NIVERSITY OF
TRATHCLYDE

University of Strathclyde
Department ot Electronic and Electrical Engineering

VOLTAGE STABILITY ANALYSIS
AND CONTROL IN POWER

SYSTEMS

BY
XIAORUI (RAY) ZHANG

A thesis presented 1n
fulfilment of the
requirements for

the degree ot

Doctor of Philosophy

2007



The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.51.
Due acknowledgement must always be made of the use of any material contained 1n,

or denved from, this thesis.




ACKNOWLEDGEMENT

Firstly T like to express my sincere gratitude to Prof. K L Lo for not only his
constructive supervision and guidance in this PhD project, but also his fatherly care,

support in my personal life, which enabled me finally complete this thesis.

[ am very grateful to the Umversity of Strathclyde for their kind consideration and

permission for me to submit this thesis after so many years.

I also wish to thank all my friends and family for their constant love, patience and

encouragement during the time when I was working on the research and writing up

this thesis.

11




CONTENTS

AB ST R A CT et e e e e, X1V
CHAPTER 1 GENERAL INTRODUCTION ..., ]
1.1 ItrOdUCTION e e, ]
1.2 Research Background.............ooooiiii e 2
1.3 ReS€arCh ODJECHIVES ..o, 4
1.4 Organisation of ThiS TRESIS ..c.cooovviiiiiiiiiiiiieeeee e, 5
1.5  Onginal Contribution of the Thesis ......oooiiiiiie e, 7
CHAPTER 2  REVIEW OF PREVIOUS LITERATURE .....cccoooiiiiiiie 8
2.1 INETOAUCTION et e e e e e e e e e e eeneaans 8
2.2 Voltage Stability ... ————— 8
2.2.1  Static MEthOAS. ..o et e e e 8
2.2.2 DynamiC MeEthOAS ......oouniiiieeeeee e e e eraaa s 22
2.2.3  REMATKS e e e et e e e e an e e aea e 27
2.3 Secondary Voltage Control ... 28
2.3.1 The impact of secondary voltage control on voltage stability ....................... 28
2.3.2 The Control PrinCIple ... e 30
2.3.3 Control System DeESIZNS .....coiviiiiiieeiiieeeieeee ettt 34
2.3.4 Control System ANAIYSES ....ccoovriieieiieee e 40
2.3.5 REMATKS  ovvvveeeseeeeeeeeseeeeeeeeseeeaesee e seeeesseseeseeeemsseeessomseeeeeessonssssnnseees 42
2.4 CONCIUSIONS ...eeiiee ettt ee e e tee e e e eeeeeeas s eeetssesaasanesaeennenseresaasesseaennanseess 43
CHAPTER 3 FUNDAMENTALS OF VOLTAGE STABILITY ....cccvvvrinnnnn. 45
S0 NN 5515 x0 Y6 A1 (o15 [0 ) o ARUUUUUURRRR U PR PR RTO PP 45
3.2  Voltage Stability CharacteristiCs.........ccoccvviiiiiiiiiiiiiiiiiie e 46
3.2.1 A Two BusPower SYStem .....cooviimiiiiiieiiiec e, 46
3.2.2 A Multi-bus POWer SYSIEIM ....cooiviiieeieeeeee e 51
3.3 The Voltage Stability Determining Factors (VSDES) ....ccoiiiiiiiniiniie, 56
3.3.1 The Impact of the Load Distribution and Generation Participation............... 56
3372 DeflInitionNSs Of the V S DS ...ttt eanes 57

111



3.3.3
3.4

3.4.1
3.4.2
3.5

3.5.1
3.5.2
3.5.3
3.6

3.6.1

3.6.2
3.7

4.1
4.2
4.2.1
4.2.2
4.3
4.3.1
4.3.2
4.3.3
4.4
4.4.1
4.4.2
4.5
4.5.1
4.5.2

4.5.3

CaSE StUAY .o 59
The Unmique Property of the VSDFES ....oovviiieiieeeee oo 69
HYPOTRESIS ..o e 69
Validation of the HypothesiS.......c..ueiiiimeoeeeeeeeeeee oo . 69
Pattern Classes 0f the VSDES........oooiiiiiioeeeeeeeeeeeeeeeeeeeeeeeeeee 73
Pattern Classes for the Load and Load Distribution .............cooovvovvveevieeii, 73
The Pattern Class for the Generation and Generation Participation .............. 73
Pattern Class Determination.............ooooouieieiieioieeneeeee e 74
Voltage Stability Similarities in the Pattern Class .....oeoveveeeeeeeeeeeeeeeeeeee 75
The Similanty of Voltage Stability ..........oeviieiiiiiemieeeeee e, 75
O R ] 1116 | O 76
Discussions and COoncClUSIONS ...........oooiiiiiiiioeeeeeee e eee e e 90
CHAPTER 4 A KNOWLEDGE BASED SYSTEM

FOR PREDICTION OF VOLTAGE COLLAPSE

USING PATTERN RECOGNITION TECHNIQUE.................... 92
INEEOAUCTION e 92
Technical BacKGround...........ooouueiiiiiiiii e e e, 93
Knowledge Based Systems ........eiiiviiiiee e 93
Pattern RECOGNITION .......cooiiiiii e e 98
A knowledge Based System for Prediction of Voltage Collapse................. 102
SYStEM PIINCIPIC...oeeeeieieieeeee e e e e e e e e nnaas 102
SYSEIM STIUCTUTE ..ot e e e e e e et eeee e e e e eeeeens 105
SYStEIM OPETALION . ..ceeiiiiieeeeeeiitieee e e et e e e e e e eeet e eeeeeeeeeeeeenerasnnnnneeeeaeeeas 108
System Implementation..........ccooeviiiiiiiier e 110
The Pattern Recognition Module ... 110
The Knowledge Based Systemi.........cooeviiiiiiiiiiiiiiiieeeeeececcren, 115
System SIMULAtION.......oooiiiiiiiiiieecee e 118
Simulation ConfigUration ..........ovviiiiiiieieieeei e 118
O TSI 1116 | O PP PP 129
Simulation Evaluation ...........coooomimiiiiiiiiieeee e 186
Discussions and ConcluSIONS .........coooviiiiiriiiiiiee s 187

