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Abstract

The rapid development of wind power technology is reshapingonven-
tional power grids in many countries across the world. As theinstalled
capacity of wind power increases, its impact on power gridss be-
coming more important. To ensure the reliable operation of apower
system which is signi cantly fed by wind power, the dynamics of the
power system must be understood, and the purpose of this studis to
develop suitable analytical tools for analysing the dyname impact of
large-scale wind parks on the stability of a power grid, and b investi-
gate the possibility of improving the stabilisation and damping of the
grid by smart control strategies for wind turbines.

Many of the newer, larger turbines now being produced are vaable
speed turbines, which use doubly fed induction generatorsQFIGs).
These are induction generators which have their stator and otor in-
dependently excited. When unconventional generators of tfs type are
used in a power system, the system behaves di erently undertanormal
dynamic events. For example, new types of generators cause erent

modes of oscillation in the power system, not only because daheir
dynamic characteristics, but also because they load the sysm di er-

ently.

Very large power oscillations can occur in a power system as gesult
of internal disturbances. Ordinarily these oscillations ae slow and, in
principle, it is possible to damp them with the help of wind power.
This leads to the idea of using a power system stabiliser (P§Sor a
DFIG. In order to damp oscillations in the system, it is hecesary to
understand the equipment causing these oscillations, andite methods
to optimally damp the oscillations.

Voltage stability is another important aspect of the safe operation of a
power system. It has been shown that the voltage stability ofa power
system is a ected by induction generators. The voltage stalility must
therefore be carefully analysed in order to guard against a pwer system
collapse.

By using modal analysis and dynamic simulations, we show thathe
presence of a wind farm in the vicinity of a power system will m-
prove the angular behaviour of the power system under small dtur-
bances, but may decrease voltage stability under larger disirbances.
We compare the performance of wind turbines to that of convetional
synchronous generator power plants, and we show that a wind grk



consisting of DFIGs, which are equipped with PSSs, may be uskas a
positive contribution to power system damping.
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Chapter 1

Introduction

1.1 Background

Wind power is becoming an increasingly signi cant source ofenergy. The
community is looking more and more towards wind power to provde a re-
newable source of energy, with rising fuel prices and growin concern over
the presence of greenhouse gases in the atmosphere. Duridgetlast decade,
wind power capacity has increased at an astounding rate, andhe costs of
harnessing wind energy have been continually decreasing][1At the end of
2008, the total installed capacity of wind power in Europe hal reached the
landmark of 66 GW, which is approximately 8 percent of the total installed
capacity [36]. With the European Union heads of state and gogrnment
adopting a binding target of 20 percent of the EU's total eneigy supply to
come from renewable energy sources by 2020, this capacity éxpected to
continually grow.

Many of the newer, larger wind turbines now being produced ag variable
speed turbines, which use doubly fed induction generatorsFIGs). These
are induction generators which have their stator and rotor independently
excited. Because of their variable speed operation, wind ttbines of this
type can be controlled to extract more energy from the wind than squirrel
cage induction generators. Additionally, DFIGs have some eactive power
control capabilities and other advantages [22].

The growing penetration levels of DFIGs make it important to understand

1



2 CHAPTER 1. INTRODUCTION

the impact of these machines on a power system. It is known thiaa DFIG
can maintain its voltage at or near its steady state value whe it is sub-
jected to small perturbations. Because of this, and the avdable capacity
of DFIGs, these generators may be usefully employed with theuse of con-
trollers to contribute to power system stability. Synchronous generators
have been principally employed to do this, and DFIGs are now &0 making
some contribution to stabilisation.

1.2 Aim

The rapid development of wind power technology is reshapingonventional
power grids in many countries across the world. As the instded capacity of
wind power increases, its impact on power grids is becoming ore important.

To ensure the reliable operation of a power system which is ghi cantly fed

by wind power, the dynamics of the power system must be undetsod, and
the purpose of this study is to develop suitable analytical bols for analysing
the dynamic impact of large-scale wind parks on the stabiliy of a power
grid, and to investigate the possibility of improving the stabilisation and
damping of the grid by smart control strategies for wind turbines.

When unconventional types of generators are used in a powelystem, the
system behaves di erently under abnormal dynamic events. Br example,
new types of generators such as DFIGs cause di erent modes afscillation
in the power system, not only because of their dynamic charderistics, but
also because they load the system di erently. In order to danp oscillations
in the system, it is necessary to understand the equipment aasing these
oscillations, and the methods to optimally damp the oscill&ions.

Very large power oscillations can occur in a power system as eesult of
internal disturbances. Ordinarily these oscillations areslow and, in principle,
it is possible to damp them with the help of wind power. This leads to the
idea of using a power system stabiliser (PSS) for a DFIG.

Voltage stability is another important aspect of the safe operation of a power
system. It has been shown that the voltage stability of a powe system is
a ected by induction generators [5]. The voltage stability must therefore be
carefully analysed in order to guard against a power systemailapse.
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The purpose of this study is to develop models and analyticamethods which
can be used to better evaluate the dynamic behaviour of a powesystem with
large scale wind power expansions.

The thesis deals with the following:

Development of manageable yet adequate models for the anatical in-
vestigation of the components of the power system.

Investigation of small signal, transient and voltage stab ility of power
systems with DFIGs.

Analytical investigation of the possibility of improving the stability mar-
gin of a power system by smart control strategies for wind paks.

1.3 Review

There has been much work done on wind power dynamics over regeyears.
Dynamic modelling and control have become all the more impaant when
studies that deal with the behaviour of large wind power instllations in
power systems are undertaken.

While modelling of induction machines is nothing new [17, 18 new issues
arise when we are dealing with DFIGs. Induction machines hag tradition-

ally been controlled from the stator side to produce the torque required for
motor applications. DFIGs are controlled from the rotor side through con-
verters which are connected to the supply in order to producehe required
electrical power.

Reduced order models for DFIGs, which are suitable for classal, phasor
domain dynamic studies, have been described in [7,11]. Higin order models
are often used, but these introduce high frequency dynamicsvhich are not
usually of interest in classical, electro-mechanical dynmic studies of large
power systems.

Many dierent control methods for DFIGs have been suggested Rotor
voltage control methods were proposed in [15,25,32]. Intexal model control
was used to design current controllers in [27]. A PSS concegbr DFIGs was
presented in [16], and another was examined in [20], but futier work has
not been done in this area.
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Modal analysis studies have also been performed in order tonalyse wind
turbines. In [31] the e ect of increasing wind power penetrdion on particular
modes in the system is studied. Eigenvalue variation has atsbeen used when
di erent order models for DFIGs in [28] have been compared.

We examine all of these issues again in this thesis.

1.4 Contributions

In this thesis we look at wind power modelling by closely exarming the
DFIG. For this purpose we derive a model which is suitable forstudying
transient stability and power system oscillations. We alsolist many other
alternative modelling practices, and with careful refererce to the literature,
we choose a particular model which we examine more thoroughl

In order to have a standard third order representation of a DHG we intro-

duce polar notation. We do this in order to have a model which & similar to

the standard representation of the one-axis model of the sythronous gen-
erator. In this way parallels can be drawn between DFIGs and gnchronous
generators.

Modal analysis is useful for studying dynamic systems. We adiline the
mathematics required to understand the fundamental concets of modal
analysis, which can be used to analyse some dynamic propegs of a power
system, and for designing controllers. We use eigenvalue alysis to assess
power system oscillations and stability, and also to draw rat-locus plots,
which can be used for stability studies in parameter space. W also use
eigenvalue analysis to tune controller parameters.

The stability of a power system cannot be su ciently underst ood by using
just modal analysis. We also present numerical simulationgo supplement
the eigenvalue studies we conduct. Using these two di erenapproaches, we
are able to demonstrate that DFIGs are useful for damping intial oscillations
in synchronous generators that result from small upsets in fhe power system,
but are less useful with large disturbances. We conclude byaying that the
presence of a wind park in the vicinity of a general power sysm will improve
the angular behaviour of the power system under small distubances, but
may decrease voltage stability under larger disturbances.
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We also describe some ideas behind DFIG controller design. dihg these
ideas, we derive two generic control strategies and show hotiey a ect the

performance of a DFIG. Additional control is added to these @ntrollers in

the form of a PSS. The principles involved in designing a PSSra described.
The e ect that this additional control has on power system oscillations is
demonstrated through eigenvalue analysis and dynamic sinations.

The performance of wind turbines is compared to that of convational syn-
chronous generator power plants, showing that a DFIG equipgd with a PSS
is capable of improving the damping of inter-area power sysgtm oscillations.
Extending this, we can say that a wind park may be used to make gositive
contribution to power system damping.

In summary, the contributions are:

~

studying the DFIG modelling literature, and outlining the derivation of
the model we use,

introducing polar notation for representing a DFIG, in ord er to draw
parallels with synchronous generators,

describing the principles behind modal analysis, in order to understand
the meaning of eigenvalues in power system studies,

using modal analysis to look at damping ratios and root loci, in order
to study power systems and for tuning controllers,

deriving two generic controllers and studying their e ect on DFIG per-
formance,

" designing a PSS for a DFIG, and

comparing the performance of DFIGs with that of synchronou s genera-
tors.

Publications

Some of the ideas and gures in this thesis have appeared in # following
articles:

1. Katherine Elkington, Valerijs Knazkins, and Mehrdad Ghandhari. On
the rotor angle stability of doubly fed induction generators. In Power
Tech 2007, 15 July 2007, Lausanne, Switzerland, June 2007.
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2. Katherine Elkington, Valerijs Knazkins, and Mehrdad Ghandhari. Modal
analysis of power systems with doubly fed induction generairs. In
Bulk Power System Dynamics and Control - VII, August 19 24, 2007,
Charleston, South Carolina, USA 2007.

3. Katherine Elkington, Valerijs Knazkins, and Mehrdad Ghandhari. On
the stability of power systems containing doubly fed inducton generator-
based generation.Electric Power Systems Research78:1477 1484, Septem-
ber 2008.

4. Katherine Elkington, Mehrdad Ghandhari and Lennart Séder. Using
Power System Stabilisers in Doubly Fed Induction Generatos. In Aus-
tralasian Universitites Power Engineering Conference, 1417 December,
2008, Sydney, Australig 2008.

1.5 Outline

We start this thesis by going through the modelling of DFIGs used in our
investigations in Chapter 2. We then go through the theory required to
understand linear systems in Chapter 3. The theory is used taunderstand
controllers which are developed in Chapter 4, and to undersand the results
found in Chapter 5. This chapter goes through some case studs which
have been published in the articles listed above. The resudtin Section 5.1
have been published in [10], while results in Section 5.2 havbeen published
in [9].In Chapter 6 we give our conclusions, and o er suggesbns for future
work.



