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Abstract

In this thesis the control of a wind turbine equipped with an induction generator with a
variable rotor resistance was investigated. Analysis, modelling and control of the induction
generator system was conducted. In particular the focus was put on the reduction of torque
fluctuations, in order to reduce the stresses in the gearbox and in the mechanical structure as
well as reducing the flicker emission.

Different controlling methods were studied in order to find an appropriate choice.
Finally, the induction machine with the variable rotor resistance controller was compared with
the same induction machine without controller for the wind application, in order to study the
improvement of implementing the controller.

The first thing to be emphasized is that by utilising the controller the flicker
contribution can be reduced between 35%-60% compared to the uncontrolled system. It was
also found that the reduction of the flicker contributions was strongly related with the
turbulence intensity in the wind. The reduction in the flicker emission was stronger for more
turbulent winds. Furthermore, a reduction in the magnitude of the electrical torque
components for the frequencies above 1Hz was found. Those high-frequency components are
the ones that more contribute to the mechanical stresses in the gearbox and structure of the
turbine, this means that by utilising the controller there will be less tear and wear on the
mechanical parts of the turbine.
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Chapter 1

Introduction

1.1 Background

Wind power is without any doubt becoming an important energy source. Today a
massive expansion is going on. However, the possible sites on land are starting to get fewer
and accordingly the focus on sea locations are growing. Here there is much more space, and
not only that, a higher average wind speed is available, because wind speeds are affected by
the friction against the earth’s surface, and since the surfaces of the sea is very smooth and
the obstacles to the wind are few, the average wind speed is higher than on land.

For these reasons, offshore wind energy is a promising solution for countries with high
population density and without suitable sites on land to build wind parks. Of course, there are
some limitations for the construction of offshore wind farms like that costs are higher than on
land, but the energy production is also higher.

However, cables are needed and then only 100 km of energy transportation is possible
if 50 Hz AC is used. Since large-scale electric power has to be transmitted over long distances,
then HVDC lines are needed, and the first such park is today being built in the North Sea.
Furthermore, HVDC transmission systems have been in successful operation in power systems
all over the world for about 40 years, and there are some well-known and accepted facts that
can be very useful for offshore wind parks. The most important is that the offshore grid and
onshore grid are isolated by the HVDC-link, this gives new possibilities regarding the local AC-
system which can be utilised.

In this local AC-system the voltage and frequency can be changed by the AC-DC
converter in the offshore side. This open the possibility of removing the converter connected
to the generator of each wind turbine, but still having variable rotor speed in the turbines
thanks to a central speed control for the whole wind farm that can changes the frequency of
the grid, hence the speed of the wind turbines, which are equipped with induction generators
directly connected to the electrical grid. This will reduce the cost for the wind turbine system,
and in addition increase the reliability. Here the system with a variable rotor resistance
becomes of high interest, since it can reduce mechanical stresses on the turbine just as a
variable speed system.

A very interesting issue for this system with variable rotor resistances is to what extent
this system can be used for this application, and the selection of a suitable control. With a
controllable rotor resistance it will be possible to absorb incoming power variations by
changing the rotor speed much faster than the pitch controller, which will give a better power
quality.



1.2 Previous work

The control of an external rotor resistance has been studied before, for example the
©0ptiSlip concept by the Danish manufacturer Vestas. But there is not too much available
literature about this subject in particular for the situation where voltage an frequency can
change. In [1] a derived control law for a wind turbine using variable rotor resistances is found,
but in that paper only the flicker contribution of the wind turbine is studied.

1.3 Goal of the project

The main purpose of this thesis is to investigate how a wind turbine using a variable
rotor resistance can be controlled for a wind turbine application. For this purpose an induction
machine will be modelled and linearized. Moreover, an objective is to study how this system
behaves for a situation with realistic wind inputs.

1.4 Thesis layout

The body of the thesis is organized as follows:
Chapter2, description of common wind turbines systems and offshore wind farms.
Chapter 3, presentation of the induction machine model and it linearization.
Chapter 4, presents the design of the controller.

Chapter 5, presentation of the results for different shaft torque curves, synthetic and real
data.

Chapter 6, describes the final design of the controller and its final characteristics.

Chapter 7, gives a summary of the conclusion that could be extracted from the results of the
evaluations.

Chapter 8, contains the proposed future work.



Chapter 2

Wind turbines & offshore wind parks

This chapter gives a brief overview of common wind turbine systems. It also introduces
the advantages of combine offshore wind parks with HVDC lines. The interested reader can
find more information about wind turbine theory in [16], about offshore wind farms in [17]
and about HVDC lines in [15].

2.1 Wind turbines

2.1.1 Aerodynamic conversion

A wind turbine system gets its input power by converting some of the kinetic energy in
the wind into torque acting on the rotor blades. This process is called the aerodynamic
conversion, and depends on the wind speed, the rotor area, the pitch angle of the blades, and
the density of the air. Although there are different types of wind turbines systems, all of them
work in a similar way.

In order to calculate the mechanical power from a wind turbine the C,(B,A) curve can
be used. With this knowledge the mechanical power can be determined by

Prech = %,DAGC(ﬁ,/UW3 (2.1)

Where C,(B,A) describes how much of the available energy in the wind that can be
converted into mechanical power that depends on the tip speed ratio A and in the pitch angle
of the blades B, p is the air density, A, is the area swept by the rotor and w is the wind speed. A
typical Co(B,A) is presented in the figure 2.1, where it is possible to see the C,(A) curves for
different values in the pitch angle of the blades.



Figure 2.1, typical C,(B,A) curve.

The wind turbine starts to generate energy when the wind speed is above V., and
stops when the wind speed is above V.4 Figure 2.2, shows an example of how the
mechanical power varies with the wind speed.
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Figure 2.2, typical power curve of a wind turbine

2.1.2 Fixed and variable speed wind turbines

Fixed-speed system

The fixed speed wind turbines [11] have been the standard wind turbines for several
decades due to its simplicity and robustness. For the fixed speed operation the stator of the
induction generator is directly connected to the grid. Then the rotor shaft is almost locked to



the frequency of the grid, admitting only very small speed variation from the nominal value.
Figure 2.3 shows the principal layout of such a system.

Gear Soft
box starter

Grid

Bank
capacitor

Figure 2.3, fixed-speed wind turbine system

Variable-speed system

The variable-speed wind turbine system [10] uses an inverter connected to the rotor of
the generator. By using a variable rotor speed at low wind speeds it is possible to operate at
ideal A that results in maximum C, value. So variable speed wind turbines maximize the energy
captured in weaker winds. The possibility to control the rotor speed also reduce the
mechanical stresses by better torque control and reduce the power fluctuations, hence
increase the power quality. In figure 2.4 can be seen a typical configuration for this system that
consists of a wind turbine with a doubly-fed induction generator.

Disadvantages of this method are the additional cost and the power losses in the
converter. Other disadvantage is that extra filtering of the output current is needed to obtain a
good power quality due to the harmonics that are added with the power electronic
equipment.

Gear
box IM Inverter

Grid

Figure 2.4, variable-speed doubly-fed induction generator system



2.2 Offshore wind farms

The offshore wind sector is currently booming with several new offshore wind farms
under construction. The offshore wind energy is expected to be a major contributor in
renewable generation.

The facts that motivates these thoughts are that new restrictions to the onshore wind
farms have appear, such as, limited amount of available land or difficulties for obtaining local
permits and public acceptance, and also environmental aspects and the noises from the wind
turbines that disturb people in the area around the wind farm.

With offshore wind farms most of these problems are solved. In offshore wind farms
large installation capacities are possible, which minimize the number of factors that increase
the cost of offshore wind farms to be above the onshore ones. The attraction that it has
minimal environmental effects and, wind speeds are generally higher than onshore and with
reduced turbulence. However, it has to be considered that offshore wind farms are without
any environmental impact, but these are considerably smaller than in onshore wind farms.

Development of wind turbines is now focused on turbine sizes of several MW. These
large size turbines use converters to connect them to the grid, control the varying input and
also reduce the harmonic content of the output. If the converter could be avoided, since the
wind turbines are connected to a local grid that is isolated from the public grid; so it can work
at variable voltage-frequency and without very high power quality requirements. Furthermore,
the wind farm already has one/several HVDC converter that can be used as a central speed
control for the whole wind farm by changing the frequency of the grid, hence the speed of the
wind turbine, which has the induction generator directly connected to the grid. Then, it will be
possible to remove the converters from all the wind turbines, and only keep the HVDC
converter. Now the wind turbines can be equipped with variable slip resistances controller to
improve the power quality instead of one converter in each wind turbine. This will lead to a
cheaper and also robustness system.