4.6

1\



CHAPTER 5 THE PRINCIPLE OF

>5.1
>.2

5>.2.1
>.2.2
5.2.3
.3

5.3.1
>.3.2
5.4

>.4.1
>.4.2
.5

6.1
0.2
6.2.1
0.2.2
6.2.3
6.3
6.3.1
0.3.2
0.4
6.4.1
6.4.2

0.5

SECONDARY VOLTAGE CONTROL SYSTEMS ..ooovvoov, 189
INtrodUCHION ... e e e 189
The principle of secondary Voltage Control .........ccooeveeeeeoeeoeoooeo. 190
Pilot Buses and Control Power P1ants...........cccooooveeeeeeoeeoeoeeeeoeeo . 190
Centralised and Decentralised Control Scheme........ooooovveeeeeeeieeoeeii . 193
Multi-level Control StruCtUre .........oooeviiieeeeeeeeeeee e, 194
System Modelling and Descriptions ...........cocceveeveeeeeeeoeeeeeeeeeeeeeeeeeee . 195
SYStEM MOAEIIING oo e, 196
SYStEM DESCIIPUIONS ..o, 198
Design criteria for a Secondary Voltage Control System ........oocovveveveennnn.... 202
Control SYStem Stab1lIty ..oooveeiiiie et e e e e e e e e e e e e 202
Control System INteEration .........ooouuiiiiiiiieieee e, 204
Discussions and CONCIUSIONS ..........oovvviviiiiiiiiiiiiiie e e e, 205

CHAPTER 6  THE SECONDARY VOLTAGE CONTROL SYSTEM

BY A CLASSICAL CONTROL DESIGN........ccccooviieieire, 206
INEFOAUCTION ... e e e e e e e e ea e, 206
0703015 (0] B D 1oT] £ « LU SRR 207
Centralised Control SCheme..........oueeeiiiiiiiiiieee e 207
Decentralised Control Scheme ..., 211
Global Structure of a Secondary Voltage Control System........................... 212
Stab1l1ty ANALYSIS coenieiiieeiee e e e 214
The Control System with Centralised Scheme..........cccccooiiiiiiiiiiinnnnee, 214
The Control System with a Decentralised Scheme..............ccccieiiiiennne 230
Voltage Profile ANalysis .....coooeveiieeiieieeetece e, 233
ANALYSIS ittt se s et e e eae s 233
REMATKS oo e e et e s et e e ren e e e e saaa s 234
System Integration ANalysis.........cooocieiiiiiiiiiiiiiiiiceec e 235
Integration Issues and S1gNalS ..o 235

0.5.1



6.5.2  Integration AnalysiS .........ccooveveuiuemeeoeeeeeeeeeoooo 237

6.5.3 Remarks

6.6
0.6.1
0.6.2
0.6.3
0.6.4
6.7

7.1

7.2

7.2.1
7.2.2
7.3

7.3.1
7.3.2
7.4

7.4.1
7.4.2
7.4.3
7.5

7.5.1
7.5.2
7.59.3
7.6

7.6.1
7.6.2
7.6.3
7.6.4

7.7

..................................................................................................... 240
SIMUIALIONS ..ottt 241
Simulation Configurations ...........cooeveveoeeviooooo 241
Simulation Programme...............oooovvomvemmmooeo 242
SIMulations ReSUIS .......ocoovviiviiiiiieeee oo 244
Remarks ... e 247
Discussions and Conclusions ...........c.oeveeveeeeeeeeeeeeeeeoeoeoeeoeoeo 248

CHAPTER7  THE SECONDARY VOLTAGE CONTROL SYSTEM

BY AN OPTIMAL CONTROL DESIGN.......oooooeeeeeeee. 250
INTTOAUCTION ... e, 250
Discrete System DesCriptions. ..........oeeveoueeeeeeeeeeeee e, 251
Discrete System Descriptions for the RVR .......ovoevvimeeoeeeeeeeeeeeeeeee, 251
Discrete System Descriptions for the PQR ........ooviieeeiooeeeeeeeeeeeeeee. 254
CONLTOL DIESIZN ..ot e e, 257
CentralisSed SChemE .......ooooiii e, 257
Decentralised Control SCheme .........c.cevvvvivieieiiiiiieieeeeeeeeeee e, 262
STADIILY ANALYSIS coeviiiiiiiieieeeeeeeee e e e e e e, 264
Technical Background.............cooeeiiiiiiiiiiiiiieeeeeeeee e, . 264
Stability Analysis for the Centralised Control System...........coceveeeeeeeennn.... 269
Stability Analysis for the Decentralised Control System........cccvvveemnann....... 281
INtegration ANALYSIS .....ccooviiiiiiieeeeee e ee e 284
Objectives and Background .............ooovvveiiiiiiiiiiieieeee e, 284
INteEration ANALYSIS .....eoiiiiiieiiiee e 284
REMATKS oo et e e e e e e e e e e 286
SIMULATIONS ...t e e e e e e e eeeaaeeees 287
S1mulat1ion ConfiGUIAtIoNS .........iieeeiiiieeeeeeee e e, 287
S1IMulation Programime.........c..oovveiiiiiiee e 288
SIMulations RESUILS ........eeeiiiee e 289
ReMATKS e e e e 291
Discussions and COnCIUSIONS ..............ooooiiiiiiiiiiieeeceeeeeeeeeeeeeeee e 292

\%1



CHAPTER 8

8.1 Overview

8.2  General Summary
8.2.1 The Voltage Stability Determining Factors

8.2.2 A Knowledge Based System for Prediction of Voltage Collapse
3.2.3 Secondary Voltage Control Systems

8.2.4 (General Conclusions

8.3  Further Study — Improve Voltage Stability by Generation Dispatch
8.3.1 The Principal of the Method

8.3.2 An Algorithm for Determining the Generation Participation Pattern

8.3.3 Simulations

APPENDIX 1

APPENDIX 2

A2.2 Control Power Plants

A2.3 Decentralised Regions
A2.4 A Power System

APPENDIX 3

DEFINITIONS AND NOTATIONS

SECONDARY VOLTAGE CONTROL SYSTEMS
A2.1 Control Generators

SIMULATION RESULTS

A3.1 Abbreviations
A3.2 Impact of the VSDFs on Voltage Stability
A3.3 Voltage Stability Similarity in the Pattern Classes of the VSDFS

GENERAL CONCLUSIONS AND FURTHER STUDIES

..............................................................................................

.......................................................................................

SIMULATION SYSTEM DATA.....cooe e
Al.1 The IEEE 39 Bus Power System

Al.2 The IEEE 30 Bus Power System
Al1.3 The Ward-Hale 6 Bus Power System

V1l

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllll

lllllll

lllllll

lllllll

lllllll

lllllll

lllllll

.......

