
Univ
ers

ity
 of

  C
ap

e T
ow

n
The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Univ
ers

ity
 of

  C
ap

e T
ow

n
on 

in 



Univ
ers

ity
 of

  C
ap

e T
ow

nis I 

or 

or purposes. 

signature removed



Univ
ers

ity
 of

  C
ap

e T
ow

n

new to me. 

on r-r>-.r.n<=>r<> 

expresses my Lv'-,"UJLi"," 

not 

access to your 

I am 

ran 

ap-

re-

uU'uVJL.,~< ..... n",u5 as I was 

I 

was so 

me 

TnT'Ur<.rt1 to 

reEiPolndled to my numerous 

OUJ"U.L""'~LULL" you 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ACKNOWLEDGEMENT 

ware 11cem3es thElrelutElr 

I 

to 

I 

tate me. 

up my 

power en~~m4eermg 

I pre~!entEld 

grc~I1L.LIlg me 

not 

you 

to 

me. 

on ups 

a relatlOnSnllp 

my 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ACKNOWLEDGEMENT 

you so 

aca-

sana. 

my I was away, 

v 



Univ
ers

ity
 of

  C
ap

e T
ow

nare 

tools 

power 

"UJUUJ",.""Uu. tools, 

_~''''lJJl''' on 

It 

same power 

terms 

as pos-

"'LLJ.'-'U.U ..... satura­

some 

some 

some 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ABSTRACT 

were rel)reOOlo.teK1 

nnJU'::,.<> was nr,c)<T1rO<l<lnro 

• 
• 
• 

were out 

on 

two 

con-

power 

in-

terms is 

is to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

terms 

on 

to 

u.no'v~J'<JW.I'~"<"'L power-

-----'----.0 is 

a one. 

is same 

is 

0 ............. '"',,'" .... cases, gave 

are .... <N .... "',-O .... 

not ''''-.. '''n11' .... '''' O'O,AUJ.A"<lI<UV dlf;crep.anClE:S 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 

ix 

ii 

1 

1 

6 

. . . . . . . . . . . .. 11 

power "'v~:TPlm 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CONTENTS 

2 

2.1 

A 

1 UU.JC'C;;.L!\"·CW d:ltte]rentiat;ion . . . . . . . . . . . . . . . . . 

dittE~ren1Glatllon . . . . . . . . . . . . . . . . . 

\ 

3 

3.1 ,,.,,t",nn re]:lreflen1Cat:lon. . . . . . . . . . . . . . . . . . . . . 

3.1.1 

3. 

3. 

terms ....................... . 

x 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CONTENTS 

4 

4.1 

5 

5.1 

4. 

4. 

1 

1 

1 

66 

power 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CONTENTS 

1 

1 

terms .............. . 

VAU,",vA'LU.UJLv<..W!. moaes seDcsitivi1;y. . . . . . . . . . . . . . . 

6 

6.1 

6.1.1 

........................... 1 

1 ............ 1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CONTENTS 

7 

7.1 

8 

8.1 

Kelcornmlenaal;lOllS. . . . . . . . . . . . . . . . . . . . . . . . . 

1 

.n"'T""'n - rotor 

Xlll 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CONTENTS 

terms .................. . 

1 

1 ell;J·en'ITector. . . . . . 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CONTENTS 

terms 

1 

Al~elnmft~estoelements 

F 

xv 



Univ
ers

ity
 of

  C
ap

e T
ow

nrotor 

5.1 

6.1 

VVJl~a,,,-v terms on 

LL'Ci'l".L<:;".,l'UL,l". rotor 

on LU".JU<OO ••••••••••• 



Univ
ers

ity
 of

  C
ap

e T
ow

n

LIST OF TABLES 

6. 

6. 

6. 

6. 

6. 

6. 

6. 

6. 

6. 

6. 

rotor 

tenns on 

in tur-

ULC."UA on 

. . 1 

u,,; .... ~,"'. • • • . . . ..•.•• 

1 

1 

. ................ 1 

..... 1 

................... 1 

on 

xvii 



Univ
ers

ity
 of

  C
ap

e T
ow

n

LIST OF TABLES 

on 

area U'-'JU~," 

1 

1 on 



Univ
ers

ity
 of

  C
ap

e T
ow

n1.1 to 11 

power 

3.1 curve ............. . 

4.1 

5.1 

6.1 UUUUJ.GLl,C;U cases ..... 

on 

of 



Univ
ers

ity
 of

  C
ap

e T
ow

n

LIST OF FIGURES 

6. 

6. 

6. 

6. 

6. 

6. 

of 

1 

on man-

, ... ",t·,,,,,, on 

on 

on 

on 

. 110 

on 

xx 



Univ
ers

ity
 of

  C
ap

e T
ow

n

LIST OF FIGURES 

6. on 

on 

on 

on of 

on 

7.1 

and constant 

man-

ual constant mover 

xxi 



Univ
ers

ity
 of

  C
ap

e T
ow

n

LIST OF FIGURES 

constant 

constant 

"'o,T,rm curve . . . . . . . . . . . . . . 

UHle-2:O'\lel~nClr set . . . . . . . . . . . . . . . . . . . . . . . 

1 



Univ
ers

ity
 of

  C
ap

e T
ow

nmost '-'Vjl~UUV,lU'y 

i, j ... , n 

constant (s) 

stator to rotor 

to 

not stator 



Univ
ers

ity
 of

  C
ap

e T
ow

n

NOTATIONS 

n 

a 

Wo 

( 

J:;lE~ct:ricl:l,l power 

MElch,alll.Cal power 

constants 

constants in SeCOn(lS 



Univ
ers

ity
 of

  C
ap

e T
ow

n

NOTATIONS 

Ua-VIU.!", current 

power 

"£>'·'1";t·" assessment 

current 

pu 

assessment 

xxv 



Univ
ers

ity
 of

  C
ap

e T
ow

n

NOTATIONS 

o 

s 

.. 



Univ
ers

ity
 of

  C
ap

e T
ow

n
it is exper-

response to ,",U'CULl'>'"'O 

assessment. 

some is 

1.1 

over more power ""T<HP'ITlQ are 

ge()grapJtlical ar-

eas. 

reserves, sources 

1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.1. COMPARISON OF SIMULATION TOOLS - BACKGROUND 

SU1DPl~ Statlilit;y is one int,en!ODlIlected power 

a diEiturbl:tn(!e in some 

distur'ba:nce is some time 

occurrence. causes diffefisnt svs1~em to reS1DOIJld to 

rlkbu'h<>,n"t> at diff'ereJnt dif;tu.rbianc:::e may some-

nate a blackclut, 

ties. 

of power in 

areas. 

cost 

neiglllboirirlg areas, may in 

events may eVEmtlualh Cl11mJ-

ones 

are at differlsnt 

U.L~,uU.UU,"l\')'U - are onenl,ted 

sul)-sj~ctlors - gen­

a mOlno'poly, to a 

sulJ-slsctors are seI>ar:ate nnval;e 

res1;ru(~turing is to intlroduce mal~ket cOIJnpE~titilon, 

effi(!ien1cy of ele(!tri(~itv 

consequences is in trans-

in on 

e.g. 

more common consequence restruc-

is to to a 

l':V~:t.R1T1 to ev~tlu:ate 

as i:LVi:LUi:LU'it: tI'aru~fer ca}:lability 

inv'estigate power sv~;telm sl;ab>ilit,y we 

1 Acleqllacy and sectll'ity 

increasingly on new 

2 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.1. COMPARISON OF SIMULATION TOOLS - BACKGROUND 

a 

power 

user 

measurements 

cannot 

al1JLUua~J.V!! etc. In 

et 

3 

on "!UL!UJ.a tools. 

to 

no 

power 

to 

most cases 

most users 

users 

power 

are 

two "l1JLIUl.a~J.Vl1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.1. COMPARISON OF SIMULATION TOOLS - BACKGROUND 

use 

as <1'''''0''''''''' are not lUUUO;:;J.O;:;U. 

or ""A~"'''.<:; terms on 

'U""" -,..,. ",n DIO<les is not imres1tig.atElCi 

is a 

4 

a 

a 

are 

use 

not 

re-



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.1. COMPARISON OF SIMULATION TOOLS - BACKGROUND 

(iii) 

(iv) 

one or 

two are nnlnn01"£'.rI 

erroneous 

power 

manner to 

two 

in DSA PowerTools 

5 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.2. OBJECTIVES OF THE THESIS 

two power SVEltelns, 

<U>l'l""l"!lIt."t'Q are meloe.leo 

1.2 

cause 

compare 

on 

are as: 

UUliJ""'''' of 

to come up 

are next 

screPlillC:leS in a, "aTn,!;> 

cornp(ments modeling and numerical melthOldOl()gy 

6 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.2. OBJECTIVES OF THE THESIS 

was 

cases 

(a) 

(b) 

is 

resent 

power ",,,,,f"O'lYlC are 

nwmenc:al IIleLJ110ClOl(JI{Y is nec:eSSiar:v 

""IT."T:"TP users HAC.UU.LUO 

'C:O"'UL.'" among 

terms - some 

terms 

is to 

7 

as Ult;:,.,U,:;tUl,.,GU 

com-

some 

is not 

to rep-

it. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.2. OBJECTIVES OF THE THESIS 

is to on 

on 

two power 

power 

VVL~a. ... " terms on 

not 

not 

is to compare 

two power "'",<T .... U.'" to 

8 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.2. OBJECTIVES OF THE THESIS 

nor on 

was run 

- 1 or Wr f. 

can 

9 

on 

OU .. LLU.La.l,vU case, 

same 

mover 

"U'.UU',"" users can 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.2. OBJECTIVES OF THE THESIS 

dltterlent lJVUI,.;JlUOIUII0 on same it is 

is 

mover 

is to 

are 

are cOlmplonen1;s 11lUUlt:;H.U":'. UUJlUItl.Ul;it.W U.H:;~'llVUVIVJ; 

to 

as 

met. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1.3, l-'OWl>'R SYS'/'F:M ,,,ronr::UN(; 

1.3 Power system modeling 

To st.udy power system behavior uHing digitaJ simulation, Lhe system is rep­

resented using a lllathematical model, The model includes the components 

of the power system thaL infiuence the electrical and mechanical torques of 

the IIl&Cruna.; e.g, generators and their controls, loads etc_ 

Figure 1.1 illustrates the concept relating to system modeling. The circle 

labeled actual power syste.m represent. the behavior of the real power "y"tem. 

The circle labeled porocr sysf6m model repre!lent.<; the system l>ehavior as 

predicted by the lllathematical model. 

Actual 
p"wcr ' y,{rm 

_-- Power 'ysl • ., 
mod.1 

Figure 1,1: Concept of comparing ""tu,,1 power "ys{,em behavior to power """tem 
model petforJIlance (80=", 11Tl) 

The intenection of the two circles represent.<; the systenl behavior which 

is correctly predicted by the model. The part of the adual poW6r syste.m 

cirde outside the interlJ€<Ction represents the system bejllwior that CamJot l>e 

predict-ed by the model. The part of the power s-ydem model circle out.side 

the intersection represents erronoous results i.e. the s)";tem does not behave 

as predicted by the model. The ideal situation would be Lo have a complete 

overlap of the two circles, meaning that the model is able to predict the 

system behavior for all operating condition". 

11 
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1.9. po~v"n 8Y8'1"l!;M MOlll!;C"C'C"C'C" _______________ _ 

There is always a discrepancy betwefJl t.he actual power ,\\,ste.m behavior and 

the mudd prediction uue to: firstly. me.asnTing devicw have restneW accu­

racy and thus the octual systern cannot be idf'.ntified e.xactly. Secondly, the 

behavior of the adual syfltem changes with time, often in an unpredictable 

manner, due to changa> in mat.erial properties, environmental or operating 

conditions. Thirdly, the mathematical models are often simplified or ide­

alized to simplify the mathematicRl problem or to make it oolvable. The 

accuracy of a simulation mainly depends On (i) componen", modeling, (ii) 

numerical methodology, and (iii) system input data.. Some research e.Hort 

ha.-< gone into the improveme.nt of syst.em modeling and the ocquisition of 

accurate system data [18-24[. 

Reference [8] emphasrnefj t.he noo;l for accurate modeling of damping eifert, 

for full utilization of the transmiSllion capacity of power networkB. Power 

systems are incremnl':ly operating under stressed condit.ions, ",it.h very nar­

row stability margirul. The hf'.avy loading exposes the system t.o oscillatioIY; 

that can severely rffitrict. system operations by requiring the curtailment of 

power transfer from onn aJ"ea to another as an operational measure. Alter­

natively, power s}'Btem stabilizers (PSS) or other expensive devicw such as 

Flexible AC Transmission System (FACTS) OOviCffi, have to be installed to 

provide additional damping. Correct modeling of damping lIlay in oome Cases 

indicate that these expensive devices are not noc...:!oo. It is suggested in [8] 

that there i" a need fOT studies to be carrioo out. to det.ermine the modeling 

asp€ds that result in "damping errors". This issue is t.he main task of this 

thesis. 

12 
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1.4. DEFINITIONS AND CLASSIFICATION OF POWER SYSTEM 
STABILITY 

1.4 Definitions and classificat.ioll of power sys­
tem stability 

Power system stability is that property of a power system that enables it to 

remain in a state of equilibrium under normal operating conditions and to 

regain an acceptable state of equilibrium after ooing subjected to a distur­

bance [7,25J. The stability o[ the system depends on the initial op€rating 

condition and the nature of the disturbance, among other [actom. 

FIgure 1.2 shows au example of a clBSSification of power system stability 

[7, 25, 261. This research concentrates on the aspec,"" of rotor angle stability 

shown as "haded in the figure. 

" , " 

Figl1r~ 1.2. Clasillication of ,,""'~r .y .. tew. stability 

Under steady-state conditio!lll. the mecha.n.ical torque input and the electro­

magnetic torque output of each generator conuected iu the pUl'rer system 

are balanced. This balance is oif""t if a disturba.nce OCCurs in the system. 

The change in electromagnetic torque following a disturbance call be resolved 

13 
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1.4. DEFINITIONS AND CLASSlFICATION OF POWER SYSTEM 
STABILITY 

into two component.s; the rynchronizing torque component in phillie with the 

rotor angle deviation and the damping torque component in phase with the 

speed deviation. Both component.s must f'JOst and be positive for stability to 

be maintained [7,25[. Rotor anglt stability is the ability of synchronous rna,. 

chines in an interconnected power system to remain in synchronism aftf'.:r a 

disturbance [25]. In8uflk.ienl synchronizing torque results in non-oscillatory 

instability characi.eTized by steady increase in generator rotor angle. whereas 

insufficient drunping torque :results in o.'cljjato'1l in8tabillty characteriucl by 

rotOT oocillations of increasing amplitude. 

Rotor angle stability is further dassified M transient swbility and smaU-sillnal 

swbilily. 'll"ansient stability is the ability of the power system to maintain 

8ynchroni8m after a large disturbilllCt' e.g. system fault , lOOll of a p;enerator 

or major 10M. Small-signal stabi.lity is the ability of the sy8tem to maintain 

synchronism after a 8mall disturb1lllCt' caused by small variations in load and 

generatioo. The di8turbance is considered to be small enough to allow the 

lineariwtion of the systf'.ill dIfferential algebraic "'l.uations (DAE), for pur­

poReS of analysis [7, 17,25[. Hence, small-signal stability is commonly studied 

usin!', eigenvalue teclmiques applied to linearized sy8tem models. In present 

day power sysi.em8, continually acting, high gain, fa>;t act.in!', voltage rep;ula,. 

tors are cOll1monly used, thus reducing the small-signal stability problem to 

osdilatory type i.e. the problem involve8 dampinp; of oocillations. 

The oscillatory stability problem can c.., either local or global in nature. Local 

plant modes problems involve the oscillation of a single generator or a single 

plant again8t the rest of the power system. The oocillatiollS are mused by 

the action of the alltomatir voltage regulator8 (AVR) of generating UlUt.S 

operatin!', at high output and feeding into weak t,an8mi813ion networks [17J_ 
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2.6. EIGENVALUE SENSITIVITY 
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2.6. EIGENVALUE SENSITIVITY 
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errors. 

power sys-
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accuracy to 

as to cause ...... '"U<O.Hv.:w. "><:,,,.,,",UJ,U 
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9.1. SATURATION REPRESENTATION 

on UUl"'lU,""'- " .... Tlt .. ",1 is 

1 

enon are 

re(!og:m~~ed as one syn-

is no ge:nelralL:Y 

an accurate A.LL"v.u.vu 

may not 

saturates aplpre~Cla more 

curve axes. 
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3.1. 8ATURATIOl'i Rb·l'R1:.'ib· .... TA1"10 .... · 

iron )Xlrtion of the path. The d-ari" RIlturation charact.eri>;tic i" repreaented 

by the OCC. 

Fbr rnachinf' modf'ls reprf'Sfmted using coupled-circuit. method' (see mf'thod~ 

of model representation Chapter 4), only the mutual inductances L,," and 

L., a.re US8U1ned to be affected by saturation. The level of "aturation of 

the"" inductances is determined by the air-gap flux linkage;; [7,17]. The 

leakage inductanc~"" arc assumed not to saturate since leakage fluxes are in 

the air for a significant portion of their path !OJ that they are not considerably 

affected by saturation of tim iron portion. For machine models represented 

using operational impedance met.hod~ (Ree methods of model representation 

Chapter 4), saturation is assumed to affe<:t the various mutual and leakage 

inductancm of the maciunf'. 

8omf' of the methods u8e<l to nlOdf'J thf' f'jfects of saturation by power R}1I­

tern oiruulation tools include total saturation, incremental saturation, a.nd 

effective f'xcitation. In literature, the incremental saturatiou mf'thod iR rec-

ommended for small-sigoalstability studies [7, 17,Gil, 73J. The three metlJOds 

are discussed in the folloVving sub-sectiOllS. 

::U.l TuU,l saturation 

In this method, the df'g,,'f' of ~atnratiou in the d-axi~ iR repref\eIlted by a 

saturation factor K,d. The value of K<d depends On the mochine'~ oP<'Iating 

point On the acc o.nd it b detemrlned from the total air-gap flux linkage. 

1 u_ da'~ ,pe"ilied in (un" <.>f ""''''(ar""", ar!d iI!duct"'''''''' 
'Uoe, da,~ spedficd in form of transient ~TId "\l\).t<~n.ie,,~ inJuct~, ~,,,l t'me con­

.\anl. 

35 
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i/.l. 8ATURATTON llE!'.!l!!.~EcNC'C"CCTCWCN~ ___________ _ 

The "a'urale.:.l IIlulual indudane" is given hy 

(:{ 1 j 

Th~ subseripls " and", reh,r to t.he unsaturated and sal.ural.(xl value,<. re-

spec"ively. This m~t.hod is appliuJ.ble to machine models repres~n[(,d using 

the coupl",J·drcuit mechoo. 

:1.1.1.1 C"klllation of saturation fador 1\,.j 

Figur~ 3. 1 sh OW8 8. t.ypira.l OPAn-~ir~lli I sa lur81ion mrVA ",;",1 til rAprf'!Wnt t.h A 

saturation chauldC'riHtic of a loaded I'P,erat.or. The a.ir-~ap line depids ,l", 

op,m cirenil dWJaderi~lie (OeC) if magnecic sMumlio!.l is n~glede<l. ][ lhe 

m>J.-Chine·s operalin~ poinllie.. on ,he line!lr parI of t.h~ ace t.h8t roin~idf'S 

with the air-gap linA; thAn ff",-, = 1 i.e. th,,,,,, is no satnration. 

:&; , 
U , 

, '" • 
! '-, ,. 
:&; 

'l'n • • 
! , , 
" 

• • 
, 

Opt.odr<Ui' 
... ".lioo CUf\., 

.t.. 
Field current. I",. (p<) oc m"fip<l) 

The flux linka",.~ ''')~t, at an operating point 'a· defined on the non-linear part 
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.~.1. HATURATTO/',' Rf!PR.F:SE.",'TATW.",' 

()f the ace is g;i veIl by 

(3.2) 

where w •• and Woo are the d-axis and q-axis components of the air-gap flux 

Iinkag"" and are given by 

Wd + Ll;d = (e. + floiq) + Lj;d 

W. + 1.li, "" (-eo - /4.i,,) + L,iq 

The saturation facwr K.d is cakulated m; [7,20,71] 

,W '~""'"_ K.,j = ~ 
>Pat +.pl 

where W, is lhe drop in flux linkage due to saluration. 

(3.3a) 

(3.3b) 

(3.4) 

Similarly, the degree of saluraUon in the q-axis is represented by a saturation 

fador K, •. For a rOlUld rotor machine, assuming same saturation chara<:t.er­

istic for both d and g axes, K,.=K",. However, if q-axis data is available 

and differelll from d-axi" data, K .. is cornpuled lUling "'luatiotl:s similar to 

thooe u,.",j for compnting K .,j For a .....tient pole machine K .. = LO for all 

joooing conditions and thus L"" is considereci t,o be ron"tant. 

Several functions can be used to represent t.hc effect of saturation 1/;, e.l';. ex­

ponential, quadratic [uncti()ns. It has been found that t.he choice of funct.ion 

has little effoct ()n lhe a<xumcy ()f lhe model [17]. FOr the purpose of thi" 

dioc1!ssi()n, the exponent.ial nmd.ion given by (3.5) will be used. 

1/;,= f 0, >p", :5.>j>r, 
l A,a,c"··.("·'-··T!), Ii'", > >1'7'1 

(3.5) 

where A,aj and B"" are COltstants and ¥Tl is the linear charact-eristir thresh­

()ld flux linkal';e defined as poinl 'p' in Fig;. 3.1. 

37 
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.'1.1. SA TURA n 01\1 HCECPC'C"O"'O'EO,C"'CTC'"TC'CU"N'--___________ _ 

Substituting (3.5) for.h - non-linear <,haraMeristic - in (3.4). yields 

(3.6) 

The ssturation oonstants, A,..J and B,a' are determined !II< described in the 

following sub-section. 

:1.1.1.2 Calculation flf A"" lIud 13,,,, 

The constants A.aI and iJ"" ca.n be determined if the co-ordinates of two 

points on the non-linear curve are specified. These saturation constants <'an 

be expressed B.'l 

(S ).0) 1 H() -""'1l 

A"" = (1.2S12 )-,(1 ~'Tl) '"' 13,,,, _ 5hl (1.2Su) 
S1.0 

The derivations of (37) Can be found ill Appendix E, Section Al. 

(3.7) 

In most pov,'ef system simulation tools, satura.tkm is defiood by the paI"ll.IIl.C­

ter" :i\.o 8.Ild Sl.~ rorresponding to 1.0 per unit (pit) and 1.2 pit flux linka.ge 

(terminal voltage) respectively. These s8.turatiou parameters are giV1)n by 

IA10 -leu 
[BlO 

IAl.:l-Ipl.:l 1.0\12 -1.2/1)] .0 -leu 1.211l10 

The field CUTrl'llts lAI 0, f B ] 0, [AU, and [BU are shown in Fig. 3.1. 

(3.8a) 

(3.8h) 

ThllS for any operating point on the ace, the satur8.tion faclon< and hen("f' 

the satUI!!.ted values of d 8.Ild q axes mutual inductan<:es can be detl'l"min<>d. 

38 
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8.1. ."'_4TURATION REPRF:SF:","I'; 'I TO"" 

3.1.2 Incremental saturatioli 

In fiIIulJ.l-si&TI-oJ stability studies, the perturbed voJues of flux linkag"", are 

relata! to Ule perturbed values of curnmt using incremental saturatiOll [""­

tors. Incremental saturation wprcfientatiOll is recommended for fiIIillil-si!';I18.1 

stability studi"", [7 , 17,68, 73J. 

Referring to Fig. 3.2, U,e slOPL" of UlC lines ob (air-gAp line), Ga, and 

yy' (tangent to the OCC at pomt A) a.-e the Ilnsatnra,ted (L"",,), total­

saturat.OO (L . ... ), and incremental-saturated (L...u('ncr)) mutual inductMces 

respecti "ely. 

, 
!' , occ 

• , 
> , 
< 

! , 'I', • :; 
; 
" , , , 

c 

0 
, 

Held ""IT ..... ~. Ipti) or O1ro1" (PU) 

Figure 3.2; Dis,inc"iOll betwren t<:tal and incremental saturation 

Incremental-satura.lPd mutual inductance i~ given by 

(3,9) 

39 
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8.1. SA 1'UHATlUl" HEPHE8EN1'A1'lO,,' 

The increment"l s"tnration factor K.,;(;",,) is p.xpmssoo as [7] 

(3.l0) 

The coru;tants A.." and B"", are computed using (3.7). The total-saturatoo 

mutual inductances are used to d<'t<'flllin" the operating point (I, 1/!o,) on the 

OCC. The iIl{'x<'1Ilental-saturai:<'d mutual inductances ar" used in th" machine 

"'luation" when considering perturbations m \he flux linkages and excitation. 

Comparing (3.10) I!ild (3.5), it clIil be seen that K,.t(;=J _ K.,j if 8"" = 

l/1/!o" K,.t(,,,,,.) < K .. if B .... > 1/t/;4' alld vic" versa. 

Previous inv<>;<,tigation" have indicated that Lod,,(i"cc) could be OCjual to or less 

than 50'7ll of L_ [58]. This method of representing saturation is applicable 

to machine mod~ls represmtoo using the coupled-circuit method 

::>.1.::> Efrective excitatiun 

The effective excitation is applic"ble to macltioo models reprcsented using 

oplrrational impoo"nce method /17J. The mochine's op<>rating point on the 

OCC is determined URng the voltage behind ~uhtrllI1"ient reilM,;nce. In the 

other methoill; dP.scrihed earlier, the m""hine'" operating point is defined by 

the tot,J air-gap flux linkage or, equiw;]ently, the volt,;ge behind leakage reac­

tance /17]. The effect of saturation is occounted for by adding an incremental 

term (T,odi''H/d which is the difference between the saturated and the alr-gap 

ro;:cit"tion at the op"mting point) t.o the <>fi<'Ctive excitation in hoth d and 

q axel. For a round rotor machine, the incremental tenn (saturation excita­

tion) is divided beb."en the d ".ud q RXI'_" in proportion to the subtransi"nt 

flux,,", t/;; !lnd 1/'1;. 
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3.2. SPEED VOLTAGE TERMS 

summary to 

is 

2 

per unit stator 

11 a) 

1 

stator 

stator current 

- stator 

is as U"'JlU.J.~'U 

terms rel:>re:sellt 

wave create armature 
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9.2. SPEED VOLTAGE TERMS 

stator 

a 

tor 

the 

VUll.a •• ,,::; terms. 

if rotor 

stator anlSle]tlts are ne-

is 

is constant. 

'''fi,LU'L>'-''><U,", error 

it is necessary to stator 

if stator concur 

it appears 

a or-
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3.2. SPEED VOLTAGE TERMS 

no "' .... ,,' """" were iU'JU':;U:;'U, 

not terms on is 

terms on 

ator rel)reseIlted 

re-

is UHJU'CU:;:U we 

not 

vu.~a,.oc terms. 

terms on 

U~CJ"'-'UU£'-' conneCl;ea to an ~H'.'''jl''''H a 

is 

is 
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3.2. SPEED VOLTAGE TERMS 

3.3: circuit 

is as 

are 

1/1d Lad+LI Lad Lad 0 0 0 id 

1/1ld Lad L",d+Lld Lad 0 0 0 ild 

1/11d Lad Lad Lad+Lld 0 0 0 ild 
-

1/1q 0 0 0 Laq+LI Laq Laq iq 

1/11q 0 0 0 Laq Laq+Llq Laq ilq 

1/12'1 0 0 0 L"11 Lall L aq+L2q i2q 

are 

rotor currents are as 
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3.2. SPEED VOLTAGE TERMS 

rotor currents can aet;ennlILea as 

+ 

+ 

+ 

+ 

+ + 
o +¢~ 0 + 

in d q axes are 

¢ad = + + 

+ + 
rotor currents 

- + + 

+ + 

1 1 1 1 1 =-+-+- and 



Univ
ers

ity
 of

  C
ap

e T
ow

n

3.2. SPEED VOLTAGE TERMS 

ru"t:'IlU''''-1l' is replrel3ien1;eC1 

cosb' 

id = ---.:;--=-~.!:.--~--=-...::.. 

iq = ----:------"-

+ 

+ 

are ~O€:mclents 

to zero. 

+ 

+ 

.... "'n,"' ... ",." ... rotor 

+ 

is neJl:lectea 

as 

+ 

+ 

+ 

8, 

+ 
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3.2. SPEED VOLTAGE TERMS 

rotor 

= --"--- --"-"";"":;- + 

'l/Jld=-~­

'¢lq = 

are 

constant 

rotor 8 is 

+ 
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3.2. SPEED VOLTAGE TERMS 

Tn,'n11'O is 

+ + 

rel)re:selLlts a ..... o,Lll}JLU"" 

UJVIJ'-'LJlU. on net-

unA ..... '''''' is ex-

If 

rotor is zero. 

au a12 al3 al4 al5 al6 

a21 a22 a23 a24 a25 a26 

a3l a32 a33 aM a35 a36 ll.'Ij;lq 
-

a41 a42 a43 a44 a45 a46 

a5l a52 a53 a54 a55 a56 

ll.6 0 0 0 0 Wo 0 

are 

to 

+ 
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3.3. TURBINE OUTPUT 

is not 'U''''U.'~LvU. row 5 

it can seen i = 1, 2, 4, 

+ 

ass is ... , .... '-'.u,~. a 

ass is UL' .... ...,.U,UL 

is 

to 

rotor 

five 

is 4. 

converts a 

ergy is turn r>n'nu,prTPr1 
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3.3. TURBINE OUTPUT 

it is not 

tools .. ",r' .. ""~"'n 

power is 

=-

=1 pu; can 

rotor 

is 

8. 

is 

CO]l're:sD()n<is to row 5 in i 

= 1,2,3,4, 
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3.3. TURBINE OUTPUT 

is ,",V'.LOL'U.v.L 

""Vlf.,..,.".",,,.,r! as is 

is power. 

as 

CO]l're:3P()llcls to row 5 in two 

it can seen i 1, 2, 4, 6, 

a55 =-

if the ""1~nl'l1' is 

term 
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It 
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can 

as 

same 

is 

SUMMARY 

a steam or 

constant power. 

an error is 

is 

more 

versa. 

it is ~v< ...... ,:;u, 

is not 

..,. ..... '<Ta'· ... r ... response to 

"""'n ...... <:;u to 

error 

true 

is 

can 

Ilcrel.IlellL'W satura-
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COMPONENTS MODELING 

1 

1.1 

are 

assumes a constant ansu:mt reactance ....... I ... ~"J~ 

response tests 

are reT)reSel1ted on 

a summary rotor 

Table 4.1: Number of rotor circuits in IH-"" .. n'.J .•• r models of ,,,,.·,,i,,,O' 
deEITel:lS of cornplexity 

of 
No. of 

d-axis 

1 

1 1 

5th 2 1 

6th 2 2 

3 2 

3 3 

order defines the number of state variables 

power 
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COMPONENTS MODELING 

can 

tern 

ures 4.1 

sents 

are 

use 

at 

to 

respec-

sys-

J.J.>CJ"'-'ULJ.J.", LUU'U"'.L'" are .... U"UL.UU.'U.Y repre-

are re1Jlre8:enl~ed 

"'V<:NU,,,,u. in terms 

opera­

repre-

para-

is rer:lresien1~ed 

are (,{"\lrnl".rt:~'rl to two "";;'OL"\..1\.J'''' 
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COMPONENTS MODELING 

€PI"esEmtl:tticm of openLtl()ll!U irn-

(a) d-axis (b) 

4.2: Ke:preseIlltat;lOn of 

loe,ntlcru results if sat-

to 
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COMPONENTS MODELING 

1 

power sYEiteIllS, an intmil;e is dejim:~d as a voJta~~e source constant 

investigated in 

inertia constant set to zero 

spE~citied in 

circmit lmp.eaa,nce at 

• 
source or 

tive sequence impec1aIlce vottafJre source rep,reEien1Gs 

cir<:u1t imlped"an(~e at to 

replresent an intiltlite 

• an 

user 

at 

• any to an 

criteria may area, zone or 

in a area, zone, or are to an 

• user to to 

ensure eie:ctl:iclu s1;itbnes:s, a circuit reactance sh()uld 

specitiE~d at If circuit reactance is 



Univ
ers

ity
 of

  C
ap

e T
ow

n

COMPONENTS MODELING 

are 

1 

expresses 

as IUI1CtlOfLS 

to 

p 

p 

+ 

+ 

+ 

+ 

the 

not cause ,.uOvLG,!-'a.JLLv.'COO 

powers at any 

is l1rr.Llt€~d 

as an eXl)ODlenl~lal 

Il"nr"xrn as a 

{4. 

