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ABSTR!i.Cf 

One of the principal functions of static var compensa tors (SVCs) in a transmission 

system is the voltage control at the point of connection. As power and transmission 

~)'stems have grown considerably in the last decades, many systems have been 

intcrconnected for economic reasons. The use of SVCs became more important as the 

systems were required to operate at higher power levels, which led to a reduction in 

the stability margin. Increasing the number of SVCs in a nctwork is one of the 

solutions, but it ledds to undesirable interactions among them, which affect the 

stability limits. Control coordination of these SVCs is considered a good alternative tu 

allow power systems ta operate at higher power levels with the required stability 

margin, as weil as ta increase the damping of critical modes of oscillation. 

This study presents the possibility of improving the effectiveness of SVCs in a 

system through the concept of sve control coordination for voltage regulation, in 

linearized power systems. A concept of coordination of several SVC units, operating 

on the ~ame system bus of a network, based on averaging the sve current outputs 

according ta their dynamlc reactive capabJlities as defined by their slope reactances, 

has been elaborated. Then. a control coordmatlon concept relevant to many Sye units 

connected to diffèrent buses of the system has been presented and described. 

The methodologies used to describe these concepts have been explained, and 

simulation results were presented. 



RÉSUMÉ 

Une des principales fonctions des compensatcUls statiques (SVC!'.) dans un 1 éseau 

de transport d'énergie est la régulation de tension des barres Oll ils ~ont connectés. 

Comme les réseaux de transport et de pui!'.sance ont con~idél ablcmen~ gl andi durant 

ces dernières décennies, plusieurs systèmes ont été interconnectés pOUl de!'. raIsons 

économIques. Le besoin d'opérer ces réseaux pour transporter de grandes quantités 

d'énergie a ("ntraîné une diminutIOn sub~tantIClle de la marge de ~tabllité, cc qui a 

permis l'emplOI grandissant de compensateurs ~tatJqucs. l~lItl!J!-.atlon d'un gr and 

nombre de compensateurs ~tatiques est une des ~olution~ po~slblc!'., mal~ a pmll effet 

J'existence d'interactions mutuelles entre ces dispositifs eux mêmes. Cela affecte au~sl 

les limites de ~tabilité des réseaux. Aussi, une coordination de contrôle de CC~ 

compensateurs ~tatiques pcut-être comidérée comme une bonne alternative pour 

permettre de transporter de grandes quantlt6s d'énergie tout en pré~ervanlles marges 

de stabilité requises et amélIOrer ramortis~cmcnt de~ o~cIllatlon~ ùe~ modc!'. CI itlquc:-.. 

Cette étude présente au moyen de concept~ de coonllIlation Lie contrùle de 

compensateur~ statiques relatifs à la régu' allon de ten~lon pour ùc~ r0..,c<lux linéafl~és, 

une possibilIté IIltércssante d'améliorer l'efficacité de ce~ dl~p():-.Jt"s dan~ un It:!'.l:au 

d'énergie. Un premier concept de conrdll1atlO/1 de contrùle de plu"'leur~ 

compen~ateurs statiques opérant en parall~le sur une même l1drrc du ré~eJu, a été 

élaboré. Ce concept est basé sur la pri~e de moyenne de.., courant) de ~ortlC de~ 

compensateurs ~tatiques, relatifs à leurs capaCités réactive.., dynamlque~ défil1l par 

leur pente re~pectlvc. Ensuite, un concept de coordll1ation de contrôle de plu~lcurs 

compensateurs statiques localisés sur dIfférentes bancs du ré..,c;Ju a été prbcllté et 

décrit. 
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Lc!-! méthodologies utilisées pour décrire ces concepts ont été clairement e:'l:pliqués 

et des ré!-!ultat!-! de ~irnulation présenté5. 
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CLAIM OF ORIGINALITY 

To the best author'~ knowledge, the following contributions are original: 

- a proposition of the concept of coordinating several sve units, operating in 

parallel on the same system bus, with regard to voltage regulation of linearized power 

systems, by rneans of averaging the sve curTent outputs accoTding to their dynamic 

rcactive capabilities, as uefined by their slope reactance. 

- a proposition of the concept of coordinating many sve units located at various 

buses within the power system, with regard to voltage regulation of linearized power 

systems, by means of a structural change to the Sye controller dynamics, which 

minimizes the mutual interactIons among the sve controllers and improves their 

dynamics and stability margin. 

v 
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CHAPTERI 

INTRODUCfION 

1.1. STATIC VAR COMPENSATORS AND THEIR APPLICATIONS 

Static var compensators (SVCs) are fast acting devices which are being increasingly 

applied to power systems for a variety of purposes : 

- voltage regulation and increasing voltage stability limits (prcventicn of voltage 

collapse), 

- increase of transient stability limits and power transfer capabllity, 

- increase in power system damping, 

- providing of the reactive requirement of HYDe terminaIs, 

- control of voltage flicker, 

- phase unbalance of fluctuating loads, 

- control of temporary overvol tages, and 

- damping of subsynchronaus re~onance. 

At present, the controls of su ch devlces are local and indcpendcnt. AI) more and 

more of these devices are installed Wlthm one system, undc~lrable Interactions 

develop. Such interactions reduce, in generaJ, theu stabllity hmJts, incrcasing ri~ks of 

Il1stabJlity (mutual hunting). For these reasons, slower control ~eltlng~ and dynamics 

have ta bl' adopted. Sorne studles mdlcate that the number ot ~uch devlce~ has to be 

limlted in arder to ensure thelr stable operation. 

1 



1.2. STATIC VAR COMPENSATORS FOR VOLTAGE REGULATIONI 

LITERATURE SURVEY 

Voltage reguJation in power systems has been always a subject of important interest 

as power systems are sensitive to Joad variations. Fast voltage regulation in power 

systems relies primarily on automatic voltage regulation (AYR) of synchronous 

machines for power generation. Synchronous condensers were the only traditional 

means for voltage reguJation in power transmission systems. Recent development of 

Static Var Compensa tors has proved that a relatively inexpensive and l'eliable fast 

voltage regulation devices can be build and applied to improve the operation of power 

systcr',s and extend their tran~mission capabilities and their transient stability lirn.ts 

[1-8]. 

Shunt reactive power cOf!1pensation by means of Sye based on 

thyristor-controlled reactors (TeR) and thyristors switched capacitors (TSC) as their 

variable reactive power devices, is now applied in many interconnected power systems 

as a ncw and efficient tool for maintaining voltage deviations within specified 

tolerances. 

In conventional Sye systems, thyristor-controlled reactors (TCRs) and 

thyristor-switched capacitors (TSes), as variable components, are controlled such as 

ta opcrate as reactive current sources. sve systems in development employ gate turn 

off (GTO) thynstors for forced-commutatiol'l of capacitors and reactors, acting as 

reactlve voltage and current sources, respectively [12]. 

Conventional SVC systems for voltage regulation employ controllers based on 

local voltage and current measurements. The operation of their TCR, TSe 

components and GTO thynsî _ rs requires phase synchronization, most often based on 

phase-Iocked loops (PLLs). Generally, a proportional integral (PI) controller or 

2 
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Jead/Jag controllers are employed. A PI controner has an internai feedback !oop based 

on the internaI (or externaI) sve current signal fed through the siope reactance of the 

SVe. Such control systems are adequate when the number of SVC units is small. 

H. W. Schweickardt et al. [9] demonstrated that thyristor-controlled static var 

compensa tors meet aIl transmission system requirements due to their fast control 

capabilities to regulate the voltage and improve system dynamic performance and its 

transient stability. They showed also that the sves can be controlled so as to cnable 

the damping of system power oscillations. R. L. Hauth et al. [ID] and D. McGillls ct al. 

[11] considered the bencfits of statie var systems in high voltage power systems 

app1ications. R. Elsliger et al. [13] presented the strategy of optimization whcn the 

shunt compensation is to be applied on a large seale, with a considerable number of 

SVCs in the system. 

L. Gerin-Lajoie et al. [14] considered application of 30 static compensa tors to 

Hydro-Quebec power system using the eigenvalue technique. They discovered that 

when the system becomes weak ( i.e, loss of two lines in a section), the SVCs tend to 

become unstabJe and in order to preserve the system a recourse must be made to local 

and remote Sye tripping . 

A. J. P. Ramos et al. [15 j conflrmed. by means of transient network analylcr 

(TNA) SImulations. that the network-SVC and svc-sve mteractions can dcvc\op in 

a weak power sy~rc:m which is radial and heaviJy shunt compcnsated, wJ(h threc ~tatlc 

var compensatcrs of relatlvcly large ratings, installed at short distances from each 

other. 

3 



In order to achieve the best use of statie var compensators in a power system, it is 

necessary to select their strategie locations and ratings. This has been the subject of 

many technical papers. R.T Byerly et al. [16] considered the application of statie var 

compcnsators to power transmission systems with an emphasis on stability, regarding 

to Sye specifications of SVCs, locations. slope reactanees, peak reactive power 

requirements, and control modulation. M. O'Brien et al. [17] proposed a 

computational by efficient procedure for the determination of SVC locations so as to 

maximize the damping of elcctromechanical oscillations. The proposed location 

criterion is independent of the Sye control scheme to be used. N. Martins et al. (18) 

developcd efficient algorithms for solving two important problems of damping of 

electromechanical oscillations in large scale systems. The algo,rithms .!nable the 

determination of the most suitable generators for installing power ~)'stem stabilizers 

and the most suitable buses in the system for placing statie var compensa tors in order 

to damp the critical modes of oscillation. S.Granville et al. [19] developed a software 

named PLANVAR, to be used for improving the voltage profile bymeans ofoptimally 

locatcd shunt var systems. 

Optimal control theory has been applied to design optimal controlJers, [20-23], 

sve controllers in particular l24] . But, it has been [hown that optimal control theory 

assumed a centrahzed control structure, whlch reqUires a great number of feedback 

loops wllen tt,C number of SVCs is large. This IS a serious drawback from the vlew 

pOint of practlcal reah7é!tlOn. R. L. Kosut et al. [25] propased a method for desigmng 

controllers for lincar time-Invanant systems whose states are not ail available or 

accessible for measurement and where the structure of the controller IS constrained to 

al ineJr lime-invariant cambinatlon of the measurable states of the system. M. M. El 

Mctwally et al. [26] consldered the deSign of decentralized optimal controllers of 

multi-,Ire(} power sy~tcms. In OIder ta offset the measurement Jnd transmission 

problems associated wlth centralized optimal control, locahzed optimal eontrols 

4 
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l 
based on the method of minimum error excitation were developed and their 

performance analyzed as a function of tie line power level. In addition, the effect of 

feeding back sorne of the reduced number of remote state variables, on the response of 

decentralized optimal con troIs was investigated. 

M. Brucoli et al. [27] proposed a decentralized suboptimal control with SVC 

controllers feeding back only 10cal1y avaiJabJe variables. A1though sorne effort has 

been made to develop Sye adaptive controllers 128-32], the problem of coordination 

of SVC controllers for voltage regulation is just being recognized. 

1.3. CONTROL COORDINATION OF SVCs FOR VOLTAGE 

REGULATION 

Electric utilities are becoming increasmgly constrained in regard to construction of 

new generating plants due to regalatory procedures. There i~ an increased pressure to 

build plants far from the major centers, while it become"" ,lIore and more difficult to get 

rights of way for transmission Imes. 

Power systems bccome more interconnected for economlc rcasons. A"i 

transmission systems are required to operate at higher power levels, the margin of 

stability reduces. For these rcasons, uulitles are increasmgly cmploylIlg ~tatic var 

compensa tors, series compensation [33], as weil as HVDC ~y~tcms. Therefore, the 

number of fast voltage control deVlces on a sy~tem IS contmually incn:asmg, in addition 

to existmg fast, high mitlal response excitatIOn ~y~tems and power ~ystem stabllizers. 

Control coordination of voltage control devices can rcduce undeslrable 

mteractions. increase their stablluy limlts. and alJow power ~y~tcms to opera te at 

greater power transfer levels, yet with rcquired ~tabllJty margms ln dddulOn they wIll 

increase dampmg of cntlcal modes of system oscillations. 

5 
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Control coordination of statie var eompensators for voltage regulation can provide 

a stable and efficient operation especially when their number becomes significant. In 

the present study, control coordination concepts of statie var compensators located on 

the same bus or various buses of a system, are proposed with regard to voltage 

regulation of linearized power systems. Such a coordination can be associated to sve 
functions, such as coordinated system damping funaion by static var compensators in 

support of power system stabilizers and HYDC systems. 

1.4. SCOPE AND ORGANIZATION OF NEXT CHAPTERS 

Chapter II introduces the pov/er components such as transmission lines, 

transformers, reactors, capacitors and fiIters incIuding generators, loads and sve 
systems and their linearized representation required 10 transient and small 

perturbation studies. 

Chapter III gives an introduction to SVC control systems for voltage regulation . 

Linearized power system with single SVC unit was considered and a modal analysis 

In s-plane and time domain analysis of that system was presented. 

Chapter IV descnbes the concept applied to coordinate many SVC controllers 

opel ating on the same bus of a power system, using linearized single bus equivalent 

system. 

Chapter V presents the concept of coordination ofmany SVC controJlers when the 

sve units are connected to different buses within a power system. Analysis of sve 
systems wlth coordinated controllers ID s-plane and time domain was made in the ease 

l'f the hneanzed JEEE 30-bus power system with up to five SVC units. The results of 

thls analysls are glven In Chélpter VI. 

6 
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The conclusions of this study and suggestions of future development were 

presented in Chapter VII. 
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CHAPTER Il 

POWER SYSTEM AND STATIC VAR COMPENSA· 

TOR REPRESENTATION 

2.1. INTRODUCTION 

This chJpter deals with the reprcsentation of the power system and the sve sys­

tems to be lI,>cd through this study. Representation of power system components, 

tran~mis~lOn Imes. tran~formers. reactors. capacitors, filters, generators. loads and 

sve systems are described. 

2.2 POWER SYSTEM REPRESENTATION 

2.2.1. Transmission Lines, Transformers, Reactors and Capacitors 

'l'ransmission lines considered in this study are represented by their 1'l -equiva1ents. 

One su ch representation is given in Figure 2.1 . 

Fig 2.1. 'TT - equivalent line representation 
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The characteristic parameters of the ;r -equivalent of the tine are: 

Zs - the series impedance between the line terminaIs, and 

Yc = y /2 - the shunt admittance at each line terminal. 

A transfolJner with a fixed tap setting a can be assumed to consist of its leakage 

impedance Zpq connected in series with an ideal autotransformer. The n - pquivalent 

of the transformer Îs shown in Figure 2.2 , 

a Zpq 

Il IrQ Il -(--i)- (1--)-
a a lpq a lpq 

- -- -

Fig 2.2. 7T - equivalent transformer representation 

On-load tap changing transformers and phase shifters can also be reprcsented by 

similar ;r - equivalents. 

Linear reactors, capacitors and filters are represented by their relevant imped-

ances. 

2.2.2. Generators 

Generator dynamies associated with the rotating mass are too slow and do not af­

fect the dynamics of the statlc var compensators. Even the dynamics of the generator 

excitation system are relatively slow as compared to the sye dynamlcs (ten tlmes slow­

er). so that they can aIse) be neglected, including the dynamlcs of the as~oelated auto­

matie voltage reguIa!or (AYR). Therefore, the generator can be represcntcd by an 

equivalent infinite bus behlnd an internaI reactance as shawn In Figure 2.3 , 
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X II 

6jr ~ r 
Fig 2.3. Generator representation 

where E .. is the voltage behind the subtransient reactance, and 

X" is the subtransient reactance. 

The generator which is considered as the slack bus in load flow studies can also be 

represented by a corresponding infinite bus behind an internai reactance as any other 

generator within the system. 

2.2.3. Loads 

Loads consist of thermal and motor loads. Thermal Ioads are stationary while mo­

tor loads are dynamic. However, the dynamics of the motor loads are too slow as com­

pared to sye dynamics, so that they could be neglected. Therefore, the loads are also 

considered to be stationary. They are nonlinear with regard to applied voltages. In 

load-flow studies, the Ioads are considered in general as , 

P - Po (~)n nE [O,2} 

Q - Qo (~)n 

lO 
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For n = 0, the load becomes a PO bus since its active and reactive power are con-

stant. 

