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ABbTRAtr

I

•

.•.._-

An accurate determination of the synchronous mschine

parameters under sub-transient, transient and sy"ch~Onous

conditions is essential for the pre-determination of the

behaviour of synchronous lIlachines under different conditions.

A number of conventional methods are used to det~rmine theae

parameters. Recently two new ~ethods. namely the indicial

response method and the 10>< frequency response method have

been developed. This wo.rk evaluates the .pplicability of the

new me~hod8 for measurement of machine parameters.

The new tests are made with the machine in the standstill

..condit ion. fh. indicial responsolllflthod. con15ists of .applyinV II
, ,_ ~.".. l ~ " _ _ • ,f .

dc volte(jll to a windinn of the synchronous machine and recording

.theirl!lnsien.t'",avefLlrm,~f 'cut-l:&nt.--ll'l' low fx'cQutlnc'y "I-llSpOnSEl
•

lnethod.-' a miablevery 10..••-'f;C'queii;y fl':"- 5Hz) 'is opplfed to .

a winding. ''the rills values of voltage .• current end phase sngle

between them are mea'lured at •elif'ferent fru<;uenciea. If ith these•

•

experimental values. the parameters are calculated using e.qua-

tians.

The theoretical basis of the new methods of measurement

together with a summery of the conventional methods of m~aEure-

ment have been presented.

The parameters of a three-phase laboratory alternator

have been measured both by the ne", ~1!thods and by conventional

•••ethcds. Results of the new lIlethod!l, of lIIeasurel:lent have been

•

•
•

found to be in close agre"ment with tho~le of convllntional meth~d8 •



•
r
I
j

The advsntagesof thenaw methods era that eaclf test is

made with' the machine. in the standstill candition and that the

power requiremerli: for each test is small •. \1ith lar'Je machines.

the new methode will prove to be very convenient compared to

'th'e running telSt~ by convent.ionel methods.

The analysis of relSult~ of this investigation leads to

the conclusionthet. incoursa~f time, the nsw methods will b.e

-accepted as standard methods with other .conventional
~ ""T_f~r 'it" ,,' '" '..h'~~-")\. \ l\~-, .. _ .: '. '.for.,ffieBsur,ementv o f'i;synchronoo-S\ m'ach1ne quent1 ties.v ""l,V 0 \..- \ '" ".•",~"-"_~_~ 1 -J .'
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1.1 Introduetion

-1-

:li1\PTH, ].

INTROUUCT !ON

I

•

Electrieity i.e used in almost every sphere of ou~ lives
in the present. day world. This important source! of energy is

generated mainly by elBctrornechanical meene usinq synchronous>
machines. Although at present t,here are some direct methodl5 at'

converting other form of "nargy into electrical energy., but these

methods arB nither efficient noreconomicsl. Moreover bulk amount
of electric'al energy can not be 'lenerated by these methode.

Synchronous machines remains still the only source of bulk supply
of electr1callll'lergy.

•
In or,.er to mBinta!n a rell$bla end adequate zupply of

!!lectriClll en. rgy, .the behevioul" of &ynchronou IS machine muet be
•

aClllxtained under diffl'lrsnt condittons of its operetion such as

changes in eKcltllltion, chanllElS in .lcllld, auciden fault in the system,

trllnaient end steerly l!l'tetestsbility prol3l£llll'l. The beheviour can ••

be acertained using the constl!lnt!!l of synchronous machines. These •

constants should therefore, be determined accurately for pre-
deteI1llination of machine behaviours.

•
•1.2 Hio:todcal Dc.v!!llgpm","t 0 f Twg-reaction Th"orv

Before the t'evelopment o~ thll two-rasetion thnory of synchro-

naus mllch!ne, relatively few machine constanta were uged. A $1.n91e

value .01' reactenC19 (usually cl'lll!ld ermJl'I:ure leakage rell.ctance)

weB uftlld to calculate the in1 tit! 1 ehort-circui t current end the

•

•
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•

standstill decrement cur"" WlIlS used to determine thco decey. But

it wae noted lnternn that for Iileliunt pole aynchl'onoull ml)china •
• •the flux distribution is not: exactly einusoidlill end for field ..,ith

distributed iron andcOPPllr, gomewnat higher resul'ts art!! obtained

then actusl teet results. In order to overcome th1t1l difficulty

professor Andre nlonde1 published in 19047 hie two-reection 'theory
in which the machine was divided into two l1ll<IlG. The method wes

exemined in detoil14 by Doherty end Nackel, who published e aeries
. e 9 10 11 12 .of 1t1lportant pepere ", '. A valueble contribution to thl!l

eubj .ct w ,Ii mede by ParI< in a l!l!!t Qf thr.8 paperl!llS.16 ,17. These

papers not only develol,lltd th e two-exi i!iequetionm 0 f synr;hro nous

machine, but they :1ndic ated how the equ8tio06 csn be applied to •
•many i ,"portent problems. l" flrkli transformation provi des the mo81:

important fW'ldemental concept in the development of generalized

two-rsaction theory. This generalized two-reaction theory is now
applied to determ1na th II constente 0 f synchronoul!l mechin,?s.

•
•

1.3 Purpose of Inye,tigation

II numbereof conventional methods such as thomll d»acribed

in IEEE teat procedursl,2, 1965 srll yensrelly used to determine
•

ll>lperimentelly the parl!lmeters of synchronous mnchines. A number of

these tests have to be performed if' .11 thll mechine constants are

to be determined. MOreover most of these test!il are made wit h the

machine in the running condition end consequently, involves elaborate
experimental setups SF. well 88 con5iderable efforts with large
generatorD. In 1968 Mr. H•. Kaminosono end Mr. K. Uyeda18 published

•

,

•
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a paper on a new method of met!\'iurGll1lJnt of a~ltlchrt3ncus machine

quantit:l.ea usin,; til!'! indicia 1 .responste method end t he low f'requ ency
•

response mathods, "Ihich heve also been consi,de:::ed byott{er investi-

gators elsowhere.

This work evaluate!;; the l'Jpplicability of the new methocls

Tor maalSurement of synclu:onoua machine quanti ties. II methamf.lt1eal

deacripticnof thl! synch,ronous machine errl !l concise summery of

the important convflntional methods of measurement of machine eons"

tenti!! has been presented. The theoretical basis of the new methods

has been developed. Thl! co'tlstentsof a laboretory alternator haa

been detetmined. experimentally using the conventional method.6 es

•well as the new methods, inordaX' to presl!lnt III complJr.l.son .01' til.,
•two methode and to SlUqgest modification and improvement of the

new methods ••

•
•

•
•

•

•

•



-'1--

CHAf'T[f12

THf. :,YNCHflONOUS MACHINES------------
2.1 Mfrthrm"ticAl Discription of Synchronous M",chine •

The schematic layout of the wintling of' a 2 pole. 3-phase

synchronous mftchine is shown in Fig. 2-1. The mDgnetic flux paths

have dif'ferftnt permeances in the direct (polorl end quadrature

linterpolarl llKes of the ",,,chine. The direct end quadrature axes

revolves with the rotor. whilt- the magne,tic axes of three stator

phases eb1: remains fixed in space. the IlIsin field winding lies along

the polar axis and the oamper winding sere rapr atlantad by two short-

circuited coils, one in each axis. The machine i~ ideali~ed by making

following assumptions'
•

1. Saturation and hysteresis effect.s ere negl.igable •

•

•2. A current in any st.ator winding sets only a fundamentsl

mmfwave. which is sinusoidally dil!tributed in sPace around

. the eir gap.
•
•

•

The machine is replaced by eiK coils. These reGults six self •

induct~ncea and dmfferent mutual inductances between the six coils.

2.2 Top. Volt.aoe Relation •
•

The voltage eQUations of lill the sile windings in "terms of

. flux linkages, resistances anti currents are,

•• P <fa

'1,=p)'b-

•

•
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•
fig. 2.1 f th e. c layout 0Schamat~ .Machine •Synchronous

windings of a

•



fie '" p~ - ric

8f' = Pl/f .,. rrif
0 '" PYo + rnio
0 '" p~ + rfiQ

(2.l)

•

. \. ,

Since the nux linkage

linkages of armature windings {

is '" Li. The above flux

l. 1'i010 winding ( )

end damper windings (

fa 1. - Il.abea

Yb Lba - Lbb

~ - L - lcbca

~
'" - Lfa• - Lfb

V; LUs• - LDb
YQ - Lila - LOb

) aX- e

- L II.af' Laa L
aO iac a

-L l.bf l.bD lbQ ibbe

- L Lcf LeD L. iec cl.1 c
(2.2)

- Lfc Lff 1.fU Lf'Q if
Lnc L01' Lon Ll)Q in

- Loc LQf L CIIl LQQ iQ
•

•

2.3.1 5ta~or Self Inductancer.

The armature windi,ng self inductan,;;e varies according ~o

different angular position of the rotor with respect to the stator.

The inductancGv/JrieB from a minimum when the interpolar axis .is-

tn line with the phase axis to a maXi lIIum When the polar axis is in

line with the phase. This varying inductance consists of a fixed

value and a variabl,e value. which depend son the engu lar posi tion

of the rotor.1heref'ore. the self inductances are given by

- .

•
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L '" L ••• L Cas 28ea "eo sa2

'"L .•.L 2 Cos 2(8aao sa

2.3.2 Stator Mutuel Inducblnces

120)

.•. 120) •

(2.3)

The mutual inductances between l'lrm"ture 'windings also depends

an rotor posit ion. The mutual inductances 0 f phase ',abc are

Lab •• L
ba '" - [Lebo + l ea2 Cos 2 (I'} + 30)]

Lbc '" Lcb '" - [Lebo ••• Laa2 Cos 2 (B - 90d (2.4)

L '" L •• - [Labo + Laal Cos 2(e + lSOlll)J
ce ftC

•
2.3.3 Rotor ~elf-Induct~ncas

The rotor self inductances lff. LOO and lOti ora constant

and are independent of rotor position with respect to the st6tor.

neglecting the effect of rotor slot and saturotion.
•

2.3.4 Rokor Mutual Inductances

All mutual inductance between any twocirctli t5 both in any

axis (direct-or quadrature) i !S constant. Therefore Lf'D ",LOf '" constant
•

'thero is no r.lutual inductance between any direct lind quadrat:ure

axis. That is.

(l.S)

2.3.5 Mutual Indyctances EetweenHRlIli &tntor and Rotor 'i reui 1:",

All stetor-to-mutu!'!l induct 'Incas vary sinusoidlllly witb

rotor. angle and they become maximumwhen the two coils in question
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are in line

Laf •• Lfa co 1af Cas I'l

Lbf '" Lfb •• 1af
Cos(8-120)

Lef = L ~= 1of Cas Bfe

LbD = LOb = 1aD Cos (S 120)

LeO = LOe •• LaD Cos (8 + 120)

LaO •• Lqb .. - 1aQ Sin fJ

LbQ •• LOb •• - 1 Sin {e - 120}eCl

l.eQ •• L •• - 1al:! Sin (8 •• 120)Qa

2.4~Park's Transform ••t ion

•
(2 .•6)

•
~.

The phase variables abc egn be trans'fa1"med into dqo variables

by Park'a triJri8formetion. The i':ransfarmation .01" abc variab les into

. dqo variab 1es are defined by

0 Cos e (0$(8-120) Cos(8+120} 0 •d a

I) 2 Sin e •..Sine 8-120} -5in(e+1201 °b (2.7) •="3 -q

0 • • t ()
0 if T a

where 1) stands for voltage. current "nd fluxl1nkage.
•

•

The inverSE! transformation of dqo variables into abe v••riebles

is given by

(l COa e - !Jin 8 1 °da
i.lb Cos(S 120) - Sin{H-120) 1 11 (2.B)q
i.I Cas(B+120} - 51n(8+120) 1 0e a

•
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2.5 Svnchronou B Reactance!!

The values of inductance coefficients from equation (2.3) to

(2.,6) are eubstitutlted in the nux linkage equation .{2.21 and the
o

phase variob lee of the resultinq equations ere transformed into

dqo variables by using Park's tt:ansformation to give.

iu (L L 3
Tq, = - aea + abo - '2

I.J/o= - (l- 2 lab li/oB:eo 0 a

In equ etlan (2.9) S6 and ~ -may be regst:ded as corresponding
to flux linkage in coils moving with the rotor and centred over the
direct and quadrature axes respectively. The equivalent direct a~is

o
anrl qurlrature axis moving armuture circuits heve the per unit reac-

tenCEl15 o

x
q

3= quadrature axis reacta"c/'! ,"' Loea •. labo - '2 Lea2
•

In the 11ql1t of' the relation of perllleebility., the steady-

state component of mutual inductance bntween armature windings
Lebo of' equation (2oll) may be taken to be approximately half tohe

~teedY-3tate component of self ul'looctal'lCfl of arm",ture winding L
aao

Also the inductances 0 f arm•.•tur", winding in direct and quad-

reture exils are obtained by putting B = 0 end a •• 90 respectively

in equation {2.3} •

•
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L deL + L, 2ae sea 8a

L '"L - Lma2,aaq aao ~
•

•

(2.11)

The pe,r-unit reactances are numerically equel to per uni~

inductllnces for negligible variation in frequency. Therefore the

per unit dq axes reectances are

Xd •• I. + Labo + l.Leac 2 aa2
L 3

'" L + ~ + "2 Laeo 2 ea2

x ! L
d '" 2 ead (2.12)

;( '"(lq 'sao
3+1. --2abo L 2)as

•

L 2)aa

(2.13)

2.6 Operational neactances

From equations (2.2) and (2.7) we have

•
•

%= 3
id '" L,O if + LDn in• - "2 LaD

~ .. 3 i LQQ iQ,- - L •••2 eQ q

•
(2.14)

Using the exprss£ion Y:f. i.Jp • cnd ~ of equation (2.14) in

the voltage BQ'.Jation (2.1). the last three voltage equation for

eft ell and BQ can be written in the pe r unit form as

•
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Ie •• ..2- [ ••.~ lat' id +lff if + lfn io J if'f' "'0 + rf

en = 0 ., ..2- [-i laD id + If'D if .• lOO ion] t rn in1010 •

SQ .= 0., -iO!....
[- ~ LaQ i •• lQQ iQJ '" rQ 1Q"'0 q

,., 1 d
where ~ ••-- --- ., prr unit differential operstor.