Chapter 2

Doubly fed induction
generators

The induction machine is the most widely used electrical mahine, and has
been most commonly used to convert electric power into work.Induction
machines have traditionally been used in constant speed apigations, but
these machines are now also being used in variable speed ajpptions be-
cause they are robust and comparatively inexpensive.

An induction machine consists of a cylindrical stator with three-phase wind-
ings distributed symmetrically around its periphery, and a rotor, which is
free to rotate inside the stator and is separated from the stéor by an air
gap. Alternating current is supplied to the stator windings directly, and to
the rotor by induction.

Many of the newer, larger wind turbines now being produced ae variable
speed turbines, which use DFIGs. These are induction genetars which
have their stator and rotor independently excited. Like corventional gen-
erators, they feed power into the electrical network throud their stator
windings. However, DFIGs can both feed and consume power tlmugh their
rotor windings, which allows them to rotate over a large range of speeds.
Because of their variable speed operation, wind turbines wich use DFIGs
can be controlled to extract more energy from the wind than sigly fed in-
duction generators. Additionally, DFIGs have some reactive power control
capabilities and other advantages [22].

7



8 CHAPTER 2. DOUBLY FED INDUCTION GENERATORS

In this chapter we go through the ideas used in doubly fed indation gener-
ator modelling.

2.1 Electrical dynamics

In order to begin our investigation, we must rst develop the model we will
use for the DFIG.

Let us look at the electrical equations for an induction machne. The stator
and rotor voltages each consist of components which corregpd to ohmic
losses, and the rate of change of ux linkage. The relations btween the
voltages v, resistancesR, currents i and ux linkages ' are given by the
fundamental Kirchho 's and Faraday's laws [29]:

2 3 2 3 2 3
Vas las ' as

ngsngsg ibg%*‘%g'bsg (2.1)
Ves ics "cs

2 3 2 3 2
Var lar "ar

var§=Rr9ibr§+%ﬂ'brE; 2.2)
Ver icr "er

where the subscriptss and r denote stator and rotor values in the a, b and
¢ windings as shown in the schematic in Figure 2.1. All rotor vdues have
been referred to the stator of the machine. Here we have usedhé motoring
convention, where currents are de ned as going into the macime.

The relationship between the currentsi and ux linkages ' are described
by inductancesL and are given by:

2 3 2 3 2 3
" as las lar
8 s b= Lo s b+Lmd i & (2.3)
"¢s ics icr
3 2 3 2
"ar lar las
Qo b=, d i G+ LG i L (2.4)

cr ler lcs
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ag
b axis o

Cs
a, axis
as axis
0(®
Cs axis
c, axis
Figure 2.1: Machine schematic
where
1 1 3
Lis+ Lm 5Lm 5Lm
Ls= %Lm Lis+ Lm %Lm Z (2.5)
%Lm %Lm Lis+ Lm
Lr +Lm %Lm %Lm
Lo =§ sbm  Lr+Llm  3lm (2.6)
iLm sLm  Li+Lm
2 5 3
cos(r) cos ;+— cOS [ —
2 23
Lhn=LnR cos . 3 cos(r) cos + 3 o (2.7)
cos |+ 2 cos 2 cos(r)
r 3 r 3 r
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the subscripts| and m denote the leakage and magnetising inductances, and
VA t
r= o Py dt+ (0) (2.8)

is the angular displacement of the rotor from the stator. Her !, is the
electrical rotor speed, given by

Ly = p'm; (2.9)

wherep is the number of pole pairs of the machine and , is the mechanical
speed of the rotor.

Since  varies with time, it is convenient to introduce a transformation to
eliminate the time varying inductances.

Let us then introduce the dg0 transformation, where variables in both the
stator and rotor circuits can be transformed to a rotating reference frame,
which uses adq coordinate system and is shown in Figure 2.2. The trans-
formation for a quantity f is then described by [18]:

2 2 3

2
2 3 cos() cos — cos + — 2 3
fa . "5 3 3 fa
ﬁfqu = sin( )  sin — sin -+ 281,84,
3 3 3
fo 1 1 1 fe

(2.10)

where the subscriptsd and g denote the projections ofabccomponents along
the d and q axes of the reference frame coordinate system, shown in Fig-
ure 2.2, the subscript O denotes the zero-sequence compoheand is the
angle between the reference frame and the frame of the cirduivhich we
wish to transform.

The matrix
’ cos( ) cos 2 cos + 2 ’
) 3 3
Tdgo( ) = 3 SI]r:l( ) sin 3 sin 3 (2.11)
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ay

as

Cs

Cr

Figure 2.2: Stator and rotor circuit frames, and the refererce frame

then describes the transformation, which is power invarian.

Let us de ne the speed of the reference frame with respect tohte stator

circuit as ! . Then the angle = ¢ between the reference frame and the
stator circuit is given by
Z t
s = . odt+ ¢(0): (2.12)
For the rotor circuit, with relative speed ! , !, the angle = | between
the reference frame and the rotor circuit is given by
VA t
= 0(!0 Le) dt+ (0); (2.13)
where

r0) = s(0) ((0): (2.14)
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We can now apply the transformation to the machine equations(2.1), (2.2),
(2.3) and (2.4):

2 3 0 2 31
2 Vqs 52) ng |qs 52)"' Tdqol( s) %quo( s)2 ~as gg (2.15)
Vos i0s 0s
2 3 2 3 0 2 31
Vdr I r
g Var 52) Ry 2 iqr 52)"' quo( ) %quo( r)g br EZJX (2.16)
VOr I()r ' cr
3 2 3 2 3
' ds Ids
ﬁ ' qsfz:' Taqo( s)L squo( s)2 igs g"‘ Tago( s)bm quo( )2 'qr g
' 0s i0s ior
2.17
3 2 3 ( )
" dr i ds
9 " qr g Tago( r)L+ quo( r)g |qr g"' Taqo( r)l- quo( s)g |qsg
"or ior ios
(2.18)
and noting that
0 2 31
quo( ) %?quo( )g fq gg =
2 3 2 3
d
= Too( ) o qu0< ) 81 o Tun( )Ted() S8 fq%
f
2 30 3 (2.19)
d 0 1 O d
0O 0 O fo
we can then rewrite the machine equations as
2 3 2 3 2 3 2 ‘ 3
gs
qusg ng |qsg+—2 qsg"" g " ds g (2.20)
Vos los 0Os 0
2 3 2 3 2 3 2 . 3

Vadr r
§ vy £ = Rﬁ.qrzﬁ_ﬁ qramo Y I PN
0

Vor ior or
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2 2 32 3
" ds Lls+ Lm 0 0 I ds
2 IqS g I—Is"'%'—m 0 Zg .iqsg
' 0s 0 Lis los
2 32 3
ng 0 0_7"j,
+8 70 3L, 0f%ig 8 (2.22)
) 0 0 0 ior 3
2 2 3
dr dr
g l qr g Llr + %Lm 0 Zg ?qr g
I Or O Lll’ |0r
2 39 3
%L 0 i gs
+8 0 3|_m 025 ige &: (2.23)
0 0 0 ios

This magnetically decouples the transformed variables frmm one another.

Now consider the balanced three-phase quantity with synchonous speed ¢

2 p_ 3
2 3 2F cos( st+ )
fa p _ 2
ﬁ fp g = 2F cos | st+ 3 ; (2.24)
f _
¢ P3F cos | S+ o+ 2
3
which has the phasor representation
F=Fé: (2.25)
Applying the transformation to dqg coordinates we nd that
2 3 2 3 p_
fq fa p§F cos( st + )
8tqf=To( )31 8=8 "3Fsinest + )% (2.26)
fo fc O

and note that the zero sequence component has vanished. In ith report
we consider a symmetrical DFIG, and so need only to examine tad and q
components.
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As machine parameters are usually given as reactance$ instead of induc-
tances L, we will express equations (2.20) (2.23) in terms of reactaces.
Then ux linkages ' become ux linkages per second . We also propose
modelling the machine as a generator, by negating all currets. The equa-
tions can then be rewritten as:

# "# " # " #
Vds  _ Rs !ds + ij ds 'o gs (2.27)
Vqs IqS I S dt qs I S ds
' # o # " # | | " #
zdr - Rr :dr + Ii% dr + ( 0I . r) qr (228)
a . ar rsdl, o s dr
ds Xsids+ Xmidr
= : ) 2.29
qs# . Xslgs+ Xmigr ( )
dr Xridr+xmids
= . . 2.30
qr Xrlqr"'xmlqs ( )
where
3
3
Xr=1lg Ly + E|_m (2.32)
3
Xm="!g ELm (2.33)
Now, let us consider the following complex stator quantity:
fas+ jf gs = P 3Fs(cos( st + )+ jsin(! st + ) (2.34)
=P gt ) (2.35)
p_ .
= 3Rt ) (2.36)
Stator quantities are transformed by setting s, and if we set
z t
o= lst s = 0 (!'s !o)dt s(0) (2.37)
we can write
fas+ jf gs = p§FSé o: (2.38)
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Using the per unit system described in Appendix A, this can bewritten as

fas+ jf gs= Fs€ °: (2.39)

The reference frame is synchronous wherk, = | 5. The synchronous ref-
erence frame is often used to analyse balanced conditions. his reference
frame is useful useful when using computers to analysis traient and dy-
namic stability of power systems [18] since then we can writé2.38) as

fas+ jf gs= Fse | <O (2.40)

It is then convenient to consider the d and g axis components of all values
as real and imaginary components of a vectof , de ned by

f=fg+jf g (2.41)

If we arbitrarily set ¢(0) = 0, then the stator voltage vector is equal to the
network voltage phasor:

Vs = Vs: (2.42)

2.2 Mechanical dynamics

The mechanical dynamics of a machine are described by the egtion

d!
J—=(Tm  Te); (2.43)
dt
whereJ is the total moment of inertia of the machine, T, is the mechanical

torque, and Te is the electromagnetic torque.