In this case the control of the wind farm will be carried out by the HVDC converter in
the offshore side, that will set the frequency and the voltage that optimize energy captured
from the wind. In figure 2.5 it is presented the configuration of an offshore wind farm with
HVDC transmission [14], where each turbine is directly connected to the offshore grid and is
equipped with external rotor resistances control.
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Figure 2.5, Configuration of an offshore wind farm with HVDC transmission.

2.3 HVDC lines

To connect the offshore wind farms with land, the HVDC lines are the best alternative.
This is due to the fact that large-scale power transmissions over long distances are not feasible
with traditional AC transmission systems, so HVDC has been proven to be a better option.

It has been proven, according to [15], that when the amount of power to be
transmitted, and the distance are high enough, the HVDC transmission system is cheaper than
the AC system. Also the DC transmission system causes lower transmission losses.

Using an HVDC transmission provides the system with more stability and control due
to the fact that the power flow can be fast and controlled by the HVDC link. Also, the grids
offshore and onshore are isolated due to the existence of the HVDC link which protects both
grids from faults in the other side. If the wind turbines are isolated from the other grid, the
offshore grid will be able to work at the frequency that allows the wind farm to obtain the
higher efficiency from the wind also if turbines without converters are used.

2.4 Power quality characteristics of wind turbines

Power quality characteristics of grid connected wind turbines are becoming more
important every day due to the development of large wind farms that may form a significant
part of the power system. Nowadays the power quality standards of wind turbines are issued
by the International Electrotechnical Commission (IEC), IEC61400-21: “Measurement and
assessment of power quality characteristics of grid connected wind turbines”, Ed 1, 2001 [7]
defined the parameters that are characteristic of the wind turbine behavior in terms of the
quality of power.



With the development of IEC61400-21, it was possible to identify the factors and
characteristics with highest influence on the power quality of wind turbines and the
parameters then became more adapted to their quantification, to act as normalized quality
indicators. These parameters are used to estimate the power quality of a wind turbine.

The typical behavior of a wind park based on induction generators directly connected
to the grid, delivers a fairly variable power to the grid. This power flow can contribute to flicker
emissions and affect the mean voltage profile. Certainly, this can be compensated by
installation of reactive power compensation. The use of doubly-fed induction generators or
generators with fully rated frequency converters generally offers smaller fluctuations in the
active power output. But the disadvantage of using power electronic converters may be a
higher harmonic distortion, increased cost and losses in the converter

As mentioned before, the publication of the IEC 61400-21 standard enabled the
determination of systematic parameters to characterize the quality of power of grid connected
wind turbines. In the chapter 5 “Evaluation of the controller”, improvement of the power
quality that is achieved with the use of the variable rotor resistances controller will be
determined. The main parameter that will be used for this purpose will be the flicker emission.
This parameter gives an idea of the wind power fluctuations in steady-state operation. Another
parameter that can be used is the emission of current harmonics, but in this case the
controller will have no effect on this parameter since it is not using power electronic
converters that are the equipment that mostly is causing the current harmonics emission.



Chapter 3

Induction machine

In this chapter, a suitable model of an induction machine will be presented. Further,
the linearization of the obtained model will be shown. At the end, it will be demonstrated how
the induction machine behaves depending on the value of the rotor resistance.

3.1 Induction machine as wind turbine generator

The induction generators that are used in the wind turbine industry [12] have two
main types of rotor: squirrel cage rotor or wound-cage rotor. This last can have slip rings that
can be connected to an external circuit. When it is desired to control the turbine, a wound
rotor with slip rings has to be used.

The slip of an induction generator is usually very small (for efficiency reasons), but the
slip depends on the resistance of the rotor windings. Thus, it is possible to increase the rotor
resistance by increasing external resistances connected to the slip rings. The fact that the
generator will increase or decrease its speed slightly if the torque varies is a very useful
mechanical property; because this means less stresses in the gearbox and in the induction
machine, so it will be possible to use smaller (accordingly cheaper) gearboxes.

Running wind turbine at variable speed has several advantages, one is that it allows
the rotor to speed up while a wind gust is happening, storing the excess of energy into
rotational energy until the wind dust is finished. In addition, the conversion of wind energy
into shaft energy will increase if the wind turbine can operate at its optimal speed depending
on the wind speed. Although, the complexity of the variable speed system leads to increased
cost a reduced reliability due to use of power electronics and a more complicated control.

But new offshore wind farms connected to land through HVDC lines, open new
possibilities regarding the local AC-system which can be utilised in order to reduce the cost for
a wind turbine system, and in addition increase the reliability. Removing the converter
connected to the stator of the wind turbine is still possible to have variable rotor speed
systems by changing the frequency of the offshore grid with the HVDC converter. Here is
where the system with a variable rotor resistance system becomes of high interest.



3.2 Induction machine modelling

In this section, the equations that are needed to make a model of an induction
machine will be presented. In this project only the induction machine model will be taken into
account in the induction machine model, so the drive train will not be considered in the model
of the induction machine where the controller will be tested.

The objective of this section is to transform the induction machine into a separately
magnetized dc machine and presenting the mathematical model of it. The purpose of
transforming the IM into a separately magnetized dc machine is to make the subsequent
design of the controller easier. To make this transformation two steps are needed, first, make
the Three-phase to two-phase transformation, and second transform from stationary to a
rotating coordinate system oriented with the rotor flux in x-direction.

To transform the three-phase system into a two phase-system the a-B transformation
will be done. The a-B system will have two perpendicular axes, a and B, that can be considered
as the real and complex axes in a complex plane. The interested reader can consult “Park
transformation” [18] for further information.

The a-B transformation is given by the following matrix for the amplitude invariant
transformation:

ve(®] [ 0 0 V(1)
[Uﬁ(t) —[0 % _%] zz:((;)) (3.1)

The inverse two-phase to three phase transformation is given by:

vy () 2 2 vg (1) (3.2)

ve(t) 1.
2 2

va(t) _11 % Ve ()
ol |5 el

Electrical dynamics

Now that the transformation needed to get the two-phase system has been showed,
the electrical equations that govern the dynamics of the stator and rotor of the induction
machine in stationary coordinate systems will be stated below:

ug = Ryi§ + 22 (3.3)
S
0 = Rif + =5 — jo, ¥ (3.4)

WS = LgiS + Lyis  (3.5)

P = Lyly + Ll (3.6)

10



The equations above are the representation of dynamic model of the induction
machine with a stationary coordinates (a-B system), where u$ is is the applied phase stator
voltage to the induction machine, iJ is the stator current, i; is the rotor current, ¥ is the
stator flux, ¥ is the rotor flux, Ry is the stator resistance, R, is the rotor resistance, L is the
stator inductance, L, is the rotor inductance, L,, is the magnetizing inductance and w, is the
rotor speed. The equations 3.3 to 3.6 will be used to create the model in MATLAB. From those
equations is possible to derive the equivalent electrical circuit of the induction machine.

HE RS le H
| |

s ] VL <

Figure 3.1, dynamic induction machine model, T-form
The circuit above these lines is called the T-form, now it is possible to define:
Lg=Lg+ L, (3.7)
Lr=Lq+L, (3.8)

Then, substituting these terms in the equations 3.5 and 3.6 and separating the
quantities into real and imaginary parts, the electrical equations of the rotor and the stator
become:

disq Airg

Usq = Ryisq + Ls 2%+ Ly = (3.9)
, dig diy
usﬁ = Rslsﬁ +Lsd_tB+Lmd_tB (310)
dirgq disq

0=R,ipg + LT? + Lm? + wTLriT,B + a)erl'Sﬁ (3.11)

disg
at

. diy , .
0=Ryip+ er—f + Ly =L — w Lyiyg — 0y Lyisq (3.12)

If we arrange these equations into the matrix form, the matrixes below will be

obtained:

Ugy R, 0 0 0 l_sa
U.S[g 0 Rs 0 0 lsﬁ
0 0 erm RT wTLT ira
0 wyLy, 0 —wrLy Ry lliyg

LS 0 Lm 0 lsa

0 Lg 0 Lyla isﬁ]
L, 0 L 0 |ac|ing] (3.13)

0 Lm 0 L.l lig



The state-space form is:

% —x=Ax+Bu (3.14)

where:
A=L"R (3.15)

B=1L"1 (3.16)

Mechanical dynamics

The mechanical dynamics are described by:

J dwr
n, dt

:TE_TL (3.17)

_3n

To = =P (Voalsp — Pplsa)  (3.18)

where n, is the number of pole pairs, T, is the electromechanical torque and T}, is applied
shaft torque.

