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1 IN1'ROl)l JCTlON 

The rise o f  series capacitor coni~~ensated transmission 
lirics to iiicrcasc tlic inaxiniutrl transniiltable power, use of 
Static VAR C'oiitl)ensntors (SVC) for reactive power 
iiiaiiiigeiiicut aittl llie I IVDC coiiverter li i iks iri tlic case of 
intcgratcd AC/IIC systeiiis arc sottie of the causes for 
SSR iii powcr systems. l ' l ie  Subsyticliroiiorts Resonance, 
basically, iiivolves tlie excliarige o f  energy between 

liidrictances and capacitances in  the electrical system. 
DilTcrctit masses in tlie niecltatiical couiiterpart of the 
syiicliroiioiis generator 
Tl ic tiiccliatiical atid tlic clccrrical systcnis tiiutually 
coupled tliroupli tlie rotor of the syiicliroiious 
gcncrator. 

The dilrereiit niatiil'estatioiis of SSR viz tlie Iridrictioii 
Getierator erect, SribSylicliroliotrs Torsional Interaction 
(SSII) and the traiisient torques are already wel l  studied 
and tlociiiiictitcd / I  ,2,3,4 I .  Out o f  Ilicse, tlic excliniige of 
energy betweeii the capacitn~~ccs and ittditctaiices of the 
systeiri caiises ltiglier ordcr power oscillatioiis i n  a fast 
way. 1 lence, a detailed study or tlie phenomena of SSR i n  
power systems itivolviiig serics capacitor coinperisatioii 
and SVC is essential 
Corintenncasiires for SSR probleiiis are proposed by way 
o f  itistalliiig srtppleineiitary coiitrol for thyristor coiitrolled 
s11111tt reactor 15 I ,  Sripplctitcittary sclf tt~tiittg or a PIT) 
coiitroller li)r static VAR coii~l)ciisatoi~ 161, N G l  I d;inipiiig 
sclicriic (7,RJ. serics coni~iciisatioti dItvitig cttisyiiiiiietrical 
currents i i i  tlie tlircc pliiises of armt i i re  wiiit l i i igs of (lie 
gcncrator 191. co-ordimlct l  SVC coritrollcrs witti 
SribSyticliroiious Ih i ipl i ig  Coiitrollcrs (SSIK') o f  tiVDC 
rcctificr i r i  casc of AC/IJC systccns 1101, I'owcr Syslciii 
Staliili7.c1 (I'SS) tlcsigcicd iisiiig f i gc i i  strttctt~re 
assigiiriiciit tccliiiiqric I I I. 121 etc Tlic 13geit valrte 
atialysis of tlie systciii r i ~ ~ t l c r  coiisideratioli i s  reqriircd as 
nil iiidicntive of tlic pct.fortiiancc of any of  tliese 
cotsitcniicasurcs Ftiifltcr, in  sniiic of the coiiii(eriiicasiires 
involviitg Eigcit stiilctriIe assigiiiiieitf, l l ic valiies of tltc 

Eigcii valuc nnnlysis, Arfifici;il Nciiral 

pre-specified Eigeii values arc clioseii nibitrarily 
governed only by tlie expectations of the (Iatnpitig of (lie 
SSR niodcs hi sucli sihiatiotis. a knnwlctlgc of tlic 
existiiig Eigen values is necessary for aii optinml Eigeii 
stntctttre assipitnetit. n y  nti optimal Eigcii strricttire 
assigiinient, i t  is possible 1 0  ttinc the parilntefcrs or the 
SSR coiiiitenneasure so as to dcciiailtl tiiitiiiiial coiitrol 
effort f lowever, Eigen value iiiialysis is coiiil~ittatioitnlly 
intensive and the niodelitig coiiiplexity reqiiircd for this 
metlrod of  aiialysis i s  quite ItigIi. I;tirtlter, this ciictliotl 