For n = 1, the load becomes al-bus since ils active and reactive currents are con-

stant. 

For n = 2, the load becomes a Z-bus since its impedance is constant. 

In sma)) signal studies of SYC dynamics, the Iinear representation of the load has to 

be assumed. Therefore, either a constant current and/or a constant impedance Inad 

representation has to be chosen. Load buses are by far the most common. typically 

comprising more than 80 % of an buses of a network. 

2.3 sve REPRESENTATION 

A detaHed analysis of SVCs. their functions. characteristics and applications of 

SVCs has already been elaborated [7]. The sections which follow present a brief review 

of typical SVC types (TSC and TCR types) as the basis for the SVC control coordina-

tion concept. 

Then. before establishing the SVC model for transient stability and small distur­

bances studies. it will be useful to review the SYC representations in load-tlow and 

electromagnetic transient studies. 

2.3.1. sve Functions 

In general. statie var compensa tors are used in power systems where continuous 

and fast reactive power control is required. This requirement has to meet one or more 

objectives such as (1) improving system voltage condition, (2) providing voltage sta­

bility margin, (3) increasing power transfer capability, (4) increasing tranSlcnt ~tability 

margin, and (5) supplying reactive power to AC-OC convertcrs. )n additIOn, they arc 

appJ;~rl tn functionally modulate the voltage in order to (6) damp power system oscil-
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Jations, (7) damp subsynehronous resonance, (8) balance phase voltages, and (9) con­

trol system overvoltages. 

2.3.2. TCR / TSC Static Compensators 

Among various slatie var compensa tors, TCRffSC types are most often appJjed, 

for which reason they will be considered in this study. 

A TeR consists of a reaetor in series with a bidireetional thyristor valve as shown in 

Figure 2.4 , 

v 

Fig 2.4. TeR configuration 

The fundamental frequency current component through the TCR reactor is phase­

controlled by closing of the thyristor valve with respect to the zero-crossing of the 

applied voltage, at angles a between 90· and 180', at each half-cycle, 

( Figure 2.5.a ) , 
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Fig 2.5.a TCR wavetorms 
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0.4 

02 

0'----'----'-----'------'---'----'----=:.==--"------1 
90 100 110 120 130 140 150 160 170 180 

a (deg) 

Fig 2.5.b Fundamental current of a TCR as function of the 
firing angle 

The fundamental compone nt Il , shown in Figure 2.5.b, as a function of the phase 

a is given by the foJlowing expression , 
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lt = .!.[2(n-a)-sin2(n-a)]p.u. 
n 

Three TeR units eonnected in delta comprise a 6-pulse TeR unit which has its tri­

ple harmonies (3n -th order harmonies) eancelled. A 12-pulse TeR unit consists of 

two 6-pulse units, one a wye-conneeted secondary, the other a delta-conneeted second­

ary of the coupling transformer. The 12-pulse TeR unit has its 3,d, 5th and 7th har­

monies cancelled, the (6n ± l)th order harmonies in general. 

A TeR/Fe compensator consists of 6 or 12 pulse TeR unit with a fixed capacitor 

bank, a fil ter (if necessary), a coupling transformer and a controller including the firing 

(syr'chronizing) system, the PI or phase lead/lag error processor, internaI or external 

current feedback and the voltage (and eurrent) measurement system, (Figure 2.6) , 

\JIJ I~ ___ --,\J.v 

u 

Controller U,." 

Fig 2.6. Thyristor-Controlled Reactor Compensator 

Thyristor-switched shunt capacitor (TSC) eonsists of a few para]]el capaeitor banks 

whieh are switched on-off individually, using anti-paral1el eonnected thyristors as 

switching valves as shown in Figure 2.7. 

14 
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Fig 2.7. TSe configuration 

The purpose of the small l'eactor is to limit the rate of change of the capacitor eUf­

rent. A parallel resistor improves the damping of inrush current transients. In sorne 

sve systems, the Iimiting reactor is t\>ned with respect to the eapacitor in order to 

form a filter for a particular harmonie and in order to reduce requirements for addi­

tional filtering. 

White a TCR reaetor unit is characterized by a continuous control, a half-cycle 

delay (max) response, negligible switching transients and harmonie generation, a TSC 

is eharaeterized by a stepwise control, a cycle delay (max) response, switching tran­

sients but no harmonie generation. 

In many applications the SVC systems consist of 6-pulse TCR combined with Tse 

units as solutions to provide a eontinuously variable reaetive output from fully Jagging 

to fully leading current, while their response is fast and harmonie generation reduced. 

Such an sve is ilIustrated in Figure 2.8 , 
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TeR Control 
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Fig 2.8. TscrrCR statie var compensator 

2.3.3. Load Flow Representation of SVCs 

The main objectives of a load-flow study are to de termine the bus voltages, the ac­

tive and reactive power flow in transmission lines and transformers, the power losses, 

the power at the slack bus and the reactive power of generators and shunt elements (e.g 

SVCs) for a given power system configuration with generators specified as PV buses 

and loads specified as PQ, 1 or Z buses. 

A load-flow study concerning the sve applications enables primarily : 

- determination of SVC location and preliminary ratings, 

- analysis of sve effects on the system active and reactive power flow and system 

bus voltage. 

- determination of the steady-state for transient stability and/or sffidll perturbation 

studies. 

In a load-flow study, each node of the system is represented either by a PV bus, a 

PQ bus. an 1 bus. a Z bus or a slack bus (E bus). 
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The basic Sye model in load-flow studies is a PV bus where P = 0 and 

v = Vn'I behind the sve slope reactance (internai reactance) Xsl (Figure 2.9) • 

v 

Fig 2.9. sve model in programs for load-f1ow studies 

The nominal operating range of an Sye is (Qmu and QIIl1JI) 

l-Xsl Qsvc Cm S V :5 1 + Xsl Qsve Lm in p.u on the sve base, 

where Qsvc base == max (Qsvc Lm • Qsvc Cm) 

Outside of this range, the sve opera tes as a shunt reactor or capacitor dcpending 

on its operating point ( Figure 2.10) , 

v 

Fig 2.10. Sye model for operation outside nominal range 

For V > 1 + Xsl 1 sve Lm Bsvc 

17 

lsvc Lm 
- -BsvcLm - - ---/--

1 + Xs/ sve Lm 



( 

{ 

( 

1 

For V < 1 -Xsl Isvc Cm 

whcrc l.rvc Ln' -

and Isvccm -

Bsvc = Bsvc Cm = 

QsvcLm 

QsvcCm 

1 - X s1 Qsvc Cm 

Isvc Cm 

-Xsl Isvc Cm 

The reactive power Qsve at the coupling bus is absorbed/generated according to 

the sve characteristic as seen in Figure 2.11 • 

Voltage V [p.u ] 

......... , ..... . 
V1l'f 1 

1 
1 
1 
1 

inductive 1 
1 
1 
1 
1 
1 

IsvcLm 

Fig 2.11. Basic Sye characteristic 
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2.3.4. SVC Representation in Electromagnetic Transient Studies 

sve models, in electromagnetic transient studies must accurately represent sve 
characteristics in steady-state and transient conditions, for which reason they are 

three-phase. Depending on the simulation technique being utilized, sve representa­

tion can be allatog. digital or a hybrid. Digi tal models of the sve power ~ystem compo­

nents consist of implementation of differential and algebraic equations [34]. white 

relevant ana log models consist of reactors, capacitors and linear and saturable trans­

formers [35]. 

Thyristor valves in analog simulation are represented by bidirectional thyristor 

pairs. Snubber circuits are modelled by passive components. Improved models of thy­

ristor valves employ negative resistance for compensation of excessive voltage drops 

across their thyristors. Thyristor valve models, based on Field-Effeet transistors 

(FET's) are used in digital simulation, instead of thyristors modelled as ideal valves. 

sve eontro])ers in analog and hybrid simulation are represented either by a physi­

cal or an analog or a digital equivalent. Modern digital models and controllers employ 

mieroproeessor technology where signal model processing is defined almost entirely in 

software. The essential component of a digital repre:;entation control system is shown 

in Figure 2.12. 
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Power System Representation 

"'\.,., 1 -fIIr 1. 

F-1-

J 
------ .. _---- .. _----._---------_._._--------._._-

r - - . . . . . . - . . . . .. 8VC mndel 
·8VC digital controller model • 
• • 
• Synchronising • 
• circuits • 
• • 
• • 
• • 
• • 
• Control • TCR/rSC 
~ 

Measulement 
~ signal • Thyristor 

f--- filters circuits valves 1-• processor • ransrormers • • 
• ~ • 
..... - ......... _--

Vrrf 

... _- ..... _----_ .. _---._--_ .. __ . __ .. _---------------

Fig 2.12. Bloc diagram of an Sye model employing a 
digital controller model 

Isve 

• 

sve controJlers are represented in digital simulation by an equivalent implemen­

tation of ail controllers, differential, algebraic and logical equations. 

2.3.5. SVC Representation for Small Disturbance Studies 

Based on sve modelling in steady-state and electromagnetic transients studies, 

sve representation for small disturbance studies has been deduced. This model repre­

sent ail the relevant dynamic characteristics of the sve control systems to be analyzed 

in small disturbance studies. The general block diagram of this model is given in Figure 

2.13. 
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Circuits 

Isvc 
Siope ClIrn~nl 
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Xsl circuits 
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• JIj • (JO 
• - - Control • + SVC • SVC reacth'e "-Je" . .IC~ -. Signal .~ power control f-~" .,,~ +')' current 

Processor model + !lource + 

Addilional Control Signais 

Fig 2.13. Principal sve Model for Small Signal Studies 

Digital computer programs for transient stability and small disturbance studies are 

based on lumped transmiss;on system components where irnpedanccs are considered 

to rernain at their values at nominal frequem.:y during the transicnts. 

In transient stability programs. the power system is descnbed bya set of nonlinear 

algebraic equations (Ioad-flow problem) and a set of nonlinear differcntial equations 

(dynamics of electromechanical system component~), whlch are solved aItcrnately. 

The load-flow equations are most orten solved by Newton-Raphson or Gau~~-Seidcl 

methods. while the integration of the differential equations is done in ~maJl time steps 

using trapezoidal techniques. 

In programs for small signal stability studies, ail sy~tem componcnts are lincarizcd 

around the steady-state operating point, so that the system behavior could be afJaly:~ed 

in Laplace domain, based on system eigenvalues and eigenvcctors. 
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Present sve controllers are mostly of proportional-integral (PI) type. In sorne 

cases proportional controllers are applied with leadllag filters for an optimal tuning 

phase processing of voltage error signal. In su ch cases, the overaJ) controJler gain is 

inversely proportional to the sI ope reactance, 

K= 

Integral type voltage controller is frequently applied with the current ( reactive 

power) feedback with a slope reactance as its gain, as an adequate solution instead of 

proportional-integral controUer. 

Supplementary control signaIs related to variation of the system frequency, power 

flow and phase difference may be also used when sve systems are applied to improve 

transient stability and/or system damping. 

The nonlinear relationship between the sve output and the firing angle is corn­

pensated by rneans of a linearizing function in the thyristor phase control circuits. 
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CHAPTER III 

POWER SYS1'EM WITH A SINGLE SVC UNIT / 

MODAL AND TIME DOMAIN ANALYSIS 

3.1. INTRODUCTION 

The purpose of ~his chapter is to describc the control modcl of ét single sve system 

connected to a power ~ystem equivalent, with regard to voltage reglllation. The modal 

analysis of the sve system in the s-plane Îs presented as weil as step responses in the 

time domain to various disturbances such as voltage rcfcrencc vanatlon or load 

current disturbance. 

A review of the significance of eigenvallles, eigenvectors, poles, zeros and residues 

through modal analysis of Iinear time-invariant dynamic systems is given in 

Appendix A. 

3.2. POWER SYSTEM WITH A SINGLE sve UNIT 

The linearized power system with a single sve unit is given in Figure 3.1. 
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Power System Representation 
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Fig 3.1. Linearized power system with single Sye. 

Power System Representation 

In this case, the power system is represented by an equivalent impeGance block 

denoted by Z"i. In more details the block Di is shown as follows, in Figure 3.2, 
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+ z' 
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Fig 3.2. Linearized power system block diagram 

The voltage magnitude 1 VI and the phase () represent the outputs of the power 

system, while the inputs are the Sye current 1.\1/e and the reactive and active load 

CUfltnts Ix and IR. These outputs are e>.pressed by the following lint~aril'cd 

equations, 

1 VI = a 1 VIII + à 1 VIII, + a I~ 1 1 
àl

sve 
0 sve àlx 0'\ aIR 0 R 

where aivi =!L!1 = " ~ [Z -z·] 
a/sve à/x 2 s s' 

ao 
a/sve 

ao = ~ _1 1_
1 

[Zs - Z;] . 
aIR 2J Vo 
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At a selected operating point, Vo is constant, as weil as 1 Vo 1 • The power system 

block diagram, is therefore clearly defined as linear since the system outputs 

1 V1 and 8 are Iinear fJJnctions of system intputs Isve , IR and lx. 

SVC Representation 

sve systems considered in this thesis are represented by a generalized block 

dia gram shown in Figure 3.1. It comprises a TCRlfSC block, a valve firing unit, a 

phase-Iocked loop unit, a PI controller, a si ope reactance feedback and a voltage 

measurement unit. 

The voltage magnitude is filtered, then compared to a reference signal, the 

difference being the input to the PI controller. The PI controller bas an internai 

feedback loop based on the internai (or external) Sye current fed through the slope 

reactance of the SYC. 

The phase-Iocked loop is assumed to consist of a voltage controlled oscillator, a PI 

controller, a filter and a phase discriminator. The VCO is represented byan integrator, 

a PI controller and a filter, while the phase discriminating multiplier is linearized as 

shown in Figure 3.3, 

8 ta tJ.(} h 
.. ., K(}[ 

6 

- (}me.r 

1 Ke 
- Te s + 1 s 

Fig 3.3 Linearized block diagram of the PLL 

The TCRrrSC valve triggering is performeà taking the voltage zero-crossing for its 

reference which is provided by the phase-Iocked loop (PLL). However, the PLI... circuit 
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introduces a phase tracking delay AB during transients. This causes a disturbance 1 A9 

to the current order. The linearized PLL circuit is represented by a second order 

system. Details of the PU...., models have been elaborated in reference [36]. 

The SVC current is finally realized by TCRffSC components with a response time 

constant Tc. 

The admittance of the TCRrrSC block is a nonlinear function of the controlled 

firing angle and the PLL synchronization error of their valves. In order to present the 

linearization of a such function, a TCRIFC block is considered for simplicity. 

The controllable susceptance of the TeR is given as follows : 

B =.!. [(ft - AB ) - sin (,8 - AB )] 
B, jf 

where is the susceptance of the reactor, 

P is the valve conduction angle, and 

Ae is the PLL phase synchronization error. 

The susceptance of the Fe is expressed by : 

where 

B 
- 1 

Be 

is the capacitor bank susceptance. 

(3.3) 

(3.4) 

For the combined TeR/Fe systems of equal inductive and capacitive ratings. the 

controlJabJe susceptance is given by the SUffi of (3.4) and (3.5) , which is : 

B = 1 - ~ [(,B - M} ) - sin (fl- AG )1 
n 

(3.5) 

when B is the TeR/FC susceptance in p.u. values, its base being 
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From Figure 3.3, the following relation can be deduced : 

(3.6) 

where 
aB 
a9 

is the sve susceptance sensitivity constant coefficient, as 

1 Vo 1 is the steady-state voltage magnitude 

For small PLL synchronization errors A() around the steady-state values /Jo and 

AOo = 0, the following Iinearized expression can be deduced from expression (3.5) : 

aB 2 
iJ~() 1110. Mo = 0 = -; (1- cos Po) 

Therefore we have : 

2 
KOf = 1 Vol - (1- cos/Jo) 

te 

On the other side, when ~(J is sma)), the expression (3.5) redcces to : 

B = 1 - ~ (JJ - sin fJ] = f ( P ) 
n 

(3.7) 

(3.8) 

(3.9) 

The nonJinearity f ( P ) is eliminated by means of the lineariziog function jl (8) 

which is regularly implemented on the sve controIJers. 

The TCRIFC response dynamics is represented bya simple delay as shown in Figure 

3.1. 

