft. The
torque presented in the figure has been calculated from measured data. The data of
the measurement have been sampled with 2 kHz and low-pass filtered with a cut-off
frequency of 500 Hz. It can be seen in the simulation and in the measurement that the
current limit of the current controller has been reached. This causes the rise time of
the rotor speed to be longer than the ideal.
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Figure 5.15: Simulations of speed control with a driving torque. a) The rotational
speed, w,. b) The g-component rotor current, ig,r.

5.6 Reactive Power Control

The reactive power can be controlled with the d component of the rotor current,
since (5.18) can be rewritten using (5.20) as

dw, +< Ry

g —l—le)\IJS. (5.80)

Vs = _RsiR,F +
Ly
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Figure 5.16: Measurements of speed control with a driving torque. a) The rotational
speed, w,. b) The g-component rotor current, ig,r.

The apparent power, S, can be found from
ql*
S = 3v,i’ = 3(v5—5 _ vsi*RF> (5.81)
Ly ’
which can be expressed as

*

S = 3[—RsiR,r+d‘Ps+< o +jun) @] v

dt Ly Ly
. dw, R, ) ok
-3 [ — Riipr+ —* + ( +Jw1>‘1’5} i (5.82)
dt LM,F ’

neglecting the derivatives of the flux, assuming stator-flux orientation, i.e., ¥, = 1),.
With S = P +j@Q we have

. RS S S . .
P = 3[R8’1R,F|2 + v ( e _ 22Rd,r> - wﬂ/Js’qu,r] (5.83)
Lyr \Lnr
Q = 3wy, (st - iRd,F)- (5.84)
MT

Note that the power, P, given above is the power at the stator terminals of the doubly-
fed induction motor and not the total power that is consumed in the induction machine.
The active and reactive power at the rotor terminals can be expressed as (derived in a
similar way and neglecting derivatives)

PT = 3<RR,F|iR,F|2 + UJQ@bSZ.Rq,F) (585)

Qr = 3<w2La,F|iR,F\2 + W2wsiRd,F>- (5.86)
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It is assumed that the dc-link capacitor is large enough to generate the reactive power
that is fed via rotor terminals. If the d component of the rotor current is controlled as

-ref ws

= — 5.87
Rd,T’ LM}F ( )

unity power factor at the stator is achieved.
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Chapter 6

Evaluation of Control Laws for
Doubly-Fed Induction Machines

6.1 Current Control of Doubly-Fed Induction Ma-

chines

In this section the I' model of the induction machine will be derived in synchronous
coordinates with the assumption that the transformation between the coordinate sys-
tems is not perfect, i.e., there is a transformation error.

The stator equation (in stator coordinates) and rotor equation (in rotor coordinates)

for the I' representation of the induction machine can be expressed as

dw?
v = R, + ” T (6.1)
Vi = R + ot (6:2)
where the fluxes are given by
W = Lyr(il + i el ™) (6.3)
W= Lorifr + Lyr(ile 7 + i) = Lorihr + WL (6.4)

Since the stator and rotor circuits “feel” the same flux modulus we can express W? =
Pl and W = 1p,e1%. The angles 6, and 0, are given as
do, de,
a -t ar
where w; is the frequency by which the flux passes through the stator windings and

= W2 (65)

wsy is the frequency (slip frequency) by which that the flux passes through the rotor

windings. The stator and rotor equations can be now be expressed as

s __ :s dq?Z)S 91 d91 jo1
v = R + g” e i Pse (6.6)
di’ di), de
VRF_RRFIRF+LUF dir + (;i J02+J 2wsejeg (67)
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To be able to transform the stator and the rotor equations to synchronous coordinates,
the following transformations can be applied:

i =ie” i =igre®  vip=vpre® (6.8)

where 6; and 6, are estimates of 6; and 05, respectively. Using these transformations
yields

dys .5 .dOL | 5
el — et 6.9
g ¢ Tigve (6.9)
diR’F dws d92

= (R i@y Lo r)i i — eif2
vier = (Rer +jwoLsr)irr + Lor 1 + 1 +] T

s, —jb .
vie ' = R, +

el (6.10)

where 0; = 0; — 0; and 0y = 0y — 0. Further, the applied stator voltage as can be
described as

v = juelf (6.11)

where 6, is the angle of the applied angular frequency of the grid. The stator current
can be expressed as

v : ol
= il = 4 —igreifel? (6.12)
Ly ’ Lyt
or in synchronous coordinates as
= U e g el (6.13)
Ly '

where 6, is the estimation error of the rotor angle, 6,. Eliminating the stator current,
i, from the above equations, the system can be expressed as

de, R,

Fraie —vgsin(fs — 01) + Ry (z’Rd’F cos Oy + I Rq,r SIN §2> — s (6.14)
t Ly
46, Vs cos(fs — 01) — R (iRd,p sin By — iRgT COS éz)
di - .
La,F% =vVrr — (Rrr + Rs + jwsL,r)ipr — E (6.16)

where the flux dynamics have been divided into real and imaginary parts. The back
emf, E, is described by

E = [ju,el @0 _ (Li +jwr>z/15}ei‘52. (6.17)

M,

6.1.1 Current Control with Feed-Forward of the Back EMF

In Section 5.3.1 the tracking error was eliminated with feed-forward of the back emf.
However, oscillations in the d component rotor current could be seen for some band-
widths of the current control loop. Since in (6.16) the derivative of the flux has been
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eliminated (which was neglected in Section 5.3.1) it is possible to include the entire
back emf in the feed-forward compensation term, i.e.,
Vir = Vir +jwsLoripr + jueel @0 — (Li + jwr>¢s (6.18)
M,T
where the term jwsL,rigpr decouples the d and ¢ components of the rotor current.
The back emf is found from (6.17) with the assumption of perfect field orientation, i.e.,
65 = 0. The rotor current dynamics in (6.16) can now be expressed as

di
Vier = (Rpr + Ry)igr + Lg,p%. (6.19)
The transfer function from the rotor voltage, V;%’F, to the rotor current, irr, can be
found as
1
G(p) = : 6.20
®) pLor + Rpr + Rs (6.20)
Using IMC (see Section 5.2.2) to design the current controllers yields
ki Qe
F(p)=ky+—=—G"'(p) (6.21)
p p
where the proportional gain, k,, and the integral gain, k;, become
kp = OJCLUJ‘ kz = OéC<RR7F + RS) (622)

6.1.2 Current Control with “Active Resistance”

It is also possible to introduce an extra term, called “active resistance,” R,, that can
be used to damp out variations in the back emf faster. Similar approaches with the
“active resistance” have been done for stator-fed induction machines [11, 28]. The rotor
voltage should be chosen as

VR = Vi + (j@2Ler — Ra)igr. (6.23)
The current dynamics in (6.16) can now be rewritten as
di .
Lo’,l—‘% = V;%,F — (RR,F + Rs + Ra>lR’p —E

where E is the back emf in (6.17). Under the assumption that the back emf is constant
(or at least varying slowly), we can treat it as a disturbance which can be eliminated
with integral action. Thus, the transfer function from igp to v - can be expressed as

1
~ pLor+ Rrr + Ry + Ry’
See Figure 6.1 for a block diagram of the current control system. Using IMC for

G(p)

designing the current controllers as described in Section 5.2.2 will yield in the following
proportional, k,, and integral, k;, gains:

kp = aCLU,F kz = ac(RR,F + Rs + Ra)

where a, is closed-loop bandwidth of the current dynamics.
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Ipr+ VR, _ﬁ IRT
kp + bl I > G(p)

AFT; jC‘AJQLJ,F - Ra

Figure 6.1: Block diagram of the current control system.