iiiiiii

lllllll

IIIIII

lllllll

lllllll

IIIIIII

IN THE STUDY OF




Table 3.3.3-1
Table 3.3.3-2
Table 3.3.3-3
Table 3.3.3-4
Table 3.3.3-5

Table 3.6.2-1

Table 3.6.2-2

Table 3.6.2-3

Table 3.6.2-4

Table 3.6.2-5

Table 3.6.2-6

Table 3.6.2-7

Table 3.6.2-8

Table 3.6.2-9

Table 3.6.2-10

TABLES

The impact of the load pattern on voltage stability ....................... 60

The impact of the load distribution pattern on voltage stability.... 62
The impact of the load distribution pattern on voltage stability.... 63
The impact of the generation pattern on voltage stability ............. 65
The impact of the generation participation pattern

on voltage stability........coooiiiiiiiiii e, 67
Power margins for Case30F07a and Case30F07b

mpattern class L. 77

Power margins for Case30F07¢ and Case30F07b

1IN PALtEIN ClaSS 1 .eeeeeieee e, 78

Power margins for Case30F07c and Case30F07d

In pattern class L...o.eeeeeieeei e, 79

Power margins for Case30F07 and Case30F07a

Inpattern class L. 80
Power margins for Case30F015 and Case30F015a

n pattern class IL.....ooooniiiiiee 82
Power margins for Case30F015a and Case30F015b

in pattern class Il ..., 83
Power margins for Case30F015b and Case30F015c¢

in pattern class IL........oovoieeineiiii 84
Power margins for Case30F020 and Case30F020a

in pattern class I ......cocoeiiiiiiii 86
Power margins for Case30F020 and Case30F020b

in pattern class I ......cocoioviii 87
Power margins for Case30F020b and Case30F020c

in pattern class IIL ..o 88

Viil



Table 4.4.2-1

Table 4.5.1-1

Table 4.5.1-2

Table 4.5.1-3

Table 4.5.1-4
Table 4.5.1-5

Table 4.5.1-6

Table 4.5.1-7

Table 4.5.2-1
Table 4.5.2-2
Table 4.5.2-3
Table 4.5.2-4
Table 4.5.2-5
Table 4.5.2-6
Table 4.5.2-7
Table 4.5.2-8
Table 4.5.2-9
Table 4.5.2-10
Table 4.5.2-11
Table 4.5.2-12
Table 4.5.2-13
Table 4.5.2-14
Table 4.5.2-15
Table 4.5.2-16
Table 4.5.2-17

The example for the knowledge in the format

44 . 29
Of “production Tules” ..........cccooveoeevmeeeeoee e 117

The prototype and its associated power margin

for pattern Class L ...oc.oooeiiieiiieeeeeeeeeeeeeeeeee e 120

The prototype and its associated power margin

for pattern class I ........co.ooomiiieieeeeeee e 121
The prototype and its associated power margin

for pattern class IIL..........ccooouiiiomeeeeee e, 122
The knowledge rules used in the simulation............coovveeevvvennn.... 125
The mmtial solution (PMo) for the VSDFs

belonging to pattern class L.........ocooueivviereeeeeeeeeeee e, 126
The mitial solution (PMo) for the VSDFs

belonging to pattern class IL............oooviiiiiiiiiiiiieceeeeeeeeeeee, 127
The 1mitial solution (PMo) for the VSDFs

belonging to pattern class IIL ...........oeeieioiiiiiiieiiieeeeeeeeeeeeeeeee. 128
Test pattern (1) forthe case study 1........ooeeeviiiiiiiiiiiiieeeeeeel 130

The Euclidean distance from test pattern (1) to pattern class I.... 131
The Euclidean distance from test pattern (1) to pattern class 11.. 131
The Euclidean distance from test pattern (1) to pattern class III. 131

The interim results 1 forcase study 1........ooooomviiiiiiiiiiil, 132
The interim results 2 for case study 1.....oeeveveeeiiiiiiiiiiiieeeeee, 132
The interim results 3 (initial solution) for case study 1 ............... 132
The final (compensated) solution for case study 1 ...................... 133

The final results by the predication system for case study 1 ....... 134
The power margins by the load flow study for case study 1 ....... 135
The accuracy analysis for case study 1.......oooeeviiiiiiiiiiiiiiiinnnnnes, 138

Test pattern (2) for the case study 2......eeeieiiiiiiiriiiiiiieee e 139
The Euclidean distance from test pattern (2) to pattern class I.... 140

The Euclidean distance from test pattern (2) to pattern class 11.. 140
The Euclidean distance from test pattern (2) to pattern class 111. 141
The final (compensated) solution for case study 2 ...................... 142
The final results by the predication system for case study 2 ........ 143

1X



Table 4.5.2-18
lable 4.5.2-19
Table 4.5.2-20
Table 4.5.2- 21
Table 4.5.2-22
Table 4.5.2-23
Table 4.5.2-24
Table 4.5.2-25
Table 4.5.2-26
Table 4.5.2-27
Table 4.5.2-28
Table 4.5.2-29
Table 4.5.2-30
Table 4.5.2-31
Table 4.5.2-32
Table 4.5.2-33
Table 4.5.2-34
Table 4.5.2-35
Table 4.5.2-36
Table 4.5.2-37
Table 4.5.2-38
Table 4.5.2-39
Table 4.5.2-40
Table 4.5.2-41
Table 4.5.2-42
Table 4.5.2-43
Table 4.5.2-44
Table 4.5.2-45
Table 4.5.2-46
Table 4.5.2-47
Table 4.5.2-48
Table 4.5.2-49

The power margins by the load tlow study for case study 2 ....... 144
The accuracy analysis for case study 2
Test pattern (3) forcase study 3 .....oooeiiiiiiiiieeee, 148
The Euclidean distance from test pattern (3) to pattern class I.... 149
The Euclidean distance from test pattern (3) to pattern class 11.. 149
The Euclidean distance from test pattern (3) to pattern class III. 150

Interim results 1 forcase study 3. ...oeiiiiiiiieiieeeeeeeeeeee e 150
Interim results 2 forcase study 3 .....oooviiiiiieeeeieeeeeeeeeeee 151
Interim results 3 (1mitial solution) for case study 3...................... 151
The final (compensated) solution for case study 3 ..........oooeeee... 152

The final results by the predication system for case study 3 ....... 153
The power margins by the load flow study for case study 3 ....... 154
The accuracy analysis for case study 3......ccceeviiieieiicieeeeiieeeineeee, 157
Test pattern (4) for case study 4 .....oeeeeveeeiiiiieeeeeeeeeeeees 158
The Euclidean distance from test pattern (4) to pattern class I.... 159
The Euclidean distance from test pattern (4) to pattern class 11.. 159
The Euclidean distance from test pattern (4) to pattern class I11. 160
The final (compensated) solution for case study 4 ...................... 161
The final results by the predication system for case study 4 ....... 162
The power margins by the load flow study for case study 4 ....... 163
The accuracy analysis for case study 4........ccoeevviiiviiiiiiiiieecnnnnee, 166
Test pattern (5) for case study S ..., 167
The Euclidean distance from test pattern (5) to pattern class I.... 163
The Euclidean distance from test pattern (5) to pattern class 11.. 163
The Euclidean distance from test pattern (5) to pattern class III. 169

Interim results 1 for case study S.....oveiimiiiriiiii e, . 169
Interim results 2 for case Study S....nirineriiiie 170
Interim results 3 (initial solution) for case study S........cccceeeeeee. 170
The final (compensated) solution for case study 5....................... 171

The final results by the predication system for case study 5 ....... 172
The power margins by the load flow study for case study 5 ....... 173

