
MODELLING, CONTROL AND DESIGN OF FLEXIBLE AC 

TRANSMISSION SYSTEMS (FACTS), CUSTOM POWER 

DEVICES AND VARIABLE SPEED DRIVES FOR 

TRANSMISSION AND DISTREBUTION ARCHITECTURES 

A thesis submitted to 

The Department of Electronic and Electrical Engineering 

University of Strathclyde 

for the degree of 
Doctor of Philosophy 

by 

NIKOLAOS P. ATHANASIADIS 

SEPTEMBER 1999 



DECLARATION 

The copyright of this thesis belongs to the author under the terms of the United 

Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.49. 

Due acknowledgement must always be made of the use of any materials contained in, 

or derived from, this thesis. 

Nikolaos Athanasiadis 

September 1999 

ii 



CONTENTS 

ABSTRACT ................................................................................. x 
ACKNOWLEDGEMENTS ............................................................... A 

LIST OF PRINCIPAL SYMBOLS ..................................................... xii 

Chapter 1 INTRODUCTION 

1.1 Overview .......................................................................... .. 1 

1.2 Modelled devices ................................................................ .2 
1.3 Previous related work .......................................................... .. 4 

1A Motivation and research justification ......................................... 7 

1.4.1 Variable speed drives ....................................................... 8 

1.4.2 FACTS ......................................................................... 9 

1.4.3 Custom Power ............................................................... 10 

1.5 Objectives .......................................................................... 11 

1.6 Novelty of the reported research ............................................... 13 

1.7 Benefits of the reported research to the academic community and 
to the power system industry ................................................... 15 

1.8 Thesis outline ...................................................................... 17 

1.9 Associated publications .......................................................... 19 

1.10 References ........................................................................ 21 

Chapter 2 MODELLING OF ADJUSTABLE-SPEED A. C DRIVES 

2.1 Introduction ........................................................................ 28 

2.2 Application consideration for adjustable-speed AC drives ............. . 29 

2.3 Inverter operation ................................................................ 31 

2.3.1 Six-Step voltage-fed inverter .............................................. 36 

iii 



................. . 40 2 PWM inverters 2 3 ............................................ . . 
2.4 Electromagnetic braking ........................................................ 52 

2.5 Control of variable-speed induction motor drives ......................... 53 

.................................... 2.5.1 Implementation of PI controller ... 53 . . 
2.5.2 Control of the Square-wave inverter drive ........................... 54 

2.5.3 Control of PWM inverter drives ....................................... . 56 

2.6 Simulation of six step and PWM inverter control of the induction 

motor ............................................................................... 61 

2.7 Conclusions ...................................................................... 80 

2.8 Conclusions ...................................................................... 81 

2.9 References .......................................................................... 82 

Chapter 3 MODELLING OF VECTOR CONTROL METHODS 

3.1 Introduction ....................................................................... 84 

3.2 Principles of Field-Oriented control of the induction motor ........... . 85 

3.3 Conflguration of Current-controlled PWM voltage-fed inverter ..... .. 88 

3A Direct vector control .............................................................. 89 

3.5 Indirect vector control ........................................................... 91 

3.6 Simulation of indirect field-oriented control of induction motor ....... 97 

3.7 Contributions ..................................................................... 105 

3.8 Conclusions ....................................................................... 106 

3.9 References ........................................................................ 107 

Chapter 4 MODELLING OF POWER SYSTEM COMPONENTS 

4.1 Introduction ....................................................................... 109 

4.2 Electrical component models in three-phase axis ......................... 111 

IV 



4.2.1 Synchronous machine ...................................................... Ill 

4.2.1.1 Machine inductances .................................................. . 112 

4.2.1.2 Flux linkage equations ................................................. 115 

4.2.1.3 Voltage equations ................... ................................... 116 

4.2.1.4 Torque equations ...................................................... . 117 

4.2.2 Induction machine ......................................................... . 117 

4.2.2.1 Voltage equations .................................................... . 118 

4.2.2.2 Torque equations ...................................................... 121- 

4.2.3 Three phase transformer .................................................. 122 

4.2.4 Filters ......................................................................... . 123 

4.3 Excitation system modelling ................................................... 125 

4.4 Prime mover systems ............................................................ 128 

4.4.1 Heavy type industrial gas turbine ...................................... .. 128 

4A. 2 Steam turbine ............................................................... . 130 

4.5 Modelling of an AC/DC converter station ................................. 132 

4.6 Conclusions ....................................................................... 134 

4.7 References ........................................................................ 135 

Chapter 5 MODELLING AND SIMULATION OF MULTI-MACHINE 

SYSTEMS WITH AC/DC CONVERTER STATIONS AND 

VARIABLE SPEED DRIVES 

5.1 Introduction ..................................................................... 137 

5.2 Generalised multi-machine system modelling ............................ 138 

5.3 Filter circuit configuration-design characteristics ...................... 142 

5.4 Modelling of a simple AC/DC power system ............................. 143 

5.5 Simulation results of a simple AC/DC power system ................... 149 

5.6 Simulation results of a multi-machine power system with variable 

speed drives ...................................................................... 168 

5.7 Contributions .................................................................... 176 



5.8 Conclusions ....................................................................... 
176 

5.9 References ........................................................................ 
178 

Chapter 6 FACTS APPLICATION AND BENEFITS IN AC 

TRANSMISSION SYSTEMS 

6.1 Introduction ...................................................................... 181 

6.2 Structure of power systems ................................................... 183 

6.3 Requirement for new solutions in transmission systems ................ 183 

6.4 FACTS-Custom Power technology .......................................... 184 

6.5 Potential FACTS applications ................................................ 185 

6.6 Main benefits of FACTS ....................................................... 188 

6.7 Semiconductor technology ..................................................... 189 

6.8 Typical FACTS devices ........................................................ 189 

6.9 Conclusions ...................................................................... 1% 

6.10 References ....................................................................... 197 

Chapter 7 MODELLING OF STATIC VAR COMPENSATOR 

7.1 Introduction ...................................................................... 200 

7.2 Operation modes of SVCs ..................................................... 201 

7.2.1 Operation modes of thyristor controlled reactors (TCRS) ........ 203 

7.2.2 Operation modes of thyristor switched capacitors (TSCs) ....... . 203 

7.3 Current and voltage equations of the SVC .............................. 205 

7.3.1 Susceptance of the TCR element of an SVC at fundamental 

frequency ...................................................................... 205 

7.3.2 Harmonics of the TCR-FC model ...................................... 210 

7.3.3 Fundamental voltage/current characteristic of the TCR-FC 

model ....................................................................... . 211 

7.4 Overview of previous work .................................................... 213 

7.5 The basis of a SVC model for electromagnetic transient studies ..... . 218 

VI 



7.5.1 The EMTP/ATP program ................................................ 219 

7.5.2 Assumptions for modelling a SVC ...................................... 220 

7.53 Outline of SVC for electromagnetic purposes ....................... 221 

7.6 Modelling the main parts of a SVC in the EMTP ........................ 222 

7.6.1 Power circuit ............................................................... 223 

7.6.2 Measurement and control systems ..................................... 226 

7.6.3.1. Firing system of the proposed SVC model ................... ... 228 

7.6.3.2. Phase Locked Loop (PLL) method ................................. 232- 

7.7 Computer simulation of the SVC ............................................ 235 

7.7.1 Power systems under consideration ................................... 235 

7.7.2 Advantages of SVCs over traditional voltage control systems ... 237 

7.7.3 Initialisation. of the SVC model in the EMTP program ........... 239 

7.7A Transient behaviour of power system 1 ............................... 249 

7.7.5 Steady-state and transient operation of power system 2 .......... 263 

7.8 Validation and comparative simulation results using the PLL method 

.0..................................................................................... 266 

7.9 Contributions of the research work ........................................ 284 

7.10 Conclusions .................................................................... 285 

7.11 References ...................................................................... 287 

Chapter 8 ELECTROMAGNETIC TRANSIENT SIMULATION STUDIES 

OF THE STATIC COMPENSATOR AND THE UNIFIED 

POWER FLOW CONTROLLER 

8.1 Introduction ...................................................................... 289 

8.2 Principles of operation of voltage source inverter models for power 
flow controller (STATCON-UPFC) studies ................................ 290 

8.3 Electromagnetic transient studies of power flow controllers .......... 298 

8.4 SPWM scheme generated by EMTP TACS ................................ 299 

8.5 EMTP model development for the STACON ............................. 302 

8.6 Results of simulation of the SPWM STATCON ......................... 304 

vii 



8.7 EMTP model development for the UPFC ................................. 313 

8.8 Results of simulation of the SPWM UPFC ............................... 318 

8.9 Conclusions ...................................................................... 328 

8.10 References ...................................................................... 329 

Chapter 9 CUSTOM POWER TECHNOLOGY: CIRCUITRY AND 

CONTROL FOR MODELLING A SOLID STATE SWITCH 

WITHIN DISTRIBUTION SYSTEMS 

9.1 Introduction ..................................................................... 331 

9.2 Custom power technologies optimise distribution services .......... .. 332 

9.3 Main custom power devices .................................................. 334 

9.4 Applications of the solid state switching devices ......................... 336 

9.5 Design of solid state switches ................................................. 338 

9.6 Solid state switch rating requirements ..................................... 342 

9.7 Applications of solid state switching devices ............................. 342 

9.8 Design specifications for solid state switches ............................. 342 

9.9 Control functions of the solid state switches .............................. . 343 

9.10 Conclusions .................................................................... . 345 

9.11 References ...................................................................... . 346 

Chapter 10 MODELLING, SIMULATION AND DESIGN OF A DYNAMIC 

VOLTAGE RESTORER MODEL (DVR) FOR DISTRIBUTION 

SYSTEM ARCHITECTURES 

10.1 Introduction .................................................... * ............... 347 

10.2 Operating principles of a DVR ............................................ 348 

103 DVR ride through time and economic considerations ................. 355 

10.4 Overview of previous work .................................................. 357 

10.5 EMTP model development for the DVR .................................. 358 

10.6 Design of the closed-loop control system of the DVR .................. 360 

viii 



10.7 Open-loop simulation results of the DVR ............................... 361 

10.8 Closed-loop simulation results of the DVR ............................... 362 

10.9 Contributions of the research work ........................................ 371 

10.10 Conclusions .................................................................... 371 

10.11 References ..................................................................... 373 

Chapter 11. CONCLUSIONS AND RECOMMENTATIONS FOR FURTHER 

WORK 

11.1 Review and conclusions ....................................................... 375 

11.2 Objectives of the research work ........................................... 377 

11.3 Statement of contributions resulting from the research work ......... 379 

11.4 Future work ..................................................................... 383 

11.5 References ....................................................................... 385 

APPENDIX 1 ................................................................................ 387 

APPENDIX 2 ................................................................................ 388 

APPENDIX 3 ................................................................................ 389 

APPENDIX 4 ............................................................................... 395 

ix 



ABSTRACT 
The main tasks of power electronics in power transmission and distribution systems 
is to process and control the flow of electric energy by supplying voltages and 

currents in a form that is suitable for user loads. In recent years, the field of power 

electronics has experienced a large growth. Electric utilities expected that by the year 
2000 over half of the electrical load may be supplied through power electronic 

systems. In order to take advantage of this highly developed technology a number of 
detailed modelling procedures and simulation facilities are needed. 
The work in this thesis is concentrated on modelling, control and design of various 

power electronic based models for use within transmission and distribution systems. 
The overall objective is to provide effective methods and tools for assessing the 

impact of the latest technology based on power electronic devices in the 

reinforcement of power system networks. 
The thesis clarifies modelling and control of various variable speed drive models , 
such as the six-step, PWM and vector control and gives a detailed account of the 

systematic derivation of equations that are necessary for the dynamic and transient 

analysis of a multi-machine multi-node power system with associated adjustable 

speed drives. 

Simulation of Flexible AC Transmission Systems (FACTS) models has also been 

developed for a number of devices including: the SVC (Static Var Compensator), the 

STATCON (Static Condenser) and the UPFC (Unified Power Flow Controller). Ile 

methodologies for development of the models are described and a number of case 

studies are included in order to give a broad overview of the applications and to 

prove the usefulness of the results. 
The last part of the thesis includes simulation, control and design of Custom Power 

Devices for use within distribution system architectures. It starts with a complete 

control system strategy for the modelling of a solid-state switch and continues with 

the modelling of a Dynamic Voltage Restorer model, using an innovative control 

system. 
The creation of the power electronics models library provides several opportunities 
for future developments, which are discussed in the concluding sections of the thesis. 
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Introduction Chaj2rer I 

CHAPTER1 

INTRODUCTION 

1.1 Overview 

In this thesis, it will be demonstrated that there is a significant requirement for 

modelling, simulation and control of power electronic based devices, such as variable 

speed drives, Flexible AC transmission systems (FACTS) and Custom Power 

developed within transmission and distribution systems. This requirement exists as a 

result of the following factors: 

The use of electrical variable speed drives makes an important contribution to the 

efficient operation of processes in several branches of industry. Developments in 

the areas of control and power electronics and, to an increasing degree, the 

advance of automation have steadily extended the applications of variable speed 
drives. The properties of these drives have been continuously improved, so that 

today the highest demands on speed regulation, accuracy, flexibility and 

availability are fulfilled [1,21. In the last few years, novel techniques (such as the 

regular symmetric sampling PWM and the regular asymmetric sampling PWM) 

have been developed as a result of the advances in microprocessor technology 

[3,4]. 

I., 
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Introduction Chapter I 

Flexible AC Transmission Systems (FACTS) is a technology that was introduced 

a few years ago and embodies the application of power electronics in order to 

enhance the controllability and capacity of electric utility transmission systems [5- 

9]. By using reliable, high-speed power electronics based controllers, this offers 

significant opportunities to improve the operational efficiency of power systems. 

The term Custom Power describes the value-added power that electric utilities and 

other service providers will be able to offer their customers in the future [10,11]. 

The improved level of reliability of this power, in terms of reduced interruptions 

and less variation, will stem from an integrated solution to present problems, of 

which a prominent feature will be the application of power electronic controllers 

to utility distribution systems and/or at the supply end of many industrial and 

commercial customers. 

The thesis, by way of introduction, will describe various power electronics based 

models, control strategies and design and modelling methods for applications of 

these devices to transmission and distribution systems. 

The main body of the thesis will concentrate on the description of a number of novel 

modelling methods which have been developed as a result of this research. Following 

on from these descriptions, various case studies will be presented in order to test and 

validate the proposed techniques through an analysis of the results from dynamic 

simulations. 
Finally, a review of the thesis and an overview of future work will be presented. 

1.2 Modelled devices 

Despite their differýnt structures, requirements and applications in power systems, 

variable speed drives, Flexible AC transmission systems and Custom Power devices, 

have a common characteristic, in that they owe their individual operating principles 

and applications to the exchange of power with the system that they are connected. 

2 
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This interaction (from AC to DC, DC to AC or AC to AQ is possible due to the 

introduction and advances of semiconductor technology. 

Although there is a lot of research work currently undertaken in the field of power 

electronics technology, there are many aspects of the topic that require further 

research attention. Many variations of power electronics-based plant components are 

already available and various modelling methodologies have been developed with 

further proposals appearing regularly. In this thesis the variable speed drives, FACTS 

controllers and Custom Power devices which have been identified as likely to 

improve the performance of AC systems are the following: 

" Six step inverter 

" Natural sampling PWM inverter 

" Regular symmetric sampling PWM inverter 

" Regular asymmetric sampling PWM inverter 

" Vector controlled inverter 

" Static Var Compensator (SVC) 

" Static Condenser (STATCON) 

" Unified Power Flow Controller (UPFC) 

" Solid State Switch 

" Dynamic Voltage Restorer (DVR) 

In order to determine the effectiveness of this new generation of power system 

devices on a network-wide basis, it will become necessary to upgrade most of the 

analysis tools on which power engineers rely in order to plan and to operate their 

systems. Some of the tools which require immediate attention are: 

Transient stability 
Electromagnetic Transients 

o Hannonic analysis 

e Power flows 

3 



Introduction Chapter I 

This research is related to modelling and analysis of the new generation of power 

electronics-based plant components presently emerging as a result of the advances in 

the semiconductor and microprocessor technology, in order to provide engineers with 

simulation and analytical tools, for planning, operation, etc. 

1.3 Previous related work 

Modem software systems now offer engineers several opportunities for improved 

design, validation and general understanding of power electronics based components 

and schemes. Furthermore, such platforms introduce the capability of providing 
detailed models of the dynamic behaviour of power electronic based devices. 

The research reported in this thesis was undertaken in collaboration with Rolls Royce 

and Scottish Power and its remit was to develop a suite of power electronic based 

models, such as variable speed drives, a library of Flexible AC transmission systems 

(FACTS) and Custom Power devices, to investigate new methodologies and 

modelling techniques and to realise the potential benefits of utilising such detailed 

models. 

The potential for modelling variable speed drives, FACTS and Custom Power 

devices became apparent as soon as computers became available on the market (for 

variable speed drives) and as soon as the technology was apparent (for FACTS and 
Custom Power). There are several publications concerning the dynamic modelling of 

these power electronic based devices. 

Leonard [12], Murphy and Turnbull-[l] presented control functions of the six step 
inverter and analogue implemented PWM techniques. Bowes [2,13] first introduced 

the software implemented control techniques such as regular PWM symmetric 

sampling and regular PWM asymmetric sampling. He presented [13] the basic 

equations and the fundamentals of the microprocessor based methods. Similar 

techniques were presented by Zubek [14] and Brod [15]. Adams [161 proposed 

4 



Introduction Chapter I 

another software implemented method, the harmonic elimination PWM. In this paper 

the basic principles of this control method were reported. 
The principles of the vector control method were analysed by Vas [17] and Blaschke 

[18], while the advantages of this technique compared to the PWM methods were 

reported by Acarnley and Finch [19]. Ho [20] and Sathikumar [21] presented 
dynamic simulation results based on the direct vector control method. The 

importance of the rotor resistance in the vector control method was reported by 

Matsuo [22] and Atkinson [23]. 

Modelling and extended simulation results of electric power systems were reported 
by Smith [24] and Say [25]. 

The harmonic interaction always provided a challenge for power system planners and 

engineers. Reeve and Subba [26] investigated the harmonic interaction between AC 

and DC systems, while Magnusson [271 proposed harmonic filters for harmonic 

elimination. 

Papers in the FACTS area span the last decade. These publications describe 

modelling methods for the control of Static Var Compensators (SVCs), Static 

Condensers (STATCONs), Unified Power Flow Controllers (UPFCs) etc. The 

improvement of power system performance by inserting FACTS controllers as an 

alternative to traditional methods was presented by Besanger [28,29] and Gillis [30]. 

The use of Static Var compensators to increase power transfer capacity and to 

improve system damping has long been recognised and several schemes have been 

implemented using both Thyristor Control Reactor-Fixed Capacitor (TCR-FC) and 
Thyristor Control Reactor-Thyristor Switched Capacitor (TCR-TSQ models. Gole 

and Sood [31] describe the design and operation of an 167 MVA lead/100 lag TSC- 

TCR (2 stages of 83MVA capacitance) in a 50OMW back to back HVDC system. 
Similar analysis výas also reported by Vasconcelos and Ramos [32]. 

5 
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SVC control strategies for damping power system oscillations were reported by 

Hammad [33]. Analysis of a grid control system using d-q-z transformation for static 

compensator systems were investigated by Gole, Sood and Mootoosamy [34]. For a 

more detailed description of related work in modelling methods for the SVC refer to 

chapter 7. 

Several modelling techniques have been presented over the last few years for power 
flow controllers such as the Static Condenser (STATCON) and the Unified Power 

Flow Controller (UPFC). Gyugyi and Eldis [35,36,37,38] presented the basic 

principles of the Unified Power Flow Controller, while Schauder and Mehta 

[39,40,41] described the fundamentals of the Static Condenser. Ooi and Galiana [42] 

presented a solid state PWM shifter model and basically introduced the PWM 

method as a very promising method for the control of power flow controllers. 
Martinez, Capolino and Gole [43,44,451 presented very useful power electronic 

models using the Electromagnetic Transients Program (in terms of providing useful 

guidelines for modelling power electronic based devices). Nelson and Hill [46] 

investigated the transient stability of power system networks with FACTS 

controllers. 

Since Custom Power is a technology that only recently emerged there are only a 
limited number of publications in this field. The majority of the papers deals with 

measurements and technical characteristics of the devices, rather than with modelling 

methods. Smith and Mehta [47] presented the application requirements and control 

strategies of a solid state breaker, while Woodley and Malkin [48] developed and 
demonstrated a similar model based on GTO (Gate Turn-off Thyristor) technology. 

The advantages of Custom Power technology over conventional methods have been 

reported by Taylor [49,50], Douglas [5 1], Hingorani [52] and Osborne [53,541. 

The use of a device known as the Dynamic Voltage Restorer (DVR), which is used to 

maintain a constant voltage at the load terminals during disturbances in the 

transmission or the distribution system, has also been reported in the literature over 

the last 3-4 years. Taylor described the operating principles of the Dynamic Voltage 

6 
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Restorer together with other Custom Power solutions [49]. Osborne, Kitchin and 

Ryan reported the benefits of the use of DVRs compared to other Custom Power 

solutions[53,541. Mohaparta, Zayegh, Kalarn and Coulter analysed the use of the 

DVR in a system with other energy storage devices [551. For a more detailed 

description of work relating to the DVR refer to chapter 10. 

This thesis presents new methodologies and control techniques in order to provide an 
integrated modelling approach for power electronic based devices, including a 

number of different control techniques for variable speed drives, a library of FACTS 

controllers and modelling of Custom Power devices. This complete modelling 

approach provides a useful framework for establishing the behaviour of novel power 

system architectures including the modelled devices under various system scenarios 
(both normal and abnormal). 

1.4 Motivation and research justification 

In broad terms, the task of power electronics is to process and control the flow of 

electric energy by supplying voltages and currents in a form that is optimally suited 
for user loads [56]. In recent years, the field of power electronics has experienced a 
large growth due to the confluence of several factors. Revolutionary advances in 

semiconductor technology have made it possible to significantly improve the voltage 

and current handling capabilities and the switching speeds of power semiconductor 
devices. At the same time, the market of power electronics has significantly 

expanded. Electric utilities expect that by the year 2000 over 50% of the electrical 
load may be supplied though power electronic systems [57]. 

The use of power electronics in power systems was initially for High Voltage Direct 

Current (HVDC) ijiterconnections [58-68]. The work in this thesis deals with 

modem power electronic systems, which consist of power electronic converters using 

solid state semiconductor devices. Accordingly, three research areas are of interest: 

variable speed drives, FACTS and Custom Power devices. 

7 
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1.4.1 Variable speed drives 

In many modern adjustable-speed drives the demand is for precise and continuous 

control of speed and torque, good transient performance and high efficiency [16,69]. 

In the past, dc motors have satisfied some of these requirements, and have been 

extensively used in many industrial applications [1]. However, its mechanical 

commutators are often undesirable because of the regular maintenance required. 
These problems can be overcome by the application of ac motors, which are 
brushless and have a relatively robust rotor construction, high reliability and are 

economic. 
In recent years, the R&D work carried out in the field of adjustabIc-speed drives has 

been concentrated mainly in two directions [3,17,70]. The first is concerned with the 

use of microprocessors and power transistors using PWM techniques [3,70], while 

the second is concerned with the application of field orientation methods [17]. The 

work in this thesis presents various innovative microprocessor based modelling 

techniques, such as the regular symmetric PWM sampling and the regular 

asymmetric PWM sampling as alternatives to the traditional natural sampling PWM 

and the six step. The benefits of the software implemented methods compared to the 

traditional methods, are also reported. 
In this thesis an indirect vector control method is demonstrated and applied to control 

a variable speed drive. The mathematical model and the advantages over the PWM 

methods are also presented. However, the complexity of the vector control 

techniques (complicated control structure and complex co-ordinate transformation) 

make the PWM methods the standard control techniques for applications of variable 

speed drives within power system networks. In the succeeding chapters the PWM 

technique will be used for the control of variable speed drives when they are 

connected to power systems. 

The power systems of today, by and large, are mechanically controlled. Several 

processing and analytical functions are software-based; however, when control 

signals resulting from these functions are sent to the power circuits, the control 

8- 



Introduction Chapter I 

devices are mechanical and there is little high-speed control. Power system planners, 

operators and engineers have learned to live with this limitation by using a variety of 
ingenious techniques to make the system work effectively, but at a price of allowing 

significant inefficiencies and greater operating margins. However, these problems 

can now be effectively solved with the advent of new technologies such as FACTS 

and Custom Power [71,72,73]. 

1.4.2 FACTS 

The main aims of the FACTS technology can be surnmarised in the following [7 11: 

1) To increase power transfer capacity and utilisation of existing transmission lines 

2) To introduce more controllability and flexibility in power systems operation in 

such a way as to enhance steady-state and transient stability 
3) To overcome the technical limitations and high costs associated with existing 

thyristor controlled devices. 

In order to assist power system engineers in assessing the effects of FACTS devices 

on power system performance, it has become necessary to upgrade existing power 

systems software, or in some cases to develop a new generation of software. Before 

meaningful results can be obtained from application studies, realistic mathematical 

models for the transmission system and FACTS controllers needed to be realised, 

coded and extensively verified. 
From the operational point of view, FACTS technology is concerned with the ability 
to control, in an adaptive fashion, the path of the power flows throughout the network 

and to improve the voltage stability. At present, high speed control is almost non- 

existent. In this coptext, simulation programs should offer a very useful tool for 

system planners and operators to evaluate the technical and economical benefits of a 

wide range of alternative solutions offered by FACTS technology. 
In many instances, existing software which has been in use for many years has been 

shown to be inflexible. Hence modification is achieved with great difficulty and 

9 
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expense. This has provided the motivation for developing new, well designed and 

efficient software where both established and emerging components can be modelled 

along side each other with minimum effort and without the compromises often 
imposed when inflexible existing software is modified. 

Bearing this in mind, the efforts in this research are concentrated on building a library 

of dynamic models of FACTS devices using the Electromagnetic Transients 

Simulation Program (EMTP). Innovative control techniques and modelling 

methodologies have been selected to verify FACTS models, such as the Static Var 

Compensator (SVC), the Static Condenser (STATCON) and the Unified Power Flow 

Controller (UPFC) and to prove the virtues of developing a new generation of 

software suitable for the analysis of large scale networks. 

1.4.3 Custom Power 

Custom Power is a technology driven product and service solution which embraces a 
family of devices which will provide power quality functions at distribution voltages 
[49,52]. It has been made possible by the now widespread availability of cost 

effective high power solid state switches such as GTO'S (Gate Turn-Off Thyristors) 

and IGBT's (Insulated Gate Bipolar Transistors). The first uses for Custom Power 

devices are likely to be within applications where power quality is a known ongoing 

problem and where rectifying that problem by conventional means (e. g. installation 

of new feeder, primary equipment replacement etc. ) is likely to be costly, and not 

guaranteed to solve the problem. By analysing the problem via an application study, 
it should be possible to determine a Custom Power solution which provides a viable 

economic alternative. A further advantage of Custom Power devices is that using the 

technology can also. defer the need for line reinforcement. The main Custom Power 

devices now appearing at distribution systems are the solid state switch and the 
Dynamic Voltage Restorer (DVR). 

Due to the fact that the Custom Power technology is a very new technology that has 

only emerged in the last 3-4 years, there are not sufficient tools to assist power 
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system engineers and operators to assess the effect of Custom Power devices on a 

distribution system's performance. For this reason, it has become necessary to build 

up a suite of distribution system software and modelling techniques. Using these 

tools, power system planners can evaluate the technical and economical benefits of 

this latest technology and develop a wide range of distribution system solutions to the 

problems now facing the power industry. 

The efforts in the research reported in this thesis are concentrated on developing a 

generic control methodology for a solid state switch and the modelling, control and 
design of a DVR model using an innovative simulation technique. It is believed that 

the methods developed in this thesis will contribute to the incorporation. and 

application of this key technology within power systems architectures and will lead 

power system designers to new distribution system configurations. 
All of the aspects described above contribute to the motivation and justification for 

extensive research on the creation of dynamic models of power electronic based 

equipment and the integration of different modelling paradigms as reported in this 

thesis. 

A list of associated publications by the author, which have been produced throughout 

the course of the research reported in this thesis, is included later in this chapter. 

1.5 Objectives 

In order to explore the wide area of applications, the objectives of this work were 
defined at the outset: 

a) To develop the following models of variable speed drives suitable for inclusion in 

power system stuýdies: 

" Six step, open and closed loop voltage fed inverter drive 

" Natural sampling, open and closed loop voltage fed inverter drive 

" Regular symmetric sampling, open and closed loop voltage fed inverter drive 

" Regular asymmetric sampling, open and closed loop voltage fed inverter drive 
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e Indirect vector controlled voltage fed inverter drive 

b) To verify the ability of the variable speed drives to carry out their intended 

functions in electric power networks: 

To develop digital computer programs based on the latest control techniques 

suitable for the analysis of the dynamic performance of variable speed drives 

To develop equations and guidelines to model power system components in 

electric networks 

" To develop a general algorithm for modelling and simulation of multi-machine 

power systems with interconnected AC/DC converter stations/variable speed 
drives 

" To investigate the effect of harmonic penetration caused by the AC/DC converter 

stations/variable speed drives in electric power systems 

" To provide filter circuit configurations for absorption of the unwanted harmonics 

caused by the AC/DC converter stations/variable speed drives 

c) To create a library of dynamic models of FACTS devices for use within 

transmission systems based on the: 

* Static Var Compensator (SVC) 

9 Static Condenser (STATCON) 

e Unified Power Flow Controller (UPFC) 

d) To verify the ability of the FACTS devices to carry out their intended 

functions in electric power networks: 

To develop a control system for modelling and simulation of a Static Var 

Compensator (SVC) 

To investigate the effect of the SVC on the dynamic and transient stability of a 

power system 
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" To provide filter circuit configurations for absorption of the unwanted harmonics 

that the SVC generates in power systems 

" To develop open loop control systems for modelling and simulation of a Static 

Condenser (STATCON) and a Unified Power Flow Controller (UPFC) 

" To investigate the effect of the STATCON and the UPFC on real and reactive 

power flows in transmission systems 

e) To create dynamic models of Custom Power devices for use within distribution 

systems such as the : 

e Solid State Switch 

* Dynamic Voltage Restorer (DVR) 

f) To develop computer simulation programs and control strategies for application of 

Custom Power devices in distribution systems: 

To propose a control strategy for modelling and design of a solid state switch 

To develop a novel simulation program for modelling of a Dynamic Voltage 

Restorer (DVR) 

To design a DVR and its associated filters, using results taken from the dynamic 

simulations 

1.6 Novelty of the reported research 

In terms of the novelty of the research reported in this thesis, the following 

contributions are identifiable: 

The development of computer simulation programs based on the control systems 

presented in this thesis for the six step and the PWM techniques (such as the 

natural sampling and the symmetric/asymmetric sampling) along with an 
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investigation on the dynamic behaviour of the six step and the PWM inverters 

under various operating conditions. 

" The development of a computer program for the closed-loop vector control 

method coded in the Fortran language and a report on the behaviour of indirect 

vector control machines under various operating conditions, such as free 

acceleration to rated speed, step load applied on the shaft of the motor, fast speed 

reversal and operation in the field weakening region. 

" The development of a new generalised approach to' power system modelling, 

which incorporates modelling of AC systems with DC converter stations/variable 

speed drives. 

The creation of a computer code for the interconnected AC/DC power system and 

variable speed drives coded in the Fortran language and an investigation on the 

influence of harmonic pollution to power systems using DC converter stations. 
Results from the dynamic simulations carried out in this thesis are presented for a 

number of operating conditions. Where appropriate, analytical equations and 

explanations are given which will ensure acceptable system conditions. 

An efficient and realistic method to model the Static Var Compensator (SVC), 

using comprehensive control and firing systems has been developed, along with 

guidelines for designing the harmonic filters. The SVC was considered to be a 

continuously variable-shunt susceptance which was adjusted in order to achieve a 

specified voltage magnitude. 

Comparison of the control and firing methods proposed in this chapter with other 

control methods and firing systems (such as the Phase Locked Loop) method., The 

validation of the techniques that were presented in this thesis demonstrates that the 

proposed SVC controller gives a very good representation of a practical system. 
The results that were presented using the proposed firing method prove the 

effectiveness of the technique that was used in this thesis, show that is insensitive 

to voltage waveforin distortion and capable of establishing accurate firing timing 

in a timescale similar to using the Phase Locked Loop method; consequently it can 
be used as an alternative to the PLL method for the control of Static Var 

Compensator models. Moreover, by using the firing technique presented in this 
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thesis the problem caused by using the PLL method which is that the dynamics of 

the PLL require a very small time step which demands a high CPU time, can be 

avoided. 

The problems encountered in the process of building power flow controllers such 

as the Static Condenser (STATCON) and the Unified Power Flow Controller 

(UPFC) and the way of handling them using. the Electromagnetic Transients 

Program (EMTP) were discussed and useful guidelines were given for 

applications of such power electronic based devices by power system engineers 

using the EMTP. 

The development of a generic control strategy for control and design for a number 

of devices based on the solid state switch. 

The creation of an innovative closed-loop control system for the Dynamic Voltage 

Restorer. The control mechanism consists of individual voltage and power 

controllers for the control of the DVR using the Sinusoidal Pulse Width 

Modulation technique (SPWM). The effectiveness of the proposed control system 

was tested under various operating conditions and results taken from the dynamic 

simulations were validated using actual test results from DVR installations. 

The development of a computer code using the Electromagnetic Transients 

Simulation Program (EMTP) based on the control system described in this chapter 

can be used for the effective design of the DVR and its associated controls and 
filters. 

1.7 Benefits of the reported research to the academic community 

and to the power system industry 

The contributions of this research work are mainly concerned with benefits to both 

the academic community as well as to power system planners and engineers. 
From an academic point of view, is it believed that the modelling methods and 

techniques presented and demonstrated in this thesis, will help researchers in the field 

of power electronics to: 

15 



Introduction Chapter I 

0 gain a better understanding of new modelling tools and methodologies for a wide 

range of power electronic based devices (variable speed drives, FACTS, Custom 

Power devices) 

gain a better knowledge for the control of these devices in power systems, since 

there is insufficient research related in this area, due to the fact that this 

technology is based on the semiconductor technology that has been introduced 

relatively recently 

use some of the modelling techniques as the basis for the simulation and control of 

other power electronic devices (e. g. use the method for the DVR as the basis for 

modelling the Distribution STATCON) 

propose and evaluate various power system configurations from the results of the 

dynamic simulations carried out in this research project. 

From an industrial perspective, is it believed that the proposed computer simulation 

programs will help power system engineers and planners to obtain a better 

understanding of : 

0a complete system solution incorporating power system and power electronics 

components 

0 how the power electronic devices (variable speed drives, FACTS, Custom Power 

devices) 

=*work 

=*can be controlled 

=>can be incorporated in power system architectures 

=>can be designed with significant economic impact 

=ýcan be tested in d more optimal fashion though the availability of well-defined and 

validated mechanisms. 
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1.8 Thesis outline 

The structure of the thesis is summarised below: 

The work described in chapters 2 to 5 in this thesis is concerned with the modelling 

and development of various variable speed drive models for use within 

interconnected power systems. 

" Chapter 2 presents the modelling and simulation of six-step and various PWM 

variable speed drives, including open and closed loop speed control of six-step, 

natural sampling PWM, symmetric sampling PWM and asymmetric sampling 

PWM adjustable speed drives. Harmonic analysis showing the benefits of the 

PWM technique over the six step method is also included. 

" Chapter 3 describes the development and modelling of vector controlled variable 

speed drives with emphasis on the use of indirect vector controlled adjustable 

speed drives. 

The purpose of chapter 4 is to develop various 3-phase mathematical models of 

the main components of a modem power system such as synchronous machines, 

induction machines, three phase transformers and filters for use as a basis of the 

subsequent simulation activities. In addition, the chapter covers some essential 

and common models of automatic voltage regulators, prime movers and also 

represents the mathematical model of an AC/DC converter station. 

Chapter 5 presents a modelling technique and simulation results of multi-machine 

power systems with AC/DC converter stations and PWM variable speed drives. 

The proposed method is tested under different system scenarios. The interaction 

between the AC and DC systems is also analysed in detail using filters for 

harmonic elimination. Harmonic analysis showing the improvement of harmonic 

content due to the use of filters is also included. 

The work described in chapters 6 to 8 includes the main application of FACTS 

devices and modelling, simulation and design of various FACTS controllers, such as 
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the SVC (Static Var Compensator), the STATCON (Static Condenser) and the UPFC 

(Unified Power Flow Controller). 

e Chapter 6 reviews current and future potential FACTS applications in power 

transmission systems, describes the circuitry of the main FACTS devices and 
describes the basic control functions of power flow controllers. 

Chapter 7 deals with the development of a Static Var Compensator (SVC) model 
for use in transmission system networks. This includes a detailed description of 

the main power circuit, the measurement, control and firing systems of the SVC 

and the proposed modelling technique. Simulation results are presented for a 

number of different case studies under steady state and transient conditions. 
Comparison and validation of the control and firing methods proposed in this 

thesis with other control methods and firing techniques (such as the Phase Locked 

Loop) method are also presented. 

Chapter 8 presents modelling and simulation work with respect to power flow 

controllers and especially to Static Condenser (STATCON) and to Unified Power 

Flow Controller (UPFC) devices. In this chapter, the main types and the operating 

principles of voltage source inverter models for power flow controller studies are 

analysed and a description of the techniques for simulation of these devices using 

the Electromagnetic Transient Program (EMIT) is presented. Simulation results 

of open-loop STATCON and UPFC models using simple power system networks 

are also illustrated. 

The work described in chapters 9 and 10 is concerned with the development of 

dynamic models of Custom Power devices for use within distribution systems. 

In chapter 9, the three predominant Custom Power devices, the Dynamic Voltage 

Restorer (DVR),. the Distribution Static Condenser (D-STATCON) and the solid 

state switch are presented, including a description of the design specifications and 

application requirements. A control strategy is also illustrated for applications of 
devices based on the solid state switch in distribution systems. 
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Chapter 10 describes modelling, simulation and design of a Dynamic Voltage 

Restorer (DVR) model for use in distribution systems. The operating principles 

and the application of the DVR are reported and different case studies are 
investigated for open and closed loop control systems. Validation of the proposed 

modelling method is performed by comparing results from the dynamic 

simulations carried out in this thesis with actual test results from DVR 

installations. The importance of the novel modelling technique used for the 

closed-loop control system to power system planners and engineers is very 

significant, since Custom Power technology is novel in nature and there is 

insufficient knowledge of both the impact of such devices on the electrical system 

and of how these Custom Power devices can be used most effectively in 

distribution systems. 

Finally, in chapter 11, conclusions are drawn from the research and suggestions 

for further work are proposed. 

1.9 Associated publications 

The following publications have arisen from the research detailed in this thesis: 

1. Athanasiadis N, McDonald J. R, Burt G. M, Booth C, "Dynamic FACTS 
99 rd 

modelling: "Methodology and validation using the voltage stability problem , 33 

Universities Power Engineering Conference (UPEC), pp 234-237, Edinburgh, UK, 

September 1998. 

2. Athanasiadis N, McDonald J. R, Booth C, "Modelling and simulation of FACTS 

devices using the electromagnetic transients program (EMTP)", European EMT? 

Users Group (EtUG), pp 1-15, Prague, Czech Republic, November 1998. 

3. Athanasiadis N, McDonald J. R, Booth C, " Modelling and control of FACTS and 
Custom Power devices using the electromagnetic transients program (EMTPY', 

paper prepared for submission to IEE/IEEE. 
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4. Athanasiadis N, McDonald J. R, Grant D, Booth C, " Modelling, control and 
design of a Dynamic Voltage Restorer model (DVR) for distribution system 

architectures", paper prepared for submission to IEE/IEEE. 

5. Athanasiadis N, Ault G, Edwards F, McDonald J. R, " Power system models for 

new distribution imperatives", paper prepared for submission to IEE/IEEE. 

6. Athanasiadis N, McDonald J. R, Simpson R, Booth C, "Dynamic modelling, 

control and economic consideration of the Unified Power Flow Controller (UPFC) 

and the Dynamic Voltage Restorer (DVR) for transmission and distribution 

systems", paper prepared for submission to IEE/IEEE. 

7. Athanasiadis N, Smith J. R, Grant D, "Simulation and harmonic analysis of a large 

AC/DC power system with adjustable speed drives using a new generalised 

modelling approacW', paper prepared for submission to IEFJIEEE. 

8. Athanasiadis N, Smith J. R, Grant D, "Dynamic response of an AC/DC system 

with variable speed drives using an integrated modelling technique", paper 

prepared for submission to IEE/IEEE. 

9. Athanasiadis N, Smith J. R, McDonald J. R, Grant D, "Integrated power electronics 

modelling and control: voltage sag ride-though for AC variable speed drives with 
Dynamic Voltage Restorers", paper prepared for submission to IEE/IEEE. 
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CHAPTER 2' 

MODELLING OF ADJUSTABLE - SPEED A. C DRIVES 

2.1 Introduction 

The dispute between direct current (D. C. ) motors and alternating current (A. C. ) 

motors has been a popular topic for many years[ I]. 

The separately excited d. c. motor has been used mainly for applications where there 

was a requirement of fast response with high performance. However , d. c. motors 
have certain disadvantages, which are due to the existence of the commutator and the 
brushes. That is, they require regular maintenance; Maintenance causes difficulty 

when interruptions cannot be tolerated. 

AC motors such as the cage-rotor induction motor are brushless and have a robust 

rotor construction which permits reliable maintenance-free operation at high speed. 
The simple rotor construction also results in a lower cost motor and a higher 

power/weight ratio. Unfortunately, the induction motors are inflexible in speed when 

operated on a standard constant-frequency ac supply. The induction motors run 

slightly below synchronous speed, which is determined by the supply frequency and 
the number of poles for which the stator is wound. Efficient wide-mnge speed control 

of synchronous-type motors or cage-rotor induction motor is only possible when an 
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adjustable-frequency ac supply is available. Consequently, in this chapter attention is 

largely concentrated on the adjustable frequency method of obtaining adjustable- 

speed ac induction motor drive systems. - 

2.2 Application Consideration for Adjustable-Speed AC drives 

The problem in selecting an adjustable-speed drive for a particular application is to 

choose the system that can most economically provide the required range of speed or 
torque or position control with the desired accuracy and fast response. The ac 

commutator motor has been used in the past, because it can be supplied directly from 

the ac utility supply, but for a reversible drive with continuous speed control over a 

very wide range, the dc motor has been the most popular solution. Ile separately 

excited dc motor can be rapidly and efficiently controlled by variation of the 

armature voltage and field current. In recent years, the dc supply has been obtained 
from the ac utility network by mean of static converters, which permit controlled 

rectification of the alternating voltage, so that an adjustable direct voltage is provided 
for the armature. Precise speed control is achieved by the adoption of closed-loop 
feedback methods [2]. 

However, the dc motor is not the ideal solution to the problem of adjustable-speed 

motor operation. The elaborate construction increases the cost of the dc motor and 

reduces its power/weight ratio. The total armature voltage is limited to a maximum 

of about 1500 V. Ile magnitude of the armature current and its rate of change are 

also restricted by commutation difficulties. 

The cage-rotor, or squirrel-cage, induction motor, on the other hand, has a rotor 

circuit consisting of a short-circuited winding that can be often be made from a single 

casting. 'ne cage rotor has a low inertia and can operate at high temperature and high 

speed for prolonged periods without maintenance. In addition, the cost of the cage- 

rotor induction motor is about one-tenth that of a dc motor of the same speed and 

power rating. The power/weight ratio of the squirrel-cage motor is about twice that of 
the dc machine, and induction motors are manufactured in much higher power ratings 
because the stator current is not limited by commutation and the stator voltage can be 
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15 kV or more. It is obvious, therefore, why numerous attempts have been made to 

obtain economic and efficient speed control of the cage-rotor induction motor. 

