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ABSTRACT

wind energy is among the fastest growing reneweahlkergy technologies in the world
that has been increasing by about 30% a year dgyoMind energy has proven to be a clean,
abundant and completely renewable source of ene@ying to the rapidly increasing use of
wind power, the aspect of integrating high levelpehetrations wind power into the grid is
becoming more and more of a reality. Examplesugfd wind farms in the United States are the
781.5 MW Roscoe wind farm in Texas, the 735.5 MWddoHollow Wind Energy Center in
Taylor and Nolan County, Texas, the 845 MW Shephé&tdt wind farm in Oregon and the 1550

MW Alta wind farm being developed in California.

As most large wind farms in North America employubty-fed Induction Generator
(DFIG) wind turbines, their voltage-sourced congettased back-to-backs offer independent
control of the real and reactive power. The usthe$e control capabilities have been recently
proposed for damping power swings, inter-area kagichs as well as subsynchronous
resonance. There is, however, a question thalwiaya associated with the use of voltage-
sourced converter -based back-to-back wind farmsgldmping power system oscillations: what
happens when there is no wind? The keyword toati@ver is “combined”. The potential
benefit of using these types of wind farms for damggpower system oscillations should always
be combined with conventional damping devices (posystem stabilizers, thyristor controlled

series capacitor, static synchronous series compansigh voltage dc systems, etc.).

This thesis reports the results of digital time-éamsimulation studies that are carried
out to investigate the potential use of supplementatrols of DFIG-based wind farms
combined with a phase imbalanced hybrid seriesaiym compensation scheme for damping
power system oscillations. The thesis also addseti®e recent concern over the case of large
share of wind power generation which results inuogng the total inertia of the synchronous
generators and degrading the system transientlistabiln this regards, the results of the
investigations have shown that in such a case gyogesigned supplemental controllers for the
wind farm converters could be an asset in improvhg system transient stability rather than
degrading it.

Time-domain simulations are conducted on a bendamarodel using the
ElectroMagnetic Transients program (EMTP-RV).



ACKNOWLEDGMENTS

First of all, | would like to give my most sinceaeknowledgment to my co-supervisors,
Dr. S.O. Faried and Dr. Li Chen for providing metwihe opportunity for M.Sc. study. Without
their valuable guidance, consistent encouragemedtgseat help, | would neither finish my

course study nor complete this thesis.

| also offer my acknowledgment to my graduate stigd¢hers, Dr. Rajesh Karki, Dr. R.

Gokaraju, and Dr. N.A. Chowdhury for strengthenmg knowledge on electrical engineering.

| would also like to express my appreciation to f@jow graduate students, Irfan Unal
and Raed Bakhsh for their friendships and discuassiAt last but not least, huge thank goes to

my husband and my son Yichao Wu for their undeditay) encouragement and full support.



TABLE OF CONTENTS

PERMISSION TO USE ..ottt e e e e e e e e e
AB ST R A CT ottt e e e e e e e
ACKNOWLEDGEMENTS ...t e e e e e e e e e e
TABLE OF CONTENTS ...ttt i et e e e et e e e e e e e e
LIST OF FIGURES ... oo e e e e e e e e
LIST OF TABLES ...ttt e e e e e e e e e e
LIST OF SYMBOLS ...ttt e e e et e e et e e e e e
1 INTRODUCTION ..ttt e e e e e e e e e e e e e
A VYT o I =t 1T o Y
1.2 Series COMPENSALION.......coiiiii e e e e e e e ae e aeanas
1.3 Transmission Line Series Compensation...........ccoceeeveiiiniininininnnn
1.3.1 Increase the power transfer capatbtyaising the first swing stability.
limit
1.3.2 Increase in pOWer transfer ... ....cvvie it e,
1.3.3 Active load sharing between paraliigdwts ....................c.cooeeinnien
1.4 Series Capacitor LOCALION ..........cecummmsennennniiimnainianaasaasaesaassssessesssesssnnnns
1.5 Power System OSCIllatioNsS ..........cocmmeeieeeieeeeeeeeeee e
1.6 Flexible AC TransSmiSSiON SYSIEMS ....cccceeiiriririiiiiiieiirireierieerenenenenenienee
1.7 The Hybrid Single-Phase TCSC/SSSC Compensathemes ...................
1.8 Research Objective and Scope of the ThesSiS.........cccoeeveiiiiii,
2 MODELING OF POWER SYSTEM INCORPORATING DFIG-BABE
WIND FARMS FOR LARGE DISTURBANCE STUDIES ......cccccccceeeeiennnnne
2.1 INTrOAUCTION ..ttt e et e e e e e e e e e e e e e
2.2 SyStem UNAEr STUAY ......oueie i e e e e e e
2.3 Power System Modeling .......c.oovii i
2.3.1 Modeling of the synchronous generator.................cooeiieiii e,
2.3.2 Modeling of the transmission liNe ...
2.3.3 EXCItation SYSIEM ...t e e e e e
2.3.4 Modeling of the transformer ......... ...
2.3.5 Modeling of system [0ads ..........ccoiiiiiii i e
2.3.6 DFIG wind turbine model and contral..................eeeeveeeiieiieiiiniiiiiiieens
2.3.7 Wind turbine aerodynamic MOAE| . .eeeveeeeeiiiiiiiiiiiiiiiiiiiiiiiiiieiieees
2.3.8 Modeling of the DFIG ..........uuimmiiiiiiiiiiiiiiiieiie e
2.3.9 Modeling of the wind turbine shaftt®ys ...........ccccoeciiiiiiiiiiiiiiii,
2.3.10 Modeling of the BtB dc capacitor link.............cccoiiiiie
2.4 A Sample Case StUAY ..ot
2.5 SUMMAIY ..o e e e e e e e e e e e e et e e e
3 THE THYRISTOR CONTROLLED SERIES CAPACITOR AND HH
HYBRID SINGLE-PHASE- TCSC COMPENSATION SCHEME ..............
3L GBNEIAL ..e e
3.2 Thyristor Controlled Series Capacitor ..........ccoeeviiiiiiiiiiiiineinen.
3.3 Operation 0f the TCSC ...ttt e e e e e



3.3.1 BaSIC PriNCIPIES [S6] ... v ettt et e e
3.3.2 Mode of TCSC Operation ..........c.eveeieiue i
3.4 AnalysisS Of the TCSC ...u i e e e e e
3.5 The Hybrid Single-Phase-TCSC Compensatahe®e ........................
3.6 Modeling of the Single-Phase-TCSC in theTEVRYV ..........c.ccovvvveennne
B T A S 1 U1 11 1=

4 DAMPING POWER SYSTEM OSCILLATIONS USING PHASE
IMBALANCE SERIES CAPACITIVE COMPENSATION SCHEME AND
DFIG-BASED WIND FARMS ... et

A1 GENEIAI ...ttt
4.2 TCSC and DFIG-Based Wind Farm Power Ositilia Damping
CONLIOHIEIS .o e
4.3 Effect of the Ratio »¢sdXcc (DFIG-Based Wind Farm Supplemental
Controllers are Disabled) .........c.ovii i
4.4 DFIG-Based Wind Farm Supplemental Congahithe Reactive Power
Control Loop of the GSC of Wind Farm A ...,
4.5 DFIG-Based Wind Farm Supplemental Contrahithe Reactive/Active
Power Control Loop of the RSC of Wind Farm A .
4.6 Impact of Large Share of Wind Power Gemnenadn System Stablllty .........
4.7 Effect of the Stabilizing Signal of Windrkes A and B Supplemental
Controls on the Damping of System Oscillations.................ccoeeeeeen.
4.8 Impact of the Fault Clearing Time on thé&Efiveness of Wind Farms A
and B Supplemental Controls ... e
4.9 SUMIMAIY ...ttt e e e et et et e e e e e e e eeeennmsre e e e e e
5 SUMMARY AND CONCLUSIONS ...t e e
5.1 SUMMAIY oottt e e e e e e e e et et et et e e e e e e e
5.2 CONCIUSIONS ... et e e e e e e e e e e e eans
REFERENGCES ... oot e e e e e e e e e e aenes
APPENDICES ... it e e e e e e
A. DATA OF THE SYSTEM UNDER STUDY ....c.oiiiiiiiiiii i,
B. ADDITIONAL CASE STUDY ...ttt eimeee e et e ee e eeeaaens

41
42
46
a7
49

51

51

52

54

60

68



Figure 1.1:

Figure1.2:

Figure 1.3:
Figure 1.4:

Figure 1.5:

Figure 1.6:
Figure 1.7:
Figure 1.8:
Figure 1.9:

Figure2.1:
Figure2.2:

Figure2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure2.7:

Figure 2.8:
Figure 2.9:
Figure 2.10:
Figure2.11:

LIST OF FIGURES

Transient time response of a turbine-generatortshatf.......... 2
torsional torque during and after clearing a systautt
on a series capacitive compensated transmissien lin

Transient time response of a generator load angle,......... 2
measured with respect to a reference generator load

angle, during and after clearing a system faulb ceries

capacitive compensated transmission line.

Transmission line with series capacitor.

Maximum power transmitted over a transmission ase................ 4
a function of the degree of series compensation (

[VS| = [VR| =1 pu., Xline =1 pU)

Adjusting the power sharing between two paralleésdi ............... 5
using a series capacitor.

Strategies to damp power system oscillations.  .............. 6

A schematic diagram of the TCSC. ... 7

A three-line diagram of a hybrid three-phase-TCSC. ............... 8
Schematic diagrams of the hybrid series capacitive.......... 9
compensation schemes.

System under study. 12
Modeling of the synchronous machine in the d-q.......... 14
reference frame.

A series capacitor-compensated transmission line  ............. 17
Voltage phasor diagram. ..l 17
Block diagram of the excitation system. ... 19
Schematic diagram of a DFIG wind turbine. ... 21
Mechanical power, rotor speed and wind speed......... 22
relationships.

Equivalent circuit of the DFIG. ... 23
Modeling of the wind turbine shaft system. ... 25
Equivalent circuit for the BtB dc capacitor link.  ............... 26
Schematic diagram of a general control scheme oGDF............... 27

BtB converters.

Vi



Figure2.12:
Figure2.13:

Figure 3.1:
Figure 3.2:

Figure 3.3:

Figure 3.4
Figure 3.5:
Figure 3.6:
Figure 3.7:

Figure 3.8:

Figure4.1:
Figure4.2:

Figure 4.3:
Figure 4.4:
Figure 4.5:

Figure 4.6:

Figure4.7:

Figure 4.8:

Power flow results of bus voltages and line reavg@o ................ 29
flows of the system under study.

Transient time responses of the power system damag ............... 30
after clearing a three-cycle, three-phase fauliuat4.

A multi-module TCSC. 39
A variable inductor connected in parallel with aefil ............. 40
capacitor.

TCSC modes of operation: (a) bypassed-thyristorenod........... 42
(b) blocked-thyristor mode, (c) vernier mode.

A simplified TCSC circuit. 43
The hybrid single-phase TCSC compensation scheme............. 46
Block diagram of a TCSC controller. ... 48
TCSC boost factor as a function of the thyristom§ ............. 49
anglea.

Effect of the SVR technique on the virtual reaceant ............. 50
the TCSC.

Scheme |l is installed in the double circuits f L~ ............. 52
Introducing an SSR supplementary control signahm ............. 52
real control loop of the RSC or in the reactive pow

control loops of the RSC/GSC.

Structure of a lead-lag POD controller. ... 53
Structure of a simple POD controller ... 53
Effect of the ratio XcsdXcc0n the generator load angles........... 55
and speeds, measuretith respect to generator 1 load

angle and speed as well as on the transmissionrdale

power flows during and after clearing a 3-cyclag#

phase fault at bus 4.

Generator load angles and speeds, measured wa#ctes............. 61

to generator 1 load angle and speed, and transmissi
line real power flow transient time responses duand
after clearing a 3-cycle, three-phase fault at Hus
(supplemental control is in the Q control loop bkt
GSC of wind farm A).

DFIG-based wind farms A and B real and reactive........... 66
powers, terminal voltages and BtB dc link voltages

during and after clearing a 3-cycle, three-phasgt fat

bus 4. (supplemental control is in the Q contralplaf

the GSC of wind farm A).

Generator load angles and speeds, measured wictes.............. 69

vii



Figure 4.9:

Figure 4.10:

Figure4.11:

Figure4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 4.16:

to generator 1 load angle and speed, and transmissi
line real power flow transient time responses duand
after clearing a 3-cycle, three-phase fault at Hus
(supplemental control is in the Q control loop bkt
RSC of wind farm A).

DFIG-based wind farms A and B real and reactive........... 74

powers, terminal voltages and BtB dc link voltages
during and after clearing a 3-cycle, three-phassdt fa
bus 4. (supplemental control is in the Q contralplef
the RSC of wind farm A).

Generator load angles and speeds, measured wa#ctes............. 76

to generator 1 load angle and speed, and transmissi
line real power flow transient time responses duand
after clearing a 3-cycle, three-phase fault at Hus
(supplemental control is in the R control looploe RSC
of wind farm A).

DFIG-based wind farms A and B real and reactive........... 81

powers, terminal voltages and BtB dc link voltages
during and after clearing a 3-cycle, three-phassdt fa
bus 4. (supplemental control is in the P controlplof
the RSC of wind farm A).

Power flow results of bus voltages and line reakgo .............. 84

flows of the system under study for the no-windrfar
study case in Table 4.5.

Generator load angles, measured with respect..to.......... 85

generator 1 load angle, during and after clearing a
cycle, three-phase fault at bus 4. (DFIG-based vianoh
supplemental controller is in the P control looptloé
RSC).

Generator load angles, measured with respect..to.......... 86

generator 1 load angle, during and after clearing a
cycle, three-phase fault at bus 4. (DFIG-based vianah
supplemental controller is in the P control looptloé
RSC)

Generator load angles, measured with respect..to
generator 1 load angle, during and after clearing a
cycle, three-phase fault at bus 4. (DFIG-based vianch
supplemental controllers are in the P control loopthe
RSC).