+ (1 + 

+ + 
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COMPONENTS MODELING 

=f-

a, 

Pb P2, P3 - \jv~:a!1";ltjUIJ':> 

qI, q2, q3 - ,",v.:a"'iJA<J.u"L> 

f 

power, 

a b are 

constant power, CO:lstant 

The \JV',U""'<J'L>'"'' 

constant power 

are 

corresDoIldilw; to 

rp.~Ir.r.1VP. power 

power II '''''lJl 1<011 <: 

r8.(~teristics. re-

constant I, 
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ROTOR ANGLE REFERENCE 

2 

If ClUC,j-,'>1'Yl matrix is U.vLHJLC;U. 

U:"' .. V.LL", one or two zero 

appear as m()Q(:JS 

as a rIP1-lPr'::>Tl{'1P 

are IH'C;a.:'Ul 

new state 

one. 

1 

to ensure correct 

rotor 

to 

is 

ones. 

it ",LA'''''-''''''''' not too 
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SOFTWARE FLEXIBILITY 

to cause h is 

is 

use 

to 

to a 

1 

text 
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SOFTWARE FLEXIBILITY 

user access to 

access to any 

power nor-

area 

users 

the 
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models 

Numerical 
methodology 

Tool fiexibil-
ity 

FEATURE 

Static load models 

Construction of A matril: 

Permrilation Bize 

Eigenvalues computation 

Data input 

Accessible st/stem matrices 

Eigenvectors 

Participation factors 

order models are re]Jre:sellted 
and order models 

Table 4.2: Summary of software comparison 

Classical voltage 
tor, H = 0 source 

Exponential and Exponential Exponential 
ZIP 

Numerical differen- Numerical differen- Analytical differen-
tiation, one-sided tiation, central dif- tiation 
difference ference 

User specified 10-3 

QR QR QR 
GUI with data GUI with data in- GUI with data in-
input windows or put windows put windows 
text 

A,B, C,D None A 

Right only Not available Not available 

Available Available Not available 

COlIPloo:-CllrCtlllt method 

Wy = 1 

Classical genera-
tor, H = 0 

Exponential and Exponential 
ZIP 

Analytical differen- Analytical differen-
tiation tiation 

QR QR 
GUI with data in- GUI with data 
put windows and input windows or 
text text 

A,B, C,D A,B, C,D 

Right only Right and left 

Available Available 
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5 

user 

user 

most 

SUMMARY 

are compo-

it as 

terms 

per-

entry is 
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were 

VGJIU,","'U'"'' on UU.1t:~;U(jLUl'o..;(;I,l H,LtJUt;O were two 

power 

was l.:UUOIt:H. 

as 

se(~onld power to ,.." ."e,"" 

on .... :uu.u:w. 

on 
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5.2. DESCRIPTION OF THE POWER SYSTEMS 

5.1 

as 

Table 5.1: The UH"'''"'!''.'''"''''"'' 

5. 

1 

to 

by 

simulation tools 

lechm)lol~ies International 

GmbH 

Tree Scientific Software 

[7J. 

to 

are 

to 

1. 
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5.2. DESCRIPTION OF THE POWER SYSTEMS 

p -+ 
Q-+ 

5.1: 

!ll~}U";U!J'!". on 

two "UJ.~"<"" areas, 

area 1 to area 2 was 

were rel)reSel[lt€~d 

were U.J.'-"u\J .• "'..... as constant current 

constant Lu.'V",·Uo.J.Aiv. 

are trans-

are 

lOkm 

5.2: 

ele:ct],or.ne4:n~m.ical ,u,-,u",,,, two 
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5.8. TURBO-GENERATOR CONTROLLERS 

one lTIH'''_'' note 

are '-""'.""'T.I 

express 

on two-area 

5. 

mover ",...",. .. ,,,1 C()nIlglllra1ClO][lS were 

(i) constant mover 

(c) 

(a) 

(c) 

an 

IJUll~Ul.H.I<. to 

were 

one as 
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INVESTIGATION OF VARIATIONS AMONG THE TOOLS 

are 

steam 

causes 

terms 

electrOITleC,n8J[llCal llJIUU'= were 

5 1 
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IS 
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INVESTIGATION OF VARIATIONS AMONG THE TOOLS 
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two 

"'ALJUU,":"""""'" were run 

either 
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as 

satu-
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satura-
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INVESTIGATION OF VARIATIONS AMONG THE TOOLS 

were 

is "0,11'1",,,1-,,.1"1 

tran-

a 

AUC;'~LJ.A was ae'veJopea 

is not ac(~SS1 

was 

3as 

all a12 al3 a14 a15 al6 

a21 a22 a23 a24 a25 a26 

a31 a32 a33 a34 a35 a36 
-

a41 a42 a43 a44 a45 a46 

aS1 a52 aS3 a54 a55 a56 

0 0 0 0 Wo 0 



Univ
ers

ity
 of

  C
ap

e T
ow

n

INVESTIGATION OF VARIATIONS AMONG THE TOOLS 

of 5 were 

set to zero as J..;'WVU.'V~.lI' a55 was set to 

sys-

tern same were 

by is in 1). 

all al2 al3 a14 al5 al6 a17 al8 al9 

a21 a22 a23 a24 a25 a26 a27 a28 a29 

a31 a32 a33 a34 a35 a36 a37 a38 a39 

a41 a42 a43 a44 a45 a46 a47 a48 ~9 

a51 aS2 a53 aM aS5 a56 a57 a58 a59 

0 0 0 0 Wo 0 0 0 0 ~c5 

an an a73 a74 a75 a76 an a78 a79 

a8l a82 a83 aM a85 a86 a87 a88 a89 

a91 a92 a93 a94 a95 a96 an a98 a99 

power system) are 

means that 

it was not 

stator 

UUl;VlVU in elemEmt a15 



Univ
ers

ity
 of

  C
ap

e T
ow

n

INVESTIGATION OF VARIATIONS AMONG THE TOOLS 

ov, ...... o."",,,::.rl as it is 

two 

to 

as 

uo.",uu is 

as 

cQ]ltr~)l '-"UUJ.J.5lua,ul'-"Ul:>, two cases were 

case, 

two sets of constant mover 
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INVESTIGATION OF VARIATIONS AMONG THE TOOLS 

5 

errors 

to 

stator 

not 

was 

it was not 

in 

are HHJU<OH'.lt:. 

to 

ma-

"' ....... o..:ou by 

two 

on 

was 
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5.5. CASES SIMULATED FOR COMPARISON OF RESULTS 

accuracy is 

electr'oIIlec.tlaJlieal .. AV'-L",., was imres1tigiated 

was 

5.5 

con-

power 

one 

set 

was 

out 

of em-

same. uelIDe:u in 

user U'V ... U\Ci ....... LV .... ''' .. is 

(fi:;cnemlJlcaes in 
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5.6. ELECTROMECHANICAL MODES SENSITIVITY 

on 

cases were 

was run 

was ,"A'~' u,u,"u 

were run. 

all 

it was ,",VJUU,LUl.\CU 

two sets 

"HJUU,La,~.V"" were run. 

on 

CU<1T ",,... was 

to 

""'J''''~,lV'L'' were not 

1. 

sensitivities are in 
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5.7. SUMMARY 

5. 

are presented 
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constant mover 

power is 

were run. 

mover more cases were 

power 

OllllU.l.a'vlVUO were run. 

Excitation control and 
constant mover output 

a. Manual 
b. A VR without PSS 
c. A VR with pss 

1. PSSIE 
2. 
3. 
4. SSAT 
5. 

or 

or 

was run 

were run constant 

a summary 

} 
Power 
systems 

!. Manual 
b. A VR without PSS 
c. A VR with PSS 

l.PSSIE 
2. POllllerl~'!Cltorv 
3.EURDST 
4. SSAT 

Simulated 
cues 

} 

Simulation 
tools 

" ............ ""'"'''' cases 

or 

cases. 
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6.1. SMlB SYSTEM 

Tor or 

I..U,,,,,,.vu rel)f(~e:nt~ltl1)n, respec-

are ''''''J'''J.VU 

a ;:'UlLULlLla~ 

of cornp()nents and numerical 
five 

Tool Saturation 

Effective excitation 'IjJ 

Total wr'IjJ 

Total or incremental 'IjJ 

amount 

. 1 

1.1 

defined for COlnpl'lXl~;On 

Construction of A matrix 

Numerical differentiation 

Numerical differentiation 

nallVT.l.cal differentiation 

differentiation 

"lVnr." .• differentiation 

ill';U,:;;:' are pnes€!nted . 

....... v ........ , .. ..., on 

in 
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6.1. SMIB SYSTEM 

• 
YOH(:I'i/.t' terms 

• 
• state 

is not UU'vU-l.U'''U''''''-' 

are pn~sell1ted 

on are 

Table 6.2: Effect of saturation on local modes 

Saturation representation 

Excitation SSAT PSS/E 

control Neglected Total Incremental Neglected Effective 

excitation 

-o.268±j6.421 -0.272±j6.414 -0.241 ±j6.461 -0.269±j6.418 -0.276±j6.396 

Manual f = 1.022 Hz f = 1.021 Hz f = 1.028 Hz f = 1.021 Hz f = 1.018 Hz 

(=4.17% (= 4.24 % (=3.73% (=4.18 % (= 4.31 % 

AVR +0.507 ±j7.444 +0.426±j7.393 +0.459±j7.384 +0.505±j7.437 +0.424±j7.337 

without PSS f = 1.185 Hz f = 1.177 Hz f = 1.175 Hz f = 1.184 Hz f 1.168 Hz 

(=-6.79% (=-5.75% (= -6.21 % (= -6.78 % (=-5.77% 

AVR -1.l98±j6.745 -1.188±j6.695 -1.l46±j6.752 -1.l93±j6.745 -l.149±j6.719 

with PSS f 1.073 Hz f 1.066 Hz f = 1.075 Hz f = 1.073 Hz f = 1.069 Hz 

( 17.5 % (= 17.5 % ( 16.7 % (= 17.4 % (= 16.9 % 
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6.1. SMIB SYSTEM 

to 

-.....;.---x 

Table 6.3: 
ration 

Peroentage (%) 

Excitation control Total 

Lla Llf Ll( 

Manual 1.5 -0.1 1.7 

AVR without PSS 16.0 -0.7 15.3 

AVR with PSS -0.8 -0.7 0.0 

it 

s u 

in local modes caused satu-

SSAT PSSjE 
Incremental Effective excitation 

Lla 'Llf Ll( Lla Llf Ll( 

-10.0 0.6 -10.6 2.6 -0.3 3.1 

9.5 -0.8 8.5 16.0 -1.3 14.9 

-4.3 0.1 -4.6 -3.7 -0.4 -2.9 

of 

on 

sat-

is 
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6.1. SMIB SYSTEM 

<:;J..U'<:;U.~OA sat-

u""'.LAV.'U~ ra-

are very 

is not att,ect.ea 

It is not 

ent vu\.,vYO 

causes 
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6.1. SMIB SYSTEM 

is not 

d 

to 

two 

were 

Table 6.4: Effect of " .. TlI .. n •.• .nr model repres!entiati(m on local modes 

Model 

Saturation H"'I"HO~."'U 

Saturation included 

method 

-0.269 ± 

f = 1.020 Hz 

(= 4.19 % 
-0.270 ± 

f = 1.028 Hz 

( 4.18 % 

to , as 

- -'--- x 

k is a, or ( 

f = 1.021 Hz 

(=4.18% 

-0.277± 

f = 1.018 Hz 

( 4.34 % 

cc denote 

cannot 

are 
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6.1. SMIB SYSTEM 

Table 6.5: Per1cent;age in local mode!> caused varia-
tions in model reJ>re!,en.tat,lOn 

two UL'O\JLJLU\.li' as can 

seen some 

oper:B,tlOn,8J.-·lnlpE}mtn(~e AAL'-'UALV,-< assumes 

it can 

the TH'P'"'''' 

....... ' ... a.l~'" terms 

not 



Univ
ers

ity
 of

  C
ap

e T
ow

n

... 

6.1. SMIB SYSTEM 

rotor 

in 

two '-''''''~''''LO''AVAA ,-,v •• "'" 'JA eonngufl'it!,on:s. 

was not 

to 

Table 6.6: Effect of ",..."", .. " terms on local modes 

Excitation 

control 

Manual 

-0.192 ± 
f = 1.018 Hz 

(" = 3.00 % 
+0.641 ± 

AVR without PSS f = 1.175 Hz 

(" = -8.65 % 

-----x 100 

rotor 

f = 1.018 Hz 

(" = 3.28 % 
+0.558 ± 
f = 1.182 Hz 

(=-7.48% 

rotor 

rotor 
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6.1. SMIB SYSTEM 

Table 6.7: 
e:l~3tiIUZ rotor 

increase in local modes caused 

if rotor 

ne-

to 

if 

a neg-

ne-

oper-
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6.1. SMIB SYSTEM 

a can if 

is 'LUl.Jl5!\.!t 

is n"'IT",1ci"", 

is 

is eXT)eCl~ed to 

1. 
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6.1. SMIB SYSTEM 

Table 6.8: Effect of turbine on the local modes 

Controllers 

Manual f = 1.022 Hz f = 1.022 Hz 

(= 3.17 % (= 4.17 % 

+0.567± +0.507± 
mover A \'R without PSS f = 1.184 Hz f 1.185 Hz 

(=-7.60% (= -6.79 % 

-1.146± -1.198± 
A \'R with PSS f = 1.076 Hz f = 1.073 Hz 

(= 16.7 % (= 17.5 % 

-0.129 ± -0.192 ± 
Ma.nual f = 1.026 Hz 

( 

governor 

control AVR without PSS f = 1.186 Hz f = 1.187 Hz 
(= -8.21 % (=-7.41% 
-1.078 ± -1.129 ± 

AVR with PSS f = 1.080 Hz f = 1.077 Hz 

( 15.7 % (= 16.5 % 
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6.1. SMIB SYSTEM 

Table 6.9: Perocen1;age 
tion in turbine 

Controllers 

Constant prime Manual 

mover AVR without PSS 

AVR with PSS 

Speed governor Manual 

control AVR without PSS 

AVR with PSS 

it was 

mover 

can 

same peJrcentl'1ge 

in local modes caused varia-

Llo- Ll! Ll( 
32.0 0.0 31.5 

10.6 0.1 10.7 

4.5 -0.3 4.8 

48.8 0.0 49.0 

9.8 0.1 9.7 

4.7 -0.3 5.1 

constant 

r.,t-.,r,>nr·" is to 
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6.1. SMIB SYSTEM 

It can 

is 

two 'Cecnrn.ques 

Table 6.10: Effect of method used for 
on local modes 

UAAvo.'UAv.n error is 

the A matrix 

if 

are to 
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~ 
5 
0 

•• 
6.33 

" 
6.23 

" 
~, 13 

•. , 
~ '" .,~~ 

--O_12 ,~ ' 
.(U4~. . ____ ~-

.-.-----

~ 

,------- 10-1 

Ili' 

o (lis) .(1,26 ~-------"'-;;): j I"~" 
.(),18 JQ~ Pct1Llrhalion \ i/,c 

Figure 6.2, Effect of p",.turb"tiou siu Oil the loci of tM local modes in the upper 
complex plane 

'" 
" '_l iii\. 
• 

CH 
" 16 

" 
" 
; 
w' w' 10" w' ) 10" '" Pt,lurbOli(Jn '''t 

Figure 6.3; Effect of perturba.tion size On tM damping ratio of the local modes 
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6.].2 COlTlpurison of result.s 

6.1.2.1 Ex citat ion control 

In thi. "ui>ooction, the re"llltR obtained wi th the five t.ools - PSS/E, Power­

Factory, EUROSTAG. SSAT, ffild :J.lat:'>letEig - arc prCS€nted. These results 

werc obtained with thrre excitation ront.rol cOImgurations i.c. ffifUlUn.!, AVR 

without PSS, and AVR with PSS, MId constant prime mover output. For 

each excitation coutrol configuration, two sets of results were obtained: one 

set with saturation included and the other set. with "aturation neglect.ed. Thc 

results fUC givcn in Table 6.11. 

94 
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6-1- SM11J ~'Y~TE1I! 

Table 6.12 giv,," the percentage change in damping Ll.c1, frequency Ll.f, Mld 

damping ratio Ll.( of the local modes caused by ""turation. The percentage 

change Ll.k (where k is c1, J or () is evaluated using (6.1) with r""ults obtained 

with saturation neglected taken as reference, A positive value of Ll.k signifies 

an incteas<" and a uegative value signifies a deere ... "". 

The results given in tables 6,11 and 6.12 are discussed below. 

T..bLe 6,12: P~r"""t"!\~ {%J ~~ in local moo." o~used by .atu­
ralion; ,,",ult. obto.iI>€d ",ill>. five indu:;trw-g'Me te>ols 

""" Ul"'lUol . xdbtioOl oonlrol AVR ,;-ithout PSS AVR with PSS 

'" 'I '( '" 'I "( "" M "' PSSjE '" -0.3 "' 16.0 -1.3 14.9 -3.7 -0.4 _2.9 

SSAT(P-t) " -0.1 U 16.0 -0.7 15.3 ·0.8 ~, C.O 

" _2.2 0' -2,4 '0 -1.3 U ., 0.' " EURO{P) "' ,. 0.0 H _L4 " 
,. Of " SSAT(P-i) -10 1 O. -106 0' --0$ M "' c .• _u 

SSAT(T-t) '.0 ~. U 14.1 ·0.7 13,6 -1,0 -0,8 ., 
MNE ·1.0 ,. _0.9 5.1 .l.3 ,. 

" " 5.4 

EURO{T) C., , .. 0,3 2.2 ·U , .• '" Of " SSAT(lCi) _12,8 0.' ·13,fj 8.3 ·0,8 7.5 "' , .. -4.8 
.. 

A. Manual excitation control 

Fig\ITC 6.4 shows the loci of the local modes in the upper complex plane 

for !Illl.Ilual excit ation control, with .aturation included and with "-'lturation 

neglected. Figure 6,5 ~hows the corresponding damping ratioo. 

The reflults obtained with the five tool. ~how that the local modes are ~table, 

both with saturation included and with saturation neglocted, as seen from 

figures 6.4 and 6.5. It can also be oboorved, from Table 6.12 ooIwnn 3, that 

satnration h"" v':ry little effect oil the frequency. 

96 
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6.1. SAllE SYSTEAl 

'" '" 
0.46 "AT(N i-'" SSA1(T iH M6 

{ 6.4-4 ';;>6.-14 ";"TI'-I) .- ! 
, 6042 • 6.42 ... - 11.1.1(1"-.) 

••• t EIJRc(p) 
t PSI .... 

+ EURO(!) 

" X ElJR(~T) 

6.3~ 0.3 -{I,25 -<1.1 -{I,]5 "'",C--C""---oo---"", -In -{I.2'5 --'.1 -{I,15 
" (II» (J (II.) 

(8) Satur~tkm included (b) S~turation neglected 

Figure 6,4: Loci ofthe local model' in the upper complex plane; manual excitatiolJ 
control 

, g: , , ? , 
! 

~ ? 
~ ~ ~ ~ " , 

" j , 0 < 0 

" , < • < < 

Figure 6,5, Effect of sa.turaticm on the damping ratio of k:><--aI modes; manuw 
excitation comrol 

It Cilll be ""cn fWIll 'I'dblc 6.12 column 2- 4 that total saturation (Po",er­

Fa.<:.tory, EUROSTAG, SSAT(t) , and 1I1atNetEi!',) and effectjve excitation 

(PSS/E) method" have little effect on the rcsults. It can also be SCcn that. 

compared with other methods of representing saturation, incremental "atu­

ration (SSAT{i)) has the greatest impact OIl the local modes. The results 

oblainoo with saturation modeled usin!', t.his method have a lower rlampiIlg 

ratio than those obt ained with saturation neglected. l"d~'Od. it. can be 00<''' 
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6_1- SM1LJ Sl'S Tl;'M 

from Fig. 6.5 that with silturation included, t he damping mtio obtainoo 

with SSAT( l'-i ) is below 3 %. As mentioned in Chapter 2, dilmping is often 

oonRideroo adequate if the damping ratio of the electromechanical modes is 

in t.he ran,o:e 3 to 5%. Therefore, t.he results obtained wit.h SSAT( T-;) pre­

dict au unsatisfact.ory damping ratio, whereM those obtained with illl the 

other (.ools predict a satisfactory damping ratio_ Theee result .. underRCOre 

(.he foct \.hat different ronclu"iOlIfi can be drawn for the smne p<J".W syswm 

from results obtillned with different tools. 

The damping ratio ohtainoo wit.h tools tlmt employ P,,, turbine output (SSAT(P), 

PowerFactory, EUROS"TAG(P), and PSSjE) is higher than that obtained 

with too),; that employ 7'", turbine out.put. (SSAT(T), MatNet.Eig, and EU­

ROSTAG( T)) both with saturation included and with saturation neglected. 

as seen from Fig. 15.5. In addition. it can be R€€n from Fig. 6.4 that with 

saturation neglected, the results obtainoo using EUROSTAG with Pm and 

T", turbine out-put are mOle COllservative' than thOBe oht.ained using the 

other tools that employ similar turbine output Le. SSAT(P). PowerFoctory, 

EUROSTAG(P). and PSSjE for Pm and SSAT(T), MatSetEig, and EU­

ROSTAG(T) for T",. This observation mily he ilttributed to the fact that 

EUROSTAG considers rotor speed deviation in (.he stator voltage calculatiol.l. 

which reduCffi damping as illllfitrated in Section 6.1.1. However, the results 

obtained using Pm.verFactory with saturation neglected contradict this ob­

sen'ation; indeed these r""nlw are the moet. optimistic~ _ One pOBSible cau"" 

is the fad that PowerF-<>et.ory considers the chwtge in system frequency in 

network equation.s [52J whereas al l the other tooli; neglect it. For a bet.ter 

understandin,o: of these results, there is a need for further inwstigation into 

' T ho = 1 P"rt i. d oo<' to tho im,,!inory L'Oi. 
'&,,] part furthest from the im~inory axi, 
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0.'- SMTR SYSTEM 

th", effect of considerin!,\ chan!,\e in system frequency on local modes. 

H. AVn without PSS 

Fignre 6,6 shows the loci of the local modes in the upper complex pllLlle for 

excitation controlled by AVR without PSS, with salumtion included nnd with 

saturation neglected. Figure 6,7 shows the corresponding damping ratios. 

" 1,,, , 

" 
7 . .1 

• 
"--.. ,,-,,,-.",--,o'''''COC"'' 1.2S OA OAS O.S O.Sl 0.6 0.60 '.1' '" ,,,,,",-,,,",-oi ().~ 0,4S O.~ 0,$$ O.~ ~.") 

<>"(11.) " (11.) 

(xl &turation included (b) Saturation negl<cted 

Figure 6.6; Loci of the local mod"" ill the upper oomplcx plane; AVR without PSS 

I!II SltUrntion included . Sanntion ""lllcdcd I 

~ ~ ~ ~ " ~ ~ 

~ ~ " < " " ~ " " " " " , 0 " " " " 0 
~, 

t 
~, 

~, , 
~ , 
~, • • t ~, , , 

·HI 

Figure 6.7: Effect of saturation 011 the damping ratio oflocal mode.; AVR without 
p~~ 
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6 ,1 . SMIR 8 Y S T F,M 

The AVIl. introduces nega.tive damping and hence the local mod"", are un­

m:a.ble (the loci of the local modes a.:e on the right ha.nd side of the ~omplex 

pLane and the dfllllping ratio is negative), as CIIll be se<"n from figures G.G and 

G,7. Sine<! the mode~ are unstable, a decrease in the real pa<t signifiel an 

increase in damping. Similarly, a drtrease in the magnitude of the damping 

ratio sigIlifie.; improved damping. 

For all the five tool~, the rCl)ulb< obtained with ~a.turation illcluded ha.ve 

higher damping (and damping ratio) a.nd loweT frequency than those obtailled 

with ~atma.tiOll neglected, as!leeIl from Table 6,12 oolunm5-7. Hov;ever, the 

docre..se ill the frequeIlL"y is marginal. It can be observed from Ta,ble 6.12 

and Fig. G.7 that saturation has le""t impact (le""t percentage change in 

da.rnpiIlg) on Tesult~ obta.ined with the tool, that oomider speed devia.tion in 

,tator \'OJta.ge ~a.kula.tion - EUROSTAG and PowerFa.<:tory, IIlor"""er, the 

higbcst impact of saturation i~ offierved fOT re~ult~ obtained with PSSjE a.nd 

SSAT(t). The impact of ,atura.tiou On re.;ult~ obta.ined with :!>latNetEig is 

mooemte. 

It ~M! be seell from Fig. 6.6(b) that with sa,turation neglocted, the rcsult~ 

obtalned with the tools that consider rotor speed deviation ill spred voltage 

term~ (EUROsrAG and PowerFactory) lire the most ~onservative, These 

results a.gree with those presented in Section 6.1.1 i.e. for the operating 

condition coru;idered, the inclusion of 'IX-ed deviation redu~e.; damping. 

The remits obtalned with the tool" tha.t employ Pm turbine output are mOre 

optimi,tic tha.u those obtained with tool, that employ T", turbine output, 

and with simila,r modeling of spood voltage terms. For example, re'lults 

obtained with SSAT(P) and PSSjE (these two tools employ Pm turbine 

output and neglect 'lpeed deviation) are mOre optimi,tic than tha;e obtailled 
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6.1, SM11J Sl~Sl'EM 

with SSAT[TJ and Mat.'<ctEig (th""" two I<Xlls employ T", turbine output 

and neglect speed deviation), Thi" obRcrvation confirrm the finding of the 

inVCl<tigation in &><:tiou 6.1.1 that Pm turbine output "adds~ damping to the 

C. AVn with PSS 

Figure G.8 sho\\'s the loci of the local modl'."S in the upper complex plane for 

excitation controlled by AVR with PSS. with saturation included and with 

saturation neglect.ed. Figure 6.9 shows the corresponding damping ratios. 

o • 

'" 6.76 
SSAT(T-i)+ 

+ SSATIP-i) «-L,. , 
on ElJRCI:PH , rew 

+SSA1\T 0) 
o , 

'.'c,,--c;,---c;"---co----c-c, -1.25 1.2 U~ L1 H5 

+SSAT(p t) 

"Of.) 

( .. ) S~tmation included 

"I 6.11 

'" 0.7", 

! 6.74' , 
XSSAT(1) 

6.'i I 1.25 --,_",,~-'_"""--~_"." ----""'!5 
" (lis) 

(b) Satuntion neglected 

Figure 6.8: Loci of the local modCll in the upper complex plau~, AVR with PSS 

CDmparing with the re,;ults obtained for excitation controlled by AVR with­

out PSS, the addition of PSS resnlts in increased damping and thus the 

stabili&ltioll of the local modes. Sat:uration affects the r!J!llllt~ obtained \vith 

different tooll' differently. as can be SOen from ligures 6.8 &nd 6.9. The r""nlt.<; 

obtained with EUROSTAG, PowerFactory, and MatNetEig have a higher 

damping ratio with satnration incilldc"j than with Mhuation neglected, On 

the contrary, the resnlts obtained with PSSjE and SSAT(i ) h1we a lower 

d&mping ratkJ with satmatioll included than with "ainration neglected. In 
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Figure 6.9: Effed of ,,,\nf,,tion OIl the (hmping f"tio of loel!.! Ill",l"" A\oTt with 
PSS 

addition, SSAT's tot..! saturation model hall no effect on the damping ratio. 

FOl all the five tools, satuwtion has little effect on the fIequency as Sl£n from 

Table 5.12 column 9. 

Comparing figure>; 6.8(a) aml 6.8(b), with saturation included, the effect of 

speed voltuge terms On EUROSTAG aud Power Factory results is not appar­

ent, In contrast, with saturation neglected, it is clear from Fig, 6.8(b) that 

the results obtained using EUROSTAG and PowerFa.ctory are the moot con­

servative It is also clear that the resul\!< obtaiued with tool" that employ 

P", turbine output &e more optimistic thiUl th""e obtained with tools that 

employ Tm turbine ootput, und with similar modeling of speed voltage telms. 

For example, resulls obtained with EUROSTAG(P) aml PowerFactory (the,;e 

two tools employ P", turbine output and COIlllirler speed deviation) are more 

optimist'tc than those obtained with EUROSTAG( T) (this tool employs T,,, 

turbine output aud considers spre:l deviation). 
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6.1.2.2 Excitation and prime mover control 

The results pre",-,nted in this subsection were obtained with different excita­

tion control configurations anrl speed governor control, with saturation ne­

glected. The results obtained for constant prime mo\'er output are included 

fur comlJu<ison lJurpoHes. The r€llults obtained with the four tools - PSSjE, 

Power Factory, EUROSTAG, and SSAT - are given in Table 6.1 3. 
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6.1. SMIlJ ~'n"TEM 

The percentage change in damping (il.O"). frcquCllcy (1'lJ), and dampilig ratio 

(1'l() of the local modes OIused by tbe speed govemor, evaluated ae'cordiup; 

to (6.5), is given in Table 6.14. 