Let us now look at the power balance of the machine. In this cleed system,
any power that is not lost or used to magnetise the machine isransferred
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from the turbine. This means that

Pg= Pt Pioss Pmag (2.44)
= (Vasias * Vbsibs + Vesics) + ( Varlar + Viripr + Vericr) (2.45)
= (Vasids + Vgsiqs) * (Variar + Vgrigr) (2.46)

= Rs(igs"' igs) Rr(igr + icz]r)
1 d ds. d qs: d dr - d qr -
igs + igr + i
s dt ®° dt ¢ dt @
0 . . I 0 I r . . .
+ —( gsldst dsigs) *+ | ( grigr + drigr); (2.47)
! ‘s

where the subscriptsg, t, loss and mag denote generated, transferred, loss
and magnetisation powersP. The loss and magnetisation powers can be
identi ed from (2.47) as

Ploss = Rs(ifs + i3 + Re(i§ +i5) (2.48)
_ l d ds - d gs: d dr - d qr . .
Preo= 70 a1t T e A g (249)
and so the transferred power must be
I'o . . o 'y : :
Py = T ( gslds* dsigs) + n ( qriar + drigr): (2.50)
LN =S

The transferred power is the same in all reference frames, sbwe set

lo=1,= plm (251)
then the transferred power can be expressed as
! . .
Py = pl—m gslds +  dsigs) (2.52)
-S

and the electromagnetic torque is

P , .
Te= I_t = IE ( dsigs gslds) (2.53)
‘s

- m

If | 5 is independent of! . then we could also calculate the electromagnetic
torque as

Te= IE( gridr drigr) (2.54)
‘s
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The mechanical torque in the machine is

p
Tm = —2 (2.55)

P'm

We can then rewrite equation (2.43) as

dm 1 Pn p
—m-=- M Tp o 2.
dt  J g lg & (2.56)

where
Pe = dsiqs qsids: qridr driqr: (2.57)

Now J is de ned as

_2HS,
= 20,
n

J (2.58)

whereH is the inertia constant of the turbine shaft and generator in seconds,
Sy is the rated power of the machine, and

pln=1lsg; (2.59)

so (2.56) can be written as

d, l g l g
- _sS p. 5 p, o 2.
dt ~ 2HS, ™M1, € (2.60)

and using the per unit system in Appendix A this becomes

d!r_lssb !S

— =5 S p, 2.61
dt  2HS, "I, € (2.61)

where S, is the base power. Then our mechanical equation is

d, 1 !

s )
E - M Pmi Pe ’ (262)
where
M = 2—Hi (2.63)

!S Sb
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Two mass model

The mechanical dynamics of a turbine system can also be repsented by a
two mass model, which takes into account torsional oscillabns found in the
turbine shaft. The equations describing these dynamics are

d!
Jtd—tt =(Tm Ks) (2.64)
d!
Jgd—tm =(Ks Te) (2.65)
d
— =1 | .
S ERLT (2.66)

where! { is the rotational speed of the turbine, the subscriptst and g denote
the turbine and generator moments of inertiaJ, K is the shaft sti ness,
and is the angular displacement between the turbine and the roto. If

Ke!l (2.67)

then this two mass model approaches the model described in (23), where
J=Jg+ —; (2.68)

and 1: s the gearbox ratio.

It has been said that the two mass model should be used in trarient stability
analysis for wind turbines with soft shafts [2].

However it has also been argued that in fact the lumped mass nmael (2.43) is
adequate for representing the mechanical dynamics of DFIG§33], since the
shaft properties are hardly re ected in the power output of variable speed
generators.

This is not the case when protection may be activated during agrid fault [3].
Then the torsional oscillations in the shaft are re ected in the grid dynamics.

We will use the lumped mass model in this thesis, since our irestigation is
more concerned with the dynamics of generators than with thedynamics of
wind turbines.
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2.3 Reduced order modelling

Fifth order model

The electrical equations (2.27) (2.30) and the mechanicalequation (2.43)
comprise a model of a DFIG with ve states. It is also known as a fth
order model.

This model neglects the e ects of from magnetic saturation,hysteresis and
eddy currents, but it captures the dynamics important in tra nsient studies.

We can rewrite the fth order model as:

1d .
Vs = Rg{s+ cd—ts +j s (2.69)
1d ] !
vi= R+ c dtr + s! . r r (2.70)
s= Xsfs Xmfr (2.71)
r= Xr{r Xm{s (2-72)
d, 1 s .
TRy Pm! r Pe (2.73)

The fth order model includes high frequency dynamics, whid are not
always of interest in classical electro-mechanical dynanai studies of large
power systems.

Third order model

The fth order generator model represents the behavior of the generator in
detail, and includes the transient behavior of the stator curent. However,
it is known that %dd—ts has little impact on the system dynamics with which

we are concerned [4, 18].

It is then usual to write (2.69) [11] as

Vs= Rs{s+] s (2.74)
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It is useful for this study to represent the stator side of a DHG as a voltage
E%behind a transient impedanceRs + jX © so that

vs = E® (Rs+ jX 9{s: (2.75)

Expressing the stator uxes in terms of stator currents and rotor uxes we
get

!

_ Xm Xm?

= X
S Xr r S Xr

{s (2.76)

and multiplying this by j and subtracting Rs{s we get
!

_ Xm . X m?

Vs = ] X, ro ] Xs X,

{s: (2.77)

If we compare this with (2.75) we can set

0 Xm?
XY= Xg (2.78)

Xy

X
EO: jom : 2.79
| X, ( )
Equation (2.70) can then be rewritten as
de® X . 1 .

o so v JUs TOEY S (E%H (X XOf): (2.80)

It is widely accepted practice to neglect the stator resistance Rg [18] since
it is small. If we do this here, then

Vs=] s (2.81)
vs= EO jX % (2.82)
and (2.80) becomes

dEO_ 1 Xm . 0 XS 0
AT, Tetex v MTells HOET SET T

Xs XO

Vs

(2.83)
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where T, is the transient open-circuit time constant
Xy

To = X 2.84
° TR (2.84)
To simplify the expressions, we can make the substitutions
Xm
Vi = —V, 2.85
= v (2.85)
V = vg (2.86)
and (2.83) then becomes
de® 1 . . o Xs_po, Xs XO
which can be expanded to
deg 1 X Xs X0
d—td =T Tol sVgr + To(l's  1)EQ X—SOE3+ Sxiovd (2.88)
dE§ 1 X Xs X0
d—tq =T To! sVar To(ls !')ES X—SOE3+ Sxiovq : (2.89)
Mechanical equation
Using (2.81), we can write (2.57) as
Pe = VdSIdS + Vqsl as = Ps, (290)

where Py is power produced on the stator side of the DFIG. Then our me-
chanical equation becomes

d, 1 ! .

From (2.52) and (2.81) we also nd the well known relation

Pr=( s)Ps; (2.92)

f= 2= T (2.93)
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is the slip of the machine, and from (2.91) we see that
Pm=( s9Ps (2.94)
in steady state.

The third order representation of the DFIG then consists of the equations
(2.88), (2.89) and (2.91), and gives a mean value of the dynaics similar
to the fth order model [7]. The third order model therefore seems to be
a good compromise between simplicity and accuracy in classal, phasor
domain electro-mechanical dynamic studies of large powerystems [38].

Polar coordinates

We could also write (2.87) in polar coordinates by making thesubstitutions

EC= E¥® (2.95)
(VAR VAN (2.96)
V=vd: (2.97)
and comparing real and imaginary parts [8]. Now
dE® dE®
= - 2.98
dt dt (2.98)
. dE° d
=d —+jJE 2.99
at 0% (2.99)
e o Xs_o, Xs XO
=T iTo(ls 1E® S3E%+ TVel( )
+jTol Ve ) (2.100)
so (2.87) can be rewritten in polar coordinates as
d 1 o Xs X0
+ To! sVrcos( 1) (2.101)
de® 1 X Xs X0 .
W = T—O W)Eo'i' S)(iov COS( )+ TOI SVi’ S|n( I‘)

(2.102)
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The mechanical equation can also be written as

1 ls EW% | ,
M Pmﬁ Wsm( ) (2.103)

a,

dt
The electrical equations then take a similar form to the stardard represen-
tation of the synchronous generator. This is useful for draving comparisons
between synchronous and asynchronous generators.

Current formation

As an alternative to using the internal voltage E°as a state variable, it may
be convenient to use the rotor currenti, as a state variable.

Expressing the rotor currents in terms of rotor currents and stator uxes,

we get
!

X Xm?
r= X—rz s Xy Xms {r (2.104)
= — X —{: 2.105
Xs S XS{I‘! ( )

and using the substitutions (2.79) and (2.85), (2.70) can bewritten
|

V, = >>((—mRr{r+ 's v po, 1Xm Xmds o oXrd o,
r

l's s X, X dt Xs dt
(2.106)
If we once again neglect the stator ux dynamics%ddf, we nd that
d{r ! s Xs 0 Xm
L= 228 g0 TMp (VA 2.107
dt XOXm Xr r{r r ( )

To simplify this expression we can make the substitution
U = Xmir; (2.108)

and the dynamics of this new voltage can be described by the egtion

dUr _ XS S(EO 1

5 = %o ARG (2.109)
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We note that

1 .
EO= - V(Xs X9 jx (2.110)
S
If we want to de ne the dynamics of {; according to some control strategy,
then we must neglect the dynamics ofEC This motivates the use of a rst

order model.

First order model

It is sometimes assumed [19, 33] that current control of a DFG may be
considered instantaneous, since the response of the contris much faster
than the phenomena involved in transient stability studies [12]. If the rotor
currents are directly speci ed, then we do not consider the ¢gnamics of the

rotor ux linkages %

So if we assume that

1ds _
1d, .

then our electrical equations become

Vs Rs{s J(Xs{s+ Xm{r) (2.113)

vi= Rt ] !SI - (Xe{r + Xmds) (2.114)

and the mechanical equation is still described by equation Z.91).

This is sometimes referred to as the steady state model, siecthe dynamics
of the mechanical system are all that is taken into account.

In this thesis we will focus on the third order model.



Chapter 3

Modal analysis

Here we go through the basic idea of modal analysis, which prides some
insight into the properties of the dynamic system for small dsturbances.

3.1 Linear systems

The dynamic behaviour of the system can be described by a sef ast order
di erential-algebraic equations [29]

x = f(x;2) (3.1)
0= g(x;2); (3.2

wheref : R"™ M1 R" s a function comprised of the di erential expressions
in Chapter 2, and g : R"™ ™1 R™ describes the power ow into the nodes
of the power system. These are functions ok 2 R", the vector of state
variables of the generators, andz 2 R™, the vector of algebraic variables
describing the voltage at the power system buses. We assumbd system is
autonomous, and thatf and g satisfy the Lipschitz condition.