The provision of an adjustable-frequency supply by static frequency converter is 

often expensive. Consequently, the high cost of the frequency conversion equipment 

may offset the savings resulting from the replacement of the dc motor by the lower 

cost cage-rotor machine. However, the static frequency converter provides an 

adjustable-speed drive with high accuracy and reliability, and with an initial capital 

cost that is frequently justified by the improved performance and lower running costs. 
Ile adjustable-frequency speed drive is particularly attractive in multimotor systems 

when large numbers of small ac motors are supplied simultaneously with the same 
frequency and voltage. In such applications, the cost of the frequency converter is 

justified by the significant reduction in machine costs due to the large number of 

motors involved. If these motors are required to run at closely co-ordinated speeds, 

the adjustable-frequency system is highly advantageous because modem static 
frequency converters can deliver an output frequency of extremely high precision and 
long-term stability. 
Because the static frequency converter includes much specialised electronic circuitry, 
its maintenance might appear to present some difficulty. However, the techniques of 

modular construction with removable units permit a faulty circuit unit to be readily 
located and replaced. The repair of the faulty module can then be carried out by the 

maintenance staff under specific conditions. 
The use of microprocessors can increase the reliability of the electronic control 

circuitry. Power semiconductor transient voltage and current ratings are limiting and 

must be carefully observed during the design procedure. 
When first developed, the cost of the power semiconductor devices was prohibitive, 
but costs fell steadily as production grew. AC speed control systems using static 
frequency converters are now highly competitive with more traditional methods. The 

proof of this competitiveness lies in the widespread application of such equipment 

and in the wide range of units, from a few kVA to several tens of thousands of kVA 

in single unit, now available from various manufacturers. In future years, as circuit 
development continues and power semiconductor and microprocessor control costs 
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fall, there is no doubt that the use of static frequency converters will continue to grow 
in importance. 

2.3 Inverter operation 

An approximation of an induction motor equivalent circuit is illustrated in the figure 

2.1, 

R, /s 

Figure 2.1 Approximate equivalent circuit of an induction motor 

where, V. is the stator voltage, L is the magnetising inductance, R, is the stator 

resistance, L. is the stator leakage inductance, L, is the rotor leakage inductance, 

Rr is the rotor resistance and s is the slip of the motor with all the rotor parameters 

referred to the stator. For this system the equation for the developed torque will be 

given by [1]: 

=ýp 

(V. 2 

(i)sR� (2.1) 2+ (»812ý2 2) coý) RT Ir 

where P is the number of poles, co, is the supply frequency and (o,, is the slip 

frequency of the motor. If the stator frequency is increased beyond the rated value, 

31 

Rs L Is L jr 



Modelling of Ed justable-speed A. C drives Chapter 2 

the air gap flux and the stator current will decrease according to the following 

equations, 

V. 
(2.2) 

Co. 

I=- SV, (2.3) 
r NFR Jr2 

+ (1) 
612 

L 
jr2 

I. = lir + 1. (2.4) 

where xy. is the air gap flux and I, is the rotor current (referred to the stator ), 1. is 

the magnetising current and 1, is the stator current. Because of the reduction of the air 

gap flux and the stator current the maximum developed torque will also decrease. 

The maximum developed torque as a function of slip can be given from equation 

(2.5) 

T= 
ýp V, 

)2 
wýI. Rr 

_ (2.5) 
cm 2 (J)c Rr 2+ (J)slrn 2 Llr 2 

Rý/ 
L where (0.1m L is the slip frequency at maximum torque. 

If an attempt is made to decrease the supply frequency at rated voltage, the air gap 
flux will saturate, causing excessive stator current. Therefore the region below the 

base frequency cobshould be accompanied by the corresponding reduction of stator 

voltage so as to maintain constant air gap flux. 

In order to produce constant torque, the controller must maintain a constant flux and 

consequently a constant V/Hz output. As the frequency decreases, the maximum 

torque available and the breakdown torque decreases. This is caused by the stator 

resistance voltage drop which becomes significant at lower frequencies where low 
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voltage would be applied. This reduction in maximum torque at low frequencies can 

be overcome by introducing * an of6et or voltage boost at low frequencies. This 

voltage would be adjusted to offset the resistance voltage drop of the stator winding. 

The resulting V/Hz characteristic is shown in figure 2.2. Once the offset is adjusted, 

the motor will develop constant torque over the speed range. Up to this point, only 

constant torque operation has been discussed. However, the V/Hz curve, can be 

adjusted to provide constant horsepower operation above synchronous speed. 

VI 

V0 

Figure 2.2 Volts/Hertz with offset voltage 

Torque 

Constant torque Constant power 
................................ 

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

Offset voltage 

fb,,, Frequency 

Figure 2.3 Voltage-frequency relation of an ac machine 
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Figure 2.3 shows the resulting speed-torque curve of an induction motor and the 

associated controller V/Hz output. Above base speed the magnitude of the motor flux 

decreases and therefore so does the rotor torque[ 1]. ' 

The most common way of producing a variable voltage, variable frequency supply is 

to use an inverter circuit. In an inverter circuit, the main incoming AC supply is first 

rectified to DC. The DC voltage will contain ripple which is filtered by using an R-L- 

C filter which helps to ensure a nearly constant D. C. input voltage. The resulting ' 

clean ' DC is then inverted using an inverter. The anti-parallel diodes across the 

inverter ensure that any inductive load current is diverted away from the switching 
devices when they are off. These diodes are also used for regeneration feeding power 
back into the D. C. line. 

There are two main ways of producing a variable voltage output. Ile first solution is 

to use a controlled rectifier at the incoming end of the inverter. This produces a 

variable voltage DC bus level. The inverter then inverts the DC voltage level to AC 

using six-step inversion. The circuit required to achieve this is shown below. 

RL 

Rectifier Filter Inverter 

Figure 2.4 Six-step voltage source inverter 
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The principles of six-step inversion are discussed later. The second way to achieve 

the variable voltage output of the inverter is to have a constant voltage DC bus level 

and use PWM strategy to achieve the variable voltage output. The circuit required to 
implement this inversion strategy is shown below. 

RL 

Rectifier Filter Inverter 

Figure 2.5 PWM voltage source inverter 
RL 
AIA 

A 
210 B 

ýUuuv n supply 
c V& 4 ý- % 2L 

N 

Rectifier Filter Inverter Induction motor 

Figure 2.6 PWM inverter connected to an induction motor 

There are many PWM inverter strategies currently employed to control inverters. To 

clarify the current situation, there are three distinct approaches. The first and most 

commonly used is the method which uses analogue techniques - natural sampling. 
The second strategy is a software implemented technique - regular sampling, and the 

third method uses the so-called optimised PWM switching strategy. 
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The way in which the PWM technique is performed depends on the application of the 

inverter. The higher switching frequency of the inverter the more precisely desired 

output can be developed. The use of microprocessors plays an important role in the 

flexibility of the PWM generation. 

2.3.1 Six-Step Voltage-fed Inverter 

The three-phase six-step, or quasi-square-wave, inverter is a voltage-source inverter 

that has been widely used in commercial adjustable-speed ac motor drives. As shown 

in figure 2.4 the inverter consists of three half-bridge units where the upper and lower 

thyristors (GTO's) of each unit are switched on and off alternately for 180 * intervals. 

Recent advances in the semiconductor technology include the use of controllable 

switches (such as GTO's, MOSFETs, BJTs) which have the ability to be turned on 

and off by control signals applied to the control terminal of the devices. 

The three half-bridges are phase-shifted by 120 *and the dc supply voltage is 

assumed centre-tapped for convenience of waveform synthesis. The inverter output 

voltage wave shapes are determined by the circuit configuration and switching 

pattern and are not affected by the load condition. These waveforms are rich in 

harmonics, but the current waves are somewhat smoother, due to the filtering effect 

of the load. The bypass diodes of the inverter permit reverse current flow during 

regeneration. 
The phase voltages with respect to the centre tap can be described by Fourier series 

as follows[3]: 

VAO Vdc sin cot +I sin 3cot +1 sin 5cot .......... (2.6) 
35 

2y 1 2y 1 2y 
3)+ sin3(cot- 3)+-sin5(cot- 3) .............. (2.7) VBO 

R 
Vdc 

(sin(cot 
33353 

2 2y VCO = Vdc 
3) + sin 3(cot +23 

7c 

(sin(wt 
+ 2y 

3 
Y3) +5 sin 5(cot + 3) .............. (2.8) 
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The line voltages can therefore be constructed as 

V -': v 
AB ' AO - VBO 

VBC ý'- VBO - VCO 

VCA ý- VCO - VAO 

(2.9) 

The line voltage waves have a characteristic six-stepped wave shape with the 

presence of odd harmonics 6n ± I, where n is any positive integer. The fundamental 

and harmonic voltages are balanced and mutually shifted by 120* . This type of 
inverter is defined as a square or stepped-wave inverter because of the characteristic 

wave shapes. 

The complete Fourier series expression for the line voltage is 

VAB Vd, 
(sin(cot 

+ Y6) 
- sin 5(cot + Y6) 

- sin 7(cot + Y6) 
............. (2.10) 

7c 57 

2%F3 I VBC Vd. sin(cot-y2)- 
I 

sin 5(cot+y2)- -sin 7(wt+Y2)+ (2.11) 
it ,(57 

6)- sin7(cot+5y 
VCA Vd. sin(cot + 5y6) 

- sin 5(cot + 5y (2.12) 
57 6) ........ 

For the wye-connected load with isolated neutral as shown in figure 2.6, it is possible 

to express the inverter phase output voltages (with respect to the load neutral n), in 

terms of the inverter output voltages with respect to the negative dc bus N: 

V 
AO ý- VAR + VnN 

VBO=VBn +VnN (2.13) 
V 

CO: - 
VCB + VaN 

Since for balanced three-phase supply VA. +VBn + VCn =0, adding the equations 

above we get 
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V. 
0 -,: 

I 
(VAO 

+ VBO + VCO) 

3 

Therefore , substituting (2.14) at (2.13) yields 

VAn VAO 
- 

VnO =I 2VAO - 
VBO 

- VCO) 

3 

VB.. VBO 
- 

V. 
0 =I 

(2VBO 
- 

VAO 
- Vco) 

3 

Vc. = VC0 - V. 0 =I 2Vco -VAO - VBO) 

3 

(2.14) 

(2.15) 

These voltage waveforms are valid for any balanced three-phase load or ac motor. 
Figure 2.8 illustrates the voltage waveforms for the three phase six-step inverter. 

RL 
AAA IV~ 

V&- A 
210 

Supply B 
-*- OUGO 

V, c 

2r 
2 

NN 

Rectifier Filter Inverter Induction motor 

Figure 2.7. Six-step inverter connected to an induction motor 
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VAO 

(a) 

BO 

(b) 

Co 

(c) 

An 

(d) 

00 

V, 
6 

Wt 

(e) 

Figure 2.8 Voltage waveforms for a three-phase six-step inverter, (a), (b), (c) 

pole voltages, (d) phase voltage, (e) voltage between neutral and dc midpoint 
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2.3.2 PWM Inverters 

It is generally recognised that PWM inverters offer a number'of advantages over rival 

convertor techniques [4-14]. These advantages are usually gained at the expense of 

more complex control and power circuit configurations. Developments of PWM 

inverter systems should eliminate many of the practical limitations which have been 

experienced in the past, and allow the full potential and versatility of PWM control 

techniques to be realised. 
An analytical approach to investigate a wide range of PWM systems, uses the digital 

computer to model the PWM process, employing software simulation techniques. 

The computer model can then be used as the basis for computer investigations of a 

wide range of operating modes, using both time and frequency domain analysis 

techniques. It is possible, by surveying the literature over the last decade[4], to trace 

the historical development of PWM inverter control techniques and relate these 

developments to the changes in technology. To clarify the current situation, it is 

helpful to recognise three distinct approaches currently in vogue to formulate the 

PWM strategy. Ile first, and the one which has been most widely used because of its 

ease of implementation using analogue techniques, is based on "natural 

sampling! '[5,6]. Another switching strategy[31, referred to as "regular sampling! ', has 

been proposed which is considered to have a number of advantages when 
implemented using digital or microprocessor techniques. The third approach uses the 

so-called "optimar' PWM switching strategies which are based on the minimisation 

of certain performance criteria[7]; for example, elimination or minimisation of 

particular harmonics, or the minimisation of harmonic current distortion, peak 

current, torque ripple, etc. 

a) Natural sampling 

Most analogue implemented PWM inverter control schemes employ natural sampling 

techniques. A practical implementation, showing the general figures of this mode of 
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sampling, is illustrated in figure 2.9. From this figure, it can be seen that a triangular 

carrier wave (sampling signal) is compared directly with a sinusoidal modulating 

wave to determine the switching instants, and therefore the resultant pulse widths. 

It is important to note that, because the switching edge of the width-modulated pulse 

is determined by the instantaneous intersection of the two waves, the resultant pulse 

width is proportional to the amplitude of the modulating wave at the instant that 

switching occurs. This has two important consequences: the first is that the centres of 

the pulses in the resultant PWM are not uniformly spaced and secondly it is not 

possible to define the widths of the pulses using analytic expressions. 

The second point above means that it is not feasible to calculate the width of the 

modulating pulses using a software routine in a real time situation. Indeed, the 

switching points can only be obtained by solving the following transcendental 

equation using a numerical method based on successive iterations such as the 

Newton-Raphson method. 

, =: 
K 

1+ý! sin(comtj+sinComt2 (2.16) t, 2( 2 

where tp is the pulse length, T is the period of the carrier signal, M is the 

modulation index, tI and t 2are the present and next switching points. The solution 

of the above equation using the Newton-Raphson method will have the form 

f(xj) 
Xi+l xi 

- T(-x iJ 
(2.17) 

where x j, j is the switching angle at the next point, x, is the switching angle at the 

present point, and f(xi) is a function that includes both the modulating and the 

carrier. signal. 
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a) 

b) 

(C) 
Figure 2.9 Waveforms for the natural sampling PWM 
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The only way to realise natural sampling PWM using a microprocessor is to 

calculate the switching angles on a computer and store them in ROM for call up by a 

control microprocessor. The waveform of the figure 2.9(b) is the typical of the 

inverter line to the DC link centre-tap voltage, and includes the carrier frequency 

harmonics. If the carrier frequency is a multiple of 3 of the modulating frequency, 

these harmonics will cancel out in the lines. A common carrier can be used for all the 

three phases. The output voltage waveform contains a fundamental component of 

which the frequency and the amplitude can be varied by varying the frequency and 

voltage, respectively of the modulating wave. A Fourier analysis of the output wave 

will have the following form: 

Vd 
- V(t) =m2 sin(co. t + (p) + Bessel function hannonic tenns (2.18) 

where m is the modulation index, co, is the fundamental frequency and 9 is the phase 

shift of the output depending on the position of the modulating wave. 
There are many features common to all PWM techniques which must be taken into 

consideration for a real inverter system. For brevity, these will only be mentioned for 

natural sampling PWM. 

1. Minimum pulse width and pulse elimination. In practise, it is necessary to ensure 

that the minimum delay time for switching devices in the inverter power circuit is 

maintained to safequard the inverter commutating ability and to prevent short 

circuits on the DC link. At modulation depths close to unity, and when 

overmodulation is used, pulses appear in the PWM voltage waveform with widths 
below a certain value. The process of eliminating these short pulses is sometimes 

referred as pulse-dropping, and the width of the pulses which are dropped depends on 

the particular inverter power circuit used and the type of power electronic devices. 

For reliable inverter operation, it is therefore essential that any theoretical PWM 

control strategy should take due account of this requirement. The most common way 

to implement pulse dropping is to hold the pulse to be eliminated at its minimum 

width and then suddenly drop it. This has the effect of producing a non-linear 

voltage/frequency characteristic and also increasing the magnitude of the lower odd 
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harmonics. The main advantage of this method is its simplicity and its ability to be 

implemented in an analogue system. 

2. Carrier frequency ratio changing. The generation of subharmonics in the inverter 

output can be avoided if the carrier frequency is varied so that it is always an integer 

multiple of the modulating frequency, i. e. the modulating and the carrier frequency 

are said to be synchronous. The output contains han-nonics that are only integer 

multiples of the fundamental frequency. Tlierefore, the synchronous PWM method is 

capable of producing a waveform in which the unwanted components are at a 
frequency much higher than that of the fundamental. Changes in carrier ratio are 
designed so that the inverter switching frequency lies between predetermined upper 

and lower limits: The upper limit avoids excessive inverter switching losses, and the 

lower limit maintains good waveform quality without excessive current ripple. A 

large number of gear changes are necessary when operation is required down to very 
low output frequencies, but waveform quality is excellent. 
In an AC variable-speed drive, the required frequency range is commonly 10: 1 and is 

often greater. It is not usually practical to allow the carrier frequency to vary so 

widely. For high carrier ratios, however, waveform quality is unaffected by the 

adoption of a free-running strategy in which carrier and reference waveform are 

unsynchronised. With the carrier frequency remain constant, as the reference 
frequency increases, the carrier ratio falls and the unsynchronised waveforms produce 
low-frequency subharmonic beat components in the inverter output voltage. As a 

result the PWM waveform may vary slightly from cycle to cycle. For large carrier 

ratios, these beat-frequency subharmonics are negligible, but when the carrier ratio is 

less than nine, the beating effect can cause intolerable low-frequency pulsations in 

motor current, torque, and speed. Consequently, as the output frequency is increased 

and the carrier ratio falls below nine, the PWM inverter must transition to a 

synchronised mode of operation. Practical systems have an asynchronous carrier for 

modulation indexes of 0-0.9 followed by a synchronous above 0.9. Above 0.9 the 

ratio is usually 9 or 12 i. e an integer multiple of 3. 

3. Lockout and associated losses and degradation of waveform. In order to prevent 
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short-circuit of the DC link, it is necessary to have a lockout period between the 

turning off of one device in a power leg and the turning on of the other device. This 

lets the device which has turned off regain its blocking state before the other device 

is turned on. This has an obvious effect on the resulting output since the switching 

times are not those required to achieve the desired output voltage. This causes a 

decrease in fundamental output voltage and the introduction of a pulse of the 

magnitude of the DC link voltage pulsating at carrier frequency and having a time 

span equal to that of the lockout time. This produces an energy loss proportional to 

the lockout time. Attempts have been made to lessen the effect of lockout by altering 

the modulation index and decreasing the lockout time to a minimum. However this 

problem will always exist since infinitely fast switching devices can not be 

manufactured. 

4. Overmodulation. To utilise fully the voltage capabilities of the PWM inverter, it is 

usually necessary, in variable speed drives, to change from sinusoidal PWM 

operation into quasi-square-wave at some specified output frequency-usually base 

speed. One approach is to overmodulate the PWM waveform. As the modulation 
index approaches unity, adjacent pulses progressively merge (using pulse elimination 

strategies) redusing the effective PWM pulse number, until the quasi-square 

condition is reached. This effect gives a peak sinusoidal output voltage of 2/3 V ft - 
In summary, natural sampling is a simple analogue method for producing a PWM 

inverter output. However, control of the voltage-frequency characteristic is difficult 

around modulation indexes of 0.9-1 where pulse dropping occurs unless complex 

algorithms are used which defeats natural samplings main-benefit- its simplicity. 
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b) Regular symmetric sampled PWM 

Regular sampling PWM control is a software implemented approximation to 

sinusoidal PWM control. Figure_2.10 illustrates the waveforms for the regular 

symmetric sampled PWM. In this mode of control, the amplitude of the modulating 

signal cc (figure 2.10(a))at the sample instant t, is stored by a sample-and hold 

circuit(operated at the carrier frequency), and is maintained at a constant level during 

the intersample period tj and t2 until the next sample is taken. This produces a 

sample-hold, or amplitude-modulated, version of the modulating signal b. 

Comparison of this signal with the carrier signal c (figure 2.10(b)) defines the points 

of intersection used to determined the switching instants of the width-modulated 

pulses. As a result of this process, the modulating wave has a constant amplitude 

while each sample is being taken, and so the widths of the pulses are proportional to 

the amplitude of the modulating wave at uniformly spaced sampling times[3]. 

It is an important characteristic of regular sampling that the sampling positions and 

sampled values can be defined unambiguously, such that the pulses produced are 

predictable both in width and position. 71is was not the case with natural sampling 

as discussed earlier in this report. 
Because of this ability to define precisely the pulse configuration, it is now possible 

to derive a simple trigonometric function to calculate the pulse widths. With 

reference to figure 2.10 (c) the width of a pulse may be defined in terms of the 

sampled value of the modulating wave taken at time t,. Thus 

! (I +M sin(co. tl)) 2 (2.19) 

The first term of this equation refers to the unmodulated carrier frequency pulse 

width, and the second term corresponds to the sinusoidal modulation required at time 

tj . 11is equation can be used to calculate the pulse widths directly. It is therefore 

possible to calculate pulse widths using microprocessor software based algorithms. 

46 



Modelling of adjustable-speed A. C drives Chapter 2 

a) 

b) 

Reference modulating signal 
Sample-hold modulating signal 

Carrier signal 

tj! t2n! 

t,,! tp; b. t5 

T 

(c) Figure 2.10 Waveforms for the symmetric sampling PWM 
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c) Regular asymmetric sampled PWM 

The type of modulation described before was one where the samples of the sine wave 

were taken only once per carrier cycle (at positive carrier signal peaks). If the 

samples are taken twice per carrier cycle (at both positive and negative carrier signal 

peaks), this produces a better approximation to the modulating sine wave. Ilis is 

termed asymmetric regular sampling and is shown on figure 2.11. With reference to 

this figure the leading and the trailing edges of each pulse are determined, using two 

different samples of the modulating wave, taken at time instants t, and t3 

respectively. The width of the resulting pulse may be defined in terms of these 

sampling times as below, 

t =1(1+ý1(sin(co. tj)+sin(comt3))) (2.20) 
p22 

More information about the modulating wave is contained in the asymmetric 

modulated PWM waveform, its harmonic spectrum is superior to that produced using 

symmetric modulation. It should be noted however that the number of calculations 

required to generate asymmetric PWM is double that required for symmetric PWM. 

This can significant extend the computation time required if a microprocessor 

software based calculation is used to generate the PWM control waveform, and 

therefore reduces the maximum inverter output frequency. 

In summary, regular sampling techniques give real time control capability with two 

degrees of accuracy- symmetric sampling and asymmetric sampling. Voltage boost 

can be achieved and pulse elimination strategies can be implemented by use of 

software elimifiation algorithms. 
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(c) Figure 2.11 Waveforms for the asymmetric sampling PWM 
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d) Selective Harmonic Elimination 

Optimal PWM strategies enhance a specific characteristic of the inverter output or 

the motor performance by altering both the amount of switching angles per cycle and 
the value of switching angles themselves. In order to implement such strategies, the 

switching angles require to be calculated using a mainframe computer and stored in 

ROM in the inverter control circuit. Selective Harmonic Elimination is one of these 

methods. 
It is assumed that the wave produced by selective harmonic elimination is periodic 

with quarter cycle symmetry, and half cycle antisymmetry as shown on figure 2.12 

Fourier analysis on this figure gives the following equation for the magnitude of the 

voltage harmonics 

2Vdc k 

n7c 
I+ 21: (_I)k cos(nak) 

k=l 
(2.21) 

This whole equation can be solved for all values of alpha for any set of zero 
harmonics using an iterative method such as the Newton-Raphson method already 

outlined in the natural sampling section. Since the waveform has both quarter cycle 

symmetry and half cycle antisymmetry, no even harmonics exist in the Fourier 

analysis. Only odd harmonics exist in the waveform. Multiples of the third harmonics 

are of no interest since these cancel in a three phase balanced isolated system. The 

harmonics left of interest are of the Yh, 7th, I Vh and 13 th orders. These produce the 6th 

and ffh order pulsating torques which are detrimental to machine performance. Thus 

eliminating these harmonics would eliminate the torques which are detrimental to 
low speed operation. The results of the iteration show that n+1 switching angles per 

quarter cycle are needed to eliminate n harmonics. 

The main drawback of this method compared to the other PWM techniques that 

already been discussed is that the complete elimination of certain harmonics results 
in a marked increase in the magnitude of the lowest uneliminated harmonics. This 

method will not be used for modelling purposes in the analysis that will follow. 
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Figure 2.12 Voltage wave in harmonic elimination method 
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2.4 Electromagnetic braking 

In adjustable-speed ac drives, the machines may be subjected to electrical braking for 

reduction of speed. In electrical braking, the motor is operated in the generating mode 

and the kinetic energy stored in the system inertia is converted to electrical energy. 

During braking, the voltage polarity across the dc-capacitor remains the same as in 

the motoring mode. Therefore, the direction of the dc bus current to the inverter gets 

reversed. Since the current direction through the diode rectifier bridge normally used 

in PWM drives cannot reverse, some mechanism must be implemented to handle 

this energy during braking; otherwise the dc-voltage can reach destructive levels. 

One way to accomplish this goal is to switch on a resistor in parallel with the dc-bus 

capacitor as is shown in figure 2.13, if the capacitor exceeds a present level, in order 

to dissipate the braking energy. 

- 

Figure 2.13 Dissipative braking 

An energy-efficient technique is to use a four-quadrant converter at the front end in 

place of the diode bridge rectifier. This would allow the energy recovered from the 

motor-load inertia to be fed back to the utility supply, as shown in figure 2.14, since 

the current through the four-quadrant converter used for interfacing with the utility 

source can reverse in direction. This is called regenerative braking since the recovery 

energy is not wasted. The decision to employ regenerative braking over dissipative 

braking depends on the additional equipment cost versus the savings on energy 

recovered. 
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Figure 2.14 Regenerative braking 

2.5 Control of variable-speed induction motor drives 

The control of ac machines is considerably more complex than that of dc machines. 

The complexity arises because of the variable-frequency power supply, and complex 

dynamics of the ac machine. The induction machines can have various methods of 

control, and the particular method to be adopted depends on the nature of the 

application. Scalar control techniques relate to magnitude control of a variable, and 

the command and feedback signals are dc: quantities which are proportional to the 

respective variables. 

2.5.1 Implementation of PI controller 

The control loop may contain a PI controller that is usually given in the form of 

Laplace transfer function. For software implementation, it is necessary to convert 

them into the time domain in the form of differential equations. 
The proportional plus integral controller (PI) can be expressed 

Y(S) 
"2 Kp + 

K. 
X(s) s 

(2.22) 
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if the sampling time T, is small, a derivative can be represented in finite difference 

form, and therefore the equation (2.22) can be written as 

Y(N + 1) - Y(N) 
-KiX(N+I)+K , 

(X(N+I)-X(N) 
(2.23) 

T. T. 

where N and N+I are the consecutive sampling instants. Equation (2.23) can be 

written as 

Y(N + 1) - Y(N) = KTX(N) + KPX(N + 1) - KPX(N) 

or 
Y(N + 1) = Y(N) + KPX(N + 1) + (KiT, - KP)X(N) (2.24) 

2.5.2 Control of the Square-wave inverter drive 

In these inverters, the input dc voltage is controlled in order to control the magnitude 

of the output ac voltage, and therefore the inverter has to control only the frequency 

of the output voltage. Control of the output voltage can be achieved by varying the 

firing angle of a phase controlled rectifier[8,10]. 
A static frequency converter can independently control the motor voltage V, and 

frequency co., - but a programmed voltagelfrequency characteristic reduces the 

number of command variable to one, allowing simple volts/hertz control. Figure 2.15 

shows a block diagram of an open loop variable-speed drive with terminal volts/hertz 

control. The offset linear voltage/frequency characteristic is implemented. The 

voltage command, V. * is also* determined from the set speed signal as shown. For 

the system in figure 2.16 assuming a continuously flowing current through the 

rectifier, and for simplicity ignoring the line side inductances, the output voltage at 

the capacitor terminals is given by 
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Vd 
= 1.35VLL cos (x (2.25) 

where VLL is the line to line rms voltage. The equation for the motor line-line voltage 

for a given Vd is 

motor 

VLLI = 0.78Vd (2.26) 

From the above equations 

VLLI '= L05VLL cos a =- VLL cos cc (2.27) 

Assuming the ratio 
V/f 

to be constant then 

(OS 
-= 

VLL' 
= cos a (2.28) 

Cos, 
mwd 

VLL 

From the above equation the firing angle can be calculated and so the output voltage 

at the capacitor terminals can be varied. 
The above technique is perfectly satisfactory for single or multiple ac machine drives 

where high dynamic performance is not required. 
Open-loop speed control has the disadvantage that the rotor slip increases and the ac 

machine slows down slightly when load torque is applied. Open-loop speed control 
has a poor dynamic performance, and a closed-loop system with tachometer feedback 

is preferred. Improved speed regulation can be achieved when the motor's natural 
droop in speed with load is compensated by means of a slip compensation technique. 

Motor speed is then adjusted to the commanded value, giving improved speed 

regulation and reduced speed sensitivity to shaft load fluctuations. 

The closed-loop speed control is shown in figure 2.16. The error of the speed control 

loop generates the slip command co., * through a proportional-integral(PI) controller 

and limiter. The slip is added with the speed signal to generate the frequency 

command. The frequency command also generates the voltage command through a 
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volts/hertz function generator which incorporates the low-frequency stator drop 

compensation. From the voltage command the firing angles of the controlled rectifier 

can be obtained, as in the open-loop case. 

2.5.3 Control of PWM inverter drives 

In these inverters, the input dc voltage is essentially constant in magnitude, where a 
diode rectifier is used to rectify the line voltage. Therefore the inverter must control 
both the magnitude and the frequency of the ac output voltages[8,1 11. 

The model developed for natural sampling PWM control with no speed feedback is 

shown in figure 2.17. The set speed from the potentiometer is used as a synchronous 

speed reference. This is fed to two simple calculations which calculate the frequency 

corresponding to the synchronous speed demanded and the voltage to maintain a 

constant V/f ratio (or to boost the ratio at low speeds). The frequency signal dictates 

the frequency of the modulating signal and the voltage signal dictates the amplitude 

of the modulating signal. The resultant modulating wave is then compared with a 

triangular carrier with the error generated being used to drive a saturated comparator. 
This provides a high for the upper power semiconductor device to be turned on and a 
low for the lower to be turned on. 
The inherent problem associated with this method of control is that the machine will 

never reach the speed demanded by the operator. Natural sampling PWM with speed 
feedback is a much better performer than its counterpart without speed feedback. The 

block diagram is shown in figure 2.18. As in the six-step case, the set speed for the 

motor is compared with the motor actual speed and the error is fed into a PI 

controller. Ile output of the controller is the slip speed required. Since torque is 

proportional to slip speed, the torque generated by the motor can be limited by 

limiting the output of the PI controller. The slip speed demand is then added to the 

actual speed to produce a synchronous speed demand. This is converted to drive 

signals for the power semiconductors in the same way as shown for natural sampling 

without speed feedback. 
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Figure 2.15 Open-loop volts/hertz control 

Actual speed 

Figure 2.16 Closed-loop volts/hertz speed control 
with slip regulation 
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With a step-up speed command, the machine accelerates freely with a slip limit that 

corresponds to maximum torque and then settles down to slip value at steady state as 
dictated by the load torque. If the command speed is reduced the slip becomes 

negative and the motor goes into the dynamic or regenerative braking mode. 

A similar control method is followed for the main digital or microprocessor 
techniques such as symmetric sampling PWM and asymmetric sampling PWM. The 

only difference is that a sample and hold circuit is added in the control system. For 

the symmetrical sampled PWM control a reference modulating wave is sampled at 
the positive peaks of a triangular carrier signal, while for the asymmetrical sampled 
PWM control the modulating signal is sampled at both positive and negative peaks of 

a triangular carrier signal. The resultant sampled signal's intersection with the carrier 

wave defines the switching moments for one leg of the inverter. Ile switching 

pattems for the remaining two legs of the inverter are defined in the same way with 

the reference modulating signals displaced by a further 120* in each case. The open 

and closed-loop control systems for either the symmetric or the asymmetric sampling 
PWM techniques (depending on the function of the sampled and hold circuit) are 
illustrated in the figures 2.19 and 2.20. 
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Figure 2.17 Open-loop control system using natural sampling PWM 
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Figure 2.18 Closed-loop control system using natural sampling PWM 
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Figure 2.19 Open-loop control system using symmetric/asymmetric sampling PWM 

Vc 

Figure 2.20 Closed-loop control system using symmetric/asymmetric sampling 
PWM 
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2.6 Simulation and harmonic analysis of six step and PWM inverter 

control of the induction motor 

The simulation models can be separated into two distinct sections: the inverter model 

and the induction motor model. For the induction motor model the following 

assumptions are made to simplify the analysis[ 15,16]: 

1. The air gap of the machine is uniform. 
2. Saturation, hysteresis and eddy current effects are neglected. 
3. A current in any winding sets up an mmf wave which is sinusoidally distributed in 

space around the air-gap. 

Taking into account these three assumptions, the voltage equations in machine 

variables may expressed as 

+ 
Vbs = rs'bs + Abs 

+ pX. 

+ pX., 
Vbir ý- r, 'b, + Abr 

V= ric cr "+ P%c' 

(2.29) 

In the above equations the s subscript denotes variables and parameters associated 

with the stator circuits and the r subscript denotes variables and parameters 

associated with the rotor circuits. Both r, and r, are diagonal matrices each with equal 

nonzero elements and X is the flux linkage vector. The current-derivative vector p[i] 

is obtained by solving (2.29) with [%] = [L][i]. 

Tle per unit air-gap electromagnetic torque equation of the induction motor in terms 

of stator quantities can be expressed as: 
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Te :-2 Cos( 
as0bs - ics) + ks0cs 

- 'as) + ks0as 
- 'bs )) (2.30) 

3vF3 

where co, is the synchronous speed in electrical radians/second. 

The mechanical equation of the motion can be expressed as: 

(T -TLOAD 

po)' = ýe 
2H 

(2.31) 

where TLOAr, is the load torque and H is the inertia constant for the motor and load. 

Also the rotor displacement angle is given by the following equation: 
P°r r (2.32) 

Ile inverter model is split into two parts, the modelling of the switching pattern 

generated by the inverter and the representation of the D. C. link filter. 

The switching patterns are defined according to the switching strategies outlined in 

previous sections. 
The equations governing the filter's behaviour are expressed below in state space 
form. The rectifier current is given by: 

, VR -VDc -iRF p[i, l 
LF (2.33) 

where i. is the rectifier current, VRis the voltage at the rectifier terminals, VjC is the 

DC voltage at the capacitor, RF'S the resistance at the D. C filter and LF'S the 

inductance at the D. C filter. 

The equation of the D. C voltage at the capacitor terminals is given by: 

PVDC ý- Or -i inv 
)C 

F 

where ii., is the inverter current andCF'Sthe capacitance of the D. C filter. 

(2.34) 
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Open and closed-loop speed control systems for the induction motor driven by a six- 

step or a PWM inverter were considered for simulation purposes. The block diagram 

for a six-step inverter drive connected to an induction motor was given in Fig. 2.7 and 

for a PWM inverter controlled induction motor drive in Fig 2.6. The system 

parameters used in the simulation are given in appendix 1. The dynamic equations 

described previously for the induction motor and inverter models were solved by the 

Runge-Kutta method. The PWM controlled inverter drives will be also used in 

succeeding chapters in a three phase modelling environment. A flowchart in Fig 2.21 

presents the simulation steps of the six-step or the PWM inverter controlled 

induction motor drives. All the models were coded in the Fortran language. 

For the systems illustrated in Figs 2.16,2.18 and 2.20 the proportional and the 

integral gains of the PI controller were Gp =5 and G, = 2. The values of the gains 

were chosen as optimal values derived from previous simulation runs. The simulation 

step was O. Imsec for the six-step inverter drive and O. Olmsec for the PWM inverter 

drive cases. 
Figures 2.22 (a)-(f) show simulation results of phase currents, speed, frequency and 

torque during an acceleration to the rated speed of an unloaded motor using six-step 
inverter control with the closed loop control system illustrated in Figure 2.16. The 

induction motor reaches the desired speed of 1.0 pu at steady state. It should be 

addressed that both six-step and PWM inverter drives cannot give accurate speed 

control down to zero speed, but have a finite frequency at which they can operate. 
Most manufactures give a bottom working frequency of between 4-8% of the rated 

speed. This bottom frequency can be noticed from the waveform of the stator 
frequency (e). 

The same conditions as in the previous no-load case were repeated in Fig 2.23 but 

with the motor loaded Ooad torque proportional to the motor speed). The drive 

system successfully achieved the demanded set speed (1.0 pu) and torque (1.0 pu). In 

waveform. (e) the frequency is above the rated because of the slip regulation. 
Figures 2.24(a)-(f) illustrate the last case of the six-step inverter controlled induction 

motor drive where the demanded speed in the control system of Fig. 2.16 was set to 

0.8 pu with the motor loaded (load proportional to the motor speed). The phase 
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currents are less than in the previous case due to the smaller stator voltages that apply 

to the motor terminals. The stator frequency is again greater than 0.8 pu because of 

the slip regulation loop of the closed-loop system in Fig 2.16. 

PWM inverter control using natural sampling with the closed-loop speed control of 
Fig(2.18) is simulated in Figs 2.25 (a)-(f) with the induction motor unloaded. The 

results shown that the drive successfully achieved the demanded speed and torque. 

T'he same conditions as before were repeated in Figs 2.26 (a)-(f) with the motor 
loaded (load torque proportional to the motor speed). In Fig 2.26(e) the stator 
frequency is above the rated because of the slip regulation loop. A similar model but 

using the open-loop system of figure 2.17 is illustrated in Figs 2.27 (a)-(f). The 

control can be seen to be poorer compared with the previous case , with a motor 

speed less than the rated at steady state conditions. 
The same conditions with system conditions similar to figure 2.26 but using the 

software implemented approximations of natural sampling, the symmetric and the 

asymmetric regular sampling were repeated in Figs 2.28 (a)-(f) and 2.29 (a)-(f). The 

control systems for these cases studies were given in Fig 2.20. Ile results of these 

simulations show that the microprocessor based control methods can be used very 

efficiently to control induction motor drives. The differences on the waveforms are 
because of the different switching instants of the semiconductor devices. 

Figs 2.30 (a)-(f) illustrate the response of the PWM inverter controlled induction 

motor drive where the demanded speed in the control system of Fig 2.18 was 1.0 pu 

with the motor fully loaded for a small period after it had reached steady state 

conditions. When the load is applied to the motor shaft there is an increase in the 

frequency (e), because of the additional slip. However, the speed despite the load 

change gets back to its pre-load conditions (d), because of the correct operation of the 

closed-loop speed control system. 
Figs 2.31 (a)-(f) show simulation results of the last example of the PWM inverter 

drive where the demanded speed in the control system of Fig. 2.18 was set to 0.8 pu 

with the motor loaded (load proportional to the motor speed). For these results the 

stator frequency is greater than 0.8 pu because of the slip regulation loop of the 
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closed-loop system in Fig 2.18 and currents are less than in figure 2.26 due to the 

smaller stator voltages that are applied to the motor terminals. 

From the above results it was observed that there are a number of different strategies 

to control a variable speed drive. Six-step inversion is a relatively simple method, but 

rich in harmonics. PWM techniques have a number of advantages but require more 

complex control and power circuit configurations. With the increase in the number of 

microprocessors, software implemented methods can be used to eliminate the 

problems that were existed in the past. In order to quantify the distortion in the 

current waveforms (and so the harmonic content) in figure 2.32 a quantity called the 

total harmonic distortion THD is defined as [8]: 

Y2 
(I Ih 2 

%THD = IOOX 
h=2 (2.35) 

where 1, is the fundamental frequency rms value of the current and 1, is the rms 

magnitude at the harmonic of order h. In order to compare the harmonic content 

produced by the above methods harmonic analysis was carried out using the results 

from the simulations in figures 2.24 and 2.31. The results refer to the dynamic 

performance of the variable speed drive with the load proportional to the motor speed 

for 0.8 pu speed demand using closed-loop speed control. In figure 2.32 the steady 

state stator currents are illustrated using the six step and the natural sampling PWM 

method. Harmonic analysis was carried 'out using the above waveforms and the 

results are presented in tables I and 2 showing the dominant harmonics for each 

method. For the six step method the harmonic analysis produced the results showing 

in table 1: 
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ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 20.9% of fundamental 

7 10.8% of fundamental 

1 4.20% of fundamental 

13 3.00% of fundamental 

17 1.70% of fundamental 

19 1.40% of fundamental 

THD% 24.30% 

Table I Harmonic analysis for the six step inverter 

For the PWM method (natural sampling) the harmonic analysis produced the 
following results: 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 0.13% of fundamental 

7 0.08% of fundamental 

16 5.71 % of fundamental 

20 4.49% of fundamental 

35 3.29% of fundamental 

37 3.15% of fundamental 

THD% 8.93% 

Table 2 Harmonic analysis for the PWM inverter 
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An analysis of the results presented in tables I and 2 shows that the six step produces 

dominant low order harmonics and the THD produced by the six step method is 

much higher than the PWM technique. T'he above results verify that the PWM 

method produces less harmonics than the six step method. This is the main reason 

why the PWM method is used for applications of variable speed drives in AC power 

systems as will be investigated in a succeeding chapter. 

In order to validate the above control techniques and the simulation results presented 
in this chapter, comparison was made with simulation tests carried out by A. McLean 

[171 for a project sponsored by the power industry ( the results of which were 

validated by using laboratory tests). Validation for the six step and the PWM 

waveforms that are presented in figure 2.32 can be done by using power electronics 

reference books such as [8]. Comparison between simulation results presented in this 

chapter such as the ones in figures 2.26,2.28 and 2.29 using natural, symmetric and 

asymmetric sampling PWM with the ones in [17] shows that the inverter drive 

models presented in this chapter have the appropriate dynamic response. The results 

show that the currents have the same initial peak form during the start up for the 

three phases and reach steady state conditions once the rotor speed attains the set 

value. The speed in both simulations took the required value at steady state 

conditions due to the correct action of the control systems. Finally although the 

torque fluctuates at transient conditions, at steady state conditions it attains the 

required value (i. e. the rated value). It should be mentioned that the dynamic 

response of the inverter drives is influenced by the action of the control systems 

described before. For this reason careful consideration regarding the values used for 

the gains of the individual controllers should be taken into account, in order to use 

the parameters that will give good dynamic response for the drive. This is a general 

comment, regardless of the method that is used to control the variable speed drive 

(six step or natural PWM or symmetric/asymmetric PWM). 
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Figure 2.21. A flowchart for the six-step and PWM control of induction motor 
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Figure 2.22 Dynamic perfon-nance of six-step inverter-induction motor drive with 

the motor unloaded for 1.0 pu speed demand using closed-loop speed control 
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Figure 2.23 Dynamic performance of six-step inverter- induction motor drive with the 

load torque proportional to the motor speed for 1.0 pu speed demand using closed- 

loop speed control 
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Figure 2.24 Dynamic performance of six-step inverter-induction motor drive with 

the load torque proportional to the motor speed for 0.8 pu speed demand using 

closed-loop speed control 
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Figure 2.25 Dynamic performance of PWM (natural sampling) inverter-induction 

motor drive with the motor unloaded for 1.0 pu speed demand using closed-loop 

speed control 
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Figure 2.26 Dynamic performance of PWM (natural sampling) inverter- induction 

motor drive with the load torque proportional to the motor speed for 1.0 pu speed 

demand using closed-loop speed control. 
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Figure 2.27 Dynamic performance of PWM (natural sampling) inverter-induction 

motor drive with the load torque proportional to the motor speed using open-loop 

speed control. 
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Figure 2.28 Dynamic performance of PWM (symmetric regular sampling) inverter- 

induction motor drive with the load torque proportional to the motor speed for 1.0 pu 

speed demand using closed-loop speed control. 
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Figure 2.29 Dynamic performance of PWM (asymmetric regular sampling) inverter- 

induction motor drive with the load torque proportional to the motor speed for 1.0 pu 

speed demand using closed-loop speed control. 
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Figure 2.30 Dynamic performance of PWM (natural sampling) inverter-induction 

motor drive with the load torque equal with 1.0 pu from 4.5-6.0 secs for 1.0 pu speed 

demand using closed-loop speed control. 
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Figure 2.31 Dynamic performance of PWM (natural sampling) inverter-induction 

motor drive with the load torque proportional to the motor speed for 0.8 pu speed 
demand using closed-loop speed control. 
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2.7 Contributions of the research work 

Efficient wide-range speed control of the induction motor is only possible when an 

adjustable-frequency ac supply is available [3]. The work in this chapter is largely 

concentrated on the adjustable frequency method of obtaining adjustable-speed ac 

induction motor systems. This work has been prompted by the need for modelling 

and simulation support to enable improved adjustable speed drive design for use in 

oil industry. 

From the work carried out in this chapter, the following contributions from the author 

are identifiable: 

The creation of algorithms for tracing the individual open and closed loop control 

systems for the six step and various PWM models. 