From this equations are derived the fifth and sixth states of the state-space
representation of the induction machine that are:

dwy

n
=T, =T (3.19)

a6,

=W, (3.20)

This state-space representation will be implemented in MATLAB/Simulink to simulate
the behavior of the IM and to test the controller that will be developed in the next chapters.

Transformation between stationary and rotating system

The values of the states and outputs of the previous model are sinusoidal. But, like it
was said before, these values are better represented in a rotating system where they become
dc quantities, which simplifies the design of the controller and also the analysis of the
simulations. For this reason is necessary to transform the values from the stationary to a
rotating system perfectly aligned with the rotor flux which is referred to as a dg-system.

This transformation is made by multiplying the quantities with e /¢, where 6 is the

ra

angle of the rotor flux that can be obtained like 8 = tan™?! (Z—

B

). In a matrix form the

transformation can be expressed like:

[vd(t)] _ [ cosO(t) sin Q(t)] [voc(t)]

v, (t) —sin0(t) cosO(t)|lvp(t) (3.21)

12



and the inverse transformation will be:

[v“(t)] _ [cos 6(t) —sin 9(0] [vd(t)] (3.22)

vp(t) sin@(t) cos@(t) |lvy(t)

The same matrixes 3.21 and 3.22 are used to transform the currents of the rotor and
the stator from an a-B system, into a dg-system.

The mathematical equations can be also transformed and solved in a rotating
reference frame. These equations are presented below.

dys

u. = R.i, +—
S S*S dt

+ jw ¥, (3.23)
., aAvy | .
0=Ryir +—- +jw; — )%, (3.24)

W, = Lis + Loy, (3.25)

Wo=L., +Lyis  (3.26)

J dwr
ny dt

:TE_TL (3.27)

3n . ,
To = =P (Wsalsqg = Poqlsa)  (3.28)
where wyj is the stator angular frequency.

These equations will be used in the next point to linearize the induction machine
model, and to obtain the transfer functions that will be used to design the external rotor
resistances controller.

Loss components in the induction generator

The losses in the induction machine mainly consist of two components, the copper
losses and the iron losses, but here it will be only the copper losses considered. They occur in
the stator and rotor windings, so increasing the rotor resistance will have an effect on them.
The copper losses are determined as:

Pioss = Peus + Pour = 3Rs|’s|2 + 3Rr|1r|2 (3.29)
Where:
P.,s are the losses in the stator

P.,.» are the losses in the rotor

13



3.3 Linearization of the induction machine model

Most of the existing theory for control system use linearized mathematical models of
the process to control them in a closed-loop manner. But in this case, the system is non linear,
for this reason, it is needed to transform the non-linear system into a linear one. Then the
linearized model will be used in chapter 4 “Design of the controller for the extra rotor
resistance” to develop the control system of the original non-linear model.

A possible way to get a control system is the following: The first step is to obtain a non-
linear model of the system, like it was made in the previous section. Next the model is
transformed into a linear one, as will be explained in this point. Later the control system is
designed for the linear model. Finally, the controller is developed using the non-linear model.
The last two points will be explained in following chapters.

In this point it is presented how the linearization of the induction machine model
described by nonlinear differential equations is performed. The procedure that will be used to
linearize the equation system is based on Taylor’s series expansion [13].

The first step is to calculate the equilibrium point. The equilibrium points are those
points where all the derivatives are simultaneously zero, and also the points which we are
going to operate around with small variations. To find the equilibrium point the equation
below has to be solved.

%o = f(xo,up) =0  (3.30)

Once the equilibrium points have been calculated, the motion of the nonlinear system
is in the neighborhood of the nominal system trajectory, that is:

x=x9+Ax (3.31)
u=uy+Au (3.32)
where Ax denotes small quantities. The new state must satisfy the equation 3.30 hence:
X = xg + Ax
= f(xg+ Ax,uy + Au) (3.33)
The right-hand side can be expanded into a Taylor series expansion, as follows:
X; = Xjo + AX;
= fi(xg + Ax,ug + Au)

of; i,

= fi(xo,uo) = a_xlel +ot ox, Xn
ofi oy O
+ o, Aug + -+ o, Au, (3.34)

Since f;(xg,uy) = 0, we have:

14



ofi
Oxn

ofi
Ax, + o,

A%, =Z—QAx1+---+ Au1+---+:—£Aur (3.35)
Therefore, the linearized forms of equations 3.31 and 3.32 are

Ax = AAx + BAu (3.36)

Ay = CAx + DAu (3.37)

where the partial derivatives represent the Jacobian matrixes given by

_% %_
ox; T 9xp
A= : : (3.38)
9fn Ofn
19x, 7 0xpd
_% %_
ou, T ouy
B=]: : (3.39)
Ofn Ofn
ou; 7 du,d

Ax is the state vector of dimension n

Ay is the output vector of dimension m

Au is the input vector of dimension r

A is the state matrix of size nxn

B is the input matrix of size nxr

C is the output matrix of size mxn

D is the proportion of input that appears directly in the output, size mxr

In this case, the system to be linearized is the dg-model of the induction machine that
has been presented in the equations 3.23 to 3.28. The states and the inputs of the system are:

lsd

i Usq

4 Usq

X = le u= Tm
irq R

Lw, ] er

Taking the equations 3.23 to 3.28 and rearranging the terms, the following equations to be
linearized are obtained:

disq - _ LyRsisq (Lerwl_LmZ(wl_wr)) i+ Lm(Rr+Rer)ira + (Lerwl_Ler(wl_wr)) i+
ot LgLy—Lm? LgLy—Lm? sq LsLy—Lpm? LsLy—Lpm? rq
Lyu
Ldz (3.40)
LgLy—Lpy
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(
(

aiSq_ —LsLr @1 +Lin* (01—0r)\ ; _ LyRsisq —LypLywi+LpLy(wi—wy) .
- lsa lrd

ot LgLy—Loy? LgLy—Lyy? LgLy—Lyy?
Lyug
— = (3.41)
LsLy—Lm

Lm(Rr‘l'Rer)irq
LgLy—Lp?

Jirg _ LmRsisq + (_Lsme1+LsLm(w1—wr)) - Ls(Rr+Rer)ira + (—Lm2w1+Ler(w1—wr)
sq

)ira -

9t LgLp—Lyp> LgLy—Loy? LsLy—Ly? LgLy—Loy?
Lu
L‘iz (3.42)
LsLy—Lm
Oirg _ (LsLmﬂ)l LsLm (w1~ wr)) + LimRslsq (Lmzwl—Ler(wl—a)r)) _—_ Ls(Ry+Rer)irg _
at LgLy—Lp> bsa T 12 LsLy—Ly> rd LsLy—Ly2
Lus
—=1 (3.43)
LsLy—Loy
ow P?Lpirdl P?Lpisqi
—=15——""_15——<1 (3.44)
at Ji ]
and according to equations 3.38 and 3.39, the A and B matrixes look like:
—LmRs —LgLpyw;+LsLpy (W — wyo) Ln(Ry + Rey) LnLy @y = LipLy (01 — 0yo) L
LgLy — Ly Ll —L,° Ll —L,° L L — L2 ( msqo ) ( mLyirqo
—LLywy + Ly (w1 — w,) —LyRy Lk @y + Ly (1 — w,) Ln(Ry + Rer) Lolr = Ln/ - ALsly = L
LiL, — L Lol — L2 LiL, — L2 Lol — L% ( m”isdo ) ( LmLrirao
LinRs —LsLynwy+LsLin (01 — @) —Ls(R, + R.,) —Lypnw; = LsL,(0; — w,) (w1 w,) LsLy = L, LsLy = L
Lely = L” LgL, — L,* LgL, — Ly,* LeL, ( “Lslm ‘sqﬂ) ( LsLrirgo
LsLy @y = Lin* (@1 = ;) LRy LinLy @y = LinLy (01 = @) - (R + R,,,) Lsly =L LsLy = Lm
LgL, — Ly,? LgLy — Ly LgLy — L LiL, — L2 ( LsLinisao ) ( LsLyirao
. . - 2 -
1 sszmirqo I.SPZLMlmo 1 sszmLSqo 15 2] icao LsLy = L LLy — Ly
T Jj '
[ Lr 0 Lm(Rr + Rer)ird ]
LgLy — Lp? 0 0 LyLy — Ly,
L Lm(Rr + Rer)irq
0 . 0 0 Ll —L,?
LsL, — Lyy* soroom
ser Ls(R, + R,,)i
B= Ly 0 0 0 It ® Terltd
TLL-LZ LgL, — Lp,
L 0 _LsCRet Reing
0 LiLy — L2 LiLy — Ly
P
0 0 = 0 0
J

C is an mxn identity matrix, since the outputs that are of our interest are the same as
the states of the model; and D is an mxr matrix of zeros because the outputs are not directly

related with the inputs.