(6.5) 

where k is 0", /, or ( aud sub8CI"ipts gov and const denot.e l"ffiults obtai.m.-d 

with spee-d governor control and c[)[lstant prime mover output, respectively. 

A positive value of il.k siguifi('6 an incre.ase and a negative value signifies a 

docrcm;c. 

The discussion of tables 6.14 and 6.13 is giVCll Lclow. 

Thhlc 6.14: Pcrccntogc (%) oh~nge in local mod". caubeCi by,~ 
governor 

'j uul Ma.nuo.l excilo.l.;oo coalru! A V 11. without PSS AVR with PSS 

"" "f "( "" i:>.f '" "" "f "( 
ec -2~.O 0' -28.4 -8.1 "f _7.8 <, 

1
0.3 -6.1 

PSS/L _28.3 0.3 _28.5 -10.3 "f -9.9 -5.7 O.f -5.7 

SSAT(P) _28.4 M -28.5 -93 "f -9.1 -5.8 O.f -5.7 

EURO(P) -29.6 M -2fJ.9 -8.1 Of -7.8 -£.0 ".f ,., 
SSAT(T) -3£.10 0' -3().9 -~.3 0' ~." ·5.9 "f -6.0 

EURO(T) -39.1 OA -39.0 -7.2 0.' -6.9 ·6.2 0' <, 

A. I\IilllUa! excitatiun cUHtru! and guvernor 

It can be S(l('11 from 'fable 6.J3 column 2, that. wit.h manual <=it ation and 

SpL'L-d p;o""rlior control, t.he results obtRined ming the four tools predid t.hat 

the local modes are stable. These results agree On the frequency of the oscil­

lations; the difference between too highest (SSAT(P)) and the lowest. (EU­

ROSTAG(P}) value is less than 0.5%. However, result8 obtained with Pow­

erFRctory, EUROSTAG(P}, PSS/E, and SSAT(P), roullded-off to the near­

est. whole number, prodict a satisfRCtory dampinp; ratio (( ?:': 3%), wherea" 
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6.1. SMlIJ SI'g'j"EM 

thOlle Obtain<!d witn EU ROSTAG{ 'J') and SSAT( T) predict ~ n U!u;~t.iofllCt.ory 

darnpi~ rntio n- rem It..; e!upna.;:i2t [tie fact l bl\t diff("l'('Ilt oond'UliOlUl 

.. ~n be drAWIl tor the .3me P""'''t IIy!Item from results obtAined I<, tn differ"l1~ 

tools. The difl'crCllee in damping be\"'t!ell tl] ~ hi""","t (PIl'MOI Faclory) and 

the 1<m'eS\ (EURO~'TAG(T)) "alue I~ ol'er 40%. 

Figure 6.10 Sh~'9Ihe loci of Ihe 1",,0.[ mode. in the upper l"QIllplex plane for 

manual exciuu.ion ('Qntml, "'~tb mlllit.&Ut prime tOO'I'er output Ntd with.,-.eed 

governor "" 111m ] F'i,lture b.l l ~ho",s t he OOI"respunding dlllnpil1g rntiOR. 

; .• ~ 
i 'c 
~ , 

" 

. ~~(?) 
,"'A':'n .' 

'. """"' ' El)ROIH 

'(1.2' -11.2 ~13 
.. (110) 

( .. ) 1...,<>".",."" pri"", toO,,,,, oulput 

1I.~4 

! .. .! 
• , .. 

~~t 
~, 

SMl(t) lI. 

•• 
~""" 

fUi:OIn t. 

-tl2! ~ -il l' 
.. (1/01 

(b) s~ ~..,n",. cnntrol 

Figure B.IO: Lva <.>f the locIl1 mode., iu lhoi! lippi'f rompJex pInup; mn>lual cxcitlltloTl 
oontrol 

T he addi tion ol [he speed gm .. emor reljuLt..; in iocrelllb1 fteqUe!IC~' and de­

creased d(>l1l1)lIlg JIll ('1111 be """n Irntn 1\o1-"c G 14 L-olum n 2-4 and Fig 6.10. 

The net effect of thf"'W chang"!! I~ II d~re .. tIe in Ute ddmrillg ratio lIS CIIn be 

om.erved ImUl Fig. 6,11. The speed goveruor fldds uegatiye dlltllpill1'\ to \I", 

syst.em. thus reducing the dRmpillg ri the local modes. FOl all tbe tool~. the 

damping rati" (iErl"Ca/ie>j by at \e1lSf, 2S % aDd the increase in fr"Quen,.y it; 

marginal (11m t bllD 1%)_ 

I ~ can be nl:ll!en-'f'CI frnm Fig. 6 .10 thio.t. the resultll obtained witb the tools 
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-~ 1.J 

! ' 
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o 

----------

Figure 6.1 L Effect of gOWIIlOC on the ul!.Il:Iping ra.tm of loeal modes: m8.llual 
excitation control 

t.h"t employ Pm turbine output (SSA'l'(P), PSS/E, PowcrFactory, and EU­

ROSTAG(P)) are more optimistic than thase obtained with toob that em­

ploy T", turbine output (SSAT(T) and EUROSTAG(T)), for both eoru;tant 

prime mover outpUt and speed gm"<'rnor control. TheRe ret3ults confirm that 

Pm turbine output "acids" damping to the syst.em. 

13. AVlt withuut PSS, ancl ~ovcrllor 

It can be "€en from Table 6.13 column 3 that for excitatiOil eontrolled by 

AVR without PSS, ILLlU with speed gOVl.'rnor control; the results obtained 

uRing the four tools predict the local modes are ,uu,table. Both the AVR. IUld 

the governor introduce negative damping thus rendering the modes unstable. 

Thesp Iu,-ullh agree on the frequency ofth" ORCillations; the difference between 

th" highet3t (SSAT(P)) and the IO"'eSt (EUROSTAG( T)) values is le;;b than 

1%. The difference in damping bet."'een the highet3t (SSAT(P)) and the 

lowest (EUROSTAG(T)) value is over 19%. 

Figure 6.12 shows the loci of the local modes in the upper complex plane 
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6.J, SMTR SYSTEM 

with exciv.tion control1""j by AVR ,,~thollt PSR, with 'XJlIseaIle priIlle Illlwer 

Olltl-' ut ;..n.-1 with ~p_j ,.;ovemOl' CHlt rot Fignre (j, 1,1 "hm"" ehe eorre;,punding 

,J"Illl-'ing ",tios. 

, .• 
'" i 7,4:) 

S 1.4 

H! 

ll/i 0,\ 

'" 

PI' '''~lJ!<C(P'l 

"' e(lk) 

x ~llIlO::I) 

0,6\ 0.' 

,. 
,. 

f 7.41 

, 7,4 

7 .. ~,Lo','_'oC""-Oo','-Oo'.'-O" 
e(ll.) 

(0) Spttd KO"Crn()r co",,,,i 

Figme 1),12, Loci of the local ",oJe< in the "pI*'" COllll'!.>;:: plane: AVR wit-huut 
PSS 

I'F pssm SSAr(p) !iURay) SSAT(f) EL"RO(T) 

0 ., ., 
l ; , 4 , ., , 
" ., 
~ . , ., 

; 

w 

Fii\llre li.I:1, Ell"'i uf guwrllur (Ill I.h.- dampiIlg I2ltio 01 h'" I \J Lo(l . " AVR wil.h(lll! 
PSS 

When figures fi,12(a) aud 6.12(bl ~Te c-OInp"T~d . it can he seen that ehe 

Mldition of the "peed goveIllur ,:1<11""" all inCT~a."" in fl'''''lll''n~y and a de"r.",,", 

in the damping uf the l(}{:al Ill(}{k", . llowe,'eL for all the t()()l", the i",:r."",,-, 
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6. 1 . SMlll SYS1'l!;M 

iu frequeu~y is mar!',iual (0.2%), as can be OOP.TI from Table 6.14 column 6. 

It ~an be observed from Fig. 6.12 that the dIed of the speed govemor i" 

to Rhift the loci of the local modes to the right and it does uot a/fed the 

churaderisti~" related to the modeling of "peed voltage tp-l"ms and turbine 

output observed and dis<:ussOO earlier for ~oIl"taut prime mover output. 

C. AVR wi1li PSS, and guverllOI' 

It can be seen from Table 6.13 column 4 that for excitation controlled by 

AVR with PSS, and with speed governor control, the results obtained UBiu!', 

th~ four tool" predict th~ loc..al mode" are ..table. These results agree on the 

fre'lUP.TIcy of the oocillatioru;; the chfference between the highest (SSAT(P)) 

aud the lowest (EUROSTAG(P)) value is It'S.. than 1%. Thp differp.TIce 1ll 

damping bet"..,.,n the highest (SSAT(P)) and the lov.·e"t (EUROSTAG(T)) 

value is over 12%. 

Figure 6.14 "hoW!; the loci of the local mode" in the upper complex plane 

for ex~itation controlled by AVJ{ with PSS, with cOIlBtant prime mover out­

put and with speed governor control. Figure 6.15 shows the corresponding 

dBillping ratios. 

As observed for the other excitation control configurations, the sp~d gover­

nor introduce.. ne!',ative dBillping "" can be seen from figures 6.14 and 6.15. 

It can be observed from lable 6.14 columnS, that the percentage decrease in 

damping caused by the addition of the speed governor is almost uniform for 

>lll the tools and the frequency incre8ses by 0.3%. The characteristics related 

to the modeling of "peoo voltage !.erm" and turbine output are the Mme for 

speed !',overuor oontrol as for L"Ol18taut prime mover output. 
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(i.2. 2A4G SY8JBM 

6.71 

~ 1i.11i 

! 
xSSATrT', 

J 6.)" 

(al Constant prim. mov. r output 

H----

6.7i' 

~ (,.76' 

i 07, 1 

6.72 1 

"LC1tf-C",-C,,-,,.,--c,--C; 1.2 US I I 1.01 ·0.95 

'''''Fl l> 
O ff 

l>RRO;": 

0(11.) 

(bl SpeM !oyernoo: cOIltwl 

Figur~ 6.14: wci of t.he loral modes in the upper complex plaru\ AVR. with PSS 

" ilJ 

" < 16, 

0 " , 
ll.l , 

" " ! 145 

" 
'" 
" j'l PSS$ S.~AT(P) ElJl!.O(P) SSAT(T) EURO(T) 

Figure 6.15: Effoct of i>,DvemeJ: 011 tho damping ratio of local mode,: AVR with 
PSS 

G.2 2A4.G system 

6.2.1 Identification of inter-area modes 

For the 8i,,~k m""hin~ infinite bus sy"tem, identif1<:,a\ion of the local mones i" 

obvious since the syst~m 11m; only Olle pair of oscillatory modell . For the t,,-(>­

area system, there are at kaRt thrac pairs of oscillatory modeli; t,,·o local area 
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mode; BJld one intf'x-I,"f''''- mooe. Speed components of the right eigenvectors 

(mode.; sh8.pe) and part.icip8.tion fuct.or8 were used to identify the inter-area 

ruodes fwm the eigf'Jlvalue r""ult" obtained with f'--8.('h tools. 

In Chapter 4, the flexibility of the five tool" ,,~th regard to dat a output is 

presented. It is noted that Pov;erFactory does not give eigf'Jlveclor!J. There­

fore, for this tool the inter-<l.re<l. mode~ were identified from the participation 

factors. A sample of the participation foctor reprpwntat.ion by this tool is 

shown in Fig. 6.16(a). Both SSAT and II latNetEig give participation fuc­

torn and right eigenwctors. Figures 6.16(b) and 6.16(c) ~how the graphical 

representation of the right eigenve<:tor components I!>;wciated with speed for 

the inter-area mode, obtained using SSAT and MatNetEig, re:;pectivf'Jy. It 

c,an be seen from Fig. 6.16 that the mode with generators Gl and G2 (con­

nect.ed at hus 1 and bus 2) of area 1 ~winging against generaton; G3!lIld G4 

(connected at bus 3 and bus 4) of area 2 is the intf'J-area mooe. 
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6.2. 2A~G 8Y8TEM 
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Figure 6,lG, Identification of the inter-area mcx:l~ 
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6.2. G SYSTEM 

can 

tors. 

are 

area 1 are 

of G4 area 2. 

Table 6.15: !"';1I1'em/eCl;ors for inter-area mode 

State variable 

2 

A = -0.156+ 

0.0038L - 70° 

0.4229L - 162° 

0.0028L - 63° 

0.31I0L - 1550 

0.0090L93° 

1.0OOOLO° 

0.0083L91° 

0.9188L _1° 

are "uu.'U(". to 

1 

ones 

EUROSTAG 

0.0050L109° 

0.9882L 1° 

0.0036L1I9° 

0.8177L - 0.1° 

0.0133L 95° 

1.0000L180° 

0.0l25L - 96° 

0.901OL179° 

on 
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6.2. SYSTEM 

on 

area m(}m~s 

Table 6.16: Effect of saturation on inter-area modes 

Excitation Saturation representation 

control SSAT PSS/E 
Thtal Incremental Neglected Effective exci-

tation 

-0.154±j3.424 -0.152±j3.424 -0.144±j3.427 -0.155±j3.420 -0. 152 ±j3.416 

Ma.nual f = 0.545 Hz f= 0.545 Hz f= 0.546 Hz f = 0.547 Hz f= 0.544 Hz 

, =4.49% '=4.44 % ,=4.18% '=4.57 % ,=4.44 % 

AVR -0.025±j3.845 -0.032±j3.833 -0.005±j3.839 -0.024±j3.842 -0.007±j3.832 

without PSS f = 0.612 Hz f 0.610 Hz f = 0.611 Hz f 0.612 Hz f = 0.610 Hz 

,= 0.65 % ,= 0.83 % '=0.12 % ,= 0.63 % ,=0.19% 

AVR -0.579±j3.822 -0.579±j3.812 -0.548±j3.829 -0.579±j3.819 -0.563±j3.849 

with PSS f= 0.608 Hz f = 0.607 Hz f= 0.609 Hz f= 0.608 Hz f 0.613 Hz ,= 15.0 % ,= 15.0 % ,= 14.2 % , 15.0 % , 14.5 % 

6. 

k is (J', f or 

a 

Table 6.17: (%) in inter-area modes caused 
saturation 

Excitation control 

Llu 

Manual -1.3 0.0 -1.1 -6.5 0.1 -6.9 -1.9 -0.1 -2.8 

AVR without PSS 28.0 -0.3 27.7 -80.0 -0.2 -81.5 -70.8 -0.3 -69.8 

AVRwith PSS 0.0 -0.3 0.0 -5.4 0.2 -5.3 -2.8 0.8 -3.3 

1 
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6.2. G SYSTEM 

It can 6. 

sion is 

satu-

unJU~;;" are mar-

even a pelrcentaLge '-'~"NUF,'-' as 

satura-

is peJ~CentEtge ae(~re,ase is 
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causes to 

6. 
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6.2. SYSTEM 

Table 6.18: Effect of F,<a.'OC" •• VL model rer)ree,en1tatlon on inter-area 
modes 

method 

Saturation ll"l"~l""'L"'U 

Saturation included 

Table 6.19: 

f = 0.544 Hz 

( 

f = 0.551 Hz 

(= 4.24 % 

variations in model re}:,reE.enltatton 

LalJ"'" 6. 

are to 

1. 

purposes, 

is 

-0.155 ± 
f = 0.544 Hz 

(= 4.52 % 
-0.150 ± 
f = 0.545 Hz 

(= 4.37 % 

6. 

in inter-area modes caused 

10,"'11..11.10 in 

it can 
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6.2. SYSTEM 

... ........ 1"0,'" terms 

terms on 

Table 6.20: Effect of terms on the inter-area modes 

Excitation 

control 

Manual 

AVR without PSS 

Considered 

-0.124 ± 

f 0.543 Hz 

(= 3.65 % 
+0.049± 

f = 0.606 Hz 

(=-1.28% 

Rotor deviation 

-0.128 ± 

f = 0.543 Hz 

(= 3.75 % 
+0.008± 
f = 0.607 Hz 

(= -0.2 % 

perc€mt,a~E~s are 

COlls1,ael:ea ~r~t~r'~n£'~ 
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6.2. G SYSTEM 

Table 6.21: Pelrcent~Lge (%) increase in inter-area modes caused 
rotor deviation 

It can seen 

to 

is 

even 

on 

was 
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6.2. G SYSTEM 

Table 6.22: Effect of turbine on the inter-area modes 

Controllers 

Manual 0.545 Hz 0.545 Hz 

(= 3.58 % (= 4.49 % 
+0.007± -0.025± 

mover AVR without PSS f = 0.612 Hz f = 0.612 Hz 

(= -0.18 % (= 0.65 % 
-0.547± -0.579± 

AVR with PSS f = 0.609 Hz f = 0.608 Hz 

(= 14.2 % ( 

-0.068± 
Manual f = 0.560 Hz f = 0.560 Hz 

(= 1.93 % (= 2.80 % 
governor +0.060± +0.029± 

control AVR without PSS f = 0.624 Hz f = 0.624 Hz 
(= -1.52 % (=-0.73% 
-0.479± -0.511 ± 

AVR with PSS f = 0.623 Hz f = 0.623 Hz 

(= 12.2 % (= 12.9 % 

Table 6.23: Pel:ceIlt8.!~e (%) increase in inter-area modes caused 
variation in turbine 

Controllers I:::.u I:::.f 1:::.( 

Constant Manual 25.2 0.0 25.4 
mover AVR without PSS 457.1 0.0 461.1 

AVR with PSS 5.9 -0.1 5.6 
Speed governor Manual 44.1 0.0 45.1 
control AVR without PSS 51.7 0.0 52.0 

AVR with PSS 6.7 -0.1 5.7 
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can seen 

is >U""5JoUUo<-GLU> 

to 

mover 

mover roon,n1"T"'" 

are "Vo.U~JUL 

to it is 

m SUI)SE~ctllon 

is 

1. 

even 

can­

to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

6.2. 

was 

In 

were 

SYSTEM 

are 

Table 6.24: Effect of method used for 
on inter-area modes 

mover 

was 

the A matrix 

on 

constant 
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area 2 



Univ
ers

ity
 of

  C
ap

e T
ow

n
PSS/E PF 
-0.613 ± j6.754 -0.628 ± j6.656 

f = 1.075Hz; f = 1.059Hz; 
<: = 9.05 % <: = 9.39 % 

-0.625 ± ;6.948 -0.640 ± j6.848 

1= 1.106Hz; 1= 1.090Hz; 

<: S.96 % <: = 9.31 % 

-0.152 ± j3.416 -0.148 ± ;3.418 

1= 0.544H,,; f = 0.544Hz; 

<: = 4.44 % <: = 4.33 % 

+0.010 ± ;0.142 -0.204 ± ;0.015 

1= 0.023H,,; I =0.002Hz; 
(= -7.01 % (=99.7% 

-0.120 ± jO.093 -37.31 

f = 0.015Hz; -37.23 

(= 79.0 % -34.86 

-33.55 

-37.16 -33.03 
-37.08 -32.81 

-35.86 -27.00 

-35.67 -25.42 

-34.72 -5.582 

-33.33 -5.547 
-29.94 -4.274 
-28.47 -3.406 

-5.210 -0.226 

-5.177 -0.081 

-3.861 -0.040 

-2.985 0 
-0.274 

-0.231 

Table 6.25: Eigenvalues for the 2A4G system with the generators on manual excitation 
control 

EURO(P) EURO(T) SSAT(P-t) 
-0.590 ± ;6.577 -0.558 ± j6.577 -0.594 ± j6.765 -0.503 ± j6.823 -0.626 ±j6.766 

f = 1.047Hz; f = 1.047Hz; 1= 1.077Hz; 1= 1.086Hz; 1= 1.077Hz; 

<: = 8.93 % «: 8.46 % (=8.75% .; 7.35 % <: = 9.21 % 

-0.603 ± j6.767 -0.570 ± j6.767 -0.603 ± ;6.958 -0.516 ± j7.013 -0.637 ± j6.959 

1= 1.077Hz; f 1.07THz; 1= 1.107Hz; 1= 1. 116Hz; 1= 1.10SHz; 

<: = 8.88 % .; 8.39 % <: = 8.64 % .; = 7.34 % (=9.12% 

-0.146 ± ;3.417 -0.115 ± ;3.416 -0.121 ± ;3.423 -0.112 ±j3.426 -0.152 ± ;3.424 

f 0.544Hz; 1= 0.544Hz; f = 0.545Hz; 1= 0.545Hz; 1= 0.545Hz; 

<: = 4.28 % <: = 3.36 % <: 3.53 % .; = 3.27 % .; = 4.44 % 

-0.124 ± jO.049 -0.100 ± jO.030 +0.005 ± jO.008 -37.75 ± jO.172 +0.004. ± jO.OOl 

1= O.OOSHz; 1= 0.005Hz; 1= O.OOlHz; 1= 0.027Hz; f O.OOOlHz; 

<: = 93.0 % <: = 61.5 % <: = -56.7 % <: .. 100.0 % <: = -97.7 % 

-37.10 -37.10 -37.29 -37.87 ± jO.126 -0.061 ± jO.024 

-37.01 -37.01 -37.21 1= 0.020Hz; f 0.004Hz; 

-34.61 -34.61 -36.39 <: .. 100.0 % (= 93.1 % 
-33.13 -33.13 -36.22 

-31.37 -31.37 -34.87 -35.4.5 -37.29 
-31.20 -31.20 -33.45 -34.00 -37.21 
-24.22 -24.22 -30.61 -32.23 -36.39 
-22.35 -22.35 -29.15 -30.80 -36.22 
-5.989 -5.992 -4.716 -5.238 -34.87 
-5.962 -5.964 -4.679 -5.221 -33.45 
-4.706 -4.706 -3.380 -4.057 -30.61 
-3.811 -3.812 -2.508 -3.330 -29.15 
-0.218 -0.218 -0.189 -0.267 -4.713 
-0.203 -0.204 -0.180 -0.256 -4.676 
-0.039 -0.026 -0.043 -0.108 -3.380 

0 0 -0.021 -0.088 -2.508 

-0.002 -0.189 

+0.002 -0.180 

SSAT(P-i) MNE 
-0.534 ± j6.823 -0.588 ± ;6.765 

f 1.086Hz; 1= 1.077Hz; 

<: = 7.81 % <: = 8.66 % 

-0.549 ± ;7.014 -0.596 ± j6.958 

I 1.116Hz; f = 1.107Hz; 

<: = 7.81 % <: = 8.64 % 

-0.144 ± j3.427 -0.114 ± ;3.426 

1= 0.546Hz; 1= 0.545Hz; 

<: = 4.1S % <: = 3.33 % 

-37.75 ± jO.l72 -38.00 

1= 0.027Hz; -37.90 

<: "" 100.0 % -36.67 

-36.54 
-37.S7 ± ;0.125 -35.36 

1= 0.020H,,; -33.85 

(" "" 100.0 % -31.20 

-29.82 

-0.106 ± jO.022 -4.895 

f = 0.004Hz; -4.858 

<: = 97.9 % -3.645 

-2.831 

-35.45 -0.212 

-34.00 -0.200 
-32.23 -0.132 
-30.80 -0.056 
-5.236 0 
-5.218 0 
-4.057 

-3.329 

-0.267 

-0.256 

-0.045 

0 
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6.2. SYSTEM 
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Table 6.26: Inter-area modes results obtained with five industrial-grade tools 

Tool 
Saturation neglected Saturation included 

Manual with PSS Manual 

-0.155 ± j3.420 -0.024 ± j3.842 -0.579 ± j3.819 -0.152 ± j3.416 -0.007 ± j3.832 -0.563 ± j3.849 

f= 0.547 Hz f = 0.612 Hz f= 0.608 Hz f =0.544 Hz f = 0.610 Hz f = 0.613 Hz 

,=4.57 % ,= 0.63 % ,= 15.0 % ,= 4.44 % ,= 0.19 % ,= 14.5 % 

-0.154 ± j3.424 -0.025 ± j3.845 -0.579 ± j3.822 -0.152 ± j3.424 -0.032 ± j3.833 -0.579 ± j3.812 

f 0.545 Hz f 0.612 Hz f = 0.608 Hz f = 0.545 Hz f = 0.610 Hz f = 0.607 Hz 

I' = 4.49 % ,= 0.65 % ,= 15.0 % ,= 4.44 % ,= 0.83 % ,= 15.0 % 

-0.161 ± j3.414 +0.014 ± j3.821 -0.530 ± j3. 799 -0.148 ± j3.418 +0.028 ± j3.817 -0.541 ± j3.837 
PF f= 0.543 Hz f= 0.608 Hz f 0.605 Hz f 0.544 Hz f = 0.607 Hz f = 0.611 Hz 

,= 4.71 % ,= -0.37 % ,= 13.8 % ,= 4.33 % ,= -0.73 % ,= 14.0 % 

-0.156 ± j3.412 +0.017 ± j3.808 -0.520 ± j3.785 -0.146 ± j3.417 +0.033 ± j3.804 -0.533 ± j3.818 
EUROI f = 0.543 Hz f = 0.606 Hz f = 0.602 Hz f = 0.544 Hz f 0.605 Hz f = 0.608Hz 

,= 4.57 % ,= -0.45 % , 13.6 % , 4.28 % ,= -0.86 % ,= 13.8 % 

-0.154 ±j3.424 -0.025 ±j3.845 -0.579 ± j3.822 -0.144 ± j3.427 -0.005 ± j3.839 -0.548 ± j3.829 

f = 0.545 Hz f 0.612 Hz f= 0.608 Hz f= 0.546 Hz f = 0.611 Hz f 0.609 Hz 

,= 4.49 % ,= 0.65 % ,= 15.0 % '=4.18% ,= 0.12 % ,= 14.2 % 

-0.123 ± j3.423 +0.007 ± j3.844 -0.547 ± j3.826 -0.121 ± j3.423 +0.0001 ± j3.832 -0.547 ± j3.816 

f 0.545 Hz f 0.612 Hz f 0.609 Hz f = 0.545 Hz f = 0.610 Hz f= 0.607 Hz 

,= 3.58 % ,= -0.18 % ,= 14.2 % ,= 3.53 % ':::::0% ,= 14.2 % 

-0.124 ± j3.411 +0.049 ± j3.807 -0.488 ± j3.789 -0.115 ±j3.416 +0.064 ± j3.803 -0.500 ± j3.822 

[EURO( f = 0.543 Hz f = 0.606 Hz f= 0.603 Hz f 0.544 Hz f = 0.605 Hz f = 0.608Hz ,= 3.65 % , -1.28 % ,= 12.8 % ,= 3.36 % ,= -1.69 % ,= 13.0 % 
-0.123 ± j3.423 +0.020 ±j3.827 -0.547 ± j3.861 -0.114 ± j3.426 +0.035±j3.783 -0.557 ± j3.886 

MNE f = 0.545 Hz f= 0.609 Hz f = 0.614 Hz f = 0.550 Hz f= 0.600 Hz f 0.620 Hz 

,= 3.58 % ,= -0.52 % ,= 14.0 % ,= 3.33 % , -0.92 % ,= 14.2 % 
-0.123 ± j3.423 +0.007 ± j3.844 -0.547 ± j3.826 -0.112 ± j3.426 +0.027 ± j3.838 -0.516 ± j3.833 

f = 0.545 Hz f = 0.612 Hz f = 0.609 Hz f = 0.545 Hz f = 0.611 Hz f = 0.610 Hz 

,= 3.58 % ,= -0.18 % ,= 14.2 % ,= 3.27 % ,= -0.70 % , 13.3 % 
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6.2. SYSTEM 

can seen 5, 

on 

Table 6.27: in inter-area modes caused 
results obtained with five tools 

Tool manual excitation control A VR without PSS AVR with PSS 

.6.u .6.( .6.u 

-1.9 -0.1 -2.8 -70.8 -0.3 -69.8 -2.8 0.8 -3.3 

-1.3 0.0 -1.1 28.0 -0.3 27.7 0.0 -0.3 0.0 

-8.1 0.1 -8.1 100.0 -0.1 97.3 2.1 1.0 1.4 

-6.4 0.1 -94.1 -0.1 -91.1 2.5 0.9 1.5 

-6.5 0.1 -6.9 -80.0 -0.2 -81.5 -5.4 0.2 -5.3 

-1.6 0.0 -1.4 98.6 -0.3 100.0 0.0 -0.3 0.0 

-7.3 0.1 -7.9 -30.6 -0.1 -32.0 2.5 0.9 1.6 

-7.3 0.1 -7.0 -75.0 -1.1 -76.9 1.8 0.6 1.4 

-8.9 0.1 -8.7 -285.7 -0.2 -288.9 -5.7 0.2 -6.3 

lllVU""O on upper 

It can 

very on 
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iSAT(I'-i) -
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H!AT(l'--t' HSA·'t!-', 

I HI 
• . , 

l.4U 
P'SS"8 + - '"JItO(P"I PUlI(~) + 

, .. 
-O.,t. -o' 1 ~ -0.1 4 -O..U - 1111 ~ " aj lll) 

\a) SatunoWo iDduded 

'" 
.1 'l~ 

, 
1 HI 

• 
HI~ 

J.4. 
-il lt. -o.n -0.14 -0.11 -iltl -(I II 

a( lh) 

(b) Solu,,"ioo ~ 

F'ig'U"e 6. IS: Loci of t .... inler-are;, n1O(klti In the Ill'per complex pl&ue; "'lOfJ~ 
ex(itatiOIl ("OutlOt 

; 
.... , 

;: ).5 

~ B , , 
t L' 

r,~ , 
• , , 

i z g ~ 
" • • ! " " " < • • , 

rigur~ 6. J 9: Eff('<:\ uf ""t"rahon 01' the <.1""'1'>11)\ r!ll io of inter-Mca 1l"l<"Xks; l1\1",,,~l 
excit&tiQu control 

Therefore, Htl' following di"""lIII iol1 fQ("\L'~ on lhe dlilllpin!,; ratio. whIch rl'op­

turl'!! rhlUtJ<e" in both frL><.j"~OC}· &1<1 dau\ping. 

For ehe Ike wols, ... ; Ih tllsm"ol PX"'IIl'o'1Oll roul rol. saturation redu<:i'S Ih" 

dampi ng ratIO as ('aD ~ 8el"'ll froll1 f ig. 6.19 and Tab~ 6.27 coIwuu 4 It ceo. 