* The development of mathematical expressions for natural sampling and 

symmetric/asymmetric sampling PWM methods in order to derive useful 

computational functions for simulation purposes 

The development of computer simulation programs based on the control systems 

presented in this chapter for the six step and the PWM techniques 

An investigation and report on the dynamic behaviour of the six step and the 

PWM inverters under various operating conditions, such as free acceleration to 

rated speed, step load applied on the shaft of the motor and load torque 

proportional to motor speed using open and closed loop speed control systems for 

the individual models. The performance of the drive was analytically investigated 

based on specific criteria such as current, speed, frequency and torque. 

0 Consideration of the benefits associated with the use of microprocessor controlled 

techniques, such as the symmetric and the asymmetric sampling over analogue 

methods (such as the natural sampling) and PWM techniques over six step 

inversion 
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2.8 Conclusions 

The work presented in this chapter described the six-step and different PWM inverter 

control methods of the induction motor. Firstly the fundamentals of the six-step and 

various PWM techniques were reported and the basic system configurations of these 

were presented. An analysis of the control systems of the six-step and PWM methods 

was investigated for both open or closed control systems. Finally extended 

simulations studies were carried out for a number of different system scenarios. 
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CHAPTER 3 

MODELLING OF VECTOR CONTROL METHODS 

3.1 Introduction 

In the scalar control methods of voltage-fed six step and PWM drives, the voltage 

and frequency are the basic control variables of the ac motor. In a voltage-fed drive, 

both the torque and air gap flux are functions of voltage and frequency[ 1,2,3,4,5,6,7]. 

This coupling effect is responsible for the sluggish response of the ac motor. If, for 

example, the torque is increased by incrementing the frequency, the flux tends to 

decrease. However, it is compensated by the sluggish flux control loop feeding in 

additional voltage. This transient dipping of flux reduces the torque sensitivity with 

slip and therefore lengthens the response time. 

The foregoing limitation can be overcome by applying vector or field-onented 

control methods. The aim of field-orientation is to control an ac-machine to obtain 

the performance characteristics similar to a separately excited dc-machine, providing 

good efficiency and excellent dynamic performance. Fortunately, dc-motor control is 

straightforward because the dc-motor has a decoupled control structure with 
independent control of flux and torque. But it has important limitations caused by the 

mechanical commutator, and these can be overcome by application of the ac-motor. 
In field-oriented control the input stator current of squirrel-cage induction motor is 

controlled so that it is decoupled into magnetising and torque producing components. 
Thus the induction motor can have a control structure as in a dc-motor. 

In the first part of this chapter, the principles of field oriented control scheme are 

presented. The basic configuration of a current-controlled PWM inverter drive is 

implemented, followed by an analysis of the two main vector control methods, the 
direct and the indirect vector control techniques. A new algorithm has been 

84 



Modelling of vector control methods Chapter 3 

developed to permit improved simulation and modelling of an existing indirect field 

orientation control method. T'his modelling tool has then been used to simulate 

system operations for a number of different operating conditions. Finally, the main 

contributions and general conclusions of this research work are reported. 

3.2 Principles of Field-Oriented Control of the Induction Motor 
In the vector control method, an ac machine is controlled like a separately excited dc 

machine[ 1,8]. This analogy is explained in Fig. 3.1 . In a dc machine, the torque is: 

T =K'l I 
ctaf (3.1) 

where 1. is the armature or torque component of current and If is the field or flux 

component of current. 

4 
If 

T =KV I =K; l I 
Ctgataf 

Torque component Field component 

(a) 

ids* 

In synchronously Inverter 

reference frame and control 
i's . 

1E 

T. =K1 1* 
, 

I'qs 

= 
K, " 

qs 
1 ds 

Torque compor fei ýi(ld component el 

(b) 

Figure 3.1 Induction motor and dc machine analogy in vector control 

1q. 

IN 
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In a dc machine, the control variables la and If can be considered as decoupled 

vectors. In normal operation, the field current If is set to maintain the rated field flux 

and torque is changed by changing the armature current. Since the current If is 

decoupled from the armature current I., the torque sensitivity remains maximum in 

both transient and steady-state operations. This mode of control can be extended to 

an induction motor also if the machine operation is considered in a synchronously 

rotating reference frame where the sinusoidal variables appear as dc quantities. In 

Fig. 3.1 the induction motor with inverter and control is shown with two control 

inputs, id. * and i,, * . The currents 'd. and 'q, are the direct-axis component and 

quadrature-axis component, respectively, of the stator current, where both are in a 

synchronously rotating reference frame. In vector control, 'ds is analogous to the 

field current If and 'q, is analogous to the armature current I. of a dc machine. 

Therefore, the torque can be expressed as 

T =Kj^. Jiqý = 
K, iqidý 

cv (3.2) 

The basic concept of how 'ds and 'qs can be established as control vectors in the 

vector control method is explained in Fig. 3.2 with the help of phasor diagrams in a 

synchronously rotating d' -q* reference frame[3]. For simplicity, the rotor leakage 

inductance is neglected. 

The phasor diagram is drawn with the air gap voltageV. aligned with the qaxis. 
A 

The stator current IS lags the voltage V. by (90 - O)o, i. e., 'qs 1. sin 0 is in phase 
AA 

with 'Cl. and d, = IS COS 0 is in quadrature with V.. The current 'q, is the torque 

component of the stator current and the current 'ds is the field component of the 

stator current and is responsible for establishing the air gap flux *.. From the 

phasor diagram, the developed torque across the air gap is given by 

T, = K, IV^ 
. 

Iiq8 
= K' iqs'ds 9 where i., and id, are shown in Fig. 3.2. The torque 
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equation is therefore identical to that of a dc machine. For normal operation, the 

current id, remains constant and the torque is varied by varying the i., component. 

Stator voltage 
. Vs 

i =I sinO qs S 
"qs I' sin 0' S 

qc axis 
Air gap voltage 

'ds 'S 
COS 0S 

S 

S 

Stator current 
A 

W. 

d' axis 

Increase of torque component 

'qs 1", - Is sin 0 

.. Vlvs 

'ds is 
Cos 0 

s 
ds s 

i, I' Cos 0' 

is 

-, 
tc 

q' axis 

Increase of Field Component 

Figure 3.2 Phasor diagrams in direct vector control 
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3.3 Configuration of Current-Controlled PWM Voltage-fed 

Inverter 

Ile current regulated voltage source(VS) PWM inverter offers substantial 

advantage's in high performance ac drives and is widely applied in such 

systems[9,101. 
A basic rectifier-inverter(VS-PWM) with current control is shown in Fig. 3.3. From 

this figure it can be seen that the system has three main stages. In the first stage a full 

diode bridge is used to convert the three-phase voltage input into a dc voltage. 

Figure 3.3. Basic system diagram of PWM current controller 

T'hen, a LC circuit filters the voltage ripple and provides a near constant dc bus 

voltage (Vj to the inverter. As a last stage the inverter with the current controller 

impresses stator currents to follow their reference currents. 

In this study a hysterisis controller[l], (which is actually three independent 

controllers, one for each phase) is used. The control of one inverter leg is shown in 

Fig3.4. The control circuit generates the sine reference current wave of desired 

magnitude and frequency, which is compared with the actual phase current. If the 

difference between the reference current and the actual current is positive and greater 

than the hysterisis value, then the upper transistor in the half-bridge is turn on and the 
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lower transistor is turned off. If the difference between the reference current and the 

actual current is negative and greater than the hysterisis value, then the upper 

transistor is turned off and the lower transistor is turn on. If the difference is less than 

the hysterisis value then there is no change. A prescribed lock-out time tL is 

provided at each transition to prevent a shoot-through fault. 

+ Hysterisis 
Lock-out circuit 

upper transistor 

r-ef-ff 
-encle _0r comparator 

ýI 

lower transistor 
current 

actual phase cuffent 

Figure. 3.4 Hysterisis control for one phase 

Vector control has been criticised as being a complicated approach requiring 

sophisticated signal processing and complex co-ordinate transformation. 'Mis 

criticism was justified in the past when the implementation was attempted in analog 

electronics. However, digital control with microprocessors offers significant 

reductions in processor size and cost[ 1,3,8]. 

3.4 Direct Vector Control 

Fig. 3.5 shows a simplified block diagram of a vector control scheme using a current- 

controlled PWM inverter. Ile two-axis reference currents, 
'q, * 

and 
id, 0. 

are the 

demanded torque and flux components of stator current, respectively, and are 

generated by the outer loop. As shown in Fig. 3.5 'q, * and id, * undergo a co-ordinate 

transformation to two-phase stator-based quantities, followed by a two-phase to three 
0 phase transformation which generates the stator reference currents 

',,. * "bs* 
9' CS . 

These reference currents are reproduced in the stator phases by the current-controlled 
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PWM inverter. The internal action of the motor is to transform the impressed three- 

phase stator currents to equivalent two-axis currents, i., and 'd, * Thus the external 

reference currents, 'q, * and id, *, are reproduced within the ac motor, and control is 

executed in term of theses direct and quadrature axis current components to give 
decoupled control of flux and torque, as in a dc machine. 
The control structure is similar to that of a dc drive[3,11,12]. The speed error is fed 

to the speed controller to generate the torque command, T, which is compared with 

the calculated torque, T, for precise torque control. The torque error generates the 

quadrature axis reference current, 'q, * . The direct axis reference current, id, 01 is 

produced by a rotor flux control loop in which the reference value, IV. * is compared 

with the actual value (calculated at the flux observer block). Below base speed, 

WMr is held constant, but field weakening is implemented above base speed by 

making 4f.,, * inversely proportional to speed as shown in Fig 3.5 

3 phase 

Actual torque 

spe d controller Torque controller 

Pi 
T, PI 

i.: 

Speed 
i.. command M, Pi 

Flux command Flux controllcr 
generator Actual flux 

VS-PWM 
Im Inverter 

Speed 

sensor 

Flux V. - 
V 7 E, 

Figure 3.5 AC motor speed control system with direct vector control 
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3.5 Indirect Vector Control 

The indirect methods of vector control eliminate the need for a flux sensor or flux 

model but require an accurate measurement of shaft position in order to determine 

the precise location of the rotor flux vector[ 1,3,13,14]. The indirect vector control 

principle is explained in Fig. 3.6 with the help of a phasor diagram. The d' -q" axes 

are fixed on the stator while the d'- q' axes rotate at synchronous angular velocity 

co.. At any instant, the qr electrical axis is at angular position 0, 
' with respect to the 

q' axis. The angle 0, is given by the sum of rotor angular position 0, and slip 

angular position 0,,. The rotor flux *,,, consisting of the air-gap flux and the rotor 

leakage flux, is aligned to the d' axis. Therefore, for decoupling control, the stator 

flux component of current 'd, and the torque component of current 'q, are to be 

aligned to the d* and q'axes respectively. 

Figures 3.7 and 3.8 shown the D-Q equivalent circuits of an induction motor at the 

synchronously reference frame. 

qc 

lds 

Oe 

dw* 

Figure 3.6 Phasor diagram for indirect vector control 

qs 
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Figure 3.7 q. - axis equivalent circuit at synchronously rotating reference frame 

Vds 

m. - 

R, 

A 

id. 
(J) 

eV qs 

Lb 

+ R, 

r 
)V 

qr 

'Id, 

V, 

Figure 3.8 de - axis equivalent circuit at synchronously rotating reference frame 

From the synchronously rotating reference frame, the following equations can be 

written: 

dNf 
qr h Riqr + (coý 

- co, )v� =0 (3.3) dt 

Also, 

dYdr 

i- Rr'dr - 
(0). 

- Cor)Vq, = () (3.4) dt 

Vq, = Lr'qr + Lmiqs (3.5) 

Wdr = L, id, + Lm'ds (3.6) 
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From equations (3.5) and (3.6), 

lqr =1 Wqr -Li qs (3.7) 
Lf Lr 

ldr =I -AV dr -LMi ds (3.8) 
Lr Lr 

The rotor currents from equations (3.3) and (3.4) can be eliminated by substituting 

equations (3.7) and (3.8) as 

dXfdr+Rr 
Vqr- 

L- Rr'qs + 0). IV d, -": 0 (3.9) 
dt Lr Lr 

dWqr 

+ 
R,, 

V& -L-Rfiqs -CoslWqr =0 (3.10) 
dt Lr Lr 

where Cos, = Coe -(Or I 

For decoupling control it is desirable that 

AV qr 
= 

dVq,, 

dt 
, Vd, = *. r = ct (constant) 

dNfdr 0 

dt 

Substituting the first two conditions, equations (3.9) and (3.10) can be simplified as 

co = 

L. 
'qs (3.11) 

Lr dy^ 
+ (3.12) 

Rr dt 
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The torque as a function of rotor flux and stator current can be derived as follows: the 

stator flux linkage relations can be written as 

Vqs Lmlqr + 
slqs (3.13) 

41d., L. 'dr + Ls'ds (3.14) 

Substituting equations (3.13) and (3.14) in equations (3.5) and (3.6), 

2] 

+ 

Ir 
Lf 

Wqs Ls iqs Vqr (3.15) 

2 

Wds 

1L. 

lr_]ids 
+ Lr W& (3.16) 

The torque equation as a function of stator currents and stator fluxes is 

qsWds -'dsWqs) 
2(2 

Equations (3.15) and (3.16) can be substituted in equation (3.17) to eliminate the 

stator fluxes. Therefore, 

3 (P). L. (, 
qsVdr -'dsVqr) 

22 Llr 

Substituting 4rq,. =0 and Vd, =*n,, , the torque expression is 

3 
22 

Electromagnetic torque and rotor flux are independently controlled by appropriately 
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regulating 'd. 
9 
i,, and (0, - 

The field co-ordinate equations can be used to determine 

the reference value, ids 
I 

'qs and e) ir 
for demanded values of torque, T* 

. and rotor 

flux, Thus, 

(3.20) L. ids 
=IV'* +r" dt 

'qs* 
= ir 

TO 

, inw* 

lqs 

Tr irw* 
(3.22) 

The basic implementation of a speed control system for a current-controlled PWM 

inverter drive is shown in Fig. 3.9 

Figure 3.9 can be modified to incorporate control in the field weakening region. A 

controller block diagram to extend the operation in the field weakening region is 

shown in Fig. 3.10. Below the base speed, the motor operates at constant ly,, j and 

therefore operation is identical to that shown in figure 3.9. Above the base speed, 
jxV. j is weakened to be inversely proportional to speed. The flux is being controlled 

in an open-loop manner by solving equation (3.12). 

With indirect control the speed can be controlled from zero to the full value. 
However, a rotor position signal becomes mandatory in this method. The controller is 

dependent on machine parameters, and for ideal decoupling the controller parameters 

should track the machine parameters, which is extremely difficult to achieve. The 

dominant parameter to be considered is the rotor resistance, which can be estimated 
by an Extended Kalman filter, giving only limited success in ideal decoupling 

controff 10,15,16]. 
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Figure 3.9 AC motor speed control system with indirect vector control 
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Figure 3.10 Control block diagram to calculate the operation command in field 

weakening region 
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3.6 Simulation of indirect field-oriented control of induction motor 

A closed-loop speed control system for the induction motor driven by a current- 

controlled PWM inverter was considered for simulation purposes. The block diagram 

for such a variable speed drive was given in Fig. 3.9. Ile system parameters used in 

the simulation are given in appendix 2. A flowchart in Fig 3.11 presents the 

simulation steps of indirect field-oriented control. 
In all the simulations of indirect field-oriented control the motor was initially excited 

at zero speed for 0.5sec with a dc: current flowing through the windings. 'The dc 

current fluxes the machine while at rest. T'his ensures good dynamic response from 

the motor when a torque demand is received by the control system. For the system 

illustrated in Fig 3.9 the following parameters were utilised: 

(i) the hysterisis band was 0. Ipu 

(ii) the proportional and integral gains of the PI torque controller 

were Gp = 80 and G, =2 respectively 

(iii) the torque command, which is the output of the PI 

controller was limited to 1.6 times the rated motor torque 

(iv) the simulation time step was O. Imsec. 

The gain values for the PI torque controller had been chosen as optimal ones derived 

from previous runs after extensive simulations. The drive system was simulated with 

the same motor parameters in the motor model and in the controller for several load 

and speed conditions. 
Firstly, figures 3.12(a)-(f) show simulation results of phase currents, speed, frequency 

and torque during an acceleration to the rated speed of the unloaded motor. The 

motor started its acceleration phase from rest to rated speed (1.0 pu). The phase 

currents have an initial value at no speed and reach steady-state conditions at rated 

speed. 
Figures 3.13(a)-(f) illustrate the motor accelerated to rated speed followed by 1.0 pu 

step load applied on the shaft of the motor. The drive system successfully achieved 
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the set speed and demanded torque. The graph of the speed in Fig 3.13(d) shows a 

slip at the instant when the load is applied and then recovery to 1.0 pu value in a very 

small time. 

To examine the dynamic behaviour of four-quadrant operation, fast speed reversals 

are carried out with the drive. Figures 3.14(a)-(f) show simulation results during an 

acceleration and deceleration of the unloaded motor. Smooth transfer between 

forward and reversed rotation is achieved when the motor started its acceleration 
from zero to rated speed and then reversed from rated to negative top speed. 
Ile same conditions as in the previous no load case were repeated but with the motor 
fully loaded (1.0 pu step-load applied on the shaft of the motor). Figures 3.15(a)-(f) 

display the simulation results. Notice that in Fig 3.15(d) during the crossing of zero- 

speed the motor delivered rated torque even at zero speed. 
As a final study, operation in the field weakening region was performed and the 

results are depicted in Fig 3.16(a)-(f). The results show that the motor can drive up to 

twice rated speed. In this mode of simulation the flux was controlled to be constant at 

rated value for speeds below base speed, and progressively reduced above base speed 
in the field weakening region. 
From these results it was observed that the induction motor model under the field- 

oriented control using the modelling technique described in this chapter, is capable of 

meeting the demands of a high performance drive. 
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Figure 3.11. A flowchart for the indirect field-oriented control of induction motor 
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Figure 3.12 Dynamic performance of field-oriented control of the induction motor for 

0.5 sec pre-magnetising time followed by free-acceleration to the rated speed. 
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Figure 3.13 Dynamic performance of field-oriented control of the induction motor for 
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Figure 3.15 Dynamic performance of field-oriented control of the induction motor for 
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3.7 Contributions 

Although the principles of the field oriented control of the induction motor were 

analysed in the literature by Vas [8] and Blaschke [11], modelling and simulation 

activities are in a great demand due to the advances in the microprocessor 

technology. Vector control has been criticised as a complicated approach requiring 

sophisticated signal processing and complex co-ordinate transformation. However, 

digital control with microprocessors offers significant advances [1,3,8]. 

Previously work undertaken in the area of field oriented control presented the 

advantages of vector control over PWM methods [12]. Ho [13] and Sathikumar [14] 

presented simulation results based on the direct control method. The importance of 

the rotor resistance in the vector control method was reported by Matsuo [15] and 
Atkinson [16]. 

In this chapter a modelling technique for the indirect vector control of the induction 

motor has been developed. From the analysis of the control method described in this 

chapter the following contributions are identifiable: 

The development of an indirect vector control technique using a Current- 

Controlled PWM voltage fed inverter [ Figure 3.9]. 'Mis model consists of various 

control parameters such as the position controller, the speed controller, the flux 

command generator and the current controller. 

" The development of a control block diagram to calculate the operation of the 

variable speed drive in the field weakening region [figure 3.10]. Ilis allows the 

motor to drive up to frequencies greater than rated. 

" The creation of a computer program for the closed-loop vector control method 

coded in the Fortran language. 

" An investigation and report on the behaviour of indirect vector control machines 

under various operating conditions, such as free acceleration to rated speed, step 
load applied on the shaft of the motor, fast speed reversal and operation in the 

field weakening region. 
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Consideration of benefits and opportunities associated with the use of vector 

control over scalar control methods (six step and PWM techniques) , such as 

smooth transfer between forward and reversed rotation and control down to zero 

speed. 

3.8 Conclusions 

The work presented in this chapter described field orientation control of the induction 

motor. At the beginning, an explanation of the fundamentals of field orientation 

control was presented, followed by an analysis of the operation of a current- 

controlled PWM inverter model. The two main vector control methods (direct and 
indirect field orientation control) were reported and simulation studies using indirect 

field-oriented control were carried out for a number of different system scenarios. 
The results of the simulations have shown that indirect field-oriented control gives as 

good a dynamic performance as a dc drive even at zero speed and can used for a 

number of different applications[5,16,17]. The main contributions of this research 

work were reported at the end of the chapter. 
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CHAPTER 4 

MODELLING OF POWER SYSTEM COMPONENTS 

4.1 INTRODUCTION 

Modelling and simulation of electrical machines and interconnected ACIDC 

converter stations-variable speed drives has always provided a challenge for power 

system engineers. Methods of the transient analysis of electrical machines, has in the 

past, been based on simple models derived using assumptions that were justified in 

practise for simplified transient stability analysis. In early modelling procedures 

generators were represented by a voltage source and simple reactance. Loads were 

either neglected or represented by a static impedance absorbing constant active and 

reactive power. In the late 1920s, Park introduced a new approach to electric machine 

analysis [1,2]. He eliminated the time-varying coefficients associated with the 

representation of the physical machine, due to certain machine inductances which are 

a function of rotor displacement, by referring the stator 'variables to a frame of 

reference fixed in the rotor. Since then this transformation was known as the Park 

transformation. 

With the advent of modem computers, numerical methods can be employed 

efficiently for solving non-linear differential equations. In such a case, the direct 3- 

phase model can be used for a more exact study of an electrical machine 

performance. With direct three phase representation, symmetric and asymmetric 

conditions, can be simulated with ease. The accurate representation of asymmetrical 

system operating conditions, due to the use of the direct 3-phase machine models, has 
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enhanced the viability and quality of various system studies and greatly extended the 

range of practical studies currently undertaken. 

In the last two decades, a number of DC transmission links have been established in 

various parts of the world. One of the problems associated with the DC transmission 

is the generation of harmonic currents on both the AC and DC sides. 'Mese 

harmonics affect the AC system adversely and interfere with its operation. Some 

studies reported in the literature[3-5] use simplified models in which the AC system 

is represented either by an infinite source[5] or by a simple series impedance which is 

equal to the short-circuit impedance of the AC system at the converter point. 

In practise however, large power systems include synchronous machines, loads, AC 

and DC transmission lines, AC/DC converters and variable speed drives. In this case 

a simple representation of the system will not be adequate. In such a case, a detailed 

representation of these machines is necessary. 
For this reason a more general representation of AC/DC system is considered. In 

order to model such a system, direct-phase quantities are used. The digital computer 

program, which simulates this system, is developed in such a way to allow the study 

of various system configurations. 
The purpose of this chapter is to develop various direct 3-phase mathematical models 

of the main components of a modem power system such as synchronous machines, 
induction machines, three phase transformers and filters. In addition, the chapter 

covers some essential and common models of automatic voltage regulators, prime 

movers and also represents the mathematical model of an AC/DC converter station. 

The modelling technique of a general multi-machine AC/DC power system with 

converter stations and variable speed drives will be described in the succeeding 

chapter. 
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4.2 ELECTRICAL COMPONENT MODELS IN THREE-PHASE AXES 

4.2.1 Synchronous machine 

Most of the electric power used throughout the world is generated by synchronous 

generators and many large loads are driven by synchronous motors. These devices 

operate on the same principle and referred as synchronous machines. Figure 4.1 

shows the three-phase salient pole machine with three symmetrical windings on the 

stator and a field and two damper windings on the rotor. There is an inherent 

complexity associated with the equations that represent the transient performance of 

this type of electrical machine. This complexity arises mainly from the non-linear 

nature of the magnetic circuit of the machine. However without loss of accuracy the 

following assumptions are made[6]: 

(0, 

icý 
V. S 

Q VbS 

S- 
IBI 

Figure 4.1 Three-phase synchronous machine 

i) The distribution of the windings and the shape of the air gap are such that the self 

mutual inductance of the stator windings contain no Fourier expansion terms 

greater than cos20, while the mutual inductance between the stator and rotor 

III 
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windings vary simply as cos 0, where 0 is the rotor position angle with respect to 

phase a. 
ii) Saturation, hysteresis and eddy current effects are ignored. 

4.2.1.1 Machine inductances 

(a) Stator Self-inductances 

The stator self-inductances are functions of the rotor position and are thus time- 

varying. They have maximum value when the direct rotor axis is in phase with the 

corresponding stator phase axis and their minimum when the quadrature rotor axis is 

in phase with the corresponding stator phase axis. The total self-inductances are 

given by the following equations[6]: 

Lasu = L. 
0 

+ L,. 
2 cos 20 (4.1) 

Lbsbs = L&ao + Laa2cos 2(0 - 
21c 

) (4.2) 
3 

Lms = L. 
0 

+ L. 
2cos 2(0 +. 

21c 
) (4.3) 

3 

where 

Laao = (Ld + Lq + Lj /3 (4.4) 

La&2 = (Ld - Lq) /3 (4.5) 

Ld = Lh + Ld (4.6) 

Lq = Li, + L, 
q (4.7) 

112 



Modelling of power system components Chapter 4 

In the previous equations, the stator sclf-inductances have constant plus second 

harmonic terms. In a well designed machine higher order harmonic terms are 

negligible and can be neglected. LI, is the stator leakage inductance and is the same 

for all three phases. Ld is the d-axis self-inductance and Lqis the q-axis self- 

inductance. L. dis the d-axis mutual inductance, L. 
q'S the q-axis mutual inductance 

and 0 is the rotor displacement in electrical degrees. 

(b) Stator mutual inductances 

The mutual inductance between any two stator windings consists of two components. 
The first component is due to the flux that does not link the rotor and is therefore 

independent of the rotor position and is always negative because of the windings 

arrangement. The second component of the mutual inductance varies with the rotor 

position. The mutual inductances between the stator windings can be expressed as 
[7]: 

Labs = Lbsas = -LabO + Lu2cos 2(0 + (4.8) 
3 

Lbsm = Lcsbs = -L. bo 
+ Laa2cos 20 (4.9) 

Lcsn = Loscs = -L. bO 
+ Lm2cos 2(0 - (4.10) 

3 

where 

LabO = (Ld + Lq- 2L,, ) /6 (4.11) 

(c) Rotor inductances 

The self-inductances of rotor circuits and mutual inductances between each other do 

not vary with rotor position because of the cylindrical structure of the stator. The 

rotor self-inductances are: 
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Lfdfd = Llfd + Lad (4.12) 

Lkdkd 
-,: 

LIM + Lad 

Lkqkq = Llkq + L. 
q 

where, Llfd, LIm, LIk. are the leakage inductances of the field winding, d-axis 

damper winding and q-axis damper winding respectively. The mutual windings 

between rotor windings are 

Lfdkd = Lkdfd = Lad (4.15) 

Lfdkq = Lkqfd = Lkdkq = Lkqkd =0 (4.16) 

(d) Stator to Rotor mutual inductances 

The stator to rotor mutual inductance varies periodically with the rotor position. With 

space mmf and air gap flux distribution assumed sinusoidal, the mutual inductance 

between the stator windings and the excitation winding are: 

L. 
fd = Lfd. = Lfdcos 0 (4.17) 

Lbsfd = Lfdb. = Lfd cos(0 - 
27c 

(4.18) 
3 

L. 
fd = Lfd. = Lfd COS(O + 

2x 
) (4.19) 

3 

The mutual inductance between the stator windings and the d-axis amortisseur are: 

L. 
kd = Lkdas = Lakd COS 0 (4.20) 
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Lbskd ý Lkdbs = L. 
kdcos(O - 

2n (4.21) 
3 

L. 
kd = Lkdcs = Lkdcos(O + 

2n 
(4.22) 

3 

The mutual inductance between the stator windings and the q-axis amortisseur are: 

Laskq = Lkqas = -L. kq COS 0 (4.23) 

Lbskq : -- 
Lkqbs = -Lakq COS(o - 

2a 
(4.24) 

3 

Lcskq -,, ý Lkqcs 
-, ' -L. kq COS(o + 

2n 
(4.25) 

3 

4.2.1.2 Flux Linkage Equations 

The flux linkage equations in terms of the machine currents and inductances can be 

written as foHows[7]: 

[A. ] = ILI 111 (4.26) 

where 

[X] 
= 

[ÄaslbsXcsXfdkkdXkq ]T 
(4.27) 

I'] = 
[Ias, 

bslcslfdlkdl kq 

iT 
(4.28) 
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Lasa, Lasb, L.. Lasfd Laskd Laskq 

Lb., Lbsbs Lb. Lbsfd Lbskd Lbskq 

[L] 
L. LcsbsL,.. Lcdd LcskdLcskq 

Lfda, LfdbsLfd,;, Lfdfd LfdkdLfdkq 

Lkd"Lkdb. Liwc, Lkdfd Lkdkd Lkdkq 

Lkqas Lkqbs Lkqcs Lkqfd Lkqkd Lkqkq j 

4.2.1.3 Voltage Equations 

(4.29) 

The voltage equations of a synchronous machine are given in a matrix notation form 

as follows: 

[VI = p[, %] + [RII] (4.30) 

Where 

[VI = 
[v. v,. v. v,. v.. v,,, 1' (4.31) 

[R] = diag[R,, Rb, R. RfdRkdRk, ] (4.32) 

Substituting for p[, %] from equation 4.26, equation 4.30 can be written as 

[V] = [R][1] + [Llp[l] + p[LI[l] (4.33) 

[V] = [R][11 + [Llp[l] + co, [G][I] (4.34) 

The matrix [G] is introduced to represent the rotating performance of the electrical 

machine and is called the rotational inductance matrix. The term p[L] is defined as 
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co, [G] where o),, is the rotor speed in electrical radians/sec and p is the differential 

operator. 

4.2.1.4 Torque Equations 

If the instantaneous electrical torque of the synchronous machine differs from the 

prime-mover torque, its speed will vary. At any instant, the input mechanical torque 

is equal to the electrical torque plus the accelerating torque. 

The electromagnetic torque T. is given [6], in terms of the stator phase quantities, in 

per unit as follows: 

T=2 (4.35) 
c 3, J3 

0)s 
as 

('bs 
- 

'co +1 
bs 

(' 

cs u) 
+ Ics(ias 

- 
'bs» 

The equation of the motion is given in per unit by the following equation: 

2H 
dco 

= T. - T. 
dt 

(4.36) 

where T. is the input mechanical torque, co, is the per unit rotor speed and H is the 

per unit inertia constant. 

4.2.2 Induction machine 

An induction machine has two main groups of windings, namely, those situated on 

the stator and those associated with the rotor. The stator windings are three indentical 

sinusoidal distributed windings and are displaced 120 electrical degrees apart. The 

rotor windings will also be considered as three indentical sinusoidal distributed 

windings which are displaced 120 electrical degrees apart. Figure 4.2 shows a simple 

arrangement of windings of a three-phase induction machine. The stator windings are 

connected to a three-phase supply and the rotor windings are connected together 

internally forming a closed circuit. Most of the induction machines used are motors 
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but there is also a small numer of used as generators mostly in remote generation 

systems. 
In developing the model of an induction machine the following assumptions are 

made in order to simplify the transient analysis[6]: 

a) The air-gap of the machine is uniform. 
b) Saturation, hysteresis and eddy current effects are neglected. 

c) A current in any winding sets up an mmf wave which is sinusoidally distributed in 

space around the air-gap. 

4.2.2.1 Voltage equations 

Taking into account the previous assuptions, the basic voltage equations for a three- 

phase induction machine may be expressed as follows: 

V. R, +L11p PMasbs PMasm pm. PM asbr pmawr 1. 
Vb, PM. b, R, +Lllp PMbscs PMbsir PMbsbr PMbscr ibs 

vcs pmasm PMb. R, +IIlp pM. PMcsbr Pmcwr ics 
Var Pmasar PMbsar pM. R2 + L22P PMarbr pm. "r 

(4.37) 

Vbir PMasbr PMbsbir PMcsbr PM., rbr 
R2 + L22p PMbmr 

I 

br l 

-V-. J L PMLsa PMbscr PMcscr PM. pMbrcr R2 + L22P lcr j 

The mutual inductances between stator and rotor windings vary sinusoidally with the 

rotor position and are given by the following expressions: 

M 
mAr 

ý-- M 
bsbr 

M 
csc rM 

COS 

M 
asbr =- M 

bsa =M. = 94 cos(O + 120*) 

M.. =M bsar =M 
csbr =M cos(O - 120*) 

(4.38) 

(4.39) 

(4.40) 
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and the mutual inductances between stator windings or rotor windings are 

21c m Masbs =M bscs =M 
ascs 

=M 
arbr 

=M brcr =M 
arcr =M Cos- -- (4.41) 

32 

where the inductance M is the amplitude of the mutual inductance between stator 

and rotor windings. Also the total stator and rotor self inductances are 

M+L,, and L22 =M+ LI, (4.42) 

where L,. and L,, are the leakage inductances of the stator and rotor windings, 

respectively, and p is the differential operator d/dL 

Substituting for the inductances, the voltage equations can be expressed in the form: 

[V] = [R][i] + [Llp[i] + co, [G][il (4.43) 

where 

COr is the electrical angular velocity 

IV] = [v. V,. V. oo Of (4.44) 
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Figure 4.2 Three phase induction machine 

Id 
ý- 

['as 'bs 'cs 'str 'br 'arl 
T 

[R] = diag[RI R, R, R2R2R21 

III Masbs 

Masbs laIl 

ILI M Um 
Mbscs 

masu Mbsu 

Masbr Mbsbr 

LMascr 
Mbscr 

Ma= Maw Masbr Mascr 

M 
bws 

M 
bsar 

M 
bsbr 

M 
bscr 

I'll Mcsar Mcsbr Mcscr 

M 
c8ar 

L22 M 
arbr 

M 
wcr 

M 
csbr 

M 
arbr 

L22 Maur 

M 
c-" 

M 
awr 

M 
bra 

L22 

j 

(4.45) 

(4.46) 

(4.47) 

and [G] = -K4[o - 

[g] 

L[g] F0 (4.48) 

where 
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sin 0 sin(O + 
21r 

) sin(O - 
21c 

33 

sin(O - 
21c 

) sinO sin(O + 
27c 

33 

sin(O + 
27t 

) sin(O - 
21c 

) sinO 33 

4.2.2.2 Torque equations 

(4.49) 

The torque equation of the induction motor in terms of stator phase equations can be 

expressed as[7]: 

Te 2+ Xb, ('cs 
ý-- 373 (4.50) 

where co. is the synchronous speed in electrical radians/sec. Also the mechanical 

equation of the motion may be expressed as : 

p(o, --: 
(T. 

- TId)/2H 

where TI.. d is the load torque and can be expressed as: 

2+ (X 0) load 01r+ ()t2(Or 3r 

and H is the inertia constant for the motor and the load. 

(4.51) 

(4.52) 

In all the above equations, the subscript s denotes variables and parameters 

associated with the stator circuit, and the subscript r denotes variables and parameters 

associated with the rotor circuit. 
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4.2.3 Three-phase transformer 

The three-phase transformer is a very important component in every modem power 

system, because it is not practically feasible to generate and consume power at high 

voltages, transformers are utilised throughout, changing the system voltage levels. 

Figure 3.3 shows the schematic diagram of a three-phase core type transformer with 

six windings, three primary windings and three secondary windings. 

Figure 4.3 Three-phase power transformer 

The voltage equations can be expressed as[7]: 

[VI = p[7. ] + [Rli] (4.53) 

where 

1XI = ILID] (4.54) 

and 

IM = 
[7'. 

lXbl7'cl7'&27'b2kc2 
]T 

(4.55) 
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I 
-': 

[v vvv 
]T 

V] 
' at bt cl 82Vb2VC2 

Id 
= 

['.. 'bl'cl'&2ib2ic2l 
T 

[R] = [R&, Rb, RclRa2Rb2Rc2l T 

Lal&l LAM 

Lblal Lblbl 

ILI 
Lcl&l Lclbl 

La2al La2bl 

Lb2.1 Lb2bl 

Lc L 
2.1 c2bl 

L. 
1c, 

Lala2 LOU Lalc2 

Lblcl Lbla2 Lblb2 Lblc2 

L, 
Icl 

Lcla2 Lclb2 Lclc2 

L&2c, La2a2 La2b2 La2c2 

Lb2c, Lb2a2 Lb2b2 Lb2a 

Lc2cl Lcw Lc2b2 Lc2c2 

(4.56) 

(4.57) 

(4.58) 

(4.59) 

where the subscripts I and 2 denote the primary and secondary quantities, 

respectively. 

4.2A Fflters 

Filters are used to reduce harmonic currents and voltages in the AC systems. They 

are R-L-C circuits, which are designed to provide a low impedance path for harmonic 

currents at harmonic frequencies. In figure 4.4 a group of 5 th 7 Ih j lth and 13 th order 
harmonic filters are connected at the converter AC terminals. Tle normalised 

differential equations of these filters can be arranged in a matrix form as follows: 

][Vr 
FL. 

][I. 

P[I IFL,. (4.60) 
[TFL. I[V] 

-- 

["FL. 

Fl. 

P[vc. I= 
[-E' 

(4.61) 
FL.. 

]['FLA 
I 
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V 

I 
lFL 

IFL51 'FL7 

R 

IFL1 
I 

IFL13 

RFI. 
5 

IF 
FL7 

IF 

RFLI 
I RFL13 

LFIý5 ýý ILFL7 21 LFL11 %; 
-'q 

LTL13 

CFL5 CFL13 
VCn 

CFLj CFLI 
I 

Figure 4.4 Representation of the 5 th 
, 7th I 1'h and 13th order harmonic filters 

where 

-= 
diag - ý7 (4.62) 

II 

In. I1 -1 
TF-Ln 

Lfl. Lfl,, 

[R Rfln Rfln Efj, 
ý 
] 

FfLI 

In diag 
fla fin Ltl" (4.63) E, 

I iLfl 
-I,., LL 

diag 
1 

(4.64) 
FL.. 

Cfl.. cl 
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1IFL. I= 
lifl. 

1 
'fl. 

2 
'fl. 

3 
'fl. 

4 

]T 
(4.65) 

IVCol=[Vc. 
1 Vc. 2 Vc. 3 Vc. 4 

T 

(4.66) 

5,7,11,13. 

4.3 EXCITATION SYSTEM MODELLING 

Synchronous generators in power systems operate with automatic voltage 

regulators(AVRs). The AVR is responsible for the regulation of the terminal voltage 

of the machine within certain limits. It is also responsible for controlling the reactive 

power flow through the regulation of the field voltage and therefore the synchronous 
field current. An important characteristic of an AVR is its ability to respond rapidly 

to voltage variations during both normal and abnormal operation. While many 

different types of AVRs are employed in practise, the basic principle of operation 

may be described in the following; the voltage deviation signal is amplified to 

produce the signal required to change the exciter field current, which in turn produces 

a change in exciter output voltage thereby resulting in a new level of excitation for 

the synchronous generator. 
An IEEE Committee[8] recommended two types of AVRs that are representative of 

the majority of practical regulators and which can be used adequately in system 

studies. Ile two types of AVRs are designated "rype I" and "Type T'. 

A typical block diagram of the "rypel" model is shown in figure 4.5. In this model, 

the generator terminal voltage V, is applied to the regulator input. TRis a small time 

constant representing regulator input filtering. The first summing point determines 

the voltage error input to the regulator amplifier. The main regulator transfer function 

is represented as a gain KAand a time constant TA. Following this, the maximum 

and minimum regulator limits are imposed so that large input error signals cannot 

produce a regulator output exceeding practical limits. The amplifier signal is supplied 

to the exciter to provide the exciter output voltage or the generator field voltage EFD. 
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The exciter saturation function SEis a non-linear function of the exciter output 

voltage and is subtracted from the regulator output signal. Major loop damping is 

provided by the feedback transfer function from the exciter output EFO to the second 

summing point of the block diagram 

V,, 

+ 
I+ sT, 

Other signals 

VRMAX 

I +E 

f 

STA 
X, 

EKA 

X2 L 
A 

TA 
X2E jiloý 

VR 
MIN 

liýý 1 FFD 

1 K, + sT, 1 x, 1 

I+sT, 
N 

Figure 4.5 EEEE "rype 1" AVR model 

The block diagram of "Type 2", is shown in Figure 4.6. As in this type the exciter 

transfer function is not included in the damping loop, an additional time constant is 

introduced for compensation. Other characteristics of 'Type 2" system are similar to 

those of "rype I". The mathematical models for both types may be expressed by the 

state space equation: 

d [x]=[AI[xl+[B][U] 
dt 

For "rype I" model 

(4.67) 
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VREF 

VI flTl 
1+STR 

+ 

X, ID- 1+ 

VR MIN 
Other signals 

x4 

I+sTF I+ sT, 

Figure 4.6 IEEE "Type 2" AVR model 

X3 I-j I 

+ VR 
MIN 

Other signals 
x4 

T+-sT, P-Fý+ý. T. I 

VR 
MAX 

Mr EF, 

K r, + sTE 1 X3 

[X] =IXIX2X3X4 ]T (4.68) 

]T IUI = Ivt VREF X2L X2L (4.69) 

1 KA 1K 
[B] = diag - (4.70) 

T A 
TE 

7E ýR 

00 
TR 

0 

KA 
0 - KA 

TA TA TA 

[A] 
(KE +SE) 

(4.71) 
0 TE 

0 

00 
KF (KE + SE) 1 

L TETF TF 

For the "rype T' model 

[X] = IXIX2X3X4X 
.5 

IT (4.72) 

IUPý 1vt VREF X2L X2L X2L]T (4.73) 
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[B] = diag 
I- KA II KF 

(4.74) FR 
TA TE TF2 TFITF2 

[A]=I 

1 
TR 

0 0 0 0 

KA 1 
0 0 -KA 

TA TA TA 

0 0 (KE +SE) 
0 0 

TE 

0 0 0 

TM 
0 

0 0 0 
KF 

fT 
Fl F2 

TFI 

(4.75) 

In both types, the output of the AVR represents the input field voltage, in per unit, to 

the synchronous generator and the output terminal voltage of the generator, in per 

unit represents the input to the AVR. 

4.4 PRIME MOVER SYSTEMS 

The prime movers of electrical energy supplied by utilities are the kinetic energy of 

water and the thermal energy derived from fossil fuels and nuclear fission. The prime 

movers convert these sources of energy into mechanical energy that is converted to 

electrical energy by synchronous generators. Ile function of the prime mover 

governing systems is to provide a means of controlling power and frequency. 

4.4.1 Heavy Type Industrial Gas Turbine 

The wide popularity of the industrial gas turbine and their suitability for use as prime 

movers in isolated situations such as oil fields and offshore installations have 

increased the demand for providing a simple gas turbine model which can be used for 
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various power system studies. In addition, at high ratings they have recently found 

favour with many electricity supply companies world-wide. 

The paper written by Rowen [9] provides a simplified mathematical representation of 

a heavy-duty, simple cycle, single shaft gas turbine that is suitable for use in dynamic 

power system studies. The control system includes speed control, temperature 

control, acceleration control and upper and lower fuel limits. 

Further simplifications can be introduced into the model, when it is used in most 

types of power system dynamic studies. Ile temperature and acceleration controls 

are eliminated. The simplified block diagram of the model is shown in figure 4.7. 

The transfer functions represented by blocks in the figure can be transformed to state 

space equations taking the form. 

p[X, I =[Agl[X, ]+[B, I[Ug] (4.76) 

where 

1Xg I IXI X2 X3 ]T (4.77) 

[U 9][, 
&(o pIL Ff (4.78) 

F 
Speed 

Limits +1 
Valve Fuel Fuel flow 

Reference govemon 
V 

position system 
speed + PIL + KI PIL KI 

7 

I'll; I *n I, ST, 
I-F 

Ii sI'2 

ý7 ý-i 
i+ IT x 

I ............. : &- 

I K4 I 

Per unit rotor 

speed 
Output Turbine 

rque - WVV Fr 2 110 ff2 I*- 

4 

Figure 4.7 Simplified single shaft gas turbine model 
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00 
T, 

[Aj 0-1 
K2K4 

T2 T2 

0 
K3 I 

L 
T3 T3 

-i 

K, 
00 

T, 

[B. ] 0 
(1 - F)K2 K2 

T2 T2 

000 

4.4.2 Steam turbine 

(4.79) 

(4.80) 

The IEEE Committee [10,11] represented various types of steam turbines, ranging 
from reheat, tandem compound single and double reheat to cross compound single 

and double reheat systems, for use in power system studies. The tandem single 

compound single reheat model is extracted from reference [10] and combined with a 
linear speed-governing system to form a typical complete model for a steam turbine 

prime mover as shown in figure 4.8. In the figure the turbine response is adequately 

modelled by three time constants, the steam chest 73, the re-heater T4, and the 

crossover T5. 

