A COMPARATIVE STUDY OF Htw AND CuNVENT IUNAL METHODS

OF MEASURLKENT OF SYNCHRONOUS MALHINE QUANT}TILﬁ

BY

AFZAL AHMED

ik

- ! . . /\Lg ‘,-,'m-/m4365‘7 \)d‘
o K R NrET Uy
' o L VT
. A THESIS
SUBMITTLD TO THE DEPARTMLUT OF ELECTRICAL € .GINELRING
IN PARTIAL FULFILMENT OF THE RLQUIREMENTS FOR THE DEGHE.
ol OF

MASTER OF SCIENCE IN ENGINELRING(ELECTRICAL)

| |||IIIIII|I|l|||||||l|||||||l||I|I -

DEPARTHLNT OF ELECTRICAL ENGINELRING
BAAGLADESH UNIVERSITY OF ENGINEeRING AND TECHNOLUGY,DALCA.

JUNE 1978



—

This is tu‘certify that this work has been done’

by me and it has not been submitted elsewhere for the

award of any dégree.ur diploma.

(OADE - O, _ﬁ @

S o

e =T

E,W-m—:-n e ST R A T < e P,

BT

“"-.-n e Ld-'

SO \2 N “f\\ ?\(\llV\

LR ]

Cnunterslgned - Signature of fﬁe;candxdatei{

ot

*

(Supervisor)



A COMPARATIVE STUDY OF NEW AND CONVENTIONAL METHODS

OF MEASUREMENT OF SYNCHRONOUS MACHIMNE QUANTITIES

BY

AFZAL AMMED

Accepted as satisfactory for partial fulfilment of

the requirements for the degree of M.7£TE:§€: in £lectrical
Engineering.

;

EXAMINERS -~ . : ' a

\ C ol
o (1)

{ Dr. Syed Fazle Rahman )
Supervisor

(2)

( Dr. A.M. Zahooru
Member

{ Dr. Nazrul lslam )
txternal Examiner

Huq )

O . 6

( Dr. Abdul Matin Patwari )
Member

(4)

Qolél?g



‘the transient waveform 8f cukrent. -ln low frequsncy response 7

ABSTRALY

An accurste determinstion of the synchronous machine
psraneters under sub-transient, irensient and synchronous
conditions is essential for the prea-determinntion of the
behavicur of synchronous machines undsr different conditiaona.
A number of conventional mathods ars used to deturmine theage
parometers., Recently two new methods, namely the indiciel
regponae method and the low frequency response method have
been daveloped, Thig work evalustes the applicebility of the

new methods for messuremesnt of machine parsneters.

The new tests are made with the mgchine in the stondsgtill

“condit ion. The indicial response method conaists af applying a

* — - L 4 P * !

de ﬁnltagm tc a windinp of the ayﬁ:hronnua machine ;nd_recbrﬁihé

ﬁethodrfa vsriable ueryriuw?fgséuéﬁéy (1-~ 5Mz) is applied to-
a-winding.itha rms valuea of voltage, current ond phase angle

hetween them are meaqured at different frocuencies. with thqﬁi
axperimental values, the paranetoers are calculated using egila- .

tions.

The theoretical bhgsis of the new methodes of measuremant
together with & summary of the conventional methods of mfasure«

mant have bean prcsenfed.

The parametsrs of a threa-phase laboratory alternator
have been measured both by the new methods and by conventional
moathods. Results of the new methods, of measurement have bean

found to be in close agrarmant with those of conventionael mathods.



The adventages of the new methods sre tﬁat.ﬁa:ﬂ test is
ﬁade with' the maéhine iﬁ the stendatiil condition and that the
pawer requireMEnt for éech tést is aﬁéll- ¥ith large nachineu,
the new methodl w111 prouﬁ to be very caﬁvenxent compared to

tha tunning tests by nnnventinnal methadq.

The analyszq of rsaults af th;s lnuestlgatlan leads ta

' the cenclus;an that, ;n ‘course af tlme, the new nethads will be

~accepted as standard nethods with uther ccnvantxonal methods

'f&g{i E\remengjuf‘%ynchrahaQﬂ)machxne quantztie o \P~i{ . \\J
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. J“au’ﬁaq’ afy ,wLoupling coefficient between a-phase srmature - d-axis .

NUMENCLATURE

B 0.C voltage

e a,c. vaoltage

L Voltage of stator pheses a,b,c and field reYpectively

f frequency

ia'ib'ic Currents of stator phases as,b,c,

if'id'iq currents of field,d-sxig demper aﬁd q-axis damper
id,iq stator currents in d-axis and geaxis

Iab' Ias . Transient current in 2 phase stator coil with field

cpen and clesed respectively.

IalB'IaZD Decaylpgrsomppnentﬁ ?f‘}aﬁ~";' SRR
. _‘,._ N L ) i Fl |_\ N B
) U . .
Ials.1825¢1335 ecaying companents of Ias
! b ] R . ""\‘_; o \n . ‘:"/V'gil‘.;. '_ \\l TR

L

K
fd demper, a-phase armaturey qesxis demper, a~phase

armature-field and field-d-axis domper raspectively.

Laa'Laao'LaEU' Self inductence of a-phsse armature, eguation (2,3)

i ¢

Lab' Labn Mutual inductante betwsen a and b phasss of armature,
Bqno (zcd)l

LaF'LaDiLaQ Mutual inductance of armature with field, deaxis
demper and geaxis damper respectively.

and' Lgaq SE{fV**—éé inductance of d-axic and g-axis respéhtiue}y

LEdO,Lqu tquivalent inductence of a-phese armature winding in
d=axis a2nd geaxis with field gpen circuited.

Lads Lguivalent inductance of a=-phase armature winding in
de~axis with field claosed,

L Egquivalent inductance of field.

fdo .



H o 1 Lguivalent resistance of a-phase armature winding in
d-axis and g-axis with field open.

R cquivalent resistance of a-phase armature winding in
d-axis with field closed,

R Equivalent resistence of field.

r,rD,ﬁa,rf Rusistance of armature, d-axis damper, q-axis damper

and field ragpectively.

TB’Tq'rad'Tf Time constant of d-axis damper, g-axis damper, armature
in d-axis and field re=zpectively.
T Iy
Talo’TaZQ ime constants of Ialn’ Ia2n resperntively
T o T . .
Tals als, Time conatant of Ials'IaZa’Iaas re.pectively.
333 ] - ‘“;J-,.... @ “"I ,h r\:‘;_ . ‘-'\‘-( F n B b :‘ [ ]
X X synchronous reactsnces inm d and g-axea.
d’"q Y
Xy %af . fransiént=ieaggaﬁQEWinxdihnqﬁé;a;ﬁgﬁ
B oo ;_ ‘(‘-:' \‘{f .. -"_,IL -.. . ‘ . R ' . .
xg. x; sub-transient reactance in d and g-axis
w= 2nf angular velocity .
.
yé'}%’ Z? Flux linkasges of stator phases a,b,c
& . %t stator flux linkages of d and q axes
V%, }g tlux linkages of d=axig and g~axis damper

%; Flux linkage of field
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1.1 Introduction .

Electricity is used in almost every sphere of our lives
in the present day world, Thia important asource of erergy is
generated mainly by eiectromachenical means using synchroanous
machines, Although at presecnt thepxe ars some direct methods of
converting other form of snerqy into electricel energy, bhut thege
methods ars nither efficient nor sconomical. Moresver bhulk smount
of eplectricel ensrgy can not be genersted by thasase methods.
Synchronous machines remains siill the only source of bulk supply

-,

of electricalenergy.

In order ¢0 maintsin a religble and mdequete supply of
slecerical fnergy, the behesviour ¢f synchromous machine muet be
gocertained under diffarant conditione aof its operstion such as
changeas in excitation, changes in load, asudden fault in thoe system,
transient end steady stste stability problems. The behaviour can, ’
be acertained using the constants of synchronous machines. Theae
constante should tharefors, be detarmined eccurstely for pre-

deatarmination of machine behaviours,

"1.2 Hissorical Develppment of Twozceection Theory

Defore the revalopment aF the two-rzection theory of synchroe
noug machine, relativaly few machine constants were used, A single
value of reactenca {usurlly called scmoture leakege resctance)

was used to calculazte thes initial short-circuit turrent end the

i



standstill decrement curve was ussd to determine the decay. But

it was noted lsoteron that for selient pole synchronous maching,
the flux distribution ig nor exactly sinuscidal snd for‘field with
distributed iron and copper, somewhat higher rosults are obtained
then actusl test results. In order to ovarcome this difficulity

T

professor Andre Dlondel published in 1804° hig two-reaction theory

in which the machine wos divided i{into two axes. The mathad wes

exarined in datailld by Doherty end Nackel, who published s gperies

of important paparaﬂ'g’lb'll’lz. A valusble contribution %o the

subject w g mada by Park in & met of thres paperals'lﬁ'lT. These
pepere net only developed the two-sxis egustiong of gynchronous
machine, but they indicatsd how the squstions cen be spplied to °
many importéht'prublema. Parks transformetion provides the most
important fundemental concept in the development of generslized
two-reaction theory. This genermlized téo—raﬂctinn theory is now

epplied to determing tha constants of synchronous mechines,

1,3 Purpose of Investigation

A numbers nf conventionsl methods such as thoge d@scribed

1,2

in IfLE teat procedurs » 1965 are yensrelly used to determineg

axperimantally the paremeters 0f aynchronocus machinesg. A numb;r of
thess tests heve to be performed if sll the machine conmtants aras

to be determined. Morecver most of those testu are made with the
machine in the running condition and consequently, involves slshorate
experimontel setups sr well ss considerable efforts with large

1B

genersgtorg., In 1968 Mr. H, Kaminosono snd Mr. K. Uyeda  publighed |,



& paper on 8 new method of massurement of synchronous machine
quantitise using the indicial respanse method and the low frequency

responee methods, which heve eleo been considered by otfer investi- _

gators elsowhere,
b
This work evalustes the applicebility of the new methods

for measuremant of synchranous macﬁine guantities, A mathamstical
description of the synchronous mechine emd s concise summery of
the impartant conventional methads of measurement of machine conge
tznts has been presentad. Tha theoretical basis of the naw methods
hasg been developed. The constents of a laboretogy alternator has
been detemined experimentally using the conventionsl methods as
well as the new methods, inorder to present a comperison af the *

. two methods and %o suqorst madification snd impravement of the

new methods.,



CHAPTER 2

THE 5YNCHRONOUS MACHINES

2.1 Methpmnticae) Biscripticn of Svnchronous Machine

ThEVSchematic layout of the winding of a 2 pole, 3-phase
synchronsus machine is chown in Fig. 2-l. The magnetic flux pachs
heve differant permeances in the direst (polor) end duadréture
{interpolar) sxes of the machine, The direct end quedrature axes
revolves with the rotor, while the magnetic axes of three astator
phases ébﬁ remeins fixed in spoace. The main field winding lies zlong
tha_pclarlaxis znd the damper windings are repregented by two shorte

circuited coils, one in each axis. The machine & idealized by meoking

fallowing assumptions:? .

1. Saturetion end hysteresis effects are negligable.
2. A current in any stator winding aets only a fundsmental

mmf wava, which is sinugoidally distributed in space around

. the air gap. .

The machine is repleced by six cnils. Thesas recults six self

inductances and differsnt mutual inductances between the six coils.

2.2 The VYoltage Relstion .

The voltage equations of 211 the gix windings in terms of

“flux linkeges, reaistances and currents are,

e, = P yé - i

e = p Vé - rib | v,i,g

g{; g/ .
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Schematic layout of the windings of g
Synchronous Machine,
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The armature winding self inductance varies sccarding to

(2.2)

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

The inductance varies from a2 minimum when the interpolar axis . .is.

fn line with the phase axis to & maximum when the polar axis ig in

line with the phase., This varying inductance consists aof s fixed

value snd s varishls velue, which depende on the zngular position

of the rotor. 'herefore, the gelf inductancos are given by



L = L + L Cos 28
aa

th = Leaﬂ + Lo Cos 2(8 - 120) _ {2,3)

Lcc = Laau + LaaZ Cos 2(8 + 129 .