""0 loIO dt

From equation (2.9) and (2.10) •.•e hove

(2.15)

~ •• - xd id + Lsf if + LaD in
< 2.16)v:, •. .. l( i '" LeO iQ'V q q

If' flux linkage rol"t1ona and t:he voltage equations Bre 1i'16ar.

the rotor cit'cuit variables if' iO and 10 cen be elamenated from

equations (2:15) and (2.16). so that ~.md ~/ ,colin be written in

oplir~tionll'll f'orm asl

-f.- {P;<LollLa/- 2Lf'D laO Laf'+ Lf'f Ll'li}+P{la/ra+laD2rfl)]

p <LUULf'f -Lf'D l .•p( Lun rf '" If'f X'D) .• rn r l'
i Vii "' ' .• , .•Cl~-.•...Jl ••••••

•

•
i

IIJ

•

(2.1a)

In compact form equation (2.17) and (2.18)

~ •• G(p)e, •• xd (p) i
d

Y9, •• - xq (p) iq

•

(2.19)
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where G(p) is a function and )(d(P) and

impedances defined ~ squat ion (2. IT)

)( (p) are operationalq
and (2.18).

The upper limit ,of currents can be obtained by neglecting
•

resistances. This is equivalent to put pea in equations (2.17)

and (2.18).

x( p) = x" '" x (p •• a) = xq q q Q

2.7 Coupling Coefficients

2
taf -

LDO

L 2aQ
LQQ

(2.20)

(2.21)

The coupling coefficient K between any two winding x and'yxy
is defined as

K' 2
xy

L 2

'"
xy

L Lxx yy
(2.22)

",h ere L = self inductance of coil xXX
L '" self indu c"ance of coil yyy
L •• mutual indu ctance between coil x and yxy

Using the l-,bove defination of coupling coeffic.ient, the coupling

•
•

•

coefficient s between th e di fferent windings ,of synchronou s machine•
•are

where

•

Armature Vs field winding~ K 2. sf

L 1 Ld = ZeBd

(2.23)
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Ar'" ture Vs direct axis damper blinding

Armature Vsqu<'ldreture axil> damper winding
. 2
Lap

I<"",n2 •• L L•• .q . Qll

•
(2 .•24.1

(2.25)

where L
q
1= 2 Leeq

field Va damper blinding

2
lfD
Lrt Lon

(2.26)

•
2.8 Subtrans.tent end Tran!'lientHe ••ct ••n.ces

Using the <bovecoupling coefficien'ts from~ equation (2.23)
•

to (2.26), equation (2.201 lind 12.21) becomelh

Xd = subtransient direct axis reactance
•

•
It 2nO
1 -

) (2.27) •

x" '" substransien't quedratureaxis reactanceq

•
•(2.28)

The transient reactances ere defined by assuming that there is no
r,oto1' circuit (damper windings) except the field winding. Therefore

the tenns for damper winding inequetions (2.27) and (2.2.6) ere

neglected to give the transient reactances.
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Xd •• tren stent direct sKis rf!'lctance
2

•• Kd(l - Kef' )

x' •• transient Quedrature axis re"ctaneeq

= x.
q

2.9 TimeConstante of the IJindings of Synchronous Machine

•

(2.29)

(2.30)

L
Th.e time constantai' any windinll x, is defined as Tx •• ...lU!.... •rx

where Tx ill the timeconstan1; of the winding, L is the self induc-KX
tence of the winding and r is the resistance of the winding.x

The time constanta of synchronous machine windings, by definition

ere

Quadrature sKis dlHllper winding time 'conlltent TQ ••

Direct-aId:, dempe.r winding time constant. TO ••
•

•
Field winding time co nstllnt;

Direct oxis armature winding time con5tant Ted"
LFled
r

•

•
Quadr<:ture exi& eJ:'m;:ture winding \:imll constant T ••

aq •

2.10 New MethodQ of I'le"surem.!.nt of Syncl1ronous m'}chine P"ramters

The synchronous mechine quantities cen be measured by two ~ew
•

methods, namely indicial response method on1 low frequency response

method. Doth of tha new ml!tthod15do not reQUire that the machine is

in running condition. Instead the test is mede with the mnchine in

the standstill condition. Therefore, these teste ere very convenient

for measurament of pererneters of large machines. The tests are appli-

cable to both salient and non-salient synchronous machines. In the
•
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indici"l response method the transient weveform of current due

to sudden l!IPplication of a d.c. voltagl!l to a stator coil is recorded

on a photographic film end the waveforlll is anelysed to obtain the

important synchronous machine par.'!IJeters. In low frequency respo'nse

method a variable low frequency (1 - 5Hz) is applied to 1'1 phase

winding, wit h the machine in t he stand sU 11 co oct itio n. The rms

values of the voltage and current 'together with the phase difference

between then iJre :required for cl]lculation of lilachine paJ7!lll1e$tirs.

rhe rms values are obtained by using a voltmeter and en ammeter

and the phase difference can be noted f%'Om 1h e o$cilloscope screen.

for greater eccurecy the liIllVeforms of the volteg 9 cnd current can

be recorded on a photographic film to find the phase difference •

•
." - .2.10.1 Ind1ciel Hssponne Methop'

If a tr.c. vo1tege issudden1y applied to en armature windi"g

with other t1olO armature windings open circuited. the tr.,nsient

phenomena cccoring can beexpre!3sed by the following voltage -

current differential equations (rig. "2~2l.
•

•

When the field winding itS open circuited end the rotor is in polar

al<is

E P l d + r - p KeD I
lila a •

• (2.21)
'"

0 -p K
aO

f' •••-L InTn

when the field winding is "hart circuited and the rotor is in

polar I'Il<is •

•



L0-0.8

K"f

/, 1
'R -,,' '.1 fl>

," \

•

field

•

•

d-axis

KOQ

I \
•

q-axis

•

•
Fig. 2.2 Circuit and Quantities of Each Axis • •
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E P L
sad + r - p K aD - Kaf 1a

0 - P"all
1 pKfD In (2.32 )•• 13+ - -TO

-! •
0 - pKaf - p Kfo P •• IfIf

The transient ermature cur, ent, with field winding open circu-

ited is ,obtained by selvin!! the squati.Gn (2.31) umin" the laplace

transformation (Appendix E). The current is given by

1 •• I - I e-( t/Ta18 ) _ 1.. _( tiT 2 )ao !lao alo 1320e a 0

where '0' signifies that the field circuit is apen.

(2.33)

The pllr~meters ofeqtll'Uon (2.3l)cen be related ta the time
•

Resistance of armature winding.

inductllnceself

y •• I:
1aeo

of crmature winding i.n
I T

T.IO(l + -p20 x a20)
u lalO TalO

II... a20
lalO

direct axis

(2.34)

( 2.35)

•
•

Tad ••

Time co nstant of d-axis damper wi nding.,
•

Ia20 TTelO( •• ...!!R!L )IalO TAlDTO '" 11320I ••• lalO
Time constant of armature winding. in a-ad $.

L d...J!.!L.
r

•

•

(2.36)

(2.31)
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Coupling coefficient between d-sxis d,mper end erllletue winding

la20 . T )21 a20
I - T

KaU
2 810 alO (2.38)•• 1 ta20 ~

Te2a •
(.~

"" )( 1 +
leW TalO lalO

x TalD
2

The above values of Load" TD' l<eO ' Tad ora reqllir~d for

calculation of mechina parameters.

::Jimilarly the trl'lnsient current through the arm"ture winding

with field winding c10sed and rotor in polar ads is given by

three decaying compon£lnts of currents

consbmt s. Tals' . r a2s' T03s' t.m ern' 5:
«.EZH circuit is short circuited.

lals. Ia28• Ia38 enr! time

aignl fiea thet th e fiel d

•
The sa).ution of th e equation r2.32) h 9 ivcn by

I.. •• I. r. -( tiT 1). ,. -( tiT 2 ). .{ tiT 3- e a s - •. -- e a s - I 3 e asas aao' ale . a2s e s

where, tillle const"nt of field winding is

{2. 391

-L+
•• Tale

....L-
T e2s

+ -L-
T 38: 5

1- .-.Tad {2.40} •

Coupling coefficient betweI'Jn d"mper and field ",inding is

2 I 1 1 1 -L ~
T als

Krn •• .J!.!D. (- -- )(- - r 1 1+( -1)( -1)
E T T T • s TO Tfels a2s a3B •

•
end coupling c:osff'ic.i ent between armlltu re end field winding is

- T T - iT - T T Jels sis a2s a39 a39619

K2
af

•
2

KfO J ""
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With the magnitudes and time consten~s of decaying components
of transient current, thus obtained the rellctances xd' xd snd

Xd Are c "lIeu lated using equation (2.12). 12.29) an:!. (2. 27) respec-
•tively.

The quantities wi~h respect to the quadrature axis are obtained

in similiJrway with rotor in the interpolar (quadratura) axis. The

numeric"l calculations of all machine quantitieo by step response

method using 'the appropriate equations are given in section 4.1.

2.10.2 Low Frequency ReRpOnaEl Method

A varil'.ble low frequ.sncy (1 - 5Hz) is applied to an armature

",indinq with the other two ormature windings open circuited Bnd •
with the rotor, in directalCis. The test r:lu'!t be carried out at least

I3t the different freqt.mcie s•
•

1n this case the current-voltage eQUations are similar to

those of the step response method i.e. equQtion (2.31) and (2.32)
except that the di fferential operator p is replaced by jw

when the field winding is open,

•
•

e I i
a

eo

• ( ~.•43)

a -jw KaD jw +

when the field wiending is "shol:t circuited

e jw ll!ll'.ld + I' - jw KaD "- jw Kef i
III

0 •• -jw K aD jw + L - jw KfD in (2.44)Tn
-jw K Jw k,O jw 1 ifa ,- Tffi!~
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The d-exis equivalent resistance and inductAnce as flcen from

the stator is datermi",~d by meaau:ing the voltage {I'd and current

(1) of the arm3ture 1II1inoin9 and the phese engle (91) between theme •
at two different frequencies with the rotor in the d-axis.

Equivalent resist nee. R
••do (os If. (2.45)

Equivelent inductance Sin II (2.46)

The expression for equivalent reS! stance end inductance 0 f

the armature winding with the field winding open. thllt is.

(fl d + jw l d ) can be extracted fmll! equs tion (2.43). They areao "1\10 KaD2
l aed TO

Rado '" r + ...L... )2 (2 •.4"f)
1 of. (

• w Tn
K 2

L ",. L 1 -
flO (2.48)ada ead 1 +(-+-)2

W D

The experimental velues of n d and L d at two different •a a a 0

frequencies can substituted in eQUation (2.47) end (2.48) to give

two equations for R -' and elsa two equations for L d • Thesea"o a 0

equations can be solved to give.

•

The sel.f indue tanea of BI:'Ill ture \dnding.
•

2 2 3
L d" L d 1 +

"'1
(L d +

Wz tedo
)ae a 0 Z 2 13 0 R 2WI - 102 ado

Resistance of armtltura windinq

•

(2.49)

r ••fl d 1e (] ,-
W 2
1

w 2 -1

2
Z(fl. +w2

1012 ado

L 2ndo
R

ado
) (2.50)

, ;'yo..
:<!1i\
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Coupling coefficients bet ween d-exls dMlper and armature wi.nding

K 2 ••aD (2.51)

Tima constant of d-axis damper winding
L••do
~
ado

(2.52)

",here Ladol• Ledo2 equivalent d-axis inductancG at Wl and "'2

respectively •.

It
adol •

respectively.

fl ado2 equivalent d-xis resist.1nce at "'1 and "'2

•
LadO "'. Lado2 - Ladol

H '" Radol - nado • "ado2

WI '"2. f1
w2 •• 2.'2

1'1 and '2 ere two different frscpJlIlnciee. The symbol "0' in

all the ebOVIt equations signifies th.t the field winding ie open

circuited.

•

•
2The q-axie qUf,ntities L • TQ• K~Q are determined by simileraoq u

procedure as those described for d-axilil qUantities except that the

rotor is no", placed in th~ q-axis and the field winding is left
open circuited 5S before. Lqu"tions (2.43) is applicable if the
subscript 'd' is replaced by 'q' <md' O' is replaced by •Q'. The
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relevant Expression for L • K Q2 and TQ ere obtni ned fromseq iii .

equations (2.49). (2.51) and (2.52) respectively by replacing

the subscript 'd' by 'q' ~ro 'n' by 'Q'.
•

The time constant of' field winding Tf end the coupling

coefficient between field end d-axis d.,roper Kf'D are obtained by

applying low frequency voltage to ttl. field Mll!OP/ winding with the
2 .

armature windings open circuited. The expresaions for KfU and Tf

ere similar to equation (2.51) and (2.52) except that nubscript

's' is repl!lced by f.

