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Abstract

The power system is a dynamic system, which consists of nonlinear elements.
Generally, methods based on linearization are sufficient to analyse the system under
both normal operating conditions and perturbations of the variables. However, due to
the stressed operating conditions, system behaviour is highly influenced by the
nonlinear elements of the system. Therefore, analysis based on linearized methods is
not sufficient to understand the system behaviour under such conditions. In this
thesis, a nonlinear analysis is carried out based on bifurcation theories to identify the
system behaviour more accurately.

The case study considers the effect of integrating the Lakvijaya power station to the
Sri Lankan power system, which can be considered as a small system. Dynamic
voltage stability assessment based on bifurcation analysis for both intact and
contingency conditions were carried out for a system under consideration. The
critical state variables for a bifurcation were identified and mitigation criterions are
suggested.
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Lakvijaya Power Plant, Saddle Node Bifurcation, Sri Lankan Power System,



Acknowledgement

First, | wish to express my sincere gratitude to my supervisor Dr. L N W Arachchige
of the Department of Electrical Engineering at University of Moratuwa for her
continuous support, encouragement and guidance throughout the research.

I would like to thank Dr. W D Prasad and Dr. H M Wijekoon for their time and effort
put in to evaluate my research and especially for their valuable feedback provided
during the discussions.

Furthermore, | am thankful to Power Plant Manager, Deputy Plant Managers and
Chief Engineers at Lakvijaya Power Plant for their continuous support and
encouragement.

| am also grateful to all the lectures of the Department of Electrical Engineering at
University of Moratuwa, Sri Lanka for the support extended during the study.

Finally, I would like to express my deepest gratitude to my father, mother and sister
for their affection, encouragement and support throughout the period.



Table of Contents

D =Tod T = U o] o I PP RUPROTRRRS i
N 41 = Tod SRS I
ACKNOWIBAGEMENT ... ii
LSE OF FIQUIES. ...ttt vi
LSt OF TaDIES ..o vii
LISt OF SYMDOIS....ceeiiiee e viii
1 INTRODUCTION ..ottt a e e a e e e e e e 1
1.1 The BaCKgroUnd ...........cooiiiiiiiiiiieiiiee e 1
1.2 Problem Statement..........cooieriiiee e 2
1.3 ODJBCTIVES ..ot 2
1.4 TheSIS OULIINE......cciie et 2
2  LITERATURE REVIEW. ...ttt 3
2.1 DYNAMIC SYSTEIM ...iiuiiiiiieiiie ettt 3
2.2 State Space Representation ...........cccccvveiiieeiiire e 3
2.3 LINGAIIZALION. ....oiuiiiiii ittt 3
2.4 Power System Stability ........cccveeiiiieiiii e 4
2.5 Voltage Stability ......c.oeeiiiieccee e 5
2.6 Lyapunov Stability Definition...........ccccccoiveiiii e 6
2.7  Eigenvalues and Stability ...........cccceeiiiiiiiiii e 7
2.8 BIfUrCation TREOIY.......cciiiiiiiie e 7
2.9  Saddle NOde BIfurCation..........coccueiuieiiiiiieiiie e 9
2.10  HOPF BIfUrCatioN.........eeiiiiie ettt 9
2.11  Participation FaCtOrS .........ccoiiieeiiie et 11
3 METHODOLOGY ...ooiiiiiiiieiiieite ettt sba ettt be e sreenneas 14
3.1 Problem IdentifiCation ...........ccoovieiiiiiieiiieie e 14
3.2 Nonlinear Analysis and Method Selection............ccccocoveeviii i, 14
3.3 Bifurcation ANAYSIS .........ccoiiiieiiiie et 15
3.4  Developing the Mathematical Model ............cc.ccovvveiiiii i 15
3.5  Linearization and Eigenvalue Analysis ..........c.ccccoveiviee i 15
3.6 NUmerical ANAlYSIS.........ooiiiiiiiii i 15



4 MODELLING THE SYSTEM .....ooiiiiiiiiiii e 16

O R 1011 oo [FTox (o] o I PRSPPI 16
4.2 Synchronous Generator Model...........ccceiiiiiiiiiieiiie e 16
4.3 EXCIEr MOGEL .......eeieiiieece et 17
4.4 L0ad MOEL .....cooiiieeie s 17
4.5  NetWOrk mModel ........cooiiiiiieiie e 18
4.6 System ConfiQUuIatioN ........c.cooiviiiieiiieiie e 19
5 RESULTS AND ANALYSIS. ...ttt 20
51  Test System in Intact CONAItION ........oovvveiiieiiiiiie e 20
5.2  Test System in Contingency Condition ...........ccccevivieriiinieniieiieenee e 22
5.3 Bifurcation ANAIYSIS .......ccuiiiiiiiiieiiiiie e 24
5.4 ReSUItS Validation.........cccuviiiiiieiiie ettt see e 25
5.5  Participation FActor ANAIYSIS ........cccviiiiiiieiieiie e 31
B CONCLUSIONS. .. ..ottt et e e e srne s 33
6.1 CONCIUSIONS ..ot e et e e annee e 33
6.2 FULUIE DIrECLIONS .....veiieieiie ittt 33
RETEIENCES ...ttt 34
Appendix - A: System Modelling .......c.oooiiie i 37
A.1  Synchronous Generator Model...........cccveeiiieeiiiie i 37
A2 EXCIEr MO ... 39
A3 NEtWOrK MOEL......couiiiiieiiic e 40
A.4  Power Flow and Load Model ...........ccooiiiiiiiieii e 42
AppendiX - B: Load BUS Dala.........ccccvieiiiiieiiiie e siie e sis e 44
B.1 220 kV Load Bus — WEEKEN..........cccuiiiiiiiieie e 44
B.2 220 kV Load Bus — WeeKday............ccccouvreiiiiieiii e 45
AppendiX - C: MATLAB COE........ccoviiiiie ettt 47
C.l Yius MAITIX oottt 47
C.2  Power FIow CalCulation............ccoiiiiiiieiiieiie e 48
C.3  Eigenvalue MOVEMENES..........ccoviieiiiie et 51