2.3.2 Stator Mytusl Inductrnces

The mutual incductances between armature windings zlso depends

on rotor pasitioen. The mutual inductsncea of phsse abc are

Ly =Ly = ~[Lyg+t,Cos2 (8¢ 30) J

Lye = bop = = [Lebn s L, Cos 2 (8 = 95)] (2.4)

h - | | ' By m
Log=boe==[ Lo * Loaz Cos 2(8 + 150 )]

2.3.3 Rator Selif-lnductsnces

The rotor salf inductances tff, Lyp end L ore constant

ay
and sre independent of rotor pasition with respect to the stastor,

neglecting the effect of rotor slot and saturation,

2.3.4 flgror Mutual Inductances

All mutual induciencs between any two circuits both in any

axis (direct-or gquadrsture) is constant. Therefore Lep = Lye = constant

There is no mutual inductance between any direct snd quadrature

axis. Thet is,

Yeg=tor=tog=tg =0 _ {2.5)

2.3.5 BMutual Inductences Between xmit Btator and Rotor ECircuits

All stetor—to-mutuel inductances very sinusoidally with

rator angle and they become maximum whan the two coils in question



are in line

Laf = Lfa © 19? Cas 8
Leg= Lo = 1.¢ Cos(8-120) . .
Log = Lo = 1g¢ COs B (2.6)
Lyp = Ly = 1qD Cas (B - 120)
Lop = Lpe = LBD Cos (B + 120)
‘LaQ = Lﬂb = - 1aQ Sin B
qu £ qu = = laQ 3in {8 - 120)
Len = bge = = 1gg 540 (g + 120)
2;4'Pa£§'s Trensform»tion o o .

The phase varisbles shc can be transfarmed into dgo varisbles
by Park's transfoxmetion. The transformation of abc varisbles into

-dgo variables are definaed by

[a,] [Cos B Cos(B-120) Cos(B+120) 3 e
2 | = £ |- 5in 8 =5in(8-120) -5in(gs120) 3, (2.7)
3 ¥ ¥ ¥ 3
°] : booLle]
where # stands for voltage, current sand fluxlinkage. . .

The inverse transformeation of dgo variebles inte abc vaerisbles

ig given by

- -

2 [ ¢os 8 - bin @ 1 _ad T

3, | = | Cos(8 - 120) - sin{g-120) 1 2 (2.0)
a fos(B+120} «~ Sin(B+120) 1 o .
c N ] Q




2.5 Synchranoug Reactancesn

The valuass of inductence coefficients from seuation (2.3) to
(2.6) ars substitufdited in the flux linkagse equation {2.2) and the
phase varisbles of the resulting squations gre transforméd into

dga variables by using Park's trensformation to give.

3 . . e ) -
2 Laa?"d + Lufif + LaDiD

3 .
%%= = oo * Labo =3 Laaz)lq‘* Lanig (2.9

%:..— had ‘LGEO - 2 L&bOJiO

In equation (2.9) 95 snd Sélmay‘he regsrded as cnrrespuqding

%:: - H‘aau * Latm +

to flux linkage in coils moving with the rotor and centred over tha
direct and quadrature sxes respectively. The equivalent direct axis

L] - ) - I3
and quidreture axis moving ormature circuits hsve the per unit reaca

tances .
X, = direct exig reactance = L + L + 3 L
d _ T “aan abo 2 as2
4 . . _§. (2-13)
Kq = guadrature axig reactance = Laau + 1.abn -3 Laaz ;

In the light of the relation aof permesbility, the steady-
state component of mutual inductance betwsen armature windings
Labu of egustian (2.4) may be tzken to be epproximately half %he
steady-state component of self undictance of arm-ture winding Laao

dee Laba = ¥ Laaﬁ

Also the inductances of armature winding in direct and quad-
rature sxks sre obtained by putting 8 = O snd B = 90 respectively

in esquaticn (2.3},



—-lo -

L oL eL (2.11)

The per-unit reactances are numerically equel to per unit
inductances for negligible veriation in fresquency. Therefore the

pexr unit dg exeg resctances are

o 7
Xa = Laac * “abe * 7 Laa2
L + kﬁgg + 3
= “ago 2 2 “mpal
3
= 2 {Laac * Lea2?
- X, = 2L ' | (2.12)
- d 2 "aad - . *
A =L+l =3 U _)- “
q * 3ao agho 2 aad '
W +-L'-ﬁ-@-'a-3 L) =2 (L L)
= ' aao 2 2 a2’ T 2 ‘“aso T “asl
X =30 (2.13)
q 2 saqg ’

2.6 Dperational Rpactancas
From equations (2.2) and (2.7) we have

L i

af « L

<&
"
'

a*terirtlen iy

L + L

ab %4 en i¢ * Lpp &y {2.14)

[ ]
of
|
' X
MNow e o

Ny
i
[]

L i + L i
g

el Qg Q-

Uging the expressiﬂq 9% ’ 9% ; ond %@ of =quation {2.14} in
the voltage equation (2.1), the last three voltage equation for

Cer and eu can be written in the per unit form as



~11 -

®p ”'"ﬁz' [“%lLaf ig * bppip v Ly in] + 1o iy
ey = e;E-[--g-L iy by i.f.*-LnUiDJtrD.ig (2.15)
ey = ;f— [-1§ L + Ly iQ] R

whare *E—‘e %—'52- = per umit differentigl ocperstor.

™ ()
From ecuation {2.9) and {2.10) we have

Va == xgdg v Locdee Ly iy
' | (2.16)
%%:: - xq iq * LaB iQ
If flux linkage rélntiuna and the voltege egusations sre 1iheér,
the rotor cirguit Verimbles if. inrand ig can be elamenated from
equations {2:15} and (2.16}, @0 that %3and 5falc5ﬂ be written in

opErntional form ags

plL -1, T
y%‘ﬁ Do af 0 ban af "D a (2.17)°

. £
p¥(Lyy Lee = lep2) v ollyy zesls rpkegr,

) + L

2 . | 2 2
T ‘LnaLar T 2ep bon Lart Lep bapltRit, Trget p2r0) LRk
o “Wypler = Leptenllpy 7o+ * Les Ty) + zp T,
2 L ]
. p L
%:’ - [}t - ngi- - ] 3 (2 lB)
g, a "B Loy xg "

In compact form equation {(2.1i7) and {2.18)

%Z= 5(p)ef - x4 (p) i, )
‘ (2.19

= - i
9% Xq {p) q B .



~ 2.

where G{p) is & function and x,{p) ond xq(p) sTe operstional

impedances defined fbiequatinn (2.17) and {2.18).

The upper limit of currents can be obtained by neglecting

resistances. This is equivalent to put p = &« in equations (2.17)

and (2.18).
L L 2 2L b L +L L2

x (p) = x%\ e x (p=a) = x_, = 28 af fD o af ff oD (2.20)

d d d d L L - 1 P

’ oy “ff fh
L 2

x (p) = X" = x (D = Al = X - '—g'g"'"‘ (2.21)

q q q " q Lag

2.7 Loupling Coefficients

The coupling coefficient ny between any two winding x and®y

is defined a%
: ' 2 , :
R = S (2.22)
‘ xy L L
XX yy
where Lxx = self inductence of coil x _ .
Lyy = gelf induczance of conil y
ny = mutual inductance betwesn coil x and y
Uging the sbove defination of coupling coefficient, the coupling
coefficients between the different windings of synchronous machine

.
are

Armature Vs field winding, Kafz - —2f - (2.23)

L,

M
-

where Ld = asd



-2 -

Arm ture Vs direct axis damper winding

L .2

‘ {2.24)
Armature Ve quadreture axis damper winding
L .2
o L L
Q q G
K|
whera L =5 L
g 2 amrq
field Vs demper winding
2
L2 tep :
L P : : (2.26}
e £f 0D

2.8 Subtransient and Transient Renrctsnceg

Using the chove coupling coefficients fromz eguation {2.23)

to (2.26}, equation (2.20) and (2.21) becones.

xg = subtransient direct axis resctsnce _ o
2 . 2 )
(1 Kot * ﬁgﬂ - 2KFQ_Kanm&af .
= xy (1 - =2 TS = e} - (2.27}

x: = gsubstransient guedreture axis reactance

. = Kq ‘% - kEQZ ) FE.EB)

Tha transient reactsnces are defined by ssguming that there ig o
rotor circuit (damper windings) except the field winding, Therefore
the temms for damper winding in equations (2.27) snd {2.28) are

neglected to give the transient reactances.



xé = transient direct gsxis reactance

2
e Kd(I - KE? ) ) ‘2-29)
x; = transient quedrature axis reactanca . .
U
= xq {2.30)

2.3 Time Constants of the Windings of Synchronous Machine

The time constant of any winding x, is defined as T = -;’i’-‘-- .
X

whers Tx is the time constant of the winding, Lxx is the sslf induc~

tence of the winding and T is the resistance af the winding,

The time constants of synchronous machines windings, by definition

are
Yop .

Direct-axis damper winding time constent, Tp =0

. DL‘
Quadrature sxis demper winding time conatent Tq = _?QQ_

. L Q
field winding time constant, TF = —;ﬁﬁﬁ

: f

Direct oxis armoture winding time comstant Tod = _"égg‘ .

Gusdrsture exie srmzture winding time constant Taq o __ggg__

2.10 New Methods of Mesgurement of Synchronous miching Paramters

The synchronous machine quantities csn be meesured by two «new
meihuds. namely indicial response method an3d low frequency respanse
methad . Doth of tha new methcds do not require that the machine is
in running candition. Instead the test is made with the machine in
the standstill condition. Therefore, thuss tests ere very canvenient
for measurement of psrameters of large moschineg., The tests are gppli-

cable to both salient and non-salient symchronous machines. In the
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imdicial response method the trensient waveform of current due
to suddan mpplicetion of a d.c. voltage to s stator coil ig recorded
on a photogrephic film znd the waveform is @nalysed $o obtain the
impar tent synchronous machine parmeters. ln low frequency response
method a varisble low frequeney (1 - SHz) is spplied to a phase
. winding, with the machine in the stendstill condition. The zms
values of the voltege end current together with the phase difference
between then ere ropuired for colculation of machine papameftitrs.
The rms values nre obtained by using a voltmeter and an smmeter
and thé phage difference can be noted from the ostilloscope screen.
far grester sccurscy tha waveforms of the voltege and current can
' be recorded on a phntngraphiﬁ-film tec fird the pbhase differsnce.
.
2.10,1 Indicisl Responge Method

If 8 ¢»¢. voltege is suddanly ampplisd to en arma ture winding
with ather two ammeture windings opan circaited, ths trainscient
phenomens occuring can be expresaed by the following voltage -

current differentisl equations (Ffig. 2.2).

When the field hinding is open circuitad and the rotor is in peolar

axis
& N TR
E? (p Laad + T D Kaﬂ Ia .
- {2.21}
0 -p K Py —i= I,
- - L a D_‘ - _J

when the field winding is rhort circuited and the rotor is in

palar axis.
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Laagq Laaq
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Fig. 2.2 Circuit and Quantities of Each Axis.
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3 . ) ) .
£ PL__ +r p K K ¢ 1,
0 |« | -~ ak PR | - pK 1 (2.32)
R al} P T[] B £ n -
g’ K -p X . p o+ =2 1 .
8 J _- p af £h Tfj L f_

The transient srmature cur:ent, with field winding open circua
ited ig obtained by solving the squatisn (2.3)) using the laplace

transformation (Appendix £). The current is given by

I = 1 -1

ao aa0 ‘ala e'(t/T

a18 ) - 1 (2.33)

azo 3-(t/T820)
_;;where ‘i sigﬂi?iea-that the Fieldfcifcui; is opin,
The par:meters of equetion (2.31) cen be related to the time

*

C'u:n,stantﬁ Tﬂla’ Tazt} and thB cur Eﬂts Ial[i' Iazn by

Resistance af ermature winding,

¥ = —f5 {2.34)
aeo
[ J
self inductance af srmeture winding in direct exis .
oo Tag
T,0f1 * ~Re & ;ﬂa— )
' o alll. (2.15)
Lo = F I+ _220 )
IalD
Time congtent of d—nxis demper winding, .
all” 1,5 .10 .
TD o ; - (2.36)
’ ) S CE '
Ialﬂ
Time constant of ermature winding, in C-axis,
L ad

ad r
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Coupling coefficient between d-axis d.mper snd srmetus winding

1aZﬂ (1 ‘ TaZB )2
i . |
K 2 . 230 — 118 - (2.38)
‘aft o 1 g i 0 1 f T 20 .
{Tﬁl_ + $§§"_){ 1 + Tﬁz_ - ?2._h )
=10 2l0 210 alll

The above vslues of L TD' Kauz’ Tad are reqiired for

aad?
calculetion ef machine parameters.

similarly the transient current through the armrture winding
with field winding closed and rotor in polar axis is given by

i ant time

three decaying components of currents Ials‘ Iazs' ads

. " - ‘ hd - )
constant s, Tals"raEs’ Te3s' whernts) signifies thst the field

ausxx circuit is short circuited.