The accuracy analysis for case study S......cccoviiiiiiiiiiiiinnnnens, 176



Table 4.5.2-50
Table 4.5.2-51
Table 4.5.2-52
Table 4.5.2-53
Table 4.5.2-54
Table 4.5.2-55
Table 4.5.2-56
Table 4.5.2-57

Table 6.6.1-1
Table 6.6.2-1

Table 7.6.1-1

Table 7.6.2-1
Table 7.6.2-2

Table 8.3.3-1
Table 8.3.3-2
Table 8.3.3-3
Table 8.3.3-4

Test pattern (6) for case study 6
The Euclidean distance from test pattern (6) to pattern class I.... 178
The Euchidean distance from test pattern (6) to pattern class 11.. 178
The Euclidean distance from test pattern (6) to pattern class III. 179
The maitial and final (compensated) solutions for case study 6 ... 180
The final results by the predication system for case study 6 ....... 181
The power margins by the load flow study for case study 6 ....... 182

The accuracy analysis for case study 6........c.eeeeeeeeeeeeeeeerieeeieennnnn, 185

The decentralisation and pilot buses/control power plants......... 242
The voltage references for the pilot buses.......coovvvveeiieeiieeeiennnnn, 243
The Pilot buses and control power plants

for the optimal control design.........cccooevvvvieveiiriiiiiiiieeeeeeeee, 287
The voltage references for the pilotbuses.......cccooevviveeeiinnnnee, 288
The references for the reactive generation (differences) ............. 288
The simulation results for study case L......ooveeeeriniiiiiiiiiiiiann, 307
The simulation results for study case 2.......cooovvveiiiiiiiinniniininnnnn. 308
The simulation results for study case 3.......ooooiiieiiiiiiiiiiiiiiineeannnn. 309
The generation participation coefficients for study case 3 .......... 309

X1



FIGURES

Figure 2.3.3 -1 Robust Multi-variable PI Controller

.............................................. 36

Figure 3.2.1-1 A tWo bUus POWET SYSTEIM....eveeeeeeeeeeeeeeeeeeeeeeeeeeeoeeeeoeeeeeeoeoeo 46
Figure 3.2.1-2  The V-P Curves at the 10ad bUS ....o.vveeveeeeeeeeeoee oo 47
Figure 3.2.2-1  The typical voltage stability trajectory .........ovoeveeeeeeeeeoeoeoeoo 52
Figure 3.4.2-1  The voltage state space of a three bus power system .................. 70
Figure 4.2.1-1  The basic structure of a knowledge based system........................ 93
Figure 4.2.1-2  The flow chart of the forward chaining strategy ..........c.ocoveveurn.... 95
Figure 4.2.1-3  The flow chart of the backward chaining strategy......................... 96
Figure 4.3.2-1  The structure of the prediction SYSt€m.........coeeeeeeeeveeoeeeeeeeeenn.. 107
Figure 4.3.3-1  The flow chart of the on-line decision-making process............... 109
Figure 5.2.3-1  The three level structure for secondary voltage control .............. 195
Figure 5.3.1-1 The model for a control generator ...........eeeeeeeeeeeeeeeeeeeeeeeeeeeaeaenn.. 196
Figure 5.3.1-2  The model for a control power plant .........ccoooeeeveeeeerereeerieeeeaennn.. 197
Figure 5.3.1-3  The model for a power system with decentralised regions.......... 198
Figure 6.2.1-1 Integral Control for RVR ..........cooiiimimie e, 209
Figure 6.2.1-2  The PQR by the itegral control design ...........cceeevivvivineeinnnnnne, 210
Figure 6.2.3-1  Global structure of the secondary voltage control system

by a classic control des1gn ........ccooevvveieiiiiiiiiieiiceeeeeereee e, 213
Figure 6.5.1-1 The simplified block diagram of

a secondary voltage control System ..........cocevvvveeiiiiiiiiiiiiiieeeenenn. 235
Figure 6.6.3-1 Simulation results 1 - the secondary voltage control system

by classical control design...........ooovvviiiieiiiiniiiii e, 244
Figure 6.6.3-2  Simulation results 2 - the secondary voltage control system

by classical control design..........ooovueeiimiiiiiir i 245
Figure 6.6.3-3  Simulation results 3 - the secondary voltage control system

by classical control design........ccoeeeeveeiiviiiiiiiiiiiie e, 246

X11



Figure 7.2.1-1  The model pilot bus linear discrete system................ccovvveneennne. 251
Figure 7.2.1-2  The actual pilot bus hinear discrete system .............cccceuvvveennn..e 252
Figure 7.2.1-3  The reactive power generation model............ccooeeeeeeieeiiiinnnnnnne, 253
Figure 7.6.3-1  Simulation results 1 - the secondary voltage control system

by the optimal control design ............ooiiiieiii 289

Figure 7.6.3-2  Simulation results 2 - the secondary voltage control system

by optimal control des1gn ..., 290

X111



ABSTRACT

Under the title of Voltage Stability Analysis and Control, three major subjects have
been examined in this PhD project: the fundamental study of voltage stability, the

on-line prediction method for voltage collapse, and secondary voltage control

systems.

The fundamental study was aimed to lay a theoretical foundation for the rest of
research in this project. The on-line prediction method and secondary voltage control

systems are particularly targeting on the “early prediction and prevention” strategy to

tackle the rapid and “uncontrollable” nature of the voltage collapse phenomenon.

The work on the fundamental study was presented in chapter 3 of this thesis. The
basic characterstics of voltage collapse were examined, the theory concerning the
voltage stability determining factors (VSDFs) was established. Based on this
fundamental study, a knowledge based system for the on-line prediction of voltage
collapse was proposed 1n chapter 4. The pattern recognition technique was used in
this prediction system, and the design and development of such a system were

intensively discussed 1n this chapter.

As a well recognised prevention measure to voltage collapse, secondary voltage
control systems were systematically investigated in chapter 5, 6, and 7 of this thesis.
Chapter 5 deals with the principle of secondary voltage control, and the design and

analysis of such a system by classic and optimal control were presented in chapter 6

and 7 respectively.
As a further study, improving voltage stability through generation dispatch was also

briefly discussed at the end of this thesis. An algorithm aimed at this purpose was

proposed to determine the generation participation pattern upon system load increase.
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All the studies 1n this project were simulated on the standard IEEE test power

systems, some of the study results have been published 1n the different international

conferences or academic forums [51] {33 ] [54] [55][56].
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CHAPTER 1 GENERAL INTRODUCTION

1.1 INTRODUCTION

1. Voltage Collapse

Over the past decades, the phenomenon of voltage collapse has been observed in
many large power systems in the world. As the phenomenon may lead to a blackout

of a whole power system, it has been regarded as one of the major threats to the

security of a power system.