Effect of wind farm A supplemental control stahitig ....
signal on the generator load angles, measured with
respect to generator 1 load angle, during and after
clearing a 3-cycle, three-phase fault at bus 4.1@F

viii



Figure4.17:

Figure 4.18:

Figure 4.19:

Figure 4.20:

Figure4.21:

Figure 4.22:

Figure 4.23:

Figure 4.24:

based wind farm supplemental controller is in the Q
control loop of the GSC).

Effect of wind farm A supplemental control stabiig .............. 92
signal on the generator load angles, measured with

respect to generator 1 load angle, during and after
clearing a 3-cycle, three-phase fault at bus 4.1@F

based wind farm supplemental controller is in the P

control loop of the RSC).

Effect of wind farm A supplemental control staliig .............. 93
signal on the generator load angles, measured with

respect to generator 1 load angle, during and after
clearing a 3-cycle, three-phase fault at bus 4.I@F

based wind farm supplemental controller is in the Q

control loop of the RSC).

Generator load angles, measured with respect..to.......... 94
generator 1 load angle, during and after clearing a

cycle, three-phase fault at bus 4. (DFIG-based vianoh

supplemental controller stabilizing signabig).

Impact of the best stabilizing signals of wind farx .............. 95
and B GSC supplemental controls on the generatat lo

angles, measured with respect to generator 1 logkta

during and after clearing a 3-cycle, three-phasgt fat

bus 4. (stabilizing signals for GSC A and B aieand

d31 respectively).

Impact of the best stabilizing signals of wind farx .............. 96
and B RSC supplemental controls on the generagat lo

angles, measured with respect to generator 1 logkta

during and after clearing a 3-cycle, three-phasgt fat

bus 4. (stabilizing signals for RSC A and B &seand

d31 respectively).

Impact of the best stabilizing signals of wind farx ............. 97
and B RSC supplemental controls on the generagat lo

angles, measured with respect to generator 1 logkta

during and after clearing a 3-cycle, three-phasgt fat

bus 4. (stabilizing signals for RSC A and B &seand

d31 respectively).

Generator load angles and speeds, measured witéctes............. 99
to generator 1 load angle and speed, and transmissi

line real power flow transient time responses duand

after clearing a 4.5-cycle, three-phase fault a$ Hu
(supplemental control is in the P control loople RSC

of wind farm A).

Generator load angles and speeds, measured wit#ctes............. 100

iX



to generator 1 load angle and speed, and transmissi
line real power flow transient time responses duand
after clearing a 4.5-cycle, three-phase fault a$ Hu
(supplemental control is in the Q control loop bkt
RSC of wind farm A)..

Figure4.25: Generator load angles and speeds, measured wtbctes............. 101
to generator 1 load angle and speed, and transmissi
line real power flow transient time responses duand
after clearing a 4.5-cycle, three-phase fault a$ Hu
(supplemental control is in the Q control loop bEt
GSC of wind farm A).

FigureB.1: Generator load angles and speeds, measured witbctes............ 116
to generator 1 load angle and speed, and transmissi
line real power flow transient time responses duand
after clearing a 3-cycle, three-phase fault at Hus
(supplemental control is in the Q control loop bkt
GSC of wind farm B).

FigureB.2: DFIG-based wind farms A and B real and reactive.......... 121
powers, terminal voltages and BtB dc link voltages
during and after clearing a 3-cycle, three-phassdt fa
bus 4. (supplemental control is in the Q contralplef
the GSC of wind farm B).

FigureB.3: Generator load angles and speeds, measured wtctes............. 124
to generator 1 load angle and speed, and transmissi
line real power flow transient time responses dyand
after clearing a 3-cycle, three-phase fault at Hus
(supplemental control is in the Q control loop bkt
RSC of wind farm B).

FigureB.4: DFIG-based wind farms A and B real and reactive........... 129
powers, terminal voltages and BtB dc link voltages
during and after clearing a 3-cycle, three-phasgt fat
bus 4. (supplemental control is in the Q contralplaf
the RSC of wind farm B).

FigureB.5: Generator load angles and speeds, measured wtctes............. 131
to generator 1 load angle and speed, and transmissi
line real power flow transient time responses dyand
after clearing a 3-cycle, three-phase fault at Hus
(supplemental control is in the P control loopled RSC
of wind farm B).

FigureB.6: DFIG-based wind farms A and B real and reactive.............. 136
powers, terminal voltages and BtB dc link voltages
during and after clearing a 3-cycle, three-phassdt
bus 4. (supplemental control is in the P controlplof



FigureB.7:

FigureB.8:

FigureB.9:

FigureB.10:

the RSC of wind farm B).

Effect of wind farm B supplemental control stabiig .....

signal on the generator load angles, measured with
respect to generator 1 load angle, during and after
clearing a 3-cycle, three-phase fault at bus 4.I@F
based wind farm supplemental controller is in the Q
control loop of the GSC).

Effect of wind farm B supplemental control stabiig ....
signal on the generator load angles, measured with
respect to generator 1 load angle, during and after
clearing a 3-cycle, three-phase fault at bus 4.1@F
based wind farm supplemental controller is in the P
control loop of the RSC).

Effect of wind farm B supplemental control stabiig ....
signal on the generator load angles, measured with
respect to generator 1 load angle, during and after
clearing a 3-cycle, three-phase fault at bus 4.1@F
based wind farm supplemental controller is in the Q
control loop of the RSC).

Generator load angles, measured with respect .to
generator 1 load angle, during and after clearing a
cycle, three-phase fault at bus 4. (DFIG-based vianoh
supplemental controller stabilizing signabig).

Xi



Table4.1:

Table4.2:

Table4.3:

Table4.4:

Table4.5:

Table 4.6:

Table4.7:
Table4.8:

Table4.9:

Table 4.10:

Table4.11:

TableA.1:
TableA.2:
TableA.3:
TableA.4:
TableB.1:

LIST OF TABLES

Transfer functions of the hybrid TCSC compensation........... 60
scheme supplemental controller.

Transfer functions of the hybrid TCSC compensation........... 60
scheme and wind farm A supplemental controllersigwi
farm controller is in the Q control loop of the GSC

Transfer functions of the hybrid TCSC compensation........... 68
scheme and wind farm A supplemental controllersigwi
farm controller is in the Q control loop of the RSC

Transfer functions of the hybrid TCSC compensation........... 68
scheme and wind farm A supplemental controllersi@wi
farm controller is in the P control loop of the RSC

Study cases for the impact of large share of wiodgy .............. 83
on system stability.

Transfer functions of supplemental controls for avin............. 88
farms A and B.

The four examined combinations of stabilizing signa ............. 88
Transfer functions of the hybrid TCSC compensatian............. 89

scheme and wind farm A supplemental controllers for
the different combinations of stabilizing signaisir(d
farm controller is in the Q control loop of the GSC

Transfer functions of the hybrid TCSC compensatian............ 89
scheme and wind farm A supplemental controllers for

the different combinations of stabilizing signaisir(d

farm controller is in the Q control loop of the RSC

Transfer functions of the hybrid TCSC compensatian............. 89
scheme and wind farm A supplemental controllers for

the different combinations of stabilizing signaisir(d

farm controller is in the P control loop of the RSC

Transfer functions of the hybrid TCSC compensatian............. 98
scheme and wind farm A supplemental controls for a
fault duration of 4.5 cycles.

Synchronous generator data. L 113
Transformerdata. L 114
Excitation systemdata. .. 114
TCsCdata. 114
Transfer functions of the hybrid TCSC compensatian............ 115

Xii



TableB.2:

TableB.3:

TableB.4:

TableB.5:

TableB.6:

scheme and wind farm B supplemental controllersidwi
farm controller is in the Q control loop of the GSC

Transfer functions of the hybrid TCSC compensatian
scheme and wind farm B supplemental controllersidwi
farm controller is in the Q control loop of the RSC

Transfer functions of the hybrid TCSC compensatian
scheme and wind farm B supplemental controlleraidwi
farm controller is in the P control loop of the RSC

Transfer functions of the hybrid TCSC compensatian
scheme and wind farm B supplemental controllers for
the different combinations of stabilizing signalsind
farm controller is in the Q control loop of the GSC

Transfer functions of the hybrid TCSC compensatian
scheme and wind farm B supplemental controllers for
the different combinations of stabilizing signalsind
farm controller is in the Q control loop of the RSC

Transfer functions of the hybrid TCSC compensatian
scheme and wind farm B supplemental controllers for
the different combinations of stabilizing signaisir(d
farm controller is in the P control loop of the RSC

Xiii



LIST OF SYMBOLS

A blade sweep area {in

C capacitor

C wind turbine blade design constant

Co power coefficient of the blade

Cresc fixed capacitor of TCSC

Cs capacitor of the RC snubber circuit

d direct axis

Etq exciter output voltage

Er output voltage of the voltage regulator anmif

Eret reference voltage of the excitation system

Ess feedback stabilizing signal of the excitatgystem

Fixed C Transmission lines are series capacitor compensated

€4, & d- and g- axis stator voltages

e field voltage

GSC grid side converter

Gy(s) transfer function of a proportional type TCSC seppental
controller

GL-L(s) transfer function of a lead-lag type TCSC suppleaien
controller

H inertia constant

Hybrid Transmission lines are compensated with the hydingle-
phase-TCSC compensation scheme

id, Ig d- and g- axis stator currents

ifd field winding current

I1d, d-axis damper winding current

I1g, I2g g-axis damper winding currents

IMG imaginary part of a complex number

J inertias

Ka gain of the voltage regulator amplifier

Ke exciter gain

Kre feedback stabilizing loop gain of the excitatigstem

Xiv



Ke
Kp
Ki
K1, Kz

L51 I—I'
Lrcsc
Lad

Lg, Lg

Ltta

L11d

L11g Loog

M

MPT

P

Pl

Pahand P_L1
Poand P_L2
Pr, Py

Pm

Pyrid-Ref

p

Q

Qgrid-Ref

QGSC—Ref

Ry

supplemental controller gain

proportional controller gain

integral controller gain

constants

shatft stiffness

stator and rotor inductances

fixed inductor of TCSC

d-axis magnetizing inductance

g-axis magnetizing inductance

d- and g-axis synchronous inductances
self-inductance of the field winding
self-inductance of the d-axis damper winding
self-inductances of the g-axis damper winding
mutual inductance between rotor and stator
maximum power tracking point

real power

proportional integral

real power flow in transmission ling L

real power flow in transmission line L
active power of the RSC and GSC
mechanical power

real power reference for GSC

air density (kgm)

reactive power

reactive power reference for RSC

reactive power reference for GSC
quadrature axis

rotor radius of the wind turbine

rotor side converter

resistance of the series capacitor compensateshtiasion
line

armature resistance

field winding resistance

XV



Te

Tr

Ta Te, Tre
Te

TeLec

Tm

TmecH

T, T2 T3, Ta
Tw

Ve

Vea, Veq

Vdc

Vdc—Ref
VL

VLd1 VLq
Vr

VRd, VRq

VRmax VRmin

Vag, Vdg
Vo

Vs, Vi
Vi

Vid, Viq

d-axis damper winding resistance
g-axis damper winding resistances
resistance of the RC snubber circuit
Laplace transformation operator
superscript to denote matrix transpose
time

forward thyristor

reverse thyristor

time constants in the excitation system
electromagnetic torque

air-gap torque

supplemental controller low-pass filter time camgt
mechanical torque

lead-lag network time constants
washout filter time constant

voltage across the series capacitor of the compeshsa
transmission line

voltages across the series capacitor in the d-ereete
frame

dclink capacitor voltage
reference signal

voltage across the inductance of the series capacit
compensated transmission line

voltages across the inductance in the d-q referaoge

voltage across the resistance of the series capacit
compensated transmission line

voltages across the resistance in the d-q referfeace

maximum and minimum ceiling voltages of the exaita
system respectively

guadrature and direct axis GSC voltages
infinite-bus voltage

stator and rotor side voltages

generator terminal voltage

d- and g- axis generator terminal voltages

XVi



Var, Vdr
Vo
Xc
X

X—max, Xmin
Xorder

Xtcsco

a

Wy, ¥

P

¥14

P1a Poq

0

oz1and del21

J31 and del31

A

As, Ar
Agm, Adm,
Qn

w

wo (o)

w21

w31

quadrature and direct axis RSC voltages
wind speed (m/s)
series capacitor reactance

inductive reactance of the series capacitor congieds
transmission line

maximum and minimum TCSC reactances respectively
dynamic reactance of TCSC

initial net reactance of TCSC

thyristor firing angle

d- and g- axis stator flux linkages

field winding flux linkage

d-axis damper winding flux linkage

g-axis damper winding flux linkages

generator power (load) angle

generator 2 load angle measured with respect tergtar 1
load angle

generator 3 load angle measured with respect tergtar 1
load angle

wind turbine blade tip speed ratio
stator and rotor side flux linkages

g- and d- axis magnetizing flux linkages
mechanical angular velocity (rad/s)
angular velocity

synchronous frequency (377 rad/sec)

generator 2 speed measured with respect to genetato
speed

generator 3 speed measured with respect to genetato
speed

suffix to denote the initial operating condition

superscript to denote matrix inversion

XVii



Chapter 1

INTRODUCTION

1.1  Wind Energy

wind energy is among the fastest growing renewablergy technologies in the world, and
that has been increasing by about 30% a year ¢gyoMind energy has proven to be a clean,
abundant and completely renewable source of ene@ying to the rapidly increasing use of
wind power, the aspect of integrating high levelpahetrations wind power into the grid is
becoming more and more reality. Examples of lamged farms in the United States are the
781.5 MW Roscoe wind farm in Texas, the 735.5 MWddoHollow Wind Energy Center in
Taylor and Nolan County, Texas, the 845 MW Shephé&tdt wind farm in Oregon and the 1550
MW Alta wind farm being developed in California [1The majority of large wind farms around
the world employ Doubly Fed Induction Generator BFwind turbines. In such a type of
induction generators, the frequency converter gatintypically 25% to 30% of the generator
rated power. This reduced rating in the frequetmyverter provides an attractive cost saving

compared to full-rated converter induction generatod turbines.
1.2  Series Compensation

Series capacitive compensation of power transnmisbiees is the most economical way to
improve power transfer capability, especially whatge amounts of power must be transmitted
through long transmission lines. However, one I hindering factors for the increased
utilization of series capacitive compensation i piotential risk of Subsynchronous Resonance
(SSR), where electrical energy is exchanged withine-generator shaft systems in a growing
manner which can result in shaft damage [2]. Fdul shows a typical time response of a
turbine-generator shaft torsional torque during aftdr clearing a fault on a series capacitive
compensated transmission line in the presenceeoS8R phenomenon. It is worth noting here
that this shaft is designed to withstand a maximonsional torque of 4 per unit (on the
generator base MVA). Another limitation of sermspacitive compensation is its inability to

provide adequate damping to power system osciliatafter clearing and high-speed reclosing



of system faults. Figure 1.2 shows a typical tiegponse of a generator load angle, measured
with respect to a reference generator load angiengland after clearing a three-phase fault on a
series capacitive compensated transmission lireecafd be seen from this figure, the oscillations
are not completely damped after the first few sdsofrom fault clearing which results in

degrading the power quality of the system.
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Figure 1.1: Transient time response of a turbine-generatdt shraional torque during and after
clearing a system fault on a series capacitive @nsgted transmission line.
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Figure 1.2: Transient time response of a generator load amgégsured with respect to a
reference generator load angle, during and aftaricig a system fault on a series
capacitive compensated transmission line.