"Iso be nQt~'tl Ihat MtlIT8UUU bar> little .... 1ft'C1 011 t he .--.rIts IlhtJJJ I1ed w, l h 

PSS/E 9.ud SSAT(t). 

'" 
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6.2. 2A4G SYSTEM 

It can be seen from Fig. 6.18 that the rellulU! obtained with tools that 

employ Tm turbine output (SSAT(T), MatNetEig, and EUROSTAG(T)) are 

more conservative than those obtained with tools that employ Pm turbine 

output (SSAT(P), PowerFactory, EUROSTAG(P), and PSSjE), both with 

saturation included and with saturation neglected. The&! results corroborate 

the theoretical framework given in Chapter 3, that the Pm turbine output 

"adds" damping to the system. 

With manual excit.ation control, the effect of speed voltage tenns on the 

inter-area. modes is not a.ppruent. 

B. AVR without PSS 

The AVR adds negative damping to the syst.em. Thus for each tool, compar­

ing the rellnlts obtained with manual excitation rDntrol, with results obtained 

from excitation controlled by AVR without PSS exhibit lower damping of tlle 

inter-area modes, as Can be >*."en from Table 6.26. It ca.n be seen from column 

3 and 6 that the results obtained with tl,e five tools agree on t.he frequency. 

The difference between the highest and the lowest valne is les. than 1.5%. 

However, discrepan<'ioo are llDted in the damping (and damping ratio) re­

sults. The difference in damping between the highest and the lowest value is 

about 150%, both with S8luration neglected and wit.h saturation included. 

It can be seen from Table 6.27 column 5- 7 that for eoch of the five tools, 

saturation marginally reduces tbe frequency of the inter-area mode, and both 

the damping and da.mping ratio rhange by similar percentages. It should 

be noted that. if the rea.! part of t.he eigenvalue is po!Jitil'e, an increase in 

this value signifie;, docIeased rn.rnping. Similarly, if the damping ratio is 

negative; an increase in this valne signifie8 decreased damping ratio. The 

130 
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6, 2. 2A4G SYSn:M 

high peITenlage chtUlges in the damping (and damping ratio) is due to the 

fact that the damping is very dooe to ZeTO. Therefore, a small change isseell 

as a high percentage change. For instance, if the damping obtained with 

saturation neglocted is 0.007 and that obtained v,ith saturation included is 

0,027, the ai::l!<olute docrease is only 0.02 but the percentage dL'Crea;;c u; 286%. 

It can be observed from Table 6.27 column 5- 7 that for SSAT(t) and Pow­

!)fFaclory, saturation improves tb" damping (and damping ratio) whereas 

[or PSS/E, EUROSTAG, SSAT(i), and MatNptEig it redUCffl the damping 

(Iilld damping ratio). This erratic eflect of salurat.ion WAA also observed and 

discussed in Soction 6.2.2. 

Figure 6.20 ~hows the loei of the inter-area mod"" on the upper complex plane 

[or excitation controlled by AVR without PSS, with ~aturation included and 

with ~aturation negleded. Figure 6.2 1 shows the corresponding damping 

ratios. 

, 
J 8~ SSAT(l'--ci)+ : +SSAT(l-~ _ I PSS!E+ + &'!ATIT-O) 

~ J 81 ~~AT(l'--t) +,.. 
~ • ]~I 

l.7~1 
-n.n·j -(J.O" --t -O"""'""",,-,,C_W,CC';;J.Oi 

<>(li:!) 

( .. ) SSlw"lion inciu(kd 

.l.AA'-'.""'~"-'--------l 
\ps'~1E xSSAT(l) 

XEURO(P) ' EUIlO('f) 

.'-'1 

_",\"cc~,~""-'--",,,",,,"""c,c,.,,c,e, 
a(li,) 

(b) SSt\m,tion ""!lkctci 

Figur<l 6.20: Loci of the inter_Mea mod"", in the nwer co.uplex plane; A VR without 
ess 

It can be seen from figures 6.20 and 6.21 that the result,.; obtained with 

SSAT(P) and PSS/E ~hcrn' the imer-area mode>< are stable, whereas tho"" 
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, '-------------' 
Figure 6.21: Elfeet 01 saturation on the damping ratio 01 inter-area mod",,; AVR 
without PSS 

obtained with SSAT(T), EUROSTAG, PowerFact<Jry, and IIlatNetEig show 

they are unstable. Theeigenvalue results obtained nsing PSS/E ""d SSAT(P) 

"'ere validated using time domain ~imul"'tioIlll. The oscillatiollJl were initi",ted 

by disconnecting one of the tie-lines for 5 11M. The results are shown in F1!(_ 

C.l, App<'ndix C. For comparison purposes, time domain simul",tion results 

obtained with PowerFoctory (thi" toot was chosen arbitmrily) are ",180 shown_ 

These contradictory results emphasize the fa.ct that different conclnsions can 

be drawn from results obtained from diffenmt "imulatioll took; for the slUI!e 

power system. 

It Can be observed from figures 6.20 and 6.21 that the remIt>< obtained with 

PowerFact<Jry and EUROSTAG are mOTe conservative than the results ob­

tained with other tools that employ similar turhine output. That is, the 

resllit" obtained with PowerFactory and EUROSTAG(P) are more 001l8eTVa­

tive than those obtained with SSA T( P) and PSS/E (P", turhine output) and 

those obtained with EUROSTAG( T) Me more conservative than the ollet< 

obtained with SSAT(T) and !>.!atNetEig (T", turbine output). This ohserva­

tion can be attributed to the fact that both PowerFa.ctory and EUROSTAG 
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6.;). 2A { G! S"Y S Ho'M ____________________ _ 

com;id~r bpeed deviation in the speed voltage tenru; a.nd this reduces the 

damping lIS illustrated in Section 6.2.2. 

The results that predict stable system operation were obtained with tools 

that employ Pm turbine output. This observation confirms that Pm turbine 

output "provides" additional damping to the syswm. 

C. AVR with P SS 

For all the t.ook the result" obtain~d with excit.at.ion controlled by AVR with 

PSS exhibit h igh~r dampin!'; than thobc obt"ined with ~xcitation cont.rolled 

by AVR withont. PSS, both with saturation included and with s"tumtion 

neglected, as c"'-' be obsen-ed from T"ble 6.26 column 4 and 7. This is due 

to th~ damping added to the sy~tem by the PSS. The r€.mlt~ obtillned with 

the five tools agree on the frequency. The difference between the highest and 

the lowest ''alue is about 2%. HowewT, some discrepancies are obsen'ed in 

the damping (and damping ratio). The differenre in damping betw€€n the 

high~.'lt and the IOWE'St value is O'W 1.3%, both with saturation neglected and 

with saturation included. 

[t can be seen from Table 6.27 rolumn 9, that for each of the five tools, sat­

uration mm:gimilly affl'("ts the frequency of the inter-area modes. For PSS/E 

and SSAT(i), saturation reduces the damping (and damping ratio) and it 

has no ~ffect on t.he dfilllping obtained with SSAT(t). For PowerFIl<"t.ory. 

EUR.oSTAG, and MatNetEig, saturation increas€5 the damping. It is not 

clear why the effect of saturation on the inter-area mode!J iR different for dif­

ferent tDols, since for all the t{)()ls, saturation redu~ the mutual inductance. 

Therefore, it is expected that, for aJithe tools, its effect on the inter-area 

mod€>< would be the ~rune e.g. for all the tools, ~aturation increase.; Or de--

<33 
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6. 2 . 2A4G SYSTEM 

crease>< the d8.Ulping, or has no clfed. It can 00 uot~d t.hat Duly incremeutal 

saturation has some reasonable imp<>et on the d!lIIlping of the iuter-!lI"ea 

modes. 

F igure 6.22 shows th~ loci of the int~r- area modes on th~ upper complex 

plane for €xcitation coutroll<3d by AVR with PSS, with saturatiou iucludiJd 

and with saturation ncgie<'tod. Fip;u:re 6. 23 shows the correspondillJ': damping 

ratioo. 

l.9.~~~~~~~~, 

us' 

J.,""~ 

~ Ul 

" 3.11 

J.I 

.. ~ 
. s~IT(J'--i) HSAT(T---;) 

• 
' SSAT(P-<) i ~ EUll()(T") 

SSAT(T-t) 

.'-1il",."""~." ,,,", -<15' -<1.56 --o.SoI ---{I." ---<I.' ---<)--', 
.. (lis) 

(&l Sa.lur~tiou ind1.ldoo 

",~~~~~-

3.!8 

Jrj(, 

~ J.!4 

,. J.!! 
>SA1(P) 

.. t .. 

(b) S~tUT~tion ""!I1«:!.od 

Fig\ll"e 6.22: Loci of the inter-area mod.., in the upper compln plane; AVR with 
PSS 

Compariug figures 6.22(a) and 6.22(b), it can 00 obSIJrVl."Cl that ,",'ith satu­

ration iudud<."Cl the elk'<'t of "1K.'<."Cl voltage kTl118 and turbine output is not 

apparent. However, wllh saturation neglect.ed, it is clear that the moot eon­

s€rvative results are thooo obtained wit.h tools T.hat coMider specd deviation 

in t.he sp<!lJd voltage term" (EUROBTAG and PowcrF'aFtory). R",,1.!.I.ts 01::>­

tainc"Cl with t!Xl1s that employ T", turbine output arc more conservative than 

those obtaine<l with tools ,hat employ P'" turbine output with similar mod­

eling of "JX.'<."Cl voltage teITns. 

'" 
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" 17.1 

l " ! 16.1 

J 
,. 

'" 
" 

'" 5: 9 • I 
9 

~ ~ ~ 
0 

• ~ f= ~ < ~ < 

" • • • < 

F,sure G.23; EIf""t of ... turo.lion on the ,["'''1';1\,1\ Tatio of inter-a ...... m",Ie8. AVn 
,..,th PSS 

0.2.3.2 Excitation and prim1'l Jilover c<mlrol 

Th~ t~u1I" pr"""nted in thi~ Rnhfie<-liou "·ere <>btainoo wilh ditfcnnr. ex .. ,­

l,iJi1'l1l l"Olluol configur lltion. fWd ~pccd governor control, "WIth IIfIlurfltio" 

RoeIi:lo1!(".ted The resulr.r. obuunoo wi lh l"OIlS\"nI prime rum"'r ou i pu~ are in­

dlldf'(j for comJl8ri11on put~. Tbe re..ld l ~ olJtaintrl wuh lhe f<>ur toob. 

PSSj E, P"werFII<"vlfY, EUROSTAG,!lJId SSAT - are !'.l,,,n in ThbLe ti.28. 
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S~ 1<>«<''''' roIII.oI eo.._lpm"o ""'_ aulp'" , 
MonU&! AYn "1\1",,,, PSS AYR 'lriIh PSS ),!,,"\,,~l AVa .rnho.!l PSS AVR ,,'llh I'SS 

O,IM± j3 .. ~08 ;OtJ064±]38% O . .It)7 "" j3.1>87 -0 161 + .i~ 114 +0.014.:1:)3.821 -O . .j:J(l ± J~ 79'J 

" f _ 0.558 H> j '" 0.6:10 It. f _ 0.619 H. f - 0 .. 143 H. i _ O.6U8 H> f ", O f.o~ H. 

(-2_99% (- I 64 'it (- lU % , 471 % (- - 0 .37 % ( _ 13.<1 '»; 

O.I(.H- .iSS(l.5 +<1,1)69.:1: Jl 866 ~_4&~ + 13,817 _0.lS6.1.. J;141 2 +0.017 ~ jMI)Il _ 0,13:1 .1.. JS TlI5 

IWRO(P) f _ o.:;:;~ lli I=O(;l8 H. f _ 0 .617 H:. f = O .. 1~3 H. f _ 0.006". f "" 0.002 110 
(=~8fi'A <-- 176~ (= 11 .7" (_4_57\\ ( '" -(141) % (- 13.~ 'JI. 
--0099 + j3Mr, .. 0009 ± j a.,IQ 0-5](1 7131111 -(1 151; .:I:J3A2U -0 024 + J"3 842 ..(15m .:1:) 3 8]9 

~/' f =llMiO H~ r "'06Z 1 "~ f=O.622 H~ r = (0).47 H. f"" 0.612 HB f _ O.(AAj H:. 

( - 2112% (=-nn " , IH% ,= ~ ,$7 'If. (_ !I.1iJ % (= 1M" 
0.09!! .:I:)3$19 +o.",n + ,3 9Z l (1.,111 ±j3.9 13 -{I.],;.1 :!: J~ 421 -0.015 ± )3 .iW5 -o.M~ J: J3, ~~'2 

SSA'I (P) / _ 0.500 H. I' = O.r,u 110 1 _ O.62lIJ. f "" 1).~5 It. r _ O.m2 lh , '" 0 f.(I~ II. 

(-Hill'" ( __ !l73" ,-12.9 % , . ~~9'" ,- 1).1i.' % (- 1.I.U '1\ 
O.mo -'- ,J',~lJIl "U.O')g'" i~.;;11~ 0.424 '" ,iU80 -U,1 24 ±JMll .. 0.04~'" j 3.ilO1 ().4l;8 ± A. nm 

EURO(T f _ 0,558 II . I:. O ~18 Ib £ _ 0.518 H. f .. 0.543 II. I ~ 0._ H. f '"'" O. oo.~ '10 
,= 1.!l8 j( 

, __ z..:;s% (= 10.9 % (_MSo/. (=-1.28 % ,_128% 
-OOO8+jUI8 ~,OOJ ± j~ 920 o ~79 + j3.9l!i -0 1 ~J ± JJ.42~ +O1lO1 + ;'3.844 _'U4.7 ±j3,BU 

SSAT(T) f _ 0,500 Ii>. f =0624H. f _ 0,62:1 H. f =Oii4{i lJ. f _ 0,512 H" {'" 0.009 II. 
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Table 6.29 gives the percentage chuuge in the damping 60", frequency 6J, 

and damping ratio 6( of the inter-Mea modes caused by the addition of thc 

speed governor. These percentages are computed according to (5.5), taking 

the results obtained with constant. prime mover out.put as referenoo. 

Tables 6.28 and 6.29 are discussed below. 

Th.bk 6.29; PerC<'ntage ('Yo) change in inter-are> modes causro by 

'r-l~rnor 

'"' manual ""citMion control lIVR wilhout PSS lIVR with PBS 
,~ aJ a( a~ aJ a( a, aJ "( 

" ·3-t.8 " ·36.5 _3~71 

" 
_343.2 _11.9 '" -13.S 

BURO(P) -30.9 " _374 -30~9 '" -291.1 -125 " -aD 

PSS!E -36.1 '" _38.3 -22D.8 '" -2111.0 -11.9 " -Jt.D 

SSAT(P) -36.( " -37.6 -216.0 ,., ;-212.3 -11.7 ,., _14.0 

EURO(T) l-43.5 " -45.8 -1020 ,., ·100.0 _13.1 " ·14.8 

SSAT(T) _4<1.7 " -4{l.1 -7~7.1 " ·744.4 _12.4 " -14.1 

A. I\.-lanual excitation control and governor 

It can be Offin from Table 6.28, column 2, that Wlt.h manual excitation and 

speed governor mntrol, t.he result.s obtained. using t he four tools predict that 

the inter-area modes are stable. There results agree on the frequency of 

the oocillations; the differeuce between the highe.;t (SSAT(P)) and the low­

est (EUROSTAG(T)) value is le:ss than 0.5%. However, results obtained 

with PowerFadory, EUROSTAG(P). PSS/E, and SSAT(P), rounded-off to 

t.he nearest. whole number, predi~t a satisfactory damping ratio ( ~ 3%), 

wherea8 those obtained with EUROSTAG( T) and SSAT( T) prl'ilict ill1 un­

satisfactory damping ratio The difference in damping between the highe.;t 

(PawerFactory) and the lowest (SSAT( T)) V"cilue is over 35%. 

Figure 6.24 shows the loci of the inter-area modes on the upper complex 
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6.2. 2A~G SYSTEM 

plane for mamw.! e.."citation control. with ~onBlillllprim~ mover Oll(plll ami 

wilh speed governor conlrol. Fig~ 6.25 8h""" the corre;;ponuing damping 

mt.iOll. 

1.11, ___________ , 

l.4 016 -<114 -<1.12 -<1.1 
0(11.) 

(~) Co,..-,klnt prime move' OUljJU\ 

f • 
H 

HI 

H 0.16 0.14 0.11 -{1.1 -0.011 -<1.06 

" (1"') 

(h j Hpocd g""",nor mIltml 

Figure 0.24: Loci of thp intfli'-arro modR.s in thp uppcr complex phne; m~llu~l 
,,=jtation cOlltl'Oi 

, ., 
l " ! , 
; " , 
~ " 

" , 
• 

Pf EURC(1') I'lSS/1o 8~Al(J') WKC(]) SSAT(T) 

Figul">' 6.25: Effect of gowmor on the damping ratio of t.he int","_~rc ~ I",~le, ; 

m"nu~1 excib.tio11 ",,"trol 

Th~ ",iUitiOIl of the ~P'-"'.'Il gon..-nor reUuee.< lhe damping (alld <lam ping rat.io) 

as can he ohs","voo from Table (i.Zl oolnlIm 2~1 and figllre~ 6.24 ~nd 6.25. 

The ITeqlle11l'Y iJll'l"€a.'le8 hy 2.8% for t,hp follt tnok 
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6'. ;(. ZA4G SY!>Tl!;M 
~------------------

It can be """'JI from Fig. 6.24 that for both constant prim~ mOv~r output 

and ~peed gm'ernor coutroL the re<ultR obtained with the tool>< that employ 

Pm turbiue output (EUROSTAG(P), SSAT(P), PSS/E. and PowerFactory) 

are more optimiRtic than toc..." obtailled with tools that employ Tm turbille 

output (EUROSTAG( T) and SSAT( T)). Thi~ can be attributed to t),., "ad­

ditional" damping due to the "peed-torque relationship associated with Pm 

turbine output. 

B. AVR with01,t PSS, ami governor 

The results obtainoo with the four tools "how that the inter-area modes 

are uu"table for excitation controlled by AVR without PSS, and with ~p<'€d 

gm'eruor coutrol, as soon from Table 6.28 column 3. ThL>Se rc.;ultll agre<l Oll the 

frequellCY of the CJfO;;illatiollll: th~ diff~r''llce betwt-'<ju the highest (SSA T( P)) 

aud the lowe8t (EUROSTAG(T) value is leRl! than J%. 

The damping (and damping ratio) of the inter-area mod"" drerea,*", due to 

the addition of the speed gov~rnor as can b., "!!C.!, from Tll.hle 6.29 column 

5 and 7. The percentage necr-easc is high due to the fact that the dampillg 

of th""" mod{¥; iR low and therefore even ~mall changes translate to a high 

percentage change. For example, if the damping ohtained with constllllt 

prime mover output i" 0.007 !lIld that obtllined with spred governor control 

is 0.06. the (kcrease is only 0.0~3 but the perceutage drerease is 757%. It can 

be seen from column 6 that for the four tools, the frequeucy of the oscilllitiou" 

increase!'; by about 2%. 

Figure 6.26 "how~ the loci of the inter-area modes on the upper complex plane 

for ~xcitation controlkd by AVR without PSS, with couRtant prime mover 

output and with speed governor control. Figure 6.27 shows the corr""ponding 
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6.2. 2A4G SYSTEM 

dumping ratilli. 

I.,--~-,--~~~~~-, 

In 

" i Ht 

~I" , 
W 

H2 ' PI' 

" , 
' ·""'",-;;'~i· '·i"""ii"i"'·""'·c'"".",~ --{I,()4--{1,01 n om 0.()4 0,06 O,lIIl 0.1 

0(11i) 

(a) ConSTant prim~ mov"" O\ltput. 

I. 
H2 

I. 
~l.n 
_l.1l/; , 

I . 
J.t2 

H 

~" ,ro 0.01 0()4 0.06 0.03 0.1 
0(111) 

It) ~p<M s",,,,mor oonlml 

Figur" 11.211: Loci of the inl~.r-ar~a modes in th~ upper complex plan~: AV]{ without 
PSS 

! 
1 

f 
·2,~ 

·1 

I. eon ..... p<im< Mol .. ' """"" [] Sped ",,,,mar cO"Imll 

Fi)!,llre H.27: ElTed of ~O\'ernOT (llJ the di<.llll'ing ratio of inl-Pr->U"ei< mod",; AVR 

without PSS 

The ],f!Sllit," ohtailled with PSS/E and SSAT(P) aT" p""h",j 1.0 instability 

by the spflf'd gOVf'l"llor as ""en ill Ii",']'ffi fUb and b,27 , That is, j,h" [f!Slllts 

obtained with thew tools are on the left hand plane for ~onstant priJl1e mover 

output and on thp right hand plane for sJ>f'f"l ,o;OVPInOT eouhol. Th" ~l1",:t 

of speed voltage t..,rms and turbine output modeling with sp""d governor 
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control is ill< uiscussod earlier in subsection 6.2.3.1, for constant prime movPJ: 

output. 

C. AVrl with PSS. ,mel governor 

It CII.ll bo? """.II from Table 6.28 column 4 thlli fur excitation controlled by 

AVR with PSS, II.lld with speed governor control, the rBrults obtained u.~ing 

the four tools predict that the inw-r-atpa moc:Je,,: "",P stable. These results 

agI"e<> on the fr""lUP.Il.CY 01' the OI<cIllatioo"; the differen"" between the high-

est (SSAT(T)) and the lowest (EUROSTAG(P) value is about 1%. The 

difference in dampmg between the highest (SSAT(P}) II.lld the lowest (EU­

ROSTAG(T) value is over 17%. 

Figure 6.28 shows the loci of thp inter-&pa modes on the upp€r complex 

plane for excitatIOn controlled by AVIl: with PSS, with cOllStant prime mUlIer 

ontput and with spood governor control. Figure 6.29 shows the corresponding 

damping ratios. 

;.,----------------, ,. 
" 

SSAT(P) 
i ~SSAT(n 

"~ 

( .. ) eon.tan, pdme mover output 

<, 

,. 
J.92 

" ~,. 

~ ).go 

3' 3.84 

'" :u 
l.71 

-0.6 ~'.-c~""," --c,"",'~~o .• "'~~o; 
a (11, ) 

(b) Speed ~m=nor control 

Figure 6.28: Loci of the inter_(l;rea mod"" in the "pper complex pill-ne; AVR with 
ess 

As with the other t'l.;o excitation control. configuratiOllS, the results obtll.ined 
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6.2. 2,14(; 8YS'IRM _______ _ 

" 
" 
11 

,t 

~ " , , 
~ , 
0 , 

, 
, 

PF ElIRO(P) PSS!b lIIlAT(~) W KO(l) SSAI(l) 

Figure 6.29' l',"fIcct of gDVCl'1I()'r on the damping ratio of inter·arM n>O<:J<-,'; AVR 
with PSS 

with =citation controlled by AVR with PSS and "pecci l\<wcrnor control are 

more "onscrvative than thooc obtained with "onsta.nt prime mOVer output, as 

can be ooBervcd from fip;urcs 6.28 a.nrl6.29. However, the percentage decrease 

in the damping and damping ratio is much lower than for the other =citation 

control configllTatio,,", as can be seen froU! Table 6,29. Thi" observation can 

be attributed to the fact that the damping Mlded by the excitation S}'lltem 

is much higher than the nega.tive da.mping added by the speed govemor. FOT 

all the tools, the frequency increases by about 2.4% dac to the addition of 

thc speed. governor. 

The effect of speed. voltage terms and turbine output modeling with speed 

governor control is as discussed earlier in suooection ti.2.3.1, for con"tant 

prime mover output, 
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6, 3. SUM MARY 

6.:3 Snmmary 

Some variations in components modcling and algorithmir factore among the 

five tool" have ~n irlentified as jX>Bsibie causes of discrepancies in eigen­

valuc rcsult. obtaincd with thc tool •. The;e variations include modeling of 

generator saturation, speed voltage term., and turbinc output, and the terh­

niques used for thc construction of the .tate matrix. The impact of each 

faetor on the localmodcs and the inter-arGll. moda; h313 bren investigatoo 

For thc three excitation control ronfigurations, thc efl'oct of the three methods 

of representing generator saturation - total saturation, incremcntal satura­

tion, and effertive excitation - OIl the damping of the lowl modes has bccn 

found to be erratic_ None of the three methods hM a coru;istent cffoct on 

the damping of the local modes e.g. increflSe or decrcMc or has no effect on 

the damping, for the throo excitation rontrol configuration. For the inter­

area moda;, incremcntal suturation a.nd effoctive excitation method. reduoo 

thc damping for all thrce excitation control configuration._ Furthermore, the 

incremental saturation method has a higher impact on the damping than 

the cffcetivc excitation method. The clfoct of the total s"tmalion method i. 

incomti.tellt for the three excitation control ronfigurations, The three .atu" 

ration methods have very littlc cifcet 011 the froquency of both the local and 

inter-area modes, for the three exdtation control configurations. 

The impact of modeling of spoo:l voltage teons was investigated with manual 

excitation control and cxcimtiOll contIOlled hy AVR without PSS. For these 

two excibtion rontrol oonfigumtioIlS, considcration of speed deviation in 

speed voltage t-e:nn. has been found to docrease the damping of both the 

local and intcr-area modes, fur thc operating condItion coru;idcred. Ho""",",,r, 
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(j .:J. SUM MA11Y 

it has been shown that consideration of sp.,oo deviation enhances damping 

if the system is lightly loaded. The effect of tbe speed voltage terms il< mOTe 

signific&nt with exdtation oolltrollrti by AVR witbout PSS tb&n witb lIlanual 

excitation controL 

It has also ~en found that for the three excitation control configurations, the 

:rel'Iults obtained with T .. tmbine oUlput are mOre consef\'llotive than those 

obtained with P'" turbine oUlput both with constant prime mover output 

and with spero governor controL Th€ largest discrepancies are obberved 

with manual excitation control and the ~mallest with excitation controlled 

by AVR with PSS. Th~ observations are true for both the local illld inter­

area modes. 

The method used for constructing the "tate matrix appear" lD have little 

elf('('t on the electromechanical modes , However, this ob>ervation Hhould be 

taken cautiOl.lHly ~ince the accuracy of numerical differentiation depends On 

the perturbation "rue chosen. 

The results obtained for the local mod"., and lhe inter-area mode., of the 

SlIllB and 2A4G ~ysteIlll\ re!<pectively, u"ing lhe five tools, have been com­

pared and SOIli€ discrep&ncies ohs€rved. For all the cases that were simulated, 

results obtained with the five tools generally agree on the frequency of oscil­

lation but differ on the darnping (and damping ratio). It 1U\8 been found that 

for the SMIB "Ybtem with manual excitation control, results obtained with 

SOme tools predicl a satisfa.ctory damping ratio (( 2 3%), whereas those 

obtained with otoor tools predict an unsatisfactory damping ratio for the 

local modes. Contradictory results ,,'eN obtained with different lool~ for the 

2A4G system with excitation oontrolled by AVR withoul PSS. For thih case, 

the result.; obtained with bOme of the tools show lhat the inter-area modes 
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fl .. 1. SUMMARY 

are ;,\.&b!e whereas lhoo.e oUtaiue<.l , .. ith other ((.,),. show thllt it i, wlstr.ble. 

Ho\\'Cver, all the dllUlping nuiON obtained for this C-'IM' III" un~lIti5ra...'tOI). 

T~o discrepancies in rctluits UC<! due to VlITiflt iollS ill th" fact.of5 di>K!u~sed 

1l00\'\l_ 

for the tliree excitation control con1ignrflliom!. remits obtain.,.) ""th speed 

gO\"f1'Of oontrol are more ooll&ervatlve tbflll tliOile oblaine.! with .... malanl 

prim" mO\1'r output. llu5 is due 10 tbe negatil'e damping torque int.rudu.:ed 

by thl! "f"""'l gO\o ... roor 
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Chapter 7 

Quantification of discrepancies 
in results 

The results obtained with five industrial-grade simulation tools for the electro­

mechanical modes of the single machine infinite bus (Sr..lIB) sy"tem anri the 

tw(}-a.rea four-generator (2A4G) sys!,pm agree Oil the frequmcy of Oflcillation 

but differ ou the damping (ami damping ratio), "" _n ill Chapter 6. The 

main factors that cause discrepancies in results obtained with the five tools 

have been identifiP<l 813 modeling of: 

• geuer&tor s&turation 

• speed voltage terms 

• turbin" output. 

Results present€<! in the Smue dI.aptcr show that the method mal for oon­

structin!', the A matrix does not cause significant diS('repancies if the pertur­

bation size lL«<l in numerical differentiation is ",pll chooen. 

The three method" used by the five lools for l"f'prespnti!1f', Antmation efl""ts 

havf' bpen identified fI.'l total sa,turation, incremental saturation. a.nd effective 
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excitation. Comparing the r""ults obtained ""ing the five tools with satura­

tion inclnded and with saturation neglected, the effect of "aturation on the 

electrome<'hanical modCR has heen found to be erratic. In oome cases, for the 

""me excitation ~ontrol ~onfiguration, results obt&.ined with rome tool. in­

dicate that saturation incre,.,.", damping whereas thOflE' ohtained with other 

tools indicate that "aturation d=-ease" damping. Hence, it is difficult to 

ehara.cteri~e the effect of saturation from the simulation r!)Ault •. "Ioroover, 

it has boon found thl\t .aturation masks the elled of v",iations in modeling 

of speed vollage term" and turbine output, in some cases. An exampk of 

such a case is the 2A4G system with excitation eGntrolled by AVR with PSS. 

The TCRUlt." ohtained for this case are shown in Chapter 6, Fig. 622. It is 

ohserved from these results thai. with saluration included, the effect of "peed 

voltage terrn" and turhine output on the inter-area modes is not app&.Ient. 

However, with saturation neglected, the effed of these two modeling aspects 

is cleN". Therefore, the results anillyzed in this chapter are thOf'e that were 

ohtained "ith Aaturation neglected. 

In this dlapwr, quantifi~ation I"ffiUlt." of the impact of variations in modeling 

of speed voltage terms and turbine output On the damping ratiO!< of the locru 

and inter-area modes obtained for the SMm and 2A4G "}"Stems, respectively 

Me presented. R""ults obtained for trn, thr.,., excitation control C(lllfigum_ 

tion" hoth with eGnstant prime mover output and "peed governor conu-ol, 

are analyzed. The results prcsental. in ChapteI Il show thl\t variatioM in 

modeling of speed voltage terms and turbine output do affect d.9.mping but 

they haw negligihle effert on frequency. Therefor". although the quantifica­

tion analysis focuses On the damping ratio, the findingR are alAO applicable 

to damping. 
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7.1 . M ANUAL E X CI TATION C ONTROL 

7.1 l\1anual excit.ation "ont.rol 

Figure 7.1 shows the quantification of discrepandes in the damping ratio of 

the loca.! and inter-area modes, obtained with the five tools for manual exci­

tation control and constant prime mover output. The informat ion contained 

in cs.ch box includes; (i) the tool ul'tlJd for the simulation, iii) in parenthesis, 

the models of speed voltage tCITIlS and turbine output used by the tool, and 

(iii) the damping ratio obtained with the tool (; in percen.tage. The numbers 

1 to 7 are used to identify the tools and the as&ciated dffiIlpi~ ratios. 