The above partial derivatives have to be evaluated at the equilibrium point about the

system is being analyzed with small perturbation.
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Transfer function

The transfer functions of the state-space model showed before can be obtained by
taking the Laplace transform of

Ax(t) = AAx(t) + BAu(t) (3.45)
hence,

sAx(s) = AAx(s) + BAu(s) (3.46)

Then, dividing by Ax(s), giving
(sl — A)Ax(s) = BAu(s) (3.47)
Ax(s) = (sI — A)"'BAu(s) (3.48)
this is substituted for Ax(s)in the output equation 3.37 giving
Ay(s) = C((sl — A)"1BAu(s)) + DAu(s) (3.49)

The definition of transfer function can be found as the ratio of the output to the input
of a system,

H(s) = Ay(s)/Au(s) (3.50)
and substituting the expression 3.49 in 3.50 gives
H(s)=C(s—A)™*B+D (3.51)

The dimension of the transfer function H(s)is mxr. Then, for every input there are n
transfer functions, one for each state. In this case, there are 20 transfer function relating every
state to every input of the system (4 inputs x 5 states = 20 transfer functions).

3.4 Induction machine with extra rotor resistance

The idea of this project is to control an extra rotor resistance in an induction
generator. When an extra rotor resistance is added to the induction machine, the possibility of
having more control over the stator current is open. In this section it will be showed how
different values of the rotor resistance affect the behavior of the machine.

In the figures 3.2 to 3.5 the different responses of an induction machine when a step in
the shaft torque is made are shown for three different values of the extra rotor resistance.
One of the induction machines has no extra rotor resistance; another has the extra rotor
resistance set to a constant value that is the same as the nominal rotor resistance; and the last

17



one has the extra rotor resistance set to a constant value that is the double of the nominal
rotor resistance.
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Figure 3.2, response to a step in the shaft torque(black line); in colour torque generated by the

induction machine for different values in the rotor resistance; in blue R, is equal to the nominal

value, in green the R, is the double of the nominal R, and in red the R, is three times the value of
the nominal R,.
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Figure 3.3, g component of the stator current of an induction machine when a step in the shaft
torque occurs for different values in the rotor resistance; in blue R, is equal to the nominal
value, in green the R, is the double of the nominal R, and in red the R, is three times the value of
the nominal R,.

18



318.5

T T T T T T T T T
| | | | | | | | |
| | | | | + + + +
| | | | | | | | |
3B - - - - -q---T- - - - - T---r--- - -9- -
T T T T I | | | |
| | | | | | | | |
/{2\3175 | | | | | | | | |
B e e R e el e Al el B ity
b} | | | | | | | | |
=~
< | | | | | | | | |
= I I I I I I I I I
A e e R il e i A i At Il
8 | | | | | T T T T
o | | | | / | | | |
o, T T T T | | | | |
n 3165 - - -1-——A4-—-—+ - - - — 4 - - — - — =+ - — —
| | | | | | | | |
| | | | | | | | |
3
<5 | | | | | | | | |
B16F - — - — = 4= — - — — e — — e — — — — — b — = — 4 — — ]
a4 | | | | | | | | |
| | | | | | | | |
| | | | \/\ | | | |
3155 — — - — — 4 — 1L > N —————————————
T T T T 1 | | | |
| | | | | | | | |
| | | | | | | | |
315 1 1 1 1 1 1 1 1 1
1 15 2 2.5 3 3.5 4 4.5 5 5.5 6

Figure 3.4, rotor speed of an induction machine when a step in the shaft torque occurs for
different values in the rotor resistance; in blue R, is equal to the nominal value, in green the R, is
the double of the nominal R, and in red the R, is three times the value of the R..
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Figure 3.5, Cooper losses of an induction machine when a step in the shaft torque occurs for
different values in the rotor resistance; in blue R, is equal to the nominal value, in green the R, is
the double of the nominal R, and in red the R, is three times the value of the R..

From figure 3.3, it can be noted that the higher the resistance, the smoother the
response of the stator current is when a change in the shaft torque occurs. This means that
increasing the rotor resistance leads the system to a damped response, but higher resistances
lead to higher copper losses for the same operating point. This can be seen in the figure 3.5,
where the cooper losses due to the rotor resistance increase proportionally to this value, since
the rotor current does not vary too much due to a change in the rotor resistance. These losses
releases more heat from the generator, which operates less efficiently. Finally, in figure 3.4 it is
noted how varying the rotor resistance, the rotor speed is varying as well, so as it was said
before the rotor resistance can be used to control the rotor speed in a limited range.
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3.5 Parameters of a generic 2ZMW induction machine

The parameters used in this thesis for all the simulations are taken from a 2MW M.
These parameters are showed in the table below:

Stator resistance R, 2.2mQ
Rotor resistance R, 1.8 mQ
Stator leakage inductance Lo 0.12 mH
Rotor leakage inductance Ly 0.05 mH
Magnetizing inductance Ly 29 mH
Machine and rotor inertia J 460 kgm’
Rated voltage U, 690
Frequency f 50 Hz
Number of pole pair n 2

Table 3.1, typical parameters of a 2MW induction machine.
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Chapter 4

Design of the controller for the extra
rotor resistance

The purpose of controlling the rotor resistance is that fluctuations in the input shaft
torque do not affect the power quality of the output signal and in addition reduce the torque
fluctuations in the shaft of the wind turbine. These fluctuations of the input torque could be
produce for gusts of wind. When a gust of wind occurs, the mechanical torque will increase;
consequently the mechanical rotor speed will increase as well. If the rotor speed increase, the
electrical torque will also increase and as a result the stator power will increase too. But,
increasing the effective rotor resistance of the induction machine will also increase the slip of
the induction machine and allow the rotor to speed up while the gust of wind is happening, so
it will keep the rotor side current constant and hence the stator power constant.

4.1 Model of the linearized 2MW induction machine

In the section 3.3 “linearization of the induction machine”, it was explained how a
linearized model of an induction machine could be obtained, in order to use it for the design of
a controller. Following the steps given in that section and using MATLAB, a linearized model of
a 2MW induction machine was created.

For the space-state model of a linearized induction machine model, which was
presented in section 3.3 “linearization of the induction machine”, there are 20 transfer
functions, relating the five states of the model to the four inputs of the model. But only one of
them is of interest for the design of the controller. This is the transfer function that links the
variation in the g component of the stator current to the variation in the extra rotor resistance.

This is due to the fact that the extra rotor resistance is the only parameter that is
possible to control (in a very small range), and the g component of the stator current is the
parameter that will be used as reference for the control system, since the stator current is
related with the power quality parameters.

After that, the non-linear model and the linearized model of the induction machine
were compared in order to see if they behave in a similar way, so that the linearized model
could be used for the later develop of the controller. Both systems (non-linear and linearized)
were compared for a step in the extra rotor resistance and in the shaft torque, for different
values of these steps.
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The next figures show the stator current response to steps in the rotor resistance of
different values and also to torque steps. It was made for different equilibrium points to see if
the behavior of both models was the same in the whole range of input shaft torque.
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Figure 4.1, stator current response (for the equilibrium point of Tm=2000Nm) to resistance step
of 0.0002Q (10% of the nominal value) at t=2s and torque step of 1220Nm (approximately 1% of
the nominal value) at t=3.5s, in black the non-linear model, in red dashed the linearized model.
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Figure 4.2, stator current response (for the equilibrium point of Tm=2000Nm) to resistance step
of 0.002Q (100% of the nominal value) at t=2s and torque step of 1200 Nm (approximately 10%
of the nominal value) at t=3.5s, in black the non-linear model, in red dashed the linearized
model.
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Figure 4.3, stator current response (for the equilibrium point of Tm=6000Nm) to resistance step
of 0.0002Q (10% of the nominal value) at t=2s and torque step of 1220Nm (approximately 1% of
the nominal value) at t=3.5s, in black the non-linear model, in red dashed the linearized model.
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Figure 4.4, stator current response (for the equilibrium point of Tm=6000Nm) to resistance step
of 0.002Q) (100% of the nominal value) at t=2s and torque step of 1200 Nm (approximately 10%
of the nominal value) at t=3.5s, in black the non-linear model, in red dashed the linearized
model.
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Figure 4.5, stator current response (for the equilibrium point of Tm=10.000 Nm) to resistance
step of 0.0002 Q (10% of the nominal value) at t=2s and torque step of 120 Nm (approximately
1% of the nominal value) at t=3.5s, in black the non-linear model, in red dashed the linearized
model.
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Figure 4.6, stator current response (for the equilibrium point of Tm=10.000 Nm) to resistance
step of 0.002 Q (100% of the nominal value) at t=2s and torque step of 1200 Nm
(approximately 10% of the nominal value) at t=3.5s, in black the non-linear model, in red
dashed the linearized model.