List of Figures

Figure 2.1 :
Figure 2.2 :
Figure 2.3 :
Figure 2.4 :
Figure 4.1 :
Figure 4.2 :
Figure 5.1 :
Figure 5.3 :
Figure 5.2 :
Figure 5.4 :
Figure 5.5 :
Figure 5.6 :
Figure 5.7 :
Figure 5.8 :
Figure 5.9 :

Figure 5.10 :
Figure 5.11 :
Figure 5.12 :
Figure 5.13 :
Figure 5.14 :
Figure 5.15:
Figure 5.16 :
Figure A.1:
Figure A.2 :
Figure A.3:

SEADIIIEY CIIEEITA ..o vieiie s 5
Saddle Node Bifurcation ............ccooveiiieiiiiniceie e 9
Supercritical Hopf BIfurcation ............cccocoveiiiiiiieniicic e 10
Subcritical Hopf Bifurcation ............cccccevviiiiinieii e 10
IEEE AC4 EXCiter MOdel.........oooiiiiiiie e 17
Network in Intact CoNAITION .........ceeiiiiiiieiie e 18
Reactive power VS VORAgE ........coovviiiiiiiiiciee e 20
Eigenvalue Movement in Intact Network ...........ccccovoiiiiiiiicniicnnenn, 21
BIgEN VAlUBS ... 21
One Line Outage — New Anuradnapura..........ccocceeveeinieniienineeneesieens 22
Critical Eigenvalue Movement in Contingency Condition .................... 23
Reactive POWEr VS VOIAgE .........ocvviiiiiiiiiie e 23
Critical Eigenvalues at Subcritical HOpf ..., 25
Subcritical Hopf — Stable System ........ccccocviiiiieece e, 26
Rotor Angle VS VORAgE .........vveviiieiiie e 27

Subcritical Hopf — Unstable System ..........ccoceevive i 27
Subcritical Hopf — Unstable System ..........ccoceevive i 28
Critical Eigenvalues at Supercritical HOpf............ccooveeviiiiiiie e, 29
Supercritical Hopf — Outside the Limit Cycle..........cccovvvveiiieecineee, 29
Rotor Angle Vs Voltage — Outside the Limit Cycle...........ccccccevveenneee. 30
Rotor Angle Vs Voltage — Inside the Limit Cycle.............ccccceevveennn. 30
Supercritical Hopf — Inside the Limit Cycle............ccccoviiviiiieeiinnne, 31
IEEE AC4 EXCiter MOdel ........ccoviiiiiiiiiie e 39
Network in Intact CoNAItioN ..........ocoveiiiieiiieiiiie e 40

Network in Contingency Condition ...........cccceovvveiviee i, 42

Vi


file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770201
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770202
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770205
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770206
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770209
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770215
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770216
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770219
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770220
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770221
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770223
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770224
file:///C:\Users\jawathsala\Desktop\Thesis%20New\MSc%20in%20EE%20-%20Thesis%20J%20A%20T%20Jayaweera%20Rev%2010.6.docx%23_Toc6770225

List of Tables

Table 1.1 :
Table 2.1 :
Table 2.2 :
Table 5.1 :
Table 5.2 :

Installed Generation Capacity by SOUICE .........ccccovviieiiiiiinie e 1
Eigen value Stability Criterion..........cccocoviiiiiiiieiie e 7
Classification of the Bifurcation ............c.ccccovvveiiie e 8
Subcritical Hopf — Largest Participation Factors...........cccccoccvveviivreiinnnnnn 31
Supercritical Hopf — Largest Participation Factors............c.cccevevveiinnnnn 32

vii



List of Symbols

o,lw
Aw,

Wo

é

Yrq

Y14
Y1g,P2q

time

state vector, input vector, output vector

bifurcation parameter

bus voltage

eigenvalue

real part and imaginary part of an eigenvalue

rotor speed derivation from synchronous speed
synchronous speed

generator rotor angle

field winding flux

direct axis damper winding flux

quadrature axis damper winding flux

per unit mechanical power input of a synchronous generator
per unit electrical power output of a synchronous generator
static active and reactive component

dynamic active and reactive component

real and reactive power supplied to the load at bus 2
real and reactive power supplied to the load at bus 4
stator phase currents along d - q axis

stator voltage along d - g axis

field winding resistance

direct axis damper winding resistance

stator winding resistance

quadrature axis damper winding resistance

field winding inductance

direct axis damper winding inductance

viii



qu; LZq
Ladu

Lads , Laqs

T 40, T 40

1 "

TqO'T q0

quadrature axis damper winding inductance
unsaturated direct axis mutual inductance
saturated direct axis sub transient mutual inductance

direct axis transient and sub transient open circuit time
constant of a synchronous generator

quadrature axis transient and sub transient open circuit time
constant of a synchronous generator

field voltage

terminal voltage

exciter time constants for regulator and lead lag compensator
exciter gain

i j " element of Yy matrix

voltage magnitude and the angle at bus 2

voltage magnitude and the angle at bus 4