The coupling COefficient between am ture "nd field winding
,

Kaf cnn be extractjd from Elf'llJation {2.44). Here a low voltage at

a single freeuency is applied to a phase ••inclirg, after the fiel!!

winding hes I!een shcrt-circu i ted with the roto r in the! d-axi s.

Equation (2.44) gives the eqUivalent shor~ circuited resistance
•

and indJctllnce of the armature as

L
l< 2 T

fBed -ilf_( 1 + •Tn r;;-) •
Rd .•• 1'+ (2.53)a II [1 +

Tf 2 ~1 •(...L)2 + ( 2t<fD2-) +
wT II Tn TO

~ •• Lads asd
1 ••. • (2.54)

with lot •• WIt equation (2.53) cm be l'earran gad to give

2 ~ad!il-r) .TD
[1• (L)2

T 2 2 ~] (2.5S)K .(+) + 2K 1'1lef "" (l + ff ) wID TI)DTn
where. Rad~lc Equivalent emature resistance at frequency wi"
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CHAPTER 3
OPE R Ult.:NT AL METHOll5

" number of impol~tGnt conventional methodm he,! been described
•

here. The el<perimentlll technique~ of' the indici81 response method

lInd the 101Mfrequency respl:Hl.,e mllthod have been described separataly.

3.1 'l0!!l1lConventionAl M••thorl" 0' Determination o'SynchJ:'gnoua
Mschine Quentitiea

This is en important a conventional method to determine the
direct and quedreture ilIxia synchronous rsectllnclIsof synchronoull

!!l@chine. In thi. method the field of the synchronous mochine is
left open circuited end 113-phlllse reduced voltage (one fourth reted

•voltage) in 8ppliftd to the armature terminals 2nd the rotor of
the meehins'is driven with e primemover at e slightly different
speed from aynchronous speed. It io to be noted that the riirection
of rotetion of primell'lover is sama os the direction of rotation of •
flux of the eynchronous mnchine .• This is BCll!rttllined by noting the

direction of rotation of the! rotor after applyinQ a three-phasE!

voltage to the stator when the machine ill in the st13ndstill condition.

When the opsed of the machine is slightly below the synchronous
•

'speed, the voltege illS well ea the current fllJctuatlJa. The voltsge

and current waveforms ere then recorded (I'"ig. 3.1l •

Then xd
.l!0lt al!e maximum= current mini!!lum

yoltags minimumx = currP.lnt msximumq

•
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A

field open
circuited and
rotor moving
slightly di ffe-
rent from
synchronous
speed

• v
3-ph ase
reduced
voltage
applied

•
Ter inal voltage

•

~

•
•-'

Armat

•
•

-- U
Ql III

" .-i
.-i X
"0 ••

••
""0 III".-i:l X
rr •• o

":
fig. 3.1 Slip Test of Obtaining xd and x •

q

•
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Blocked rotor ta'st il1l used to determine Gubtrli'ln ••ient xe8C-

tenCBS. In this method a single phase reduced \/Oltega if'. Ilpplied

to one of the ermature vJ1ndings and ~he rotor circuit ie shart

circuted (Fig. 3.2). Then the rotor ilS rotated $lowly wi1;h hand

end the voltege and cu:rrent readings ere tekl!n us!.ng a voltmeter

and en emmater. When the rotor is in such en angular position that

maximum cut'rent flows, the ratio of' epplied voltage to the maximum

current equale xd • When the rotor is in liiuch position that minimum

armature current is obtained, then the retia of epplind VOltage
to minimum current equals xu.

q

•
3.1.3 Oa!ton And Cameron Method

This method ia en improvement of the blocked rotor test •
•

Hera the rotor w:i.ndings ere abo ![lhort circuited ••nd a single

phAse volt.age is applied to the two of the terminllla. The voltega

•current retioe sre calculeted. Tho eingle phose voltmge is iilPplil'ld

in turn to eech of the other two possible pairs of' stator terminals, •

the respective third termi:nal being open end thw voltlilge end current

re.dings are taken in o~ch CoSB.

The results of thee~ three ml!l-euremllnts.g1ves three valtles
•
of stator volt all a-current retio 1. e. eubtr n£lien.t reectanc IlII

between stator termin"l() corresponding to three different position

of ro~or. Theaa retio may be designated A; 9 end ~.~£

•

The constant offsst ~nd diepl~cement component (Vig. 3.3)
(A+ II +1:)

3K '"is
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5ingle ph ase
redu ced

vOltage
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circuited
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Fi g. 3. L BloCked rotor Test to Determine x" and x".
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'"Ii '"cI ;;
& ••- I "<l
I I
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M I
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•
K A 6 c

••
•

•'80 .3'. •

•

Fig. :J.J In Dalton and Camsron Method, the displaced
sine weve of subtransient reactance between
stator terminals, M = Amplitude of wave,
K = displacement or offset of the wave •

aABC = any set of three values. spaced 120
apart.

".



-2:r-

The amplitude of the sine curve component r.I!HI!lUrerl from

its offset %ero line illl

•

The reectancl!ls from terminal to neutral in ohms are given by

x"d • x" ••
q

K+ M
2

This test its used to determine negetive ssquencereectance
)(2' of the synchronous mschine. The machine is V-connected end is

•
driven at rated spilled with a sustained single phase llhort circuit

•
between two of the ermeturl!lterminale (Fig. 3.4). The short circuit
current end .the voltage betwsan the short circuited terminals and

the terminal of the op~n phese are ~.eaured. A single phase wattmeter
with its current coil actuated from current in the uhQrt circuited_

•phase end the above mnnt~onud voltage scroeft its potential CQil
reeds power .• If V. I and II' IU'" respectively the readingB of volt-

meter, ammeter Bnd wattmeter. Then negetivll sequence impndence

•

• v
= 13 I (sin £3 .•• j Coe B)

-1 W
where e •• Cos \iT

The negetive sequence re ct.nee i8. V
x2 •• 01 Cos a



D.C voltage
adjusted to give
rated armature
current

v •

Single phase
vo It age

fig. 3.4

•

•

field
ehortcir-
cuited

•

Phase to Phase Short Circuit Test to
Obtain Negative Sequence Reactance, X2,

:),----,
I
I
I
I
I

~

\
•

• -
•

fig. 3.5 3-Phase in Series Test to Determine Zero
s!lquence reactance xo'
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The zero sequence reactance of the IIAchine is determined

by thie test. The synchronous m,~chine under test is !\lith'er driven

at rated speed or kept at stend-still with the field winding
short circuited. All the three phesee ere connected in series ond

IJIsinqle ph3se volt"ge is applied scros. the opl\ln terminelll

(fig. 3.5). ,G •• dings are taken or current and voltagl\lwhen the
rated value of current flows through machine. The zero sequancl!l

rlll 'ctencl! of the synchronous mm.hine is given by

v
Xo '" 31 • wh.re V •• appli,ld volt'H,e

I '" armature currant •
•

3.1.6 Th1jel!lPhl';sl! ~udden Short Circuit

•This test is used to determine direct oxis ,tr:'!losient, snd

subtranaieot r.~ctences. Here the current waves of a. three-phaae
short circuit suddenly applied to the synchronous ~echine operatin~

•
at no load lind rated speed is noted (rig. 3.6). The direct aldl!

transient reactance (xd lie equd to the ratio of the nolo4ld

voltage to the corresponding value of the armature current given

by the l!!l<trep01.etion of. the envelopes 0 f the IS. c. components of

'",rm"tur.e current wave at the instent of the !',udden eppliC:l'ltion

of the short circuil;. neqlectinq the higher decrement currmn't

during the first few cycles Fig. 3.7. 3.8. 111u8tr~tes this method
of detu:mining -the xd'
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~--..,-~.

•

,
I,

Fig. 3.6 Typical wave for 3-phase short circuit.
•

•

•

•

-•
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=1=--l-j_I___
~-_I_-

8
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•

Fig. 3.7 Peak values of instanteneous short
circu it cur rent s and deviation of
A.C component.
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The ordinetll fer curve II at to: 0 is equal to th~ !'lUIll ot

the ordinates e~ t '" 0 from 5t1"i9ht linea. The ordin~te for the
•a.c. component at t '" 0 ia then detaxminad by adding th~ sustained

snort circuit current to the ordinete of thE' curve n nt t •• o.
The curve for the transient component plus the suGtained value at

the current if> determined by adding the sustain short l31¥ltlrllllll'*cireuit

current to th II extended 6tr010"t line of curve D.

x:t. = ...J!--.
d I I

where e • open circuit )"01tOgl! of the III china immediately before

the short circuit.
•1' •• current for tho tranei'!'nt component plue th£' sustl'lined

•
velue at t ••0 (fig. 3.8).

•

x" c~nbe determined ~rom the sudden three phose shortd

circlJi t of thealtern'Jtor 8nd hovi ng the oBci llogrnmll of cu rrent

wltvas.
•

where e •• open circuit 'Voltage jUllt before the IIhort circuit

I" •• current from tho fl.C. component curve et t '" O•

An elterna'l'.ive w'l/ .01' 'f'incling xd "rom 3-ph:lS311 short-currant

Docilloqrern of J-phl3sl:l current is to dr~wllll'••!i medien line for each

of three waves and these are then plotted on semilog paper. The
cur.ve is extrspo1.11ted b'ck to zero time 'nd three iniitiel vslues

IB, b, care obteinlld. rhes", thre component. ere leid on three

-
•
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rsdiol linolll 60degraes spart rediating from l!l peint O. the largest

of tho three velues beinq laid off on the middle line (fig.3.9l •.
Perpendiculars erl! drewn through the !!lnd points of each -of the

three lines ern:! tl1e point whrnre they meat determine point!1. In

ease ,the perpcmdiculors donct meet in 8 point but forml) a $mell

triangle. 1>1is located in the ~pJ)rodmate cen'tre of the td.angle.

Then OM, dlst nee representr; the maximum pOlltlibl"llIsymmOltricol

componen't. to th. staml!! scels as the three radi ••! lines. fh"n.

3.2 indi.c:iel R<lIspons!} Method
•

lit etetole low volt~ge d.c. "ourcs is X'equirlld for this test.

'the sour c:e mUst b a able to $upply the .rat ed current of thlll machine •
•

The expariment ie carried out in thrlllel st!l!ps. First the d.c

voltage is applied to an armature with tht! fleld WinClil'l'Jopen -circuited Jnd the ,rotor is p19ced in direct axis i.~. tha poler ~xis
is in line with magnetic axis of a phase winding. Second step
consists of .imller arrangement ~. the first with the rotor in

thll quadrature axilil. In th" lamt setup the rotor is plac~d in the

d-exis and thl! f'il,ld winding is short-circuited •

3.2.1 first ~et-up

In this setup the two lU'!lI,tu:re windings end tho fi1!ild winding

dre open c:ircuited,nd a d.c voltaglJ ie 6uddenly applied to t.he

remaining third llnActurs winrtinl1' The :cator of m"chinr. is pllllclId
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in the direct axis. rh •.•rl-axia of the machine "hould b. located

first. for this l!I single-phlJss voltage is applied t13 one phasa of.
the armature winding -oct thn figld winding ie sho rt-cdlroliit lid. The

rotor is turned £'110",1)/ end the fluctuation of th" IIlrmeture current

irs noted ueinq en ammeter. The minimuill current position of tOll

erlllatu re i e the Q-Ilxis and the maximlUlIcurrent po si ticn the d-sxie.

A voltmeter, an emm~ter and e storaoe oscilloscope is connected
to one pheSl! winding as shown in rig. 3.10. The d.c. voltage is

applied lIIuddenly and the rise in I!!rmeture curren'\; is recorded on

a film ullin" the oBcillo$cope caMera.

Tha reepon9B shope is ehown in fig. 3.11. The voltmeter
•

ant.! ammeter readings are noted to get the veluall of the applied
•

voltoge and the steady stete current.

A curve is plotted on semilQ9 pep"r with or.dinote IJS the

difference between tllr. l'ltllledy !It.lte current liI1Cl the Qradual1y rieing

current end the ebciesa 8a the time. Tht! shape of' the curve is
•

ahown in fig. 3.12. From this curve the velues of two currents and

two timlll-conetents sr" taken os shown in rig. 3-12.

from the above data 0' voltage. currente ~nd time constents.

-
•

tilt! rasist.mcB (r), time conlltdntlll of armature windinq (T Bd).

'coupling coefficilJnt between armature ••nd dsmper winding (Ken
2).

tima constant of d~mpl!r winding (Tld' ond direct axis aynchronous
react nce (xd) are obtained by using the equations (2.34-2.38,2.16' •

••
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Field winding
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in direct axis

fig. 3.10 Circuit Arr<:Jngement for 1st setup.
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Fig. 3.11 Oscillogram for 1st setup in indicial
response method at B = 0 and field
open circuited.
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3.2.2 Second Setup:

In this setup the rotor is pIeced in quadrllture exis with

the field winding open circuited. Th" In:. circuit BEot'engementis
•

ahown in fig. 3.13. As in the fir5t setup, the response curve 01'

current is recorded (fig. 3.14). The semilog plot is dona as before

and two corrt!lepanding values of currents end time constants are

obtained as anawn in Fig. 3.15.

from the values of current end time constant. Coupling coeffi-

ciant of damper~armature windinq in q-axis (KaQ'. tina constant of

q-axis dampe'J:'¥1t H"Q) end quadrature exia synchronous reactances

(X), and transient, subtransient react ence (X', X") are obtained
q q q

using equation (2.13)(2.30)(2.28).

•
\3.2.3 Thi£d Setup:

•

•

In this setup the rotor ie placed in direct axis wi~h field

winding short circuited. The circuit arrangement is shown in Fig.3.16.-As in first setup the responSE! curve of current is recorded (fig~3.11)

Tha samilog plot is donI! ae bal'orll nnd three corresponding values

of current and time constanta arB obtained (Fig. 3.16).