If (Xo0;20) is the equilibrium point, we consider a nearby solution

Xo+ X (3.3)
0+ z: (3.4)

X

25
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Taking a rst order Taylor expansion, we nd the relation

X=Fy X+F; z (3.5)
0=Gx x+G; z (3.6)

whereFy, F,, Gy and G, are the Jacobian matrices

@ @ @ @
F, = —; F,= —; Gy, = =; G, = —: 3.7
X @ z @ X @ z @ ( )
If G, is non-singular we can see that
x =(Fx F;G,Gy) x: (3.8)

Then A = Fy F,G, G, is the system matrix describing the linear rela-
tionships between the states ofx. From (3.1) and (3.2) we can form the
linear relation

X=A X; (3.9

where x is a small deviation from the equilibrium point.

3.2 Eigenvectors and eigenvalues

An eigenvector of A is any vector vi which satis es
Av; = v (3.10)

where ; is an eigenvalue ofA, a complex scalar. In fact, the eigenvalues of
A are the same as those oA T, so that if a vector w; satis es

ATwj = jwj; (3.11)
then
wiA = jw/; (3.12)

and w;" is a left eigenvector ofA.
If we left multiply (3.10) by ij and right multiply (3.12) by v; we see that

Wi vi = wivi; (3.13)
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which implies that

WV =0if i6] (3.14)
60ifi=]| (3.15)
if all eigenvalues are distinct.
Let
h [
V= vy Vo i1 Vp (3.16)
be the matrix formed by the columns of the eigenvectors oA and
2 3
Wy
WT
wT = § 2 % (3.17)
Wy

be the matrix formed by the rows of the right eigenvectors ofA. Then

AV =V (3.18)
WTaA= wT (3.19)
where
3

= g © % : (3.20)

n

It is common practice to normalise the dot products of correponding left
and right eigenvectors ofA so that

wh=v % (3.21)

3.3 System modes

We now wish to diagonalise the state-space representatiomi(3.9). We can
do this by using a particular transformation speci ed by the eigenvectors of
the state matrix A. Consider a new state de ned by

X=V : (3.22)
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Substituting this into (3.9) and rearranging we get

=V lav : (3.23)
From (3.18) we see that

v lav = (3.24)
so the system of equations (3.23) becomes

_= (3.25)

where the new states are decoupled. The time domain solution of this
system is

t)=-e' (0) (3.26)
it)= i(0e " (3.27)

and converting back to the statesx we nd that

x(t) = ;(/ () (3.28)
vi i(0)e it (3.29)

i
The natural response of the system is given by a linear combation of the
modese ! of the state matrix.

The right eigenvector gives the relative activity of the state variables when
a particular mode is excited. For example,vy; measures the activity of the
k-th state variable in the i-th mode [18].

Attime t=0
0=V 1 x(0) (3.30)
=WT'T x(0) (3.31)

and so the expanded time domain solution is

X
x(t)=  viw] x(0)e it (3.32)
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We see here that the left eigenvector weights the contributbn of the ini-
tial condition x(0) to a particular mode. For example, wy, determines the
in uence of x,(0) upon modei [18].

The eigenvalues predict the frequencied ,; of the modes present in the
system after a small disturbance, and the extent to which themodes are
damped. A measure of the damping of mode corresponding to the eigen-

value j= ; |j! pi is the damping ratio
= qiii- (3.33)
*pi
3.4 Sensitivity

Now let us examine the sensitivity of eigenvalues to elemest of the state
matrix A. We can di erentiate (3.10) with respect to element ajy :

@\ + @I_@I + @i_

=i+ A= Vi — 3.34
@ Y @a @a @ (3.34)
Premultiplying by w, we get
T @\ T @I _ T @I @i .
i A— = I ; P = 3.35
'@ﬁ(V + W, @n @ﬁ(V + w @R ( )
From (3.21) we see that
wivi =1; (3.36)
and noting (3.12) we can simplify (3.35) to
T @\ _ @i .
— vj= —1; 3.37
which leads to the expression for eigenvalue sensitivity
é@—ﬁi = Wij Vii: (3.38)

Eigenvalue sensitivity can be used to ascertain which powesystem param-
eters have the most impact on the damping of particular modes
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3.5 Participation

In small-signal analysis and control, it is important to ascertain the partic-
ipation of the state variables in the modes of the system.

Recall from Section 3.3 that the elements of the right eigengctors v; of A
measure the degree of activity of the state variables in the mdesi and
that the elements of the left eigenvectorsw; measure the contribution of the
activity to the mode.

A dimensionless factor
Pxi = Vik Wi (3.39)

has been introduced [26] to describe the relative particiption of the state
variable x, in modei. This is called a participation factor.

A comparison with (3.38) shows also that

@F
— = Py A4
@ Pk (3.40)

By evaluating the participation factors of the system we can nd which
elements participate most in particular modes. We can then e signals
from these elements as feedback variables, as the modes ar@sh sensitive
to these signals.

3.6 Inputs and outputs

Now let us consider a nite state linear system which has inpus and outputs,
described by

X=A X+B u (3.41)
y=C x+D u (3.42)
where u is the vector of inputs and v is the vector of outputs.

We can use the change of variables (3.22) to the system equatis (3.41)
and (3.42), which then become

= +WTB u (3.43)
y=CV +D u: (3.44)
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Let us assume zero initial conditions. Taking the Laplace tansform of these
eqguations and solving (3.43) for we nd that

(s) = (sl ) 'WTB U (s); (3.45)
wherel is the unit matrix. Then (3.44) can be expressed as

Y (s)= CV (sl )y 'WTB U(s)+ D U(s); (3.46)

where s is the Laplace variable.

The transfer function of the system can then be written as

G(s) = 58 (3.47)
= CV (sl ) 'WTB + D: (3.48)

Feedback systems such as those we will be examining in this ésis do not
feed the inputs of the system to the output directly. In these systemsD is the
zero matrix. For a single-input single-output system the transfer function
can be written as a series of partial fractions

X wT
G(s) = CZ'L_B (3.49)
i |
X R;
= 3.50
s (3.50)
where
R = Cv;w/B (3.51)

are the residues corresponding to the eigenvalues.

3.7 Tuning compensators

Now let us consider the feedback control system shown in Fige 3.1 where
the output vy is fed back to the input u though the lter H(s) with gain
K. It has been established [23] that
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= h - G(s) q -
L KH (s)

Figure 3.1: Feedback Control System

Desired i

Figure 3.2: Eigenvalue direction

d i . .
g = HOORe: (3.52)

If we wish to damp the mode associated with i, then H(s) should be
designed so that

\H( )= \ Ri: (3.53)
The design principle is illustrated in Figure 3.2.
Setting
=\ H( i); (3.54)

we can see that (3.53) can be achieved with a Iter of the form

H = 3.55
(9= To7e (3.55)
where
1+sin
=1 en (3.56)
1

T=—p—; (3.57)
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as long asj j < 5. In practice multiple lters are used if j j > 5 because
the high-frequency gain of a single lead compensator with mamum lead
of more than 5 is signi cantly larger than the high frequency gain of n
cascaded lead compensators, each contributing=h of the same total phase
lead [21].

The gain K of the Iter can be increased to increase the damping ratio up
to a certain point. Ideally K should be set at a value corresponding to
maximum damping [18]. Here the gain is chosen to maximise thelamping
ratio of a particular mode.






Chapter 4

Control schemes

Here we present some ideas behind DFIG controller design, a@nderive basic
control schemes.

4.1 Basic controllers

There are a number of measures that need to be controlled forryy generator.
Some of the more important measures are

Rotational frequency !,

Generated active power Py

~

Generated reactive power Qg

~

Terminal voltage V.
Let us now examine these measures.

The rotor speed should be controlled in order to maximise engy extraction
from the wind.

Let us again look at the mechanical equation of the generatof2.91):

d, 1 o
- - p S P o 4.1
d ™M M, S (4.1)

35



36 CHAPTER 4. CONTROL SCHEMES

We can see that by controlling the active stator power Ps we are able to
control the speed of the machine. In this thesis, however, weegard the
wind speed as being constant, and do not implement this type bcontrol.

Generated active and reactive power are often speci ed for ajiven period,
and need to be altered on demand. Let us have a look at the expssions for
the active and reactive power produced on the stator side oflte generator.
These are:

Ps = <f vs{s0 = Vagsids + Vgsigs 4.2)
Qs = =f vs{sg = Vasiqgs  Vgslds; (4.3)

where Qg is the stator reactive power. In this thesis we assume that oly
active power is produced on the rotor side of the generator,sthat the rotor
power is

Pr = <fvi{{9= Variar + Vgrigr; (4.4)
and the total generated power produced is then

Pg= Ps+ Py (4.5)

Qg = Qs: (4.6)
If for a moment we assume that the losses in the machine are srhathen

P, Py 4.7)
and by using (2.92) we can write

Ps+ P, (1 sYPs (4.8)
P, = s¥Pq (4.9)

where the slips®is a small fraction. It can then be seen thatP, represents
only a small proportion of the generated powerPg, which is largely repre-
sented by Pg, and that by controlling Ps we can control both the rotational
speed! ; and the generated powerPy.

Now it is important that the voltage at the connection point s hould not vary
too much. If voltages are kept high, larger amounts of activepower can be
transferred, while diminishing voltages can cause major sstem failures [35].
If the local voltage to a machine becomes too low, the machinean su er
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large inrush currents, and the machine may disconnect to prtect itself.
This disconnection further exacerbates the problem of colipsing voltages,
causing blackouts.

Using (2.29), (2.30), (2.81) and (2.108), and recalling thede nition of U,
from (2.108), we can rewrite the stator active and reactive mwers in terms
of rotor current {;:

X ) ,
Ps = X—m(Vds|dr + Vgsiqr) (4.10)
s
1
= X_(VdsUdr + VgsUqr) (4.11)
s
Xm, . . V2
Qs = X—S(Vds|qr Vgsidr) X_s (4.12)
1 V2
= X_S(Vdqur Vqudr) X_s: (4.13)

It is clear from (4.13) that the stator active power is closely coupled to the
bus voltage V, and so by controlling Qs we can control V.

4.2 Controller implementation

When a four quadrant ac-ac converter is connected to the roto windings
of a DFIG, as shown in Figure 4.1, the rotor voltagesVy, and Vg, of the
generator can be regulated independently by a controller, \wich takes input
signals from the power system in order to improve the dynamiaesponse of
the DFIG.