1.3  Transmission Line Series Compensation

The main purpose of series compensation in a pey&em is virtual reduction of line
reactance in order to enhance power system stabild increase the loadability of transmission
corridors [3]. The principle is based on the congaion of the distributed line reactance by the
insertion of a series capacitor. The reactive pogenerated by the capacitor is continuously
proportional to the square of the line current.isTimeans that the series capacitor has a self-



regulating effect. When the system loading inaeathe reactive power generated by the series
capacitor increases as well. The response ofahesscapacitor is automatic, instantaneous and
continuous as long as the capacitor current remaitisn the specified operating limits. The
following are some of the major benefits of inca|gding series capacitors in transmission

systems:

1.3.1 Increasethe power transfer capability by raising thefirst swing stability limit

A substantial increase in the stability margin éhiaved by installing a series capacitor.
The series compensation will improve the situatiortwo ways: it will decrease the initial
generator load angle corresponding to a specifiegpdransfer and it will also shift the power-
load angle (B®) characteristic upwards. This will result in ieasing the transient stability

margin.
1.3.2 Increasein power transfer

The increase in the power transfer capability &sation of the degree of compensation
for a transmission line can be illustrated usirgchicuit and the vector diagram shown in Figure

1.3. The power transfer on the transmission kngiven by:

szsmgz VeVl sino

XIine - xc xline(l_ k) (11)
wherek is the degree of compensation defined as

k=2c
><Iine

The effect on the power transfer when a constaad langle difference is assumed is
shown in Figure 1.4. Practical compensation degaage from 20 to 70 percent. Transmission

capability increases of more than two times canliiained in practice.
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Figure 1.3: Transmission line with series capacitor.
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Figure1.4: Maximum power transmitted over a transmissior s a function of the degree of
series compensatiolV(| = Vg| =1 pu., X;,. =1pu.).

1.3.3 Activeload sharing between parallel circuits

When two transmission lines are connected in lighrahe natural power sharing
between them is dictated by their respective impeesa If the two lines are of different
configurations (and consequently of different tharmatings), their impedances could still be
very close. Therefore, the power transmitted ichelne will be similar. The voltage drop in

both circuits is identical, and therefore, the tielaship between the line currents,and |,

can be expressed as:

laZig =122 1.2)
If overloading the lower thermal rating lineL{, Figure 1.5) is to be avoided (i.e.,

I 2 =1 2max), then the full power capacity of the other libg, will never be reached (i.e.

11 <Il_max) FOr example, consider the case whers a four conductor bundle (quad) circuit

configuration, wherea$, has a two conductor bundle (twin) circuit configiion. If the
conductors of the two bundles are identical, thernas twice the rating df,. The inductive
reactances of the two lines, however, are veryecloH a series capacitor is installed in the
higher thermal rating line, both transmission limas operate at their maximum capacity when

the appropriate degree of compensation is provi@#h in this case) [4].
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Figure 1.5: Adjusting the power sharing between two paraliedd using a series capacitor.
14. Series Capacitor Location

The optimum location for a single series capaditank, in terms of the most effective
use of the series capacitive reactance, is at tiiellenof the transmission line [3]. The
“effectiveness”, which is based on the distribupedameter theory of transmission lines, is the
figure of merit for the reduction of the series uotve reactance by a series capacitor. One
Canadian installation that has the capacitors éatat the middle of the transmission line is the
B.C. Hydro 500 kV system described in [5]. A numbgutilities, especially in the U.S., have
tended to utilize two series capacitor banks agdtthem at the ends of the transmission lines,
in order to take advantage of existing land andavelability of service personnel at the line
terminals [3]. In some situations, there may bé&dveeasons (geographical restrictions or
specific benefits) for selecting other locatiorSor example, B.C. Hydro has a 605 Mvar, 500
kV single capacitor bank installed at McLeese stixst which is located “nearly” mid-line
between Williston and Kelly Lake substations (180 tom Williston and 130 km from Kelly
Lake) [6].

15. Power System Oscillations

Many electric utilities world-wide are experiencimgcreased loadings on portions of
their transmission systems, which can, and somstoioe lead to poorly damped, low-frequency
oscillations (0.5 — 2 Hz). These oscillations samerely restrict system operations by requiring
the curtailment of electric power transfers as perational measure. They can also lead to
widespread system disturbances if cascading outafeansmission lines occur due to
oscillatory power swings, like during the blackontWestern North America on August 10,
1996 [7].



Damping is defined as the energy dissipation ptogseof a material or a system. Power
system oscillations can be damped, when extra gnergnjected into the system which is
instantaneously decelerated, and/or when extraggnier consumed in the system which is
instantaneously accelerated. The damping energypbtgined by the modulation of load or
generation for a period of time, typically in thenge of five to ten seconds. The damping
energy must have the correct phase shift relatovehe accelerated/decelerated system as
incorrect phase angles can excite the oscillatiokigyure 1.6 shows different possibilities to
damp power system oscillations [8].

Power Oscillations Damping (POD)

\ 4 v

POD in the AC system POD using the
! generator unit
Modulation of v
series impedance Application of Power
v System Stabilizer
Modulation of (PSS
real power
A 4

Modulation of
reactive powef

Figure 1.6: Strategies to damp power system oscillations.

1.6. Flexible AC Transmission Systems

All of the above discussed advantages of seriegpeasation can be achieved without
the risks of SSR phenomenon if series Flexible A@n¥mission Systems (FACTS) devices are
used instead of series capacitors. These devieeglso able to provide adequate and fast

damping to power system oscillations.

FACTS controllers are power electronic based cdeto which can influence
transmission system voltages, currents, impedaaee®r phase angles rapidly [9], [10]. These

controllers have the flexibility of controlling bdotreal and reactive power, which could provide



an excellent capability for improving power systdgmamics. FACTS technology provides an

unprecedented way for controlling transmissiongedd increasing transmission capacity.

FACTS controllers may be based on thyristor devig#gh no gate turn-off (only with
gate turn-on), or with power devices with gate tafihcapability. In general, the principal
controllers with gate turn-off devices are baseddonto ac converters, which can exchange
active and/or reactive power with the ac systemthé studies conducted in this thesis, a series
FACTS controller based on thyristor switches isstdered. This FACTS controller, shown in
Figure 1.7, is called a Thyristor Controlled Se@=gpacitor (TCSC) [9], [10].
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Figure1.7: A schematic diagram of the TCSC.

The TCSC which will be discussed in details in Gbaf has been installed and operated
successfully by utilities in several countries. eGaxample of a TCSC installation is the Brazilian
North-South interconnection (a 500 kV, 1020 km s$raission line with a rated transmitted
power of 1300 MW), where a hybrid three-phase-T@B6nects the North and South systems
[11], [12]. Such a hybrid three-phase-TCSC, shawnFigure 1.8, consists of five fixed
capacitors (distributed equally along the line t@hgand two TCSC modules (located at the
sending and receiving ends). The degree of comapiensof the interconnection is 66% (1100
Mvar capacitive), where the fixed capacitors previdi% and each TCSC module provides 6%.
The task of the TCSC modules is purely damping lhwe-frequency, inter-area power
oscillations between the two systems. These asioills would otherwise provide a hazard to
the stability of the interconnected system. Thedkphase TCSC and the hybrid three-phase-
TCSC which are already employed by several utlifee power flow control and damping low-
frequency and SSR oscillations have shown suppgdormance through field tests, analytical

and simulation studies [13] — [27].



1.7 TheHybrid Single-Phase TCSC/SSSC Compensation Schemes

The recently proposed phase imbalanced series iiapacompensation concept has
been shown to be effective in enhancing power systgnamics as it has the potential of
damping power swing as well as subsynchronous egsenoscillations [28] - [31]. Figure 1.9
shows two schemes for a phase imbalanced capacdiwpensation. They afhybrid” series
compensation schemes, where the series capaadiimpensation in one phase is created using a
single-phase TCSC (Scheme 1) or a single-phas& Sttchronous Series Compensator (SSSC)
(Scheme 11) in series with a fixed capacitog)(Gnd the other two phases are compensated by
fixed series capacitors (C). The TCSC and SSSQralenare initially set such that their
equivalent compensations at the power frequencybawed with the fixed capacitor yield a
resultant compensation equal to the other two gha3éus, the phase balance is maintained at
the power frequency while at any other frequencphase imbalance is created. To further
enhance power oscillations damping, the TCSC an8CS8re equipped with supplementary

controllers.
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Figure1.8: A three-line diagram of a hybrid three-phase-TCS
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Figure 1.9: Schematic diagrams of the hybrid series capaativepensation schemes.
1.8 Research Objective and Scope of the Thesis

As most large wind farms in North America employlBFRwvind turbines, their voltage-
sourced converter (VSC)-based back-to-backs (BtiEs)y independent control of the real and
reactive power. The use of these control capaslihave been recently proposed for damping
power swings, inter-area oscillations as well assgachronous resonance [32]-[43]. There is,
however, a question that is always associated thighuse of VSC-based BtB wind farms for
damping power system oscillations: what happenswthere is no wind? The keyword to the
answer is “combined”. The potential benefit ofngsthese types of wind farms for damping
power system oscillations should always be combimiial conventional damping devices (PSS,
Static Synchronous Compensator (STATCOM), TCSC,G5SRatic Var Compensator (SVC),
High Voltage DC (HVDC), etc.). The main objectigkthis research work is to investigate the
potential use of supplemental controls of DFIG-basend farms combined with Scheme | for
damping power system oscillations resulting fromgéadisturbances (mainly transmission line

faults) in multi-machine power systems.
There are five chapters in this thesis. The n@pics of each chapter are as follows:

Chapter 1 introduces the fundamental benefits aeseompensation of transmission
lines. Brief introductions to SSR, FACTS contradleand the TCSC are also presented. The

objective of the research is also presented incthépter.

In Chapter 2, the system used for the investigatimnducted in this thesis is described
and the detailed dynamic models of its individuainponents are also presented in this chapter.



The results of the digital time-domain simulatiaisa case study for the system during a three-

phase fault are presented at the end of this chapte

Chapter 3 presents a comprehensive descriptionh®f RTCSC, its three modes of
operation and the analysis of its net reactande phase imbalanced hybrid single-phase-TCSC
compensation scheme (Scheme 1) and its modelingerElectroMagnetic Transient Program
(EMTP-RV) are also presented.

Chapter 4 demonstrates the effectiveness of thplemental controllers of the hybrid
single-phase- TCSC compensation scheme (Schemadl)tree DFIG-based wind farms in
damping power system oscillations through time-darsanulation studies. The recent concern
over the case of large share of wind power germratihich results in reducing the total inertia
of the synchronous generators and degrading thtemsysansient stability is also addressed in
this chapter.

Chapter 5 summarizes the research described in ttieésis and presents some

conclusions.
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Chapter 2

MODELING OF POWER SYSTEM INCORPORATING
DFIG-BASED WIND FARMSFOR LARGE
DISTURBANCE STUDIES

2.1 Introduction

In this chapter, the system used for the studipsrted in this thesis is described and the
mathematical models of its various components egsgmted. A digital time-domain simulation
of a case study of the system during a three-plaatieis presented at the end of this chapter.

2.2  System under Study

The system used in the investigations of this thissshown in Figure 2.1. It consists
four large generating stationsy(&,, G; and G) supplying two load centers4(8nd $) through
nine 500 kV transmission lines. Two DFIG-baseddvarms, designated as Wind Farms A and
B, each comprises 333 - 1.5 MW, 0.575 kV wind toesiis connected via a transformer to buses
7 and 8. The two double-circuit transmission lihesand L, are series compensated with fixed
capacitor banks located in the middle of the lind$he compensation degree of &nd L, is
50%. The total installed capacity of the four gatiag stations and peak load of the system are
5600 MVA and 5387 MVA respectively. Shunt capadtare installed at buses 4 and 5 to

maintain their voltages within 1+0.05 p.he EMTP-RYV is used as the simulation study tool.