In the figures 4.1 to 4.6 is possible to conclude how for small increments in both, the
rotor resistance and the shaft torque, the behavior is very similar for the non-linear induction
machine model and the linearized induction machine model.

Now the response of the linearized model will be plotted when the rated rotor
resistance is increased 10% (0.2 mQ) after 2 sec, and after 3.5 sec the input torque is increased
a 10 % of the rated torque of the machine (1.2 kNm) for three different equilibrium points for
the value of the shaft torque.
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Figure 4.7, stator current response of the linearized model for three different equilibrium
points,in dark line equilibrium point when the shaft torque is 2 kNm, in red dashed line
equilibrium point when the shaft torque is 6 kNm and in green pointed line equilibrium point
when the shaft torque is 10 kNm.

The response for the three equilibrium points for a variation in the input shaft torque
is almost the same in the three cases, but not for the variation in the extra rotor resistance.

From now on the linearized model for the equilibrium point with the value of the shaft
torque set to 6000 Tm will be used.

4.1.1 Order reduction of the linearized model

Now that it has been demonstrated that the linearized model has a suitable behavior,
it is time to analysis and study the model for later design of a controller.

The transfer function of the linearized model, relating the g component of the stator
current to the extra rotor resistance, for the equilibrium point of 6kNm is:

6,718e65%+1,596e853+6,6e1152+7,095¢125—0,043
$5447,85%+9,952e453+2,156€652+3,478e75+2,476€8

F(s) = (4.1)

The poles and the zeros are placed:
Poles:

e pl= -13.02+313.73i
o p2= -13.02-313.73i
o p3= -551+14.26i

o p4= -551-14.26i

e p5= -10.74

25



Zeros:

o 7zIl= -6.5+313.73i
o 722= -6.5-313.73i
e z3= -10.77

e 74= 0

And the pole-zero map looks like:
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Figure 4.8, Pole-Zero map of the transfer function relating stator current to the extra
rotor resitance value.

Where the dominants poles are (-5.51 * 14.26i), and there is a pole-zero cancellation
of p5 and z4.

Reduction of the order system using the main poles

The transfer function of the linearized model that was obtained is a fifth order system.
It is dificoult to design a controller for such kind of system. For this reason, it will be
approximated for a reduced order model.

The first approximation that can be done is the cancellation of one pole and one zero
that can be seen in the figure 4.8. By doing this the following fourth order system was
obtained:

6,718e653+8,739e75%+6,579e115+0,0955
$%437,0653+9,912e452+1,092e65+2,305e7

F(s) =

(4.2)
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The Bode diagram presented in figure 4.9, demonstrates that the fifth order system

and the fourth order system behave in the same way.
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Figure 4.9, bode diagram of the fifth order system (black line) and the fourth order system (red
dashed line).

But it is still not useful to have a fourth order system, for this reason, it has to be
reduced to a first or second order system. Now looking again to the zero-pole map of the fifth
order system, figure 4.8, it is possible to see that there is a zero in the origin of the real axe,
and the dominant poles are placed in -5.51 + 14.3i (the dominant poles are those closer to the
imaginary axe). If this zero and those poles are used to obtain a second order transfer function,
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Figure 4.10, bode diagram of the fifth order system (black line) and the system using the
dominant poles (red dashed line).

Adjusting the gain of the second order system, the transfer function obtained is:

67376005
- (4.3)
52+11,015+233,8

F(s) =

and the bode diagram looks like
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Figure 4.11, bode diagram of the fifth order system (black line) and the second order system
obtained (red dashed line).
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As figure 4.11 shows the bode diagram of the fifth order system and the second order
system are fairly similar. Also the response of both systems to a step of 0.1 mQ in the extra
rotor resistance is the same as shows the next plot.

Current (A)

Figure 4.12, stator current response to a step of 0.1 mQ in the rotor resistance for the fifth
order system (black line) and the second order system obtained (red dashed line).

In the method just demonstrated, the reduction of the fifth order system was done by
choosing the dominant poles and zeros of the original fifth order system. There are some
mathematical methods for reducing the order of a transfer function. One of these methods
will be presented next.

Reduction of the order system using the clustering technique

A mixed method for finding stable reduced order models is the one that uses the Pade
approximation and the clustering technique. The denominator polynomial of the reduced
order model is determined by forming the clusters of the poles of the original system, and the
coefficients of numerator polynomial are obtained by using the Pade approximation
technique. Further information can be found in [4].

The transfer function found using this method was

2,303e7s
$2+15,485+804,6

F(s) = (4.4)

and the bode diagram and the response of the system to a step in the rotor resistance is
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Figure 4.13, bode diagram of the original fifth order system (blue line) and the system obtained
with the clustering method (green line).
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Figure 4.14, stator current response to a step of 0.1 mQ in the rotor resistance for the original
fifth order system (blue line) and the system obtained with the clustering method (green line).

It can be seen that the response due to a step in the rotor resistance in the second
order system determined using the clustering technique is not as good as the one using the

dominant poles.

From now on, the second order transfer function that was obtained first, using the

dominant poles, will be used to design the controller.
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4.2 Design of the controller

The idea behind the controller is to high-pass filter the g component of the stator
current, to obtain the high-pass frequency components of the signal, the part that is pursued
to eliminate.

Gear

box Grid

Power
electronics

External rotor
resistances

Figure 4.15, wind turbine scheme with external rotor resistances connected to the induction
generator.

In figure 4.15, the system with gear box, generator and external rotor resistance is
displayed. The power electronic equipment takes charge of adjusting the value of the extra
rotor resistances. In this project it was assumed to be ideal, that means, to be fast enough so
that the external rotor resistances can be treated as a continuous variable. For this reason it
has not been included in the model.

The control of the induction machine will be done in a rotating reference frame,
supposing a perfect alignment to the rotor flux. The objective is to make the variations in the
power as smooth as possible by varying the external rotor resistances, thereby the rotor speed
can be controlled in a limited range.

A possible block diagram of the controller is shown in the next page:
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Figure 4.16, possible block diagram of the system with the rotor resistance controller.

The reference for the stator current will be zero, since the stator current from the
induction machine is filtered in a high-pass frequency filter in order to eliminate the low
frequency components in the signal.

4.2.1 High-pass filter

To high-pass filter the stator current a second order filter will be used. The general
transfer function for a second-order high-pass filter is:

K(s/we)?

HS) = T worGrmwo?

(4.5)

where K is the high—frequency gain and w, is the cut—off frequency.

Next the response of the high-pass filtered g component of the stator current for three
different cut-off frequencies will be displayed, when a step in the input torque of the induction
machine occurs.
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Figure 4.18, high-pass filtered stator current of the induction machine when a step in the shaft
torque occurs, in blue with cut-off frequency = 1Hz, in green with cut-off frequency = 5 Hz and
in red with cut-off frequency = 10 Hz.

A big difference can be seen between the peaks of the different signals depending on
the cut-off frequency. For this reason, the cut-off frequency selected for the second-order
high-pass filter will be a deciding factor in the design of the controller. At first sight, it can be

said that the gain of the controller will be directly related with to the cut-off frequency of the
filter.

This fact is even more pronounced for higher values of the cut-off frequency, for
values of the cut-off frequency over 10 Hz it can be said that the only difference between the
high-pass filtered signals of the q component of the stator current with different cut-off
frequency are their gains, as it can be observed in the figure 4.19.
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Figure 4.19, high-pass filtered stator current of an induction machine for a random shaft torque
curve, in blue with cut-off frequency = 15Hz, in green with cut-off frequency = 25 Hz and in red
with cut-off frequency = 35 Hz.