Voltage collapse normally occurred under heavily loaded conditions in a power
system. It has been characterised by two typical periods: an initial slowly progressive
voltage decline and a final rapid voltage drop. The final voltage drop was often
trigged by a severe disturbance such as tripping of transmission lines. Conventional
voltage control facilities usually become ineffective or even aggravate the situation.
Either as a direct cause or some consequential effects such as angular swing due to
the low voltage, this voltage collapse phenomenon may result in a cascade tripping of

power system protections, eventually lead to the collapse of the whole power

network.

2. Voltage Stability

Voltage collapse phenomenon 1s recognised as a voltage stability problem in power
systems. Voltage stability can be broadly defined as the ability of a power system to
maintain an acceptable voltage at all buses under normal and post fault conditions.
Voltage stability 1s related to a variety of structural and operational 1ssues in a power
system. These include reactive power reserves, network running arrangement,
loading conditions as well as load characteristics. Some voltage control devices such

as automatic transformer tap changers, shunt reactive plant, Static Var. Compensators

(SVCCs) also have significant impacts on voltage stability of a power system.

There may be certain interactions between power system voltage stability and angular

stability. An angular instability often leads to a voltage collapse as a secondary



effect. However, as a dedicated research, this thesis is specifically concerned with the

voltage stability problem that has its own genetic causes.

1.2 RESEARCH BACKGROUND
1. Study Scope

In the area of voltage stability study, the stability analysis and control are the two

topics of general concern.

Voltage stability analysis mainly involves mechanism study and stability assessment.
The mechanmism study is aimed to explore why voltage collapse happens, and what

the intluencing factors are to the problem. Assessment of voltage stability is to assess

or predict how close a power system is from a voltage collapse. The mechanism

study 1s the foundation for the voltage stability study:.

Voltage stability control 1s the ultimate purpose for voltage stability analysis. Due to

the rapid and uncontrollable nature of voltage collapse, it is rather difficult to stop the

phenomenon once 1t starts. This makes “early prediction and prevention” the best

control strategy to deal with the problem.

As a recognised measure to prevent voltage collapse, secondary voltage control
systems have recently drawn increasing attention in the area of power system study
(6] [7] [8] [41] [42] [45]. The 1dea of secondary voltage control 1s to decentralise a
power system into several regions based on electrical decoupling, and control system
voltage profile through maintaining voltage at some pre-selected load buses (called
pilot buses) by regulating reactive generation within each region. It has been proven
(71 [8] [41] that secondary voltage control systems are not only able to maintain a
desired voltage profile, but also improve voltage stability within a power network.
This is due to two main reasons: firstly secondary voltage control systems move the
constant voltage points from generators to the load centre; secondly secondary

voltage control best utilise and co-ordinate reactive generation resources to control

voltage within a power network.



2. Research History

Both dynamic and static approaches have been used for the study of voltage stability.
The previous research covered the topics of the mechanism of voltage stability [1]
[15] [20], prediction of voltage collapse [9] [19] [26] [22] [31], impacts of voltage
control equipment on voltage stability [30] [38] [39], as well as secondary voltage
control [7] [8] [41][42] [48], etc. In chapter 2 of this thesis, the previous research in

the area of voltage stability will be reviewed.

As the dynamics of voltage stability are relatively slow, many aspects of the problem
can be well examined by static approaches. Static approaches are good at examining
the viability of a steady operation state specified by a wide range of system
conditions i a power system. They are particularly useful for identifying the
intluencing factors to voltage stability. On the other hand, dynamic approaches have

strong advantage In exploring whether and how a steady operation state (equilibrium

points) 1s reached.

The previous literature review (Chapter2) shows, although many proposed methods
are capable of accurately predicting voltage collapse, most of them are rather time-
consuming because of algorithm-based numerical computations which often require
human intervention during decision-making process, there 1s no one suitable for on-
line applications. As to the prevention of voltage collapse, secondary voltage control
was one of a very few recognised measures to improve voltage stability. Despite
some successful industrial trials with European utilities, there 1s urgent need for a

systematic study in design and analysis of secondary voltage control systems before

such a system can be used 1n a real power system.



1.3 RESEARCH OBJECTIVES

Based on the above background, the following objectives are identified for this

research project:

1. Voltage stability characteristics

Aimed to establish a theoretical foundation for the research in this project, some

fundamental properties of voltage stability problem will be examined. This study wall

focus on the basic characteristics and the voltage stability determining factors.

2. Fast and accurate prediction of voltage collapse

Speed and accuracy are the two essential qualities for prediction of voltage collapse.
They are especially important for an on-line application. In this project, an Artificial
Intelligence (AI) method 1s going to be explored for on-line prediction of voltage
collapse. It is aimed to take advantage of algorithm-based methods for the accuracy

and the knowledge based system for speedy decision-making.

3. Secondary voltage control systems

Secondary voltage control systems will be systematically investigated as a major
objective in this project. The study will particularly target on design and analyses of
such a system by both classical and optimal control. To prepare a consistent and
systematic environment for the design and analysis, the pilot bus based control
principle will be theorefically formularised based on power system analysis, a

complete set of system modelling and descriptions will be established for secondary

voltage control.

4. Improvement of voltage stability by generation dispatch

Improving voltage stability through generation dispatch will also be briefly examined
in this project. This will be based on the study of voltage stability characteristics. As

this study was not originally planned for this project, some preliminary work will be

presented as further study at the end of this thesis.



1.4 ORGANISATION OF THIS THESIS

All the research work 1n this project will be presented in e1ght chapters in this thesis.

As a general mtroduction, Chapter 1 gives an overview about this research project.

T'he research objectives are identified in this chapter.

The previous literature in the area of voltage stability study will be reviewed in
Chapter 2. The review will be divided into main sections: voltage stability analysis

and secondary voltage control. The merits of the previous studies will be discussed at

the end of each review.

Chapters 3 deals with the fundamental aspects of voltage stability problem. The basic
characteristics of voltage stability will be examined, and the voltage stability
determining factors (VSDFs) will be identified and defined in this chapter. These
VSDFs are the load pattern, the load distribution pattern as well as the generation
pattern and the generation participation pattern. Some special features with the
VSDFs will be discussed, and the unique property of the VSDFs will be generalised
into a hypothesis of which theoretical validation will be given. All the study will be

backed up by numerical simulations on the IEEE 30 bus power system.

In Chapter 4, a knowledge based system will be proposed for on-line prediction of
voltage collapse. This will be based on the fundamental study in Chapter 3 that a
power system will have similar voltage stability when the VSDFs are in the same
pattern classes. The proposed system consists of a knowledge based system and a
pattern recognition module. The knowledge base contains pre-calculated voltage
stability results (power margins) for the prototypes of all the pattern classes 1dentified
for the VSDFs in a power system. By using pattern recognition technique, the pattern
classes of VSDFs for the current state of the power system can be recognised, and the
results to the current prediction of voltage collapse can be found in the knowledge

base. Simulations of the proposed system on the IEEE 30 bus system will also be

presented in this chapter.