2.3  Power System Modeling

The nonlinear differential equations of the systemder study are derived by developing
individually the mathematical models which reprdseme various components of the system,
namely the synchronous generator, the excitatistesy, the transmission line, the system load
and the DFIG-based wind turbine and its converetrollers. Knowing the mutual interaction

among these models, the whole system of differeatiaations can be formed.
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Figure2.1: System under study.
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2.3.1 Modeling of the synchronous gener ator

In a conventional synchronous machine, the statouit consisting of a three-phase
winding produces a sinusoidally space distributegignetomotive force. The rotor of the
machine carries the field (excitation) winding whiis excited by a dc voltage. The electrical
damping due to the eddy currents in the solid ratod, if present, the damper winding is
represented by three equivalent damper circuits;anthe direct axis (d-axis) and the other two
on the quadrature axis (g-axis). The performaridéesynchronous machine can be described
by the equations given below in the d-q referemamé (Figure 2.2) [44]. In these equations, the
convention adopted for the signs of the voltages@anrents is that is the impressed voltage at
the terminals and that the direction of positiverenti corresponds to generation. The sign of
the currents in the equivalent damper windingsakem positive when they flow in a direction
similar to that of the positive field current.

With time t expressed in seconds, the angular veloadity expressed in rad/s

(&, =37*ad/sec)and the other quantities expressed in per urgtstator equations become:

e, =+ 3% -2y -Rrj, 2.1)
@, dt
1d¥Y,  w :
e =— — Y —R
g odt e ¢ p
The rotor equations:
1 d¥ .
€ :Zo dtfd + Ryl (2.3)
1 d¥ )
:E dtld + Rldlld (2-4)
1 dLIJj_q .
= +R | 2.5
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1 d¥, )
@ dt R 29)

0 =
The stator flux linkage equations:
Wy =—Lgig + Lagig * Lagha (2.7)

W, =L * Lugisg + Lag (2.8)

