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Abstrad

ABSTRACT

In this thesis, the concept of an intelligent system for the design and planning of electric power

systems is developed. Such a system serves to preserve the vast body of power system design

knowledge by identifying, strueturing and consolidating it into one ea8Ùy accessible source. The

intelligent system can then he used 10 support experienced power system planners or for training

purposes. The main planning and design activities considered include the design of a complete power

system or of specifie subsystems such as a substation or a transmission corridor. The principal

features and main components of this general intelligent system, called PSIDE, are delienated.

A general methodology and a design tool were then devised for modelling and using this kind of

knowledge. The object-oriented strategy was found to he the Most suitable due its powerful

capabilities to naturally represent the structure and behaviour of power systems. Thus, PSIDE is

based on object-oriented knowledge models for design tasks such as point-to-point transmission

design, insulation coordination as weIl as protection system and substation design.

In order 10 validate the proposed concepts as weIl as the object-oriented paradigm adopted for their

realizatio~a substation design module (SIDE) was fully developed and tested.
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RÉsUMÉ

Cette thèse porte sur la notion d'un système intelligent pour la conception et la planification de

réseaux électriques. Ce système sert à maintenir la masse des connaissances existantes dans le

domaine de conception de réseaux électriques en identifiant, structurant et consolidant cette base dans

une source facilement accessible. Le système intelligent peut donc être utilisé comme support pour

les ingénieurs d'application expérimentés ou comme outil de formation. Les activités principales

considérées incluent la conception d'ml réseau entier ou de sous-systèmes plus spécifiques tels qu'un

poste ou un coridor de transport. Les caractéristiques et les composantes majeures de ce système

intelligent, nommé PSIDE sont brièvement décrites.

-
Afin de modéliser et d'utiliser ce type de connaissances dans des applications servant à la planification

des réseaux, on a élaboré une méthodologie générale et un outil de conception. Les stratégies fondées

sur l'analyse "orientée-objet" semblent être les plus aptes à représenter naturellement la structure et

le comportement des reséaux électriques. Ainsi, PSIDE pennet d'effectuer des tâches telles que la

conception de lignes de transport, la coordination de l'isolement, la conception des systèmes de

protection et des postes.

Afin de valider les concepts proposés ainsi que le paradigme "orientée-objet", un module pour la

conception des postes nommé SIDE a été entièrement développé et testé.



..
...

...

Acknowledgements

ACKNOWLEDGEMENTS

1would Iike ta express my sincere gratitude 10 Professor Francisco Galiana for bis guidance, advice

and personal involvement during the course of my doctoral research. His enthusiasm, friendship and

encouragement have greatly belped me to complete this thesis.

1 would like to thank Mr. Donald~ for bis support and advice. His expertise in the field of

power system planning and design had a large impact on this work.

1am also very grateful 10 Mrs. Peggy. Hyland and to ail the other Diee people in the Department of

Electrical Engineering for tbeir assistance.

Special thanks go ta my family and my friends whose love and support made tbis wark possible.

Finally, 1wish ta express my gratitude for the tinancial support provided by the Natural Sciences and

Engineering ReseaIch Council

Di



- Table ofContents

TABLE OF CONTENTS

ABSTRACT

RESUME

ACKNOWLEDGEMENTS

1

ii

üi

...

--

TABLE OF CONTEN"rS ••••••.•••.•••••••••••..•••••••••.••••••••••.••••.. iv

L.IST OF S~OI.,S• • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • . . • • • • • • • • • • • • • • • •• 'VÜi

LIST OF TABL.F.S ix

LIST OF FIG'UR,ES • • • • • • • • • • • • • • • • • • • • • • • • • • • . . . • • • • • . . . • • • • • • • • • • • • • • • • .• xi.

CIlap'ter 1: IN'TR.ODU.cnON ••••••••••••.••••.•••••••.•...•.•••••••••.•••• 1

--l

1.1
1.2
1.3
1.3.1
1.3.1.1
1.3.1.2
1.3.1.3
1.3.1.4
1.3.2
1.3.2.1
1.3.2.2
1.3.2.3
1.3.2.4
1.4
1.4.1
1.4.1.1
1.4.1.2
1.4.1.3
1.4.2

SllIDmary 1
The Nature of I:>esign .•.••.......•.•.....•....••.....••..... 2
Electric Power System Planning 4
Power System [)esign .••..•.•..•...........••....•.•..••.•.. 5
IJesign Goals ..•..•..............................•........ 5
IJesign Prereq11isites •.••..•.••....•.•....•........••........ 5
CJenerating Feasible l)esigns 6
Se}e(:ting Final I:>esign • • • . . . . . • . • . . • . . . • . . . • • . • . . • . • • . • . . • . . . 7
Power System Design Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . 7
The Physical Composition of Power Systems 7
T~ of Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _. . . . . . . . 8
Knowledge Distribution _. . . . . . . . . . . . . . . . . . . . . . . _. . . . . . . . 8
Knowledge Processing _.. _ 8
Artificial Intelligence and Intelligent Systems . . . . . . . . . . . . . . . . . . . . . . 9
Rule-Based Systems _.. Il
PrOOuction Rules _. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Il
Facts or .Assertions _. . . . . . . . . . . . . . . . . . . . . . . . . . Il
Rule Processing Mechanism 12
Object-oriented Systems 13



Table of Contents

1.4.2.1
1.4.2.2
1.4.2.3
1.4.2.4
1.4.3
1.5
1.6
1.7
1.8

The Natural System Representation 14
The Hierarcbical Class Organintion 15
Polymorphism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Reusability 16
C++ As an Object-oriented Development Tool 18
~ulti~œria)Uud~ 19
Intelligent Systems in Power Systems .. 21
Oaim ofOriginality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
<lIIdine ofTIlesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Chapter 2: AN INTELLIGENT POWER SYSTEM DESIGN ENVIRONMENT ...•• 27

2.1
2.2
2.2.1
2.2.1.1
2.2.1.2
2.2.1.3
2.2.1.4
2.2.2
2.2.2.1
2.2.2.2
2.2.3
2.2.3.1
2.2.3.2
2.2.3.3
2.2.3.4
2.2.4
2.2.5
2.3

2.3.1
2.3.2
2.3.2.1
2.3.2.1.1
2.3.2.1.2
2.3.3
2.3.3.1
2.3.3.2
2.3.3.3

SlllDmary 27
Introduction ta the Intelligent Design Environment . . . . . . . . . . . . . . . . 28
Inputs 29
System IleficiellCies 29
~adGrowth 30
Changes in J)esigIl Criteria 30
New Techn.ologies 30
Major Expert Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Generation Planning Manager . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Transmission Planning Manager 32
Supporting Expert Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Insulation Coordination 33
LiIle l)esign • • . . . . • • • . • . • . • . . . • • . . . . • . . • . . . . . . . . • . . . • . . . • • 34
System Protection and Grounding . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 34
FinaŒial.Analysis 35
Simulation Tools 35
Management of the Overall Power System Planning Process 35
Object-oriented Approach 10 Pside: Typical Power System
[)esign Tasks ..••.••.•.••.•...•.•..•..•............•....• 36
The Object-oriented Equipment Database 37
Point-to-point Transmission Design 41
The Object-oriented Model of Tide . . . . . . . . . . . . . . . . . . . . . . . . 42
The Knowledge Processing in Tide .. . . . . . . . . . . . . . . . . . . . . . . 45
Simulation Procedures and Supporting Expert Systems 46
Protection System Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
The Object-oriented Knowledge Model . . . . . . . . . . . . . . . . . . . . . 48
Knowledge Processing in Protection Systems 50
Simulations in Protection System Design . . . . . . . . . . . . . . . . . . . . . . . . 52



Table of Contents

2.3.4
2.3.4.1

2.3.4.2
2.3.5

Insulation Coordination Expert System (lces) 52
An Object-oriented Knowledge Model for
Insulation Coordination ............•........................ 53
Knowledge Processing in Insulation Coordination 55
Substation I>esign 56

Chapter 3:

3.1
3.2
3.3
3.4
3.4.1
3.4.2
3.4.3
3.5
3.6
3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.6.6
3.6.7
3.6.8
3.7
3.7.1
3.7.2
3.7.3
3.7.3.1
3.7.3.2
3.7.3.3
3.8
3.8.1
3.8.2
3.8.3
3.8.4
3.8.5
3.9

An Intelligent Substation Design Enviroament .•.•••••.•..•••.•.••.• 57

StJJDmary 57
System ArchitecU1re ..•.................................... 58
Object-oriented Model of Side 60
Structural Composition of Substation 61
High and Law Voltage Line Tenninations of A Substation 63
Substation High-voltage and Law-voltage Buses 69
Substation Transformer and Compensation Groups 75
Design Specifications in Side . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Simulation Procedures 88
Short~tAnalysis 89
Insulation Coordination 92
Preliminary Analysis ofTransformer Units 95
Reactive Power Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Reliability Evaluation ofDesign Alternatives . . . . . . . . . . . . . . . . . . .. 107
Cost Evaluation 110
Multi-objective Comparison of Design Alternatives . . . . . . . . . . . . . . . 112
Mechanical Stress Analysis in Substations 116
Substation Design Methodology 118
Substation Design Proœss .•••..•.•.•.....•.....•.•.•....•. 118
Simulation Procedures 120
Selection of the Substation Single-line Diagram . . . . . . . . . . . . . . . . .. 121
Selection of Substation Busbar Arrangements .. . . . . . . . . . . . . . . . .. 124
Selection of Substation Line TerminatioDS 129
Selection of Substation Transformer/compensation Groups . . . . . . . .. 130
Electrical Equipment 132
Switehing Equipment 132
Transformers 142
Electrical Conductors 153
Protection EquipmeDt ...........•......................... 158
Compensation Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 159
SIDE's Graphical User Interface 162



.. Table of Contents

Cbapter 4:

4.1
4.2
4.2.1
4.2.2
4.2.3
4.2.4
4.3
4.3.1
4.3.2
4.3.3
4.4

Chapter 5:

Chapter6:

Ilesign of SUbstatiODS Usiog Sicle ••••••••••••••••••••.•••••••••••• 169

Summaty' .•••......•..•.....•.•..••....•.•.....•.•..•.. 169
Design Specifications 170
Power System Criteria 174
Detenninistic Reliability Criteria . . . . . . . . . . . . . . . . . . . . 174
EnvUo~n~Criteria 174
User Preference Weights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
Outputs of the Design Process __. _. _. . . . _. . . . . . . . . 175
Selection of Single-liDe Diagrams _ _. . . . . . . . . 178
Selection ofElectrical Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
Sensitivity Analysis .. . _. . . . . . . . . . . . . . . . . . . _. . . . . . . . __. . . . . 184
Further Validation of Side . . _. . . . . . . . . . . . . . . . . . . . _. . . . . . . . . . 190

CoŒluoœ . • • . • . • . . • • • • • • • • • • • . • . • . . . . . • . . . . . . . • . . . . • . • . . . .. 193

Re-feren~ ••••••••••••••••••••.•••••••••••••••••••••••••••.•• 198



List orAcronyms

LIST OF ACRONYMS


•

C++
Ct
cr
OP
EHV
FACfS
GUI
HV
IC
ICES
IEC
LOLE
LOLP
LP
LV
NEXPERT
ND
OOP
PSIDE
Pt
SIDE
SLD
SVC
SVS
TIDE
TC
TelJTk
TCR
1RANSEPT
TS
TSC
UPW

C++ programming language
Current transfonner
Totallife-eycle investment
Total cost of depreciable property
Extra-high Voltage
Flexible AC Transmission Systems
Graphical User Interface
High Voltage
Total cast due to load curtailment
Insulation Coordination Expert System
International Electrieal Code
Less of Load Expectation
Loss of Load Probability
Linear Programming
Low Voltage
Expert system programming shell
Total cost of non-depreciable property
Object-oriented programming
Power System Intelligent Design Environment
Potential transfonner
Substation Intelligent Design Environment
Single-line Diagram
Statie Var Compensator
Statie Var System
Transmission Intelligent Design Environment
Transformer-Compensation group
Graphicallnterface Programming Environment
Thyristor Controlled Reactor
Expert system for ilie preliminary design of transmission line
Total Evaluation Score
Thyristor Switehed Capacitor
User Preference weight

viii



.... List of Tables

LIST OF TABLES

Chapter 1:

Table 1.1:

Cbapter3:

Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:

Table 3.6:

Table 3.7:
Table 3.8:
Table 3.9:
Table 3.10:
Table 3.11:
Table 3.12:
Table 3.13:
Table 3.14:
Table 3.15:

Chapter4:

Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table 4.6:
Table 4.7:
Table 4.8:
Table4.9a:
Table 4.9b:
Table 4.10:

Review of most important expert system applications
in power systems [Hun94] . . . . . . . . . . . . . . . . . . . . . . . . . 22

The busbar arrangement relative scores . . . . . . . . . . . . . . . . . . . . . 72
The number of uniu vs transformer capacity surplus relationship 96
Transformer Ieakage reactanœ vs rated voltage 97
Characteristics of shunt capacïtor banks 102
Relative scores of reactive comPensation altematives7~ _. _ • • • • • • 103

The off-Iine reliability evaluation of single-busbars
without sectionalizers _. . . . . . . . . _ _. . . . . . . . . . . . 126
Busbar arrangements relative scores 128
Circuit-breaker types relative scores _ 136
The curreot transformer type selection _ 143
Potential transformer type selection rules and relative scores . . . . . . . . 145
The insulating media relative scores 148
The cODStIuction type relative scores . . . . . . . . . . . . . . . . . . . . . . . . . . 150
Relative scores for winding connectïon arrangements 151
The cooling system relative scores 151
Busbar conductor types ••.•••••••..•.••.•••••.••••••.•••... 155

Design specifications for case A _. . . . . . . . . . . . . . 172
Design Specifications for case B __. . . . . . . . 173
Variations in user preference weights 175
General design information - case A 176
General design information - case B 176
Simulations results - case A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Simulation results - case B 177
Selection of substation bigh voltage circuit breakers 181
Tender document summary - case A .. . . . . . . . . . . . . . . . . . . . . . . .. 182
Tender document summary - case B 183
Multi-criteria sensitivity analysis - case A .. " 186



.-

•

-

List ofTables

Table 4.11: Multi-eriteria sensitivity analysis - impact on
the equipment selection - case A . . . . . . . . . . . . . . . . . . . . . 187

Table 4.12: Multi-eriteria sensitivity analysis - case B _ _ 188
Table 4.13: Multi-criteria sensitivity analysis - impact on the

equipment selection - case B ... _- . . . . _. . . _. . . . . . . . . . . . . . . . . 189
Table 4.14: General design information - SIDE's design corresponding

10 Manicouagan specifications . . __. . . . . . . . . . . _. . . . . . . . . . . . . . . 191
Table 4.15: Simulation results - SIDE's design corresponding

ta Manicouagan specifications . . . . . . . . . . . . . . . . . . . . . _. . . . . . . . . 191



List ofFigures

LIST OF FIGURES

Chapter 1:

Figure 1.1: The design process 2

Chapter 1:

Figure 2.1: The power system intelligent design enviromnent (PSIDE) 28
Figure 2.2: The electrical equipment database 38
Figure 2.3: The design-session class ofTIDE 43
Figure 2.4: Transmission types 44
Figure 2.5: Design-session class for protection design 49
Figure 2.6: Protection systems 49
Figure 2.7: Proteetive relays database class hierarchy 51
Figure 2.8: Insulation class hierarchy 53
Figure 2.9: Isnulation process class 54
Figure 2.10: Design session class for insulation coordination 55

1-

... Chapter 3:

Figure 3.1: The knowledge-based system architecture 59
Figure 3.2: Typical substation single-line diagram 61
Figure 3.3: Substation class structure 62
Figure 3.4: Substation line terminations 64
Figure 3.5: High-voltage tenninariODS class model 65
Figure 3.6: Class hierarchy modelling different types of HV terminations 66
Figure 3.7: An example of a HV line tennination class model (HV_Term5) 67
Figure 3.8: Some important substation busbar arrangements 70
Figure 3.9: Substation HV busbars class model 73
Figure 3.10: Substation busbars class hierarchy 74
Figure 3.11: Classification of substation transformer groups 76
Figure 3.12: Transformer group class structure 77
Figure 3.13: Design specifications class structure 83
Figure 3.14: The "System_Input" class 85
Figure 3.15: "Input_Insu!" class structure 86
Figure 3.16: The "Simulation" class 88
Figure 3.17: Short-circuit simulation model 91
Figure 3.18: The substation insulation coordination class model 93

XI



-

List of Figures

Figure 3.19:
Figure 3.20:
Figure 3.21
Figure 3.22:
Figure 3.23:
Figure 3.24:
Figure 3.25:
Figure 3.26:
Figure 3.27:
Figure 3.28:
Figure 3.29:
Figure 3.30:
Figure 3.31:
Figure 3.32:
Figure 3.33:
Figure 3.34:
Figure 3.35:
Figure 3.36:

Cbapter 4:

Transformer preliminary analysis class model
Reactive power management class model
Cost analysis class model
Multi-objective analysis class model
Class mode! of the entire design session
Sing1e-line diagram selection - the class model
Selection of substation busbar arrangements
The switcbing equipment class model
The ciIcuit-breaker object-oriented class hierarchy
The "Transformer" class hierarchy
Electric conduetors class model
Bus conduetor class representation
Compensation equipment class hierarchy
The SIDE's main menu
The SIDE's input entry form
An example of SIDE's single-IiDe diagram representation
An example of SIDE's design facility
An example of SIDE's explanation facility

99
106
112
116
119
122
124
133
139
142
153
156
161
164
165
166
167
168

Figure 4.la; Single-ÜDe-diagram - case A
Figure 4.1b: Single-line-diagram - case B
Figure 4.2: Single-Iine-diagram - Manicouoagan study

179
180
192



-
Chapter 1: INTRODUcnON

1. INTRODUCTION

t.1 Summary

1

The planning and design of electric power systems is a highly knowledge-intensive activity. This

implies that design tasks rely heavily on a mixture of mathematical procedures and human expertise

based on design experience. Although mathematica1 procedures are weIl established and easily

accessm1e, human expertise is not so weIl deÏmed or structured and, as such, not readily available 10

designers. This essential design expertise bas funhennore eroded considerably over the years due 10

the recent slow growth of power systems and the retirement of eXPerienced personnel 1bere is,

therefore, a great need to structure, encapsulate, preserve and mate such knowledge accessible ta

a broad audience. This thesis is an attempt to fulfil this need by proposing, developing and testing a

general intelligent system for the design and planning-""of electric power systems.

The chapter begins by introducing the nature of design problems in general SectiOD 1..3 then focuses

on more specifie design problems in electric power systems. Sînce this area relies heavily on hmnan

expertise, the subject of artificial intelligence and particularly knowledge-based systems is then

reviewed in section 1.4 with the intent of applying il to electric power system design problems, this

being the main objective of this theSÎS. In the same sectiOD, two major knowledge-based modeIIing

techniques arere~ namely, roJe-based and object-oriented programming (OOP). In conjunction

with the OOP disc1wioD, the basic features of the C++ language are also outlined. Section I.S

describes a general, Qlihi-criteria approach for evaluatioD and ranking ofdesign alternatives. Section

1.6 then provides a literature review of the various existing applications of intelligent systems to

electtic power system problems stressing planning and design.. This is fonowed by a discussion

motivating and justifying the work carried in dùs thesis, that u, the development of an iDtegrated

intelligent power system design tooL The cbapter concludes with the daim of originality aud the

outline of the remaining chapters of the thesis.



Chapter 1: INTRODUCTION

1.2 The Nature of Design

2

Severa! definitions of design have been proposed in the literature. Thus, Asimow defines design as

a "purposeful aetivity directed towards the goal offuIfilling human needs" [Asm62]. Archer describes

design as a "goal-directed problem-solving aetivity which is mostly based on the decision-making

process" [Bal93]. According to Simon, design could he seen as a "searching process whose objective

is to find the physical or organizational schema which achieves certain goals while satisfying specified

constraints" [Ba193]. A similar definition holds for the engineering design problem: "ta devise, subject

to certain problem solving constraints, a component, system or process to accomplish a specified

task" [Dix66].

From this last definition it is possible to describe the engineering design process as consisting ofthe

basic steps [Ata95-1] presented in Figure 1.1 and discussed below.

Dejine goals or objectives. Design is a

goal-driven activity where the goals can

usually be defined in tenns of design

funetionaIity, Ievel of design

perfonnance or user preferences. This is

the most subjective step of the design

process and bas a major impact on all

subsequent steps including the final

design. Thus, the definition of the design

goals is a crucial part of the overall

design specifications. In engineering,

such goals usually involve the design of

a system or product which will perfonn

DEFlNE OBJECTlVES
• DES/CIlaaus

y
1

DEFINE PREREQUlSlTES1

1

• DZS1CNCRnLRJA
• DESlCIICONSiRA/NTS

! • SlMULATlONPIlOCZDURES
1 ·LWTA&UZS'

Y
GENERATEJi SETOF FEAS/BLE

DESIGNS

• rrDfATlVZÂPPIlOACH
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Figure 1.1: The Design Process.
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certain tasks economically and reliably.

3

Define prerequisites. These are the necessary ingredients of any design consisting of crite~

constraints, simulation procedures and the relevant databases.

A design criterion is defmed as a standard on which judgement or decision is based, tbus, providing

a rational basis for the choice of one alternative over another [McG93]. A constraint defines the

range within which a design variable mmt lie for the final design to he acceptable (feasible). Hewistic

or algorithmic simulation procedures must he executed in arder to quantify those design variables

which can only he determined by solving a complex set of relations (e.g. a set of non-linear

equations). Finally, the databases contain aIl values of the input design parameters and the output

design variables.

Generate a reduced set offeasible designs. Once the design objectives as wen as the constraints,
40

criteria and other specifications have been defined, the process of generating feasible designs can

begin. This process is a combinatorial exercise involving an intelligent selection of a reduced set of

potential design candidates. There are basically two main approaches 10 obtaining such a reduced set,

namely, the iterative approach and the scope reduction approach. In the former, the design is

improved through repeated modifications of design parameters and variables until all constraints are

satisfied This approach may involve a signüicant number of iterations and is convenient for systems

consisting of a small number of sub-components. As for systems composed of a large number of

elements, the scope reduction approach was found ta he more suitable. Scope reduction is

accomplished by applying a two-step filtering process whereby, initially, a limited number of

alternatives is selected for each system sub-componenL The second step filters out infeasible

combinations ofsub-components, leaving only a smaller set of feasible designs as candidates for the

final design.

Select final design. In the last step of the design process, the reduced number of feasible designs is
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ranked according to a scalar measure obtained by assigning varying degrees ofimportance to criteria

such as cost, reliability, flexibility and environmentai impact. These degrees of importance or

preference are chosen by the designer as part ofthe design specifications. The sealar measure used

to rank the designs is detennined by a technique called multi-criteria analysis [Mas88]. The final

design selected is usually the highest ranked one, but human judgement may aIso influence the final

choice.

1.3 Electric Power System Planning

The goal ofpower system planning is to conceive a rehable, flexible and economical power system.

Its main aetivities may include the planning of a complete power system or of specifie subsystems

such as generation, interconnections, transmission and distribution networks, lines and substations.

Performance requirements such as power flow and stability, insulation coordination, protection,

control, grounding, reliability and cost evaluation must aIso he considered.

Two basic categories ofknowledge can be identified in the power system planning process, namely,

the design knowledge restricted to the specifie design tasks (e.g. point-to-point transuùssion and

substation design) and global planning knowledge mostly related to decisions of a broader nature

sueh as whether or when to build new generation or an interconneetien. Design knowledge modelling

and processing are the main fecus of this research and have been studied in great detail as opposed

to global planning knowledge which has been treated at the eonceptuallevel.

To descnbe the design knowledge in power systems, tirst the power system design process following

the four general design steps described in the previous section is discussed in sub-section 1.3.1. The

characteristics ofpower system design knowledge, including the structure of electrical power systems

and their sub-components, are then addressed in sub-section 1.3.2.
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1.3.1 Power System Design

1.3.1.1 Design Goals

5

In the design ofelectric power systems, the goal or objective is 10 generate a set of scenarios which

satisfy the imposed design criteria and constraints while optimizing the overall performance with

respect to four selected criteria, that is, cos~ reliability, operational t1exibility and impact on the

environment. Forexample, in point-to-point transmission design [Lou93], the objective consists of

designing a set of trammission systems characterized by the number and type of lines and substations,

the amount and type of series and shunt compensation and the cosl Similarly, in substation desi~

the goal is ta produce a set ofalternatives characterized by selected arrangements of main substation

groups such as high-voltage and low-voltage busbars, transfonner sections and high-voltage and

law-voltage line terminations, all of which satisfy the imposed operational constraints and meet the

pre-defined user preferences.

1.3.1.2 Design Prerequisites

Power system design is subject to constraints over which one bas Iittle or no control such as

environmental (rights-of-way, pollution level, climatic conditions), financial (ability 10 borrow and

pay for investments) and technological (technicallimits on equipment).

Criteria in power system design are teehnical requirements imposed by regulatory board or by the

utility to ensure that a design meets certain standards such as insolation strength, short-eircuit

capacity, security and stability margins as well as audible noise and radio interference levels. In certain

critical systems, a maximum pennissible loss-of-load-expectation [End82] may also he a specified

design criterion.
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The simulation procedures impJemented in power systems are purely algorithmic programs which are

basicaIly classified as follows: Steady-state (load flow, harmonies, corona, short circuits, audible noise

and radio interference) and Transients (electro-mechanical and electro-magnetic). In addition, there

exist simulation programs intended 10 detennine reliability measures [End82], to evaluate costs, and

10 perfonn mechanical stress analysis [ABB88].

The databases in electric power systems coosist of: eiectricai equipment, standards and statistics,

input design specifications, as weIl as complete designs.

1.3.1.3 Generating Feasible Designs

In most power system design wks, the objective is to build a complex system consisting of

numerous sub-components. Moreover, the design tasks in the power system area are mainly

cbaracterized by sequential processing through a set ofwell-established design steps. Thus, the scope

reduction approach described in section 1.2 is considered as particularly suitable for power system

design. For example, in substation design, the main design steps are defmed as follows [Ata95-2]:

(i) select feasible single-line diagrams, (n) perform required simulations (short-circuit and insuIation

coordination studies), (ili) select the substation electrical equipmenL Funhermore, each of these

three main steps consists of a sequence of its own design sub-steps. One example is the selection of

the single-Iine diagram which is carried out in two sub-steps: selection of feasible configurations for

each main part of the substation (busbars, transformer groups and line terminations) and their

assembly inta the complete substatiOD. Another example of a typica1 power system design process

is the point-to-point transmission design whose design steps are as follows: (i) select a set of possible

transmission line types which are Iikely to he able to transmit the given power aver the specified

distance, (ii) generate a set of combinatioDs of parallellines and intennediate substations, (üi) select

the type and estimated amount of compensation needed to meet the voltage, stability and reliability

criteria.
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1.3.1.4 Selecting Final Design

7

Once a set offeasible design alternatives has been genera~ it remains to evaluate each alternative

and to rank them according to a scalar evaluation index (based on the specified degrees of preference)

as proposed in section 1.2. Detailed examples of this design step are also described in Chapter 3.

1.3.2 Power System Design Knowledge

'4Knowledge is that representation of infonnation that people tend to remember and manipulate in

order to understand and solve problems" [Low95]. Design knowJedge can he defined as the collection

of facts, da~ mIes, guidelines, procedures and experiences associated with the design of a system.

In this tbesïs, power system design knowledge is categorized according to: (1) Physical composition

in terms of subcomponents, (2) Type of knowledge, (3) Knowledge distribution, (4) Knowledge

processing. These are now discussed-

1.3.2.1 The Physical Composition of Power Systems

Electrical power systems are composed of subsystems which are in tum made up of their own

components or subsystems. For example, a large power pool consists of severa! sma1Jer

interconnected subsystems which, in tum, contain their own substations, transmission lines and

generation units. Funhennore, substations and transmission Iines incorporate basic electrical

equipment such as conductors, power ttansfonners, circuit breakers, instrument transformers and

busbars. The design process followed in this thesis takes full advantage of this natura! structure of

power systems. Thus, a complex system can he designed by putting together a set of progressively

more complex subsystems.
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1.3.2.2 Type of Knowledge

8

Three basic types of power system design knowledge can he identified: (i) heuristic knowledge based

on human expertise (e.g. estimating the voltage level in transmission line design on me basis of the

power flow and~ selecting a substation busbar arrangement), (li) simulation procedures (e.g.

load flow and short-circuit aIgorithms) and (ili) data including system parameters, operating range

of variables and equipment chaIëlCteristics.

1.3.2.3 Knowledge Distribution

System subcomponents often contain sorne embedded knowledge about their own design which can

he processed independently of the design of other subcomponents. This knowledge is referred to as

low-level krwwledge. On the other hand, top-level knowledge manages global decisions about the

overall system strocture and is usually processed during the OOt design steps. Top-level knowledge

is associated with systems rather than with their subcomponents, whereas low-Ievel knowledge roles

perfoon more specific local tasks related to the specification of smaller system components.

As an example, in substation design the top-Ievel knowledge is processed in order 10 select feasible

single-line configurations of the substation, whereas the low-Ievel knowledge encompasses mIes and

data related to the instantiation of the basic substation electrical equipment [Ata95-2].

1.3.2.4 Knowledge Processing

Most of the design tasks in power systems are canied out in a well-established sequence of steps

rather than through iterative proœsses [Ata95-2]. This is particularly true when processing t0trlevel

knowledge where the decision variables are discrete (e.g. configuration of a single-line diagram,

voltage leve4 type of compensation) and cannat he iteratively fine-tuned. This scope reduction

approach is aIso commonly used in the processing of low-Ievel knowledge in power system design.
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An example of this type of low-level proœssing is the choice of the electrical equipment

characteristics which must he made from a finite discrete set of manufacturer catalogue data.

A concrete illustration of the above considerations is the substation design process. The tirst step is

ta select feasibJe single-line diagram alternatives. The second is 10 perfonn the necessary simulations

(short-circuit analysis, insolation coordination, load-flow) 10 obtain the parameters required at the

third step where the selection ofsubstation electrical equipment is carried out. The fourth step is the

evaluation of design alternatives with respect to the specified perfonnance criteria. A sirnilar

procedure holds for other typical design problems in power systems.

1.4 Artificlallntelligence and Intelligent Systems

The common link among the various definitions of artificial intelligence is that artificial intelligence

emerged from numerous attempts to provide digital computers with reasoning capabilities similar 10

those of human beings [Win84]. Although developments in the computer industry have been

extraordinary, the objective of making computers intelligent bas proven to he more difficult than

expected. One basic question which arises is: what degree of intelligence should computer based

intelligent systems possess? Obviously, the main goal is not te eliminate human beings completely

frOID decision making processes. Thus, one answer to the above question could he twO-fold [Win84]:

(i) 1be first central goal ofartificial intelligence is to make digital computers more useful by extending

their area of application from solving purely numerical problems to taelding more heuristic,

experience-based tasks, thus assisting human experts in performing more sophisticated activities.

There are numerous snch possible areas of application such as design, diagnosis, control and

management in various domains (engineering, finance, medicine) which justify the impact of artificial

intelligence on modem science and teehnology.
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(ii) The second goal is motivated by the desire for a better understanding of the principles that maire

intelligence possible. This will require further research~ particularly in the area of know1edge

modelling and knowledge processing.

As far as buman heiogs are concemed~ there are severa! main characteristics which can he attributed

to their intelligence. These include the ability to reason~ the ability to acquire knowledge and the

capability to apply the acquired knowledge. Accordingly, there are three basic activities which should

he considered when developing an intelligent computer system: (i) the knowledge acquisition, (ü) the

fonnation of the knowledge model and (üi) the development of the reasoning mechanism. The first

activity consists of the following steps: identify domain knowledge sources (human experts, books,

manuaIs, databases), acquire as much of the domain knowledge as possible from the identified

sources and filler out the knowledge which is redundant or is not relevanL The second activity

(knowledge modeDing) is mostly related to the method of knowledge representation, while the third

activity consists of analyzing different meùlods for knowledge processing, that ÎS, to use knowledge

to accomplish a desired task or to generate new knowledge.

There exist two main categories of intelligent systems distinguished principally by the scope of the

knowledge addressed: expert systems and knowledge-based systems. Knowledge-based systems

encompass broader knowledge related to severa! domains ofexpertise originating from Many sources.

On the other band, expert systems are more focused on a specifie area ofexpertise and are based on

the knowledge and the experience of a limited number of sources or experts in the field.

A further subdivision of bath categories of intelligent systems cao he made dePe0ding on the manner

in which the above-mentioned three basic knowJedge activities (acquisition, modeling and reasoning)

are accomplished. Two commoo approaches for knowledge modeling and processing can he

identified, namely, the rule-based approach and the object-oriented approach. The following sub

sections ouiline the basic features ofthese IWO approaches to model and process the acquired domain

knowledge. Special attention will he devoted to the object-oriented approach, this being the more
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canvenient one for knowledge modelling and processing in power system design.

1.4.1 Rule-Based Systems

Il

Rule-based systems are knowledge-based ar expert systems where the knawledge is represented in

terms of the following basic components [Hap93]:

1.4.1.1 Production Rules

Rules serve ta represent the dynamic part of the domain knowledge, that is, knowledge about the

actions which are taken and the conditions which have to he satisfied in order ta cany out these

actions and achieve the desired goals. Rules are usually represented in a natura! farm (for example

an if-then structure) as apposed ta the classical pragramming languages whose manner af

representatian is mare abstracto The typical pattern of a rule cansists af twa parts, namely, the

conditianal part cantaining the canditions which have ta he satisfied and the conclusion which

describes the action to he taken wben the conditions are met. There are two main types of rules: rules

describing the domain knowledge and the so--called meta rules. The fonner are roles related to the

application and are thus derived from different domain knowledge sources. The latter are not

specifically concemed with the domain knowledge but are mostlyemplayed to contraI the processing

of the domain knowledge rules.

1.4.1.2 Facts or Assertions

Facts ar assertions is infonnation assumed 10 he true. In other words, facts cao he thaught of as rules

whase conditional part is always satisfied Faets could he constant parameters or relations comparing
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parameters such as inequaJities (Coy90]. In ruJe-based systems, facts are used in the conditional parts

of mIes in order to generate new derived facts. Thus, one important characteristic of rule-based

systems is their ability to extend the existing knowledge base by inferring new assertions.

1.4.1.3 Rule processing mechanism

In order to accomplish their tas~ rule-based systems have to process the domain knowledge by

applying rules to a database of facts. This involves the following steps [Hop93]: (i) identify the

proper set of rules which are closely reIated to the actual probIem, (ü) detennine which of the mIes

from the previously determined set are applicable (conflict set), (ili) perfonn a conflict analysis and

select the rule to rue.

A typical rule-based system often consists of a database containing a large number of mIes and

assertions. Thus, the above-mentioned steps, which Jead to the selection of the right rule to tire, may

involve an extensive and difficult search procedure. Meta-rules can play an important mIe in

accomplishing the rule selection task by introducing heuristics which can efficiently filter out a large

number of non-applicable rules, thus significantly reducing the search space.

Obviously, the rule-selection is a rather complex procedure requiring a well-established strategy in

order to he successful. Two important and frequently-used strategies are forward and backward

chaining. The former is a data-driven process where the system starts with the given facts and

continues to derive new facts through the rule-firing process. New and existing facts are then

processed together, thus inferring more new conclusions until the goal is reached. This strategy is

advantageous in tenns of the production of new conclusions and solutions but it aIso bas sorne

disadvantages such as the possible waste of time when a feasible solution is not possible to find.

Backward chaining is a goal-driven approach, that is, given an interpretation of a solution, the system

tries ta determine wbether this solution is true. Thus, the system starts from the defmed goal and tries

to match it against one of the available facts or against the consequence inferred from the ruIes. In
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generaL the forward chaining reasoning is more likely to succeed in systems with an abundant

knowledge base (large number of facts) and a smaller number of possible goals (solutions) while the

backward chaining strategy would he more favourabJe for systems with fewer faets and many possible

goals [Coy9Û].

In conclusiony a lypical mle-based system consists of two main parts: the knowledge databases

containing domain knowJedge expressed in terms of mles and facts as weIl as the so-called inference

engine which encompasses the mechanisms for role-firing control

When power system design problems are considered, the use of the forward chaining strategy is

preferable to backward chaining since these problems are usuaIly characterized by a large number of

known facts (design components) and a relatively small number of feasible solutions. One example

of this would he a substation design where the designer bas a large number of possible arrangements

for different substation parts but where only a few combinatioDS can constitute a feasible solution9

thus restricting the solution (goal) space.