The time constants represent the charging time of associated steam chambers. The 

coefficients K3 to K5 determine the contributions from various turbine sections. The 

state space equations for the model given in the figure may be written as: 
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p[Xs] =[As] [Xs I+ [Bs ][Us] 

where 

Reference 
speed 

Rotor speed + 
Speed relay 

Lse d 
9- &0 KI &0 1 

+ 1+ SIMI 

Mechanical Power 

If 
+ 

+ LP Power 

Y. 5 

Crossover 
LF7+ 

ST5 

I 

(4.81) 

VOve 
servomotor Limits VOveswam 
7--j T K2 X, JIL flow 

I+sn I -1i I 

+ 

+ IP Power 
K4 

Re-heater 

'T 

N ; 

1+ 

: 

sT4 

P wer HP Pbwer 

K3 

Steam chest 

p 

x3 

I+ 
ST7ý 

X3 I 

17+sT33 
I 

Figure 4.8 Linear speed-governing system with reheat steam-turbine system 

model 

IXSl: -- IXI X2 X3 X4 X5 ]T (4.82) 

[US] = [AO) pILO 0 Of (4.83) 
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0000 
T, 

K2 1000 

T2 T2 

[AS] 00-100 (4.84) 
T3 

00 
T4 T4 

0 

0001-I 

L 
T5 T5 

j 

[Bs ] is a matrix of 5 *5 with only nonzero entities: B, I and B32 (4.85) 
T, T3 

4.5 MODELLING OF AN AC/DC CONVERTER STATION 

In the operation of a three-phase bridge-connected rectifier, in figure 4.9 either two or 

three valves are conducting simultaneously. Therefore, twelve different modes of 

operation exist per cycle. Each mode of the twelve can be represented mathematically 
by its own differential equations. However it is possible to represent all modes by 

general equations, since these twelve modes can, in fact, be divided into two main 

cases. These general equations can be applied to all modes by simply defining the 

conducting valves in each mode. Ile general equations in their normalised form are 

as follows[ 12]: 

die I-Vd + V. (1 + 
Ld +L 

9 

Ld +L 
VDC-r d dt Lg 

K) -v Lg 
K- (-I)m -i, [(R +R)+Rc+ 

RjLd +L) 

KI-igl(R +R)- 
Rs(Ld + L) 

)KI / [(Ld 
,+ 

(Ld + QL 

Lg d Lg 
+ L)+ L, 

Lg 
e KI 

did die 
K 

dig 
dt dt dt 

(4.86) 

(4.87) 
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'DC 7- (-')M+I'd (4.88) 

di di 
_11DC = (_I)m+l d (4.89) 

dt dt 

d'DC 
VDC-s =V DC-r+ 

RDC+L 

dt 
(4.90) 

Subscripts e, d and g are for any of the three phases 1,2 and 3. K and rn are constants. 
Res Rd, R. and Le 9 Ld, L. are the converter transformer resistances and inductances 

respectively. By varying the subscripts e, d and g and the values K and rn according to 

the conduction condition, equations 4.86-4.90 can be applied to any of the twelve 

modes of operation. 

RL 

vi - R2ww" 

V2 
A=k: 

VDC-s VDC4 

will WRY 
ZIS 

I 

Rectifier Filter 

Figure 4.9 Bridge connected rectifier 

Several rules for the various modes of operation may be obtained empirically: 

(i) If three valves are conducting, then K=I; otherwise K=O. 
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(ii) If two upper valves are conducting simultaneously, then m=2; otherwise m=l. 

(iii) Suffix d always represents the phase number of a current that can be divided into 

the twol other phases. It also represents the phase number having positive phase 

current with respect to the positive direction of iDc when there are only two 

conducting phases. I 
(iv) If a phase is non-conducting, the derivative of its current is zero. 
In matrix notation, the derivative vector of the rectifier currents can be written in the 

form: 

p[l,,. ]= F(V, Imc 9V DC-r 
) 

where 

[I=] = FI '2 '3 ]T (4.92) 

IV Iý [VI V2 V3 ]T (4.93) 

4.6 CONLUSIONS 

In this chapter, detailed three-phase mathematical models were described for various 

power system components, such as synchronous and induction machines along with 

their associated excitation and prime mover systems, three-phase transformers, filters 

and a mathematical representation of an AC/DC converter station. Thes"e models 

combined together form the basis of a complete multi-machine AC/DC power 

system, the modelling procedure of which will be described in the succeeding 

chapter. 
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CHAPTER 5 

MODELLING AND SIMULATION OF MULTI-MACHINE 
SYSTEMS WITH AC/DC CONVERTER STATIONS AND 

VARIABLE SPEED DRIVES 

5.1 Introduction 

Electric power systems have grown enormously in size and complexity over the past 
30 years and the generating units are now additionally given the task to provide 
increasing demand without corresponding increases in transmission capacity. Modem 

digital computers, with their increased speed and computing power, make possible 

the simulation of modem power systems with a degree of accuracy commensurate 

with the requirements of system planning and current operational procedures. 
Although electric power systems vary in size and structure and contain various 

components, they all have the same basic characteristics. They are comprised of 

three-phase ac systems operating essentially at constant voltage, they use principally 

synchronous machines for generation of electricity and they transmit power over 

significant distances to consumers spread over a wide area. 
Interaction between AC and DC power systems has always provided a challenge for 

power system planners [1,2]. Disturbances to supply systems caused by converter 
loads can only be tolerated within prescribed limits. It is hence important, especially 
in the case of weak supplies, to predict the levels of expected supply system 
disturbances so that if necessary appropriate measures can be taken to reduce them. 

Taking account of the three-phase machine load, converter operation creates 
harmonic currents that cause additional losses in lines, transformers and machines. 
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This chapter presents the modelling procedure of a complete general multi-machine 
AC/DC power system, comprising various generation units and their associated 

controls and the electromechanical drives, and describes the interconnection method 

of the system components. The detailed mathematical models of system components, 
described in the previous chapter, are used extensively here. The modelling technique 

is applied initially on a small power system with a variable speed drive. Filters are 

used in order to absorb most of the harmonics that the AC/DC converter station 

generates and comparative simulation results are presented in order to investigate the 
impact of harmonic filters on the depth of penetration of the harmonics into the 

network. Also a very detailed AC/DC multi-machine model is illustrated using two 

variable speed drives interconnected on the AC system network. 
Finally, results are illustrated using the developed computer program for different 

system configurations. 

5.2 Generalised multi-machine system modelling 

In this general method, each component connected to the power system is represented 
by its full three-phase differential equations, as were given in the previous chapter. 
These equations are combined together, according to the following equation 

[Llp[il = [VI - ([R] + [G])[il 

and solving for the derivatives of the currents, 

P[il = [LI-1 [VI - [LI-1 ([R] + [G])[il (5.2) 

where the unknowns are the currents and the matrices [R], [L], [G] are a combination 

of the corresponding matrices of each component connected to the system. Thus the 

system is considered as an entity and the current and voltage conditions are satisfied 

at the same time[3-6]. 
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For any system configuration, the nodes are numbered, starting from the generator 

bus-bars. In figure 5.1, a typical power system node is shown in schematic form, 

containing m generators and n loads, to help illustrate the method. For that node, for 

any node of the system starting from the first numbered one, Kirchhoff's voltage law 

is applied. According to that law, the terminal voltages of all the connected 

components to the same node are identical. For the typical node, the voltage law may 

be stated as: 

Vol = Vz2 = .... = Vgm = VLI = VL2 =, *, *= 
VIA 

Figure 5.1 Typical power system node 

(5.3) 

The equations given in the previous chapter treat each component as independent, as 
if it was not connected to any other component. But clearly this is not the case when 
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considering a power system, and thus, using these equations in the overall system 

modelling will result in the system matrices being singular. To rectify that situation 

Kirchoff's current law is applied at every node and for the typical node in question 

can be expressed as: 

mn I Isk +I 'Ll 

k=l 1=1 
(5.4) 

Any one of the three-phase currents can be represented by combinations of the others 

using the previous equation, thus eliminating one of the unknowns for every node. 
For consistency, the stator currents associated with one of the generators connected to 

the bus-bar are eliminated from the overall equations and the value of these currents 
is obtained from the sum of currents acquired from all other load and generation 

components connected to this node. The generator or the transformer secondary 

winding from which currents are eliminated at each node is called the pivotal 

component. 
For every node, the terminal voltage of each component connected to it is equated 

with the terminal voltage of the selected component, according to Kirchhoff s voltage 
law. Tbus if there are m components connected to a node, there will be (m-1) voltage 

equations for that node. 
The phase voltage equations of various power system components, described in detail 

in the preceding chapter, are surnmarised here in the matrix form. 

(a) Three-phase synchronous machine 

V. 
g = Rsgiss + L. 

gpisg 
+ Lsrspirs + corgGsssigg + corgGsrgirg (5.5) 

V, 
s = Rrgirs + Lffspirg + Ll- Gr 

g pig + (Ors gisg 
(5.6) 

(b) Ilree-phase induction machine 

V,, = R. i.. + L.. pi,. + L,. pi,. + co,. G. i. (5.7) 
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V,. --: R,.. i,. ++L,,. pi,,. + (5.8) 

(c) Three-phase power transformer 

VIT=RIT'IT+ LIITP'IT + L12TP'2T (5.9) 

V2T= R2T'2T + L21TAT + L22TP'2T 

(d) Filters 

The filters can be modelled as a series combination of resistive, inductive and 

capacitive impedances. Ile voltage equations in matrix form can be expressed as: 

VFL. LFL. PlFLn + 
Vc,, 

+R lq_ll I FLu (5.11) LFL. LFL,, 

VC. I 
FLn (5.12) CFLn 

(e) Static load 

The static load can be modelled as a series combination of resistance and inductance. 

The voltage equation in matrix form can be expressed as: 

Rli, l + L, Ipi, l (5.13) 

In the previous equations the direction of the current flowing into each component, 
Le flowing out of the connected node, is defined as positive. 
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5.3 Filter circuit configuration-design characteristics 

The size of a filter is defined as the reactive power that the filter supplies at 
fundamental frequency. It is substantially equal to the fundamental reactive power 

supplied by the capacitors [7,8]. 

A single tuned filter is a series RLC circuit (as shown in figure 5.2) tuned to the 

frequency of one harmonic (generally a lower characteristic harmonic). 

R 

L 

C 

Figure 5.2 Series tuned RLC filter 

Its impedance is given by 

R+ j«»L -1) coc 
(5.14) 

which at the resonant frequency reduces to R. Two basic parameters for the selection 

of R, L or C are the quality factor and the tuned frequency. The quality factor Q is 

givcn by 

142 



Modelling and simulation of multi-machine systems with A CIDC converter stations and variable 
slyed drives Chapter 5 

Q= X0 (5.15) 
R 

where 

X0 =I =ConL= 
L 

(O. C 

f-, 
ý 

and 

(0 it -1 (5.17) 
. ITLC 

When choosing and dimensioning filter circuit equipment for a given project, the 

following points should as a rule be considered: 

a) Supply system data (load, compensation devices) of the operator's power system 
b) Tolerable harmonic voltages at the point of common coupling (PCQ 

c) Total converter load to be connected 
d) Possible limitations in terms of reactive power, considering the mode of operation 

of the drives 

e) Economic considerations 

5.4 Modelling of a simple AC/DC power system 

To illustrate the method of interconnection, described in the previous section, the 

simple three-node power system shown in figure 5.3 in single line form is employed, 

comprising one generator, one AC/DC converter station, filters connected to the 

same busbar with the converter station, a transformer, two induction motors and 

static loads connected in each busbar. Following the procedure applied in the 

previous section, the nodes of the system are numbered as shown in figure 5.3. For 

143 



Modelling and simulation of multi-machine systems with ACIDC converter stations and variable 
spCed drives Chapter 5 
every node a pivotal element is selected, allowing the currents associated with it to be 

eliminated from the differential equations. For node I the generator three-phase 

currents are eliminated and for node 2 the transformer secondary winding three-phase 

currents are eliminated. 

Thus Kirchhoffs current law for the two nodes Yields: 

Node 1: '191 -lsll _lrec -lfl -'IT 

Node 2: '2T = -i srnl - 
'sm2 

- ', 
12 

0 

V. 
11 I 

tigg I 

VIT V, 
rec 

Isil 

Vsg 
CT 

'IT 
ACtDC CONVERTER 

Static load I[I 

I' I 

/,, N STATION 

Vuni 2 Vzr 
iI 

ismi 

im 

Vfl 

Filters 

-V. 
a 

VsI2 

'sm2 
s12 

Im Static load 2 

Figure 5.3 Representation of a simple AC/DC power system 

(5.18) 

(5.19) 
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For each node the terminal voltage of each component is equated with the tenninal 

voltage of the selected pivotal component. Thus for the system shown in figure 5.3 

the three-phase voltage equations for each node, according to Kirchhoff's law, can be 

expressed as: 

Node 1: Vsgl = Vs]l -= Vrec ý- Vfl "'ý VIT (5.20) 

Node 2: V2T = Vsml = Vsm2 
' (5.21) -': Vsl2 

Substituting the terminal voltage equations from the previous section in the equations 
5.20-5.21 and using the equations 5.18-5.19 to eliminate the selected pivotal 

components' ffiree-phase currents, the voltage equations, appropriate for solution can 
be obtained. Rearranging and adding the rotor voltage equations for the generator, the 

voltage equations for the system in analytical form, can be obtained as follows. 

Generator - rotor voltage equation 

V, 
g = Rgi,, 

g 
+ L,, 

gpig - L. 
spi. 11 - L,, 

gpire - L,, 
gpifl - L. 

gAT - (OrgGisg'sil 

-(OrsGr8gizu -(J)rgGrsg'fl -(J)rgGg'IT 

(5.22) 

From equation (5.20) for node I we have the following set of equations: 

0= (-Rsg - R, 11)i, 11 - R, 
gi,. - R, 

gif, - 
Rsg'IT+ L.,, 

gpi.. g + (-L. 
8 - 

L, 11)pi, 11 - Lgpi,, ý 
- LSS9P'fl - 

LssgP'IT + (J) Cj '- (J) CJ i-( CjS89'I= - (J) CjSS8'fI - 0) Cjssg'IT 
rg Srs rg rg SSS S11 

ýOrs 
rs rs 

(5.23) 

0= -Rsgi. 11 + (-Rss - R,,. )i,,,, - Rsgifl - 
Rsg'IT+ L,, 

gpig + (-L. 
g - 

L,. )pi,,, - L. 
spial 

- Ls"SP'fl -Lss9P'IT + (J)irgGsfgirg - (I)rgGssgisll - (J)rgGssgil= - (j)rgGssgifl - (j)rgGssg'IT 

(5.24) 
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0= -Rsgi, ll - R, i+ (-R,, - Rfl)ifl - Rsg + L,, 
spig - Lspi,, - L. 

gpi, ll 9 feC 9 
'IT 

c 

+ (-L. 
g - 

Lil)pifl - Lý,, 
gpilT 

+ o)rgGsrgirs - mfgG ssg 
i 
911 G. i,, 

c - co G ifl - (1) G. 
gi 

D) 
rg 9 rs SSS rg IT 

(5.25) 

0= -Rsgisl, - Rsgiy= - Rsgii, + (-R�g - RIT)'IT + L., 
spi, 8 - 

L, 
ý. spi�c - L. 

ýgpiýI, 

- L. 
gpin 

+ (-L. 
g - 

I-1T)P'IT + '12TP'sml + lý2TP'sm2 + 112TP's12 + (orgGsrgirg 

- (0, rgGssgi. 11 - (orgGsssil« - o)rgGssgin - CorgGssg'IT 

(5.26) 

From equation (5.21) for node 2 we have the following set of equations: 

0= (-R2T- Rsml)i,., R2T'sm2- R2T', 
12 

+ L21TP'IT + (-L22T- L.. I)pi,., - 
L22TP'sm2 

- 
L22TP'sl2- L., pi,., O)rm, Gmmli 

rm, 
(5.27) 

R. Ii., + L.. Ipi,., + L,,. Ipi., + co,,., G. Ii., 

(5.28) 

0=-R2T'unl+ (-R2T- Rsm2)'un2- R2T'sl2 + L21TP'IT 
- L22TP'unl 

(-L22T 
- 

Lssm2)P'sm2 
- 

L22TP's]2 
- 

Lsrm2P'sm2 
- 03rm2Gsrm2'rm2 

(5.29) 
0= Rrin2irm2 + Lrsm2P'un2 + Lmn2P'rm2 + (J)rm2Grsm2'sm2 

(5.30) 

0=-R2T'sml-R2T'sm2+ (-R2T- Rd2)'sl2 + L21TP'IT 
- L22TP'sml - L22TP'sm2 

+ (-L22T 
- Ls12 )P'sl2 

(5.31) 
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The equations 5.22-5.31 form the complete set of differential equations necessary to 

solve the system. The preceding equations can be collected together in matrix form 

according to the following equation: 
[V] = [RI[i] + [LIp[i] + [GI[i] (5.32) 

where the matrices [V], [R], [i], [L] and [G] can be formed as follows: 

IV] = IVrg 00000 Vnnl 0 Vm2 Of 

[R]=I 

(5.33) 

Rrg 0 0 0 00 0 0 0 0 

0 - Rgs - R, 11 - R, 
g - Res Rsg 0 0 0 0 0 

0 - Rsg Rsg -R l= - R, 
g 

Rsg 0 0 0 0 0 

0 
- Rss -R, g -Rss-Rfl R, 

g 
0 0 0 0 0 

0 - R58 Rss - Rsg - Rsg RIT 0 0 0 0 0 

0 0 0 0 0 R2T-R,. 10 -R2T 
0 

-R2T 

0 0 0 0 00 Rffnl 0 0 0 

0 0 0 0 0 
-R2T O-R zr-Rsm2 0 -R2T 

0 0 0 0 00 0 0 R., 2 0 

-0 
0 0 0 0 -R2T 

0 
-Rzr 0 -R2T-Rsl2. 

lil = lirs 'sll 'rec 'fl 'IT 'gml 'rml 'sm2 'm2 'sl2 ]T 

(5.34) 

(5.35) 
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L ffg -L rsg -L fs9 -L fsg L rsg 

0 00 0 

L, 
rg - 

L. 
g - 

Lýjj 
- 

L, 
,, g 

L. 
I, 

L. 
g 

0 00 0 

L, 
rg - 

Lssg 
- 

L. 
g - Lrcc L 

SS9 
L,, 

g 
0 00 0 

L, 
rg - 

L. 
g - 

L, 
ýg 

L. 
g - 

Ll, L. 
g 

0 00 0 

L 
srg - 

L. 
g - 

L. 
g - 

L. 
g - 

L. 
g - 

LIT LIzr 0 LIzr 0 

0 0 0 0 L12T 
- 

L27T - Lssml 0- L22T 0 

- 
L., 

0 0 0 0 0 L, 
ý., 

LnmI 0 0 

0 0 0 0 LIzr 
- 

L22T 0- L22T - Lssm2 0 

- 
Lm2 

0 

0 

0 
L12T 

- 
L2Zr 

0 

0000000 Lrsnü Lmn2 0 

-0 
000 Llzr 

- 
L22T 0- L22T 0- L22T - Ls12. 

(5.36) 

0 -(orgGrsg -0)rgGtsg -corgGrsg -üorgGrEg 0 0 0 0 0 

corgGug -corgGssg -(9, gG. 8 -corgGssg -corgG. 8 
0 0 0 0 0 

(i), gGsrg -(j)rgG. g - (i)rgGssg - (i) rg 
Gssg 

-(i)rgGssg 0 0 0 0 0 

o)rgGvg -corgG. 8 -(orgGssg -co, gG. g -torgGssg 0 0 0 0 0 

(i)rgGsrg -(j)rgGssg -(orgG. g -(j), gGssg -(orgG. g 
0 0 0 0 0 

0 0 0 0 0 0 
-Conn, 

G 
., 

0 0 0 

0 0 0 0 0 (orm, Glsml 0 0 0 0 
0 0 0 0 0 0 () 

- (»nn2Gum20 

0 0 0 0 0 0 0 Wrm2Gsim2 () 0 

0 0 0 0 0 0 0 0 0 0 

[G]=I 

Summarv of method 

(5.37) 

The numerical solution sequence for any system configuration can be summarised in 

the following steps: 

1) The nodes of the system are numbered starting from the generator ones and a 

pivotal component is selected for each node. Then the matrices [R], [L] and [G] 
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of the equation 5.32 are constructed using the equations for each component 
described in the preceding sections. 

2) The initial state variables are derived from specified operational conditions at t--O 

and the system equation acquires the matrix form of equation 5.1 . The 'Gaussian 

elimination' method is employed to put the equation 5.1 into the form of equation 
5.2. 

3) Using the 4ýh order Runge-Kutta numerical integration method, the new values of 

state variables, Le the three-phase currents, are obtained at t=O+h, where h is the 
integration step-length, solving the set of first-order differential equations of 

equation 5.2 

4) New values of excitation, prime mover input power and variables associated with 
the DC converter station (such as node voltages) can be obtained by solving the 
differential equations of the excitation controller, prime mover and the DC 

converter station, respectively. 
5) The simulation time is increased by a step-length and the steps (2) to (4) are 

repeated, until the total simulation time is reached. 

5.5 Simulation results of a simple AC/DC power system 

For the purpose of illustrating the previous simplified AC/DC power system, 

simulations were conducted in order to study the dynamic performance of that 

System. 
One of the most interesting challenges that power planners have to face in power 

systems is the interaction between the AC and the DC systems [2-22]. The rectifier 

current in such an AC/DC system contains fundamental current and harmonic 

frequency components of the order 6k ±I, where k is an integer [ 12]. For the system 
in figure 5.3 because of these rectifier currents, the three-phase armature currents of 
the synchronous- machine are not sinusoidal. They contain harmonic current 

components, the most prominent of which are of the order 6k ±I (k is an integer). 

These harmonic currents are flowing from the rectifier to the machine. The rotor 

currents have a harmonic component as well. The existence of the harmonic currents 
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of the order 6k in the rotor windings is due to the presence of the harmonic current 

components of the order 6k ±I in the stator winding [23]. The stator harmonics of 

the order 6k+l'create an MMf with the same sense of rotation as that of the rotor, 

figure 5.4. a. Therefore the relative velocity of such an MMf with respect to the rotor 
is 6k times that of the rotor. On the other hand, the harmonic components of the 

stator phase currents of the order 6k-I create an MMf which has also a relatively 

velocity with respect to the'rotor of the same value as those of the 6k+I harmonics 

but of opposite direction as shown in figure 5.4. b. These two MMfs rotating in 

opposite directions result in an elliptical field, as shown in figure 5.4. c, and they 

induce harmonic currents of the order 6k in the rotor circuits. 
Moreover the existence of harmonic currents flowing in the stator and rotor windings 

of a synchronous machine gives rise to pulsating torque and thus to vibration [23]. 

stator field 
6k+I rotor rotation 

6k-I 

stator field resultant 
rotor rotation 

i 6k 

rotor winding rotor winding 
rotor rotor 

ab 

Figure 5.4 

C 

The use of harmonic filters solves many of the problems addressed before. These 

filters absorb most of the harmonic components of the 5th 7th I Ith and 13t" order of 

the rectifier currents [7,8]. This is because the filters in the system offer a low 

impedance path to the harmonic currents of the rectifier. Therefore the harmonics in 
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the stator windings and as a consequence those induced in the rotor windings are less 

than in the case of a system without filters. 

Despite the presence of the filters in the present case the current and voltage 

waveforms will not be perfectly sinusoidal. Ilis is because these filters are of the 5h, 

7 th, II th and 13th order only and their impedances still have definite values at their 

resonant frequencies. Thus the corresponding harmonic current. will not be 

completely short-circuited by these filters. 

Also it should be pointed out that careful consideration should be taken in the design 

of synchronous machines operating near AC/DC converter stations so that can 

withstand the extra heating due to the flow of the harmonics in their windings. This is 

true even if filters are installed in the station [7]. 

Simulations carried out later in this chapter show the effect of using filters on the 

voltage and current waveforms throughout the power system network. 

For the system in figure 5.3 the generator is rated at 10 MVA and uses a single gas 

turbine and governing system illustrated in figure 4.7. The generator is also equipped 

with the IEEE 'Type 2' model as described in chapter 3 and shown in figure 4.6. The 

transformer associated with the generator is a delta-star and the induction motors are 

switched on to the supply in sequence. Instead of a DC converter station, a variable 

speed drive was used. The variable speed drive consists of a AC/DC converter station 

connected to an induction motor as was described in previous chapters. Parameters 

for the variable speed drive, the filters associated with it, as well as all the previous 

power system components are given in the appendix 3. 

The system is expressed by a set of first-order differential equations, using the 

methodology described in the previous section. 
The total simulation time was 20 seconds. The sequence of events is given below. 

1) At 0.1 seconds the static load and the filters (when there are included in the 

analysis) are connected to the generating system. 
2) At 0.1 seconds the motor that is not connected near to the static load (1) is 

connected as well. 
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3) At 5.1 seconds the second motor (the motor located near to the load (2)) is 

connected to bus 2. 

4) At 11.1 seconds the variable speed drive is connected to bus, 1. 

5) At 20.0 seconds is the end of the simulation. 

For the variable speed drive the natural sampling PWM method was used as was 
discussed in previous chapter. 

Selected results of the simulation, showing the generator response, the induction 

motor responses and the bus-bars terminal voltages, along with the primary current of 
the transformer and also variables that illustrate the variable speed drive response are 

given in figures 5.5-5.10. As can be seen from the graphs, the switching of the 

motors to the supply caused voltage dips at the generator bus and generator speed 
drops. After a short delay the voltage began to recover due to the action of the 

excitation systems and speed governors. Every time an induction motor is switched 

on, a fluctuation of bus voltage and frequency was imposed on the system. The same 
thing applies when the variable speed drive is connected, however the drops are 
lower due to the fact that the voltage across the drive stator terminals is only 

proportional to the voltage at rated speed. However the use of the variable speed 
drive causes harmonics at the generator currents, torque and field voltage and current. 

One important issue in power system analysis is system stability. Ile stability of a 

system of interconnected dynamic components depends on its ability to return to 

normal or stable operation after having been subjected to some form of disturbance. 

The study of stability is one of the main concerns of the control engineer whose 

methods are applied to electric power systems. The main form of instability in power 

systems is the loss of synchronism in synchronous machines. The angle 8 (rotor 

angle) gives an estimation of the stability of a power system [24,25] and is used for 

steady state and transient stability. With an isolated machine supplying its own load 

and when the voltages at the machine and load terminals are known the angle 
8 between the voltage phasors is the load angle and is dependent on the power input 
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from the turbine shaft. In this case the power required can be dictated and hence the 
load angle is known; when connected to an infinite-busbar system, however, the 

power delivered by the machine is no longer directly dependent on the connected 
load. By changing the turbine output, and hence 8, the generator can be made to take 

on any load that the operator desires subject to economic and technical limits. The 

power systems analysed in this chapter are assumed to be stable with the generators 
feeding various load components and with no major system disturbances. For this 

reason the issue of power system stability will not be investigated and the angle 8 

will not be analysed in detail. 

As it was addressed before, the filters absorb most of the harmonics generated by the 
AC/DC power system. Ile impact of the harmonic filters on the performance of the 
AC/DC power system can be investigated by using comparative simulation results 

and by performing harmonic analysis at steady state conditions with and without 
filters for the system described above. 
For this reason simulations and harmonic analysis were carried out using the system 
in figure 5.3 with and without harmonic filters. Figure 5.11 shows simulations of the 

voltage waveforin of phase A where the drive is connected (bus 1) with and without 
filters at steady state conditions (at 18.00secs). Similar waveforms can be obtained 
for the remaining phases B and C. These results show sudden jumps in the voltage 

waveform in figure 5.11 (a) which are due to the sudden changes in the rectifier 

current at the end of the commutation periods. From the graph of figure 5.11 (b) is 

obvious that the waveform with filters is much less distorted than the one without 

and it approaches the sinusoidal. The harmonic analyses in tables 5.1 and 5.2 shows 
that the filters absorb most of the unwanted harmonics and the total harmonic 

distortion CITID) is reduced significantly. It should be mentioned that the level of 

acceptable THD for the harmonic voltages and currents is 5% [23,27]. The use of 
filters brings the voltages and the currents through the network well below this limit 

giving an acceptable system response. 
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ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 4.00% of fundamental 

7 2.77% of fundamental 

11 1.21 % of fundamental 

13 1.08% of fundamental 

THD % 5.62% 

Table 5.1 Hannonic analysis for the voltage at bus I (phase A) without filters 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 0.90% of fundamental 

7 0.70% of fundamental 

11 0.06% of fundamental 

13 0.08% of fundamental 

THD % 1.36% 

Table 5.2 Hannonic analysis for the voltage at bus I (phase A) with filters 

The effect of filtering can also be demonstrated by using other simulation results 

such as the generator stator currents in figure 5.12. The 3-phase currents are 

approaching the sinusoidal shape in comparison with those without the filters 

connected. The three phase stator currents of the synchronous machine are not 

sinusoidal. They contain harmonic current components, the most prominent of which 

are of the order 6k ± 1. These harmonic currents are flowing from the rectifier to the 
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machine (figure 5.12 (a)). The use of filters absorbs most of the harmonics, however 

there is still an amount of harmonics for reasons that have been discussed before. The 

harmonic analysis in tables 5.3 and 5.4 shows a significant reduction in the hannonic 

currents and an improvement in the total harmonic distortion. 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 8.06% of fundamental 

7 3.92% of fundamental 

11 1.14% of fundamental 

13 0.81% of fundamental 

THD % 9.12% 

Table 5.3 Harmonic analysis for the stator current (phase A) without filters 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 2.99% of fundamental 

7 1.64% of fundamental 

11 0.22% of fundamental 

13 0.20% of fundamental 

THD % 3.77% 

Table 5.4 Harmonic analysis for the stator current (phase A) with filters 
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The effect of filtering can also be demonstrated by using other simulation results 

such as the transformer currents (phase A) in figure 5.13 and the motor currents 

(phase A)in figure 5.14. Hannonic analysis for this waveforms are presented in tables 

5.5,5.6,5.7 and 5.8. 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 4.41 % of fundamental 

7 2.21% of fundamental 

11 0.52% of fundamental 

13 0.38% of fundamental 

THD % 5.04% 

Table 5.5 Harmonic analysis for the transformer current (phase A) without filters 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 1.24% of fundamental 

7 0.69% of fundamental 

11 0.07% of fundamental 

13 0.04% of fundamental 

THD % 1.52% 

Table 5.6 Harmonic analysis for the transformer current (phase A) with filters 
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ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 3.97% of fundamental 

7 2.01 % of fundamental 

11 0.52% of fundamental 

13 0.40% of fundamental 

THD % 4.74% 

Table 5.7 Harmonic analysis for the motor current (phase A) without filters 

ORDER OF HARMONICS CONTENT % 

1 100% of fundamental 

5 1.56% of fundamental 

7 0.84% of fundamental 

11 0.19% of fundamental 

13 0.16% of fundamental 

THD % 2.27% 

Table 5.8 Harmonic analysis for the motor current (phase A) with filters 

The simulation results and the harmonic analysis presented before demonstrate the 

claims that were addressed in this chapter for the less distorted voltage and current 

waveforms through the power system network due to filtering. 
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Waveforms that illustrate the variable speed drive operation are presented in figure 

5.10(a)-(i). Figures 5.10 (g)-(i) show the phase voltages at the node where the 

variable speed drive is connected at steady state conditions. The drive will reach 

steady state conditions after approximately 3.5 seconds after the start up. 

For validation purposes results from the dynamic simulations based on the modelling 

technique presented in'this chapter were compared with results from the reference 
[26]. In this reference an AC power system is connected to a AC/DC converter 

station and a number of simulation results were illustrated. For the same operating 

conditions in both studies the comparison shown that there was a very good 

similarity (in the voltage and current waveforms for the generators, motors, AC/DC 

converter station) and the same conclusions for the response of the integrated ACIDC 

power system were drawn. The complete system analysed in this section is of course 

more complicated and it contains a variable speed drive instead of an AC/DC 

converter station. The dynamic response of a PWM variable speed drive was 

analytically investigated in chapter 2. 
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5.6 Simulation results of a multi-machine power system with 

variable spee rives 

The use of variable speed drives makes an important contribution today to the 

efficient running of industrial processes in all branches of industry. Developments in 

the area of control and power electronics and to an extending degree, the advance of 

automation have steadily extended the applications of variable speed drives. 

Advances in the area of a. c variable speed drives have however led to technically 

high grade and cost-effective solutions which offer substantial advantages over d. c 
drives[7]. 

Real power systems are far more complicated than the system at figure 5.3. They 

include a large number of generators, motors, variable speed drives etc. In order to 

study a more realistic power system and to test the effectiveness and versatility of the 

existing computer package the system in figure 5.15 was considered. 

Figure 5.15 Representation of a multi machine AC/DC power system with 

variable speed drives 
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For the system of figure 5.15 the sequence of events is given below: 

1) At 0.1 seconds the motor I is connected to the generating system. 
2) At 0.1 seconds the filters in buses I and 2 are connected to the generating system. 
3) At 5'. 1 seconds the motor 2 is connected at bus 1. 

4) At 9.1 seconds the motor 3 is connected at bus 2. 

5) At 15.1 seconds the variable speed drive I is connected at bus 1. 

6) At 20.1 seconds the motor 4 is connected at bus 2. 

7) At 27.1 seconds the variable speed drive 2 is connected at bus 2. 

For this multi-machine ACIDC system we obtain a number of simulation results in 

order to study the dynamic performance of the power system. Results of the 

simulation showing the generator responses, the induction motor responses, the 

voltages at the generator buses and the variable speed drive responses are given 
figures 5.16-5.23. For the generators, the prime mover models in figure 4.7 and the 

AVR models in figure 4.6 were used. 
The switching of the motors to the supply causes voltage dips at the generator buses, 

however, after a short delay the voltage began to recover due to the action of the 

excitation systems and speed governors. The same applies for the switching of the 

variable speed drives. They cause a voltage dip Oess than the induction motors) and 

also produce a number of harmonics polluting the entire network. In order to avoid 

these unwanted harmonics a number of filters are connected at the generator buses. 

These filters will absorb most but not all the harmonics, as can be seen from the 

generator and motor waveforms. The variable speed drive waveforms show that each 
drive will reach steady state conditions after 3.5 seconds. The operation of its drive is 

greatly affected from the switching of other components of the system such as 
induction motors. Ibis is due to the fact that the switching of a motor causes a 

voltage dip where the motor is located therefore a change in the variable speed drive 

variables. 
A complete set of data for the overall simulated system is given in appendix 4. 
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5.7 Contributions 

From the research reported in this chapter the following contributions are 
identifiable: 

The combination of models of the primary AC system widi variable speed drive 

models 
The development of a new generalised approach to power system modelling, 

which incorporates modelling of AC systems with DC converter stations/variable 

speed drives 

An investigation and report on the influence of harmonic pollution to power 

systems using DC converter stations. Where appropriate, analytical equations and 

explanations are given which will ensure acceptable system conditions 

The creation of a computer code for the interconnected AC/DC power system and 

variable speed drives coded in the Fortran language. Results from the dynamic 

simulations carried out in this chapter are presented for a number of operating 

conditions 

e Consideration and investigation of the technical benefits associated with the use of 
filters for use in AC/DC power systems (in terms of less harmonic distortion). 

5.8 Conclusions 

This chapter has presented and described the modelling procedure of a general 
AC/DC multi-machine power system, using the mathematical three-phase models 

given in the previous chapter and the PWM technique for the variable speed drive 

models described in chapter 1. In order to illustrate the effectiveness of the proposed 

method a multi machine-system was used and the set of three-phase differential 

equations, needed to solve the system was described. Finally, the developed 

computer program was used to simulate examples of multi-machine ACIDC power 

systems (with or without filtering) using variable speed drive models. 
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The simulation results show that the developed computer program is capable of 

simulating various types of generation, load systems and variable speed drives with 

different configurations when subjected to various operating conditions. 
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CHAPTER 6 

FACTS APPLICATIONS AND BENEFITS IN AC TRANSMISSION 

SYSTEMS 

6.1 Introduction 

High voltage transmission systems are increasingly stressed because of the increase 

in demand and because of restrictions on building new lines due to environmental 

and cost concerns. Also bulk power transfers over substantial distances are on the 

increase in highly interconnected networks. Less new transmission capacity means 

that more generation resources would be required locally which may not be 

economical. Significant enhancements are therefore needed to transmission 

capabilities, but they have to be acceptable to the public environmentally as well as 
be received with enthusiasm by planners in publicly or privately owned utilities. 

[1,2,3]. 

The operation of an AC power transmission network is generally constrained by 

limitations on one or more specific plant items, even though plant in other parallel 

transmission lines may have adequate capability to carry additional amounts of 

power. This is a consequence of the free flow mode of operation of AC transmission 

networks which results in the power flow on individual transmission circuits being 

determined by the relevant characteristics of the transmission network itself. 

(Kirchhoffs Law). 

181 



FACTS a, 2plications and benefits in AC transmission systems Chapter 6 

This free flow mode of transmission network operation can be contrasted with a 

vision of a controlled power flow mode of operation where the power flow through 

one or more transmission lines is controlled in a predetermined manner. This vision 

can be achieved, and the natural behaviour of the network modified, through the 

application of power flow control devices at strategic locations. The use of such 

devices could reduce the need for additional network facilities by improving the 

utilisation and performance of existing facilities. 

FACTS is an acronym for flexible AC transmission systems[3,4]. The philosophy of 
FACTS is to use power electronic controlled devices to control power flows in a 

transmission network, thereby allowing transmission line plant to be loaded to its full 

capability. The significant impact that FACTS devices will make on transmission 

systems arises from their ability to effect high-speed control. Currently, the main 

control actions in a power system, such as changing transformer taps, switching 

current or governing turbine steam pressure, are achieved through the use of 

mechanical devices which necessarily impose a limit on the speed at which control 

action can be made. FACTS devices are based on solid-state control and so are 

capable of control actions at far higher speed. Ile three parameters that control 

transmission line power flow are line impedance, magnitude and phase of line end 

voltages[5,6]. Conventional control of these parameters, although adequate during 

steady-state and slowly changing load conditions, cannot, in general be achieved 

quickly enough to handle dynamic system conditions. The use of FACTS technology 

will change this situation. 

Ile objective of this chapter is to review potential FACTS applications in 

transmission systems, to present the advantages and benefits of power electronics 
based FACTS technology and to describe the circuitry of the main FACTS devices. 
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6.2 Structure of power systems 

In practice, power systems operate at various voltage levels separated by 

transformers. From voltage-level point of view, a power network can be classified 
into the following subsystems : 

1. Transmission system 

2. Sub-transmission system 

3. Distribution system 

The transmission system interconnects all major generation stations and main load 

centres in the system. It operates at the highest voltage level(typically, DOW and 

above) and handles large amount of power. 

Tle sub-transmission system transmits smaller amount of power from transmission 

substations to distribution substations. Large industry customers are served directly 

by the sub-transmission system. Typically, voltage varies between I IkVand 132kV. 

The distribution system represents the final stage in the transfer of power to the 

individual customers. The primary distribution voltage is typically between 4kV and 
34.5 M Small industrial customers are supplied by primary feeders at this voltage 
level. The second distribution feeders supply residential and commercial at 
120/24OV. 

6.3 Requirement for new solutions in transmission systems 

Power system planners and operators are aware of the limitations imposed on electric 

transmission networks. The present situation is characterised by the following : 

1. Increase in consumption of electrical power 
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In developing countries, there is a rapidly rising demand for electricity created by 

industrialisation and urbanisation coupled to population increase. In industrial 

countries the electricity fraction of the total energy consumption is also increasing, 

because electricity is important to achieve productivity increases. 

2. Growing public concern 

Although electricity is being increasingly used, there is a concern at the impact of 

new transmission facilities. Biological effects of electrical magnetic fields are being 

invesfigated. 

3. Regulatory constrains 

Obtaining right-of-way licences for construction of new transmission lines is 

becoming difficult and time consuming. 

4. Improved utilisation of existing facilities 

In this aspect, an increase in power transfer capability in existing transmission routes 

would be very beneficial. The economic advantage offered by deferring large and 

difficult investments in new facilities is also obvious. 

By analysing the above mentioned transmission market environment and needs, one 

can draw the conclusion that the market will require new solutions in transmission 

systems. 

Phase shifting of a given bus can be achieved using a force-commutated converter 

that adds a voltage of controlled magnitude and angle in series with the line. 

Amplitude control of bus voltage can be performed by using a Static Var 

Compensator, using conventional thyristor technology. 

6.4 FACTS -Custom power technology 

Power systems are at the beginning of a significant change that is technology and 

market driven by microelectronics (computers and microprocessors), 

communications and power electronics. The combined impact of these technologies 
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is important for both transmission and distribution, by making them more reliable, 

controllable and efficient. 

FACTS (Flexible Alternating Current Transmission Systems)- the use of high-power 

electronics to enhance the controllability and capacity of utility transmission systems. 

Custom power- customised electric service for industrial and commercial customers 

through the application of power electronics on utility distribution networks. 

Facts and custom power technologies can be utilised respectively to improve the 

utilisation of ac networks and the quality of the supply of ac power. Developments in 

each of these applications areas are conditioned heavily by advances in power 

semiconductor devices, whether thyristors or fully controlled devices. 

6.5 Potential FACTS applications 

a. Parallel power flow 

For the power system shown in Fig. 6.1, if we consider the flow of power from 

Figure 6.1 

busbar S to busbar R, there is no way of individually setting the power flow through 

each circuit, either directly from S to R, or via T. The load sharing is entirely 

governed by the line impedances, i. e. it is inflexible. If the impedances are dissimilar, 

one circuit may never realise its full thermal capacity when operating in parallel with 

the other circuit. One possible way of controlling the load sharing between circuits is 

by the use of HVDC schemes as shown in Fig. 6.2 
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Figurr, 6.2 

The power flowing along the HVDC path can be electronically controlled by 

adjusting converter firing angles; it is thus possible to load each circuit separately. 
However, the use of HVDC schemes is unlikely to be an economic solution to the 

problem of improving circuit utilisation since it requires the installation of costly 

converter equipment on one circuit and rebuilding of the overhead lines or cables. 

The use of FACTS technology is a more attractive option since FACTS devices can 
be fitted retrospectively to existing AC transmission routes, thus providing an 

economic solution[7-1 1]. For this case, a FACTS device, e. g. controlled series 

capacitor or phase shifter, is fitted in the circuit and provides control over system 

electrical parameter as shown in Fig. 6.3. 

Figure 6.3 

It is important to appreciate that FACFS control of AC transmission is effective not 

only during steady-state conditions, but also during system transient conditions, such 

as caused by unexpected line outages, where it may be important for the stability of 

the system to control power flow through a critical circuit in the power system. 
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b. Voltage limits 

Voltage control to avoid overvoltages or undervoltages is achieved by injection or 

absorption of reactive power(using power electronic converters) into the network [2- 

4]. Conventionally used methods are generator reactive power adjustment by 

excitation control, mechanical tap changers on transformers, and shunt reactors or 

capacitors which may be fixed or mechanically switched by circuit breakers (or load 

switches). 

c. Stabifity limits 

Power flow along a transmission line is a function of the sending and receiving end 

voltages, as shown in Figure 6.4. 

line reactance XR 

VS < 

VSVR VR 
P sin x 

Figure 6.4 

Assuming that busbar magnitudes are maintained at fixed levels, in order to increase 

power flow, we must increase 5, the angle between VS and VR. However, increasing 

8 increases the rise of transient and voltage stability problems if a fault were to occur 

along the line. Since power systems are far more complex than Fig. 6.4, so too is the 

problem of stability and more complicated techniques need to be sought to assess 

stability in highly interconnected systems. In the case of some unexpected 'shock' to 
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the system, such as unscheduled out-load switching or a line fault, a generator is 

subject to an instantaneous loading change., 

Shocks to the systems may lead to a oscillation which slowly build up over a period 

of time to result in pole slipping and loss of synchronism. FACTS technology can 
'alleviate'both transient and dynamic instability problems. FACTS devices inherently 

increase stability margins, thus allowing greater circuit loading before the stability 

constraint is met. The high-speed control action of FACTS- devices helps to dampen 

down power oscillations that would otherwise cause loss of synchronism. 

d. Thermal limits 

On-load temperature rise of conductors, transformers, reactors, series, capacitors etc. 
is an inherent limitation on the power transfer capability of a transmission system. 
Lines are typically operated well below their thermal limits in order that a substantial 

margin is available for outage contingencies following a disturbance. FACTS devices 

allow secure loading of transmission lines to their thermal limits, while avoiding 

overloading. 