also suffers froin tlie geiicral level of dillicctlty iil writitig 
elftcient Eigen value pi-ognins. I leiice. i t  i s  tiecessaty to 
design an eflicient tccliiiiqtte for I'igcn valiic niialysis Tool 
tlie study of SSll  wliicli coitltl avoid tlic cotivciitiotinl 
coinputation o f  Eigcii valucs and allcviatc tlic iiiotlclitig 
complexity, as well. 
Artificial Neural Networks (ANN), Fitz7.y I,ogic (FL)  
and their variations coiistilrttc a class ol' Iccliiiiqiics 
wliicli, in a generic seiise, niaps a set o f  iiiprtts to ii set 
o f  oritputs hascd on sonic ftiiidaniciitnl sii i ipli l icd 
knowledge wl i ic l i  i s  derived with iiiiiiiniiint tlcpctideticy 
on the exact model o f  tlie systeiit undcr cotisideration. 
ANNs are massively parallel sysleni of interconiiectctl 
nerirons each of  wliicli riiay be viewed as a ciiitriattirizcd 
processing element. The cliaracteristic feature of a NN is 
the ability to achieve coiiiplicatcd inoiit-ottfptif iiiaiipings 
tlirougll a learning process, witliout explicit progwiii i i i ittg 
Wlicreas A N N  acquires Iltis calxtbilily Iiy way of 
traittirig, tlie FL based system is Imvi t lc t l  w i l l i  this 
knowlcdgc iti l l ic fonit of ii rtilc basc wlicrc cacli of tlic 
rilles is aii if,..tlieit...else... st;itctiietit itivolviiig tliu iiipttl- 
o~itput paranietcrs qitantilicd by iiicaiis of lingtiistic 
variables viz tiny, siiiall. big. very big etc. 
1 1 1  t l ie prcserit papa, a tiittllilayci A N N  i s  iisctl 1'01 l l ic 
first t h e  to itiipletiieiit Eigcir viilttc niialysis roar l l ic  sttttly 
or SSR plicrloniena 011 tllc first bctic1iIii;itk iilotlcl 
proposed by IPEI :  Task I'otcc on SSR 'I l ie c o i i i ~ ~ i i i c t t t ~  
of tlic inpiit vector are tlic serics coii~liciisatioii Ic\& aiitl 
t l ie  niccliaii icd datiipiiig iti~totlticcd ;)I tlic liipli I~ICSSIIIC 
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turbine arid at the generator rotor inass. The components 
of llic otilpul vector are tlic rcal parts of (lie Eigen values 
or tlie system and the frequencies or oscillation 
corresponding to lhe electrical network. The NN is trained 
lo learn tlie underlying features of the relationship 
between the inputs and the outputs [ 131. For the purpose 
of training, several input vectors and the corresponding 
onlput vectors are evaliiated by oi%liiie simdalion. These 
input-output vector pairs fonn tl ie training set. The 
training set is  supplemented by a leaniinp algoritliin in 
itnplementing tlie training process. The Error Back 
Propagation (EDP) Learning Algoritlitn (LA) is used to 
train tlie NN. Once trained, the NN i s  validated by 
subjecting it to input vectors and evaluating llie error 
between tlie desired output vector mid the output 
generated by tlie NN.  

2 TllE TEST SYSIEM 

Tlie test systein considered for our stiidy is  the IEEE first 
bencli inark iiiodel whose oite-line diagram is  given 
in Fig. I 12.41. Tile synclironoits machine has two stator 
circuits, one field windiiig. one d-axis damper winding 
and two q-axis damper windings. The transmission 
network is  a single series conipensated transmission line 
connected to the generator and is  tenninated at an infinite 
bus. The inass-spring-dasltpot representation of h e  
turbine gcncrator (TG) set which fonns the ineclianical 
cotinterpart of the test system i s  depicted in Fig.2. The 
meclianical systein consists or six masses viz. one high 
pressure turbine ( t  IP), one medium pressure turbine (IP), 
two low prcssiirc turbines (LPA and LPB). Generator 
rotor mass (GEN) and the cxciter (EXC)[14J. 7;,.7;>,7;$ 
aiid 7, are the ineclianical input torques at different 
masses of the TG shan and are negative. 7; i s  tlie 
electrical torque oiitput aiid is  positive. d ,  thro' d, are the 
damping coefficients at different inasses constituting tlie 