AIthough the forward-chaining strategy could he applied to power system design problems9 the rule

based approach, in general, is not considered convenient for titis kind of application. Instead, the

object-oriented approach was found more advantageous for the reasons discussed below. The basic

features of object-oriented intelligent systems are outlined in the following section.

1.4.2 Object-Oriented Systems

Severa! basic difficulties arise in the development and maintenance of large software applications:

(i) Even minor modifications may require extensive changes in the code because of strong links
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among the various procedures and variables. Maintenance requires detailed knowledge of each

procedure and module.

(ii) Major extensions 10 the code such as the addition ofa new module or a new interface may require

a total redesign of the system.

The object-oriented approach offers various features which overcome the above mentioned

difficulties. This approach is particuIarly convenient for modelling systems which consists of

numerous smaller sub-components each of which represents an indePendent knowledge entity.

ThUS,. the basic idea is to use abjects as basic knowledge units in order ta represent each system sub

componenL In addition,. these objects exchange information according ta procedures embedded in

their individual knowledge.

In object-oriented programming, programs are organized as cooperative collections of objects.

Objects are defined as being instances ofclasses to which they belong, while a class could he defined

as being a set ofinstances that share a common structure and a common behaviour [Boo91]. The real

meaning of an object or of a class is explained more clearly in the following sub-sections where the

most important characteristics of the object-oriented paradigm are discussed. These characteristics

are the natura! system representation,. knowledge encapsulation, class hierarchy organization including

the notions of inheritance and polymotphism, and system reusability.

1.4.2.1 The Natural System Representation

Objects and classes are basic concepts that are used to represent or model a complex system being

studied. Obviously, there may exist many instances of the same class, all sharing the common class

properties. In addition to these properties, a class can encompass additional knowledge related 10

the physical entity il tries to model This natural knowledge could he used to assign values 10 the class
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propertiesy thus accomplishing the instantiation (creation) ofa particular objecL It could he aIso used

10 enable communication with other classes in the systemy as weil as 10 perform other tasks related

to the cIass and its properties. This knowledge is preserved in special funetiODS which are aIso class

members and are caDed "class methods" in object-oriented terminology. The ability to preserve snch

dynamic type of knowledge, gives to a class a new quality called knowledge encapsulation.

Knowledge encapsulation simply means that the complete information related to one physical entity

is stored in one modelling unit, the class.

1.4.2.2 The Hierarchical Class Organization

1be development of a complex object-orienœd knowledge-based system may require the building of

an extensive knowledge model consisting of numerous classes representing system comPQoents.

These classes are organized in a hierarchical manner satisfying two basic kinds of relationships,

namely, inheritanee and membership. The former is an importantmechanism retlecting the ability

ofone class (parent class) ta define the common characteristics (properties) of severa! other classes

(sub-classes) which inherit those common properties. In other words, the sub-classes could he

thought of being a special kind of their parent classes having sorne particular characteristics in

addition to the inherited common properties. Therefore, the mechanism of inheritance allows the

definition ofa new class of objects as a refinement of an existing class by simply specifying only the

particular properties wbich characterize the new class while the common properties are inherited from

the existing parent class.

Apart from the importance ofinheritance, the mechanism of membership is also used very frequently

when developing object-oriented class hierarchy models. Membersbip simply means that one class

can have another class from the class hierarchy as its own member (property). As opposed ta the

notion of inheritance, the membership is characterized by a part ofrelationship between classes, that

is, a class which is a member ofanother class is aetually thought of as a part ofthat class and it does
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not inherit any of the properties from the class to which it belongs.

1.4.2.3 Polymorphism

16

In addition to the above discussed mechanisms of class inheritance and membership, there is another

very important property of object-oriented systems which is direcùy associated with the class

hierarchy organization, namely, the polymorphism. Polymorphism can he defined as the ability of two

or more classes to respond to the same message, each in its own way [B0091]. Thus, two distinct

classes can possess methods which perform the same kind of task by implementing different

knowledge mIes. Therefore, the abjects belonging to these classes will respond differently when

accessed by such methods. Moreover, these classes can inherit common properties from their parent

class, hence sorne of their methods may have a common set of knowledge ruIes which can aIso he

inherited. Such kind of inheritance is accomplished by specifying a method belonging 10 the parent-
class which contains this common knowledge. In addition ta the common knowledge, this method

contains a call ta another method belonging 10 the corresponding sub-classes. That method has the

same name in both sub-classes, but it encompasses different, class.(fependent knowledge thus

eliciting a different response.

1.4.2.4 Reusability

Reusability is one of the key advantages of object-oriented programming because it significantly

faciIitates the development of new software applications. It can he defined as the flexibility ta reuse

previously existing developed components when building a new software system. To reuse means to

take the whoJe existing components as they are and to include them in the new application without

or with slight modifications. Another asPect of reusability is the ability 10 easily update the object

oriented software. Thus, in any class hierarchy tree, it is possible to add new sub-classes just by
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defining their particular properties while other common properties are automatically inherited from

already developed appropriate parent classes.

The main steps of the object-oriented design process are outlined as follows:

Define the class hierarchy organization. The study of the system which is being modelled is

conducted tirst in order to understand the system structure and to recognize the basic system sub

components as well as their inter-relationships. The information obtained from this study is used when

defining system classes and when establisbing the inheritance dependency of those classes. Basically,

the class properties and the class hierarchy tree are defined at this step.

Define the class methodr~ The operations and tasks perfonned by methods and class consttuctors of

each class are detennined at this step. Thus, full knowledge encapsulation is accomplished by

distributing the knowledge related 10 these tasks over the class methods. The notion of knowledge

distribution is very important since il represents one of the basic advantages of object-oriented

programming. Knowledge distribution implies that the total domain knowledge is subdivided into

severa! knowledge groups. The advantage is that these groups do not need ta interact tao often

during the knowledge processing but can he independently processed. Thus, the possibility to

encounter conflicting situations is significantly diminished, particularly when it is possible 10 conceive

a large number ofknowledge groups, each containing a reduced amount of knowledge. As mentioned

above, knowledge distribution is physicaIly realized by means of class methods which isolate their

pertinent knowledge from other classes.

Determine the sequence ofclass instantiation. In addition to the class hierarchy mode~ it is necessary

to develop a knowledge processing scheme. Having defined the basic system ingredients, the purpose

of this step is to instantiate these ingredients (classes) and put them together so as to create the

outcome of the object-oriented design process, that is, an instance of the class modelling the final

design. The order of instantiation, i.e.7 the sequence of messages passed (orders issued) ta different
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classes is defined at this step.

18

Often~ the process of governing the class instantiations does not represent a complicated control

problem. Furthermo~ since the possibility of conf1icts bas been reduced 10 a minimum in the process

of instantiation, there is no need for any kind of inference engine to control the design process.

1.4.3 C++ As an Object-Oriented Development Tooi

The growing interest in object-oriented programming bas led to the development of severa1 important

programming languages and development tool5 such as: C++ [Pra91], SmallTaIk [Parc89] and Eiffel

[Mey92]. These languages support MOst cf the object-oriented features described in section 1.4.2.

The C++ programming language bas been chosen as the main development tool used to build

prototypes in this research. The reasons whichjustify this chaire can he summarized as follows:

• The object-oriented features sucb as knowledge encapsulation, inheritanre and polymorphism are

an provided in C++. Knowledge encapsulation is accomplished by means of classes~ structures and

lO'lioTlS. Structures and unions are well known methods of representing data in the C language, while

classes pertain to the C++ language and embody all the necessary object-oriented programming

characteristics. The Class is a C++ data structure composed of two parts, namely, the part containing

definitioDS of class properties (attributes) and another part where class methods and operators are

defined. Class properties and methods can he made inaccessible, accessible and partially accessible

by other classes in the system by using private, public or protected declaratioDS. Private declaration

totally protects class properties, public declaration allows full access, while proteeted declaration

permits access to the classes which maintain an inheritance relationship in the class hierarcby

organization.
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• Polymorphism is reaHzed in C++ by means of operator and function overloading. As opposed 10

the C language, C++ allows the definition of different functions having the same name and even the

same signature (list ofvariabJes which are passed to the function). In addition, the standard operators

such as +,-/ can he overloaded, thus giving them a different meaning depending on the application.

• In addition to the object-oriented features, the C++ language possesses a variety of powerful

procedural capabilities. This is so, since C++ is actually a kind of a super-set with respect to the C

having aIl facilities provided by the C language. This propeny facilitates the handling of various

numerical and simulation problems and was found ta he particularly advantageous in power system

design.

• Most of the popular taols for building a GUI (Graphical User Interface) such as Xmotiff [He191]

and TcllTk [Ous93] are DOW programmed in C , thus requiring the C language as either the main

development taol or the mterfacing language to enable communication between the main application
•

and the GUI. Sïnce C++ encompasses all C language capabilities, any possible significant problems

when connecting the main object-oriented application with Gill are thus avoided.

1.5 Multi-eriteria Analysis

In this section, a general approach called muid-criteria analysis is presented for the evaluation and

ranking of design alternatives [Mas88]. It is necessary to perform such evaluations al, not only the

final design stage, but, aIso, during intennediate design stages when selecting basic components or

sub-systems of the final design. In this thesis, design evaluation is based on four measures of

performance or criteria, namely, cast, reIiability, impact on the environment and operational

flexibmtyl. Whereas cost and reliability can he more readily quantified, the last two criteria are more

difficult to measure. Nevertheless, it is essential to consider somehow the last two criteria in the

1 Of course, other criteria could he added to this lisL
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design since a power system should he easy to operate and sbould not affect in a negative manner its

surroundings. Under multi-criteria analysis~ such quantification is carried out through two basic steps:

(1) For each class ofsystem components (e.g. the class of circuit-breakers or the class of busbar

arrangements) a relative score is assigned ta each of its members with respect to each of the criteria

considered. These scores are usually expressed in dimensionless values from 1 ta 10 and their purpose

is to compare members from the same class. For example~among circuit-breakers the relative score

with respect ta reliability will assign a higher value ta a SF6 than ta an air-blast or bulk-oil circuit

breaker since the latter two have been proven ta he more likely to fail On the other han~ the relative

score with respect ta the impact on the environment will assign the highest value to the air-blast

breaker since this type bas the least damaging potential effect on the environmenL Sub-section 3.3.5.1

discusses these notions in more etetai! and provides numerical values. It is important to note that

relative scores are defined in PSIDE through consultation with design experts and form part of the

knowledge base. Thus, it is not possible for the user of PSIDE to alter these relative scores.

(2) In PSIDE, the user can however stress sorne criteria over others by specifying a set of

percentage user preference weighrs. For example, sorne utilities may he forced to stress cast very

heavily over any other consideration because of very limited resources. Altematively, other utilities~

may he required 10 stress more reliable designs with very low impact on the environmenl Sînce the

user preference weights must add up to 100%, this choice therefore entails a decreased emphasis on

low cast designs.

Multi-criteria analysis is a decision making process where severa! distinct criteria are usually involved

when perfonning a selection or evaluation of a design. There exist various approaches ta solving the

multi.criteria problem [Mas88] among which it is possible to distinguish very complex algorithms as

well as relatively simple methods. The weighted sum approach [Mas88] presented here describes the

above mentioned heuristic notions of relative scores and user preference weights. This approach was

found satisfactory for implementation in power system planning and design. Its basic fonnula is as
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follows:

1 4
TS. = - E RSiJc UPWIe, 100 Ie:l
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(1.1)

where TS i is the total evaluation score of design i (normalized from 1 to 10)7 UPWk is a user

preference weight (in percent) with respect to criterion k and RSIt is the relative score (out of ten)

of design i with respect to criterion k (see Table 3.8 for a number of examples).

The total evaluation scores are used when perfonning various design tasks7 not ooly to select the final

design, but aIso at intermediate stages, during the selection of sub-components or sub-systems.

1.6 Intelligent Systems in Electric Power Systems

The breakthrough ofartificial intelligence in the electric power system~ which started in the mid

eighties has resulted in the development of numerous expert system and knowledge-based system

tools for solving varloUS power system problems [Hun94]. Diverse methods of knowledge modelling

and processing have been utilized such as object-oriented or rule-base approaches employing different

typeS of inference mechanisms (forward chaining7 backward chaining or hybrid). Accordingly, severa!
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Table 1.1: Review of most important expert system applications in power systems [Hun94].

Area of Application No. No. TroIs Knowledge Modeling Development Tooi
Public.

Alarm Processing 22 13 OP - 20%~ RB - 55%~ 00. - 25% c.Pr~,K,05,A

Control 14 - - -
Diagnostic 7 7 OP - 25%~ RB - 40%, Oth. - 35% Pr,L.C,C++,P

Distribution 27 27 OP - 30%~ RB - 70% P.L,CF,K

Equipment Testing 7 - - -
Fault Analysis 44 19 OP - 22%, RB - S6%~ Oth. - 22% P,L.CF,V

Monitoring 5 4 - Pr~C,P

Maintenance 9 3 - Pr~F

Network Switehing 20 13 OP - 2S%~ RB - 75% Pr, F, K

Operations 40 10 OP - 33%, RB - 50'1:, Oth. - 17% P,~C,P,F

Operator Training 10 3

Planning 22 4 OP - 33%, RB - 67% P,~C,N

Protection 15 5 OP - 10%, RB - 90% P,L,F

Rc1iability 7 -
Restoration 27 10 OP - 20%, RB - 50%, Oth. - 30 % Pt, L, C, C++~F

Security 25 13 OP - 15%, RB - 85% Pr, L, C, F

Stability 16 1 - N

Voltage Control 19 6 RB -100% F,OPS83

OP - Object-oriented systems P-PASCAL C - C language
RB - Rule..t>ased systems N - NEXPERT shell C++ - C++ language
Pr-PROLOG OPS83 - OPS83 sbe1l K - KDL language
F-FORTRAN OP5 - OPS5 shel1 A - ART hybrid shell
L-USP V - VL language
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types ofdevelopment sheDs ( Nexpert-Ob~ G2, Goldworks) and programming languages (Prolog,

Lisp, C++) have been used to build commercial or prototype expert system applications. Table 1.1

:; provides a review of the work which bas been done in the more important sectors of expert and
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knowledge-based system applications in electric power systems over the past decade [Hun94].

Eighteen major fields of application have been identified. A number of publications, application

packages (tools, prototypes), types of development tools used (languages, shells) and methods for

knowledge-modeDing and processing implementations are summarized in Table 1.1 for each area of

application [Hun94].

A5 far as power system planning and design activities areconce~ severa! areas of expertise have

been explored, including global design problems such as distribution system design, transmission

planning and design, substation design as wen as those activities dealing with supporting design wks

such as protection and insulation coordination.

ExPert and knowledge-based systems in the distribution design area include distribution protection

systems [Tho94], operational planning [Tsa93] and distribution system modelling [Brau94, Wei95].

Wlth respect to transmission planning and design, an important contribution bas been made in the past

seven years by the power group of McGill University. An ambitions program to develop a

knowledge-based approach for the design of point-to-point transmission systems [Gal88, Ber89,

Gal92, Lou93] bas been undertaken and is ahnost completed. The tirst expert system tool in this

program, called TRANSEPT, was developed for the design of point-to-point AC transmission

networks [Gal88] using the LISP programming language. Subsequenûy OC TRANSEPT [Tru90]

was later built ta support OC transmission design leading to the integration of these two modules inta

one package TRANSEPr ACfDC [Lou93] rea1jwi by means of the NEXPERT-Object programming

shen. In the course of these transmission design studies, the same group has carried out research in

the area ofsupporting expen systems related to transmission desi~ For example, an expert system

for insulation coordination [Gal9O], aIso realised in the Lisp Goldworks environment, emerged as a

result of this research.

~.- Another important power system design activity, substation design, bas not been approached from
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the perspective of intelligent systems. Some related contributions however exist and include an expert

system for specifying the major substation components based on machine learning principles [Mah91

1~ Mah91-2]~ as weIl as an expert system for designing power plant electrical auxiliary facilities

[Jan87, Put88].

Protection system design is the area of expertise which is perhaps the most appropriate for the

application ofexpert and knowledge-based systems. This is sa since the design of protection systems

represents an almost pure state-of-the-art process involving extensive heuristic knowledge based on

human expertise. Most of the work in this area is associated with protection design of distribution

system where typical activities are the location~ selection and coordination of proteetive devices

[Bro94, Th094]. However, sorne work has been done in the field of expert system application in

designing transmission line protection systems [Kaw95].

FinaIly, it is important to mention sorne contributions to the overall power system planning process

involving long-term global planning activities such as the coordination among generation expansion.

transmission and interconnection planning [Far88], (Shi93], [Ada94], [Tan].

1.7 Claim of Originality

The principal original contributions of this research are the following:

• The concept of an integrated knowledge-based power system design environment (PSIDE)

encompassing the principal body of planning and design activities in electric power systems is

proposed. This concept is then developed in substantial detail and a number of potential benefits are

identified. These henefits include the preservation and consolidation of power system design

knowledge and the development of automated taols emulating expert hmnan reasoning useful for

both training and for practical design purposes.
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• A general object-oriented methodology is developed to realize the proposed planning and design

model The object-oriented strategy adopted herein takes full advantage of the natura1 structure and

behavior of power systems as weIl as of the corresponding design Methodologies. The general

approach developed here is applicable to the vast majority of power system planning and design tasks

such as substation design~ insulation coordination~ protection design as weIl as generation and

transmission planning.

• In order to validate the proposed concept and its object-oriented realization, one of the major

modules., namely substation design, is fully developed and tested. From this detailed example, design

guidelines for the development of other design modules are extrapolated.

1.8 Outline of Thesis

This thesis is organized into five chapters. Chapter 1 is an extended introduction to power system

planning, artificial intelligence techniques and object-oriented modeling including a literature review.

Chapter 1 concludes with the claim of originality and the thesis outline.

Chapter 2 presents an integrated knowledge-based concept of power system planning and design,

PSIDE. The general structure of a model and each of its pertinent modules (main and supporting

expen systems and simulation tools) 10 realize this concept is described in detail. A general object

oriented methodology is developed and discussed for the rea1jz.ation of these modules. Finally, models

for three typical power system design examples, namely, point-to-point transmission design,

substation design and system protection design are presented.

Chapter 3 contains a full description of an advanced prototype for the substation design module,

SIDE. An object-oriented representation of a substation emphasizing its subdivision into five main
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constituent groups is provided. The electrical equipment database organized in an hierarchical object

oriented manner is aIso discussed. Finally, a powerful graphical user interface is depicted.

Chapter 4 presents and discusses a set of substation design examples consisting of the graphical

representation (single-line-diagram), tender document and design report as generated by the

intelligent design tool developed here. The results of various simulations are aIso included in the

design report including important evaluation indices. These indices are used to compare design

alternatives and to select the most preferred final design. A full discussion regarding alternative design

comparisons and the validation of SIDE is aIso found in this chapter.

Chapter 5 summarizes the important points of titis research in the fonn of conclusions. Future

objectives are aIso outlined.
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2. AN INTELLIGENT POWER SYSTEM DESIGN ENVIRONMENT

2.1 Summary

27

For the past seven years~ the Power Engineering group of McGill University has been engaged in a

program 10 develop a knawledge-based or intelligent approach [Gal88~ Gal92, Lou93~ Ber89~Ata95

l~ Gal9O,Be196-1,Be196-2,Ata94] for the planning of electric power systems [Epri89~Ata95

1~Wood82]. This effort was motivated~ ta a large degree, by the fact that power system design

knowledge is widely scanered and in danger of erosion due te the retirement of human experts and

an over-emphasis by the power industry on commercial rather than teehnical considerations. The

intelligent approach is an attempt to identify the wide body of power system planning and design

knowledge~ to gather it and to structure it inta one easily accessible source for purposes of

preservation~consolidation and training.

The main power system planning activities considered by this approach include the design of a

complete power system or of specifie subsystems or components such as generatio~

interconnections, transmission and distribution networks~ lines and substations.

~ mentioned in the Introduction, two basic categories of knowledge can he identified in the power

system planning process, namely, technical design knowledge restricted ta specific design wks

(design ofa particular component such as a point-to-point transmission network, a substation, ete.)

and global planning knowledge mostly related ta the management of the overall process (e.g., a

decision ta build new generation or 10 opt for an interconnection). This thesis emphasizes teehnical

design knowledge modelling and processing rather than global planning knowledge which is only

briefly discussed.

This chapter, first proposes an intelligent design environment (pSIDE, Power System Intelligent

Design Environment) for the overall power system planning and design process [Ata95-1]. In order
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to develop the proposed design environmen4 a general object-oriented methodology is described.

Finally, sorne examples of typical design tasks belonging to PSIDE sucb as point-to-point

transmjssio~ insulation coordination and protection design are briefly discussed to illustrate this

general methodology. In addition, Chapter 3 describes a fully-developed object-oriented module of

PSIDE for substation design to practically validate the proposed design environment and

methodology.

2.2 Introduction to the Intelligent Design Environment

,INPUTS,

Dlrcdar
afSystan
Planning

GeneratioD
PI.nnlng
Wana cr

,MAJOR EXPERT SYSTEMS,
TnnsmluIon

Plana'ng
Wa..a cr
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".nagerac" PIumIn,

laler- PalllHlt-poiat Netwart Sulam"a..
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Figure 2.1: The power system intelligent design environment (PSIDE).

Figure 2.1 describes the proposed knowledge-based model of the power system planning process

[Ata95-1]. It encompasses four distinct levels, namely, Inputs, Major Expert Systems, Supporting

Expert Systems and Simulation Tools . These levels represent the major actiVÎties normally associated

with system planning in a power utility. A number of databases not shown in the Figure aIso exists
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The contents of the various components of Figure 2.1 and their inter-relation are now discussed in

the following sub-sections.

2.2.1 Inputs

The Inputs are the driving forces which set the planning actiVÏty in motion. These are: System

Dejiciencies, Load Growth, Change ofDesign Criteria, and New Technologies. The processing of

such inputs requires a continuous effort since they are subject 10 frequent changes. These are now

elaborated upon.

2.2.1.1 System Deticiencies

Deficiencies in the system performance such as over or undervoltages, excessive frequency

fluctuations, equipment overloading or frequent power interruptions are generally the result of

inadequate design or operating strategies or lack of maintenance. However, the root cause of most

deficiencies is a system that is not sufficiently robusl This type of inpu~ would typically trigger a

reasoning process involving high and low level aetivities in severa! modules. For example, a line which

repeatedly overloads, would cause the Director of Planning module to invoke the module

Tranqnission Planning Manager which, in tum, would request a corrective measure from the Network

Enhancement module. Possible corrective measures are: building a new transmission line, adding a

FACTS device or modifying the power tlow control scheme. The final choiœ of whicb corrective

action to implement is made by the Director of Planning module based on teehnicaL cost and other

considerations.
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2.2.1.2 Load Growth
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Load forecasting over a horizon of five to twenty years is another important input to the planning

process. PSIDE must accomodate the vagaries of load growth and he flexible enough in arder to

acœlerate or slow down the system expansion accordingly. This input is processed by the Director

of System Planning and may he traDSmitted to both the Generation and Transmission Planning

Managers~ although the fonner is the more likely module ta he invoked. The Generation Planner must

study and recommend choices from among the Demand-Side Managemen~Generation Expansion

or Interconnection modules.

2.2.1.3 Changes in Design Criteria

Changes in design criteria are often an efficient and convenient way of improving the system

robustness or they May he imposed if a utility needs 10 interconnect to another system with stricter

.. design criteria. Such changes include raising the severity of the fault criterion (e.g. from single-phase

to three-phase fault) , decreasing the fault criterion duration time, applying stricter control of

overvohages~going to higher insulation levels and operating margins of security, or augmenting the

generation and transmission reserves. Any of these changes would trigger planning activities involving

mainly the Transmission Planning Manager which has acœss to a variety of possible solutions within

its knowledge base.

2.2.1.4 New Technologies

New technologies such as electronic power flow control devices [Gyu94] and demand-side

management strategies [Tal86] can also he considered as inputs to the planning process in arder to

examine their potential impact on the system design. New technologies should he used 10 take full

advantage of the capabilities of the existing power system investments such as utilizing the existing

transmission network 10 its maximum.
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2.2.2 Major Expert Systems
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These expert systems model knowledge at the highest level of system planning in PSIDE. Major

expert systems include the Planning Director7 the Generation Planning Manager and the Transmission

Planning Manager which modellong-term global planning aetivities. Other major expert systems

which characterize more specifie teehnical design tasks are: Point-to-Point Transmission7 Substation

Desi~Network: Enhanœme~ Demand-Side Managemen~ Expamion Planning and Interconnection.

In a manner analogons ta the actual organization of the planning activities in a power utility? al the

highest Jevel, a Director ofSystem Planning module defines7 on the basis of the triggering inputs7 the

planning objectives, the scope of the problem and delegates appropriate responsibilities to its sub

ordinatemod~ the Generation Planning Manager and the Transmission Planning Manager. These,

in~ bave access to other major and supporting expert systems as well as to simulation tools. Sub

section 2.2.5 gives an example of how the system planning process is managed at each leveL

2.2.2.1 Generation Planning Manager

This expert system is intended to direct the generation planning activities associated with the

development of a power system. Such activities include:

• Generation Expansion Planning. This expen system module consists of the inventory of

needs and natura! resources available, the grading of such resources, the types or mix of

generation and of course, the costs involved. This module makes use of both heuristic

methods and mathematical programming tools [Wood82, Wal85].

• Demand-side Management Planning. This module considers potential demand-side

management schemes (e.g. time-of-day tariffs7 direct load contro17 conservation incentives)

as alternatives or supplements ta the generation expansion plans [Sul77, End82, Wood82].

Demand-side management can aIso affect the transmission planning process by modifying load

patterns in areas where the transmission capacity is stressed.
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• Interconnection Planning. This expert system module is presently being developed

(McG96-2] to evaluate the teehnical and economical implications ofinterconnecting two or

more power systems. Interconnections have a strong impact on generation expansion planning

since they can reduce the required generation reserves. As with demand-side managemen~

interconnections aIso have an impact on transmission planning.

2.2.2.2 Transmission Plamûng Manager

This expert system is intended to direct the transmission planning activities associated with the

development of a power system. Such activities include:

• Point-to-Point Transmission Design. One version of this expert system module bas a1ready

been developed [Gal88yGa192,Lou93,Ber89]. 115 purpose is the preJimjnary design of a

transmission corridor connecting two points in an existing network. This design is intended

to transmit a given amount ofpower over the given length of the corridor. Both AC and OC

transmission alternatives are considered together with a reliability and cast evaluation of the

systems designed. More details on this module are provided in section 2.3.

• Network Enhancements. This expert system module is still in the conceptual stage but it

is intended to design enhancements of a general nature to an existing transmission network

beyond a simple point-ta-point transmission system. These enhancements are created at the

command of the Transmission System Manager. An example of how the module Network

Enhancements functions is as follows :

Suppose that the Transmission Manager bas instructions from the Planning Director to change

the stability criterion to a stricter leveL The Transmission Manager has within its knowledge

base instructions to invoke Network Enhancements for this type of request. In tumy the

Network Enhancements module bas within ils knowledge base a number of alternative means

to solve this problem: (a) Addition of faster excitation systems to existing generation units.
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(b) Addition of series compensation ta a set of existing Iines where bath the amount and

location of the series compensation is to he determined. (c) Addition of statie VAr

compensation ta a set of existing buses where both the amount and location of the

compensation is 10 he determined. (d) Building of one or more additionallines. The module

Network Enhancements determines a wide spectrum of feasible alternatives byexecuting

steady-state and transient simulations as weIl as cost and reliability evaluatioDS. From a study

of these alternatives, this module recommends a reduced set of design alternatives to the

Transmission Manager who, in~ based on these studies but aIso on other non-teehnical

considerations, recommends a rmal design to the Planning Director.

• Substation Design. TItis expert system module is the most ambitious and comprehensive

so far developed [Ata94,Ata95-2]. It generates substatioD design alternatives evaluated in

terms of cast and reliability through a set of rules, procedures and design criteria used by

human experts. This application is discussed in extensive detail in Chapter 3 of this thesis.

2.2.3 Supporting Expert Systems

1bese modules are dedicated to more specific tasks and are called upon by the major expert systems

to supply a particular ingredient to the overal1 design. The supporting expert systems are lnsulation

Coordination, Line Design, System Protection and Grounding and Financial Analysis. These

systems are DOW briefly discussed in arder.

2.2.3.1InsuIation Coordination

This expert system module ensures that the power system design will withstand adverse service

conditions with an acceptable degree of reliability (Ga19O,IEC71]. The knowledge base includes the

system overvoltages and the response of the insolation to iliese voltage stresses. The coordination
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exercise consists of the selection of the electric strength of the insulation taking into account the

proteetive margins provided by surge arresters for non-self-restoring insulation and by an acceptable

risk offailure for self-restoring insulation. The output of this module consists of such items as the

switching and lightning impulse witbstand vohages ofmajor equipment and the insulation dimensions

of the towers and substation buses. This module cao he invoked by the modules Substation Design

and Line Design. An object-oriented model for insulation coordination is presented in more detail in

Section 2.3.

2.2.3.2 Line Design

This expert system provides a methodology for the structural design of a transmission line [Epri82]

and for estimating its cost (Epri82]. This is an essential ingredient in transmission planning, especially

for long distances where line casts cao reach 75 percent of the total cost of a transmission system (the

remaining being the oost of the substations). This expert system oovers both AC and OC transmission

lines at aIl voltage levels. It takes into account varying terrain conditions and environmental

constraints, reflected in the type of towers that are most appropriate. The main consideration in the

design ofa line is the choice of conductor based on corona effects for high-voltage Iines and on the

overall costs, including the cost oflosses. Line Design is invoked by the Point-to..Point Transmission

Design module.

2.2.3.3 System Protection and Grounding

This module will deal with the choice of protection and grounding systems for faults, overloads,

undervoltage, underfrequency and system stability as weIl as special proteetive devices for ememe

contingencies. System Protection and Grounding is invoked by the modules Network Enhancements

and Substation Design.
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2.2.3.4 F"mancial Analysis

3S

The aim of this module is to generate a set of financial plans for a given project. These plans will

include factors such as: sources and schemes of fmancing a project, interest rates, cast and revenue

forecasts and payback period. This module is nonnally invoked by the Director of System Planning

or by the Generation and Transmission Planning.

2.2.4 Simulation Tools

These consist of purely algorithmic simulation programs called upon by the major or supponing

expert systems. They are basically classified as follows: Steady-state simulation tools (load flow,

harmonics, coron~ short-circuits, audio and radio interference) and Transient simulation tools

(electro-mechanical and electro-magnetic). Other important simulation programs determine

probabilistic adequacy and security measures, evaluate costs and perfonn mechanical stress analysis.

Simulations are called upon by the majority of the design modules described above. There are three

main reasons for invoking such simulation tools: (a) to verify that the choice of design parameters

based on heuristic mIes meets the criteria and constraints, (b) to fine-tune an existing feasihle design

over a range ofdesign parameters, (c) to calculate certain performance indices (e.g. LOLE, cost) in

arder 10 limit the number of feasible designs.

2.2.5 Management of the Overall Power System Planning Proœss

This section describes how PSIDE manages the planning process.

Each module of the model shown in Figure 2.1 possesses its own level of expertise and decisïon

making capability. The Director of System Planning module contains knowledge about how to

respond to the various possible inputs. It detennines whether ta invoke the Transmission Planning
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or Generation Planning or bath modules. Each subordinate module retums (after invoking a sequence

of other modules) a reduced set of alternative designs to the Director who decides on a preferred

solution. In the example of the previous Section" where the input was a change in the stability

criterion, the Director 's ehoice was restricted to only a transmission enhaneement solution. Another

example of this decision process is where the input is a Network Deficiency such as a transmission

bottleneck. In this case, the Director knows that this problem could he potentially solved by either

enhancing the network or by augmenting generation eapacity. Bath modules are therefore invoked.

Possible Generation Planning solutions may include adding new generation" building a new

interconnection or by means of demand-side management while alternative Transmission Planning

solutions may inelude new Iines or the use of FACTS devices. The modules Transmission and

Generation Planning, in arriving at a set of recommended designs, invoke the varions supporting

expert systems and simulation tools. The final choice of the Director will he primarily based on a

ba1anœ among cost., environmental impact, f1exibility and reliability comparisons. A specifie example

of this type of trade-off will he given in Chapter 4.

2.3 Object-Orîented Approach to PSIDE: Typical Power System Design Tasks

The 0 bject-oriented model of PSIDE consislS of (i) an equipment database, (ü) severa! class

hierarchies of composite-parts" (üi) a class of simulation tools and (iv) a design-session class.

(i) The equipment database is an object-oriented database incorporating aIl basic equipment (including

their properties) used by the various power system design modules.

(ü) The composite-pans class hierarchies model the various sub-systems of the final system being

designed. Such a class hierarchy must he created for each different type of design problem. It must

contain models ofan hlœly implementable sulrsystems. For exampJe, in substation design, there exists

severa! class hierarchies modelling the constituent parts of the station such as busbar arrangements

Ce.g. double-busy ring, breaker-and-a-balf) or transformer groups. The abjects in a composite-parts



elass are instantiated during the design process from the more basic abjects belonging to the

equipment databases. This instantiation is carried out by methods encapsulated within the class

definitioDS. For example, a typical busbar arrangement is made-up of busbar conductors,

disconnectors and circuit-breakers from the electrical equipment database elass hierarchy.
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Cili) The class of simulation 00015 contains mostly algorithmic procedures such as 10ad forecasting,

load flow, transient stability, short-circuit analysis, cost and reliability analysis. These procedures can

he used byany of the design modules.

(iv) The design-session class contains the complete infonnation related 10 a design session including

a set of aIl design alternatives as weIl as intennediate results obtained during the knowledge

processing (simulations, processing of heuristic rules and explanations).

Section 2.3.1 below discusses in considerable detail the abject-oriented equipment database used by

all power system design modules. The remaining three elements in the object-oriented model of

PSIDE (composite-parts, simulation tools, design session) are discussed in more detail in sections

2.3.2 to 2.3.4 through specifie power system design tasks.

2.3.1 The Object-Oriented Equipment Database

The equipment database contains the most basic elements of electric power systems. These elements

are assembled to make up more complex configurations (substations, transmission systems) whieh

are further grouped to constitute entire power networks. The fact that the same electrical equipment

are used by various power system design activities makes it necessary 10 build a general equipment

database [Ata95-2] (Figure 2.2). For example, electrical conductors and circuit-breakers must he

aeœssed when designing substations as weIl as transmission networks.

1bere exist ditIerent concepts which cauld be adopted when developing a database system, the main



• Chapter 2: AN IN1ELLIGENT POWER SYSTEM DESIGN ENVIRONMENT 38

ones being relational and object-oriented databases [Kim9O, De192]. In the case of electrical

equipment. the object-oriented approach was selected for its many useful features as discmsed below.

*

Figure 2.2: The electrical equipment database.

Hierarchical class structure. Each pieœ ofelectrical equipment is characterized by a set of electrical

characteristics (nominal voltage and current. short-circuit level, insulatioD level, ete.) plus other non

electrical properties (reliability, cost, dimensions). Since sorne of these characteristics are common

to severa! electrical apparatus, grouping them into larger structures (classes) is convenient. These

larger classes contain common properties Ce.g. nominal voltage) which are inherited by their sub

classes which may also have their own sub-classes and so OD, thus fonning the so-called class

hierarchy scheme. Where electrical equipment is conce~ the top class called uEquipment" contains

common properties pertinent to every piece ofequipment such as: rated voltage, insulation leve~ cost,

reliability indices and physical dimeMions representing the highest level of generality. The sub-classes

are organized according to the more specifie properties presented in Figure 2.2 and described as
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follows:
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• Switching equipmenL Circuït-breakers and disconnectors are basic sub-classes oftbis major

class. Since this type ofequipment is usually connected in series 9 their common properties are

nominal and shon-circuit corrents as well as longittJdinal and phase-to-ground insulation

levels. Further sub-division is based on the fact that there exist severa! different types of

circuit-breakers and disconnectors. EHV circuit breakers9 for exampl~ can he divided into

those used for switehing lines 9 buses or shunt reactors. Obviously, typical properties for all

types ofcircuit-breakers such as interrupting capacity are also properties of the top breaker

class (class "Circuit-Breaker" in Figure 2.2) while more specifie characteristics (e.g. closing

resistor in EHV breakers) are contained in lower sulrcJasses. SimiIarly, disconnectors are sub

divided into standard disconnectors9 Joad disconnectors and grounding switehes.