In Section 2.3 we showed that the rotor current could be speaoid by (2.109):

dUr - XS S(EO 1

b A A U Vi 4.14
dt °X0 S PR (4.14)

The rotor voltage can then be written as

1 X 9du, 1
V.= — —— U, + sEC 4.15
' I Xs dt 1Ty (4.15)
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{s

Pm -

Ps+ Qs

Vy {r

ac 1
de | T—

dc
ac

VA

Figure 4.1: Doubly fed induction generator system

where
1 .
EC= s (Vs(Xs X9 juXx9
S

which can be decomposed into

1 X %dUy, 1
Vg = ————% = Uy + sEY
dr IeXs dt 1gTo O dr

10Uy 1

— 0.
Var = I Xs dt !sTqur+ SEqr
where
o_ 1
Eq= X—(Vds(xs X9+ Ug X9
S
1
EQ= X—S(vqs(xs X9 UgpX9:
Setting

0 — 0
VY = Vg sES

Vg = Vgr  sEQ

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)
(4.22)
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we can write

1 1 X 0dUy,

vo= = - 4.23

dr L To & T X5 dt (4.23)
1 1 X%du

vl= —— —— 4.24

ar 1 To T 1¢Xs dt (4.24)

Then the control of V§ and the control of V) are decoupled from one an-
other.

In the third order model we have derived in Section 2.3, our catrollable
variables are Vy, and Vg,. By looking at (4.21) and (4.22) we see that the
componentss®E§, and sEJ, should be compensated for, in order to remove
the cross coupling [25]. The contribution of these terms is mall due to the
limited range of the slip s°[30].

This means essentially thatUy, can be controlled by Vg, and similarly Ug,
can be controlled by V.

Control frames

In Section 2.1 we chose to view our electrical quantities in alq reference
frame which was rotating at synchronous speed s. This was convenient
because the real and imaginary components of the network plsars could be
equated to thed and g components of their correspondingiqrepresentations.

For the purpose of control it can be convenient to view the conponents in
di erent reference frames. In this way, some expressions arsimpli ed, and
the controls of di erent quantities can be decoupled. Usualy a rotating
frame is chosen on the basis of a ux, which always changes ctinuously.

We now look at commonly used reference frames, which have aty coordi-
nate system.

Rotor ux orientation

One commonly used reference frame is the frame which rotatewith the
same speed as the rotor ux vector ., and therefore at the same speed as
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EC Then the angle at which the xy axes are displaced from thelq axes is
de ned by

EC= E% : (4.25)

We note that models in this frame use the reference speed,, which is not
equal to the synchronous speed g, but is equal to the speed of , which was
described in (2.101).

In this frame the x-axis coincides with the maximum E°so that:
ES=E% Ey=o0: (4.26)

Then the stator active power is
Xy
Ps = X—(qur) = 1Te (4.27)
m

but the stator reactive power has a much less tidy expression Rotor ux
orientation is mostly used when we try to control the electrical torque of the
machine.

Stator ux orientation
The reference frame more commonly used for DFIGs is the framaligned
with the stator ux .

Consider the transformation required to project a vectorf from the dq axes
to a set of xy axes which rotate with speed! ,y:

# " _ ##
fy sin( xy) cos( xy) fq ’
where
z t
Let us call the transformation matrix
Tyxy = COS( xy) SIN( xy) : (4.30)

sin( xy)  €os( xy)



4.2. CONTROLLER IMPLEMENTATION 41

Applying this transformation is not just a simple matter of s witching the dq
subscripts for xy. We must be careful with the di erential terms in (2.27)
and (2.28):

" #!
1 d 1 X
:Txya TXy
d # d #
1 1
= Txy aTxyl <o+ |_TxyTxy:L t X
i #" Y T # Y (4.31)
_ !y 0 1 x o, 1d K
! S 1 O y I S dt y '
each of which introduce a new term
" #" #
lyy 0 1 x .
o1 0 ) (4.32)
If we return to our third order model, where
Vs =] s; (4.33)

as in (2.81), then ¢ is not a continuous quantity, because the voltage can
change in an instant. If this happens, then the angle 4, cannot be calcu-
lated, so this model cannot be used for simulation.

In the third order model however, we have assumed that the quatity %ddts
has little impact on the system, and so the term introduced isvery small.
This means that for the third order model, changing the subscipts from dq

to xy will give a very similar, but not an identical, set of equations.

Stator voltage orientation

In the model described in Section 2.3 we have eliminated refences to g,
and instead refer to the stator voltage

Vs = V\ (4.34)

By rotating the dq reference frame through an angle , we can construct a
new reference frame as shown in Figure 4.2.
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fy VS

Figure 4.2: Rotated Coordinates

We call this new reference frame thexy reference frame, and we can consider
the quantities in the dq reference frame by reference to thexy reference
frame. The transformation used for this conversion is
" # oo #" #
Vr cos( ) sin( ) Var

Ve osin( ) cos( ) Ve (4.35)

In this frame the x axis coincides with the maximum voltage so that:
Vxs = Vi Ws =0: (4.36)

Then the stator active and reactive powers become

Po= o(VUa) (4.37)
— l V2 .
Qs X_S(V Uyr) X' (4.38)

and we can control Ps and Qs by controlling Uy, and Uy, respectively.

In this thesis the model used for simulations is the model famed in the dq
axes, but for deriving control strategies we use the model fianed in the xy
axes, and disregard our introduced term. Quantities are the projected to
and from the xy frame from the rotating reference frame chosen in Section
2.1, as is done in [19].
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Voltage source converters

We have seen thatPs, and therefore Py and ! ;, can be controlled by Uy,
and similarly that Qs, and therefore Qg and V can be controlled by Uy, .
Also, Uy and Uy, can be controlled by Vy, and Vy, respectively, and we
have direct control over these.

Let us have a look at the controller in Figure 4.3.

Vpss-x
Pqg V.
K 2 K Xr
= Ky + a2 - R - | Kogs + da .
S +lg S
Uyr
\% K > K Vyr
- qu + q2 - h - qu + qé -
S 6 S
Vpss.y

Figure 4.3: Control Scheme 1

We use Proportional and Integral (PI) controllers to generae references
for Uy, and Uy, from reference generated powePy and voltage V values.

Another pair of Pl controllers are then used to generate the ptor voltages

Vyxr and Vy, which should be fed to the DFIG. In this thesis we have chosen
to control Pg and V. The inputs to this system are

Pg= Py Pg (4.39)
v= (v VR (4.40)

and two PSS signals,Vpss x and Vpss y which, without a PSS, are set to
zero. The superscriptR denotes reference values. OftelQq is used as a
reference rather thanV, as in [14], and then instead of V we have

Qg= (Qq QgR) (4.41)

A simpler controller is shown in Figure 4.4. Rather than geneate references
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Vpss.
P L PSS-x V.
K Xr
- e Kpd + Did =
S
V,
V_+ I _ qu N K% yr_

‘GLVPSS- y

Figure 4.4: Control Scheme 2

for Uy, and Uy, the references forPy and V are used directly to generate
Vyxr and Vi, . In this control scheme we have the inputs

Pg= (Pg PJ) (4.42)
V=V VR (4.43)
and the two PSS signalsVpss.x and Vpss.y, Which are normally set to zero.

We can now nd Vg and Vg using the inverse transformation

# # #

Var _ cos() sin()  Vu .
Vgr  sin() cos() Vyr (4.44)

4.3 Power system stabiliser

The basic function of a power system stabiliser (PSS) is to ad damping to
generator rotor oscillations by producing damping torque © the machine.
Damping is added by providing an auxiliary signal to the excter of the
generator.

We can implement a PSS for the DFIG by adding one or more additbnal
signals to the controller, either Vpss.x or Vpss.y. These signals are designed
to improve the stabilisation and damping in the power system

The general form of the controller we use here is shown in Fige 4.5.

The rst block is the gain K, while the second block is a washout lter
with time constant Ty,. This Iter is used to account for steady state errors
due to changes changes in equilibrium. The last two blocks & cascaded
lters.
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u Tus 1+ Tis 1+ Tas | Vess
1+ Tys 1+ Tss 1+ T4s

Figure 4.5: Power system stabiliser

The number of lters which we use to damp a particular oscillatory mode
with residue angle\ R; is

8
2 1 =3< \ R; =3

n=_ 2, =3<\R, 2=3 2=3<\R; =3 (4.45)
1, 2=3<\R; 4=3; with negative gain:

We also examine local and remote signals which are fed back tbugh the
PSS. These will be described in the next chapter.






Chapter 5

Case Studies

In this chapter we look at a number of case studies for simple gwer systems.

Our general goal is to investigate the e ect of a wind park on ageneral power
system. It is known that a number of generators which are clos together
and which behave similarly can be represented by a single gerator [24].
By analogy an aggregate of DFIGs, such as a wind park, can be peesented
by a single DFIG [2], and that a general power system, typicdy made
up of synchronous generators, can be represented by a singignchronous
generator.

In the same way, an aggregate of DFIGs, such as a wind farm, cabe
represented by a single DFIG, and that a power system, typicdy made
up of synchronous generators, can be represented by a singignchronous
generator.

5.1 Two machine system

All of the simulations in this section have been performed umg MATLAB
[37].

We will not go into detail when describing the dynamics of the synchronous
machine. Particulars can be found in [17, 18]. We will howewe list the
equations we use in the rst part of this study.

a7
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In order to see the e ect of an aggregate DFIG on a power systenrepre-
sented by a synchronous machine, we use the standard one-axinodel for
synchronous generators given by the equations [13]

= 1y (5.1)
! EO
!_: ﬁ Pm WSW]( ) (52)
1 X X X0
E°= = Ef —E% = _" Vcos : 5.3
TO F XO XO ( ) ’ ( )

where we have used standard notation. Without controllers,Eg is constant.
To see the impact of controllers on the system, we now considé¢he situation
where a synchronous machine is controlled by an AVR and a PSS.

The controls yield supplementary equations

1
Erf = T—( Er + Ka(VRer + Vpss V) (5.4)
e
1
\fpss = T, (! 1g)Kpss+ T1Kpss (5.5)
|
l's EV ,
ﬁ Pm WSIH( ) Vpss (5.6)

We wish to investigate how a wind park manifests itself in the dynamic
behaviour of a power system, using a simple system as an exatep The
system shown in Figure 5.1 is a generic test system in which wd turbines
and conventional generators can be seen to interact.

The generator Ga is a conventional power plant or aggregate of plants,
and we examine its dynamics. These dynamics can be represeut by a
synchronous generator model. The generatoGg is a large wind park whose
dynamics can be represented by a DFIG model, without contrders. Here
this means that V; is constant.

With appropriate models, each of these generators can be repsented by
an internal electromotive force (emf) E°behind a transient reactanceX °, as
shown in Figure 5.2.