3.3. STATE·SPACE SYSTEM REPRESENTATION 

In general, this block-diagram representation (given in Figure 3.1) can be 

transformed ioto a state-space form where load currents IR and lx as disturbances 

and 1 VI rel as voltage reference are the system inputs, and the variables such as the 
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sve currents, the voltage magnitude at the bus. etc .. are the system outputs as shown 

in Figure 3.4 : 

x 

~ ~ 

.. 
u ) A B E ., .. 

.. ., y 

w ) C D F ., 

Fig 3.4. State-space block diagram 

The general form of this state-space form is given by the foBowing cquatlons. 

x=Ax+Bu+Ew (3.10) 

y==Cx+Du+Fw (3.11 ) 

where u = [IVI ni] and w = [~;] are the disturbancc inputs, 

IVI 
Isvc 

y = is the output vcctor. 

x is the state variable vector. and 

A , B, C and D are tht! ~y~tem matrices. 
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The ~ystem matrices were formed by simulation using MATLAB software. For 

reasons of iIIu~tration, the state-~pace representations of the principal dynamic blocks 

of the sy~tem given in Figure 3.1 were derived analytically and presented below. 

Voltage Magnitude Mea"urement Block 

The state-~pace rcpresentatlOn of the voltage magnitude measurement bloek is 

given by the following expressions: 

(3.12) 

(3.13) 

where _ [IVlmes] 
X
m - IVlmes is the state vcetor, 

Um = IVI is the input veetor, 

Ym = IVlmes is the output vector, white the system matrices Am' 

Hm , Cm and Dm are: 

Cm = [1 0] and Dm = [0] . 

PI Error Processor Block 

The Pl errnr processor can be represented as follows : 
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IVie l'I). 
'OIiJ" ~ 

Ip -
s IVldtm, 

Fig 3.5. Developed PI controller representation 

The state-space representation of the Pl error processor block is given by the 

following expressions: 

XPI = APl XPI + BpI UPI (3.14) 

YPI = CPl XPI + Dl: UPI (3.15) 

where is the state vector, 

is t~e input vector, UPI = l\IVl, 

YPI = IVldtm is the output vector, while the system matrices APl, 

ApI = [0] , 

CPI = [1] 

TCRIFC Block 

and 

BpI = [1}, 

DPI = [Ky]. 

The TCRIFC state-space representation is given by the following expressions : 

(3.16) 

(3.17) 

where is the state vector., 

is the input vector, 
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1 
Ad = [- Tc], 

Cd = [1] 

is the output vector, while the system matrices Ad, 

1 
Bd = [Tc 1], 

and Dd = [0 0]. 

where Tc represents the TCRIFC response time constant. 

Phase Locked-Loop Block 

The phase locked-Ioop state-space representation (Figure 3.3) is given by the 

following expressions: 

X(J = Ao Xo + Bo Uo (3.18) 

y(J = Co Xo + Do Uo (3.19) 

where is the state vector, 

Uo = {J is the input vector, 

Yo = !J.(} is the output vector, while the system matrices Ao , Bo, 

Co and D(J are : 

Ao = [: Ko 
To 

Ro = [!;] . 
Co = [- 1 0] and Do = [0]. 

By combining the state-space equations of the described blocks (equations 3.12 to 

3.19) with the algebraic equations for ~I v1 and .11 Vit deduced from Figure 3.1 one can 

form the state-space equations of the sve system. Then interconnecting this sve 
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l system state-space representation with the power sy~tem (equations 3.1 and 3.2). the 

complete state representation of Figure 3.4 is defined. 

Using the MATLAB software and its Control System Toolbox [37J. the system 

matrices were formed in two steps. First, the ~tate-space representati(1l1s 1)f the 

controller and the PLL \Vere fOlllled l'rom thelr block diagrall1s lIsmg the 'tramier 

function-to-state space' convel sion function. Secom]]y, the statc-sracc rcprcsentation 

of the whole system was formed by interconnccting the controller and the PLI. 

state-space representation with the power system into a complete sy~tell1 mtng the 

'connect' function. 

3.4. MODAL ANALYSIS OF THE POWER SYSTEM WITH A 

SINGLE sve 

The principal phase of the modal analysis consists of ùctermining the ~y~tem 

eigenvalues. The oscillation frequencies (modes) are as~ociated wlth c()rrc~pondillg 

complex eigenvalues pairs. while aperiodic transient components arc a~sociatcd \Vith 

real eigenvalues. 

The eigenvalues of the system are the roots of the characten~tic cquallon a<.,sociatcù 

with the system matrix A. 

For example, a power system with a short circuit power of 14000 MVA, a ~y~tcll1 

voltage of735 kY and an Sye of 660 Mvar are rcpresented in p.u. value!'! ba~(!d on the 

sve rating by the followmg pdfamcters: 

Impedance of power system equl\'alent: Zs - (0.942+J47.115).1O- 3 p.u. 

SI ope reactance of sve: Xc = 0.03 p.u. 

Filter parameters: W n = 200; ~ = 0.3; 

PI controller parameters: Kv = 1; Iv = 800; 

33 



------------------- - ---

'rime con~tant: Td = 0 005 : 

Phase-Iocked loop parameters: KI = 533: PI :: 1: TI = 0,0038: 

U~ing MATLAB, the following system eigenvalues have been determined 

(Figure 3.6) : 

[- 29.95, - 244.89. - 30.64 ± j209.81, - 266.52 ± j263.02] 

300~---~--~---~----~----~----~ 

200 

100 -

g o -
-100 -

-200 

• 
-300 L-__ ---.JL-__ --' ____ --' ___ --' __ .-'-___ ---J 

-600 -500 -400 -300 -200 -100 0 

Real 

Fig 3.6. Eigenvalues of a power system with single Sye 

From Figure 3.6 two oscillatoI)' modes can be revealed, represented by the two 

pairs of complc'\ cigenvalucs and the two aperiodic modes represented by two real 

eigenvalues. 

The position of eigenvalues in the s-plane determine the system stability and its 

dynamÎl:s. These cigen\'aluc~ move when parameters vary, whether those of the system 
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(i.e the equivalent impedance Zs of the network due to its topoJogical changes), or 

those of the controller (i.e gain, integration constant, PLL parameters, etc .. ). 

Root loci fOI different parameter variations reveal impact of various parameters 

upon the system dynamics. Such root loci are given on Figure 3.7 when the impedance 

of the equivalent network is varied. 
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Fig 3.7. Roat loci when equivalent of the network imped­
ance with a single Sye system is varied 

Figure 3.7 illustra tes the displacement of the eigenvalues of the studied system 

when the impedance of the equivalent netwOl k increases two to five times the original 

value of Zs . We can see that as the system impedance increases, (i.e. the power system 

becomes weaker), a pair of complex conJugate eigenvalues (due to the measurement 

filters) move to the right, the system becomes less damped while its margin of stability 
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dlmiOlshes. The other pair of complex eigenvalues (due to the PLL) remams 

um:hanged, but the real dgenvalues move. One of these real eigenvalues is shifted far 

to the left half plane which give~ to its corresponding aperiodic response a shorter time 

con~tant. The other rcal eigenvalue is shifted slightly to the left" yielding slightly 

shorter lime constant to the relevant apcriodic mode. 

eo 
~ 

E -

300 1 1 

Lcgcnd 
o Starting point • + Locus point 

+/ 200 
• Final point 

+ 
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100 

0 ~++ + • .. + ++tille 

·100 

·200 

• 
. 300 -----L.--_L--__ -i--__ --L __ ----1 __ -----.J 

·500 ·400 -300 -200 -100 0 100 

Real 
Fïg 3.8. Root loci of the system eigenvalues for a variable 

controller gain 

Figure 3.8 iIIustrates the root loci of the system eigenvalues fOl varyll1g controller 

gain Kv from 1 DO to 0 by steps of 5. The plot shows that for tllgher gains the system has 

~maller ~tability màrgin. If the gam is increased somewhat above 100, the system 

bCl'ol11~s lln~tablt! since the pair of cornplex eigenvalues move to the right half plane. 
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The pair of complex eigenvalues due to the PLL remains unaffectcd. A d~crease of the 

gain moves one of the real eigenvalue to the right. wlule the other I~ moved to the Icft. 

300 ......... ---~~---,..----..-------.------,- ---- -
Lcgend 1 

o Startjng po!nt • 
+ Locus pomt 
• Final point 

200 

100 

o 

-100 

-200 

• 
-300 L-__ --L ____ L--_ --''--___ L--__ J __ -- -

-500 -400 -300 -200 -100 0 100 

Real 

Fig 3.9. Root loci of the system eigenvalues for variable 
integratlon constant of the Sye controller 

Figure 3.9 shows the foot loci fOf variation of the controller Întegration con~tant 

Iv as it decreases from the value lOOOD to ~O by ..,teps of 500. The ~y~tem is taken fI o III 

un~table to ~table region. since the cntlcal complex pair of cigcnvaluc!-' move hom the 

right half plane to thf~ left half plane. Another complex pair of cIgenvalues tran~f()flm, 

into two real eigenvalues, one moving to the left, the other to the nght from double 

value position on the real axis. The complex pair of elgcnvalue~ ùue 10 PI J, remaJn~ at 

its original locatIOn. 
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Fig 3.10. Root loci of the system eigenvalues for variable 

time constant 

Time constant Td due to delayed reaction of the thyristor valves does not have a 

great d'fect on the stability of the system as shown in Figure 3.10 when it was varied 

l'rom 0.0005 ta 0.1 seconds by steps of 0.0025, as shawn in Figure 3.10. The controller 

paramcters were chosen to provide a stable operation to the system. 

3.5. STEP RESPONSE OF THE SYSTEI\-1 WITH A SINGLE SVC UNIT 

Dynamic pel formance of an sve system is often specified in time domaine For that 

rcason. st~p 1 I.!~ponses of the systems ta reference and disturbance inputs are of prime 

intcrc~t to system engincL'rs. Time responses are determined by system eigenvalues, 

thcir ItKations and types. as weil as by location and magnitudes of system disturbances. 
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Real eigenvalues correspond to aperiodic modes. white pairs of complex dgenvalues 

correspond to oscillatory modes. 

Applying step disturbances. one can determine. using numerical simulation. how an 

sve responds in time-domain to such disturbanccs. 

Different step disturbances anô relevant system rl'sponses have bccn dctcnnineô 

and given in the following figures. The system and controJler parameters are choscn to 

be the same as those selected in section 3.4. 
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Fig 3.11. Time responses to the reference voltage ~tep variation 
for variolls network impedance values (Z/Zs = 0.5 p.u. to 2 p.u ) 

(a) voltage magnitude (b) Sye current 
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Figure 3.11 shows the time responses of the voltage magnitude and the sve current 

to a reference stcp variation of V,,! = 0.03 p.u. when the impedance of the equivalent 

network varies from ~ = 0.5 p.u. to 2 p.u., where 
Zs 

ZJ = (O.942+j47.115).10-3 p.u .. As the impedance ZJ increases (the network 

becomes weaker), the voltage magnitude and the sve current change from almost 

aperiodic to oscillatory, revealing a significant degradation of the damping of the 

system. 

The slope can also be verified using the following expression, 

~IVI =-- (3.20) 

where [svc, and .11V1 (see Figure 3.1), are to be taken after being settled to their 

steady-state val ues. 

For example. for the case given in Figure 3.10. when the equivalent impedance of 

the nctwork is Zs = (0.942 + j47 .115) 10-3 p.u., one obtains the following values: 

ô/VI = 0.0117 p.u. 

Isvcr = 0.3890 p.u. 

which gives XSIOP~ = 0.0301 pu. or3.01%, equal to the value thatwasoriginalJyset. 
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Fig 3.12. Time responses to a step variation of the reference voltage 
when the controllcr gain varies 

(a) voltage magnitude (b) Sye current 

0.5 

SimiJarly, an identic~1 step voltage variation i!l applied to the power sy~tel1l whcn the 

controller gain Kv varies, and the rcsulting time rc~pon~cs arc IlIu~tratcd in 

Figure 3.12. One can see the cffeet of the mcrease of the gain. When Kv -= 0 , both of 

the measured voltage magnitude and Sye CUI rent are apcriodic, but when it IIlcrea~e~. 

the output responses beeome more o~cillatory. 

Once again, a similar step voltage rcfcrence is applicd. but thi~ tlJne the IIltcgratlo/l 

constant Iv varies as shawn in Figure 3.13. 
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Fig 3.13. Time respomes to a step variation of the reference voltage 
when the integration constant varies 

(a) voltage magnitude (b) Sye current 

ln a similar way. we have applied other disturbances to the system, without varying 

any of the parameters of the controllers or the system. The system and controller 

parameters are chosen to be the sa me as those selected in section 3.4. 

Figure 3.14 and 3.15 show the step responses of the mea~ured vol tage magnitude 

and the Sye current to a vanatIon of the reactive 10dd current lx = 0.9 pu . . and a 

variation of the active load current l/? -= 0.9 pli. One can see that the time responses 

are not weil damped. For the chosen set of controller parameters. it is important to 

notice that the dfect of the 1 eactiw load current variation is significantly greater than 

that of the actIve load current \',lTIatlOn. The slope was also verified by input-vs-output 

ll1~a~urel11ents and 3~ was regularly obt<lined. 
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For curi{)~ity rea~ons, we have applied (Figure 3.16) a combined step disturbance of 

active and reactive load current 1 = 0.9 + jO.9 pu . . As seen in Figures 3.14 and 3.15, 

the reactlvc load current variation has a dominant impact upon the system responses. 

while the impact of the active current variation was small. 
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Fig 3.16. Time responses to a step disturbance of the active current 
combined with the reactive load current 

(a) voltage magnitude (b) Sye current 

Fmally. a distur bance has been appJied, consisting of a step variation of the 

n..fercncc voltage /VIre! = 0.03 p.u. and a complex load current / = 0.9 + jO.9 p.U. , 

illu~trdtcd by Figure 3.17. As the impact of the active current varIation is small 

(Figure 3.15) the rcsponse obtained in Figure 3.17 is mainly due to the effect of the 

rdercncc voltage and reactive current load disturbance. 
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CHAPTERIV 

CONTROL COORDINATION OF SVCs IN 

PARALLEL OPERATION 

4.1. INTRODUCfION 

This chapter deals with coordination of severa! sves operating in parallel on the 

same system bus. The coordination concept of such systems, proposcd in this thesis is 

based on equaJization of the sve outputs, accoroing to their dynamic reactive 

capabilities as defined by their slope reactances. In this case, the SVCs can be 

considered as operating in paralJel on a single bus equivaJent system without any Joss 

of generality. 

4.2. POWER SYSTEM WITH TWO OR MORE SVC UNITS OPERATING 

ON THE SAME BUS 

[n many sve applications, more than one sve unit are installed on the same bus. 

Many reasons can justify that, the most important being an increased reliability of 

multi-unit systems, especially on high voltage systems for large bulk power 

transmission. 

[n such cases. sve units are designed to operate in parallel. independently, without 

any control coordination. 

4.2.1. Uncoordinated sve Units Operating on the same Bus 

Let us consider two sve units simllar to the one in Figure 3.1, to be connected to 

the same bus as illustrated ln Figure 4.1 
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IXsvc 

lsve 
+ 

+ +1 VI "'fI 

IVI 

+ PI 1~104--QH-
+1 Vlnf2 

Fig 4.1. Block diagram of a power system with two uncoordinated sve units 

The two Sye units with identicaJ controJ)er parameters were chosen as those 

presented in Section 3.4, each of them rated 330 Mvars. half the rating of the single 

sve unit chosen in Section 3.4. Therefore, the equivalent sve has a rating of 660 

Mvars. It is interesting, for a chosen sve power rating. to compare the behavior of a 

single Sye unit with the two equivalent sve units operatang in parallel on the sarne 

bus. 