From the values of CUT-ren'ts vnd time constants, coupling

.e0efficientof field and dalllper winding ("fO)' coupling coeff'ici ent

of armature end field winding (Kaf) and transient and subtrensient

reactances of directexia (Xd, Xd) Bre obtained using equations

(2.41). (2.42).(2.29) Slrl (2.21) respectively.

..

•
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'fig. 3.13 Circuit Arrangelllent for 2nd setup.

-+_JJ I ~-+l I""'JI _., ,____ ,,_
- ~ -. Ii' I" iI . : 1-1'1'I I I ,

~ I I 1 I II I I 1~=J=!I I I I I
I~ fIJ---l--

. ,

I VI I
YI I , ~-i t-I 1// I I I ---.

I ( I I I 1--!=i=!j-l- , ; I• I

..J_LJ . - 1 l--I
------. Time

•

-•

•

fig. 3.14 Osillogram for 2nd setup in indicial
response method at 8 = 900 and field-
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•

.'
'.



-39-

•

, Ta..10

',---
I

---1

I

I .

-- .._, --I , --'1--' . ~..,,
I , I I,

I I I I.: i ,.
I

I I
I I ,,
I

II I -]I

I-I

I
., "--

I -
]I .. _. , ,

I _L._ - --. - --
i

.-- j ---- ...
I

II,
•,

-1---- -.

-.-_. -. -.

I I
I

,
, !
I I

I I

I
I

I I -
I,

J
\

I )
I \
I l,I
r

T<1.:l()

/0

20

o.r

----~.- Time

Fig, 3,15 Analysis of Transient Current of indicial response
method in 2nd setup,

'.
•



-40-

Storage
scilloscope

c.. •

E
Field windi ng
sho rt c:i rcuit B(

and rot(l' in
direc:t axis

•

••••c:
II
k
k::l
U

Fig, 3.16 Circuit arrang"",ent of 3rd setup.
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3.3 Low Frequencv Response Method

" varillb lEi 10'" fr!!quancy (1 to 5 Hz) cupply is required fa r

this test. The source must be able to supply sufficient current for•
•

tosting the fIlachine without appraci !!ble venation in supply voltage.

The experiment is carried out in four setups. In first setup

the vadible low frequency is applied to an armature winding with

field winding open circuited Hnd the rotor is pl"ced in direct axis.

The second setup consists of similar arrl!lf1gelllent as in the first.

with the rotor in the quadrature axis. In the third setup the vari-

able low f.requency is applied to the field winding with armature -

winding o~en circu11:eo. In the last- setup the rotor is placed in

the direct sl(is end th,!! field windinq is ehortcircuited.
•

•
3.3.1 firat SAtup

•
1.n this setup the two armature windings .,nd th e field winding

are open circuited and a low frequoncy voltage is t'lpplied to the.

remaining third armature winding. The rotor of the machine is plee,ad

in the direct 8xis. A voltmeter. an ammeter and en oocil109cope is

connected to an armature winding BS shawn in fig. 3.19. The waveforms

of arm ture voltage and current ere recorded on *' photographic fi1lll

using th e 08ci11o scope Camera•

•
The frequency is varied end the corresponding readings of

voltage Rnd current are taken and the phase ungle between voltage

snd current "rB obt ained from theirwaveforrns. recorded on photo-

graphic film.

•

•
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fig. 3.19 CirOJit arrangement for 1st setup in low
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Wlith the experimental values of e, i and~, equivalenta
resistanceg anClinductances arB calculated using eQUations (2.46).

The curves of the eQUivalent reoistance 8lld inductance against

frequency arB then plotted (fig. 3.20l. With tho valur-s of resistances
•

and inductances 8t two differEnt frequencies taken from the curves.

the self inductanca of armature windin" (L til. resistance of armature"aa .
winding (rl, coupling coefficient between ::I-axis demper and armature

winding (KaD) end time constant of d-sxis danper (TD) are calculated

usinq equations (2.49) to (2.52). finally the direct axis synchronous

reactance (xd I is cal,fculated using equation (2.12).

3.3.2 Second f.>etup

Berethe rotoria placed in the quadrature axis t'lfith the field•
winding open ~ircui1:ed. The circuit arrangll!l\1l!lnti!!l shown in fig.3 .•21.

As in the first setup th e low frequency ie !lPplied to one of' the

•armature winding. while other arm."ture Idm:!ings open circuited. The

frequency is varied and readings of voltages and current are taken

end their waveforms are recorded to find the phase angle between

them. The equivalent resistances and indue: tances are calculeted from

equations (2.45) and (2.46). The reai8t ance va. f'requ et'lcy and induc-

t,ance VI;. frequency curves are thon plot ted.

With the veluesof Ll, L2• fll, HZ" at lifl and wz taken from
• equations (2.49 ) (2.52)curves and using to as stated in section

2.10.2, the quadrature axis self indue t ent:G of armature winding

(L ). the coupling coef1'icient between q-axis delllper end ermstu.reaaq

winding (KaQ) and time constant 0 f q-axis damper winding are obtained.

Then the quadrature axis synchronoue reactance (Xq). transient

•
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Fig. 3.21 Circuit arrangement fOr 2nd setup. in low
frequency l"espOnsa method.
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•

reactance (x ") and 19Ubstrsnsient reactance (Xq") arC! ealculat edq

using equations (2.13), (2.26) and (2.30).

3.3.3 Third Setup
•

•

•

In this setup. the field winding is excited with a low frequency

volt eg l'l. The rotor of the machine may be in any position and all the

armature liIIWindings are open circuited. Tha circuit erri1lngement

is shown in Fig. 3.23. The freouency is varied end the resistance-

frequency and inductance frequency curves ere plotted (fig.3.24).

From the plot the coupling coefficients bet",een field and d-

axis demper (KfD', 'time constant of the Held wiflCling (Tf) are

obtained by choosing two frequencies Gnd using equations (2.51)

and /2.52) wi,th th" subscript 'a' repl"c:ed by '1" •

•3.3.4 fourth ~etup

In this last SIi! tup the fioldwinding is short circuited, :ehe

rotor isplac:ed in the direct axis and the low frequency is appliad

to an ••rmatu re winding. The ot her two ar!1lZltu re windings are open •

circuited. The cl1rcu1t. arrangement is shown in fig,. 3.25. As befors

the frequency is varied, R - w and L - w curves are plotted (fig.3.27).

With e valuo of Equivalent resistance at ill frequency, taken
•
from e plot, the coupling coefficient bBtwlSen f!lrmeture and field

winding (1(".,.) is cclculated usinq equation /2.55).

finally the tr"nsient and lllubtrensient reactances of' direct

axis b'd' x~p are cllleu13ted using equ!!Uonl!l (2.29) and /2.27)

respectively.
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fig. 3.25 Circuit arrall geml!!nt for 4th setup in
low frequency response method.
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CHAPTER 4
PPE RIME tIT AL RE5tJLT S

The experimental results of the indicial response Illnd low

frequency response methods are given here,. The tests ware carried

out on a l.aboratory alternator. A univsrsallllell::hine WI'lSused to

gene rete the low frequency voltage for cerrying out the low
frequency teet. Th. deteiled numericl!ll calculations of all the

important Ilyncnronous machine quanti tie. by tne new metho de ere

given. The results of the important conventional method!!!or

mesllu remont on th8 same 1I1l1chine areal150 given here. A comparison

of the result\!! oftl'le new method. of meaillJrement with that of the

•

conventional methods of measurement hes been presented.

•

4.1 IndicialRe5Pgnge_Mp.thod
•

•

following the procedure detailed in s6ction 3.2. Tha tests

on the synchtonoue machine to determine machine quan'tities by

indicial response method. was performed in three steps.
•

4.1.1. The Tent Mechine
,

A Reliant-pole synchronous machine; hllVing dampltt windings

• was uSHd for the test. -The I3p.ecification of thl! machine arl! given

below:
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Armature. Circuit

Voltege-llO/220 volts (A. C)

(urr8nt",15.8/1.9 Amps

KVA •• 3.0

-'peed •••1000 rpm

frequency •• 50 Hz
Numbers of poles ••6

Field Circuit
Voltege •• 125 volts (D. C)

Current ••2.6 Ampa•
•

•

•

The vo1tege and current ratings of the lllachine Bre 220 volta

and 7.9 Amps. fOr Y-connllction of the ermature winding. The per

unit values of the mechinequantities are calculated using the
following bese values:

Baae KVA •• 3

Bose.voltage ••220 volts
BasI! currant •• 7.9 Altlps •

•Base impedance •• 16.07 ohllls

BaSB inductence ., 0.0515 henry

Dass current ratio ••0.2195

4.1.2 Firat Setup

I

•

•

In this Bet up, the field winding was open sircu ited th e

rotor was placed in the direct-axis end 1!I d. c. vol tag\! was

• app.lied suddenly to en armature wind.ing. with the other two arma-

ture t:w&ndingol)en circuited. The circuit srrengement is shown

in Fig. 3.10 (Chapter 3). The following experlment al re!lU Its

were obtained=

Applied d.c. voltage •• 1.893 volts

Steady state d.c. current •• 3.65 Amps.
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•

Time seale in the r~aponsa (on oscilloscope) '" 50 milli sec./cm

The transient rise in cur.lmt from zero to steady stata

value was, as shown in fig. 4.1.
•

The difference betwp.en the steady st.te current end the

gradually rising current at different points an the time-axis
.of fig. 4,.1 is tabuleted in Table 4.1. The current-time curve .of

fig. 4.2 WIlS plotted using data of Table 4.1. with the difference-

current values plotted an logarithm ace1e.

fram the curves of fig. 4.2. the followingcomponon1:s of

currents end tIme cons1:ants wereabtainedl

I •• 3.65 1\
1'10.0

IalO •• 2.8 1\

I
I. 0.65 A820'"

TalO." 73.2 mUll aecond

r,a20 '" 28.25 milli sscond

•

The armature reoistance (r) Is calculeted, using l!QUaticn

(2.34) -

r •• E
1

ElSC

1.893••• 3.65 = a.5185 ohllls

•
0.5185 per unit", 0.03228 ~er unit=16.07 ••

The direct axis armature inductence (lead) is obtained
from equation (2.35) -

ld"'ras
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•

rab le: 4.1 Di fference bctwBon 9tesdy l!Itete and gradually rising
current at different time (from Fig. 4.1)

•

•

'lima (milli B!!Cond ) f.\!r :rm t (,mps) •
•

2.065 3.39
4.215 3.19

5.20 3.029
6.86 2.815
6.5 2.64

10.4 2.54

16.44 2.26
20.•0 2.1
26.07 1.95 -- •
35.0 1.743• -.
42.5 , 1.56fl

~O.5 1.36

62.8 1.2045
73.3 1.027
69.5 0.637

•
105,0 0.6615

126.65 0.5248
146.6 0.3675
166.5 0.2925
186.9 0.190
296.8 0.135



- 54 -

I

•

'.

,-

0.7

0.6
r-..

'" O.Sa.
~«0-4v

-'""1I 0.'
l-
I-

"U
0.2

0.1

o

•

•

25 50

T a2D

~ 28.5 m sec •

75 100
TalD
1:1 73.2 m sec.

-Time(lbsec. )

125 150 17

Fig. 4.2 Analysis of Transient Current in Indicial Response
Method in 1st ::ietup.
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•

0.5165 - 73 7. 10-3 (1 .as 28.25K10;3)
~ .•• x + 2":"il' x 73.21<10-••

••

••

1 +.852.8
0, 51B5)\]3. 2xlO-3l<1. HZ

1.3034

2 -3 .•51051113.dO xl.H7
1. 3034x. 05115

Henry

per unit

Henry

,

•• 0.631 per unit

•

The. direct-axis synchronous react anee io given by eQUation

(2.12)-

The coupling coefficient between d-enll!!lrllleture and d-I3Xi8

damper winding (K"O).is calculated using l'!llU"tion (22) of Appendix-E

2 . r-'a20'
1:80 ~•• Lead - 2

-30.631 _ .03228x28.5x10.= 2 'x .02

KeD •• 0.795

Cquetlon (2.37) giv S!J. the d-sl(i II tillle constent of the

armature winding - •

L_ ~... .0••.•.••.6••.3••.1 ••.xO••••__O•••5_1••.1~5T •• ~ ••ad r 0.51B5 •• 0.0622 second

+

• from
The time constant of d-exis damper winding is obtained

equetion (2,36) -
I

T ( a20
aID 1010

Tn •• 1020
1 + ----laID
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•

••
73.2X10.J(2:RS +

1+ ,d!L, 2.8
•• 03865 second

4.1.3 Second Setup •

In this !lstuP. the field winding was open circuited. the

rotor "I<'IS placed in the Quadrature axia and a d.c. vol~Qge was

suddenly applied to en armature winding with the oth er armature

winding open circuited (Fig. 3.13) ~ The followi"g ,experimental

results were obtained:-

Applied d.c. voltagE!! •• ,1.91 volts

Steady state d.c. current •• 3.6 Amps

Time scale on osci1Io sl:ope '" 50 milli second/clll.,
•

•

The transient riae ,of the.sJ:!llature current

value Was ,:teeorded (fig. 4. J).

to
). '

steedy stete

•

From the rlHlponse curve of Fig. 4.3. fhe valUes of differences

between steady st,ete Dnd gredua,lly rising current!!! at various

point$ on the time-axis were tabulated in Tsble 4.2. The date of

Table 4.2. were plotted on thn semilogerithm papsI' as Ghawn in

From the curvll of Fig. 4.4. the following components of

currants and time constants ""ere obt ained:-

I •• 3.6 Ampsseo

laID" 2.635 Amps
11320 ~ 0.955 Amps

•
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j
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, .'