Choosing the “Active Resistance”

In this section we will discuss how to choose the introduced active resistance, R,. The

transfer function from the back emf, E, to the current, iz, cf. Figure 6.1, becomes

Irr D
= — . 6.24
E Lg7pp2 + (RR,F + RS + Ra + kp)p + k?z ( )

Inserting the proportional and integral gains and letting the active resistance equal
Ra = OéCLoI — RR,F — Rs yields

Ipr p _ p (6.25)

E B LU,Fp2 + ZacLa,Fp + Oéng,F Lcr,l" (p + ac)Q

and a change in the back emf will be damped out with the same bandwidth as the
closed-loop current dynamics. Since the active resistance is chosen as R, = oL, —
Rrr — Ry and has to be greater than zero, the minimum bandwidth of the current

control loop when using an active resistance becomes

RR,F + Rs
Qemin = —F -
’ Lcr Tr

(6.26)

6.1.3 Current Control with Feed-Forward of the Back EMF
and “Active Resistance”
Combining the method with active resistance presented in Section 6.1.2 with feed-

forward of the back emf presented in Section 6.1.1, implies choosing the rotor voltage
as

. . R, .
Vrr = Ve + (j@02Ler — Ra)ipr + v — (L —i—JwT)l/Js. (6.27)
M,

The active resistance, R,, can be chosen as described in Section 6.1.2. Since the current

dynamics are

digr
dt

the proportional and integral gains become as in Section 6.1.2.

LU,F

= V/R,F — (RRI + Rs + Ra>iR7[‘
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6.1.4 Stability Analysis using the Proposed Current Control

Laws

In Section 5.3.2 a stability analysis was made using the assumption that the current
dynamics are much faster than the dynamics of the back emf, i.e., the flux dynamics. If
the bandwidth of the current control loop is not set much higher than the dynamics of
the back emf, the current dynamics can not be neglected in the stability analysis. The
rotational speed is assumed to be varying slowly and is therefore treated as a constant.
Consider the system described by (6.14)—(6.16). Perfect field orientation is assumed,
i.e., 05 = 0. Then the following system has to be analyzed:

dI

at 6.28
a © (6.28)
dybs R . ,
dﬁ = _LM,F % — Us SIH(AQ) + RsZRd,F (629)
dAg vs coS(AG) + Ryipgr
a " (6.30)
diRF VRI — (RR,F + Rs +jWQLU7p)iR7r —i—jvsej Af + (% —|—jwr)1ps
a 7 ’ (6.31)
oI’

where I is the integration variable in the control law and e = il — igr is the control

error. In (6.31) the chosen control law has to be inserted. Note that (6.28) and (6.31)
are complex-valued equations while (6.29) and (6.30) are real-valued equations. In the
following three subsections, stability analysis of three control laws, presented above,

will be performed.

Feed-Forward of the Back EMF

In order to analyze the stability of the method with feed-forward of the back emf, the
control law in (6.18) has to be inserted in (6.31). Linearization of the non-linear system
described by (6.28)—(6.31) and insertion of the equilibrium point, the characteristic
polynomial can be found. A first-order Taylor series expansion of the characteristic

polynomial with respect to the stator resistance, Ry (around Rs = 0) yields

Rpr

Lot ) (P° + cop® + c1p + co). (6.32)

(p+ac(p+

The system has at least three real-valued poles, two located at —a,. and one at
—Rpr/Ly,r. The coefficients in the third-order polynomial become

2Rs + RR,F + 2Rs il;%(fi,FRSwS

= 6.33
“ Ly Lyr Vs ( )
vs — % RIwW? RprRs(2us — % Ly rws
¢ = ( Rq,I’ ) s R, ( RdTHM,T ) (634)
Vs LyirLorvs
(= i cRrr Ry + (Rar + 2R.)0, )}
co = . (6.35)
LO’,FUS
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As can be seen above, the coefficients are not dependent on the bandwidth of the
current control loop, a.. Since it is complicated, in general, to solve an equation of a
third degree analytically, root loci are instead studied, and can be seen in Figure 6.2.
The figure shows how the poles move with the d component of the rotor current. As

1 1 1 1 1 -_I

Eool o -
%

C0.5

=

_1 ; ; ; ; —
-0.5 -04 -0.3 -0.2 -0.1 0 0.1

Re

Figure 6.2: Root loci. The arrows show in what directions the poles move with in-

-ref
creased ¢ Rd.r

can be seen in the figure, there are, as concluded in Section 5.3.2, two poorly damped
poles. The poorly damped poles move towards instability when the d component rotor
current increases.

To investigate the stability of the system, Routh’s table can be used [7]. For the
above characteristic polynomial, Routh’s table can be found in Table 6.1. In order for

Table 6.1: Routh’s table.

p3 1 C1
P2 Co Co
CoC1 — C
pl O — 2C1 0 0
C2
p° 0 0

the system to be stable all coefficients in the first column must not change sign. Since
the first coefficient in Routh’s table is 1, all other coefficients must be positive in order
to maintain stability. The expression for the coefficient C' becomes quite complex.
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Therefore, an approximation of the coefficient can be found as

RS 2U5 _ L wsiref R2 + L2 wg
O~ ( MrwWsig ) (Rh 1) (6.36)
LyrLorRervs

where a first-order Taylor series expansion of the coefficient C' with respect to the stator
resistance, R, (around R, = 0), has been carried out. The following constraint can be

set on %% . in order to keep the coefficient ¢, positive

ref Vs < 2Rs  Rpr+ QRS)
< . 6.37
PRA,T Rsws \ Ly r " Loy ( )
For keeping the coefficient C' positive the following constraint has to be set
2v
-ref s
< : 6.38
LRar wsLorr ( )

The constraint in (6.38) is “harder” than the constraint in (6.37). The constraint
in (6.38) can be compared to the constraint in (5.60), i.e.,

202 2v
-ref s s
URar < : ~ (6.39)
’ WSLM,F (US - Rsllﬁ;f) WSLM,F

where the stability analysis, in Section 5.3.2, was performed assuming fast current dy-
namics. The system consists of two poorly damped poles, caused by the flux dynamics,

and the constraint on iﬁfir relates to the flux dynamics. Therefore, the constraint on

i*<t 1, which relates to the flux dynamics, can be found more easily assuming a fast cur-

rent dynamics. Generally, a full-order analysis is still valuable, if the current dynamics

are not fast, since other parameters also may influence the stability.

“Active Resistance”

For the system with the active resistance, R,, the same dynamic equation as in (6.28)
to (6.31) can be analyzed, but the control law has to be modified to

VR,F = kpe =+ kzI + (J (.UQLO-’F — Ra)iR,F (640)

in order include the “active resistance”. Linearization and a Taylor expansion of the
characteristic polynomial as before yields

(p+ @)*(p" + csp® + cop® + c1p + co). (6.41)
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That is, it consists of at least two real poles located at —a,.. The coefficients of the
fourth-order polynomial are given by

sref
2Rs Zggd,FRSwS

= 20, — 6.42
C3 Qe + LM’F Vs ( )
4a.Ry 200458 L Rywg il L Raw?
ey = af 4 etls | ZCRADTSES |2 CRelTeRs (6.43)
LM,F Vs Vs
20(0(05 - Rsilﬁ;,f‘)wg sts(wr + ws)
= -
! % Lo,l"
2R, (2us — % L rws
c ( Rd T +~M,I ) (644)
LM,FUs
a?(vs — Ryixt Yw?
co = c( Rq,F) s (645)

Us

In Figure 6.3 the root loci of the fourth-order characteristic polynomial are shown. The
figure shows how the poles move when the bandwidth of the current control loop, a.,
varies from 0.28 p.u. to 10 p.u. The reason that the bandwidth does not start at a lower
value is that the active resistance, R,, becomes negative for smaller bandwidths, and is
therefore not applicable. In the figure, the induction machine is running as a generator
at rated torque, synchronous speed, and is magnetized from the rotor circuit. This

implies that igw is set to 0.33 p.u., irﬁ;’r is set to 0.78 p.u. and w, is set to 1 p.u. It

! 7 7 7 ——

Im
o

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

Figure 6.3: Root loci.

can be seen in the figure that the poorly damped poles move with increasing bandwidth
of the current control loop from stable to unstable and back to be stable again. For the
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case investigated in the figure, the system is unstable for bandwidths between 1 p.u.
and 4.7 p.u.