W I 11 fi ni te 
Bus 

Fig I .  IEEE Firsf Benchmark modcl for tlic SSR study 

mechanical system Tlic electrical and meclianical systein 
parameters are given in appendix - I 
Tlic inallrematical descnplion o f  the syslcni using 
state-space Formulation consists o f  a set of twenty. first 
order differenlial equetions linearized at the initial 
operating point The state vanables are the SIX currents 
in dilTerent windings of the generator, SIX angular 
dtsplncements, six angular veloclties and tlie d- and q- 
axis coinponents of the capacitor voltage Tlrc resulting 
linearized equation IS of  the fonii 

A> = A A X  + B A U  ( 1 )  

where AX i s  a vector o f  diinension 20 representing Ihe 
increnic1ital changes in the state variablcs. A is  a square 
matrix o f  order 20 x 20 whose terms depend on the 
system parameters and the initial conditions. AU i s  a 
vector representing the changes ill the forcing fiinctions 
and B is a matrix of  constant coellcients. 

3 ANN AI'PROACII '1'0 SSR ANALYSIS 

ANNs are the recent clnss or cornpuling paradigms 
wliicli can implement Iiuman-like reasolliiig while 
solvilig problems with cotnplex functionalities. 
Futidamentally, ANNs map a set of input vectors onto a 
set of output vectors in a typical M d t i - l ~ ~ p t ~ t  Multi- 
Outpttt (hlInlO) type of system usitlg a non-linear 
transfer function, riscially a signoid I l l i s  capability of 
establistling corresiwndeitcc betwce~t IIIC iwl rind 
o~ l tp~ l t  vectors is  accrucd by nieans of thc lnilliw 
wherein tlie ANN i s  presented with a set Of (illpUt,Ol~tP~lt) 
pairs. Fiirtller, ANN, by virtue of being trailled. 
possesses tlie capability to predict the ot1tpllt agailist 
an inpiit sitllatioii wliicli i s  not covered during traiiiiiig. 
wit11 acceptable accuracy. This property Of iilterpOlaliol1 
i s  {lie generalisation capability and is  an ~ I l ~ l ~ O ~ t ~ I l t  

performalice measure of any NN. The desigll of an ANN 
based system consists of the following steps1 1 Sl .  . Training set CreatiOll . Training process 

Testing 
These design steps are explained in tlie following 
paragraphs in reference to the problem of SSR analysis of 
our test systein. 

3.1 Training Set Creation : l'he test system described 
in sectioii 2 is, ma he ma tic ally,^ represented using 20 
linearized differential equations ill state space fonn. 1'0 
indicate the possibility of SSR, i t  i s  necessary to nionitor 
tlie real part of those Eigen values of the system niati-ix 
whose ilnagirialy part corresponds to frequencies of tlie 
oscillations of tlie TG shall. Further, i t  i s  also required to 
monitor the frequcncies of oscillatioii corrcspotidiiig to the 
electrical network to assess the possibility of occiirreiice 
of resonance. Tlie diinension of the input vector is  3 
wllich include the series comlbnsatioii icvci x,, the 
mechanical damping at the hipit pressure turbine anci at 
the gctlcralor inass d, aitd tr , .  The diiiiciision of the 
O W t l t  vector is  equal to nine whicli iiiclridc the real 
Parts Of the Eigen values corresponding to tlie inechaiiiciil 
coutllerpart of the systeiii aiid the Eigeii valucs (both real 
and ilnagillary part) corresponding to tile electrical 
network. Note that there are two niodes of osciilatiotis 
corresponding to tlie electrical network one i t i  