The generators are connected by short lines, each with reaahce Xy, to a
common bus. The bus is connected in turn to a larger power traemission
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Ga

®_|_GD-|7 In nite bus

Ge

Figure 5.1: Test system

X2 Xf X
—T .
es HHHH—=="mnite sus
2X-
X2,
Xg
Eg

Figure 5.2: Single line diagram

system by two longer lines, each with reactance 2-. The transmission
system is represented by an in nite bus. Additional machines and loads
interfere with the interaction between the two generators.

We look at a number of di erent con gurations for this test sy stem. In order
to examine how the presence of a wind park impacts upon the dyamics of
the power system Gp, it is necessary to know howGa would behave in
both the presence and the absence of a DFIG. For comparisorGg can be
replaced by a synchronous generator whose ratings are ideéoal to those
of the wind farm, but whose dynamics are represented by a syionous
generator model.

A synchronous generator with a constant eld voltage EF exciting its eld
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winding may have a variable terminal voltage. However a geneator can be
controlled in such a way that its terminal voltage is relatively constant. The
control is e ected through the use of an AVR, with which almost all gener-
ators are equipped. The AVR has the e ect of reducing dampingtorque, so
many generators are also equipped with a PSS to provide addiinal damp-
ing torque. The behaviour of Ga will be noted in each case with AVR and
a PSS, and without an AVR or a PSS.

We can examine how the system behaves when it is disturbed. Tpical
disturbances have been chosen for this study.

~

Small disturbance A small disturbance should exhibit the behaviour
predicted by a linearised model. A small disturbance is e eted by re-
ducing the mechanical power ofGa by 10 percent for a short period of
time t = 100 ms.

Large disturbance We look at a large disturbance where one of the lines
connected to the in nite bus is disconnected permanently. The system
then demonstrates extreme behaviour.

The con gurations of the simple system and the disturbancesare chosen to
display properties of a more general system.

Linear analysis

As we intend to maintain the system close to a stable operatig point, we can
linearise the system about this point. We can then look at theeigenvalues
of the system to see the e ect of small disturbances.

In this section we tune the PSS of plantGa. As a rst step to tuning the

controllers, we choose typical values folK o, Te and T;. We then consider
the space of control parametersT, and Kpss de ning the controllers, to

maximise the objective function min;( ;) over all oscillatory modesi. The
optimal values of the parameters can be found in Appendix C.

We now look at the eigenvalues for each con guration of the sgtem, eval-
uated at the post-disturbance equilibrium point. The subsaipts A and B
denote values from machinesGa and Gg respectively.

When the post-disturbance state is the same as the pre-distibance state,
the eigenvalues of the con gurations referred to are set outn Table 5.1. The
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corresponding damping ratios and oscillation frequenciest, = ! ,=(2 ) are
also given.

If one of the lines to the in nite bus is permanently severed, the post-
disturbance equilibrium point moves away from the pre-disturbance equilib-
rium point. The eigenvalues are shown in Table 5.2.

Each table shows that the damping ratios are greater whenGg is a DFIG
than when it is a synchronous generator. We note from Table 8. that when
Ga is uncontrolled and Gg is a DFIG, the least is approximately 5 times
greater than the greatest when Gg is synchronous. Even whenGp is
controlled and Gg is a DFIG, the least s still greater than the greatest

when Gg is synchronous. The tables show that after small disturbanes,
the angular swings of G are more e ectively damped whenGg is a DFIG
than when it is a synchronous generator.

Although the damping ratios increase when the system inclués the DFIG,
some of the eigenvalues on the real axis move closer to the imiaary axis.

Figure 5.3 shows root loci of the system for increasing valueof X-. If the
reactance of the long linesX- is increased beyond the critical reactanceX,
one eigenvalue moves into the right half plane.

The behaviour of the eigenvalues in parameter space reveatgher aspects of
the interaction between the generators of the power systemit is interesting

to note the position of these eigenvalues at particular vales of X-. At

some points the eigenvalues are very close, resulting in MiEnt oscillations

when the system is disturbed. This illustrates the phenomeon of modal
resonance [6] in power systems containing DFIGs.

Dynamic response

The dynamic responses of the general power system for di er¢ con gura-
tions and for di erent disturbances are described by means bplots of the
rotor angle and powerPg of both Ga and Gg, shown in Figures 5.4 and 5.5.

Following a large disturbance occasioned by a line removalthe DFIG de-
creases the stability margin of the system. It is not evidentfrom an ex-
amination of the eigenvalues in Tables 5.1 and 5.2 that the DFG has this
e ect.
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Table 5.1: Two lines to in nite bus

(a) Ga without AVR or PSS, Gg synchronous

eigenvalue damping ratio frequency f,

0:0181 j11:.0153 00016 17531

0:0691 |7:0375 Q0098 11201
7:6740 1 0
0:3856 1 0

(b) Ga without AVR or PSS, Gg a DFIG

eigenvalue damping ratio frequency f,

6:2179 129711 04323 20644

0:4784 |8:5667 00558 13634
2:3171 1 0
0:3388 1 0

(c) Ga with AVR and PSS, Gg synchronous

eigenvalue damping ratio frequency f
92:9199 1 0
8:3926 1 0

3:0313 j10:2534 02835 16319

2:8332 j9:5339 02849 15174

2:2474 j6:5071 03265 10356

(d) Ga with AVR and PSS, Gg a DFIG

eigenvalue damping ratio frequency f,
93:8358 1 0
7:1235 j16:2460 04016 25856
6:5719 [9:0368 05882 14382
2:6471 j6:0353 04017 09606

3:0963 1 0
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Table 5.2: One line to in nite bus

(@) Ga without AVR or PSS, Gg synchronous

eigenvalue

damping ratio

frequency f,

0:0154 j11:0526
0:1177 j5:1696
6:9964
0:2991

00014
00228
1
1

17591
08228
0
0

(b) Ga without AVR or PSS, Gg a DFIG

eigenvalue

damping ratio

frequency f,

5:6897 j12:7917
1:0275 j 7:6406
1:2492
0:0500

04064
01333
1
1

20359
12160
0
0

(c) Ga with AVR and PSS, Gg synchronous

eigenvalue damping ratio frequency fp
91:9470 1 0
2:1376 j10:7399 01952 17093
5:4299 ] 9:5645 04937 15222
8:2968 1 0
0:7426 j4:7548 01543 Q7568

(d) Ga with AVR and PSS, Gg a DFIG

eigenvalue damping ratio frequency f,
92:8752 1 0
7:3239 j16:8017 03996 26741
7:0733 [ 7:4839 06869 11911
2:2811 j5:7935 03664 09221
2:0703 1 0

53
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Figure 5.3: Root loci starting at , X is the critical value of X-



5.1. TWO MACHINE SYSTEM 55

2 4 6 8 10
time [s] time [s]
(@ , Gs synchronous (b) Ps, Gg synchronous

1 2 3 4 5
time [s] time [s]
(c) , Geg aDFIG (d) Pc, Gg a DFIG

Figure 5.4: Large disturbance,Ga without AVR or PSS, for G, [solid] and
Gg [dashed]
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Figure 5.5: Large disturbance,Gp with AVR and PSS, for Gp [solid] and
Gg [dashed]
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With small disturbances, the DFIG works to dampen the oscillations of
Ga [33]. The DFIG and Ga have dierent dynamic characteristics, and
one would not expect them to oscillate in phase. However theigenvalues
of the system with one line move closer to the imaginary axis.The large
disturbance causes the DFIG to consume reactive power, re#ting in a volt-
age instability from which the DFIG cannot recover. This leads to angular
instability of Gp if it is uncontrolled, and instability in the system if Ga
is controlled. The angular instability is shown in Figure 5.4. However, the
post-disturbance system is stable for small disturbancesas can be seen in
Table 5.2.

In this case study, the DFIG is less robust than a similarly raed synchronous
generator.

Summary

It would appear then that DFIGs are useful for damping the initial oscilla-
tions in Ga that result from small upsets in the system, but are less usefl
with large disturbances. Extrapolating this, we can say tha the presence
of a wind park in the vicinity of a general power system will improve the
angular behaviour of the power system under small disturbaoces, but may
decrease voltage stability under larger disturbances. Coverters might be
used to improve this behaviour.

5.2 Two area system

All of the simulations in this section have been performed ugg Simpow [34].

We wish to investigate how a wind park, comprised of DFIGs, eah equipped
with a PSS, manifests itself in the dynamic behaviour of a powr system,
and we use a simple system as an example. The system shown irgbie 5.6
[18], which is a generic test system where wind turbines andanventional
generators can be seen to interact.

Generator G; is a large scale wind park whose power and voltage ratings
are identical to those of the conventional plant described m [18], but whose
dynamics are represented by a DFIG model. The other generats are con-
ventional power plants or aggregates of plants, each of whesdynamics can
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1 I
I 1

L L
G, ! o G,

Figure 5.6: Two area system
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be represented by a synchronous generator model. The conwimal plants
each have a turbine governor and an automatic voltage regular (AVR).

This system is known to exhibit inter-area oscillations of the type we wish
to damp.

We look at several of di erent con gurations for the wind par k. We examine
the wind farm when it is equipped with di erent types of generic controllers,
and when it is equipped with a PSS, fed with di erent signals.

We can examine how the system behaves when it is disturbed. ko cases
have been chosen for this study.

Disturbance 1 The disturbance is a three phase to ground fault at Bus
9, cleared after 100 ms.

Disturbance 2 The disturbance is a three phase to ground fault at Bus
8, cleared after 100 ms.

Disturbance 3 The disturbance is a three phase to ground fault at Bus
9, cleared after 100 ms by tripping one of the lines between Bses 8 and
9.

Disturbance 4 The disturbance is a three phase to ground fault at Bus
8, cleared after 100 ms by tripping one of the lines between Baes 8 and
9.

Disturbances 1 and 2 are transient disturbances, which exlriit similar be-
haviour to that predicted by a linearised model. Disturbances 3 and 4 are
large disturbances, under which the system demonstrates dirent dynamics
to those predicted by a linear model. Since these disturbares are cleared
by tripping one of the lines between Buses 8 and 9, the operatg point of
the system is altered.

These con gurations of the system and the disturbances arelwsen to dis-
play di erent properties of the wind park.

We want to compare the performance of these two di erent PSS on gu-
rations to the performance of the conventional synchronougienerator PSS.
For this purpose we compare three types of PSS con gurations

PSS-s This is the synchronous generator PSS, which is the standar
PSS type with which many conventional generators are equippd.
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PSS-x This PSS provides the signalVpss.x to the power side of the
DFIG control system.