6.6 Main benefits of FACTS 

(a) Cost: Due to the high capital cost of transmission plant, cost considerations 
frequently outweigh all other considerations. Compared to alternative methods of 

solving transmission loading problems FACTS technology is often the most 

economic alternative. 

(b) Convenience: All FACTS devices can be retrofitted to existing AC transmission 

plant with varying degrees of ease. Compared to HVDC or six-phase transmission 

schemes, solution can be provided without widescale system disruption and within 

reasonable timescale. 
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(c) Environmental impact: It is common for environmental opposition to frustrate 

attempts to establish new transmission routes. FACTS technology however, allows 

greater throughput over existing routes. 

6.7 Semiconductor technology 

The main workhorse of FACTS technology is the thyristor. One fundamental 

limitation to the use of the conventional thyristor is that the device can only be turned 

off at the next current zero crossing. The only turn-on, turn-off device currently 

available in sizes large enough to be used in FACTS devices is the gate-turn-off 

thyristor (GTO). 

The GTO is a gated thyristor which can be turned off by a negative gate current 

pulse. However, further developent is needed before GTOs find widespread 

application due to high losses, high gate currents and low operating frequencies. 

Several prototype FACTS devices have however, been developed using GTOs[12- 

161. 

The high switching losses associated with GTOs limit their use to relatively low 

frequencies, typically up to about 1 kHz. 

Although not yet available in ratings comparable with GTOs and thyristors, the IGBT 

has much lower switching losses that the GTO and is therefore much better suited to 

applications involving switching frequencies in excess of about I kHz. IGBTs have 

minimal gate drive and snubbing requirements; moreover, voltage and current 

ratings of IGBTs have recently been increasing rapidly. 

6.8 Typical FACTS devices 

After the FACTS operation concepts in transmission systems have been reviewed, it 

comes to the conclusion that FACTS technology can be presently utilised in 
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transmission systems using high power electronic devices. Some FACTS devices 

such as SVC, STATCON and TCSC have been implemented in practical systems and 

more experiences of FACTS operations have been obtained. The following sections 

will illustrate those power electronic based FACTS devices which have been used or 
I will soon be installed in practical systems. 

a. Static Var Compensators 

Figure 6.5 shows the fundamental circuit configurations for SVC systems which can 

be divided into two basic categories: 

- Systems with fixed capacitors and thyristor-controlled reactors(FC - TCR 

types); 

- Systems with thyristor-switched capacitors and thyristor-controlled reactors 

(TSC/rCR types). 

The fixed capacitors in the FC/TCR system may be omitted, switched by circuit 

breakers or integrated into the filters provided to absorb the current harmonics 

generated by the TCR. 

The combination of, thyristor-controlled capacitors and reactors makes it possible to 

set any desired operating point over a predetermined VAr range within its capacitive 

and inductive limits. 

P 

a. b. 

Figure 6.5 
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For applications in high voltage networks, a step-down transformer is required for 

matching the optimised electrical data of the semiconductor devices. For both 

schemes a 12-pulse connection through two wye-delta connected transformer 

secondaries eliminates a large portion of harmonics. 

Which arrangement is actually more economical depends upon the particular system 
in question, with account being taken of- 

- loss characteristic over the control range; 

- damping of the harmonics generated by the TCR; 

- equipment layout; 

- protection scheme for the thyristor valves. 

In general, in a SVC with proper coordination of the capacitor switching and reactor 

control, the Var output can be varied continuously between the capacitive and 
inductive rating of the equipment. 
A complete SVC model with its associated controls will be presented in a succeeding 

chapter. 

b. Static Condeser (STATCON) 

The Advanced Static Var Compensator (known also as a static condeser or 
STATCON) consists of a GTO-based power converter (inverter) whose DC side is 

connected to a capacitor. Its AC side is connected to the line through a transformer. 

Fig. 6.6 illustrates a STATCON. 
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Voltage L 
C Sourced V inverter 0 

VL 
IYansmission 

line 

Figure 6.6 

By controlling the inverter output voltage, leading or lagging reactive current can be 

drawn from the line. The steady state characteristics of the equipment are very similar 

to those of rotating synchronous condenser. 
As there are no sizeable power sources or sinks associated with the inverter and its 

DC-side components, the real power must be actively controlled to a value which is 

zero on average and which departs from zero only to compensate for the losses in the 

system. 
A STATCON model connected to a power system will be presented and analysed in 

a following chapter. 

c. Thyristor controlled series compensator (TCSQ 

The TCSC is normally operated in the capacitive region[ 17,18]. Control of the TCSC 

is possible within its reactance limits. Hence the control for the TCSC is essentially 

meant to vary the reactance of the TCSC to meet a particular objective. Here, the 

constant angle control is proposed which is aimed at regulating the voltage drop 

across the line. The objective is to regulate the power flow in the parallel paths 

particularly during contingency conditions. 

The figure under study is: 
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I 

Figure 6.7 

if V is the voltage across the line(which includes RI, XLI, XCI, XTCR) and IL is the 

current flowing through the line, XL the line reactance (XLI + Xcl) and VTcsc the 

voltage across the TCSC, then neglecting the line resistance, the control objective is 

V =111 *XL +VTcscl =K (constant) (6.1) 

Hence, 1L ,,: 
(K 

- 
VTcsc) I XL ý ITCSC 

9 
VTCSC is assumed to be positive in the inductive 

region and negative in the capacitive region. Therefore, if we choose a slope 
SK"': 

-11 
XL9 in the control characteristic then the voltage across the line can be kept 

at a constant. This type of control is expected to reduce power angle swings. 

The controller for the TCSC is shown in Figure 6.8. 

The TCSC current, Imc and the voltage across the TCSC, VTcsc weighted by a 

factor of SK representing the voltage drop are fed to the reference junction. Tt 

represents the transducer time constant assumed equal for voltage and current 

measurements. The error signal le (the difference between the sensed current and the 

reference current IREF) is integrated. This results in a change of the fixing angle of the 

thyristor to appropriately correct the effective reactance of the TCSC. The limits 

XcmIN and XcmAx represent the minimum and the maximum values of the TCSC 

reactance. 
A typical TCSC is illustrated in figure 6.9. 
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XCSMAX 

Figure 6.8 

Figure 6.9 

The varistor is used for the protection of the capacitor. 
From the known value of the susceptance a TCSC circuit we can calculate the firing 

angle by using a non-linear relationship. The output of the pulse generator goes to the 

thyristor valves, controlling in this way the TCSC circuit[ 18]. 

d. Unified power flow controller (UPFC) 

The Unified Power Flow Controller (UPFC) consists of two switching inverters, 

which in the implementation considered are voltage-sourced inverters using gate 

tum-off (GTO) thyristor valves, as illustrated in Figure 6.10. 
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Th 

Figure 6.10 

These inverters, labelled 'Inverter 1' and Inverter 2' in the figure, are operated from a 

common dc line provided by a dc storage capacitor. This arrangement functions as an 

ideal ac to ac power converter in which the real power can freely flow in either 

direction between the ac terminals of the two inverters and each inverter can 

independently generate (or absorb) reactive power at its own ac output terminal. 

Inverter 2 provides the main function of the UPFC by injecting ac voltage Vpq with 

controllable magnitude Vpq and phase angle at the power frequency, in series with the 

line via an insertion transformer. This injected voltage can be considered essentially 

as a synchronous ac voltage source. 71be transmission line current flows through this 

voltage source resulting in real and reactive power exchange between it and the ac 

system. The real power changed at the ac terminal (ie at the terminal of the insertion 

transformer) is converted by the inverter into dc power which appears the dc line as 

positive or negative real power demand. The reactive power exchanged at the ac 

terminal is generated internally by the inverter. The basic function of Inverter I is to 

supply or absorb the real power demanded by Inverter 2 at the common dc link. This 

dc link power is converted back to ac and coupled to the transmission line via shunt- 

connected. Inverter 1 can also generate or absorb controllable reactive power, if it is 

desired, and thereby it can provide independent shunt reactive compensation for the 

line. It is important to note that whereas there is a closed 'direct! path for the real 

power negotiated by the action of series voltage injection through Inverters I and 2 
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back to the line, the corresponding reactive power exchange is supplied or absorbed 

locally by Inverter 2 and therefore it does not flow through the line. Thus, Inverter I 

can be operated at a unity power factor or be controlled to have a reactive power 

exchanged with the line independently of the reactive power exchanged by Inverter 2. 

This means that there is no continuous reactive power flow through the UPFC[19- 

25]. 

The PWM method is used to control both converters. A UPFC model connected to a 

power network will be presented and analysed later in the thesis. 

6.10 Conclusions 

This chapter described the potential applications of a new established power 

electronics technology, Flexible Alternating Current Transmission Systems(FACTS). 

The advantages and benefits of power electronic based FACTS technology were 

summarised. The main FACTS devices were presented and an analysis into their 

operating principles were reported. This chapter provided a background for further 

discussion on FACTS devices in the following chapters. 
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CHAPTER 7 

MODELLING OF STATIC VAR COMPENSATOR 

7.1 INTRODUCTION 

In power systems, controlling the voltage throughout the network, as well as damping 

power and frequency oscillations, presents a continuous challenge to power system 

planners and operators. In order to run the integrated generation-transmission- 
distribution system in the most economic and reliable fashion and prevent it from 

collapse under all possible operating conditions, new control techniques are always in 

great demand. Advances in power electronics have introduced powerful tools to the 

electric energy transmission and distribution industry. 

One of the major products is the Static Var Compensator (SVC). The excellent 

performance of such an economic and versatile device has been proven in the 

field[l]. SVCs have been successfully applied to power factor correction, load 

balancing and for dynamic voltage control[2,3,4]. Today the electric energy industry 

is facing a great challenge in meeting the increased load demand with highest 

reliability and by minimum transmission expenditure. With the availability of highly 

flexible and reliable micro-processor based controllers, it is now possible to 

introduce new algorithms to enable Static Var Compensators to enhance power 

system stability directly. In this regard, the basic issues which must be addressed are: 
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" system dynamic and transient stabilities 

" increasing power transmission capacity 

" damping power oscillations 

" maintaining network voltage 

This chapter describes the modelling of Static Var Compensator, a FACTS device 

that meets the above requirements. Firstly, a description of the modes of operation of 

the SVCs is given as well as a formulation of SVC voltage and current equations. 
Next an overview of previous work on SVCs is reported followed by a brief 

discussion of a SVC model for electromagnetic transient studies. Modelling of the 

main parts of the SVC is also presented and a number of case studies under steady 

state and transient conditions have been investigated. Finally comparison of the 

control and firing methods proposed in this chapter with other control methods and 
firing systems (such as the Phase Locked Loop) method is presented. 

7.2 OPERATION MODES OF SVCs 

Static Var compensators (SVCs) are shunt connected devices applied to power 

systems to solve a variety of problems. They are characterised by fast response, high 

reliability and flexibility. The response time of SVCs is in the range of 2-3 cycles. 
The most prevalent types of compensators are the thyristor controlled reactor-fixed 

capacitor (TCR-FC) and the thyristor controlled reactor with thyristor-switched 

capacitor (TCR-TSC). The fixed capacitors in the TCR/FC system may be omitted, 

or integrated into the filters provided to absorb the current harmonics generated by 

the TCR. The combination of thyristor-controlled or fixed capacitors and thyristor 

controlled reactors makes it possible to set any desired operating point over a 

predetermined Var range within its capacitive and inductive limits. The only 

constraints are that the TCR rating can fully compensate the capacitive rating or that 

a switchable capacitor bank is graded accordingly. Figure 7.1 shows single phase 

arrangements of SVC models: 
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(b) TCR-TSC 

Figure 7.1. Different types of SVC models 
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For applications in high voltage networks, a step-down transformer is required for 

matching the optimised electrical data of the semiconductor valves. For both schemes 

a 12-pulse connection through two Y and A connected traýsformer secondaries 

eliminates a large portion of harmonics. 

7.2.1 Operation modes of Thyristor Controlled Reactors (TCRs) 

In the thyristor controlled reactors (Fig 7.2) the thyristors conduct on alternate half- 

cycles of the supply frequency. The current flow in the inductor L is controlled by 

adjusting the conduction interval of the back to back connected thyristors. This is 

achieved by delaying the closure of the thyristor switch by an angle cc (referred to as 

the firing angle), in each half cycle with respect to the voltage zero. 

I 

V 
Thyristor 
Controller 

Figure 7.2. Thyristor controlled reactor 

7.2.2. Operation modes of Thyristor Switched Capacitors (TSCs) 

Tle basic elements of a TSC are a capacitor in series with a bidirectional thyristor 

pair and a small reactor as shown in Fig 7.3(a). Ile purpose of the reactor is to limit 

switching transients, and to form a filter for harmonics coming from the power 
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system or from any parallel connected SVCs. A one line diagram of a TSC scheme is 

shown in Fig 7.3(b). The susceptance is adjusted by controlling the number of 

parallel capacitors connected in shunt. Each capacitor always conducts for an integral 

number of half cycles. The total susceptance thus varies in a stepwise manner. In 

principle the steps can be made as small or numerous as desired, by having sufficient 

number of individually switched capacitors. This degree of flexibility is not usually 

sought in power systems compensators because of the resulting cost and complexity 

of the controls. 

I 
L 

I-' 

V 

(a) Single phase arrangement of a TSC 

cI C2 C3 

(b) One line diagram of a TSC scheme 

Figure 7.3 Thyristors switched capacitors (TSC) 

204 



ModellinR of Static Var Compensator Chapter 7 

7.3 CURRENT AND VOLTAGE EQUATIONS OF THE SVC 

This section presents the SVC steady state impedance characteristic at fundamental 

frequency. In addition, the concepts of the SVC harmonics performance are 
discussed. 

7.3.1 Susceptance of the TCR element of an SVC at fundamental 

frequency[5] 

An elementary thyristor controlled reactor (TCR) consists of a fixed reactor and a 
bidirectional thyristor valve. T'he current in the TCR can be controlled continuously 
from maximum (thyristor valve in full conduction , cc = 90') to zero (thyristor valve 
blocked, cc = 180* ) by the method of phase angle control. 
Considering the equivalent circuit of a TCR shown in figure 7.4 and assuming a 

negligible resistance, it is possible to write the following: 

v=V. sin cot 

Figure 7-4: One line diagram of a TCR 
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LýLT= V. sin cot dt 

Then, 

(7.1) 

sin cotdt +Cv '" cos cot +C, where C is a constant (7.2) 
coL L0 

When cot = a, the thyristor cun-ent is equal to zero, then 

i, (cot =a) =0 = 
2L--cos 

a+ C, where C= 
ýL-- 

cos a (7.3) 
COL COL 

Hence, 

'T = -V. (cos cot - cos cc) for a :5 cot: 5 2n - cc (7.4) 
COL 

By a similar procedure, the equations for the thyristor current for the interval between 

0 and n rads are established as follows: 

(cot) V. (cos cot + cos a), for 0: 5 cot :5 ic - cc (7.5) 
coL 

i, (cot) =0 (7.6) 

i, (cot)=-V. (cos(ot-cos a), for cc: 5 cot: 5 n (7.7) 
coL 

Where a varies in the range between n/2 and 7c rads. The waveshape pf the 

thyristor current is shown in figure 7.5 
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--I 
r 

v, 

Figure 7.5. Waveshape of a TCR current 

As can be seen, the TCR current is symmetric about 0, n, 2n .... Therefore, 'T is an 

even and periodic function (period of 21c ) and consequently it can be analysed in 

Fourier series, as follows: 

(X a 
iT((Ot) 0+1: 

cc,, cos k(j)t (7.8) 
2 k=l 

By symmetry cto is equal to zero, and a. is given by : 

x 
CER 

f i, (tot) cos ncotd(wt) for n=1,2,3,.... (7.9) 
0 

For the fundamental frequency (n=l), equation (6.9) can be written as 

x 
(XI =i 'T (Cot) COS (otd(CDO (7.10) 

R0 
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Substituting equation (7.5) into (7.10), a, can expressed as : 

2v2X vm 
a, = v"(coscot+cosa)coscotd(o)t)+ f (cos (ot - cos a) cos cotd (cot) 

n wL 7T 
a 

COL 

hence, 

a, 
V,,, -2(7c-(x)+sin2a- 

CDL 7c 

Therefore, seen from fundamental frequency 'T is expressed as: 

'T(l) = 
V. F 2(7c - a) + sin 2cc 

COS Cot = 'T(I) COS Cot 

coL L 71 

If the thyristor current peak (V. / coL) is taken as the base, the magnitude of the 

thyristor current 'T(I) can be written as: 

- 2(7c - a) + sin 2a 'T(l) :-- 
IC 

]PU 

Consequently, the TCR susceptance (B) is equal to the fundamental thyristor cuffent 
in per unit as follows: 

B 
2(7c - cc) + sin 2a 

pu 
7c 

1 
(7.14) 
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The fundamental component of the current IT(, ) from equation (7.13) can be 

rewritten by: 

cr - sin cy 
7EXL 

where 
V is the rms voltage across the TCR 

XL is the fundamental frequency reactance 

(Y is the conduction angle, related to a by the following equation: 

a= 2(n - a) (7.16) 

Figure 7.6 shows the fundamental component of the current versus the conduction 

angle(a). 
Then equation (7.14) can be written as: 

B a-sma (7.17) 
nXL 

The maximum value of B(a) is (11 XL) 1, obtained with a=n that is full conduction 

in the thyristor controller. The minimum value is zero, obtained with a=0. This 

control principle is called phase control. It follows that with phase control, the 

effective impedance of the TCR is continuously variable. 

100 

80 

60 

40 

20 

0 
20 40 60 80 100 120 140 160 180 

Conduction angle, a, Degrees 
Figure 7.6. Fundamental current as a function of the conduction angle 
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7.3.2 Harmonics of the TCR-FC model 

Under phase control, the TCR generates harmonics. If the gating angles are balanced, 

all the odd harmonics are generated and the rms value of the nh harmonic 

component is given by: 

4V 
+sin(n-I)a cos(a)sin(a) (7.18) 

7EX Lý 2(n + 1) 2(n - 1) nI 

where n=3,5,7 ........... 
In three phase applications, the basic TCR elements are connected in star or delta 

though a transformer. The transformer is necessary for matching the mains voltage to 

the thyristor valve voltage. The delta connection of the basic reactor arrangement is 

most suitable because the third harmonic which is produced is cancelled out. The 

transformer can then be connected in a star-star configuration as shown in Figure 7.7 

. y-y 
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In this arrangement harmonics of the order 6n ±I (where n= 1,2,3) exist in the line 

currents. The harmonics in the line current can be reduced by replacing the fixed 

capacitors, associated with reactive power generation, with a filter network. The 

filters can be designed to draw the same fundamental current as fixed capacitors at 
the system frequency and provide low-impedance shunt paths at the harmonic 

frequencies. 

7.3.3 Fundamental Voltage/Current characteristic of the TCR-FC 

model 

A TCR, in the extreme condition of its thyristors continuously conducting, behaves 

simply as a linear reactor giving a characteristic OGH in Fig 7.8. 

Voltage V 

i 

Step down transfomer 

180' < cc < 90' saturation 

,H 0 a= 90* H Operation of 

.. .4 

protection CC > 90* 
.: G G v ....................... f 

Current limit (ax 180* 

< 4ýc < 90 

Cx 

x 
L 

0 
Cuffent I 

Svc 

Figure 7.8. Output characteristic of a TCR 
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The characteristic from F to G can be obtained by phase control of the thyristor 

firing angle. The TCR control system has to determine the gating instants to obtain 

the required characteristic from F to G. The basic overload characteristics of a TCR 

is the line GH, as for an uncontrolled reactor[6]. There may be a limitation due to the 

thyristors, which have a small thermal time constant. Overcurrent protection can be 

provided by adding a current limit to the characteristic of HJ, but then the thyristor 

must be rated to withstand the excess voltage. Generally, if an appreciable overload 

rating is required, a higher thyristor cost is inevitable. It is important to note that the 

TCR current can be varied continuously, without step, between zero and a maximum 

value corresponding to full conduction. The current is always lagging so that the 

reactive power can only be absorbed. However, the TCR compensator can be biased 

by shunt capacitors so that its overall power factor is leading and reactive power is 

generated into the external system. The output characteristic of a TCR with fixed or 

switched capacitor(s) is given in Fig 7.9 

Voltage V 

4-Transformer saturation 

ý 4- Operation of protection 

Current limit 

Fig 7.9 Output characteristics of a TCR with shunt capacitor(s) 
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7.4 OVERVIEW OF PREVIOUS WORK 

The use of Static Var compensators to increase power transfer capacity, improve 

system damping, transient stability and reduction of temporary overvoltages has long 

been recognised and several schemes have been implemented using both TCR-FC 

and TCR-TSC models. 

A. M. Gole and V. K. Sood [2] describe the design and operation of an 167 lead/100 lag 

TSC-TCR (2 stages of 83MVA capacitance) in a 50OMW back to back HVDC 

system. Ile SVC was modelled using the EMTDC package and tested under steady 

state and voltage sag conditions. Guidelines for using a variable timestep in order to 

achieve greater accuracy under thyristor switching were also provided. Modelling of 

the firing system of the SVC was presented using the Phase Locked Loop method 

(PLL). Modelling of a similar model based on the same firing technique (PLL) will 

be presented later in this chapter and comparison will be made with the firing method 

presented in this chapter. In this publication a novel technique of modelling the 

thyristor switched capacitors was used. The basic concept of this method is that the 

switching on and off of the capacitors depends on the value of firing angle. A 

standard control system was used for the regulation'of the SVC and the system 

dynamic analysis was performed under voltage sag conditions. The simulation results 

presented in this paper are similar to the ones that were obtained during the course of 

this thesis using the same basic principles for the control and the synchronising 

systems. 

A. M. Vasconcelos and A. J. P Ramos in 1992 [7] describe the design and operation of 

an 200 lead/140 lag TSC-TCR (2 stages of lOOMVA capacitance) using a more 

complicated control system than the one in [2] using synchronisation filters in order 

to determine the zero crossings of the voltage. The pulse generating unit in this 

system is based on the detection of the zero-crossing of the synchronisation signal. 
The model was tested under single phase fault conditions in the busbar where the 

SVC is connected. Despite the relative good response of that system under imbalance 

213 



Modelling of Static Var CompEnsator Chapter 7 

conditions the firing method based on the detection of the zero-crossing of the 

synchronisation signal causes some problems such , as the existence of 

subsynchronous harmonics as reported in [8]. 

Exposito and Mitchell designed a microprocessor based control system for a SVC 

using optimal load compensation in 1992 [4]. Using an optimisation technique based 

on load compensation the firing angles of a TCR/FC model were calculated, stored in 

the memory and called by the microprocessor to control the SVC. A similar model to 

this one was developed by J. A. Martinez [9]. 

SVC control strategies for damping power system oscillations were reported in 1986 

by A. E Hammad [6]. In this paper a basic TCR/FC model was used and an optimal 
damping control strategy was developed to control the SVC. The prime objective of 

this technique was that the system analysed should recover promptly from a severe 

transient and return to a stable condition as rapidly as possible. For this reason 

optimisation control techniques were used in order to calculate the appropriate fuing 

angles for the TCR. 

The effect of the SVC in transient stability and voltage compensation studies and a 

comparison with other FACTS controllers has been carried out by Neilson and 
Rietinan [10], using a +501-50 MVAr SVC. Simplified models for the control of the 

SVC were used based on the concept of the variable susceptance. A similar analysis 

showing the improvement of power system performance using SVCs was reported in 

1996 by Y. Besanger and J. Passelergue [11 ]. 

Ainsworth in [ 12], presented a thyristor controlled reactor model and investigated the 

response of the Phase Locked Loop control system (PLL) under various disturbances 

in comparison to elementary firing control methods. 
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Analysis of a grid control system using d-q-z transformation for static compensator 

systems was investigated in 1989 by A. Gole, V. K Sood and LMootoosamy[13]. In 

this system the basic principles of the Phase Locked Loop (PLL) method were 

reported for the first time for use within static compensator systems. This firing 

technique has to solve the problem of establishing accurate firing in systems 

vulnerable to harmonics and voltage synchronisation. A control system for static 

compensator systems based on the d-q-z transformation was modelled and tested 

under various disturbance conditions, such as loss of synchronising voltages (single 

and three phase faults) and harmonic distortion in the synchronising voltages. A 

simple AC system was analysed using a 12 pulse SVC model similar to the one 

proposed in [2] and the dynamic response of that system under small disturbance 

conditions (load disconnection) was investigated. A similar study is performed later 

in this chapter following the modelling techniques analysed in this paper and a 

comparison is made with the results taken from the firing and the control methods 

that are proposed in this thesis. 

Harmonics interactions on the operation of Static Var Compensators were 
investigated by R. H. Lasseter, Y. Shem and S. G. Jalali in 1995 [14]. In [3] a basic 

description and the operating principles of Static Var Systems are presented and 

general control algorithms are reported in order to regulate SVC models. 

Detailed modelling of SVCs was developed by Sang Y. Lec and Subroto 

Bhattachavya using a TCR-TSC model in 1992 [15]. 'Me test system in this paper is 

a 345-kV transmission system fed by a 345/18 kV step down transformer. The SVC 

is a combined TCRITSC type consisting of three TSCs rated 121 War each, one 

TCR rated at 163 War and harmonic filters. 'Me control system includes 

undervoltage and overvoltage strategies and power modulation controls. The Phase 

Locked Loop method was used in order to achieve accurate firing pulses for the TCR 

valves. The system was tested under fault conditions and the response of the system 
is significantly rapid to bring the voltage back to its pre-fault level in a reasonable 

timescale. 
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A static compensator model was proposed by Lefebvre and Gerin in 1992 for the 

Hydro-Quebec: system [16]. This model consists of a'generic six-pulse TCR/FC 

model and the firing and synchronising units follow the principles of finding the 

firing pulses of the TCRs using a method where the only information is needed is the 

conduction or not of the thyristor current in the TCR branches and by taking the 

advantage of the 90* phase shift between the voltage and the current. In this system 

the only information required is the state of the conduction of the thyristors. Ilis 

makes the firing method insensitive to harmonics and transients on the voltage 

waveform. The firing method for the SVC model described in this chapter is based 

on this technique. Simulation results showing the effectiveness of this approach are 

presented later in this chapter and demonstrate that accurate firing can be achieved in 

a reasonable timescale similar to the Phase Locked Loop method. 

A detailed SVC model was also developed by Dickmander and Thorvaldsson in 1992 

[17]. This model consists of various control functions such as overcurrent and 

overvoltage limiter, undervoltage strategies and other supplementary control function 

for the SVC regulator. The PLL (Phase Locked Loop) method was used for the firing 

system of the thyristor control reactor and the system was analysed under voltage 

unbalance conditions. The results show that the system is basically immune to severe 

voltage distortions. 

For the SVC model presented in this chapter useful information was taken using the 

previously described publications, such as the firing method which is based on the 

technique used in [16]. For the control system the modelling technique has many 

similarities with the one in [2], however despite the common objective that both 

techniques have (which is to derive the required susceptance through the regulation 

of the voltage) in the technique described in this thesis the function of the voltage 

controller is to derive the appropriate conduction angle by using a non-linear 

relationship [ 12], where in [2] the -aim is to derive the firing angle and to switch 

on/off capacitor banks according to the value of the firing angle. These different 

approaches are basically due to the different firing systems that are used to generate 
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the pulses for the thyristors (such as firing method based on the conduction or not of 

the thyristors versus the Phase Locked Loop method). The use of TCRs in a power 

system results in harmonics which penetrate into the AC network. As harmonics 

currents flow through system impedances by various paths, harmonic voltages are 

formed all over the system. In the process they may excite resonances polluting the 

entire network. In the work reported here AC filters are installed to absorb these 

harmonics. These filters are generally shunt-connected branches that present a low 

impedance path to ground for harmonics. They also appear as large capacitors at 

fundamental frequency, providing the needed reactive power compensation. For the 

studies analysed in this thesis, AC filters have been used with their values taken 

according to the network power flow. Useful guidelines for the filter parameters were 

taken from Kimbark's book [18]. The TCR-FC is identified as a basic building block 

for high power SVC applications and the following investigations are carried out for 

this configuration. To: 

study in detail the behaviour of SVC under steady state power system conditions 

investigate the performance of SVC under various system disturbances(variable 

loads-faults ) 

mathematically analyse the control system of the SVC. 

produce a reliable computer model to assist in the design of a SVC and filters. 

From the research work that will be analysed in this chapter the following 

contributions are identifiable: 

An efficient and realistic method to model the Static Var Compensator (SVC), 

using comprehensive control and firing systems has been developed in this thesis, 

along with guidelines for designing the harmonic filters. The SVC is considered 

to be a continuously variable-shunt susceptance which is adjusted in order to 

achieve a specified voltage magnitude 
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" The development of mathematical expressions for the control and the firing 

systems of the Static Var Compensator in order to derive useful computational 
functions for simulation purposes 

" The creation of a computer code for the Static Var Compensator (SVC) model 

coded in the TACS language using the EMTP simulation package 

" An investigation and report on the behaviour of the Static Var Compensator 

(SVC) under various operating conditions, such as variable load, phase shift, 

single phase fault and three phase fault 

" Comparison of the control and firing methods proposed in this chapter with other 

control methods and firing systems (such as the Phase Locked Loop) method. 
Similar results of the PIL and the control methods proposed in [2] and [13] will 
be obtained in this chapter using the EMTDC modelling package and various case 

studies will be analytically investigated and compared with the ones using the 

control and firing methods proposed in this chapter. The validation of the 

techniques that will be presented in this thesis demonstrates that the proposed 
SVC controller gives a very good representation of a practical system. The results 

that will be presented using the proposed firing method prove the effectiveness of 

the technique that is used in this chapter, show that is insensitive to voltage 

waveform distortion and capable of establishing accurate firing timing in a 

timescale similar to using the Phase Locked Loop method; consequently it can be 

used as an alternative to the PLL method for the control of Static Var 

Compensator models. Moreover, by using the firing technique presented in this 

thesis the problem caused by using the PLL method as reported in [8], which is 

that the dynamics of the PLL require a very small time step which demands a high 

CPU time, can be avoided. 

7.5 THE BASIS OF A SVC MODEL FOR ELECTROMAGNETIC 

TRANSIENT STUDIES 

When a new technology is first researched with the objective of being employed in 

different power systems, one natural problem arises; the lack of reliable models for 
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representing it. In this sense, the correct development of FACTS device models is 

essential. Moreover, time domain simulations provide a means of analysing the 

dynamic behaviour of these devices. Time domain simulations are actually one of the 

most important tools for power system analysis. 

SVCs and other fast acting devices potentially respond to higher frequency (above 5 

Hz) electromagnetic oscillations. For high frequency oscillations, the network 

resonant frequencies start to have an impact and must be considered in the transient 

analysis. This means that the network phasor approach is not entirely valid and an 

electromagnetic transient analysis must be undertaken. This transient analysis is to 

verify the SVC electromagnetic performance and coordination with other devices. 

For this reason, an SVC model for the electromagnetic transient program 
(EMT? /ATP) is a very useful tool for evaluating the performance of this piece of 

equipment in higher fi-equency phenomena. 

7.5.1 THE EMTP/ATP PROGRAM 

The existence of powerful, computational efficient programs such as EMTP/ATP 

allows complex and detailed modelling of the FACTS devices for practically all 
kinds of electromagnetic transient in a power system. Representation of the real 

relationship between control systems and power system is then possible though 

Transient Analysis of Control Systems-TACS/EMTP or even in the more recently 
developed MODELS/EUITP[19]. 

The SVC model will be developed for the EMTP/ATP program. Its control system 

will be developed using TACS. TACS is quite a useful tool for power system 

analysis, since it allows control system representation in addition to that of the 

network. Signals can be exchanged between the electric network and TACS and vice 

versa. 
FACTS devices have characteristics that allow them to interact with power systems 

modifying their transient behaviour. 17herefore, a SVC model for transient purposes 
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is a useful tool for analysing this piece of equipment and establishing its importance 

as a means of improving power system performance. 

7.5.2 ASSUMPTIONS FOR MODELLING A SVC 

The approach will consider an SVC controlled by a conventional control system. The 

control acts directly on the thyristor firing angle. 
In a conventional approach, the thyristor valve is controlled through the firing angle, 
i. e. the thyristors work in a phase controlled mode, in order to control the SVC 

reactance leading towards a zero error of the controlled variable in the steadyý-state. It 

is conventional for the controlled variable to be the voltage at the point of connection 

of the SVC with the rest of the power system. During faults the voltage tends to 

decrease rapidly and the control system tries to decrease the conduction angle, 

consequently decreasing the admittance of the TCR. 

Most control systems will generate a required reactive current value which is 

converted to the conduction angle using a non-linear interface. 

HV Bus 

PT 

-1 Measurement 

V. f 

PI Regulator 
V 

average 

Step down transformer 

Firing System 

Figure 7.10 Typical control system based on PI regulator 
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A typical control system operating in closed loop configuration is outlined in figure 

7-10. 

This figure shows a simplified diagram of an SVC voltage regulator. The main 

objective of this regulator is to keep the voltage controlled by a PI controller that 

sends an admittance order to a pulse generating unit. The pulse generating unit (also 

called the firing system), issues firing pulses that permit a thyristor controlled reactor 

to operate in a thyristor phase controlled mode, i. e. each thyristor is fired once per 

cycle to control the effective reactance. Other modes of operation exist and a detailed 

diagram will be present later. 

7.5.3 OUTLINE OF SVC MODEL FOR ELECTROMAGNETIC 

PURPOSES 

With the objective of modelling an SVC, its circuits were grouped into three distinct 

systems or modules, namely: power circuit; measurement and control systems; firing 

system. Ile SVC model is shown in figure 7-11. 

The power circuit is composed of filters in parallel with a thyristor controlled 

reactor. In terms of the modelling task, the power circuit's components are 

represented with the conventional models available in the EMTR 

The measurement circuit is composed of a measurement device that converts a 

sinusoidal signal into a DC one. The control system comprises a PI regulator whose 

main function is to keep at zero the steady-state error and a non-linear interface 

which provides the conduction angle. The firing system consists of a pulse generating 

unit that is responsible for issuing firing pulses to the thyristor valves. Next the 

detailed modelling of each module will be described and its main specifications. 
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Figure 7.11. Structure of a SVC for modelling purposes 

7.6 MODELLING THE MAIN PARTS OF A SVC IN THE EMTP 

The main parts of a three-phase SVC will be presented using EMTP built-in models 

and TACS models specially developed for implementing the functions of a SVC 

voltage regulator. For modelling purposes the SVC is divided into three main parts, 

as follows: power circuit; measurement and control systems; firing system. The 

modelling was developed using version ATP 6.0 of the EMTP program. 
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7.6.1 Power circuit 

The SVC power circuit comprises reactors, thyristor valves and filters. Basically, the 

power circuit components were represented in the EMTP through the conventional, 

built-in EMT? models. The capacitor and reactor were represented through their 

capacitance and inductance respectively. A resistance was added in the filters to 

account for their losses. 

The filters were used in order to prevent harmonic currents from entering the AC 

network. For this purpose, the per-phase filters are commonly used. The series-tuned 

filters are used for the low-order harmonics. A high-pass filter is used to eliminate 

the rest of the higher order harmonics. Definitions of tuned frequency and quality 

factor of AC filters can be found in Kimbark's classic textbook[18]. The filters also 

appear as large capacitors at fundamental frequency providing the needed reactive 

compensation. The filters were represented in the EMT? using the simplified R-L-C 

model. 

With respect to thyristor valves, they are usually represented in EMTP as ideal AC 

switches in series with small resistors that account for part of the conduction losses. 

In EMM thyristors are modelled as type- II TACS controlled switches. A thyristor 

can be modelled as an open-circuit when not conducting. Then when conducting, it 

may be modelled by a simple equivalent circuit as shown in figure 7.12. 

IT 

Anode Cathode 

'FO 
voltage 

VF VFO RDIFF 

Anode Catbode de 

Gate 

Figure 7-12 Equivalent circuit for a thyristor when conducting. 
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As can be seen, thyristors start conducting when the forward voltage is greater than 

the " on voltage drop " (VFO)and there is a positive pulse as a gate signal. The on 

state voltage drop is typically around one volt and it accounts for part of the thyristor 

losses. On state voltage drop is not easily implemented in a program like EMTP. 

However, it is commonly accepted to neglect this voltage in the representation of 

thyristor valves for the EMTP program. The modelled thyristor will present losses 

less than the real thyristors, but this simplification that is assumed as a reasonable 

approximation. 

The recovery current is an important characteristics of thyristors. Recovery current 

occurs during the time when the thyristor is changing from conducting to 

nonconducting state. In loop-time simulations, the EMT? program only identifies a 

current zero-crossing in the time-step after the current reverses its polarity or 

alternatively when the current is within a defined "current margin". In order to 

represent approximately the recovery voltage transient, a current margin equal to zero 
is assumed. In this case, if a proper time-step (At) is chosen and a snubber circuit is 

added to the thyristor valves, the recovery voltage transient may be roughly 

represented. The recovery current transient across the thyristor valve as represented 
in the EMTP is shown in figure 7.13 

khrio, 

Zero crossing 

time 
t t+At 

/t+2At 

Figure 7-13: Recovery transient current across the thyristor as modelled in the EMTP 
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In the actual thyristor valves an RC snubber circuit must be added to limit the 

recovery voltage transient peak to acceptable levels. In terms of modelling, the 

snubber is represented by an equivalent RC circuit across the type-11 TACS 

controlled switch and the resistor. The snubber circuit provides a path for the current 

when the thyristor ceases conducting. The representation of the snubber circuit 

improves the thyristor valve modelling and avoids numerical oscillations associated 

with the switching of the inductive currents. Both suitable time-step and values of the 

RC snubber components are required to avoid numerical instability. 

The general diagram of the SVC power circuit for the EMTP program is shown in 

figure 7.14 

SVC POWER CIRCUIT 
TRANSMISSION LINE 

Snubber 

Figure 7.14 ENITP diagram for the SVC power circuit 
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7.6.2 Measurements and control systems 

The measurement system comprises a RMS voltage calculator, the output of which is 

the input of the SVC control system. The control system is based on a PI regulator. 
Figure 7.15 shows the block diagram of the measurement and control systems. 

.................................................... 
Control svstem 

I ................. ....................... 
Measurement svs tem 

V. v1d 

RMS Upp. ljýk +1.0 

Vb 
RMS AV 

- 
+ 

KI Ký 
+3 

V, ; 
+ RMS + 

0.0 

Error Non-linear; 
.................. ...................... signal PI Regulator 

interface 

........... ............. ........................... I 

Figure 7.15 Diagram of the measurement and control systems. 

a) Measurement system 

The SVC control system must see the voltage as a DC signal in order to calculate the 

error compared to a set reference. The measurement system plays an important role in 

this process. It is responsible for the conversion from an AC signal to a DC one. 
The input signals to the measurement systems are the three line-to neutral bus 

voltages to be regulated. Each of these phase voltages is fed to RMS transducers 

which calculate the RMS value on a continuous basis. The RMS calculation includes 

not only the fundamental, but also all of the harmonic components of the input 

signal. The three RMS voltages are scaled and averaged to provide per unit output. In 

terms of modelling the type-66 device was used to get the RMS value in the EMTP. 

A schematic diagram was given in figure 7.15. 
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b) Control sYstem 

In order to study the dynamic performance under small and large disturbances in the 

power systems using ENITP or any other simulating device the control circuit needs 
to be closed with a regulator. In this case, the regulator controls the average voltage 

of the three RMS phase voltages. This control scheme is adequate to handle three 

phase symmetrical changes and different kinds of disturbances. The regulator could 
have other functions like compensating reactive current demand, etc. 
There are three functional elements in the control loop: the error signal, the regulator 

and the non-linear interface. The SVC control system was illustrated in figure 7.15. 

Ile signal from the measurement system is compared with a reference to produce a 

voltage error signal AV for input to the regulator. The regulator comprises a PI 

(proportional-integral) regulator that operates continuously to reduce to zero its input 

error (voltage error). The regulator provides a proportional path with a gain of K1. 

This is a principle small gain for the regulator. For large changes there is a rate 
feedback with transfer function G(s) which allows fast response during high AV/At 

events. Ile rate feedback loop controls fast changes while having minimum affects 

on steady-state regulation. The small signal or steady-state gain, which is the product 

of K, and K2, determines the steady-state response. If this gain is too large, the SVC 

output will undergo damped oscillations in approaching the final value. If this gain is 

too small, the system will take too long to compensate for small changes in the 

voltage. 
Ile outputs from the proportional and the feedforward path are combined and 
inserted in to an integrator which calculates the corresponding reactive current. The 

maximum magnitudes of the input signal to the integrator are clamped by a pair of 
fixed limits. These limits, combined with the gain of the integrator, control the 

maximum rate of change of the reactive current request I, for any input signal. If 

there were no limiters, large disturbances would change the reactive power too fast 

and cause instability problems. For this system the maximum rate of change of If is 

I p. u. in one cycle. The integrator gain is shared by both the steady-state and transient 

control, and any change in this gain has effects on both responses. Ile reactive 
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current request is bounded by an upper limit of 1.0 which requires the TCR to be 

fully on, and a lower limit of 0.0 which requires the TCR to be fully off. 

1. is the input for the non-linear interface which calculates the correct conduction 

angle through a current/conduction angle curve that will send a firing angle order to 

the pulse generating unit. 
In general, the reactive current from the static Var compensator will have harmonics 

for any operation point with an (x greater than 90 *. For many transient studies it is 

possible to ignore these hannonics[2,7,131. For cases where the harmonics can be 

neglected a simple fundamental current model can be used. Equation (7.15) shows 

the relationship between the fundamental current and the conduction angle, and 
figure 7.6 illustrates the non-linear interface between them. 

In terms of modelling, Fortran expressions with the supplemental 99,88,98 devices 

were used to obtain all the transfer function blocks, and the number 56 device was 

used for the non-linear interface. 

7.6.3.1 Firing system of the proposed SVC model 

The filing system consists of the gate pulse generator which purpose is to provide 
firing pulses to the thyristors. The regulator calculates the conduction angle a, 

which is passed to the gate pulse generator as a control signal. It is the function of the 

gate pulse generator to generate the correct firing pulses to achieve the requested 

conduction angle, cr. It should be noted here that c; is the time the thyristor conducts, 

while the filing point relative to the voltage across the thyristor is normally indicated 

by (x. These two variables are related by a +2 a=2n. 

A typical gate pulse generator would calculate the filing angle cc from the point of 

zero voltage crossings. To achieve this filing at a requested (x, the controller could 

consist of an integrator that starts integrating at zero voltage and resets when it 

reaches a controlled threshold. At this point, a filing command would be generated 
for the appropriate thyristor. Control would be achieved by changing the value of the 

threshold. This type of system acts correctly if the points of zero voltage crossing are 
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accurately known. This is not the case since both harmonics and transients are 

expected. 

For the case of a TCR this problem can be solved by taking advantage of the 

90 * phase shift between the current and the voltage. This insures that the conduction 

angle cy is centered about the zero crossing of the voltage. In that case, the conduction 

current can be used to locate the zero crossings of the voltage without the problems 

associated with harmonics. This is illustrated in figure 7.16.1 

In this figure NCON is the input logic signal, which is high when there is no 

conduction in either thyristor. This is added to a signal with a value of unity. The 

resultant signal is shown in curve (c). The value is 2.0 when there is no conduction 

and 1.0 during conduction. When this signal is integrated the result is an output 

which looks like a gain change at the point where conduction stops. 
Another advantage of this scheme is that the only information needed is whether the 

thyristors are conducting or not conducting. There is no need for accurate 

measurement of Voltage or current. NCON is the only input to the gate pulse 

generator. This signal is increased by unity and integrated. The output of the 

integrator is subtracted by VA as shown in figure 7.16.1 (d). The control signal has a 

range from 0 to VA . 