Thc discrepancy in damping ratio ~'J> between re>Ults obtained with tool i 

and tool j is given by 

" .. =V-(; x100 
~" ( , 

(7.1) 

where ( , and (; arc thc d1lJ.nping ratioo obtained with tools i and j, respcc­

tively. 

Tool i is in. the box where the arrow starts and tool j is in thc mlC where the 

arrow ends. A pooitive value of E;; signifies thRt the ru..mpiug ratio obtained 

with tool j is higher than that obtained with tool l, and vi<:» versa. The CR"'" 

of the discrepancy E;;, is rledlJOJ<i by <Xlffiparillg the modeling of speed voltage 

terms and turbine output by tools i and j. For example, referring to Fig. 

7.1{R), the discrepancy between the results obtained using EUROSTAG{wr~I), 

T m) and SSAT(¢ , Tm), Cl2 is 5.7%. The difference bctWCCIl the two simulatiml 

tools is the modeling of speed voltage terms i.e. EUROSTAG considers speed 

deviation (w, # 1) wherem; SSAT neglects it (we = 1). Therefore, it can be 

deduced that for Tm turbine output , neglecting the effect of speed dcviatiml 

in speed voltage terms call8C8 the damping ratio to increase by 5.7%. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

7.1, MANUAL EXCITA1"ION CON1"[WL 

I 
'EU~OSTA(; {..,,, l~i I ,, - 3,00''' I FU~o<'TAG(..,,, ro) I t.. - 1.0900 

.,, - l.1'% ,~_J9% ,~_41'''' 

,,-l.3% .,, - l9% <" - 340
", 

'\;SATh",rw) """""rOC",,, I",,, p.l 
~~J.rm .. - .... J% 

'MOIN<1Eill!'l T.) 'l-'U~OSlA(l I..,,, p.) 
, - J.16% - 4.02% 

,-.,,-.1."''- .~ - m. .k:,-mo 
'" - )3% " - ll% 

;;.Ar I II< r.) 1
1W-.-y(.,,,::: 

!;, ~ .lll% (.. _ 4.7'% 

'M""'<1Eii(!'I 1~) 'PUR~TAGI"'\'<P.) '. -l.l"'" - H7''-... ~ -,~ ... - -.1.0% 
"' -'" - ''' .. , - .1.4"" 
-.,., - J2"" ,,, - '.0% 

.,. - ",-21% .. , - .... 7% ."_c,,_2!0,, 
. -~ 

.,,-J.7% ,, - .1.8% 

I 
'Ps5IE (" ".J SSAT("F.) J 
"-',IN ~,_~ ~I7% _ I 

'Ps5lE(,,~") SSAT(",~") I 
,,14.l 7% .,- 4.''''0 

(a) Local mode!! 

Figure 7,1: quan(ifi~lltion of discrepanci", In result. obtained with live too"'; 
manual excitation control and oonst>mt prime .nover output 

It can be seen from Fig, 7.1 that for both th€ local and inter-area modes, the 

impact Oll the damping ratio of variation in rnocleling of speed voltage terms 

is lower than that of variatioo in modeling of turbi.", output. On average, 

the dampillg ratio obtained with tools that neglect speed deviation is higher 

than that obtained with tools that consider it by 2.7% and -2.2% for th€ 

local and int(>r-arpa modes, respectively, The negative sign signifies that the 

d&nping ratio obtained with tools that neglect speed dI'Viation is lower thall 

that obtained with thQ6e that do coru;ider it. AdditiOllally, On average, the 

dampi.", ratio obtained with tools that employ Pm turbine output is higher 

than that obtained with tools that employ T", turbine output by 34% and 

27% for the local and inter-area modes, respectively. 

It can be observed from Fig. 7,1(a) that the damping ratio obtained with 

PowerFactory (considers speed deviation) is higher than that obtained with 

PSSjE and SSAT (both tools neglect speed de~iation) i.e. ~ .. and 1!;<7 are 

ne!,:ative. From the investigations carried out to a.ssess the impact on the local 

and inter-area modes of variation in modeling speed voltage terIIlB, it has 
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7.1. MA1,'UAL EXCITATIUN CUNTRUL 

been found that the damping ratio obtained with ''Peed deviation neglocte<:! 

is higher than that obtainoo with speed deviation consideroo. Therefore, 

there are more variations than the modeling of spood voltage terms between 

PowerF""tory on the one hand, and PSS/E IUld SSAT on the other hand. 

It can also he observed from Fig. 7.1(b) that the damping ratio of the 

inter-area modes obtainoo with tools that consider speed deviation in spood 

voltllge terms is higher thau that obtained with tools that neglect it. Th€Se 

results contradict the earlier finding, thus suggesting that there rould be 

more variations among the tools. However, for the inter-area modes the 

discrepancies are small except for POlWl"FlICtory. Quantification results of 

the dilJ('repanries in damping ratios of the ele<:tromech811kal modes obtained 

UlSing the smne tool with different models of spred voltagp terms and turbine 

output are presented later in this soction. 

It was noted in Chapter 3 that inclUlSion of rotor speed deviation in the 

speed voltage terms can "add" either positive or negative damping to the 

system. The magnitude and the sign of the "additional" damping depend 

On the parametern of the mochine, the external network, and the operating 

condition i.e. the "additional" damping is system spocific. Therefore, the 

discrepancies in the dumping ratio caused by variation in modeling of speed 

voltage terms are not eXp€('ted to he the same for the two power systems. 

How",,,,r, for the operating condition ronsidered for each rower system, it 

has been found that the additional dumping due to thp inclusion of speed 

deviation is negative. Henoo, for the same turbine output, the discrepancies 

in damping ratio due to variation in modeling of speed voltage terms, shown 

in Fig. 7.1 should be pooitive. 

It was also noted in Chap!.er 3 that the amount of damping "added" by 
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7.1. M A N UAL EXCITATION CONTROL 

the Pm turbine output ill diredly proportional to tru. generator loading and 

itlwy"",ly proportional to the inertia constant, H Fbr the SMIB system. the 

gpnf'ratof is loaded at P '" 0.9 pu and has H = 3.5 s. wherf'RS for the 2A4G 

system, the generator~ are loadf'<.i at about P .. 0.8 pti aud they hav~ H = 

6.5 s for thOiSe iUllrea llllld H = 6.J75 s for thooe in area 2. Hen~". the 

discr~paney in the da.r.npiug ratio due to ",riation in turbinA output is higher 

for the local modes tha.n for the inter-area modes "inc~ thp genpra.tor in the 

S:\IIB 8ystpm is morf' hpavily loadf'<.i and it has a lower inertia CilUstllJlt than 

t1lose in th~ 2A4G systf'm . 

To eliminate the iuflueuce of other unitkntifiPd variations among the tools, 

EUROSTAG was used for invootigating the impact of variaticllIs in modAling 

speed voltage terms Wld tmbinf' output. That is, by U8ing one tool for the 

iuve:stigatious, it is possible to have Cilntrol of thf' factor to vary and to 

pn:suw tha~ all other factors - modeling, numerical methodoloK\', lU'"uracy 

of thp solution ..tc. arp id<>nticaL The results are shown in Fig. 7.2. 

EUROMAT denotes a Cilmbination of EUROSTAG al)d :MATLAB Le. th~ 

A matrix was obtained u:sing EUROSTAG and then prof"PSsf'<.i furthpr to 

eliminate the effect of speed deviation "" explained in Chapter 5. It was 

~DnfirmPd that the algorithm ufl"d by /llATLAB for computing eigenvalues 

dO€ll not introduce signiflcaJlt discrepancies in results. 

It can be seen from Fig. 7.2 that the dllll1ping rat.ios of both thp l(){'al amj 

th" intpr-arAa mod .... incr"as<' if ~pred deviation is neglected in speed voltage 

tenns. For the intf'I-!lIea mode:s, thf' ppfCf'ntag" incrpaSI> is :small compared 

to the increase oooefYed for the local modffi. 

It is possible that there!lT~ variations alllong the tools in othpI factors tha.t 

have not h&n identified in this thesi:s. These factors have a p;Ipater infhwncp 
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7.1. MANUAL EXCITA.TION CONTROL 

I 'EUR~~TAG ("'I' T.) 
,_HKl% :,'"_ 

.j,<',, - ~,J% <'~ - 4J'" ~,,- H% 

EUR~Afi(.1'< T.) 
·3.6l% 

,',,-2.7% "~ _ 2r% , '" ~ 2l0" 

t 
l~OMAT(1' T.) l'R~TAG("I'< ~.) 

- J.2I% - 4,\12% t 
l'ROMAT(1'< T.) I'EUROSTAG(.., .. p.l 

r - J.J.I"" /;, _ U1% 

.. ,. - 11% <'~ - 6, 7% <. '" "~ - H'% 

'EUROMAT(", ;'.) U'ROMAT(",P") 
- •. 29% " - 4,0\l'% 

(b) In\e'-(Ll"'''' mod"" 

Figure 1.2: Quantifica-hon of diocrep~oci"" ill re,ults obtained with EU­
ROSTAG/MATLAll; manual excitation control and con'tant priIm IDover ()utpUl 

on the damping ratio of the int.er-area modes than the influence of spoo::! 

voltage tenllS. Hence, the quu.ntilkation results sho"'''' in Fig 7.I(h) show 

that the damping ratio of th" int.er-lITe", mode.; obtainoo with t-ooJs that 

con.ider speed devi"tion in speed volt"'b"" terms is higher than that ()btainoo 

with tools th"t negloct it 

An example of other vari",tions th"t. were not im'L'Htigatoo 'l; the c:fIect. of con­

sid~ring t.h~ cha.nge in sys\crn frequency on eloctrolllecl:tankuJ modes. Power­

Factnry con"iders the change in system frequency in llI.'twork equ"tions [521 

whereas all th~ ot.her tools neglect it. This might be t.he Cause of the high 

damping ",tiro< oht.ained with this tool for both the local and inter-area m()des 

as observed in Pig. 7.1. Foc a. better understanding ()f t.hese results, there is 

a noo::! for fUlthoc investigat.ion" into t.he effect of vari"tion in this modeling 

aspect. Oll eledromochullical modes. 

Figure 7,3 show" the qUUJltification of discrepancies in th~ damping ",ti() 

of th~ local Mld inter-are" mode!l obtainoo with the five tools for lIlUJlual 

excitation control and speed gov~rnor controL 

The discrepancillS in r"",ults obtainoo with speed g()vernor contml follow a 
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'1.1. AJ.HliU,U l;J\CfTA 'I""n,,,,"" ,C"','"','T,R,,n,''-_______ _ 

I 
E1JJI OST,~G("'1" T. ) 

I ,, " I_ll% 

<,,- 9_]\,. 0,, - 63% <,, " 6W. 

<" - 6J% .';:~ 
PowetfoclOly ( ..,1>< l' oJ 

I 
' <;SIIT(I" T. ) <;'-J_OJ% 
, - 2,00% 'EUROSTAG (""I'< P.) 

, - 2_1l2~1. 

I 
~lJAOSTAG (~" r~) .. ,J "-e: ",, - _2.1% .. , - 42% <" ' - ~I% 

, .. - 41~ .~ - U% 

'1'",,<rl'*""'Y (.,,1< P.:I 
I 

8SAT( 1'l r~) _, - 2_1l9\'. 
1;, - 1,93% 'EUR~~~~1'l P.) I 

~ --
<" - _D\,. 
... - -1.7'" 

",r ~9% 
r." - 6.O'Ao 

.,, -OW. ,,,L _~_W. 

,,. - -6.4% 
.,. - 41·" .., - _1.4% 

... - ~_7'Ao .., ~ -2.1 " 

,- 'PSS/E (\« P.) 
,, - 2_99% 

' <;SAT ( I'< P. ) I 
", - 2,98''' I 

'PSSIE ( I" p.l "SSAT(I'(;:~ 
" ~ n m. ,, - 2.10% 

(L) lmer-area roodes 

Figure 7.3, QWlntific"tion of diocrep8.ncies in result. obtained with four tools; 
manual excit"',ion cont.rollUlu speed governor oontrol 

tr".nd b~milar to th~ one for collStant prime mover oontrol, lIS can be seen 

from Fig, 7.3. Comparing the reoults given in Fig. 7.3 with those of Fig. 

7_ 1, it can be observed that for the same model of spoo::l voltage terms, 

the discrepancies in the damping ratioo of the 1000ru and inter-area modes 

obtained with tools that employ Pm turbine output and thooe obtained with 

tools that employ T m turbine output are highl'l' wiUl bPI'ClO! !',overnoc control 

than with cOllstant prime mover output. 

It should be noted that for manllal excitation control and speed governor 

control, the damping ratioo of both local and inter-area m<:><.les obtained with 

the tool!. that employ T m turbine ootput is unsatisfactory (( < 3%), where"" 

that obtained with tools that employ Pm turbine output is satisfactory (all 

values rounded"off to the nem-""t whole numL>er), These results emphMizp 

the fact that different conclusions can be drawn for the same row"I system 

from results obtained with dllfer"Jlt tools. 
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7. 2. H 'n ""Tn/GU'I ' r'S8 

1.2 AVR wit.hout. PSS 

Figure 7.4 shov.-. the quantificati.on of di""rcp",:",ia; in the damping ""tio of 

the local ""d inter-area IIloda. ohtllinoo with thc five tools, for excitatiou 

oolltroll€d by AVR without PSS and coustant prim" mover ontput, The 

n~gative damping ratios signify that th" modes [IX" unstahl" and in Hum 

r,Mes th" smaller the values. the higher th" dampinp; ratio, 

I 
'ElJa,OS'LW ( ... \< T.) 

I i;, ~ _1.61\. I 'EUROl'lTAG( ..... T.) I ,,- _1.11% 
~_ 'N ... _ 11% t~ - ··", , - Jl% <" - 22% ,, - !.'" J:"- 'M - '_ 1~" - 7N 

, - l9% ,,, - l l l·" ~, - 6~·' 

SAT(I'fT.) Th~'orfoctory ( .. ,. r.J: 
::'~ _1_ 1;. _ _ 1.1 ' % 

SSATI .. T.) 'PIw..,Factot)' ( ..... P. ) 
I;, - ·,UI% (. _ -<l17% 

'Mlti;,~il(1< r. ) 'EUR~~~~~I'f~.)! 
-·UN I ,,,.~NetE.;1 (\< T.) 'El'RO!ITA(l( .... ~.) 

-·,1.12\. '~.{I.4~ -" .' - ,,-, - 11% - lJ'.\ 
-.,,-12% 

.~-l'\' 
" -

'M - 45(i!-o ... _l1r,.~ 
.,, - %1% .. , - l1~ 
... - 121 % ,--
,,, - Ul!> ." _ 144% 

I 
'PsSIE ( .. 1'.) SSAT( .. I'.) I 
I;. - -6.7f% ,,--{o,""" I 

'PsSIL (I'f P~) SSAT( .. I'~) I 
" - 0.03% 1;,_0.65% 

(bl Inter-s,,,,, moo", 

Figure 7.4, Quantification of discrepancies in r~",ult" obtained ,,--ith five I<K!IIl; AVR 
wit hout PSS al~l oonst"nt prime nKlWr uutput 

Comparing figur<"S 7. J (a) and 7.4( a), it C(IU be olmffl'voo that the di"crcpaucy 

du" to thc cumnlatiVIJ cff""t of variatious in "peed ,'oltag" terms and in 

turbin" output is higher for manual excitation control than fOI ex~itation 

controll€d by AVR without PSS, This may be dn" t.o th~ faM that, the 

negative damping that is introoucOO by th" AVR j" largc,- than the IJ'l'fi-ltive 

damping "added" by t.he inch",ion of specd deviation and P", turbine output. 

For thc intN-a.:rea mooes. very high pcrc't'lltages are obtained for th~ impact 

of variation" in modcling of "peed voltage term" and turbiue output, "" "foell 

from Fig. 7.4(b). The d a.rnping ratio of the inter-area moo"", with excit.atlOn 
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7. i 4 \I fl !Y l1110G,'r· '?e""· _________________ _ 

controlled by AVR without PSS is close to ZerO Ulld thus illlY smsll devia­

tiOlIl< trauslate to large percentage changes. Por =ple, the damping ratio 

obtained with SSAT(T) is -0.18% and that obtained with PSS/E is 0.63%. 

Th" difff'Tf'ncf' betw<'<'n the two valuoo is 0.81 hut the percentage diflerenoo is 

450%. Howev"", it can be observed that the calculated discrepancies are sll 

pC6itivc. TIm", U}ffif' re8ults 3gl"Qe v;'ith the findings th"t the damping ratio 

obtained with sl-""'d deviation negl..:;ted is higher than that obtained with 

speed deviation cOllBidf'If'<:iand the damping ratio obtained with P,~ turbine 

output is higher thau that obtainoo witb T m turbine outpUt. 

It should be nOloo that the dampi.ng ratio of the inter-area modes ohtffined 

witb tools that neglect speed devi"tion in sJ)f'e(i voltagf' (f'rIllS and employ Pm 

turbine output (PSS/E and SSAT(P)) is pot<itivf', whffi"e6l; that obtained with 

all the other tool8 is negative. This llletl.lll< that both PSS/E and SSAT(P) 

predict that the inkI-area modes llJ"e stable and sll the othoc tools predict 

that thooy &e unstahle, Thffie contradictory results imply that different con­

clusiolll< can be drawn on the st ability of the Same puv;-er b"ystf'm from re6ults 

obtainPd using different tools, Thus, it is important that the variations 

llJIlong simulation tooL<. are known and the inlpi!Ct of th""e variations on the 

damping of electromechunical mod"" is well understood. 

For comparison purp06f'S, tlw impact of variations in modeling of speed 

voltage terms and turbine outpnt on the dillllping mtiu; of the local and 

inter-area mode!< was investigated using One tooL Figure 7.5 shaWl! the 

quantification of discrepuncies in thf' result.. that were obtained using EU­

ROSTAG/MATLAB. 

Comparing figures 7.4 and 7.5, it Cilll be seen that the discrepancies in the 

damping ratio of local and inter-area modes obtffined with the five tools 
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7.!(" A VR WI THOUT PSS 

(b) ID"'r.~ .. ",<><\no 

Figur~ 7.~; QlIMt.J6.:;o.r:ion of d i&a<pIUKI« In =Ib oht...J "",1 ,",'jib EU· 
ROSTAG/MATLAU; AVR witbout PSS and <"mt~nI. pri"", ill",,,r output 

agree with thOlOe ob\.NnO"d with EUROS 1 AG / EUIlO:\IAT . In both t:aSei!, the 

r(l!1ultl; w" .... " bt lliucd with excitation ~l'Ilitrolled by AVIl without »S5 l'IIld 

constl'lIlt prim '.: u,,,ver output_ 

Figu .... 7(; ~h"",~ the quautification Qr OlllCrE'pllIl<:ics ill ti,e d amping tat 'Q of 

the local and illln-.lre:<. moo€J! obu ,neo:t .',tl, t.he 6.., too .. , for exl'iiJItiQU 

CtllIuolhi 1:1)' AVlt without PSS and .i1>L'toI! gO\-emor control. 

I 
FUIIOST .. O (.,." r. ) 

I " -.~.'~ 
,- , - ~I% .. ,·71" 0,, - 36% 

i 
.... 71" 40- 1 [% 

f ...,-( .. " P~) 

I ~T(" r. ) ,,-.1.-
•.• ':l'O 'El"'~ .. O t .... 1'.) .. [--
~ ~ ~[ '" ... -~ 
.-~ ~.-

... . ~7% 
... _~9% 

I ~~("P.) ~,"T ("I'.I I 
I;, - .(I. J~ ~ ~ -0.7.1% 

F-'gur~ 7_11; q lll<l1l1fiCal iOJI1 or rl-...· . ~p""c~ .. 10 """ :I,,, obtall ...... 1th fOil' , ,,,,I,,, AVR 
. ·jthoul PSS ",,(I Mr-d g<l\"NUOr co,,~roI 
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7,:/. A l ' H WITH P HH 

speed governor oontrol follow a trend similar to the one for eOlliltaut prime 

mover oontroL On average, the dampin!', ratio obtained with tools that ne­

glect Spoo:.l deviation is higher than that obtained with tools that consider 

it, by 11.8% and 53% for the local modes and inter-area modes, rcspoctively. 

Additionally, Oil average, the damping ratio obtainoo with loom that <-'IIl­

ploy Pm lurbine output is higher than that obtained with lool~ thaI employ 

Tm turbine output by 9.2% and 42.5% for the Ioral and inter-area modes, 

r€Spectively. 

7.3 AVR with PSS 

Figure 7.7 "hoWE the quantification of discrepancies in dampin!', ratio of the 

local and inter-area modes obtained with the five toom, for excitation eon-

trolloo by AVR with PSS Blld constant prime mover output. 

I 
'EUROSTAG ("''' T. ) 

,_ lH% 

'SAT {,. T.) 
, - 10,7';; 

I I 
EUROSTAO ("''' T.) 

I , -12.1% 

j~" - II % 
~,-.. % 

~,-I1% 1;'_"'" 
,,-, - 11% .. ,-6.3% 

'SS,U("".) -...,.,.{ ... ,,~.) 
I;wl<"" ,~ n,.,. 

'M~"",".(~ T..j 'Eul<<>8TA~ (,,'" p.) 
'-1<.0% ,-11.6% 

~-o,, - .',6!> m 1 ",-'~-",7% 
1;'.,-,,,-7,'% 

, 
• ,,-.,,-7.1% l""" .~ -.,,-I~ • 

I 
'l>SSlEI,.r_) SMT(Wr~i'1 ,- " .... , _ 1>.'" 

(b) lnter-nre~ mod"" 

Fig"re 7.7: Quantificatioo of discr"Pancies in """It. obtained with five tools; A VR 
with PSS and COII.'ltant prime TllOVer output, 

II can be observed from Fig. 7.7 that for both the local and inteHll'ea mod€», 

the impact on the dampill& ratio of variation in modeling of "pecd voltage 
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7.8. AVR WITH PSS 

terms is higher t.han that of variat.ion in modeling of t.urhine output. On 

average, the damping ratio obt,uned with tools that neglect ~peed deviation 

is higher than that obtained with tools that ~ollSider it by 6.9% aJld 9.7% for 

the local modes and inter-area modes, respectively. Additionally, on average, 

the damping ratio obtalnoo ",ith tools that employ Pm turbine output is 

higher than that obtained ",ith tools that employ T m turoine output. by 4.7% 

and 6.6% for t.he local and int.er-area modes, respectively. 

Comparing figures 7.1(a), 7.4(a) and 7.7(a), it can be observed that the 

discrepancy due t.o t.he cumulative effect of vruiatiollli in speed voltage t.efIllli 

and in turbine output is highest for manual excitation oontrol, excitation 

("Ontrolled by AVR v,ithout PSS and AVR with PSS, in dlllJ{"Pnding order. 

ThLs may be due to the fact that, the AVR and PSS add damping t.o the 

system that is larger thaJI the damping "added" by the inclusion of speed 

deviatiou and Pm turbiue output.. thus redu~ing the impact of these two 

modeling ""pect". 

Figure 78 show~ the 'llliUltification of di!JCrepancies in the damping ratio of 

the local i!.lld inter-area modes obtained wit.h the five tools, for excitation 

oolltrolled by AVR with PSS and speed governor oontrol. 

The discrepancies in result" obtained vdth speed gavemor control follow a 

trend similar to the one foc cOllBtant prime mover mntro! as eml be seen 

from Fig. 7.8. On average, the damping ratio obtained wit.h tools that ne­

glect. speed deviation is higher than that obtained with tool!; that cor",ider 

it by 7.5% IlJld 9.8% for the lo~al modes and inter-arM modlllJ, retJpectively. 

Moreover, on average, the damping ratio obtained with t.ools t.hat employ 

P", turbine output Ls higher than that obtained with 1.001" t.hat employ T", 

turbine output by 48% and 7.0% for the local and inter-a.rea modes, Ie-
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7,~. SUMAIARY 

I 

I BIJll.OS!"AG( ...... T.) I ~ - 1406,. 

'u~ 7.W. ",.'2% 1"" .,,,. 4. 
"' - 1".,. 

""" .. r loCI"'> ( .... '" p .) 
'S~AT ( " T.) 1; - IH~. 

·,- IS.N 'kIJROST AG ( ...... p.) 
1; - 1',3% 

", - 4, 1'1. "" - c., - 1.2 
, 
~, ,,,~' .l% . .. - .... - 7. 

I 
'pss,1' ( \I< 1'. ) "ssAn",p.) I 

<; - " •. ." ~·16.'1'0 

(s) Local mod", 

I EUROSTAG ( ... !O:' T.) _..J 
1; - IOW. -1: 

.,,-12% c,, - IS% c,, - ~. :/'''\ 
.~_ I!\% .~ _ '.1% 

Pow<rl'OCIt<)' ( .... " P.) 

I 
"S~T ( '" T. ) ,. '1.9% 

- 11,:/',.\ 'l:UR~I AG ( ... '" 1'.) 
- 1l.N 

~: ;:~ e", - ", - 1.4 
..,~",· I 

I 
!'Ssm ( ", ·p. ) ~T( .. P. ) I 

, - 12.9% 1; - ll,9% 

(b) inter-",ea. wOOet; 

Figure 7.8: Quantifi~"'tion or di9Cr~p",ndes inresullll obt&ined with four tools; AVR 
"ith PSS and ~P"'f'd governor control 

spectively, The discrepancy in the damping ratio obtained with tools that 

Il<'giect speed deviation and employ Pm turbine output, and thO!€' that con­

sider speed deviation and employ Tm turbine output is 12,5% and 18% [or 

the local and jnter-ar€'.a mod""" respectively. 

7.4 Surmnary 

The impact of variatioIl8 in modeling of speed voltage t.erms and turbine out­

put on the damping ratio uf electromochanical modes has been qUfUltifiP<i. 

The quantification resU1t8 show that the impact of variation in turbine out­

put is I¥"'ater than that of variation in speed voltage terms, if the generator 

is on manual excitation control. .Moreover, [or this excitatiun rontrol con­

figuration, the disparities are wider with speed guvernur control than with 

ronstant priIll€' mover output That i •. the percentage differ<'Jlce betWe<'D rc­

~u1ts obtained with tools that employ Po, turbine output and those obtaiued 

with tools that employ T m turbine uutput is higher with spood governor con-
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7.4. 8Ul>1l>lARY 

trol than "'ith constant. prime mOVer output. However. with the excit.ation 

system 00 automatic COlItrol. tI", dnruping ratio is affocted mor" by v,.,-iation 

in ~peed voltage terms than the variatioo in turbin" output. 

The percentage incre8.'3" in th" d=pinp; ratio of the local. modes due t(l th~ 

damping "fldda:!" by Pm turbine output i, high€8t for manual excitation con­

trol and small""t for excitation eontrollcrl by AVR with PSS. This ohservation 

may be due w the fad that the damping addf'd by the ~xcitation system is 

mueh higher than the dampinp; ",.,jdPd" by Pm turbine output. Thus. the 

differences in results are 1<'SlJ with th" ",xrit"tion systelll on auwmatie control. 
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8.1. CONCLUSIONS 
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8.1. CONCLUSIONS 
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B.2. RECOMMENDATIONS 
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B.2. RECOMMENDATIONS 
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Op<. ,i"",! 

'_"'OllI"" 

• I,.. 40 ,., 4 " I..u 
F;oId ""'<III. k. (PO) or mrnf(po) 

Figure A.l, Typical open-circuit satur>l.tion curve 

From A.2 

In (SLO) =B",,{LO- v,'Tl) 
.4, .. 

In (1~~:,,) ~ U",t{1.2 - ¢T,) 

I'rom .lLJ 

8,~ 1 l"(,,",)~ 
.., 10 V>rl A .." 1.2 

1 In (1.25\.2) 
Th·, A",t 

Re-arranging 11..4 

( 8'0) ( L~-';Tl ) ~ (1.25\,2) (lJ'-~Tl ) 

A.." AoaI 

Hencf' 
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(A3j 

(A.4) 

(A.6) 
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A.I!. COEFFIClENTS FOR THE 6'10 ORDER SYSTEM - 1101"U11 SP/;·/;·V 

DEVlATION CONSIDERED 

Substituting A.7 in A.3 

. [(1128
,,)'''-''' )'] B,ur(I.D - 'P:rl) _ In Fk" 8::6 ,"1 

Expanding A.8 

(A.9'! 

(;iviug 

(A.IIJ) 

Simplif)·ing A.JO gives 

'---_B_._,_~_5_1"~(_J.;~:9~;~, )~ _ __________ ,_\ lJ ,I 

A.2 

m, 

Coeffidents for the {)11i order system - ro~ 

tor speed deviation conr"idered 

182 

Je>-L" .. , .. 
LldDG 
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A l!. COEFFICIENTS FOR THE 6'" ORDER SYSTEM - ROTOR SPEED 
1Jb'VlATlON CONSIDERED 

K~= 

1/:"XTdo1/>2~ + E':NOL~ 
Lz,Do Do 

[,,0.<10"1 + i""L~.: (m, + -'-) - "v.,0ml - i'IO I.~ nil 
'·fd • 

[w.oI:l"~ + i""L:.: (m, + L~J -"voqfJm. - i,wl.~.r'ol ] 

["oo.:on., - i.:o L~o (n" + L~J - "oM,m" + i"" L;:'m,] 

[0.",)n~ - i.:oL~o ( n.. + ~J -,parl,m~ + i""L;:'m~j 
["vO"on~ + i""L=dm~ - \I)~""m.\ - i#l ',::'n~J 
["vodIJ"<> + 'qOL:,mfj - ,p~<fl"lfj - i#lL:'''<>J 

>83 
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11..9. LINEARIZ11TION OF SWING E(jv11TlON 

(Ii" = -Kt/2H 

aM = -K./2H 

U' l = -K2/2H 

(1 " - -(K~ + KD1/2H 

(I", = -K~/2H 

a:<l = - K6/2H 

Linearj,.;ation of swing eqllation 

The ~"'ing equation a8!;uming P", turbine output is given by 

W =_I_(T'm_r,_KnilW) 
, 2H "'" 0 U , 

where fl.w, = Wr - WI) 

Perturbing each va.riable by a small amount fI. giVffi , 
• A • liP'" + !::..P", I'" '1'1 K ( , II w,+,-,w,= H A - ". +'-> . - DWr+I..:>u-'r-WI) 

2 . w, + '->w,-

(A_12) 

(A.13) 

Using Taylor's expam;ion and ignoring 2nd and higher ord~r t~rms yi~ldi; 

, , 1 [Pm PmA !::..P", ( • I W,+!::..w,.=- ----,I..:>W,+--- T,+I..:>T.-
2H ",',. w, w, 

K D (",,", + L:iw, - "'"oJJ 

Re-arranging (A.14) 

, • ' 1 [P", I II w, +'->w' - 2H W, -T.-Kv "',-wo + 

1 ['Pm (Pm) I - ---!::..T.- Kv +-" L:iw, 
2H w, w, 

It Ca.ll be deduroo from (A_15) that 

184 

(A.14) 

(A.15) 

(A.16) 
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A .:1. U:''i_'_._'_n_rZ~4WO''l OF slrr,"'G ,,_QC'Ci.4C·C'CWCC' _________ _ 

EYdlu"ting (A. 16) lit the equilibrium point whew w, = Wo 
Pm = PmO yid ds 

185 
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Appendix B 

System data 

B.1 sr..II13 :,;y:,;tem 

Tile n€twol.'k reactance is in per Ullit on ZZ20 /v[VA, 24 kV ba8€. Tre.nsmiESion 
line and transformCI resistances, and cLarging capacitance are ueglected. 
Tr=[orrncr reactance = jO.ln pu. 