• Transformers. According to their role in the power system, transfonners can he classified

into two main categories: instrument and power transformers. Furthennore, CuneDt and

potential transfonners are classified as sub-classes of instrument transformers. The

conesponding class hierarchy organization is displayed in Figure 2.2. The common properties

which are inherited byevery transfonner are, for example, insuIation levels and power ratings.

Typical properties of instrument transformers are voltagelcurrent errors while power

transfonners would have the voltage and power ratings as well as impedances as particular

characteristics.

• CompematioD equipment. TIle main classification of compensation equipment is according

to the way this equipment is eonnected (shunt or series). Thus9 shunt reaetors and shunt

capacitors as well as statie var systems are classified as sub-classes of the class "Shunt"

(Figure 2.2) while series capacitors and phase-shifters belong to the class uSeries9J
• Both

classes ("Shunt" and "Series9t
) are stnlctured under their parent class "Compensation".

• Electrical eonductors. 11le principal sub-classes here model stranded-wires, cables, tubular
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and flat rigid conductors. They all have current-related common properties such as cunent

carrying capacity and short-circuit withstand capabilities but differ in their mechanical

characteristics (type of materi~ shape).

• Protection equipment. Two different kinds of protection equipment are distinguished: surge

arresters (protection against overvoltages) and relaying equipment (protection against faults).

These have very few common characteristics and are classified uneler the same class only

because of their common purpose - ta ensure protection of the system and its components.

• Communication equipment. At present. only wave traps [ABB88] are considered as a sub

class of the "communication equipment" class.

Knowledge encapsulation. The above-mentioned proPerties of electrical equipment represent ooly

a part of the knowledge preserved inside any of the equipment classes. A more important part is the

knowledge which is processed in order to assign values to these properties (instantiation). This

knowledge~usually represented in terms of well-structured heuristic rules or numerical procedures~

is embedded in class methods and hence preserved inside the class itself. This property of storing the

complete infonnation about one entity in one place (inside one class) is called knowledge

encapsulation and represents one of the basic characteristics of object-oriented database systems

[Kim9O,De192~Cox86].In the electrical equipment database one example ofknowledge encapsulation

would he the instantiation of EHV-bus circuit-breakers. The knowledge related to the selection of

brealœr type (SF6, air-blast. minimum-oil) is located in methods which perform type selection while

other methods verify the breaker cunent and insulation characteristics ta meet the design

specifications.

Polymorphism and reusahility. In addition to the inheritance of common properties~ common class

methods~ that is , methods which perfonn the same type of tasks for different classes MaY aIso he

inherited. This property of inheriting common methods (or parts of these methods) is called

polymorphism [Cox86]. One example where polymorphism is valuable in the management of the
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equipment database is in the addition or deletion of circuit-breakers. The method that performs this

task is ooly slightly different from the case where any other piece of equipment is deleted or added

The common part of this addideJete procedure is therefore a method inherited from the parent classes

uEquipment" and "Swïtehïng Equipment" (Figure 2.2). Other examples of polymorphism in design

will he discussed later in this thesis.

Another imponant characteristic ofobject-oriented databases is reusability. When introducing a new

class of electrical equipment to the database7 one needs to specify its location in the existing class

hierarchy. This usually implies that the new class will inherit a number of properties from its parent

classes. In this sense, the properties and code inherited are reused by the new class. An example of

this type of reusability is the addition of a totally new class of compensation equipment such as

FACTS [Ga196, Gri96, McG96-1] to the database.

The detailed description of the electrical equipment database including a more detailed description

of each electrical apparatus is provided in Chapter 3 (design of electrical substation).

2.3.2 Point-to-Point Transmission Design

TIris section gives an overview of the point-to-point transmission design module in the preliminary

design ofa transmission corridor connecting two points in an existing power network [Gal88]. This

module is part of a doctoral thesis [Lou96] and only its highlights are described here in the context

of the overall design too1 PSIDE. Given the amount of power ta he transmitted and the length of the

corridor, this knowledge-based module generates a set of feasible point-to-point designs evaluated

with respect to four basic criteria ofperfonnance, namely cos~ reliability, impact on the environment

and operational flexibility. Bath AC and OC design alternatives are considered [Ber89].

The point-to-point transmission design is a knowledge-intensive process relying on broad heuristic



engineering expertise as weIl as complex simulation procedures. One expert system for the

preJiminary design of point-to-point transmission has already been developed [Gal88~Gal92Lou93~

Lou96~Ber89] with the acronym TIDE (Transmission Intelligent Design Environment). This expert

system was based on a model using a forward-chaining mIe-based paradigm~ having an objectlclass

structure as weIl as links to extemal simulation procedures (load flow, stability and overvoltage

analysis).
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In orcier to incorporate TIDE into the integrated power system design environment proposed in this

tbesis (Section 2.2), TIDE must he modified to follow the object-oriented approach outlined in the

previous sub-sectioos. Thus, the concepts of knowledge distribution including the identification of

top-level and low-level knowledge [Ata95-2] are introduced in the following subsections for point-ta

point transmission design.

2.3.2.1 The Object-oriented Mode. of TIDE

As shown in Figures 2.3 and 2.4, two basic class structures constitute the object-oriented mode! of

the proposed point-to-point transmission design module, namely, the "Design-session" class and the

"Composite-parts" classes.

The "Design_session" is a class whose instance contains the entire infonnation related to a design

session. TIûs includes, oot ooly infonnation about the final design alternatives but aIso intennediate

information on how these alternatives have been generated during the design process. Thus, as

depicted in Figure 2.3, the members of the "Design-session" class are the following classes:

"Heuristics", "Simulations", "Transmission" and "Evaluation". The class "Heuristics" contains data

reIated to the processing of heuristic rules (preselected voltage levels, number of substations, basic

line-conductor parameters, selected number of circuits7 estimated amount of shunt and series

compe~tion). The class "Simulations" contains results obtained from simulations (e.g., fine-tuned

values of initialIy estimated amounts ofcompensation) while the class "Transmission" preserves a set

of complete design alternatives. Finally, the class "Evaluation" contains information regarding the
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evaluation ofthe resulting design alternatives with respect to the four criteria ofperformance, namely,

reliability, cast, operationaI flexibility and impact on the environment.

THE DESIGN_SIŒLL CLASS - THE OliTPUT OF TIŒ DESIGN SESSION

Figure 2.3: The design-session cIass ofTIDE.

In this particular case of point-to-point transmission design, the class hierarchy"Composite-parts"

defines one type of composite part, namely, "Transmission_types" (Figure 2.4). This class models

two basic types oftransmission systems, that is, AC and DC transmission. As presented in Figure 2.4,

the "AC transmission Il c1ass consists oftwo classes: "BusAC" and "LineAC". The class "BusAC"

encompasses knowledge related to the terminal buses of the AC line. This knowledge basically refers

to the load , generation and shunt compensation connected to each bus. Similarly, the class "LîneAC"

describing AC transmission lines is composed of three classes, namely, "Conduetors",

"Compensation" and "Substations" as seen in Figure 2.4. These three classes are in tum sub-classes

of other hierarchies not shown in the Figure.

Moreover, as shown in Figure 2.4, the cIass tree is further expanded to include basic electrical

equipment. For example, the class "Series_compensation" may have ditrerent possible instances such



as series-capacitor or phase-shifter [Ira94], whereas the cIass IIShunt_compensation" may be

instantiated as "Shunt_capacitor" or "Static_var_system" which in tum can assume severa! forms

-
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[Sta86].

The cIass "De_transmission" is also composed of classes similar to those of the AC case, namely,

"BusDC" and "LineDC". The class "BusDC" consists ofclasses modelling its load and generation

as weIl as a third class named "Terminal-eq" describing the conversionlinversion apparatus. The

corresponding class "LineDC" is composed of only one class modelling the line conduetor. It is

important to note that both systems (AC and DC) inherit common properties from the top class

("Transmission_types") such as insulation and tower charaeteristics [Epri82, IEC71].

TYPES OF POINT-To-POINT TRANSMISSION

LBDC'
'----.....;~~( CXlNDUCTOR'

MENBERSHIP

Figure 2.4: Transmission types.
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2.3.2.1.1 Knowledge Processing in TIDE
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Domain knowJedge is processed in arder to complete the properties of the above described classes~

thus creating the corresponding class instances. As outlined in section 2.2~ two types of knowledge

distribution are considered: (i) the distribution according ta the scope of processing~Le., global (top

level) versus local (low 1evel) knowledge~ and (ü) knowledge distribution over various classes

(encapsulation). The following sub-sections describe knowledge distribution in point-to-point

transmission design.

Top-level knowledge. Heuristic knowledge~ which is processed at the tirst stage of the design to

instantiate the class "Heuristic"~ constitutes top-Ievel knowledge. The following is a sequence of

design steps required to provide an instance of the class "Heuristic":

"AC_transmission" class:

• Given the amount of power and the d.istance~ the heuristic exPertise estimates the possible

voltage levels from a set of rated voltages.

• A nominal number of intennediate substations is estimated.

• Nominal1ine parameters (impedances~ admittances) are determined based on the estimated

voltage level and power rating.

• The number of circuits is estimated.

• The amounts of series and shunt compensation are estimated.

These steps define the general characteristics of the transmission system. Simulations are then

executed to fine-tune the nominal characteristics found above to meet the specified design criteria.
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• The possible voltage Ievels are estimated based on power and distance.

• The basic line and tenninal substation parameters are selected.

• The minimum number of bipolar lines are estimated
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Low-level knowledge. Once the top-levelknowJedge processing bas been accomplished~the selection

of the basic components (electrical equipment) naturaI1y fonows. The electrical equipment considered

when designing a point-to-point transmission system can he summarized as follows: transfonners~ line

conduetors~starie var compensatorsy shunt reactorsy shunt ca.pacitorsy series capacitors, phase shifters

and substation equipmenL 1be object-oriented equipment database described in the previous section

contains models and knowledge related to this type of electrical equipmenL The knowledge which

instantiates a particular e1ectrical apparatus is therefore contained in database class methods and is

ca1led low-level knowledge. This knowledge is used 10 instantiate the class 6'Transmission" whic~

in~ physicaIly represents a point-to-point transmission design alternative. The creation of design

alternatives is thus accomplished through the instantiation of basic electrical apparatus classes. The

task ofcIass methods is to search the equipment database for the electrical apparatus which meet all

requirements imposed by top-level knowledge and simulatioDS. For example, the equipment

belonging to the class "transmission" (shunt capacitorsy SVCy series capacitors~ shunt reactorsy

substations) can he instantiatedy thus leading to the full design alternative. The process of

'i:ransmission" class instantiation bas to he carried out for all possible alternatives found at the

previous steps (top-Ievel knowledge processing).

2.3.2.1.2 Simulation Procedures and Supporting Expert Systems

Simulations are nm in order to adjust the heuristicalJy-estimated values of series and shunt

compensation so as to meet design specifications under steady-state and transient conditions. For

exampley load flow simulations are carried ou~ among other reasons, to find the amount of SVC--
onder fullioad and light Joad conditions which will maintain a relatively flat voltage profile.



Insulation coordination (Ga19ü] is another special kind of simulation mostly based on heuristic

expertise. Therefore, this simulation tool cannat he classified as a nmnerical procedure but rather

within the group of supporting expert systems [Ata95-2]. Its purpose is to detennine the insulating

characteristics of insulator strings. More detai.Is related to the insulation coordination process are

provided in Section 2.3.4.

-
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Another supporting expert system which is implemented within TIDE is the ~Line_design". The mIe

of this module is ta recommend the conduetor size and the number of conductors per phase [Epri82]

based on corona effects and the cost of losses.

The results obtained from all these simulations lead ta the final selection of the pertinent electrical

equipment In addition, simulation procedures such as reliability, cost evaluation and multi-eriteria

analysis ofaIl design alternatives are carried out at the last design step ta rank designs according 10

the specified measures of perfonnance [Lou96].

2.3.3 Protection System Design

The main raie of proteetive relaying [Rus78,Bla87,Hor80,Mas56] in electric power system design

and operation is two-fold: (i) 11le primary function is to accomplish the prompt removal from service

ofany component of the power system which is affected by a fauIt (short-circuit) or when it operates

in an abnonnal manner representing a potential danger to the rest of the system. The relaying

equipment is accompanied in this task by circuit-breakers which petfonn disconnection of the faulty

elements upon request by the relevant proteetive relays. (ü) The secondary function of proteetive

relaying is 10 provide an indication of types and locations of failures or incipient failures.

The main objective of the protection design is therefore to select the proper relaying equipment and

to specify their method of connection ta enable the above-mentioned main protection functions ta

satisfythe input specifications. This is generally a complicated state-of-the art task based mosdy on
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extensive engineering experience involving the following activities:
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• Analysis of the system operational requirements and criteria.

• Study of the system configuration (single-line diagrams).

• Analysis and selection of feasible protection schemes which satisfy the specified system

operation criteria.

• Selection of protection equipment (relays, instrument transformers and other auxiliary

equipment).

• Evaluation of system performance and cast analysis.

A description of a proposee! object-oriented knowledge-based model for protection system design

is provided in the following sub-sections.

Considerable effort bas been made 10 consolidate protection design knowledge and then to develop

a knowJedge-based 1001 which will assist protection engineers in carrying out a design task [Mas56].

Most of these tooIs bave been developed using forward or backward chaining reasoning, using an

inferenœ engine 10 govem the execution of the mIes. However, the inherent structure of protection

design systems and the nature of the design knowledge favour an object-oriented approach to

knowledge modelling. This section, therefore ouilines the basic features of the proposed object

oriented model following the general concepts presented in the introduction (Section 1.3.2).

2.3.3.1 An Object-oriented Knowledge Model Cor the Design of Protection Systems

Two principal class structures are conceived: the "Design-Shell" class (Figure 2.5), whicb contains

an infonnation related to a particular design session and the "Protection_systems" class (Figure 2.6)

encompassing configurations ofnumerous protection systems of different power system components.

Apart from these classes, which constitute the design model, it is important ta mention the relevant.-
r equipment database part presented in Figure 2.7 which depicts the class hierarchy organization of

proteetive relays and is a member of the global equipment database (Figure 2.2).
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As shown in figure 2.5, the "Design-Shen"

class consists of four main class members
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Figure 2.S: Design-session class for protection
design.

namely ft Simulations", "Protection_schemes",

"Protection_equipmentfl and "Evaluations".

The class "Protection_schemes" contains

se1ected feasible protection systems which meet

the specified design criteria (reliabiIity) while

the class "Protection_equipment" models

protective equipment such as protective relays,

instrument transfonners and other auxiliary

equipment. The class "Evaluations" contains

results of cost and multi-criteria evaluation of

design alternatives while the class "Simulations" preserves results offundamental simulations such

as insulation coordination and short-circuit analysis.

...

...

( CI:NERATOR

Figure 2.6: Protection systems.
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Figure 2.6 presents a structure of the "Protection_systems" class whose sub-classes correspond to

basic elements of any power system, namely, generators, motars, transfonners, power lines and

busbars. Since there exist various ways of proteeting these elements, each of the above-mentioned

sub-classes is further expanded to contain severa! possible protection systems gIeaned from

experience. Thus, a generator May have differential, split-phase, ground fauIt, power relaying, over

current, over-voltage and over-frequency protection systems each of which is model1ed by a

corresponding class member of the class ItGenerator_prot". The system which will he selected and

attached to the class "Protection_schemes" (Figure 2.5) is determined through processing of the

domain knowledge described in the following paragraphs.

2.3.3.2 Knowledge Processing in Protection Systems

1be knowledge which is processed to select feasible design schemes, thus creating instances of the

class "Protection_schemes" is classified as a top-leveZ knowledge in the protection system design

modeL The main design activities involve top-leveZ knowledge processing as summarized below:

• Identification of a given system for which a protection is ta he designed (larger power network,

smaller distribution network, substation, transmission line ete.).

• Identification of the basic system sub-components which require protection (generators,

transfonners, bus sections, power lines, feeders ete.).

• Selection of required protection systems (differential, over-CUITent, under-voltage ete.) for each

sulKomponent found in the previous step. The configuration of each protection system is specified

here (e.g. differential protection requires at least two current transformers and differential relay) but

not the pertinent equipment characteristics.
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Figure 2.7: Proteetive relays database class hierarchy.

• Different options regarding the arrangement and the coordination of protection systems are

considered here. There may he severa! ways 10 derme proteetive zones for each element in a given

system. The role of top-Ievel mIes is to establish feasible primary and back-up protection zone

arrangements for each proteeted element [Mas56] preserving selectivity as an important characteristic

ofprotection systems (the ability ofa system to recognize and disconnect only the targeted element).

In addition, top-Ievel knowledge is processed in arder to determine the neœssary adjustments and

characteristics ofproteetive relays and instrument transformers (burden, class, number of cores). The

top-level knowJedge mIes are distrihuted over the methods of the class "ProteetioD_schemes" (Figure

2.5) as wen as over the methods belonging 10 the classes in the "Protection_systems" class hierarchy

(Figure 2.6). Thus, rules which perfoon the global coordination of protection zones are contained in

the class "Protection_schemes", while rules which define relay parameters and instrument transformer

characteristics are contained in the methods of the "Protection_systems" classes. For example, having

identified protection systems in a given substation, one May wonder whether substation busbars and-
power transfonners should he proteeted separately or whether, rather, a common differential
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protection scheme should be developed for bath. This kind of problem is usually resolved by

"Proteetion_scheme" class methods. In addition, one may need to specify the number ofcores, the

accuracy class and the burden ofcurrent transformers implemented in the differential protection. This

activity is carried out by the methods ofthe classes "Differ_tIf' and "Differ_bus" which are shown

in Figure 2.6.

The law-Ievel knowledge employed here is processed ta search the equipment database and select

the electrical equipment which will satisfy the given design criteria. Similarly to the point-to-point

transmission design, low-Ievel knowledge rules check whether short-circuit and insuIation capabilities

of the equipment are sufficient for operation under normal and faulty conditions.

2.3.3.3 Simulations in Protection System Design

Two type of simulations are performed here: simulations yielding system parameters used to select

electrical equipment, namely, short-circuit analysis and insulation coordination, and the evaluation

of design alternatives with respect to the cost and specified criteria preferences. The fonner are

contained in the class "Simulations" while the latter constitute the c1ass "Evaluations".

2.3.4 Insulatlon Coordination Expert System (lCES)

The insulation coordination process consists of the selection of the electric strength of equipment

in relation to the voltages which can appear in the system for which the equipment is intended. It

takes into account the service environment as well as the characteristics of available protective

devices (IEC71].

InsuIation coordination is a frequently perfonned aetivity in power system design when substation

or transmission designs are concemed. Insulation coordination is carried out to provide standard

withstand voltage levels for eleetrical equipment as weU as phase-to-ground, phase-to-phase and
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longitudinal air clearances and characteristics of insulator assemblies.
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According to the classification provided in Figure 2.1, the insulation coordination module belongs

to the group of supporting expert systems. One version of an insulation coordination expert system

bas been alreadydeveloped at McGill University (Ga190] based on a forward-chaining classical role

based approach. However, in keeping with the object-oriented philosophy of PSIDE, a new version

of the insulation coordination model bas been developed. The objective of this section therefore is

to present an object-oriented knowledge-based system for insulation coordination which could he

implemented in the proposed global model for power system planning and design (Figure 2.1). In

addition to the knowledge associated with insolation coordination in transmission system desi~ the

proposed model will also incorporate insulation coordination in substatiODS. The basic features ofthis

module are discussed in the following sub-sections [Be196-1,Be196-2].

2.3.4.1 An Object-oriented Knowledge Model for InsuIation Coordination

Two main complex classes and one class hierarchy constitute the object-oriented knowledge model

of the insulation coordination process. These are the "Design-Shell" class, the "Insolation_process"

class and the class hierarchy "Im;ulation" which are discussed in the following SUb-sectiODS.

Insulation class hierarchy. From the insulation

coordination point of view, the concept of

insolation can he considered as an independent

entity. Thus, a class named "Insolation" is

defined to represent any equipment in a power

system and as such is designated to he a top

class in the class hierarchy model of the

insulation coordination process as shown in

Figure 2.8. Ni mentioned above, there exist two
Figure 2.8: Insulation class hierarchy.



main insulation coordination activities in the power system design ~ oamely, insulation

coordination in substatiom and insulation coordination in transmission design. The main sub-classes

"Substatîon_Insulation" and "Transmission_Insulation" are derived from the top class "Insulation"

preserving the knowledge related to the above-mentioned activities. Funhermore, the electrical

equipment installed in substations can he either proteeted (by surge-arresters) or unproteeted. This

involves the creation of (Wo additional sub-classes "Proteeted_Insulation" and

"Unproteeted_lnsulation" derived from the class "Substation_Insulation" containing specific

knowledge related to the insulation coordination process when either proteeted or unproteeted

equipment is involved.

-
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Figure 2.9: Insulation_process class.

1be "Insulation" class contains common attributes related to general insulation data such as standard

withstand voltage values, proteCtive levels of surge arresters, rïsk-of-faïlure curves, ete. As for the

"Substation_Insulation" class, its attributes are inputs (overvoltages and environmental conditions)

and two instances of the "InsulatiOD_PrOcess" class named "extemal" and "internaI". These represent

respectively the external and internai insulation characteristics of equipment. The attributes of the

"Transmission_insulation" class are inputs (overvoltages and envirooment) and the characteristics of

insulator strings and air gaps.

The Insulation_Process class. The

"Insulation_Process" class (Figure 2.9) is defmed

in order to model the insulation coordination

procedure which coosists of the following steps:

determination of representative, coordination

withstand, required and standard withstand

overvoltages as weIl as air clearances.

Consequently, the classes:

"Representative_Overvoltages" ,

"Coordination_Withstand_Voltages",

"Required_Withstand_Voltages", and "Standard_Withstand_Voltages" are members of the
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"Insulation_Process" class. Accordingly, attributes ofeach of these classes are values of the voltages

at each step. In addition, the class "Clearances" contains values of air clearances phase-to-ground,

phase-to-phase and longitudinal.

The Design-Slu!ll class. This class contains the complete information related to the particular design

session. Thus, if both substation and transmission design are conside~ both members

"Design_Substatïon" and "Design_Transmission" are instantiated. The class "Design_Transmission"

is defined as a part of the Jnsulation class hierarchy and corresponds to the class

"Transmission_Insolation". The c1ass "Design_Substation" aIso contains an aggregate class memher

"Voltage_Levels". The tenn aggregate means that there may he severa! instances of that class

depending of the nomber of voltage levels in the substation. As shown in Figure 2.10, the members

of the class "Voltage_Levels" belong to the classes "Proteeted_Insulation" and

"Unproteeted_Insulation" which are aIso defined in the "Insulation" class hierarchy.

2.3.4.2 Knowledge Processing in Insulation Coordination

Figure 2.10: Design-session class for insulation
coordination.

According to the IEC Application

guide [IEC71], the insulation

coordination process consists of four

basic steps: detennination of

representative overvoltages,

coordination withstand voltages,

required withstand voltages and

standard withstand voltage levels.

The knowJedge which is processed at

these steps depends on the type of

insulation (external, internal) and on

the existence of proteetive devices.

Thus, where proteeted equipment is
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conœrned, the above steps are accomplished by using methods of the class Proteeted_Insulation. On

the other band, when dealing with unproteeted equipment, methods from the Unproteeted_Insulation

class are invoked. The use of polymorphism is particularly advantageous here since there exist

severa! methods which perform the same kind of task involving different knowledge Mes. For

example, the determination of coordination withstand voltages for slow-front overvoltages is

accomplished by using the class method from the "Proteeted_Insulation" class based on a

detenninistic approach for proteeted equipmenL Where unproteeted equïpment is concemed, the

same method from the class Unproteeted_Insulation is employed relying in this case on the statistical

approach. The statistical approach can also he applied to proteeted equipment merely by assuming

that the insulation is unproteeted.

Apart from processing the domain knowJedge, each method generates explanations about the design

activity.

2.3.5 Substation Design

The design ofelectrical substation represents a very complex knowledge-intensive problem involving

severallarge areas ofexpertise snch as single-line diagram selection, insulation coordination, short

circuit and load tlow studies, equipment selection, protection, reactive power management, reliability

analysis and cost evaluation. The design of substations is a frequently required task in any power

electrical system as a result of load growth, generation expansion and voltage control needs. As sucb,

the substation design problem occupies an important place in the proposed integrated knowledge

based model for electric power system planning. One of the objectives of this researcb is therefore

to develop one complete knowledge-based system which integrates, preserves and supports

substation design tasb. 1bis example demonstrates all the powerful features and advantages of the

object-oriented approach to solve complex power system design problems. The following chapter

provides detailed description of the developed prototype for the preliminary design of electrical

substations [Ata94~ta95-2].
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This chapter presents in detail an intelligent computer environment for the design of substations

(SIDE, Substation Intelligent Design Environment) based on the object-oriented paradigm

described in Chapter 1 [Ata94]. This tool integrates a diverse set of substation design and

simulation activities into a powerful and friend1y software package.

The term inteUigent as used in this thesis should he interpreted as the capability ta process a broad

knowledge base and te produœ a set of complex design alternatives (in this case substatioDS) whieh

meet a given set of basic specifications. The "intelligence" in SIDE is present in (wo faimS:

Knowledge within nùes and procedures and the distribution of this knowledge over well-structured

classes of abjects.

The development of SillE is motivated by the following facts:

• The design of substations is a frequently required task: in any power system as a result of load

growth, generation expansion and voltage control needs. As one example, in the Montreal area with

a Ioad of approximately 15,000 MW, about 200 different substation design projects are carried out

annually ranging from 25 kV ta 735 kV at a cast of severa! hundred million dollars.

• Many aspects of substation planning, design, operation and maintenance are highly knowledge

intensive, that is, their execution depends strongly on human expertise acquired tbrough years of

experience rather titan on specifie numerical procedures.

• Expertise in substation design and operation is becoming less available due ta the retirement of

experienced personnel. Furthermore, substation design expertise is generally not centra1ized but,

rather, spread throughout numerous departments, companies, data bases, manuals and people. An
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integrated knowledge-based substation design 1001 would go a long way therefore to preserve and

make use of this expertise.

The general objective in tbis part of the research was to develop a knowledge-based tool 10 integrate7

preserve and support those tasks inherent 10 substation design. This tool fulfills this objective by

bringing 10gether the principal activities and data related ta the electrical engineering design of a

substation. It produces a number of potential designs which satisfy the given design criteria sucb as

short-eircuit levels, insulation withstand voltages and reliability. The designs generated by SIDE

include: the definition of the main substation equipmen~ their general electric specifications, the

sing1e-line diagram of a substation, as weIl as a detailed report describing the design performance

including reliability and COSL

The main knowledge-based system architecture outlining all the basic system subcomponents and

modules of SIDE is introduced in Section 3.2. The detailed description of the object-oriented

knowledge modeJs including the description of the domain knowledge, knowledge representation and

knowledge processing is provided in Section 3.3 te 3.8. Finally, the basic characteristics of the tool's

graphical user interface are presented in section 3.9.

3.2 System Architecture

As shown in Figure 3.1, the system architecture of SIDE is conceived to function on the client

server principle. The server is the brain which contains the object-oriented design knowledge

models. It manages the system databases and performs knowledge processing to generate a set of

feasible design alternatives. The client is the graphical user interface which enables users ta access

different design facilities, input design specification data and examine output design alternatives

and databases. Severa! usees can access the design tool simultaneously. The server is developed

;- under the C++ programming language [Pra91] for its object-oriented capabilities and portability

while the clients are based on TclfI'k [0us93], a powerful environment for graphical user interface
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development.
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The following is a summary of the four basic components of the server seen in Figure 3.1 as part

of the overal1 system architecture of SIDE.

•
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Figure 3.1: The knowledge-based system architecture.

The Design Specifications Module is

described by an object-oriented class

stnlcture whose main pmpose is te

maintain a database of input design

specifications.

The Simulation Module contains

diverse simulation procedures which

are used in the design process (load

flow, short-circui~ insulation

coordination, reliability, cost analysis

etc.).

The System Databases contain data on all substation electrical apparatus, system design constants

used in some simulation procedures and existing input specifications and output designs. The

graphical database (developed in Tcl!fk) is not a part of the server but it communicates with the

server through the interface module and holds a graphical representation of all substation equipment

and single-line diagram components including complete single-line diagrams.

The Design Module coordinates the design knowledge processing and generates and evaluates output

design alternatives.

The client subcomponents are menus, windows, buttons and dialogue boxes providing the user with

friendlyaccess ta an system faci1ities. To enable a connection between server and clients (C++ and
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"''',

TclfI'k), an interface module bas been developed which contains various interface C functiODS.

3.3 Object-oriented Model ofSIDE

The domain knowledge in substation design can he subdivided into the following five categories:

• Structural Composition of a Substation (Section 3.4)

• Design Specifications of 5mE (Section 3.5)

• Simulation Procedures (Section 3.6)

• Substation Design Methodology (Section 3.7)

• Electrica1 Equipment (Section 3.8)

These sections outline at sorne Iength the steps whereby the object-oriented model for substation...
design is constructed beginning with the description of a substation and ending up with its principal

equipment components. To lighten the burden on the reader, these sections can he considered as

entit:ies in themselves: t.beyare more or Jess self sufficient: Nevertheless, their contents are related so

that taken together they fonn the story of SmE. The chapter concludes with a discussion of the

GraphicaI User Interface.
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3.4 Structural Composition of a Substation
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An electric substation is an assembly of power equipment whose function is to transfonn electric

energy or to facilitate the swïtehing of Iines or cables so as to control the power flow and voltage

leveIs in a power system. A typical transformer substation consists of the following five main

composite groups of electrical equipment:

...
Hlgh Voltage

l1ne
Ter.lN1Uons

~
low 'olbl

Une
Tera1netlons

Figure 3.2: Typical substation single-Iine diagram.

(1) High-voltage liDe terminatiODS.

(2) High-voltage busbars.
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(3) Power uansformers and associated equipment.

(4) Law-voltage busbars.

(5) Low-voltage fine teuninations.
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Figure 3.3: Substation class structure.

Figure 3.2 shows a single-lîne diagram of a typical 735/315 kV substation where its five main

composite groups are identified The knowJedge-based system discussed here, SmE, takes advantage

of this natural composition of a substation in order to systematically structure the knowledge

associated with its design. Thus, the whole substation can he considered as being a class containing

severa! main class memhers corresponding more or Jess to the substation basic composite groups.
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Figure 3.3 displays the substation main class structure, i.e. the class "Substation". The classes

"HV_Temrinarions", and "HV_Buses" model the composite groups that belong to the bigh-voltage

part of the substation. The class "LV_Level" was conœived 10 model the substation low-voltage part

whose main components are the classes representïng the substation composite groups located in the

low-voltage part ("LV_Buses", LV_Terminations") including the transformer and compensation

groups (the class "Units" modeJs both low-voltage and high-vohage sections). Apart from the classes

modelling the five constituent groups, the class "Substabon" contains the classes "Simulation" and

"General". The former encapsulates the knowledge related to the simulations which are usually

carried out in substation design, i.e., it comprises methods which perform insulation coordination,

short-circuit studies, reliability analysis, ete.. In addition, the same class preserves the results of all

these simulations later used in the design process. The class "General" consists of general design

information such as design title, nomber of voltage levels and number of i.ncomingloutgoing lines.

The following subsections disclw in detail the domain know1edge and the corresponding object

oriented knowledge models associated with the substation composite groups.

3.4.1 mgh and Low Voltage Line TermiDations of a Substation

High-voltage line tenninations represent comection points for high-voltage incoming/outgoing lines.

The typical subcomponents of the high-voltage line tenninatioDS are the following electrical

apparatus: linesIcables, circuit breake1'8, shunt reactors, dïsconnectors, grounding switebes, surge

arresters, instrument transformers and communication facilities (wave traps). There exist severa!

possible arrangements for HV terminations depending on the electrical apparatus to he installed.

Twelve of the most common tennination configurations are presented in Figure 3.4 and discussed as

follows:

The HV line terrninations HV_Tennl, HV_Term2 as wen as HV_Term11 and HV_Term12 are mostly
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impJemented at extra-high voltage levels of 500 kV and above. Their common characteristic is that

they possess a shunt reactor accompanied by switehing and proteetive equipment such as a surge

arrester, circuit breaker and current transfonners. The shunt reactor is required to limit possible

overvoltages which can occur in extra-high voltage transmission systems. These line terminations also

include a potential transformer to enable voltage measurements, a main disconnector which executes

the disconnection of the line from the busbars, and a line conductor whieh intereonnects all these

components. These components (potential transformer, disconnector and conductor) are common

(
HVTB1lMl HV'J'B1t.M2 HVTB1t.M5 BVTBllM4 HV1'BIlMS BVTBIlM6

HVTERM12

l' ~, ~,
y 1

- . - .

r r
.,.

( ~
HV'l'BIlM7 BV"IB1lMa HVTB1lM9 HVTBJtMI0 HVTEllMll

Figure 3.4: Substation line terminations.

not ooly 10 these four but 10 other configuration types. In addition to these common properties, the

line termination configurations have their own particular characteristics. Thus, the configurations
';.._9'

;, HV_Terml and HV_Term11 possess wave traps to enable communication and signal transmission
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while HV_Term12 bas an

additional current transformer 10

enable required measurements of

electric power.
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The Hne temrinarions HV_Term3,

HV_Term4, HV_Term5 and

HV_Term6 are standard

configurations implemented al ail

voltage Ievels. Apart from the

common elements (potential

transformer, disconnector and

conductor), HV_Term4 and

HV_Term6 have a

communication facility (wave

trap). Furthennore, the configurations HV_TermS and HV_Term6 have an additional current

transfonner enabling electric power measurements.

Figure 3.5: High voltage tenninations class modeL

The configurations HV_Tenn7 and HV_TermlJ possess a circuit-breaker to accomplish the

disconnection of the line if the presence of a fault bas been deteeted. These line terminations are

impJemented when the correspooding HV busbars do not possess enough circuit-breaker facilities 10

disconnect the lines.

HV_Term9 is the only configuration having a cable conductor. Since a cable contains non-self

restoring insulation (insulation material that can he permanently damaged) the presence of a surge

arrester is required.

lN_TermlO contains one compact measurement package (current transformer-potential transformer)
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Figure 3.6: CIass hierarchy modelling different types ofline terrnjnatioDS.

to enable measurement of electric power.

Apart from the above-discussed configurations of line terminations, there are various other me
terTDinarion arrangements which can he considered. Those depicted in Figure 3.4 are the typical ones

included in the database of SIDE. One of the advantages of the object-oriented approach in

knowledge modelling is the flexibility to easily upgrade, that ïs, the addition of a new configuration

to the existing knowledge base is accomplished very efficienûy. The object-oriented knowledge
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models ofbigh-voltage line terrninatioDS are

DOW described in more detai1

One class structure and one class hierarchy

constilute the object-oriented model of HV

line tenninatioDS. The cIass structure

"HV_Tenninations" shown in Figure 3.5

consists of class memhers representing ail

types of electrical equipment which may

helong to the HV terminations composite

group. In addition, tbis class contains a

method named "SelectInstancc" which

govems the class instantiation and which

will he addressed in more detail at the end

of this section.

.......__......,.-_aa.

• •
~n ...
........- CT.- ---- -

Figure 3.7: An example of a HV line termination
class model (HV_TennS).

The class hierarchy presented in Figure 3.6 models the HV termination arrangements shown in Figure

3.4. Thus, a class nalllf'Lf "HVfenn_Types" al the top of the class bierarchy contains methods which

perfonn the complete selection of the HV tennination's electrical apparatus. The attribute complete

means tha~ not only are the electrical properties defined by invoking the appropriate electrical

apparatus class constructor, but that the name, location and function of tb.is appamtus within the

substation are a1so specified. The subclasses of the "HVTerm_Types" class are models of the different

HV tennination arrmgements shown in Figure 3.4.