The study concerned with secondary voltage control will be presented in Chapter 5,
Chapter 6 and Chapter 7. In Chapter 5, the principle of secondary voltage control will
be mathematically formularised. The discussion will cover the contents of the pilot
bus control principle, the centralised and decentralised control scheme, as well as the

multi-level control structure. A complete set of system models and descriptions for

secondary voltage control will be established in this chapter.

A secondary voltage control system by classical PI control design will be described in
Chapter 6. All the design equations concerning PQR, RVR as well as their
Integration relationship will be presented. The closed loop stability and performance
of this PI based voltage control system will be analysed by using the traditional

frequency domain(s) method. The simulation results of this control design on the

IEEE 39 bus system will be given in this chapter.

In Chapter 7, an optimal control design will be discussed for secondary voltage

control. Both the RVR and PQR of the secondary voltage control will be
formularised as the constrained optimal control (quadratic programming — QP)
problems. Full details of the design procedure will be given in this chapter. A
constructive time domain method will be proposed and used for the closed loop

stability and integration analyses for this control system. The simulation results of
this optimal control design on the IEEE 39 bus system will also be included with this
chapter.

The whole research 1n this project will be summarised and concluded in Chapter 8.
As further study, a method for improving voltage stability through generation
dispatch will be briefly discussed in this chapter. Some preliminary simulation results
on the ward-hale 6 bus system will be given to show the improvement of voltage

stability by using the proposed method.

Apart from the References, there are three appendixes attached to this thesis.
Appendix 1 gives the details of all the test power systems used for the simulations n

this study. Appendix 2 lists the definitions and notations in the design and analysis of



secondary voltage control. Appendix 3 includes all the detailed information about the

simulations in Chapter 3 and 4 of this thesis.

1.5 ORIGINAL CONTRIBUTION OF THE THESIS

The original contribution of the research could be summarized in the following three

major points,

. Through examining the mechanism of voltage collapse phenomenon, a theory
concerning the voltage stability determining factors was established

- Aimed at on-line application, a knowledge based system was proposed for the
prediction of voltage collapse using pattern recognition technique

. As a counter-measure to voltage collapse, the design and analysis of the

secondary voltage control systems by both classical and optimal control were
systemically investigated

Through the research work performed in this thesis, the following technical papers

and a EU technical report were published,

1] Zhang, X., M. A. Johnson, ‘Stability Analysis of the Integrated Multi-level

Voltage Regulation in Power System’ IMPROVE Report 2.3.1 ESPRINT, April
1996.

2] Lo, K L, Zhang, X “Dispatching Outputs of Generators for Enhancing the Power
Margins from the Viewpoint of Voltage Stability”, the proceeding of the IEE 2"
International Conference on Advances in Power System Control, Operation and
Management, Dec 1993, Hong Kong, pp.60-65.

3] Lo, K L, Zhang, X, “The Effect of Load Increase Distribution Pattern and
Generator Participation Pattern on Voltage Collapse in Power Systems” UPEC
1993, Staffordshire, UK.

4] Lo, K L, Zhang, X “The Use Of Pattern Recognition Technique for Identifying
Electrically Weak Segments In Power Systems”, the proceeding of the IEEE
Power Tech Conference 1993, Athens, Greece, pp.916-920.

[5] Lo, K L, Zhang, X “A Real-Time Method to determine the Power Margins and

Identify Electrically Weak Segments of a Power System with Respect to Voltage
Collapse”, the proceeding of the 27" UPEC 1992, Bath, UK, Vol.2 pp.704-707.



CHAPTER 2 REVIEW OF PREVIOUS LITERATURE

2.1 INTRODUCTION

The previous literature concerning voltage stability study will be reviewed in this
chapter. This review is divided into two main parts: Voltage Stability and secondary
Voltage Control. Based on the study methodology, the review on voltage stability
will be further classified into static and dynamic methods. For secondary voltage
control, as the previous literature exhibits a methodological structure of principle,
design and analysis, the review will follow this structure. The previous publications
about the impact of secondary voltage control systems on voltage stability will also

be reviewed 1n the second part of the chapter. Merits of the previous studies will be

discussed at the end of each review.

2.2 VOLTAGE STABILITY

There have been a large number of papers and reports published in the area of voltage
stability study. Those previous literature can be broadly categorised under two main
subjects: mechanism study and prediction of voltage collapse. The mechanism study
mainly explores the cause for voltage collapse; while the prediction of voltage
collapse targets on assessing how close a power system is from a voltage collapse.
Those previous studies will be reviewed under headings of static methods and

dynamic methods.

2.2.1 Static Methods

The static analysis 1s usually used to examine the viability of a steady operation state
specified by the certain operating conditions i a power system. The load flow

analysis tends to be a major tool for this kind of methods.

2.2.1.1 The Minimum Singular Value (MSV) method

Tiranuchit and Thomas in reference [1] have proven that the Jacobian matnx of the
load flow equations will become singular when a power system experiences voltage
collapse; the minimum singular value of the Jacobian matrix can be used as a
Voltage Collapse Proximity Indictor (VCPI) to predict voltage collapse. The VCPI

proposed in this study can be described as:




VCPI = O MIN (J) (221“1)

O-MIN(J) — Min{cl? G2 eses Gn}
J=ULV

2. =diag[c,,65,...,0 ]

Where,

J 1s Jacobian matrix of the load flow equation,

o; 1S the singular value of J, 1=1, 2, ... n, 6y, is the minimum singular value.

U and V are orthogonal matrices.

Improvement of voltage stability through the minimum singular value was also
suggested by the same authors 1n reference [2]. This was based on the study about the

intluence of system power injections on the minimum singular value. This study can

be summarised by the following equation:

AT
AG in = C7AS (2.2.1-2)

Where,

C’ e R’ is the vector of system parameters, it is function of J, U, and V.

S 1s the vector of power 1njections to a power system.

Using this equation, an optimisation algorithm was formularised to maximise the
minimum singular value through generation dispatch. The optimisation problem was

subject to all the operation constraints and the balance between generation and

demand.

From this equation (2.1.1-2), it can be seen that voltage stability will benefit from the

shunting capacitors as negative reactive power injections to a power system.

A major difficulty with this method is the Singular Value Decomposition (SVD). The
numerical computation burden for the SVD is proportional to the cubic power of the
size of the Jacobian matrix. Thus, by conventional computer, the SVD computation

is unacceptably slow. Addressing to this problem, Tiranuchit and Thomas also




proposed the SVD computation schemes by parallel processors 1n reference [3]. The

simulation results showed that the SVD computation speed was significantly

improved by the proposed schemes.

The application of this MSV method in the National Grid Company’s transmission

system was presented by Ekwue et. al in reference [4]. It was shown that this method

was good at accurately assessing voltage stability.