The solution of the equation [2,32) is given by

} 1 R ={t/T )- R £ 72 B ~(t/T

Ias = IBaD -t. Iéls e als - ‘1529 @ 828" - Ia3se alds (2,39}

where, time constont of field winding ias

R e 2001
f als alsg " 835 ad 1]
Coupling coefficient betwaen damper aend field winding is
2 lae 2 1 1 = T Tals

Kep = (7%=~ ~ 3 )(?* Tal Y4 ( 7 1) ¥ -1) (2,41}

als al2s ala 3 b f '

and coupling cosfficient between armmature and field winding is

1 2

2.
{rf Tpl = Kep) e Ty T (1 = K o)

(2,42)
- T T -TF 5. T -T

als als a2s  aldsg al3s Tals}
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- With the megnitudes and time constents of decaying compansnts’

of trensient current, thusz ohtzinsd tha resctances Xy xé and

x; are cilculated using equation (2.12), (2.29) and (2.27) respec-

tively.

The guantities with respect to thes quadreture axis are obtained
in gimilar way with rotor in the interpolar (quadrsture) sxis . The
numerical calculstions of all machins quantitiec by step response

method using the appropriate mquationas are given in gection 4.1.

2.10.2 Low Frequency Reaponss Method

A varieble low freguency (1 - SH2} is epplied to an armaturs
- winding with the other two armsture windings open circuited and
with the rotor in direct axis. The tost puat be carried cut at least

at the different frequncies.

ln this cese the current-volisge ecuations are similar to
those of the step response method i.e. eguation (2.31) and (2.32)

except that the di fferentisal operstar p is replaced by jw .

when the field winding is open,

- - i & -
e [ jw Loag * T - jw K g (la
= {2.43)
o -jw K n : jw + Tl iD
L | @ p | LD

when the field winding is short circuited

e rjw Laad + T - jw KaB - Kaf Fia
. . 1 . .
0 |= |=jw KaD Jw + ?; - jw KFD ip (2.44)
1 .
[+] -jw K - jw k Jw = i
L ° IR 1% “gp Te| [°F
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The d-axis eguivalent resistanca end inductencs as seen From
the steter is determinsd by mesmuring the voltage {e) and current
(iEJ of the armature winding and the phese angle (f) between them

.at two different frequenciee with the roter in the d-axis.

" 3 . u—:?—

Equivelent resist nce, R odo = I Cos ¥ (2.45)
. - . A P ‘

Equivelsnt inductance Logo = <o~ 5in f {2.46)

The expreasion far equivalent resistance ang inductsnce of
the smature winding with the field winding open, thast is,

(Hado + Ju Lndn) can be extracted from equation (2.43). They are

2
L KaD
aad Tn
Radn = I + Lo 1 )2 (2.47)
. w Ty
B Dz ’
* b - —ﬁm_—’-‘ P
Lada = Laad 1 I 2 (2.48)
1 4{=5—)
wl
b
The experimentasl velues of nado and Lada at two different i
frequencies can substitutsd in equation {2.47) end (2.48) to give .
two equations for Rado and e2lso two equations for Lado‘ These
saquations can be solved to give.
The self inductancs of arm turae winding, .
‘ 3
S L + :Afﬂ___" {L + wzziﬂda )y (2.49)
sad = “adol w. 2o 2 ado T 2 .
1 2 . ado
Registence of amuture winding
w2 L 2 )
L= Redal- e (R + w 2 ~399-) (2.58) -
w,2 -~ w2 adn 2 R
i 2 ado
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foupling coefficients between d-axis demper and srmature winding

S I N Y T L
K 2. 280 3 __ado __ ado 2iiedo (2.51)
al e L (w 2_“ 2)+w 2L (R 2+é 2L . 2) ’
ado adel 1 2 1 "sdo ado 2 “ado
Timep constent af d-axis damper winding
L
TD= Hn-dn {2.52)
ado

where Ladnl’ Ladoz equivalent d-axie inductance at Wy and wy

respectively.

Radal ’

respectively.

L = L

ado ado2

Hedn = R

= Z2%7F

] 1

sy =12if2

adol

HadoZ

Lad@l

?aan

equivalent d-=xis

registance at wy and w5

f, end f2 are twc different fraguencies. The symbol *0' in

all the sbove squations signifies thst the field winding is open

circuited.

The ge=axis guentities Laaq' T

Q* Kadz are determined by éiﬁilar

procedurs as those described for d-axis gquantities except that the

rotor is now placed in the g-axis and the field winding ig left

open circuited ss before. Equations (2.43) is epplicable if the

subascript 'd' is replsced by 'q' and 'D' is replaced by 'Q'. The



relsvent expression for Laa

equaticns (2.49), (2.51) and (2.52) respectively by replacing

-2 7-

the subscript 'd' by 'q' end 'D' by 'G'. .

2 ‘ .
o’ Kaﬂ snd TQ are obtainesd from

The tima constent of field winding Tf end ths coupling

ceefficient between fipid end deaxis demper Koy @re cbtained by

applying low freguency voltage tc th field wew winding with the

armature windings open circuited. The sxpressicons for K

fh

2 and T

£

sre similer to equation (2.51) and (2.92) except that subscript

'a' is replaced by f.

The coupling coefficient between erm ture .nd field winding

Kaf can be nxtrqc#ﬁd from Equafion (2.44). Here & low valtege at

a single freduency ig applied to a phase winding, after the field

winding hes koen shert-circuited with the rotor in the d-sxis.

Couation (2.44) gives the equivalent short circuited resistance

and inductance of the armature =s

adsg

I‘.-ac:‘ls

wi th

af

whare Radél‘g Equivalont srmmature resistance st frequency Wye

aad

w = Wy equstion {2.23) csn be

2
K T
L asd ?ﬂiﬂu(l + ?i——)
b D .
T T
[} + (*%- 2 ( Ti;—)2+ ZKFDZ ?f_]
wio ] D
T K i K 7
Ko (70 %0 22 vak g (8o () |
- D _&f af |4
l = T T
1 4( w% )2, | -;-f-iz . zxﬂf -
1] £} n

) (Hadﬁﬁzr,,rn
(1+ £ )
Tﬂ

1+

{

ety

1

W

)2
D

rearrsnged to give

T 2

2
A 2K op

b

»

(2.53)
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CHARTER 3

EXPERINENTAL METHODS

A number of importent conventional methods hes been described
here. The axperimental techniques of the indicisl response mathod

and the low freguoncy responge method have been describnd saperately,

3.1 Some Conventional Mrthods of Ustermiastion of Synchronous
Mechina fusntities '

This is an important & conventionsl method to datermine the
direct and quedreture exis synchronous rsactences of synchroncus
mechine. In this method the field of the synchronous machine is
left open cizcuited snd @ 3-phﬁse raduced voltege {(ane fourth reted
voltage} ia.appliad tp the armature terminals and the rotor of
the machins+is driven with & primemover at a glightly different
spead from synchronous spesed. 1t is to be noted thet the direction
of rotstian of primemovar is same as the direction of rotation of.
flux of the synchronous machine. Thig is acertaiﬁed by noting the

dirmctian of rotastion of the rotor after applying a three-phase

voltage to the stotor when the machine ie in the standstill condition.

When ths apsed of the wachine is slightly balow the synchronous
sgpred, tha voltege as wall a3 the current fluctuastea. The uuftmge

and currant weveforms are then recorded (Fig. 3.1).

ltaga maximum
- _ va
han Xd © Current minimum

- voltage minimum
q currant maximum .
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Fig. 3.1 Slip Test of Obtaining x
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3.1.2 Bilogked Fotor Tegt

Rlocked retor test ias used to determine subiransient reec-
tences. In thias method a single phase reduced wltage ig applied
to one of the armature windings and the rotor circuit is ehert
circuted (Fig. 3.2). Then the rotor is rotated slowly with hand
and the veltage and current readings ore taken using o voltmeter
and sn smmeter, When the rotor is in such an anguler position that
maximum current flows, the ratio of.spplied voltege to the maximun
current squals xz . When the rotor ie in guch position that minimum
armeture current is obtained, then the retic of eppliasd voltage

to minimum current equals x;.

3.1.3 Bsiton and Campran Method

Thig methad ip en improvement of the blocked rotor test.
Mere the roter windings ere elso short circuited and g single
phage voltage ic applird to the twe of the terminela. Thalvultage
current ratios sre cslculeted. The single phoee voltage is appliaé.
in turn to esach of the other two posgaible peirs of stetor terminals,

the rospective third terminal being apen and the voltags end current

roadings are tskan in each cese.

The results of these thrase me sursnents gives three values

6f stetor voltege-current ratio i.z. pubtr neient renctances
between stator terminals correspending to three dif ferent position
of rotor. These retic may bp desigaeted A, 8 and L, 4K

The conetant offset "nd displscoment component {Fig. 3.3)

R (A + B 4+ ()
is ¥ = —— . .
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Fig. 3.2 Blocked rotor Test to Determine xg and x",
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Fig. 3.3 In Dalton and Camsron Meth od, the displaced
sine wave of subtransient reactance between
stator terminals , M = Amplitude of wave, .
K = displacement or offset of the wave. '
ABE = any set of three values, spaced 120°
apart.
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4
The amplitude of the sine curve componsnt nessured from

itg offept zZere line is

2
M o= \/{B—K}E * ‘S‘c‘:'u

3

The reactances from terminml to neutrsl in ohms are given by

" K=M_

K + #

3.1.4 Phase-to-Phepe Short-Circuit Tast

This teast is vaed to determine negetive sequence reasctance

Xos of ths synchronoua machine. The machine is Y-connectead and is

tiriven at rated speesd with & subtained single phase short circuit
betwesn two ;f'thu armature terminals (Fig., 3.4). The ghort circuit
current and-e-the voltage betwaen the short circuited terminale and |
the terminal of the cpen phese ars meesured. A single phase wattmetar
with its currant coil actueted from current in the short circuited_
phase and the above manticnoed voltage across its potentisl coil

reads power, If V,I and.wuara respactively the readings of volte
weter, ammeter snd wattmeter. Then negative seguence impfdence

»

iB

. Zy =55 % fxy = ?ﬁ%ﬂw(sin B + j Cos 8)

1

where 8 = Cas™> -

The nepetive sequence re ctance is, Xy = 73%-_“ Cos @
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Fig. 3.4 Phase to Phase Short Circuit Test to
Obtain Negative Sequence Reactance, XZ.
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| vo lt age
t

N

Fig. 3.5 3-Phase in Series Test to Determine Zero
sqquence reactance Xg
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3.1.95 3-Phnagp in Series Test

The zerc sequence rsactance of the mschina is dotermined
by thia teat. The synchronous machine under test is.aith%r driven
at roted speed or kept Qt stond-gtill with the field winding
short circuited: All the three pheses sare connectad in geries and
a single phase voltage in applied scroess the open terminels
(Fig., 3.5)., Aeadings sre taken of current and voltage when the

rated value of current flows through machine, The zere sequence

ro-ctancs 0of tha synchronous maching is given by

Xe = T 0 whare V = applied voltage

I = armsture currant

3. .6 Thres Phage Sudden fhort Circuit

This fﬁst is used to determine diract axis transient. and
subtrangient rsasctences, Hera the current woves of a three-phaae
short circuit suddenly applied to the aynchronous mechine uperatén
at no loasd ond rated speed ia noted (Fig., 3.6). The dirsct sxie
tranaient reactance (xé ) in squei to the ratio of ths noloasd
voltags to the corresponding vslus aof the armeturs current given
by the axtrspelation of. the envelopsa of the s.c. coumponents of
‘armityre current weve at the instant of the sudden application
af the short circuit, neglecting the higher decremant current
during the firgt few cycles Fig. 3.7, 3.8. illuatrates this wsthod

of determining the xé.

S
k'
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Fig. 3.8 Typical wave for 3-phase short circuit,
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The ordinate for curve % ot ¢ = 0 is roual to the sum of
the ordinates at t = 0 from str.ight lines. The ordinste for ths
#.C. component 2t £ = 0 ia then detsmined by addiné thee gustained
short circuit current to the ordinete of the curve B at ¢t = 0.
The curve for the trensient component plue the sustained velue of
the current is detarmined by adding ths sustain short zuszssscircuit

currant to the sxtended ptraight line of curve B,

whars e = open cirCuitﬁvnltagn 0f thae m chino immediately before

the short circuig,

.
I'e current for tha trensient componant plus the sustained

value at ¢ = 0 (Fig. 2.8).

xg can be determined from the sudden thres phese short

circuit of the alternntor and having the cecillograms of current

wavas. ——

(-
X; = e
whers e = apen circuit valtags just before the short circuit

i"= current from tho a.c. component curve st ¢t = 0.

An alternative w.y of finding xy from 3-phsse short-currant
oncillogram of 3-phase current is to drawmmsdi median line for esch
af three waves and these arm then plotted on samilag paper. The
curve is extrapolsted brck to zeroc time 'nd threa infitisl velues

8, b, c are obtained., Thess thre components are laid on thres
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radial lines 60 degrees spart radiating from = peint O, the lorgest
of the three veluss baing leid off on the middle line {Fig.3.9).
Perpendiculars are drswn through the end points of }ach-nf %t he
three lines and the point where they meet determine point 4. In
tasas the perpendiculars donot mest in 8 point but forms o smell
trisngle, M 4s leocated in the opproximate centre of the triasngles.
Then UM, dist nce represents the maximum poesible asymmetricel

component; to the same scale as the three radisl linea, Thsn,

X4 = T

n
d

3.2 indiciel Respongs Method

[ ]
A atable low vonltage d.c. souscs ig required for thia test.