Figure 3.7. presents a class model of one line termination (HV_Term5). Apart from inheriting

methods from their parent class, each of these subclasses possesses the method named

"SelectEquipment". This method entirely defines the equipment configuration of each HV tennination

, arrangement by selectively instantiating ooly those electrical apparatus (marked "ON" in Figure 3.7)
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which belong to this arrangemenL As shown in Figure 3.7 ~ the object created by this method is of

type "HV_Tenninations" which means that the execution of the method results in the construction

of one instance of the class "HV_terminations". As could he concluded~ different types of HV

tenninatioos are created by executing the method "SelectEquipment" from different subclasses. For

example, if the method is invoked from the class "HVTerm5" the corresponding arrangement

(HV_term5 in Figure 3.6) will he created. This is a good example of polymorphism since each

subcJass contains a method with the same name (SeJect_Equipment) performing the same type of task

(instantiation of the equipment pertinent to the particular HV termination) but with different a

function (not the same equipment are instantiated for each arrangement). The instantiation of

electrical equipment is accomplisbed using methods inherited from the top class "HVTenn_types ft

which are invoked in sequence within the method "Select_Equipment". The addition of a new HV

tennination arrangement cao he easily accomplished by defining the appropriate "Select_Equipment"

method of the additional subclass in the class hierarchy tree.

The instantiation process of "HV_termination" class is carried out in following steps:

-The method ftSelectInstance" from the class "HV_Tenninations" is involœd firsL The parameters

passed to this method are the system design specifications (an instance of the class "System_Input"

from Section 3.5)~ the results of the simulation procedures (an instance of the class "Simulation"

from Section 3.6)~ as weIl as the single-line diagram configuration of the substation (an instance of

the class "SLOiagram" from Section 3.7). Depending on the type of HV termination arrangement

which is provided as a part of the single-Iine diagram configuration, the method will select the

corresponding subclass from the "HVTenn_types" class hierarchy (Figure 3.6) and pass the

information regarding the system inputs, the proper names of the electrical apparatus and the location

of this HV termination in the substation, 10 the method "Select_Equipment of the chosen subclass.

- The method "SelectEquipment" is then nm in order to instantiate the electrical apparatus belonging

ta the chosen HV termination arrangements. For exampl~ if the HV_Tennl configuration is ta he
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~ the method "SeJectEquipment" from the class '1IVTermlit (Figure 3.6) will instantiate the

foDowing equipment classes (Figure 2.4 Chapter 2): "Sh_Induet" (shunt reactor), "S_arrester" (surge

arrester)y "Sh_Ind_Ch" {circuit breaker)y "Potential" (potential transfonner)y "Current" (cunent

transformer), "Standard" (disconnector). ThUSy the HV tennination part of the substation which

corresponds to the HV_Terml arrangement is instantiated as a result of processing the method

"SelectEquipment" from the class "HVTennl". Similarlyy the other arrangements of HV tenninatioDS

can he constructed by invoking the method "SelectEquipment" from the corresponding subclasses

in the class hierarchy (Figure 3.6).

As far as low-voltage line terminations are concer:ne<L the same considerations and object-oriented

models apply.

3.4.2 Substation Rigil-Voltage and Low-Voltage Buses

The high-voltage and the low-voltage busbar systems in the substation are considered the most

important elements of the single-Jîne diagram. They represent connection points for high-voltage and

low-voltage line tennïnations as well as transformer/compensation groups. The electrical apparatus

which constitute substation busbars are bus conductors, current and potential transformers and

switehing equipment (circuit breakers and dîsconnectors). Severa! possible connections (busbar

arrangements) cao be defined depending on the required level of reliability and operational t1exibility.

The most common busbar arrangements are: different versions of double busbars (witblwithout

sectionalizers, one/two breakers, U connection)y breaker-and-half arrangemen~ ring and single-bus

arrangement. Less frequendy, one can come across busbar configurations such as triple-busbars,

single-plus-transier buses or tapped arrangement Following is a detailed description of each of the

above-mentioned bwbar arrangements. Some typical substation busbar configurations are depicted

in Figure 3.8.
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Figure 3.8: Sorne important substation busbar arrangements.

Double-busbar arrangements are preferred for larger installations (number of circuits greater than 2)

usuallyat voltages above 120 kV. They are characterized by good operational f1exibility (easier

maintenance, possible separate operation from either bw) and a relatively high level of reliability.

There are severa! forms of double busbars such as double-busbars-with-sectionalizers, double

busbars-without-sectionaiizers, one-breaJcer-double-busbars, two-breaker-double-busbars or

different combinatioDS of these (e.g. twO-breaker-double-buses withlwithout sectionalizers). The

presence of sectionaJjzjng brealœrs somewbat improves the reliability and the operational flexibility
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of the ammgemenL Although more reliable and flexible, the arrangements with sectionalizjng

breakers are more costly. Qther, less-frequentlyimpJemented double-busbar arrangements are the so

called U-connection-double-busbar arrangement and the bypassed-double-busbars. The former is

used when low cost and space-saving (environment) are desirable wbile the latter is favored when

better operational f1exibility is required allowing each branch of the installation to he isolated for

maintenance without supply interruption.

Simîlar 10 doubJe-busbar arrangements, the BreaJcer-and-a-haljammgement is used mostly in large

high-vohage (above 120 kV) ïnstaDations. Fewer circuit breakers are needed here for aImost the same

operational flexibility as for two-breaker-double-busbars thereby decreasing the cost of equipment

although installation costs could he greater. Uninterrupted supply is maintained even if one of the

buses fails. Easy upgrade (possible extensions) is another advantage of this busbar configuration.

As far as Ring-busbar arrangement is concerned, each branch requires only one circuit breaker and,

yet, it is possible to maintain each breaker without intelTUpting the load supply. This busbar

configuration is frequenùy used in medium voltage SUbstatiODS. Sometimes, it is implemented as the

tirst stage of a breaker-and-a-half arrangement having lower operational t1exibility and reliability

Jevels but also heing less costly. It is often utilized in space-restricted substations for their relatively

low space requirements when the number of incomingloutgoing circuits is relatively small.

Single-busbar arrangements can he realized in one of the following forms: single-busbars, single

busbars-with-sectionalizers and bypassed-single-busbars. The single-busbars arrangement is the

least costly option suitable for sma11er installations where the reliability and operational flexibility

criteria are not the most critical ones. Il is not usually implemented at voltages above 315 kV since

a bus fallure removes the whole substation from service. The operational t1exibility is slightly

increased by introducing the sectiona1izjng breaker (single-busbars-with-sectionalizer) which allows

the substation to he split into two separate pans as well as the parts to he disconnected for

maintenance purposes. Even better performance can he achieved by introducing a bypass busbar
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Table 3.1: Busbar arrangement relative scores.
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Arrangement 1 Reliability Operational Cost Impact on the
Criteria F10ibility EnvironmeDt

One-breaker- 4 3 4 5
double-busbars

Two-breaker- 8 5 3 4
double-busbars

One-breaker- 7 6 1 3
double-busbars-
sectionaJjzed

Two-breaker- 10 10 0 1
double-busbars-
sectionalized

Bypassed- 5 8 5 2
double-busbars

Breaker-and- 9 9 2 6
half-busbars

Ring-busbars 6 7 6 9

Single-busbars 0 0 10 10

Single-busbars- 1 1 8 8
sectiona1jzed

Bypassed-single- 2 2 9 7
busbars

Trip1e-busbars 3 4 7 0

thereby further increasing the maintenance capability.

The so-caDed tapped-busbars mangement is used in the smalJest substations having usually Dot more

.J than two incoming circuits. Transfonners are connected directly to the incoming lines such that the
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HV busbars in their real fonn do

not exist. Very low reliability

and operational flexibility

counterbalancedc by low cost

and spacing characterize this

arrangemenL

Table 3.1 summarizes the

characteristics of each

arnmgement with respect ta the

four basic criteria (reliability.

cost, operational flexibility and

impact on the environment).

Relative scores from 0 to 10

have been assigned to the

various busbar arrangements

based on experience.
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Figure 3.9: Substation HV busbars class madel

The object-oriented knowledge modelling of substation busbars is accomplished in a manner girnjlar

to the case of substation line terminatioDS. Thus, as outlined in Figures 3.9 and 3.10 the object

oriented class model of the above-described substation busbar configurations consists of two main

classes, namely. the class '1IVBus_Types" and the class 'HVBusbars". The former constitutes a class

hierarchy wbich models an the above-eonsidered busbar arrangement where the class ''HVBus_Types

is on top of the hierarchy whereas busbar arrangements are modelled as its sub-classes inheriting

common methods (methods which instantiate busbar equipment) as in the case of line tenninations

(previous section). The '1IVBusbars" class represents a physical model of the substation busbars

containing ail its components (circuit breakers, di.sconnectors. bus conductors, instmment

- transformers) as class members.
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Figure 3.10: Substation busbars class hierarchy.

The instantiation process of substation busbars is completely analogous to that of substation line

terminatioDS. Thus, the method "SelectEquipment" is defined for each busbar arrangement

encapsulating the knowledge related to the equipment configuration of that arrangement. The method

"SelectInstance" is cJefined as a member of the class '~usbars" in order te govem the instantiation

process of the overall busbar configuration (an instance of '1IVBusbars"). The same instantiation

procedure as described in detail in the previous section for substation line tenninations is applied here

for substation busbars.
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Therefore, given the input arguments (sing1e-linedia~ system input parameters and simulation

resuhs), the method "SeIectInstanœ" is called upon first in arder 10 pick up the appropriate subclass

of ''HVBus_types'' hierarchy (the previously selected busbar arrangement). The method

"SelectEquipment" from the selected subclass is tben invoked to carry out the instantiation of

electrical equipment be10nging to the chosen busbar arrangement. The electrical equipment involved

here is basicaDy switching equipment, current transformers and bus conduetors and since all of these

apparatus are present in almost ail busbar configurations, the method "SelectEquipment" is only

slightly different for the various class models of busbar arrangements.

3.4.3 Substation Transformer and Compensation Groups

Transformer/compensation groups (OC groups) contain power transformers as their main component

plus pertinent compensation, proteetive and switehing apparatus sueh as surge arresters, eurrent and

potential transformers, dîsconnectors, circuit brealœrs and grounding transformers. The role of TC

groups is 10 accomplish the connection betweendifferent voltage levels in a substation and ta perform

reactive power compensation by means of compensation equipment such as sve (statie var

compensa1Or) or capacitor banks are implemented. Unlike substation busbars or line terrninations,

wbere the number ofconsidered arrangements was relatively small, numerous possible configurations

for Te groups can he taken into account depending on the insulation coordination considerations,

busbarammg~ compensation and protection requirements. Figure 3.11 outlines the proposed

classification ofa restricted number of TC configurations eonsidered by SIDE. These configurations

are discussed in more detail as follows.

The main subdivision of transformer groups is made according to the switehing and insulation

coordination requirements such that it is possible to distinguish TC groups equipped ooly with

disconnectors, those having one input or output circuit breaker as weIl as those containing circuit-
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Figure 3.11: Classification of substation transformer groups.

breakers on both sides of the transformer. Nonnally, circuit breakers are not installed if the chosen

busbar arrangements possess sectionaJizjng breakers. For example, when double busbars with

sectionalizing brea1œls are emplo~ at both the high-vo1tage and low-voltage sides of the substation,

circuit breakers are not necessary since busbar sectiona]jzjng breakers provide enough facilities to

perfonn the neœssary switehing. However, if a busbar ammgement without sectionaHzjng breakers

is used at either, the high-voltage or low-voltage side of the substation, a circuit breaker must he
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fumished at the transformer terminal that bas no sectionalizing breaker.
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& far as internai insuJation isco~ the power transformer May he proteeted by sucge arresters

on bath sides or only on the high-vohage side or not al an depending on the environmental conditions

(indoodoutdoor substation) and on the voltage leveL Thus, for outdoor substatioDS, sucge arresters

on bath sides are required to proteet against lightning strokes. Moreover, for voltages above 245 kV,

the presence of surge arresters is recommended in order ta proteet against switehing overvoltages.

Therefo~ there exist four possible subdivisions acconting to the switching requirements which, when

combined with the three basic subdivisions due to insulation protection requirements, make up the

twelve main classes of TC groups (Figure 3.11). In addition, each of these twelve classes is further

subdivided according to the compensation and fault protection wb accomplished by these TC

groups. Bence, some TC configurations contain sve or capacitor banks connected at the transformer

tertiary winding, others may bave a grounding transformer to provide a path for zero-sequence

currents or an auxiliary supply unit Consequendy, seventy two TC arrangements have to he

considered in the SIDE knowledge base.

~MCI&DCnIE

• ..,." ......AIA1UI
~~

e-lU'S

Figure 3.12: Transfonner group class structure.

The object-oriented knowledge model ofTC

groups is the MOst compJex of the substation

composite parts. It consists of the main class

~'Units" representing an object-oriented

interpretation ofa transformer group (Figure

3.12) and one class hierarchy (Figure 3.11)

where the above-discussed Te group

arrangements are clas.afied Sînce the

nwnber of arrangements is fairly large, the

bierarchical class organization takes

advantage of aIl availabIe object-oriented

mecbanisms such as inheritance, multiple
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inheritance and polymorpbism [Boo91]. Thus9 as presented in Figure 3.21, the two subdivisioDS9

according 10 the type of switehing and insulation proteetion9 are rea]j7PA through twelve main sub

classes. Forexamp~ the class 'vrRF_ID_SA" encompasses aIl arrangements having surge arresters

at bath the input and output sides of the ttansfonner, wbüe the class ''1RF_I_CB" contains those

arrangements equipped with a circuit breaker at the transformer high-voltage terminal. Accordingly,

the arrangement having both characteristics (e.g. class 1RF_SECI in Figure 3.21) 9 i.e. two surge

arresters and no circuit breakers, must inherit properties from bath classes ''TRF_10_SA" and

'7RF_NO_CB" which in tom inherit from the class on top ( '''TRF_Types'). The mecbanism of

multiple inheritanœ assures that properties of the ''TRF_Types'9 class are not inherited twice (through

''TRF_10_SA" and ''TRF_NO_CB" classes) by the class ''TRF_SEC1".

The properties of the class ''TRF_Types" are methods that perfonn the instantiation of electrical

apparatus. In addition, this class contains two important methods, namely, "SelectEquipment''' and

"Se1eetTransformer". The former method which represents an excellent example of polymorphism,

invokes in its body the methods wbich take care of power transformers ("SelectTransformer9
),

insulation protection (uSelectInsulation"'), switehing ("SelectSwitehing") and compensation

equipment ("SelectCompensation"'). The method ("SelectTransfonner") instantiates the power

transformer as the main and indispensable component of TC groups an~ as such, is defined as a

member of the top class and is inherited by all sub-classes in the hierarchy. The methods

"SelectSwitcbing" and "SelectInsuJation'" contain the knowledge managing switehing and insulation

requirements for different switehing and insulation groups. Thus 9 these methods are defined as

properties of the twelve main subclasses which model different switching and insulation arrangements.

For example, the method "SelectSwitehing" from the class '7RF_1_CB'" would know that the

instance of any of its sub-<::lasses must possess one circuit breaker at the input side while the same

method defined in ''TRF_IO_CB'' class would arrange the instantiation of circuit breakers at both

sicles ofthe transformer. Finally, the methods "SelectCompeosation" are defined at the lowest level

in the hierarchy, ie. in evecy single sub-class modeling one particular TC arrangement For example,
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the instantiation of the power transformer of the class 'iRF_SEC49" is perfonned by the method

"SelectTransfonner" inherited from the top class -rRF_types"y the instantiation of switehing

equipment is accomplished through the method "SelectSwitehing" inherited from the class

"!RF_NO_CB" (no breakers), the surge arresters are defined by the method '~SelectlnsuIation" from

the class ''TRF_la_SA" wbile the instantiation of the shunt capacitor bank is canied out by the

method "Se]ectCompensation" wbich is uniquely defined inside the class ('TRF_SEC4911
) itself. The

mecbanign ofpolymorphism is efficiently implemented here through the method "SelectEquipment"

which is inherited by all classes in the hierarchy but perfonns different tasks. The task distinction is

explicit in the methods "SelectSwitebing", "SelectInsulation" and "SelectCompensation" which

instantiate different electrical equipment in different classes and are all invoked inside the body of

"SelectEquipment".

The properties of the class "Units" (Figure 3.12) are also class models of electrical apparatus which

belong to the TC groups (c1ass models for circuit breakers, disconnectors, capacitor banks, power

and instrument transformers and surge arresters). In addition, the method "TRFSelectlnstance"

contaÎDS knowledge processed when new instances of the class "Units" (as shown in Figure 3.12) are

ta he ereated. 1bis instantiation process is accomplished as follows.

Given the substalion single-line-diagram as an input argument, the method 'TRFSelectlnstance" fust

identifies which TC group ammgement is 10 he implemented in the selected single-line-diagram. The

''fRF_Types'' class hierarchy is then searched in order to locate the appropriate class which models

this TC arrangement The instantiation of titis class is then performed by calling upon its method

"SelectEquipment" whose execution results in the construction of the electrical equipment pertinent

to this particular TC group arrangemenL This TC groups instantiation process is then repeated for

an TC groups in the single-line-diagram.

One example of TC group instantiation is as follows. Suppose that the single-line-eonfiguration of

/- the desired transformer group conforms to the class '7RF_SEC_l". The switehing equipment
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pertinent to this class consists ooly of input and output di.sconnectors. The insulation protection is

accomplished by surge arresters placed on both sides of the transformer while neither compensation

nor grounding transformers are needed. Thus the class '7RF_SECl" is located tirst by the method

"1RFSelectInstanee". The method "SelectEquipment" which belongs to the class ''TRF_SECl" is

then processed as follows: (i) the power transformer is created first through the method

"SelectTransformer'~~ (ü) the method "SelectSwitehing" is invoked next in order to instantiate input

and output disconnectors~(fi) the input and output surge arresters are constructed by the method

"SelectInsulation"~ (iv) finally~ the method "SelectCompensation" is calIed upon but it does not

instantiate anyelectrical apparatus since its definition in the class '7RF_sec l" contains an empty body

(no compensation or special protection is provided in the arrangement modeled by 'TRF_SECl If).

The object crealed by the method ''SelectEquipment'~ is an instance of the class "Units" which.. in this

examp~ bas two abjects modeling disconnectors~ two abjects representing surge arresters and one

object modeling the power transformer. Note that the power transformer represents a complex

electrical apparatus containing two current transformers which are instantiated as part of the power

transformer class. In a similar fashion, all the other TC groups can he instantiated as required.
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3.5 Design SpedficatioJW in SIDE
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The design specifications in SIDE represent the basic inputs imposed on the substation design

process by the power system~ the environment and by reliability requirements. These specifications

are known to power engineers as design criteria and are here categorized as follows:

Power System Criteria include system-dependent parameters such as rated voltage levels, load

ratings, short-circuit and insulation levels in the existing networ~data related to the incoming and

outgoing power lines as well as data regarding reactive compensation.

The specified values for voltage levels are the maximum operating voltages for equipment. The

infonnation regarding load rating (MYA) is provided in two forms: a total peak load rating of a

substation and as a set of peak load ratings separately characterizing each customer supplied by the

substalion. The network short-circuit levels are specified by two parameters, namely, the three-phase

and single-phase short-circuit capacity (kA). The inputs used for insulation coordination purposes

are the expected slow-front and temporary overvoltages as weIl as the specified risk of fallure of the

insolation [lEC71]. The incoming and outgoing line parameters are line related (the line capacity

and nominal rating, the type of the conductor, the failure and repair rates, the line length) and non

line related parameters (type of measurements required, type of communication facility). The data

regarding reactive power compensation refer mainly to the type and ratings of the static VAR

systems usua1ly implemented in the high voltage part of the substation. Since substations, in

general, operare al severa! voltage levels, it is important to mention that most of the above-described

input data have ta he specified for each voltage level.

Environmental Criteria characterire typical environmental conditions which may have a strong

impact on the substation design sucb as ambient temperature range, altitude above sea level, wind

velocity, ice loading, rainfaIl, snow, pollution levels 7 audible noise level and the location of the

substation (indoor or outdoor).
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Reliability Criteria represent the most important factors which impact the selection of substation

single-line diagram alternatives. These are purely detenninistic criteria given in the form of a

specified Iist of credible events and possible consequences. Credible events could he component

faults or failures, scbedu1ed ourages or combinations of these. The possible consequences following

a credible event are the disconnection of one or more components in the substation possibly leading

to load cunailment. A possible list of credible events is (Sub90):

• One circuit-breaker out of service followed by a line fault (CBOOS + LF).

• Line fault plus breaker failed 10 trip (LF + BFI).

• Breaker out of service plus line fautt with breaker failed 10 trip (CBOOS+LF+BFr).

• One breaker out of service plus breaker fault (CBOOS+BF).

• One bus out of service plus breaker fault (BUSOS+BF).

• One bus out of service plus Une fault (BUS)S+LF).

• Two buses faulted simultaneously (2BUSF).

The considered potential consequences resulting from the aforementioned credible events are listed

below in order of decreasing severity:

•
•
•
•
•
•
•
•
•
•

-.,
1. !

Complete substation outage (AIl Lines)

Two parallellines out + one series line out (2PARL+ISERL)

Two parallellines out (2PARL)

Two series lines out + tie-line out (2SERL+TIEL)

Two series lines out + station split (2SERL+ST_SPLIT)

Two series lines out (2SERL)

One line + tie-line out (lLINE+TIEL)

One line out + station split (lLINE_+STSPLIT)

One line out (lUNE)

Station split (ST_SPLIT)
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Figure 3.13: Design specifications class structure.

Note that the term "series line" can refer ta any two lines connected in series within the SUbStatiOD.

A sirni1ar comment applies 10 the tenn "parallellines". Fmally, the terminology '1ie-line" denotes

a branch connecting two bus-bar subs,stems.

Apart from the above mentioned design criteria, there exists another set of input specifications,

namely, a set of userpreference weights representing the user preferences which the designer wishes

to assign to the four basic design performance criteria. These criteria are Cast, Reliability,

Operational Flexibility and Impact on the Environment. The specified weights are used as inputs

to a multi-eriteria analysis [Mas88] to help choose preferred substation single-line configurations

and some types of equipment. In addition ta these design performance preferences, the designer is
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allowed 10 specify a limit on the number of design alternatives generated by SIDE.
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The design specifications ofa substation fonn a complex structure. The input design parameters can

he classified into severa! groups according to common cbaracteristics (power system criteria,

environmental criteria, reliability criteria, design performance preferences). Furthermore, for each

group, the data must he specified for each voltage level in the substation. Accordingly, the object

oriented design specification class structure shown in Figure 3.13 bas been developed to model the

complex structure of the specifications of a substation:

The basic design specification class "Input" consists of the following class Members: "General",

"High-voltage", "Low-voltage", "Reliability", "Environment" and "Preferences". These classes are

DOW discussed in greater detail

The cJass "General" contains some general information about the design project such as its title, the

location of the substatio~ the type of substation and data related to the financing of the project. It

also contains information related 10 electric properties including the total power rating and nominal

voltage levels.

The class "High-voltage" represents the specifications related to the high-voltage part of the

substation. It consists of classes which model previously discussed power system criteria

("HV_Network"), incoming line data ("HV_Unes") as well as reactive power compensation data

("HV_Camp").

The "Low-vohage" class mode1s power system criteria and line data re1ated 10 the law-voltage parts

of the substation. In addition, it contains the class "Load-Behaviour" which contains classes

corresponding to different type3 of loads such as residen~ industrial, commercial and institutional.

The attributes of each of these classes are the power consumption at different time stages of

implementation as weil as data describing the cost of interruptions [Bil87].
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Figure 3.14: The "System_Input" class structure.

The attributes of the "Reliability" class are the specified credible events and potential consequences

as discussed previously in this section. The class "Environment" encompasses the relevant

enviroDJ1Xl'ntaJ data (e.g. ctirnatic conditionsy altitude, perscribed levels of audible noise and expected

air pollution Jevels). Finally, the class "Preferences" models the design preference weighting factors

discussed earlïer.

Apart from its properties, each class aIso contains a set of methods which manipulate these

properties. Tbere exist two types ofmethods, name1y, those wbich lwvJle database management tasb

and those wbich perfonn the instantiation of input classes. The former control the copying, deletion,
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Figure 3.15: "Input_Insul" class structure.

addition and modification of input records" while the latter contain rules which distribute the input

data (entered through the graphical user interface) over the corresponding input classes (Figure 3.13).

Figures 3.14 and 3.15 describe two auxiliary input classes dynamically created from the main input

classes described above. Their purpose is to avoid passing the entire input class to frequent tasks

wbich only require a Jinrited subset of input data. Such tasks are the equipment selection process and

the simulation procedures. The auxiliary input classes are "System-Input" and "Insul-Input".

{ The properties of the class "System_Input" shown in Figure 3.14 are the nominal voltage and power
~
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ratings, the short-circuit network parameters, slow-front and temporary overvoltages, environmental

data and the user preference weights. Once construeted at the beginning of the design process, the

instance of the "System_Input" class is used as an input parameter in the electrical apparatus class

constructors and remains active until the last piece of substation equipment bas been constructed.

The "Input_Insul" class is anotber sub-group of the main design specifications and models the input

data related to the insolation cooIdination process. It uses the information related ta the temporary

and slow-front overvoltages as an input to its constructor. Since these data are provided as part of

the general input specification class "Input", the instance of that class is passed as an argument to the

constructor of the "Input_Insul" class. The organization of the "Input_Insul" class is displayed in

Figure 3.15. It bas two main class members, namely, "Substation_lnput" and "Transmission_Input".

The fonner contains input data used in the insulation coordination of substations while the latter

models inputs reJated to the transmission liœ design Note that the insulation coordination simulation

tool is intended to he used as a general supporting expert system in the power system design area and

not just as a module of the substation design system, SIDE [Ata95-1]. The"SubstatiOD_Input" class

bas the class member: "Voltage_ùvel_Inputs" wlŒh, in~ contains the class "Overvoltagesn. This

class captures information about slow-front and temporary overvoltages at each substation voltage

leveL The class "Substatïon_Environment" which models environmental conditions contains

information about levels ofponutio~separation distances of surge arresters and the specified risk of

failure. The class "1 ightninLPerfonnanœ" contains information regarding the type of line or the line

outage rate required ta find representative fast-front overvoltages for the equipment [Be196-1]. Once

co~ the instance of the "Input_Insul" class is used as an input 10 the insulation coordination

simulation process and is destro}lOO as saon as the insolation coordination simulations are completed.
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3.6 Simulation Procedures

As stated previously, two kinds of knowledge are found in SIDE, heuristic and procedural. The

proceduralknowledge 6 generated by and present in various simulation tooIs. These simulation tools

are activated at different stages of the design. They include short-circuit analysis, insulation

coordination, preJirninary analysis of transformer uoïts, reactive power considerations, mechanical

stress analysis, cast evaluation, reliability evaluation and multi-objective comparison of design

alternatives. The resuhs of the3e analyses are used when selecting the substation electrical equipment

and single-line~as well as when comparing different final design alternatives.

~'Insulation", "Transf_Analys",

Reac_pow" , "Mech_Stress",

"Reliability", Multi_obj" and "Cost"

which model the corresponding

simulation aet:ivïties. In addition ta the

simulation results, the methods of

these classes contain the necessary

procedural knowledge to generate

these results.

~"v--.VIIIr_.aD~"_UTAllAL.,..

Figure 3.16: The "Simulation" class.

The object-oriented model of the simulation knowledge in SIDB is shown in Figure 3.16. The class

"Simulations" encompasses an results

and procedures related ta the above

mentioned simulatioDS. Its class

....,....., ......uw.~ members are "Short-Circuit",

The following subsections describe in more detail each of the above-mentioned substation simulation

activities.
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3.6.1 Short-drcuit Analysis
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Short-circuit studies are one of the most important simulation aetivities in substation design providing

the neœssary information for the equipment selection and protection system design. The input data

consist of the bigh-voltage network positive and zero-sequence Tbevenin impedances as well as

preJirnjoary information about transformer units sucb as impedances, nomber of units and type of

winding connection (will he discussed later in Section 3.6.3). The objective of short-circuit analysis

is to determine values of short-circuit currents at important locations in the substation. There are

basicaIly two kinds of shon-circuit faults which areco~ namely, three-phase-to-ground and

singJe-phase-to-ground faults. When <funensioning HV and LV electrical equipment, the short-ciIcuit

values are calculated assuming that the fault occurs at the substation high and low-voltage busbars

since these types of faults are consXJered to he the most severe. As for protection design, short-ciIcuit

studies must he canr.d at other Iocations in the substation, including the calculation of minimum. fault

currents.

Two basic quantities are nonnally determined from short-circuit studies, namely, the short-circuit

fault cu"ent and the shon-circuitpeak current as follows:

High-voltage side:

/1 = 3*V 1 (2*Zl + Zol + Isel

/3 = V 1 Zl + /sc3

(3. la)

(3. lb)

where Il and 13 are respectively the single-phase and three-phase short-eircuit currents in kA, V is

the rated pbase-to-ground vohage at the HV side ofthe substation and~ and Zo are the positive and

rero-sequence equivalent impedances of the network as seen from the higb-voltage bus. The terms

1.:1 and I.e3 represent the short-circuit contributions from other substations ta which the substation
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is connected.

Low-voltage side:

/1 = 3*V 1 (2 * Zl + Zo)

/3 = V 1 Zr

90

(3.2)

where Z. and 4 are the positive and zero-sequence equivalent impenances of the network as seen

from the low voltage bus and V is the rated phase-to-ground voltage at the LV side of the

transformer.

The peak values of the short-eircuit cunents are aIso needed for the calculation of mechanical stress

on electrical equipmenL These peak values are detennined according 10 the following equations:

/P3 = k * {(2) * 13

/PI = k * {(2) * Il
(3.3)
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Figure 3.17: Short-circuit simulation modeL

ZDIZl 2D 121 RAno

where IP3 and 11\ denote the three-phase and single-pha.se-to-ground short-eircuit peak currents

respectively, while k is a parameter which depends on the ratio XI R where X and R designate the

total reactance and resistanee from the source of supply to the fault location. The factor k takes

values in the range of 1 ta 2 [ABB88].

Another important quantity to consider in short-eircuit analysis is the ratio Zo I~. If this ratio is

greater tban 1 the three-phase fauh can he considered as the most critical type of fault producing the

largest value of short-eircuit cunent. However, if this ratio is less than one, the single-phase-to-

-- ground fault is considered the most critical.
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SIDE models the knowledge associated with short-circuit analysis as depicted in Figure 3.17. The

"Short-Circuit" class which is a member of the main "Simulations" class, bas one array class member

"SH_Level" which is instantiated for each voltage level. 115 properties, as seen in Figure 3.17

represent the aforementioned short-circuit analysis parameters. Two methods are contai.ned in the

"Short-Circuit" class, namely, Short-eircuit LV and Short-eircuit HV which instantiate the

corresponding SH-Level classes through the knowledge described by equations 3.1 to 3.3 and other

heuristic nùes (e.g. type of transformer grounding).

3.6.2 Iœulation Coordination

The task of insolation coordination is to select the electric strength of equipment in relation to the

voltages wbich can appear in the system taking into account the environment in which the equipment

operates and the characteristics of the availabJe proteetive devices (e.g. surge arresters) [lEC71]. The

detailed description of the insolation coordination process as weIl as the outline of the proposed

object-oriented supporting expert system [Ata94, Be19&-I] for insulation coordination in power

system design (lCES) are provided in Section 2.3.4 of Chapter 2. The subject of the current section

is 10 show how ICES can he integrated with SIDE in order to generate the standard withstand voltage

levels for the selection of substation equipment

Figure 3.18 outlines the structure of two main classes developed to interface with the supporting

expert system for insulation coordination, ICES. Thus, the class "Insulationn which is a member of

the main "Simulations" class contains the following attributes:

• Protected_hv modelling insulation characteristics of proteeted equipment at high voltage.

• Unprotected_hv modelling insulation characœristics of unproteeted equipment at high voltage.
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• Proteeted_lv modelling insulation characteristics of proteeted equipment at low voltage.
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Figure 3.18: The substation insulation coordination class modeL

• Unprotected_lv modelling insulation characteristics of unproteeted equipment at low voltage.

The above four attributes are instances of the class "Standard_Volts". Note that there MaY exist

severa! instances ofProtected_lv and Unproteeted_lv since there May he severallow-voltage levels

in the substation.
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-

~ shown in Figure 3.18, the attributes of the class "Standard_Volts" are two sets of standard

withstand voltage levels, namely, phase-to-ground and 10nginvJjna], covering lightning, switching

and power frequency overvoltages. These atttibutes are assigned the appropriate values from the

supporting expert system ICES as follows:

The constructor of the class "Insulation" receives, as input argument, an instance of the class

"Input_Insulation" (see Section 2.3.4) wbich contains ail input information neœssary to perform

insuIation coordination (e.g., slow-front and temporary overvoltages and environmental conditions).

The supporting expert system ICES is then activated through the execution of the construetor of the

class "Design_Shell" (Figure 2.10, Chapter 2) thus creating an instance of this class containing aIl

resuhs of the insulation coordination proœss. The Desïgn-Shell anributes ItProteeted_Insulation11 and

"Unproteeted_lnsulation" are then accessed by the constructor of the class "Standard_Volts". This

is done in order to instantiate the class "Standard_Volts" for each type of electrical equipment

(protected, unproteeted) and for each voltage Ievel in the substation, thereby providing standard

withstand voltage levels for the substation electrical equipment

In snmmary, the insulation coordination activity in substation design is carried out in two major steps.

The first step is the execution of the supporting expert system which actually perfonns the insulation

coordination exercise while the second step constitutes the transferring of the results obtained at the

tirst step to the "Simulations" class which belongs to the substation design too1. It is important to

remember that the insulation coordination domain know1edge is Dot an intrinsic part of the substation

design knowledge-base but is, rather, modelled independendy and constitutes a separate supporting

expert system. This is consistent with the intended purpose of the supporting expert systems wbich

are independent tools called upon oo1y when needed Thus, the only problem which emerges as far

as supporting systems are concemed is related to their communication with the various main

knowledge-based systems. One example ofsuch a commnrricarion interface bas been presented above

for the case of insulation coordination in substation design.
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3.6.3 Pre6minary Analysis of Tnmsformer UDim
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Prelinrinary transformer unit analysis is a very important activity usually performed at the beginning

of the substation deSgn proœss. It consists ofdefining the Dllmrer of onits, their approximate ratings,

the number of on-looo. taps and the transformer leakage impedances. These data are important for

severa! other simulation aetivities such as short-circuit analysis and reactive power consideration. In

addition. the nmnber and sile oftransformer units can influence the selection of the substation single

line diagram.

1be selection of the number of transformer units is based on the N-1 criterion which states that the

failure ofany one compooent must not cause 1000 eurtailmenL This criterion results in the following

formulae:

N =int [Pftlt 1PJ + 1

Pa =int [P. 1(N-l)]

(3.4a)

(3.4b)

where N denotes the nomber of transformer units, PI« is a total power to he supplied and 1:. is the

selected transformer rating. The function "int" rounds up the fraction Prot 1 Pa to the next bigher

integer. AIthough the above equation accounts for the N-l criterio~ it is obvious that it cannot he

used to calculate the nomber of writs unless the selected transformer rating is also known. On the

other band, the selection of Pa dePends not ooly on the ultimate load of the substation but aIso on

the load 1evels at different stages of implementation (reflected in the value of Pftlt over the years).

Thus, the process of selecting the number and the rating oftransfonner units is as follows:

(A) Adopt a per unit level of surplus transformer capacity (the difference between the total

transformer power capacity and the totalload ) and select the number of transformer units from Table

3.2. Note that the values provided in Table 3.2 are obtained from the transformer surplus condition
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which can he mathematica1ly expressed by the fonowing inequality:

N*P -P sx*P11 lat fiat

Table 3.2: The number of units vs transformer capacity surplus relationship.
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(3.5)

Number of UDim, N 2 3 4 5 6 7 8 ...

Surplus, x (%) 100 50 33 25 20 16 14 ...

where x denotes the transformer capacity surplus expressed as a percentage of the totalload of the

substation. For example9 if it is desired that the total transformer capacity should he not higher than

33% of the totalloCKL and the N-l criterion must aIso he met, it fonows that the station must have

fom' transformer units. If, on the other lJancL a surplus of50% is chosen, the number of units required

reduces ta three. Thm, it cau he observed, that the N-l crilerion imposes higher surpluses when fewer

units are chosen. An important design consideration is therefore wbether it is preferable 10 have fewer

units and higher surpluses or the inverse. The choice of fewer units and higher surpluses is then the

preferred one if the cost of the higher transformer capacity surplus is lower titan the cost of adding

a new unit and lowering the capacity surplus. The cast of transformer capacity dePends on the type

and location of the transformer and especially on the voltage leveL

(B) Examine the configuration with the nomber of units equal 10 one less than the number selected

at step (A) by comparing the incremental costs of more units and less surplus versus fewer units and

more transformer capacity surplus. Repeat until no further cast improvement is possible.