aq'lq aq 2q

A .
g-axis

§ Wy, elec. Rad/sec

~~~~_ d-axis

id+4—ed lifd*4—erd ik

Figure2.2: Modeling of the synchronous machine in the d-qresfee frame.
The rotor flux linkage equations:

Wi = Lgglt + Lagly — Lagly Q.
Wy = Laglig + Liaghg — Ladlg 19)
W, = Liglg + Lagiag — Lagiq (211
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W, = Laglhg + Losglag — Laglq (212

The air-gap torque equation:

TELEC = LIJd|q - LIJq|d (2.13)

The overall differential equations which descrillee ttransient performance of the

synchronous machine are given by the following maquation:

Vig

dX ‘
{T} - [t )%, )+ [t ] v 214)
€
Where
[Xsyn] = [Id iq I fd ilq ild i2q ]T
A, =1Ll
Bt = ][R
- L 0 L O L, 0 ]
0 -L, 0 L, O L,
—Lag 0 Law O Lag 0
L] = @)1
[ ] 0 -L, O L, 0 L,
— L, 0 L O L, O
L O - Laq o Laq O I-22q ]
‘wR, - al, 0 al,, 0 al,, |
wy @R, —d 0 ~ 0
| 0 0 - Ry 0 0 0
Q= 0 0 0 -wR, 0 0
0 0 0 0 - WyRy 0
i 0 0 0 0 0 — Ry, |
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Here, the superscriptmeans matrix transpose.
The synchronous machine swing equation can beewrés:

2H da _

—=T -T 2.16
w, dt | MECH " Terec (2.16)
do
— =w- 2.17
ot Wy (2.17)

In the above two equations (2.16 and 2.1Z)s in radians per second, the inertia
constant H is in seconds, and the load adgk in radians, «, is the synchronous frequency

(377 rad/sec) and the mechanical and electricquesTyecy andTg gc are in per unit.

In developing the equations of multi-machine systetine equations of each synchronous
machine expressed in its own d-q reference framehwiotates with its rotor must be expressed
in a common reference frame. Usually, a referdraz@e rotating at synchronous speed is used
as the common reference. Axis transformation eguositare used to transform between the

individual machine (d-q) reference frames and tramon (R-1) reference frame [44]
2.3.2 Modding of thetransmission line

A series capacitor-compensated transmission ling lmearepresented by th_C circuit
shown in Figure 2.3 [45]. In the voltage phas@gdam shown in Figure 2.4, the rotor angdle
is the angle (in elec. rad) by which the g-axidtethe reference voltagé. The differential
equations for the circuit elements, after applyagk’s transformation [45], can be expressed in

the d-q reference frame by the following matrix eegsions.
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Figure2.3: A series capacitor-compensated transmission line.

Figure2.4: Voltage phasor diagram.

The voltage across the resistance:

Vea | _|RC 0|y
{VRJ_[O Rj[iq} (249

The voltage across the inductance:

0 -Px |4 |2 o |[ds
Vi - ), | g + ) dt (2.19)
Vi) | @y 0 I X | dig '
Wy @, |L dt

The voltage across the capacitor:
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dV,

dt |- Wy X 0 Iy + 0 w||Veq
dVe, 0  wXcllig| |~w 0]V

dt

The overall equations of the transmission line loanvritten as

[ dV,,
d3‘ S '
d:‘* =[Att]B//Cd}+[Rﬂ] S +[Rt2]{lid}+[5“][vb]
v Cq _a a
td dt
L Vi
Where
[0 w
-w 0
[Att] = L o
|0 1
0 0]
)? 0
[Ra]=|—+ O
wO
0 X
L C()O -
[y X 0 |
0 wy X
_ _w
[Ri2]=| R p X,
L0 -
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2.3.3 Excitation system

The block diagram representation of the excitaigstem used in this study is shown in

Figure 2.5, and the corresponding data are givétppendix A [45].

Lim ma
Eref + KA ER 1 /
" 1+ sT, » K +sT; > Ex
Ese Lim_min
Vi SKrg
1+ sTpg |

Figure2.5: Block diagram of the excitation system.
Utilizing the relationship between the excitatiogstem output voltage and the field

: L . o .
voltage given b¥,, = R—E‘defd , the state-space equation of the excitation sys@mbe derived
fd

from its block diagram and is given by

} (2.23)

P = [aJix, ]+ o] o
{ dt} { o

Where

[xv]:[efd Eq ESB]T
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Ke 1Ry |
TE TE Lad
K
[At,]= 0 R Y (2.24)

TA TA

KKy Ly K 1

L TETF Rfd TFTE TF_
0 0
K, K
[Btv]: _T—A T_A
A A
0 0

234 Modding of thetransformer

The three-phase transformer is constructed by udinge single-phase transformers
connected in Delta (LV side)/Y grounded (HV sid@)he transformer leakage and magnetizing

reactance as well as the winding resistances aedass are represented in the model.
2.3.5 Modding of system loads

The system loads are modeled in these studies hstandt impedances. The formula,

which is used in calculating the load impedancegjven by [46]:

2
Z1oaa = _Vioaa” (2.25)

Proad—JQLoad

Where
Z10aa = l0ad impedance.
V.0aa = l0ad voltage.
P, ,qq = load real power.

Qroaa = load reactive power.
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2.3.6 DFIG wind turbine modd and control

The basic configuration of a DFIG wind turbinestsown in Figure 2.6, where the stator
of the induction machine is directly connected lie grid while a back-to-back (BtB) partial-
scale power converter (25% to 30% of the generatarg) connects its wound-rotor to the grid.
The BtB converter consists of two voltage-sourcedverters (Rotor-Side Converter (RSC) and
Grid-Side Converter (GSC)) and a common dc buse mhathematical model of the DFIG wind
turbine can be summarized as follows [47]-[51]:

Windmil Stator power
—> Grid
Gearbo Step down
H Slip rings Transformer

T , N lig
T “@ %Vdc 4@ Rotor power

Crow-bar Rotor-Side  Grid-Side
Converter Converter
(RSC) (GSCO)

Figure2.6: Schematic diagram of a DFIG wind turbine.
2.3.7 Wind turbine aerodynamic model

The dynamic output mechanical torque of the wintlihe is expressed as
1 2
Tvecn = EpARCpr A (2.26)

Wherep is the air density (kgif), A is the blade sweep area?jnR is the rotor radius of

wind turbine (m), and/,,is the wind speed (m/s)C is the power coefficient of the blade which
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is a function of the blade pitch angfand the tip speed ratid according to the following

equation:
RC _ RC¢
C, LB opop-2 e (2.27)
2 A
WhereC; is the wind turbine blade design constant andithepeed ratiol is given by
A= Q,R (2.28)
\Y)

w

Where Q, is the mechanical angular velocity (rad/s).

The power rotating speed, wind speed and the pitgie relationships are illustrated in

Figure 2.7.

1.6
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Figure2.7: Mechanical power, rotor speed and wind speedioakhips.

2.3.8 Modding of the DFIG

Figure 2.8 shows the equivalent circuit of a DFIGthe synchronousid reference
frame, where the) —axis leads thel — axis by 96. The stator and rotor voltage equationgjth

reference frame can be obtained as follows:
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Figure2.8: Equivalent circuit of the DFIG.
Vs =rgls* jawsds + _d;ts

dA, (2.29)

Ve =10, + j(ws —ar W + 240
r rrr"‘J(ws a’r)r"'dt

whereVg = vgs = jVgs andVy =vgr = jVg, . The flux linkage expressions are given as foltows

Ar =L, +M g '

where L = Lig + M, Ly =Ly +M, A = Ags = jAds. Ar = Aqr — iddr + | =igs— | igsand

Ir =ligr = Jidr-
From Equations 2.29 and 2.30, a set of differérgguations with stator and rotor

currents as state variables, stator and rotor gedtas inputs can be established. While the rotor
voltages are determined by RSC control scheme stamr voltages are determined by the

network interface.

The electromagnetic torqulgcan be expressed as follows:

Te = /‘qmidr - /‘dmiqr (2.31)

23



where/lqm and Agm are, respectively, thg— andd —axes magnetizing flux linkages

defined as
)Iqm :Aqs—iqs Lis (2.32)

Adm = Ads ~ldslis- (2.33)
2.3.9 Modeling of the wind turbine shaft system

The detailed investigations reported58][have demonstrated that for windmill transient
stability studies, a single-mass (lumped mass) infmiehe wind turbine shaft system cannot
provide accurate transient behavior of the systdirthas been shown that the critical clearing
time calculated using a single-mass model can 862Bigher than the critical clearing time
calculated using an adjusted reduced two-mass mddwedrefore, for accurate transient stability
assessment, the later model should be used. TBinafich an adjusted two-mass model from
the three-mass model of the wind turbine shaft showrFigure 2.9(a), the following steps are
performed [53]:

1) Shaft 1 is selected as a reference and the inelgaand J3 as well as the shaft stiffness

N
k2 are referred to shaft 1 side using the gear rta'ﬂ'eN—l as shown in Figure 2.9(b).
2

2) The differential equations of the rotating systemFmure 2.9(b) are written without
including any damping and the state-space mém}given by Equation 2.34 is obtained.

X = AX (2.34)
where
X = [a) o w o w o0 ]T

t t g g 1 1

3) The imaginary parts of the three eigenvalues[A} give the two natural torsional

frequencies and the frequency of the rigid bodysnas

4) The referred gear box and wind turbine masses amgdd and represented by an

equivalent masslgas shown in Figure 2.9(c).
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5) lterative techniques are then used to obtain theevaf the single stiffneskeqof Figure

2.9(c) to reproduce accurately the lowest torsidneduency of vibration of the wind

turbine shaft system.

_ n?2 2
0 nz K2 0 nzi 0 0
n J 2 n J 2
1 0 0 0 0 0
: - (n? )

A = 0 n <Kk 2 0 n <k 2 + kl 0 kl

J g J g J g

0 0 1 0 0 0
0 0 LSH 0o X1

1 J1

0 0 0 0 1 0 |
Wind turbine Gear box Generator
N5:N1
ko K
J2 J3 I
Shaft 2 Shaft 1
(@
«, & @y, g W,
n2k2 kg
n?dy = J; 3
n?d3=Jg

(b)

(©)
Figure 2.9: Modeling of the wind turbine shaft system.
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The inertia constants for the turbine and the gepe (the equivalent two-mass model)

H,andH  are related tde andJ;.

2310 Modding of the BtB dc capacitor link

The dynamics of the BtB dc capacitor link cam diescribed with the help of the

equivalent circuit shown in Figure 2.10 as

dt

{Pr = K1(Vqr igr + Var idr)
where ~ ) ) )

R-PR (2.33)
(2.34)

In Equation 2.34; andK; are constantsP

o

P, are the active powers of the RSC and the
GSC respectively,Vqr, Vdr are the quadrature and direct axes RSC voltaggsectvely and

ng, \ég are the quadrature and direct axes GSC voltage.

Py

<+ lPdc <+
N +
V, CD Vae ——C Vy

Figure2.10: Equivalent circuit for the BtB dc capacitor link

The control of the DFIG wind turbine is achieved dontrolling the RSC and GSC
converters utilizing vector control techniques. cie control allows decoupled control of both
real and reactive power. The idea is to use dingtaeference frame based on an AC flux or
voltage and then to project the currents on thiatirmy frame. Such projections are usually
referred to as the d- and g- components of thepeetive currents. For flux-based rotating
frames, changes in the g- component leads to makip changes, while changes in the d-

component leads to reactive power changes. lagelbased rotating frames {%head of flux-
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based frames), the effect is the opposite.

Figure 2.11 shows a general control scheme foDiRKS BtB converter [52] - [54]. In
such a scheme, the RSC operates in the statordtasence frame while the GSC operates in the
stator voltage reference frame. The g-axis curoéihe RSC is used to control the real power
while the d-axis current is used for reactive pow@mtrol. On the other hand, the d-axis current
for the GSC is used to control the dc link voltagea constant level while the g-axis current is

used for reactive power control.

RSC GSC
AC 1 DC

DC h AC

A A y y

Mg My Mg | Mg
lor lqg
ar o | Pl P! PI|[PI|| ldg |
E * 4 7Y 3 !
i |qr Ref |d f id Ref I ¢ i
' Stage-1 rRe gRe qg-Re i
Py Vg )
: ™ i - Qyrd — PHPH Qacsc :
i A 7y i
i I:)grid-Ref T i
i Stage-2 Qgrid-Ref V de-Ref Qasc-Ret i

Maximum
power t_racklng._ Wgen
point

Figure2.11: Schematic diagram of a general control scheni2Fo6 BtB converters.

As illustrated in Figure 2.11, both RSC and GS€@mtrolled by a two-stage controller.
The first stage consists of very fast current aalgrs regulating the rotor currents to references

values that are specified by slower power contrel(&tage-2). In normal operation, the aim of
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the RSC is to control independently the real ardtree power on the grid while the GSC has to
maintain the dc link capacitor at a set value relgas of the magnitude and direction of the rotor
power and to guarantee converter operation withyipower factor (zero reactive power). The
reference Riq-retfor the real power is given by the maximum powacking point (MPT) look-
up table as a function of the optimal generatoledpeThe reference f.ref for the reactive
power of the RSC can be set to a certain value retto according to whether or not the DFIG is
required to contribute with reactive power. Thaaterze power reference for the GSGsQrefiS
“usually” set to zero. This means that the GSCharges only real power with the grid and,
therefore, the transmission of reactive power ftbmmDFIG to the grid is done only through the
stator. However, the reactive power controll&pitif the GSC can be useful during the process
of voltage reestablishment after clearing a sydi@amt. The reference signalg\res is set to a
constant value that depends on the size of theertary the stator/rotor voltage ratio and the
modulation factor of the power converter.

24 A Sample Case Study

In the studies conducted in this thesis, the Edddagnetic Transient Program (EMTP-
RV) is used for modeling the various system comptend producing the time-domain
simulation results [55]. Due to the initializatipnocess in the EMTP-RV, simulation results are
displayed starting at times equal four seconds.refgier, faults are assumed to occur att = 5

seconds.

Figure 2.12 shows the power flow results for the baltages and the line real power
flows of the system under study. Figure 2.13 shitnedransient time responses of the generator
load angles and speeds (measured respectively regiect to the load angle and speed of
generator 1), the bus voltages and the real poeesfin the transmission lines during and after
clearing a three-cycle, three-phase fault at thee /u The following observations can be made

from examining these two figures:

1. The power flow results show heavy power transfévagthe two compensated lineg L
and L.
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Figure 2.12: Power flow results of bus voltages and line realgoflows of the system under
study.
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2. The system is stable after fault clearing. Theegator load angles and speeds reach
steady states. The bus voltages drop immediatetieainstant of fault inception but
recover after fault clearing.

3. The low frequency oscillations in the generatordlaangles and speeds are poorly
damped.

4. The system under study has four generators; thesefbhas three natural modes of
oscillations [27]. In general, synchronous machirespond to disturbances by complex
oscillations that involve several natural frequescibut a particular machine or group of
coherent machines may tend to favor one mode dvetheers [3]. This is the case for
generators 2, 3 and 4. As it can be seen fromdde angle responses of these three
generators, measured with respect to the load aofylgenerator 1 (Figure 2.13),
generators 2, 3 and 4 tend to oscillate at a singtpiency (approximately 1.4 Hz).

25 Summary

This chapter introduces the system used for tdiest reported in this thesis and presents
the mathematical models of its various componeAtsligital time-domain simulation of a case

study of the system during a three-phase faulsis presented and some observations are noted.
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Chapter 3

THE THYRISTOR CONTROLLED SERIESCAPACITOR
AND THE HYBRID SINGLE-PHASE- TCSC
COMPENSATION SCHEME

3.1 General

This chapter presents the description and the Ipasiciples of the TCSC as well as the
derivation of its mathematical model. Modeling thybrid single-phase-TCSC scheme in the

ElectroMagnetic Transient Program (EMTP-RV) is gisesented.
3.2 Thyristor Controlled Series Capacitor

The TCSC shown in Figure 3.1 consists of a numbeenes connected modules. In each
module, the capacitor bank is provided with a pelréhyristor controlled inductor that circulates
current pulses which add in phase with the lineenir This boosts the capacitor voltage beyond
the level that would be obtained by the line cur@one. A Zinc oxide varistor is included in
each module for secure overvoltage protection ®MGSC. Each thyristor is triggered once per
cycle and has a conduction interval that is shah&n a half-cycle of the rated frequency. If the
additional voltage created by the circulating caotngulses is controlled to be proportional to the
line current, the transmission system will perceilke TCSC as having a virtually increased
reactance beyond the physical reactance of thecitapa This feature which is referred to
“vernier control” can be used for short-time tramdi control. The upper limit for vernier
operation is a function of the line current magaétuand time spent at the operating point.
Moreover, this scheme can provide an accuratengetii the compensation degree with a high
resolution as well as a subsynchronous resonanomiira series compensation even at high

compensation degrees [55], [56].
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MCP = Module control and protection

CCP = Common control and protection

Figure 3.1: A multi-module TCSC.

The control and protection of TCSC are partitiomedwo levels; common and module.
Commands for both control and protective operatitwwe from the common level to the module
levels. Status information is sent back from eacdule level. The design concept is to permit
any module or combination of modules to be outestise while still being able to operate the

remaining modules to benefit the power system.
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The common-level protection detects problems adffigctall modules, and as such,
generally requires bypassing all modules with tipeass breaker. The module-level protection
detects problems affecting a single-module andua$,smay only initiate protective actions
within the affected module. The thyristor switcla®w for bypassing individual modules by
continuous gating the thyristors, and this is afleative protective action for many potential
internal failures (e.g., capacitor failure). Howevfor some serious problems within a module
(e.g., varistor failure), protective actions mayadlve bypassing all modules with the bypass
breaker.