For a power system Wlth a single Sye, the eigenvalues describe the dynamlc 

interactions between the sve and power system, whlle for two or more SVCs, sorne 

eigenvalues describe SYC-power system mteractlOns while others de!'.cnbe the 

interactions among SVCs. as l]Justrated Jn Figures 4.2 and 4.3. Figure 4.2a shows the 

47 



J 

eigenvalues of a single sve unit, describing interactions of the sve with the power 

system. Figure 4.2b iIlustrates the case of two identical uncoordinated sve units, 

where sorne of the eigenvalues are located identically as those sh 1wn in Figure 4.2a, 

which rncans that the equivalent sve which consists of the two identical units 

operating on the same bus exhibits identical interactions with the system as the single 

sve uni: ~f equivalent rating. Other eigenvalues shown in Figure 4.2b are associated 

with mutual interactions between the sve units themselves. It should be noticed that 

pair of complex eigenvalues due to the phase-locked loop (PLL) is double. Figure 4.3 

is similar to 4.2 and it shows the poles of Figure 4.2a and 4.2b on the same plot. 
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Fig 4.2. (a) Eigenvalues of a power system with a single sve 
(b) Eigenvalues of the power system with two identicaJ 

uncoordinated sve units 
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Fig 4.3. Eigenvalues of a power system with a single Sye or two identical 
uncoordinated SVCs 

Table 4.1 

Single sve unit 'IWo identical uncoordinated SVC units 

-29.95 -16.03 

-244.89 -29.95 

-30.64 ± j 209.81 -200.00 

-266.52 ± J 263.14 -244.89 

-30.64 ± J 209.81 

-60.00 ± J ] 90.72 

-266.50 ± j 263.02 

-266.52 ± J 263.14 
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The calculated eigenvalucs of th~ single sve unit and the equivalent system 

con~l~ting of two identu.:aI uncoordinated Sye units are given in Table 4.1. 

The eigcnvaluc~ ..,hm\-n in Figure 4.2b which are not associated with interactions of 

the SVC!-' wlth the power ~y~tem, describe the mutual interactions between the sve 
uni t~ them..,e1vc~. Thercfore, If the parameters of the two identical uncoordinated sve 
unit~ arc kept unchanged, the eigenvalues describing their mu tuaI interactions remain 

unchanged when the network equivalent impedance is varied. However the 

cigenvalues de~cribing the interactions of the SVCs with the network change (move). 

ThIs is weil illu~tratcd by Figure 4.4, which shows that the eigenvalues due ta mutual 

Sye interactIons do not move while the network equivalent impedance varies when 

the network becomes tao weak and when the eigenvalues cross into the right half 

plane (un~table region). 
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Fig ~A. Eigenvalucs system with a two Identical uncoordinated 
Sye units for \ arious values of the network equivalent 

impedance 
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4.2.2. Coordinated SVCs on the same Bus 1 Coordination Concept. 

1 sve C02 1 sye, 
r------

Xs/ + 

Coordination bloc 

Fig 4.5. block diagram of a power system with two coor.dinated SYCs 

The coordination of sve units operating in parallel on the same bus is realized by 

coordination blocks as controller extenSJùn units. Each coorùlnation block forms an 

equivalent SYC controller output Isvc
t 

which is multiphed by the factor Xsl! XSII ln 

order to form the coordinated controller output lm co, ' 

where 

XsI 
Isve co, = -X Isve, 

si, 

n 

I suel = Ilsvet, 

,=1 
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and 

The block diagram representation of the network with two sve units with their 

coordinated controllers outputs is given in Figure 4.5. 

The coordination or action coordination was made possible by averaging the sve 
currents at the output of their controllers. The current output of each sve controller 

was first summed with other SVC outputs, th en multiplied by the ratio of its s]ope 

admittance and the equivalent slope admittance relevant to the sve units aIl together. 

The proposed coordination modifies the general qructure dynamics of the sve 
units operating on the same bus of the system. It has for effect to reduce the 

interactions among the sve controllersand tends to transform the SVC unitsinto one 

equivalent. In fact it will be shown in Figures 4.8 and 4.9 that this coordination achieves 

a relatively good regrouping of the eigenvalues in the s-plane, approaching the 

situation ofa single sve unit operating on a bus bar. It will also be shown thatwith this 

coordination the sve current outputs behave in phase although the parameters of the 

sve controllers can be totally different. 

4.3. MODAL ANALYSIS OF POWER SYSTEM WITH TWO OR MORE 

COORDINATED sve UNITS OPERATING ON THE SAME BUS 

The senes of plots below show the effects of the proposed sve coordination with 

regard to the sy~tern eigenvalues locatIOn In the s-plane. 

10 Implement the effect of thls coordination, an example of two sve units 

connectcd to il !-Imgle bus IS com.lde ed. In the case of ldentical SVCs with identical 

control pdl ameters and ratlflgs, the ~oordmauon cannot improve the system dynarnics, 

as shown by Figures 4.6 and 4.7. Controller pardmeters, ratings and power system 
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parameters ~ . .! taken equal to those of the SVC UnIt con~iJered in Scctinn 3.4. From 

Figures 4.6 and 4.7, one can see the iJentical location~ nf the cigenvalues fnr the 

system with coorJinated and uncoordinated sve units. 
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Fig 4.6. Eigenvalues of a power system \"ith two identical SYC units 
Ca) SVCs \Vith coordinated controllers 
Cb) SVCs \"ith uncoordinated controllcrs 
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}~ig 4.7. Eigenvalues of a power system with tw::> identical Sye units 
with coordinated and uncoordinated controllers 

Table 4.2 

Coordinated SVCs Uncoordinated SVCs 

-16.03 -16.03 

-29.95 -29.95 

-200.00 -200.00 

-244.89 -244.89 

-30.64 ±j 209.81 -30.64 ± j 209.81 
-

-60.00 ± 190.79 -60.00 ± j 190.79 

-266.50 ±J 263.14 -266.50 ± J 263.14 

-::~66.52 ± j 263.02 1)66 "" + . ')63 02 -k '-- -J.;. . 
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Table 4.2 displays iùentic(ll eigen\'alues for the three \.:ol)rÙlOilted and 

uncoordinated SYC uni t sy~tems. 

The coordination effe\.:t appears when the ùynami<:s Sye controllers arc diffclcnt. 

Figures 4.8 and 4.9 show the case when controller pdram~tcr~ arc ~ct to be dlfferent 

from one sve unit to the other (Parameters of the ~ystem and the sve controllers arc 

givcn in Appendix C). 

Table 4.3 

Coordinated SVCs Uncoordinated SVCs 

-224.16 -272.53 
--

-999.54 -999.69 
--

-46.45 ±j 112.02 -28.26 ± j 119.19 

-78.59 ±j 109.02 -101.25 ± j 72.23 
------

-202.43 ± 372.77 -182. 15 ± j 96 18 

-210.92 ±j 24.42 -202.36 ± j 372.76 

-266.40 ±j 263.10 -260.50 ± j 263.08 

The eigenvalues of the two different SVC units for coordinated and uncoordinated 

SYC unît systems are shown in Table 4.3. 

Figures 4.8 and 4.9 illu~trate the locatIOns of the ~y~tem elgenvalue~ of the 

coordinated and uncoordinated sve units. One can see a relative rcgrouping of 

eigenvalues for the coordinatt'd sy~lem. One can ~ee abo an IInprovcrnent in the 

margin of stability considering the elgenvalue~ which are c/o\cr to the nnagmarj aXJ~ of 

the s-plane. 
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Fig 4.9. Eigenvalues of a power system with two different Sye 
units with coordinated and uncoordinated controllers 

To praye the impact of the coordination effects, let us con~ider a variation of the 

equivalent admittance ofthe network. Figures 4.10 and 4.11 illu~trate the movement 

of the eigenvdlues in the s-plane when the nelWork i~ weakened ( one to l'ive timc~ the 

value of Zs ). One can sec that for the third step of variation, the coordinated sy~tcm 

remains in the ~table region whlle the uncoDrdinated ~y!'ltcm cro~~, to the un ... table 

region. On another hand. the coordinated ~y..,tem t!lgenvalue~ of figure 4.11 are kcpt 

relatively regrouped and therefore maintain reduced IJ1tcractlon~ among sve unit~, 

while Figure 4.10 show through the ùl~tribution of the uncoordmatcd ~y~tcm 

cigenvalues a greater effcct of the mutual Interactions whlch ~ub~l~t élmong the SVC 

units. 
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Fig 4.11. Eigenvalues system with two different coordinated 
sve units for various values of the net'Work equivalent 

impedance 

Let us analyze sorne other root loci through different variations of the controllcr 

parameters. One can see from Figures 4.12 and 4.13, the illustration of the variation of 

the integrator constants IVI and Iv2 • IVI is increased from 3000 to 13000 while Iv} is 

decreascd from 10000 to O. One can see that a pair of complcx cigenvaluc~ (relevant to 

the phase-Iocked loop) remain unchanged whlle others muve. In the coordmutcd 

system (Figure 4.13), a pair of complex eigenvalue~ transform to two real eigenvalues 

which eJiminate the oscillations of their relevant time rc"ponses, while the 

uncoordinated system (Figure 4.12) show the ~ame pair of eigenvaluc~ kept complex. 

For the other eigenvalues, the movements are relatively simllar for both coordinated 

and uncoordinated systems. 
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Fig 4.13. Root loci of the system eigenvalues for variable integration 
constants of the two coordinated sve controllers 

Let us now vary the gains of the sve controller~. Figure~ 4.14 Jnù 4. 1 5 Jllu~tratc an 

increase of KVI from 2 to 7 while K~'2 is ùecrea~ed t'rom 5 to O. Once agaill the 

coordinated system of Figure 4.15 ~hows the tran..,formation of a pair of complex 

eigenvalues to two real eigenvalues, whilc the ~arne cigcnvalues are ~till complcx ln the 

uncoordinated system of Figure 4.14. Sorne other palr~ of complex elgcnvaluc~ ùo not 

move or move very little, while the rcmaining eigen\'allle~ have relativcly ~imllar ~hlf't~ 

in both the coordinated and uncoordinateù SVC umt ~y~term. 
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of the two coordinated Sye controllers 

Instead of vaI)'Ïng differently the gains KVI and KV2 • let us vary their sum Kv! + KVl 

r, .... (~pjng their ration constant. It is assumed that the sum KVI + KV2 corresponds to the 

gain of the two sve unit equivalent system. Figures 4.16 and 4.17 ~how the root locI 

corresponding to an increase of KVI + KV2 frorn one to tcn times lb original value. One 

can see that in both coordinated and uncoordinated sy~tems a pair of comple" 

eigenvalues transform into two real elgenvalues. An other pair of complex eigenvalues 

rernain unchanged, while an other one move shghtly ln both ('f the Figures 4.16 and 

4.17. The last pair of complex elgenvalues show an improvement of the margm of 

stabihty in Figure 4.17 (coordinated system) Wlthout affecting the dampmg, whlle from 

Figure 4.16, (uncoordinated sy~tern) the move of the same pair of complexelgenvalues 
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Improve the ~tability but deteriorates its ùamping. The real eigenvalue, 10 both 

coordinated and uncoordinated systems show ~imilar displacement. 
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Fig 4.16. Root loci of the system eigenvalues for variable equivalent gain 
of the two uncoordinated Sye controllers 
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Fig 4.17. Reet loci of the system eigenvalues for variable equivalent gain 
of the two coorclinated Sye controllers 

The presented illustrations demonstrate that the coordinated SVCs have an advantagc 

over the locally controlled SYCs with regard to their stability margjn~. This is 

particularly important for system contingencies when the network becornes wcak and 

when stability of SVCs lS of prIme concern. 

4.4. STEP RESPONSES OF POWER SYSTEM WITH 1\\'0 OR MORE 

sve UNITS ON THE SAME BUS 

Applying step disturbances ta the voltage reference input. the rc~pon~cs of Vafl()U~ 

system variables ln time damain are generated by MATLAB. This l~ Illustraled by 
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FIgures 4.18 to 4.20 for two Identical sve unit syst~ms and by Figures 4.21 to 4.23 for 

two dlffcrt:nt SVC unit systems. One can observe the comparisons between the time 

re~ponses for ~y~tt:ms with coordinated sve units and systems \VIth uncoordinated 

sve units. The sve coordinatio:1. when they are difft:rent (frequent case in practice) 

improvc~ ~ignJficantly the power system stability. 

Jïgures 4.18 to 4.19 display step responses of a power system with two identical sve 
units. Ali parameters are identical and cotrespond to the parameters considered in the 

single sve unit example of Section 3.4. An identical voltage reference V( ,:age 

variation 1 Vlref = 0.03 p.u. is applied to each of the two sve units of the system. 
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Fig 4.18. Magnitude voltage response to voltage reference step variation 
(a) system \\ ith two identical coordinated sve units 
(b) system \\ ith t\\'o identical uncoordinated Sye units 
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Figure 4.18 Illustrates a ~tep response of the magnitude voltage l)f the ~ystel1l. One 

can see an identÎl:al response for both coordmated (Figure 4.18a) and unmordinateJ 

(Figure 4.18b) Sye UnIt ~y~tems with identical pardmeters. 
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Fig 4.19. Sye current responses ta voltage reference step variation 
(a) s) stem wlth two identica1 coordinated Sye units 
(b) system \\ith two identical ur coordinated Sye units 

0.5 

Figure 4.19 shows the Sye current ~tcp rcspon~e~ to the ~a me voltage rcference 

variation 1 Vire! = 0.03 p.u. applied to ail sve units. SimiJarly, the re~pon~e i~ Identical 

for both coordinated (Figure 4.18a) and uncoordinated (Figure 4.18h) sve unit 

systems. Morcover, the curves seen on Figure 4.19a and 4.19b repre~ent only the 

current outpui. of one sve unit. Within one sy~tem, the two current Sye output~ arc 

identical. 
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Fig 4.20. Total Sye current responses to voltage reference step variation of the 
system with two identical coordinated or uncoordinated SVC units 

___ Coordinated system 
.""""" Uncoordinated system 

Figure 4.20 illustrates the total Sye current response of the system. One cannat 

distinguish on this figure the coordinated from the uncoordinated response. For 

idcnticaJ SVCs with Identical parameters. the responses show no difference, as for 

responses of Figures 4.18 and 4.20. FIgure 4.20 show the total sve current, which is 

the sum of ail sve currents.ln addition. It has been verified for each sve unit, that the 

relation (3.21) glves the same value (3%) for Xs!ope than what was originally set. 

The next figures consider the same example of power system with different 

parameters of the sve umts (Parameters of ail two SYC units are given in 
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Appendix C). The disturbanœ consldaed i~ dlsn a stcr voltage rdcrcnœ variatIOn 

1 Vlrej = 0 03 p.u. applied to e<lch of the Iwo Sye unit~ of the ~y~tem. 
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Fig 4.21. Magnitude \'(\!tage response to voltage reference variatIon 
(a) system with two different coordinated Sye units 
Cb) system with twO different uncoordinated sve units 

0.5 

Figure 4.21 shows the magnitude voltage stcp re~ponse~. One can ~ce the effett nI' 

the coordination by comparing with the re~p()nse waveform~ of Figure 4.21 a and 

Figure 4.21 b. Tpe coordinated re~pon~e present a better L1amping wavefmm with il 

reduced maximum percentage overshoot over the ~tcady-~tate re~ponse. 
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(a) system with two different coordinated Sye units 
(b) system with two different uncoordinated Sye units 

0.5 

Figures 4.22a and 4.22b illustrate the SYC current output of each UnIt for relevant 

coordinated and uncoordinated systems. As noticed, the coordinated responses give a 

better damped wavdorms, and the coordination accion of the controllers dynamics is a 

rcal improvement for coordinated SVCs as their reactions are synchronized. One can 

also ~ec thdt the corresponding SYC currents have the same steady-state value for both 

coordinated and uncoordinated systems . 
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Finally, Figure 4.23 shows the total sve currcnt rcsponses for coorùinatcd and 

uncoordinated systems. the percentage overshoot i~ ~cen to be rcùuccù with 

coordination and the damping has becn improve •. Once again, one can abo sec that 

the steady-state value is identical for bath cases. In addition, It ha~ abo becn venficd 

that the relation (3.21) gives the same value (3%) for Xslope than what was originally 

set. 

The coordination has not changed the ~teady-~tate value of the time rc~pon~es. ft 

shows c1early the structural modification of the SYC con troll ers dynamics by 

synchronizing their reaction and improving the damping of the oscillations. 
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CHAPTERV 

CONTROL COORDINATION OF SVCs 

CONNECTED TO VARIOUS &USES WITHIN THE 

POWER SYSTEM 

5.1. INTRODUCTION 

SVCs arc reqUlred to SUppOI t the system voltage at various locations within the 

transmis~ion system in order to stabilize the voltage and its power transfer capability 

and to increase its transient stability margin. The fast acting SVCs provide fast 

responses to system voltage disturbances. However, their speed is limited by stability 

con~tramts rele\'ant to mteractlons among SVCs as weil as SVCs interactions with the 

system. 