Similar approach as in previous section with Routh’s table produces very large ex-
pressions from which it is difficult to determine any constraints for stability. Therefore
the approach with Routh’s table is not carried out for this method.

This method actually might be unstable if the bandwidth of the current control loop
is set to a high value. Therefore, one must very careful with the design and analysis
of the system, if this method is to be chosen for controlling the rotor currents. The
analysis of this system is rather difficult, since the system becomes quite complex.

“Active Resistance” and Feed-Forward of the Back EMF

The control law with feed-forward and active resistance can be expressed as

. . R, .
VRI = kpe + kzI - (Ra - JW2L0,F)1R,F + Vg — <L +Jwr>¢$‘ (646>
MT
and the dynamics are described by (6.28) to (6.31). Linearization of the system around
its equilibrium point and after a first-order Taylor series expansion of the characteristic

polynomial around Ry = 0, the following characteristic polynomial can be found:

R UJSL Z‘ref
( B M,T Rd,F>p+ (1 _

(p+ 0! [p? + (2

-ref
RSZRQT) 2}
— |w
LM,F Vs

s |

o (6.47)
The characteristic polynomial has four real roots located at —a.. The second-degree
factor is identical to the characteristic polynomial in (5.59) where the current dynamics
were neglected, i.e., assumed to be much faster than the flux dynamics. Therefore, when
using feed-forward of the whole back emf and “active resistance” in the current control
law, the same analysis as for the case with the assumption of fast current dynamics

can be used.

6.1.5 Evaluation
In this section different current control laws will be compared:

I Current control with feed-forward of the back emf, without neglecting anything, as
described in Section 6.1.1.

IT Current control with active resistance to damp out the back emf, as described in
Section 6.1.2.

IIT Current control with feed-forward of the back emf and active resistance, as de-
scribed in Section 6.1.3.

In Figure 6.4 a Bode diagram, of the transfer function from E to igr, i.e., (6.24), for
two different bandwidths of the current control loop, can be seen. The transfer func-
tions are both without “active resistance” (I) and with “active resistance” (IT and III).
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Figure 6.4: Bode diagram from E to ipp. Without “active resistance” solid and with
“active resistance” dashed. a) a. = 1.4 p.u. b) a. = 14 p.u.

It can be seen that when using “active resistance” that the damping of low-frequency
disturbances has significantly improved. However, using the “active resistance” with-
out feed-forward of the back emf (II) cannot be done without a careful analysis of the
stability of the system, since as described in Section 6.1.4 the system might be unstable
if the bandwidth of the current control loop is not set to a high value.

In Figure 6.5 simulations of current control using the above-mentioned Methods I
to III are shown. In the simulations the reference values are initially set to zero; after
0.1 s ij5 o changes to 0.5 p.u., after 0.2 s ij5; - changes to —0.5 p.u. and, finally, after
0.3 s, iﬁ;r changes to —0.25 p.u. The bandwidth of the current control loop is set to
1.4 p.u., except Method III, where the bandwidth is set to 7 p.u., since as described
in the previous section, the system tends to be unstable for medium bandwidths. The
bandwidth 1.4 p.u. corresponds to a rise time (10%-90%) of 5 ms. It can be seen in the
figure that oscillations caused from the flux have been damped out or been canceled by
feed-forward compensation. In order to evaluate the performance of the current control
laws experimentally, the doubly-fed induction machine has been exposed to current
steps, see Figure 6.6. This has been done by letting "'f‘%;,r change from —0.25 p.u. to
0.25 p.u. when the rotor speed, w,, reaches 0.32 p.u. and vice versa when the rotor
speed reaches 0.16 p.u. During the measurements the induction machine is magnetized

entirely from the stator, i.e., irpffw = 0, and is operated under no-load conditions.
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Figure 6.5: Simulation of rotor current control using feed-forward of the back emf. The
rotor current’s d component, igqr, is solid and the ¢ component, ig,r, is dashed. a) I
(bandwidth 1.4 p.u.). b) II (bandwidth 7 p.u.). ¢) III (bandwidth 1.4 p.u.).

Further, the stator voltage of the doubly-fed induction machine was 230 V (the rated
voltage of the machine is 380 V). Data have been sampled with 10 kHz and low-pass
filtered with a cut-off frequency set to 5 kHz. In the measurements, the bandwidth of
the current control was set to 1.4 p.u. During the experimental work it was found out
that offsets in the stator voltage measurements caused a 100-Hz frequency component
in the stator voltage. This 100-Hz frequency component influenced the performances
of the current control Methods I and III, since the stator voltage is included in the
control law. However, a notch filter was introduced to filter the stator voltage, and
by this way the influence of the 100-Hz frequency component was limited. A scrutiny
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Figure 6.6: Measurement of the step response of the ¢ component of the rotor current
for the three current control methods. a) iggr (I). b) tger (I). ¢) igar (II). d) igrer

(II) e) iRd,F (III) f) qu,F (III)

investigation of Figure 6.6¢) and d) reveal that Method II has a 50-Hz ripple. One
reason for this is that using only “active resistance” to damp out the back emf, the
system might be unstable as previously shown (note, that the operating condition in
the measurements differs from plot in Figure 6.3). In Figure 6.6e) and f) it can be seen
that the method with feed-forward of the back emf and with “active resistance” works
well and the ripple in the d and ¢ component is less than in the other investigated
methods.
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6.1.6 Conclusions and Discussion

The flux dynamics of the doubly-fed induction machine consists of two poorly damped
poles which influence the current control loop, i.e., they will cause oscillations, close to
the line frequency, in the flux and in the rotor currents. Current control Method I with
feed-forward compensation of the whole back emf manages to suppress the oscillations
in the d component of the rotor current. However, Method II which only uses “active
resistance” to damp out disturbances acting on the rotor current might be unstable,
even though the method manages to suppress low-frequency disturbances very well.
For the current control Method III with feed-forward of the whole back emf and with
the “active resistance,” the stability analysis of the flux dynamics can be reduced to
a system of the second order. This method manages to damp out both low-frequency
disturbances in the d component rotor current and the oscillations caused by the flux

dynamics better than the other methods in the comparison.

The dynamic performance of the doubly-fed induction machine, in comparison to
singly-fed induction machine, is less good since, as mention before, it consists of two
poorly damped poles which becomes unstable for a certain value of the d component

of the rotor current.
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6.2 Damping of Flux Oscillations

In Section 5.3.2, a short presentation of different methods of damping the flux oscilla-
tions was given. In this thesis, the flux oscillations will be damped out by feedback of
the derivative of the flux. The reason that this method is chosen is that this method
has low cost (i.e., no extra hardware), is easy to implement, and can damp the flux
oscillations well. Due to the fact that the method with an extra inverter connected
to the star-point of the stator winding has to handle the stator current, implying an
increase of the losses, and the increased cost for an extra inverter this method, is not
considered in this thesis since some of the benefits and reasons for the doubly-fed in-
duction generator, e.g., smaller (cheaper) inverter and lower losses, vanishes.