3.3 Operation of the TCSC
3.3.1 Basicprinciples[56]

A simple understanding of TCSC functioning can éa&lized by analyzing the behavior of
the circuit shown in Figure 3.2 which consists afagiable inductor connected in parallel with a

fixed capacitor. The equivalent impedangg, of this LC combination is expressed as:

. 1
Zeg =Tl
wC—_1 (3.1)
wl
The impedance of the capacitor alone, howevelyengyX, = —| %
w
L
C

I
Figure 3.2: A variable inductor connected in parallel with xefil capacitor.

If wC _(LLJ >Qor, in other wordswlL > % the reactance of the fixed capacitor is less
w w

than that of the parallel-connected variable raaatal that this combination provides a variable-
capacitive reactance are both implied. Moreovhrs inductor increases the equivalent-

capacitive reactance of the LC combination aboaé d@hthe fixed capacitor.
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If wc—(iLJ =0, a resonance develops that results in an infoaacitive impedance.
w

If, however,wc—(iJ <0, the LC combination provides inductance abovevhlee of the
w

fixed inductor. This situation corresponds to ithductive-vernier mode of the TCSC operation.

In the variable-capacitive mode of the TCSC, asitiductive reactance of the variable
inductor is increased, the equivalent-capacitieetance is gradually decreased. The minimum
equivalent-capacitive reactance is obtained foreex¢ly large inductive reactance or when the
variable inductor is open-circuited, in which thalue is equal to the reactance of the fixed

capacitor itself.

The behavior of the TCSC is similar to that of gagallel LC combination. The difference
is that the LC-combination analysis is based onptesence of pure sinusoidal voltage and
current in the circuit, whereas in the TCSC, thikage and current are not sinusoidal because of

the thyristor switchings. The analysis in thisecaspresented in Section 3.4.

3.3.2 Modesof TCSC operation
There are three modes of TCSC operation:

1. Bypassed-Thyristor Mode: the thyristors are madefuily conduct resulting in a
continuous sinusoid of flow current through thertstpr valves (Figure 3.3(a)). The
TCSC module behaves like a parallel capacitor-itmtucombination. The net current
through the module, however, is inductive, for shisceptance of the reactor is chosen to
be greater than that of the capacitor.

2. Blocked-Thyristor Mode: the firing pulses of thetistor valves are blocked. The TCSC
module is reduced to a fixed capacitor (Figurel8)3(

3. Partially Conducting Thyristor or Vernier Mode: $hinode allows the TCSC to behave
either as a continuously controllable capacitivactance or as a continuously
controllable inductive reactance. It is achievgdvhrying the thyristor-pair firing angle
in an appropriate range. In practice, the TCSQaipe only in theapacitive-vernier-
control mode. In such a mode, the thyristors are firedwie capacitor voltage and the
capacitor current have opposite polarity. Thisdibon causes the reactor current to

have a direction opposite to that of the capaatarent, thereby, resulting in a loop-
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current flow in the TCSC controller. The loop @nt increases the voltage across the
fixed capacitor, effectively enhancing the equinaleapacitive reactance and the series
compensation level for the same value of line currdo preclude resonance, the firing
anglea of the forward facing thyristor, as measured frira positive reaching a zero
crossing of the capacitor voltage, is constrainedhie ranger,, <a <180°. This

constraint provides a continuous vernier of the TC®odule reactance. The loop
current increases asis decreased frorh80 to a,,,. The maximum TCSC reactance

permissible witlr = a,,;, is typically two-and-half to three times the capaicreactance

at fundamental frequency.

|
[

(@)

|
[

(b)

f
-
|

|
|
()

Figure 3.3: TCSC modes of operation: (a) bypassed-thyristorenln) blocked-thyristor mode,

(c) vernier mode.

34 Analysisof the TCSC

The following “approximate” analysis of TCSC opéoatin the vernier-control mode is

performed based on the simplified TCSC circuit shaw Figure 3.4 [57]. Transmission line

current is assumed to be the independent-inpugbigriand is modeled as an external current

source,is(t). Moreover, it is assumed that the line currensirausoidal, as field tests have

demonstrated that very few harmonics exist in ithe ¢urrent [13].
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Figure 3.4: A simplified TCSC circuit.

The current through the fixed-series capaciiis expressed as

e =iy)-ir ()0 39

The switching variables is equal to 1 when the thyristor valves are cotidgc(switch S is
closed). When the thyristor valves are blockedtwsS is open)u = 0. The thyristor current,

it (t) can be described as

L—=v..u (3.3
Let the line current,is(t) be represented by

i.(t)=1,,cosat (3.4)
Equations (3.3) and (3.4) can be solved with thewkadge of the instants of switching. In

equidistant firing-pulse control, for balanced TC8@eration, the thyristors are switched on

twice in each cycle of the line current at instanendts; given by

f = T[Z (35)

t,==F (3.6)

wherep is the angle of advance (before the forward veltagcomes zero). Or,
B=n-a, 0< B < Bmax (3.7)
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The firing anglea is generated using a reference signal that can pbase with the capacitor

voltage. The thyristor switch S turns off at thetantt, andt, defined as:

o

L=t +— 3.8

2=h*— (3.8)
o

t4:t3+z) QB

where o is the conduction angle and,

o=2p (3.10)
Solving the TCSC equations (3.2 to 3.4) resulthesteady-statehyristorcurrenti, as:
. k? cosf
ir(t)= IMG |coswt ————cosw.t|, —-f<a< 3.11
=2 { — } psat<p (3.11)
where
1
= 3.12
=75 (3.12)
w al aC XL

andXc is the nominal reactance of the fixed capacitoy.ofilhe steady-state capacitor voltage at

the instantt = -0 is expressed by:

IMG X
Vg, = kz—_lc(sinﬁ — k cosftanks3) (3.14)

At at = S, it =0,and the capacitor voltage is given by:
ve(at = B8) =vep =~y 18)

The capacitor voltage is finally obtained as:

IMG X, cosf .
t)=———— | —sinwt +k sinwt|, -f<sat< 3.16
Velt)=— 77 [ i cosg” } peat<p (3.16)
Ve (t) =ve, +IMG X (sinat —sinp); B<wt<m-p3 (3.17)

Because the nonsinusoidal capacitor voltggehas odd symmetry about the axis= 0,

the fundamental componengg, is obtained as:
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Ver :%ni\z/c(t)sinaxd(ax) (3.18)

The equivalent TCSC reactance is compagettie ratio ofVqg tol ,:

« _Ver g X2  2B+sin2B
TCSC Im (3 (XC _ XL) T
4X&  cos B (ktankB -tanp)
(XC_XL)(kZ—l) T

The net reactance of the TCSC in per uniXgfdenoted by et((= XrcsdXc, sometimes

(3.19)

called the boost factor) can be expressed as:

_ Xc o +sinoc 4Xc cos’ 050
R P "Xe-x) -1
c~ AL n c L (k —1) (3.20)
(k tan050 k - tan050)
T

Because the TCSC is used mainly as a capacitiveajethe convention is to define
positive reactance as capacitive and negativeaeeetas inductive. As an examplX,,q; = +2
implies that the thyristors are fired so that tbgutting circulating current in the fixed capacior
thyristor controlled reactor loop causes a 60-Hiage of 2Xcl,ep.U. t0 appear across the

fixed capacitor, which lags the line current by.90

The traditional boost control method (constaninfriangle delay (CFAD)) controls the
firing anglep = — a of the thyristor. A rather non-linear relationsiexists between the boost
factorkB and the steady state conduction amgie2s, makingkB very sensitive to the instant of
triggering when the TCSC operates at a high boastof. Further, during transients, a
complicated dynamic characteristic governs thetioelahip between the firing angle and the
conduction angle. Instead of controlling the istgr firing angle, another control scheme,
named ‘Synchronous Voltage Reversal’ (SVR), is geised. It aims to control the instant when
the capacitor voltage crosses zero [58], [59]. isTiminates the non-linearity in the boost
control and results in that the TCSC apparent iraped at subsynchronous frequencies appears
as inductive. Furthermore, at low boost factordRSontrolled TCSC can provide much better
SSR damping than conventional CFAD control [6Q}.tHe studies conducted in this thesis, the

SVR control is used.
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3.5 TheHybrid Single-Phase-TCSC Compensation Scheme

Figure 3.5 shows a phase imbalanced hybrid seaipsacitive compensation scheme using
a TCSC [29], [61]. In such a scheme, the se@scitive compensation in one phase is created
using a single-phase TCSC in series with a fixquac#or (G), and the other two phases are
compensated by fixed series capacitors (C). Th&Q Control is initially set such that its
equivalent compensation at the power frequency awedbwith the fixed capacitor Gyield a
resultant compensation equal to the other two haleus, the phase balance is maintained at
the power frequency while at any other frequency,plaase imbalance is created.
Mathematically, this can be explained as follows:

Tg
mﬁl} N
My C T. H Phase (
Cresc
C
X
H Y Phase |
C
X H Phase /

Figure3.5: The hybrid single-phase TCSC compensation scheme

1) At the power frequency, the series reactanbteden buses X and Y, in Figure 3.5, in phases
a, b, and c are given by:

1
X, =X, = 3.21
a b ja)OC ( )
1 .
X. = - jX 3.22
c jaC. JATcsco ( )

where - [X1c5cdS the effective capacitive reactance of the TCS@a power frequency such

that X, = X, = X,..
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2) During any other frequencly, including subsynchronous frequencies,

1 . .
Xe = jC. = JXtesco™ X tese (3.23)

The first terms in (3.22) and (3.23) are differbetause of the difference in frequency. The
third term in (3.23) represents the change in ffectve capacitive reactance of the TCSC due

to the action of the TCSC supplemental controller.

3.6 Modding of the Single-Phase TCSC in the EM TP-RV

The single-phase TCSC is modeled in the EMTP-R\A a&ingle module using an ideal
thyristor pair and an RC snubber circuit as shawhRigure 3.6. A Phase Locked Loop (PLL) is
used to extract phase information of the fundanédreguency line current, which will be used
to synchronize TCSC operation. The thyristor gatoontrol is based on the Synchronous
Voltage Reversal (SVR) technique [58] - [60]. ThHeSCT impedance is measured in terms of a
boost factokB, which is the ratio of the apparent reactancéneffftCSC seen from the line to the
physical reactance of the TCSC capacitor bank. ositjpe value ofkB is considered for
capacitive operation. A low-pass filter basedneation algorithm is used to estimate the voltage
and the current phasors. A boost measurement lplexdkrms complex impedance calculations

for the boost factor of the TCSC &8 = ImaglV. / i}/ Xorege WhereV and i are the

estimated phase voltage and current g scis the capacitive reactance of the TCSC capacitor
branch at the fundamental frequency. A proportiamagral (Pl) control based boost level
controller is implemented to control the TCSC bdestl to the desired value by adjusting the
instant of the expected capacitor voltage zerosongs The integral part of the controller helps
in removing the steady state errors. The contrgplgameters were determined by performing
repeated time domain simulations for the differgmgrating conditions. This algorithm uses the
difference between the actual boost level and ¢éference boost leveélr) shown in Figure 3.6
as an objective function. The algorithm startshwarbitrary initial values for the control
parameters and calculates the values of the obgefithction each time. The control parameters
are incremented for the next iteration and the gulace is repeated until the objective function
approaches a minimum value (below a threshold yaluthe procedure described above is

widely used by industry for tuning of controllparameters. The multiple simulations run
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based tuning procedure similar to the above wagsrteg in [62], [63]. The optimum values of

the parameters obtained for the different compensadegrees are given in Appendix B.

. _ ® \c
I Ic +]]-
> > |
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,-m r;“"' :: CS
Te  °
Phase > <« Vc
—| Locked g gie c?n??osltler SVR <«— G
Loop (PLL) > <« L
—— X
V. err
—>|  Phasor — | Boost kB «—D()
Evaluation | . | Measure e
kB’ef

Figure 3.6: Block diagram of a TCSC controller.

In Figure 3.6,kBes is the TCSC boost level set point abdt) is the supplementary
control signal for damping low frequency oscillaiso The Synchronous Voltage Reversal block
solves for angley from the non-linear relationycz = Xqipm [Ay—tan()ly)], whereuc; is the
estimated capacitor voltage at the desired insteren the capacitor voltage zero crossing
occurs,iiv is the measured value of the line curnenk, is the TCSC capacitor reactance at the
TCSC resonance frequency, is the ratio between the TCSC resonance frequancy the
system fundamental frequency apds the angle difference between the firing timel d@he
voltage zero-crossing. The value pfis used to calculate the exact firing instantsthod
individual thyristors. The non-linear relationshygtween the boost factor and the thyristor

firing anglea is shown in Figure 3.7.

48



5 T T T T T
4t ]
3 max_ _ _ _ _ _ _ _ o\ ___ _

designed operating point
2F Ve .

Ee 1= mn_ | T
O L .
-1F i
2 i
410 120 130 140 150 160 170
a, degree

Figure 3.7: TCSC boost factor as a function of the thyrigitang anglea.
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The most striking feature of the TCSC is that ithdees like an inductor at

subsynchronous frequencies. This prevents thergute of a series resonance within a certain

critical frequency band. On the other hand, thesCTbehaves like a capacitor at the power

frequency. The transition of the virtual reactaméethe TCSC from inductive to capacitive

outside the subsynchronous frequency band is aethiby means of a reactance controller (like

the SVR technique), providing a controllable capaeireactance around the power frequency as
shown in Figure 3.8 [64]. The details of the SMgoathm are given in [58], [59].
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Figure 3.8: Effect of the SVR technique on the virtual reactof the TCSC.

3.7 Summary

This chapter presents the description, basic miesi and the derivation of the
mathematical model of the TCSC. Modeling the d/bsingle-phase TCSC in the
ElectroMagnetic Transient Program (EMTP-RV) is gigesented. This model is incorporated
in the system under study (Figure 2.1) replacirgfitked compensations in lineg &and L,. The
effectiveness of the hybrid single-phase compemsaticheme in damping power system

oscillations is investigated in the next chapter.
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Chapter 4

DAMPING POWER SYSTEM OSCILLATIONSUSING
PHASE IMBALANCE SERIESCAPACITIVE
COMPENSATION SCHEME AND DFIG-BASED WIND
FARMS

41 General

The control offered by the TCSC is an ‘impedangpetcontrol, i.e. the inserted voltage is
proportional to the line current. This type of tohnormally is best suited to applications in
power flow corridors, where a well-defined phasglamlifference exists between the ends of the
transmission line to be compensated and controlkgla result, transient stability improvement
and the increase in the maximum real power tramsthitan be achieved. The TCSC and the
BtB converters of DFIG-based wind farms can alsoubed, however, to provide additional
damping to the electromechanical (0.5 - 2 Hz) poesaillations as they provide fast speed of
response and executes any switching patterns withach restrictions that might apply for
mechanical switches. This is accomplished by pliag these devices with supplemental
controls.

In this chapter, the effectiveness of supplemecdakrols of the DFIG-based wind farms
and the hybrid single-phase-TCSC compensation sel{&theme [) in damping power system
oscillations is investigated. For this purposehedoe | is assumed to be installed in the double
circuits of lines l, near bus 1 replacing the fixed series capacitonpsmsation as shown in
Figure 4.1. Moreover, it is assumed that, normadigch TCSC provides 50% of the total
capacitive compensation and the disturbance isreedtycle, three-phase fault at bus 4.
Furthermore, the performance of the scheme andDffks-based wind farm supplemental

controllers will be compared to the case with oftked capacitor compensation in and L,

51



(Fixed C) as well as to the case when the DFIG#bagad farm supplemental controllers are
not activated (TCSC only).

Bus 1
| |
TCSC TCSC
C_-— _-C C_-— _-—C
_— Cc — C¢
Al Bl Cl A2 BZ CZ

Bus 4
Figure4.1l: Scheme lis installed in the double circuits ef L

4.2  TCSC and DFIG-Based Wind Farm Power Oscillations Damping Controllers

As the real power flow in a transmission line regortional to the inverse of the total
line reactance, power oscillations damping can dieezed by properly modulating the TCSC
reactance. In the DFIG-based wind farms, dampgngchieved by adding a supplementary
signal,Us, in either the real power control loop of the R&Gn the reactive power control loops
of the RSC/GSC as shown in Figure 4.2 [65].

quid-Ref quid-Ref

+

I:)grid - Pl Qgrid

+

Us Qoescref

+
QGSC

+

Ue

Figure4.2: Introducing an SSR supplementary control sigmahe real control loop of the RSC
or in the reactive power control loops of the RSG5
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The traditional type of controller for Power Osailbns Damping (POD) purposes uses
cascade-connected washout filters and linear lagdebmpensators to generate the desired
reactance modulation signal. The purpose of thehveaut filters is to eliminate the average and
extract the oscillating part of the input signdlhe lead-lag compensators provide the desired
phase shift at the oscillations frequency. Suchbraroller is illustrated in Figure 4.3 [25], [66],
[67]. In some situations, a simple controller dstssof only the washout filters can have a better
performance than that of the lead-lag controll&8uch a controller, shown in Figure 4.4 can be
regarded as a proportional type controller.

XRer  X_max

Input
signal
o 1 L sT e[ ke 1+sTy N 1+sT;
1+sTn 1+sTw 1+sT2 1+sTy Xorder
X mir

Figure 4.3: Structure of a lead-lag POD controller.

XRer  X_max

Input 1 1) sTw | Kg
signal 1+STm 1+sT, Xorder

X mir

Figure4.4: Structure of a simple POD controller.