The spource must be able to supply the rated current of the machine.

The expariment is cerried ocut in thres steps. First the d.c
valtage ia epplied to an armoture with the fiald winding open
circuited vnd the rotor is pleced in direct axis i.e. the poler bx;:.-
is in line with magnetic axis of ¢ phase winding. Second step
consists of similer arrangement =s the first with the rotor in

the quedrature axis. In the lanst setup the rotor ie placed in the

deaxis and the field wimding is ghort-circuited.

3.2.1 Firgt Let-up

In thip satup the two prm:turm windings and tho field winding
are apen circuited nd 8 d.c voltege is suddenly applied to the

remsining third srmature winding, The retor of muechine is plsced
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in the direct axis. Ths desxis af the machine should be located
first, For this s single-phsss voltege is applied to ons phasa of
the armsotuxe winding 'nd the fisld winding is short-cérotited. Tha
rotor is turned slowly and the fluctuation of the armaturs current
is noted uelng an ammeter, The mipimum curraft position of the

armature ie the g~exis snd the maximum current positian the d-axisg.

A voltmeter, an ammater and a storape oscilloscope is connected
to one phage winding ag ghowh in Fig. 3.1C0. The d.c. voltage is
appliad suddenly and the rige in srmpturs current is recorded on

@ film using the oscillouncope camara.

The rssponasg shope is shown in Fig. 3,11, The valtmeter

end ammater readings are notad to get the values of the applied

voltoge and the steady state current,

A curve is plotted on semilpg papsr with ordinote ss the
difference between thr steedy stite current ad the gradually rising
current end the sbcisse s the tima; The shape of the curve is —aamm

shown in Fig. 3.12. From this curve the volues of two curxents and

two time-constemts aru taken os shown in Fig, 3-12,

From the above datz of valtega, currsnta -nd time cdnstants;
ths resistince (r), time conatents of armsture winding (Tsd)'
‘coupling coefficient betwesn asrmoturs snd damper winding (Kaﬁzj,
time congtant of ﬁ&mpgr winding (Tld} and direct axie mynchronsbus

react nce (x,) ore obteinsd by using the equations (2.34-2,38,2,.16),



Current '

Stoérage
Oscilloscope

e L
; Y,
i

Field winding
open and rotor
in direct axis

——— Time
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open circuited.
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3.2.2 Second Saggg:

In this setup the rotor is plaoced in quadrsture exis with
the field winding open circuited. The exi circuit arrengement is
ghown in Fig. 3.13. As in the first setup, the response curve of
current is recorded (Fig. 3.14). The semilog plot is done as before
and two corresponding values af currentsend time constants are

obtained as shown in Fig. 3.15.

from the values of current and time constant. Coupling copffi-
cient of damperQarmatﬁre winding in geaxis (KaQ)’ time constent of
g-axis damperzs iTq) and quadrature exis synchronous reactances
(Xq). and transient, subtransient reactence (Xa; X;) are obtained

using equation (2,13)(2.38)(2.28). .

N
3.2.3 Ihigd Setup:

in this getup the rotor is placed in direct sxis with field
winding short circuited. The circuit errangement ise ghawn in Fig.3.16.
As in first setup the response curve of current is recorded (Figa3.£?7-
'The samilog plot is done as befors and three corresponding values

of current and time congtents ere obtained (Fig. 3.10)}.

F rom tha.valuas of currents end time conastants, coupling
Faefficient‘of field and demper winding (KfD” coupling coefficient
af afmature ond field winding (KaF] and transient and subtransient
reectances of diractaxisc (X', xg] are obtained using equstions

(2.41), (2.42),(2.29) and {2.27) reapectively.
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Fig; J.14 Osillogram for 2nd getup in indicial
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3.3 Low Frequency Rmsponne Method

A varishle low frequency (1 to 5 Hz) supply is required for
this test. The source must be eble to supply sufficient current for

testing the maching without apprecis le veriation in supply veltage.

The experiment is cerried out in four setups. In firét SEtup.
the vaidble low freguency is applied t0 on armature winding with
field winding open circuited und the rotor is pl-ced in direct sxis.
The second s=tup congists of similar arrsngement as in thé.first,
with the rotor in tha quadrature axis. In the third getup the vari-
able low fregquency is epplied to the field winding with armeture .
winding qunfcircuitaﬁ;-In the last satup the rotor is placed in

 thwo direct axis snd the field winding is shortcircuited.

3.9.1 Firat 8atup

In this getup the two ormsture windings ond the field winding
are open circuited and a low freguoncy woltage is epplied to the.
remaining third armature winding. The rotor of the machine is placed
in the direct axis. A voltmeter, an ammeter and an oscilloscope is
connected to an armsture winding as shown in Fig. 3.19. The waveforms
of arm ture voltags end current are recorded on & photographic film

using the oacilloscope Camera.
»

The freqgusncy is varied and the corrssponding readings of
voltage and current are taken and the phaae'ungle betwenn vpoltage
#nd current axe cbtained from their waveforms, recorded on photo-

graphic film,
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Fig. 3.19 Circuit arrangement for lst setup in low
frequency response method.
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With the experimsntial values of e, ia and ¥, equivalent
resistances and inductances are calculated using squations (2.46).
The curves af the equivalent registance and inductance sgainst
frequency are then plotted (fFig. 3.20). With the valugs of resistances
and induc tances s two different frequencies taken from th; CUrves,
the gelf inductence of armature winding (Laad)* registance of srmature
winding (r), coupling coefficient between dwaxis demper and armature
winding (KBD} and time canstant of d-axisg damper (T,) are calculated

using egquationa {(2.49) to (2.5%2). Finally the direct axis synchronous

reactance {(x ) is calfculated using equation (2.12).

3.3.2 Second Setup

Here the rotor is placed in the quadrature exis with the field
winding opeén circuited. The circuit arrangement is shown in Fig.3.2l.
A in the first setup the low frequency ie smpplied to one of the
armature windfng, while other asrmature wingdings open circuited. The
fraquency is varied and readings of voltagesa and current are taken
gnd their waveforms are recorded to find the phase angle between i
them. The equivelent registancses and induc tances are calculated from

equations (2.45) and (2.46). The registance vs. freguency and induc-

tance vs. frequency curves ara than plotted.

With the values of L LZ’ f RZ’ at W, and wo taken from

1’ 1’

cuTves and using equetiors (2.49) to (2.52) ms stoted in section
2.10.2, the quadrature exis self inductente of armature winding
(Laaq)' the coupling coefficient botween q-axis damper and armature

winding (Kau) and time congtant of g-axis damper winding are obteined.

Then the quadrature axis synchronous reactance {xq); transient
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fteactance {xq'1 and substrangient reactanca.(xg) are calculated

using equations (2.13), (2.28) ans (2.30).

3.3.3 Third Setup
In this setup, the field winaging ig excited with a low frequency
voltags. The rotor of the machine may be in any position and all the
armature wwindings are open circuited. Tha circuit arrangement
is shown in Fig. 3.23. The freauency is veried end the resistance-

frequency and inductance freguency curves ere plotted (Fig.3.24),

From the plot the coupling coefficients between field and d-
axis demper fKFDj’ time constant of the field winaing (Tf) are
oht ained by chnnéinq two Fiequencies and using aquations (2.51)

and {2.52) with the subscript 'a' replsced by *f'.

3.3.4 Foufth Setun

In this last setup the field winding is sghort circuited, zhe
rotor is placed in the direct axis znd the low frequency is sppligd
to an armature winding. The ather two armaturs windings are open
circuited. The cﬁrﬁuitu arrangement is shown in Fig. 3.25. As befors

the freaquency is varied, R - w anrd L - w curves are plotted (Fig.3.27).

With 2 velus of equivalent resistence at a freguency, taken
L ]

fxam a plot;, the caupling coefficient betwsen srmature and field

winding (Kaf) is crlculated using equation {2.55).

Finally the tronsient ond subtiransient reectsnces of direct
axis (x}, xg) ars calculsted using squations (2.29) and (2.27)

respectively. .
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Fig, 3.25 Circuit arrangemgnt for 4th setup in
low frequency response method.
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CHAPTER 4

EXPERIMENTAL RESULTS

The experimantal resulté of the indicial reéponse and low
freguency response methods ere given here. The tests were carried
out on a laboratory alternator. A universal machine wos uged to
ganexats ths low frequency voliage for carrying out the law
frequency teat. The detaeiled numerical caleculations of all the
important synchronous machine guantitiea by the new methods are
given. The results aof the important eonvaentional mathods of
measurement on the same machine aras aleo given hers. A domparisnn
of the results of the new method, of measurement with that of the

conventicnal methods of measurement has beon pregented. .

4.1 lndicial Responge listhod .
following the procedure detasiled in gection 3.2. The tests

on the synchromous machina to determine maching quantities by

indiciol response methed, was psrformed in three steps.

4.1.1, Tha T Machine

A galient-pole synchronous machine, having demper windings
was used far the test. The specification of the nechine sre given

belaw:
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Azmature Lireudt Field Circuit
Voltagew110/220 volts (A.C) ‘Yoltage & 125 volts {(0.C)
Current=15.8/7.9 Amps Current=2.6 Ampa.

KVA = 3.0 . .

ipeed = 1000 rpm
frequency = 50 Hz

Numbers of poles = 6

The voltage and current ratings of the machine are 220 volts
and 7.9 Amps. for Y-connection of the srmsturs winding. The per
unit values of the machine quaentities are cslculasted using the

following baze values: e

Bage KVA = 3

Bnse ,vDltaege = 220 volts f
Base currant = 7.9 Amps.

Base.impadance = 16.07 ohms

Base inductence = 0.0515 henry

Dama current ratieo = 0.2195

4.1.2 firgt Setup
In this net up, the field winding was open circuited the

rotor wss placed in the dirocteaxis end a d.c. voltage was
applisd suddenly to an srmature winding, with the other two arma-
ture twinding open circuited. The circuit srrangement is shown

in Fig. 3.10 (Chppter 3). The following exparimental resulte

were gbtained:

Applisad dec. voltage = 1.893 volta

Steasy stete d.c. current = 3.65 Ampa.



Time stale in the rogspanas (on pscilloscope) = 50 milli gec./cm

The transient rise in curzent frowm zero te steady state

value was, as shown in Fig. 4.1.

The difference between the atsady stets current and the
gradually riging current at different points on the time-axis
of Fig. 4.1 is tabulated in Table 4.1. The current-time curve of
fig. 4.2 was plotted using data of Table 4.1, with the difference-

current valuss platted on logarithm acale.

From the curves of Fig., 4.2, the following componants of

currentg and time constante were obt ained:

- .

I = 3.65 A

880 -
I p=2.8¢4 :
1 o5 = 0.65 A
T.10.® 73.2 milli second
Toon = 28.25 milli asecond

The srmoture registance (r) is calculatad, using cguation

{2.34) -

r = -I-E-- - %—'%%3- = £.5185 ohams
eao ¢
o2e S8, it = 0.0322 )

The dirsct axie armature inductance (Laad) ic obteined

from asgquation (2.35) =

al0 1 T
ul} alll
Laad =T o 1
1 + Tﬂg—ﬂI—-
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Table 4,1 Difference betwean ateady stete and grsdually rising
. current at different time (from Fig. 4.1)

Tim i1li gecond) | Current {empa)
2.08% | 3.39
4.215 219
5,20 3.029
6.86 2.815
8.5 2,64

10.4 2.54
16,44 2,28
20.0 2.1
26.07 ©1.95 - ’
35.0 1,743
42.5 - 1.568
48.5 T 1.38
62.8 | 1.2045
73.3 ‘ 1.G27
89.5 8.837
105.0 0.6615
126.65 0.5248.
146.8 0.3875
166.5 | 8.2925
166.9 0.190

2B6.8 C D.135
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-3
-3 « 85 cB.25x10
£0.518% x 73.2%x10 { 1 + Sog X NPT )
= Henry
' . .85
1+ 35
-3 .
0,51 EZ"E 10 1. 7 .
2 851.303: Khedd Henzy
L S185x73.2x20 3 x1.117 )
.1-3035;( G5115 y ol Un:_'.t o 01631 per unit

The directeaxis syrmchronsus reactance is given by equetion

{2,12) -

X4 = "g- Laad = 'g' x:631 = 0.9465 per unit

The coupling coefficient betwsen deaxin sresture and d-pxis

damper winding (Kanl_is calculated using squetion (22) of Appendixt

. . _T - N . . R B
2 T 520
"a0 = Lgad = 73 '

~

.. . . -3 LT .
= 0.631 - <0322Rx28.3,10 e 0,6296

KaD = 0,795

Equation {2.37) gives, the d-sxis time constant of the -
armgture winding =

L. , ‘
1‘@3d = —gﬁﬂ - Q_,_g,gé___g.gg_s_g_g_ = 0.0622 second

The time constant of d-axis damper winding is obtained

from equetion {(2.36) -
I 1

T 10 Tﬂgg_,, ?E.EE )
a L0 alll
T,. = I
o 1l -LI 20
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1+ ENR

4.1.3 Second Setup

In this setup, the field winding was open circuited, the
rotor was placed in the quadrature axis and a d.c. voltage was
suddenly applied to an armsture wi?ding with the ather armsture
winding open circuited (fig, 3.13). The following experimantal

results were pht ainede-

Applied d.c. voltage = 1.91 voltg
Steady state d.c. current = 3.6 Awmps

Time scale on dscilloscope = 50 willi secand/cm.