(C) Having obtained the number of units from the previous steps, the mlÎt rating is found from

equations 3.4a and b.
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(D) Once the number and rating of transformer units bas been detennined, there remains to define

(Wo other important characteristics, name)y, the transformer leakage reactance and the number of on

load taps 10 control the secondary voltage. The former is found using Table 3.3 shown below which

suggests a relation between the transformer leakage reactanee and typical rated voltages l
. Note,

Table 3.3: Transformer leakage reactance vs rated voltages.

Voltage [k:V] 765/330 7651245 765/120 330/120 330/25... 120125...

Impedance [%] 12 12 18 20 25... 10 ...

bowever, that the value of the transformer reactances May have to he higher than those suggested in

Table 3.2 wbenever short-circuit studies reveal that the fiwlt current exceeds the standard low voltage

breaker interruption capacity. In sucb a case, it is more economical to increase the transformer

reactaDœ (thus lowering the fault current) than 10 install a more costly circuit brealœr with a higher

interruption capacity.

(E) The number of taps as well as their settings are determined such that the voltage at the

transformer secondary sicle can he maintained over the loading cycle of the substation with a

maximum variation of 10% in the primary voltage. The number of taps is estimated through the

following steps:

Given the real and reactive load of each transformer as weIl as the transformer impedance,

the value of reactive 1055 in the transformer is approximately,

1 This table is based on discussions with experienced planners and existing design manuals
[ABB88].
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(3.6)

where St. is the transformer load in MVA and J\ the transformer impedance. The quantity

E is the rated phase-to-phase secondary voltage.

Thus, the MYA load al the transformer primary side, Sp , is given by,

(3.7)

-
.-

The voltage drop, dE , as weB as the requiœd reguJation (dTAP)., will he approximately given

by:

(dE)Cf, = (Sp 1 SL - 1) *100
(tlI'AP)Cf, = (dE)Cf, + 10

Finally, the number of required taps is determined as,

TotalTaps = integer(tlTAPCf, 1 2.5)
TapsDown = 2
TapsUp = TotalTaps - TapsDown

(3.8)

(3.9)

wbere TotaITaps is the total Dllmber of tap-cbanging positions, TapsDown is the number of positions

intended for vohage decrease (fixed to 2 sioœ the upper voltage limit is just 5% = 2x2.S% above the

reference value of 1 p.u.) while TapsUp denotes the number of taps used to increase the voltage.
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The knowledge related to the preliminary transformer analysis is modelled by a class structure

"Trf_altr" which is a part of the class "Simulations".~ shown in Figure 3.19, this class contains

severa! rrembers of the type "Trf_LV" modeDing traIWormer units at different low voltage levels (e.g.

TtfJJlr Trf~V

N03JNlT..sTAGEl

• DENOI'ES AN ARRAY a.ASS MEMBER

UNrr....RAIING-AUXJuPPU

UNrrJMPEDANCE

NO3JNrr-AUXJTJPPU

TAPJEITJlANGE

Figure 3.19: Transformer preJiminary analysis class modeL

C1ASS MEl110DS

UNrr.../MPEDANCE

TAPJEITINGS

765/330 and 7651230 kV). In addition, "Trf_Altr" contains a member no_unit_fOt which represents

the total number of transformer units in a substation. The properties of the class "Trf_LV" are the

above-described basic transformer characteristics such as transformer rating, leakage impedance as

wen as the tap changer parameters. This class aIso preserves information about the number of units

at different stages of implementation. Two methods belonging to the class "Trf_LV", namely,
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UnitImpedonce and TapSettings perfonn the selection of impedance and tap changer characteristics

(using the knowledge described above) when caIled upon by the nTrf_Lvnclass constructor. The

selection of the rating and the number of units is accomplished directly in the nTrf_Lvn class

constructor rather than through a separate method.

3.6.4 Reactive Power CoDSideratiollS

Reactive power management in a substation can he subdivided into activities at the high and low

voltage levels.

The required reactive power management activities at the HV side are: Voltage regulation, reduction

ofovervoltag~damping of subsynchronous oscillations, reduction of voltage or current unbalance

and improvement of steady-state and dynamic stability. Staric Var systems (SVS) are usually

implemented ta provide continuous and fast control of voltage at a given location. Since the

specification ofstatic Var systems requires detaiJed knowledge of the network, this step is not usually

carried out in the substation design process but is, rather, performed as part of system studies.

Therefore, aD. data conceming the application ofSVS on the high-voltage side of the substation must

he provided as part of the design input specifications.

At the low-voltage side, the most frequent reactive power control activity is power factor

improvement. This is accomplished through shunt capacitor banks or SVS. Capacitor banks are

employed mainly in distribution and subtransmission substations (voltage levels up ta 315 kV) when

rapid and continuous reactive power control is not required. The selection ofcapacitor banks is made

such tbat vohage variations remain with a prescribed range (e.g. 3 %). Consequenûy, for a 3% range,

the maximum MVA of shunt capacÏtors that can he switehed at one time is O.03*(MVA)sc where

(MVA)sc is the three-phase short-circuit MYA at the capacitor location.
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Statie Var systems are implemented mainly in subtransmission and transmission substations~

particularly if smooth and fast voltage control is req~ but their specification represents a more

compJex exercise tban capaci10r banks. For vohages up 10 25 kV~ compensation equipment is almost

exehmvely connected at substation busbars. For higher voltage levels~ the connection is often

accomplisbed at the tertiary winding of power transformers.

The above general discussion bas introduced two main approaches to realizjng reactive power

managemen~namely, using sve or using shunt capacitor banks. These are now discussed in more

detail

Shunt Capacitor BanJcs. In order to design the reactive power compensation system using shunt

capacitor banks~ one must determïne the following quantities:

(a) The required WOUDt Qf reaçtiye power. The total amount of reactive power the compensation

system must generate can he detennined from the reactive power losses in the transformers (as

discussed before) and the reactive component of the load.

(b) The number and the ratini Qf capacitor banks. The capacitor units are standardized in terms of

their ratings and the total rating of one switehed capaciter bank depends on the short-circuit power

as diseussed earlier. Depending on the voltage level in the substation~ there exist severa! possible

choires for capacitor bank according to their MVar ratings. Table 3.3 [ABB88, HQM], summarizes

the data regarding avaiJable shunt capacitor banks configurations. In this Table, Qmax and Qmin are

the maXÜDum and minimum amounts of reactive power that the eapacitor bank can generate, âQ

denotes the amount of MYars by which two successive bank ratings belonging ta the same voltage

group differ, while Qunit is the reactive power capability of one single unit (banks are usually made

ofchains ofunïts). For example, wben banks belonging ta the 145 kV voltage group are conside~

the firstbank on the list is the one with the minimum reactive capability equal to 15 MYar
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Table 3.4: Characteristics of shunt capacïtor banks [ABB88, HQM].
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Voltage [kV] <72.5 < 145 <245 <330

Qmax[MVar] 12 67.5 108 205

Qmin[MVar] 6 15 36 65.4

âQ[MVar] 3 7.5 18 34.2

Qcan [MVar] 0.5 0.5 0.5 0.5

Reliability Factor 0.65 0.75 0.85 1

(column 2, Table 3.4). To obtain the next standard MVar rating corresponding ta the 145 kV, the

step value of !i.Q=7.5 MYar is added 10 the Qmin and the calculated rating is equal ta 22.5 MYar.

According ta Table 3.3 there exist severa! possible ways to select the number and the rating of

capacitor banks. Thus, for a given voltage 1eveL one can select fewer capacitor banks with bigber

reactive capabiIity or a larger number of banks having a lower reactive power rating. Obviously, the

larger number of banks establishes the more reliable configuration entaiIing, on the other band, a

higher cast of installation. Similarly, as far as operational flexibility is concemed, it is possible to

concblde that the more banks installed, the better the flexibility achieved. In addition, if

environmentaJ considerations are introduced (e.g audible noise) the problem of selecting the number

and rating ofcapacitor banks could he considered as being a multi-criteria optimization task [Mas88]

as discussed in Section 1.5. Multi-criteria analysis is followed here since the above-mentioned criteria

(reliability, cost, operational flexibility and impact on the environment) cannot he reasonably

accounted for through a single scalar performance measure.

According te the muJti.criteria oprimization, in the selection of the nomber of capacitor banks, a pre

defined relative score is assigned to each of the four criteria within the knowledge base. As shown

in Table 3.5, the assigned scores with respect 10 the reliability and operational flexibility criteria are
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Table 3.5: Relative scores of reactive compensation alternatives, RSk-

Nmnber of Banks Reliability Cost Environment Operational Flexibility

10 10 1 1 10

9 9 2 2 9

8 8 3 3 8

7 7 4 4 7

6 6 5 5 6

5 5 6 6 5

4 4 7 10 4

3 3 8 9 3

2 2 9 8 2

1 1 10 7 1
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proportional 10 the number of banks" while the scores related 10 the cost decrease as the number of

banks increases (more baDks .. higber cost .. worse evaluation of the alternative). Furthermore, the

reliability scores are multiplied by a factor accOUDting for the fact that the reliability somewbat

depends on vohage level (il is assmned that high-voltage level schemes are characterized by ahigher

reliability than those at lower voltages). The values of the relative scores shawn in Table 3.5 are

determined from experience.

For examp~ the first row ofTable 3.5 states that with 10 capacitor banks the highest reliability and

operational flexibility are achieved (scores of UY10) while cost and impact on the environment have

the worst measure (1110). At the other extreme, with 1 capacitor bank" the lowest reliability and

operational flexibility are obtained (weights of 1110) while cost attains its oost performance (10110).

Note however that the best bank arrangement in tenns of impact on the environment (10/10) is
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achieved with 4 banks sinœ this is a trade-otI hetween the audible noise produced and the size of the

bank (1 bank May he very large and require more space in the substation).

In addition, the above jixed relative scores placed on the different criteria should he multiplied by

corresponding user-preference weights. Such weights represent the degree of relative importance that

the designer wishes to assign to each of the four criteria. Thus, if the relative scores shawn in Table

3.5 are defined by RSA: where i =l,..., 10 denote the design alternative and k =1,..,4 represent the

criteria while UPWk' k=1,...,4 are the user preference weights, then the total evaluation score for each

design alternative, TS i , is defined by,

-

1 4
TS. = - L RSilc UPWIc

1 100 1=1
(3.10a)

For exa.mple, one utility may stress cost over the other criteria and choose the vector

UPW=[70,20,10,0] implying tbat 70% of the preference weight is assigned 10 cost, 20% to reliability

and 10% to the impact on the environment with zero importance attaehed to operational flexibility.

Therefore, the procedure for selecting the number and rating of capacitor banks consists of: (i)

identifying possible ahematives corresponding te the given voltage level, (ü) perfonning multi-criteria

analysis on these alternatives and select the alternative characterized by the highest total score. The

number and the rating of capacitor banks as well as the reactive capability of a single can are thus

determined.

(c) The oumm and the cbaraçteristics ofunits. Having determined the number ofbanks and their

rating, it remains 10 define tbeir subcomponents, i.e. umts. Bach bank consists of a number of chains

of units where a unit possesse the smallest reactive capability detennined at the previous step. The

- minimum nnmber ofunits per chain is at least 10 in order 10 aveid overvoltages higher than 10%. The
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total number of units per phase is however dependent on the reactive capability of a single mUt

(Qunit) and the reactive compen.qrion required pee phase (Qph). Th~ the following relations (3. lOb)

are used to define the remaining quantities (nmnber of units per phase, number of chains and the

voltage per unit):

N lIIIÎlS = integer(Qph 1 QlIIIit)

NdtDins = integer(NlIIIÎtS 1 10)

Vunit = E 1 (((3) * Nunils)

(3. lOb)

The number ofchains (Nchains) is based on 10 units per chain but a larger number is aIso acceptable.

Statfc VAR Compensators. The specification of a complete Statîc Var compensator regardless of its

type (TeR, TSC or combined) consists of the following items [Sta86]:

• General characteristics of the SVC such as nominal voltage, reference voltage, slope of the U-I

characteristics, nominal reactive power rating, overloading capability, response time, harmonies,

single-line diagram and layout and audible noise levels.

• Characteristies of system subcomPOnents such as the coupling transformer, capacitor banks,

reactors, thyristor valves and control system equipment.

• Protection requirements for sve subcomponents (transformer, main bus, capacitor banks, reactors

and thyristor valves).

The general sve cbaracteristics are lm1aIly specified as a part ofsystem studies. Therefore, it remains

for the knowledge-based system to provide specifications for the system subcomponents. This activity

is carried out through the low-level knowledge processing (equïpment selection) and is discussed in

more detai! in section 3.8.
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Figure 3.20: Reactive power management class model

1be object-oriented representation of the above-described reactive power management knowledge

consists of the class structure depicted in Figure 3.20. Thus~ the class "C_Banks" models all important

parameters of the compensation system realized by shunt capacitor banks (total. reactive power

capability, number of banks~ number of chains, number of units, bank and unit reactive capacities,

voltage per unit, etc.). The class "SVC_Sys" contains members modelling the above-mentioned

general characteristics of Sye. Both classes ("C_Banks" and "SVC_Sys") are, as shown in Figure

3.9, members of the classes "Reac_HV" and "Reac_LV" which encompass reactive power

knowledge implemented at the high and low-voltage levels of a substation. Consequendy, classes

"Reac_HV' and "Reac_LV" contain!Wo methods each, name1y, DejineCapBanks and DefineSVCsys



T.. Chapter 3: AN INTELLIGENT SUBSTATION DESIGN ENVIRONMENT 107

which encapsulate the above-presented knowledge for instantiating capacitor banks and sve
characteristics. FinaOy, the class "Reac_Mgm", a member ofthe main class "Simulation", encapsulates

the entire information regarding reactive power considerations in a substation through its members

"Reac_HV" and "Reac_LV" (instantiated for each substation low-voltage level).

It is important ta mention that an the information provided through the instantiation of classes shown

in Figure 3.20 is priocipally used when selecting the corresponding electrical equipment, in this case

the reactive power compensation equipment. Thus, the instance of the class "Reac_Mgm" is passed

10 the constructor class of the shunt capacitors, shunt reactors or different types ofsve classes in

arder ta enable their instantiation.

3.6.5 Reliability Evaluation 01 Design Alternatives

Reliability evaluation ofdesign alternatives is accomplished using two main indices, namely, LOLP

(Loss ofLoad Probability) and LOLE (Loss of Load Expectation)[End82]. The former is defined as

a sum ofprobabilities ofan faihue states which can occur in the substation. The latter yields the value

of the expected load shed due ta failures and is detennined as the sum of the products of the

probability and the load shed associated with each failure state. The following formulae are used ta

calculate the above mentioned indices:

LOU=LPi
LOLE=LPi*M'i

(3.1 la)

._-

Where Pi is the probability of being in the failure state (state when the load shed occurs) and âPi is

the amount of load shed in state i.
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There exist severa! approaches to the calculation of LOLP and LOLE for a given substation

ahemative. The most popular methods are based on the state-space Markov model [End82] and on

the minimal-cut algorithms [End82]. The objective of both methods is 10 first determine the fallure

and normal operating states of the substation and ta calculate their probabilities of occurrence.

However, these approaches have not proven the most practical since substation single-liDe diagrams

usually entail an extlemely large number ofpossible Markov states and~ between source and load

points wbich significantly complicates the task of identifying the failure states. Consequently, it can

he concluded that a more efficient systematic metbod of identifying the failure and nonnal operating

states of the substation will significantly improve the performance of the existing 100ls for the

reliability analysïs. The approach proposed here is based on the Iinear programming (LP) problem and

is formulated as follows:

min E (dt - Yt), ked

u

0 =A*S*x
(3.llb)

0 ~ y~d

0 ~ U ~ u max

0 ~ X ~ x m3X

where d is a vector of the given loads, u is the vector of input injections (incoming line flows), x

denotes the vector ofpower flows inside the substation, y is a vector of output power flows, A is the

incidence matrix of the station denoting its connectivity and S is a diagonal matrix containing the

switehing states of the station components (0 or 1) . For purposes of reliability, ooly the major

components such as transfo~ circuit breaJœrs and busbars are considered. The objective fonction

of the LP problem is te minimize the total amount of load shed for a given substation structure.
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From the solution of the above-specified LP problem, it is possible to determine whether the state

defined by a given matrix S is a failure state whenever the minimum load shed is different from zero.

The next step is to calculate the probabilities of state occurrences which can he accomplished by

solving the Markov state-space model [End82]. Obviously, if ail possible Markov states are

considered, the size of the problem increases astronomicaDy. Therefore, in order to reduce the

number ofstates exanrined. those states whose probability of occurrence is estimated 10 he very low

are omitted Another simplification which can he done consists of merging the states which have an

equivaJent impact on the overall system reliabi6ty, namely the same amount of load shed and the same

probability. In spite of these measures of simplification, the size of the Markov model typically

rernains excessively large for easy bandling. In order to overcome this obstacle, a new approach based

on the concept of reliability bounding is proposed. This approach relies on the following

assmnptions:

- The development of the Markov state-space model for fully symmetrical SÏDgie-line diagrams is

relatively easy to accompüsh. This is so since the number of states reduces significantly due to the

numerous states wbich bave the same impact on the reliabi6ty and thus can he merged into equivalent

states.

-Por every non-symmetrical single-line diagram, it is possible ta find a symmetrica1 approximation

whose retiabjtity represents eitber a lower or an upper bound of the reliability of the original system.

These bounds can he used as design parameters.

Thus, for a given substation single-line diagram, the tirst step is to identify a reduced set of states.

l'be next step is 10 determine the most appropriate symmettical single-line diagrams whose levels of

reliabi6ty may accurately represent lower and upper reliability bounds ta the given substatiolL Tbe~

each of these states is analyzed through the LP program in arder to find the fallure states. The last

step consists offinding the Iower and upper bound reliability indices (LOLP and LOLE). The LOLP

and LOLE values characterizing lower and upper reliability bounds depend on the number of
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.-

incoming and outgoing circuits, on the selected number of transformer units as weIl as on the

reliability characteristics of the main equipment components (failure and repair rates).

Tœ class'~' which is a part of the class '&Simu1ations'· preserves the complete information

related 10 the retiability analysis. Thus, its proPertïes are the main indices (LOLP and LOLE) as weIl

as the parameters characterizing the Markov state-space model such as a set of fallure and normal

states and their conespondingpro~ ofoccurrence. In addition, the class "Reliability" contains

methods wbich perform the LP p[oblem and solve the Markov equations. Furthermore, this class

oontains the method which selects the most appropriate single-Iine schemes from the database whose

reliability levels represent the upPer and lower bounds of the reliability of the given substation.

3.6.6 Cost Evaluation

Tœ total oost ofa suœtation is defined in terms of three basic components: investment cost. cost of

operation and cost of interruptions.

Tœ investment cost ofa substation comprises the cost of installed equipment, capital cast of terrain

and transmission line rights-of-way and construction costs. These costs are generallyexpressed as

life-cycle costs. Life-cycle costs retlect the present worth of ail annual charges over the life of a

suœtation. They are calculated by multiplying the initial capital investment by the sa called life-cycle

multiplier [US78]. This multiplier takes different values for depreciable property (whose value

changes with time) and non-depreciabJe property (whose value does not change with time). Thus the

total invesunent costs applicable for alternative comparison purposes cao he calculated as follows:

DP= KI * Dl

ND=Kz*D2

CI'=DP+ND
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where DP denotes the total cost of depreciable property, ND is a total cost of non-depreciable

property, Dl and D2 are initial casts of depreciable and non-depreciable properties respectively, Kl

and~ are corresponding life-cycle muItipliers and cr is a totallife-cycle investment cost (US78].

The cost of non-depreciable property does not specially affect the comparison of alternatives since

these costs are the same for each alternative (costs of terrain and right-of-way),. however the

construction costs may taire s1ightly different values for different alternatives.

The costs ofoperation include the cast of losses and ofmaintena~.The costs of losses include costs

of power transformer losses,. losses generated by shunt reactors and losses associated with sve
equipment. The cost of losses is calculated by multiplying the 1Otallosses by a fixed constant

expressed in $/MW. Maintenance costs depend on the substation single-line..<Jiagram as weIl as on

the type ofequipment wbich is installed since different types of electrical apparab.lS require different

efforts and tilDe for maintenanœ. Given an approximate maintenance cast for each pieœ of electrical

apparatus, the maintenance costs are estimated on the basis of the scheduled annual substation

maintenance programs depending on the suœtation singk:··line-diagram and the expected maintenance

due ta component fallures.

The cast of load interruptions is very difficult 10 estimate. It is based on the reliability indices such

as the frequency and duration of the fallure state associated with load curtailment as well as on the

characteristics of the Joad itselfsince Joad curtailment may affect some customers more severely titan

others. The following equation cao he used in arder 10 assess the costs of load intermption [Bil87],

le = E * f; * ~ mj cj <dj )
J

(3.12)

wbere le denotes the total cost due ta intermptions, fi is the frequency of occurrence of event "in

expressed in number of occurrences per year while cj (q ) is the interruption cost in $/kW for a

duration of~ hours to eustomer "j" and~ is the Joad in kW not supliedto customer ''j'' for event "i".
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The interruption cost vs duration is established for different kinds of customers (residential7 storage

beating, electrical industry ete.) through statistical analysis [Bil87].

The total cost of a design alternative

is finally calcuIated as the sum. of all

the above-mmtioned cost

components (investment cost and the

capitalized oost of operation and

interroptioDS).

=

"' =

sr scu·.~

.......
A simple class model of substation

cast considerations, presented in

Figure 3.21, consists of three classes

modeIling three basic components of

substation total cost. 'Ibos, the

classes "Investment", "Operation" and "Curtaibne.nt" are all members of the main class "Costs" which

is, in tum7 a member of the class "Simulation". These classes, as shown in Figure 3.21, contain

propertes oonesponding te the above-described oost parameters. In addition, each class bas methods

containing the knowledge presented above which is implemented in arder to calculate the total

substation cost. The final product of the cost analysis simulation tool is therefore a class instance

preserving the complete information about the costs of a particular design alternative.

Figure 3.21: Cast analysis class madel

3.6.7 Multi-objedive Comparison of Design Altel'D8tives

Once a set of feasible design alternatives bas been establish~the last important design step is ta

evaluate these alternatives and ta select the preferred final design. There are severa! approaches ta

-' the evaluation process dePeDding on the chosen criteria sucb as re1iability, cost or operational
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f1exibiIity. Another important aspect 10 he considered is the impact of a design on the environmenl

The most common methods ofdesign evaluation and comparison are based either on the calculation

ofvario~reIiability iodiœs as described in the previous section or on the total cost of the installation.

In addition, reIiability and oost ana1ysjs can he combined through the calcu1ation of the so-called cost

of interruption which accounts for the cost of power-not-supplied to different types of customers

[Bil87]. As for the evabJation ofoperational flexibility or impact on the environment, these are more

difficult to quantify but still possible by using indiœs whicb can serve for comparison of alternatives.

WhiIe a comparisoD can he performed relatively easily with respect ta reliability or cost alone, this

task becomes more difficult when taking inta account four criteria namely, cast, reliability,

operational flexibility and impact on the environment. SiDœ tbese criteria are fairly distinct, a common

index or objective function which analytically encompa.sses the influence of each criteria would he

difficult ifnot impossible to define. However, there exist various methods in multi-objective analysis

as discussed in Section 1.5 wbich cao he wed ta solve this comparison problem. Thus, the weighted

sum multi-objective strategy [Mas88] can he implemented in substation design according to the

following steps.

Step 1. Determine the equivalent perœntage scores ofeach design alternative with respect ta the four

basic criteria (oost, reliability, operational flexibility and impact on the environment). Two kinds of

activities are performed bere. First is the conversion of the reliability and cost indices ta an equivalent

percentage score and, secondly, the calculation of percentage scores with respect to operational

flexibility and the impact on the environment. The former activity is carried out as follows.

Compare the values of relevant evaluation indices (LOLP or LOLE, Cost) among the various design

aItematives and adopt the maximum (minimum) value as the best performance (100 % score). Find,

then the percentage scores corresponding to other design alternatives. For example, the cost of the

least expensive design alternative will he taken as a 100% score wbile the cost of ail other more

expensive alternatives win be assigned asmaIIer perœntage score proportionally to the cost difference
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with respect ta the 100% value.
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This type of conversion to a percentage score can aIso he canied out for reliability since reliability

can also he quantified by using the straight-forward explicit procedures shown in sections 3.6.5. In

this procedure~ the perœntage values are converted into the relative scores (1-10).

In contrast to oost and reliability, the two remaining criteria (operational t1exibility and impact on the

environment) cannot he as easily quantitied, however their relative scores can he detennined on an

approximate basis. Therefore, when operational flexibility is conside~ the total score is obtained

according ta the following fonnulae:

SCOREœ = a * ( ESID ) 1 nI T P • ( EEQP ) /1II!q + y • ( LPRUT) 1 nI (3.13)

wbere SCOREor denotes the total score cbaracterizing the given design alternative with respect ta

the operational t1exibility criterion. The variable SLD is a relative score assigned to the substation

busbar arrangements, EQP is a relative score characterizing the substation switehing and

compensation equipment, while PROT is a score assigned to the various implemented protection

systems. Bach of these three quantities is assigned a relative score from 1 to 10 with regard ta

operational flexibility according to the nature of the subsystem it represents. In addition, ni is the

number of voltage levels in the substation, neq is the number of different types of circuit breakers,

wbile ~ pand Yare weighting factors accounting for the importance given ta the substation single

line-diagram, switching equipment and protection flexibility respectively. Thus, the equivalent score

characterizing operational flexibiIity ofa substation alternative is obtained as an averaged combination

of the scores ofthese three basic design ingredients. The values of ex, pand y are usually set 10 0.5,

0.2 and 0.3 respectively thus assigning the greatest importance (0.5) to the choiœ of the selected

singJe-line-diagram on the overaIl design f1exibtlity. As for the type ofsubstation switehing equipment,

its choice mostly affects the operational t1exibility through different maintenance and operational

capabilities of circuit breakers, while the properly selected protection scheme may significandy
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improve the system operational capability. The operational flexibility of the reactive power

compensation system is evab1ated according 10 its capability 10 supply the required amount of reactive

power in order 10 maintain the desired voltage profile (e.g. sve is characteriwl by a much higher

SC01'e than the system consisting of capacitor banks in terms of operational flexibility).

SimiJarly, the following expression can he used 10 calculate the equivalent score wben impact on the

environment is considered as a criterion:

SCOREENV = P * ( E EQsw ) 1 nsw + a * ( E EQTR ) 1 ntr (3.14)

where SCOREa.v is the equivalent score of a design alternative with respect to the impact on the

environment criterion. Berc, EQsw is the relative score from 1 ta 10 assigned to different types of

breakers (nsw), EOrR is a score characterizing various types of transformer units (ott) whiIe p::::O.3

and 0=0.7 are the weighting factors representing the relative imponance assigned to switehing

equipment and transformers with regard 10 their impact on the environment. In this case" tranformers

are believed ta have a stronger impact (0.7) on the environmeot than switehing equipment (0.3).

Step 2. Having detennined equivalent scores for each of the four basic criteria, the overa1l evaluation

of the design alternative is found using the following expression:

SC0RErur = WREl. '" SCOREItEL + Wcosr • SCOREcosr + Wop '" SCOREOI' + WENV • SCOREFJ{V (3.15)

where WRFL ' vtosr ' Wp and Wv are user preference weights given as part of the input

specification and SCORErar is the overall evaluation value of a design alternative.

The class stmcture shown in Figure 3.22 models the knowledge related to the multi-objective
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~_OI'_.

analysis. The attributes of the main

class "Multi-Obj" are total scores of

each design alternative with respect

to the four considered criteria. The

above-described simulation

knowledge is encapsulated in class

methods wbich are called upon to

calculate the values of the above-

mentioned scores.

Figure 3.22: Multi-objective analysis class model

-
f
T

An example of multi~teria

evaluation of design alternatives is

given in Chapter 4 as part of the complete example of the substation design session camed out by

SIDE.

3.6.8 Mecbanical Stress Analysis in Substations

The large mecbanical forces which occur as a consequence of short<ircuit faults May seriously affect

paraDel electric conductors whose length. is large compared to the distance between them. The

mecbarrica1 stresses which resuh are particularly critical wben rigid busbar conductors are considered.

This requires the calcuJalion ofanticipated stresses on the busbar conductors including thase stresses

which affect the busbar supports. The following expressions are used 10 accomplish these necessary

calCulatiODS [ABB88]:
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FH = 0.2*12.Ua

FT = 0.2*(IIt)2*Ua

OH = Va*P*FH *U(8*W)
0T = VaT*FT*I/(8*W)

FS = VF*a.*FH

0ru = 0H+OT
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(3.16)

where FR and FT are electromagretic forœs wbich exert stress on the main conductors and conductor

elements, Ou and Or are the corresponding mechanical stresses, Fs is the stress on the support points,

1 is the value of the peak short-circuit cuneot, 1is a distance between supports, ua" denotes distance

between conductors belonging to the same phase, V fi and VF are vibration factors (both equal 10 1

for AC installations), W is a conductor section modulus, a. and p are support stress and main

conduetor stress factors and a... is a resuhant stress on the conductor.The conductors are considered

to be short-circuit praof [ABB88, West52] when the following conditions are satisfied:

(3.17)

If the above conditions are not met, the distance between supports, the type of conductor or the

nomber ofconductors per phase or the distance between them should he readjusted. The values for

readjustrnents are recommended by experience-based heuristic rules contained in the method which

performs mecharrical stress analysis and which is a member of the class ''Mech_Stresses''. This class

in tom contains properties modeDing an the above-mentioned mechanical stress parameters. The class

"Mech_Stresses" is a member ofthe family ofsimulation procedures and as such belongs 10 the class

"Simulations".
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3.7 SubstatiOD Design Metbodology

3.7.1 Substation Design Process
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The substation design process is a collection of activities organizOO so as to lead to one or more

acceptable designs. The important characteristic of the substation design process is that independent

distributed knowledge can he processed at predetermined design steps [Ata95-2].

Thus, given the input design specificatio~ the first step in the design process is to perfoon simulations

such as preliminary analysis of transformer units, short-circuit analysis, insulation coordination and

reactive power management.

The next step is ta identify all viable arrangements for high-voltage and law-voltage buses,

transformer/compensation groups and high and law-voltage line terminations as weil as 10 combine

these arrangements into feasib)e single-Iine diagrams. An attempt bas been made here to emulate the

human expert's way of reasoning by providing a set of starting single-line configurations for each of

the composite groups and by eliminating those which cannat satisfy the imposed design constraints.

Once the simulations have been completed and the single-line diagram constructed, the selection of

substation electrical equipment for each single-line-diagram alternative is carried out. Electrical

characteristics such as cwrent-carrying capaclty, insolation and short-circuit withstand capabilities

as wei as the ability 10 cope with environmental conditions (ambient temperature, pollution, altitude)

are all taken into accounL

The last step in the design process is te evaluate an the generated design alternatives in terms of cast,

reliability, operational tlexibility and impact on the environment

The substation design aetivities associated with the above-mentioned design steps are camed out by

a constructor of the class ''Designs'' which is depicted in Figure 3.23. The instance of this class
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"ArrangementsU
, "Alternatives" and

"Substation". An instance of class

"Input' stores the complete input

design specifieatio~ an instance of

class "Simulation" preserves all

results generated by the simulation

tools, wbile instances of classes

"Arrangements" and "Alternatives"

_ .... '.'.-.-=-

__"2ZL~..m....-:aa._AC8ID

........i ~".~"M·iILt.·_Ift'IT

r-----L'..& ~

- f
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Figure 3.23: Class model of the entire design session.

embodies the complete design SessiODyi.e.ythe input specificatiODSythe information relaœd te each

generated design alternative (single-line-diagramy electrical equipment evaluations) as weIl as data

conœming simuJatio~an ofwhich are preservai inside the class. ThUSy as shown in Figure 3.23y the

cIass members are instances of the

classes '1nputJ7
, '~imulationn,

encompass ail considered feasible

sïngle-lîne configurations for each of

the five substation composite parts

and the complete single-line-diagIam

alternatives. The class "Substationn is an aggregate class member which models the entire design

including detailed descriptions of the substation's single-line configuration and electrical equipment

specifications. Since severa! design alternatives are coosidered and compared during the design

sessio~ the class member "Substation" is specified 10 be of the aggregate type allowing the storage

of a number of its instances.

Apart from the class attributes described abovey the class "Designs" contains a set of class methods

to carry out database management and interfacing activities. Bence, the methods "ReadSimulations",

"ReadSubstationData" and "ReadInput" provide access to the simulation results, ta the generated

design alternatives (instances of class "Substation") and to the existing input specifications

respectively. Funhermore, the methods "DisplaySLD", "DisplayReport" and "DisplayProperties"

, permit the display ofthe suœtation single-line..<Jiagram, allow access to the design report and enable
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displaying the properties ofthe selected electrical apparatus. Additionally7it is important te mention

the method "VerifyInput" wbich contains the feasibility constraints on the design specifications. The

knowledge nœs contained in this method check the entered input specification data and, if sOlDe of

the data are not feasible (e.g. unrealistic values for temporary or slow-front overvoltages or short

circuit levels7 non-standard voltage 1evels ete.)7 it issues appropriate wamings (adjustment

suggestions) and intermpts the program execution.

Class construetors are considered as special methods whose mIe is to perform class instantiations.

The class constructor of the ''Designt7 class invokes7 in sequence7 the constructors of the classes

''Inputt7

7 ''VerifyInput'', "Simulation"7 "ArrangementsJ7
, "Alternatives" and "Substation", thus

performing the substation design activities. The one exception is the method "VerifyInput'7 which is

not a constructor, but is invoked after the ''InpUt'7 object bas been created in order to verify the

validity and feasibility of the design specifications. The concept of knowledge sub-division into Top

level and UJw-level (Chapter 1) is app1ied here sucb that the activities associated with the

construction of the substation single-line-diagram are categorized as top-Ievel knowledge, while the

knowledge related to the selection of substation electrical equipment is considered as low-Ievel

knowledge.

The following sections describe in more detail the knowledge associated with the substation design

activities as weIl as the knowledge processing at each of the above-mentioned design steps.

3.7.2 Simulation Procedures

The necessary simulations related to the substation design process have been described in detail in

Section 3.6. They are usually Performed during two stages of the design, at the beginningt in order

ta calculate the design parameters used in the other design stages and at the end7 when the evaluation

of the design alternatives is performed. The order of their execution is DOW discussed.

Tbe pretiminary analysis of transformer units is condueted tirst to detennine the number, the ratings,
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the impedanœ: and the tap changing requirements ofthe power transfonners. These data are then used

together with the input specifications (voltage levels, network short-eircuit capacity, etc.) to

determine short-circuit stresses which can occur in the substation.

The reactive power analysis is canied out next to determine the amount of reactive power

compen.qrioo, the means by which this compensation is te he accomplished (capacitor banks, SVCs)

as weB as the pet tiuent characteristics of these compensation devices (number of banks, number and

rating of capacitor units per phase and reactive capacity of the bank).

The Iast simulation which bas 10 he accomplished at the tirst design stage is insulation coordination

which provides values ofstandard withstand vohage levels and safety clearances used when selecting

the substation electrical equipment

The set of simulations run at the second stage of the design consists of the oost and reliability analysis

and the multi-criteria evaluation of the generated design alternatives.

3.7.3 Selection orthe Substation Single-Line Diagram

The construction of the substation single-line diagram (SLD) is one of the most important design

aetivities carried out in order 10 determine the eJectrical equipment and how it is 10 he connected. The

knowledge processing al this stage involves global decision making regarding the fondamental

configuration of the substation. Consequently, the domain knowledge associated with the SLD

selection bas been classified as top-level (Chapter 4) knowledge.

The construction of the substation SLD consists of two steps: (i) to select from the available

arrangements feasible configurations for each substation constituent group (buses, line tenninations,

transformer groups) and (ü) to combine these groups into complete feasible single-line-diagrams

which meet the specified design criteria and constraints. The object-oriented model of the domain
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knowledge related to the SLO selection embodies two classes, both membeŒ of the previously

described main class "'Designs". These are the class "Ammgements" which encapsulates the

knowledge associated with the first step (selection offeasible arrangements for each constituent part)

and the class "Alternatives" which contains the knowledge connected with the second activity
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LV_TERMS..ARR
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Figure 3.24: Single-line-diagram selection - the class model

(construction of the complete SLO from previously selected feasible parts).