This signal is then input to a zero plus detector (7-P. D. ) which issues the firing pulse 

whenever the signal becomes positive. Ile integrator is also reset at this point. The 

firing pulses are illustrated in figure 7.16.1 (e). 
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Figure 7.16.1 Gate pulse generator with waveforms 

Upon increasing the magnitude of YCON the value of a would decrease and therefore 

(; would increase. This results in a gate pulse generator wherea is proportional to 

YCON 
* 

From figure 7.16.1 (d) it follows that VA is related to YCON through the gain G 

and the two regions of conduction and non-conduction. This can be expressed in the 

following equations: 

Go jGdt 
= (0 

f Gdt = 2G 2 (7.20) 

VA 
-'ý 

VCON - 
Go 

+G (7.21) 
2nf f 

using a= u- 
a 
2 

then 

VA ý- YCON - 
Go 

+G (7.22) 
21rf f 

If the values G, f andVA M: 

G=50 

F=50 Hz 
VA = "0 

a then YCON =- 
2n 

From this expression it follows that for a= 180* and for C; = 0% VcON = 0.0. 

In addition to being able to fire at the correct point, the gate pulse generator must also 

correct for changes in voltage synchronisation. For example, on systems where a line 

to ground fault would cause a phase shift in the voltage across aA configured TCR, 
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the gate pulse generator must correct the firing for this phase shift. Studies later on 

will show that using the above model synchronisation is achieved in a very 

reasonable time scale. 

To build in the above model of the firing system in the EMTP, TACS models were 

used such as type 93 for the input sources, type 58 for the integrator, type 52 for the 

Z. P. D. , and FORTRAN based expressions for the block devices. 

Using EMTP the gate pulse generator can produce firing pulses for the requested 

conduction angles. Up to this point we have been concerned with the function of the 

TCR. The ac system has been assumed to be a perfect voltage source. Of course, the 

greater power of digital simulation is the ability to look at the interaction between 

the thyristor controlled reactor and the ac power system. This dynamic interaction 

will be studied next. 

7.6.3.2 Phase Locked Loop (PLL) method 

As discussed before a typical gate pulse generator would calculate the firing angle a 

from the point of zero voltage crossings of the commutating bus. This type of system 

acts correctly if the points of zero voltage crossing are accurately known. This is not 

the case since both harmonics and transients are expected. Distortion on the 

commutating bus may shift or produce multiple zero crossings. An imbalance in the 

three phase voltages may result in the zero crossings being more (or less) than 

120* apart. The net result is that individual phase firing techniques are very 

susceptible to harmonic instability. 

One alternative method to the one that was described before in section 7.6.3.1 is the 

Phase Locked Loop (PLQ method. A PLL generates a fundamental frequency 

waveform which is in phase with the positive sequence component of the 

commutating bus voltages. The PLL generally uses a feedback control system to 

follow changes in the frequency of the commutating bus. This technique prevents the 

need to observe zero crossings and is effective in combating harmonic instability. 

The phase locked loop was first introduced for AC/DC convertors in 1968 [20]. Later 

with significant improvements, PLL-based systems were introduced in HVDC 
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control. The first PLL's principle for controlling TCRs was reported by Ainsworth 

[12]. Gole, Sood and Mootoosamy in 1989 [13] introduced the PLL method for 

controlling Static Var Compensator Systems. A similar model was developed by the 

Gole, and Sood in 1990 [2] using the Electromagnetic Transients Program EMITDC. 

A Static Var Compensator model will be developed later in this chapter based on the 

principles of the above two papers [2] and [13]. According to [2] a built -in-dqO- 
transformation based PLL is provided as the basic PLL model. Figure 7.16.2 shows a 
block diagram of this type of PLL. 

VCO 2ir 
v df, U, V 

------- 
3 ph KI/s 

0 

V 

.f 

V 
------ + Sawtooth 2 ph K2 AUf Au 

* ........................... VCOSE) 

Vsino 

Figure 7.16.2 Phase Locked Loop OsciHator 

The dime phase synchronising voltages derived from the commutating bus are V., 

Vband V, Using a 3-phase to 2-phase transformation, the direct and quadrature axes 

voltages, V. 1f. and Vb,. respectively, are derived according to the following equations: 

V. 1f. = (2 / 3)V. - (1 / 3)Vb - (I / 3)V, 

V6eta = (I / -if3-)(Vb - Vc) 

An error signal is generated according to the following equation: 

Effor = V. 1f. V sin 0- Vbe 
,,. 

V Cos 0 

(7.23) 

(7.24) 

(7.25) 
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where, 0 is the output of the Voltage Controlled Oscillator (VCO). 

'Me error signal is acted upon by a PI controller with proportional gain K2 and 

integral gain KI. This is followed by a VCO to derive a control signal Theta 0 for a 

Sine-Cosine Oscillator; the nominal frequency of the VCO is controlled by a 

reference voltage U,, f ; dynamic modulation of this reference voltage can be 

accomplished by the input AU,, f . The output of the VCO, which is limited between 

0 and 180 degrees, generates the timing Sawtooth waveform with value 0, which is 

utilised to derive the firing pulses for the valves of the compensator: 

[(KI /s+ K2)(error) + Ue (7.26) 
,f+ 

AU,, f s 

d 
t where s is the differential operator 7-. The outputs of the Sine-Cosine Oscillator, 

V sin 0 and V cos 0, are fed back as indicated in equation (7.25). The output 0 is a 

ramp which is synchronised to the Phase A commutating bus line to ground voltage. 

The output signal is then phase shifted by simply adding a constant angle to the ramp 

to generate the firing ramp for a valve. The ramps of the other valves are generated 

by adding 60* increments to the previous valve. 

The actual firing is accomplished for each valve by comparing the alpha order to the 

value of the ramp. 
Simulation results presented later in this chapter will demonstrate a SVC controller 

with the control method presented in [2] using the Phase Locked Loop firing method 

for various system conditions. A comparison will also be made with results taken 

from the control and the firing method proposed in this chapter. The validation of 

the results using the SVC controller presented in this chapter prove the effectiveness 

of the control method and the ability of the firing system to establish accurate firing 

timing in a timescale similar to the PLL method. 
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7.7 COMPUTER SIMULATION OF THE SVC 

The development of an SVC model for the EMTP program has been previously 

presented. Tle working of this SVC model in power systems will now be 

demonstrated. The SVC model will be connected to different power systems and 

typical waveshapes will be shown. Aspects of the initialisation process of the ENIT? 

program will also be discussed. 

7.7.1 Power systems under investigation 

The two power systems to be simulated with the SVC system are shown in figures 

7.17 and 7.18. For the system in figure 7.17 a network equivalent system with short- 

circuit contribution of 4.2 GVA has been represented and it accounts for the source 

and its impedance in bus 1, interconnected by a 230kV transmission line. The 

transmission line has a length of 200km and in the middle of it, the SVC with the 

filters are connected. The source is represented using number 14 of the TACS 

devices in the EMTP, and the transmission line from bus I to 2, and from 2 to 3 was 

modelled using the distributed line model. The transformer between bus 3 and bus 4 

was represented by a series inductance referred to as the 230kV line, followed by a 
load. Finally, the load was represented by a R-L simple model. 
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6 

Figure 7.17 Diagram of power system 

For the system in the figure 7.18 the network equivalent systems in buses I and 3 

were represented as in figure 7.17, with short-circuit contribution of 4.2 GVA each, 

interconnected by the 230kV transmission line model as before. The SVC with the 

filters are connected to the middle of the transmission line. Although the power 

systems are simple, they are capable of demonstrating several problems of large 

interconnected systems without the loss of generality. 
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........................... 

Figure 7.18 Diagram of power system 2 

7.7.2 Advantages of SVCs over traditional voltage control systems 

Reactive power support is a traditional way of voltage control in power systems. For 

this reason fixed capacitor banks have been used in the past, in order to provide 

voltage support under different power system arrangements. However, this method of 

control is inflexible; if a light load is used, the use of capacitors results in 

overvoltage. Using SVCs this problem no longer exists, since they provide voltage 

control for a wide range of load changes by exchanging reactive power with the 

network they are connected to. 

For the system in figure 7.17, figure 7.19 illustrates the RMS value of phase A of the 

voltage in bus 2, when the TCR is out, and the filters in bus 2 have been represented 
by their capacitance only. In this case a light load was used in bus 4. Using a DOW 

line to line voltage at bus 1, an RMS value of 132kV is almost expected. However, 

with the use of capacitors the voltage is about 155 W, an overvoltage of 20%. 
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Figure 7.20 shows the same model with the TCR connected. In this case, as can be 

seen from the graph the voltage at bus 2 is almost 132kV, which is the voltage that 

expected. 

This result shows that the SVC is a very powerful tool in transmission systems since 
it has the ability to maintain a constant voltage at its terminals, compared to other 

traditional methods that were used in the past. 

7.7.3 Initialisation of the SVC model in the EMTP program 

The ENn? simulations take place in two different stages, namely : steady-state 

simulation and loop-time simulation. The steady-state initialisation is just a single- 
frequency initialisation, i. e. a phasor solution at the fundamental frequency. The 

initialisation process is a key feature of the digital modeff 191. It is important to carry 

over initialisation to approach steady-state condition with minimum cpu time. If the 

initialisation is not carefully done abnormal modes of operation may occur, or the 

system can take too long to achieve steady-state condition. 
The best way to deal with the initialisation problem is to give initial pulse, which 

must be between the floating and the TCR full conduction angles. This strategy is 

adopted and used in both power systems in figures 7.17 and 7.18. The initialisation 

process will be tested using the power system 1. For this system a small load in bus 4 

was used (P---9kW, Q=3kVAR). As in the previous case the filters have been replaced 
by their equivalent capacitance. For the initialisation process, we must take into 

consideration that some blocks of the SVC control system need time to be initialised 

correctly. In our case an initial pulse for (; = 120* was given. In figure 7.2 1 (a) the 

reference source voltage is shown, and in figure (b) the three currents at the branches 

of the delta connected SVC are illustrated. At figures (c) (d) and (e) the voltages at 
bus 2 where the SVC is connected, were plotted. From the graphs we can see, that 

after the first two cycles the SVC is working as required. From the graphs (c), (d), and 
(e) it is shown that the voltages across the SVC are normalised, having the correct 

phase sequence. This happens due to the correct firing from the SVC branches 
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illustrated in graph (b). 71bis graph illustrates that after the first 30 ms the currents 

have the correct sequence, and only one thyristor is active per cycle. Initialisation is 

a very important process and its correct operation is vital, before analysing the 

system's steady-state and transient behaviour. 
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7.7.4 Steady-state operation of power system 1 

The system under investigation was shown in figure 7.17 in 7.7.1. In the two 

previous cases a capacitor bank was connected in parallel with the SVC in order to 

supply the capacitive Vars for reactive power control. 'Mis method was reported 

most for SVCs in the literature[ 1,4,6,9,13], nevertheless, the TCR produces 
harmonics that penetrate the entire network. As harmonic currents flow through 

system impedances, harmonic voltages are formed all over the network. In the 

process they may excite resonances, leading the system into instability. 

The filters that are used for the modelling of the SVC absorb these harmonics at high 

frequencies and provide the reactive power control needed for the SVC at 
fundamental frequency. 

The capacitive range for the SVC is determined through a set of load flow studies. 
Once this range is determined the inductive reactive power can be found. From the 

capacitive rating, the capacitance of the filters is calculated, and according to [18] the 

resistance and reactance of the filters can be obtained. In both power system 

configurations illustrated in figures 7.17 and 7.18 5 th and 7th order harmonic filters 

have been used for low order harmonics and a damp filter was used for higher order 
harmonics . Figures 7.22 and 7.23 illustrate the system operation with and without 

the harmonic filters. Figure 7.22 shows the comparison by plotting the current 
flowing in the transmission line, and figure 7.23 the voltage where the SVC is 

connected. As can be easily seen the filters absorb a large amount of harmonics 

thereby improving system performance. In the following analysis the filters will be 

connected at the SVC bus. In figure 7.24 for the reference voltage of graph (a), the 

current of the transmission line has the waveform (b) . From this graph we see, that 

after the first 2 cycles the current has stabilised using a load of 120kW/40 War. The 

three branch currents of the SVC on graph (c) at steady-state have the symmetry 

required for a large conduction angle. In figure 7.25 the three phase voltages at bus 2 

after the first two cycles have stabilised giving a constant voltage at the SVC 

terminals. In figure 7.26(a) the active power of the load has been plotted followed by 

the conduction angle which reaches a steady-state value in a reasonable timescale. 
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(a) Voltage of phase A of the source 

(b) Current of phase A between the source and bus I 

(c) Currents on the branches of the SVC 

Figure 7.24 
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7.7.4 Transient behaviour of power system 1 

With the objective of studying the interaction between the SVC and the power 

system in a disturbance condition, the following subsections will show the SVC 

response in a power system under variable load conditions, phase shift and different 

fault conditions. 

a) SVC response using a variable load 

In order to study the system response to small disturbances a variable load was used 

at bus 4 of figure 7.17. This load can be represented with a simple R-L model with a 
fixed P/Q ratio. 'Me load change takes place at 100insec, as it is illustrated in figure 

7.27(a) by its per phase active power. Due to the load increase there is a voltage 
decrease, which is corrected in 2 cycles as it is seen from graph 7.28(a). In figure 

7.28(b) although there is a voltage drop in the load voltage due to the high load that 

is used, the voltage at the SVC terminals has the same magnitude with the source 

voltage at steady state conditions. When the load change occurs, an undervoltage at 

the SVC terminals takes place; the function of the SVC is to keep the voltage 

constant. Therefore, the conduction angle changes rapidly to a small value (figure 

7.29(a)) allowing the SVC to operate in the capacitive range and so increasing the 

voltage. The inductive currents on the TCR branches also have a very small value as 

they are plotted in figure 7.29(b). Due to the load increase the current in the 

transmission line is also increased (figure 7.29(b)). From the above figures it is 

obvious that the SVC responds fast and effectively in a reasonably timescale (2 

cycles) to small system disturbances by controlling the conduction angle of the SVC. 

b) SVC response using phase shift at the voltage source 

In addition to being able to fire at the correct point, the firing system must be also 

correct changes in voltage synchronization. When a phase shift in the voltage across 
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the SVC occurs, the gate pulse generator must correct the firing for this phase shift. 

In order to study this phenomenon a phase shift in the voltage source of figure 7.17 

of 25 *, happens at 0.14 sec for all the three phase voltages and it is illustrated in 

figure 7.30(a). After the change in voltage phase, there is an excess amount of current 

in the SVC branches which is shown in figure 7.30(b). The increase in the current is 

due to an increase in the conduction angle, which happens when the phase shift 

occurs as plotted in figure 7.3 1 (a). The control system acts immediately to the phase 

variation as can be seen from the graph of the current between the source and bus 

I (figure 7.31 (b)) . Tlie'voltage at bus 2 comes back to steady state conditions again 

after two cycles in figure 7.3 1 (c). From the above graphs it can be observed that the 

system has synchronised successfully itself to new voltage phasing in a reasonable 

time, due to the correct operation of its control system. 

c) SVC response to balance and unbalance faults 

There is a great diversity of possible types of short circuit faults in power systems. 

However, the more representative among them are the three-phase and single-phase 

to ground. Short circuits impose stresses on the power system, since they reduce the 

electrical power consequently creating an accelerating power (difference between 

mechanical and electrical power), which after fault clearing causes 

electromechanical oscillations. In addition to this, severe overvoltages and 

overcurrents can arise depending upon the type of fault and power system earthing 

conditions. This section is intended to study balanced and unbalanced faults from the 

standpoint of electromagnetic oscillations and the associated SVC interaction, since 

these faults can excite several resonances existing in power systems. 

SVC response to sinde-Phase to uound short circuit 

The single-phase to ground is probably the most common fault in power systems. It is 

regarded as a standard fault for assessing the power system's performance in 

unbalanced conditions. In the power system I of figure 7.17 a single-phase to ground 
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fault is applied in phase A, between the voltage source and its equivalent reactance, 

at 0.18 sec, and cleared at 0.21sec. Figure 7.32(a) shows the voltage source and 

figure 7.32(b) illustrates the voltage of phase A at bus 2. After the voltage collapse 

on phase A because of the fault, there is a voltage recovery in a small period of time. 

The conduction angle during the fault, reduced in order to assess the voltage to 

recover (the SVC operates in the capacitive mode in this period). Figure 7.33(a) 

shows the conduction angle waveform. It can also be noted from this waveform, and 

from the waveform of the current between the source and bus I (Figure 7.33(b)), that 

after the fault has been cleared it took almost 3 cycles to get back to the conditions 

before the fault. In figure 7.34(a) the currents on the SVC branches have been 

plotted. These currents are almost negligible in the fault and 3 cycles after the fault 

period, due to the small conduction angle. However as can be observed from the 

graph, the current on branch AC gets a very large value just after the fault has 

cleared. This is due to the incorrect synchronisation that takes place in that period. 

The current starts to conduct almost when the voltage becomes positive; (figure 

7.34(b)) giving in this way a very large current. This problem, 3 cycles after the fault 

clearance, no longer exists, the SVC has synchronised itself successfully, as can be 

noticed from figure 7.34(a). 

SVC resvonse to three-phase to around short circuit 

Although less frequent than single-phase faults, three phase faults are very severe for 

the power system and, therefore, they are usually studied as a system performance 

criterion. 
A three-phase fault was applied between the voltage source and its equivalent 

reactance at 0.180sec and cleared at 0.210sec. This disturbance causes an almost 

complete voltage collapse at the SVC terminals during the fault period as can be 

observed in figure 7.35(a). However the control system acts immediately by 

decreasing the conduction angle, thereby allowing the SVC to operate in the 

capacitive mode in order to increase the voltage of the SVC. In the graph 7.35(b) can 

be seen that during the fault the conduction angle is sustained and after the clearing 
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of the fault, when the system lost synchronism, the conduction angle is kept at low 

level and as soon as the voltage starts to stabilise the conduction angle approaches its 

specified condition. From this graph can also be noted that after the fault has been 

cleared it took almost 180msec to get back to the conditions before the fault, more 

enough than the single-phase case that was discussed earlier. The latter can also be 

observed from the waveform of the current flowing between the voltage source and 

bus I in figure 7.35(c). In figure 7.36 the three currents on the SVC branches have 

been plotted and also the voltage across them have been illustrated. In figures 7.36(a) 

and (b) we notice that the current on the SVC branches is trapped in the system 

during the period of collapse voltage. This follows since there is insufficient voltage 

to turn off the thyristors. By looking at the reactor's current in figure 7.36(c) we see 

that the trapped current is opposite polarity with the voltage returning in such a way 

to increase this current, causing some cycles of oscillation after the voltage returns. 

This indicates an extra type of duty that the thyristors might be subject to which 

cannot be controlled through any control strategy. It is totally dependent upon on the 

phasing of the voltage when it returns. 
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7.7.5 Steady-state and transient operation of power system 2 

For this system illustrated in figure 7.18, the two back to back sources have the same 

amplitude (132 kV, rms value), but the voltage in the source at bus I leads the 

voltage in the source at bus 3 by 30' . The model parameters has described in 

section 7.7.1. For this model, a three-phase fault was applied close to the source at 

bus I at 180msec and cleared at 21 Omsec. The effect of the SVC in the power system 

operation under transient conditions is of major concern. Figure 7.37(a) illustrates the 

two voltage sources connected at the buses I and 3 respectively. After the fault 

occurrence it took almost 200msec to return to the conditions before the fault, as can 

be observed from the waveforms of the conduction angle (Figure 7.37(b)) and the 

voltage across the SVC (figure 7.37(c)). The currents at the SVC branches have been 

plotted in the figure 7.38. These currents have taken either a negligible, or a very 

large value during the unstable period regarding the voltage across the SVC 

branches. After almost 200msec they have stabilised to their pre-fault conditions, 

giving the steady-state operation. 
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(a) Voltages of phase A at buses I and 3 
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7.8 Validation and comparative simulation results using the PLL 

method 

As was reported in section 7.6.3.1. a typical gate pulse generator would calculate the 

firing angle (x from the point of zero voltage crossings. To achieve this firing at a 

request cc, the controller could consist of an integrator that starts integrating at zero 

voltage and resets when it reaches a controlled threshold. At this point, a firing 

command would be generated for the appropriate thyristor. Control would be 

achieved by changing the value of the threshold. This type of system acts correctly if 

the points of zero voltage crossing are accurately known. This is not the case since 
both harmonics and transients are expected. 
For the case of a TCR this problem can be solved by taking advantage of the 

90 * phase shift between the current and the voltage. This insures that the conduction 

angle (Y is centered about the zero crossing of the voltage. In that case, the conduction 

current can be used to locate the zero crossings of the voltage without the problems 

associated with harmonics and voltage waveform distortion. 

Another advantage of this scheme as was mentioned in section 7.6.3.1 is that the only 
information needed is state of the conduction of the thyristors. There is no need for 

accurate measurement of voltage or current. The system is insensitive to harmonics 

and transients on the voltage waveform. Ile effectiveness of this firing method will 
be tested in this section by using comparative simulation results with the Phase 

Locked Loop (PLL) method for a number of various system conditions. 

Validation is considered as a very important aspect in power system simulation 

programs. In order to validate the simulation results carried out in this chapter and 

especially to test the effectiveness of the proposed control system and firing 

technique a comparison was made with simulation results obtained from an SVC 

controller that is using a control method and the PILL firing technique presented in [2] 

and [13]. 

For the above reasons various case studies using the SVC controller presented in this 

chapter will now be examined. In this case an AC system, represented by three phase 
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voltage source BUS I (rated close to 120 kV L-L rms voltage depending on the study 

that is being investigated) and an R-L equivalent system impedance (3.58 ohms for 

the series resistance, 0.0358 H for the inductance and 1000 ohms for the parallel 

resistance) is feeding a resistive load of 144 ohms (1.0 pu load). The circuit diagram 

is shown in figure 7.39. 

'\i-H" 

Figure 7.39 

In the above system it is desired to control the voltage at bus 2 to 120 kV by the 

addition of the SVC under various system disturbances. Results using the models 

presented in this chapter will be compared with results taken by using the EMTDC 

simulation package using the control method and the firing technique (PLL) 

presented in the [2] and [131 using the same rating for the SVC model. The EMTDC 

model for the above system is illustrated in figure 7.40. The parameters for this SVC 

model and the control systems are similar to the ones used in [2] and [13]. The SVC 

consists of a 120/12.65 kV Y/A-Y transformer feeding a 12 pulse TCR/TSC 

(Thyristor controlled reactor/Tbyristor switched capacitor) with the thyristor 

controlled reactor elements connected in delta and the thryristor switches modelled as 

changing resistances. Ile thyristor controlled capacitors are switched on/off 

according to a control demand. 

The SVC controller for this example can be based on the following principles: 
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" to compare the measured voltage where the SVC is connected with the reference 

voltage (both in p. u) 

" pass the error signal through a PI controller to produce the alpha (firing angle) 

order 

" use the alpha order signal to trigger control signals to switch capacitors: 

when a> 31 radians, switch on one capacitor stage (signal NDIR=I in figure 

7.40) 

when cc < 1.6 radians, switch off one capacitor stage (signal NDIR=- I in figure 

7.40) 

The complete controls for this type of SVC are illustrated in figure 7.40. The instant 

of valve firing for the TCR is determined when a reference angle derived from a 

phase locked loop (PLL) equals to the order angle. A built -in dqO- transformation 

based PLL is used using the principles described in 7.6.3.2. In order to test the 

effectiveness of the control and the firing methods presented in this chapter a number 

of case studies were investigated for the two SVC models: 

a) Disconnected load 

For that case the three phase source in figure 7.39 is rated at 123kV and a load 

rejection takes place at 0.5 secs for the three phases at bus 2. The rating of the SVC is 

110 MVA inductive and 73 MVA capacitive. In this case only one capacitor stage 

was used (with a rating of 73 MVA). Figures 7.41-7.43 show the responses of the 

two SVC models. The total load rejection causes AC bus over-voltages at bus 2 

resulting in reducing the a (firing angle) order in graphs 7.42. The new adjustment 

of cc brings the voltage at bus 2 to 1.0 p. u in a very short term. The results in the 

previous graphs show very good similarity and prove the effectiveness of the 

modelling methods used in this chapter. These results are also similar to the ones 
demonstrated in [13] using the control and firing systems presented in figure 7.40 for 

the same system conditions. 
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Figure 7.40 SVC model using the EMTDC simulation package 
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In order to test the effectiveness of the firing method proposed in this chapter 

simulation results are presented in figures 7.43 (a)-(b) and compared with results 

found in [ 13]. 

For the results in figure 7.43 (a) it is clear that from the graphs of the thyristor 

currents and the generated sawtooth waveform (used for the firing of thyristors) for 

one on the TCR branches, the response of the system to a load rejection (at 0.5 sees) 
is practically stabilised in one cycle. A similar response is illustrated for the same 

conditions using the Phase Locked Loop (PLL) method by examining the thyristor 

currents in [ 13] . The firing method for the system presented in [ 13] is the same with 

the one used in figure 7.40. In figure 7.43 (b) the generated firing pulses of two TCR 

branches are plotted. From these results is obvious that despite the sudden change in 

the system conditions at 0.5 sees (load rejection) firing pulses are being generated 

with a 60* interval between the TCR branches for every half cycle (one pulse is 

generated for each branch every 180*). This is due to the immediate response of the 

firing system to the change in system conditions in a way similar to the PLL method. 

b) Voltage drop 

For this case study the three phase voltage source in figure 7.39 is rated at l20kV 

with a voltage reduction of 8% (from 120 kV down to 110 kV) occuring for this 

voltage at 0.5 secs for the three phases. The rating of the SVC is 100 MVA inductive 

and 167 MVA capacitive. For this case two capacitor stages were used (with a rating 

of 83 MVA each). A control signal is responsible for the switching on/off of the 

capacitor stages depending on the value of the firing angle(x as was addressed in 

section 7.8. The SVC model presented in figure 7.40 is identical with the one used in 

[2] and was tested for the same system conditions. Figures 7.44-7.47 show the 

responses of the SVC models presented in figures 7.11 and 7.40. By examining the 

previous graphs it is clear that the source voltage reduction at 0.5secs causes the 

voltage at bus 2 to drop below 1.0 p. u and the firing angle a to increase up to level of 

switching in two capacitor stages (figure 7.46 (b)). After this only a small adjustment 

270 



Modelling of Static Var ComEensator Chapter 7 

of a (or cr in figure 7.46 (a)) brings the voltage back to 1.0 p. u. The switching 

on/off of the capacitor stages due to the value of the firing angle cc can also be 

observed during the start up on the above figures. In that case because the voltage at 

bus 2 is less than the reference in figure 7.40 a is held at 71 radians and according to 

the technique described in the section 7.8 two capacitor stages are switched on. When 

the measured voltage at bus 2 exceeds 1.0 p. u then a is reducing and after a certain 

value one capacitor stage is switched off. 

The comparison of the results plotted in figures 7.44 (a) and 7.45 (a) with the ones in 

7.44 (b) and 7.45 (b) shows that the modelling techniques presented in this chapter 

are capable and accurate enough to control SVC models. Ilese results are also 

similar to the ones presented in [2] using the control method and the PLL firing 

technique presented in figure 7.40 for the same system conditions. 
From the results of the thyristor currents and the generated sawtooth waveforms 
(responsible for the firing of thyristors) in one of the TCR branches in figure 7.46 (a) 

it can be noticed that the system has stabilised itself in 2-2.5 cycles following the 

disturbance at the voltage source. This is due to the correct action of the control 

system (regulation of a) and the firing method (accurate firing timing) used for the 

SVC model. In figure 7.46 (b) the response of the firing system can be detected by 

examining the generated pulses in two TCR branches. From these results it is shown 

that the firing system has synchronised itself shortly after the disturbance at about 25 

mseconds (within 2 cycles) giving the correct firing sequence for the thyristor pulses 

(firing pulses are generated with a 60* interval between the TCR branches for every 
half cycle). This example illustrates the effectiveness of the technique that was used 
in this chapter and shows that is insensitive to transients on the voltage waveform; 

consequently it can be used as an alternative to the PLL method for the control of 

Static Var Compensator models. 
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c) Three phase fault 

In this case there is a complete loss of the synchronising voltages where the SVC is 

connected at bus 2 at 0.38seconds with a duration of 30msecs. The three phase 

voltage source in figure 7.39 is rated at l20kV and the rating of the SVC is 100 

MVA inductive and 83.0 MVA capacitive (only one capacitor stage is used with a 

rating of 83.0 MVA). Because only one capacitor stage is used in the analysis the 

control system does not include the function for the switching on/off of capacitor 

stages due to the value of the firing angle as was described in before in section 7.8. 

Figures 7.48-7.50 show the responses of the SVC models presented in figures 7.11 

and 7.40. By looking at these graphs we notice that the very severe drop at the 

voltage bus 2 (figures 7.48(a) and (b)) causes the firing angle to increase up to a 

maximum value and then gradually to drop back to its pre-fault conditions bringing 

in this way the voltage back to 1.0 p. u in a short timescale. The results in the 

previous graphs show very good similarity and prove the effectiveness of the control 

and firing methods used in this chapter in comparison with the ones used in figure 

7.40. 

From the results of the current and the generated sawtooth waveforms in one of the 

TCRs branches in figure 7.50 (a) we notice that the system has stabilised itself about 
90mseconds after the fault. This is mainly due to the time that the firing angle needs 
in order to come back to its pre-fault conditions as can be seen in figures 7.48. 

Immediately after the fault the firing system is out of synchronisation as can be seen 
from the graph of the current in one of the TCR branches in 7.48 (b). This results in 

the first half cycle of the current having a very large conduction angle, much greater 

than 180% The second half cycle in the positive plane has a significant smaller 

conduction angle, where the third one is close to the requested value (obtained by the 

control system). 
According to the results presented in [13] the response of the Phase Locked Loop 

method under similar system conditions (complete voltage collapse at the SVC 

terminals) is within 2 cycles after the fault has cleared. Synchronisation of the 

fundamental component of the voltage and the signal that is used by the PLL method 
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for the firing of thyristors has occurred within the same period. The pulses that are 

being generated have symmetry (come at exactly 60*) within 2 cycles after the 

clearance of the fault. 

In figure 7.50 (c) the generated pulses of two TCR branches are plotted. From these 

results it can be shown that the firing system has synchronised itself shortly after the 

voltage collapse at about 25-30 mseconds (within 2 cycles) giving the correct firing 

sequence for the pulses in the TCR branches (equidistant pulse firing has been 

achieved, the pulses come at 60* intervals). By comparing the above results with the 

response taken by using the PLL method in [ 13] it can be concluded that the firing 

technique is effective and gives similar results to the ones obtained by using the PLL 

method for the control of SVC models. 
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(b) Voltage at bus 2 in p. u using the SVC model described in figure 7.40 

Figure 7.41 
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(b) Voltage in p. u at bus 2 using the SVC model described in figure 7.40 

Figure 7.44 
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(b) Firing angle ot in radians using the SVC model described in figure 7.40 

Figure 7.45 
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(b) Voltage in p. u at bus 2 using the SVC model described in figure 7.40 

Figure 7.48 
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(b) Firing angle cc in radians using the SVC model described in figure 7.40 

Figure 7.49 
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7.9 Contributions of the research work 

From the research work carried out in this chapter the following contributions are 

identifiable: 

An efficient and realistic way to model the Static Var Compensator (SVC), using 

comprehensive control and firing systems has been developed in this thesis, along 

with guidelines for designing the harmonic filters. The SVC was considered to be 

a continuous variable-shunt susceptance which was adjusted in order to achieve a 

specified voltage magnitude 
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" The development of mathematical expressions for the control and the firing 

systems of the Static Var Compensator in order to derive useful computational 
functions for simulation purposes 

" The creation of a computer code for the Static Var Compensator (SVC) model 

coded in the TACS language using the EMTP. 

" An investigation and report on the behaviour of the Static Var Compensator 

(SVC) under various operating conditions, such as variable load, phase shift, 

single phase fault and three phase fault 

" Comparison of the control and firing methods proposed in this chapter with other 

control methods and firing systems (such as the Phase Locked Loop) method. 
Similar results of the PLL (Phase Locked Loop) and the control methods proposed 
in [2] and [ 13] were obtained in this chapter using the EMTDC modelling package 

and various case studies were analytically investigated and compared with the 

ones using the control and firing methods proposed in this chapter. The validation 

of the techniques that were presented in this thesis demonstrates that the proposed 
SVC controller gives a very good representation of a practical system. The results 

that were presented using the proposed firing method prove the effectiveness of 

the technique that was used in this chapter, show that is insensitive to voltage 

waveform distortion and capable of establishing accurate firing timing in a 

timescale similar to using the Phase Locked Loop method; consequently it can be 

used as an alternative to the PLL method for the control of Static Var 

Compensator models. Moreover, by using the firing technique presented in this 

thesis the problem caused by using the PLL method as reported in [8], which is 

that the dynamics of the PLL require a very small time step which demands a high 

CPU time, can be avoided. 

7.10 Conclusions 

The work presented in this chapter described a model for digital simulation of Static 

Var Compensator in power system networks. This work can be used in the 

preliminary design of Static Var Compensator in power systems. 
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At the beginning an explanation of the fundamentals of SVC has been presented, 
followed by the SVC current and voltage equations. 
An overview of previous work on SVC modelling was discussed and the 

effectiveness of the proposed model over other methods has been mentioned. The 

main concepts and ideas behind a SVC model for electromagnetic transients were 

presented followed by some aspects of the EMTP program with respect to the control 

system and power system modelling. The main aspects of the power circuit, 

measurement, control and firing systems have been described. The SVC response 

under steady state conditions as well as under various power system disturbances in 

power system networks has been analysed. Comparison of the control and firing 

methods proposed in this chapter with other control methods and firing systems (such 

as the Phase Locked Loop) method were also presented. The simulations have shown 

that the SVC offers advantages over traditional voltage control methods and that the 

SVC control system is rapid enough and the firing technique is capable of 

establishing accurate firing timing. 

The SVC model for the EMT? program has provided a tool for studying and 

assessing the SVC performance in a power system. All simulation results are in 

accordance with the theory and were validated using similar models and techniques 

as presented in the reference literature. 
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CHAPTER 8 

ELECTROMAGNETIC TRANSIENT SIMULATION STUDIES OF 

THE STATIC COMPENSATOR AND THE UNIFIED POWER FLOW 

CONTROLLER 

8.1 Introduction 

This chapter presents modelling and simulation work with respect to power flow 

controllers and especially to Static Condenser-STATCON (else referred to as Static 

Compensator-STATCOM) [1-6] and to UPFC (Unified Power Flow Controller) [7- 

14] devices. The chapter begins by describing the main types and the operating 

principles of voltage source inverter models for power flow controller studies and 

follows with a description of techniques for simulating these devices using the 

Electromagnetic Transient Program-EMTP. The regulation principle of Sinusoidal 

Pulse Width Modulation-SPWM inverters for realising power flow controllers is also 

analysed. The simulation results of open-loop STATCON and UPFC models using 

simple power system networks at the end of this chapter are in accordance with the 

theory. 
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8.2 Principles of operation of voltage source inverter models for 

power now controller (STATCON-UPFC) studies 

A prototype of a three phase six-pulse bridge voltage source inverter, which is the 

basic model of power flow controllers, is shown in Figure 8.1. The principle of 

operation is that the Gate Turn Off Thyristors (or transistor) inverter converts a dc 

voltage into a three-phase ac voltage which is connected to the ac system through a 

small reactance, usually the leakage reactance of a transformer. Figure 8.2 explains 

the fundamentals of the STATCON using a simple model[2,6]. The VSI is coupled to 

the system via a relatively small reactance (X) which is usually the leakage reactance 

of the step-up transformer used for connecting to the high voltage network. Owing to 

this reactive coupling, the line current flowing into or out of the VSI is always 90* to 

the network voltage. When the inverter output voltage is higher than the ac system 

voltage, the inverter acts as a capacitor so leading reactive current is drawn from the 

system (vars are generated). When the inverter output voltage is lower than the ac 

system voltage the inverter acts as an inductor, so lagging reactive current is drawn 

from the system (vars, are absorbed). When the inverter output voltage is equal to the 

ac system voltage, the reactive power generation is zero. From figure 8.2 the current 
flowing into the transmission line is can be found as: 

=+vs 
-V, 

jx 
(8.1) 

Therefore the reactive power absorbed or generated by the STATCON (per phase) is: 

Q=Vsis sin 90*=: FjVs(vs -VI ý-x 
) 

(8.2) 
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VI 

Figure 8.1 'Mree, phase VSI structure 

Figure 8.2 Single phase STATCON circuit 

Vd 

The variation in the level of reactive power generated or consumed is achieved 

through the control action of the bridge and offers fast continuous variation of 

reactive output power from capacitive to inductive, and a more effective reactive 

power generation during undervoltages. 
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Figure 8.3 is used to explain the fundamentals of the UPFC using a simple model. 

Assume that the voltage source Vpqin series with the line can be controlled without 

restrictions. That is, the phase angle of the phasorVpqcan be chosen independently of 

the line current between 0 and 2n, and its magnitude is variable between zero and a 

defined maximum value, Vpq 
max * 

V0 

T1 

Figure 8.3 Arrangement of the UPFC 

T2 

Power flow control is achieved by adding voltage source Vpq with no angular 

restrictions, and with magnitude variable between 0 andVpq nux at the end of the 

reference phasor VO as shown in figure 8.4(a). This means that by appropriate 

definition (control) of phasorVpq the generalised power flow controller can be used 

to accomplish the following objectives[9]: 

1. Dedicated terminal voltage regulation or control, which is obtained simply by 

keeping the angle of Vpqzero (i. e. VO ± AVO ), and thus changing only the 

magnitude of VO with respect to that of VO(or vice versa) as illustrated in figure 

8.4 (b) . 
2. Combined series line compensation and terminal voltage control, which is 

obtained by defining Vpqas a sum of voltage phasors V, and, AVO , that is . 

Vpq 
VO 

0 
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Vpq = V, + AVO, where phasor V, is perpendicular to line current I and AVO is in 

phase with the terminal voltage phasor V. (figure 8.4(c)). 

3. Combined phase angle regulation and terminal control, which is obtained by 

definingVpqas a sum of voltage phasors V. and AVO, that is, VP, = V. + AVO, 

where again AVO is in phase with the terminal voltage phasor VO. The selected 

definition for phasor V. ensures that the resultant terminal voltage phasor at the 

end of line segment, VO VO + V, + AVO, has the same magnitude as VO + AVO, 

but its phase angle is different from that of VO by a, as illustrated in figure 8.4 (d). 

In practical terms this means that phase-shifting is achieved without any 

unintentional magnitude change in the controlled terminal voltage. 
4. Combined terminal voltage regulation and series line compensation and phase 

angle regulation, which can be achieved by synthesising the injected voltage 

phasor Vpqfrom the three individually controlled phasors, that is 

Vpq= V, + V, + AVO, as illustrated in figure 8.5. 

For the model illustrated in figure 8.3, the inverter output voltage injected in series 

with the line acts essentially as an ac voltage source. The current flowing through the 

injected voltage source is the transmission line current that is a function of the 

transmitted electric power and impedance of the transmission line. The VA rating of 

vo+Avo Vpq 

VO 
VO 

(a) (b) 

VO 

VO 7Vo+A\To+Vc 

(c) (d) 

Figure 8.4 Phasor diagrams illustrating the operation of the UPFC 

M+Va 

293 



Electromagnetic transient simulation studies of the Static Compensator and the UPFC Chapter 8 

Figure 8.5 Phasor diagram illustrating the operation of the UPFC 

the injected voltage source (i. e that of inverter 2) is determined by the product of the 

maximum injected voltage source and the maximum line current at which power 
flow control is provided. This total VA is made up of two components: one is the 

maximum active power determined by the maximum line current and the component 

of the maximum injected voltage that is in phase with this current, and the other one 
is the maximum reactive power determined by the maximum line current and the 

component of the maximum injected voltage that is in quadrature with this current. 
As known, the voltage sourced inverter used in the implementation, can internally 

generate or absorb at its ac terminal all the reactive power demanded by the 

voltage/impedance/phase angle control applied and only the active power demand 

has to be supplied at its dc input terminal. 

Inverter I (connected in shunt with the ac power system via a coupling transformer) 

is used primarily to provide the active power demand of inverter 2 at the common dc 

link terminal from the ac power system [9-12]. Since inverter I can also generate or 

absorb reactive power at its terminal, independently of the active power it transfers 

to (or from) the dc terminal, it follows that, with proper controls, it can also fulfil the 

function of the independent static condenser providing reactive power compensation 
for the transmission line and thus executing an indirect voltage regulation at the input 

terminal of the UPFC. 
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One important issue that should be taken into account when analysing a UPFC 

(shown schematically in figure 8.3) is that this device is not a lossless FACTS 

controller ( there is active power flow through the shunt and the series connected 

inverters in practical UPFCs). This active power flow is due to the losses in the 

transformers and the power semiconductor devices of the UPFC. The losses through 

the UPFC can reach up to 10-15% depending on the converters configuration and the 

transformers of the UPFC. The active power losses associated with the shunt and the 

series connected transformers are a function of the value of their resistance and the 

current through them. The sources of losses in the power semiconductor devices are: 

a) the losses during forward conduction, which are a function of the forward voltage 
drop and the conduction current 

b) the loss occurring in the gate circuit 

c) the switching losses, Le energy dissipated in the device during turn-on and turn-off 

The power loss associated with the gate drive can normally be neglected. However in 

the case of current driven devices like GTOs, this loss may be significant [2 1 ]. 

The switching losses during the turn-on and the turn-off of power semiconductor 
devices depend on the forward voltage across the device, the current through it and 

the switching on/off times [21,22]. Losses are also due to the snubber circuits that are 

used in power converters for the proiection of the switching devices. The snubber 

circuits consist of a series combination of a resistor and a capacitor. In the EMITP 

simulations carried out later in the chapter use small resistances in series with the 

semiconductor devices to account for the conduction losses. Simulation results later 

in this chapter (section 8.8) illustrate the active power flow through the UPFC. 

T'he control of the VSI circuit has been widely used in electrical engineering 

applications, especially in those with low-voltage small power rating characteristics. 
The control of the VSI circuit can be divided into the following two general 

categories: 
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1) Pulse-width modulated (PWM) inverters[ 1,4,9,151: In these inverters, the input dc 

voltage is essentially constant in magnitude, therefore the inverter must control the 

magnitude and the frequency of the ac: output voltage. This is achieved by PWM 

of the inverter switches and hence such inverters are called PWM inverters. There 

are various schemes to pulse-width modulate the inverter switches in order to 

shape the output ac voltages to be as close to a sinewave as possible. The most 

popular of these schemes is the sinusoidal PWM (SPWM). 

2) Square-wave inverters [2,16,17,18,19]: In these inverters, the input dc voltage is 

controlled in order to control the magnitude of the output ac voltage, and therefore 

the inverter has to control only the frequency of the output voltage. The output ac 

voltage has a waveform similar to a square wave and hence these inverters are 

called square-wave inverters. 

The relationship between the control input and the full-bridge inverter output 

magnitude can be summarised as shown in Figure 8.6(a), assuming a sinusoidal 

PWM in the linear range of m. :51 (m. is the modulating ratio, m. = 
Kontml 

). From 
VIi 

figure 8.1 the peak value of the fundamental frequency component in one of the 

inverter legs is 

Vd 
(VAN)l 

2 
(8.3) 

Therefore the line-to line rms voltage at the fundamental frequency, due to 

120* phase displacement between voltages, can be written as 

- vF3 -= -13- v :=0.612m. Vd VOI : 72 (VAN )I ýMad (8.4) 
2 

For a square-wave switching, the inverter does not control the magnitude of the 

inverter output, and the relationship between the dc input voltage and the output 
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magnitude is summarised in Figure 8.6(b). In a similar procedure to the one that was 
described before 

Vol =- 0.78Vd 

Vd 

V, 
ontrol 

I10. 

I Vi k(m. ) 

form,: 51, k(m. )=0.612m,, 

(a) 

Vd 10 Inverter 10 
Vol= kVd 

(nus, line-line) 

k--0.78 

(b) 

V01= k(M, )Vd 

(rms, line-line) 

(8.5) 

Figure 8.6 Inverter output voltages: (a) SPWM operation, (b) square-wave operation 
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The square-wave method is widely used in rectifier and inverter applications. 
Although this method has minimal operating switching losses, it produces harmonics 

and requires a more complicated magnetic structure. In recent years the PWM 

method has been used to develop FACTS controllers such as the PWM-STATCON, 

series type PWM compensator, PWM-UPFC, etc. This is because the PWM inverters 

have some important characteristics such as[9,10,11,15]: 
1) near sinusoidal current waveforms; 

2) 0- 360* angle operation; 
3) bi-directional power transfer capability through reversal of the direction of flow of 

the dc link current; 
4) direct and continuous control of the source voltage without changing the dc-link 

voltage. 
If the PWM method is used in power flow controllers, they will generate low 

harmonics, require a simple magnetic structure, and be relatively inexpensive. Thus 

the PWM design approach was chosen for simulation studies of power flow 

controllers. 