The ¢ component of the rotor current will be used for controlling the torque or the
speed, but the d component of the current can be used to damp the oscillations and
improve the stability. If we add a component Az} - to the d component of the rotor

current reference, which we control as

re b Qg
AZRcfl,F = _p P §¢s (6.48)

then we have introduced a flux differentiation compensation term, that will improve the
damping of the system. In the above equation, a low-pass filter has been added since
a pure differentiation is not implementable. Under the assumption that the current
dynamics are set much faster than the flux dynamics and o is small, the characteristic
polynomial in (5.59) can be rewritten as

R, W Ly pi®st Rt Vg — @ Ly rws
p2+ [ad+ (2_ Rd,l‘)}p_‘_ (1 B Rq,T 4 ayR, RdO,T ]\;[,F > 3
LM,F Vs Vs UsLM,FWS
(6.49)
With the inclusion of a flux damping, the constraint on the d component becomes
Lyr Us
inaor < (2+aa=2" ) 6.50
raor < (24 au=pt ) (6.50)

in order to guarantee stability. Comparing to (5.60), it is seen that the constraint on

the d component rotor current has increased (2 + aqLar/Rs)/2 times.

6.2.1 Parameter Selection

As can be seen in (6.48) the flux damping uses two parameters, ag and ay, that have
to be determined. Obviously, the cut-off frequency of the low-pass filter, oy, must be
set lower than the oscillating frequency in order to be able to damp the oscillation at
all. The damping term, a4, must be chosen smaller than the bandwidth of the current
control loop, a., so that the flux damper becomes slower than the current dynamics.
Of course, if a flux estimation is used to determine the flux, the bandwidth of the
damper, oy, must be smaller than the bandwidth of the flux estimation.
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6.2.2 Evaluation

Figure 6.7 shows a simulation of a vector-controlled doubly-fed induction machine,
according to (6.18), with and without flux damping. The reference value il . is
initially zero and is at 0.5 s changed to —0.5 p.u. The reference value of i}f’cfw is

initially zero and is at 0.25 s it is changed to 0.5 p.u., and at 0.75 s to —0.25 p.u. The
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Figure 6.7: Simulation of current control with (solid) and without (dashed) damping
of the flux oscillations. a) ig4r. b) irgr. ¢) ¥s.

bandwidth of the system, a, is set to 4.7 p.u., while oy is set to 0.7 p.u., and oy is
set to 0.05 p.u. In the simulation it is assumed that the flux can be determined from
measurements of the stator and the rotor currents. It can be seen in the figure that the
oscillations in the flux has been damped out with the flux damper. Since it is difficult

to see the effect of the flux damper in a measured time series, due to noise, a frequency
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spectra of the flux magnitude has been plotted instead in Figure 6.8. In the figure the
current control method with feed-forward of the back emf and with active resistance
has been used, with and without flux damping. The frequency spectra is based on a
6 s long measurement. The doubly-fed induction machine is operated as described in
Section 6.1.5. The bandwidth of the current control loop, a., was set to 2.3 p.u., the
damping term, oy, was set to 0.7 p.u. and, the cut-off frequency term, ay, was set to
0.05 p.u. It can be seen in the figure that the 50-Hz component has been to a large

b) -1

|
o8]

Flux amplitude [p.u.]
S

10 10 10 10 10 10
Frequency [Hz| Frequency [Hz]

Figure 6.8: Frequency spectra of the flux (data from measurements). a) Without flux
damping. b) With flux damping.

extent damped out, i.e., a factor of ten, by the flux damper.

6.3 Stator Current Control with Feed-Forward of
the Back EMF and “Active Resistance”

One possibility, as mentioned before, is to control the stator currents instead of the
rotor currents. In this section a stator current control law with feed-forward of the
back emf and “active resistance” will be derived. The stator current will be controlled
with stator flux orientation. The inverse-I" representation of the induction machine
will be used. Eliminating the rotor currents and the rotor flux from (5.23) and (5.24)

yields
.o, 4w,
vy = R, + at —f-le‘I’S (651)
di, L,+ L ) ) R .
Lgd—lt = —Vp — <Rs + RR% +Jw2Lg>1S + <L—R —Jwr> W, 1 v, (6.52)
M M
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Since we are free to chose the rotor voltage, we can chose it as

R
Vi = Vi + (Ra — jwsLy)is + (L—R —ij> 0, +v, (6.53)
M
in order to feed-forward the back emf and include the “active resistance,” R,. Now it
is possible to write the current dynamics (6.52) as
di

- = I
Lo = —V} (RS+RR

L0'+LM

T Ra)ls. (6.54)

The transfer function, G'(p), from vy to i; becomes

—1

G'(p) = :
(p) pLU + RS + RR Lo[:i’]\j]vf + Ra

(6.55)

Using IMC, the proportional and integral gains of a PI-controller can be found as

L,+ L
By=—acly k= —o(R+ Ra=" " + R,). (6.56)
Ly
If the “active resistance” is set to
L,+ L
Ra = auLy — Ry — Ry=22M (6.57)
Ly

a disturbance will be damped out with the same bandwidth as the current control loop.
Compare to Section 6.1.2.

6.3.1 Stability Analysis

The current dynamics are assumed to be much faster than the flux dynamics. From (6.51)
we can get the flux dynamics divided into real and imaginary parts and taking into
account field orientation, as

dy, . .

dwt = —vssin(0s — 01) — Rgisq (6.58)
doy  wgcos(fs — 61) — Ryig,

T bs (0:59)

where the stator voltage can be found from (6.11). Making the variable substitution
A = 0, — 0, yields

dv, . .
;i = —v,sin(Af) — Ryigq (6.60)
dAg vs cos(Af) — Ryig,

where w;, is the frequency of the grid voltage. As for the stability analysis in Sec-
tion 5.3.2, the system has two equilibrium points (neglecting the periodic solutions of
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the trigonometric functions) where one of the solutions is unfeasible since it corresponds
to negative flux. The interesting equilibrium point becomes

R2:i2, .
V11— 2 s — Rigg Vs — Rylgg (6.62)

Ws Ws

1/150 =

272
Afy = —cos™! ( 1— M) ~ —%isd.

2
Us

(6.63)

Vs

The characteristic polynomial of the system around the equilibrium point yields

R242
. slsd 2
R,i qws 1 — = vawg
P+ p+ : : (6.64)
R2i2, . R2i2, .
1 T2 Vs — Rslsq 1 T2 Vs — Rszsq

A first-order Taylor series expansion, around R, = 0, of the characteristic polynomial
above yields

R, igqws Ve + Ratg wf
2+ d p—i-( q) .

Us Us

p (6.65)

In the above characteristic polynomial it can be seen that i,y must be greater than zero

to maintain stability. Further, the ¢ component of the rotor current must be

. Vs

lsq > "R (6.66)
However, this constraint will hardly make any difference on the stability, since the
stator voltage is 1 p.u. and the stator resistance is at least less than 0.1 p.u. (accord-

ing to Table 4.1). This means that 5, > —10 p.u., which is ten times the rated current.

One possibility would also to apply flux damping in a way similar to what has been
done in the previous section, i.e., letting

At = P %, 6.67

Then, the characteristic polynomial in (6.65) becomes

Ryisqws >p N (vs + Rgigg)w? + ozdRsisdws.

P+ (ad + (6.68)

S US

if the “low-pass” constant a is small.