For the initial design of the controller, a cut-off frequency of 10 Hz will be used. The
transfer function of the high pass filter for this cut-off frequency and a damping factor of 0.707
is:

0.0002533 s2
1+40.04535+0.00025335s2

H(s) =

(4.6)

In section 6.1 “Selection of the cut-off frequency and proportional gain” carefully how
the behavior of the whole system depending on the cut-off frequency will be studied, including
the controller and the high-pass filtered current feedback.

4.2.2 Proportional controller

The first controller that was implemented was a simple proportional controller. The
action of the controller is proportional to the control error. That means that in this case the
action will be only proportional to the high-pass filtered stator current since the reference
value of the stator current is zero.

34



() Juorm)

Time(s)

Figure 4.20, high-pass filtered stator current of the induction machine when a step in the shaft

torque occurs.

Time(s)

Figure 4.21, rotor resistance of the induction machine with proportional controller when a step

in the shaft torque occurs.

In the figures 4.20 and 4.21, it can be observed what was said before, that the value of

the rotor resistance is directly related with the high-pass filtered stator current.

With a proportional controller the system becomes unstable for values of K, bigger

than 1e-2. Simply turning up the gain, lead to instability of the system. This can be seen in the

next figures.
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Figure 4.22, stator current of the induction machine when a step of 500 Nm is introduce at
t = 3,5 sec, in black the response of the system with a proportional controller(K,=1e-8). The red
dashed line is the response of the system without controller.
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Figure 4.23, stator current of the induction machine when a step of 500 Nm is introduce at
t = 3,5 sec, in black the response of the system with a proportional controller(k,=1e-5). The red
dashed line is the response of the system without controller.

For higher values of K, the system is becoming more and more unstable until it is
critically stable for K, = 1e-2. This can be explained by studying the next figures.
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Figure 4.24, Pole-Zero map of the system with proportional controller, K,=1e-5.
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Figure 4.25, Pole-Zero map of the system with proportional controller, K,=1e-8.

After studying the system for different values of K, it was found that: for values of K,
higher than 1e-2 the system was unstable. The system was becoming more stable for smaller
values of K, until it was so small that it did not affect the behavior of the system, as it is shown
in figure 4.22, where there are two zero-pole cancellation, and the others poles and zero are
placed in the same position as the 2™ order transfer function of the linearized induction
machine that relates the stator current to the rotor resistance, equation 4.3. This means, that
it is not possible to improve the response of the system with just a proportional controller,
because the best response will be obtained when the K, is so small that it is the same like if the
controller were not there.
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4.2.3 Proportional-Integral controller

Once the proportional controller has been ruled out, it was implemented the most
common controller in the control industry, the classic PI. The Proportional-Integral (or PI
control) combines proportional gain in parallel with an integrator. A block diagram of the
current control with the Pl controller can be seen below.

= ref .
I RR |

sq
Pl .| Induction =
- Controller Machine i

A

High-pass
Filter [

Figure 4.26, Block diagram of the system with a Pl controller.

The most complicated thing for the Pl controller is tuning the values of the
proportional gain and the integrator gain. There are a lot of literature and also a lot of
methods for obtaining the values of these parameters. But these methods are not useful in
this case, since in the transfer function (equation 4.3) there is a zero in the origin of the real
axe, and also in the feedback loop there is a second order transfer function (the high-pass
filter).

Therefore, the tuning of the Pl controller was made by trying different values for K,

and K;, and observing the response of the system.
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Figure 4.27, stator current when a step of 500 Nm occurs in the shaft torque, in black the
response withthe Pl controller (K,=1e-5, K=5e-4). Red dashed line is the uncontrolled system.
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Figure 4.28, stator current when a step of 500 Nm occurs in the shaft torque, in black the
response with the Pl controller (K,=1e-7, K=2e-4). Red dashed line is the uncontrolled system.

As it can be seen in the figure 4.28, the results obtained are a little bit better than
using only the proportional controller, but they are still not as desirable as it was expected at
the beginning of the project.

What happens with the proportional-integral controller, is that as much as the values
of K, and K;are increase the more unstable the system becomes, in the same way as occur with
the proportional controller.

4.2.4 Double integrator controller

After the Proportional controller and the Proportional-Integral controller, a none very
usual transfer function for a controller was tried, a double integrator. In the same way as it
was done for tuning the other controllers, different values of the gain were proved. But in this
case, there will be only one parameter that has to be set.

Fc(s) = % (4.7)

A good response of the system to a step in the input torque was obtained for K,= 5e-3.
The plots of the stator current response and the extra rotor resistance, with the double
integrator controller are presented in the next page.
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Figure 4.29, stator current when a step of 500 Nm occurs in the shaft torque, in black the
response of the system with the double integrator. The red dashed line is the uncontrolled

system.
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Figure 4.30, extra rotor resistance when a step of 500 Nm occurs in the shaft torque.

Figure 4.30 represents the extra rotor resistance, in that figure it is possible to see that
when the system gets to a steady-state, after approximately 5 seconds, the value of the extra
rotor resistance is still decreasing with a constant slope. This is a result of an offset that exists
in the high-pass filtered stator current signal that is presented in the next page.
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Figure 4.31, high-pass filtered stator current when a step of 500 Nm occurs in the shaft torque.

For solving this, at the output of the double integrator a feedback with an integrator
was added to eliminate the steady-state error. The block diagram of the double integrator can
be seen in figure x.

Saturation double integrator
- - 0.005 "
+
" 2
1
N T
Integratar

Figure 4.32, block diagram of the double integrator controller.

If the block diagram is simplified, then the following transfer function is obtained:

Kp
s2+s

F(s) = (4.8)

Then, if the controller described above (equation 4.8) is implemented, the stator
current will have the same behavior as in figure 4.29, but the extra rotor resistance will behave
like in figure 4.33. In this figure it is also possible to see that the value of the extra rotor
resistance when it goes to infinite, it tend to a certain negative value that depends on the dc
component that the high-pass filtered signal has. And of course, this is not possible because
the resistance cannot be negative.

In any case, a constant value that will be related with the stator current could be
added after the controller, to compensate it.
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Figure 4.33, extra rotor resistance when a step of 500 Nm occurs in the shaft torque.

In table 4.1 the values of the extra rotor resistance when it goes to infinite for different
values of the shaft torque are given.

Shaft torque (Nm) Stator current (A) | Extra rotor resistance (Q)
4000 794 -3,18e-6

6000 1193 -1,82e-6

8000 1597 1.70e-8

10000 2008 2,07e-6

12000 (Rated torque) | 2426 3,57e-6

Table 4.1, values of the high-pass filtered stator current offset for different operating
points.

From the table above it could be noted that these values are really small, if they are
compared with the variations that can suffer the extra rotor resistance due to the torque
variations during the normal operation of the wind turbine. For this reason this offset will be
not taken into account for the selection of the average rotor extra resistance that has to be
added for the compensation of the instantaneous rises and decreases in the torque, which will
be studied carefully in the chapter 6 in the section 6.2 “Selection of the default external rotor

resistance”.
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Chapter 5

Evaluation of the controller

The stator current controller that was developed in the previous chapter has been
implemented in Matlab/Simulink to see the response of the whole system and analyze the
power quality improvement as well as the mechanical stresses reduction. In this chapter, first
the behavior of the system when it was exposed to synthetic shaft torque curves will be
presented. After that, the response of the controlled system when it was exposed to real shaft
torque data will be shown.

In this chapter, the values selected for the parameters to be tuned in the controlled
system were K,= 5e-3 for the controller gain, a cut-off frequency of 10 Hz for the high-pass
filter and a average value of 1.2 mQ for the external rotor resistance. These values were
proved to work fairly well for different shaft torque curves. In the next chapter it will be
presented how different combinations of these parameters affect the behavior of the system.

5.1 Response of the system to synthetic curves

In the previous chapter it was shown how a step in the load torque affects the
response of the IM with the stator current controller. In this section the response of the
system for different synthetic load torque curves will be analyzed.

Response to stepped signal

First the controller was analyzed with a signal where a step of 400 Nm occurs every
second, to see if the system can follow positive load torque variations as well as negative. The
electrical torque generated, the stator current and the rotor resistance are presented in the
next page.
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Figure 5.1, in red dashed line the input shaft torque, in black the generated electrical torque for

the controlled system.
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Figure 5.2, stator current, in red dashed line the uncontrolled system, in black for the controlled

system.
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Figure 5.3, rotor resistance for the system with the controllable rotor resistance.
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From figure 5.2 it can be seen that the response of the controlled system is smother

than the system without controller. It also can be noted that the overshoots that exist in the

non-controlled system are eliminated. Finally it can be mentioned that the control system

follow a positive variation in the shaft torque as well as a negative.