s~~bsy~~clro l lous raiigc atid tIic otlicr ill srilicisyiicliroiious 
range 
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For tlie training of the ANN, 15 levels of series 
coinpelisation were considered between 0% to 70% wliicji 
is the practical range of' compensation provided i n  series 
compensated trarisrnission system. Further, six levels of 
damping were provided 21 each of [lie liigli pressure 
ttrrbirie end at tlie generator rotor inass with which tlie 
total numbcr of operating points became 540. For each of 
these operating points, the systeni matrix A is modified by 
adjusting tlie initial values and Eipen value alialysis was 
carried out, OK-line using MATLAB, thus computing the 
outpiit vector. The impedances of tlie generator rotor 
circuits are maintained constaiil for convenieiice. These 
540 input-output vector pairs fonii the training set. 

3.2 Training : The Error Back Propagation (EBP) 
learning algoritliin (LA) developed by Rumelliar! et al 
wliich is one of (lie most popular LA is used for tlte 
Purpose of training of tlie multilayer NN. Tlie EUP LA is a 
generalization of delta nile wherein the synaptic weights 
are clianged to niinintize the error wtticlt is the difference 
between tlte actual oritput pattents and tlie target output 
patterns. The error is giveii by 

where 
I, = The target oirtptrt at unit j for p-11) pattern. 
Om = Ilie actual output of unit j for ptli pattern 

0, = /,(Zro,O,) 
where 
.f, = The activation function wliicli is typically a 
continitorts sigmoid. 
OJ, = Streiigtli of the synapse connecting neuron i to 
neuron j .  
The weight is adjusted as 

where 
n= The nutiiber of tlie epocli. 
Ap,=Cliange i n  weiglit for the p-tli pattern. 
A , m p O ) + I ) =  r16,O,,+a A , o ~ , , ( f ? )  
where 
q = The learning rate 
a = Tlie moiiientinn rate. 
6 = Error tenn which depends 011 the derivative of the 
activation functioii. 
A tliree layer ANN consisting of an input layer, a hidden 
layer and an oiitpiit layer is considered. The schematic of 
tile NN wed for tile present work is giveii in Fig.3. The 
input and (lie output layers consist of tliree and nine 
neurons, respectively, correspoliding to the nuniber of 
inputs and tlie number of outpets. The neural network 
toolbox of the MATLAB was used to train this neural 
lietwork with 350 (out of 540) input-outpltt pairs as the 
traiiiitig set. These 350 iliputautput pairs were selected 
approximately to encoinpass tlie entire range of operatiag 
points. Tlie niiiiiber of iieiiroiis for the hidden layer and 
the tiionienlwii were detennined by trial and error and i t  
was possible to achieve convergence to a Sum Squared 
Error (SSE) of 0.002 witti IS neurons in the hidden layer. 
Fig.4 depicts, grapliically, the variation of the SSE with 
tlie ntilnber of epoclis encoiiiitered during tlie trainirig 
procedure. 

Er=112L(r , -0 , ) *  

m , ( f ? + I ) =  m 3 ( ? ? ) + Z A r u , ( f t )  

4 . 3 .  Mulliliiycred feetlforwllrd Neirr;tl Network 
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iTig.4. Varinfiuii uT SSE wilh (tic iiiiilitwr or IS~WCIIS  

3.3 Testing : Aner Ilie training process, the ANN is tested 
by subjecting i t  to input patfenis, froin arnong the trailiirtg 
set as well as from outside tile training set and comprltilig 
the error wliicli is tlte difference betweerl tlte desired 
output and the oritput produced by the Neural Network, 
17te maximum percentage error, for input pattenis frorli 
among the training set and for input pattenis outside tlic 
training set is found to be, approxintately, 10.0 arid 15.0, 
respectively. However, for most of the situntiotis 
presenfed to flie neirral network, the error is foiind to be 
less than 5%. Hence, by a judicious selection of tile inptlt 
patterns for die ptrrpose of training frorii the entire 
operating range, i t  is possible to reduce tlie niaxitiiriiii 
error to acceptable levels. Table I depicts tlie cornparisori 
of the desired (Computed) outpiit with the or~tput of the 
NN for a few test pattenis applied at the input of tlie N N .  