8.3 Electromagnetic Transient Studies of power flow controllers 

ENITP - Electromagnetic Transients Program - is a full featured transient analysis 

program, initially developed for electrical power systems. It is also capable of 

simulating controls, power electronics, and hybrid situations. The program features 

an extremely wide variety of modelling capabilities encompassing electromagnetic 

and electromechanical oscillations ranging in duration from microseconds to 

seconds. 
In EMTP, power systems transients and control systems could be modelled 

simultaneously to study their dynamic interaction. Sensors pick up signals from the 

power system for input to the control system (called Transient Analysis in Control 

Systems-TACS). Commands arc forwarded from the control system to the power 

system as shown in Figure 8.7. 
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The procedure of setting up models of power flow controllers (such as STATCON 

and UPFC models) by EMTP/TACS consists of deriving mathematical models from 

the real-world device configurations. Modelling of the GTO (or transistor) should be 

simplified in order to match the device provided by EMTP, shown in Figure 8.8. In 

this case, the GTO becomes an idealised switch, which can be controlled by feedback 

signals from the network according to the TACS definition. These signals should be 

carefully chosen and calculated from the control strategy scheme. 

Power System I Sensors 

Current 

Voltage 
Functions 

Sources 

Commands I Control system(TACS) 

Figure 8.7 Interaction between power system and control system (TACS) 

I st node 2nd node 
00 

TACS- controlled 

Figure 8.8 Type-13 switch for diode and valve 

8.4 SPWM Scheme Generated by EMTP TACS 

The SPWM switching module [4,9] is a scheme where a control signal V,..,,, 

(constant sinusoidal wave or varying in time according to control mode) is compared 

with a repetitive switching frequency triangular waveform, in order to generate the 
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switching signals. Controlling the switch duty ratios in this way allows the average ac 

voltage input to be controlled. With reference to Figure 8.9 the frequency of the 

triangular wavefonn establishes the inverter switching frequency f, and is generally 

kept constant along with its amplitude V,, i. The control signal is used to 

modulate the switch duty ratio and has a frequency f,, which is the desired 

fundamental frequency of the inverter voltage output, recognising that the inverter 

output voltage will not be a perfect sine wave and will contain voltage components at 

harmonic frequencies of f,. 

VCONTROL VTRI 

1000 

aoD 

000 

400 

2W 

-0 
L 

-2W 

-4W 

-1000 
024aa 10 12 14 le la 

TACS -VCONTROL TACS - VTRI t [nisl 

Figure 8.9 Comparison between the control signal and the triangular waveform 

Thus, the amplitude modulation ratio in. is defined as [4] 

V. trol Vri 
(8-6) 
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The frequency modulation ratio mf is defined as 

Mf (8-7) 

Therefore, three parameters are adjusted to adapt the simulation of power flow 

controllers and the system interaction: 

1) In order to keep the SPWM operating under a linear modulating range, 

m. (modulating ratio) should be from 0 to 1. In this case, determines the 

amplitude of the sinusoidal modulating waveform. and therefore modifies the 

positions of its intersections with the constant amplitude triangular carrier waveform. 

V. 
O,., 

is generally derived from the system control objective, whose amplitude and 

phase depend on their different requirements. 

2) Because the power system usually maintains a constant frequency of 50Hz , mf is 

chosen as a large number (25 Le a repetition of 1250Hz for STATCON, 100 Le a 

repetition of 500OHz for the UPFC), which means that the triangular waveform 

signal and the control signal are synchronised to each other and the amplitudes the 

harmonics are small. Therefore, the frequencies of both V,. t,., and V,, i are kept 

constant during the simulations. 

3) The phase displacement 0 between V,,.,,,, 
Ol and V,,, i could be regulated according to 

the demands of the magnitude and direction of power flow. Therefore, two 

regulating parameters m, and 0 can be employed as internal control to manipulate 

the turn-on and turn-off signals of the VSI in the power flow controllers(one 

inverter for the STATCON, two back-to-back inverters for the UPFC). 
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8.5 EMTP Model Development for the STATCON 

The simulation system suitable for electromagnetic study is intentionally a simple 

system whose main objective is to aid understanding of the power flow controllers 

and their interaction with the system. The system under consideration is illustrated in 

Figure 8.10 and includes a three-phase 132kV source, a transmission line, an 132/11 

kV wye-wye transformer connected to a STATCON and a load connected to the 132 

kV network. The whole system contains all of the necessary components which are 
implemented in the EMT? /TACS data fonnat. In addition to these system circuit 

components, some factors must be taken into consideration in order to operate the 

system properly. These factors include initialisation of the converter currents , 
damping resistance connected in parallel with the transmission line and the use of 

snubber circuits to avoid numerical instability of the EMTP simulation. 
For the modelling of the voltage source, type 14 source model of the normal 

sinusoidal function as specified in the EMM manual was used. The transmission line 

was modelled as a simple resistance and inductance. In parallel with the inductance a 

resistance was used in order to avoid numerical oscillations. For the transformers, 

single-phase models were used and the ratio of the primary winding with respect to 

secondary winding and the leakage reactance of the windings are the input 

parameters which define the transformer characteristics. 
The voltage source inverter is the fundamental component of the STATCON. The 

three phase, full-wave inversion bridge is built using three identical GTO inverter 

legs. In the VSI each 6-pulse converter consists of twelve bridge-arms, which are 

composed of a GTO valve and a diode connected in anti-parallel with the GTO. This 

is called the switch module. Because of the diode the bridge-arm can conduct current 
in both directions as long as the GTO has a firing order. Therefore, from a system 

study point of view it is sufficient to use type-13 switches to model the combination 

of the GTO valve and the anti-parallel diode. In order to consider the losses in the 

valves a very small resistor (O. Imil) is connected in series with the controllable 

switch. 
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In a real system, a snubber circuit is connected in order to limit the rate of voltage 

change during turn on/off. In the EMTP model, a snubber circuit is also used in order 

to avoid numerical oscillations. This circuit consists of a resistor and a capacitor 

connected in parallel with the GTO valve. Generally, the minimum RC time constant 

should be greater than 2-3 times the step size. 

BUSI 132kV BUS2 

'0000' TRANSFORMER 32 MVAY-Y 

LOAD 32 MVA 
or 132/11 kV 

STATCONJ CONVERTER +- 32 MVA 
II 

0 ma 

Figure 8.10 STATCON model connected to a power network 

To effectively control the STATCON and especially to control the GTO switches, it 

is necessary to model the generation of SPWM signals which are used to trigger turn 

on-off the GTOs. In this respect, the Transient Analysis of Control Systems (TACS) 

of the EMTP provides a method for setting up the SPWM switch scheme for 

controlling the GTO thyristor valves of the inverter. Using various functions such as 

the transfer function blocks and FORTRAN-like statements provided by TACS, the 

SPWM control signal can change. The SPWM control accepts an analogue sinusoidal 

modulating waveform. signal from each of the three phases and an analogue 

triangular carrier signal, and based on detecting the intersection points it generates 

gating signals to the GTOs of the bridge. The output of the SPWM signal is 

m. sin(o)t+O)[3,4,9]. From this expression it can be seen that the controlled 
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variable can have full circular amplitude and phase variation under the control of 
SPWM. 

8.6 Results of simulation of the SPWM STATCON 

In this section, simulation results based on SPWM inverters by EMTP are presented. 
The SPWM switch scheme for controlling the GTO thyristor valves of the inverters 

has been set up using TACS of the EMTP, in which the SPWM control signal can be 

generated according to the open-loop simulation studies. 
The system under study is shown in Figure 8.10. With a converter rating of 
± 32 MVA the dc capacitor voltage corresponding to ±Ip. u current (where - refers to 

the lagging and + to the leading current) can be obtained using the equation 8-8 

VLL = 0.612m. Vd (8-8) 

for m. = 1. This equation assumes that the dc capacitor voltage Vd is constant. 

However this is not true in practice unless a very large capacitor is used. When a 

sinusoidal PWM is used for a given STATCON output current, the minimum dc 

capacitor voltage can be obtained with m. =I and only that condition is considered 

throughout this study. 

The following are three sets of typical simulation results: 

1) Using m. =I the STATCON operates at maximum capacitive current . Figures 

8.11-8.17 illustrate results of this study using a constant voltage on the dc link. 

Figures 8.18-8.20 show results using a finite capacitor(IOOOgF), C,. 'nie capacitive 

STATCON increases the fundamental voltage at bus 2, while the actual voltage 

waveform at this bus appears with a harmonic component (Figures 8.12,8.19). The 

effect in the load current is much less due to the associated impedance (Figure 8.15). 
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The current in the converter in this bus leads the voltage by 90* (Figures 

8.14,8.16,8.20). 

2) Using m. = 0.6 the STATCON operates at maximum inductive current. Figures 

8.21-8.22 illustrate results of this study using a constant voltage on the dc link. 

The inductive STATCON decreases the fundamental voltage at bus 2, with the 

actual voltage waveform illustrated in Figure 8.21 including high order harmonics. 

Figures 8.23-8.24 show results using a finite capacitor(IOOOgF), Ci. The current 

in the converter lags the voltage by 90* (Figure 8.24). 
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Figure 8.11 Voltage of phase A at bus I 
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Figure 8.13 DC voltage across the capacitor 
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Figure 8.14 Current of phase A flowing from the STATCON to the transformer 
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Figure 8.17 PWM generation 
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Figure 8.19 Voltage of phase A at bus 2 
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Figure 8.21 Voltage of phase A at bus 2 
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Figure 8.23 DC voltage across the capacitor 
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Figure 8.24 Current of phase A flowing from the STATCON to the transformer 
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8.7 EMTP Model Development for the UPFC 

The simulation system suitable for electromagnetic study is often adapted as a simple 

system whose objective value is to understand the UPFC regulation concept and 
interaction with the system. Ile system under consideration is illustrated in Figure 

8.25 and includes a three phase 132 kV source, a transmission line, a 132/11 kV wyc- 

wye shunt connected transformer, a series connected transformer , two back to back 

inverters and a load connected to the 132 kV network. 

132 kV Transmission linc 
-, % V. 

vpq 
VO 

I 

T, 

T, V, d, 

I Load 
VS1 I VSI 2 

M., el M. 2 92 

Figure 8.25 UPFC model connected to a power network 

The voltage source inverter is the heart of the UPFC. A dc capacitor is the link to the 

voltage source inverters of the shunt part and the series part of the UPFC. The 

Sinusoidal Pulse Width Modulation is used for the control of the UPFC. The block 

labelled m. sin(wt + 0) is the key to realise the regulation of the SPWM. When 

m. . co, and 0 are specified the UPFC operates under the control of the open-loop 

controller. 
In the generation of SPWM signals, the phase displacement 0 is the ideal phase of 

controlled variable with reference to the phase of connected bus which is assumed 

zero degrees. This case is the assumption of the existence of a perfect three-phase 

voltage source (Le infinite bus) right at the point of common coupling (PCC) 

between the AC and DC system [20]. In technical terms, it can be said that the 
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system interface has an infinite strength. However, this is not true in practice because 

of the voltage distortion at the PCC and the voltage synchronisation problem. The 

absence of perfect voltage sources at PCC is because as the loading of the system 

changes, so do the bus voltages. The changes in bus voltages at PCC occur in 

magnitude as well as in phase angle. 

In order to successfully obtain the required information on the phase angle 0 of the 

fundamental voltage on the AC busbar, a voltage synchronisation system is 

introduced as follows: 

Assume AC bus voltage as [20]: 

VO = V. cos(cot + 0) 

Through the use of Fourier analysis: 

(8.9) 

2t2t0 
Cl 

Tfv 
(t) cos o)tdt Tf v(t) cos cotdt -fv (t) cos (t)tdtl 

t-T 

10 

t-T 

t2 1' 
-0 tj S, f 

v(t) sin cotdt =-f v(t) sin cotdt f 
v(t)sin o)td (8.11) 

T t-T T0 t-T 

V. can be obtained from 

V C1 2+ý 2 (8.12) 

The determination of 0 needs more elaboration. The difficulties arise from the lack of 

structured IFffHEN31, SE statement in EMTP. To solve this problem the following 

expression is suggested: 

(-S 
I) a taný-) + IC,. LT. 01 

cl 
(8.13) 
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The above expression will correctly return values of 0 ranging from - 90* to + 270% 

which generally covers the operation range of the phase for any given bus voltages. 
In the EMTP, some functions of monitoring variables have been provided, such as 

voltages and currents and instantaneous powers. However, more practical interest is 

the average power over a period of time T. 

The instantaneous power in any electrical component is given by 

p(t) = V(t) * i(t) (8.14) 

The average power over a period time T is formulated by: 

t 

P=Tf p(t)dt (8.15) 
t-T 

The period of time is usually one period of the fundamental frequency. For 50Hz the 

period is 0.02secs. 

The average power P is constant in steady-state. But the average power varies with 

time during transients. Then the average power P(t) is of interest during the last half 

cycle on a continuous basis. It can be found by continuously computing p(t) and 

splitting the integral into two components. 

1t Z-T 1 
P(t) =Tf p(t)dt _ 

fp(t)dt 
=-[P-(t)--f(t-T)] (8.16) 

The second integral has the value of the first integral delayed by T seconds. This 

suggests an implementation in TACS as in the figure. The delay of the value of F(t) 

by time T is readily obtained by using TACS device code 53. Its output value is equal 

to the input value delayed by time T. 

A single phase diagram corresponding to a VSI connected to the utility system 

through a transformer is given in figure 8.26. In this case, the general expression for 

the apparent power flowing between the AC mains side VO and the ac sideVh ofthe 

VSI is as follows [11]: 
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so = 

VOVsh 

sin 01 - j( 
VOVsh 

Cos 01 
- 

Vol 

(8.17) 
xxx 

where 0, is the phase displacement between Vo and V,,. 

vo 

'a 

Figure 8.26 A single diagram corresponding to a VSI connected to the utility 

system through a transformer 

When the shunt part and the series part of the UPFC operate under the SPWM, they 

have different functions. According to the concepts of the UPFC, the functions of the 

series part are achieved by adding an appropriate voltage phasor Vpq to the terminal 

phasor VOas shown in figure 8.27. BecauseVpqcan be regulated by amplitude and 

angle, it is important to analyse howVpq 'Sre. o. ulated by SPWM. It is assumed that the 

dc link voltage Vdcin the UPFC circuit is kept constant by inverter 1, which can be 

readily realised by changing the phased angle 0, between VO and Vh. Tberefore, the 

series voltage output of the ac terminal of inverter 2 can be obtained [91: 

Vpq= T2ma2Vdc(COS02+ jsino2)/2 (8.18) 

where T2 is the ratio of the series transformer, M. 2'Sthe modulation ratio of inverter 

2, and O. is the phase shift angle between Vpqand Vo. Thus Vpqis defined by 

M. 2ando2and can be proportionally controlled by differentM. 2ando2according to 

the concepts of the UPFC which is shown in figure 8.27. In this way, the UPFC can 
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partially fulfill the functions of voltage regulation, series compensation, phase angle 

regulation and multi-function power flow control through regulating inverter 2 based 

on SPWM method. 

Figure 8.27 Phasor diagram of multiple control scheme 

For the shunt part of the UPFC, it not only provides the active power to charge or 
discharge the dc link capacitor and keep Vdcconstant, but also can control the voltage 

VO by regulatingVh -It is in principle straightforward to meet the requirements of 

regulating Vd, and VO simultaneously with SPWM through control of 0, and 

m., respectively. However from equation 8.17 the changing of the Vhnot only 

results in the changing of the reactive power flow but also the changing of the active 

power flow, and can thus lead the changing of Vdr. At this time, 0, should be 

regulated in order to keep Vdconstant. Under the above assumptions, the inverter I 

has the following operating characteristics [10]: 

1. Active power flow is biteral. It goes from VObus toVhbus for lagging 0, and 

vice versa for leading 0, 

2. Assuming 0, is used to keep Vd, constant, the shunt part of the UPFC absorbs 

reactive power when VO>V,, h, which can be realised through decreasing m,,; 
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3. Assuming 0, is used to keep Vd, constant, the shunt part of the UPFC supplies 

reactive power whenVO ̀ýý Vh 9which can be realised through increasing m,, . 
The SPWM UPFC can thus control transmission line terminal voltage and power 

along the line by regulatingM. 1 . 01 . M. 2ando2of inverters I and 2. 

8.8 Results of simulation of the SPWM UPFC 

In this section simulation results through detailed modelling of the UPFC based on 
SPWM inverters by EMTP are presented. The system under study in figure 8.25 (or 

in a smaller scale in figure 8.3) is analysed below for various system scenarios and 

can be used effectively in order to predict the response of the UPFC. In the following 

seven sets there are some typical simulation results demonstrating voltage and power 
flow differences for various UPFC operating conditions (sets from I to 6) and the 

active power flow though the UPFC (7tb case study): 

-9.60* figure 8.28 shows the 1. Using M. 2 
19 02 ='O* . in., = 0.6, with 0, = 

voltages before the series connected transformer, the voltage across it and the load 

voltage. The rating of the series connected inverter is ± 17 MVA . The load voltage 
is increased according to equation 8.18. Figure 8.29 illustrates the current at the 

low voltage side of the shunt connected transformer. Thi's current flows from the 

VSI to the ac network. In figure 8.30 the load current is presented and in figure 

8.31 the active power flow before and after the series part of the UPFC is shown. 

With 02= 0* the active power in the load is maximum due to the maximum 

voltage across it (power as a function of the squared voltage). The active power 
flow difference in figure 8.31 is also maximum due to the maximum voltage 

difference between the source (VO ) and the load (VO voltage. This power flow 

difference also includes the losses in the UPFC as were described in section 8.2. 

2. For M &2 ý11 02 = 90* 1M &I = 0.6 with 0, = -L60* figure 8.32 shows the voltages 

before the series connected transfonner, the voltage across it and the load voltage 

and figure 8.33 the active power flow before and after the series part of the UPFC. 
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As expected the load voltage and so the active power at the load terminal is less 

than in the previous case. The active power flow difference in figure 8.33 is much 

less than in the previous case and includes the losses in the UPFC as were 

described in section 8.2. 

3. For M., '= 180% in., = 0.6 with 0, = +6.50* figure 8.34 shows the voltages -': 1102 

before the series connected transformer, the voltage across it and the load voltage 

and figure 8.35 the active power flow before and after the series part of the UPFC. 

According to the equation 8.18 the load voltage is minimal and so does the active 

power (because the active power is a function of the square voltage). The 

difference in active powers in figure 8.35 is much higher than in the previous case 
due to the significant voltage difference between the source (VO ) and the load 

(VO voltages (the active power difference also includes the losses in the UPFC). 

4. ForM. 2 =1 102= 270% m., = 0.6 with 0, = -1.85* figure 8.36 shows the voltages 

before the series connected transformer, the voltage across it and the load voltage 

and figure 8.37 the active power flow before and after the series connected part of 

the UPFC. As in case (2) the small active power flow difference in figure 8.37 

also includes the losses in the UPFC. 

5. For in., = 0.5,02 = 180% in., = 0.6 with 01 = +4.1* figure 8.38 shows the voltages 

before the series connected transformer, the voltage across it and the load voltage 

and figure 8.39 the active power flow before and after the series connected 

transformer. According to the equation 8.18 the load voltage and so the active 

across the load are now greater than in case 3. The active power flow difference in 

figure 8.39 is much less than in case (3) due to the decrease in the voltage 

difference between the source (VO ) and load (VO voltages. The power flow 

difference also includes the losses in the UPFC as were presented in section 8.2. 

6. ForM. 2 =1 102= 180% in., = 1.0 with 0, = +2.15* figure 8.40 shows the voltages 

before the series connected transformer, the voltage across it and the load voltage 

and figure 8.41 the current at the low voltage side of the shunt connected 

transformer. This current flows from the VSI to the ac network. Compared to the 
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current in case 1, it has an opposite phase angle, due to the difference at the 

modulation ratio m.,. 

7. Using case I as reference ( with Ma2 =1t 02 -= 0* 
, m,, = 0.6,01 = -9.60*), an 

investigation of the active power flow through the UPFC was undertaken using 

the figure 8.42 by plotting the active power before and after the UPFC. From this 

figure it can be seen that there is active power flow through the controller that 

accounts for the losses in the UPFC as described in section 8.2. 
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Figure 8.29 Current of phase A on the low voltage side of the shunt transformer 

321 

0 10 20 30 40 so 
I [msl 

VOLTAGE OF PHASE A ON THE SOURCE SIDE 

VOLTAGE ACROSS THE SERIES TRANSFORMER 
LOAD VOLTAGE 

10 20 30 40 so 
t Ims] 

CURRENT OF PHASE A ON THE LOW VOLTAGE SIDE OF THE SHUNT TRANSFORMER 



Electromagnetic transient simulation studies of the Static Com, 2ensator and the UPFC Chapter 8 

A 

300 

200 

100 

0 

-100 

-200 

-3(* 

Figure 8.30 Load current-phase A 
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Figure 8.31 Active power flow before and after the series connected transformer 
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Figure 8.32 Simulation results of VO, Vpq 
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Figure 8.33 Active power flow before and after the series connected transformer 
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Figure 8.35 Active power flow before and after the series connected transfonner 
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Figure 8.36 Simulation results of VO, Vpq 
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Figure 8.37 Active power flow before and after the series connected transformer 
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Figure 8.38 Simulation results of Vo, Vpq 
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Figure 8.39 Active power flow before and after the series connected transformer 
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Figure 8.41 Current of phase A on the low voltage side of the shunt transformer 

327 

10 20 30 40 50 

VOLTAGE OF PHASE A ON THE SOURCE SIDE 

-VOLTAGE ACROSS THE SERIES TRANSFORMER 

-LOAD VOLTAGE 

0 10 20 30 40 50 
t [ms] 

CURRENT OF PHASE A AT THE LOW VOLTAGE SIDE OF THE SHUNT TRANSFORMER 



Electromagnetic transient simulation studies of the Static Compensator and the UPFC Chapter 

IMMI 

60 

40 

20 

0 

-20 

-40 

-ao 

Figure 8.42 Active power flow through the UPFC 

8.9 Conclusions 

The work presented in this chapter described work on power flow controllers and 

especially open-loop simulations of the STATCON and the UPFC. Studies have 

shown that the SPWM is a potentially promising method for effective regulation of 

power flow controllers. 

The effectiveness and the versatility of the above model makes it a useful tool for 

more advanced power flow analysis in power system networks. 
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CHAPTER 9 

CUSTOM POWER TECHNOLOGY: CIRCUITRY AND CONTROL 

FOR MODELLING A SOLID STATE SWITCH WITHIN 

DISTRIBUTION SYSTEMS 

9.1 Introduction 

Power disturbances, which can cause electrical "pollution" over a large section, 
increase the cost in critical customer equipment. However, a new generation of 

power electronic devices is becoming available for use on distribution systems, 

which will enable utilities to provide premium-quality electricity to customers with 

sensitive loads. This technology is commonly referred to as Custom power [1 -6] . 
This chapter begins with a general description of this new family of devices for 

distribution systems. The three main Custom power devices, the Dynamic Voltage 

Restorer(DVR), the Distribution Static Condenser(D-STATCON) and the solid state 

switch are presented. Three devices based on the solid state switch are also reported, 
followed by their design specifications and the individual rating and application 

requirements. A control strategy is presented in order to assist power system 

engineers in the applications of devices based on the solid state switch in distribution 

systems. 
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9.2 Custom power technologies optimise distribution services 

The term Custom Power describes the value-added power that electric utilities and 

other service providers will offer their customers in the future. The improved level of 

reliability of this power, in terms of reduced interruptions and less variations, will 
lead to a solution of which the prominent feature will be the application of power 

electronic controllers to utility distribution systems. 
Flexible AC Transmission systems and Custom Power have been developed to serve 

the transmission and the distribution systems respectively. Despite having a common 

technology base in power electronics, they serve different purposes and have 

different economical justifications[ 1,2]. 

Industrial and commercial customers are adding computer controlled and 

microprocessor-based equipment for automated control. Although these devices 

enhance the productivity of the customers, they are not without their own set of 

unique requirements. One of these requirements is the need for high quality power 

containing minimum voltage variations. Ile performance of such customer 

equipment can be adversely affected by 

1) Line voltage sags and swells 
2) momentary interruptions 

3) transients and harmonic distortion. 

Transients, harmonics and momentary interruptions have grown in recent years and 

electric utilities are faced with resolving these complaints and correcting the 

problems. 
About 90% of outages affecting customers originate on the utility distribution system 

and are due to causes such as lightning and line faults[l]. 

In today's globally competitive markets, businesses are less willing to tolerate 

production loss and defects caused by power supply problems. The incidence of brief 

outages will play a pivotal role in relations between a utility and its customers. 
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Up until now, many customers with sensitive loads have installed their own 

uninterruptible power supply (UPS) to provide "ride through" capability[4]. 
Commercial users of computer equipment have installed UPS to keep computer 

systems operating for short interruptions or allow for an orderly shut-down in the 

case of blackout. But these battery dependent devices bring problems of their own. 

They are often expensive and energy inefficient, and they require maintenance that 

may exceed the owner's resources. Installing a UPS may also be difficult on some 

customer premises because of severe space constraints or changing facility 

requirements. From the above discussion it is clear that customer-side solutions are 

not always the best or the most economical method to remedy failures in power 

supply reliability. Uninterruptible power supply units and mechanically switched 

feeder transfers installed and operated by customers are costly and inefficient. In 

capital costs alone they result in energy losses as high as 20 percent in some 

instances. 

One solution lies with the development of a new family of power electronic devices, 

called Custom power, capable of high voltage and current applications, suitable for 

operation in distribution and industrial environments, typically at the I IkV voltage 

level. This technology has become available due to the recent developments in the 

semiconductor industry, particularly the introduction of the Gate Turn Off (GTO) 

Thyristor, the Insulated gate Bipolar Transistor (IGBT) and the MOS controlled 

Thyristor (MCT). These devices have suitable characteristics for switching 

applications, namely high voltage and current capacity up to RV at 4kA and high 

frequency switching capability up to lOkHz. The important point, is the rapid 

advancements in device development, which suggests that, in the near future, present 

ratings will be improved significantly. 
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9.3 Main Custom Power devices 

a) Dynamic Voltage Restorer (DVR) 

A Custom Power device now entering utility service is the Dynamic Voltage Restorer 

(DVR), a solid-state controller that protects a critical load from power line 

disturbances. Connected in series with the primary distribution feeder providing 

power to a sensitive load, it compensates for momentary voltage sags, swells, 

transients, and harmonics by exchanging real and reactive power with the line. 

A DVR consists of a dc-ac power inverter based on insulated gate bipolar transistor 

(IGBT) technology, which is connected in series to a distribution line through a set of 

three single-phase injection transfon-ners. When a voltage disturbance occurs on the 

incoming distribution feeder, the DVR restores the quality of the voltage waveform 

to the load by injecting a voltage into the feeder that compensates for the problem. 

The dc side of the inverter is connected to a dc link that provides a regulated dc 

voltage source, which the IGBT switches convert into a synchronous ac voltage of 

controllable amplitude, phase angle, and frequency. 

A complete DVR model with its associated controls will be presented in chapter 10. 

b) Distribution Static Condenser (D-STATCON) 

A technology that provides a function complementary to that of the DVR is the 

distribution static condenser (D-STATCON), which protects the distribution system 

from power "pollution" caused by the disturbing effects of certain customer loads. In 

a typical application, it would be placed between the feeder and a heavy, fluctuating 

load, whose operation would otherwise produce voltage sages, swells, and harmonics 

that could adversely affect other customers power quality. The D-STATCON can 

also be used with a solid-state breaker and an energy storage subsystem to support the 

downstream load during the operation of a feeder breaker or another upstream power 
interruption. 
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Like the DVR, the D-STATCON consists of an IGBT-based dc-ac power inverter. In 

contranst to the DVR, however, the D-STATCON is connected in shunt (rather than 

in series) to a distribution feeder through a coupling transformer that matches the 

inverter ac output voltage to the distribution system voltage. In this configuration, the 

D-STATCON exchanges only reactive power with the line and provides voltage 

regulation and power factor correction to the load by injecting current that is in 

quadrature with the distribution feeder voltage. If any energy storage subsystem is 

added, the D-STATCON can also supply real power'to the load once the solid-state 
breaker has disconnected the load from the feeder during an upstream power 
disturbance. Harmonic currents required by nonlinear loads can also be provided by 

the D-STATCON. 

c) Solid state switch 

Circuit breaking is a relatively new application for solid state technology although 

thyristors have been employed for many years in HVDC transmission and motor 
drive applications. 
A major device in the Custom Power Product family is the Solid State Switch[3,7,8]. 

Advanced current interruption technology utilising high power solid state switches 

offers a viable solution to most of the distribution problems that result in voltage 

sags, swells and power outages. Solid state fast acting (sub-cycle) breakers can 

instantaneously interrupt the current flow when a fault takes place in a feeder. They 

can also transfer sensitive loads from a normal supply that experiences a disturbance 

to an alternative supply that is unaffected by the disturbance. In this application the 

solid state switch acts as an extremely fast conventional transfer switch that allows 

restoration of power of specific quality to the load in 1/4 cycle. 
Sometimes the solid-state switch is combined with a current limiting reactor. In this 

case the solid state switch can rapidly insert the current limiting device into the 

distribution line to prevent excessive fault current from developing from sources of 

high short circuit capacity. 
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Optional configurations for the solid-state switch include current limiting, transfer 

switch and fault conducting capabilities. 
The remainder of this chapter concentrates on the development of a solid-state 

switching device. 

9.4 Applications of the solid state switching devices 

Solid State Breaker 

Typical substation configurations will be used to illustrate the potential applications 

of the solid-state switch. Figure 9.1 shows the possible locations for a solid state 

switch for application within in distribution systems. A solid-state circuit breaker will 
interrupt a fault very quickly in less than Vicycle and also provide a controlled path 
for the fault current. A solid-state transfer switch will select between two sources and 

provide the best available power downstream. A Current limiting interrupting switch 

would not only limit but would completely interrupt the current flowing through the 

tie, and would not have to coordinate directly with downstream or upstream circuit 
breakers. A solid state breaker must coordinate with the upstream or downstream 

protection devices. The capability of the solid state switch in terms of protection 

performance depends on the current and voltage ratings of its semiconductor devices. 

Commercially available GTOs (Gate Turn Off Thyristors )and SCRs (Silicon 

Controlled Rectifiers) can be used for this purpose. 

0-I-i 

I0adI 

(a) 
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Solid State Transfer Switch 

Load 

(b) 

LOZ LM 

Current limiting Interrupting Switch 

LOAD 

(c) 

Figure 9.1 Solid State Switching devices 
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9.5 Design of solid state switches 

The main characteristic of GTO devices is that they can interrupt current immediately 

by the application of an appropriate gate control signal. The maximum current that 

can be interrupted by a GTO is RA . The voltage rating for the GTO is 4.5kV. 

However due to the more complex internal structure of the GTOs (compared to the 

SCRs) they cannot handle very high surge currents that occur during system faults. 

Therefore the only operating mode allowed for the GTO breaker is the instantaneous 

interruption of a detected overcurrent. 

The advantage of SCR devices compared to GTOs of the same size is that they can 
handle considerably higher surge currents[7]. They are also available commercially 

with higher nominal current rating and lower conduction losses. These losses are 

almost half of the GTO's at 600A. It is possible to maintain 15 kA fault current for 

15 cycles using SCRs breakers. Paralleling SCR switches is possible with minimum 
increase of circuit complexity if higher fault current capabilities are required. 

The disadvantage of SCR breakers is their inability to interrupt current on demand. 

SCR breakers open when the current amplitude drops to a near zero level[7]. 

A simplified arrangement for the solid state breaker is shown in Figure 9.2. It 

consists of 3 parallel connected branches: a branch composed of GTO thyristors, a 
branch composed of SCRs in series with a current limiting reactor and a zinc oxide 

arrester. 
Under normal load conditions, the GTOs are gated continuously and maintain full 

conduction. The GTOs are rated for maximum normal line current, but not rated for 

fault currents. When a fault occurs on the load side of the SSB (Solid State Breaker), 

a control circuit is activated by the instantaneous magnitude and/or rate-of-rise of 

current which results in a turn-off of the GTOs. The GTOs respond within a few 

microseconds of the control signal being applied and are capable of turning off 

current considerably higher in magnitude than the maximum continuous current. In 

this way the fault current is quickly limited before it reaches a destructive level. In 

338 



Custom Powertechnology: circuitaandcontrol for modelling a solid state 5witch withindistribution 
systems Chapter 9 
order to achieve the voltage required for application to the utility systems, a number 

of GTO modules are required connected in series within the SSB. After the turning 

off of the GTOs 
, the SCRs thyristors are activated. The SCR switch is normally open 

and has no continuous current rating. Its function is to conduct fault current to 

facilitate the operation of conventional protective devices on the load side of the 

SSB. For this purpose it is rated for short duration fault surge currents[8]. The current 

limiting reactor will ensure that the fault current in the system is kept as low as 

practically possible in order to limit the required surge current rating of the thyristor 

based switch and also to minimise stresses on the distribution system. The zinc oxide 

arrester is used in order to provide a limit for the voltage across the semiconductor 

devices. If the fault current in the SCR switches remains for too long, then a control 

signal de-activates these switches and thus no more current flows in the SSB. In this 

case the switch connected in series with the 3 parallel connected branches transits to 

the open state . 

Figure 9.3 shows a simplified scheme for the solid state transfer switch. 'Me solid 

state transfer switch (SSTS) selects between two or more sources of power and 

provides the best available power to the electrical load downstream. The SSTS is a 

solid state switch based on the SCR device. The SCR operates in two modes: 

1. ON-state: forward conduction, low impedance; or 
2. OFF-state: open circuit; almost infinite impedance. 

71c basic ON-state and OFF-state properties of the SCR are used to form an 
intelligent switch which can choose between two upstream power sources and 

provide the best available power to the electrical load downstream. Ile basic 

configuration is that of back-to-back SCRs on the preferred and alternate sides of the 

switch. An SCR allows conduction only in the forward direction. 

During normal operation, all SCRs associated with the preferred source are in the 

ON-state, while those associated with the alternate source are in the OFF-state. 
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Current sensing circuits constantly monitor the states of the preferred and alternate 

sources and feed the information to a supervisory microprocessor controller. Upon 

sensing the loss of the preferred source, the microprocessor controller forces the gate- 
driven SCRs on the alternate side to turn ON. The transfer from the preferred to the 

alternate source is very fast (less than 1/4electrical cycle). 
Figure 9.4 illustrates a simplified scheme for the Current limiting interrupting 

switch(CLIS). When a fault occurs on the load side of the CLIS, a control signal 
initiates the turn-off, the GTOs current is diverted into the snubber capacitor, which 
limits the rate of rise of voltage across the valve until it reaches the clamping level 

established by the zinc oxide arrester. Then the CLIS completely interrupts the 

current flow. When the fault is cleared the GTOs can be turned back on at an instant 

when the voltage across them is close to zero. An isolating switch is included as part 

of the CLIS to provide the necessary isolation when the CLIS is open. This switch is 

operated automatically by the CLIS controller. 

Figure 9.2. SSB circuit configuration 
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Preferred source 

Altej 

al load 

Figure 9.3. SSTS circuit configuration 

Figure 9.4. CLIS circuit configuration 
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9.6 Solid state switch rating requirements 

Any SSB, SSTS or CLIS has to be designed safely to carry the highest continuous 

current that will flow under normal circumstances. In order for the switches to carry 

the current, GTOs and SCRs with an appropriate rms rating have to be used. 

The GTO cannot be placed in a situation where it would be subjected to a fault 

current for a duration more than one cycle. The GTOs would have to switch off any 

overload or fault current before it reaches their maximum turn-off limits. For most of 

the cases the SCRs are able to conduct fault currents (full or limited) for a period of 

time (10 to 15 cycles), repeatedly (3 to 4 times, consistent with the fault clearing 

sequences of existing distribution reclosers), in order to maintain coordination with 

conventional protection equipment in the system. 

9.7 Applications of solid state switching devices 

For the SSB, the current interrupting device must limit the fault current in order to 

maintain co-ordination with the downstream protection devices. For the solid state 

transfer switch, because of the very small time delay in the current transfer (almost 1/4 

cycle) there is usually no need for co-ordination with other protection devices. For 

the CLIS, interruption of the bus-tie fault current takes place in less than one half of a 

cycle, therefore it can not be co-ordinated with any downstream device[7,8]. 

9.8 Design specifications for solid state switches 

A SSB must meet the following requirements: 

a) Limit the system short circuit current so that it does not exceed the momentary or 
interrupting rating of the downstream protection controlled devices, such as circuit 
breakers and automatic reclosers. 

b) Maintain the limited fault current for an acceptable number of operations without 
interruption, until the fault is cleared by a downstream device. 
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c) Reset automatically after the fault is cleared by a downstream device. 

d) Limit transient voltages to the same level as permitted by other protective system 

components, such as circuit breakers or reclosers 

A SSTS must meet the following requirements: 

a) Transfer the current in less than 1/2cycle; 

b) Reset only when the faulted bus goes healthy; 

c) Be able to choose between two unhealthy sources in less than Vicycle 

A CLIS must meet the following requirements 

a) Interrupt the current in less than 1/2cycle; 

b) Reset only when both buses are healthy; 

c) Include isolate switch to open when the CLIS is tripped to open. 

9.9 Control functions of the solid state switches[7,8,9] 

A generic control system for the three different types of solid state switches is 

illustrated in figure 9.5. In order to control any of the solid state switches , 
instantaneous parameters, obtained from the distribution system are compared with 

external commands (which are reference signals for either normal or abnormal 

conditions). Ile output signal goes to either the GTOs or the SCRs thyristors which 

subsequently interrupt or restore the current flow in the distribution line. 

For the SSB the control strategy includes the following steps: 

1. Detect the rms phase current, and the rate-of-rise of the current (d under 5/dt 

normal circumstances (steady state conditions). 
2. If there is any change from the steady state conditions, then the GTOs are turned 

off, and the SCRs are turned on. 
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3. If the fault is cleared in less than 15 cycles, then the SCRs are turned off and the 

GTOs are turned on. 
4. If the fault remains then the SCRs are switched to open. 
5. After the fault is cleared by the downstream protection devices then the GTOs are 

turned on. 

EXTERNAL COMMANDS 

CONTROL SYSTEM 

I SOLID STATE SWITCH I 

Figure 9.5 

For the SSTS the control strategy includes the following steps: 

1. Detect the rms phase current, the rate-of-rise in the current dý 
t. the rms voltage 

I 
d 

magnitude and the rate of rise in the voltage dydt, under normal events (steady 

state conditions), from the preferred source. 
2. If both feeders are "unhealthy" then use as preferred source the feeder that has its 

parameters closest to those described by 1. 

3. If there is any change from the events described by 1, then the SCRs from the 

preferred source are turned off, and the SCRs from the alternative source are 

turned on. 
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4. After a period of time if the detected signals in the preferred source are the same 

with these in step I the SCRs at the preferred source are turned on and the SCRs at 

the altemate source are tumed off. 

For the CLIS the control strategy includes the following steps: 

1. Detect the nns phase current, and the rate-of-rise in the current d under Ydt 
9 

normal circumstances (steady state conditions). 
2. If there is any change from the steady state conditions, then the GTOs are turned 

off. 
3. After the fault is cleared by the downstream protection devices then the GTOs are 

turned on. 

The control strategy for each of the solid-state switching devices may also include 

other parameters such as limitation of transient voltages, overload current ratings, 

minimum and maximum interrupting current, zinc oxide clamping voltage and other 

functions. 

9.10 Conclusions 

As more sensitive equipment is employed in industrial, commercial and domestic 

situations, greater attention is being paid to the topic of power quality. New 

technology, such as the DVR, the D-STATCON and the solid state switch, will 

provide many new possibilities for both plant protection and improved operation of 

existing systems. In this chapter a study of the three main types of solid state switches 

has been performed, including rating requirements and potential applications. A 

control strategy has been described for the applications of these solid state switching 

devices to distribution systems. 
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CHAPTER10 

MODELLING, SIMULATION AND DESIGN OF A DYNAMIC 

VOLTAGE RESTORER MODEL (DVR) FOR DISTRIBUTION 

SYSTEM ARCHITECTURES 

10.1 Introduction 

Economic pressures on industry to automate processes and improve efficiencies have 

resulted in a steady increase in the number and size of loads that are not tolerant of 

voltage sags. Since sags are the most common form of disruption (6 to 10 times more 

common than interruptions[ 11), this problem demands a solution. One initiative to 

address this issue is the development of the Dynamic Voltage Restorer (DVR)[2-81. 

The DVR uses a power electronic inverter to inject voltage in series with the source 

to supplement the source voltage during voltage sags. Power can be transferred from 

high-voltage phases to low-voltage phases during unbalanced faults. Short time 

energy storage can be used to provide the supplemental energy needed to keep load 

voltage at acceptable levels. 

Sags can originate from faults at the local distribution system or in the transmission 

system. Studies [5-8] have shown that transmission faults, while relatively rare can 

cause widespread sags that may constitute a major source of process interruptions for 

very long distances from the faulted point. Distribution faults are considerably more 
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common but the resulting sags are more limited in geographic extent. 1be DVR can 

correct sags resulting from faults in either the transmission or the distribution system. 

Analysis [8] indicates that deep voltage sags, even of relatively short duration, can 

have significant costs because of the proliferation of voltage-sensitive computer- 

based and variable speed drive loads. The fraction of load that is sensitive to low 

voltage is expected to grow rapidly in the coming decades. 

This chapter presents modelling and simulation work with respect to the Dynamic 

Voltage Restorer for use within distribution systems. It begins with a general 

description and the operating principles of the DVR, followed by an economic 

consideration and a cost estimation of this custom power device. Previous literature 

work related to the DVR is also reported, and an innovative control system useful for 

the design of a Dynamic Voltage Restorer model for distribution system architectures 

is presented. This design method can assist power system planners and engineers for 

applications of these devices in power systems. Ile simulation results at the end of 

the chapter of open and closed loop control using a real distribution system network 

for different system disturbances, are in accordance with the theory. Validation of the 

proposed controller was also taken by comparing simulation results of the modelling 

method described in this chapter and results from previous performance tests 

presented in [I I] for actual system scenarios. 

10.2 Operating principles of a DVR 

Figure 10.1 shows a block diagram of the DVR power circuit. When examining the 

DVR it can divided into 4 component blocks, these being: 

1) Energy storage device 

2) DC to DC Power controller 
3) A three phase voltage converter 
4) Three single phase series injection transformers 
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The design of the DVR allows real and reactive power to be either supplied or 

absorbed when operating. If a small fault occurs on the protected system then the 

DVR can correct it using only reactive power generated intemally[5]. 

Distribution line(3.3-66kV) 

-76r- 

Figure 10.1 

For correction of larger faults the DVR may be required to develop real power. To 

enable the development of real power an energy storage device must be used, 

presently the DVR design uses a capacitor bank. Once the fault has been corrected 

and the supply is operating under normal conditions the DVR replenishes the energy 

expended from the healthy system. The rating (in terms of energy storage 

capabilities) of the capacitor bank is dependent upon system factors such as the rating 

of the load and the duration and depth of anticipated sags. When correcting a large 

sag (using real power), the power electronics are fed from the capacitor bank via a 
DC-DC voltage conversion circuit. 
The core element in the DVR design is the three phase voltage converter. This 

inverter utilises solid-state power electronics (Insulated Gate Bipolar Transistors, 

IGBTs) to convert DC to AC and back again during operation. The DVR connects in 

series with the distribution line through an injection transformer, actually three 

single-phase transformers. The primary side (connected into the line) must be sized 
to carry the full line current. The primary voltage rating is the maximum voltage the 
DVR can inject into the line for a given application. The DVR rating (per phase), is 

the maximum injection voltage times the primary current. The bridge outputs on the 
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secondary are filtered before being applied to the injection transformer. The bridges 

are independently controllable to allow each phase to be compensated separately. The 

output voltage wave shapes are generated by pulse-width modulated switching. 

For the system in figure 10.1 the power supplied'by the DVR, PDVR is the difference 

between the total power supplied to the load and the power supplied by the source. 