2.2.1.2 The Power Margins (PM) method

The power margins method for assessing voltage stability was discussed in reference
|9 - 14]. This method is based on the fact that there are maximum limits for the
power which can be transmitted to the load buses in a power system; voltage collapse
may occur when the power system is loaded near or above these limits. The concept
of power margins 1s defined as the differences between the initial load level and its

maximum limits at one bus or in a whole power system. Two typical methods for

determining the power margins are going to be reviewed below.

1. By the load flow simulation

The method to determine the power margins by load flow simulation was extensively
discussed by Fishchl, et al. and Tamura in the reference [9-10]. The principle of this
method 1s to progressively simulate load flow with increase of system load until the
maximum loading limits are reached. This 1s probably one of the most direct ways to
calculate the power margins, however the non-convergence due to the singular
Jacobian matrix 1n the vicinity of voltage collapse is the major problem with this

method.

To solve this problem, Lemaitre, et. al in reference [11] modified the simulation
method by introducing the linearisation technique for the load flow calculation. To
enhance the accuracy, the major non-lineanity and dynamics 1n a power system, such
as generators reaching reactive power limits, were taken into account. The

application of this method mnvolves the tollowing procedure:

Stepl: simulate linear 1ncrease in active and reactive load by
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{APL} {P"} is the load i
= , Ok 1S the load increase rate;
AQ,| T|Q,

Step2: simulate the balance between active power generation and demand:

Step3: determiming  variations of network variables (V,0, Q) by linear

approximation:

Ol =[0h+| 30| o

Viea =V | 5 | ox

[Q]K+1 :[Q]K +|iAQ1 K

A |y

where,

{AQ—l [Ae} ’Mv

Aot _K’ At - Aa

} are the sensitivity coefficients obtained from the Jacobian
K

matrix. These sensitivity coetficients will be updated each time when a non-linearity

occurs, €.g. each time a generator reaches its reactive generation limit. oy can be

determined by the following equation when a generator reaches it reactive generation
limut:

—

ar = Qp AX} , Qmax 18 the reactive power limit of a generator.

_Aa_K

Step4: terminate simulation, when margin in load is considered sufficient or a bus

voltage becomes unstable (6Q/0V or 0P/dV becomes negative).

The power margins then can be determined by:
] N . . N .
AP’ =|:ZOLK:|P£0; AQ’ :IiZO‘*K}QILo
K=l K=1
Where,

P, and Q;, are the initial active and reactive power injections at bus 1.

Although the convergence problem is avoided by this method, a dichotomic search 1s
normally needed for determining the load increase steps in the vicimty of voltage

collapse. This may influence the speed of this method. Another shortcoming of this

11




method 1s that the load distribution and generation participation were not considered,

which could significantly influence voltage stability in a power system.
2. By optimisation

Obadina and Berg in reference [12] formularised the determination of power margins
Into an optimisation problem. The objective of this optimisation 1s to maximise the

total MV A load, subject to the power system operation constraints. The optimisation

algorithm was given as:

M
MAX. Stga = i§4l(f)i2 T Qiz)U2

Subject to

(a) Distrnibution constraints at load buses
(b) MVar and MW limits on generators
(c) Generators MW participation

(d) Power factor constraint for demand

(e) Limits on controlled voltages and OLTC transtormer taps

Where, M is the number of load buses in a power system.

By solving this optimisation problem, the maximum MVA demand SHmit hefore

voltage becomes unstable can be obtained. And power margins can be calculated by
M 7 “lota ota
Where, SM%! s the initial load.

A similar algorithm was also proposed for determining the reactive power margin by
T. Van Cutsem in reference [14]. In order to consider the influence of active power
flow but avoid explicitly treating active power/phase angle relationship, a special PQ
transformation was introduced in this proposal. This transformation assumed that

active power flow in all network branches 1s constant. It was believed that this

assumption only influenced the solution marginally.

As the power margins determined by the optimisation methods are normally the

maximum values under the specified operation constraints, they may be too

12




optimistic for prediction of voltage collapse. In addition, solving optimisation

problems 1s usually time-consuming, and often involves some tedious exercise for

fine tuning constraints before a satisfactory solution is obtained.

2.2.1.3 The multiple load flow solutions method

As the load tlow equations are quadratic in term of voltage magnitude and involve
sines and cosins of voltage angle, it is possible to have multiple load flow solutions
for an operation condition. The link between voltage instability and the multiple load
flow solutions was investigated by Tamura in reference [15]. This study suggested
that, individuals of a load flow solution pair could have completely different features:

one being voltage stable, another being voltage unstable. Under heavily loaded
conditions, the solution pair could become very close so that both of them appeared
to be operable. In this situation, the system could easily jump from the stable solution

to the unstable one following a disturbance. In this study, three criteria were proposed

for assessing voltage stability of a closely located load flow solution pair. These three

criteria are:

Cnterion1  The sign of the determinant of the Jacobian matrx

This criterion was based on the method proposed for estimating the power system

angular stability by Venikov 1n reference [16]. It was given that,

2m
i1 (2.2.1-3)

Where,

J is the Jacobian matrix of load flow equation,

C is a constant related to the inertia constants and angular frequencies of all

generators,

A is the Jacobian matrix for linearised state equation (the load flow and swing
equations),

A; is the i-th eigenvalue of A.
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It 1s known that the system stability can be assessed by the sign of the real part of the
eignevalues. From equation (2.2.1-3) the sign change of the real part of the
eignevalues may be observed through the sign of det J. Thus assuming the initial

state S 1s a stable operation point, by comparing with the sign of det J at So, the

voltage stability for other states S;, S, ..., Sk can be assessed by

= F(S,) — stable

F(SK){ = F(S,) — unstable (2.2.1-4)

Where, F(Sy ) = sign{detJ(S;)}.

With this criterion, an unstable state may be overlooked when the real part of even

number of eigenvalues change sign from negative into positive at the same time, as

the sign of det J will not be affected.
Criterion 2 The voltage sensitivity

The second criterion was based on the voltage sensitivity analysis. It was found that
the voltage sensitivity to power injections and other network parameters are opposite

1n sign for a load flow solution pair. Thus by comparing the sign of these sensitivities

(3\/1' oV;
0Q; ’ n;

) with those at stable situations, the stable and unstable solutions of a load

flow solution pair can be distinguished.
Criteion 3  The stored energy

The third criterion was based on the principle of energy balance. It was suggested
that a power system could be regarded as a LC network. For a frequency (f) variation,

the stored energy E 1n the inductance L and capacitance C should possess the

following property:
OE | e -
~ >0 1f S; 1s a stable load flow solution;
S
OF . . |
~ <0 1t S;1s an unstable load flow solution.
S;
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By this property, the voltage stability of a load flow solution pair can be assessed.

The formulas for calculating the total stored energy E were also proposed in the

study.

The simulation results showed that all the three criteria could identify the stable or
unstable solution for a load flow solution pair. However, the biggest problem with
this method 1s to calculate the multiple load flow solution pairs, which requires heavy
numerical computation and human intervention. Furthermore, it is rather difficult to

perform the eigenvalue analysis or to formularise the stored energy for a large power

system.