The trensient rise of ths.amature cdrzﬂnt-ta stesdy state

valué_ﬁas‘retardad (Fig. 4.3)._

From the reeponse curxve of Fig. 4.3, Ehe values of differences
between steady state and gradually riesing curxrents et various
paints on the time-axis were tabulated in Table 4,2, The data of
Tahle 4.2, were plotted on the semilogerithm papsr as shown in
Fig. 4.4,

From thes curve of fig- 4.4, the following componsnts of

currenta snd time constants ware obt ainad:-

Iaao = 3.6 Amps

I = 2.63% Amps

all

Iazn" 0.955 Amps
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~-58-

Table 4.2 Jifference botween steady state and gredually rising
currant at different tiwme (from Fig. 4.3)

Time lpilli ascond) Current {ampa.) .
1.59 3.375
6.375 2,85
7.825 2.95
9.25 2.79
10.325 2.7
12.26 2.43
13.8 . _ 2.267
17.27 2.06
20,08 o . 1.89 ;
.5 1.723 o
31.2 : _ : 1.56 : TT)f
T 3.2 ) - 138 -
46.02 1.19
56.0 1.03
67.7 0.057
fg.2 .58
99.5 8.505

132.0 0.3196
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TalD = 59.95 milli gecond

Tazu = 20.% milli second |
The guadrature axis inductence is ) .
I T
‘ 520 azd
P Talﬂ (X + : " ?H*_gy
al8 all
Lﬁa = 1
4 I« a20
Ialﬂ
E 1.9) -
where r =T — = ﬁjgé- = .53 ohm
ag@o :
- o585 29,
0.53x59.5x1075(1 + 2.283 ,20.5 ,
_ 2.635 759.5 1.
Lan = . Henxy
. _ 2.635 : . : L A
lr . ‘-3‘ . . -' " . "‘_'“- . — :..
= Q,53x5§}-:§3__§%g x]. 336 HEHI‘y- . ;-

o . o ) _
= gﬁggﬁggﬂixlg x1.736 per unit = 0.532 per unit
123623x0.05115

Equation (2.13) gives the guadrature asxis synchronous remctance

_ 3 a s
,xq =3 L }= 5 x §.532 = 0.798 per unit

The caupling coefficient betwean q-axig damper and amature

windinge {Appendix-€)} is

5 2 . L - x TaZD
al aaq . 2
: 0,53x0.0285 ,
= 0.532 - 5%0.09 = 0.5893

KaQ = 0.7145

The subdtrsnsient quadrature-axis regctance is calwilated

from equation (2.28) -
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o _ o - (v A enney ,
X0 = *q (1 KBQ ) = D.798(1 - 0.5893) = 0.3915 per unit

The tramsient resctance of g-~exds is obtazined from egquation

{2.30) - | .
%' = x o 0.3915 per unit
q q

The tina constant of gqeaxis demper winding is

T oo (=828, la20
8l 1 T
2l gl
Tg= 1 120
* 7T
alfl _
~3
_ (0.955  28.5x10
) DfBSQS{g_EBS x E"TE'EE'3’
i . {0.955 )

2,635 *

= 00,0363 eocond -

4.1.4 Third Sgtup

In thie setup the field winding was short circuitzd, rotor
was placed in the direct-axis, and a d.c. voltege was suddenly
spplied to an armature winding with other srmature windings open

cirecuitad.

. Experimental Uata:
Applied d.c. voltage = 1.90 volts

Steady gtate d.c. current = 3.58 Amps

Time acale on oscilloscope = 50 mill{ second/cm
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The txensient risze in ths curranf was racorded {Fig.4.5).
The responge curve of Fig. 4.5 wan anelyged to prepare Table 4.3
and to plot the curve of Fig. 4.6. Tha following results are

ocbtained from Fig, 4.6 -

Iaﬂs = 3.58 Amps

Ials = 0,76 Amps
1828 = 1.72 Amps
Iﬂaﬁ = 1.1 Ampis

¥ = 6%.0 milli seconde

ala

T 33.5 milli geconds

a2g =
adg = 8.2 milli sscands

The time conatant of field winding Te is calculated using

sguation (2.40) -

1 - 1 . 1 N 1 - 1 - 1
Tf Tels : TaZs TaBs TD Tﬁd
- 1l . 1 . - 1 1 1

65x1077  33.5x107°  g.2x10™)  0-03865° D.0622

'o‘. Tf' = 0,00p08 second

. Equation {2.41) givos the coupling coefficient between d-axis

danper and field winding -

I : .
“eaz - ~flie (rden o ) (i "?;‘ )
als ale a3 als

T . T
s (=gla. L gy (als - 1)
Tn Tf
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Table 4.3 Uifference bhetwesnn
curraent

Time {milli sccond)

o
3,32
BeS

g on 8B S A ?
. - A . | .

4 i

|—l

. 183.5

."‘-..hs :..f

Currﬂnt (amp )

© 3.8%
2,63
1. 737
1.14

8,794

. 0.595

: /.' . | '

a,-—

8.367.

. 0.278

" p.228
0.1986
13,1736
o.149
0,124
8.80992
0.0795
0,0695

: Q,Qaée'

teady state and gradually riqang
at different time ( fraom Figs 4. 5)
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1
-4 0.76._ 1 - . S Qe —
16.07x4x10 "x ( 3 - -3J{E.leﬂ-3 T 65x10) 3)

1.9 "gs5x10™°  23.5x10

H

-3 ’ ﬂ3 . ’ ¥
65x10°° .. g8x10™> ..
+(Googos - Y GTogsgs - V) |

= 0.80

K 0.895

£

The coupling coefficient betwesn amature and field winding

{Kaf) is celculated using equation (2.42) -

2 _1 . 2, . 2
(TFTH(I = Kfﬂ ) + TDTadgl‘“ KED ) - TalsTGZS

3 T Taﬂs = Taas Tals

{ e

- L

- "'?c\ . ) ‘ ] -
e 0806x.53865(1~.8)+.03065x,0622x1( 1~.629594)

v

= TOg22x.03885 "1
- .065x.0335-,065x. 0082
= .85 \ ;

Kaf = +925

The d-sxis transient raasctance is obt asined from eugation (2.29)-

| 2
xg = %yl = K .5

= .9565(1 “ ,B5) = .42 peY unit

and the d-axis subbtansient reactance, from equation (2.27) -

2 2 . ‘
. af * Kap = 2ep Kop Koe
d  d . 2 y
A=Ky .
,§29594-2x0,0895x, 795 %.924 }
1 - n-a

= B.163 per unit



4.2 Low Fregusncy Method

A varisble low frequency was gensrated first., The BKB
Universal Machine wee uged for genereting the verieble low fre-
quency by running it aé @ motor-gensrator set. The ' motoy & side
was connected an a d.c. shunt motor and the generator side as
2 pele, 3~hhase glternator (circuit arrengement, Fig. 4.7}.

The frequ - ney of an slternctor cen be varied by varying
the speed of prime movey (N =-i%g£}. The rpeed of the prime
mever, in this case d.c. shunt motor was vuried by varying the
voltage across the armature terminal with the help-of a suitable

rehostat. Thus e vearisble supply wvoltane woa generated at low

— - — [P r- -, - -

-~ N . . " N

frequency. - ' - . | .

K P P e . . Py

-

4 e

 —— R Sk n s Y e ,.

Following the detgiled procadure dageribed in section 3,3,

L. - .I"-‘r'-— "1‘w . ‘1

the Imw'frequency test was cdone in four stages.

4.2.1 Figat Seteup

The rotor wes placed in direct exis with the field winding

open circuited and a low frequency voltege wes applied to an

armature winding with ether ormasture windings open circuited,

The test dets erg hown in Teble 4.4, The waveferms of the
voltage and currents were recorded as shown in Fig. d;ﬁ to
Fig. d.lZlThu'currznt waveform wes shiftaed by 186°% to facilitate
ths maazurenent of phase sngle between voltage and current. This

wzs done with the help of oscilloscope sdjustent).

From each waveforms (Fig. 4.8 to Fig. 4.12), the phase angle

between current snd voltage was datexrminad and the frequesncy was

-
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Fig. 4.7 Circuit arrangement on B.K.B univeérsal machine
for generation of variable low fréquemcy voltage,



- &9~

Taeble 4.4 Lxpsrimantal Data of first uetup

Observation Voltage applied Current Time scale

Ho, f{volta) famns. ) onpgcilloscope
1 1.45 1.80% 0.1 aec/em
2 1.50 2.00 e,
3 1.35 1.80 *
4 1.25 1.60 0.2 sec/em
5 1.15 1.30 "

Taeble 4.5 Celculated Fraquency and Phase Anale in First Sptup

Observation \Voltage epplied Lurrent Freguency f # phase

No., (volts) {(amps. )} (eycle/sec.) angle
: ' tuugree)
1 1.45 ' 1.809 4,32 4.5
2 1.50 - 2.00 3.10 35.0
3 1.35 1,80 2,52 21.0
4 . 1.25 1.60 1.80 . 24.0
5 1.1% 1.30 1.35 16.0
Table 4.6 Calculataed Equivalent RAeeistance and Inductances .

in firnt setup

Ubservation voltage Current Huzzxmk Frequency Eq. fq.induc-

Ko. (volts) (emps) fiﬁﬁiZ?Zﬂcf tou) i;gg;-nta?gzl
1 1.45 1.805 4.32 0863 .38 .3398
2 1.50 2,00 3.1 062 .0382  ,348
3 1.35 1.80 2.92 .0S5845  .0415 L 36
a4 1.25 1.60 1.8 036 .0845 5%
s 1.15 1.30 1.35 027 053 L562
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obtained from the time scale {Table 4.4) The results are shewn

The equivelsnt resistances (A_. ) end induc:ences (L _go!
are calculated using egquations (2.45) and (2.46). The per unit
values are given in Table 4.6. Using the results of Table 4.7,

the resistance vs. fregusney curve and inductance vs. frequency

curve were plotted as shown in Figs. 4.13 end 4.14.

4.2.2 3econd setup

siith the field-winding apen circuited end the rotor placed
in quadrature-axis, & variable low frequency woltage was applied

_to one af the ameture windings with other wiotdings open circuited.

The volt age, current and time scele on tha oacilloscape
were noted {Table 4.7), The wesveforme of vwltege and currents
were photogrephed. (figs. 4.15 to 4.1%9}. The phaese sngles betwasn
current and voltege were obtainsd from the waveforms of Fig. 4,15

o 4-19 (Tahle ch)o

The egquivaelent resistances (Raqn) and inductance (Laqo)
in per unit sare obtained as in first setup and the resulte are

tabuleted in Table 4.9,

The resistence vs. fregquency and inductance vs. freguency

curves ere plotted as shown in Fig., 4.20 and 4,21,
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Teble 8.7 Lyporimental Data of 2nd Setup

Ohgervation Ne. Voliage applied Current Time scale
{(volts) (amps.) on ascilloscope
1 1.55 1.95 " 50,m gec/cm
2 1.25 1.7 .1 sec/cm
- 3 1.30 1.60 "
4 1.40 2415 0,2 m gec/cm
5 1.35 1.65 "

Table 4.5 Calculated Frequency end Phaae Angle in 2nd Setup

¥ phace

Observation Ualtaqﬁ applied Lurrent Frequency f
No. (volts) (ampsf) ;cycle/aac.) ?gglieei
1 1.55 1.99 4.57 K .
2 1.25 1.740 2.9 25.7
3 1,30 1.60 1.93 24.5
4 1.60 2.15 1.92 22
5 1.38 1.65 1.60 1B

Table 4.9 Calculated Equivalent Resistances and Inductances
in 2nd setup

Dbhservation

e Current

Vol tag Freguency ¥ Freouency £q. Eq.induce
No. (volts) (emps) {cycle/sec) {pu) Resig- tance

tance ¥ (FuU)
{pu)

1 1.55 1.95 4.57 0.09135 .04285 2708

2 1.25 1.7 2.9 0.0580 .0D413 . 3440

3 1. 30 1.6 1.93 0.03879 .046 5415

4 1.60 .2.15 1.92 9.0382 .0428 .4528

5 1.39 1.65 1.60 g.p322 .0492 .4935
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4.2.3 Third Setup

The fisld winding was excited with & variasle low frequency
voltage and all the armature windings were left open. The values
of current, voltage and time gscals on oscilloscope were recorded
{Tetle 4,10). The waveforms of vaoltagss and currants were photo-
graphed (Fige. 4.22 to 4.26). The phase an§le betwes=n current and
voltage wes obtained from waveforns (Figs. 4.22 to 4.26) end the
frequency was calculated using the time gcale af the arcilloscope.