It is not necessary for the load voltage to be exactly in phase with the source voltage, 

the load voltage vector can be at any point on its locus of amplitude. This is shown 
below in figure 10.2 

Locus of V2 amplitude 

Figure 10.2 Vector diagram for real power compensation 

The three phase power from the source entering the DVR, Pi. and the power leaving 

the DVR to the load, P.., are derived from the following. V, is the source voltage 

( Vs ), V2is the load voltage (VL) and ecthe angle between them, phase currents are 

assumed equal (Figure 10.4). 

Pin ý-VIA'COS((P-Ct)+VIBICOS((P-Ct)+VIC'COS((P-Ct) (10.1) 

Pout ý-V2AICOS(P+v2B'COS(P+v2CICOS(P (10.2) 
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The difference between output and input powerAP, is supplied by the energy storage 

system. To compensate the sag using zero energy requires AP = 0. Since the three 

output voltages will be equal, the subscripts for V2can be dropped. 

'6kp =POUT -PIN =3V2Icos(p- (VIA +VIB +VIC)ICOS((P-(X)=0 (10.3) 

(p - arccos 
3V, Cos (p 

VIA + VIB +VIC 
(10.4) 

With the above equations it can be shown for a balanced three phase sag where 
VIA = VIII = VIC = V, the minimum voltage which can be corrected using zero energy 

is given by: 
VI ý- V2 COS (10.5) 

And where a sag occurs on only one phase (A), VIB= Vic = V, the limit is given by 
VIA= 3V2cos 9- 2VI (10.6) 

Typically there is a phase difference between the source and load voltages, therefore 

the injected voltage from the DVR must increase over the point where the source and 
load voltages are in phase. 
Below the vector diagram illustrates the DVR correcting a balanced three phase sag 

using zero energy. The amplitude of theVDVRhas increased over that shown in figure 

10.2, and the DVR acts as a linear capacitor in series with the load. 

Locus of V2 amplitude 

Figure 10.3 Vector Diagram for reactive power compensation 
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When a voltage sag reaches a value below the limit for correction using zero energy, 

the energy storage system within the DVR has to be used to aid voltage correction. 

The analysis below uses the following nomenclature: 

" Source voltages are given by subscript S. 

" Load voltages are given by subscript L. 

" DVR injected voltages are given by subscript D. 

" The red, yellow and blue phases are given by the subscripts R, Y and B. 

The phase voltage definition is derived from the load voltage: 

VLR= 
%f2]VLRsin cotl (10.7) 

Load current in the red phase IR 
. 
4- 

JVLR I 

sin(a)t - (p) (10.8) 
z 

where cos 9 is the power factor of the load. 

T'he active power P, is the average of the instantaneous power over one cycle, the 

active power to the load in the red phase is: 

PLR = 

LVLR r 

COSY (10.9) 
z 

The source voltage is defined as : 

VsR = 
Vj2VsR I 

sin(cot - a) 
- (10.10) 

where cc is the phase difference between source and load voltages. 

The active power drawn from the source is : 

PSR 
=z cos(y - a) (10.11) 
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The active power out of the DVR'is the difference between the active power drawn 

from the load and the active power supplied by the source. 

PD =I (jVLR 
1 2+1 

Y12+1 1312)COS(P_(l Rv 'it 

I+ IV 
- z 

VL VL vs 11 
L SY 

JVLY 11 
+ 

IVSB JVLB 11) 
COS (9 

(10.12) 

If it is possible to compensate the voltage sag using zero energy then PD= 0, hence: 

Cc cos-I 

(IVLR 12 
+ 

JVLY 12 
+ 

JVLB 12 )COS (p 

(10.13) 
(IVSR IIVLR I+ JVSY IIVLY I+ JVSB JJVLB 1) 

When it becomes necessary to draw energy from the storage system (the term to the 

right is greater than unity), from equation 10.11, (x = (p to give maximum possible 

active power. 
The injection voltage of the DVR is the difference between the source and the load 

voltages, thus for the red phase 

V'v 
DR :4 LR - VSR 

giving VD, = [2]VLR I sin cot - -, 
f2-lVsR I sin(cot - cc) using 

sin(A ± B) = sin A cos B± cos A sin B we can arrive at: 
VDR= 

, 
F2 (I VLR I- IVSRicosa)sinct)t+%f2]VSRIsin a cos wt (10.15) 

Similar equations can be derived for yellow and blue phases. 
Equation 10.15 can be further defined as: 

VDR -"ý 
JVDR Isin((ot 

- 0) (10.16) 
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Assuming P to be the phase angle of the modulus of the injected voltage. Comparing 

10.15 and 10.16 the following are derived : 

IVDRI 

sin(cot - 0) = 
421VLRI 

sin wt - 
42]VSR I 

sin(cot - cc) , giving: 
2= 

(IVLR (X)2 
JVDR I, I- JVSR I 

COS (X)2 + (IVsR I 
sin or 

JVDR 12= IVLR 12 
+ 

JVSR 12 
- 21VLR JIVSR I 

Co + (IVSR CC)2 s (X 
. 
1sin (10.17) and also: 

tan-' 
IVSRIsinec 

jVLR I- JVSR I 
COS CE 

(10.18) 

Figure 10.5 is used to explain the fundamentals of the DVR using a simple 

model[9,10]. The series connected voltage sourceVpq is controlled in order to keep 

the voltage at the bus V. at a constant in both phase angle and magnitude in case of a 

voltage disturbance at the source terminals V.. The main functions of power flow 

controllers were analysed in detail in section 8.2 

.......................................... 
DVR 

T* 

vsi 

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

Figure 10.4 

VL 
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There are three main factors when establishing the rating of a DVR unit: the 

magnitude of the injected voltage which describes the maximum depth of the sag for 

which a DVR can restore voltage; the load current and the amount of energy storage, 

which in turn deten-nines the maximum duration for which a three phase sag can be 

corrected at the maximum injected voltage. The MVA rating is derived from the 

injected voltage and the rated load current. The DVR MVA rating is effected by the 

series injection transformers. The MVA rating is not normally dependent upon the 

amount of energy storage available. 
The DVR has a typical rating from 2-8 MVA. The DVR rating is related to the load 

rating and injection voltage capability as follows: 

MVADVR= RatedMVA x InjectedVoltage..., (p. u) (10.19) 

In the event of a voltage surge or overvoltage, the DVR is required to compensate by 

acting as a virtual inductor in series with the line. 

Vpq 
0 

VO 

T 

Load 

me 

Figure 10.5 

10.3 DVR Ride-through time and economic considerations 

Installing a DVR on a transmission system can give many advantages in addition to 

stopping the load from observing the effects of fault conditions, the DVR has the 
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capability to support the load for a time period in excess of the sag/surge duration. 

This ability is referred to as "ride-though" and is defined as; the time that a DVR can 

correct the output voltage to its fully rated value or its maximum capability[6-7]. The 

fide though time t (sees) can be derived from the active power injected P, and the 

amount of energy storage available from the capacitor bank, E. Hence for a large 

three-phase sag, using E=Pxt, t= Vp (10.20) 

In an adjacent feeder where a fault has occurred and the feeder is protected by a 

recloser, there will be repeated sags during a brief time interval. The stored energy 

will decrease (if necessary) during each sag. The DVR will attempt to replenish the 

lost energy between sags. Thus, ride-though time will be longer than an equivalent 

sag of duration equal to the total duration of all the sags. 

The cost for loss production at Caledonian Paper in Scotland was about f 100,000 per 

day [5] and was the result of a single voltage dip on the supply. Usually a utility will 

estimate the cost of an outage per kWh of lost revenue, this method however does not 

reflect the true cost to a voltage sensitive consumer with a continuous process, such 

as Caledonian Paper. When a manufacturer is forced to stop production through fault 

conditions such costs as; clean up time, wastage of partially complete materials and 

maintenance requirements also need to be considered. The above costs equally apply 

for a one second sag which shuts down a plant or a twenty minute outage, hence to a 

sensitive consumer there is no distinction between the two events. It is the frequency 

and severity of such electrical disturbances and their associated costs which should 

be measured against the capital cost and payback period of a DVR. 

Present estimates of the cost of dynamic voltage restoration equipment range from 

E150K to E250K per MVA. 'ne savings associated with avoidance of voltage sags 

can quickly offset the cost of a DVR. Using representative sag data, payback periods 

of two years or less will be common. 
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10.4 Overview of previous work 

The use of the Dynamic Voltage Restorer to keep the voltage constant at the load 

ten-ninals during disturbances in the transmission or the distribution system, has been 

reported in the literature the last 3-4 years. 
G. Taylor described the operating principles of the Dynamic Voltage Restorer 

together with other custom power solutions[ I]. 

R. Buxton and G. Taylor reported the benefits of the Custom Power technology, 

described some basic Custom Power controllers and presented test results from DVR 

installations [I I]. 

M. Osborne, R. Kitchin and H. Ryan reported the benefits of the use of DVRs, 

compared to other custom power solutions[2,6]. 
G. Mohaparta, A. Zayegh, A. Kalam and R. Coulter analysed the use of the DVR in a 

system with other energy storage devices[3]. 

Fenwick in cooperation with Reyrolle Projects Limited developed a report [121 with 

the basic operating principles, a cost estimation and presented results illustrating the 

DVR performance. 
R. Nelson and N. Woodley presented a simple methodology to estimate the size of'a 
DVR necessary to minimise total customer costs[7,8]. 
Finally, Abi-Samra, N. Neft and A. Sundaram presented the operating principles the 

rating and measurements of an actual DVR established at the Caledonian Paper 

Mill[51. 

It appears from the above that there are some papers relevant to the DVR based either 

on practical measurements or describe the operating principles and the main use 
(such as voltage support) of the DVR in a distribution system. However there are no 

papers describing the internal control system of the DVR. In this chapter an 
innovative closed loop control system is presented, analysed in detail tested under 

various system disturbances and validated using results from DVR installations. 'Mis 

system can be included in the design process and can be used as a promising method 
for applications of DVRs in distribution system architectures. 
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10.5 EMTP Model Development for the DVR 

The electromagnetic transient model of the DVR depends on its power device 

configuration and the modulation method adopted. In general, through 

electromagnetic transient studies of the DVR, people can evaluate impacts of the 

DVR to the power system. These achievements can include: 

(i) Understanding DVR operation theory 

(ii) Setting up DVR internal control scheme 
(iii) Designing filters 

(iv) Computing maximum regulating capabilities by the DVR. 

These studies can provide foundations for designing DVRs for use within 
distribution systems. 
For simulating the DVR, the DVR model should be set up according to its 

implementation by use of power electronics devices. 

ergy 
rage 
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The three phase voltage converter is the fundamental component of the DVR. T'his 

model is built using three identical IGBTs inverter legs. 

Although not yet available in ratings comparable to GTOs and thyristors, the IGBT 

has much lower switching losses than the GTO and is therefore much better suited to 

applications involving switching frequencies in excess of about I kHz. IGBTs have 

minimal gate drive and snubbing requirements; moreover, voltage and current ratings 

of IGBTs have recently been increasingly rapidly, driven by pressure from traction 

markets. 
Each IGBT valve has an antiparallel diode across it. This diode permits bidirectional 

power flow. A snubber circuit is also used in order to avoid numerical oscillations. 
This circuit consists of a resistor and a capacitor connected in parallel with the IGBT 

valve. 
For the modelling of the energy storage device a constant dc voltage is assumed. 

This provides real power flow in the case of large voltage sags. 
Damped filters are connected at the output of the inverter bridges in order to absorb 

the harmonics that the inverter generates. T'he filters consist of a capacitor connected 
in series with parallel R-L models, and are tuned at the switching frequency of the 

converter in order to smooth the DVR output. The filtered output goes to single phase 

transformers connected in series with the distribution line. 

The simulation system suitable for electromagnetic study is intentionally a simple 

real power system whose main objective is to aid understanding of the DVR and its 

interaction with the system. The system under consideration is illustrated in figure 

10.7 and it includes a three phase I IkV source, a4 MVA Dynamic Voltage Restorer 

model and a power load with a rating of 8.3 MVA. The parameters of the system and 

the system itself were the same as those at the Caledonian Paper mill. 
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I IkV BUS I BUS 2 &= III 
--T 

DVR I LOAD 

Figure 10.7 DVR model connected to the distribution system 

For this model, the switching frequency of the DVR is 5kHz, and the filters were 

tuned to this frequency in order to absorb the harmonic component that the converter 

generates. The voltage at the dc source (capacitor bank) is 8kV. The transformer 

current ratio T, is 1.1 for all the three single phase transformers. 

10.6 Design of the closed-loop control system of the DVR 

The closed-loop control system proposed for regulating the Dynamic Voltage 

Restorer is illustrated in figure 10.8. Using IGBTs the DVR converts DC to AC and 

back again during operation. The sinusoidal voltage waveform. injected into the 

transmission system is synthesised by high speed switching of the DC source. For the 

control of the inverter the PWM technique was used. The main principles of this 

method and its applications to power flow controllers were extensively analysed in 

8.2. According to figure 10.5, Vpq can be rceulated by amplitude and angle and so it 

is important to analyse howVpqis regulated by Sinusoidal Pulse Width Modulation. 

By keeping the voltage Vdconstant, the series voltage output of the ac side terminal 

of the inverter can be obtained by: 

, 
(cos 0+ jsin0)/ 2 Vpq 7- TmVde (10.21) 

where T is the ratio of the series transformer, in the modulation ratio and 0 is the 

phase shift angle between Vpqand V.. Open loop control can be achieved by 

randomly changing in and 0. For closed loop control the system in figure 10.8 is 

used. For the control of in, in the case of a disturbance the actual voltage for each 
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phase is compared with a reference value obtained from measurements at the steady 

state and the resulting signal is amplified by a proportional gain which value depends 

on the voltage injection capability of the DVR. For the control of 0 the control of the 

active power flow at the load terminals is used. The real power flow is compared 

with a reference value for each phase, obtained again from measurements at steady 

state conditions, and the output goes to a PI controller for each phase. In this way 
individual control for each of the DVR outputs can be achieved. The resultant 

modulating signal is compared with a carrier in order to generate the switching 
instants for the IGBTs. 

Energy 
storage 
device 

V"n 

Figure 10.8 Design of the closed loop control system for the DVR 

10.7 Open-loop simulation results of the DVR 

In this section, simulation results using open loop control based on the PWM 

technique are presented. The system under study is shown in figure 10.7. For this 

system the following are two sets of some typical open-loop simulation results: 
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1) A voltage drop of 27% has been assumed at the source terminals for phase A, at 
50msecs with a duration of 100msecs. For the PWM control method m is chosen 

at 0.55 and 0= 0% Using these parameters the voltage at the load terminals 

remains almost the same before the sag, as illustrated in the figure 10.9. Figure 

10.10 shows the voltage across the series connected transformer of phase A. In 

figure 10.11 the current through the load is presented. 
2) A voltage swell of 27% has been applied at 50msecs and removed at 150msecs. 

For the control of the converter using the PWM method m is chosen at 0.55 and 
0= 180% The voltage at the load terminals remains almost constant as in the 

previous case and represented in the figure 10.12. In this study the voltage at the 

series connected transformer has an opposite polarity with the one in case 1), due 

to the different phase angle 0 (figure 10.13). When the overvoltage occurs, this 

voltage is subtracted from the source voltage in order to keep the voltage constant 

at the load terminals. The current though the load is illustrated in the graph 10.14. 

10.8 Closed-loop simulation results of the DVR 

Detailed modelling of the DVR can be achieved by applying the closed loop control 

system illustrated in figure 10.8. In order to test the effectiveness of this controller a 

typical voltage sag is applied at 50msecs and removed at 150msecs for the three 

phases A, B and C. It is shown in the figures 10.15-10.17 that the voltages in the three 

phases reach the pre-disturbance conditions in less than 10msecs. This can be 

achieved by injecting the correct amount of voltage during the voltage sag. The. 

voltage at the series connected transformer is illustrated in the figure 10.18. In figure 

10.19(b) the current of phase A of the load is plotted. The control of the DVR using 

the PWM method is dependent through regulation of m and 0 for each phase. The 

modulation ratios for the three phases are plotted in figure 10.20 (a)-(c) and the 

different phase angles used for the modulation signals are represented in 10.2 1 (a)-(c). 

(In these cases the positive of the series connected voltages meets the positive of the 

voltage source). As can be observed, these angles reach 180* in less than I Omsecs. 
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In order to validate the simulation results carried out in this chapter using the 

proposed modelling technique a comparison was made with results obtained from 

field tests of the DVR performance presented in [11] for a DVR installation. Tlese 

tests include the response of the DVR under a severe single phase voltage sag. For 

these operating conditions and using the control system presented in this thesis from 

figure 10.8 simulation results were carried out and illustrated in figure 10.22. From 

the results in figure 10.22 (a) it is clear that for a severe single phase sag (the source 

voltage drops significantly to 25% almost of the rated) the response of the DVR is 

rapid enough (around lOmsec) and brings the voltage back to acceptable levels. The 

results of this graph show very good similarity with the ones presented in [I I] for the 

same system conditions. It should be addressed that the DVR in this example is fully 

utilised (in terms of the injected voltage). This is clear from figure 10.22 (b) where 

the modulation ratio reaches 1.0 at steady state conditions. Figure 10.22 (c) shows the 

response of the phase angle. 

It is obvious from the above analysis, that the internal control system responds 
immediately and acts effectively during various system disturbances and can be used 

as a promising design method for effective regulation of the DVR in distribution 

system architectures. 
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Figure 10.9 Source and load voltages of phase A 

- ------- - ----- 

(5)VSA, VSAA 

VOLTAGE ACROSS THE TRANSFORMER 

Figure 10.10 Voltage across the series connected transfonner(phase A) 
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Figure 10.11 Load current phase A 
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Figure 10.12 Source and load voltages of phase A 
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Figure 10.13 Voltage across the series connected transfon-ner(phase A) 
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Figure 10.14 Load current phase A 
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Figure 10.15 Source and load voltages of phase A 
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Figure 10.16 Source and load voltages of phase B 
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Figure 10.17 Source and load voltages of phase C 
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Figure 10.18 Voltage across the series connected transformer 
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Figure 10.19 Load current phase A 
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Figure 10.20 
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Figure 10.21 
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(a) Source and load voltages 
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Figure 10.22 DVR performance under a severe single phase voltage sag 
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10.9 Contributions from the research work 

From the research work reported in this chapter, the following contributions are 
identifiable: 

" An analysis of the DVR operating principles and useful guidelines for appropriate 
filtering in order to absorb the harmonics that the converter generates . 

" The development of an open-loop control system for a DVR model. Results 

obtained from the dynamic simulations carried out in this chapter for various 

system disturbances (voltage sags and swells) were used in order to illustrate the 
described theory. 

" The creation of an innovative closed-loop control system for the Dynamic Voltage 

Restorer. The control mechanism consists of individual voltage and power 

controllers for the control of the DVR using the Sinusoidal, Pulse Width 

Modulation technique (SPWM). The effectiveness of the proposed control system 

was tested under various operating conditions and results taken from the dynamic 

simulations were validated using actual test results from DVR installations. 

" The development of a computer code using the Electromagnetic Transients 

Simulation Program (EMTP) based on the control system described in this chapter 

can be used for the effective design of the DVR and its associated controls and 
filters. 

" Consideration of both the technical and the financial benefits and opportunities 

associated with the use of Custom Power devices and especially the Dynamic 

Voltage Restorer for use within distribution systems. 

10.10 Conclusions 

The work presented in this chapter described a Dynamic Voltage Restorer model for 

use within distribution systems. The operating principles and previous related work 

with respect to this custom power device were reported. An innovative control 
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system was presented and can be used as a potentially promising design method for 

effective regulation of the DVR. The simulation results, illustrated for a number of 

different operating conditions are in accordance with the theory and were validated 

by comparison with results taken from DVR installations [11]. 

The effectiveness and the versatility of the above model makes it a useful tool for 

applications of this custom power device in distribution networks. 
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CHAPTER11 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 

WORK 

11.1 Review and conclusions 

This thesis has concentrated on the subject of modelling, control and design of 

various power electronic based devices, such as variable speed drives, Flexible AC 

Transmission Systems (FACTS) and Custom Power devices for applications in 

power systems. When a new technology is researched with the objective of being 

employed to assist power systems in different ways, the availability of simulation and 

modelling techniques is a decisive factor in quantifying benefits and encouraging the 
introduction of this technology. A number of main conclusions, drawn from 

throughout the thesis, are summarised below: 

Six-step, various PWM (such as natural sampling, regular symmetric sampling, 

regular asymmetric sampling) and vector control methods can be used for the 

control of adjustable speed drives (Chapters 2 and 3). PWM software 
implemented techniques, such as the regular symmetric and the regular 

asymmetric sampling were used as alternative to the analogue based technique 

natural sampling, and their use is expected to increase in the future due to the 
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advances the microprocessor technology. Using indirect vector control methods 

(Chapter 3), accurate speed control can be achieved even at zero speed [I]. 

0 Interactions between AC and DC power systems have always provided a challenge 
for power system planners and engineers [2-12]. Disturbances to supply systems 

caused by converter loads can only be tolerated within prescribed limits. Taking 

account of the three-phase machine load, converter operation creates harmonic 

currents that cause additional losses in lines, transformers and machines. A 

modelling technique for a complete generic multi-machine AC/DC power system 

was developed (Chapters 4 and 5), comprising various generation units and their 

associated controls. The developed computer program was used to simulate multi- 

machine AC/DC power systems with variable speed drive models and associated 
filters to absorb the unwanted harmonics. 

FACTS technology has been developed in order to provide both greater operating 

flexibility and better utilisation of transmission systems. This strong trend towards 

optimised power systems is due to the need for competitiveness and efficiency in 

the new deregulated environment among electric utilities [ 131. In addition, 

problems associated with environmental impact, rights-of-way, regulatory 

pressures, and high costs have postponed the construction of new transmission 

lines, while the demand for electric power has continued to grow (Chapter 6). 

One of the major products of FACTS devices is the Static Var Compensator 

(Chapter 7). A modelling method for digital simulation of the Static Var 

Compensator (SVC) in power system networks was described. The SVC response 

under steady state conditions as well as under various power system disturbances 

has been analysed using results from dynamic simulations. 'Me proposed approach 

have shown that the SVC offers advantages over traditional methods and the SVC 

control system is rapid enough and acts effectively. 

Advances in semiconductor technology have allowed the use of power flow 

controllers within transmission systems. Modelling and simulation work with 

respect to power flow controllers and especially to STATCON and the UPFC have 

been presented (Chapter 8). Simulation results of open-loop STATCON and 
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UPFC models using simple power system networks were illustrated for a number 

of case studies. 

0 Custom Power technology includes a new generation of power electronic devices 

available for use on distribution systems, which will enable utilities to provide 

premium-quality electricity to customers with sensitive loads [14]. An analytical 
investigation of three main types of solid state switches was performed including 

rating requirements and potential applications. A generic control strategy was 

adopted in order to apply these devices in distribution systems (Chapter 9). 

0 An innovative control system technique was used in order to apply and design a 
Dynamic Voltage Restorer (DVR) model with its associated filtering in 

distribution systems. Different case studies were investigated using open and 

closed loop control simulation results (Chapter 10). 

In conclusion, this thesis has achieved its objective of developing new modelling 

methods and techniques for various power electronic based models for use in power 

systems such as variable speed drives, flexible ac transmission systems (FACTS) and 
Custom Power devices and integrating them using different simulation paradigms. 
The open modelling architecture for the three different categories (variable speed 
drives, FACTS, Custom Power) enables future power systems developments to be 

included. The modelling procedures are useful for validating the performance of 

power system networks with power electronic devices and identifying and explaining 

events and/or problems, for provision of training and education of engineers in the 

field of power electronics and designing new power electronics implementations. 

11.2 Objectives of the research work 

In order to explore the wide area of applications, the objectives of this thesis were: 

a) To develop various models of variable speed drives suitable for power system 

studies: 
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" Six step, open and closed loop voltage fed inverter drive 

" Natural sampling, open and closed loop voltage fed inverter drive 

" Regular symmetric sampling, open and closed loop voltage fed inverter drive 

" Regular asymmetric sampling, open and closed loop voltage fed inverter drive 

" Indirect vector controlled voltage fed inverter drive 

b) To verify the ability of the variable speed drives to carry out their intended 

functions in electric power networks: 

" To develop digital computer programs based on the latest control techniques 

suitable for the analysis of the dynamic performance of variable speed drives 

" To develop equations and guidelines to model power system components in 

electric networks 

" To develop a general algorithm for modelling and simulation of multi-machine 

power systems with interconnected AC/DC converter stations/variable speed 
drives 

To investigate the effect of harmonic penetration caused by the AC/DC converter 

stations/variable speed drives in electric power systems 

To provide filter circuit configurations for absorption of the unwanted harmonics 

caused by the AC/DC converter stations/variable speed drives 

c) To create a library of dynamic models of FACTS devices for use within 

transmission systems based on the : 

* Static Var Compensator (SVC) 

e Static Condenser (STATCON) 

e Unified Power Flow Controller (UPFC) 

d) To verify the ability of the FACTS devices to carry out their intended 

functions in electric power networks: 
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9 To develop a control system for modelling and simulation of a Static Var 

Compensator (SVC) 

4' To investigate the effect of the SVC on the dynamic and transient stability of a 

power system 

" To provide filter circuit configurations for absorption of the unwanted harmonics 

that the SVC generates in power systems 

" To develop open loop control systems for modelling and simulation of a Static 

Condenser (STATCON) and a Unified Power Flow Controller (UPFC) 

" To investigate the effect of the STATCON and the UPFC in real and reactive 

power flow in transmission systems 

e) To create dynamic models of Custom Power devices for use within distribution 

systems such as the : 

s Solid State Switch 

9 Dynamic Voltage Restorer (DVR) 

f) To develop computer simulation programs and control strategies for application of 
Custom Power devices in distribution systems: 

" To propose a control strategy for modelling and design of a solid state switch 

" To develop a novel simulation program for modelling of a Dynamic Voltage 

Restorer (DVR) 

" To design a DVR and its associated filters, using results taken from the dynamic 

simulations 

11.3 Statement of contributions resulting from the research work 

In terms of the novelty of the research reported in this thesis, the following 

contributions are identifiable: 
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The development of computer simulation programs based on the control systems 

presented in this thesis for the six step and the PWM techniques (such as the 

natural sampling and the sym metric/asyrn metric sampling) along with an 

investigation on the dynamic behaviour of the six step and the PWM inverters 

under various operating conditions. 

The development of a computer program for the closed-loop vector control 

method coded in the Fortran language and a report on the behaviour of indirect 

vector control machines under various operating conditions, such as free 

acceleration to rated speed, step load applied on the shaft of the motor, fast speed 

reversal and operation in the field weakening region. 

" The development of a new generalised approach to power system modelling, 

which incorporates modelling of AC systems with DC converter stations/variable 

speed drives. 

" The creation of a computer code for the interconnected AC/DC power system and 

variable speed drives coded in the Fortran language and an investigation on the 

influence of harmonic pollution to power systems using DC converter stations. 

Results from the dynamic simulations carried out in this thesis are presented for a 

number of operating conditions. Where appropriate, analytical equations and 

explanations are given which will ensure acceptable system conditions. 

" An efficient and realistic method to model the Static Var Compensator (SVC), 

using comprehensive control and firing systems has been developed, along with 

guidelines for designing the harmonic filters. Tle SVC was considered to be a 

continuously variable-shunt susceptance which was adjusted in or-der to achieve a 

specified voltage magnitude. 

" Comparison of the control and firing methods proposed in this chapter with other 

control methods and firing systems (such as the Phase Locked Loop) method. The 

validation of the techniques that were presented in this thesis demonstrates that the 

proposed SVC controller gives a very good representation of a practical system. 

The results that were presented using the proposed firing method prove the 

effectiveness of the technique that was used in this thesis, show that is insensitive 

to voltage waveform distortion and capable of establishing accurate firing timing 
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in a timescale similar to using the Phase Locked Loop method; consequently it can 

be used as an alternative to the PLL method for the control of Static Var 

Compensator models. Moreover, by using the firing technique presented in this 

thesis the problem caused by using the PLL method which is that the dynamics of 

the PLL require a very small time step which demands a high CPU time, can be 

avoided. 

9 The problems encountered in the process of building power flow controllers such 

as the Static Condenser (STATCON) and the Unified Power Flow Controller 

(UPFC) and the way of handling them using the Electromagnetic Transients 

Program (EMTP) were discussed and useful guidelines were given for 

applications of such power electronic based devices by power system engineers 

using the EMTP. 

The development of a generic control strategy for control and design for a number 

of devices based on the solid state switch. 

The creation of an innovative closed-loop control system for the Dynamic Voltage 

Restorer. The control mechanism consists of individual voltage and power 

controllers for the control of the DVR using the Sinusoidal Pulse Width 

Modulation technique (SPWM). The effectiveness of the proposed control system 

was tested under various operating conditions and results taken from the dynamic 

simulations were validated using actual test results from DVR installations. 

The development of a computer code using the Electromagnetic Transients 

Simulation Program (EMTP) based on the control system described in this chapter 

can be used for the effective design of the DVR, and its associated controls and 

filters. 

The contributions of this research work are mainly concerned with benefits to both 

the academic community as well as to power system planners and engineers: 

From an academic point of view, is it believed that the modelling methods and 

techniques presented and demonstrated in this thesis, will help researchers in the field 

of power electronics to: 
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" gain a better understanding of new modelling tools and methodologies for a wide 

range of power electronic based devices (variable speed drives, FACTS, Custom 

Power devices) 

" gain a better knowledge for the control of these devices in power systems, since 

there is insufficient research related in this area, due to the fact that this 

technology is based on the semiconductor technology that has been introduced 

relatively recently 

" use some of the modelling techniques as the basis for the simulation and control of 

other power electronic devices (e. g. use the method for the DVR as the basis for 

modelling the Distribution STATCON) 

" propose and evaluate various power system configurations from the results of the 

dynamic simulations carried out in this research project 

From an industrial perspective, is it believed that the proposed computer simulation 

programs will help power system engineers and planners to obtain a better 

understanding of : 

"a complete system solution incorporating power system and power electronics 

components 

" how the power electronic devices (variable speed drives, FACTS, Custom Power 

devices) 

=*work 

=: >can be controlled 

=*can be incorporated in power system architectures 

=*can be designed with significant economic impact 

=*can be tested in a more optimal fashion though the availability of well-defined and 

validated mechanisms. 
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11.4 Future work 

In the near future it is expected that power systems will undergo significant changes 
in their architecture. With the introduction of new distributed sources of electrical 

energy (embedded generation), the overall character of the power system and its 

dynamic behaviour will gradually change. Moreover, the advances of semiconductor 

and microprocessor technology will reduce the cost of the power electronic devices 

even more. This produces a whole range of new issues to be addressed in the power 

electronics systems design. 

Ile process of integration of different simulation programs and modelling methods 
in this thesis offers new opportunities for evaluation of the performance of power 

electronic based devices in power systems under continuously changing 

circumstances. The following activities appear to be a natural continuation of the 

work described in this thesis: 

a depending on the future demands of the utility companies, the existing library of 

variable speed drives can be extended to include other control techniques such as 

the harmonic elimination method 

the control methods described and demonstrated in this thesis for the variable 

speed drives, can be applied to other motor drives, such as synchronous motor 
drives 

an investigation of the dynamic response of an AC/DC interconnected power 

system with variable speed drives under fault conditions or other system 
disturbances 

future work in the FACTS area should perhaps include an analytical study of a 

power system with various FACTS controllers described in this thesis, such as 
SVCs, STATCONs and UPFCs in order to increase the power transfer and 
improve the transient stability of power networks. It would be useful to investigate 

if the individual controllers will operate effectively in this integrated modelling 

power system 
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" simulations of faults on the system or within the internals of inverter bridges of 

the STATCON[UPFC. Both are important to evaluating the performance of the 

STATCON[UPFC because faults within or outside the STATCON/UPFC may 

lead to distortions of their waveform outputs and thus worsening the system 

operational quality 

" evaluation of losses in the STATCON[UPFC. As the GTO-based voltage source 

inverter adopts the high frequency PWM method and thus increases the switching 

losses of the circuits, it is important to develop methods to accurately estimate 

these losses 

" future work in the Custom Power area may include modelling, control and design 

of a Distribution Static Condenser (D-STATCON) model using a similar approach 

to that of the DVR 

" modelling, simulation and analysis of a distribution system with solid state 

switches, Dynamic Voltage Restorers and other Custom Power devices in order to 

evaluate the distribution system performance in this integrated envirorunent 

" investigate the effect of FACTS or Custom Power controllers on the protection 

devices within the system 

" incorporate the Dynamic Voltage Restorer or other Custom Power devices in a 

system with embedded generators and other energy storage devices, in order to 

evaluate the response of the integrated system, under the requirements of new 

distribution network designs. 
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APPENDIX 1 

PRINCIPAL DATA FOR THE STUDY OF THE SIX-STEP AND 

PWM INVERTER CONTROL OF THE INDUCTION MOTOR 

INDUCTION MOTOR DATA 

Rating (KVA) 2797.5 

Tenninal voltage (W) 6.6 

No. of poles 4 

Power factor 0.8 

Rated line current (A) 244.72 

Stator resistance 0.012 

Stator leakage reactance 0.1 

Magnetising reactance 4.93 

Rotor resistance 0.012 

Rotor leakage reactance 0.12 

Inertia constant 0.50 

FILTER DATA 

Filter resistance 0.05 

Filter reactance 0.5 

Filter capacitance 0. 
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APPENDIX 2 

PRINCIPAL DATA FOR THE STUDY OF THE FIELD-ORIENTED 

CONTROL OF THE INDUCTION MOTOR 

INDUCTION MOTOR DATA 

Rating (KVA) 6.9 

Terminal voltage (kV) 0.415 

No. of poles 6 

Power factor 0.8 

Rated line current (A) 9.6 

Stator resistance 0.025 

Stator leakage reactance 0.075 

Magnetising reactance 2.0 

Rotor resistance O. C12 

Rotor leakage reactance 0.075 

Inertia constant 0.2 

DC FILTER DATA 

Filter resistance 0.05 

Filter reactance 0.5 

Filter capacitance 0. 
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APPENDIX 3 

PRINCIPAL DATA FOR THE SIMPLE AC/DC POWER SYSTEM 

Generator type : gas 
Generator data: 

Rating (MVA) 10.0 

Terminal voltage (kV) 6.6 

D-axis Mutual reactance Xw 1.070pu 

Q-axis Mutual reactance Xaq 0.784pu 

Stator leakage reactance Y., d 0. l2pu 

Field leakage reactance Xfl 0.086pu 

Daxis Damper Leak. reac. XIL 0.0231pu 

Qaxis Damper Leak. reac. Xlk( 0.0231pu 

Stator resistace Rs 0.0073pu 

Field resistance RF 0.0012pu 

D-axis Damper resistance Rkd 0.0457pu 

Q-axis Damper resistance Rkq 0.015pu 

Inertia constant H (sec) 1.89 
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Automatic regulator data (IEEE type 2): 

Amplifier gain(KA) 550.0 

Exciter gain(KE) 1.0 

Regulator feedback gain(KF) 0.05 

Rcctifier time conStant(TR) 0.02 

Amplifier time constant (TA) 0* 1 

Exciter time constant (TE), 0.137 

Feedback time constant TFI 0.6 

Feedback time constant TF2 0.137 

Amplifier output lin-ýter: max 10.1 

Amplifier output limiter: rnin 0.0 

Exciter saturation factors: max, 1.9 

Exciter saturation factors: min 1.82 
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Single shaft gas turbine and governor data: 

Speed governor gain(K 1) 25.0 

Valve positioncr gain(K2) 1.0 

Fuel system gain(K3) 1.0 

Fuel Flow Feedback gain(K4) 0.0 

Speed gov. leadconstant. (TD, ) 0.0 

Speed gov. lag constant (ro 1) 0.01 

Valve position firne: consLTG2 
0.01 

Fuel system time constant TG3 0.2 

Power limit: max 1.5 

Power limit: min -0.1 

Transfomcr data: 

Rating (NIVA) 5.0 

Primary resistancc(pu) 0.00235 

Primary leakage reactance pu 0.0306 

Secondary resistancc(pu) 0.00235 

Secondary leakage reactance 0.0306 

Magnctising reactance (pu) 37.23 

Connection type 
I 

delta-starl 
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Static load I and 2 data: 

Rating (MVA) 10.0 

Resistance(pu) 10. OE5 

Reactance pu 10. 

Induction motors I and 2 data: 

Rating (MVA) 2.1 

Stator resistance (pu) 0.0092 

Stator leakage reactance (pu) 0.0717 

Rotor resistance (pu) 0.0070 

Rotor leakage reactance(pu) 0.0717 

Magnetising reactance(pu) 4.1340 

Inertia constant (sec) 0.67 

Load torque coefficient: ao 0.0 

Load torque coefficient: a, 0.0 

Load torque coefficient: a2 0.8 

Load torque coefficient: a3 
1 

0.0 
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5 th order han-nonic filter: 

Rating(MVA) 4.0 

Resistance(pu) 0.015 

Reactance pu 0.3064 

Capacitance pu 7.66 

7 th order harmonic filter: 

Rating(MVA) 4.0 

Resistance(pu) 0.021 

Reactance pu 0.3064 

Capacitance pu 15.01 

I Ith order han-nonic filter: 

Rating(MVA) 4.0 

Resistance(pu) 0.009 

Reactance pu 0.0826 

Capacitance pu 10.00 

13 Ih order harmonic filter: 

Rating(MVA) 4.0 

Resistance(pu) 0.0107 

Reactance pu 0.0826 

Capacitance pu 13.95 
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Variable speed drive data: 

Rating (MVA) 2.8 

Stator resistance (pu) 0.012 

Stator leakage reactance (pu) 0.1 

Rotor resistance (pu) 0.012 

Rotor leakage reactance(pu) 0.12 

Magnetising reactance(pu) 4.93 

Inertia constant (sec) 0.502 

Load torque coefficient: ao 0.0 

Load torque coefficient: a, 0.0 

Load torque coefficient: a2 0.8 

Load torque coefficient: a3 0.0 

Resistance on the dc fllter 0.05 

Reactance on the dc filter 0.5 

Capacitance on the dc filter 0.002 

Setspeed 1.0 

Resistanceon conv. transforiner 0.0 

Reactance on conv. transformej 0.138 
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APPENDIX 4 

PRINCIPAL DATA FOR THE MULTI-MACHINE AC/DC POWER 

SYSTEM WITH VARIABLE SPEED DRIVES 

Generators I and 2 type: gas 
Generators data: 

Rating (MVA) 10.0 

Terminal voltage (W) 6.6 

D-axis Mutual reactance Xw 1.070pu 

Q-axis Mutual reactance Xq 0.784pu 

Stator leakage reactance X., 0. l2pu 

Field leakage reactance Xn 0.086pu 

Daxis Damper Leak. reac. Xjk, 0.0231pu 

Qaxis Damper Leak. reac. Xjk, 0.023 1 pu 

Stator resistace Rs 0.0073pu 

Field resistance RF 0.0012pu 

D-axis Damper resistance Rkd 0.0457pu 

Q-axis Damper resistance Rkq 0.015pu 

Inertia constant H (sec) 1.89 
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Automatic regulators data (IEEE type 2): 

Amplifier gain(KA) 550.0 

Exciter gain(KE) 
1.0 

Regulator feedback gain(KF) 0.05 

Rectifier fime constant(TR) 0.02 

Amplifier time constant (TA) 0* 1 

Exciter time constant (TE), 0.137 

Feedback time constant TF, 0.6 

Feedback time constant TF2 0.137 

Amplifier output limiter: max 10.1 

Amplifier output lirnitenmin 0.0 

Exciter saturation factors: max 1.9 

Exciter saturation factors: min 1.82 
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Single shaft gas turbines and governors data: 

Speed governor gain(K, ) 25.0 

Valve positioner gain(K2) 1.0 

Fuel system gain(K3) 1.0 

Fuel Flow Feedback gain(K4) 0.0 

Speed gov. leadconstant (TDI) 0.0 

Speed gov. lag constant (TGI) 0.01 

Valve position time conSt*TG2 0*01 

Fuel system time constant TG3 0.2 

Power limit: max 1.5 

Power limit: min -0.1 

Transformer data: 

Rating (MVA) 7.5 

Primary resistance(pu) 0.00235 

Primary leakage reactance pu 0.0306 

Secondary resistance(pu) 0.00235 

Secondary leakage reactance 0.0306 

Magnetising reactance (pu) 37.23 

Connection type 
I 

delta- 
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Data for static loads I and 2: 

Rating (MVA) 10.0 

Resistance(pu) 10. OE5 

Reactance pu 10. OE5 

Induction motors I and 2 data: 

Rating (MVA) 2.8 

Stator resistance (pu) 0.012 

Stator leakage reactance (pu) 0.1 

Rotor resistance (pu) 0.012 

Rotor leakage reactance(pu) 0.12 

Magnetising reactance(pu) 4.93 

Inertia constant (sec) 0.502 

Load torque coefficient: ao 0.0 

Load torque coefficient: a, 0.0 

Load torque coefficient: a2 0.8 

Load torque coefficient: a3 
Lý 

1 
0.0 
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Induction motors 3 and 4 data: 

Rating (MVA) 2.1 

Stator resistance (pu) 0.0092 

Stator leakage reactance (pu) 0.0717 

Rotor resistance (pu) 0.0070 

Rotor leakage reactance(pu) 0.0717 

Magnefising reactance(pu) 4.1340 

Inertia constant (sec) 0.67 

Load torque coefficient: ao 0.0 

LA)ad torque coefficient: a, 0.0 

Load torque coefficient: a2 0.8 

Load torque coefficient: a3 0.0 

5 th order hannonic filter at node 1: 

Rating(MVA) 4.0 

Resistance(pu) 0.015 

Reactance pu 0.3064 

Capacitance pu 7.66 
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7 th order harmonic filter at node I: 

Rating(MVA) 4.0 

Resistance(pu) 0.021 

Reactance pu 0.3064 

Capacitance pu 15.01 

I Ith order harmonic filter at node 1: 

Rating(MVA) 4.0 

Resistance(pu) 0.009 

Reactance pu 0.0826 

Capacitance pu 10.00 

13 th order harmonic filter at node 1: 

Rating(MVA) 4.0 

Resistance(pu) 0.0107 

Reactance pu 0.0826 

Capacitance pu I 
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5 th order harmonic filter at node 2: 

Rating(MVA) 3.0 

Resistance(pu) 0.015 

Reactance pu 0.3064 

Capacitance pu 7.66 

7 th order hannonic filter at node 2: 

Rating(MVA) 3.0 

Resistance(pu) 0.021 

Reactance pu 0.3064 

Capacitance pu 15.01 

I I'h order harmonic filter at node 2: 

Rating(MVA) 3.0 

Resistance(pu) 0.009 

Reactance pu 0.0826 

Capacitance pu 10.00 

13 th order harmonic filter at node 2: 

Rating(MVA) 3.0 

Resistance(pu) 0.0107 

Reactance pu 0.0826 

Capacitance pu 13.95 
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Variable speed drive I data: 

Rating (MVA) 2.8 

Stator resistance (pu) 0.012 

Stator leakage reactance (pu) 0.1 

Rotor resistance (pu) 0.012 

Rotor leakage reactance(pu) 0.12 

Magnetising reactance(pu) 4.93 

Inertia constant (sec) 0.502 

Load torque coefficient: ao 0.0 

Load torque coefficient: a, 0.0 

U)ad torque coefficient: a2 0.8 

Load torque coefficient: a3 0.0 

Resistance on the dc filter 0.05 

Reactance on the dc filter 0.5 

Capacitance on the dc filter 0.002 

Setspeed 1.0 
E 1 

Resistanceon conv. transfoniiei 0.0 

Reactance on conv. transfortne 0.138 
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Variable speed drive 2 data: 

Rating (MVA) 2.1 

Stator resistance (pu) 0.092 

Stator leakage reactance (pu) 0.0717 

Rotor resistance (pu) 0.0070 

Rotor leakage reactance(pu) 0.0717 

Magnetising reactance(pu) 4.134 

Inertia constant (sec) 0.67 

L, oad torque coefficient: ao 0.0 

1, oad torque coefficient: a, 0.0 

Load torque coefficient: a2 0.8 

Load torque coefficient: a3 0.0 

Resistance on the dc fil . ter 0.05 

Reactance on the dc filter 0.5 

Capacitance on the dc filter 0.002 

Setspeed 1.0 

Resistanceon conv. transformei 0.0 
j!! actance on conv. transformei 0.138 
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