PSS-y. This PSS provides the signalVpss.y to the voltage side side of
the DFIG control system.

Comparison of synchronous generators to DFIGs

Let us rst examine the performance of the generic controlles, shown in
Figures 4.3 and 4.4. As an example, we consider what happenshen Dis-
turbance 4 occurs. Figure 5.7 shows how the local quantitie®y and V are
controlled.

1.04
1:035
35 =
2 g 1:03H4
& = |
1:025
0:65 5 10 15 20 Y0% 5 10 15 20
time [s] time [s]
(a) Generated power (b) Bus Voltage

Figure 5.7: Local quantities for the synchronous generatomwithout a PSS
[solid], the DFIG without a PSS and Control Scheme 1 [dashed]the DFIG
without a PSS and Control Scheme 2 [dash-dotted] for Disturtance 4

The controller works well, with both generated power and votage returning
to their desired values after the operating point of the sysem changes.

In this comparison we examine three input signals to each PS$ Control
Scheme 2:

~

— This is the speed of the voltage angle of Bus 1. It is a local ghal.

" Py7g. This is the power on one of the lines between Buses 7 and 8. It
requires a remote signal.
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I 4. This is the di erence in rotor speeds of the generators whih par-
ticipate most in the inter-area oscillation mode. These geerators can
be found by analysing the participation factors of the state variables,
as described in Section 3.5. When there is no wind park in theystem,
l'4=('1 !3), and when there is a wind park,! 4= (! 2 ! 3), where
the subscripts denote the generators. This is a remote sighaequiring
information from multiple sources.

Linear response
We now look at the eigenvalues for each con guration of the sgtem after

the PSSs have been tuned. The least damping ratios of the di eent schemes
described in this thesis are presented in Table 5.3.

Table 5.3: Least damping ratios

Signal PSSs PSSx PSSy

None Q0178 00203 Q0203
— 0:0674 01120 Q00225
P7s 0:1244 Q0574 0:1350
L 0:1333 01343 01353

Most of the least damping ratios in the table were obtained byusing the

tuning method described in Section 3.7, whereK has been chosen to max-
imise the function min; ;. The starred entries are actually lower than the

maximum possible min ; predicted by linear analysis. These entries were
obtained by reducing the gain K for the PSS signals to improve the dy-
namic performance of the system when it was subjected to theidturbances

described in Section 5.2. It is important to perform dynamic simulations

when dealing with nonlinear systems, as the information preided by linear

analysis only gives a partial description of the dynamic belaviour for large

disturbances.

We see that the PSSs for the DFIG can provide a high level of daming.
For every feedback signal one of the two DFIG PSS con guratims can pro-
vide a damping signal which improves on the maximum damping bat the
synchronous generator PSS can provide.
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Not all the feedback signals give good results. The dampinghat can be
gained by using —as a feedback variable is negligible in the case &#SSy,
and although the damping resulting from using P7g as an input signal to
PSSx is reasonable, this input signal yields much better dampingin the
other PSS con gurations.

The input signal ! 4 consistently gives good results, over 0.1 more than the
system with no PSS, for every PSS con guration. This is becage! 4 is a
feedback signal based on participation analysis, and the ne we are trying
to damp is sensitive to this.

Dynamic response

The inter-area oscillation for this system manifests itsef in the power P7g
along the line connecting Buses 7 and 8. We look now at how thiguantity
behaves when it is subjected to the disturbances describedhiSection 5.2.
The results are shown in Figure 5.8.

From the results, it is clear that the DFIG can damp inter-are a oscillations.

For Disturbance 1, which is less severeRSSs appears to o er low oscillation
amplitudes during the rst few swings, but for each input signal, one or other
of the DFIG PSS con gurations can improve the damping of the cscillations.

For Disturbance 4, the more severe disturbance, the amplitde of oscillations
for PSSs is much higher. Also, for input signals —and ! 4, the damping of
PSS« is better than that of PSS=s.

When the signals —and ! 4 are used for the PSSsSPSSx shows an improve-
ment in damping over PSSs for both Disturbance 1 and Disturbance 4.
When the input signal is P7g, PSSy 0 ers comparable damping.

The dynamic simulations also show that! 4 appears to be a good feedback
signal for the improvement of inter-area oscillations, o ering the best damp-
ing of the three feedback variables for both disturbances.

Power system stabiliser design

The e ect of using one PSS signal has been shown above. Thisisas the
question of whether using two PSS signals may further improg damping in
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Figure 5.8: Power along one line between Buses 7 and ®7g, for PSSs
[blue], PSSx [green], andPSSy [red]
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the system. Using two PSSs also adds a level of redundancy tté system,
which may be useful if communication systems fail.

We can select one local signalPSS-l, for use in one PSS of the control
scheme and one remote signaRSS-2, for use in the other.

As a rst step to tuning the controllers, the parameters and T are found
for PSS-L are found, using the method described in Section 3.7. We the
consider the parameter space of gain&; and K, of PSS-1 and PSS=2,
respectively. For eachK; chosen, the parameters and T of PSS2 can
be found. We evaluate the minimum damping ratio over a coarsegrid in
the parameter space. We then seek to maximise the minimum daping
ratio over the space where the minimum damping ratio correspnds to the
inter-area mode.

If the communication to the remote information source fails, PSS2 can be
disconnected and the gain oPSS-1 can be readjusted to the optimum value
for a single PSS.

Linear response
We now look at the eigenvalues for each con guration of the sgtem after

the PSSs have been tuned. The least damping ratios of the di ent schemes
described in this thesis are presented in Table 5.4.

Table 5.4: Least Damping Ratios

Control Scheme 1 Control Scheme 2
Signal PSSs PSSx PSSy  PSSx PSSy

None 0.0178 0.0232 0.0232 0.0203 0.0203
Pg 0.0866 0.0481 0.0266 0.0224 0.0224
— 0.0678 0.0806 0.0312 0.1119 0.0251
P7s 0.1243 0.1349 0.1348 0.0707 0.1349
L 0.1333 0.1343 0.1363 0.1343 0.1360

We see that the PSSs for the DFIG can provide a high level of daming,
in some cases over 0.1 more than the damping in the system witho PSS.
However, not all the feedback signals give good results. Thsignal Py does
not appear to make much contribution to damping in any PSS, ewen though
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it is a common signal used for PSSs in synchronous generatof&8]. Fur-
thermore, the damping gained by using—as a feedback variable is negligible
for PSSy in both Control Schemes 1 and 2.

The damping resulting from using P7g as an input signal to PSSx in Con-
trol Scheme 2 is reasonable. However, this input signal yids much better
damping in the other PSS con gurations.

The input signal ! 4 gives good results for all PSS con gurations, over 0.1
more than the damping in the system with no PSS. The mode we ar#rying
to damp is sensitive to this signal, which we determine by usig participation
analysis.

We see that for both control schemes,—is the local signal which gives the
best damping when used as feedback t8@SSx, while ! 4 is the remote sig-
nal which gives the best damping inPSSy. These signals are therefore
appropriate to use in a two PSS controller.

Dynamic response

It is important to perform dynamic simulations when dealing with nonlin-
ear systems, as the information provided by linear analysisonly partially
describes the dynamic behaviour for large disturbances.

Let us now examine three feedback schemes:

" PSSx with _fed back to Vpss,
" PSSy with ! 4 fed back to Vpss.y,
" two PSSs with _fed back to Vpssx and ! 4 fed back to Vpss.y.

The inter-area oscillation for this system manifests itsef in the power Psg
along one line connecting Buses 7 and 8. We look now at hoR;g behaves
when it is subjected to the disturbances described in Sectin5.2. The results
are shown in Figures 5.9 and 5.10.

From the results, it is clear that the DFIG is able to damp inte r-area oscil-
lations well.

When two PSSs are used, there is a contribution to the resporssfrom both
PSSx and PSSy. This contribution can be seen in Control Scheme 2 for the
di erent disturbances in Figure 5.10. In Control Scheme 1, the contribution
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Figure 5.9: Power along one line between Buses 7 and &g, for PSSx
[blue], PSSy [green], and two PSSs [red], in Control Scheme 1

from PSSx is zero when using the tuning method in Section 5.2, so that
the curves for PSSy and two PSSs coincide. This is shown in Figure 5.9.

For both control schemes,PSSx provides less damping for the transient
Disturbances 1 and 2 thanPSS+y provides.

Disturbance 1 is a small disturbance which exhibits the behsiour predicted
by a linearised model. The damping ratios above show that thedamping
provided by PSSy is over 0.05 better than PSSx in Control Scheme 1 and
over 0.02 better in Control Scheme 2, and this is re ected in kgures 5.9(a)
and 5.10(a). Additionally, the initial amplitude of oscill ation for PSS is
larger than the amplitude for PSSy.
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Figure 5.10: Power along one line between Buses 7 and Byg, for PSSx
[blue], PSSy [green], and two PSSs [red], in Control Scheme 2

Disturbance 2 is similar to Disturbance 1, but is closer to the DFIG, and
therefore more serious. Once again it can be seen that the dauing is less
for PSSx than for PSSy. However, the initial amplitude of oscillation for
PSSx is less than the amplitude whenPSS+y is used. This can be seen in
Figures 5.10(b) and 5.9(b).

Disturbances 3 and 4 are larger disturbances, and display gte unexpected
properties when the linear model is considered. When faultat Buses 8 and
9 are cleared by tripping one of the lines between the buseshé damping
provided by PSSx is much better than the damping provided by PSSy. For
Control Scheme 1 the oscillations appear in Figures 5.9(c)rad 5.9(d) to be
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damped within 10 seconds. For Control Scheme 2 the inter-awe oscillations
appear in Figures 5.10(c) and 5.10(d) to be completely dampa within 7
seconds.

Both control schemes work similarly. However, the damping povided by
PSSx appears to be better in Control Scheme 2.

In Control Scheme 1, two PSSs do not improve uporPSS+y at all. In Control
Scheme 2, two PSSs improve damping, relative t&SSx and PSSy on their
own, for Disturbances 1 and 2, but not for Disturbances 3 and 4 It might
then seem that two PSSs are in fact unnecessary.

While PSSy o ers an improvement over PSSx in damping for small distur-
bances,PSSx o ers very good damping with larger disturbances, and only
requires a local signal, making it much easier to work with tran PSS+y.

Summary

A comparison is made between the dynamic behaviour of convéional gen-
erators and wind turbines in the system. We have presented ath compared
results from eigenvalue analysis and dynamic simulations. Modal analy-
sis has been used as a method for tuning control parametersnd also as
a method for choosing appropriate feedback signals for corml. Dynamic
simulations have been used to verify linear results for norihear systems.