-
-"
-
: -' lC:1l1 I-

•

•
III
0.

m-

•

-~~'~ •• Time Scale

Time 1 em f! SO milk Second

Fig. 4.3 Oscillogr'SIil of the transie'nt n.se in
curren'!: fl'Om zero to stearly state value
w'hen the field Open circuited and rotOr
i'n 'q-'Bxis •

•

•

•
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Table 4.2 Cliffercmce between steady state end gradually :d sing
current at different tilllc (from rig. 4.3)

•

•

Time (",illi eecond) turrl!t1t (8l1lPl!. )

•
1.59 3.375
6.375 2.85

7.825 2.95
9.25 2.19

10.325 2.7
12.26 2.43
13.8 2.261
11.27 2.06

;'

20.00 1.89 •
{6.S 1.123

-~
31.2 1.56

/
•
39.2 1.38

46.02 1.19

56.0 1.03
61.7 0.057 •
86.2 0.68

99.5 0.505

132.0 0.3196

...
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•

-'1---50

-

I 4_
~ 3,'

K J

J 2,63A
=10.'0

• •I

.• 1•.

r--,
~ o.
~.s 0,4--~
to"

J

••

m sec.

50 TalO 75
= 59.5 m sec.

100 125 150 175

- Time (m sec.)

F1g. 4.4 Analysis of Transient Curr~t in Indicial HesponseMethod
in 2nd Setup.

""" ...- -- .•.
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•

TalO '" 59.5 milli' eeeo nd

ra20 ." 28.5 milH second

•
•

I +

Tha quadrature axis inductance i.s
I T

r T
elO

{l + ,a20 l( a20}
lelO TalD

L '"seq

£
where r •••r-

sao

1.91
e 3.-6 •• 0.53 ,ohm

O.S3x59.SdO-3xl.736 Henry•• 1.3623
•- -

Henry
0.955
2.635,1 +

••3 0.955 26.5)O.53x59.5x10 {1 + 2.63Sx59.5
L '"seq

•
_
O_.~5_3.•••x_59_.S_x_l_O_-_3.•••)(__l••••_1_3_6_ i 0 532' it•• per un t e. per un
1:3623)(0.05115

Equation (2.13) gives the quadrature axis synchronous reactance

L", A2)( 0.532 '" 0.198 per unitaeq
•

The coupling coefficient between Q-,exis damper and armature

K 2",l
Q aa'q -,a

•

windings (Appendix-O is

r Ta20
2

•• 0.532 •• 0.53xO.0285
2xO.02

Kat:! ••• 0.1145

The subitransient quadrature-axis reectance is calculated ,.
from equation (Z.la)-
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•

2
l(~ = xq Cl -Y-aQ) = 0.798(1- 0.5093) '" 0.3915 per unit

The transient reactance ofq-a>d.a is obtained from equation

(2.30) - •

x. = x" '" 0.3915 ptn:unitQ q

Of q-ax.ia damper winding is

T 20+ a .)
T alO

1 +

The time constant

.I a20
Tnl. 0 ( I~ . pIO

11!!20
laID

T '"Q

=
•

•
•• 0.0363 l!leccnd .

•

4.1.4 Third SetuJi!

In this setup the field w1nr!ing ",as short circuited, rotor
•

was placed in the direct-aKie, and e d.c. voltage was suddenly •
appl.ied to an armature winding with ath!!r armature windings open

circuited •

• Experimentgl !latal

Applied d.c. voltage", 1.90 volts

Steady state ~.c. current = 3.58 Amps

Time scale on oscilloscope == 50 milU second/em
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The trlllnsient riBe in 1;hlJlcurrent "'/!ISrecorded (Fig.II.S).

The respon~e eurve of Fig. a.Swam snell/sed to prepare Table 4.3

and to plot the curve of fig. 4.6. Tha following result.,'3 are

obtained from fig .• 4.6 _

I '" 3.Sa AlIlpsaos

1als '" 0.76 Amps
Ia2e •• 1.72 Amps

Ia::ls '" 1.1 Amps

T ala •• 65.0 milli seconds

T . •• 33.5 rnilli secondse2s

T::I •• 6.2 m:Uli sacondsas
•

The time constant of field winding Tf is calculated using
•

eeuation (2 .•40) -

•

•

1
- TO

__1____ .•.
33" 0-3. • .lxl

1
-3B.2dO

1 1
- 0.03865- 0.0622

•

•••

••123.99

Tf •• 0.0060a second

• Equation (2.41) gives the coupling .coeffic:ient between d-sxis

damper. and field wi nding-

IAla
E

( 1
Tala

-~)(
a2a

1
Ta3e - -T1)

els

.•. ( - 1) ( 1 )
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•

.
(/J
a.
E
til

•

,3.58

ri
•

1=
~

/"
::-

- -
.' " , , I" , , ,..

-+
l-

I- ~,lcm -'I

Scale
Time, 1 em ••So .",;/l.5'econd

•

•

Fig. 4.5 Oscillogram of the transient rise in
current from zero to steady state
value when the field is short circuited
and rotor in d-axis •

•
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Table 4.3 Uiff'ersnce bet,,(len steady steteeod. grarlually rising
current at different time (from fig~ 4.5l

Timo(milli second) Current (amp".l
•

.-_~ ~ ... '\ t--" ~.:'
...:.....~-'.•."" l

~, • ~-<

•

•,-0.226

0.•1966

0.1736

3.149
0.124
0.0992
0.0795
0.0695
0..0496

3.BS
.2.63.

1.131
1 •.14
0.794
0.595

.~\Q.4l6:;1
-I .I . '. i ~-' j

. - "--.' ) r"" I
u---: '0.367.>

0.278

.. - ".-1./' ~.
. f " .. I

• ~ < "'--,.. ....•

o
3.32

8.5
16.5
26.S

38.5

aa.5
• 96.5

10e.5
116.5

128.5
163.5
173.5
163.5

-.,

•
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•

t. _~-
.I .• _

1.1A. -t.,S1.__
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.8_
i'6A .7
%""5

.6

.4

• ,'2

:;-~- .~ .
:;.;.- =1 __ • .....:=-

-. =-t-:'-

-,
'- i

.os

.04

.01

~- -
- 1.-.1"' .:

,,"

, ,
.01

0 25 T 50
Ta3s a2s

= 33.5 m
= 8.2 m sec

i

l~-t
. ; t

T 75 100
a1s

sec. = 65 m sec.

125 150 175

_ Time (m sec.)

fig. 4.6 Analysis of Transient Current in InrHcial R"sponse Method .•
in 3rd setup.
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6 07 10-4!k.li( 1•• 1. 114 x x 1.9 -3-
65xlO

1
1 )( 1 .. -3 ---3)

33.5xlO-3 B.2xllJ -, 65xlO-

•

••0.80

•

The eouplina coefficient between ennature and field winoing

(Kefl is calculated using equation (2.,42) -

1'. ,
!

•
'- T 2' - r 3 - T 3 T 1 (a s a S B 9 a 5

•

- .06521.0335-.065x.0062

••• 85
•

•

fhe d-axis trenllient rt!l"ctance is ohtained from euqation (.2.29)-

••.• 9465(1- .85) =.142 per unit

and the d-axis sub~r9nsient reactance, from equation (2.27) _

2
+ KIlU ,-

l-Kfj/

••• 9465(1 - .65 •• 629594-2'SO.895x.79511.924 I '"0.163 per unit
1 - 0.8
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4.2 Low Frl!lQu!!nc:y fIll'thod

A variable 10111 frequency was; generated fir!'<t. The BL<B

Universal Mlllchine was used for generating the variable 10111 fre-

quency by running it os III motor-generator set. The'motor :it side

wes connected as • d.c. shunt motor and the generator side as

2 pole, 3-phase slternator (circuit arrangement, fig. 4.7).

The frequ'ney of an alternator can be varied by varying
120fthe speed of prime mover (N = -p--)' The ~pead of the prime

mover. in this case d.c. shunt motor was v.;ried by varying the

voltage acrOGS the armature termin.l with the help of a suitable

\
, I.~-

renostet. Thus e vet'iable supply voltage was genr:rated at low
, - _. ... f~ --:.~>->.,

• I
-0 ",

"-1 .'.:.:...
frequency.

•Fal1o~iny the detailed procedure described in section 3.3 •
. . .. . . , ,

the 10'" frequency test was done in four eteges •
" .,~

•

4.2.1 lir"t Set-up

The rotor wes placed 1n direct axis with the field winding
•

open circuited and a low fr.equency voltoge W05 applied to an
I1rmature winding with other erlllature windings open cir.cuited.

Tha test data ere. hown in TElble 4.4. The waveforms of the

voltage end currents were r~corded as shown in rig. 4.B to
fig. 4.12( The current weva.form wes shifted by IBOo to facilitate

the mea~ur~ent of phase angle between voltage and current. This

woe clone with the help of olilcillof;cope .djul5illlent).

from each waveforms (fig. 4.B to fig_ 4.12). the phase angle
between current and voltage was dete~~ined and the frequency was



•

c.

•

WINDIN(, OF (;EW€RA roR.
A AUTO'X"O~MEF<
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.--A':
I

DC I. I
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\ \ \
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•6 t II 9 10 I" 11-
I

--- --- - I--
~.
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I

\ .
\
\

\
\

•

1 2.

fig. 4. 7 Circuitarrahgernent on B.K.Buniversal machine
for generation of variable low frequerc y volt age.
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Table 4.4 txperimentel Data of first :letup

Observation Voltage applied Current Time scale
t.o. .(voltsl ( amptl. ) ono scillo!'! cope
1 1.45 1.805 0.1 aec/cm
2 1.50 2.00 • n

•
3 1.35 1.eO "
4 1.25 1.60 0.2 sec/em
5 1.15 1.30 »

Table 4.5 Calculated fre~Jency end Phase Angle in First Setup

Observation Voltage applied Current frequency f Yl phase
No. (volta) (amps. ) (eyel a/ MC. ) angle

(dUgree)
1 1.45 1.005 4.32 4£1.5
2 1.50 2.00 3.10 35.0
3 1.35 1.60 2.92 21.0 •

4 • 1.25 1.60 1.aO 24.0
5 1.15 1.30 1.35 16.0

!

•

,

Table 4.6 .Calcu1ot ed Equivalent Resistance end Inductances •
in first setup •

-
Observation voltage Current O<MXXKIil. frequency EQ. f:q.indue-

No. (volts) {amps I frequency f {pul Resis- tance
( cycle/sec) trnCT R (pu)

I'll

1 1.45 1.a05 4.32 .0863 •fJ38 .3398
2 1.50 2.00 3.1 .062 .0302 .346
3 1.35 1.60 2.92 .05645 .0415 .36
4 1.25 1.60 1.8 .036 .0445 .55
5 1.15 1.30 1.35 .027 .053 .562
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•

Fig. 4.8 Wave forms of voltaqe and
curr~nt at low frequency ~observation
No.1, 1st setup) Time scale-= .1 sec/cr

•

Fig. 4.9 Wave forms of voltage
and current in low frequency
(observation No.2. 1st setup)
Time scale =.1 sec/cm.

•

•

-to' lcm+-

•

•

Fig. 4.10 vJaveforms of volt age and
current at low freqency (observation
No.3, .lst up) rime scale", .1 sec/cm.

•

o
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v

••.lc",

•

4.11 Waveform of vOltage and
current at low frequency
(Observation No.4, 1st setup)
Time scale :.0.2 se~/cm •

•

Fi9. 4.12 Waveforms of voltage and
current at low frp-ouency (observation
No.5. 1st setup) time scala a 0.2
see./em)" .

•

- lcm

•
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obtained from the time sClde (Tabla 4.4) The rel5Ults al'8 shown

in Table 4.5.

The equivelent resistances (Rado) end induc~encel!. (Lade)

are ealeuleted using equations (2.45) end (<!.46). The per unit
•

values are given in Table 4.6. Using the results of Table 4.7,

the resistance VS. frf/QUII!l'ICy curve amI inductance VB. frequency

curve were plotted es shown in Fiqs. 4.13 end 4.14.

4.2.2 Sec:ond Setup

aitn the field-winding open circuited end the rotor placed
in quadrature-axis, e var.iable low frequency voltage "'as applied

•
. to one of -the armature ",ind lngs with other wi ndingl'l open ci:rcui ted •

•
The volt lIlge. current and time scale on the oBcil1e"cepe

were noted. (Table 4.1). The wsvef'orlllB of volttlge and currents

were photographed. (Figs. 4.15 tel! .19). The pheBe engl as between

current and voltog11l were ebt ained from the wlWcforma of' Fig. 4.15

to 4.19 (Tahle 4.B).

The equivde ot resistances (R ) end inductance (L )aqo aqa

in per unit are obtained BS in first setup and the results are

tabulated in TEble 4.9.

The resistance vs. frequency and induct.ance vs. frequency

curves ere plotted as shown in Fig. 4.20 and 4.21.

•

•
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•

• -+ lcm

fig. 4.15 vi ave forma of vo Itage
and current at low frequenc y
(Observation No.1, 2nd setup)
Time scale = 50 m sec/em •

•

Fig. 4.16 waveform of voltage
and current at low frequency
(Observation No.2, 2nd setup)
Time scale = 0.1 Sec/em •

•

• ..• le +--

•

V fig. 4.17 Waveforms of voltage Rnd
current at low frequency (Observati,
No.3, 2nd setup) Time scale =.1 se,

I
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•

fig,"4.1B Wavefoxms of voltage
and current at low frequency
(Observation no:4, 2nd setup),
Time scale e 0,2 sec/em,

•

•

•
Fig. 4.19 Waveforms of voltage
and curtent at low frequency
(Ob servat ion No.5. 2 nd setup)
Time scale = 0,2 sec/em,

,
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Table 4.7 L)(perimental Data of 2nd Setup

•

Ob serv21ti on No.