Figure 3.24 depicts the structures of these two classes outlining the properties and methods which

embody the SLD knowledge mIes. Thus, the methods of the class "Arrangement" analyze the
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available configurations of busbars, line tenninations and transformer groups and filter out those

which do not satisfy the giYen design specifications. The methods of the class "Alternatives" consider

all selected five-part configurations, put them together and, according to their embedded roles,

eJüninate those configurations which do not meet the specified design criteria The attributes of the

class "Arrangements" are anays containïng feasible arrangements for each of the five substation

composite groups. For example, the attribute ''HV_Busbar_Arrangement" contains possible busbar

arrangements an ofwhich satisfy the specified design criteria. On the other band, sinee there may he

severa! low-voltage levels in the substation, the attributeS referring to low-voltage buses, fine

terrninations and transformer groups are all structured as attributes of the class '~V_Arrangements"

which belongs to tbe main class "Arrangements" and is instantiated for each low-voltage level.

1be class "Alternatives" which is aIso shown in Figure 3.24, contains a set of complete single-line

diagram alternatives constructed from previously found feasible five-part arrangements (stored as

attributes of the class "Ammgements"). The main attribute of the class "Alternatives" is thus the class

''Single_Line_Diagram'' which models the suœtation single-line.œagnun. As expected, the attributes

of this class correspond to the substation's five constituent groups. Similarly, as in the case of the

class "Arrangements", the existence of severallow-voltage Ievels in the substation is accounted for

by modelling the law-voltage part of the substation by a separate class, "LV_Part" containing low

voltage buses, transformer groups and law-voltage line tenninatiODS as its atttibutes. This class is

accordingly instantiated severa! times, that is, one for each low-voltage level in the substation.

The design activities associated with the two above-mentioned steps for defining the SLD of a

substation are now discussed in more detai! in tenns of the selection of feasible arrangements for

eacb of the substation composite groups.
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3.7.3.1 Selection 01 Substation Busbar Arrangements.
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Figure 3.25: Selection of substation busbar arrangements.

The selection ofsubstation busbar ammgements (for each voltage level in the substation) is the most

critical activity in the single-line-diagram construction process. This is 50 not only because of the

importance of the substation buses in terms of the overal1 reliability and operational flexibility of the

substation but aIso because their choice influences the selection of the arrangements of other

substation composite groups. Thus, the busbar arrangement selection is usually the tirst step when

defining the substation single-line-diagram.

As already no~ an attempt has been made here ta emulate the human expert's way of reasoning,- that~ given a set of starting busbar arrangements, the human expert eliminates those which cannot
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satE"y the imposed design constraints and nanows down the search 10 a set of plausible choiœ.~. In

a similar way, SIDE applies a set of filters wbich contain beuristic mies to elimjnate ail infeasible

arrangements. This filtering process is outlined in Figure 3.25 and discussed as follows.

The set ofan consXlered busbar arrangements is passed as an input 10 the first filtering module. This

module comains knowledge rules wbich filter out the received arrangements with respect 10 the given

vohage levels in the substation retaining only those which are feasible. For example, ifa high-voltage

such as 765 kV is to he implemented in the substation, the appropriate rule will eliminate ring-bus,

single-bus and single-bus-with-transfer-bus arrangements, all ofwhich are not recommended for such

a high voltage. On the other band, the mles will retain a variety of double-busbar arrangements and

breaker-and-a-half configurations for further consideration.

The next filter considers the installation size (number of circuits, number of transformer units) and

further filters the remaining set of busbar arrangements. Thos, for relatively large substations (more

- than four circuits) arrangements such as tapped or mesh are not recommended and are consequendy

removed from the List of potential candidates.

The reliability tilter is considered the most important one since it ensures that the reliability criteria

are met. Given the specified set ofcredible events to consider (EV) as weIl as the set of consequences

to avoid (CS), the reliability filter evaluates eacb busbar arrangement from the remaining set of

potential candidates. Thus, each busbar arrangement is analyzed off-line in terms of the consequences

wbicb appear when subjected 10 a list of considered credible events (Section 3.5) and the results of

this analysis are stored in the database. Therefore, when evaluating an arrangement, the reliahility

filter uses these aff-line results to detennine if the considered busbar arrangement ensures that the

1Dldesired consequences do not occur when the specified credible events are applied. For example,
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Table 3.6: l'be off-line reliability evalualion of single-busbars-without-sectionalizers.
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CSI CSI CS2 CS3 CS4 CSS CS6 CS7 CSS CS9 CSI0
EV

EVI fi'

EV2 fi'

EV3 fi'

EV4 fi'

EV5 fi'

EV6 fi'

EV7 NA

... when single-busbars with sectionaJizing breakers are considered, the credible event "breaker-fault"

leads to the disconnection of two parallellines in the substation. This fact is established off-line and,

if the consequence of this event (in this case "two parallellines out") is unacceptable as part of the

reliability input criteria, the tiller will discard single-buses with sectionalizjng breakers as a non

feasible arrangemenL Table 3.6 presents an example of the off-lïne analysis preformed in order to

evaluate one busbar arrangement (single-buses-without-sectionalizing-breakers). The checkmarks

denote the most severe consequence which appears when the considered credible event (EVI-EV8)

occur. The following nomenclature is used in Table 3.6:

• EV! - One circuit-breaker out of service followed by a line fault (CBOOS + LF)

• EV2 - Line fauIt plus breaker failed 10 trip (LF + BFT).

• EV3 - Breaker out of service plus line fault with breaker failed ta trip

(CBOOS+LF+BFT).

• EV4 - One breaker out of service plus breaker fault (CBOOS+BF).

• EV5 - One bus out of service plus breaker fault (BUSOS+BF).
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• EV6 - One bus out of service plus line fault (BUS)S+LF).

• EV7 - Two buses faulted simultaneously (2BUSF).
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The considered potential consequences (CS1 - CS10) resulting from aforementioned credible events

are listed in order of decreasing severity as follows:

• CSI - Complete substation outage (AIl Lines)

• CS2 - Two parallellines out + one series line out (2PARL+ISERL)

• CS3 - Two parallellines out (2PARL)

• CS4 - Two series lines out + tie-line out (2SERL+TIEL)

• CSS - Two series lines out + station split (2SERL+ST_SPLIT)

• CS6 - Two series lines out (2SERL)

• CS? - One line + tie-line out (ILINE+TIEL)

• CSS - One line out + station split (IUNE_+STSPLIT)

• CS9 - One line out (lUNE)

• CSIO - Station split (ST_SPLIT)

The last filler in Figure 3.25 takes care of the enviroomental constraints. Thus, the reduced set of

busbar configurations remaining is fust checked against environmental conditions such as size of

installation. This test ensures that the surface area of the ternûn will he large enough to accommodate

certain types ofbusbar arrangements. For example, given the approximate dimensions of the busbar

electrical apparatus as well as the rough dimensions of the available terrain and the number of

incomingloutgoing circuits one can estimate wbether the installation with the considered buses can

fit into the available space. In addition, the location of the substation (indoor, outdoor) and the

configuration of the terrain may IlOt he suitabIe for certain kinds of arrangements thus influencing the

filtering process at tbis stage.
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Table 3.7: Busbar arrangements relative scores.
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Criteria1 Cost Reliability OperatioBal Impact oa tIle
AJrangement Flaibility Ea~t

Double- bnse- with.. 1 10 9 2
sectioaaIizers

Doable-b..... 6 8 8 7
witIlotIt--

secfloneuwrs

Riqb.-s 4 5 6 3

Brealœr.....lIaIf.. 2 9 10 9
arraageDlellt

Sïape-b......wida· 9 3 3 9
sectjon,'i'ftS

SiDgfe-bases 8 1 1 9

Once a set of the feasible busbar arrangements bas been detennined, it remains to rank them

according to the user preference weights vis-a-vis the four main criteria. Multieeriteria analysis

(discussed in Section 1.5) is again employed in order to facilitate this task. Table 3.7 outlines the

relative scores assigned off-liœ 10 the various kinds of busbar arrangements with respect to the four

criteria. The detennination of these scores is based on experience and, unlike the user preference

weights, is not a user input.

In order to calculate the total evaluation score for a given busbar ammgement, the relative scores

provided in Table 3.7 are multiplied by user preferences weights (a part of design specifications) for

each of the aboye-four criteria and then summed up. AIl feasible alternatives are then ranked

according 10 this total evaluation score.

The above-described fihering and ranking activities are all performed by class methods from the class

"Arrangements". Thus, the main metbod ''HV(LV)BusFiIter'' fust invokes methods which perform
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filtering ("HV(LV)BusVoltageFilter", HV(LV)BusSizeFilter", ~HV(LV)BusReliabilityFilter" and

''HV(LV)BusEnvFilter") in the arder shown in Figure 3.25. Having chosen the feasible bmbar

configuration., the main method calls upon the method "BusAssignPreferencest7 in arder to evaluate

and rank these feasible bu.sbar aIrJ..ngements. The main method eventual1y retums the list of

recommended busbar arrangements ranked in descending arder of their overall performance with

respect to the four fundamental criteria (reliability, operational tIexibility, cast and impact on the

environment).

3.7.3.2 Selection ofSubstation Line TerminatioDS.

The selection process of high-voltage and law-voltage line termination arrangements is relatively

simple since it mostly depends on the given input specificatioDS. In other words, the specifications

should contain most of the important data describing the desired configuration of line terminations

such as the type of conductor (overhead canduc1Ors, cables), the communication facilities (wave

traps), compensation equipment (shunt reactors) and any special metering equipment (additional

instrument transfonners).

Thus, given the input specifications, the method ''HVTenninationsFùter'' (or ''LVTerminatiansFilter"

when the low-vohage level of the substation ~ coDSidered) wbich belongs 10 the class "Arrangement"

(Figure 3.24) considers first the voltage level and filters out some of the arrangements from the

database (Figure 3.3) wbich are not applicable. For examp~ for voltage levels above 345 kV, the

configurations having underground cable conductors are eliminated from consideration.

The switching facilities are then analyzed depending on the busbar arrangement which was selected

in the previous step. Henœ, ifthe chosen busbar arrangement possesses enough current-interrupting

capacity (e.g. double-busbars which are always equipped with two or at least one breaker per

iDcomingloutgoing circuit conoection) the 6ne circuit breaJœr cao he omitted and the line termination-
can have only a disconnector ta enable switehing off of the line for maintenance purposes.
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As for the above-mentioned characteristics related to the communication, compensation and metering

facilities as wen as the type of the conductor" they are an specified as part of the design specifications.

The method ''HV(LV)TemrinarionsFiltet" then looks into the databa~ and selects" from among those

arrangements wbich satisfy the previously analyzed voltage and switehing conditions, the one which

contains the specified electrical equipment.

3.7.3.3 Selection of Substation Transformer/Compensation Groups.

The Transformer/Compensation groups comprise the biggest number of possible configurations. As

previously disc~ the insulatiOD, the switehing requirements, the protection" the station supply

as weil as the reactive power compensation requirements SU'Ongly influence the TC groups

configuration. The mIes processed at this stage (in the class "Arrangements'') identify the

arrangements satisfying insulation, station supply and reactive compensation requirements. This is

accomplished as follows.

The transformer/compensation group configurations are tirst classified into three major categories

according to the insulation proteetive equipment (surge arresters) they possess" namely, Ci) those

having arresters at both transformer tennina1s, (ü) with one surge arrester at the high voltage

transformer sKIe am Cm) without surge arresters. Bach of these categories is then further subdivided

according to the station supply, grounding and compensation equipment they may have. Therefore,

it is possible to distinguish six sub-groups of arrangements" namely, (i) those having a station supply

auxiliary transformer connected as a shunt element to the main circuit" (ü) the station supply

connected at the main transformer's tertiary winding, (üi) the arrangements having a grounding

transformer providing the path for zero-sequence currents when the "delta" winding connection is

implemented in the main transformer, (iv) the reactive comPensation realized by an sve at the main

transformer's tertiary winding, (v) the same as (iv) with shunt capacitor banks and (vi) an

arrangement having neither of the above mentioned equipment.
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Given the design specifications, the selection process KJentifies first one of the above-mentioned three

main categories, that is, depending on the location of the substation (indoor, outdoor) as well as on

the voltage levels (Range 1 or Range 2 [lEC71]), the rules embedded in the method

'HV_UDit_SA_Filter" determïne how many surge arresters are needed For example, if the high

voltage part of the substation is located outdoors, the presence of the surge arrester is compulsory

in order to proteet the internaI insulation against lightning strotes. Furthennore, if the voltage Ievel

belongs to the Range 2 (above 245 kV) surge arresters are needed to ensure protection against

switehing overvoltages.

Having selected the main category, the next step is 10 consider the compensation, service supply and

grounding requirements in arder to choose one of the six sub-categories. The specification factors

which are taken into account here are the transformer connection (if a delta secondary, a grounding

transformer may he required), the availability of the tertiary winding (station supply or Var

compensation may he connected to a tertiary), as well as the compensation requirements (SVe or

capacitor banks must he connected). The rules contained in the method ''HV_UDit_Shunt_Filter" are

processed in order 10 determine the appropriate set of transformer/compensation arrangements.

Bath above-mentioned methods (''HV_Unit_SA_FUrer" and ''HV_Unït_Shunt_Filter") are invoked

in sequence inside the main method ''aV_Unit_Filter" which returns severa! selected feasible

transformer group configurations. The final selection of one arrangement depends on the switehing

and current-interrupting requirements and is carried out during the construction of the complete

single-line-diagram as discussed in the following paragraph.

Once the feasible configurations for each of the five composite groups have been selec~ it remains

to put them together in order ta obtain the complete single-line-diagram of the substation. The Cact

that there may he severa! possible arrangements for each of the composite parts implies that the

numher of their combinations representing the full SLD of a substation can he significanüy large.

However, not ail combinatioDS are feasible, i.e. a set of restrictions is imposed to tilter out those

SLD's wbich are DOt reatizable or are not recomme:ncJed sinœ they introduce undesired redundancies.
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3.8 Electrical Equipment
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The substation electrical equipment is classified according ta the following categories (Figure 2.2,

Chapter2):

• Switehing equipment (breakers and disconnectors)

• Transformers (power, instrument, grounding)

• Electrical conduetors (overbead lines, cables and busbars)

• Protection equipment (surge arresters, proteetive relays)

• Compensation equipment (shunt reac1Ors, shunt & series capacitors, static compensators)

l'he class hierarchy presented in Figure 2.2 (Chapter 2) which constitutes the object-oriented model

of the electrical equipment was deve10ped acconting 10 the above sub-division. In this Chapter, more

detailed descriptions of the main electrical apparatus implemented in substations is provided. This

description encompasses not only the physical characteristics of electrical apparatus but also the

knowledge which is proœued in arder 10 select the appropriate equipment to satisfy the given design

specifications.

First, the common characteristics of the above-mentioned equipment categories are discussed. The

mast important representatives of each equipment category such as circuit brealœrs from the

switching equipment group, power and instrument transformers from the transformer group, electrical

busbars from the conductor group, surge arresters from the protection group and compensation

equipment in general are elaborated in greater detail.

3.8.1 SwitcbiDg Equipment

Switcbing equipment in eJectric power systems incorporates basically two groups of deviœs, namely,
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circuit breakers and di.sconnectors. As shown in Figure 2.2 (Chapter 2) these groups are further

subdivided into variou§ types ofcircuit breakers and di.sconnectors. Thus, it is possible to distinguish

among extra-high-voltage circuit breakers, circuit breakers for shunt capacitor banks, standard

disconnectors, load disconnectors and grounding switehes. AIl switehing apparatus share a number

ofcommon properties such as maxirnmn voltage for the equipment, nominal current rating, insulation

withstand voltage levels and short-circuit withstand capability. Figure 3.26 presents the object

oriented class model of switehing equipment with the class '~witehinLEquiP"containing common

properties inherited by the subclasses "Cr-Breaker" and ''Disconnector''. The latter two model

aASS PRotD:liI!S

UGH1'N1NG WIIB·VOLTAGE

SW11CBJNG 'Wl1'B-VOl.TAGE

PlJI1IER.FREQ..-WT1'1l-VOLTAGE

Figure 3.26: The switehing equipment class modeL
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famUies ofcircuit breakers and disconnectors respectively.

134

The mle ofstandard disconectors in power networks is to divide or sectionalize different parts of the

network eilhec 10 isolate the fàulty circuits where a fauh was previously interrupted by cicuit breakers

or to separate certain parts of the network for maintenance purposes. In contrast to standard

disconnecto~ Joad disconnectors possess the capability to interrupt the rated load cunent. The third

kind of disconnectors, the so-called grounding swîtehes, serve to provide a ground connection in

order to improve safety during maintenance. Oisconnectors, in general, are not very sophisûcated

components and, accordingly, they do not possess numerous properties. Thus, apart from the

properties inherited from the parent class "Switehin~Equipment",the class ~1.,oad_Disconnector'

contains properties characterizing the disconnector' s interrupting and closing capabilities. Similarly,

the class ~'Gro1Jndin&-switch" bas a property which symbotizes the capability of the grounding swïteh

to close onder short-eircuit conditions. It is important to mention that disconnectors (particularly

standard disconnectors), ahbough tbey can appear as independent components, are often considered

as being part of a circuit- breaker block since their operation is frequendy in conjonction with the

operation ofcircuit breakers. The selection of disconnectors is performed by a construetor of one of

the three subc1asses OoCKL standard or grounding) upon request placed by either the constituent part

class to whom the disconnector belongs or by the circuit breaker constructor if the disconnector is

part ofthe breaker. The sek:ction process consists mostly ofverifying whether electric properties such

as raled current and voltage, short-circuit capability and insolation snength of a particular

disconnector object in the database satisfy the specified design criteria

As for the circuit breakers, they represent a fairly complex switehing apparatus whose role is to

switch offand on electric circuits under normal and faulty conditioDS. Such switehing often involves

an arc extinguislring proœss which makes the circuit-breaker task more complicated and its structure,

accordingly, more complex. Therefore, since circuit brealœrs represent one of the most important

power system components, the following paragraphs describe in greater detail the classification of

circuit brealœrs, their structure, their selection process as weil as the corresponding object-oriented,-
madel
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The circuit breaker selection process consists of three main steps, namely, to select the circuit

breaker~ te verify the specified design criteria and to check for derated conditions if applicable.

These stages are now discussed in detail.

The subdivision ofcircuït-breaker types bas been made according to their intermpting medium (SF6,

aïr-bJast, oiL vacuum) and according te their construction clwacteristics (live tank, dead tank). Thus,

seven circuit-breaker types are distinguished by SIDE: SF6 dead tank, SF6 live tank, air-blast dead

tank, air-blast live tank, minimum oil, bulk oil and vacuum. Given the input design specification, the

first step in the selection process is to recognize types which satisfy the voltage level and substation

site location constraints. This task is accomplRled tbrough rules which are construeted to ensure that

the proper circuit-breaker types will he selected for the given voltage levels and location. For

example, il is wen known that vacuum cïrcuit-breakers cannot he implemented at voltages higher than

35 kV. Similarly, only SF6 and air-blast breakers are recommended for extra-high voltages. As for

the site locatio~ the mIes flller out types depending on whether a circuit- breaker is to he located

indoor or outdoor. One example is the restriction imposed on bulk-oil circuit-breakers which states

that these are not recommended for indoor installations since they can cause severe damage and a

tire in a case of oil spill. Thus, an example of a typical rule processed at this step is as follows:

IF ( 25 kV s voltage ~ 245 kV) && ( location = "indoorst7
)

TIIEN breaker_types ="SF6_dead_tank, min_oil, air_blast_dead_tank"

The second step in the selection process is to choose the preferred type among the feasible ones

selected in the previous step. This is realised using multi-ait.eria analysis of the feasible circuit-breaker

types with respect 10 the four considered criteria, namely, reliability, cost, operational f1exibility and

the impact on the environrnent. As is the case with other multi-criteria tasks perfonned by SIDE, the

method ofweighting sums is also used here (Section 1.5). The fixed relative scores of each circuit

breaker type are summarized in Table 3.8.

The combined total evaluation score which enables comparison of the overal1 design alternatives is



obtained as the sum of the multiples of the above relative scores for each alternative design and the

corresponding user preference weights. The alternatives are then ranked according 10 the scalar value

of this total score.
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Table 3.8: Circuit-breaker types relative scores.

Criteria f ReIiability Opc:rational Cast Impact on
Breaker Type Fle:xibility Environment

SF6 10 9 4 7

Air-blast 4 7 2 10

Minimum ail 6 6 2 4

Bulkoil 6 2 10 1

Once the selection of a circuit-breaker type bas been accomplish~it remains to verify the circuit

- breaker's electric properties. These properties are: the nominal current rating, the interrupting

capacity, the insulation withstand capability (lightning, switehing and power frequency) and the

interrupting time. This verification task is carried out as follows.

The darabase with circuit breakers is scrolled and a subset containing circuit breakers matehing the

previously selected type (SF6, Air-blas~mjnimum oil or Bulk oil) is extraeted. The circuit breakers

from this subset are then examined one by one by the following rule:

IF ( breaker_cun-ent_rating > operatin&-current) &&

( breaker_lightning_w_volt> Iightnin&-overvoltage ) &&

( breaker_switehing_w_volt> switehin&-overvoltage ) &&

( breaker~owerJreq_w_volt> temporary_overvoltage ) &&

( breaker_interrupt_capaciry > short_ciIcuit_current ) &&

( breaker_interrupt_time < required_fault_interr_time)

THEN

Select circuit-breaker
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The itaücized quantities on the 1eft hand side denote ciIcuit-breaker properties while the quantities

on the right band side in the cooditional part of the roJe irxticate the corresponding system parameters.

The last step in the circuit-breaker selection process is to verify that the prescribed normal service

conditions and the operating duty are satisfied These conditions include the ambient temperature

range (-50, 40 OC) and the altitude above sea level ( Jess than 1000 m) wbile the operating duty

incorporates the standard brealœr duty cycle (CD-15-CO)1. If these conditions are not met, the

following corrections must he made:

• correction of nominal cunent rating due ta higher or lower ambient temperature,

• correction of voltage stress due ta the higher altitude above sea level,

• correction of intenupting and closing capabilities due ta a non-standard duty cycle.

The correction of the nominal current rating due ta an increase in the ambient temperature is

- accomplished through the calcuIa.tion of the continuous 1000 current capacity based on actual

ambient temperature. The latter quaIitity is detennined from the following empirical expression

[AnsiC37]:

1 = 1 * [(6 - e ) 1 e lia r max a r

i = 1 1 1.18
(3.18)

where I. is the allowable continuous load cunent in amperes al the actual ambient temperature (it

cannot exceed two tilDes Ir), Irdenotes the rated continuous cuneot in amperes, aua is the allowable

Breaker duty cycle defines the sequence of breaker switehing operation. For examp1e, the standard
cycle C)lCJe CQ-1S-eO (AnsiC37] means that the breaker perfonns an closing-opening action, stays
open for 15 sec and then repeats the closing-opening action.
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hottest spot total temperature, 8. ~ the aetual ambient temperature expected (-30, 60 C) and 8 r is the

allowable hottest spot temperature tise at rated current in degrees Celsius. The values for e~ and

Or are determined based on the type of circuit breaker selected and on the maximum voltage for the

equipment specified. Tbese values are summarized for various circuit-breaker types in [AnsiC37]. For

example, for an SF6 circuit breaker with a rated voltage greater than 72.5 kV, the values for O~ and

Sr are 65 and 105 Co respectively.

Two correction factors should he calcuIated in the case ofequipment installation at an altitude higher

than 1000 m. The following formu1ae are used in order 10 compute these factors [AnsiC37]:

IF alt > 1500
Ker = (0.99 - (0.99 - 0.96) * (aIt - 15(0) 1 (1500)

K vol = (0.95 - (0.95 - 0.8) * (ait - 1500) 1 (1500)

IF alt < 1500
Ker = (1 - (1 - 0.99) * (aIt - 1(00) 1 (500)

K vol = (1 - (1 - 0.95) * (aIt - 1(00) 1 (500)

(3.19)

wbere~ and Kwa are the correction factors that muItiply the equipment rated current and maximum

voltage respectively in order 10 obtain the upgraded values valid at the actual altitude (alt).

Finally, wben a non-standard duty cycle ~ required, the circuit brealœr rated interrupting and closing

capabilities must he modified. This is accomplished by means of the reclosing capability factor R (%)

which is determined as follows [AnsiC37],

R = 100 - D
D = dl *(n - 2) + dl *(15 - t1)/15 + dl *(15 - t2)/15 + ... (3.20)

where D represents the total reduction factor (%), dl denotes a factor which accounts for the circuit

brealœr symmetrical intenupting capacity at operating voltage, n is the total number of openings



required and t1, ~ ••• is a sequence of reclosing time intervals less then 15s. The upgraded values for

the short-circuit current and the related required capabilities (interruption capability , closing

capability) are then obtained by multiplying the corresponding rated quantities by the calculated

reclosing capability factor R.
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Figure 3.27: The circuit-breaker object-oriented class hierarchy.

The basic characterlstics of the domain knowledge related to the circuit-breaker selection process
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have been discussed in previous paragraphs. A more elaborate object-oriented model of circuit

breakers as used in SIDE is now described.

There exist severa! categories of power circuit breakers depending on their mode of application.

These are extra-high voltage circuit breakers~ those used at voltages below 500 kV and shunt

capacitor circuit breakers. They an sbare a large number ofcommon charact.eristics, such as maximum

operating voltage~ rated current-carrying capacity, interrupting and closing capabiIity, etc. An

important characteristic of aIl circuit breakers is that they possess compound properties, i.e.

properties wbich are instances ofother classes. Firstly, one or!Wo disconnectors (Disc_l and Disc_2

in Figure 3.27 both instances of the class "Disconnector'') are usually associated with a circuit breaker

in arder to enable the isolation of ciIcuits after ciIcuit breaker operation. Secondly, one current

transformer (instance of the class ~'Curr_Trans") is always implemented (for protection purposes)

either as a physical part of the circuit breaker (dead tank) or as a separate component (live tank).

Apart from these common attributes, ciIcuit breakers from each category possess their own specifie

properties. For example, shunt capacitor circuit breakers have special properties related to the

interruption and closing capability of circuits containing shunt capacitor banks~ while extra-high

voltage circuit breakers bave closinglopening resistors as a particular construction characteristic.

Furthermore, the extra high-vohage circuit breakers are subdivided into three sub-caœgories, namely,

line_breakers~bus_and_transformer breakers and shunt_reactor breakers.

Figure 3.27 presents the object-oriented hierarchical structure of power circuit breakers

corresponding to the above eategorization. The mecbarrism of inheritance is extensively used bere due

to the existence ofa large number of common properties. Moreover~ the methods encapsulating the

above-presented knowJedge for circuit breaker selection ("Select_Type", "Select_Prefetred_Type",

Verify_Electric_Properties", Derated_Conditions") are aIso inherited since the selection stages are

the same for all types of circuit breakers requiring the same main task to he carried out (type

selection, verification ofelectric properties, derated conditions). However, since sorne of the selection

rules are slightly different for diverse breaker categories, the mechanism of polymorphism is
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successfuD.y impJemented here. One exarnpJe ofthis is in the method "DeratedConditions", in the case

ofshunt capacitor breakers, wbere the interrupting and closing capabilities of shunt capacitor circuits

(due to non-standard duty cycles) bave to he modified in addition to the standard intermption

capability corrections. Thus, the common part of the method is inherited from the top class

~'Circuit_breaker" (method ~'Derated_Conditions" in Figure 3.27) wbile the specific part

(~'BankDeratedConditions")is defined in the class "Sh_cap_cb".

Note tbat the object-oriented circuit breaker class hierarchy presented in Figure 3.27 is a part of the

globalelectrical equipment class hierarchy shown in Figure 2.2 from Chapter 2. The circuit-breaker

class hierarchy is attaehed to the class "Swïteh_Eq" (Figure 2.2) from which il inherits properties

commo~ not ooly to circuit breakers, but also to other electrical equipment. These properties are,

for exampJe, insuJation JeveJs (switching, Hghtning and power 1iequency), maximum operating voltage

and cost.

The instantiation of a particular circuit breaker in the substation is accomplished through the action

of a class constructor of the corresponding circuit breaker subclass shown in Figure 3.27. This action

is triggered by methods of the class modeDing a constituent part of the substation 10 which the circuit

breaker belongs. The first step in the instantiation process is to create the circuit brealœr suh

components namely pertinent disconnectors and cunent transformer. The second step is 10 invoke

methods which will perform circuit-breaker type selection and verification of electric properties and

derated conditions. This process is accomplished as follows. The methods for the type selection

("Select_Breaker_Type" and "Select_Preferred_Type") are invoked tirst to determine the desired

circuït-breaker tyPe. The electrical equipment database is then searched and a set of circuit breakers

matching the specified type is extracted. The circuit breaker with the lowest current rating among

tbem which sarisfies the design criteria (checked by method ''Verify_Electric_ProPerties") is selected

Ifstandard operating conditions are not satisfied the method ~1)erated_Conditions"is called upon 10

perform the necessary adjus1ments of cunent and voltage characteristics.
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3..&2 Tramformers

142

The main mJe of transformers in power networks is to transfer electrical energy from systems of one

voltage level to systems of another voltage leveL Another purpose of transformers can he to

transform current/vohage such as to enable the connection of proteetive and metering devices which

are usuaIly designed to operate with much lower values of voltage and current then those of the

network. Consequently, electrical transformers can he classified in two basic categories: power

transformers and instrument transformers. Further subdivision brings the current and potential

transformers as sub-classes of the instrument transformer class. Figure 3.28 displays the transformer
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Figure 3.28: The "Transformer" class hierarchy.
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object-oriented class model whose components are di.scussed in more detail in the sections below.

The purpose of current transfonners [ABB88, CAN] is to transform the primary cuneot witbin

prescribed error limits in order to enable the connection of low-eurrent proteetive and metering

deviœs. In conttast ta the power transformers which are connected in parallel, eurrent transformers

are always connected in series with an electric circuit. The current transformer selection process

cODSists of two steps: to select the transformer type and to verity if electric properties satisfy the

design criteria. These steps are oow discussed as follows.

Table 3.9: The cuneot transformer type selection.

Type of CT Voltage Location Application

WOUND-DRY s 25kV INDOOR DT, PT

SINGLET-DRY s25kV INDOOR LT,LB

SINGLET-CAST-RS 25 - 38 kV INDOOR LT,LB

SlNGLET-MIN-OIL s 735 kV OUlDOOR LB,LT

WOUND-MIN-OIL s 735 kV OUlDOOR DT, PT, SH

DT - Dead tank circuit-breaker
LT - Live tank circuit breaker
LB - LineIBus
PT - Power transformer
SH - Shunt reactor

Depending on the winding construction characteristics, cuneot transfonners can he divided in two

groups, namely, wound-type and single-tum transfonners. The former are usually implemented as

bushing transformers, tank transfonners or miniature transformers. The latter are used as outdoor

straight-through, bar or slipover transformers [ABB88]. According to the insulation medium, four

different categories are distinguished: dry, cast -resin, oil-impregnated and paper/porcelain. Thus,
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when both insulating medium and construction characteristics are conside~ seveml equivalent

tramformer types are obtained Wbich type will be selected depends on various factors such as system

voltage Ievel, location (indoor~ outdoor) and intended application (if it is to he in.stalled in a lineJbus

conduetor, as a pan ofa dead-tank circuit breaker or as a part of the power transformer). Table 3.9

presents the equivalent current-ttansformer types considered by SIDE and summarizes the basic

knowledge used for the type selection.

One example ofa rule which is derived from Table 3.9 and is used for the type selection purposes is

as follows,

IF (System_voltage ~ 735 kV) &&

(Location =OUTDOORS) &&

(Application = PO

THEN

(CT_Type = WOUND-MIN-OIL)

In addition to the common properties which they share with other members of the transformer family

(insulation levels, rated primary current and voltage, short-circuit capacity), current transformers

have their own particularities~among which one can mention accuracy class, nomber of cores and

rated burden of each core as the most representative ones. These parameters are usually provided

from protection studies.

The cule wbich fiIters the current transformer database aIso checks the insulation levels, the nominal

oPerating cbaracteristics and the short-eircuit capabilities and eventua1ly selects the object whose

accuracy class and burden meets the values obtained from protection studies.

The object-oriented model ofcurrent transformers consists of the ''Current_Trans'' class, presented

in Figure 3.28 as a member of the ovemll family of electric transformers. Apart from the inherited
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propertiesy titis class also possesses two methods, namely, ~~lectCT_Typet7 and

'Verify_Electric_Properties" which are called upon by the constructor of the ~'CUlTent_Trans" class

in order to instanriate the cuneot transformer. As mentioned above, current transformers are mostly

implemented in conjunction with othee major equipmen1 such as circuit breakers, power transformers

and shunt inductors. Thus, their instantiation is usually requested by the class construetors of these

major equipment classes. Rarely can cunent transfonners he employed independenüy. For example,

if some special metering is required in branches which are not equipped with the above-mentiooed

majorequipment. The "Current_Trans" class constructor acts independently upon request from the

relevant constituent part class (wbich models the branch) to which this cunent transformer belongs.

The role of poteotial transformers (Pt) in power networks is analogous to that of curreot

transformers. Renee, Pt's are employed to measure voltage or ta provide connections for proteetive

relays but, in contrast 10 Ct's, they are connected in paral1el with oetwork circuits.

Table 3.10: Potential transformer type selection rules and relative scores.

Pt Type Voltage Location Cast Reliabitity Floibility EnvironmeDt

IN-2-RES s 25kV INDOOR - - - -
IN-I-MO s 25kV OUIDOOR 10 9 9 6

IN-2-MO s 25kV OUIDOOR 8 7 5 7

IN-I-O 2S-735kV OUIDOOR - - - -
CAPAC ~ 315 kV OUIDOOR - - - -
IN-2-RES - Inductive, two-phase insulatioD, resin
IN-1-MO - Inductive, single-phase insuIation, minjmum ail
IN-2-MO - Inductive, two-phase insulatiOD, minimum oil
IN-I-O - Inductive, single-phase, ail
CAPAC - Capacitive
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There exists several types ofPt's depending on the insn l;ning oymnDl• the type of winding eonnection

and the principJe ofoperation. Thus, when the operating principle is consi~ there are two types

ofPt's: inductive trans/ormers whose construction is based on the elassical transformer theory and

capadtive trans/ormeTS wbich operare on the capacitive dividerprinciple. Inductive Pt's are typically

manufactured in two fOnDS, namely, Pt's with two-phase insulation and Pt's with single-phase

insulation. As for the insulating medium, resin and oïl are usually employed. Similarly, as in the case

ofcurrent transformers, several factors influence the decision ofwhich Pt type to select Apart from

the system voltage level and the transformer location, the four fundamental design criteria (cast,

reliability, operationalflexibility and impact on the envïronment) must he eonsidered when ehoosing

the preferred type when inductive Pt's are considered. As for the capacitive Pt's. they are usually

preferred forextrahigh voilage systems. Table 3.10 outlines the basic knowledge which is processed

when determining the Pt's preferred type, ineluding the multi-criteria relative scores with respect 10

the four basic criteria. Note that relative scores are not provided for capacitive, single-phase inductive

.. and two-phase resin potential transformers since tœse types are exelusively used in specifie situations

.. and do not have any alternative.

An example of a rule derived from Table 3.9 is given by:

IF (System_voltage s 25 kV) &&

(Location = OOlDOOR) &&

THEN

IF (IN-l-MO_scores ~ IN-2-MO_scores)

THEN

(Type = IN-I-MO)

ELSE

(Type = IN-2-MO

END

END
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Similarly to current traosformers, the accuracy class and rated burden are also typical characteristics

ofPt's exœpt tbat the accuracy class is calculated based on the voltage error as opposed to the Ct's

wbere the class is related 10 the current error. These and other common properties such as insulation

and short-ciœuit levels are all inherited through the parent class "Instrument''' (Figure 3.28).

In contrast to cunent transfonners, potential transformers are implemented independently, that is,

tbey are DOt tied 10 any major electrical apparatus. They are usually employed in line tenninations te

measure voltage al the entranœ of the substation or in transformer sections. Thus, their instantiation

is triggered by class coostructors modeIIing line temlination or transformer section composite groups

wlŒh invoke the coostructor of the class ''PotentiaJ....transn
• The instantiation process is accomplished

in the same manœr as in the case of current transfonners through the methods "SelectPTI'ypc'" and

'VerifyElectricProperties.