2.2.1.4 The Load Flow Feasibility Region method

Based on the concepts of the load flow Feasibility Region (FR) and Feasibility
Margin (FM), a Voltage Collapse Proximity Indicator (VCPI) was proposed by F.D.

(Gahana 1n reference [19]. In references [17,18] Jarjis and Galiana defined the load

flow FR as a set of bus injections (P, Q, or V* at each bus) for which load flow
solutions exist; and the load flow FM 1s the proximity of a bus mjection vector to the
FR boundary. The value of this FM measures the angle between a given bus injection
vector and the nearest 1njection vector on the FR boundary. Therefore, when FM > 0
indicates that the bus injection vector 1s inside the FR; while FM = 0 implies that the
injection vector is on the FR boundary, which corresponding to the starting point of

voltage collapse.

This VCPI was mathematically written as:

VCPI(a) = [FM{Z(a)}] *

and

FM{Z} = sin{Z, Z;

ZOTZ1
Lo ||| 41

COS{Zo, Zl } —

Z(o) =Zy + AL O<a <l

Where,

15



Z 1s the given bus injection vector,
Z, 1s the nearest 1njection vector on the boundary of FR,

AZ 1s the specified change direction for a given injection vector.

The application of this VCPI for a simple two-bus system was demonstrated in this

paper, the simulation results were encouraging.

As the VCPI does not directly use the load flow calculation, the convergence
problem associated with the singular Jacobian matrix near voltage collapse seems to
be avoided. However, this method relies on the boundary of load flow feasibility
region, which 1s very difficult to determine for a multiple-bus power system. In

addition, there 1s no guarantee that voltage collapse will not occur within the load

flow feasibility region.

2.2.1.5 The PQ controllability method

The concept of PQ controllability was introduced to voltage stability study by
Schlueter et. al. in reference [20, 21, 22]. It was suggested that loss of the PQ

controllability could be a cause for voltage collapse.

The whole study was based on the following equation which could be derived either

from the transient stability model or the load flow model:
AV — S(_;LVAQL + SVEAE

Where, E is voltage set points at generator (PV) buses. By using this equation, the PQ

controllability was defined as:

‘A system is called PQ controllable at any time t along the transient stability model

trajectory or at the equilibrium if

(i) when AE(t)=0, any non-zero non-negative disturbance AQy (t) causes the P(Q) state
AV(t) to become non-negative; and for each j there is a non-zero non-negative

disturbanceAQ; (t) causes AV,(t) to become positive,
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(i) when AQ;(t)=0, any non-zero non-negative disturbance AE (1) causes the PQ

state AV(t) to become non-negative; and for each J there is a non-zero non-negative

control AE(t) causes AVj(t) to become positive. ’

A theorem for assessing the PQ controllability was given 1n this study as ‘the system

is PQ controllable if Sq, v IS invertible and Sy is non-negative with no zero rows'’.

Associated with the PQ controllability, the concept of the voltage control area was
proposed. It was defined as ‘a set of load and generator buses where voltage responds

very similarly (coherently) to the reactive load and generation changes outside this

voltage control area’. An algorithm for identifying voltage control areas in a power

system was also presented in this study.

Utilising these study results to predict voltage collapse was discussed in reference
[21]. The reactive power reserve within a voltage control area boundary was
identified as a measure for prediction of voltage collapse. As this reactive power
reserve represents the limit of the reactive power that could be imported to the
voltage control area before voltage collapse occurs, it reflects the weakness of the
voltage control area. It was demonstrated the same algorithm for identifying voltage
control areas could also be used to determine the reactive power reserve. Using the

changes 1n sensitivity matrices Syg and S v, which would occur as voltage collapse

developing, was also proposed as other measures for prediction of voltage collapse in

this study.

As the determination of the reactive power reserve requires the heuristic knowledge
and human intervention, 1t would only be used for the off-line prediction of voltage
stability. The other measures are actually sensitivity analysis based methods, which

will be specifically reviewed 1n a separate section below.

In this study, it was also proven that the necessary conditions for voltage stability
derived from the dynamic model are identical to those from the static model. This

was done by examining the singularity of Jacobian matrices for both the linearised
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transient stability model and the load flow model at the bifurcation point (voltage

collapse). This result umted the static and dynamic method for voltage stability study.

2.2.1.6 The sensitivity analysis method

The sensitivity analysis was one of the earliest static methods proposed for voltage
stability study. By this method, Venikov in reference [23] developed a criterion for

assessing voltage stability for a simple two bus power system. This criterion was

g1ven as

dV,
dV.

]

> (0 1t V; 1s stable.

Where, Vand V; are voltages at sources end and load end respectively.

Borremans et.al in reference [25] proposed the following sensitivity based criteria for

assessing voltage stability 1n a multi-bus power system:

(1) :3/1 >1/(2005(—E"—;a)),

1

(11) _A_QL_ — ?QL > () :
AQG aQG Py =P,

v, 1V, |
0Q; 1 Q

>0,

(111)
J |PL =P,

(1V) PL < PL max and QL < QL max °
Where

V; and E; are the voltage and open circuit voltage at bus 1,

Zi2E and Z;; £ are the equivalent source and load impedance at bus 1.

Based on a two bus system, Carpentier in reference [24] developed a set of

constraints for voltage stability by sensitivity analysis. These constraints are:

. . E’
(1) the constraint on reactive load: Q; <Q;. = i

E2
2X

(i1) the constraint on reactive supply : Qg < Qg =
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Where, E 1s source voltage and X is the transmission line reactance.

It was shown that the voltage at the load end of the two bus system satisfies

1 1
VL/E=‘2“‘(1+(1"QL/QLc)2),

and the ratio Vi/E dropped rapidly from 1 to 1/2 as the Q; approached the constraint

Qrc from 0. This was believed to be a scenario of voltage collapse.

By regarding a voltage control area as a bus and the rest of a system as another bus,

these constraints were extended to a multi-bus power system. And a voltage stability

indicator was proposed as

_ Q6 _ :

Z. 1/2 °
Q. (1-QL/Qc)

It can be seen the value of Z will approach infinity when Qp researches the constraint
Qic. Thus, Qg/QL becoming infinity was generalised as a criterion for assessing
voltage stability. The Qg, Qr here are the total reactive generation and the reactive

demand 1n a area or whole power system.

The sensitivity analysis methods provide a clear and direct insight to voltage stability
of a power system. However, the sensitivity matrix can be difficult to calculate when
a power system is close to voltage collapse. This 1s a major obstacle for the

application of these sensitivity methods, particularly in a real time environment.

2.2.1.7 The optimal impedance solution method

A voltage stability study based on the theory of the optimal impedance solution was
presented by Chebbo et.al in reference [26, 27]. The optimal impedance solution 1s

known as that, in a two bus power system, the power transmitted to the load bus fro