GenerutoT dafa 
Ratiug: 2220 MVA. 24 kV, 60 Hz 

X. = 1.81 Xd = 0.30 X; = 0.23 T,j,, _ S.Os rio - 0.03 s 

X. ~ 1.76 X~ = 0.65 x; = 0.25 T;' ,= 1.0 s T';" _ 0.07 S 

XI _ 0.16 R" _ 0.003 H ~ 3.5 K" - 0 A ••• _ 0.031 

/3,<>, ~ 6.93 >i'n - 0.8 'fin - 00 8," _ 0.124 81.0 _ 0.413 

Basic parameters calculakd for use with PSS/E's CGEN! model 

L"d = 1.65 

LId = 0.14 

r.., = 0,022746 

rid = O.00059R 

{'u , = 1.60 

T,'><i = 0.11025 

LJd = 0.15298 

r,o = 0.006118 

rId = 0.024757 

[," = 0.7()63(l6 
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R.l. SMJD SYS T E M 

Iran""'",,,, 

I ~ E""'tN 
E. _____ I-uT ~ KAl--E.. , . 

W"",", _ <ompon<>lion 
Gain ". V, I +sTI 1+"TI 

K"A> 
V 

1+ sT", l+sTl 1+$T, 

Figure 8.1: Block diagram ofthe thyristor excitation "Y"tcm with AVa and PSS 

where: 

E" 
E, 
K A. KSTAB 
T j , Ts 
T~, 1:' 
T, 
Tw 
V, 

Y,-" 
V, 
Ll.w, 

- excit.er output voltage 
- genera.tor t.enninru voltage 
- yoltage regulator gain, PSS gain 
- PSS lead compensating time constants 
- PSS lag compensating t.ime L'OIlbtant.;. 

- terminal voltage transducer time constant 
- PSS wlIShout time constant 
- signal washout output 
- yoltage regulator reference voltage 
- PSS output 
- speed deviation 

Excitfl/!ian system data 

KA = 200 

T",=L4s 

Tn = (J.ll2 s 

T j = (J.154 s 

KSTMl = 9.5 

T, = (J.(J33 s 

'87 
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R.I. SMTB SYSTRM 

where: 

K 
T, 
T, 
T, 
T, 
To 
T. 
K, 
K, 
K, 
P" 

'" ,. 
~ 

1 
• I ,.'1, 

Uc ,-
Go,.,,,,.... + 

Figure B.2: Block diagram of the turbine-gov"rnor 8'"' 

" total effoctive sp.oo-gowrning syst<:m g8in (reciprocal of dro(}p) 
- phase compenSiltion circuit lag time constant 
- phase c(}mpensation circuit lead lime constant 
" servomotor time constant 
- steam chest time c(}llBLanL 
- reheat time COIlli(aut 
- ';I'()I;oovtr t.ime c[)n"tant 
- fraction [)f total tUThine power gell<Jrated hy high preRsure section 
- fr8ctioll of total turhine power gell<JT8.ted hy intennedi8.te pre;sUf€ section 
- fr8ction of total turbine power generated by 101" pressure section 
- initial mechanical p(}wer 

Pl1AX, P M1 ", - maximum, mininmIl1 power limit!; imVO"oo by valve 
{fo, (fa - lilllitR 011 raw [)f change of power impored hy contral valve 

mte limits 
- mechanical power 
- spoo;:! deviation 

Turbine-governor Mfa 

K=20 TJ=O.3s T2 = 0 R IJ=(I.I" 'I . = (l.::ls T5=7s 

T"=0.5~ Kl = 0.3 K z = 0.4 1(.) = 0.::1 II, = 1.1.1 Uo =-1 

f'MAX - 1 P111N = 0 

188 
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B.I. SMIB SYSTEM 

Table 8.1 slio,.,s tbe infinite bus model and paranwter8 uSI"d in ~ach tooL 
The impedances are in pu on 2220 MVA, 24 kV base. 

Table R l' Tnfinit." bUll daLa for the five industrial-grsde tools 

T~I TnJinue bWJ modd 

PSS(E Classical generator 

Pow.-..-Factory AC voltage source 

EUROSfAG Infinite node 

SSAT Classico.l :>,enerator 

M"tN<;tEig Classical generator 

System opemting condition 

p _ 1998 MW 

VI = l.OL3Go 

Q = 666 ~rvAr 
VB = O.995LO° 

Parameter(~) ~P"'Cificatifm 

H 0" X~ 10 "pu 

Zl=O+jlO-"pu 

Zre _ O+jlO-1pu 

H = 0 s, X~ = lO-"p" 

H = 0 " X~ = 1O-"pu 

Figure 13.3 show~ the user defined turbine model for realizing the power­
torque relationship Tm = Pm/wc, in EUROSTAG 

1 
-~ 

Figure B3: Con.tant-vo";er turbine model ooed with El:UOSTAG 

where: 

_CM 
eM 
OMEGA 

- st.eady-statc mechanical torque 
_ m<.',chanical t.orque 
- mt~ speed 

Blocks 1 and 2 are CONSTANT and DIVIDER ~lement""y blocks. The 
out.put of Block 1 is the steady-state torque _CM and the output of Block 2 
is Cr..! computed as _CM/Oll-IEGA. 
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Jj,iI. IIA4G SYSTEM 
.~------------------

B.2 2A4G system 

Transmission line data (ba.>e: 100 MVA, 230 kV) 
r = 0.0001 pu/km ,rL= 0,001 pu/km be = 0.0017" Jm/km 

l'mnsform~r data 
Rating: 9(]0 MVA, 20/230 kV 
X = jO.15 pu Off-oominal ratio .. 1.0 

GpnPf'ator data 
Ra.ting: 900 MVA. 20 kV, GO Hz 

Xd = 1.8 X~ = 0.30 XJ = 0.25 T/., = 8.0 " T;' = 0.03 s 

X. = 1.7 X~ = 0.55 X; = 0.25 7""" = 0.4 s T:' = 0.05 s 

XI = 0.2 R" = 0.0025 KD = 0 A .... = 0,015 B .... = 9.6 

1/J-r1 = 0.9 1/T;. = 00 S1.0 = 0.039 S1.2 = 0.223 

H _ 6.5 s (for G1 and G2) H = 6.175" (for G3 ,md G4) 

Basic parum~ters calculated for use 'J};!h PSS/E's CGENl model 

'.~d = 1.6 

'.1<1 = 0.1 

rId = 0.0I:XJ5G6 LId = 0.10667 
L~, _ 1.5 r'q _ 0.01297 

1'1" = 0.01768 

Lt. = 0.45652 

r2., = 0.0216G L:.. - 0.05833 

Excitation 8yst~m data 

KA = 200 

T, = 0.05 s 

TR = 0.01" 

T2 = 0.02 s 

Km'AH = 20.0 

T3 _ 3.OS 

190 

Tw=IO.O" 
T4 _ 5A s 
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8.2. M4G SYSTEM 

Opemfing con,j i /uJf! 

Cl P = 700 '11\\: 

G2 p 700 MW 
G:j p i 19 />.1\\' 

G' P = iClCl />.[ W 

Bus 7 P , = %7 />.lW 

Bus 9 P,. ~ 1767 .'II\\" 

Q= 185/>.·IVAI 

Q = 235 />,IVA1" 

Q = 176 :\IVA1" 

Q = 202 :\IVAr 

(h = lClCl />'[\,Ar 

qr = lClO />,IVA1" 

HJl 

I"; = 1.IIU2Cl.L' 

I; = 1.OlL\0.5' 

V, = 1.0:U - 6.8'" 

V, = LOlL - Ji.Cl' 

Qc = 100 />,1 VAl 

Qc = :1~.I />,lV""1 
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Appendix C 

Results 

C.l ElTed of ~peed voltage terms 

The S]I,llB system was simulated using EUROSTAG with the generator 
lightly lo1Uk>d at P = 0,1 pu IUld on IIl1lDuaJ excitation control. The gcn­
erato.- terminal voltage V, = 1.0 pl<. infinite bus voltage V", = O.995LO· pu, 
and Kn = O. SimulatioI18 were ran with the lrlllll<IIlission line resistance RE 
= 0 and with R/'! = 0.05 ptl. The line reactllJl<'e XI'! = 0,5 P" in both Care". 

The following A matrices and local modes ),1 ,2, "'ere obtained for the two 
e_. 

C ,,"e I : P = n ,! pl', RE = 0 .05 

-0.8643 0.6918 0.0007 0.0057 0.1150 0.0206 

27.4247 -35.4001 O.03!Cl 0._ 5,3184 0.9511 

A ~ 
-(1.0084 -0.0098 -2.8800 2.4051 -0.0356 0.3089 
-0.2131 -0.2487 7.1276 -192lJ51 -0.9052 7.8556 

0.0211 0,0246 Q,Ol50 0.1287 1-0.00641 -Cl.1580 

0 0 0 0 376.991 0 

'\'1,' = -0.816 ± j6.559 
J = 1.044 Hz 
( ~ 12.4% 
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C.1. ~~F'~CT OF' SPEED H)L1~lGE TJ;'RM8 

Ca,e 11; P = 0.1 p". IiL · = n 

-0.8644 0.6916 0.0000 0.0003 0,1143 0.0266 

27.4164 -35.<1098 0.0018 0.0151 5,2879 1.2315 

-0,0005 -0.0006 -2.8802 2.10,11 -0.0527 0.3060 
A ~ 

- 0,0121 -0.0141 7.1248 -19.2290 -1.3,104- 7.7800 

0.0170 0,0198 0.0151 0.1298 fO·OO261 -0.1581 

0 0 0 0 376,991 0 

.\1.~ = -0,809 ± j6.564 
f = 1.045 Hz 
(=12.2% 

The element ".'>Ii in row 5, column 5 is marked. With K D = 0, a,~~ = -Kr,j'lH. 
A negative value of ".'>Ii is indicative of a positive damping coefficient K~ 
where,,~ a po!litive value of a!-5 is indic~tive of a negative value of K". 

It can b<' seen that t.he damping of the local modes obtained for a positive 
1/"cilue of K" (negative "55) is higher thrm t.hat obtained with a negative Villll" 
of K" (po!litive a"l. 
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(; . .9 . TIME _DOMA I N S IMUL A 1'JON 11"'"'>·",.,",",,· __________ _ 

C.2 Effect of perturbation • SIze 

Table C.l gives the detailed results for the local mMe of the SII"lJB system 
obtained using PSSjE by varying the p<Jrturhation size betwoon 10-6 and 
10- '. 

C.3 

T.blc C . 1, EH=! cl _'urb" .... ,w. "" the "'oc,,,,"""",",,"' """"" PSSj" -. 
rp;;;:-,~" ,:"", ; un \,.,~".±j<oo , ~) f (Ih) 

"' o.~OO ",6 W; •. 31 oms 
".01 O.~OII "j6.005 <,'~ l.OlS 
"_00.; _0,:I68±;6<08 <,," 1,()"1O 

0.001 _0_2"""';"-,18 4.17 ,= "- _0_""" "';" "'" 4.17 ,= 
0.0001 -D_W(j±;Ul~ ." j,0:21 ,.- _O.""± ,Ul . 4.17 j.0:21 
0,001 11 -O,~65 ±;!i 3<J! ._17 I 013 
O,CJOCO). -D,l71i ± ;!i.389 •• I-OJ7 ,- - 0, 2<J' .1 ;!i.:J4!; ._21 1_010 
,~ -O,'Gl.1;!i.OOII • . 13 ,~ 

"~ -O,2<J~.1 ;!i.300 .. " 1_00. 
0.((0;:0 '" -O,lOO.1jG_300 .n ).~ 

"~ - 0 :>6J ± jG 34-1 '.J4 1.010 

"~ -o.~'G .1jG.1G9 •• 0_9<3~ 

"~ -O,:u\l ± jG,j8~ .m 0.9<34 
"-'Om 15 - O,:>:Il "jG,:164 l.M 0.~1 

"-'Om l -;1.1116.1 jG, 1B4 3,11 0.~4 

Time-domain simulation results 

Figures o.l(a), C,1(b), and CI(e) show tilII<2-doma.in results for the 2A4G 
system obtained usiIlg PSS/E, DSA-TSAT, a.nd PowerFactory, respectively. 
The oscillations were initiat.ed by dis(Xlflnecting 0])1) of the tie-lines 7-8 for 5 
In8. The results show that the system is stable. 



Univ
ers

ity
 of

Cap
e T

ow
n

C .. 1. TIME-lJOMAIN 8TMIJf.ATION RESULT!>" 

.. = 'M .~ ... ,a;, --

-. __ .. - .,-_ .. 
~--.. 

I .1lI :11 
I 'I ' · , · , · ; , . 
I i 

Figure C1. Time domain ,iTTluiati()ll resllll." AVn wiLhouL I'SS 

1% 
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Appendix D 

Eigenvalue sensitivities 

D.l SMIB system 

D.l.I Manual excitatiou control 

Sen . itiYitJ of th. loc d t>Od~ to ita-je l uncor ta i nty 

SS1T( Pla) ; ~=ul Hci tation cOlltrol ~itllout ... turation 

EigoIlnluG o 
-3.64080+001 

-2.2304,'001 
-2 67970-001 ." 42130>0001 
-2 67970-001 -& 42130_00::'; 
-5 OHS. -OO2 
-1.7363.+000 

Modo 3 i o too local . ode 
-2.67970-001 +6.4213"OOO i 

Mag.ni tude of Relative ( l ogadt lmic) .en"itivity of . ode ", 
eleu nU of ". ['1 u trh , .0046 . -002 , 541~ . -OOl , .OgS7.-002 , , 3207.-00~ , 48270-004 , 0167. -001 0 0 0 0 

0 , .06340-002 , 6432.-003 , ,31460-003 9.18880-008 

0 , 31nc-002 • 31460-003 • .20070-002 4.4451 e -007 

0 0 4919e-004 • BB30e -008 , .3064e-007 4.8722e -004 
0 • 6774<0-003 , .667!k-OOO • ,10760-006 9.18540-004 

SS11( P,, ) ; ~anu~l . xcitation control - !'un u tun t10n 

4.66220-003 

0 
1.72310-006 

8.35T6e-006 

• lSHe -004 
4.61390-003 



Univ
ers

ity
 of

Cap
e T

ow
n

D.1. SMIB SYSTEM 

-3. 6620e+001 
-2. 2820e+001 
-2.7200e-001 +6.4144e+000i 
-2.7200e-001 -6.4144e+000i 
-7 
-1. 

Mode 3 is the local mode 
-2.7200e-001 +6.4144e+000i 

of Relative 
elements of the matrix 

1.0065e-002 5.561ge-001 
5.0227e-001 0 

0 1.062ge-002 
0 5. 1420e-002 
0 4. 431ge-004 
0 8.3082e-003 

of mode 3 to 

1.0633e-002 5. 1438e-002 4. 418ge-004 
0 0 0 

2. 559ge-003 8.9016e-003 1. 1667e-007 
8.9016e-003 5. 1174e-002 5. 660ge-007 
1. 1380e-007 5.5052e-007 8. 4836e-004 
2. 1315e-006 1.0365e-005 1. 5848e-003 

manual excitation control - Incremental saturation 

-3. 766ge+001 
-2. 5492e+001 
-2.4143e-001 +6.460ge+000i 
-2.4143e-001 -6.460ge+000i 
-1. 8243e-001 
-2.0081e+000 

Mode 3 is the local mode 
-2.4143e-001 +6.460ge+000i 

of Relative 
elements of the matrix 

9. 9912e-003 5.5048e-001 
5.0215e-001 0 

0 9.4062e-003 
0 4. 583ge-002 
0 3. 5830e-004 
0 6. 7782e-003 

.1 

of mode 3 to 

9.4091e-003 4. 5853e-002 3. 5778e-004 
0 0 0 

2. 2431e-003 7. 3876e-003 8.4988e-008 
7. 3876e-003 4. 5696e-002 4. 1350e-007 
8. 2808e-008 4.0315e-007 6.1041e-004 
1.5704e-006 7. 6178e-006 1.1026e-003 

AVR without PSS - without saturation 

8. 288ge-003 
0 

2. 1931e-006 
1.0613e-005 
1. 5846e-003 
8. 228ge-003 

6.7637e-003 
0 

1.606ge-006 
7. 8258e-006 
1.1028e-003 
6. 7845e-003 
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D.1. SMIB SYSTEM 

-1.0000e+006 
-5.419ge+001 

5.0694e-001 +7.4436e+000i 
5.0694e-001 -7.4436e+000i 

-1. 6461e+000 
-2. 2113e+001 
-1.7046e+001 +1.2164e+001i 
-1.7046e+001 -1.2164e+001i 

Mode 3 is the local mode 
5.0694e-001 +7.4436e+000i 

of Relative 
elements of the matrix 

Columns 1 6 
8.1005e-003 3. 8487e-001 
4.7068e-001 0 

0 3. 8114e-003 
0 2. 147ge-002 
0 1.0487e-003 
0 2.3000e-002 
0 1.3690e-001 
0 0 

Columns 7 8 
0 0 
0 0 
0 8. 8107e-002 
0 0 
0 0 
0 0 

8. 6291e-002 0 
8.8107e-002 8.8107e-002 

of mode 3 to 

7. 884ge-002 3. 7840e-002 1. 416ge-004 
0 0 0 

9. 4776e-003 3.3096e-003 2. 6195e-008 
3. 8864e-002 2. 1875e-002 1.4762e-007 
3. 8666e-006 1.8556e-006 1.685ge-003 
8.4800e-005 4.0696e-005 3. 7114e-003 
6. 9623e-002 3. 3413e-002 9. 3454e-004 

0 0 0 

; AVR without PSS - Full saturation 

-1.0000e+006 
-5. 4340e+001 
4.2562e-001 +7.3928e+000i 
4.2562e-001 -7.3928e+000i 

-1. 6725e+000 
-2. 2601e+001 
-1.7037e+001 +1.2710e+001i 
-1.7037e+001 -1.2710e+001i 

Mode 3 is the local mode 
4.2562e-001 +7.3928e+000i 

"''''TTI1Llll''' of Relative of mode 3 to 

3.1075e-003 
0 

5. 744ge-007 
3. 2376e-006 
3. 7114e-003 
2. 1772e-002 
2.0496e-002 

0 
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elements of the matrix 
Columns 1 6 
8. 2464e-003 3. 9508e-001 7. 5852e-002 3.4144e-002 2.6060e-004 
4.7550e-001 0 0 0 0 

0 3. 6817e-003 8.9050e-003 2.8813e-003 3. 3552e-008 
0 2.0586e-002 3.5791e-002 1.9145e-002 1.8773e-007 
0 1. 3670e-003 3. 5306e-006 1.5893e-006 2. 1740e-003 
0 2. 970ge-002 7. 6735e-005 3. 4542e-005 4.7050e-003 
0 1. 3435e-001 6.8072e-002 3.0642e-002 1. 147ge-003 
0 0 0 0 0 

Columns 7 8 
0 0 
0 0 
0 8. 1586e-002 
0 0 
0 0 
0 0 

8.0041e-002 0 
8. 1586e-002 8. 1586e-002 

; AVR without PSS - Incremental saturation 

-1.0000e+006 
-5. 4406e+001 
4.5943e-001 +7.3844e+000i 
4.5943e-001 -7.3844e+000i 

-1.9315e+000 
-2. 5332e+001 
-1.7541e+001 +1.1550e+001i 
-1.7541e+001 -1.1550e+001i 

Mode 3 is the local mode 
4. 5943e-00l +7. 3844e+000i 

elements matrix 
Columns 1 6 
8. 1996e-003 3. 947ge-001 
4.7243e-001 0 

0 3.4381e-003 
0 1. 9216e-002 
0 1.101ge-003 
0 2. 3985e-002 
0 1.2893e-00l 
0 0 

Columns 7 8 
0 0 
0 0 

of mode 3 to 

7.5161e-002 3. 3650e-002 2. 1566e-004 
0 0 0 

9. 1321e-003 2.7631e-003 2.610ge-008 
3.4495e-002 1. 1.456ge-007 
2. 8365e-006 1.2687e-006 1.5778e-003 
6. 1893e-005 2. 7583e-005 3.2791e-003 
6. 5593e-002 2.9366e-002 9.2382e-004 

0 0 0 

5.663ge-003 
0 

7. 296ge-007 
4.0801e-006 
4.7050e-003 
2. 8306e-002 
2.4948e-002 

0 

4.6910e-003 
0 

5. 6802e-007 
3. 1727e-006 
3. 
2.3217e-002 
2.0095e-002 

0 
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0 8. 1514e-002 
0 0 
0 0 
0 0 

7. 9920e-002 0 
8. 1514e-002 8. 1514e-002 

1 

SSAT(Pm) AVR with PSS - without saturation 

-1.0000e+006 
-5.430ge+001 
-3.4197e+001 
-1.3271e+00l +1.6370e+00li 
-1.3271e+00l -1.6370e+00li 
-2. 2235e+00l 
-1.1983e+000 +6.7451e+000i 
-1.1983e+000 -6.7451e+000i 
-7.4198e-001 
-1 .6323e+000 

Mode 7 is the local mode 
-1.1983e+000 +6.7451e+000i 

of Relative 
elements of the matrix 

Columns 1 6 
8.0136e-003 4. 1466e-001 
5.3405e-001 0 

0 4. 6460e-003 
0 2. 3564e-002 
0 1.5972e-003 
0 3.011ge-002 
0 1.7293e-00l 

2. 6796e-002 0 
7.0613e-001 0 
8. 8605e-001 0 
Columns 7 10 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

2.0691e-00l 0 

of mode 7 to 

7. 1642e-002 6. 9168e-002 1.8594e-004 
0 0 0 

9.742ge-003 6. 8446e-003 3. 8900e-008 
3. 5957e-002 4.0715e-002 1.9708e-007 
4. 9615e-006 4. 7950e-006 3. 1254e-003 
9.3590e-005 9.0694e-005 5.9196e-003 
7.416ge-002 7. 1607e-002 1.4378e-003 

0 0 0 
0 0 0 
0 0 0 

0 0 
0 0 
0 7.0264e-002 
0 0 
0 0 
0 0 
0 0 

3.507ge-003 
0 

7. 3285e-007 
3. 7226e-006 
5. 918ge-003 
2. 9873e-002 
2.7126e-002 

0 
0 
0 
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o 2.8304e-003 o 
o 7.4400e-002 7. 2554e-001 

o 
o 

2.0387e-001 9.3357e-002 7. 1531e-001 7.0264e-002 

SSAT(Pm) ; AVR with PSS - Full saturation 

-1.0000e+006 
-5.4448e+001 
-3.4053e+001 
-1.3418e+001 +1.6730e+001i 
-1.3418e+001 -1.6730e+001i 
-2. 2743e+001 
-1.1881e+000 +6.6953e+0001 
-1.1881e+000 -6.6953e+0001 
-7.4167e-001 
-1. 6561e+000 

Mode 7 is the local mode 
-1.1881e+000 +6.6953e+0001 

of Relative of mode 7 to 
elements of the [A] matr1x 

Columns 1 6 
8.1187e-003 4.2358e-001 7.1158e-002 6. 8998e-002 3. 3890e-004 
5.3356e-001 0 0 0 0 

0 4.4142e-003 9. 3424e-003 6.5114e-003 4. 8797e-008 
0 2. 2224e-002 3. 3808e-002 3. 8955e-002 2.463ge-007 
0 2.0237e-003 4. 5662e-006 4. 4277e-006 3.9012e-003 
0 3.7911e-002 8. 5470e-005 8. 3303e-005 7. 2827e-003 
0 1.6663e-001 7. 3874e-002 7. 1631e-002 1.726ge-003 

2. 5768e-002 0 0 0 0 
6.7656e-001 0 0 0 0 
8.4890e-001 0 0 0 0 
Columns 7 10 

0 0 0 0 
0 0 0 0 
0 0 0 6. 6524e-002 
0 0 0 0 
0 0 0 0 
0 0 0 0 

1.9961e-001 0 0 0 
0 2. 7422e-003 0 0 
0 7. 1820e-002 6.9521e-001 0 

1.966ge-001 9.0115e-002 6. 8538e-001 6. 6524e-002 

SSAT{Pm) ; AVR w1th PSS - Incremental saturation 

6.3526e-003 
0 

9.165ge-007 
4. 6160e-006 
7. 2816e-003 
3.7788e-002 
3. 236ge-002 

0 
0 
0 
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-1.0000e+006 
-6.4616e+001 
-3. 422ge+001 
-1.3862e+001 +1.5745e+001i 
-1.3852e+001 -1.5745e+001i 
-2. 6461e+001 
-1. 145ge+000 +6.7624e+OOOi 
-1.145ge+000 -6.7524e+000i 
-7. 3971e-001 
-1.919ge+000 

Mode 7 is the local mode 
-1.145ge+000 +6.7524e+000i 

of Relative 
elements of the matrix 

Columns 1 6 
8. 1826e-003 4. 265ge-001 
5.3211e-001 0 

0 4. 1701e-003 
0 2. 1164e-002 
0 1.62549-003 
0 3.077ge-002 
0 1.6170e-001 

2. 5386e-002 0 
6. 6637e-001 0 
8. 3763e-001 0 
Columns 7 10 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

1. 9343e-001 0 
0 2. 679ge-003 
0 7.0171e-002 

1.907ge-001 8. 8206e-002 

1 

of mode 7 to 

7. 2302e-002 6. 3964e-002 2. 7863e-004 
0 0 0 

9. 8840e-003 6.9096e-003 3. 7953e-008 
3. 3901e-002 3.8068e-002 1.9231e-007 
3. 7338e-006 3.3000e-006 2. 7894e-003 
7.0874e-005 6. 2414e-005 5.0431e-003 
7. 3410e-002 6. 4945e-002 1.3886e-003 

0 0 0 
0 0 0 
0 0 0 

0 0 
0 0 
0 6. 9883e-002 
0 0 
0 0 
0 0 
0 0 
0 0 

6. 8292e-001 0 
6. 744ge-001 6. 9883e-002 

with deviation and without saturation 

5.2723e-003 
0 

7. 182ge-007 
3. 6430e-006 
6.0442e-003 
3.1062e-002 
2. 6276e-002 

0 
0 
0 
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-3. 6503e+001 
-3. 6426e+001 
-3.4012e+001 
-3. 2567e+001 
-3.0241e+001 
-3.0426e+001 
-2.3160e+001 
-2. 1254e+001 
-5.5783e-001 +6.6048e+000i 
-5.5783e-001 -6.6048e+000i 
-5.7023e-001 +6.7940e+000i 
-5.7023e-001 -6.7940e+000i 
-1.2451e-001 +3.4106e+000i 
-1.2451e-001 -3.4106e+000i 
-5. 775ge+000 
-5.8095e+000 
-4. 2894e+000 
-3. 2202e+000 
-1.8020e-001 
-1.6812e-001 
-5.5506e-002 +7. 1107e-002i 
-5.5506e-002 -7.1107e-002i 

2.9560e-002 
3.6723e-007 

Mode 13 is the local mode 
-1.2451e-001 +3.4106e+000i 

elements matrix 
Columns 1 5 

3. 6420e-003 6.2011e-003 
6. 1980e-003 1.4570e-002 
7.4178e-005 1.7250e-004 
4.0038e-006 9.3091e-006 
6.8518e-003 1. 591ge-002 

0 0 
1.3191e-004 3.0674e-004 
3.0645e-004 7. 1265e-004 
5.0115e-007 1. 1676e-006 
2.7008e-008 6. 2986e-008 
2.3747e-003 5.5057e-003 

0 0 
1.5838e-005 3. 6802e-005 
3. 6772e-005 8. 5513e-005 
6.2408e-006 1.4507e-005 
3. 3598e-007 7.8082e-007 

of mode 13 to 

4.3576e-005 2. 3480e-006 3. 6145e-005 
1. 0127e-004 5.4630e-006 8.3981e-005 
8.1034e-003 2.8007e-003 9. 937ge-005 
2.8004e-003 2.9272e-003 5. 3587e-006 
1.0425e-002 5. 6248e-004 2. 2370e-004 

0 0 6. 2825e-002 
1. 1411e-004 6. 1542e-006 3. 6624e-005 
2. 649ge-004 1.4266e-005 8.504ge-005 
3.4378e-003 1.853ge-004 1.3528e-004 
1. 8535e-004 1.0016e-005 7. 2934e-006 
1. 6491e-002 8. 8914e-004 7.0765e-005 

0 0 1. 
3. 2530e-005 1.7564e-006 5. 1466e-006 
7. 5638e-005 4.0771e-006 1. 192ge-005 
1. 1176e-004 6.0251e-006 5.9130e-006 
6.0222e-006 3. 2480e-007 3. 1856e-007 
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3.5177e-004 8. 1665e-004 1.6866e-003 9.087ge-005 1. 9274e-005 
0 0 0 0 2.088ge-002 

2.4796e-005 5. 759ge-005 6. 3548e-005 3. 429ge-006 8. 538ge-006 
5.7664e-005 1.3410e-004 1. 4786e-004 7. 9746e-006 1.9856e-005 
3.4748e-006 8.0614e-006 2.1427e-004 1.4778e-005 1. 162ge-005 
1.8732e-007 4. 3595e-001 1.4815e-005 8.0036e-007 6. 2770e-007 
5.861ge-004 1.3628e-003 1.480ge-003 1. 9951e-005 8.4377e-005 