As in the case ofcircuit breakers" the selection of power transfonners is carried out in severa! steps,

namely, the selection of the transformer type, the selection of the coolmg system and the verification

of eleetric properties such as insulation strength, short-circuit and loading conditioDS. These steps

are summarized in the following SUbsectiODS.

There are three items wbich constitute the type of transformer unit: the ïnsulating medium, the

consuuction characteristics of the magnetic core and the type of winding connection. According ta

the insulating medium, transformers cao he divided into the following categories: dry-type, where

core and windings are not COntainM in an insulating liquid,. oil-immersed, where oil (with a tire point

Jess than 300 OC) represents the insulation medium and the coolan~ and silicon where a syntbetic

liquid (mostly silicon) having a tire point greater than 300 oC is used as the insulating medium. As

for the consuuction characterlstics of the magnetic core, there are !Wo possibilities: the transformer

can he reaümt as one thTee-phase unit or composed of three single-phase units. When the winding

connection is considered, transfonners are grouped as auto trans/ormers the windings of which are

connected in line and two-winding trans/ormeTs where the windings are in parallel and galvanically
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separated Thus, OIL-SINGLE-AUTO denotes an oil-immersed auto-transformer assembled from

three single-phase units.

Therefore, the knowledge associated with transformer selection can he divided into three main

groups: the knowledge processed ta determioe the type of insulating medium, the knowledge related

to the choice of the construction and the knowledge associated with the selection of the winding

connection. As far as the insulating medium is concerned, the voltage Ievel, the location and the

power rating of the transformer are constraints which are first considered. The following ruIe takes

care of these constraints:

IF (system_voltage ~ 28.4 kV) AND

(location =indoor) AND

(unit_rating s 5 MYA)

TIIEN

(transformer_insulation = {DRY, DIL, SILICON})

ELSE

Table 3.11: The insulating media relative scores.

Criteria 1 lDs.medium Environment Cost Reliability

DRY 10 7 3

OIL 1 2 8

Sn..ICON 4 3 5

Thus, as implied by the role, an three types of insolation are possible when the substation is located
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Table 3.12: The construction type relative scores.
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Criteria! Cost ReIiability Environment Operational
Construction. f1exibility

3 single-phase 3 7 8 8

1 three-phase 9 5 4 6

indoors and the voltage Jevel and power rating are less than the specified values. In that case, multi

criteria analysis is implemented in order ta decide wbich of the three insulating media is preferred.

Table 3.11 summarizes the relative scores ofthese media with respect to the three criteria (reliability,

cost and impact on the environment). The final choice of insulating medium is chosen based on the

user weighted sum of these scores.

Multi-aiteria analysis is further applied to determine whether three single-phase units are 10 he used

or one three-phase unit is the preferred option. Table 3.12 contains the relative scores of these two

options with respect ta the four criteria.

Thus, as can he coocluded from Table 3.12, the 3 single-phase assembly is more reliable, more flexible

but, also, a more costly ahemative. Which option will he preferred depends aIso on the user preferred

criteria which is accounted for thraugh the user preference weights.

The last stage in the transformer type selection consists of detennining the transformer winding

connection. This is accomplished by tirst processing the following rule of thumb:

IF (tum_ratio ~ 3) AND

(windïng_arrangement E {Yy, Ynyn, Yny, Yyn})

THEN
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(winding_conneetion = {2-wïn, AUTO})

ELSE

(winding_conneetion = 2-win)

Table 3.13: Relative scores for winding connection arrangements.

150

Criteria 1W. Cost Reliability Environment Operational
Arrangement Flexibility

AUTO 10 4 6 8

2-WIN 6 7 6 6

Table 3.14: The cooling system relative scores.

Criteria1Cooling Cost ReIiabiIity Environment Operational
system Aexibility

ONAN 10 7 5 2

ONAF 6 3 4 6

OFAF 3 1 3 7

ONAN/ONAF/ONAF 6 6 4 8

ONAN/ONAF/OFAF 3 5 3 10

ONAN/OFAF/OFAF 1 6 4 8

Hence, wben the toms ratio takes on a value Jess than 3 and the winding arrangement belongs 10 one

of the types described in the mIe, both winding connections are possible and multi-criteria analysis
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must he used once again to choose one over the other. If, on the other band" one of the mIe

conditions is not satisfie<L the two-winding connection is chosen. Table 3.13 presents the multi

criteria relative scores for the two ahematives, two-winding (2-win) and auto transformers (AUTO).

Once the type selection bas been accompJished, the next step in the transformer selection process is

ta choose the transformer cooling system. The method of cooling is usually stated by the

manufacturer in the form offour capitalletters where the tirst two letters denote the coolant and the

manner of circulation for the winding while the 1ast two letters indicate the coolant and the manner

ofcirculation for cooting outside the transformer. Thus, the letter 4'0" denotes a Iiquid coolant with

a me point Jess than 300 oC (usually ail), UN' stands for air coolant, 4~' indicates cooling by natura!

circulation and ''F' symbolizes cooling by forced circulation [ABB88, AnsiC57]. For example,

''ONAF denotes a cooling system where natura! circulation of oil is used for WÏDdings and forced

circulation ofair is impJemented ta cool the outside of the transformer. Obviously, air is exclusively

used as a coolant for the outside ofthe transformer. As for the windings, the coolant is always ail for

oil-insulated transformers whiJe airis used in the case of dry (air-insulated) transformers. The choice

of the manner of circulation depends on the designer preferences and is therefore accomplished by

means of multi-criteria analysis. Table 3.14 contains the relative scores of the various cooling

alternatives considered

The Iast step in the transformer selection process is ta verity whether the transformer's electrical

characteristics satisfy the specified design criteria. These characteristics are the insulation levels, the

power ratings and theshon~ levels. SimiJarly ta the case of circuit breakers, those transformers

of a selected type and cooling system are extraeted from the database and analysed by mIes which

filter out those which fail to satisfy the specified design criteria. For example, as far as the power

rating isco~ the approximate power rating obtained from the prelirninary transformer analysis

is used as a threshold when finding a set of transformers which match the transformer type and the

cooling system. The subset thus obtained is further reduced by elirninating those units whose

insuIation andshort~ leveJs do oot IDeel the prescribed criteria. Eventually, the transformer with
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the smaJ)est rating (first above the threshold) is selected from the feasible set
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The object-oriented model of power transformer consists of the class bierarchy oudined in Figure

3.28. The main class '~ower_Transformer" inberits common properties such as insulation and shon

circuit levels from the class ''Transformer'' which in tum models transfonners in general (power and

instrument). It also contains its own particular properties such as rated power, voltage levels and

irnpedanœ and two class members ("Curr_Trans_l" and "Curr_Trans_2'· both instances of the class

''Current_Trans") modelling corrent transfonners physicaIly located at both sides of the power

transformer and used for differential protection (the class 'leurrent_Trans" will he described later in

this chapter).

Since power transformers are part of the transformer section composite group, the transformer

selection process is triggered by methods of the class ''Units'' which models this composite group as

a part of the instantiation process of the group's pertinent electrical equipment. The power

transformer instantiation process starts by sending a message 10 the class construetor of the "Power

_Trans" class. Two instances of the USystem_Input" class are then passed containing data related to

the two voltage levels of the transfonner. The first step in the instantiation process is to create two

current transformer objects. Once the pertinent current transformers have been instantiated, the

''Power_Trans'' class constructor proceeds to the three above-described steps in transformer

selection, namely, type selectio~ cooling system selection and verification of electric characteristics.

The methods "Select_Transformer_Type", "Select_CoolïnLSystem" and

"Verify_Electric_Properties", which belong te the class ''Power_Trans'', encapsulate the knowledge

associated with the above three steps of the transformer selection process. These methods are

invoked, in sequence, by the construetor of the class "Power_Trans" in arder to ïnstantiate an object

of this class and thus accomplish the selection of a power transformer unit
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3.8.3 FJectricaI Conductors
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Figure 3.29: Electric conductors class modeL

Two kinds of subdivisions are possible to define electrical conductors: according to the type of the

conductor and the type of implementation.. In the former case it is possible to distinguish three

subcategories, namely, overhead stranded-WÎre conductors, underground cables and tubular

conductors. As for the type of implementation, the conductors are mostly used in üne tennjnatioDS

and transformer sections to ÎDterconnect the pertinent equipment and in substation busbars.
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Severa! factors should he considered when selecting overhead conduetors such as the nominal

current carrying capacity, the capability to withstand short circuit stresses, the corona effect and

atmospheric conditions.The basic properties characterizing stranded-WÏre conductors are therefore:

rated current carrying capacity, positive and zero-sequence impedances, capacitive susceptance,

shon-duration admissible current (shon-circuit capabiIity), conduetor ctiameter, number of conduetors

per phase and audible noise and radio interference levels. When underground cables are considered,

apart from the continuous current-carrying capacity and short-circuit capability, particu1ar properties

such as type ofinsuJation witbstand voltages, capacitanœ and laying arrangement must he considered.

As for the tubular conductors, typical properties are extemal and internal diameters, cross-sectional

area., mass and tube length. Tubular conductors are often implemented in substation busbar systems.

The object-oriented class hierarchy ofelectrical conductors is outlined in Figure 3.29. The main class

in the hierarchy ''Electric_coIXI'' contains the common properties shared by any conductor type. The

classes ''Under~cables'', Strand_wires" and ''fubuJar_cond'' model underground cables, strand-wire

conductors and tubular conductors respectively.

As previously mentioned, the three conductor types cao he implemented in different parts of the

substation. Moreover, two different types (strand-wire and tubular conductors) can he used in

substation busbar systems. Since busbars represent a crucial part of the substation, a detailed

description of the busbar conductor selection process is presented in the following paragraphs as an

example.
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~.

Pive types ofbusbar conduetors are considered by SIDE: abmrininUl and copper tubes, aluminium and

copper strand-wïre conductors and t1at coppel' busbar conduetors. Factors such as nominal operating

curren~ location (indoor,outdoor) and atmospberic conditions are considered in arder to decide

Table 3.15: Busbar conductor types.

Busbar Nominal Location Cost Reliability Operational Environment
Type current t1exibility

lUBE-AL ~ 2000 A OUT,IN 9 6 8 5

TUBE-CU ~ 600 A OUT,IN 2 6 S 6

WIRE-AL ~ SOOA OUT,IN 10 7 3 S

WIRE-CU ~ 600 A OUT, IN 2 6 8 6

FLAT ~ 600 A IN 5 6 2 7

about the conductor type. However, these factors may not he enough 10 favour one particular type

over another but ooly serve to recommend a few feasible conductor types. Therefore, multi-criteria

analysis should he nm in aIder 10 enable the choice of the preferred type. The considered criteria are,

as usuaL the oost, the reJiability, the impact on the environment and the operational t1exibility. Table

3.15 summ.arizes the knowledge related to the selection of busbar conductor types and the fixed

relative scores. A set of mIes which are processed during the type selection bas been constructed

from the data provided in the Table 3.15. One example of a mle derived form this table is as follows:

IF (nominal_current E 2000-2500 A) AND

(location =OUTOOOR)

THEN



The conductor type selection process consists of two steps: (i) to detennine a feasible set of

conductors through nùe processing where the above-mentioned factors (nominal current and

location) are used 10 tiller out undesirable conduetor types and (ü) ta perform multi-criteria analysis

in arder to choose the most favourable type from the previously reduced set.
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Multi-criteria analysis is nm based on the relative scores from Table 3.15 as weIl as on the designer's

preferences expressed through the preference weights provided in the design specifications.

The verification of electric properties consists of cheddng the conductor insulation streng~ the

current carrying capacity and the capacity ta withstand short-circuit thermal stresses. The latter is

accomplisbed tbrough the cakuJation of the admissibleshort~ value obtained from the following

formula [Epri82]:

(3.21)

-!.',. ~

here A is the cross-section area, C is the thermal capacity, p is specifie resîstance, t id duration of

short-circuit, Tm is maximum admissible temperature, Ti is initial temperature of the conductor and

Tisa constant which takes the following values: 234.5 for copper and 225 for aluminium conductors.

As an exampl~ after baving searched the conductor database in order to extract those conductors

which match the pteviously determined desired type, the following rule is applied 10 selected cables

in order to verity their electric properties:

IF (lightning_withstand_voltage ~ fast-front overvoltage) AND

(Switching_withstand_voltage ~ slow-front overvoltage) AND

(powerJrequency_withstand_voIUlge ~ temporary overvoltage) AND

(current_carrying_capacity ~ nominal current) AND

(Short-circuit capacity ~ le)
THEN (Select Conductor)
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Apan from the eJectric properties wbich mainly take Cafe of thermal and voltage stresses, the busbar

conductors may he aIso exposed to severe dynamic stresses due to short-circuit faults. In order to

ensure that the selected busbars can withstand the expected dynamic stresses, it is neœssary to

perform a mechatrical stress aoa1ysis ta obtain the required Iength of the conduetor between supports

and the spacing between conductors of different phases. This type of mechanical stress analysis was

already described in Section 3.6.8.

Wbere a few conduetors from the database meet the above<onsidered requirements, the one whose

cunent carrying capacity is closest ta the expected nominal operating current is chosen.

The o~-orientedmodel ofbusbar conductors cODSists of the class "Busbars". As shown in Figure

3.30, this class contains two class members, namely, ~'Wire_buses" and ~'Tube_buses" which are

instances of the classes "Strand-wires" and Tubular_cond" (Figure 3.29) respectively. Which one of

these two will he instantiated depends on the selected bus conductor type. Thus, the fust action of

the "Busbar" class construetor is ta invoke the method '~onduetorTypeSelection" in order to come

out with the proper conductor type. The next step is to invoke the class constructar of one of the

above-mentioned class members which, in turn,

invokes the methods "VerifyElectricProperties"

and ~'MechanicalStressAnalysis" to check

whether the electtic and mechanical

characteristics of the conductor meet the

specified requirements. Since the latter method

belongs to the class "Mechanical_Stresses"

whic~ in turn, belongs to the class

"Simulations", the classes "Strand_wires" and

Figure 3.30: Bus conductor class representation.
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'7ubular_cond'~are declared friends2 of the class '~echanical_stressesnso that they can access the

method '~hanjcalStressAnalysis'~.

The request for the bus conductor instantiation is placed by the constructor of one of the classes

''IN_Busbars'" or ''LV_Busbarsn which model the high-voltage and low-voltage substation busbar

systems.

3.8.4 Protection Equipment

Two kinds ofprotection are considered in electric power networks: protection against overvoltages

and protection against short-circuit faults. The former falls onder the subject of insulation

coordination while the latter is better known as relay protection. Both protection design wks are

based~ to a certain extent,. on the heuristic knowledge processing and as such are classified by a

group of supporting expert systems. The insulation coordination expert system tool bas been

developed in the course of tbis research wbile the development of the expert system for relay

protection design still remains a future objective. Thus, the protection electrical equipment considered

by SillE ooly includes the apparatus employed to accomplish overvoltage protection. The mast

important members of this category are surge arresters.

Surge arresters are used in substatioDS to proteet vital equipment and installations such as power

transformers,. shunt reactors and underground cables against overvoltages which may occur. Two

types of surge arresters are in use, namely, gapped (silicon-earbide) and metal-oxide arresters

[ABB88, Sim92, HQM]. The former type responds faster when the sparkover voltage is exceeded

2

Afriendclass is a class whose methods cao access properties of another class to which this class is
declared a frieod. SimiJarly, afriend function (method) can he declared to a class whose properties
this method can normally acœ8S.
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but the follow current also tises. Fwthermore, if a magnetic blow-out facility is not present, this

eurrent continues 10 flow until the next voltage la'O crossing. On the other haIKL in the case of metal

oxide surge-arresters, the discbarge current f10ws only during the presence of the overvoltage. Metal

oxide arresters are preferred nowadays, particuJarly in systems with a direct-eartbed neutral [Sim92].

They are also good in performing the task of a surge limiter in a cable system when proteeting a

motor against possible stan-up ovel'Voltages (Sim92]. These reasons were enough to justify the

consideration of metal-oxide arresters as the main proteetive devices against overvoltages within

SIDE.

The principal properties of surge arresters are lightning and swïtehing proteetive levels, permanent

operating voltage and nominal. discharge current. In additio~ surge arresters, like other electric

apparatus, also possess insulation characteristics such as lightning, switehing and power frequency

withstand voltage levels.

The selection ofsurge arresters consists of a relatively simple task. It basically consists of one single

role which verifies wbether the arrester's permanent operating voltage can cape with the expected

temporary overvoltages at the given location. The rule is contained in the method

"VerifyElectricProperties" beIonging to the class ''Surge_arrest'' which, in tom, represents the object

oriented model ofsurge arresters. As shawn in Figure 2.2 (Chapter 2), this class is directIy attached

to its superclass '~pment77 from which it inherits the most common properties such as cost and

failure and repair rates.

3.8.5 Compensation Equipmeut

Reactive power compensation is an important activity carried out in substatioDS. Tbere exist severa!

grounds for the use of reactive compensation, sucb as voltage control, power factor correction and

stability imp[ovement The equipment which is involved includes shunt capacitor banks, shunt
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reactors and series capacitors and more complex devices such as static VAR compensators [Sta86].

The object-oriented class model of electrical apparatus used for reactive compensation purposes is

shown in Figure 3.31. The main class ''Comps_eqU contains common properties shared by aIl

compensation equipmenL These are nominal voltage and nominal reactive power rating.

The classes "Sh.induct", Sh.capac" and "Ser_capac" model the above-mentioned compensation

apparatus and, apart from the inherited common properties, they possess their own particular

attributes. As for static VAr compensators, their object-oriented model consists of a separate class

bierarchy. l'be main class "SVS" models the standard characteristics of every static VAr system such

as the reference voltage (the desired value of operating voltage), the slope of the U-I (voltage

cmrent) characteristic, ils overload capability, the response lime and audible noise levels. In additio~

"SVS" contains class attributes modeling the SVS's basic subcomponents, namely, the coupling

transformer (class'~_ttans''), thyristor valves ('Thyr_vf') and the control system ("Ctrl_sys"). The

cIass "SVS" bas three subclasses representing the three Most common static VAr system

configurations. These are the thyristor controlled reactor ('7CR"), the thyristor switehed capacitor

(''TCS'') and a combination of the last (WO ('lCR+TCS"). Beside the common characteristics

inherited from the parent class, each SVS category incorporates its particular subcomponents. For

example, as shawn in Figure 3.31, the class "TeR" bas a class member SH_I which is an instance of

the class "Sb.induet" modeling a reactor while the class '7CS" contains a member named SH_C as

an instance of the class "Sh.capac" which represents a capacitor bank.

The instantiation of any of the compensation equipment is triggered by methods from the class

modeling the corresponding transformer/compensation constituent group. AIl the neœssary
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SH.CAPAC

I------~ CP_TRANS

SEILCAPAC

TCS

SH.INDUcr SHJ

--

Figure 3.31: Compensation equipment class hierarchy.

information for the compensation equipment selection is obtained from the results of reactive power

management simulations preserved in the instance of the class '1œac_mgm" (Section 3.6.4).
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3.9 SIDE's Graphical User Interface
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A powerful graphical user interface (GUI) bas been developed to enable users easy and friendly

access to the various SmE facilities. As mentioned in Section 3.1, the GUI is conceived to he a

client, that u, a program which allows severa! users to access SIDE's knowledge and databases as

weil as various simulation tools at the same lime. Moreover, the same user can run more than one

session at a tinte.

SIDE' GUI [Ara94, Ata94] consists mainly of a menu system which is divided as follows:

File. This option manipulates files containing existing design session results, input specifications or

graphical representation ofvarious substation components. Standard file oPerations such as loading,

saving, copying, deletion and merging are supported.

Input.This option provides user-friendly windows-based forms for entering input specification data.

It allows the user to add new input specification records and to modify or delete existing records.

Databases. This option allows the user to browse through the equipment and other databases.

Output. This menu permits the user to access the output results generated by SmE. The output

results are represented in the following faons:

• Graphical, permitting the user to display, examine and modify the complete single-Iine

diagram of the substation as weIl as to create new graphical symbols for basic electrical

equipment and substation composite groups.

• Design report, aDowing the user to examine general design information such as the size of

the substation (MW), the number ofcircuits and transformer units, the voltage levels and the

substation location.



• Tender document, where the detailed specification of electrical equipment can he found.

T.. Chapter 3: AN INTELLIGENT SUBSTATION DESIGN ENVIRONMENT 163

• Simulation report, where results of the various simulation studies are stored.

The foDowing are sorne exampJes ofSIDE's GUI capabilities including the main menu (Figure 3.32),

the single-Iine diagram graphical representation (Figure 3.34), the input specifications entry fonn

(Figure 3.33), and the design window where a user cm create new graphical symbols (Figure 3.35).

Anotber very important aspect of the GUI is its explanation facility which offers the user a powaful

tool through which one can obtain a detailed explanation about any element or action of SIDE. For

example, the user can trace the SIDE process which leads to the selection of a particuIar electrical

apparatus and can also request explanatioDS relating 10 more sophisticated SIDE aetivities such as

the single-line diagram selection orexplanatioDS regarding different kinds of simulations carried out

during the design process.

The explanation facility relies on a set of special methods which each class in the model possesses.

Tbese methods are caIJed upon during the class object instantiation in arder te generate a description

of the instanriation process. This description is then store.d in special files which are tater accessed and

read by GUI functions upon a user' s request. One example of the explanation facility, namely, the

explanation of the circuit-breaker selection process, is DOW discussed as follows.

As shown in Figure 3.36, the tirst part of the explanations is related to the selection of the circuit

breaker type. The selection process con.mers severa! possible types of circuit breakers and evaluates

them in terms of cost, reliability, operational t1exibility and impact on the environment. The scores

assignerl 10 the circuit breaker alternatives with respect 10 the four criteria are shown in the tirst part

of the explanation forme The second part of the form reveals the tlow of the process related to the

selection of the circuit breaker's electrical properties. Thus, it is possible to distinguish steps such as

verification of nominal current ratings, short-eircuit capacity and insulation levels. In titis way it is

posssible ta add the dimension of explanation 10 the design process.
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Figure 3.32: SIDE's main menu.
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Figure 3.34: An eumpJe of SIDE's siDgle-1iDe diagram representatiOD.
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Figure 3.35: An example of the SIDE's design facility.
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4. DESIGN OF SUBSTATIONS USING SIDE

4.1 Summary

169

The objective oftbis chapter is 10 demoDStrate that SIDE performs its function as inte~ namely,

that il ~ capable of deqgning substations consistent with existing designc; and in a manner satisfactory

to human experts. To this end. two distinct practical design cases are studied. The input design

specifications characterizing~ cases are described first (Section 4.2) including aIl important data

such as power ratings~ nominal voltages and insu1ation levels~ short- circuit~ parameters related

to incoming and outgoing liDes, deterministic reliability criteria and the designer's performance

preferences. The corresponding outputs of the design process generated by SIDE are presented in

Section 4.3 in the fonn of:

• General design report

• Single-line diagram

• Results of numerical simulations

• Electrical equipment tender document

The validity and reasonableness of these designs are then discussed and analyL.ed. In addition~ a

sensitivity analysis is perfonoed 10 iIIustrate how the changes in the user preference weights influence

the final designs generated by SIDE.

Finally~ in Section 4.4 another vatidation of SIDE is carried out for a case whose input specifications

correspond to those of an existing substation and comparing the design alternatives produced by

SillE with the actual substation.
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4.2 Design SpeciJicatio..
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Two sets ofdesign specifications (cases A and B) for the proposed substations are defined in arder

to demonstrate the capabilities and reasonableness of the results generated by SIDE. In both cases

testect the power and voltage ratings" the environmental constraints" and the insulation and other

power network characteristics are CommODo The major differences in the design specifications of

cases A and B occur in the deterministic reliabiIity criteria and in the user preference weights as these

are the most Iikely criteria to vary in practical situations. The input specifications are provided in

Tables 4.1 and 4.2 for case A and B respectively.

Case A pJaœs 100 percent user preference OD reliability and zero percent on the other weights. Thus

this case will tend to he more costly (and more reliable) than case B. To eosme this reliability" the Iist

ofuDacœptable consequences (due to variom adverse events) is quite extensive. By unacœptable is

usuaHy meant a consequence which results in load curtailemenL To prevent such consequences" the

arrangement of the substation equipment" as refJeœted in the single-line diagram, must he suchc as

10 ensure this design requiremenL

Case B places 100 percent user preference on cost and zero percent on the other weights. As a result"

this case will produce a much less extensive substation but with lower reliability. The list of

tmacœptable consequencesis much reduced as compared ta case A In other words" consequences

that involve load curtailement are deemed acceptable and this is aIso refleceted in the single-line

diagram which is much simpler than in case A

One might consider that case B includes all possible cases so it is more difficult to find the least

expensive one. On the other band" case A, being ooly a subset of case B with more restrictionswill

!end itself more easily to practical solutions. In other words" the security region of case B is much

larger than for case A since it includes more acceptable consequences, albeit with possible 108'1

curtailemenL
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These considerations are depicted in Figure 4.1. It is evident that the ideal solution for either case

rests in its corresponding security boundary.

In the present exercice~ securityis defined as the ability of the design to cope with adverse events

whith either involving load curtailement (case B) or no load curtailement (case A).

In a further application of this methoology, one may he able ta take load cmtailement into account

through some probabilistic Penalties but at the moment only a deterministic view of reIiability is

presented.

SECURITY REGION - CASE B

SECURITY REGION - CASE A

Figure 4.1: SIDE solutions security considerations.
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Table 4.1: Design specifications for case A
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INPUI' SPECIFlCA110NS - CASE A

Voltage Lev. (kV) IaadatioD Levels

735f315 Maximum system. voltage: 7651330 kV phasc-to-phase

Lightning impulse: 21(XYI300 kV aest phase-t~und

Power R.atiDc (MYA) SwW:hîng impulse: 15S019SO kV crest pbase-to-ground
Tcmp<nry OVC'lVoltage: 1.511.5 per unit

4000 Surge anestc:r rating: 470006 kV pbasc-to-ground

Lightning impulse for protected equipment: 195&1175 kV
Siaort-Cireait Data Minimum air clea:raDCC to carth: SIl.5 mcters

Minimum air clearance between phases: 8.S 14 meters

Shon..Qrcuit level: 40 GVA

Fault duration: 6 cycles
ReIiahiIity Criteria (Detined in Section 3.5)

fDcoming LiDe Data Credible Eveats Il eo...._aas

ALLLINES 1
Numbc:r oflines: 4

Rating of liues: 2500 MYA
2 PARL. + 1 SFRL .(

CBOOS+LF {

LF+BFr 1 2PARL .(

OatgoiDg LiDe Data

CBOOS + LF + BFf
2SERL+TIEL .[

Numbc:r oflincs: 8 CBOOS+BF
2 SERI. + ST_SPUf .[

Rating of liues: 1<XX> MYA
2SERL .(

BUSOS+BF

BUSOS+LF
1LINE+11EL

Costs

2BUSF
1 LINE + ST_SPUf

Cast of losses: 4000 $/kW lUNE
Cast of eœrgy not de1ivcn:d:

4OO$IMWh ST_SPLIT

User Pnlenace WeiPts

EnvironmentaJ impatt O'IJ Reliability: 10Yf,

Cost:~ Opcrational flexibility: 0%

NB: Unacceptable consequences and specified credible events are indicated by a check (/)
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Table 4.2: Design specificaûODS for case B.
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INPUT SPECIFICATIONS - CASE B

Voltage Levels (kV) lamlatioa Leftls

7351315 Maximum systcm. voltage : 7651330 kV phase-tcrpbase
LightDiDg impulse: 21<n'1300 kV crest phase-to-ground

Pow..RatiDg (MVA) SwitchiDg impulse: ISSOI9SO kV crest pbase-to-ground

4000
Temporary ovcrvoltage: 1.511.5 per unit
Sorge anestee ratiDg: 470t206 kV phase40-grouDd

SIIort-Circait Data LightDiDg impulse for protected equipment: 19SG'1175 kV
Minimum air c1caraDce ta earth: sn..51D1:ta'5

Sbort-circuit levd: 40 GVA Minjmum air clearance betwcen phases: 8.5 14 meters

Fault duratiOD: 6 cycles Relialtility Criteria (Defined in Section 3.5)

Iam-ing Lille Data Credible Eveats Co",,_DCeS

ALLLINES .f
Number of Unes: 4

Rating of lines: 2500 MVA 2 PARL. + 1 SERL

CBOOS+LF .f
2PARL

OutgoiDg LiDe Data 1.F+BFr .f
2SERL+TIEL

CBOOS + LF + BFr
2 SERL + ST_SPLIT

Numtx:r ofliDcs: 8 CBOOS+BF
RatiDg of lines: 1000 MYA 2SERL

BUSOS+BF
lLINE+11EL

BUSOS+LF
Costs 1 UNE + ST_SPLIT

2BUSF

lUNE
Cast of losses: 4000 $/kW

Cost of energy Dot delivcrcd: ST_SPLIT
400SIMWh

User Pnlereace WeiPts

Environmcntal impact: ()tI, Reliability: ()li,

Cost: 1()()tI, Opcrational f1cxibility: 0%

NB: Unacœptable and specified credible events are indieated by a check (..f)
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4..2.1 Power System Criteria
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-

- The substation ta he designed is described as a transformer substation whose purpose is to supply

315 kV sub-traDmlission circuits from a 735 kV grid. The rating of the substation is 4000 MYA and

this load is carried over four 315 kV double-circuit lines where each circuit is rated 1000 MVA.

-The short-circuit levels and insulation levels specified from system studies and insulation

coordination are as shown in Tables 4.1 and 4.2.

- Variations in the supply voltage are expected to lie in the range of plus-minus five percent

4..2.2. DetermiDistic ReliabiUty Criteria

The specified credible events and unacœptable consequences for cases A and B are shown in Tables

4.1 and 4.2 respectively. In case A, this specification requires that the occurrence of any of the

considered credible events should not entail any consequence involving two parallel lines out of

service. This severe requirement does not apply in case B where only the outage of a complete

substation is considered nnacceptable. Thus, case B is more to1erant 10 outages and should result in

a less oob08t design.

4.2.3. Environmentai Criteria

- The substation is located outdoors in a mral area assuming relatively normal climatic conditions for

the 44th paraDel (temperature range between -50 and 40 oC, altitude above sea level below 1000 M,

wind, snowfall and rainfall conditions are aIso within normal ranges).

- The bus conductors on the 735 kV and 315 kV sides must respect the specified levels for audible

noise and radio interference generally accepted as standard, for example 60 dB and 67 dB

respectively.
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4.2.4 User Prererence Weigbm
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As shown in Tables 4.1 and 4.2, the criteria re1ated 10 reliability is given the highest priority in case

A while the ÎDvestment cost is the most important criterion in case B. Apart from these two basic

cases, a variety of cases involving different values of preference weights is aIso considered as

summarized in Table 4.3 in order 10 examine the sensitivity of the designs with respect 10 the criteria

emphasized by the user.

Table 4.3: VariatiODS in user preference weights.

Case 1CritaJa Cost(CI') RdiabiIity (CI') FIaibility (%) EDviIoDlDCllt (CI')

A-I. 8-1 0 100 0 0

A-2.8-2 100 0 0 0

A-3.8-3 0 0 100 0

A-4.8-4 0 0 0 100

A-S .B-S 50 20 20 10

A-6.S-6 30 20 40 la

A-7.8-7 10 50 30 la

A-8.B-8 la 10 30 sa

4.3 Outputs or the Design Process

The outputs of the SIDE design process are presented in this section. The general design information

related 10 cases A and Bis shown in Tables 4.4 and 4.5 respectively. In addition ta the basic data

conœming the voltage levels, power ratings, type and location of the substation, the genera1 design

information also depkts the single-line diagram configurations of the substation (HV and LV busbar

arrangements). Tables 4.6 and 4.7 present the more important simulation results (insulation

coordination, short-circuit calculatioos, transformer pretinrinary ana1ysjs and cast evaluation) for cases

A and B respectively.
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Table 4.4: General design information - case A.
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ï
. ~

DESIGN'I1I'U: CASE-A
TYPK OFstJaSTA11ON: 1"RA1I5Rl1tMEll-1WRAL
POWEll 1tA11NG= «XlOMVA

VOLTAGELEVa.: BrûllVOLTAŒ lD'I1 VOLTAGE

VOLTAGIS: 13StV 31StV

NUMIIDl 01'aaevrrs: .. 1

~11ON: OUI'DOOR 0Ul'D00R

BVSaAIl~

AL"IDNA.'DVE- 1 IXXJBLEBUSES WI'IH SECT. IXltJBLE BŒES wrm SECT.

ALt'DNA'DVE- 2 DOtlBLEBUSES wrm SECI'. DOtlBLEBUSES

AL'IDNA'IlVE·3 BREAKER-AND-A-BALF IXltJBLE BUSES wrm SECT.

AL1DHA11VE-. BR.EIdŒR-AND-A-&AU DOUBlJ:BUSES

AL'lEllNA11VE - 5 OOVBLEBUSES IXlUBlJ:BŒES wrm SECT.

AL"nRNA.11VE- , DOUBLE BUSES DOUBlJ:BUSES

Table 4.5: General design information - case B.

DISIGN 'ITI'I..E: CASE·B
TYPE OFSUllSTA11OH: 1'RANSRHOŒR- RURAL
POWER 1tA11NG: 4000MVA

VOLTAGELEYBL: HlGBVQLTAGE u:J9/VOLTAŒ

VOLTAGIS: 13StV 31SkV

NtlMUK 01' aaClJll'S: 4 8

LOCA11ON: 0tJTD00R OUIDOOR

MJSIWl AIlRANGDIDR'S

AL'I'DNI\11VE- 1 IXXJBLEBUSES DOUBLE BUSES wtIB SECf.

AL'lEllNATlVE- 2 IXXJBLEBUSES DOUBLE BUSES

AL'I'EIlNA11VE- 3 IXXJBLEBUSES SINGLE BUSES

AL'I'EIlNA11VE•• OCXJBlE BUSES WIIB SECI'. SINGlE BUSES

AL'I'EIlNA11VE- 5 BREAKER·~A-BALF DOUBLEBUSES

AL'I'DHA'I1VE- , DŒJBLEBUSES wrm SECI'. DOUBLE BUSES
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Table 4.6: Simulation results - case A
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'11IANSIOIIMDl ANALYSIS SBORT~cmrCALCtJlA'I1ONS

NUMBER OF lJNI'I'S: " ,.. PBUEI'AULT -BV: 30 kA
UND'SS1'Œ: 140 11120 11«X> MY'A ~RAIt-BV: 51 kA
UNIr IMPEDANCE: 12~ ~I'AtJLT-LV: 29"
TAP~ 2 s2.S". -2s2.S~ ~PEAJ[-LV: .okA

D&JIA.11ON Q)()1IDINA11ON COST EVAUJA110N

AL1I'JL COSY($)
PRASE-TO.(jIlOtJNQ - m kV

ALT-l 19029600
MAJDMlJMVOLTAGE: 765 ItV ALT-2 1S429600
UGJII'NIlIlCWII'IIS. VOLTAGE: 1950 ItV ALT-] 76129600
SWIlCBINGWD1ISrANDVOLTAGE: 15SO tV ALT-4 7322!i16OO

ALT-S 76129600
~TO.(jIlOtJNQ - 31S kV ALT~ 1322!iI6OO

M.UIMlJMVOLTAGE: 330 ItV
LIGIII'NING WII'IB'fAlG) VOLTAGE: 117SltV
&WIlUiiNG WIl1BI"AND VOLTAGE: 9SO tV

Table 4.7: Simulation results - case B.