The results are given Tgble 4,11. The gcuivalent resistance (Rf )

do
and eguivalent inductancae {LFdo) were celculated using egustions
(2.45)and (2.46). The results ara qiven %alx in Table 4.12. The

calculated values were used to plot the Rfdu Vg w and Lfdu Ve w,

curves ss chown in Figs. 4.27 and 4.28.

A4,2.4 Fourth Setup

The field winding was shortcircuited; the rotor was placed
in the directeaxis and s varisble low frequsncy voliage was applied
to one of the srmature windings with the other ermature windings

ppen circuitsd.

The rmg values of the voltage and currents were messured
using meters: The voltage and current wsveforms were phetographed
as shown in Fig. 4.2% to Fig. 4.33 and the time scole settings

on the oscilloscope were recarded (Table 4.13).

The phase sngle between voliage and current and the fraguency
of the applied volt age wers obtained from the above results. These
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Table 4.10 Experimental Dsta of 3rd Setup

Obaervpotion No. Voltage applied Curraent Time scales
{volts) apsa.) on ascilloscope
1 27.0 0.16 50 m sec/cm
2 22.0 0.16 -
3 16.5 Ll.15 _"
"4 9.0 0,13 0.2 a=c/cm
5 1.0 0.12 »

Teble 4.1 Lslculsted Freguency a

et Phsge Angle in Fest 3rd Setup

? ohase

Ubservetion Voltage spplied Current Frequency f
No. (velta) {ampa.) {cycla/sec.) angle
, ) {degres)

1 27.0 D.16 5.57 56

2 22.0 0. 14 4.3 65 °

3 - - 16.!5 0-15 3-45 65

4 g.0 0.13 1.85% - 68

5 . 7.0 0.12 1.52 66

Table 4.12 Calculeted Eguivelent Registance and Inductancesg in
3rd Setup
Dbgsrvation Voltage Current Frequency f Freguency Lqg. Eg.induc=
No. {volteg) (amps.) (cycle/sac) {pu) i::ﬁ:’ t?::f
— L {pu)
1 2T7.0 .16 3.57 0.11125 §.422 5.61
2 22.0 0,16 4.30 r.0860 G.2605 6.47
3 16.5 0.15 3.45 0.0690 g.2u8 6.47
4 9.0 0.13 l.85% G.D3aTo D.1166 7.70
5 1.52 D.D304 0.14965 7.77

7.0 0.12
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Table 4.13 Experimentel Data of 4th Setup

Qb aervation No, Voltage applied Curresnt Time scale
g (volta) {ampsa.) on ascilloscope
1l 1.135 1.00 50 m gec/cm
2 i.15 1.50 0.1 ssac/cm
P | 1.70 : 2.45 H
' 4 1.30 1.85 "
5 1.20 1.43 0.2 sec/cm

Table 4.14 Calculsted frequency and phase angle in 4th Setup

ibgervation veltage spplied current Frequercey f ¥ phage
MNo. , . L f{volts) | {ampsa.) (cycle/sec.) angle
' : ‘ A (degrea)
. _ _ § - N _ -
i 1.35 1.00 5.0 37
2~ 1.15 1,50 4.40 35
3.'..- 1-70 . 2-45 2.91 ' 21.2
4 ) 1.30 1.85 2.285 18.07
5

1.20 1.43 .37 16.5

Table 4.15 Calculated Equivalsnt Resistencsz and Industances in

Ath Setup
Dbhservation Voltate Current Frequency f frequency tg. Eq.induc=
Ho. (velts) (emps.) {cycle/sec) (pu) Resis~ tance
tence {pu)
{pu)
1 1.35 1.80 5.0 0.1 0.03727 0.273
2 .15 1.50 4.4 0.080 D.U39$7 0.3115%
3 1.70 2.45 2.91 2.0582 0.0403 0.2175 |
3 1.30 1.85 2.285 G.0458 0.0414 . 320
S 1.20 1.43 1.37 0.0274 0.053 0,550
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values are given in Tahle 4.14. Using ecguetions {(2.45) and (2.46)
the eguivslent resistance (R__ ) end egivelent inductasnce (L__ )
ads ads
are calculated (Teble 4.15}. Then the R Vg w and L Vs w
. ads , ads
curves were plotted as shown in fFig. 4.34 and fFig, 4.35.

-

4.2.5 Calculation of TyX, and X

Tha following values of ﬂado and Ladu at two different
freguencies w, and w, were tskan from the curves of fFig. 4.13

anﬂ Fig- 41 lﬂ-

w, = 0.035 per unit ﬂadul = 0.0466 pu Lsdul = .53 pu
Wy = 0.038 per unit Radna = 0,050lp u L'ada? = 0.574 pu .
Thersfare “adq = RadoE - Radul = 0.0501 « 0.04066 = 0.0035 per unit

and Léda‘= LEdoZ - Ladul e 0.574 - 0.53 = 0,084 per unit

The resistonce of the armature winding, using equation (2.50) is

é 2
w i
— 2 ado
*=Rodo2 = -;ﬁf-—f ( Rdga* Y2 W )
W, =W ado
1 2
2 2, 2
= 0.050 - 0‘0352' 2 [(9.0035 . ig=9§laﬁgég*95ﬂl }
{0.035)%=(0.03) .

= 0.03486 per unit.

The celf inductance of amature winding in d-axis is talculat ed

using equation (2.49) -

.-
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2 ‘ 3
w L
1 PA ado
Load = Ladol DA - J ( Lada * ¥, | 2 }
' (0.035)° {2.033°(0.044)°
- 0.53 + 2ot o(0.040 & == =5 }
(0.035}°~(0.03) (0.0035)

= 0.7304 per unit

from equation {2.12}

--% L ..g x 0.7304 = 1.0956 per unit

g sdd

From curves of fig. 4.20 end Fig. 4.21,

W, = 0.035 per unit R = 0.0475 pu L

agol ‘s @.4745 pu

eqnl

i

= 0,030 per unit .X_. , = 0.05125 pu L

an aan = 0.5395 pu -

wa

Tharefbr% Raqu - Raqoz - quol

- 0.D0450 psr unit . -1

and L = 0.0350 per unit

aqo Laqnz = Laqnl

The gelf inductance in tho g-axig is

. 2 w y'd L 3
aag agol " 2-u P4 aqo f 2
1 2 ango .
(0.035)2 (0.035%(0.035)°
= 0.4745 + ~——=is 3 [5-035 e
(U.0835)°=({0.03) {0.0045)

= 0,6155 par unit

from equation (2,13}

x n'% Leaq .'% x 0.6155 = 0.9235 per unit
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4.2.6 Calculation of x', x%, x»' and x"
d® a -1

quculatian af Kgﬂ

L]

from curves of Fig. 4.13 end Fi , 4.14.
wy = 0.05 per unitg ﬂadcl" 0.0419 per unit Ladul = 0.4]1 per unit

W, = 0.04 por unic ﬂedo? = B.0D445 per unit LaﬂnE = 0,45 per unit

Therefore Radn = Radaz - Radcl = 0.003 per unit

and L = L

ado = .08 per unit

edo? Ladnl

The coupling coefficient betwean armature and d-axis dampter is

given by equation (2.51) -

2 2 2 2 2z 2
2 & 2 20 2 2 2
RadQZLada Ladol(wl ‘HE}*WI Lada (Rada oo Ladn )

-

o

_ doo3)? s (os)2Com2) [Coon?e (.04)%(. 08)2]
(.003)2(.08) (.41) [(.08)2 = (.04}%]+ {.05)2(.08)%[1.003)%(.08)>

(inaiz]

KaD = (1,915

Time constant of d-axis demper from squation (2.52)

L
gdn 0.08x.05115 : ,
TD » & « S TiAxie o7 * 0,085 sacond

ado
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2

Egl:ulatlon of Kaﬂ

From the curves of Figs. 4.20 and 4,21,

= 0.0% per unit Raqa1’= D.6G43 par unit Leqnl = 0.3B35 per unit

wo = D0.04 par unit Haan" 0.4455 par urit Laqu = 0.4415 per unit

b |

with these values

Haqn = ﬂaqﬂZ - Raqol = 0.00159 per unit

and L = L

aqo aqo2 ~ Lagqor = U-058 per unit

The coupling coefficient betwesn amature and deaxis damper is

given by -
2 2 2 2 2 2
. 2 iﬁesa_* Wy ngn }‘Raun *Wo ‘ngg ) 7
al
| 2 | 2 2 2 2 2 2
ﬂaqn Laqo Laqaltwl —wy" )+ W, Laqo(ﬂaqo + w, Laqn )

2
e tm;s}z-a- (.05) x (.058)2 [, 031'5324- (04320, t:s&)zl

(.00155)2x{.058) (. 3035) [(.05)2=(.04)2] +(.05)2(.058) % .00155)°

+(.04)% (.050)7]

w 0,743
Thua Kaﬁ = 00875

Time constant of g~axis damper

ago «058 x 051315
TQ = Raqu = 00155216 07 =.U.119 second

x; and x;, from squetions (2.26) and (2,30) -
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x' = x; = xq(l - Hauz) = 00,9232 {10.743) « 0.237 per unit

a
LCalculstion aof K 2
_ £0

wy = «U3pu Rfdol = ,1498 per unit Lfdul = T.09 per unist

Wy 04 pu Rfdnz = ,1250 por unit Lfdoz = 7,50 per unie

Therefore, R = R - Rfdol = ,0248 per unit

fdo fdo2

and Lfdﬁ = LFdDE - Lfdal = 0,41 per unig

The coupling coefficient betwean ficld and d-axis doemper is given

by
2 2 20,0 2. 2. 2
, 2 Begg v ¥ Lego 1Regg + wo" Loy ) .
‘FB =X
2 2 2 2 2 2 2 2
Redo . “rdo Crana (W) = Wo b+ wy® Loy TRy % wy® Loy )
(0.0248)%¢ (,55)%( 40)I (. 0248} % (.02)2(.an)?]
(.0248)2(.41)(7.09)](.051%=(. 0812 (.05)2x(.2132 [ .0248)2
+ (.02)% (.a1)?]
Thus Kfn = . TH65 *

The time constant of field winding ia

0.41x.05115

e L348x16. 07 — = 0325 second

Lalculacion of Kgf

The caupling coefficient between srmeture and fieid winding

(KaF} is casculatsd by taking an mguivelent re istance at a frequency
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from the cuzve of fig. 4.34 and using ecuastion {(2.55).

from fig. 4.34.,

e .05 per uniz R = ,04099 per unit

at w adel

i

From equation {2.55)

(R -r} T . T, 2 T
2 adal I 2 f
Kaf T e h S (ulTD) + ( ) +2K ?ff)
£ D b
(1 + ?m—n
il

_ £.04099 - ,03486) x 16.07 x ,085 |, , 1

. 0525 5 2
{1 + Ty 2222y » (,8835) x .0511% =Hex 2n(.085)
: _ .0525 ,2 . ~-a082
. _ + (—ﬁag"") * Zx-SSlgx Nl
= -363&
K = .604

x', is obtained from cquation (2.29)
X' - x® (l ; K 2} ]
d T *d af = 1.,0956(1 = ,3634) = .43 per unit

from equation (2.27) is

xg
2 ., 2 S
oo (1 o Bag* Xen T %en Ran Car
'd ~ Td -
1 - Kep
< 1.095§6 (1 - 23634¢.837 = ?x.Tﬂfﬁxgﬂlﬁx.ég )

= ,178% per unit

The results of iow frequency as well as indicial response method

ars given in Table 4.16.
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Table 4,16 AResults of Indicial Nesponse Hethod and Law Freguenty

Hespenne Method

Parsmeteor

Indicisl

X (per unit}
x"j f{per unit
x% {per unit)

x_ {per unit)

q
xa { per unit)
x; {per unit)

Armature resistance, r {per unit}

Inductonce of armature in d=axis
Lasd (per unit}

Induct :nce of smmature in q-axia
{(per unit)