SOllle stUl.hes were addressed to these issues in order to enable parameter 

optlmizatlOn of the SYC controlJers as weil as to en able an identification of other 

problems rclated to addition of series compensation, or interactions between SYCs 

,lfld the HYDC systems. 

5.2. VOLTAGE REGlJLATION AS A MULTI-INPUT/MULTI-OUTPUT 

CONTROL PROBLEM 

5.2.1. Problem Statcment and Linearization 

AsSUITllllg that ail the hnear components of the network are represented by 

constant Impedances and by voltage or current sources, if the voltage sources are 
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rcpre~ented by their c.:urrent ~qulvalènt~. Ihe \oItag.e~ on the ~\"tl'rn bu'l'~ MC 

de~L'llbcJ by tht: ~nlltm l'l]udtion. 

YV = 1 li - 1 ~ '\ C - 1 L 

where y 

V 

(:'. 1 ) 

IS the ~ystl'm aJmiltLHll'C. (m.HI IX). 

is the bus volttlge. (Vl'c.:tOl) • 

arc the re~pedive gl:/leralnr. SV<' .md ItldJ 

currcnl. (vcclors). 

Il the voltdge IS c\pressed in t~rrns nI' its o/il'Ilt.ltion cllld IlldgllltlJlk \~l'Ill/~ .Ihe 

following equation is obtaincd. 

\"hae i~ lÎle voltage orientatIOn. (dldgon.t1 mdl/Ix). 

bl'ing the voltage phase (ùlago!l,d m,Il r ix). 

IVI i~ the voltage magnitude, (Vl'UOI). 

IS the actIve and reactive gcnl.'r.tltll LUrrl'nt. 
'-

(veetnrs) 

i.., the ac.:tive anù reactlve ltMd l.UI n:nt. (Vl:ctor..,) 

I>Gve is the sve CUfrent. (Vl'ctOT) with ail CUl/l'ill'. 

rl'fl'rred to the bus voltage. 

When equation (2) is rcsolvcd, the following l\Vo cqualiun~ arc ohlallh:d lor the 

voltage magnitude and orientatIon as fUlletions of the Joad and sve Ullll'nt. 

1 
• -1 • -1 1 V = Re(v Y V)(IRg - IRI) - Im(v Y v)(Ixg -Ix.wc - IXI) C~.3) 

(5.4 ) 
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If equ<H1on (5.2) is linl:dfl/t:ù ln tcrms of the voltage magnituùe and phase 

variati{)n~ a~ weil a~ the variatlOn~ of the sve and IO<lù current arounù .:he ~teady-state 

opcrating point. the fnllowing equatlOn is obtained, 

whcrc 

(5.5) 

IVI is the voltage magnitude variation, (vector), 

1 Vol is the voltage magnitude <lt the ~tcaùy-state operating point, 

(di<lgonal matrix). and 

() is the voltage phase variation, (veetor) 

1 RI, IXI is the 3ctIve and rcactive Joad currcnt variation, (wctors), 

and 

IXlvc is the Sye current variation, (vector). 

1.lI1carizcd form of expre~SIOI1S (5.3) anù (5.4) are obtained by solving equation 

(5.5) for 1 VI anù (), 

(5.6) 

(5.7) 

The voltage Icgulation probJem of the Jinearized system deseribed byequations 

(5.6) anù (.5.7) is ~tated a~ follows: 

Control the sve CUlrenl variation so as to maintain the voltage magnitude 

vdriatlOl1 as dose to the reference voltage variation as the Sye sJope reactance 

permits. as ùcfineù by equation (5.8), in order to reducc the effects of Joad variation, 

,~ 1 VI = 1 VI n.1- 1 VI = X!ol IXn·c (5.8) 
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T 

where ~IVI IS the voltage magnitude error variation. (vcctor). 

1 vlrrf IS the reference voltage magnitude variation. (vector). and 

XsJ is the sve slope reactance. (diagonal matrix). 

5.2.2. ControUer Optimal Adjustment 

Optimization of the controller adjustment is based on a performance index dcfincd 

in terms of the output vector which gives the measure of the system behavior in the 

time domain for a specified disturbance. 

The most commonly useu performance index is given by the following cxprc~~ion : 

1 fT J =? (y 1 Q y) dl 
~ 10 

(5.9) 

where Q is a positive semidefinitc symmetric matrix, 

(the factor 1/2 ln the integrand is sometimes omitted. Hs presence mcrely 

mdicates an averdging ot the integrand). 

An optimal controller performance is achieved when the controllcr parameters arc 

chosen sa as to minimlze the speclfied performance index, as dcfined by the followmg 

expressIon. 

(5.10) 

is the transient voltage magnitude 

error varIation, (vector), 

are the welghtmg factor~ (diagonal malnx). 

Another performance index whlch includes input vector ll1 additIOn, IS aJ~o applJed 

frequently. This performance mdex IS defmed by the following expreSSion, 
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whcre 

l1/Xsve = / Xsve - / Xsve 1- oc 

qv and ri 

(5.11) 

is the transient voltage magnitude 

error variation, (vector), 

is the transient sve current variation, 

(vector), 

are the weighting factors (diagonal 

matrices). 

The voltage rcguJatlOn in power systems is obviously a muJti-input/multi-output 

control problcm. 

5.3. SVC COORDINATED CONTROL 

Analysis of expressions (5.6) and (5.7) reveals that the voltage magnitude is mostly 

affected by the reactive Joad and sve currents, while tht' voltage phase is mostly 

affected by the active Joad current, due to negJigible transmission losses. It is important 

to notice that a control action of an sve current by its reactive current affects the 

voltages on ail other buses. ThIs is why the locally controlled sve systems mutually 

intcract. 

5.3.1. Control Coordina tion Concept 

ln ordcr to eliminate mu tuaI interference, the control concept presented in this 

thcslS ,1S~lllnes a coordination of sye currents in arder to decouple volt:lge control 

aCllons, a~ the fin.;t deSIgn step. The derivation of the control coordmation expression 

IS bascd on expressIons (5.6) and (5.8). The voltage magnitude variation caused by tht 

SVC current <lccording to expression (5.6), is given by, 

1 VI = Im(v~ Z vol IXsve (5.12) 
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whcre z = y-l 

ln order to produce this voltage magnitude variation, taking into account the 

voltage drop across the ~Iopc reactance, the folJowing voltage demand has to be made, 

(5.13) 

As variations of le lead to negligible variations of lM, one can assume that 

IXsl'C ::::: le· Bence, introducing equation (5.12) into (5.13) ,the foIIowing expressions 

for 1 VI dem and le are obtained, 

1 VI dC11l = [Im(v~ Z Vo + j Xs/)] le 

le = Beo 1 Vldem 

where is the coordination susceptance, (matrix), with 

( 
alCl ) . In general, Beo = 1 • (Jacoblan matnx). 

al v delll, 

(5.14) 

(5.15) 

This control coordination requires a communication nctwork intcrconnecting ail 

sve controllers. similar to those applIed in OC transmission. 

5.3.2. Power System Representation 

The linearized power system block dlagram is rcprcscnted by FIgure 5.1 
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IVI 

il V 1~I(v~V - vol;") 

o 

Fig 5.1. Block diagram of the power system 

The voltage magnitude 1 VI and the phase e represent the outputs of the power 

~y~tern. while the sve current I:ùvc , the reactive and the active load currents IXI and 

lm reprcsent its inputs. Tht! expressions of the linearized outputs as given by 

c.\pre:-,~ions (5.6) anù (5.7) are as follows : 

(5.16) 

(5.17) 

5.3.3. sve System with Coordinated Controllers 

The block diagram of the Sye system with the coordinated control1ers is given in 

Figure 5.2. 
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Fig 5.2. Block diagram of the sve system with coordinatcd 
controllers 

In each sve unit (as a~sumed in chapter III), the bus voltage magnitude (~caled tll 

its p.u. value) is measured and filtered by a ~econd order low pas~ filter. The voltage 

drop across the ~Iope reactance assumes sve eurTent which is either mea!-.ureu or 

computed internally. The measured voltage magnitude am) voltdge drop acro~s the 

slopt- reactance are subtracted From the refelcnce voltage magnituùe to l'or111 an error 

signal. Based on thi~ error, proportionaJ and integral tenns form the voltage 

magnitude demand. The controller sub~ystem consists of Pl error proœ~~or~ whcre 

Kv arc the controller gams and 1.., are the integration cocfficicnt~. The lI1tcrnal curreJlt 

fecdback loops have the slape reactances as their gain~. The noteh tiller blocb are 

included to eliminate llnde~ired effects of the lo\\c~t sy~tem rc~onanœ frequcnclcs ln 

the measurement of the voltage magnitudes. 

In order to achieve a coordinaled voltage control aCli< n, cach controlkr 

communicates its demand ta other sve conLrollcr~, and abo il reu.!ivec., Lheir~. Eadl 
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, 
1 controIler can now compute its rcactive cunent dcmand lITe d,'1II according to 

equation (5.14) in order ta sati~fy voltage demand!'! of alllHhcr contfllllers. 

The control coordination concept is thercforc ba~~d on l'l)uations(5.14) and (5.15) 

\Vith the coordination susceptance matrix Bw bcing of the principal importance 

(Figure 5.3). 

Fig 5.3. Gmtrol coordination block diagram 

The current order of each Sye unit ~s computed according to C:-'pl ession (5.14), 

IXsvCI = k, B~o 1 1 Vldem (5.IR) 

where Bcol is the relevant coordination vector, ( i-th column of matrix 

Bco), B;o 1 being ils transpose 

k - Psvc, ,---
Psys 

is the factor for p.u. base conversion from system to sve 

values. 

The Sye coordinated control system as a multi-input/multi-output ~y~tem c()n~i~t~ 

of an asscmbly of c1assical local controIlers and çoordlllation blncb, whlch 

interchange their local voltage magnitude dcmand~ ~o that each controller ùetel mll1e~ 

its current so ta respond correctly and immcdiately to ail voltage magnitude demand ... , 

as specified by equation (5.1R). In the db5ence of thl~ comnlllJlIl:ation, each controllcr 

determines its current order in re~pon'ie to its local voltage magnitude demand only, 

according to the following expre~~ion, 
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1 XSYC 1 =: k, Bco Il 1 VI dcnll (5.19) 

where is the relevant coefficient, (diagonal element of the 

coordination su!'ccptance matrix Bcu ). 

ln this case, the sve coordinated control system reduces to the sve 
ul1coordinated control 5ystem, which consists of an assembly of cIasslcal local sve 
controllers. 

The sve system is a dynamic subsystem which can be defined in state-space in the 

same way it was shown in Chapter III. 

5.3.4. "itate-Space Representation of the System with SVCs 

The global state-space of the system incIuding the active load disturbances input 

will be represented by Figure 5.4, 

Ax Bu 
h. h. 

u ) ) 
r' r' 

y 

ex Du 

Fig 5.4. State-space block diagram of the complete system 

The state-space representation of the complete system is given by the fol1owing 

cquations: 

x =: Ax x + Bu li, (5.20) 

y =: (~x + Du U (5.21) 
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where 

/VI 
118 

x= 

1 VI mes 
IV/mes 

(Jmes 

Omes 
1 Vldcm 
Ixsvc 

[

1 Vire!] 
, U = ~~ ,and y = 

ô/VI 
l",vcl • 

x, U ,y bcing the !)tate-space, input and output vectors, and 

Ax, Bu, ex and D" are the system matnces. 

For a power system ha .. ing n SVCs, the ordl!r of the system of cquations (5.18) and 

(5.21) becomes 6n . 

Details of the complete mathematical derivations of the state-spacc matrices of the 

complete system are given in Appendix B. 

The system matrices were formed by means of MATLAB software. FirM, the 

state-space representations of the controllers withoul their coordination umts \Vere 

formed using the block diagram to the 'transleT fun('tion-fo-~/llIe ~pa('e' conversion 

function from the "f\1ATLAB software and its Control Sy~tem Toolbox t371. Secondly, 

the state-space representa tion of a complete system was formed by mterconnect 1 ng ail 

the controllers with the control coordination and power ~y~tem blocks u~ing the 

'connect' function. 
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2HAPTER VI 

ANALYSIS OF THE SYSTEM WITH 

COORDINATED SVCs AT VARIOUS LOCATIONS 

6.1. STUDJED SYSTEM 

In OIder to analyze and evaluate the proposed control coordination conceot, the 

IEEE 14-bus and the IEEE 3D-bus power systems \Vere chosen [38]. Various number 

of SVCs were con..,iùered on cach !:lystcm. For a chosen number of SVCs, tests were 

maùe with different types of disturbances su ch as active, reactive step variations, 

volt.lge refcI cnre step variations and combinations of them. However, only the results 

concerning the JEr::E 3D-bus system with five Sye units are presented, since the tests 

with different Humber of SVCs gave similar results in principle. The IEEE 3D-bus 

power system is !-.pecified in Appendix D. 

A'I shown in Figure 6.1, five SVCs units rated at 5, 5, 5, 10 and 1 Mvars, were 

conncl:tcd to buses 2, 13,15, 19, and 23, respectively. The slope reactance of each sve 

~ystcl1l was a~,sllmèù to be 3% on its rating. The determination of the Sye locations 

and rdtings were based on the load tlow study made \Vith the objective to mmimize the 

total reactive power requircd for voltage regulatlOn. The load tlow program was also 

applid to dctcrmine the system voltage magnitude 1 Vlo and phase 00 at the 

steady-~tak opcIating point. Next. the system admittance were formed, wilile ail the 

volt.lgc sourœs and \VCle lineari7ed .lnd transformed inta relevant current sources. 
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Fig 6.1. IEEE 30-bus pO\\er system \vith five sve units 

-@ Sjnchronous Condenscrs 

[svc 1 Static Var Compensators 

84 



, 

Then tht! sy~tem wa~ reduceù to an equivalent system containing only those buses 

whcrc SYe~ were connt:cteù. This reùuction is not necess ... ;ly requlreù, but it is 

aùvantageou~ in computation while it docs not have any effeet upon neither simulation 

nor analy:..i5. Ilowever, thi:.. reùuctIOn limits the dl~turL,ances ta the retained bu'lcS of 

the con~ldel cd ~y~tem. J ta Imld di'itur bance i:.. as~;umeù at the bus where an Sye is not 

conncctcd, the complete nctwork has to be con~idered. 

The Sye coordinated controllers \Vere a:..sumed with the following filter and PLL 

par a rnetcrs : 

(Ùn = 120; S = 0.70;; 

Ko = 533 ; To = 0.038; 

Kot = 0.955 rad- 1 ; 

The asslImed TCR/TSC response time constant is : 

Tc = 8.3 10-3 s. 

The proportional and integral gains of the controllers were considered adjustable. 

The control coordination susceptance matrix Beo was calculated, from \vhich the 

coordination susceptancc vectors 8col(.= 1,2, ,5) equation (5.18) were deduccd. 

For comparative evaluation the lIncoordinated SYC controllers were considered 

as an alternative. with the same fixt'd parametels. while the diagonal elements of the 

coorùlnation susœptance méltrix were ta ken as susceptance factors coefficients. 

equation (5.19). The proportion al Kvand integral gains Iv of the uncoordinated 

controllers were also considered adjustable. 
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Block Diagram of the SVC System \Vith Improved CQQrdinated Controllcrs 

The coordinated Sye controller system has also becn improvcd (Figure 6.~) by 

adding a filter 10 the slope block of each controller . Thcse filters are identtca] to th .lse 

used for voltage magnitude rneasurement. This allows for an effective dynamic 

decoupling of the coordination operation, so that each SYC contrnller rcacts as an 

equivalent isolated single SVC uni~ system. An attractive alternaflve 15 to rclocatc the 

measurcment [ilter to filtt.'i the \"oltage error 1\ 1 VI,. Of course, the added fllters 

increase tht number of eigenvalues, without detcriorating the performance of the 

coordinated Sye controllers with regard to voltage rcgulation. 