If the characteristic polynomial, in (6.49), for the rotor current control with flux

damping, as described in Section 6.2, is rewritten as

R, wsLrris R, agRig
P+ [ad+ <1+w>}p+ <1+ 441 d)w? (6.69)
LM,F Us Vs VsWs

84



where the rotor currents has been exchanged to the stator currents, i.e., igsr =
Ys/Larr — isq and igyr = —isq. If ag > Rg/Lyr then the characteristic polynomial
above can be approximated as

wsRsisd>

s

Rgi agRst

P2+ <ad+ P+ (1 oy Ao Sd>w§ (6.70)
Vs VsWs

which is identical to the characteristic polynomial in (6.68), i.e., the dynamics are the

same whether the rotor or stator currents are controlled when damping of the flux is

used. Since the dynamics of stator current control and rotor current control are the

same when using flux damping, only rotor current control will be treated further.
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6.4 Investigation of Grid Disturbances

In this section the response of the doubly-fed induction machine due to grid distur-
bances will be studied. As shown in Section 5.3.2 and in Section 6.1.4, the doubly-fed
induction machines consists of two poorly damped poles, with the oscillation frequency
near the line frequency. These poorly damped poles will cause oscillations in the flux
if the doubly-fed induction machine is exposed to a grid disturbance. Figure 6.9 shows
a circuit of the doubly-fed induction generator system with a back-to-back inverter.

Since the stator-to-rotor turns ratio, of the doubly-fed induction generator, is designed

NED ST 4@& 4@& 4@&
‘ Crow bar }) rings
Rr
I Rotor
rA
o I
Lo Stator
Rs
Grid

Figure 6.9: Doubly-fed induction generator circuit.

according to the desired variable-speed range it might not be possible to achieve the
desired rotor voltage in order to control the rotor currents. This means that when the
rotor voltage becomes limited it is not possible to control the current as desired. This
implies that a voltage dip can cause high induced voltages or currents in the rotor
circuit. If the rotor current or the internal rotor voltage becomes too high due to a line
fault, e.g. a voltage dip, it is necessary to have a protection device that short circuit
the rotor circuit, i.e., a crow bar, and thereby protect the inverter from over currents
and the rotor of the generator to over-voltages. In this section an investigation of how
the rotor current is influenced by a voltage dip is performed. Throughout this section a
voltage dip will be referred to how much the voltage drops. For example, a voltage dip
of 25 %, on a 400 V grid, implies that the remaining voltage in the grid is 75 %, i.e.,
300 V. The grid disturbances, in this section, will be limited to symmetrical voltage
dips only.
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In order to show typical responses to voltage dips of wind turbines, equipped with
doubly-fed induction generator, some measurements will be presented. Figure 6.10
shows a measurements of the response of a Vestas V52-850 kW wind turbine to a
voltage dip. The voltage drops approximately 5 % after 0.1 s. The measured data was
sampled with 2048 Hz and automatically low-pass filtered with the cut-off frequency set
to 1000 Hz. The Vestas V52-850 kW wind turbine has a doubly-fed induction generator
where the speed can vary with up to 60 % [70]. Before the voltage dip occurs the wind
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Figure 6.10: Measurement of the response of a Vestas V52-850 kW wind turbine to a
voltage dip. a) Voltage. b) Current magnitude. ¢) Active power. d) Reactive power.

turbine is producing about 420 kW, which corresponds to approximately 50 % of the
nominal power of the turbine. It can be seen in the figure that oscillations occur in the
grid current, the active and the reactive power delivered to the grid. These oscillations
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are caused by the poorly damped poles. The response to a larger voltage dip can be
seen in Figure 6.11. The voltage drops down approximately 25 % to 550 V at t=0.1 s
and after 0.1 s the fault, causing the voltage dip on the grid, is cleared, and the voltage
starts to recover. Before the voltage dip the wind turbine is producing about 150 kW,

which corresponds to approximately 18 % of the nominal power of the turbine. As for
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Figure 6.11: Measurement of the response of a Vestas V52-850 kW wind turbine to a
voltage dip. a) Voltage. b) Current magnitude. ¢) Active power. d) Reactive power.

the case with a 5 % voltage dip, oscillations, close to the line frequency, occurs in the
grid current, the active and the reactive power delivered to the grid.

As mentioned before the magnitude of the grid current is shown in Figure 6.10 and
Figure 6.11 and not the stator current. The grid current consists of the stator current
and the current from the inverter. However, the figures still show the typical response,
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with oscillations close to line frequency, of doubly-fed induction machines due to a
voltage dip.

6.4.1 Assumptions

In simulations that will be presented later on, the rotor current reference values have

been set, unless otherwise stated, to

-ref ¢

1 = — 6.71
Rd,T’ LMI‘ ( )
o Tref

Ugqr = — S (6.72)

where the flux is approximated as 1) & Viase/Whase- This choice of the d component of
the rotor current reference implies that the doubly-fed induction machine is magnetized
from the rotor circuit.

The doubly-fed induction machine will operate under the following conditions before
the grid disturbances

Case I 10 % of rated torque and at a rotor speed of 0.7 p.u.
Case IT 50 % of rated torque and at synchronous rotor speed.
Case IIT 100 % of rated torque and at a rotor speed of 1.3 p.u.
Case IV 115 % of rated torque and at a rotor speed of 1.3 p.u.

The reason for choosing these four cases is the fact that these operating conditions re-
flect four normal operating-points of a variable-speed wind turbine. During the simula-
tions in this section, the rotor speed, during the disturbance, is assumed to be constant.

Note, that throughout this section the rotor currents and voltages are referred
to the stator circuit. For example, if the stator-to-rotor turns ratio equals 1:3 then
the rotor voltage, referred to the stator circuit, is one third of the actual and the
rotor current, referred to the stator circuit, is three times the actual. Other data and
parameters of the doubly-fed induction machine, used in the simulations, can be found
in Appendix C.2.

6.4.2 Without Flux Damping

When investigating how the maximum rotor current is influenced by a voltage dip, the
following control-law methods will be used:

Method A The current control law given by (5.46).
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Method B The current control law with feed-forward of the back emf. In the feed-
forward back emf term the derivative of the flux is neglected. The current control
law is given by (5.49).

Method C The current control law with feed-forward of the whole back emf as de-
scribed by (6.18)

It can be noted that in neither of the control laws, flux damping has been performed,
as described in Section 6.2. In order to verify the model of the doubly-fed induction
machine comparisons of simulated and laboratory results, for a voltage dip, will be
presented. Figure 6.12 shows the response of the laboratory doubly-fed induction ma-
chine due to a voltage dip. The voltage drops approximately 4.5 %. The induction
machine is controlled using Method A and the bandwidth of the current control loop
was set to 0.35 p.u., corresponding to a rise time of 20 ms. During the measurements,
the stator is connected in series with resistances of approximately 0.85 €2, which are
short-circuited to accomplish a voltage dip. The induction machine is accordingly op-
erated as a generator. The measured data were sampled with 10 kHz and low-pass
filtered with a cut-off frequency set to 500 Hz. It can be seen in the figure that al-
most the same response could be accomplished using simulations as the measured ones.
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Figure 6.12: The response for method A due to a voltage dip. Solid line is measurements

and dashed lines are simulation. a) ¢5. b) is. ¢) tgar. d) iggr.
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Figure 6.13 shows a simulation of the responses, for current control Methods A
to C, for a voltage dip of 25 %. In the simulation, the doubly-fed induction machine is
magnetized from the rotor circuit, i.e., i;ﬁ’fw is set according to (6.71), and is running
at a rotor speed of 0.8 p.u. and at 17 % of rated torque. The bandwidth of the current

control loop in the simulation was set to 0.7 p.u. It can be seen in the figure that