L
3 aﬂq

_Time constant of d-nxig damper
winding T, {second)

Time constant of g-axis
damper winding TQ ( second)
Time conatant of Field winding
Te {second}

Caupling coefficiont between d-axis
dsmper and armature Kan

Coupling coefficient hetwesn g-axis
domper end armmatures Kaﬂ

Coupling coefficient botwegen field
and damper Kfﬂ

Caupling caefficisnt between armature

and field K
af

Low freguancy
Responae Responpe
Rethod ° Method
1,945 1.0956
g.142 0.43
0.163 0. 1785
D.798 0.92325
0.3915 0.237
0.3915 0.237
0.03228 0.03484
" 0631 0.70304
0.532 0.6159
0,83865 a. 085
0.0363 0,119
D, 0Gats 0.0525
D.795 0.915
0. 7145 0.B75
0,895 f1.7465%
0.924 0.604
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4.3 Regults of Conventionsl Methodg:
4.3.1 Slip Test

CIRCUIT ARRANGEMENT:

OSCILLOSCOPE

%x 5 \\\\____

- |
| .
-{'IEld Open |
|
\/ | 3-Phase
| Yeduced
| Uoltqﬁe
- - |
Results: - ° ) . .
Gradgptiun'a?lascilluscnpe H 3 gmp;='1.e cm

B.8 wilt= 1.5 om
1st pbservation: Maximum current = 2.5 ¢m = 4.165A
Minimum current = 1.8 cm = 3.0 cm

Maximum voltage = 7.95 = 46.639V

Minimum voltage = T.8 = 45.75¥

L] ’ 45 ' 5
R . = 15,55 chms = 15.55
d 3.0 1607 =. 9689 pu
45,75 ‘

xq = “3{6T = 1.099 ahmg = 0,685 per unit

2nd ohservation: Maximum current = 2,7 c¢cm = 4.4 amps
Minimum current = 1.9 cm = 3.16 amp
Meximum voltage = 8.7 c» = 51.7 volts

Minimum uultaga‘c B.4 co = 49.4 volts

. N '51.7
. d~ 3.186
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xq =,é%a%_ = 1.123 ohns = (.7 per unit

Therefore taking averaqe values of sbove two observations

. x g = 1.0533 per unit .

A = G.6923 per unit

4.3.2 figlton and Cameron Method

CIRCUIT ARRANGEMENT:

S;nafe bhase

|

|

@ T
[ :

I .

fﬁekﬂﬂoseﬂ

Resultg:
lst _getuwg Voltage applied hetween voltage current
terminals kvaiink {volts {amp)
1l and 5 4.69 1.21
1 gnd 9 6.15 1.01
5 and 9 5;15 1¢2&
A 4.65 , 6.15 _ . pa. 3213
Therefore A = 1.21 ° 4.67, B = 1.01 ° 6.08, C = 154 = 4.16
K o AsBal d.6?fﬁ.ﬂﬂ+d.16 . 4.97
3 3
. 2
o= \‘/m..nc)z + 4552 |
‘ Y .
- \/(s.ea-a.97)2+ (4.16-8.67)" _ 1.146
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Therefaore x; = K;ﬂ = 4'975i'14é = 1.917 ohms = ,1193 per unit
anid xt = 2 . “'97;1'1ﬁé = 3,058 ohms = .1303 per unit
2nd get | : -
Volinge spplied hetwe=n  voltage current
terminals {voltg) (amps. )
I anmd § 4.65 i1.02
2 wnd 9 ' 5.85 1.0}
&9 and 5 | 4.95 1.05

5. - ; P
Therafors A =382 = 4,56, b= P2 .58, €= $83 _ sumas

K o DdBel a;§§¢5éa*n,715 - 5.025

- 3 ] ] _ *
[ 2 . - . - .,
W o ioak)? o+ (A

Therefore xg a.ﬂ%ﬂ = 3'023-’ 8 a2.1235 ohms = 0.132 per unit

o o KsB 5,025 ¢ .778

q 2 2

= 2.9015 ohms = 0,181 per unit

Average of shove two obgervation is

KE = '1133+‘132 = (0.12545 per unit

o o =1903+.181

g 5 = 0.108565 per unit

The results of sbove conventionsl method is compared in table

4,17 with tha results u€ new methods.
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Table 4.17 Resctances obtained by Hew and Corventinnel Mothods

; ) [}] w
Method ' xd xq % xq
Low frequancy . 1.0956 0.921325 D.1785 0.237
response mathod
Indicial responas o ' ) .
o -
method 0.9a% 0.798 9,153 0.,3915
5lip test 1.0533 0.6923 - -
Dalton end - - 0.12565 fi. 16565

Comaron Hethod
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;¢ Sfound "that the vailue of x% of 0,142-ig unacceptably low.becauss it
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4,4 Digcussion of Regults

4.4,1 Indicial Responge Msthod

While recording the fast transient current response particulsr

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

found that the acturacy of the results dependsmainly an how accuratsly

the various components af currents ars separated from the transient

response and hpw accurately the semilog plots has been made (Figs. 4.2,

4,4 and 4.6).
Results obtained by indicial response method are given in

s\ - Fo. b

Table 4.16 with those of the low freaguency ;eQFonsc method. It.is
! - . T . ! N -

C e — -

is lower than xg of 0.163. The velus of K ¢ Obtained by this method

- o N — - A

.differs with that of the iu@;F;ehuﬁhCyiée&punsefméthod and x! =

a

xd(l‘.K&fZ)' Jhe arror can be partly sttributed to the inaccurscy in
the separstion of components and paertly to the inherent limitation.
of this method compared to the low frequency respanse method. It may

be mentioned here thut the value of x' has not be included in the

d
- 18
paper by Kggznosono and Uyed .

4.4.2 Low fFreguency Response Method

The accuracy of the low frequency response method depend parti-

cularly on the accurate determinatinﬁ af the phase angle between
vpltage and current. The rms values of current and vnltage should
also be measured accurat ly using a8 voltmeter and an smmeter, The
phase angle between current and voltage at low fregquency can not be

-

accurately messured using a voltmeter, an ammeter and a wattmeter.

-



-

-

~

The waveforms of vbltage and current are used to determine the phase
engle between current and voltage. The waveforms of current and voltage

wers recorded carmfully with a double channel oscilloscope.

The low fregquency voltage which is used in the test cust be
sknusoidal, because the mpthematical formulee used in the calculation
are derived for s&nusoidel forecing function. The harmonics in the

low frequency voltage shall be reduced as far as possible.

The equivelent inductance in the low frequency respanse should
decrease with the increase of the frequency, as it is evident from

the equation (2.48). From the experimental results it is found that

,4— - -

‘A
equlvalent inductance decreasee:wzth increaseaof frequenCy. This is

due to the affact of the damper winding. It is also f0und that the‘

LT IS ~ N -
I r

rate of dacr&use is small withTthe open Fleld‘windzng than with cluspd

s -/ N P B P

o B -

flPLd w;ndzng. The closed field winding slso accentuates that the

i

sction of d-gxis damper and &t.l per unit frequency and sbove, the
eguivalent inductance takes a constant value corresponding to sub-
transient reactance. 1€ is alsc noted that equivalent inductances

at a very low frequency becomes equel te the self-inductance of the

armature winding. .

The parameters of the synchronous mechine detsermined by the lowe-
frequency response method depgnds somewhere on the selection of thsa
two frequenciss, which are uged in calculation., It is found that
accurafe resulﬁs era.obtained if the frequencies are chosen st fre-

quencikes below 0.1 per unit.



After all the parametefs of éynchranous mechine obtainhed by
low'frequency respunse methud are in the narmal range-nf the value

of the parEmeterslﬁppendzx—A). It is abservpd that the 1aw frEquency

reapdnse method gives mnre‘ﬂcturatFrrasults than the indicial res-

ponse methud as QHDNH in Table 4.16. The rasults 1re in close

égreement 11 wzth thuse OF tha convent;onal methad Table,d.ITg

27 Vicyd STV N S
AN NOE s f’“ F! ] %
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CHAPTER~ 5

CONCLUSIORN
5.3 Conclusion )
. An accurate determination of the synchronous machine psrameters

are important for pre-determination of the synchronous wmachines be-
haviour during a fault or changes in its excitation or lead. Two
new methods nhamely the indiciel response method and law freguency
response method hes been evalusted here. The methzmatical model of
the synchronous machine is analysed to give the important machine
quantities in terms of inductence and coupling coefficients. The
theoretical basig ﬁf:thg tro new methode has been presented. The
important cﬁﬁuentinnai ;ethods‘whi;h are nérmally used as test ﬁ;a-

cadute to determlna the parametare uf svnchrnnoua machlne are also

) ' rd

) |
summarlsada The experlmental technlque of the indicial response
method end the low freguency response method are given. The gsnera-
tion of low frequency valt age on 8 lsboratory universal Machine is

shown, The tests were carried out on a laborotory =lternator.

The investigstion shaws that the results obtained from the

new methods are in the normal renge of the values of the parameters.
The result shows a close aggrement with those of the conventional

methods. The low fregquency response method gives more precise

result s than the indicial response method.

The influence of saturation is neglected in sach method. Since |

the aaturated values of reactances are ngt needed for normsl cel-

culation. The methods are important in determining the quantities

-

of synchronous machine.
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The results of low freguency responee method is vary auch
impressive, but major dif?iculty griseg in the generation of the
low frequency. Since the test ere done with mechine in the stand-
atill condition, the power requirement is very small. For 8 3 KVA
220 valt three phase machine, a 50 watt supply is sufficient, IFf
the generation of such variable low freguency voltage with suitable
powar ﬁutput is overcome, the new methods will prove to be more

convenient than the cenventional msthods.

The najor adventage of the acw methods are that the machine

is kep;rin atpnﬂs@ill condition. The tests are asppliceble to any

—_ N PR,
~ PP N

size of bokhk sali&p&-ndé-Qahsaliénﬁ_aynﬁhgennus machine, The tost

— —_— L -

is convenient betause @ singlo experimental errangement is required

Lo T M | R -
to dotermine gll the importent ﬁaramqtmra.cf:the synchronous mechine.

5.2 Suggegtion for further Work

A suitoble low frequency sinuscidel source end an accurste
low frequency phese meter shoculd be procured or developad to faci-

litete experimentstion with the new methpds.

The affect of ssturetion on machine paramutafs is of major
importence. The new mothuds may be exten-ed to include the effect
of saturation an the paramsters and slsc to evaluate the open

circuit and short-circuit time constants of the machine,



APPENET XA

TYPICAL REACTANCES OF 3 PHASE SYMCHRONDUS MACHINE § .

feactanes ore perunit value, Va8lues below the linms give the range of valuec whilp

thoge above give averaga v luaag,

[ ] L i x
Xd Xq Xd ) Xq Xz o | -
, 1,10 1,07 0.1  D.09 . 0.69 0,09 . _.C8
generator +¥3-1.45 .92-1.42 ,12-21) .07-.14 .07-.14 ~,07-.14 .01-0. U8
. 1.08 0.23 , 0.l4 .14 .08
4 - ple 1.10 et BT J, 14 - “G1E-T \
turhu qenatﬂtﬂr .9591“5 -97—1-42 -JU .26 .12-. 17 .12-.F 012 ¢17 ] 15 014 "-
o
‘N
) I
Yalient pole 1,15 0.75 Q.30 0,20 8,30 .20 0,10
3 ] A N -, - ._
- generator mnd  LTTNRe  TARTTIO0 L. 2Ue.50 13237 0347 13-, 32 \03=,23
motor with ]
dsmper '
balient pols =, 4q .75 0,30 0,30 6.70 . 0.50 0,19
gBl‘lﬂtﬂtC_)r ar'd .60‘1‘45 .du‘.‘gﬁ .213_,‘45 .20.—‘45 .45-—.95 130“7'_] .03-.2d
motor without .
dampar
C . 1.8 1.15 .40 U.25 akx030 0,24 .12
on enser ).5.2.72 .95-1.40 ,30-.60 16~.35 .23-,43 ,17-.37  .025-.15
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APPENDIX-D BEFINATIONS OF REACTAHCES DBF oYNCHADBNCUS MACHINE

1. Dirsct Axig “ynchranoups Paeactance: x

hd .

It is the retio of the fundamental component of reactive
argature voltage, dues to fundamental directesxis component of
armature current, to thias component of current under blanced

steady =tste conditionas ond rated frecuency.

2. Dirsct-Axis Transient Reactance: xé

1t is the ratio of the funamentel component of reactive
armature voltage, dus %o fundfmental dirsct-axis alternating current
. camponeht'nf,armetﬁra'purrantl to this component of current yndexg
suddenly app}ind load conditions and at reted frequency, thse value
'of currfent to be determined by the o -trapoletion of the anvalope
of the sltefnating current component of thr current wave to the
instant of sudden gpplicaticn of load, neglecting the high decrement

currenta during the first few cycles.