IVI il () 
r , ~ Ixn·c 

w~ + ' ~ !lf) 
XJ KOl jK- 1 

s2 + 2l;wns + (VI À-
....-

Omes , 7 {} In·c 

1 1<= Ko 1 

1 VI mes 
-- 1'0 s + 1 '[~ s + 1 s 

!lI Vie 1 Vldem ho ~ 

- )l !lIVI 

~ 
Ic ... \1+ 

-" Jo>. ... 
.;tx .;tx K Bca f-- I...,../'~J - .... 7". .. 

1 Vire! + + i ~_ + Ilvc, 

w~ 
Xsl ~ s2 + 2l;wns + w~ 

Fig 6.2. Black èiagram of the Sye system with improved coordmatcd 
controllers 
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6.2. COMPARATIVE SYSTEI\'I ANALYSIS AND EVALUATION 

Analysis and evaluation of the SVC systems with and without control coordination 

was performed in s-plane and time domain, by means of the MATLAB software and its 

Control System Toolbox. 

ft is weil known that when the system short circuit impedance increases (weaker 

system), the Sye dynamic performance as weil as itsstability mar~in would degrade. In 

extremc cases, this re~ults in the loss of stability. 

Whcn t,;.o or more sve umts operate on the system, they , . .,t:.mlly interact. This 

interaction de grades thcir perfolmance, reducing their margin of stability. lb iIlustrate 

this, a comparative analy~is was donc of the sve systems comprising one to five locally 

controlled sve units. In each case, the Sye controllers were optimally adjusted, 

according to the expression 

with regard to their integral gains (proportional gains weI\.' kept at zero), as it is usually 

ùonc in SYC controllers W1th internaI current measurements. The optlmai adjustment 

of the Sye controllers was done in the tlme domam applying the Monte-Carlo 

tech nique. 

The miniml1<ltlon proces~ of the performance index defined above, not only 

allowèd to dt'tcl mIDe the optimal values of the integral gains of the SVC controllers, 

but also to compMe the optlmdl performance indices obtamed for the coordinated and 

ul1cooldmated ~y~tems. 

The cumuldtive pcrform.lOce II1dex which provldes an evaluation of the ~ys em of 

SVCs \Vith rega[lJ 10 the step-inputs applted to every SYC reference voltage in 

~cquel1œ, consists of a sum ot the performance Indices. The optimal pdf ameters of the 
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sye controllers (integral gains. for example) dr~ Odèl/llIlleO ~o 10 1lllI1ll11ilt! thl~ 

p~rform(lI1ce index liS dcfined by the follO\\lng l:\rres~lOn : 

n 

min J mm L J, (h. 1 ) 
1=0 

is the pel l'Ill I11dIKI': IIldex \VIth 

~tep input set only to the voltage rdel cnee of the i-th Sye unit (among the n SV(' 1I1l1t~ 

connected). 

Let U~ an:llyze now the system of uncoolùindtco SVCs in thl! s-pl,ule and tl/ne oom.tin. 

e.IJ 
;3 
t:: -

----1 ~--, - -----,--- - ,- -. - -,- -- 1 

140 Lcgcnd 
°ISYC • 

120 .. 2 SYCs \ 

0 

'( 3 SYCs 

100 + 4 SYC~ • 
)1. 

• 5 C;;YC~ e. • 80 

60 

40 

20 

0 • ~ •• • '( ~ • -, 
1 

__ .L _L-__ L ____ J. __ ~ 
- j 

_J 

-160 -140 -120 -100 -Xo -w -40 -20 () 

Real 

Fig 6.3. Eigcn\'alues of the ~) stcm \Vith l, 2, 3, 4 and 5 
uncoordinateo sve units. 
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Figure 6.3 gives the displact:nent of eigenvalues of tht! system with 1,2.3,4, and 5 

uncoordinatcd s'le un!ts, in the upper left quadrant of the s-plane. In ail the se cases, 

the controller pararncters were rhosen such that they optimize their relevant 

performance indexes as defined by expression (6.1).1t can be seen that the system with 

five uncoonJinated Sye units has Tfluch smaller stability margin than the system with a 

single sve unit. This indicates that, due to mutual interactIOns. the stability margin 

rcduces when the number of sve units increases. 

1 - -'-' ------r-------.--- ---.------r--

0.8 

02 

o . 

-0.2 L...-.. __ "'"'-__ -'--_ 

o 005 0.1 0.15 02 025 

tlme (5) 

Fig 6.4. Voltage error step response .üIVlsvcl trans of the 
system \Vith l, 2, 3, 4, or 5 uncoordinated sve units 
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Again, for ail cases of Figure 6.4, thl,.. controller parametcrs \Vere chosen such that 

they optimize their corre~ponding performance indices. The figure shO\\fs the transicnt 

components of the voltage error step-rcsponscs of (he fifst sve umt when it opcratcs 

atone dnd together \Vith 1,2,3, and 4 otl1('r uncoordinated Sye units. As the numbcr of 

Sye units increases the step response 0ccomt:s more oscillatory. For many sve units 

the system could become unstable. 

Based on expression (6.1), the minimization of the performance mdexes \Vas 

carried out for the case of five uncoordinated sve controllers, \Vith the follo\VlI1g 

integral gams obtained : 

IVl = 15(' 22 
IV2 = 10~.18 

Iv) = 73.64 
Iv. = 124.24 
I~·s = 44.23 

the performance index Jill/ta mm being: 

JUIIt:o mm = 0.2546 

Before considenng the parameter optimization of the coordinated Sye unlt~, let 

us use the mtegral gains deterrnJl1ed prevlously for uncooruJI1atcd SCY umlS and 

calculate the performance Index JlO for the coordinatcd sve umts. The value 

obtained IS : 

Jeo = 0.1663 

For bath, coordInclted and uncoDrdinated Sye ~ystem, the voltage rcft.:rcnc.:c 

step-input to each Sye unit was equal tn 1 p.u. 
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One Lan dJn'ddy nolIœ thdt .le.! has a lower \dlue than J/l l1c {J mm. ThIs inJicates 

that the Jlltcgrdl mea\Ule of the voltage eHur vaTlJtj()n '" ~malJer ln the coordinated 

1\ comparative analy\l~ Jnù evaluatioll III the s-plane and the time domain was 

carricù out for the ~yskrn \Vith five cnordinatcd sve units and \Vith [ive uncoordinated 

sve units .. The cigenvalucs of both systems are givcn in Table 6.1. and ~hown in 

Figurc~ 6.5 and 6.6. 

eIJ 
:":l 

.§ 

::: l-----~ ---;--.----
JOo~ ~o 0 

-1O:~ 
-200L 

-300 -----'---~--"------' 
-600 -400 -200 

::--'- -t-~- ---l 
]00 tI++tJ 

eIJ 
0 +++ + .. ;:= 

:: -
-1 no tI++t 

-2(X) 

t 
-300 ---- ---- ___ .1- _____ .1-____ -' 

-600 -.wo -200 0 

o 00 0 00 

o 

o 
Rcal Rcal 

(a) (b) 

Fig 6.5. Eigen\'alues of the S) stem WIth fire sve units 
(a) sve units \\ith coordinated controllers 
(b) sve units wlth uncoordinated controllers 
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Table 6.1 

----- -- - ---._--
Coordin~"tted SVCIi llncoordinatrd SV('s 

----- --- - .- ---~-----------

-46.13 -4O.7·l 
F---------=87.13---------->-----------

-56.24 
---------- --

-120.48 -92.90 

[ -120.48 -- --120AH 
-----

-120.48 -120.48 
--

-120.48 -120.48 
-r-----

-120.48 
---- -

-124.36 
~-_._---

-145.46 
.. --

-164.39 
f---

-28.90 ± j 105.54 
1--

r---'--- ------
-42.80 ±j 106.61 

------- --
-58.80 ± 93007 

f-------
-74.39 ±j 84.62 

f----
-83.24 ±j 84.15 

f--
-263.37 ±j 263.21 

r- -
-263.87 ±j 263.10 

-265.62 ±j 263.15 
-

-266.25 ±j 263.14 

-266.34 ±j 263.14 

92 

--12U.48 

-120.48 

-139.02 
------ -------l 

-189.59 

-16.43 ± j12 9.47 
.---

-44.99 ± J 9 
,---------

-63.55 ± J 8· 1.19 

2.49 -78.55 ±j~ 

-83.56 ± J 8 4.19 

-263.44 ± j 2 63.23 
-

-263.85 ±t2 
-

-:~65.h3 ::...j2 

-266.25 ±j2 

-266.34 ± j 2 

6J.18 

63.15 

63.14 

63.14 
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Fig 6.6. Eigenvalues of the system with five coordinated or 
uncoordinated sve units 

Analysis of the eigenvalue displacement reveals that the system with coordinated 

sve controlJers has much greater margin of stability than the system with local sve 
controllers. FIgure 6.6 also shows that eigenvalues of the coordinated sve system 

have d tenden<.y to regroup which can attributed to the coordination which eliminates 

the Illutual interactIons among SVCs. 

Figures 6.7 and 6.8 show respectively the step responses of the measured voltage 

magnitude 1 VIII/t's and the transient voltage error of each sve controller with and 

wlthollt coordlllation, the step-input being applied to the reference voltage of the 

founh sve unit. As it can be observed, the step responses of the coordinated sve 
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controllers are muc.:h more Jamped. with smaller overshoots than \Vt!rc the rc~p()nses 

of the local Sye controllers. 
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Fig 6.7. Measured voltage magnitude to voltage reference 
variation of the system with five Sye units 

(a) Sye units with coordinated controllers 
(b) sye units with uncoordinated controllers 
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Fig 6.8. Voltage error step-responses ~IVlsvci trans 

of the system with five Sye units 
Coordinated SVC units 

........ Uncoordinated sve units 

0.4 0.45 0.5 

Figure 6.9 shows the step responses of the currents of coordinated and 

uncoordinated sve units with the integral gains optimized for the uncoordinated 

sve units system only. As before. a superior performance of the coordinated sve 
controllcrs can be observed. 
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Fig 6.9. sye current response IsvC1 of the system 
with five Sye unirs 

Coordinated SYC units 
Uncoordinated sye units 
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Another interesting point in evaluation of the proposed coordination concept is to 

analyze the stability of the system with many coordinated SVCs as comparcd to the 

same system with a single SVC when the integral gain of a single Sye unit is 

optimized. 

So to minimize the performance index defined by expression (6.1), the followi ng 

integral gain was obtained : 

Iv = 70 
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yldding the followmg performance index of the single sve unit system: 

.Jllllgle mm = 0.0172 

ln the case of a five (;oordinated sve units, the controller actions are fully 

dccouplcd. For that reason, each of the controller appears to be equivalent to a 

controller of the single sve unit. The step-input applied to the voltage reference of 

any sye unit re~ults in the voltage error variation of that unit only. Therefore, the 

optimal integlaJ gains of the coordinated controllers, (the proportion al gains set to 

zero), are equal and assume the value idcntical to the one obtained for the optimal 

control/cr of the single sve unit, 

III = 70 
1 [ i = 1, 2, ... , 5 ] 

The relevant optimal performance index of the system with optimized controllers, for 

the unit step-input applied to the voltage reference of anyone out of five sve 

controllers (SVe unit connected to bus no.19, for example), assumes the value 

identical to the one obtained for the optimal control1er of the single sve unit: 

Jco mm = 0.0172 

The optimal cumulative performance index (expression 6.1), with regard to the unit 

step-input appJied to the voltage reference ot each sve controller in sequence, 

assumes a t'ive times greater value: 

Jco mm = 0.08':;9 

Let us now sec the comparison of the five coordinated sves system with the single 

sve system in s-plane and time domain. 

One observes c1early f. ùm Figure 6.10, that the system with five coordinated SVCs 

has its cigenvalues, five times repeated, and at identicallocations as those ofthe single 
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sye system. This indicates thai eal'h of the l'oorJin,lteu sve ~y~tem pcrfl1rms as ,111 

equivalent single sve unit. 

150 --.-----.-------,----.-------.- - -~-
Lcgend 

o Smgle SVC 
+ Coordinated SVCs 

100 

50 

o • 

-50 

-100 

-150 L-__ ...l.-____ -L-__ .--.-l ___ -L---l ----

-100 ·50 -300 -250 -200 -150 o 

Real 

Fig 6.10. Eigenvalues of the system with five coordinated Sye 
units compared to a system with a single Sye unit 

Similarly, the dynamic performance of the coordinated SYCs illustrated in time 

domain shows the voltage decoupling achicved, and its dyn:.lInic perfor mancc identi<.:aJ 

to that of the system with a single Sye unit. 
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Fig 6.11. Magnitude voltage to voltage reference 
variation of the system 
(a) with single Sye unit 
(b) \Vith five coordinated Sye units 

tlme (5) 0.5 
(b) 

Figure 6.11 illustra tes the mea~lJ'red magnitude voltage response of the system 

with five coonJinated Sye units with the magnitude voltage of a system with a single 

sve sy!ltem. Ahhough the number of Sye units is five, one can see that the responses 

obtaincd in Figure 6.1Ia are not more oscillatory than the one of Figure 6.llb which 

<:orrcsponds to a smgle sve case. One can also notice that the magnitude voltage 

appears within ail the sve controllers, \vhich is not the case of the voltage error, as 

IcsuIt of the compensation II1troduced by the added fiIters in the slope blocks. 
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Fig 6.12. Voltage error step-response ~IVlml1ram of the s)stem 
with five coordinated Sye units 

.. . ... \Vith single Sye unit 

0.45 

Figure 6.12 shows on the same plot the fIve voltage error ~tep rc~pon'ics of the 

system \Vith five coordinatcd sve units and the voltage error re:-.pon:-,c of the :-,y:-,telll 

with a single sve unit. Tt is intere!'lting to notice that the voltage error t1ppear:-, only 

withm th!" sve controller ta which the ~tep-input is applJed, wlllle othcr four rcmain 

undis:urbed. Hence, the controller rcaction:-, are fully decouplcd. 
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Fig 6.13. Voltage error step response LiIVlsVd lumsof the system 
with five coordinated sve unit 

........ with single Sye unit 
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Figure 6.13 is extracted from Figure 6.12. in this case, only the oscillating voltage 

errc',r response of the system with five coordinated sve units was selected for 

comparison \Vlth the response of the sy~tem with the smgle sve unit. The two 

re~ponsL'S match Identically. 

Once it was proven that the proposed coordination made the Sye units performing 

as a sy~tem of the decoupled equivaJent Sye units, it would be interesting to compare 

the conrùinateù sve units system \vith the uncoordinated sve units sy~tem. each 

assuming its relevant optimal controller parameters. The eigenvalues of both 

coordlllated and uncoordinated system are shown in Table 6.2. 
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Table 6.2 

r- I ------------------ - ----
Coordinated SVCs l'ncoordinatcd SVCs 

r------ -------- --
-119.64 -40.74 

f---- ------~- ---------------
-119.68 -56.24 

f--------- "- --------------
-119.72 - ~2.90 

~- - ----------- -----
-119.72 -120.4S 

------
-119.73 -l20.48 

------------
-120.48 -120.4S 

----------
-120.48 -120.48 

--
-120.48 -120.48 

- --
-120.48 -139.02 

r-" --------
-120.48 -189.59 

r-- ----------------- --- --- -
-24.96 +J 88.31 -16.43 ± J 129.47 

- ------ -- -
-24.97 ±j 88.~O -44.99 ± j lN.RH 

------------ -- -- ----
-24.98 ± 88.29 -63.55 ± jX4.19 

f--- ------------- ----
-24.98 ± 88.29 -78.55 ± J ~2.49 

--
-24.98 ± 8R.29 -83.56 ± j 84.19 

i---. - --------
-84.84 ±j 88.29 -263.44 + J 263.23 _. -------
-84.84 ±J 88.29 --263.85 ± j 263.18 _. --------
-84.84 ±j 8R.29 -265.63 ±j263.15 

-- ----------
-84.84 ±j 88.29 -266.25 + J2h3.14 
----
-84.84 ±j 88.29 -266.34 ± J 263.14 

-26:;.29 + j 263.19 
---

-:63.82 ±j 263.17 
--

-265.63 ±J 263.15 

-266.25 + j 263.14 
-

-266.34 ±j 263.14 

,,' 

102 



ft 

--------------- -------
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o 

-150 L-___ ""-__ ""-__ -'--__ -'--__ -'--__ 

-300 -250 -200 -150 -100 -50 0 

Real 

Fig 6.14. Eigenvalues of the system with five coordinated 
or uncoordinated sve units 

Figure 6.14 J1lustrates the elgenvalue locations of the sy:item with coordinated sve 
units anù the system with uncoordmated sve units. Comparing only the eigenvalues 

relevant to the same ùynanm: blocks ln both coordmated and uncoordinateù ~ystellls, 

one can sec that the repcated elgenvalue:; of the coordmated system (at the far right of 

the left hal f of the s-plane) show an improvcment in margin stability and cven damping. 