0.05 0.1 0.15 0.2
Time [s]

0.05 0.1 0.15 0.2
Time [s]

Figure 6.13: Responses due to a voltage dip, of 25 %, for current control Method A
(dotted), Method B (dashed), and Method C (solid). a) Flux, 5. b) Rotor voltage,
|[Vrr|. ¢) d component rotor current, iggr. d) ¢ component rotor current, ig,r. €) d
component stator current, igy. f) ¢ component stator current, lsq-

Method A gives oscillations in both the d and the ¢ component of the rotor current.
The reason for this is that the “whole” back emf] i.e.,

_de,
o dt

B = T e, = jud ) — (2 ), (6.73)

Lyt
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is treated as a disturbance to the current controller. In (6.73) it can be seen that the
derivative of the flux will influence the d component of the rotor current while the term
jwaths will influence the ¢ component of the rotor current. For Method B, the term
jwots, in the back emf is compensated for in a feed-forward manner. Therefore, the
oscillations in the ¢ component has vanished. In Method C, where the flux derivative in
the back emf is not neglected in the feed-forward compensation term, the oscillations
in the flux will not influence the rotor current, but then the oscillations is “pushed
over” to the d component of the stator current. On the other hand, for Method C
the flux oscillation, are worse damped than for Methods A and B. In the simulations
the rotor voltage has not been limited, i.e., the current controller puts out the desired
voltage. However, in a real system, the rotor voltage must be limited when it reaches
the maximum value that the inverter can deliver. If the rotor voltage becomes limited
the current controller loses control of the rotor current, which then might reach the
rated current of the inverter. Then, the “crow bar” must short circuit the rotor circuit

in order to protect the inverter.

In order to investigate the response to different magnitudes of the voltage dips
and for different bandwidths of the current control loop, several simulations have been
carried out. For Metod B the maximum current due to a voltage dip, can be seen in
Figure 6.14, for different bandwidths of the current control loop, a.. In the figure, the
doubly-fed induction machine is operated under the four different conditions, Case I-
Case IV. The different operating conditions are given in Section 6.4.1. It can be seen
in the figure that the maximum rotor current increases with the size of the voltage dip,
especially for low bandwidths of the current control loop. For higher bandwidths of the
current control loop it can be seen that the rotor current is practically constant. The
reason for this is that when the bandwidth is increased the “need” for compensating the
back emf vanish, cf. the Bode plot in Figure 5.10. However, for large voltage dips and
low bandwidths the results are independent of the operating point. The corresponding
maximum rotor voltages, for Method B, are presented in Figure 6.15. In the figure
it can be seen that the maximum rotor voltage increases with the size of the voltage
dip. Further, the maximum rotor voltage, for large voltage dips, is relatively similar
between the different operating points investigated. It can also be noted that the
maximum rotor voltage, due to a voltage dip, is quit independent of the bandwidth of
the current control loop, a..
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Figure 6.14: Maximum value of the rotor current, for current control Method B, after

a voltage dip, and for different bandwidths of the current control loop, a.. a) Case .

b) Case II. ¢) Case III. d) Case IV.
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Figure 6.15: Maximum value of the rotor voltage, for current control Method B, after

a voltage dip, and for different bandwidths of the current control loop, a.. a) Case I.

b) Case II. ¢) Case III. d) Case IV.
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Figure 6.16 shows the corresponding maximum rotor voltage when Method C is
used. Since, a voltage dip do not influence the rotor current for Method C, the rotor
current is not shown. In the figure it can be seen that the maximum rotor voltage

2) b)

ae [pu] 00

Figure 6.16: Maximum value of the rotor voltage, for Method C, after a voltage dip,
and for different bandwidths of the current control loop, a.. a) Case I. b) Case II.
c) Case III. d) Case IV.

increases with the magnitude of the voltage dip, in a similar way as for Method B.
The maximum rotor voltage, for large voltage dips, is similar between the different
operating points investigated. It can also be seen that the maximum rotor voltage,
due to a voltage dip, is independent of the bandwidth of the current control loop, ..
Generally, the maximum rotor voltage for Method B is a couple percent lower than for
Method C.
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As could be seen in Figure 6.15 and Figure 6.16, for Cases I, IT and IV the maximum
rotor voltage is quite high even for a small voltage dip. The reason for this is that the
rotor speed is either 0.7 p.u. or 1.3 p.u., i.e., the rotor voltage must be 0.3 p.u. in order
to have a slip of 30 %. This is approximately the maximum needed rotor voltage in
order control the doubly-fed induction machine with a maximum slip of 30 % (without
considering grid disturbances). This means that if the inverter is designed according
to the maximum desired slip, the rotor voltage is close to its maximum allowed value
for Cases I, II and IV. Then, there is not “much” rotor voltage left to handle a grid
disturbance, i.e., the rotor voltage must be limited and thereby the current controller
loses control of the rotor currents.

It can also be noted, although not shown for all methods, that the maximum rotor
current due to a voltage dip becomes quite similar for the different current control
methods (A-C) when the bandwidth of the current control loop is high. The reason
for this is that when the bandwidth of the current control loop increases, the need for
feed-forward of the back emf vanishes, cf. the Bode plot in Figure 5.10.

If the doubly-fed induction machine was magnetized from the stator circuit instead
of the rotor circuit, the maximum rotor voltage could be reduced from 0 up to 0.2 p.u.
for Method C, depending on the size of the voltage dip, for the investigated system.
Further, the “natural” damping of the system is also improved. The interested reader

can find a small investigation of this in Appendix D.

Method C seems to be the best one suited to handle a voltage dip, since it has full
control over the rotor currents, at least, as long as the rotor voltage is not limited.
For Method C the flux oscillations is are worse damped than the other investigated
methods. But, since we have full control of the rotor current, they can be used to damp
out the flux oscillation.

6.4.3 With Flux Damping

Here, in this section, flux damping, as described in Section 6.2, will be introduced in
the current control laws. In order to investigate the influence of the flux damping, on
the rotor currents, the following current control laws will be used

Method D Method A with flux damping. Flux damping is performed according to
Section 6.2.

Method E Method B with flux damping. Flux damping is performed according to
Section 6.2.

Method F Method C with “active resistance” and with flux damping. Flux damping
is performed according to Section 6.2.

Figure 6.17 shows a simulation of the response, for Methods D, E and F, caused by a
voltage dip of 25 %. In the simulation, the doubly-fed induction machine is magnetized
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from the rotor circuit, i.e., 7 - is controlled according to (6.71). The bandwidth of the
current control loop in the simulation was set to 7 p.u. and the flux damping, ay, is set
to 0.07 p.u. The response of the different methods performs almost the same, except
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Figure 6.17: Responses due to a voltage dip, of 25 %, for current control Method D
(dotted), Method E (dashed) and, Method F (solid). The doubly-fed induction machine
is magnetized from the rotor circuit. The machine is running of 17 % of rated torque
and at a rotor speed of 0.8 p.u. before the voltage dip. a) Flux, 1¢,. b) Rotor voltage,
|[Vrr|. ¢) d component rotor current, igsr. d) ¢ component rotor current, ig,r. €) d
component stator current, igy. f) ¢ component stator current, lsq-

Method A which has oscillations in the ¢ component of the rotor and stator current.
These oscillations are caused by the back emf in the same way as described in previous
section (without flux damping). It can be seen in the figure that the d components of
the currents has large oscillations. The reason for the oscillations in the d component
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of the rotor current is that it is used to damp out the oscillations. This method, with a
flux differentiation to damp out the flux oscillations demands relatively high currents
[37]. The maximum value of the rotor voltage is also relatively high. In comparison to
the simulation in Figure 6.13, without flux damping, the maximum value of the rotor
voltage is higher.