The selection of the appropriate input (stabilizisggnal is an important issue in the
design of an effective and robust controller. Ebkected input signal must yield correct control
action when a severe fault occurs in the systemamexample, it was reported in [68] that if the
real power is used as input signal of a pure davigacontroller, the output control signal may
cause negative damping effects in the presencestfridances involving large changes in the
generator power angles.

The input signals could be local (e.g. real powews$) or remote (e.g. load angles or
speed deviations of remote generators). If a @& network of Synchronized Phasor
Measurement (SPM) units is available, then the tensmignals can be downloaded at the
controller in real time without delay [69] - [73].In the studies conducted in this thesis, it is
assumed the availability of a wide-area networkSghchronized Phasor Measurement (SPM)

units where the supplemental controller input ($tabg) signals can be downloaded at the
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controllers in real time without delay [70] - [73]n this regard, generators 2 and 4 load angles,
measured with respect to generatodd &ndds;) are selected, for “most” of the study cases, as
the supplemental controller stabilizing signals tbe TCSC and DFIG-based wind farms

respectively. The selection of the stabiliziipg for the TCSC supplemental control is based on
the detailed studies reported in [31] that concltldg such a stabilizing signal is the best one
among other signals (other relative load angldative speeds and transmission line real power

flows).

It is worth noting here that due to the inherenbatance nature of hybrid single-phase-
TCSC compensation scheme during transients, thigrded supplemental controllers using
classical linear control techniques would be veffyadlt, if not, virtually impossible to achieve.
However, nonlinear control theories for Voltage-@maa Converters and TCSC applications
have been found to have a significant potentiakoent years [74]. Some of the examples are;
variable-structure controllers (VSCs), model refeee adaptive controllers and self-tuning
controllers. VSCs are capable of maintaining airddsresponse characteristic almost
independently of the system structure. The desigmy of such controllers is, however, beyond
the level of being a part of a Master's researofept. In the studies conducted in this thesis, th
supplemental controller parameters are determingdpérforming multiple time domain
simulations with the aim of improving the transieesponses of the system. In the case of
multiple controllers, simultaneous tuning of thegraeters of the controllers is performed to
ensure that satisfactory dynamic and steady-stationmances are met whilst minimizing or
preventing undesirable interactions among contislle

4.3  Effect of the Ratio Xrcsc/Xce (DFIG-Based Wind Farm Supplemental Controllers
are Disabled)

The impact of the proportion of the single-pha&&ST to the fixed capacitor reactance
of its phase on the damping of the system osaltatiis examined by changing the ratio
XtecsdXce. Table 4.1 shows the transfer function of the TG&Gsipplemental control after final
tuning. Figure 4.5 illustrates the generator l@agles and speeds, measured with respect to
generator 1 load angle and speed and the transmidisie real power flow transient time
responses during and after fault clearing. Asait e seen from this figure, increasing the
proportion of the single-phase-TCSC to the fixegacdtor reactance of its phase results in

improving the damping of the system oscillationsChoosing the value of such a proportion can
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Figure 4.5: Effect of the ratio XcsdXccon the generator load angles and speeds, meagitined
respect to generator 1 load angle and speed asawelh the transmission line real
power flows during and after clearing a 3-cyclee#iphase fault at bus 4.
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Figure4.5: continued.
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be considered as an optimization task between dynstability improvements and economical

and reliability advantages of fixed series capasito

Table4.1: Transfer functions of the hybrid TCSC compensatgrheme supplemental

controller.
XtesdXee Transfer Function
10 3s
0.2,0.3,0.5,0.6,0.7 G s)= 025
TCSC( ) (S+10) (35+1)

44  DFIG-Based Wind Farm Supplemental Control is in the Reactive Power Control
L oop of the GSC of Wind Farm A

Figure 4.6 illustrates the generator load angled spreeds, measured with respect to
generator 1 load angle and speed, and the tranemifse real power flow transient time
responses during and after fault clearing. Figuveillustrates the time responses of wind farms
A and B real and reactive powers, terminal voltagd the BtB dc voltage for the same case.
Table 4.2 shows the transfer functions of the T@BE wind farm A supplemental controls after
final tuning. Comparing the responses for the aas&cheme | supplemental control alone
(TCSC) to those for the case of Scheme | and th&iased wind farm supplemental controls
in Figure 4.6, the positive contribution of windrfaA supplemental control to the damping of
the system oscillations is very clear. Moreovemparing the reactive power responses of wind
farms A and B in Figure 4.7, the supplemental adrdction is noticeable in the reactive power

response of wind farm A.

Table 4.2: Transfer functions of the hybrid TCSC compensatcheme and wind farm A
supplemental controllers (wind farm controllernghe Q control loop of the GSC).

Transfer Function

: 10 3s
Hybrid TCSC | G, (s)= 025
Compensation resc(s) (s+10) (3s+1)

Scheme

DFIG-Based Wind

Farm A G - s 1

=025 > __ — _

(s+1)(s+5)

DFIG _Q_Loop_GSC(S)
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Figure4.6: Generator load angles and speeds, measuredasipect to generator 1 load angle
and speed, and transmission line real power fl@amsient time responses during

and after clearing a 3-cycle, three-phase fauliust 4 (supplemental control is in
the Q control loop of the GSC of wind farm A).
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Figure4.6: continued.
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Figure4.6: continued.
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Figure 4.7. DFIG-based wind farms A and B real and reactive grswterminal voltages and
BtB dc link voltages during and after clearing ay®&le, three-phase fault at bus 4.
(supplemental control is in the Q control looptu GSC of wind farm A).
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45 DFIG-Based Wind Farm Supplemental Control is in the Reactive/Active Power
Control Loop of the RSC of Wind Farm A

Figures 4.8 and 4.9 illustrate the generator loagles and speeds, measured with respect
to generator 1 load angle and speed, and the tissiem line real power flow transient time
responses during and after fault clearing. Figdrd® and 4.11 illustrate the time responses of
wind farms A and B real and reactive powers, teahuoltage and the BtB dc voltage for the
same case. Tables 4.3 and 4.4 show the trangfetidos of the TCSC and wind farm A
supplemental controls after final tuning. Comparihe responses for the case of Scheme |
supplemental control alone (TCSC) to those fordhse of Scheme | and the DFIG-based wind
farm supplemental controls in Figures 4.8 and th®, positive contribution of wind farm A
supplemental control, whether it is installed ither the Q or P control loop of the RSC, to the
damping of the system oscillations is very cleldrworth noting here that the results of similar
studies conducted on wind farm B that are giveAppendix B have shown also an appreciable

contribution of wind farm B to the damping of thestem oscillations.

Table 4.3: Transfer functions of the hybrid TCSC compensatcheme and wind farm A
supplemental controllers (wind farm controllernghe Q control loop of the RSC).

Transfer Function

Hybrid TCSC Compensation Scheme _ 10 3s
Grescls) = 025(S+10) (3s+1)
DFIG-Based Wind Farm A _ S 1
GDFIG _Q_Loop_RSC(S) - M (S+15) (S+ 2)

Table 4.4: Transfer functions of the hybrid TCSC compensatcheme and wind farm A
supplemental controllers (wind farm controllerngie P control loop of the RSC).

Transfer Function
Hybrid TCSC Compensation Scheme _ 10 3s
GresclS) = 025(S+10) (3s+1)
DFIG-Based Wind Farm A S 1
GDFIG _P_Loop_ RSC(S) = 025@@
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Figure4.8: Generator load angles and speeds, measuredesieact to generator 1 load angle

and speed, and transmission line real power flamsient time responses during
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Figure4.9: DFIG-based wind farms A and B real and reactive grswterminal voltages and

BtB dc link voltages during and after clearing ay®&le, three-phase fault at bus 4.
(supplemental control is in the Q control looplue RSC of wind farm A).
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Figure 4.11: DFIG-based wind farms A and B real and reactive gggwterminal voltages and
BtB dc link voltages during and after clearing ay&le, three-phase fault at bus 4.
(supplemental control is in the P control loople RSC of wind farm A).
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4.6  Impact of Large Share of Wind Power Generation on System Stability

There has been recently a concern over the situaifolarge share of wind power
generation that results in reducing the total inest the synchronous generators which results in
degrading the system transient stability [75]. Thanterargument to this statement, however, is
that properly designed supplemental controls fer@irIG back-to-back converters could be an
asset in improving the system transient stabifither than degrading it. In order to demonstrate
that, investigations are conducted on the systemerustudy in Figure 2.1 for the cases described
in Table 4.5.

Table 4.5: Study cases for the impact of large share of wimagy on system stability.

Case Description

No wind farms Wind farms A and B are removed frdm system and thejr
share of power is provided by,GG, rated MVA is increased
by the same amount. Figure 4.12 shows the powerriésults
for the bus voltages and the line real power floivihe systeni
under study for this study case.

Two wind farms Supplemental controls of Wind farfand B are disabled.
Controller at WFA Supplemental control is only inAd Farm A
Controller at WFB Supplemental control is only innd/Farm B
Two controllers Supplemental controls of Wind farfnand B are activated.

Scheme | (TCSC) supplemental control is disabledl the above cases

Figures 4.13 to 4.15 illustrate the transient timgponses of the generator load angles,
measured with respect to generator 1 load angkngland after fault clearing for the cases of
Table 4.5. The transfer functions of the TCSC amttl farm supplemental controls after final
tuning corresponding to the study cases of Talileate given in Table 4.6. It can be seen from
Figure 4.15 that the system damping in the casénajdrporating the wind farms without
supplemental controls (two wind farms) is worsentithe case of no wind farms. This
observation is in a complete agreement with [7B]can, however, also be seen from Figures
4.13 to 4.15 that supplemental controls installédwand farms A or/and B can provide

significant damping to system oscillations.
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Figure4.12: Power flow results of bus voltages and line realgr flows of the system under
study for the no-wind farm study case in Table 4.5.
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Figure 4.13: Generator load angles, measured with respect tergem 1 load angle, during and
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Table4.6: Transfer functions of supplemental controls foraviarms A and B.

Transfer Function

Supplemental Control is in Wind Farm A S 1
Goric _P_Loop_RSC(S) =03 (S+1) (S+8)

Supplemental Control is in Wind Farm B S 1
GDFIG_P_Loop_RSC(S) =03 (S+1) (S+ 5)

Supplemental Controls are in Wind Farms _ S 1
A and B GDFIG _P_Loop_RSC(S) =03 (S+1) (S+8)

S 1
GDFIG_P_Loop_RSC(S) =03 (S+1) (S+ 5)

4.7

the Damping of System Oscillations

Effect of the Stabilizing Signal of Wind Farms A and B Supplemental Controls on

Four different combinations of stabilizing signéksbulated in Table 4.7) are examined in

order to determine the combination that would reisuthe best system transient time responses.

The final results of the time-domain simulationds&s (controller tuning of the TCSC and wind

farm A) are shown in Figures 4.16 to 4.18 whichstrates the generator load angles, measured

with respect to generator 1 load angle, during after fault clearing.

The corresponding

transfer functions of the TCSC and wind farm A dapgental controllers are given in Tables 4.8

to 4.10. Moreover, the final results of the cohérs tuning of the TCSC and wind farm B and

the associated supplemental control transfer fanstare given in Appendix B.

Table4.7: The four examined combinations of stabilizing signa

D

Combination Stabilizing signals in Stabilizing signals in
the TCSC the wind farm
supplemental control| supplemental controls
1 021 O a1
2 621 831
3 d31 d41
4 d21 PL1
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Table 4.8: Transfer functions of the hybrid TCSC compensascheme and wind farm A
supplemental controllers for the different comhiora$ of stabilizing signals (wind
farm controller is in the Q control loop of the GSC

Combination| Hybrid TCSC Compensation DFIG-Based Wind Farm A
Scheme
' . o= 025 g
2 G(s)= 025@(35—1) G(s)= 05 (Sil) e 15)
° 6= 011 i fer g
‘ 6= 095 iev )

Table4.9: Transfer functions of the hybrid TCSC compensascheme and wind farm A
supplemental controllers for the different combimias of stabilizing signals (wind
farm controller is in the Q control loop of the RSC

Combination| Hybrid TCSC Compensation DFIG-Based Wind Farm A
Scheme
1 ( ) S 1
G(s)=03
10 3s (s+15)(s+2)
2 G(s)= 025————~
3 (s+10) (3s+1) o(9)= 03, 1
"~ (s+15)(s+2)
4 _ S 1
6= 01 v 2)

Table4.10: Transfer functions of the hybrid TCSC compensascheme and wind farm A
supplemental controllers for the different combimas of stabilizing signals (wind
farm controller is in the P control loop of the RSC

Combination| Hybrid TCSC Compensation DFIG-Based Wind Farm A
Scheme
1 _ S 1
G(s)=05 (5+1)(5+8)
2 G(s)= 025,29 35 s 1
3 () (s+10) (3s+1) G(s)= 02 (s+1) (s+4)
4 _ S 1
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It can be seen from Figures 4.16 to 4.18 thab#st damping of the relative load angle
responses are achieved with @3¢ 34; combination. The second best damped responses are
obtained with the,;- 83;combination. Again, these results should be exgkedtie to the direct
relationship between the relative load angles &edgenerators that yield the problerit.can
also be seen from figures that the worst dampegoreses are obtained withy1-Pp1
combination. It worth noting here that the timmsiation results given in Appendix B (Figure
B. 5 to B. 8) show that the best damping of thatret load angle responses are achieved with

thed,s- 831 combination for the TCSC and wind farm B supplerakobntrols respectively.

In order to determine the best location for wiadni A supplemental control, the best
responses in Figures 4.16 to 4.18 are plotted hegéh Figure 4.19. As it can be seen from this
figure, although the three time responses are ¢lse, nevertheless, the best location for wind
farm A supplemental control tends to be in the @t loop of the RSC. It is worth noting
here that Figure B.8 (Appendix B) yield to the saroeaclusion for wind farm B supplemental

control.

Figures 4.20 to 4.22 show comparisons betweebdkesystem responses as a result of a
supplemental control installed in wind farm A or B.can be concluded from these figures that,
generally, there is no preference in installing thgplemental control in either wind farm
especially if it is installed in the Q control loopthe RSC.
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Figure 4.16: Effect of wind farm A supplemental control stahiig signal on the generator load
angles, measured with respect to generator 1 logle aduring and after clearing a
3-cycle, three-phase fault at bus 4. (DFIG-basedidwfarm supplemental
controller is in the Q control loop of the GSC).
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Figure 4.17: Effect of wind farm A supplemental control staliig signal on the generator load
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4.8 Impact of the Fault Clearing Time on the Effectiveness of Wind Farms A and B
Supplemental Controls

Figures 4.23 to 4.25 illustrate the generator leadgles, measured with respect to
generator 1 load angle, transient time responsesgland after fault clearing a 4.5 cycle, three-
phase fault at bus 4 for the case of wind farm Apgemental control. Table 4.11 shows the
transfer functions of the TCSC and wind farm A deppental controls after final tuning. As it
can be seen from these figures, wind farm A supeleai control is still capable of providing
significant damping to the system oscillationshet hew fault clearing time. It can also be seen
from the same figures that the Q control loop & BRSC is still the best location for the wind
farm supplemental control. It is worth noting hémat the results of similar studies conducted
on wind farm B supplemental control, that are mptarted in this thesis, have led "almost" to the
above observations and conclusions.

Table 4.11: Transfer functions of the hybrid TCSC compensagsocheme and wind farm A
supplemental controls for a fault duration of 4y6les.

Hybrid TCSC Compensation Scheme DFIG-Based WinchFar
10 3s Corio _P_Loop_Rsc(S) =03 (s + 1) (S + 8)
G(s)= 025 — < ——~
(s + 10) (38 + 1)
S 1
Gorie _Q_LOOP—RSC(S) =03 (s + 15) (S + 2)
s 1
Gorie _Q_Loop_GSC(S) =01 (s + 1) (S + 5)
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Figure 4.23: Generator load angles and speeds, measuredesitleat to generator 1 load angle
and speed, and transmission line real power flawsient time responses during
and after clearing a 4.5-cycle, three-phase fautius 4 (supplemental control is

in the P control loop of the RSC of wind farm A).
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Figure4.24: Generator load angles and speeds, measured egfiect to generator 1 load