While the uncoordinateù system has Its eigenvalues distributed, the coordinated 

system has its elgenvalues at identlcal locations 
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Fig 6.15. r..leaslIred \oltage n1Jgnitude to \'oltage rcfcrence 
variation of the sy"tem with fi\!.? S\ C Unlts 

(a) sve lInits \\ith coorùindtcd cùntrollers 
(b) sve 1I11lt'i \\ ith uncoorùmated cClf1trollers 

05 

Figure 6.15 shows the ~kp re"pl)O"e~ of the mea:-.ured Yoltdge magnitude of \;adl 

sye controller \VIth ,md \\ithout coordination, the input bemg the n:ft:renCl! volt.lge 1)" 
the fourth Sye umt. One can SL'C again that the coon.hnation improv!'!:-. the ùalllping of 

the re~ponscs anù ~hO\\s ~maller r'vcr~hoots than the n:"pon:-.c~ of IOltll SY(' 

controllers. 
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045 0.5 

FigUlc 0.16 dlu~trates the step responses of the transient voltage errar of each 

Sye (ontlOlIer "ilh and without coordination. ft shows clearly that the caorùmated 

~y~tcl11 prc'Icnts nnly the founh tranSlcnt voltage :,:rnr step re~pon~e osclllating while 

ail othcr~ are null.l hls IS due to the achieveù voltage decoupling. A5 a ~tep input was 

set 10 the fourth voltage reference. only the relevant transient voltage errar oscilJates. 

The ~ituatlOn i~ ùJl'ferent for the uncoorùinated SVC units system, as ail transient 

\'nlt,lge l'rrors o~cilbte. 
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Figure 6.17 shows the step responses of the Sye currcnts of coordinated Jf1(J 

uncoordinated controllers. 

The relative superiOIity of the coordinated controllers ovcr the local controllers 

increases with the number of sve units. especially when the sy~tem stability bccomcs 

the prime concern. 
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6.3. IMPLEMENTATION ASPECTS 

The control coordination concept relies on the coordination susceptance matrix 

Dco (jacobian matrix) which is a function of the system impedance matrix and the 

voltage vector at the operating point as shown by previous expression (5.15). 

(6.2) 

Bco is a full matrix which includes ail the possible links when communication has to 

be exchangcd among sve controllers with regard to the required sve current so that 

it satisfies the demanded voltage magnitude of aH of them. A fuH matrix Bco 

corresponds to a full control coordination. A topological change in the network or a 

failure in the communication links are directly reflected on this susceptance matrix 

Bco. For example, if the communication link between buses i and j fails, the 

off-diagonal elements Bco Ij and Beo)1 become zeros, and the coordination is then 

reduced, as Bea is no more a full rnatrix. 

Reduced coordination can also be applied to a subset of sve controllers within the 

power system, while others remain locally controlled. In this case, the only 

off-diagonal elements of the coordination susceptance matrix which concern the 

coordinated sve controllers are non zero, while ail other off-diagonal elements \re 

nul!. The total reduction 10 coordination leads to the uncoordinated Sye units 

operation when ail off-diagonal elements of Bea are zero. The diagonal elements 

represent the relèvant susceptance factors for lucally controBed sve units. 

ln order to achlcve an efficient control coordination at any system operating point 

(I.e load Ilow). the voltage phase provided by PLL circuits has to be communicated to 

ail sve contlOliers 111 addition to the voltage demand. In this way, the control 

coordlll.ltion becomes load tlo" ')daotive. AdaptatIon to system impedance variation 
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1 due to topological changes (~ystem contingencies) reqUlres elther a direct 

measurement of the drivmg point and tran~fèr impcdances or cl wrnputatit)/J of (hcse 

impedances based on the monitored topology. In both ca~es, relevant prncc!'>sing ha~ (0 

be added to the SYC controllers. 

The control roordinatio'l concept proposed in this thesis is vcry convcnicnt with 

regard to its implcmentation and operdtion. It apl'Iics to new a~ weil a!'> to e\Î~ting sve 
controllers as an add-on function. The concl'pt abo enable~ li graduai Împlcmcntation 

to suit growing needs for SYC control improvemcnts. It is very impol tant that the 

control security is not degraded : when a communicatIOn link fatls, the relevant 

controller looses its performance improveIl1cnt provideu by the control coordlllation. 

The following example illm,trates the possibility of reduccd coordindtloll of the 

SVCs installed in a power system. Instead of coordillating ail the sve cnntrollcrs as 

done before, let consider the case of coordinating only some of them, while the others 

opcrate indi\idually. The choice of the ~ubsct of sve umts to be coordmatl'd Cé) n be 

made on the judgement based or. the relative proximity of the SYü, wlthin the !'>y~tcm. 

This proximity car. éliso be evaluated by con5idering the off-diagonal delllel1t~ Bw 1) of 

the coordination susceptance matrix Beo, defining the ~trel1gth of the link~ bctween 

the sve units. Greater their values, the stlonger the links bet\,.lcen the corrc~rondjng 

sve units in the system. 

In the five SVC's system case, the analysis of the off-diagonal e1emcnb of the 

susceptance matrix led to the SYCs at the buses] 5, 19, amI 23 out-of-Clve exi!-.ling Sye 

units to be chosen for coordination. Based on the performance index (6.1), the 

controller parameters (integral gain~) \Vere optimi7cd a~ it wa.., ùonc when 5 sve Ul1lt~ 
were considered. However. only the coordinated Sye controllcr~ have idcntical 

.- --. :ameters, while those controlled locally have different controllcr paramctcr~. We 
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,1 note that the gcneral block diagram used is a combination of Figure 6.9 (for 

coordinated sve controllers) and Figure 5.2 (for uncoordinated sve controllers). 

The cakuJatcJ clgenvalucs of the ~ystem \Vith reduced coordination of the sve 
units arc givcn ln rable 6.3 with the cigenvalucs of the system \Vith uncoordinated sve 
units. 

'fable 6.3 

Coordinated SVCs Uncoordinated SVCs 

-119.60 -40.74 

-119.72 -56.24 

-119.72 -92.90 

-120.48 -120.48 

-120.48 -120.48 

-120.48 -120.48 

-120.48 -120.48 

-120.48 -120.48 

-124.94 -139.02 
1------

-164.38 -189.59 
-

-24.96 ±j 88.31 -16.43 ± j 129.47 

-24.98 + j 88.29 -44.99 ± j 99.88 

-24.98 ±j 88.29 -63.55 ± j 84.19 

-38.h2 ± j 111.13 -78.55 ± j 82.49 

-56.13 ±j 93.36 -83.56 ± j 84.19 

-83.84 ±j 84.R7 -263.44 ± j 263.23 

-83.84 ±j 84.87 -263.85 ± j 263.18 

-83.84 ±j 84.87 -265.63 ± j 263.15 
f---

- "61 ':p + j "61 19 ...., _ .... ~ - .:.. ... - -266.25 ± j 263.14 

-263.86 ±j 263.18 -266.34 ± j 263.14 
-----

-265.63 ±J 263.15 
---

-266.25 ±j 263.14 

-266.34 ±J 263.14 
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Figure 6.18 iIIustrates the eigem'alues of tht! system with a reduced coordInation of 

its sve units together \Vith the eig~n\'alues of the system with the uncooruuldtcd sve 
units. One can see that the control coordinatIOn. tllthough limitcd ft.) thrce out offive 

SYCs (other two SVCs ;)1 e \\lth local controllcrs). provides tin imprllVcd pcr fl)1 ll1.lnœ 

and a largel margin of stability as compared to local control. One cans abn hee that the 

three coordinated sve units have iùentical eigenvalues while the two ullcoordinatcd 

others have different eigenvalues. 

150 r---Lc-l!c-n'"d----" ------,---- --r---- --.---- -- . 

o U1lCoordinated SVCs 0 

+ Coordinatcd SVCs 

100 
-bo 0 

50 

o o + o 

-50 

-0 0 0 

-100 

+ 
o 

+ 

o 0 

+ 
o 

+ 

+ 

+ 

o 

_.~------150 '-----~--
-50 () -300 -250 -200 -150 -100 

Real 

Fig 6.18. Eigenvalues of the system with five Sye units 
(a) system with three coordinated and 

two uncoordinated units 
(b) system with five uncoordinated units 
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Figure 6.19 iIIustr dtes the n.!5pon~es of the voltage error of every SVC controller of 

the ~y~tem with reduced coordination and without coorùination, the step input being 

applicd at the rcfercnce voltage of the fourth sve unit. One can also observe the 

dccoupling achicveù \Vith reduc.ed coordination as compared to the sy5tem with 

uncoorùinated Sye units. 

~---'---'----,---~- -,-----,-------,----,.----,---r-----, 

0.8 

0.6 

0.4 

0.2 

-0.4 ---L-----1.-_.l-.------L-_ . .....L------1 __ --L-_-'-------L!_.~ 
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

time (5) 

Fig 6.19. Voltage error step response AIVlsvci !rans of the system 
with five sve units 
Three coordinated and two uncoordinated SVCs 
Five uncoordinated SVCs 

The sve coordination of ail the sve units gives the best SVC improvement as weil 

as the greatest increase of the system stability margin .. However, when a full 
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.. 

1 

coordinatio 1 is not practical, a reduced coordination can bc justifkd. as illustratcd 

above . 
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CHAPTER VII 

CONCLUSIONS 

Static var compensaLOr~ for voltage regulauon in power systems employ controllers 

which are local and indepcndent. As more and more of sve units are instalIed within 

one power lIy~tem, undesirable interactions develop. Such interactions reduce. in 

gcncral, thclr stJbility limits, increasmg risks of instability (mutuaJ hunting). For these 

rcasons, the ~Iowcr control l)ettings and dynamics has to be adopted. Some studies 

indicate thal a number of such deviccs has to be Iimited in arder to ensure their 

operation ~tabi)ity. 

In order to overcome the constraints imposed by such a concept of local and 

independent sve controllers, two new concepts for coordination of local sve 
Ltmtrollers have bcen devcloped within the framework of this thesis. 

The fm,t part of the thesis presents a coordination of local controllers of sve units 

operating on the ~ame ~ystem bus. When the sve units are uncoordinated, their 

dynamic partlcipdtlons 111 voltage control relyon static and dynamic characteristics of 

thcir controllers. Whcn such controllers are different (with Iespect ta their structures 

and/or paramcrer settings), sve controller interactions deteriorate the dynamic 

pcrbrmanœ and reduce stability margin of thc entire system. The concept of control 

coordination devcloped in this thesis is based on averaging of the sve current orders 

at the outputs of thclr controllers. The current order of each sve controller is first 

slll11r1lcd \Vith othel~, then multlplied by the ratio of its slupe admittance and the 

equÎ\'alent slope admÎttdnce corresponding to ail the sve units together. 
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1 
This proposed coordination concept improvcs Jynamic.:\ of tht! S\'C UllIb 

operating on the same bus of the ~y~tem, e1iminating mkractll)!1S amnng the SVC 

controllers. 

The second part of this thesis prr~cnts a cunrd matinn of Incal conlIOllcrs of l1lilny 

SVCs installed on diffèrent buscs of Il power ~y~h:m. ba~etI on coolthnatlon of Inc .. l1 

controllers in order to achicve a dccoupled voltage reguLtion. In onkl tD cvalu.lIe the 

conceived Sye control coordination. the IH::E 30-bu~ pll\\Cr ~y~tem ",ith flV\.~ sve 
units \Vas ana!yzed. A comparative ana!y~i~ and cva luation of the sve ~y~ll'm~ with anù 

without control conrdination was performed in ~-rlanc and timc domalll. Jt was 

dctermined that supenOlity of the coorJindtion over local Cl)nllOlIèl~ IIlcn:a~e~ with 

the number of Sye unit'l, cspecially when the t-.yskm ~,t.lbllity 15 lI1 quc~lIon. 

The control coordination concept can be convl~nicntly ImplClllentcd 10 new a~ weil 

as existing Sye controllers as an add-on function. to suit gradually grnwmg nceds for 

sve control improvements. 

Another important aspect is that the control ~ecurity is prc~el vetI whl.!l1 a 

communication ]jnk fculs. The onJy consequence is that the affcctcd controller IOO~è~ 

the performance llnprovemcnt provided by the control coordmatiol1. 

The first step in further devcIopmcnt of the concept is to cxtcnd the control 

coordination efficiency to become Joad flow adaptivc. 'lb achlève lhi~, voltage phil~cs 

have to be communicated in addition to voltage magnitude demand~, to ail sve 
controllers. Adaptation to changes of the ~y~tem topology reqUlr~~ a conlllluous 

updating of the driving point and tran~fer impedanccs betwecn SVC unit<.,. elthcr by 

direct measurem,=nt OI by computation bascd on monitorcd topoIOb'Y· 
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APPENDIX A 

MODAL ANALYSIS OF LINEAR 

TIME-INVARIANT DYNAMIC SYSTEMS 

Linear time-invariant (LTI) systems are very important in system modeling and 

analysis. Indeed, for small signal variations around the equilibrium point, continuous 

dynamic systems can be adequately modeled by linear time-invariant systems. Non 

linearities are usually ignoreJ in the first phase of the control system design when aLTI 

system representation is used ta elaborate control principles. In the second phase, the 

control system design is extended ta the system with aIl nonlinearities included. 

Since this approach is taken in this thesis, it is impoitant ta review the significance 

of eigenvalues, eigenvectors, poles, zeros and residues ta control system analysis and 

ta reveal what conclusions can be deduced from these system characteristics with 

regard ta system dynamics in general. 

A linear, time invariant syst~m can be described in a state-space form expressed by 

the equations, 

x =Ax +Bu (A.1) 

y=Cx+Du (A.2) 

where x is the state variable vector, 

y is the output vector, and 

A. B. C and D are the system matrices. 
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The solution of LTI systems consist of two componcnts : 

the zero-input response which satisfies 

Xz; == A Xz; 

Yz; == C Xz; 

with the initial state xz,{O) = Xz;o and 

the zero-state responsc which satisfies 

Xzs = A Xzs + B u 
Yzs == C Xzs + D u 

with XZJ' 0) == o. 

(A.3) 

(A.4) 

The zero-input response is best studicd by means of Laplace transforms. Theil, 

equation (A.3) yields to. 

s X(s) -x(O) = A X(s) 

or (sI-A) X(s) == x(O) 

and X(s) == (sI -At l x(O) 

The solution derived from the zero-input cquation is of the form, 

x(t) = eAt x(O) 

Comparing equation (A.7) with (A.8), wc obtain 

To determine the dynamlc modes of the systems, we may wnte 

(sI _A)-l = Adj (sI-A) 
det (sI-A) 
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The determinant is an nth-order polynomial. The co-factors of (sI -At l are also 

polynomials. of ùegree n - 1 at most. Therefore, any particular element of 

(sl-Ar l can be expanded by partial fractions into an expression of the form 

(A. 11) 

where SI ,52 , '" are the roots of the determinant. sorne of which may be multiple. 

Using the inverse of Laplace transforms, we obtain an expression of the form 

(A. 12) 

The elements of e At are su ms of exponentials or time-weighted exponentials, 

whose exponents are the roots of the determinant. 

Eigenvalues and Eigenvectors 

Roots SI ,S2 , ... satisfy the equation, 

det (sI-A) = 0 (A. 13) 

These roots are also called the eigenvalues of the matrix A . These eigenvalues 

characterize system modes in time domain. 

An eigenvector V, (modal vector) which is associated with the eigenvalue S,lS 

defined by the equation, 

A V, = S, Vj (A.14) 

V, is also an eigenvector of matrix e Al • which is the solution of equation (A.13), 

with eigenvalue e s, t as it is shown that 

e Ar V, = e s, t V, (A. 15) 

127 



The significance of this relation is that the zero-input response to an initial state 

Xo = V, is x(t) = e s,l Vj. This means that the only excited moJe is s,, 

Residues, Poles and Zeros 

The zero-state response is often studied by means of tran fer functions in Laplace 

domain. In order to derive input-output transfer function from the state equation. the 

following transformation were carried out, 

s X(s) = A X(s) + B U(s) 

or X(s) = (sI -Atl B U(s) 

where initial conditions x(O) = 0 are being assumed. 