1

2
• 3

<1

5

Voltage applied Current T illl£! scale
(volts) ( amps. ) on oscilloscope

1.55 1.95 • 50.m sec/cm

1.25 1.70 0.1 sec/cm

1.30 1.60 "
1.60 2.15 0.2 III sec/cm

1.35 1.65 "

Tl!Ible 4. fJ Calculated frequency end Phallle Angle in 2nd 5etup

Observation Voltt.lqe applied Current fretlJency f ill phase

rio. (volts) (.-nps. ) (cycle/sec. ) angle
( degree.)

1 1.55 1.95 4.57 30 •

2 • 1.25 1.10 2.9 25.7
3 1.30 1.60 1.93 24.5

4 • 1.60 2.15 1.92 22
5 1.35 1.65 1.60 18

Table 4.9 Calculated EqJiva1ant Resistances and Inductances
in 2nd setup •

Observation Voltage Current frequency f frequency Eq. Eq.induc.

No. (volto) (emps) (cycle/sec) (pu) Resis- tance
tenct!! j( (PU)
(pu)

1 1.55 1.95 4.57 0.09135 .04285 .2706

2 1.25 1.7 2.9 0.0580 .0413 .3440

3 1.30 1.6 1.93 0.03B79 .046 .5415

<1 1.60 .2.15 1.92 0.0362 .042B .4520

5 1.35 1.65 1.60 0.0322 .0492 .4935
.-
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The field winding was excited with e varidble low frequency
voltage and all the armntur", windings were left opGn. The values

•
of current, voltage end time seal •• on oscilloscope were recorded

{T~le 4.101. The waveforJ:lsof voltegero and currents were photo-

graphed (Figs. 4.22 to 4.26). The phase angle between current and
voltage W!lS obtained from waveforros (figs. 4.22 ta <1.26) end the

f.requency wes celculated using the time scele of th!" oocilloscope .•

The results are given Table 4.11. The eq.Jivelf!nt re5listance (Ilfda)

and equivalent inductance (Lfdol were celculllted udnq equatione

(2.45iend (2.46). The results ara qiven\:.wls in Table 4.12. The

calculated valu8S wero used to plot the Rfdo Vs wand Lfdo Vs "'.

curves as ~howl'\ in rigs. 4.27 and 4.28 ••

4.2 .•4 fourth Setup

The field winding wes shor,tcircuited. the rotor was placed
in the direct-axis and ill variable low frequency volta9l' was applied

to .one of the emsture windings with the other ermature windings •

open circuited •.

The rma values of the voltage Iilndcurrents were meesured

using llJaters. The voltege and current wavefo:t'1llG were photographed

as shown in rig. 4.29 to fig. 4.33 and the time scale settings

on the oscilloscope werc recorded (Table 4.13).

The phasa engle between voltage and current and the frequency

of the appliod voltage were obt aincd froln theebol1e relllJ its. These
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Fig. 4.22 Waveforms of voltage
and current at low frequency
(Observation. No.1, 3rd aetup)
Tima scale = 50 m.sec/em •

fig. 4.23 Waveform of voltage
current at low frequency
(Observation No.2, 3rd setup)
Time scale ~ 50 m sec/em.

•

•

•

•

fig. 4.24 Waveform of voltage
and current at low frequency
(Observation No.3, 3rd setup)

Time scale = 50 m sec/cm.
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•

•
fig. 4.2, Wavef~rms of voltage
and current at low frequency
(Observation No.4, Jrd setup)
Time acele • 0.2 aec/cm .

•

•

fig. 4.26 'waveforms of voltage
and current ~t low frequeMcy
(Obaervation 'No.'S,Jrd setup)
Time scale. 0.2 Sec/em.

•
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Table 4.10 Experimental Dato of 3rd Setup

Obaervotion flo. Voltage applied Current Time scale
(volts) Cor.lp 9. ) on oscilloscope

1 27.U 0.16 .50 m aec/cm
•• •2 22.0 0.16

3 16.5 ,,,15 "
• 4 9.0 0.13 0.2 sec/em
5 7.0 0.12 "

TBble 4.11 Calculated Frequency and Phase Angle in i.1II 3rd Setup

Obsarvetion Voltage applied Current Frequency f iii phl!lse
No. (volts) (amps. ) (cycle/sec.) angle

(degrl'!s)

1 27.0 0.16 5.57 56
2 22.0 0.16 4.3 65 •

J . • 16.5 0.15 3.45 6S
4 9.0 0.13 1.65 68
5 • 7.0 0.12 1.52 66

Table 4.12 CII1culot eo Equivalent Registance end Inductances in
3rd Setup

•

Observation Voltage Current f" requency f freQUency tq. £q.induc-
No. ( \/olts) (amps.) (cycle/sad Cpu) Resis- tance

tance (pu)
(nu)

1 27.0 _.16 5.57 0.11125 0.422 '5.61
2 22.0 0.16 4.30 0.0860 0.2605 6.47
3 16.5 0.15 3.45 0.0690 Q.208 6.47
4 9.0 0.13 1.e5 0.0370 0.1166 7.70
5 7.0 0.12 1.52 0.0304 0.1065 7.77
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Table 4.13 lxperimentnl Data of 4th Setup

OblJervation No. \/01taglS applied Current Time flcale, (volts) (amps.) on 0 at: illo scop e

1 1.35 1.00 'so m sec/em•
2 1.15 1.50 0.1 sec/em

3 1.70 2.45 If

•
4 1.30 1.85 "
5 1.20 1.43 0.2 sec/em

Table 4.14 Calculated frequency and phase angle in 4th Setup
•

Observation ~oltsge appliod current rrequcrey f !& phase
No. . , ' C.volts) (amps. ) (c;:ycle/llce. ) angle

•
(deqren)

•
1 1.35 1.60 5.0 37

2 • 1.15 1.50 4.40 35
3.. 1.70 2.45 2.91 21.2

• L30 1.65 2.285 18.01<1

5 ~.20 1.43 1.37 16.5

Table 4.15 Calculated Equivalent Resist Bnce lind Industancl!Is in •

4th Slttup

Db!lervstion Volt8'Je Currant frequency f Frequency tq. Eq.induc-
t.o. (voltel (amps. ) (cycle/esc) (pu) fle13is- tancl!l

tance (pu I
(pu I

1 1.35 loBO tj .0. 0.1 0.03127 0.273
2 1.15 1.50 4.4 0.060 0.03917 0.3115

3 1.70 2.45 2.91 0.0582 0.0403 0.2175
4 1.30 1.85 2.285 0.0456 0.0414 ().320
5 1.20 1.43 1.37 0.0274 0.053 0.55-a



- 87 - •
•

Fig. 4.29 Wsveforms of vOltege and
current at low frequency (Observation
No.1. 4th setup) Time scale: 50 maec/

fig. 4.30 Waveforms of voltege
and current et low freql ency
(Observation No.3. 4th setup)
Time scsle • 0.1 sec/em.

•

•

fig. 4.31 Waveforms of voltage
and curr~nt at low frequency
(Observation No. J, 4th setup)
Time scale * 0.1 sec/cm.

•

•



•
•

•

Fig. 4.32' waveforms of vOltage
and current at low frequency
(Observation No.4. 4th setup)
Tima scale c .1 sec/cm •

• Fig.4.S3 Wavefoz1hs of voltage
and 'current at low frequenc}'
(Observation No.5. 4 thsetup)
Time 'scr.l'e.. .2 sec/cm.
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values are given in Table 4.14. Using I!!qJetione (2.45) erd (2.46)

the equivalem: re5istance (11 d ) end Clq..tivalcnt inductance (L)a s ads

are calculated (feble 4.15). Then tht: R d 'Is wand l d Vs w• as ,.as
curves were plotted as shown in Fig. 4.34 and Fig. 4.35 •

•

The following valuos

frequencies "'1 and w2.Mere
and fig. 4.14.

of R d endl d lit two differenta 0 a 0
tRken from the curves of' fig. 4.13

lIt1'" 0.035 per unit "adol" 0,.0466 pu Lsdo1 •• 0.53 pu
~- .'

"'2•• 0.030 par unit "eda2 = 0.050113 u Lado2= 0.574 pu
•

Therefore flo~o •• Redo2 - Radol = 0.051)1 - 0.0466 •••0.0035 per unit

and ledn= L~do2 - L.ado1 •• 0.574 - 0.53 '. 0.•044 per unit

The reei!lt£lnce of the armature winl1ing. u5i,n9 equation (Z.SO) ia

r •• Rada2 -
L 2
ado

fi acto
)

•

2
O 0"01" (0.035)••.•~ - 2 2

(0.035) -(O .•03)

•• 0.03486 per unit.

The oelf induct;ance of al1llsture winding .in d-aKis iacalculated

using eq.sation (2.49) -
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•
••0.53 .•.

•
a 0.7304 per unit

frolll ;I!quation {2.12}

)Cd ., ~ Ledd •• j ic 0.7304 •• 1.0956 per unit

From curves of fig. 4.20 and fig. 4.21,

0111 ••0.035 per unit RaGal ••0.0475 pu L •• 0.4745 pueqol

W2 = 0.030 per unit .Kl5I.~2 •• 0.05125 PU L 2" 0.5095 pu••_ aqo •

" -.
Therefor. R •• R 2 - n 1" 0.00450 par unrt\ aqo aqo eqo

•

- ,

end L = L 2 - L = 0.0350 per unitaqo 8qO aqol

The self inductance in tho q-axis is

L ••l 1+/Jllq aqo
(l

aqo +
011 2 L 3
2 aeo

R 2
aqo

)

•

•

•• 0.4745 +

•• 0.6155 por unit

from equction (2.13)

xq •• ~ Laeq •• % x 0.6155 = 0.9235 per unit



•

•

,

•

x' and ,x"
9 Ijl

Calculation of KeD
•

Fro_ curves of fig. 4.13 end ri • 4.14.
•

• 0.05 per unit Radol •• 0.0415 per unit L 0.41 per unitwI '" adol '"

"12 '" 0.04 per unit fI edo2 = 0.041\5 per unit Ledo2 •• 0.49 per unit

Therefore It ado •• R .do2 - Radol '" 0.003 per unit

and Larlo '"L d ~ - L d 1 ••0.06 per unite Or.. a 0'

The coupling coefficient between armature and d-axis dampter is
given by eouation (2.Sl)

•

K 2eD L 2}
ado

•

••0.637
•

KeD'" 0.915

Time constant of a-axis dempe.r from equation (2.52)

0.06)(.05115
•• O. UU::hc16.07 •• 0.085 Sileo nd



Calculation of K 2@n
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•

•

r

•

• from the curves of figs. 4.20 and 4.•21•
•

wI ,.0.05 per unit: Reqol"" 0.043 per unit Leqol ,. 0.3835 per unit

• 0.04 par unit f! 0.4455 per un1t L 0.4415 peE unit"2 •• aqo?- 8qo2 ,.

with theae values

R •• fl 2-aqa aqo
R aqol ,. 0.00155 par un1t

and l ,.l 2 - l 1" 0.058per unit
aljo lllqo sqo

The coupling coeffici8.nt betwe~namst'-l I'e end d-axis damper ilS

given by

•
(Ii 2 w 2 L 2)(R 2 +w 7.L 7.

2 +
K ,. Bgg 1 ago ROO 2 ego)
aQ % l (7. 2) 2 7. 7. L .2)n l . sqol "'1 -"2 "" WI L (R + "'2aqo eqo sqo eqo eqa

•

7. 2]+ C. 04) • (. OSa)

•• 0.743

Thus KaQ ,.0.875

Time constant of q-axis demper

L •.058 x .05115
T 11 ••• ago '" 0.119 secondR ••• .OO155l<16.07

l!lqD

x' and x" from equations (2.20) and (2.30) -q q'

•
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x' c x" = K (1 • K 2) '"0.9232 (1.0.743) '"0.237 per unitIt q q .aQ

Celcu1ationof KfP2

wi =.05pu Rfdol '" .1490 par un11:

M '" . all pu-2,. •. Rfdo2 '" .1250 pBr unit Lfd02 •••7.50 per unit

Ther.ef'ore. Rfdo •• Rfdo2 • Rf'dol ••• 0248 per unit

and Lfdo '" Lfdo2 - Lfdo1 '" 0.41 por unit

The coupling coefficient between field and d-alds damper i!" given

by

v 2
(, fJ) •

[(n. O~4f.l)2+(.05l2(. 41)2J [(.0246)2+( ,04) 2(. 41l2]
'"

(.0248) 2(.41) (7.09)&.05)2.( .04) '1(.05 )2x( .4U2 [(.0246) 2

+ (.04)2 (.41)2]

•• 551

Thus Kfn ••• 7465

The time constant of field winding is

•

T f '"
O.lib. 05115

••• 345x16.07 '" .0525 second

Calcula~ion Of Kaf

The coupling coefficient between armature and field winding

(Kaf) is caJ.culetad by taki ng an ..,quivelent I'e 1stance at e frequc,",:y
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•

from the curve of fig. 4.34 and using eMJation {2.55).

from fig. 4.34.