It would appear that a DFIG equipped with a PSS is capable of inproving

the damping of inter-area power system oscillations. By extnsion, we can
say that a wind farm may be used to make a positive contributian to power

system damping.

We have designed and used PSSs in DFIGs making up a large-sealvind
park. A method for designing PSSs using modal analysis and dymic
simulations has been presented, and a comparison of di erérdesigns has
been undertaken. We have shown that although! 4 is a feedback signal
which provides good damping, bus frequency is also an approjate signal
to use for feedback.



Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis covers issues which arise when power system dymics of wind
parks are studied.

We have already looked at wind power modelling by examining he doubly
fed induction generator (DFIG). We have derived a model whid is suitable
for studying transient stability and power system oscillations. We have
listed other alternative modelling practices and, with careful reference to
the literature, we have chosen a particular model which we hee examined
more thoroughly.

Using the notation for the model of a DFIG described in Sectim 2.3 we were
able to draw conclusions about the behaviour of DFIGs compagd to the
behaviour of synchronous generators. We inspected the eigstructure of a
small power system consisting of a wind park and a conventioal power plant,
and performed dynamic simulations to demonstrate that DFIGs are useful
for damping initial oscillations in synchronous generatos that result from
small upsets in the power system, but are less useful with layer disturbances.
We noted more generally that the presence of a wind farm in thevicinity
of a general power system will improve the angular behaviouof the power
system under small disturbances, but may decrease voltageability under
larger disturbances.
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Further models for the DFIG were developed by adding the behaiour of
converters. These converters allow the DFIG to be controlld to not only
perform the basic functions of a variable speed wind turbinebut also to im-
prove power system performance. We derived two generic cortl strategies
and showed how they a ected the performance of a DFIG.

Additional control was added by feeding a signal back from the power sys-
tem to a PSS. The principles involved in designing a PSS wereeascribed. A
description of modal analysis and its applications was inalded, and an ex-
amination of di erent control con gurations and di erenti nput signals was
undertaken. The e ect of additional controls on power systen oscillations
was demonstrated through eigenvalue analysis and dynamicirsulations.

We compare the performance of wind turbines to that of convetional syn-

chronous generator power plants, and we show that a wind parlconsisting
of DFIGs, which are equipped with PSSs, is capable of improvig the damp-
ing of inter-area power system oscillations. Extrapolatirg this, we can say
more generally that a wind park may be used as a positive contbution to

power system damping.

6.2 Suggestions for future work

Throughout this thesis we have represented a wind park as anggregate of
turbines, which are represented in turn by one DFIG. This is useful when
developing controllers, because the simpli ed equations dscribing the dy-
namics of the DFIG are an easier starting point for deriving ontrol strate-
gies.

The controllers developed here are linear controllers. By @nducting non-

linear and linear simulations, we have seen that the contrders can be made
to perform as required, but they can only be designed to perfon around

a certain operating point. In order to ensure that they work as designed
for large disturbances, they must be further tuned to accoun for other

contingencies which might be anticipated.

Because linear controllers cannot be expected to work undeall circum-
stances, it would be convenient to have a non-linear contrdér to excite the
rotor of a DFIG, which could stabilise the generator within a given region of
stability. The development of this controller might requir e the use of an even
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more simpli ed DFIG model, not only to aid in controller desi gn, but also
for the purpose of analysis the stability of the generator ina mathematical
way.

On the other hand, it could also be useful to develop more redtic models
of wind turbines. An important feature of the converters are their limits,

and these should be examined in further studies. Also, addibnal turbine
dynamics, including a two mass model of the shaft and the blad pitching
control could be studied further. Including these extra dynamics would also
make it possible to compare simulated results with measurediata.

The validity of using a single to represent a whole wind park,which consists
of a number of turbines spread over a wide geographic area, all also be
investigated through simulations and measurements. The ebent to which
the simpli ed models can be relied upon is important for industry.

Simulations conducted on the Nordic power system are of intest, since
the development of wind parks in this area is increasing rapily. Di erent
dynamic phenomena, including inter-area oscillations andvoltage stability
issues, are exhibited in the Nordic power system due to the péicular topol-
ogy of the network. These phenomena require special attertn when it
comes to installing new dynamic components such as DFIGs it the sys-
tem.






Appendix A

Per unit system

The per unit system is a common method used for expressing trivalues as
normalised values. It is convenient to express values usintipe per unit sys-
tem, as this simpli es representations of power systems wh several voltage
levels and transformers, and allows generators to be compad more easily.
Also having numbers of the same magnitude allows for higher @uracy in
numerical calculations.

The de nition of a per unit value of a quantity is

true value

per unit value = —:
base value

(A1)

For a power system, a three phase base powes, and a base frequency
I, are chosen. Phase-to-phase voltaged, are chosen for sections between
transformers. The ratio of base voltages connected by a trasformer should
be equal to the transformer ratio. All other base values can le calculated
from these. The base values will be denoted by the subscrig.

We can write

VdS + JVqS = Vsel 0: (A2)
Similarly
igs + jigs = 1s€ ° (A.3)

73



74 APPENDIX A. PER UNIT SYSTEM

Note that the complex stator power is

Ss = 3(Vds + jVgs)(ids + Ji gs) (A.4)
= 3( 3Vy)d ol e io (A.5)
_P é(p 3Ve) Vsl g: (A.6)

If we divide through by the base power, which can also be expssed as
p

Sp= 3Vplp: (A.7)
where
Sb
lp= P= A.8
b p—3Vb (A.8)

is the base current, then we have
s_ 303wl
Sb 3 Wb Iy
SPY = VvPUPY: (A.10)

(A.9)

This gives us the standard relation between power, voltage rad current.

Other important base quantities are the base impedance

V2
Zp= 2 A1l
b= 5, (A.11)
and the base ux linkage per second
b= Vb (A.12)

Many other base quantities can be found by considering the pysical rela-
tionship of these quantities to those mentioned above. For xample

Z

L= I—: (A.13)
v

b= i (A.14)

b="!p b (A.15)

In this thesis we do not use per unit values for frequencies .



Appendix B

Simulations

We have done the simulations in this thesis in Simpow [34]. He we list
some of the equations used in this program.

B.1 Network relations

From load ow calculations we nd the real and imaginary part s of the
voltage Vs and the active and reactive power componentsPy and Qq re-
spectively.

According to (2.40), we can nd the d and g components ofVs by equating
the real and imaginary components such that

# _ #" #
Vds  _ cos( s(0)) sin( s(0)) <f Vsg (B.1)
Vgs sin( s(0)) cos( s(0)) =f Vsg .
The current then injected into the system is
1
<flsg= V_SZ Pg<f Vsg+ Qg=f Vsg (B.2)
1
=flsg= V2 Pg=f Vsg Qg<f Vsg : (B.3)

S
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B.2 Initial conditions

Let us reconsider the electrical machine equations

1d .
Vs = Rs{s+ Cd—ts +] s (B.4)
~ 1d, . ('s !)
Vi = Ri{i + :E + ] T r (B.5)
with ux-reactance equations
s= Xsfs Xm{r (8.6)
r= Xefe Xmis: (B.7)
If we recall,
Vg = J s, (BS)

then in steady state the machine equations indq coordinates become

Vas =  Rsigr as (B.9)
Vgs= Rsisr + ¢s (B.10)
Vgr = Rridr S qr (B.ll)
Vgr = Rrigr+S ar (B.12)
ds = Xslds  Xmidr (B.13)
gs= Xsigs Xmigr (B.14)
ar = Xrigr  Xmigs (B.15)
g = Xrigr  Xmigs (B.16)
where
s= M: (B.17)

Assuming a lossless converter model, the active power of theonverter co-
incides with the rotor active power. If the converter also operates at unity
power factor, then we have that

Pg = PS + Pr = VdSIdS + Vqslqs+ Vdrldr + Vquqr (818)
Qg = Qs = Vgsids  Vusigs: (B.19)
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Using the assumptions and variables from Section 2.3 which &re employed
when developing the third order model, these steady state agptions can be
written as

1
0= Vg + =—Ug sEJ (B.22)
To!' s
— 0
0= Vg + muqr sEq (B.23)
0=EJ+ Ug +(Xs X9lgs (B.24)
0= EJ+ Ugp +(Xs X9lgs (B.25)
1
0= Py VasUgs  Vgslgs W(Vdr Ugr + Vquqr) (B.26)

The mechanical power provided to the turbine can be found by elving the
steady state equation (2.94)

Pm=(@1 s)Ps: (B.28)

Once these steady state variables are solved, then the vatides which are
needed in the control frame can be found by rotation such that
# " #" #
Ve _  cos( ) sin( ) Var .
Vyr  sin( ) cos( ) Vgr (8.29)

where is de ned in Figure 4.2.






Appendix C

Data used In simulations

C.1 Two machine system
" Power System Pga =0:8 p.u., Pgg =0:4 p.u.,
VWwa =1p.u, Vg =1p.u., W =1p.u,
I s =100 rad/s, Xx =0:10 p.u., X- =0:20 p.u.
Synchronous machine Tga =6 p.u., Ha =4 s,
X1, =0:1pu, Xa =1+ X7, p.u,
X2 =0:15+ X1, p.u.
" DFIG. These values are also used for a synchronous generator as a
comparison.
Tos =0:4 p.u, Hg =4s, X7, =0:1 pu, Xg =1+ Xq, pu,Xg =
0:10 + X1, p.u., slip s®= 0:03.
" Controllers. Ka =100, Te=0:01,T; =2:5.
The constants chosen through eigenvalue analysis are
T, =0:1075,Kpss = 0:0076 Gg is synchronous),
T, =0:0737,Kpss = 0:0088 (GB is a DF|G).

C.2 Two area system

Power system Power system data is taken from [18].
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APPENDIX C. DATA USED IN SIMULATIONS

Synchronous machines Synchronous generator data is taken from [18].

DFIG. The DFIG has the same power and voltage ratings as the con-
ventional machine it replaces.
Ry =0:01,Xs=3:1,X; =3:1,X, =3, H=0:5,s=1 Il ;1= 01,

S
Turbines. Turbine data is taken from [34].

Regulators K =300, Ta =0:01.

Controllers. Kpg=1, Kig =0:1,Kpg=1, Kig=0:1,Kg1 =1, Kgp =1,
Kaz=1, Kgs=0:1, Kq =10, Kqp =100, Kz =1, Kgs =0:1.

PSS washout lters. T,, = 10.
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