Response of the system to sinusoidal curves

In this case, the input load torque was composed for 3 sinusoidal signal of 1 Hz 2Hz

and 3 Hz, with amplitudes of 250 Nm 125 Nm and 75Nm respectively added to a constant

value of 6000 Nm. With this kind of curve it was of interest to see how the controller behaves

for sharp changes in the load torque. In figure 5.4, it can be seen that the peaks in the stator

current signal have been reduced to the half size of the peaks of the signal without the

controller implemented.
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Time(s)

Figure 5.4, in red dashed line the input shaft torque, in black the generated electrical torque for

the controlled system.
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Figure 5.5, stator current, in red dashed line the uncontrolled system, in black line with the

controller.

45



Figure 5.6, rotor resistance of the system with the rotor resistance controller.

After testing the controller with synthetic curves, and check that the response was
acceptable, it was time to test the controller with real shaft torque data.

5.2 Response of the system to real shaft torque data

In this section the controller has been exposed to real shaft torque loads. This curve
was obtained from a real wind turbine exposed to real conditions of wind, and has a duration
of 180s. The shaft torque curve which the system was tested is shown in figure 5.7.

Torque (Nm)
a 3
8 8

7000
0

Figure 5.7, real shaft torque curve.

Below this paragraph the detailed response of the system with the stator current
controller implemented and without the controller will be presented. The shaft torque, stator
current and rotor resistance variations, for different 20 second gaps of the 180 seconds signal
will be plotted.
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Figure 5.8, in red dashed line the input shaft torque, in black the generated electrical torque for

the controlled system.
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Figure 5.9, stator current, in red dashed line the uncontrolled system, in black line with the

controller.

Time(s)

Figure 5.10, rotor resistance of the system with the rotor resistance controller.
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Figure 5.11, in red dashed line the input shaft torque, in black the generated electrical torque
for the controlled system.
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Figure 5.12, stator current, in red dashed line the uncontrolled system, in black line with the
controller.
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Figure 5.13, rotor resistance of the system with the rotor resistance controller.

In the figures above, it can be noted that the response of the controlled system is
smoother than for the uncontrolled system as was expected. Also the variation of the variable
rotor resistance is about 0.8 mQ, which represent 46 % of the nominal value of the rotor
resistance. This value is only rough value that has a strong relation with the wind conditions
and also with the proportional gain of the controller; the variation of the external rotor
resistance will be studied carefully in 6.2 “Selection of the default external rotor resistance”.
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The figures above are just illustrative, the developed controller will be analyzed
carefully in the next section by measuring different parameters such as the flicker emission or
the losses in the induction machine.

5.2.1 Flicker reduction

As it was said in the section 2.4 “Power quality characteristics of wind turbines”, one
way of evaluate the power quality is measuring the flicker contribution of the wind turbine to
the grid. The flicker contribution can be described with the dimensionless parameters Pst and
Plt. The first one is referred to the short-term influence, and the second one to the long term
influence. In this case only the short-term influence will be studied.

According to IEC-61400-21 [7] the flicker evaluation should be determined indirectly,
based on a simulated voltage on a fictitious grid. To simulate the voltage on the fictitious grid a
method based on voltage and current measurements (current flicker) can be applied.

R.

fic

Lfic Im(t)

—

;
u® () L

Figure 5.14, circuit of the fictitious grid.

The fictitious grid is represented as in figure 5.14, and it is composed for an ideal
phase-to-neutral voltage source Uy(t) and a grid impedance represented by a resistance Ry in
series with an inductance L. The current source in(t) represents the wind turbine, which is the
measured instantaneous value of the phase current. With this simple model, the fluctuating
voltage U (t) in the power system is given by:

dim(t)

“dr (5.1)

UfiC(t) =Up(t) + Rficim(t) + Lgic

The fluctuating voltage Us(t) is then used as input to a voltage flicker algorithm that is
described in IEC 61000-4-15 [8] to generate the flicker emission value Py g.. The simulated
flicker Py fic value will depend on the short-circuit power of the grid, S¢ s, and the angle of the
grid impedance, W,. The grid angle and short-circuit apparent power of the fictitious grid are
given by the following equations:

¥y = arctag(Xsic/Rric) (5.2)
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_ Ui
Skfic = - -
/Xfic +Rfic

for each Py s value, a flicker coefficient c(W,) could be determined by utilizing:

(5.3)

Sk, fic
C(lluk) = Pst,fic% (5.4)

In this project, the ¢(W,) value has been calculated on a fictive grid with a short-circuit
power of 50 times the rated power of the WT, as IEC-61400-21 recommends. Furthermore, an
X/R ratio of 0.5 has been chosen. Then ¥}, = 26,565°.

The results of the c(W,) values for the stator current controller are presented in table
5.1. In the table appear different values for different gaps of 60 second from real shaft torque
data.

The results of the stator current controller has been compared with the same system
without any controller, with the rotor resistance value set to the double of the nominal rotor
resistance, and with the system with a fixed rotor resistance set to three times the nominal
value of the rotor resistance.

1st gap 2nd gap 3rd gap 4th gap 5th gap

With stator current
controller 0,48 0,4 0,41 0,335 0,395
Without controller

0,895 0,575 0,585 0,52 0,59
Fixed rotor resistance
to 3.6 mQ 0,69 0,475 0,495 0,415 0,5
Fixed rotor resistance
to 5.4 mQ 0,61 0,44 0,46 0,385 0,46

Table 5.1, c(W,) values for different shaft torque curves

According to table 5.1, the power quality of the controlled system is better than in any
other system studied. This is because the controlled system has the lower c(¥,) values in the
table. The reduction in the flicker contribution can go from 35% to more than 60% with regard
to the uncontrolled system, depending on the shaft torque curves. If the average c(¥,) is
calculated for all the gaps, then the following results are obtained:

e With controller: c¢(¥,) =0,395

e Without controller: ¢(¥,) =0,675

e Fixed rotor resistance to 3.6 mQ: ¢(¥,) =0,525
e Fixed rotor resistance to 5.4 mQ: c(¥,) =0,48

The finding is that the average reduction of the flicker contribution by utilizing the
controller is almost the 50% with regard to the uncontrolled system, for this shaft torque
curves. The system with the rotor resistance fixed to three times the nominal rotor resistance
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(5.4 mQ) has the closest response to the controlled system. But as it was said before, the
higher the rotor resistance is, the higher the losses in the rotor resistance will be. Later the
losses in the machine will be studied in its own section.

It must be said that since the external rotor resistance can only vary in a small range,
the reduction in the flicker contribution will be very dependent on the shaft torque curves, a
higher reduction on the flicker emission was observed for a higher turbulence in the wind.

5.2.2 Mechanical stresses reduction

In this section how implementing the stator current controller reduces the mechanical
stresses on the turbine’s shaft will be presented, results from several simulations will be
evaluated.

Talking about mechanical stresses, the high—frequency components of the electrical
torque are the worst for the machine. So to analyze the mechanical stresses it will be done the
FFT (Fast Fourier Transform) of the electrical torque signal. It will give the magnitude of the
torque component for each specific frequency. It can be seen in figure 5.15.

Torque (Nm)

=
o

Frequency (Hz)

Figure 5.15, Periodogram of the electrical torque of the induction machine, in red dashed line
without the controller and in dark line with the controller.

What is possible to see in figure above, is that the magnitude of the high-frequency
components of the electrical torque for the system without controller is always higher than
the controlled system after f = 1Hz. Then, the curve that represents the non-controlled system
is always above the curve that represents the controlled system. This was expected because by
implementing this controller it was pursued to reduce the high frequency components of the
torque, which are the worst for the mechanical stresses in the gearbox. These high frequency
components have not been eliminated, these have been moved to the low frequencies, were it
is possible to see that curve of the controlled system is above the uncontrolled system. This is
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positive because these low-frequency components do not affect to the stresses in the gearbox,
since it can follow slow variations in the torque without any problem.

Another way to compare the mechanical stresses of different systems could be done
using a dimensionless parameter, which could be define as

S=XTm) f (5.5
where T(n) is the magnitude of the torque for the frequency f.

By using this parameter, the higher frequencies are punished by multiplying the torque
magnitude by the frequency.

If this parameter is calculated for the system with the controller implemented and for
the system without the controller, then the results obtained are 22.1156e3 and 29.6226e3
respectively. These values agree with the curves that appear in figure 5.15, where the value for
the controlled system is much smaller than the value for the non-controlled system.