'l'ItANSIOIIMEI ANALYSIS SIIORT-aJlcmrCAJ..ClJlA11ONS

HUMBER. OFtlNITS: " 'lBRIB-fIIASE l'AULT - sv: 30 kA
UNJI'S SJZE: 140 /1120 11«Xl MYA 'I1IIlEE-I'IL\S PEAK - av : 51 kA
UNII'IMPEDANCE: 12 .. 'IBU'.E-I'IIASE l'AlJLT - LV : 29 kA
TAP CBA!«iER: 2 su... -2x2.S ~ 'l"BKD-PIL\SE PE.AK - LV : .ckA

lN5tJl.4'DON COOIDINAUON aar EVAUJA'DON

IJRA:Wm.GBQ[lNQ- vs W ALUIt. COSY($)

8rfADMUMVOLTAGE: 165 ItV ALT-l SGf6640
UGB'I'NINGWII1IS. VOLTAGE: 1950 ItV ALT-2 55947000
SWlrtmNG WllllsrAND VOLTAGE: lSSO tV ALT-] S2350000

ALT-4 61~

PRASf.1p-GBOJJNQ - 31S kY ALT-S 63100000
ALT-6 639I000O

MAXIMUM VOLTAGE: 330 tV
UGJII'NIlIlC wtI1I5rAND VOLTAGE: 117StV
SWliUIING WIIIBrAND VOLTAGE: 9SO kV
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4.3.1 Selection of Single-6ne Diagr&llti
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Comparing the results corresponding to cases A and B~ it is evident that busbar arrangements

characterized by a high leve1 of reliability are selected in case A (double buses withlwithout

sectionalizjng breakers) whüe the preferred choices in case B are the 1ess reliable options (single

bus). These differences are mostly due 10 the specified detenninistic reliability criteria and~ to some

exten~ to the chosen user preference weights.

As discussed in Chapter 3~ the selection of busbar arrangements represents the core process in

establishing the substation single-line diagram configuration. A good example is the selection of

busbar arrangements for the six design alternatives generated for case A. As can he observed in

Table 4.5, the combinations of only three different arrangements (double buses with and without

sectionaJizing breakers and the breaIœr-and-a-halfarrangement) constitute the six design alternatives

ofcase A These arrangements have been retained frOID the starting set consisting of six basic busbar

configurations. As explained in Chapter 3, the first filter eliminaren those busbars which are Dot

practical for the specified system voltages. 1bus~ single-bus and ring-buses were filtered out as

potential carvJidates for the 765 kV sicle. Similarly~ wben the 330 kV voltage level is consi~ the

ring-bus arrangements are omitted as inappropriate. The next filter exarnineA the remaining set with

respect to the deterministic reliability criteria and as a result of this analysis the single busbar

arrangement was removed from the 330 kV feasible set as a resu1t of the severe deterministic criteria

imposed. The last selection filter bas removed the breaker-and-a-half arrangement from the 330 kV

set since the available space was Dot sufficient to accommodate this arrangemenL The next step in

the selection process was 10 rank the retainerl arrangements according to the specified user preference

weights. Hence~ since the reliability criterion was given a 100% preference, the arrangements were

ordered as follows:

High Voltage (765 kV):

Low voltage (330 kV):

Double buses witb sect., Breaker-ancI-a-hall, Double buses

Double buses witb sect., Double buses
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Finally. the Iast activity in the single-Iïœ diagram selection process wu to combine the above chosen

arrangements with other substation composite parts in order ta construet the complete single-line

diagrams, examples of wbich are shown in Figures 4.1a and 4.1b for cases A and B respectively.

...
H1ah Voltese

Une
TeralneUons

HiSh Volteao
Buses

POMer Trensforaer Section

lOtI Yoltese
Buses

loti Yoltep
lifte

Tera.1MUons

Fipre 4.1a: Subslaâon siDgle-liDe diagram - case A.
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....

H11h Voltsle
Buses

H11h Voltale
L1ne

Ten1naUons

....

... ..
Power Transror-.r Sect10n

lOt' Yoltese
Buses

lOI' Voltase
Une

Ter81natlons

Figure 4.1b: Substatïon single-1iDe diagram - case B:
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4.3.2 Selection ofFJectrical Equipment
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Apart from the single-Iine diagram, another important task in substation design is the selection of

electrical equipmenL This process basically consist5 of equipment type selection and verification of

electrical properties. A good example of this process is the selection of the substation high-voltage

circuit breaIœrs. A'i shown in Table 4.8, the feasible circuit-breaker types are first detennined based

OD the vohage level (765 kV) and the substation location (outdoors). The ranking of possible cin:uit

breakers ~ accomplished next accordiDg to the scores calculated using multi-criteria analysis wbere

user preference weights are combined with relative scores (Table 3.7). Thus, based on the selected

user preferences {oost, 10%, reüability, 30%, operational flexibility, 10% and environmental impact,

Table 4.8: Selection of substation high voltage circuit breakers.

SYSTBM VOLTAGE: 76SkV
SUBSTATION LOCATION: OUIDOORS

FEASIBLE BREAJŒR TYPES: SF6. AIR BlAST.

MVLTI-CRITEIUA EVALUATION

TYPE REllABIUIY OPElLR.EX. ENVIR. IMPAcr casT lUrAL

SRi 3· 10 pts. 1 * 9 pts. 5 * 7 pes. 1*4pts 78 pts.

AIRBLAST 3· 4 pts. 1 • 7 pts. S*10pts. 1 * 2 pts. 71 pts.

MlNlMUMOIL - - - - -
BULKOIL - - - - -

ELECI'RlCAL PROPERTIES - VOLTAGE

PROPERTY CIRCUIT BBEAKER svSJEM

MAX.VOLTAGE: 76SkV 76SkV
IlGHINING W. œVEL: 2100kV 167SkV
swrrcHING W. LEVEL: 142SkV 1300kV

ELECTlUCAL PROPERTIES - CURRENT

PRQPERlX œÇlJ[[ BIŒAKER SYSTEM

NOMINAL CURRENT: 2000 A 7SSA
SHORT-CIRCUIT: SOkA 30 tA
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Table 4.98: Tender document summary - case A.
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RIGR VOLTAGE UNE TERMlNATlONS

BRfAJœBS DISCONNECroBS c:s En ARBfS1EBS

SF6-UVE-3TANK 765 kV. 2000 A SINGIEr-MIN-OR. CAPAClllVE 470 kV. 20 kA
765 kV. 2000 A HUMBER: 8 765 kV. 2000 A 765kV NUMBER.: 4
NUMBER:4 109000$ NUMBER.: 12 HUMBER: 4 90000$
1120000$ t09OOO$ 167000$

BlGR VOLTAGE BUSES

BRfAKERS DISCONNEClpRS crs Jl11SES

SF6-UVE-3TANK 765kV.4000A SINGlEf-MIN-OIL AL. nJBES AND
765 kV. 4000 A NUMBER: 28 765 kV, 4000 A CONDUcroRS,
NUMBER: 14 109000$ NUMBER: 14 765 kV, 4000 A
1090000$ 109000$ SOOSlm

TRANSFORMER SECTION

BRfAJŒBS DISCONNfCIPRS c:s IRANSfORMEBS ABBESJERS

765 kV, 2000 A WOUND-MIN-On. OLSINGLE-AUIO 470 kV, 20 kA
330 kV, 2000 A 765 kV, 330 kV, 7651330kV, 206kV, tatA
NUMBER: 4, 4 2000 A 84OI112Ofl400 MYA NUMBER: 4,4
109000 $, 46000 $ NUMBEIl: 4, 4 700000o$ 90000 $, 9000 $

109000 $, 96000 $

LOWVOLTAGEBVSES

BREAJŒBS DISrnNNf.Ç]'QRS c:s JWm

Sf6..llVE-3TANK 330kV, 2000 A SINGLET-MIN-On. AL. nJBES AND
330 tV, 2000 A NUMBER: 28 330 kV, 2000 A CONDUCl'ORS.
NUMBER: 14 46000$ NUMBER: 14 330 tV, 4000 A
493000$ 46000$ SOOSlm

LOW VOLTAGE LINE TERMlNAnONS

DISCONNEClpRS En

330 kV. 2000 A lNDUCllVE-l-01L
NUMBER: 8 330kV
46000$ NUMBER: 8

81000$

50%), the SF6-Live_Tank breakers were ehosen. Once the breaker type bas been detennine4, the

voltage-reJated properties (rated voltage, insulation levels) and current-related properties (rated and

short-circuit capacity) are ehosen sueb that the selected circuit breaker can withstand prescribed
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Table 4.9b: Tender document summary - case B.
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RIGR VOLTAGE UNE TERMlNATiONS

BRFAJŒBS DI$CONNfClPRS c:s En ABRFSJERS

765kV.2000A SINGlEr-MIN-On.. CAPACIltVE 470tV, 20 kA
NUMBER: 8 765 tV, 2000 A 76SkV NUMBER: 4
1090005 NUMBEIl:8 NUMBER: 4 90000$

I09000S 167000S

R1GR VOLTAGE BUSES

BBF~JŒBS msCONNFCIpRS crs ~

SF6--IlV&3TANK 765 kV, 4000 A SINGIEf-MIN-OD... AL nJBES AND
765 kV. 4000 A NUMBER.: 16 765 tV, 4000 A CONDUCTORS.
NUMBER:8 1090005 NUMBER:8 765 leV, 4000 A
10900005 I09000S SOOSlm

TRANSFORMER SECI'ION

BRfu'Kf:BS DISCONNFCIpRS c.:s. DAN$B)AAŒRS ARRESIEBS

765 kV, 2000 A WOUND-MIN-Ofi. OIIrSINGLE-AUIO 470tV,20kA
330 kV, 2000 A 765tV, 330kV, 76SI330kV, 206kV,10kA
NUMBEP.: 4. 4 2000 A 84011120(1400 MYA NUMBER: 4.4
109000 S. 46000 S NUMBER: 4.4 7000000S 90000 S. 9000 $

109000 S. 96000 5

LOW VOLTAGE BUSES

BBEAJŒBS DISCONNfClPRS c:s B.UW

SF6-UV&3TANK 330 tV. 2000 A SINGIEf-MIN-On.. AL nJBESAND
330kV.2000A NUMBER: 16 330 kV, 2000 A CONDUCTORS.
NUMBER:8 46000$ NUMBER:8 330 tV, 4000 A
493000$ 46000$ SOO$lm

LOW VOLTAGE UNE TERMlNATiONS

DISCONNECJPRS ED

330 tV. 2000 A 1NDt.JC'I1V&1-OR.
NUMBER: 8 330kV
46000$ NUMBER: 8

81000$

operating conditions.

The main result of the equipment selection process is the S<Kalled design tender document which

f consists of the equipment design specification including the cost and quantity of each electrical
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componenL The tender dOClDDents corresponding to the single-line diagram for cases A and B are

shown in Tables 4.9a and 4.9b respectively.

4.3.3 Seœitivity Analysis

As for the user preference weights, their impact on the final design alternatives bas been exarnined

through a sensitivity analysis where three aspects of the design are particularly considered, namely,

the selection of the single line diagram, the selection of major substation equipment and the overall

evaluation ofdesign alt.emati.ves. The resuIts ofthis analysis are presented in Tables 4.10, 4.11, 4.12

and 4.13. The user preference weights have been varied for the two cases (A and B) and a series of

corresponding designs have been generated. The results contained in Tables 4.10 and 4.12 present

the absolute costs ($) and multi~teriaevaluation scores (for single-line diagram and equipment)

cbaracterizing the best and the worst design alternatives. In addition, Tables 4.11 and 4.13 contain

information regarding the busbar arrangements and the types of major substation equipment selected.

Thus, it cao he observed that when cost is selected as a predominant criterion, the less expensive

arrangements (breaker-and-halfand double buses without sectionalizers in case A as shown in Table

4.11, row A-2, and breaIœr-and-a-half and single-buses in case Bas shown in Table 4.13, row A-2)

are prefeITed. & for the substation equipment, less cosùy circuit breakers (SF6 dead tank compared

to üve tank, row A-2, Tables 4.11 and 4.13) have been selected, as weil as the ACSR conductor

busbars and three-phase transformer units where feasible.

On the other band, when the reliability criterion is stressed, the double busbar arrangements with

sectionalizers have been select.ed, the SF6 live tank breakers were implemented and mbular lower

busbars and single-phase transformer units were preferred. These alternatives consequently entai!

higher absolute costs as observed from Table 4.10 (row A-I). Finally, a set of designs bas been

generated empœ9zjng the impact on the environment criterion. It can he observed that in the cases

(A-4 and A-8) where the impact on the environment significantly dominates other criteria, air blast

circuit breakers were the preferred options since they have the least potential impact on the
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environment (no danger of a possible Jeak of SF6 gas). However, the absolute cost of these

alternatives is rather higb due to the selection of double busbars with sectionalizers based on other

considerations such as the weights assigned to the reliability and operational flexibility.

In conclusion, the reliability and cost criteria bas the greatest impact on the single-line diagram

selection. As far as the operational f1exibility is concemed, it bas some bearing on the choice of

busbar arrangements and types of electrical apparatus. As for the impact on the environment, it

mostly influences the selection of substation electrical equipment, circuit-breakers in particular.

Based on the expeŒnce obtained nmning SIDE and comparing it with existing designs, it is possible

to conclude tbat the user preference with respect to the four basic criteria in power system planning

commonly adopted by substation designers could he as follows:

1. Reliability 40%

2. Cost 35%

3. Operational flexibility 15%

4. Impact on the Environment 10%

In other words, cost and reliability probably have dominated most existing substation designs.
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Table 4.10: Multi-criteria sensitivity analysis - case A
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CASE ABS.COST COErr_S OPER_SLD ENV_SLD OPER_EQ ENV_EQ TOTAL_S

EVALUA'DON SCORa • REST ALTERNATIVES

A-l- 790296005 10 1 1 1 1 10

A-2 622203005 10 1 1 1 1 10

A-3 760236005 1 10 1 8.6 1 10

A-4 760116005 1 1 2.9 1 10 10

A-S- 703477445 S.S 10 10 8.6 S.8 10

A-6 622203005 10 95 7.9 6.4 63 10

A-7 703552405 8.8 10 10 8.6 8.8 10

A-8 760110605 8.2 8.4 2.9 10 10 10

EVALUATION SCORES - WORSr ALTERNATIVES

A-l- 730296005 6.4 1 1 1 1 6.4

A-2 790296005 7.9 1 1 1 1 7.9

A-3 709170005 1 8.4 1 5.7 1 7.9
.

A-4 622203005 1 1 7.9 1 6.4 8.7

A-5 709090405 8.8 8.4 2.9 5.7 5.7 8.4

A-6 790296005 7.9 95 6.4 8.0 8.2 9.1

A-7 70915040$ S.8 8.4 2.9 5.7 5.7 8.1

A-8 7090S600$ 8.8 10 10 5.7 5.7 9.6

ABS.COST - lUTAL COST IN $
COST_S - EVALUAnON SCORES wrm RESPECTlO COST
OPER_SlD - SLD SCORES wrm RESPECflU OPERATION FLEXlBIUTY
ENVIILSLD - SLD SCORES Wll1I RESPECTTO ENVIRONMENTAL IMPAcr
OPER_EQ - EQUIPMENT SCORES wnH RESPECT1'0 OPERAnONAL FLEXlBIUlY
ENV_EQ - EQUIPMENT SCORES wrm RESPECT1'0 ENVIRONMENTAL IMPACT
lOTAL_S - EQUIVALENT SCORES OF FINAL DESIGN
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Table 4.11: Multi-eritezia sensitivity analysis - impact on the equipment selection - case A.
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CASE BVBUS LV BUS BREAIŒR (RV) BUS COND. (LV) TRANSFORMEIl

EVALUATION SCORES - BEST ALTERNATIVES

A-l OOUBLEJIS OOUBLE~S SF6-~TANK nJBE-AL OIL-IPH-AUIO

A-2 BREAK-RAU DOUBLE-B SF6-D~TANK CABLE-AL OJL.3PH-AUI'O

A-3 OOUBLE_BS OOUBLE_BS SF6--UVE-TANK 1UBE-CU OJL.IPH-AUlU

A-4 OOUBLE_BS OOUBLE..BS AIR-D~TANK CABLErAL OLIPH-AUl'O

A-S BREAK-HALF OOUBLE_B SF6--UVE-TANK nJBE-AL OLIPH-AUl'O

A-6 BREAK-RALF OOUBLE_B SF6--D~TANX CABLE-AL OL3PH-AUIO

A-7 BREAK-RALF OOUBLEJIS SF6-UVE-TANK nJBE-AL OfL.IPH-AUl'O

A-S DOUBLE_BS DOUBLE_BS SF6--UVE-TANK CABLE-AL OLtPH-AUl'O

EVALUADON SCORES· WORST ALTERNATIVa

A-t DOUBLE_B OOUBLE_B S~UVE-TANK CABLE-AL OIL-IPH-AUIO

A-2 DOUBLE_B OOUBLE..BS S~DEAD-TANK CABLE-AL OJL.3PH-AUIO

A-3 DOUBLE_B OOUBLE_B S~UVE-TANK nJBE-CU OLIPfl.AUID

A-4 BREAK-HAI.F OOUBLE_B AIR-DEAl)..TANK CABLE-AL OIL-IPfl.AUID

A-S DOUBLE_B OOUBLE_B SF6-UVE-TANK nJBE-AL OJL.IPH-AtrrO

A-6 OOUBLE_B OOUBLE~S SF6-DEAD-TANK CABLE-AL OJL.3PH-AUIO

A-7 DOUBLE_B OOUBULB S~UVE-TANK nJBE-AL OLIPH-AUID

A-S DOUBLE_B DOUBLE_B SF6-UVE-TANK CABLE-AL OIL-IPH-Auro

DOUBULB - DOUBLE BUSBARS wrmour SECllONALIZERS
OOUBLEJS - DOUBLE BUSBARS wrm SECnONAUZERS
BREAK-HALF - BREAIŒR-AND-A-HAlE ARRANGEMENT
SF6-UVE-TANK - CIRCUIT BRE.AIŒR TYPE (SF6 MEDRJM. UVE TANK CONSTRUCTION)
SF6-DEAD-TANK - CIRCUITBRE.AIŒR TYPE (SF6 MEDlUK DEAD TANK CONSTRUcnON)
AIR-D~TANK - CIRCUIT BRE.AIŒR TYPE (AIR. MEDIUM., DEAn TANK coNsnucnON)
nJBE-AL - 'lUBULAR ALUMINUM BUS CONDUCTORS
lUBE-CU - COPPER 1UBULAR BUS CONDUcroRS
CABLF,AL - STRANDED WIRE CONDucroR ACSR
OIL-IPH-AtrrO - aIL, SINGLE-PHASE AUID TRANSR>RMER
OIL-3PH-AUlO - aIL, 3 PHASE Aura TRANSRJRMER
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Table 4.12: Multi-criteria sensitivity analysis - case B.
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CASE COST COST_S OPER_SLD ENV_SLD OPER_EQ ENV_EQ TOl"AL_S

EVALUATION SCORES - REST ALTERNATIVES

B-l 58346640 10 - - - - 10

B-2 5S448900 10 - - - - 10

B-3 76023600 8.2 9..5 - 10 - 10

B-4 62220300 - 9..5 6.9 - 10 10

B-5 70347740 8.8 10 10 8.6 8.8 10

8-6 62220300 8.9 9..5 8.1 10 10 10

B-7 70357800 8.8 9..5 8.8 10 10 10

B-8 62220320 8.9 9..5 8.1 10 10 10

EVALUATION SCO~ - WORSY ALTERNATIVF.S

B-1 63980000 6.1 - - - - 6.1

B-2 70217600 7.9 - - - - 7.9

B-3 62223380 10 9..5 - 6.4 - 8.9

B-4 63262200 - - 10 - 5.9 1.8

B-5 67891040 9.2 8.9 6.9 7.9 7..5 9.4

B-6 63446200 8.7 9.5 8.8 5.7 5.5 9.0

B-7 71101600 8.8 9.5 8.1 6.9 6.7 8.8

B-8 63446200 8.7 9.5 8.8 7.9 5.5 7.8

ABS.COST - 1UTAL COST IN S
COST_S - EVAWATION SCORES wrm RESPECT TO COST
OPER_SlD - sm SCORES Wl1H RESPECrlU OPERATION FLEXIBnIlY
ENVIlLSID - sm SCORES Wl1H RESPECT lU ENVIRONMENTALIMPACT
OPElLEQ - EQUIPMENT SCORES WI1H RESPECTTO OPERATIONAL fLEXlBlUIY
ENV_EQ - EQUIPMENT SCORES wrm RESPECTTO ENVIRONMENTAL IMPACT
lUTAL_S - EQUIVALENT SCORES OF FINAL DESIGN
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Table 4.13: Multi--criteria sensitivity analysis - impact on the equipment selection - case B.
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CASE RV BUS LV BUS BREAIŒIlRV BUSCOND. LV TRANSFORME
R

BUSBAR ARRANGEMENTS AND EQUIPMENT TYPES - BEST ALTERNATIVES

8-1 DOUBLEJS DOUBLE_B SF&UVE-TANK nJBE-AL OJL.IPH-AtrrO

8-2 BREAK-HALF SINGLE_BS SF&DEAD-TANK CABLE-AL OIL-3PH-AUIU

8-3 DOUBLE_BS OOUBLE_BS S~UVE-TANK nJB&CU OIL-IPH-AUIU

8-4 BREAK-HALF OOUBULB AIR-DEAn-TANK CABLE-AL OIL-IPH-AU1O

8-5 BREAK-HALF DOtJBLEJIS S~UVE-TANK nJBE-AL OIL-IPH-AU1O

8-6 BREAK-HALF OOUBLE_B SF!J.D~TANK CABLE-AL OIL-3PH-AUfO

B-' BREAK-HALF OOUBLE_BS SF6-UVE-TANK 1tJBE-CU OJL.IPH-AUIU

8-8 BREAK-HALF OOUBLE-B SF6--UVE-TANK CABLE-AL OIL-IPH-AUl'O

BUSBAIl ARRANGEMENTS AND EQUIPMENT T'YPF.S - WORsr ALTERNATIVFS

B-l BREAK-HALF DOUBLEJ SF6-1JVE.TANK nJBE-AL OIL-IPH-AlITO

8-2 DOUBLE_B OOUBLE_B SF&DEAD-TANK CABLE-AL OIL-3PH-AU1O

8-3 BREAK-HALF DOUBLE_B SF!J.IJVE.TANK nJBE_CU OIL-IPH-Auro

8-4 DOUBLE_B SINGLE_BS AIR.-D~TANK CABLE-AL OIL-IPH-AUI'O

B-S DOUBLE_BS OOUBLE_B SF6--1JVE.TANK nJBE-AL OJL.IPH-AUTO

B-6 DOUBLE_B SINGLE_BS SF6-DEAl).TANK CABLE-AL OIL-3PH-AUIO

B-' DOUBLE_8 DOUBLE_B SF&UVE-TANK 1l.JBE-CU OLIPH-AUIO

B-8 DOUBLE_B SINGLE_BS SF&UVE-TANK CABLE..AL OJL.IPH-Auro

DOUBLE_B - DOUBLE BUSBARS wrmour SECl10NAUZERS
DOUBLE_DS - DOUBLE BUSBARS WTIH SF.CIlONALIZERS
BREAK-HALF - BREAKER-AND-A-1fALFARRANGEMENT
SINGLE_BS - SINGLE BUSBAIl ARRANGEMENT
SF6-UV&TANK . CIRCUIT BREAKER TYPE (SF6 MEDIUM. UVE TANK CONSiRUCDON)
SF6-DEAD-TANK - CIR.CUITBREAKER TYPE (SF6 MEDIUM. DEAl) TANK CONS"lRucnON)
AIR.-DEAD-TANK - CIRCUIT BREAlŒÎl TYPE (AIR MEDIUM, DEAD TANK CONSTRUCTION)
nJBE-AL - lUBULAR ALUMINUM BUS CONDUcroRS
nJBE-CU - COPPER lUBULAR BUS CONDUCTORS
CABL&AL - STRANDED WIRE CONDUCIOR ACSR
OLIPH-AUID . on... SINGLE-PHASE Aura TRANSFORMER
OL3PH-AUIU - on... 3 PHASE AUI'O TRANSFORMER
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4.4 Furtber Validation ofSIDE
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In order to funher validate the capability of SIDE to generate reasonable substation desïgnsy the

software was nm for the design specifications corresponding 10 the original Hydro Quebec substation

at Manicouagan. This is a transformer substation having two voltage levels (735 and 315 kV)y five

high-voltage lines and nine 315 kVoutgoing circuits. The power rating is 1500 MYA The short

circuit and overvoltage parameters are the same as in the cases A and B analyzed in the previous

subsections. The detetministic reliabiIity criterion considers two credible eventsy namely, breaker-out

of-service + line fault and Une fault + breaker-fails-to-trip. As for the undesirable consequenœsy

a fiUrly severe reliability criterion is chose~ that is, the ootage of any two substation components is

not aIlowed. The reliability crir.erion is also beavùy stressed by assigning 10 il a user preference weight

of 100% while placing zero weight on the other three design criteria.

Tables 4.14 and 4.15 present seme of the more significant output results generated by SIDE for this

study. Table 4.14 contains the general design data as weB as the selected busbar arrangements al both

vohage levels for each design alternative. Note that one of the generated alternatives bas the identical

busbar arrangements al bath voltage levels as the existing Manicouagan substation

(ALTERNATIVE-l). More information related to this design alternative is provided in Figure 4.2

wbich displays its complete sin~line-diagram. It can he observed in this figure that other substation

composite parts selected by SIDE such as line terrninations and transformer groups are aIso identical

10 those implemented in the Manicouagan substation (SLD93]. Apart from the single-line-diagramy

the results obtained from simulations aIso support the validation of SIDE. ThUSy as shown in Table

4.15 y the number and si2e of transformer units selected corresponds almost exactly 10 those employed

in Manicouagan (4 units in bath cases, 500 MYA as compared 10 Manicouagan's 510 MYA).
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,,'
1

Table 4.14: General design information - SillE's design conesponding ta Manicouagan specifications.

I-~ MANICOUAGANS1t1DV

1
1'RAN5FOIlMER- RURALnPE OPSI1IISTA11ON:

l500MVAPOWEIlIlA'I1NGc

VOLTAGELEVD.: BlGBVOLTAGE J.D'NVO[.TAGE

VOLTAGISc 73SkV 3lSkV

NtIM8D O~cœœIIS: 6 9

LOCA11ON: OUIDOORS ŒTI'DOORS

BœMIl ARIIANGDIDrl"S

AL'IEIINA'DVE. 1 DCXJBLE BUSES wrm SECr. DOOBLEBUSES wrm SECr.

AL'l'DINA'DVE·2 BREAIŒR-ANI).A-BALF OOUBLE BUSES wrm SECl'.

AL'l'DNA11VE· 3 DOUBLE BUSES wrm SECr. OOtJBLEBUSES

AL'IDNA'DVE· .. BREAlŒR-ANI).A-BALF OOtJBLEBUSES

Table 4.15: Simulation resuIts - SIDE's design corresponding 10 Manicouagan specifications..

'I1tAKVOItMER ANALYm SIIOItT-aIlClJll' CALCIJIA'lIONS

NtlMBER. OF UNI1'S: " 'l'BJlEE,.fIIASE l'AULT • BV: lOkA
UNlI'S SlZE: 500 MVA 'J1IIlEE.IIBASE PEAIt· av : SI kA
UNlI'IMPEDANCE: 12~ 'IURU-PII.\SE l'AULT· LV : 29 kA
TAPCBAN3ER.: 2 1:2.5~. ·2 x2.S" 'IURU-PII.\SE PEAK.. LV : CkA

1NSIJIA11ON COORDINAtION aJST EVAUJA110N

JlIWE-JP:GROYNP -ns kY AL1D. COST($)

MADMIlMVOLTAGE: 765 tV ALT-I 71553200
UGIIl'NING WII'IIS. VOLTAGE: I9S0 tV ALT-2 6:J.42!7.ZOO
$WliCBiNGWDIBI'ANDVOLTAGE: lSSO kV ALT·3 60218300

ALT-3 S2094300
IfiASfClPqROONQ- 31S iY

MAXIM1JMVOLTAGE: 330 tV
LIGIR'NING WlI1ISTAND VOLTAGE: 117StV
SWIiCBiNG 'WI'I'IBI'AND VOLTAGE: 9SO tV
.BZWll'lBTANDVOLTAGE: -
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Figure 4.2: Single-line-diagram - Manicouoagan study.
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Planning and design aetivities in electric power systems strongly depend on a broad knowledge base

typically dispersed over numerous sources. Some aspects of this knowledge are documented in

repo~ textbooks, journal articles, design manuals and computer databases but much of the available

knowledge is in the minds ofhmnan experts spread witbin electric power utilities, manufaeturers and

consulting firms. Furthenno~ much ofthis planning and design knowiedge isem~ derived from

actual experience rather than from well~fined numerical procedures based on the laws of nature.

Finally, a long-term trend of increasing retirements of experienced planning engineers who 1eave

without passing on their expertise to other experts contributes significanùy 10 the erosion of planning

and design knowledge in power systems.

Motivated in part by the above trends, an intelligent mode! for power system planning and design was

proposed and developed in this tbe8ÎS. The aim of this development was tirst to identify a wide body

of planning and design knowledge and then to gather it and structure it into one easily accessible

source for purposes of preservation, consolidation and training. Following this direction, the main

planning activities of complete power systems and of specific important subsystems have been

identified and deJineated The resulting proposed integrated planning model, PSIDE (power system

intelligent design and planning environment), is sttuetured in a manner analogons to the organizJltion

of the planning department in a typical power utility. Thus, the activities performed at the highest

level are supported by the Direetor ofSystem Planning module, which, based on the inputs provided

and the planning objectives defined, assigns appropriate responsibilities to its subordinate modules,

namely, the Generation Manager and the Transmission Manager modules. Similarly, following a

we1l-established planning bieraIchy,~modules access other major and supporting expert systems

(point-to-point transmission, substation design, expansion planning, demand-side management,

insulation coordination) as weil as numerous available simulation tools (short-circuit analysis,

reliability evaluation, Ioad t10w and stability) .

-! A general methodology based on object-oriented prograrnrning for the realization of the intelligent
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knowledge-based p1amring 1001, PSID~ bas been proposed and developed in this thesis. The object

oriented approach is highly justified for modelling design and planning knowledge in electric power

systems because of the complex nature of such systems and the natural way in which they can he

subdivided into classes of abjects. Viewed from the synthesis point-of-view, object-oriented

programming is very wen suiIed for creating (designing) more complex objects by combining sets of

simpler subobjects following a collection of instructions (methods) imbedded and distributed in the

knowledge base of the constituent objects themselves. A5 far as planning and design aetivities are

concemed, it was observed that most of these tasks are generally canied out in a sequence of well

established steps where the design knowledge associated with each step is independently processed.

Furthermore, il was shown tbat two basic knowledge categories can he identified, namely, top-level

knowledge which is processed when global planning decisiODS are heing made (e.g. selection of

system configuration, singJe-Jine diagrams) and low-level knowledge which is used when more specifie

local tasks are to he Performed (e.g. selection of power system components). Based on sucb

knowledge distribution, a general object-oriented model was developed for PSIDE. This model

eonsists of an equipment database where different types of electrical apparatus are store<1 severa!

class hierarchies of system composite parts modelling the more common configurations and

arrangements, a class of si11Wlation 100ls where the commonly used numerical procedures are

preserved and a design-session class whicb models the resulting object and contains a set of final

design alternatives as well as aU other information pertinent to the design session.

The development of this intelligent integrated model 10 support power system planning and design

tasks was motivated by the increased complexity of power systems and by the erosion of experienced

personnel in this field. However, it is important to clarify that the intended purpose of such a

knowledge-based taol is not 10 create powerful computer programs with sufficient intelligence and

knowledge that they can Cully perfoon as human engineers. Rather the main reason behind this

research was, aetuaI1y, 10 buikl a system which will assist expens in the design process and which can

he used for educational purposes by providing a powerful training facility for less experienced

engineers.
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In order to support the general design taol, PSIDE, object-oriented models of some typical power

system design tasks such as point-urpoint tran.gnis.mn design, insulation coordination and protection

design have been proposed as weIl and are described in this thesÏS.

As one of the major contributions of this research, an object-oriented tool for substation design

(SIDE) was fully developed and is discussed in detail in the second part of this tbesis.

The first step in this development ofSIDE was to analyze the general structure of substations and 10

establish an object-oriented model As a result of this analysis, a typical substation is represented by

five main composite parts, namely, high-voltage line tenninarions, high-voltage substation buses,

transformer and compensation groups, low-voltage buses and low-voltage line terminatiODS. These

main parts are further subdivided into more basic electrical equipment. SmE takes advantage of tbis

substation composition 10 systematically structure the knowledge associated with substation design

in an object-oriented manner. l'bus, the whoIe substation is modeled as an object containing five

objects representing the five main composite parts wbich in tom contain numerous other objects

modelling the substation basic electrical equipment. In addition 10 the object-oriented representation

of the substation, severa! class hierarchies have been defined modelling the various possible

arrangements of substation composite groups.

The second step in the development of SmE was to îdentify, colleet and structure substation

teehnical design knowJedge. It was shown that this know1edge cao he mainly classified into two basic

categories: heuristic knowledge based on human expertise (mostly related to top-Ievel global

knowledge and global activities such as the selection of a single-Iine diagram) and the knowledge

associated with the use ofvarious simulation tools which support the design process such as short

circuit analysis, insulation coordination, transformer preJiminary analysis and reactive power

managanent Sïnœ substation design, like most other power system design activities, is perfonned

in a sequence of well- established design steps, the concept of knowledge distribution was

extensively employed when strueturing the SIDE domain knowledge. Thus, knowledge was

compartmentaH7M and encapsulated in system classes according 10 the tasks which are performed



to instantiate these classes. The important benefit which stems from such a knowledge distribution

is tbat no sophisticated inferenœ engine is needed to govern the design process sinœ the knowledge

involved in the instantiation of the substation objects is independendy processed The order of

instantiarion ofan suœtation objects is determined in the above-mentioned sequence of predetermined

design stePS7 thus e1iminating possible conflicting situations.

-
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A vital component of any power system planning and design tasks is the definition and selection of

design criteria. Four basic design criteria are considered in the course of this researc~ namely, cost,

reliability, operational t1exibility and the impact on the environment. The variable user-preference

weights assigned to these criteria as weil as the fixed relative scores assigned te the various design

components with respect to the same criteria have a major impact on the final design. These weights

and scores are considered as being part of the top-level knowledge processing when the substation

singJe-line diagram is being selected. They aIso influence the selection of some important substation

equipment 80ch as transformers, ciIcuit-breakers, busbar conductors and reactive-power

compensation equipment. User-preference weights and fixed relative scores serve to quantify the

performance of the above mentioned substation components as weil as the performance of the

complete design enabling SIDE to recommend the best among aIl feasible design alternatives.

Apart from these quantitative measures, there exists a set of criteria which could he classified as

feasibility constraints. In power system planning and design, these criteria constraints impose

insulation levels, short-circuit capacities and deterministic reliability tequirements wbich each feasible

design must satisfy. Such constraints are usually speci.fied as a part of the input design specifications

and aIso play a key mIe in the final design.

The last chapter of this thesis presents applications of SIDE tbat demonstrate the validity and the

reasonableness of its designs. 1bis chapter aIso demonstrates the ability of the tool developed to

design a large number of candidate designs in a very short period of time, to carry out sensitivity

analyses and to reproduce designs wbich are very similar to existing substatioDS. AlI of these results.,..

f tend to suggest that the tocl is capable of emulating hUIDan expertise.



In particuJar, two design cases were extensively tested differing Momy in the specified deterministic

reliability criterion. In addition to these two basic cases, a set of 16 additional cases was generated

by varying the 1evels of the user-preference weigbts in order to perfonn a sensitivity analysis on the

relative importaDœ assignOO ta the different design criteria. The resulting design alternatives provided

by 5mB were found highly consistent with existing designs and realistic as judged by experienced

human experts. The major design points wbich bave been evaluated by these tests were the

substation single-line diagrams and the electrical equipment specification (tender document). The

results ofthe sensitivity analysis were used to evaluate the impact of a change in criteria preferences

on the final design, particularly the single-line diagram, the substation equipment as weIl as the total

multi-criteria evaluation scores of the complete design.

-
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In addition to the above-mentioned testing, the practical validation of SIDE was accomplished

through the design of one of the substations of Hydro Quebec, namely, "Manicouagan". Given the

design specifications closelyco~nding ta the original Manicouagan Substation, 5mE generated

- a series of design alternatives among which was the one having the same single-line diagram

configuration as the Manicouagan sulmation. As for the other design characteristics such as electtical

equipment, it can he affirmed that SIDE provided a design baving equipment characteristics almost

identical to thase of Manicouagan Substation.

Future objectives are mostly related to the full development of PSIDE's knowledge-based and

expert system modules which are conceptually discussed in this thesis and of which SIDE is a

significant component. This development includes aetivities such as knowledge acquisition, object

oriented model1ing and the implementation using C++ programming language. Since each of these

activities represents an extensive task, the final integration of these expert system modules into

PSIDE is seen as a long-term objective and one which will make a siginficant contribution to the

planning and design ofelectric power systems.

...
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