0 0 0 0 1.6891e-002 

Columns 6 10 

8.7413e-003 1.3891e-004 3. 2243e-004 2.3063e-004 1.2405e-005 
2.0322e-002 3. 2273e-004 7. 4997e-004 5. 3471e-004 2.8825e-005 
1. 1.6428e-004 3. 8116e-004 3.012ge-003 1.6572e-004 
7.059ge-004 8. 8553e-006 2.0594e-005 1.656ge-004 8. 9391e-006 
3. 6987e-00l 1. 6235e-003 3.7856e-003 4.088ge-002 2.203ge-003 

0 0 0 0 0 
3.9291e-003 4.0104e-003 6. 8106e-003 1.5506e-004 8. 350ge-006 
9. 130ge-003 6.8091e-003 1.6030e-002 3.6001e-004 1.9432e-005 
3.4856e-002 2.3745e-004 5. 5180e-004 2.0881e-002 6. 6456e-003 
1.8193e-003 1.279ge-005 2. 9732e-005 6.643ge-003 7.0297e-003 
2.5890e-00l 6.0536e-003 1.4065e-002 1. 6508e-002 8.9106e-004 

0 0 0 0 0 
2.8031e-004 2. 8546e-005 6. 6400e-005 2. 697ge-005 1. 
6.508ge-004 6. 6266e-005 1.539ge-004 6. 2645e-005 3. 3762e-006 
8.931ge-004 1.767ge-005 4.1083e-005 2.3735e-004 1. 2797 e-005 
4.8088e-005 9. 535ge-007 2.2057e-006 1. 2776e-005 6. 8956e-007 
3.0626e-002 4. 756ge-004 1.1045e-003 4. 9158e-003 2. 651ge-004 

0 0 0 0 0 
3 . 1101e-004 4. 5552e-005 1. 0572e-004 7.100ge-005 3. 8328e-006 
7.2401e-004 1.0582e-004 2.4590e-004 1. 6525e-004 8.8850e-006 
2. 6485e-003 2. 3641e-005 5.4937e-005 6. 1813e-004 3. 3345e-005 
1.4308e-004 1. 2783e-006 2. 9602e-006 3. 3385e-005 1.8006e-006 
3.7617e-002 8.8067e-004 2.0468e-003 5. 1583e-003 2. 7821e-004 

0 0 0 0 0 

Columns 11 15 

1.8120e-005 5. 1926e-003 9. 2317e-006 2. 1432e-005 7.9101e-005 
4. 2112e-005 1.2068e-002 2. 1448e-005 4. 9827e-005 1. 8397 e-004 
8. 2302e-005 1.2732e-002 3. 2823e-005 7. 6255e-005 3. 6921e-004 
4.431ge-006 6. 8651e-004 1.7707e-006 4. 1182e-006 1.9881e-005 
4. 829ge-004 2.7612e-00l 1.4214e-004 3.3112e-004 6.2030e-003 
1.5678e-002 0 0 0 0 
2.8324e-005 6. 564ge-003 1.6705e-005 3. 8808e-005 9. 6374e-005 
6.577ge-005 1.5250e-002 3. 8790e-005 9.0118e-005 2. 2373e-004 
1. 1836e-004 2. 6832e-002 6. 8945e-005 1.6017e-004 1.0135e-003 
6.3812e-006 1.4466e-003 3. 7193e-006 8. 6345e-006 5.4632e-005 
1.2890e-004 2. 6307e-001 7. 1388e-005 1.6555e-004 7.2015e-003 
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3.4016e-002 0 0 0 0 
5.0765e-006 6.5035e-004 1.9358e-003 3.3101e-003 1.0774e-004 
1. 1785e-005 1.504ge-003 3.3092e-003 7.7243e-003 2.5013e-004 
7. 1588e-006 8. 4348e-004 3. 5481e-005 8. 242ge-005 8. 884ge-003 
3.8523e-007 4. 5350e-005 1.9095e-006 4.4367e-006 3.0374e-003 
1. 3015e-005 4. 1136e-002 4. 7535e-003 1.103ge-002 2.3111e-002 
1. 5118e-002 0 0 0 0 
8.591ge-006 8. 7235e-004 7.6894e-005 1.7842e-004 1.7104e-004 
2.0005e-005 2.0352e-003 1. 7874e-004 4. 1524e-004 3. 986ge-004 
1.5045e-005 2. 8248e-003 2.9911e-005 6. 9490e-005 3. 9322e-003 
8. 1306e-007 1.5266e-004 1.6152e-006 3.7553e-006 2. 1244e-004 
4.7510e-005 5.3842e-002 1.5961e-003 3.7170e-003 3. 9898e-002 
1.2224e-002 0 0 0 0 

Columns 16 20 

4. 2780e-006 5.4298e-006 9. 1738e-004 9.0411e-006 2.1034e-005 
9.921ge-006 1. 2634e-005 2. 1322e-003 2.1007e-005 4. 8861e-005 
1. 9918e-005 4. 9607e-005 3.9536e-004 4.0058e-005 9.3174e-005 
1.0770e-006 2.6732e-006 2. 1333e-005 2. 161ge-006 5.0270e-006 
3.3476e-004 4. 293ge-004 1.8597e-002 2. 291ge-004 5.3436e-004 

0 5.5003e-002 0 0 0 
5.2021e-006 1. 2014e-005 1.4565e-003 1.6962e-005 3. 9418e-005 
1.2066e-005 2.7920e-005 3. 375ge-003 3.9317e-005 9. 1451e-005 
5.4638e-005 1. 1527e-004 2. 1801e-004 8.7033e-005 2.0244e-004 
2.9461e-006 6. 2115e-006 1. 1784e-005 4. 6948e-006 1.0908e-005 
3. 8846e-004 4.0590e-004 2. 7357e-002 1.6482e-004 3.8308e-004 

0 4. 1151e-002 0 0 0 
5.8023e-006 7.5090e-005 7.0750e-003 5.2413e-005 1. 2193e-004 
1.3520e-005 1. 7445e-004 1.6431e-002 1.2181e-004 2.8333e-004 
3.0436e-003 1. 1931e-004 6. 998ge-003 4. 610ge-005 1.0725e-004 
3. 1791e-003 6.4212e-006 3. 7668e-004 2.4804e-006 5.7720e-006 
1.2528e-003 5. 1703e-004 3. 9485e-00l 5.4372e-004 1. 2651e-003 

0 1.646ge-00l 0 0 0 
9. 2426e-006 8. 3877e-005 3. 9824e-003 1.3491e-003 2. 326ge-003 
2. 1518e-005 1. 9515e-004 9.2558e-003 2.3267e-003 5. 3912e-003 
2. 1206e-004 2. 1248e-004 1. 5485e-002 8.301ge-005 1.9310e-004 
1. 1468e-005 1. 147ge-005 8. 3658e-004 4.4867e-006 1.0432e-005 
2. 1501e-003 2.7453e-004 2.7427e-00l 2.9818e-003 6. 9446e-003 

0 4. 2885e-002 0 0 0 

Columns 21 24 

2.046ge-004 1.1032e-005 3.8040e-006 1. 4215e-003 
4. 7586e-004 2. 5601e-005 8.8418e-006 3. 3130e-003 
3. 5112e-004 1.8906e-005 6. 5298e-005 1.7311e-003 
1.8894e-005 1.0173e-006 3. 5230e-006 9. 3363e-005 
9. 1671e-003 4. 9430e-004 6.4841e-004 1.6166e-002 

0 0 5. 1417e-002 0 



Univ
ers

ity
 of

Cap
e T

ow
n

D.!. SYSTEM 

2.9338e-004 1.577ge-005 1. 0615e-005 2.3374e-003 
6. 7984e-004 3. 6696e-005 2.4662e-005 5.4327e-003 
1. 1322e-003 6.1096e-005 1.5608e-004 2.4153e-003 
6.1023e-005 3. 2877e-006 8.4153e-006 1. 3037e-004 
1. 1375e-002 6. 1350e-004 6.5086e-004 2.9076e-002 

0 0 3. 8468e-002 0 
3. 9993e-004 2. 1603e-005 5. 2384e-005 5.4000e-003 
9.3040e-004 5.0166e-005 1.2166e-004 1.2546e-002 
2.201ge-003 1. 1875e-004 1.4435e-004 4.5591e-003 
1. 1851e-004 6. 3772e-006 7. 7690e-006 2.4537e-004 
6.6227e-002 3. 5793e-003 1.8498e-003 2. 8264e-00l 

0 0 4. 957ge-002 0 
3. 5416e-004 1.9118e-005 7. 2233e-005 4. 8312e-003 
8. 215ge-004 4. 4286e-005 1.6796e-004 1. 1236e-002 
1.8563e-002 5. 7136e-003 1.9877e-004 1. 9471e-002 
5.7237e-003 6.0874e-003 1.0738e-005 1. 051ge-003 
3. 1953e-002 1.7181e-003 4. 1485e-004 3.4047e-00l 

0 0 1. 244ge-00l 0 

SSAT(P) AVR without PSS; without saturation 

-1.0000e+006 
-1.0000e+006 
-1.0000e+006 
-1.0000e+006 
-9. 456ge+00l 
-9.5702e+00l 
-9. 7452e+00l 
-9. 7508e+00l 
-1.7851e+00l +2.1591e+00li 
-1.7851e+00l -2.1591e+0011 
-1.8975e+00l +1.549ge+0011 
-1.8975e+001 -1.549ge+00li 
-3. 624ge+00l 
-3.617ge+00l 
-3. 1692e+001 
-3.0858e+001 
-2.7068e+001 
-2. 7547e+00l 
-1.3771e+001 
-1 . 3302e+00 1 
-6.9196e-001 +7.1700e+0001 
-6.9196e-00l -7.1700e+0001 
-6.875ge-001 +7.3710e+0001 
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-6.875ge-00l -7.3710e+000i 
-2.4808e-002 +3.8447e+000i 
-2.4808e-002 -3.8447e+000i 
-2. 9374e-004 
-6. 1263e-002 
-3.6085e+000 
-3. 548ge+000 
-3.3521e+000 
-3. 3446e+000 

Mode 25 is the local mode 
-2.4808e-002 +3.8447e+000i 

of mode 25 to 
elements matrix 

Columns 1 6 

2.0847e-003 2.5781e-00l 2.8216e-002 1.796ge-002 3. 1896e-004 2. 6461e-003 
1.3395e-00l 0 0 0 0 0 

0 1.1076e-003 2. 4882e-003 1.2713e-003 2. 4250e-007 2.0118e-006 
0 2. 5500e-003 4. 5962e-003 3. 2371e-003 5. 5831e-007 4. 6317e-006 
0 3. 3666e-003 1. 1272e-004 7. 1785e-005 5.0786e-003 4. 8676e-003 
0 2. 792ge-002 9.3516e-004 5. 9553e-004 4. 8676e-003 9.4401e-003 
0 3. 2224e-002 1.6001e-002 1.0190e-002 5.9181e-004 4.9096e-003 
0 0 0 0 0 0 
0 2. 1433e-00l 1. 1607e-002 7.3915e-003 6.0013e-004 4. 9787e-003 
0 0 0 0 0 0 
0 6.3517e-004 1. 2597e-004 8.0222e-005 8.0981e-007 6. 7182e-006 
0 1.4624e-003 2.9003e-004 1.8470e-004 1.8645e-006 1.5467e-005 
0 4. 864ge-003 4.3002e-007 2. 7385e-007 2.1081e-005 1.748ge-004 
0 4.035ge-002 3. 5675e-006 2. 2718e-006 1. 748ge-004 1.4508e-003 
0 1. 4733e-002 6.2938e-003 4.0080e-003 2.4170e-004 2.0051e-003 
0 0 0 0 0 0 
0 2. 1633e-002 1.4651e-003 9. 3298e-004 5.2275e-005 4. 3367e-004 
0 0 0 0 0 0 
0 3. 6443e-005 1.2167e-005 7. 7481e-006 1.8607e-007 1.5436e-006 
0 8. 3902e-005 2.8012e-005 1.783ge-005 4. 283ge-007 3. 553ge-006 
0 4.771ge-004 1.9698e-005 1.2544e-005 2. 6233e-006 2. 1763e-005 
0 3. 9587e-003 1. 6342e-004 1. 0407e-004 2. 1763e-005 1.8055e-004 
0 1.0084e-003 7.0090e-004 4. 4635e-004 2.4178e-005 2.0058e-004 
0 0 0 0 0 0 
0 3.0513e-002 2.806ge-003 1. 7875e-003 5. 2808e-005 4. 3810e-004 
0 0 0 0 0 0 
0 4.9955e-005 2.3514e-005 1.4974e-005 4.4826e-007 3. 7188e-006 
0 1. 1501e-004 5.4136e-005 3. 4475e-005 1.0320e-006 8. 5618e-006 
0 7. 396ge-004 5.7354e-006 3. 6524e-006 3. 3655e-006 2. 7920e-005 
0 6. 1365e-003 4. 7581e-005 3.0301e-005 2.7920e-005 2. 3163e-004 
0 3.1370e-003 1. 1948e-003 7.6087e-004 4. 7356e-005 3. 9286e-004 
0 0 0 0 0 0 
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Columns 7 12 

0 0 0 1.6313e-001 1.0325e-002 7. 9950e-003 
0 0 0 0 0 0 
0 8.8778e-003 0 5.572ge-004 1.6041e-004 1.2420e-004 
0 0 0 1. 2831e-003 3. 6931e-004 2.8595e-004 
0 0 0 2.7737e-003 3. 8525e-004 2. 9830e-004 
0 0 0 2.3011e-002 3. 1961e-003 2. 4747e-003 

8.8735e-003 0 0 9.1035e-003 1.0414e-002 8.0632e-003 
8. 8778e-003 8. 8778e-003 0 0 0 0 

0 0 1. 2973e-003 1.8450e-001 4. 5738e-002 3. 5415e-002 
0 0 8. 3370e-002 0 0 0 
0 0 0 8. 9882e-004 5. 3946e-003 3. 3447e-003 
0 0 0 2.0694e-003 9. 9453e-003 8. 5346e-003 
0 0 0 3. 1732e-003 3.0228e-004 2. 3406e-004 
0 0 0 2. 6325e-002 2.5077e-003 1. 9417e-003 
0 0 0 1.4581e-002 3. 6273e-002 2.8086e-002 
0 0 0 0 0 0 
0 0 0 2.4593e-002 3.0655e-003 2. 3737e-003 
0 0 0 0 0 0 
0 0 0 7. 1394e-005 3.3835e-005 2. 619ge-005 
0 0 0 1.6437e-004 7. 7900e-005 6.0318e-005 
0 0 0 3. 8178e-004 8. 6143e-005 6.6701e-005 
0 0 0 3. 1672e-003 7.1465e-004 5. 5335e-004 
0 0 0 1.2300e-003 2. 130ge-003 1.6500e-003 
0 0 0 0 0 0 
0 0 0 3. 6976e-002 6. 5127e-003 5.0428e-003 
0 0 0 0 0 0 
0 0 0 1. 1898e-004 6. 6588e-005 5. 155ge-005 
0 0 0 2.7394e-004 1.5331e-004 1.1870e-004 
0 0 0 6. 6842e-004 6.0223e-005 4. 6631e-005 
0 0 0 5. 5452e-003 4. 9961e-004 3. 8685e-004 
0 0 0 7. 814ge-004 3. 7155e-003 2. 876ge-003 
0 0 0 0 0 0 

Columns 13 18 

2.0976e-003 1. 7402e-002 0 0 0 1.5473e-002 
0 0 0 0 0 0 

2. 1455e-006 1.779ge-005 0 0 0 1.3862e-004 
4. 9395e-006 4.0978e-005 0 0 0 3. 1915e-004 
5.8166e-005 4. 8254e-004 0 0 0 1. 212ge-004 
4. 8254e-004 4.0032e-003 0 0 0 1.0062e-003 
2.7762e-004 2.3032e-003 0 0 0 7.6058e-003 

0 0 0 0 0 0 
1.0058e-003 8. 3441e-003 0 0 0 2.7002e-002 

0 0 0 0 0 0 
1.8438e-006 1.5296e-005 0 2.0028e-002 0 2.8012e-004 
4. 2450e-006 3. 5217e-005 0 0 0 6.4493e-004 
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1. 1102e-002 1.0505e-002 0 0 0 3.6271e-005 
1.0505e-002 2. 1620e-002 0 0 0 3.0090e-004 
1.6798e-003 1. 3935e-002 2. 0 0 1. 3640e-002 

0 0 2.0028e-002 2.0028e-002 0 0 
2. 5568e-004 2.1211e-003 0 0 2. 6635e-003 3.326ge-00l 

0 0 0 0 1.5832e-00l 0 
2.5818e-007 2. 141ge-006 0 0 0 1.0973e-003 
5.9442e-007 4. 9313e-006 0 0 0 2. 5263e-003 
9. 3346e-006 7.7440e-005 0 0 0 4. 4595e-003 
7. 7440e-005 6. 4244e-004 0 0 0 3. 6996e-002 
6.6554e-005 5. 5213e-004 0 0 0 2.7068e-002 

0 0 0 0 0 0 
3.0805e-004 2. 5556e-003 0 0 0 2. 6543e-00l 

0 0 0 0 0 0 
8.3943e-007 6. 963ge-006 0 0 0 7. 6174e-004 
1. 9326e-006 1.6033e-005 0 0 0 1.7538e-003 
1.2708e-005 1.0543e-004 0 0 0 5. 1584e-003 
1.0543e-004 8.7463e-004 0 0 0 4. 2794e-002 
1. 3703e-004 1. 1368e-003 0 0 0 1.632ge-003 

0 0 0 0 0 0 

Columns 19 24 

2. 1810e-004 3.7204e-004 3. 2374e-004 2. 6857e-003 0 0 
0 0 0 0 0 0 

2.5731e-006 4. 3892e-006 7. 4991e-007 6. 2212e-006 0 0 
5.9242e-006 1.0105e-005 1.7265e-006 1.4323e-005 0 0 
1.8580e-005 3. 1693e-005 7.1001e-006 5.8902e-005 0 0 
1. 5414e-004 2. 6292e-004 5. 8902e-005 4. 8865e-004 0 0 
2.486ge-004 4. 2421e-004 9. 9238e-006 8. 2328e-005 0 0 

0 0 0 0 0 0 
1.3020e-004 2. 2210e-004 4.4601e-004 3.7001e-003 0 0 

0 0 0 0 0 0 
5. 9395e-006 1.0132e-005 1. 163ge-006 9. 6561e-006 0 0 
1.3675e-005 2. 3326e-005 2.6798e-006 2.2231e-005 0 0 
2. 1183e-005 3.6134e-005 1.0578e-005 8. 775ge-005 0 0 
1.7573e-004 2. 9977e-004 8.775ge-005 7. 2805e-004 0 0 
4.9880e-004 8.5084e-004 4. 2881e-005 3. 5574e-004 0 0 

0 0 0 0 0 0 
7. 3907e-003 1.2607e-002 1.2224e-003 1.0141e-002 0 0 

0 0 0 0 0 0 
5.0552e-004 6. 9565e-004 1.0472e-006 8. 6876e-006 0 8. 5198e-004 
9. 3893e-004 1.7611e-003 2.4110e-006 2.0002e-005 0 0 
4. 1724e-005 7. 1171e-005 1.9543e-002 1.8706e-002 0 0 
3.4614e-004 5.9044e-004 1.8706e-002 3. 650ge-002 0 0 
3. 351ge-003 5. 7177e-003 1. 9774e-003 1. 6404e-002 8. 5156e-004 0 

0 0 0 0 8. 5198e-004 8. 5198e-004 
2.8562e-003 4. 8721e-003 2.4195e-003 2.0072e-002 0 0 

0 0 0 0 0 0 
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2.7146e-005 4. 6305e-005 2.0575e-006 1.706ge-005 0 0 
6. 249ge-005 1. 0661e-004 4. 7370e-006 3. 9298e-005 0 0 
1.8390e-005 3. 136ge-005 8.21250-005 6. 8131e-004 0 0 
1.5256e-004 2.6024e-004 6. 8131e-004 5.65210-003 0 0 
1.4682e-003 2.5044e-003 7.20660-004 5.9786e-003 0 0 

0 0 0 0 0 0 

Columns 25 30 

0 1.3722e-002 1.0742e-003 1.4498e-003 5. 3514e-004 4. 4395e-003 
0 0 0 0 0 0 
0 2. 1991e-004 7.68730-006 1.0375e-005 2 . 1716e-006 1.80160-005 
0 5.062ge-004 1.769ge-005 2.3886e-005 4.99980-006 4.14780-005 
0 5. 4216e-004 6. 9164e-005 9.33440-005 7.55920-006 6.2711e-005 
0 4.4977e-003 5.7378e-004 7.74380-004 6.27110-005 5.2025e-004 
0 1.436ge-002 8. 328ge-004 1. 1241e-003 5. 686ge-005 4. 717ge-004 
0 0 0 0 0 0 
0 2.9311e-002 9. 1708e-004 1.2377e-003 7. 8880e-004 6. 543ge-003 
0 0 0 0 0 0 
0 4.6023e-004 1.8363e-005 2.4783e-005 3.95980-006 3.28500-005 
0 1.05960-003 4. 2278e-005 5.705ge-005 9. 1166e-006 7. 5631e-005 
0 4.10610-004 8. 1565e-005 1.1008e-004 1.32300-005 1.0976e-004 
0 3.40640-003 6.7666e-004 9. 1323e-004 1.09760-004 9. 1055e-004 
0 2. 689ge-002 1. 6956e-003 2. 2884e-003 7. 1393e-005 5. 9228e-004 
0 0 0 0 0 0 
0 2.4293e-00l 2.57888-003 3. 4803e-003 3. 9198e-003 3. 2518e-002 
0 0 0 0 0 0 
0 8. 553ge-004 4.57900-005 6.17980-005 4.3613e-006 3.61820-005 
0 1.96940-003 1.05420-004 1.42280-004 1.00410-005 8.33020-005 
0 2.96600-003 1.65390-004 2.23210-004 9.84890-005 8.17060-004 
0 2.46060-002 1.37210-003 1.85180-003 8. 17060-004 6.77830-003 
0 2.40590-002 3.16680-003 4.27390-003 3.60520-004 2.99090-003 
0 0 0 0 0 0 

2.21360-003 3. 3645e-00l 1.62520-002 2. 1934e-002 2. 1675e-003 1.79820-002 
1.35140-001 0 0 0 0 0 

0 9.44170-004 1.32590-003 1.45480-003 4.74590-006 3. 9372e-005 
0 2.17380-003 2.48180-003 3.65310-003 1. 09270-005 9.0647e-005 
0 6.62208-003 1.55670-004 2.10100-004 2.18420-002 2.05540-002 
0 5.49360-002 1. 29150-003 1. 74300-003 2.05540-002 4.33510-002 
0 3.74670-003 9.71590-003 1.31130-002 2.42800-003 2.01430-002 
0 0 0 0 0 0 

Columns 31 32 

0 0 
0 0 
0 0 
0 0 
0 0 
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0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 4. 2684e-003 
0 0 
0 0 
0 0 

4. 2663e-003 0 
4. 2684e-003 4. 2684e-003 

SSAT(T) AVR without PSS; without saturation 

-1.0000e+006 
-1.0000e+006 
-1.0000e+006 
-1.0000e+006 
-9.456ge+001 
-9.5702e+001 
-9. 7452e+001 
-9. 7508e+001 
-1.7851e+001 +2.1591e+001i 
-1.7851e+001 -2.1591e+001i 
-1.8975e+001 +1.549ge+001i 
-1.8975e+001 -1.549ge+001i 
-3. 624ge+001 
-3. 617ge+001 
-3. 1692e+001 
-3.0858e+001 
-2.7068e+001 
-2.7547e+001 
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-1. 3767e+001 
-1.329ge+001 
-6.6008e-001 +7.1667e+0001 
-6.6008e-001 -7.1667e+0001 
-6.5394e-001 +7.3675e+0001 
-6.5394e-001 -7.3675e+O001 

6.8486e-003 +3.8440e+000i 
6.8486e-003 -3.8440e+0001 

-4.4431e-008 +4.2420e-003i 
-4.4431e-008 -4.2420e-0031 
-3.608ge+000 
-3.661ge+000 
-3. 3581e+000 
-3. 3502e+000 

Mode 26 is the local mode 
6.8486e-003 +3.8440e+000i 

...... ,llllCur' .. of relative 
elements of the matrix 

Columns 1 -r:mro"lII:rn 6 

2.0841e-003 2. 677ge-001 
1. 3388e-001 0 

0 1.1057e-003 
0 2.5527e-003 
0 3. 3430e-003 
0 2.779ge-002 
0 3. 215ge-002 
0 0 
0 2. 142ge-001 
0 0 
0 6. 3405e-004 
0 1. 4638e-003 
0 4. 8278e-003 
0 4.0147e-002 
0 1. 4703e-002 
0 0 
0 2. 1631e-002 
0 0 
0 3.6386e-005 
0 8.4002e-006 
0 4. 738ge-004 
0 3. 9407e-003 
0 1.0065e-003 
0 0 
0 3.060ge-002 
0 0 
0 4. 9868e-005 

2. 8170e-002 
0 

2. 4801e-003 
4.5938e-003 
1. 1176e-004 
9. 2938e-004 
1.5944e-002 

0 
1. 1587e-002 

0 
1.2555e-004 
2.8986e-004 
4. 2608e-007 
3.5432e-006 
6. 270ge-003 

0 
1.4627e-003 

0 
1.212ge-005 
2.8002e-006 
1.9532e-005 
1.6242e-004 
6.9850e-004 

0 
2.8022e-003 

0 
2. 3436e-006 

of mode 25 to 

1.7902e-002 3. 159ge-004 2. 6276e-003 
0 0 0 

1.2645e-003 2.3985e-007 1.9946e-006 
3. 2287e-003 5. 5372e-007 4.6045e-006 
7.1023e-005 4. 9964e-003 4.8002e-003 
5.9060e-004 4.8002e-003 9. 3315e-003 
1.0132e-002 5.8515e-004 4.865ge-003 

0 0 0 
7. 3634e-003 5. 9448e-004 4. 9435e-003 

0 0 0 
7. 9788e-005 8.0090e-007 6. 6601e-006 
1.8420e-004 1.8490e-006 1. 6376e-006 
2.7077e-007 2.0726e-006 1.7236e-004 
2. 2516e-006 1.7236e-004 1.4332e-003 
3. 9851e-003 2.3896e-004 1.9871e-003 

0 0 0 
9.2961e-004 5. 1788e-005 4.3065e-004 

0 0 0 
7.7078e-006 1.8406e-007 1.5306e-006 
1.7795e-005 4. 2493e-007 3. 6336e-006 
1.2412e-006 2. 6811e-006 2. 1464e-005 
1.0321e-004 2. 1464e-006 1.7848e-004 
4.438ge-004 2.390ge-005 1.9882e-004 

0 0 0 
1.7807e-003 5. 2313e-005 4. 3502e-004 

0 0 0 
1.4893e-005 4. 4335e-007 3. 6867e-006 
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0 1. 1513e-004 5.4106e-005 3.4384e-005 1.0235e-006 8. 5113e-006 
0 7. 3425e-004 5. 6844e-006 3.6123e-006 3.3098e-006 2.7524e-005 
0 6.1058e-003 4. 7270e-005 3.003ge-005 2. 7524e-005 2. 2888e-004 
0 3. 1306e-003 1. 1905e-003 7. 5654e-004 4. 6822e-005 3. 8935e-004 
0 0 0 0 0 0 

Columns 7 12 

0 0 0 1.6310e-001 1.0314e-002 7. 9747e-003 
0 0 0 0 0 0 
0 8. 863ge-003 0 5. 5627e-004 1.5997e-004 1.236ge-004 
0 0 0 1.2842e-003 3. 6931e-004 2. 8555e-004 
0 0 0 2. 7540e-003 3. 8216e-004 2. 954ge-004 
0 0 0 2. 2901e-002 3. 177ge-003 2.4572e-003 

8. 8567e-003 0 0 9.083ge-003 1.0382e-002 8.0272e-003 
8. 863ge-003 8. 863ge-003 0 0 0 0 

0 0 1.2966e-003 1. 8444e-001 4. 5683e-002 3. 5322e-002 
0 0 8. 330ge-002 0 0 0 
0 0 0 8.9711e-004 5. 3795e-003 3. 3306e-003 
0 0 0 2.0711e-003 9. 9446e-003 8. 521ge-003 
0 0 0 3 . 1486e-003 2.9967e-004 2.3170e-004 
0 0 0 2. 6183e-002 2.491ge-003 1.9268e-003 
0 0 0 1.454ge-002 3. 6160e-002 2.7958e-002 
0 0 0 0 0 0 
0 0 0 2.4588e-002 3.0622e-003 2. 3677e-003 
0 0 0 0 0 0 
0 0 0 7. 1273e-005 3. 3748e-005 2.6094e-005 
0 0 0 1.6454e-004 7.7911e-005 6.0241e-005 
0 0 0 3. 790ge-004 8. 545ge-005 6.6077e-005 
0 0 0 3. 1524e-003 7.1065e-004 5.4948e-004 
0 0 0 1.2276e-003 2. 1248e-003 1.642ge-003 
0 0 0 0 0 0 
0 0 0 3. 6966e-002 6.5051e-003 5.0297e-003 
0 0 0 0 0 0 
0 0 0 1. 1876e-004 6. 6403e-005 5. 1343e-005 
0 0 0 2.7418e-004 1. 5330e-004 1. 1853e-004 
0 0 0 6. 6341e-004 5. 9718e-005 4.6174e-005 
0 0 0 5. 5167e-003 4. 9660e-004 3. 8397e-004 
0 0 0 7. 797ge-004 3.7040e-003 2. 8640e-003 
0 0 0 0 0 0 

Columns 13 18 

2.0883e-003 1.7365e-002 0 0 0 1.547ge-002 
0 0 0 0 0 0 

2. 1324e-006 1. 7733e-005 0 0 0 1.3845e-004 
4. 9230e-006 4.0938e-005 0 0 0 3. 1964e-004 
5.7506e-005 4. 7820e-004 0 0 0 1.2050e-004 
4. 7820e-004 3. 9766e-003 0 0 0 1.0021e-003 
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2.7585e-004 2. 293ge-003 0 0 0 7. 5942e-003 
0 0 0 0 0 0 

1. 0012e-003 8. 3260e-003 0 0 0 2.7011e-002 
0 0 0 0 0 0 

1.8325e-006 1.5238e-005 0 1.9986e-002 0 2.7976e-004 
4.2306e-006 3.5180e-005 0 0 0 6.4588e-004 
1.096ge-002 1.0404e-002 0 0 0 3.6012e-005 
1.0404e-002 2. 1463e-002 0 0 0 2. 9946e-004 
1. 668ge-003 1.3878e-002 1.9970e-002 0 0 1. 3618e-002 