As could be seen in Figure 6.17 the maximum rotor current for the different methods
are close to each other, therefore the response of the doubly-fed induction machine for
different magnitude of the voltage dips will only be presented for Method F. Since the
d component is used to damp out the flux oscillations, which therefore might be high,
both the maximum rotor current and voltage will be shown. Figure 6.18 shows the
maximum rotor current after a voltage dip for different bandwidths of the flux damp-
ing, ag. The bandwidth of the current control loop is set to 7 p.u. and the doubly-fed
induction machine is magnetized from the rotor circuit. In the figure it can be seen,
that the rotor currents will reach a very high value for a relatively small voltage dip.
It can also be seen that if the flux damping is increased the maximum value of the
rotor current is also increased, especially when comparing to very low bandwidths of
the flux damping, ay. Of course, it is possible to limit the rotor current so it does
not increase above the rated current of the inverter. If the rotor current has to be
limited, the performance of the flux damping will be lower. Note, that the controller
will not lose the control of the rotor currents as long as the rotor voltage is not limited.
Therefore the maximum value of the rotor voltage is of great importance, if the system
should withstand a voltage dip. Figure 6.19 shows the corresponding maximum rotor
voltage, for Method F. In the figure it can be seen that the “needed” rotor voltage
to damp the flux oscillations increases with the bandwidth of the flux damping, ay,
at least for larger voltage dips. The maximum rotor voltage is not that dependent on
the bandwidth of the flux damping, a4, for smaller voltage dips. It can also be noted
that there exists a flux damping, g, where the maximum rotor voltage is minimum.
However, the damping of the flux will be poor since the value of the lux damping, ay,
is small.

As for the case without flux damping it is possible to reduce the maximum rotor
current and voltage if the doubly-fed induction machine is magnetized from the stator
circuit instead of the rotor circuit. Further, the “natural” damping of the system is also
improved. The interested reader can find a small investigation of this in Appendix D.

6.4.4 Conclusion and Discussion

It has been found out that in order to withstand a voltage dip, there are two important
factors, namely the maximum allowed rotor current and voltage. For example, if the
rotor voltage must be limited, then the current controller “loses” the control over the
rotor currents and therefore the rotor currents might be larger than maximum allowed
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Figure 6.18: Maximum value of the rotor current, for current control Method F, after
a voltage dip, and for different bandwidths of the current control loop, a.. a) Case L.

b) Case II. ¢) Case III. d) Case IV.

current. The choice of current control law can also be an important factor, if the band-
width of the current control loop is low.

When flux damping is used, the rotor currents will reach their rated values for a rel-
atively small voltage dip. However, the maximum rotor voltage is not affected as much
as the rotor current. The difference between different methods of flux damping is small.

In the evaluation in this section, the control of the grid-side inverter has not been
considered. Although, some interesting results can be noted. Which is, that it is not
only necessary to dimension the inverter after the rated current of the machine and the
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Figure 6.19: Maximum value of the rotor voltage, for current control Method F, after
a voltage dip, and for different bandwidths of the current control loop, «a.. a) Case L.

b) Case II. ¢) Case III. d) Case IV.

desired variable-speed range, but also so it can handle and damp out the flux oscillation
of a specific voltage dip. If the doubly-fed induction machine is magnetized from the
stator circuit instead of the rotor circuit the maximum rotor voltage and current, due
to a voltage dip, can be reduced.

The method with feed-forward of the back emf and possibly an “active resistance”
seems to be the best one suited to handle a voltage dip, since it has full control of the
rotor currents. Using this method the flux oscillations are worse damped, but since the
controller has full control of the rotor current, they can be used to damp out the flux
oscillation. One disadvantage of using feed-forward of the back emf is that the stator
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voltage and current have to be measured. This implies that offsets and noise in the
measurements might influence the performance of the controller.
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Chapter 7

Conclusion

The electrical energy efficiency of wind turbine systems equipped with doubly-fed in-
duction generators in comparison to other wind turbine generator systems has been
investigated. It was found that if the range of the variable speed is set properly, there
is the possibility to gain a few percentage units (approximately 3 %) in energy effi-
ciency compared to a variable-speed induction generator equipped with a full power
inverter. In comparison to a direct-driven permanent-magnet synchronous generator,
there might be a slight gain in the energy depending on the average wind-speed of
the site. The stator-to-rotor turns ratio is an important design parameter for lowering
the losses of the doubly-fed induction generator system. In comparison with the result
obtained by Datta et al. in [9], there is a large difference in the gain in energy. Rea-
sons for this might be that in [9], the electric and mechanical losses are neglected, the
maximum power that can be produced of each turbine is different and that the result
is only calculated with one simulated wind speed.

The flux dynamics of the doubly-fed induction machine consist of two poorly
damped poles, which influence the current control loop. They will cause oscillations
close to the line frequency in the flux and in the rotor currents. Different methods
to reduce the influence of the flux oscillations in the rotor current have been investi-
gated. The method with feed-forward compensation of the whole back emf manages
to suppress the oscillations in the rotor currents. The method which only uses “active
resistance” to damp out disturbances acting on the rotor current might be unstable,
even though the method manages to suppress low-frequency disturbances very well, if
the bandwidth of the current control loop is not set much higher than the back-emf
dynamics. The method that combines the feed-forward compensation and the “active
resistance” managed to suppress low-frequency disturbances and the oscillations caused
by the flux very well. Further, it has been shown that, using this method, the analysis

of the flux dynamics is reduced to a second-order system.

In case of a voltage dip, the flux in the doubly-fed induction machine will start to
oscillate. It is then necessary that the controller can cope with the disturbance, since
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otherwise the system must be disconnected from the grid. Important factors are the
maximum allowed rotor current and voltage. Especially, if the rotor voltage must be
limited, then the controller loses control of the rotor current, which then might be too
high. Further, it has been found that the choice of current control law is of importance
if the bandwidth of the current control loop is low.

When using flux damping, the rotor current will reach its rated value for a relatively
small voltage dip. It has also been found out that the difference between different
current control methods when using flux damping of the flux is small. There exists a
value of the flux damping where the maximum rotor voltage is minimum. However,
the damping of the flux will be poor since the value of the flux damping is small.

If the doubly-fed induction machine is magnetized from the stator circuit instead
of the rotor circuit it is possible to reduce the maximum rotor current and voltage due
to a voltage dip. The “natural” damping of the system is also improved, when the
doubly-fed induction machine is magnetized from the stator.

The methods with feed-forward of the back emf and possibly an “active resistance”
seems to be the best one suited, at least for low bandwiths of the current control loop,
to handle a voltage dip, since it has full control of the rotor currents.

104



Chapter 8

Proposed Future Work

In this thesis the response of the doubly-fed induction generator to grid disturbances
has been investigated. As always there are many more interesting aspect that can be
considered, such as; unsymmetrical voltage dips, voltage harmonics, phase shifts and
frequency dips in the grid voltage.

Means to counteract these disturbances could be improvements of the control laws
as well as using the grid-side inverter, connected either in shunt or series to the grid,

to improve the situation.