The output equation yields to, 

Y(s) = [e (sI -Atl B + D] U(s) 

The transfer function is derived as follows, 

G(s) -
Y(s) 

U(s) 
- C (sI -Atl B + D 

(A16) 

(AI7) 

(AI8) 

(AI9) 

For a multi-input-multi-output (MIMO) system, G(s) has m row~( the number of 

ouputs) and r columns (the number of inputs). For a single-inputnsingle-output (SISO) 

system, m = r = 1. 

The time domain equivalent to equation (A.18), is given by the convolution intcgral, 

y(t) = 10
00 

C e A (I-r) B u(r) dr + D u(t) (:\.20) 

For a MIMO system. i.j element of the matrix G(s) i~ given by. 
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where 

Gij (S) -
c T Adj (sI-A) b) + d Ij det (sI-A) 

det (sI -A) 

c, is the i - th row of matrix C, 

b) is the j - th column of matrix Band, 

d ,j is the i j - th element of matrix D . 

(A21) 

The denominator det (sI -A) of the transfer function G,J{s) is a polynomial of 

degree n, so is the numerator due to the tenn d ,jdet (sI -A), while the term 

cT Adj (si-A) b J isofdegree n-l. 

Since the roots of the denominator arc the eigenvaJues of A, it follows that ail 

poles of G(s) are eigenvalues of A . The converse does not necessarily hold. If 

det (sI - A) has a factor (s - Sit , where k is the muItiplicity of Sj , it is possible that 

G,is) also con tains this factor in its numerator, so that a cancellation takes place, 

hence s, vanishes as a pole. We note that B, C and D do not influence the pole 

locations at aIl. They do, however. influence upon the system responses since they 

enter into the numerators. 

Let the transfer function G(s) be expressed as 

G(s) = 
K (s -Zl)."(S -z,,) 

(s -PÜ(s -P2) ... (S -Pn) 
(A22) 

where Zl •... • Zm are the zeros. Pl •..• ,Pn are the poles of G(s) with m $; n and K 

is a coefficient factor. 

Equation (A22) can be transformed to. 
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G(s) (A.23) 

where kj are residues at poles Pj. 

The residues are calculated as follows : 

if pol es are simple, then 

k, = ,es G(s) = lim (s - Pl) G(s) 
s-p, s-p, 

(A.24) 

For higher order poles, one has 

kj = 'es G(s) 
s-p, 

1 dm- 1 

= (m - 1)! ~~~, d sm-l [(s _p,)m G(s)] (A.25) 

The residue k, at pole Pl corresponds to a transient component k, e (Pl r) as the 

system response to the pulse output. Therefore, the significance of the residue is that 

its magnitude is equal to the initial value of the corresponding transicnt componcnt. 

Given an input U(s) , the output of the system is as follows, 

Y(s) = G(s) U(s) (A.26) 

Expanded by partial fraction expression (A.26) becomes, 

G(s) U(s) (A.27) 

where n is the number of poles of G(s) and, is the number of p()lc~ of U(s). The 

inverse Laplace transformation of this equation i~, 

n r 

y(t) = l k, e (P,/) + l kk ePtl (A28) 
,=1 k=1 
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ln frequenc.')' domain, the interpretation of pales and zeros is the following. The 

transfer function (equation A.22) has parallel resonances at frequencies 

corresponding ta its complex poles (high gains) and series resonances corresponding 

to its campI ex zeros (high attenuation). Therefore, the system amplifies the output 

signal around the poles frequency and attenuates the output signal at the zeros 

frequency. The real pales and zeros produce non-discriminate effects upon the input 

signal at ail frequencies, as it could be easily seen from equation (A.22). 
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APPENDIX B 

STATE-SPACE REPRESENTATION OF POWER 

SYSTEMS WITH SVCs 

The details of the mathematical derivations of the state-spa\t: matrices of the 

complete system Ax, Bu, C). and Du are presented in this appendix. 

The state-space representatlon of the sve system (Figure 5.2) is expresscd by the 

following: 

x (B.l ) 

(B.2) 

From Figure 5.2 we also derive : 

1 - K B l "TI - [E 0] [1 VI dcm] c - co ,... den! - v !3.() 
(H.J) 

As a part of equation (A2), wc have: 

[I~~,m] = [ ~~} + [g~:]lVlé [g~~] IVI + [g~ ]0 + [g~~} 
(B.4) 

WhlCh can be rewntten as foll()\\lIlg : 
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[1 ~~,m] = e2.l x + D2.l1 IVI", + DD2.l[ 1 ~I] + [~~]rE, o{ l '1~,m] 
(B.5) 

or [Iv - D2~v 0] [1 Vldem] = C23 X + D231 1 VIre! + DD23[ 1 V() 1] (B.6) 
- D3~v 10 !J.() 

where (B.7) 

with Iv being the identity matrixof dimensions (N.rvc x Nsve). Nsve is the number 

of SVCs instaleed in the power system. 

From expression (B.6), we deduce : 

[1 ~~,m] = /DE-I e2.l x + IDE-1 Dm IVI",d /DL I DD2.l [ 1 ~I] 
(B.8) 

or (B.9) 

The total sve current as shown in Figure 4.5 is the following : 

(B.IO) 

or 1 = [E Eo] [ 1 VI dt:m] - E 0 [1 VI dem] 
SI et v !l() - 1/ !lO (B.11) 

On an other hand. deriving the magnitude and phase voltage from mesurements 

give~ the foIlO\\;ng expression: 
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[ IVI] = [JRV] J + [JXv] f + [JXV] K-lf .. () JRO RI JXO .\7 ixo .l'hl 
( R.12) 

where JRv, iRO, lx~· and lxo ar~ the jacobian matric~~ linkmg the magnitude and 

phase voltage with load and Sye currents. In fact as shawn in the power system bIne of 

Figure 4.5 we can derive the expressions of the Jacobian matnce~ <1'> fnllows: 

JRv = -IVI Re[V-1 y-l Vl1VI- l (B.U) 

Jxv = 1 Vif m [V-1 y-l V]! V 1-1 (B.14) 

lRO = _ Im[V-1 y-l Vl!VI-1 (B. 1::;) 

lxo = _ Re[V-1 y"l Vl!VI-1 (B.16) 

Equation (B.12) can be rewritten as : 

[I~I] = lR IRJ + lx lA7 + lx K E,·o [I~~",,] (8.17) 

(13.1 X) 

Substituting equation (B.18) into (B.8) leads ta : 

(B.19) 

which can be re\\Titten as foIlO\\ing : 
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[/,~ - ml) . J~E { 1 ~~"" ] = me x + IDD, 1 VI", + mD JR IR! + IDD Jx IXI 

y 

IDK 

(B.20) 

Deriving the magnitude and phase voltage variations from expression (B.20), 

gives : 

[1 ~tl ] = IDKC x + IDKJ [1 r~ref] (B.21) 

whcre IDKC = IDK- 1 IDe (B.22) 

and IDKJ = IDK-l [IDDl IDDJg 1DDJb] (B.23) 

ReSllbstituting equation (B.21) into (B.18) gives : 

[1 ~I] = JR IR! + lx IXI + JKE IDKC x + JKE IDKJ [1 r~"f] (B.24) 

or [ 1 ~I] = JR IR! + Jx lXl + KJC x + KJl [1 r~"f] (8.25) 

where KJJ = [KIlt KJ}z 101)] (B.26) 

Then wc can rewrite equation (B.24) as : 

[1 ~I] = KJC x + [KJJJ lR + KJJ, lx + KJhl [' r~"f] (B.27) 

or (B.28) 
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where and KJ - [KJbd] br - KJ 
Iw2 

The total sve current can also be rewliUen by substituting equatlOll (B.21) mto 

(B.l1) as follO\\~ng: 

[

1 Vin!] 
ISl/cl == Evo IDKC X + Evo IDKJ IR/ 

IXl 

(8.29) 

or 
[

1 VI r.:f] 
In'ci = EDK x + EOl IR! 

Ix] 
(BJO) 

Rewritting expression (B.2) gives : 

(H.3I) 

and substituting the expression (B.27) lead:-, to : 

[ 

L\ 1 VI] 
I~~ell/ [

'Vlrc!] [1 Vin!] = ex + D2D3 KJC x + D2D3 KJb~' IR! + DIOn lm + /)4 J\~'(l 
IÀ7 IXI 

(J3.32) 

where D100 == [Dl 0 0] (R.33) 

Then replacing the expression of the total sve cun ent ano rcgloupJJ1g the 

coefficients of similar elements givcs : 

[ 
L\ 1 VI ] [1 VI ft:f] 
1 VI drill = (~1 X + Dul Iw 

L\() IXI 

(B.34 ) 

(B.34) repre~cnts the exprès~ion of the ~tate-!-'pace output cquatioll\ hut can Ut: 

rewritten in more global torm includrng other ~e1ectcd ouput~ of thl: ~y)tt:rn. ~uch a\ 
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, 

the total sve current In.c
t 

and the measured voltage magnitude 1 VI . The more global 

expression is given as following : 

~IVI 
IVldem 

ô(} 
1 SVCI 

IV' 

which is : 

~IVI 
IVldem 

ô(} 
Isvci 
IVI 

[ 
C~l ] [DuI

] [' Vire!] = EDK X + EDf IRI 

KJC1 KJbvl IXI 

[

1 Vire!] 
= Cr X + Du ~~ 

(B.35) 

(B.36) 

The state-space form requires also to define the dynamic equations which are 

following. Back to expression (B.l), we have: 

(B.37) 

Substituting equations (B.27) and (B.3) into (B.37), leads to write : 

(B.38) 

If wc dcnote 8 z and EvO as, 

Hz = (BI () 0] (B.39) 

and (B.40) 

wc obtain tht' folIo\\ing dynamic equation, 
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(BAI) 

which complete the state-space analysis by ddining both expressions of th\.' 

dynamic and state-space output equation~. 
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APPENDIX C 

CONTROLLER PARAMETERS OF TWO SVC 

UNITS OPERATING ON THE SAME BUS 

--
SVCI SVC2 

P~"C (l\fVar~) 220 440 

KOI 0.955 0.955 

Xsl (%) 3 3 

Wn 200 80 

t 0.707 0.5 

K, 2 5 

Iv 3000 10000 
-

Td 0.005 0.001 
--

Ke 533 450 
-

Pa 1 0.9 
-

Te 0.0038 0.0025 

LN 



APPENDIX D 

DATA OF THE IEEE 30-BUS SYSTEM 

INCLUDING FIVE SVCs 

IMPEDANCE AND LINE-CHARGING DATA (I00-l\1VA base) 

Line Resistance ReactUlH.'c Une charging 
designat ion (p.u) (p.u) (p.u) * 

--
1-2 0.2399 0.4533 0 

--
1-27 0.3202 0.6027 0 

-
2-27 0.2198 0.4153 0 

--- ----------
3-4 0.0132 0.0379 0.0042 

3-30 0.0452 0.1852 
--r----- ---

0.020-1 
-- ---- -------

4-6 0.0119 0.0414 OJlO45 
------ -

4-12 0 0.2560 0 
---- -~~-----

4-29 0.0570 0.1737 O.OIS4 
- -- -

5-7 0.0460 0.1160 o.n 102 
---

5-29 0.0472 0.19t-:3 0.0209 
-- -

6-7 0.0267 0.0820 O.()OH5 

6-8 0 .. 0120 0.0420 O.OO·l5 
-- -------

6-9 0 0.2080 0 
--,---

6-10 0 0.55üO 0 
- ------- ---- --- -- -- ---

6-28 0.0169 0.0599 O .. O(J65 
--- 1-- ---

6-29 0.05~1 0.1763 (lO1 X7 
-- --- - ---- - -----

8-28 0.0636 0.2000 0.0214 
- - ---------------

9-10 0 0.1100 (J 
----------

9-11 0 O.20XO 0 
j-- ------ - --

10-17 0.0324 O.()X45 () 
----._-------- - --
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10-20 0.0936 0.2090 0 

10-21 0.0348 0.0749 0 

10-22 0.0727 0.1499 0 

12-13 0 0.1400 0 

12-14 0.1231 0.2559 0 

12-15 0.0662 0.1304 0 

12-16 0.0945 0.1987 0 

14-15 0.2210 0.1997 0 

15-18 0.1070 0.2185 0 

15-23 0.1000 0.2020 0 

16-17 0.0824 0.1923 0 

18-19 0.0639 0.1292 0 
-

19-20 0.0340 0.0680 G 

21-22 0.0116 0.0236 0 

22-24 0.1150 0.1790 0 
--

23-24 0.1320 0.2700 0 

24-25 G.1885 0.3292 0 
-

25-26 0.2544 0.3800 0 
.-

25-27 0.1093 0.2087 0 

27-28 0 0.3960 0 
- -

29-30 0.0192 0.0575 0 

(*) Line charging is one-half of the total chargmg of line. 

OI)ERATING CONDITIONS 

Starting bus voltage Generation Load 

OllS l\1agnit udt, Phase MW MVar MW M'rd;' 
Nlll\1. angle 

OFR (p.u) 
dl'gn'l's --i------

1 1.00 0 0 0 2.4 1.2 
__ c..._ --

lol1 



2 1.00 0 0 0 7.6 1.6 

3 1.00 0 0 0 94.2 19.0 
- --

4 1.00 0 0 0 0 0 

5 1.00 0 0 0 22.S lO.9 
---

6 l.OO 0 0 0 30.0 30.0 
----

7 1.00 0 0 () 0 0 

8 1.00 0 0 0 5.S 
r------

2.0 
--

9 1.00 0 0 0 () 0 

10 1.00 0 0 0 11.2 7.5 
-- -----

11 1.00 0 0 0 0 0 
--12 1.00 0 0 0 6.2 1.6 

"-

13 1.00 0 0 0 8.2 2.5 

14 1.00 0 0 0 3.5 1.H--
------

15 1.00 0 0 0 9.0 5.X 
f---- --

16 1.00 0 0 0 3.2 0.9 
r--- -

17 1.00 0 0 0 9.5 3.4 

18 1.00 0 0 0 2.2 
r--------

0.7 
--- --1-------

19 1.00 0 0 0 17.5 11.2 
- -------~---------

20 1.00 0 0 0 0 0 
- --r----- -r-------

21 1.00 0 0 0 3.2 1.6 
--~--- ------

22 1.00 0 0 0 8.7 6.7 
-- --- ------

23 1.00 0 0 0 0 () 
- -

24 1.00 0 0 0 3.5 2.3 
------

25 1.00 0 0 0 0 () 
----------

26 1.00 0 0 0 0 0 
---

27 1.00 0 0 0 2.4 O.l) 
-------

28 1.00 0 0 0 10.6 1.9 
-----1-- ----- .-

29 1.00 0 40 0 21.7 12.7 
- ----- -

30 1.06 0 () 0 0 (J 
--'------- -

TRANSFORl\IER DATA 

r--~rormcr dcsignation 

c= 4-12 
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, . , 

6-9 

6-10 

28-27 

STATIC CAPACITOR DATA 

Bus number 

10 

24 

(*) Susceptance in p.u. on a 100-MVA base. 

sve PARAMETERS 

SVCI SVC2 SVC3 

Psvc 5 5 5 
(MVar) 

KOI 0.955 0.955 0.955 

K 20 20 20 

Xsl (%) 3 3 3 

Ysvc p.u 1.6667 1.6667 1.6667 

Wn 120 120 120 

t 0.707 0.707 0.707 

Kv 0 0 0 

l,. 159.22 102.18 73.64 

Ka 533 533 533 

To 0.0038 0.0038 0.0038 

Tl' 0.0083 0.0083 0.0083 
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0.978 

0.969 

0.968 

Susceptance (p.u) * 
0.019 

0.043 

SVC4 SVCS 

10 1 

0.955 0.955 

10 100 

3 3 

3.3333 0.3333 

120 120 

0.707 0.707 

0 0 

124.24 44.23 

533 533 

0.0038 0.0038 

0.0083 0.0083 