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Figure 4.25: Generator load angles and speeds, measuredesitleat to generator 1 load angle
and speed, and transmission line real power flawsient time responses during
and after clearing a 4.5-cycle, three-phase fautius 4 (supplemental control is
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49  Summary

In this chapter, the effectiveness of supplemectalrols for hybrid single-phase-TCSC
compensation scheme and DFIG-based wind farms mpilg power system oscillations
resulting from clearing system faults is investeghthrough several case studies of time-domain
simulations. In this context, the effects of thegwrtion of the single-phase-TCSC to the fixed
capacitor reactance of its phase, the locatiomefwind farm supplemental controls and their
stabilizing signals as well as the fault cleariimget on damping power system oscillations are
explored. The main conclusions drawn from the ltesaf these studies are presented in the

next chapter.
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Chapter 5

SUMMARY AND CONCLUSIONS

51 Summary

wind, which is a sustainable source of clean powsdahe world's fastest growing energy
source with sustained worldwide growth rates inesscof 30% annually. The innovative
research and developments of efficient wind turbidaring the last decade have lowered the
cost of wind generated power, so that today, itabex an integral part of the electric grid.
Although there are different types of wind turbinesst of large wind farms in North America
employ Doubly-Fed Induction Generator (DFIG) winddines because of the great flexibility of

their converter controls.

A problem of interest in the power industry at whigFIG-based wind farms controllers
could play a role in it is the mitigation of lowefjuency oscillations that often arise between
areas in a large interconnected power network. s@wscillations are due to the dynamics of
inter-area power transfer and often exhibit poonpiag when the aggregate power transfer over
a corridor is high relative to the transmissioresgth. Inter-area oscillations can severely
restrict system operations by requiring the curtaitt of electric power transfers as an
operational measure. These oscillations can aad to widespread system disturbances if

cascading outages of transmission lines occuralosdillatory power swings.

This thesis reports the results of the investigegtithat were carried out to explore the
potential use of supplemental controls of a phawbalance hybrid single-phase-TCSC
compensation scheme and DFIG-based wind farms mmpoigy power system oscillations in

multi-machine power systems.

A brief review of the benefits of series compermanf transmission lines is presented in
Chapter 1. The inability of series capacitorgioviding adequate damping to power
system oscillations as well as their contributiorthe subsynchronous resonance phenomenon

are also discussed in this chapter.
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In Chapter 2, the system used in the studies atedun this thesis is introduced and the
mathematical models of its components are present€de results of digital time-domain
simulations of a case study for the system withrsapplemental controls during a three-phase
fault are also presented in this chapter.

In Chapter 3, comprehensive descriptions of the T A& three modes of operation and
the analysis of its net reactance are presentéé. pliase imbalanced hybrid single-phase-TCSC
compensation scheme and its modeling in the ElRi@gnetic Transient Program (EMTP-RV)

are also presented.

In Chapter 4, several case studies investigatiagtfects of the proportion of the single-
phase-TCSC reactance to the reactance of the foapacitor of its phase, the wind farm
supplemental control stabilizing signals and thasations in the reactive power control loop of
the GSC or in the real or the reactive power condaps of the RSC on the damping of power
system oscillations are documented. These stadésitended to demonstrate the effectiveness
of the phase imbalance hybrid single-phase-TCSQpeosation scheme and DFIG-based wind
farm supplemental controls in damping power systenillations resulting from clearing system
faults.

52 Conclusions

The studies conducted in this thesis yield theofeihg conclusions for the system under

study:

1. The series capacitor compensated system is finsigsstable for three-phase faults, but
the post-contingency oscillations are not well dathp

2. Although the system has three natural modes oflatcn, generators 2, 3 and 4 tend to
oscillate at a single frequency (approximatelyHz.

3. Increasing the proportion of the single-phase-TG8Ghe fixed capacitor of its phase
results in improving the damping of system osailas. Choosing the value of such a
proportion can be considered as an optimizatiork thstween dynamic stability
improvements and economical and reliability advgeseaof fixed series capacitors.

4. In the majority of the case studies, adequate posystem oscillations damping is

obtained with proportional-type TCSC and wind faupplemental controllers.
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The best damping of the relative load angle respoase achieved when the stabilizing
signals for the hybrid single-phase-TCSC and wananf A supplemental controllers are
respectively, the deviations of generators 2 ankba#l angles, both with respect to
generator 1 load angle. On the other hand, thedasping of the relative load angle
responses are achieved when the stabilizing sigonalgthe hybrid single-phase-TCSC
and wind farm B supplemental controllers are reypely, the deviations of generators 2
and 3 load angles, both with respect to generaload angle.

The supplemental controls of the DFIG-based wimthéaare very effective in enhancing
the damping of power system oscillations whethey #re installed in the reactive power
control loop of the GSC or in the real or the reacpower control loops of the RSC. Of
these three options, the reactive power controplad the RSC tends to provide
“relatively” a better damping for the system ostithns. In the studies conducted in this
thesis, no attempt has been made to install sugpltihcontrols simultaneously at the P
and Q control loops of the RSC. It is the authdxélief that such an arrangement is not
necessary.

The hybrid single-phase-TCSC and wind farm suppteaaiecontrollers are effective in
damping system oscillations resulting from clearsygtem faults with different fault
durations.

Slight (insignificant) increases in the first swin§some generators are occurred in the
case of supplemental controls of the hybrid TCS@mensation scheme and the DFIG-
based wind farms. It should be emphasized hetdhbanain task of these supplemental
controllers is to damp power system oscillationgha “already stable” system under
study. For transient stability control of margigadtable power systems, different TCSC
control methodologies are usually used.

With regard to the concern over the case of lalggesof wind power generation which
results in reducing the total inertia of the symectous generators and degrading the
system transient stability, it has been shown thasuch a case; properly designed
supplemental controllers for the wind farm convesteould be an asset in improving the

system transient stability rather than degrading it
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This thesis is one step towards highlighting theeptial of the damping capability
of renewable energy systems that could be solaheiay service. The ultimate
objective is to combine wind farms with conventiguaver plants and FACTS
controllers so that together, they provide the raadl reactive modulating powers

in wide-area control of large power systems.
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APPENDIX A

DATA OF THE SYSTEM UNDER STUDY

A.1 Synchronous Generators

Table A.1: Synchronous generator data.

Gy G, Gs Gy

Rating, MVA 2400 | 1000| 1100{ 1100
Rated voltage, kV 26 26 26 26
Armature resistance,, p.u. 0 0.0045| 0.0045| 0.0045
Leakage reactance; , p.u. 0.13 0.14 0.12 0.12
Direct-axis synchronous reactanog,, p.u. 1.79 | 165| 154 154
Quadrature-axis synchronous reactargep.u. 1.71 1.59 1.5 1.5

Direct-axis transient reactanog,, p.u. 0.169 | 0.25 0.23 0.23

Quadrature-axis transient reactan(';le,p.u. 0.228 | 0.46 0.42 0.42

Direct-axis subtransient reactangg, p.u. 0.135 0.2 0.18 0.18

Quadrature-axis subtransient reactanéep.u. 0.2 0.2 0.18 0.18

Direct-axis transient open-circuit time constagy, s 4.3 4.5 3.7 3.7

Quadrature-axis transient open-circuit time cortqu'gl, S 0.85 0.55 0.43 0.43

Direct-axis subtransient open-circuit time consfayy, s 0.032 | 0.04 0.04 0.04

Quadrature-axis subtransient open-circuit time md,,, | 90> | 009 006} 006

S
Zero-sequence reactangg, p.u. 0.13 0.14 0.12 0.12
Inertia constant, H, s 7 3.7 3.12 3.12
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A.2 Transformers
Table A.2: Transformer data.

Ty T2 T3 Ty
Rating, MVA 2400 1000 1100 1100
Rated voltage, kV 26/500 26/500 26/500 26/500
Resistancey , p.u. 0 0 0 0
Leakage reactances , p.u. 0.1 0.1 0.1 0.1

A.3 Transmission Lines

All transmission lines have the same series impaslaand shunt admittance per unit
length.

Z1 L series= 0.01864+ j 0.3728Q/km

YT.L.s.hunt = J 44739,“ S/ km

Transmission voltage = 500 kV

A.4 System Loads

S, =1950+ j 200 MVA
S, =3437+ 250 MVA

A.5 Excitation System
Table A.3: Excitation system data.

Ka=2 Ke=1.0

Kee = 0.03 To=0.04s
Tre=1.0s Te = 0.01s
Lim_max=4.75 p.u. Lim_min=-4.75 p.u.

A.6 Single Phase TCSC Data
Table A.4: TCSC data.
Kp=0.5 Ki=5

CTCSC: 72.63 H F LTCSC: 15.50 mH
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APPENDIX B

ADDITIONAL CASE STUDIES

B.1 DFIG-Based Wind Farm Supplemental Control is in the Reactive Power Control
L oop of the GSC of Wind Farm B

Figure B.1 illustrates the generator load angled speeds, measured with respect to
generator 1 load angle and speed, and the tranemiBee real power flow transient time
responses during and after fault clearing. Fiddizillustrates the time responses of wind farm
B real and reactive powers, terminal voltage aedBtB dc voltage for the same case. Table B.1
shows the transfer functions of the TCSC and wiunf B supplemental controls after final
tuning. Comparing the responses for the case lnér8e | supplemental control alone (TCSC) to
those for the case of Scheme | and the DFIG-based farm supplemental controls in Figure
B.1, the positive contribution of wind farm B suppiental control to the damping of the system
oscillations is very clear.

Table B.1: Transfer functions of the hybrid TCSC compensascheme and wind farm B

supplemental controllers (wind farm controller s the Q control loop of the
GSC).

Transfer Function

: 10 3s
Hybrid TCSC G s)= 025
Compensation rese(S) (s+10)(3s+1)

Scheme

DFIG-Based Wind

Farm B = 015 S 1

~ 7 (s+004)(s+041)

GDFIG _Q_ Loop_GSC(S)
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FigureB.1l: Generator load angles and speeds, measured withcte® generator 1 load angle

and speed, and transmission line real power flawsient time responses during
and after clearing a 3-cycle, three-phase fautiuat4 (supplemental control is in
the Q control loop of the GSC of wind farm B).
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B.2 DFIG-Based Wind Farm Supplemental Control is in the Reactive/Active Power
Control Loop of the RSC of Wind Farm B

Figures B.3 and B.4 illustrate the generator loadles and speeds, measured with
respect to generator 1 load angle and speed, anglathsmission line real power flow transient
time responses during and after fault clearinggufgs B.5 and B.6 illustrate the time responses
of wind farm B real and reactive powers, terminaltage and the BtB dc voltage for the same
case. Tables B.2 and B.3 show the transfer fumstiof the TCSC and wind farm B
supplemental controls after final tuning. Compgrihe responses for the case of Scheme |
supplemental control alone (TCSC) to those fordhse of Scheme | and the DFIG-based wind
farm supplemental controls in Figures B.3 and B, positive contribution of wind farm B
supplemental control, whether it is installed ither the Q or P control loop of the RSC, to the

damping of the system oscillations is very clear.

Table B.2: Transfer functions of the hybrid TCSC compensascheme and wind farm B
supplemental controllers (wind farm controller is the Q control loop of the

RSC).
Transfer Function
Hybrid TCSC Compensation Scheme Gyeadls) = 025 10 3s
TS T (s +10) (35 +1)
DFIG-Based Wind Farm A S 1
=035
GDFIG _Q_Loop_RSC(S) 03 (S +18) (S+ 0.8)

Table B.3: Transfer functions of the hybrid TCSC compensassheme and wind farm B
supplemental controllers (wind farm controllernghe P control loop of the RSC).

Transfer Function
Hybrid TCSC Compensation Scheme _ 10 3s
GresclS) = 025(S+10) (3s+1)
DFIG-Based Wind Farm A S 1
Goric _P_Loop_RSC(S) = 015@@
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FigureB.4: DFIG-based wind farms A and B real and reactive grgwterminal voltages and
BtB dc link voltages during and after clearing ay&le, three-phase fault at bus 4.
(supplemental control is in the Q control looplue RSC of wind farm B).
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FigureB.4: continued.
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FigureB.5: Generator load angles and speeds, measured withcte® generator 1 load angle

and speed, and transmission line real power flawsient time responses during
and after clearing a 3-cycle, three-phase fautiuat4 (supplemental control is in
the P control loop of the RSC of wind farm B).
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FigureB.5: continued.
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FigureB.5: continued.
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FigureB.5: continued.
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FigureB.5: continued.
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FigureB.6: DFIG-based wind farms A and B real and reactive grswterminal voltages and

BtB dc link voltages during and after clearing ay&le, three-phase fault at bus 4.
(supplemental control is in the P control loophl# RSC of wind farm B).
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B.3 Effect of the Stabilizing Signal of Wind Farm B Supplemental Controls on the

Damping of System Oscillations

The final results of the time-domain simulationdsés (controller tuning of the TCSC
and wind farm B) are shown in Figures B.7 to B.9ahkhllustrates the generator load angles,
measured with respect to generator 1 load angleringl and after fault clearing.  The
corresponding transfer functions of the TCSC anddwiarm B supplemental controllers are

given in Tables B.4 to B.6.

Table B.4: Transfer functions of the hybrid TCSC compensasoheme and wind farm B
supplemental controllers for the different combimag of stabilizing signals (wind
farm controller is in the Q control loop of the GSC

Combination| Hybrid TCSC Compensation DFIG-Based Wind Farm B
Scheme
1 S 1
G(s)=0.1
S (s+ 004) (s+ 01)
2 S 1
_ 10 3s G(s)= 005
G(s) = 025(S+10) (3s+1) (s+ 004) (s+ 01)
3 G(s)= 01— 1
(s+ 005) (s+02)
4 S 1
Gi(s)= 00l —+——
S (s+01)(s+2)

Table B.5: Transfer functions of the hybrid TCSC compensasoheme and wind farm B
supplemental controllers for the different combimasg of stabilizing signals (wind
farm controller is in the Q control loop of the RSC

Combination| Hybrid TCSC Compensation DFIG-Based Wind Farm B
Scheme
1 S 1
G(s)= 035
) (s+18)(s+038)
2 S 1
_ 10  3s G(s)=03
G(s)= 025 (5+10) Bs+1) (s+12) (s+2)
3 G(s)= 03> 1
(s+2)(s+12)
4 S 1
=00l ——+——
Gls)= 001 v (519
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Table B.6: Transfer functions of the hybrid TCSC compensasoheme and wind farm B
supplemental controllers for the different combimag of stabilizing signals (wind
farm controller is in the P control loop of the RSC

Combination| Hybrid TCSC Compensation DFIG-Based Wind Farm B
Scheme
1 S 1
G(s)= 015
(8)= 0150 s+
2 6(e)= 025, 103 G(s) = 015,
. ~ 7 (5+10) 3s+) (s+1)(s+2)
G(s)= 0155 1
(s+1)(s+2)
4 s 1
Gis)= 00l——+——=
(8)= 001 (s +2)

It can be seen from Figures B.7 to B.9 that th& ldamping of the relative load angle
responses are achieved with @ 63; combination. The second best damped responses are
obtained with thé,;- 641 combination. Again, these results should be exgaedte to the direct
relationship between the relative load angles &edgenerators that yield the problert.can

also be seen from figures that the worst dampeubreses are obtained widh-P, ;.

In order to determine the best location for windrfaB supplemental control, the best
responses in Figures B.7 to B.9 are plotted togethEigure B.10. As it can be seen from this
figure, although the three time responses are elise, nevertheless, the best location for wind

farm B supplemental control tends to be in the @b loop of the RSC.
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FigureB.7: Effect of wind farm B supplemental control stabilg signal on the generator

load angles, measured with respect to generatmad &ngle, during and after
clearing a 3-cycle, three-phase fault at bus 4. |@¥ased wind farm
supplemental controller is in the Q control looghe GSC).
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FigureB.8: Effect of wind farm B supplemental control stahbiig signal on the generator

load angles, measured with respect to generatead &ngle, during and after

clearing a 3-cycle, three-phase fault at bus 4. |@ased wind farm
supplemental controller is in the P control loogle RSC).
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FigureB.9: Effect of wind farm B supplemental control stabilg signal on the generator

load angles, measured with respect to generatoad &ngle, during and after
clearing a 3-cycle, three-phase fault at bus 4. |@ased wind farm
supplemental controller is in the Q control loople RSC).
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FigureB.10: Generator load angles, measured with respect tergem 1 load angle, during
and after clearing a 3-cycle, three-phase fauliust 4. (DFIG-based wind farm

supplemental controller stabilizing signabig).
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