5.2.3 Energy losses in the induction machine

In this section it will be presented how the variations in the rotor resistance affect the
energy losses in the induction machine. For this purpose the copper losses will be determined.
The copper losses are calculated because they are straight related with the value of the rotor
resistance, so the higher the rotor resistance is, the higher the copper losses will be.

To compare the losses of the system running with the stator current controller, the
copper losses of the system without controller and with the rotor resistance fixed to 3.6 mQ
will be also plotted.
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Figure 5.16, cooper losses of the induction machine, in blue with the controller implemented, in
green without external rotor resistances, and in red with the external rotor resistances fixed to
1.8 mQ.
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From figure 5.16, it can be seen that the controlled system has more losses than the
system without external rotor resistances, but not much higher, however, much less losses
than the system with the rotor resistance fixed to 3.6 mQ like it could be expected. This is
because the average of the rotor resistance selected is 2.4 mQ, so the copper losses, in
average, will be the same as is the rotor resistances of the induction machine were fixed to 2.4
mQ.

It is true that running a generator at higher slip generates more heat from the generator,
which runs less efficiently at has been shown before. But since the increment of these losses is
not as much significant as the improvement in the power quality, it is more justified implement
this controller. But it always must be present that as higher these losses are, it will be
necessary to increase the cooling of the generator.
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Chapter 6

Final specifications of the controller
based on the evaluations

The only parameters that could be set in the stator current controller that has been
developed in the previous chapters are: the proportional gain K, the cut-off frequency of the
high-pass filter and the default external rotor resistance. In this chapter the final values for
these parameters will be shown and why they were chosen.

6.1 Selection of the cut-off frequency and the proportional gain

As it was presented in the section 4.2.1 “high-pass filter”, the cut-off frequency
influences in the proportional gain that have to be selected, so indirectly, when the cut-off
frequency is selected, the gain of the controller is also selected.

The parameter selected for comparing the response of the system for different values
of the cut-off frequency and the proportional gain was the P. Because this parameter gives an
idea of the power quality generated for the wind turbine that is one of the aims that are found
with this controller. From the different simulations conducted it was observed that the cut-off
frequency should be at least 5 Hz to get a good response from the controller.

When the cut-off frequency is smaller than 5 Hz, then a flickering effect appears in the
signal like it is presented in figure 6.1.

1620

1610k - - - - -1 L___

1600} ~ — - - Lo L

1590+ - - -

1580 - - ~

1570+ - -

1560 - £ -

Current (A)

1-1CTo P G i S —

maf -y

1530 — - -1~

1520
20

Figure 6.1, stator current for a cut-off frequency in the high-pass filter of 3 Hz.
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In figure 6.2, the relation between the cut-off frequency and the maximum gain that
can be applied to the controller is presented, which is also the value that gives the best
response.

0,4
0,35
0,3
0,25 /
/
0,15 /

0,05 /
_/

5 7.5 10 12.5 15 17,5 20

Proportional Gain (Kp)

Cut-off frequency (Hz)

Figure 6.2, relation between the cut-off frequency and the maximum K, selectable.

The P values for the different combinations of cut-off frequency and K, are fairly
similar for the frequencies from 7.5 Hz to 20 Hz. As it was said in the section 4.2.1 “High-pass
filter”, this is because the main difference between the high-pass filtered stator current signals
for the different cut-off frequency higher than 10 Hz is the amplitude of the signal, which can
be compensated by adjusting the proportional gain. This can be observed in the figure 6.3,
where the minimum flicker emissions are almost the same for cut-off frequencies higher than
5Hz.
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Figure 6.3, relation between the cut-off frequency and the P, obtained.

For the different combinations it was seen that when the cut-off frequency was 20 Hz
and the K, was 0.3, the minimum Py, coefficients were obtained. In the next figure the relation
between the proportional gain of the controller for a given cut-off frequency will be presented.
In figure 6.4 can be noted how for higher values of K, the flicker contribution obtained was
smaller, until the controller reach the maximum value of K, that makes the system critically
stable. In this case that value was 0.33.
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Figure 6.4, relation between proportional gain of the controller and the P,; obtained when the
cut-off frequency of the high pass filter is 20 Hz.
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It has to be mentioned, that this behavior was the same for the different cut-off
frequencies studied, were the higher the proportional gain is, the smaller the flicker
contribution is, until the maximum K, value that make the system unstable is reached.

Now, how the intensity in the wind gusts affect the flicker contribution will be
presented. For this purpose the flicker contribution of the controlled system and the non-
controlled system for different intensity in the shaft torque variation will be studied.
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Figure 6.5, relation between shaft torque variation intensity and the Py, obtained when the cut-
off frequency of the high pass filter is 20 Hz.

In figure 6.5 it can be observed that for higher fluctuating shaft torque curve, the
higher the flicker reduction of the controlled system respect the uncontrolled system. This
means that in presence of high turbulence intensity in the wind the flicker reduction will be
considerably smaller than for the system without the controller.

6.2 Selection of the default external rotor resistance

The default value of the rotor resistance should be as small as possible, but still high
enough to allow the possibility to reduce it when a decrease in the shaft torque occurs. This
parameter will be related to the maximum variations that occur in the extra rotor resistance.
Then it will be set according to the behavior of the system when it is exposed to high
turbulences in the wind load, which is the moment when the controller is asked the extra rotor
resistance to vary more.
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The value of the default rotor resistance should be as small as possible because it will
also be the average value of the rotor resistance when the controller is working, so the higher
the default rotor resistance is, the higher the rotor losses will be.

Rr(Ombh)

| |
l l
1 1
0 20 40 60 80 100 120 140 160 180

Figure 6.7, rotor resistance sample.

After studying different curves of the extra rotor resistance like figure x, then it was
noted that the maximum variation from the average rotor resistance was 1.2 mQ. Since the
value of the rotor resistance has always to be above 1.8 mQ (the nominal value of the rotor
resistance), that is the one of the requirements that must be fulfilled to select the default
external rotor resistance, and if a security margin of 0.6 mQ is chosen, then the average value
of the external rotor resistance will be 1.8 mQ, that is the same as the nominal rotor
resistance. This means that average total rotor resistance will be the double of the nominal
rotor resistance, and the total rotor resistance will be able to vary between 1.8 mQ to 5.4 mQ.

6.3 Final specifications

According with the previous sections in this chapter, the following values for the stator
current controller have been selected:

e Cut-off frequency = 20 Hz
e K,=0.3
e Ro=1.8e-3

It must be said that since the induction machine does not have a linear behavior, the
different parameters that appear above are not the best option for all the situations, but they
works fairly well for the different curves that were evaluated.
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Chapter 7

Conclusions

The purpose of this thesis has been to evaluate the behaviour of a wind turbine with
an induction generator equipped with a variable rotor resistance. A controller for the variable
rotor resistance generator has been developed with the objective of minimizing the torque
variations that reduces the mechanical stresses on the shaft of the turbine and also reduces
the flicker emission, which leads to a better power quality impact.

In this thesis an induction generator equipped with a variable rotor resistance was
analysed and modelled. After that different configurations for the controller were studied to
find the best structure for the controller. Finally, the induction machine with the variable rotor
resistance controller was compared with the same induction machine without any controller,
to study the improvement of implementing the controller.

What was found is that reduction in the flicker contribution by utilising the variable
rotor resistance can be between 35%-60% compared to the uncontrolled system, depending
on the shaft torque curves. A higher reduction on the flicker emission was observed for a
higher turbulence in the wind.

From this thesis, it can be said that this system generates a smoother electric power in
the presence of wind gusts with reduction of the mechanical stress and the mechanical. With a
traditional fixed-speed system, without a variable rotor resistance, in the presence of wind
gusts, the power delivered is fluctuating strongly with an increase of the pressures and stress
applied to its mechanical elements.
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Chapter 8

Proposed future work

In this thesis an induction machine with a variable rotor resistance has been
investigated. As always there are many more interesting aspects that can be taken in
consideration. For completion of the model of the wind turbine, a drive train representation
should be included in the model. Also a pitch control system should be added to the wind
turbine, to ensure that the two control systems co-operate efficiently, since pitching the
blades is a mechanical process, which means that the reaction time for the pitch mechanism
will be much higher than for the variable rotor resistance.

Other aspects that could be of interest is to investigate how several of these wind
turbines using a variable slip resistance behaves working together. Another interesting issue is
the evaluation of a wind farm with these turbines that is connected to the grid over an HVDC

line.
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