4 CONCLUSION 
in this paper, the suitahility of using an A N N  for SSR 
analysis is investigated with h e  IEEE firs! beiicliiiiark 
model as the test systeni. l'lie training set for llie NN is 
designed to encompass all possible situations and as a 
resrrlt, during the testing phase, a good generalisation 
has been observed. Bir! for the conip~ilationally 
intensive task of training tlie N N ,  tlte rest of the design 
process is simple and so is tlie opmtiotial 
requirements of tlie systeni With the availability of tlie 
Electrically 'I'raiiiable Artificial Neriral Network 
(ETANN) chips, it is possible to build a Iiardwnre driveii 
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SSR inonitor using the teclinique explained in this papr  
SO tliat it can be installed at the generating points where 
the network involves series coinpensating capacitors, 
SVC or IWDC converters. Ftirther, it is envisaged that 
the N N  based SSR inonitor shall be followed by a NN 
based SSR countemleasure. iising Static VAR 
Compcnsalors in AC sysleins or supplemental Damping 
Controller for HVDC rectifier in the case of aii ACDC 
systems. Tliis further rescarcli is the htture work of the 
aiitliors. 
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I -0.Y3.51 U.GS21 
2 . 0 . 9 m  0.7040 
3 -0.9647 0.7709 
1 -0.9699 (J.RZR9 
5 -0.97ocC 0.R3J7 
C, 4.9741 U.R704 
7 -0.9754 O.RR3G 
R 4.9763 0.R92.1 

10 -0.9775 0.9053 
I I -0.9794 O.927R 
12 -0.9R13. 0.9454 
1.1 -0.YRZR O.YG40 
14 - 0 . Y R 4 1  0.9R19 
Is -fI.YRJR 0.9Y91 

9 -0.97G.1 O.R94U 

I G  -0.YGYG U.RIRR 

"3 - 
0.97RO 
0.11193 
0.6703 
0.517G 
fl.S3I3 
0.4113 
[).4 I26 
0.3yOI 
1).3nca 
0.1553 
0.3 14.1 
fI.2GM 
0.217R 
I). I716 
0.1343 
0.575 I 

u4 

-0.7R35 
-0.7S7R 
-0.7445 
-0.7Gl I 
-0.G290 
-0.5272 
-0.112G 
-0.4OR9 
41.4 IS9 
-0.SG52 
-0.3301 
-0. I6SR 
-0.0 1.17 
0. I R7G 
(1.15.51 
U. 1567 

APPENDIX - 1 
Transmission line: 
Re = 0 . 0 2 ~ ~  X, - 0.7pU Xc = 0 . 3 7 1 ~ ~  

Generator: 

d- axis rF = 0.001406pu rD = u.oo4085pu 
0.062pU ID = 0.0055pU :: z 0.31pU 

q- axis rQl z 0.014058pu rQ2 = 0.000223pu 
0 . 3 2 6 ~ ~  lQ2 = 0 . 0 9 5 ~ ~  

= 0.13pu 

LAD = kMF = kM 
Lna = kMQl i= kRQ2 = MQ = 1.58pu 

= Hn = 1 . 6 6 ~ ~  

Mechanical. system: 
----c---------------------------------- 

Mass 

------- 
IIP 
IP 
LPA 
LPB 
Gen 
EXC 

Inertia 
11 (eec.) 

0.092897 
0.155589 
0.858670 
0.004215 
0.868495 
0.034216 

---------- 
Shaft 

section 

IIP-IP 
IP-LPA 
LPA-LPD 

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

LPB-Gen 
Ge t i  -EXC 

spring 
Cons tan t 

7277.0 
13168.0 
19Cl8.0 
26713.0 
1O64.0 

---------- 
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