Other aspects that could be of interest is to use the wind turbine, equipped with a
doubly-fed induction generator, to support the electrical grid statically or dynamically.
Since the machine-side inverter is connected in shunt to the grid via the doubly-fed
induction machine (which acts as a transformer) and if the grid-side inverter is con-
nected in series with the grid, the system is close to a unified power quality conditioner
(UPQC) [18]. Therefore an interesting aspect is to investigate the possibility to run the
wind turbine equipped with a doubly-fed induction generator as a UPQC. The great
advantage is that with little additional cost, the wind turbine also works as an UPQC,

which most certainly increase the value of the wind turbine.
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Appendix A

Nomenclature

Symbols

Fp drag force
Fr lift force

I, I  current (steady state)
i, 1 current

k; integral gain

ky proportional gain

L inductance

np number of pole-pairs
P active power

P derivative operator

Q reactive power

R resistance

S apparent power

V, V'  voltage (steady state)
v, v  voltage

Q@ closed loop bandwidth
U o flux

w1 synchronous frequency
Wo slip frequency

Wy rotor angular speed (referred to the electrical system)
Superscripts

r rotor oriented reference frame
ref reference

s stator oriented reference frame
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Subscripts

real part of flux an oriented reference frame

rotor

mutual

mutual (I'-representation)

rotor (I-representation)

stator

imaginary part of an flux oriented reference frame
leakage

['-representation of Park-model

A IR w oy =3 YA

leakage (I'-representation)

Abbreviations

DFIG doubly-fed induction generator
DFIM doubly-fed induction machine
EMF  electro motive force

FSIG fixed-speed induction generator
GSI grid side inverter

IG induction generator

IM induction machine

IMC  internal model control

MSI machine side inverter

PWM pulse width modulation

SG synchronous generator
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Appendix B

Per-Unit Values

Table B.1: Base value definition.

Base value Denomination  Definition
Von—
Base voltage Viase v, = —2P
V3
Base current Tyose I,
: Vi
Base impedance Dhase ase
Ibase
Base power Sbase 3‘/basejbase
Base angular frequency wpgse Wy = 27 fn
) 1
Base angular time thase —
Wn,
3Viaselp
Base torque Thase —_ase e
Wbase/np
Vi
Base flux Winse e
Whase
. . 3Viaselp
Base inertia Thase —
wba QF‘/np

The reason for choosing the phase voltage as base value instead of the main voltage
is due to the fact that the p.u. values should be valid both for space vectors and for
the jw-method.
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Appendix C

Laboratory Setup and Induction
Machine Data

C.1 Laboratory Setup

The laboratory setup consists of one slip-ringed wound rotor induction machine, one
voltage source inverter, two measurement boxes, one digital signal processing (DSP)
system and one measurement computer. Data of the induction machine is given in
Section C.2. In Figure C.1 shows a principle sketch of the laboratory setup. The mea-

ac supply
v, 1
0,
dc supply —— Inverter DSP Meas.
computer

Figure C.1: Laboratory setup. Thick lines indicates cables with power while dashed

lines implies measurements signals.

surement boxes measures voltages and currents. One measurement box is attached to
the stator circuit while the other measure the rotor circuit. There is also a resolver that
measure the rotor position, 6., of the induction machine. When running the machine as
doubly-fed the stator circuit is directly connected to the grid (during the experiments
in this thesis the stator circuit was connected to a 230-V, 50-Hz source, note that the
nominal voltage of the induction machine is 380 V). Normally, the inverter operates as
a back-to-back inverter, but during the experiments the inverter was directly fed by a
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dc source of 450 V dc. Although the inverter here is fed directly from a dc source, it
is possible to run it as a back-to-back inverter. The loading dc machine is fed through
a thyristor inverter and could be both speed or torque controlled.

The control laws were all written in the C-language and downloaded to the DSP-unit
(Texas TMS320c¢30). The DSP-unit has 16 analog input channels, for measurement
signals, and 8 analog output channels, for signals that is desired to be fed to the
measurement, computer. The voltage references to the inverter are modulated digitally
and via optic fibers sent to the inverter.

The measurement system consists of one filter box and one computer equipped with
the LabView software. With this system it is possible to measure up to 16 channels,
i.e., from the measurements boxes or from the DSP unit.

A more thorough description of the laboratory set up can be found in [47].

C.2 Data of the Induction Machine

Table C.1: Nominal values of the induction machine.
Rated voltage (Y) V,,—, 380V

Rated current 1, 44 A
Rated frequency fn 50 Hz
Rated rotor speed n, 1440 rpm
Rated power P, 22 kW
Rated torque T, 145 Nm
Power factor 0.89

Table C.2: Parameters of the induction machine.

Stator resistance R, 0.115Q < 0.0230 p.u.
Rotor resistance R, 0.184 Q < 0.0369 p.u.
Stator leakage inductance L, 1.65 mH < 0.104 p.u.
Rotor leakage inductance L, 1.68 mH < 0.106 p.u.
Magnitizing resistance R, 224Q & 449 pa.
Magnitizing inductance L, 46.6 mH & 293 pau
Inertia J 0.334 kgm? < 178 p.u.
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Appendix D

Grid Disturbances — Difference
Between Magnetizing from Rotor

and Stator Circuit

In Section 6.4 it is assumed that the doubly-fed induction machine is magnetized from
the rotor circuit. Here a small investigation of the difference in the maximum rotor
current and voltage if the doubly-fed induction machine is magnetized from the stator
circuit instead. For a description of the system and other details see Section 6.4.

When the doubly-fed induction machine is magnetized from the stator circuit the

d component of the rotor current reference value is set to
-ref
igar = 0. (D.1)

The torque is still controlled as described in Section 6.4.
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D.1 Without Flux Damping

Figure D.1 shows the difference between the maximum rotor voltage, after a voltage
dip, when the doubly-fed induction machine is magnetized from the rotor and the
stator circuit. In the figure Method C is used. It can be seen that if the doubly-fed

Figure D.1: Difference between the maximum value of the rotor voltage, after a voltage
dip, when the doubly-fed induction machine is magnetized from the rotor and the stator
circuit. Method C is used. a) Case 1. b) Case II. ¢) Case III. d) Case IV.

induction machine is magnetized from the stator circuit, the maximum rotor voltage
can be decreased with up to 0.2 p.u., depending on the size of the voltage dip. The
“natural” damping of the system is also improved when the machine is magnetized

from the stator circuit, i.e., 75 = 0, cf. (5.59).
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D.2 With Flux Damping

The difference between the maximum rotor voltage, due to a voltage dip, when the
machine is magnetized from the rotor and the stator circuit, can be seen in Figure D.2.

In the figure Method F is used. As shown in the figure the maximum rotor voltage,

0.05 p . . _ .
0.1 0.1
ag [p-u.] 00 AU [p.u.] ag [p-u.] 0 0 AU [p.u]

Figure D.2: Difference between the maximum value of the rotor voltage, after a voltage
dip, when the doubly-fed induction machine is magnetized from the rotor and the stator
circuit. Method F is used. a) Case I. b) Case II. c¢) Case III. d) Case IV.

due to a voltage dip, will decrease if the doubly-fed induction machine is magnetized
from the stator circuit instead of the rotor circuit. Especially for large voltage dips.
The corresponding difference in the maximum rotor current, due to a voltage dip,
is presented in Figure D.3. In the figure it can be seen that the maximum rotor
current has significantly decreased when the machine is magnetized from the stator
circuit instead of the rotor circuit. It can also be noted that when magnetizing from
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0.1, ' “o1
ag [p.u.] 00 AU [p.u.] ag [p.u.] 00 AU [p.u.]

Figure D.3: Difference between the maximum value of the rotor current, after a voltage

dip, when the doubly-fed induction machine is magnetized from the rotor and the stator
circuit. Method F is used. a) Case I. b) Case II. ¢) Case III. d) Case IV.

the stator circuit, i.e., i;‘{fw = 0, the “natural” damping of the system is improved,

cf. (5.59).
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