•
at w.1 '" •05 per uni.t Redsl ••• 04099 per unit

From equation (l.SS)

Tf 22IT) +2KfDD

•• .<.04929 - .034a6} )( 16.01)( ,085 [11-
II + .0525) K (.6835) K .05115.085

1

• OS x 2rt ( • Da5 )2
.02 .

•

•

'" .3631.:

Ii( '" .604af
x'd is obtained from equation (2.29)

xd '" xd(1 - K&/' •• 1.0956{1 _ .3634) -•••• 43 per unit

•

- 2Kf[l" KaD af

2
1- Kf[)

_ .....l634+.fl37 - 2x.7465x.915x'604)
1 - .551•• 1.0956 (l

XU from equation (2.27) isd
2 2

"£If + !CaD
x~ •• xd (1 - --

'" .1185 per unit

Thr~ results of 'low frequency Be well as indicia1 response method

8re given in Table 4.16. •



I - 9'1- •

•

•

•

r

•

Table 4.16 Re!l!Jlts of Indicisl Response Method I/lnd Low frequenl::y
Response I'lethod

Pararmeter

•
Xd (per unitl

xd '{per unit

xd (per unit)

x (per unit)
q

x~ (per unit)

x" (per unit)
q

Armature resistance. r (per unit)

Inductance of armature in d-axis
Lead (per unit I

Induct :nce of "t""atur« in q-axis
L (per unit)
-I eaq •

Time con~t!!lnt of d-nxis damper
winding TO \second)

Tim!! con"tsnt of Q-l!Ixia
dl!lmper winding TQ (second)

Time constant of field winding
Tf (second) .

Couplinq coefficient between d-axi s
damper end armature KeD

Coupling coefficient between q-axis
damper end 8t1llstu.re KaQ

Coupling coefficient bot",een field
and damper Kfil

Indiciel Low frequency
Response Response
Method' ~1ethod

0.945 1.0956
0.142 0.43
0.163 0.1785
0.198 0.92325
0.3915 0.237
0.3915 0.231
0.03228 0.03464

,0.631 0.10304
•

0.532 0.6155

0.03865 0.085

0.0363 0.119

0.00808 0.0525

0.795 0.915•

0.1145 0.675

0.695 0.1465

Couplinq coefficient between armature
and field Kaf 0.924 0.604

•
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4.3 Result!! of' Conventiona! Methods:

4.3.1 Slip Teet

CIRCUIT ARRANGEMENT:
• •

as CI LLOSC.OPE
•

v

~
I
I
I
I
I 'reduced

lJolt- noe'-J -;'1

--i'---
~

•

Results: - •

G:raduotion of' oscilloscope :
•

3 amp •• l.a em

B.6 wIt", 1.5 em

1st observation: Maximum current", 2.5 em '" 4.1651\

Minimum current •• 1.8 em '" J.O em

Mnximum volt 09 e •• 7.95 •• 46.6SV - .

•• 1.099 ohms ••0.685 per unit

Minimum vol tags", 7.8 ",45 .7s~1
46.65_
3 0 '" 15.55 ohms •• 15.55 9665• H.n"'. ~

45.75
4.165

'.• • >Cd ••

x ••q

2nd observet ion: Maximum current '" 2.7 em '" 4.4 amps

Minimum current '" 1.9 em =" 3.16 amp
Maximum voltage -'" a.7 em '" 51.7 volts

Minimum voltage •• B.1l em •• 49.4 volts

• 51.7 16.67 olims" 1.038 per unit .
• • xd •• 3.16 '"
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•

,
•

x cq
49.4
4.4 •• 1.123 ohms" 0.7 per unit

Ther6fore taki'ng averaqn values of above two observations

•
_Xd =1.0533 per unit

x '"0.6923 per unitq
•

4.3.2 Dalton and Cameron Method

elf! CU IT ARRANGEMENT t

field Closed

•

•

S'"f\8Ie phose
-re-cluc ed vcM0(je.

•

Remltst

Ipt pet.~ Voltage applied between
terminalsk.~lt~;
1 and 5

1 !lnd 9

voltage current
(volts (.amp)

•4.65 1.21

6.15 1.01
5and9

4.67. B '"~:~i..6•.08.
5.15

~
C '" 1.24

1.24

'" 4.16

•
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Therefore

arid
•

2nd set

•• K-1'I
xd "'""2 '"
•• K.. M

x '"q 2

4.91;1.146 •• 1.911 abms••• 1193 per unit

4.97+1.146•• 2 '" J.OSB ohms", .1903 per unit
•

• Voltage applied hetwe~n
terminals

"olteg.s
(volta)

.current
(amps. )

1 and 5 4.65 1.02

9. Hnd 9 5.65 1.01

li9 and 5 4.95 1.05

Therefor!! A 4.65 4.56. B 5.05 5.B, c 4.95 4.115'" 1.02 '" '" 1.01 •• •• 'i':O'5 ••

•
Therefore x" .5::!! 5.025-.776 •• -2.1235 ohms •• 0.132 per unitd'" 2" 2

,)(11 C K+~
q 2

5.025+ .77B•• 2 '" 2.9015 ohms •• O.•lBl per uni t

•

• 1193+.132Kd •• 2 ••0.12565 per unit

•

)(fI =
q

.1903+ .•181
2 '" 0.1B565 per unit

The results of above conventions1 mottled i!lo compared in table

4.11 with the results ,of new methods.

•
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Toole 4.17 Reectancesobtained by If£!w end Conventillnal Methods

•

Method

Low frequency
response method

Indicial response
method

•

•
Slip test

Dalton and
Cameron Method

1.0533

x
It

0.92325

0.798

0.6923

x"d

0.1785

0.163

0.12::.65
•

x"
q

0.237

0.3915

0.18565

•

•

•
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4.4 .Discu ssion 0 l' Results

4.4.1 Indicial Response Method

• ,

•

•

I

•

• •
while recording the fast transient current re sponse parti cu ler

". "differs with1

2xd(l- Kaf ).

~--.
I'

~~J

attention should be given to the sharpness of the waveform. It is
•

found that the accuracy of' the results dependsmeinly on how accurately

the various components of currents are 5eparated from tho transient

response and how accurately the semilog plots has been made (rigs. 4.2.

4.4 and 4.,6).

Results obtained by indicial response method ere given in

Table 4•.16 wi1;h those of the low frequency response method. It. is--~~~ ~,I ,.
f. t.. I#~' .• _.r I -.; •

if~und "tOl3t the value of xd, of O.14Z-is unacceptably low~because it:.-I _ t.- >.. ./ ~ • ,; __ • .••••. ..•• " _ _.... l •

is lower than xd of 0.163. ThCtvelueof Kaf obtained by this method
;.-*.,'-....-., -..._-"

• ~ J \ •••: " 1 _ •

that of the ~o~ ~frequ~ncy ,req"Jnsemethod and xci =

~he error can be partly attributed to the inaccuracy in

the separation of components and partly to the inherent limitation.

of this method compared to the low frequency response method. It may

be mentioned here that the value of xd has not be included in the
18paper by Kaminosono and Uyed •

• D!I

•

4.4.2 Low frequency Response Method

Thill accuracy of the low frequency response method depend parti-

cularly on the accurate determination of the phase angle between

voltage and current. The rms values of current and voltage should

also be measured accurat ly using a voltmeter and an ammeter. The

phase angle between current and vultage at low frequ~ncy can not be

accu:l>Jtely measured using a voltmeter. an ammeter end a wattmeter ••

..,

•



,
, ,

•
- 103 -

•
,

The waveforms of voltage and current are used to determine the phase

engle between current and voltage. The waveforms of current and voltage

wera recorded carefully with a double channel oscilloscope ••

The low frequency voltage which is used in the test muat be

sinusoidal. because the m~hematical formulee used in the calculation

are derived for sinusoidal forcing function. The harmonics in the

low frequency voltage shall be reduced as far as possible.

The equivalent inductance in the low frequency response should

decrease with the increase of the frequency, as it is eviClent from

•

the equation (2.48). From the experimental results it is found that
" .1",.. .•••••. -. +\ '" . ,.~,

equivalent inductence decreases 'with\ increase\ of' frequency. This is
. '" ..•.... '-- - ~ . - ..

due to the affect of the damper winding. It is also found that the'
. - ~ ,7 ,-'-.~, -..:..-~. ., -----..... .... ~' " "-

rate of di:c.reGse is smal-l .witti-:the open '.fi;ld' winding. than- with C105~d
I ~ _,.~. _-.J '.~j 1",.. .• _ ••. - .••• ', ••••• ' ~ •• - • -.I

fi~ld winding. The closed field winding also accentuates that the
•

action of d-axis damper and at.1 per unit frequency and above, the

equivalent inductance takes a constant value corresponding to sub-

tr.'lnsient reactance. If is also noted that equivalent inductances

at a very low frequency becomes eque1 to the self-inductance of the •

armature winding. ,

The parameters of the synchronous mechEne determined by the low-

frequency response method depends somewhere on the selection of the

two frequencies, which are used in calculat ion. I t is found that

accurate results are obtained if the frequencies are chosen at fre-

quencmes below 0.1 per unit.

•
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1\f1;er all the paramet ers ofs,yochrooou 5 machine obt ained by

low'frequency response method are io the normal r,aoge. of the value

of the parameters,' ,Appendix-A) '. It is ,observed that the lO~I' frequency

resptTnse method gille5 more accurat'B result S than the indicial res-

ponse method as shown in Table 4.16. The results are in close

agreement ~R with, those of th-s e~nventiorial method. Table 4.17 •

•

•

" ,

•

•

•

•
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CONCLUSION

t

•

•

•

•

•

• An accurate determination of the synchronous machine parameters

ere important for pre~determination of the synchronous machine be-

haviour during a fault or changes in its excitation or load. Two

new methods namely the indicial response method and low frequency

response method has been evaluated here. The math!!matical model of

the synchronous machine is analysed to give the important machine

quantities in terms of inductance and coupling coefficients. The

theoretical beais eif- the two new methode
I., W \ \ ",

important conventional methods which ere
•

has been preli'ented. The
•

normally used as test pro-

cedute todei;ermine ;the' par~meters of .synchronou s machine are 81so
. \ !.. :. ,- -- /' ,; .,..

summarised .• The experimantal technique of the indicial response

method and the low frequency response method are given. The genera-

tion of low frequency voltage on a laboratory universsl Machine is

shown. The tests were carried out on a laboratory alternator.

The investigation shows that the results obtained from the
•

new methods are in the normal range of the values of the parameters.

The result shows a close aggrement \~ith those of the conventional

met.hods. The low frequenc y response method gives more preci se

result s than the indicial response method.

The influence 0 f saturat ion is neglected in each method. Since

the saturated values of reactances are not needed for normal cal-

culation. The methods are important in determining the quantities
•

of synchronous machine.

•

•
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The results of low frequency response method is very 0uch
impressive, but major difficulty arises in the generation of the

low frequency. Since the teet Gre done with 1a8chin~ in the stand-
9till condition, the power requirement is ,very small. For a J KIIA

220 volt three phas!! mechine, II 50 watt supply is sufficient. If

the g"neration of such varillble low frequency voltage ",ith suitable

powur output is ovurcome, the new methode will prove to be more

convenient than the conventional methods.

The major adv8ntaga of the new methods are that the ~ochine

teet
•

is kept in stendetili condition. The teRtI' lIrlt ••pplicab le to tiny- ,. - ~- "
size of bolllh s'lllisnt 'flndnonsalient synchronous machine. The

, . ~. ' .•.• .•. . '
-'