0 0 1.9986e-002 1.9986e-002 0 0 
2.5454e-004 2.1167e-003 0 0 2.6641e-003 3.3283e-00l 

0 0 0 0 1. 5831e-00l 0 
2.56658-007 2. 13428-006 0 0 0 1.0961e-003 
5. 9252e-007 4. 9272e-006 0 0 0 2.53068-003 
9. 2296e-006 7.6760e-005 0 0 0 4.43098-003 
7. 6750e-005 6. 3823e-004 0 0 0 3. 6846e-002 
6. 613ge-005 5. 499ge-004 0 0 0 2.7031e-002 

0 0 0 0 0 0 
3.0666e-004 2. 5501e-003 0 0 0 2. 6552e-00l 

0 0 0 0 0 0 
8. 3431e-007 6. 937ge-006 0 0 0 7.607ge-004 
1.9261e-006 1.6017e-005 0 0 0 1.7564e-003 
1.2560e-005 1.0444e-004 0 0 0 5. 1230e-003 
1.0444e-004 8. 6850e-004 0 0 0 4. 2601e-002 
1. 3615e-004 1. 1322e-003 0 0 0 1.6304e-003 

0 0 0 0 0 0 

Columns 19 24 

2. 1623e-004 3.7078e-004 3. 222ge-004 2.6800e-003 0 0 
0 0 0 0 0 0 

2.546ge-006 4. 3673e-006 7.4534e-007 6.1980e-006 0 0 
5. 879ge-006 1.0083e-005 1. 7207e-006 1.430ge-005 0 0 
1.8293e-005 3. 136Be-005 7.0194e-006 5. 8371e-005 0 0 
1.5212e-004 2.6086e-004 5. 8371e-005 4. 8540e-004 0 0 
2.4608e-004 4.2197e-004 9. 8602e-006 8. 1995e-005 0 0 

0 0 0 0 0 0 
1. 2907 e-004 2. 2133e-004 4. 4397e-004 3. 6920e-003 0 0 

0 0 0 0 0 0 
5. 8786e-006 1.0080e-005 1. 1568e-006 9. 6194e-006 0 0 
1.3571e-005 2. 3272e-005 2.6706e-006 2.2208e-005 0 0 
2.0843e-005 3. 5740e-005 1.0452e-005 8. 6912e-005 0 0 
1.7332e-004 2. 9721e-004 8. 6912e-005 7. 2274e-004 0 0 
4.93528-004 8. 4627e-004 4. 2604e-005 3. 5428e-004 0 0 

0 0 0 0 0 0 
7.3274e-003 1.2565e-002 1. 2170e-003 1. 0120e-002 0 0 

0 0 0 0 0 0 
6.00448-004 6.922ge-004 1.0410e-006 8.6564e-006 0 8.3397e-004 
9. 3205e-004 1.7574e-003 2.4032e-006 1.9985e-005 0 0 
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4.1083e-005 7.0447e-005 1.9323e-002 1.853ge-002 0 0 
3.4163e-004 5. 8582e-004 1.853ge-002 3. 626ge-002 0 0 
3.3172e-003 5. 6882e-003 1.9650e-003 1.6340e-002 8. 0 

0 0 0 0 8. 3397e-004 8. 3397e-004 
2. 8316e-003 4. 8555e-003 2.4085e-003 2.002ge-002 0 0 

0 0 0 0 0 0 
2. 6868e-005 4.6073e-005 2.044ge-006 1.7005e-005 0 0 
6.202ge-005 1.0637e-004 4. 720ge-006 3. 9258e-005 0 0 
1.809ge-005 3.1036e-005 8.1162e-005 6.7492e-004 0 0 
1.5051e-004 2. 580ge-004 6. 7492e-004 5.61249-003 0 0 
1. 4527e-003 2 .4911e-003 7. 1602e-004 5. 9542e-003 0 0 

0 0 0 0 0 0 

Columns 25 30 

0 1.3728e-002 1.0703e-003 1.4452e-003 5. 3268e-004 4. 4296e-003 
0 0 0 0 0 0 
0 2. 1965e-004 7. 6466e-006 1.0326e-005 2. 1582e-006 1.7947e-005 
0 5.070ge-004 1.7653e-005 2. 3838e-005 4. 9824e-006 4. 1432e-005 
0 5. 3865e-004 6. 8433e-005 9. 2408e-005 7.4724e-006 6.213ge-005 
0 4. 4792e-003 5. 6907e-004 7. 6843e-004 6.213ge-005 5. 1672e-004 
0 1. 4347 e-002 8. 2822e-004 1. 1184e-003 5.6498e-005 4. 6982e-004 
0 0 0 0 0 0 
0 2. 9321e-002 9. 1363e-004 1.2337e-003 7. 8512e-004 6. 5288e-003 
0 0 0 0 0 0 
0 4. 5965e-004 1. 8265e-005 2. 4664e-005 3. 934ge-006 3. 2721e-005 
0 1.0612e-003 4. 2167e-005 5.6940e-005 9.0843e-006 7. 5542e-005 
0 4.076ge-004 8.0652e-005 1.0891e-004 1.3070e-005 1.086ge-004 
0 3. 3903e-003 6.7068e-004 9.0564e-004 1.086ge-004 9.0380e-004 
0 2. 6857e-002 1. 6860e-003 2.2766e-003 7.0923e-005 5.8977e-004 
0 0 0 0 0 0 
0 2.4304e-00l 2.5693e-003 3. 4694e-003 3.9018e-003 3. 2446e-002 
0 0 0 0 0 0 
0 8. 5451e-004 4. 5554e-005 6. 1513e-005 4. 334ge-006 3.6048e-005 
0 1.9728e-003 1. 0517 e-004 1.4201e-004 1.0008e-005 8.3221e-005 
0 2.9470e-003 1.6366e-004 2.209ge-004 9.7366e-005 8.0967e-004 
0 2.4506e-002 1.360ge-003 1.8377e-003 8.0967e-004 6.732ge-003 
0 2.4027e-002 3. 1495e-003 4. 2528e-003 3. 5822e-004 2. 978ge-003 
0 0 0 0 0 0 

2.2140e-003 3. 3658e-00l 1.6192e-002 2. 1864e-002 2. 1574e-003 1.7941e-002 
1.3514e-00l 0 0 0 0 0 

0 9. 4303e-004 1. 318ge-003 1.447ge-003 4.7163e-006 3. 921ge-005 
0 2. 1771e-003 2. 4754e-003 3. 6456e-003 1.0888e-005 9.0543e-005 
0 6.5767e-003 1.5397e-004 2.0791e-004 2. 1583e-002 2.035ge-002 
0 5.4690e-002 1.2804e-003 1.728ge-003 2.035ge-002 4.3041e-002 
0 3.740ge-003 9.6611e-003 1.3046e-002 2.4121e-003 2.0058e-002 
0 0 0 0 0 0 

Columns 31 32 
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0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 4. 2407e-003 
0 0 
0 0 
0 0 

4. 2373e-003 0 
4. 2407e-003 4. 2407e-003 

EUROSTAG(P) AVR with PSS; with saturation 

-9.4920e+001 
-9.59506+001 
-9.75836+001 
-9. 7635e+001 
-5.0215e+001 +1.52716-002i 
-5.0215e+001 -1.5271e-002i 
-5.04766+001 
-5.0511e+001 
-1.7305e+001 +2.1802e+001i 
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-1.7305e+001 -2.1802e+00li 
-1.8770e+001 +1.5755e+00li 
-1. 8770e+001 -1. 
-2.9323e+001 +2.1488e+000i 
-2.9323e+001 -2.1488e+000i 
-2.8784e+001 +2.0368e+000i 
-2.8784e+001 -2.0368e+000i 
-2.4611e+001 
-2.4173e+001 
-2.2633e+000 +7.9191e+000i 
-2.2633e+000 -7.9191e+000i 
-2.3360e+000 +8.2358e+000i 
-2.3360e+000 -8.2358e+000i 
-1. 1576e+001 
-1. 1181e+001 
-5.3257e-001 +3.8177e+000i 
-5.3257e-001 -3.8177e+000i 
-4. 6873e+000 
-4. 5641e+000 
-3. 6224e+000 
-3. 5342e+000 
-5. 8293e-00l 
-4. 6975e-001 
-3. 2687e-005 

3.3213e-008 
-1. 8017e-001 
-1.7871e-001 
-1.7831e-00l 
-1.0237e-00l 
-1.0303e-00l 
-1.0323e-00l 

Mode 25 is the local mode 
-5.3257e-001 +3.8177e+000i 

of relative 
elements of the matrix 

Columns 1 6 

4.3397e-003 2.6838e-003 
7. 5751e-003 6.9168e-003 
8.5880e-004 7.4844e-004 
4.7290e-005 4. 1213e-005 
2. 645ge-002 2.305ge-002 

0 0 
0 0 
0 0 

4.1065e-002 3. 5788e-002 
0 0 

of mode 25 to 

1. 6111e-005 8. 8717e-007 2. 9380e-002 2. 5605e-003 
3. 9630e-005 2. 1823e-006 0 0 
1.4006e-002 4. 5764e-003 0 0 
4. 5764e-003 4. 9401e-003 0 0 
8. 4990e-003 4. 6800e-004 2.9516e-002 . 0 

0 0 0 2. 6573e-005 
0 0 0 1. 543ge-003 
0 0 0 9.8951e-005 

4. 919ge-003 2.7092e-004 0 0 
0 0 0 0 
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1. 69378-004 1.47618-004 8.27018-006 4.55408-007 0 0 
4.16628-004 3.63098-004 2.03438-005 1.12028-006 0 0 
1.88068-004 1.63908-004 2.87968-003 1.58568-004 0 0 
1.03568-005 9.02508-006 1.58568-004 8.73138-006 0 0 
9.17828-003 7.99888-003 3.06738-003 1.68908-004 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

1.64108-002 1.43018-002 8.19388-003 4.51198-004 0 0 
0 0 0 0 0 0 

1.85498-005 1. 61658-005 2.38398-006 1.31278-007 0 0 
4.56268-005 3.97638-005 5.86408-006 3.22908-007 0 0 
2.48388-004 2.16468-004 3.49868-004 1.92658-005 0 0 
1.36778-005 1.19198-005 1.92658-005 1.06088-006 0 0 
1.14848-003 1.00086-003 3.43456-004 1. 89126-005 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2.10618-003 1.83558-003 7.28498-004 4.01148-005 0 0 
0 0 0 0 0 0 

3.23756-005 2.82158-005 5.25188-006 2.89198-007 0 0 
7.96368-005 6.94036-005 1.29188-005 7.11358-007 0 0 
2.79898-005 2.43938-005 4.39538-004 2.42038-005 0 0 
1.54128-006 1.34328-006 2.42038-005 1.33278-006 0 0 
1.17248-003 1.54478-003 6.12188-004 3.37108-005 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

4.03948-003 3.52036-003 7.63178-004 4.20578-005 0 0 
0 0 0 0 0 0 

Columns 7 12 

5.96798-002 1. 52516-003 9.83686-002 1.29328-003 1.52416-004 1.22936-004 
0 0 2.46066-005 3.18108-003 3.74908-004 3.02398-004 
0 0 5.26058-004 4.33568-002 3.35458-003 2.70578-003 
0 0 2.89678-005 2.38748-003 1.84728-004 1.48998-004 
0 0 2.76198-003 4.06588-002 1.06388-002 8.58048-003 
0 0 1.02106-003 0 0 0 

5.99778-002 0 5.93216-002 0 0 0 
2.30638-003 7.36748-005 3.80198-003 0 0 0 

0 0 1.82468-003 2.93028-001 9.09378-003 7.33498-003 
0 0 1.02026-001 0 0 0 
0 0 1.14088-005 6.46918-004 5.19668-003 2.97328-003 
0 0 2.80628-005 1.59138-003 9.06698-003 7.66618-003 
0 0 3.80038-004 5.75218-002 6.78256-004 5.47088-004 
0 0 2.09278-005 3.16748-003 3.73488-005 3.01258-005 
0 0 9.74278-004 1.64468-002 3.30388-002 2.66488-002 
0 0 0 0 0 0 
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0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 1. 1748e-004 2. 3955e-001 4.0941e-002 3.3023e-002 
0 0 3.0157e-002 0 0 0 
0 0 1.4503e-006 4. 1778e-005 3. 2204e-005 2. 5975e-005 
0 0 3. 5675e-006 1.0276e-004 7.9214e-005 6. 3894e-005 
0 0 6. 2641e-005 5. 6923e-003 7.2018e-004 5.808ge-004 
0 0 3. 4494e-006 3. 1345e-004 3. 9657e-005 3. 1987e-005 
0 0 1. 1642e-004 1. 2647e-003 2. 1718e-003 1.7518e-003 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 2. 8848e-005 2.4391e-002 2.7485e-003 2. 216ge-003 
0 0 3.4332e-002 0 0 0 
0 0 2. 6797e-006 5. 1471e-005 5.7200e-005 4. 6138e-005 
0 0 6. 5916e-006 1. 2661e-004 1.4070e-004 1. 134ge-004 
0 0 6. 1450e-005 8.5090e-003 4. 4480e-004 3. 5877e-004 
0 0 3.3838e-006 4. 6855e-004 2. 4493e-005 1.9756e-005 
0 0 1.9084e-004 3. 5661e-003 3. 4266e-003 2. 763ge-003 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 1.4144e-004 3.4325e-002 5.8471e-003 4.7162e-003 
0 0 3.0842e-002 0 0 0 

Columns 13 18 

2. 3840e-005 1.3127e-006 0 0 0 0 
5.8641e-005 3. 2291e-006 0 0 0 0 
5.9263e-003 3. 2633e-004 0 0 0 0 
3.2633e-004 1.796ge-005 0 0 0 0 
2.7916e-003 1.5372e-004 0 0 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2.0811e-002 1. 1460e-003 0 0 0 0 
0 0 0 0 0 0 

4. 1344e-005 2. 2766e-006 1. 472ge-002 2.0981e-003 4. 8903e-002 1.2497e-003 
1. 0170e-004 5.6000e-006 0 0 0 0 
2. 3152e-002 7.0535e-003 0 0 0 0 
7.0535e-003 7. 6977e-003 0 0 0 0 
1.5544e-002 8.5591e-004 1.4797e-002 0 0 0 

0 0 0 2. 1775e-005 0 0 
0 0 0 1.2652e-003 4. 9147e-002 0 
0 0 0 8.1084e-005 1.889ge-003 6.0371e-005 

1.066ge-002 5. 8747e-004 0 0 0 0 
0 0 0 0 0 0 

2.0798e-006 1. 1452e-007 0 0 0 0 
5. 1158e-006 2.8170e-007 0 0 0 0 



Univ
ers

ity
 of

Cap
e T

ow
n

D.2. SYSTEM 

9. 1537e-004 5.0405e-005 0 0 0 0 
5.0405e-005 2. 7756e-006 0 0 0 0 
6. 7551e-004 3. 7197e-005 0 0 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2. 5531e-003 1.405ge-004 0 0 0 0 
0 0 0 0 0 0 

6. 6751e-006 3. 6757e-007 0 0 0 0 
1. 641ge-005 9.0414e-007 0 0 0 0 
1.2201e-003 6. 7183e-005 0 0 0 0 
6.7183e-005 3. 6995e-006 0 0 0 0 
1. 2717e-003 7.002ge-005 0 0 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

3. 1284e-003 1.7227e-004 0 0 0 0 
0 0 0 0 0 0 

Columns 19 24 

5.051ge-006 7.1070e-004 1. 1861e-005 1. 4277e-005 8. 7762e-006 4. 8326e-007 
1.2427e-005 1. 7482e-003 2. 9176e-005 3. 511ge-005 2. 1588e-005 1. 1887e-006 
4.4326e-004 3. 7910e-002 8. 2352e-004 9. 9126e-004 7.4853e-004 4. 1218e-005 
2.4408e-005 2.0875e-003 4. 5347e-005 5.4584e-005 4. 1218e-005 2. 2697e-006 
5.8196e-004 1.2618e-002 1. 2163e-003 1.4641e-003 3.7861e-005 2.0848e-006 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

6.9661e-004 2.0336e-00l 9. 827ge-004 1. 1830e-003 3. 353ge-003 1.8468e-004 
2.5396e-002 0 0 0 0 0 
8.0605e-002 1. 0166e-003 2.4144e-005 2.9061e-005 1.2520e-005 6.8944e-007 
2. 1676e-005 2.5001e-003 5. 9388e-005 1. 1485e-005 3.0798e-005 1.695ge-006 
3.337ge-004 4. 2171e-002 9. 1642e-004 1.1031e-003 1.0998e-003 6.0562e-005 
1.8380e-005 2. 3225e-003 5.0463e-005 6.0742e-005 6.0562e-005 3. 334ge-006 
2. 1612e-003 1.7874e-002 2. 1635e-003 2.6042e-003 3.0611e-004 1.6856e-005 
8.3662e-004 0 0 0 0 0 
4.8610e-002 0 0 0 0 0 
3. 1154e-003 0 0 0 0 0 
1. 1375e-003 2. 2632e-00l 5. 9186e-004 7. 1964e-004 4. 5945e-003 2. 5300e-004 
6. 3136e-002 0 0 0 0 0 
1.4338e-006 9.1081e-005 2. 6555e-003 2. 2822e-003 4.5038e-005 2. 4801e-006 
3. 526ge-006 2. 2406e-004 4. 6638e-003 5.8405e-003 1.107ge-004 6.1004e-006 
7. 6190e-005 5. 1158e-003 5.1125e-005 6. 9483e-005 4. 2154e-002 1.3626e-002 
4. 2284e-006 2.8501e-004 3. 1786e-006 3.8261e-006 1.3626e-002 1.4733e-002 
1.2425e-004 1.6996e-003 1.6691e-002 2.0098e-002 2.2252e-002 1.2253e-003 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 



Univ
ers

ity
 of

Cap
e T

ow
n

D.2. G SYSTEM 

1.8188e-005 3.0442e-002 3.2211e-002 3. 8773e-002 1.4905e-002 8.2073e-004 
2.4785e-002 0 0 0 0 0 
2.7002e-006 1.3104e-004 1. 1247e-004 1.3538e-004 1.514ge-005 8. 3416e-007 
6. 641ge-006 3. 3110e-004 2. 1665e-004 3. 3300e-004 3. 7262e-005 2.051ge-006 
8. 112ge-005 8. 6318e-003 6.4247e-004 1.1334e-004 8. 5902e-003 4. 7302e-004 
4.4674e-006 4. 7531e-004 3. 5318e-005 4.2584e-005 4. 7302e-004 2.6047e-005 
2.0664e-004 9.7188e-004 6. 5643e-003 7.9014e-003 1. 2310e-003 3. 9811e-004 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

7. 9854e-005 4. 5644e-002 1.2254e-002 1. 4750e-002 2.6090e-002 1.4367e-003 
2. 2265e-002 0 0 0 0 0 

Columns 25 30 

0 0 0 0 6. 9597e-007 1.3088e-004 
0 0 0 0 1.711ge-006 3.2194e-004 
0 0 0 0 1.2188e-004 7. 8435e-004 
0 0 0 0 6.7112e-006 4.3191e-005 
0 0 0 0 1. 2217e-004 7. 6812e-003 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 2.7874e-004 1. 4110e-002 
0 0 0 0 4.0153e-002 0 
0 0 0 0 1.7061e-006 2. 3374e-004 
0 0 0 0 4. 1968e-006 5.1495e-004 
0 0 0 0 1.5008e-004 7.5891e-004 
0 0 0 0 8. 2643e-006 4. 178ge-005 
0 0 0 0 2.3025e-004 1.2213e-002 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 3.0793e-004 2.4201e-002 
0 0 0 0 3.4422e-002 0 

4. 1946e-002 2.6001e-003 6.0604e-002 1.5487e-003 9. 9892e-002 1.0257e-003 
0 0 0 0 2. 3615e-005 2. 5230e-003 
0 0 0 0 5. 8256e-004 4.4933e-002 
0 0 0 0 3.207ge-005 2.4743e-003 

4.213ge-002 0 0 0 2. 8544e-003 2. 7363e-002 
0 2. 6984e-005 0 0 1.0368e-003 0 
0 1.567ge-003 6.0906e-002 0 6.0240e-002 0 
0 1.0048e-004 2. 3421e-003 7. 4815e-005 3. 8608e-003 0 
0 0 0 0 2. 3737e-003 3.0084e-001 
0 0 0 0 1.216ge-00l 0 
0 0 0 0 1. 1928e-005 6. 3958e-004 
0 0 0 0 2.9340e-005 1.5732e-003 
0 0 0 0 5. 287ge-004 4. 8343e-002 
0 0 0 0 2.9118e-005 2.6620e-003 
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0 0 0 0 1.040018-003 1.479218-003 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 2.031518-004 2.393118-001 
0 0 0 0 3.520318-002 0 

Columns 31 36 

1.901918-005 2.291718-005 2.427218-005 1.336618-006 0 0 
4.678218-005 5.637218-005 5.970518-005 3.287718-006 0 0 
1.648918-003 1.986918-003 7.901518-004 4.351018-005 0 0 
9.079718-005 1. 094118-004 4.351018-005 2.395918-006 0 0 
2.177218-003 2.623518-003 7.794118-004 4.291918-005 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2.562918-003 3.088318-003 5.428718-003 2.989318-004 0 0 
0 0 0 0 0 0 

4.000618-005 4.820718-005 3.966518-005 2.184218-006 0 0 
9.840718-005 1.185818-004 9.756918-005 5.372718-006 0 0 
1.899418-003 2.288818-003 1.365818-003 7.520618-005 0 0 
1.045918-004 1.260318-004 7.520618-005 4.141218-006 0 0 
3. 9303e-003 4.736018-003 9.510818-004 5.237118-005 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2.176818-003 2.623018-003 7.958718-003 4.382518-004 0 0 
0 0 0 0 0 0 

1.125818-004 1.356518-004 5.104218-005 2.810618-006 0 0 
2.769118-004 3.336818-004 1.255518-004 6.913618-006 0 0 
3.733918-003 4.499318-003 1.046718-002 5.763618-004 0 0 
2.056118-004 2.477618-004 5.763618-004 3.173818-005 0 0 
8.341518-003 1. 005118-002 3.708818-003 2.042318-004 0 0 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

5.785318-003 6.971218-003 4.083818-002 2.248818-003 0 0 
0 0 0 0 0 0 

3.360918-003 2.921218-003 8.654018-005 4.765418-006 4.544518-002 2.621618-003 
5.963218-003 7.389118-003 2.128718-004 1.172218-005 0 0 
1. 961718-003 2.363818-003 4.853018-002 1.433218-002 0 0 
1.080218-004 1.301618-004 1.433218-002 1. 572118-002 0 0 
2.329218-002 2.806618-002 2.415918-002 1.330318-003 4.565518-002 0 

0 0 0 0 0 2.720718-005 
0 0 0 0 0 1.580818-003 
0 0 0 0 0 1.013118-004 

3.784018-002 4.559718-002 2.448518-002 1.348318-003 0 0 
0 0 0 0 0 0 
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Columns 37 40 

0 0 4. 9817e-007 2.071ge-004 
0 0 1.2254e-006 5.0964e-004 
0 0 1.5938e-004 4. 5150e-003 
0 0 8. 7761e-006 2.4862e-004 
0 0 1. 3728e-004 1.4430e-002 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 4. 1633e-004 1.2498e-002 
0 0 3. 6988e-002 0 
0 0 1.5051e-006 3. 8290e-004 
0 0 3.7024e-006 9.4185e-004 
0 0 2.0188e-004 3.0845e-003 
0 0 1. 1116e-005 1.6985e-004 
0 0 2. 6612e-004 2.3931e-002 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 4. 8800e-004 2.616ge-002 
0 0 3. 170ge-002 0 
0 0 6.666ge-006 7. 9603e-004 
0 0 1.639ge-005 1. 9581e-003 
0 0 7.0923e-004 3.0092e-002 
0 0 3.9054e-005 1. 6570e-003 
0 0 7. 9468e-004 2.4181e-002 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 1. 1913e-003 2. 1846e-00l 
0 0 3.609ge-002 0 

6. 1103e-002 1. 5615e-003 1.0071e-00l 7. 877ge-004 
0 0 2.4914e-005 1.9378e-003 
0 0 4. 8944e-004 6. 1646e-002 
0 0 2.6951e-005 3. 3946e-003 
0 0 2. 7730e-003 3. 3894e-003 
0 0 1.0453e-003 0 

6. 1408e-002 0 6.0736e-002 0 
2. 3614e-003 7. 5432e-005 3. 8926e-003 0 

0 0 1.9468e-003 3.0162e-00l 
0 0 1.0070e-00l 0 
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clc; 

A 
end 

% 
% 

1:496 % read data 

matrix 

') ; 

.txt; 

') ; 

) ; 

v 

• 

, manual control; 

column 1, i 
column 2, j 
column 3, 
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E.1. SOFTWARE FOR COMPUTING NORMALIZED RIGHT 
EIGENVECTOR 

for i ::::: 1:24 

end 

for j ::::: 1:24 
(i,j) 

end 

for j 
X 

1:24 
(l,j); 

for i :::: 2:24 

abs ,j)) ; 

normalises the 

if ,j) > X % check for the 

end 

X ::::: 
end 

end 
for i ::::: 1:24 

(i,j) 

end 

,j) ; 

,j) 

matrix P :::: 

of 

value in a column 

of state i in mode 

======-=======::::::::============::::::::============================= 
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E.2. SOFTWARE FOR ELIMINATING EFFECT OF SPEED 
DEVIATION IN SPEED VOLTAGE TERMS 

2 

1 

======================================================= 

matrix from the simulation results of EUROSTAG 
clc; 
format short e 

load 
% 

load 

end 

= 1:31 % read data 

.txt 
terms % 6th order 

l=i; 

.txt % 7th order 

column 1, i 
column 2, j 
column 3, 
terms 

column 3, 
terms 

(' results - manual excitation control'); ('Without 
saturation') ; (' matrix : with ') ; 
% 

) ; 

,) ; 

( , ') ; ) ; 

% remove elements in column 5 of the matrix 
j = 5; for i = 1:4 

APmw ,j) = 0; 

,j) ; 
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E.2. SOFTWARE FOR ELIMINATING EFFECT OF SPEED 
DEVIATION IN SPEED VOLTAGE TERMS 

end 
APmwu :::: -ATmwu 
APmu == APmwu; 

j 5; for i :::: 1:5 
,j) == 0; 

end ATmu :::: ATmwu; 

without terms)'); 

) ; 

, ) ; 

% 
( , ') ; ) ; 

:::: 1:39 % read data 

results - Excitation control with AVR'); 
saturation' ) ; 

with ' ) ; 

% 
( , ) ; 

( , , ) ; 
% 

( , ') ; ) ; 

% remove elements in column 6 of the matrix 

column 1, i 
column 2, j 
column 3, 

terms 
column 3, 

terms 
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E.2. SOFTWARE FOR ELIMINATING EFFECT OF SPEED 
DEVIATION IN SPEED VOLTAGE TERMS 

% 
( , 

( , 
% 

( I 

clc; 

load 
% 3, 
% column 5, 

for c ::::: 1:31 
k1 ::::: 

k2 ::::: 

k3 ::::: 

k4 
k5 = 
k6 ::::: 

end 

without , ) ; 

) ; 

I) ; 

') ; ) ; 

matrix from the simulation results of 

% read data 

) 

) 
::::: 

.txt; 1 + 2, row + column no. 
terms; column 4, Tm without terms; 
terms; column 6, Pm without terms; 

% 

% 

deviation included 
deviation 
deviation included 
deviation lle''' ..... ''' .... 
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E.2. SOFTWARE FOR ELIMINATING EFFECT OF SPEED 
DEVIATION IN SPEED VOLTAGE TERMS 

with deviation and without 
saturation' ) ; 

( , 

for i 1:6 
for j = 1:6 

P ,j) == 

% P ,j) 
end end 

for j :::: 1:6 
X P(1,j); 
for i :::: 2:6 

if P ,j) 

) ; 

factor from both the left and 

); % return the 

normalises the 

> X % check for the value in a column 

of P 
P 

X == P(i,j); 
end 

end 
for i == 1:6 

P(i,j) P(i,j) 
end 

end 

matrix P of state i in mode 
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E.!. SOFTWARE FOR ELIMINATING EFFECT OF SPEED 
DEVIATION IN SPEED VOLTAGE TERMS 

for c == 1:496 % read data 

end 

k1 
k2 
k3 

% for c :::: 
% k1 
% k2 

for i == 7:11 
AETS ,j) == 0; 

end AETSnew == AETS; 

for i :::: 13:17 
AETS(i,j) = 0; 

end == AETS; 

colwnn 1, i 

1, i 
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E.2. SOFTWARE FOR ELIMINATING EFFECT OF SPEED 

DEVIATION IN SPEED VOLTAGE TERMS 

for i == 19:23 
AETS ,j) == 0; 

end AETSnew == 

j == 11; for i == 1:5 
AETS ,j):::: 0; 

end AETSnew == 

for i ::: 7: 11 
AETS ,j) == 0; 

end = 

for i ::: 13:17 
,j) == 0; 

end AETSnew :::: 

for i == 19:23 
AETS ,j) == 0; 

end AETSnew == AETS; 

j ::: 17; for i ::: 1:5 
,j) == 0; 

end 

:::: 

for i :::: 7: 11 
,j) :::: 0; 

end AETSnew :::: 

for i 13:17 
,j) :::: 0; 

end == AETS; 

for i 19:23 
,j) :::: 0; 

end AETSnew == AETS; 

j ::: 1:5 
0; 
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E.S. SOFTWARE FOR COMPUTING SENSITIVITY OF 
EIGENVALUES TO ELEMENTS OF THE A MATRIX 

end AETSnew == AETS; 

for i == 7:11 
AETS ,j) =: 0; 

end =: AETS; 

for i ... 13: 17 
AETS ,j) == OJ 

end =: AETS; 

for i ... 19: 
AETS ,j) =: 0; 

end AETSnew == AETS; 

) ; 

========================================================================== 

for n = 1:31 % read data 
hl 

deviation included 
Eurol 
========================================================================== 

matrix -
saturation '); 

; with deviation and with 
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E.:l. SOFTWARE FOR COMPUTING SENSITIVITY OF 
EIGENVALUES TO ELEMENTS OF THE A MATRIX 

1. i = 1; 
for k = 1:6 

for j = 

end 
end 

)); 1. return the 

% return I.,;Ulil.lIJJLt:lJl. 

of the A matrix 

% ('Absolute of mode to elements of the 

1. 
1. 

of relative 
to elements of the 

)*si.*Euro1; 
ALSi :::: 

('Phase of relative 

sum = sum + si; 1. check numerical calculation 
end 

of is') ; 
; 1. sum of all = I 

of mode 

of mode 

of 

to ... 

========================================================================== 
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