is cOflvenient b ecauses singlo el<perimental arrangement is :tp.QL.ired
~~~~ , ~, ~to dotermi~e ell the ~mportent parameters .of'the synchronous ~echine.

} .. -

•
5.2 !'Jugge@tion for further Work

A suitable low frequency sinusoidal source and an accurate
low frequency pheBe meter should be procured or develo;>nd to faci-

ii tateexperimentetion wi,th the new methode. •

The effect of sflturation on machine parameters is of major

importance. The new methods may b" el(ten~ed to include the effect

of saturation on the parameters and also to evaluate the open
circuit and short-circuit time constanta of the machine.

•
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TYPICAL RtACTANC£.S Of' 3 PHilliE SYNCHlHlNotJfi MIICHltlt,S
• •

Reectl9nr.:lIs DJ'e peroni t value. V8~UI!l$bl'llnw the 11n8111give the range of valu!l Wt1J.~1l

those abQv" give IIV'U'il\l8 v iuDs.

1. 07 O.1S !!.:..Q.2.
.92-1.42 .12-21) .07-,142-pQ1e Turbo-

generato.r

Xd
1.10.

.'15-1.45

x
q

•

X.
d

•

., ItAd X"
q-0.09

.07-.14

X2
0.02
.07-.14

x
o

.C!!
.01-0.U&

-

4 _ p1e A.10 1.0e 9.23
turbo qenerutor .95-1.45 .97-1.42 .20-.28

!Jalient pole
\jenera tor !!lDd
motor with
damper

),.15
.6U-l.45

0.75
.40-1.00

0.14.
.12-.11

0.30 0,20
.2U-.50 .13-32

0.14-
.12-.:17

0.30
.23-42

.14
.il-.ll

0.20
.13-.32

.OB
.U15-.14

0.10.UJ::2'3

o
--I-l
I

!>1I1ient pole
gen!Jrator and
motor without
d.OlPllJ'

1.15
.60-1,45

.75
,40-.95

0.30
.20-.45

0.30
.20-.45

n.zo
.45-.95

0.50
.30-7U --.!!.t.!2.03-.24

•

•

,

1.n
1.5-2.2Con ensllt

•

1.15
.95-1.40

0.40
.30-.60

0.25
••lB-.35

•

~lCOJO
.23-.43

0.2.
• 'i'7=":" J7

0,12
.U25-.15

-.
• ••

. -
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APpftmrX-1l IlEF'!tJATI!1N5 Of REACrI\tICE,; Of "YrIOH10NCUS MACHINE

1. Oirsct Axi!! ~>ynchrnnouB RSActencel ltd
• •

It is the ratio of the fund ament III component of' reactive

aX'q,sture vQ~tege. due to fundament 81 direct-an IIIcomponent of

armature cur rent, to thi5 companent of curren;; unt! al' blanced

steady state conditions and rated freouency.

2. Direct-Axin TR,nsient Rnactance: "d
It in the ratio of the funmentel component of reactive

armature voltege, dull to fundamental dirm:t-3xis alternating current
J

component 'of'ermsture ,current, to this companent of' current unde;,;

IS\Jddenlll applied loae! ,canditions flln:1 at rated frequency, the value
•

'of currem: to oe' determined by the e 'trapoletio n of t he envelope

of the alternat.ing current cOlnponen't Of thl' current wave to the

instantef sudden application of load, neglecting tl1!- high decrement

curren-ce during the firllt f.,"'cycles.

•

•
It is theretie of th~ fundament!!J. component of reactive

armature voltage. due to initieJ. value of the funrlementlll direct

axis component of th e 81t ernating cu rrent component of th Ii! ermllltu re

current, to thi~ component of' cur~ent under suddenly applied load
conditions and reted frequency.
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4. Quadrature Axis !:Jynchronou!l R"15ct.ance: x
q

It is the retia of' th!! fundamental component of rel!lctive

a:tlllaturtl voltage due to the fund15l1lllntal quadreture-ilxi s component

of armature current, to thi!! component of current under steady state

cOiSldition and &t reted frp.QUency.

5. t!uedratu fn Ade Ttanaif>nt Reactance : x'
Q

It is the ratio of ttl •• 1'unda1ll ant a1 COmponent of reoctive

armatu r" voltage, due t,o the fun1 ament"l quedratu re exil! component

of alternating current component of armature current, to this

component of current Under suddenly applied load conditions .at
•

rated frequency, th~ value of current to be det-rmined by the extra-

polation of .the envelope of the l!llternetinq current coopon8nt of

the eurrentwsve to the itHltant of" th I! 5udden application of load,
•

neglecting the high-deeramont current during the first few cycles.

6. Quadrature Axis ~ub-rraneient React~nce~: x.
q

The quadrature axis llubtrllnsierrt; reec:t.ence is the retia of "the

fund_entel component of reactive ermature voltage, aus to the

initial value Of the fund811!!ntal quadr.ature axis component of the

slternating current component of the' emotuJ:e current, to this

component 0 f current under sudd enly ap plied balanced load cond i tiona

••nd at rated frequency, the value of current to bl! detemined by the

extrapolation of the envelope of the alternating curr!:nt component

of the current weve to the in"tent of the !;udden applic~tion of load,

neglecting the hi'Jh decrement currents during the first few'" cycle9.
~
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7 .t~Aqative - Seqycnce R"'f!ctancB~ x2

• •
It i" the ratia af th", fundamental reactive mmponent of ne98ti-

-Vl!! sequenc, armature voltegl!. resulting from th" presence of funda-
•

mental negative z8Quence armature Cll rreO"l: of rated frequency, to

this current, the machine being operated at rated speed.

B. ZeroSeguf'nce Reectance~ leo

The zeril seq snca reactance is th" retio of the furn:lemental

co.mponentof reactive arll!l!ltuI'1! voltmge. dUl!W 'the fundamental
-zero seQuence component ofaxm stu rt! current to this component at-

rated freQue:ncy.

•

. .

•
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• A synchronous machine ccnsist s of an IIlectrcm,:gnetic circuit.

An electromagnetic circuitatt!'mde a :stat!'.! of saturtn:icn a1: which

tht:: flux genera1:ion is not varin!! linearly with apolied et:lf. A

synchronous machine attends D01:uraticn if its excitatian is increased

or if its armature current: is increased. Due to this saturation,

na more the linesr relation remains between voltage and current and

synchronous machine parsllIetl5rU changes ••H:h saturation. The constant

attends different values at different degree of aaturatian due to

armature/excitatian current. Due to saturetion, the reactances ara

decraased. Saturation effects tht' di ff~rent ptl1'olllat ers"' to di fferant
. .

extent. For some peremetex inclusion of saturation-ia K essential
•

and for sOlne paremeters they may he neglected.,
•

for x
d
' the effect af saturationlJooer load cen be taken into

account with good accuracy with the uee of saturation factor, deter-

mined from tl1e open circuit characteristics 0 f th e machine. xd i!il

assumed to be consiats of' two part, one is constant and is independent

131' saturatian, while second part is effected by &8turatlan. The•
constant part can be found by potier tri21ng le, which is based on

the assumption thot over excited zero power factor characteristic

Is identical ",lth the open .characterifl'tics,. shiftad v".rti'cal1y

dawnwar.dby a can!ltent voltage drop and horizontally to the right

by a cons tent IllllIf. The l<dmay be continuously adjusted for saturation

as " machinel3 operating condition changes.
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X
q

is aff'ected lesBcr than "'d by saturl9tion. Eecause of

the interpolal' space; saturation in th., iron portion of the q-axie

mll';Jnetic circu it pl.llYGonly e negl iqibl!! part in de~et'mining the

permeanca of course <;-axi9 saturation ceo be included through the

usC of' two saturation factor, Dna dependant on total f'lu", and one

on direct axis fluK.

The d-exis transient and sub-tret1sien't reactances xd enCl Xd
are predol!lin~'"tly determined by armature leeKege and field or

damper winding leakege. They are thcr'3forl'!; influarn:ed by saturation

to leeser extent then xd' '~everthele$s they are inf'luenced. for

heavy armature currents during a dinturbance tf'nds to increase the

saturation in the leakage flux path as well 65 in t.he'main flu" •

p.eths. Usue,J.ly two values of Bach reectance ere avai.1eb leo One

called the rated volt.ega,oT. saturated,. va.lue i D cl atermined f'rom
•the short circuit tests in which th.' f'.teld current is adjusted to

give ratedprefault terminal voltage. The otnflr called. the ra'ted-
. f d

current, or tinllatureted. value is i~Q!il from the short c11:'cuit

test w.ith the field cu:rrent reouces so that the initial symmetr.ical

tr~nsient or subtraneient current is equal to reted current ••
The q-a"is transient and subtransien •. reac'tanC9l!5 x. and

Ii!

alao v.sry with saturat;ion. 5ince x. x~ are ecual for salient:.q' q

machine, they ere tr"'Dtec! alike in 'tnatc:ese. Fer' olid rotor

x ••
q

pole

turbo

since

alternator x~ sne! xd Illay be treated in the

they/~~~roxil!llltcl y equal. The subtrant<.ient

same manner

reactance xn
Ii!

is

hondled in the same manner as xd•
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APPENUIX-D •

lJi.RIVATILJi~ Of t:yUIV"LL.NT fll~)bT,;IJCE liND IfWUCTAi~CE IiII UM

fRL:,UtNCY RESPONSE Kt:THOD

•
Let the field is open circuited and rotor is in d-axis

-y-

_.---'1Mt1---, LaD

laad l D.De

•

ARMATURE D -AXIS DAMPER

Then •

e = (r+j'w L dli -jw L D iOeo a a
", '

- ,
0- ='(rll.+jwLDI;liD - jw i..~j.J' iq.- ..

Therefore
jw LaD
rD + jw LOD

e= (r+jwL dliaa III •

L ,,0
2 2w

i e - r+jw Laad +
a rD + jw LDn

L 2
Lead LDn

2
aD w

r+jw L += aad L LDuhl: rD + jw LODaad

K 2 Leed LJJD
2

jw L aD w
= r + aad +

rD + jw LDO



I
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I , I

•

•

•

•

•
K 2 L 2
aU aad

III....L = r + jw L +i aad ia + jw
LUll

• K .2 L 10.,2

'" r + jill L + glJ nd
aad -L + jwTO

•
",2 KilO

2
L d{jw -~)

• •• r + jw L••ad + aa D

1 jw)(jw - +)(- +TU D

K 2 L
. 1

aD ead (jw- r)
•• r + jw L + 0

slid 2
( 1 +( 1 )wTn

k 2aD
Laed
. TO

1 2
-)
III Tn

~.~j~{(.i '\d
. - .as

'; \ \ . '..!

K 2 L •
',sil' . aad-' ------.1 +( 1.. )2

- III Til

•

- -

hd •• r+a 0

L
ead

Therefore equivalent resistance
K 2aD
Tn

21 + (1 JwTn
•

and equivalent inductance

K2
Llliado~ Lead « 1 _ aU»1 + (-!-)2

\of Tn

"
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APP£I'iOlX-E

Indicilll R,,~ponsG Method

•When'the rotur is in d-ilX1s and field is open. lila can write

•

•

E

l: d ia
d

'"dt lead ••• r i -- KaD in
III dt

0 d Ii' d ?-d
Id

•• - dt KaD +'~ + -iii . dt fa . (2)
•

•
Taking lapl"1ce transformation of above equations

.L 51 r J - K D 5 I:> '" J- d •••
. Illii e III a D

\1 '" - K aD 5 I
In

5 Iu.-.a Tn
f( ail 5 1

from ( 4) I ••• a
D ( yL+ c' )••

D

( 3)

(5)

I:: KaD 5 1 •• a
• • "5 ,C Lead 5 I ••• r I - K GO 5 1a iii .......-..+ sTn

Therefore I soa
, [IS

( l.ead S ••. r )

I '"a
E ( 1 + 5 Tn )

25« S (Lead Tn - RaU2TO'" 5 (laad+Tn r) •••r II .
( 6)

I( ,K1 K2
Let I •• ....2- + ••• -S S ," 5-:;2. , e -:>

1

(7) "
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Wher~ 51 and S2 are two ruots of' equation

•
I , •

•

•

•

•

•

•

-(Laad+ TOr) • J(~ d+T nrl2~4d(l d TO •
2

KeD "TO) (S)
51.=

A8 .sa

2( Laad TO - Ka0
2

TOI
•

-(L d. r Dr) - f<Laed+Tnr)2. 4r (L
gnd

2
Tn-Ken TjJ)

52 = aa (9)
2

2(Laed Tn - KaD Tn )

K =,0

j(
o

EJl + STu'
2 25 (Load Tn -KeD Tn)'" S(Laad+ fflrl .• r

E=- r
( 1n)

EU +.5 Tn)
"1=.-5(5_5) 2

•

••
2E(La_dTd-keD2r,D) + £ TO (L T) .f(L T)2 4 (L' T 2

Q - aad"" Or +l' sed.' nr - r aad D.l< all Trl

\::-(L .lad'" TDr ).l(Laad'" TDi/~4r<Laad TI)-KeD
2

Tn]t{ Lead+ TOr)
2
-l.Ir(LaflldTD-ke02

xT Ttl
2TDI+Tnb(L8ad+TDr)+V~Laad.Tllr)

-4rlLaadTn-KeDZTO}] ]

I(l d+TDr)Z.A.4r{L dTD-K n2Tj) ,ae - aa' a
ll1)

,"
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Tl1l~in;)th" inverse leplace tran!lf'ormlltion of equation (7)

ot at
i _K +" 0 1 + "2 It 2a 0 1.

(13)

Putting the values of "0' K1 nnd K2 from equations (10), (11)

and (12) in equation (13)

•

4r (L . d TD'-ell '

[Z(Lsed

Torl2
\ -

•

~-Laad .for)+ 1(Leed .• T1Ir) - 4r (LeadTn-"e02

C.../{L
aad

+ Tor)2 - 4r (Laad Tn - Ka0
2 To)]

+

E(LUI:! Tn - "aDZ Tn) [2(Laad To-Ke1,zTo) + Tn {_(Lllad+Tn) -

t(Laad + TOr}2 - 4r (laaclTn - Kao
2
Tn>}]

+------~============"""'----------
[<Laad+ Tor)+iflt.eed+ TOr) 2-4r( Laai n-KaD 21'0) ]

'[¥(laad+T Dr)2-41' (LelloT n -KaD
2
r oJ]

t -(Lead+ TDr I-it Lead+ f nrl2 -4r( Laad Tn-K./To .'
x e
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But the actusl cur ant is in the form

-t/Ta20
e -

tiT alO
(l5)

•

Therefore,

•

•

T a20 ••

22(L d Tn - K D Tn)sa ft

.(L d + TOri .•. V(l d '"sa os

(16)

TalU ••

2
TDr) • 4r(Laod

• Tn KeD2) J

(17 )

•

(11i)

:>ince the villlue of r is very 51:\511. so the terms involving r

in the exprel!loions {(lat'ld+TDr)2. "rtLaed TO - KeJ/ TO)

(19 )
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Ther Ilfore,

Y(laad+ Tnr)2- 4r(LsadTn - Km02TOl - L das

I I
•

•

•
•

(20)

•

•

-
U~in9 equation (20) the equlltion (16) is -2(L T -Y- 2T )T ead D ~n p

a20. -(L d+Tnr)+L da8 as

•
Ta20 '" 2 (L d - j( V2,pe a

r • • . .' -

(21 )

(22)

•

• Using equation (20) equation (17)., (16 ) end (19 ) are

2 (L tu,d
2

TalO •
Tn - Ken T1)

Tor - 2L ead

t.(L T 2 2(L r 2 2

I 8l!1d 0 - KeD Tn) aBel D - KaD Tn) - Tn r
a20 • ( - TnI' Lead)

l' •. -------------------------alO

•

•

(23)

(24)

(25)
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