4. Direct Axis Sub-transient Reaptanca: X3

.
It ig the reatio of ihﬂ fundamental component of reactive
armature volt age, due to initial value of thz fundemental direct
exie component of the elternating current component of the armature
current, to this component of curwent under suddenly applied load

canditions snd rated frequency.
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4. Buadrrtuge Axig OSynchronpuw Reschance: xq

It ix the ratio of the fundamsntel cempaonent of reactive
axmature voltago due to the fundamental guadreture-nxis component
of armature current, to this component of current under steady state

camdit ion and st rated freguency.

5. fuadratugpe Axin Tranagient Remactanca @ xé

It is the ratio of th= fundament gl component of reactive
armaturs voltage, dus to thes fundamental quadrature exis component
of alternsting current companant of armature current, to thig
component of current under suddenly anplied losd candit ions .at
rated freguency, ths uuiue of currént to be det*rmina& by the extrg-
polation of the envelope of the alterneting current componant of

the current wave to the instant of the sudden applicstion of load,

rieglecting the high-decrement current during the first few cycles.

6, Quadraturn Axia Sub-Tranmient Reactanceas: x;

The guodrature axis subtransi eat reactance ig the ratio of the -

fundsmental componsnt of resctive armature voltege, due to the

initisl value of the fundemental quadrsture axis component of the
slternating current component of tha armeture current, to this
companent of current under suddenly applied balaficed load conditions
and at rated.frsqucncy. the value of current tc be detemined by the
axtrapolatiaon of the envelope of the alternating current comnonent

of the current wave ¢o the instent of the sudden applicstion of load,

neglecting the high decrement currents during the firat faw o cycies.
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T.Negative = Spousnce Reactanca: s

~

it is the ratio of the fundementel reactive component of negati-
~vE sequence armatutre voltegs, resulting from the presence of funde-

mental naegative sequence armsture current of rsted frequency, to

this current, the machine being operated at rated szpeed.

8. Zexros Saguence Reasctance: X,

The zerd seq ence reectance ig the ratia of the fundementsl
component of reactive armmture voltags, dum 1o the fundsmental

zero seguence camponent of amaturs current to this component ate

rated fregugncy.
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APPENEHIX-C SATURATION EFFLEY ON SYRCHROKOUSD PACHINES QHA&TATIESZ4

e

. A synchronous machine congists of an electrompgnetic circuit.
An electromagnetic circuit attenda a state of gaturation st which
the flux generetion ig mot vering linearly with apolied emf. A
syhchronous mechina attends ssturstion if its excitation is increasad
ox if its armature current is increased. Due ¢n this saturation,
no more the linesr rzlation remains between voltege and current and
synchronous machine paramaters changes with saturation. The constant
attends different values st different degree of saturaticn due to
srmature/excitation current. Due to ssturstion, the rmactsncos are
decreased. Saturation effects the diffarent paraﬁetergltu differgnt

axtent. For some perameter inclusion of saturation is = egsential

and for somo parametsrs thay mey be neglected.
1

For X g the effect of saturation under load can ba teken into
accRunt with good mccuracy with the use of saturation facior. deter=
mined from the open circuit charscterietics of the machine, L ig
assumad to be consists of two part, ane is constent aﬁd is independant.
of saturation, while second part ig effected hy'eatugation. The
constant part can be found by potier triangle, which is based on
the assumption thot over excited zarolpower factor characteristic
is identicel with tha open characteristics, shifted vertically
downward by a constant voltage drop and horizontslly to the right
by a caonstant mmf. The xy Day be continuously edjusted for saturetion

as = maechinel opercting condition changes.
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Xq is affected lesser than Xy by soturation. Becsuse of
the interpolar spece, saturstion in th- iron portion of tha g-axis
megnetic circuit plsys only a negligible part in determining the
permeance of course g-@xis seturation cen be included through the
use of two saturation factor, one dependsnt on total fluQ and ope

on direct axis Fflux.

The d-sxis trsnsient and gub-transient reactsnces x) end x;
are predominently determined by armature lsekege and field or

demper winding leskege. They are therefore, influenced by saturetion
ta lemssser extent then X g Nevertheless they are influenced, for
heavy armzture curranta-during a2 disturbence tends to increasce tha
asturation in the laskags flux psth as well as in the main flux ,
paths. Usuelly two values of pach resctance sra avagilable. One
celled the roted voltage, or satursted, value ip datexminegd fxaom

the short é;rcuit tests in which th-~ field cuxrent is pdjusted to
give Tated prefault terminal wvoltage. The other called, the rated-
current, or ansaturated, vélue iszHR& froﬁ the short circuit

test with ths field current recuces so thet the initial aymmetrical

transient or subtrsneient current is egqual to reted current.
.

The g-axis treneient and subtransient reactances xa and x;
sizo vary with saturation. Since x;, "E are ecual for salient pole
machine, they are treated slike in that cese. Fer 'olic¢ rotor
turbo alternator xa anc xé may be tresated in the gsme manner
since they/3fBroximetely equsl. The subtransient reactance x"q is

handlaed in the gsame manner as x;.
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APPENUIX=D *

LERIVATION OF EWUIVALLNT REGLIST #iCE AND TRDUCTANCE TId LOW

FRLOUERCY RESPONSE METHOD

Let the field is open circuited and rotor is in d-axis

. Y >
. A WV
. Lp
La Lap
e L aad L pp
o ARMATURE D-axIS DAMPER

Then . ) ¢
B = (r+j‘w Laad)la-aw LaD 11}
o % FID.tIJW.Lnﬁjln - JW.E?g 1q“'f : . Ca
Therefore

. Jw LaD

D Iy + jw LUD

. . . Jw L i
e = (r +jw L yi_ - jw L al _a
aad” "a& all + dw L .
: rpt J Du
LaDZ w2
ie = T+jw Laad + =
a rp * Jw Lpg
L 2 L L WZ
= r+jw L + _al gad D) 3
sad * U Ty Ty + Jw byy
2
= r + jw L + KGD Laﬁg LDD "
aad T + jw L
D po
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1

- 4+ jw
Tp

2, 2

. 1
wo K Laad(Jw - T, )

+ jw){jw = “%"“)
U H]

2. .1
| a0 “aag v =T
aad 3

( 1 +{

1
crems )
wTD

Again S~ = R, 4+ jw L
1

Therefore equivalent resistance

and equivalent inductance

K 2

({ 1 - al
1+ {

L&ado Laad

1 )2))
w Tp
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APPERDIAE

Indicial Responsg #ethod

¥hen the rotor is ip d-axis and field is open, we cen write

' ! fi1 Kap
' L N
d D
E
Avrmakure Uul'hd-l'f‘lj D~ s dgmper c.om,d\'va
d d ‘
T Laad igeriy =T Kep ip (1)
v} . & +'~3" i, + iﬁ* {2)
=% dt ab Tdt Td T Ty |
Taking leplace trasnsformstion of above equsticons
E_ = ; |
- ='Laad Jla + T Ia - Kaﬂ 5 IB {3)
ST + =t (4)
U ==X a ' T R
K 1 5 Ia
from (4) I; = : —3-:—;—; (s}
TB )
. K al
. £ ‘ 50 " &
T, *°
1]
Therafore Ia = _E/5 - —3
(L 5+ X 0 & &°
aad "€i~“—-# )
Eandi 5
n
1= £ (,j + 5T, ) J 7 7
. 4 , '
R Kl KZ )
Let 1 = 75+ 575 * 55 (7

t6)
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Wherse 5, and 52 are two raots of equation

2 2 . :
. 5 “'aad TB.- Kaﬂ Tu} + b“‘aad + THr] + * = O
‘ 2 ) 2
. -=-(La + T r} + \[L +T r} -dré{LBEg Tn - KQB TD) (8)
i 2
21 Laad Tﬁ - haﬂ TD’
-(L + T 2) = \/(L +T r)z- ar {L T =K 2 T..)
5 aad B’ ead B gad_ D "ah B (9}
2= .
2
2L g Tn = Xgp Tp )
E{l « STD)
Ko = 5 >~ e - S=0
5 (Leed Ty "KaB Tn} + S(Laad* fnr) + T
K o £ T (1)
o r
Rl = T[S =50 5= 5
1 5(5 - 2 = 5,
2€(L T -K 2
- and d T ) + £ Tn u{LB_ad+an]+ﬁLa +T r) -ar“"aad Dok nzT[?

1" ) ) 2 - 2 g 2
(ol g Tpm )V L T pp)=an(l o Tp=Kap Tﬂ]dILaad+TDI) “4r(l Tk an®
_ . xTw)
| 2. ... 2 | . 2
B T oK rn)H;{Leﬁdrﬁ-ﬁan R TpleT fL_ aTpebelL _eTyr)

Ky
~axb Tk, zrn}]]]

K =

| 2
E@. +T r)-r\[L +T r] -4::(1.. and B“Ka{) TD

3 )

[ 2 ‘
VQLaaﬂ+rnr) o=aril__ ToK T, )11)
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2
EtLaad TD - K D TH) [2(Laad TU - Kaﬂ

K SthLnnﬂ nx”’ “ar (L g i Tp_- Kan? %

2 o
Ty)+ Ta{w(Laﬂd+TDr)

2 2 : y: ] (2
[-Laad'+ an} - {Laad+T} r) -4I(Laad TD-KaD TD,
1 2 2
E V{Laad + TDrJ = dr“‘aad TD‘KaD rﬂ)] .
Taking tha inverse isplace transformstion of equatiaon {7}
st st
: ) 2 : |3
i, o= K+ I + Xy 8 ( ‘)
Putting the values of K_, K; and K, from equetions (10),{(11)
and (12) in equation (13) |
E
ia =2
-L!L Toiax 2Ty | 20 : To - 251 + Ty “{L- +T 1)
' aad' DT &b D7 | “*Tmad B “ad D ad” 1
. +¢(L a* an) -~ 4r (L 4 TB KD 25 )}]
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- 2 2
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' 2 2
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22 1@3 . .
2(L T -k %71 ) . . 0)_

sasd D al

aad D

VL Tgn) - ax (L__JTp 0 }]

aad

E(Laud TU Kaﬂz TD’ 2l T KaD D} * T[ { (Laad+Tﬂ) =

3

.r!
ﬂL ad® Dr}*ViL d*TDr} 'dr(Laad 1] :aﬂ TE)]

Iy _ Z
[ (L ypa*Tp™! fotx (Loma' B “Kap TD)]

2 V  fx -
t -{Laad+Tu:}-V?Laad+TDr) ”dr{LaadTD'KaD TD .

x =

2{L T

pad 'D "~ Kaﬂz TD’



But the actuml cur ent is in the form

JTe20, 7 Y Tew
‘ nld

Therefore,

’ 20,09 Tp = Xap Tp)

a20 =
Vi 2 2
—(Laad + Tur) + (Lﬂﬁd * TD'.C) —ﬁr{LaadTn-KED TD)

' 2
2(L To =- K T
T - ) ( gad D ] }

all 2y
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2 | 2,
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f 2 2
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I
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(16)
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A 2
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g ? 2 .
[(C e * V(b gt Ty 2=tnll g Tyk=0"Tp) ]
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vince the valus of r© is very snall. 50 the terms invelving T

. / 2
in the exprasasions V(L ad+TDr) - Ar(l.aad Ty = Kaﬂ TD)

(19)

may be neqlemcted. Also the torm (L T =K 2 L } is very small

ad D ab
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Using equation (20) the equation (16) is _ v 2
Z(Lngdrn Khﬂ Tn)
2 Ta20™ L +T z)eL (21)
T = 2{L - ¥ D7) and "D aad
a2l pad a
- o ot . = - - . & - - _— (22]
Uaing equaticn (20) ogquetion (17), {18} ond {19) are
2(L T, = K 2T )
T - and "D all 'L {23)
=10 TBI‘ - 2Laad
2 2 2
I L‘Laagr[) = KuD p! 2‘LaaﬂTD - Kgﬂ Tp) = Tp'r (24)
820 ~ ( =Tor L)
o and
E(L T, =K 2T } 2(L T, (-K Z-TD}-H' -{ L i +7T_r) .
aad 0 Tay D aad I el b gad D
I [, (25)
all .

{ - TD: Lo )

od



2.

3.

5.

10,

~120- ! ‘. |

REFcRENCES

"Test Code for Synchronous Machins”
AICE No. 503, Jume, 1945, *

“Tagt Procedure for Synchronous Machine”

Kilgore L.A. "Calculetion of Synchmmnous Machine
Longtants & - fieactarce and Time Lonstarnts affecting
Transient Charectaristicg® AJEE, Trans. Vel. SO

Dec. 1931, pp. 1201-14,

Talaat, M.E., "A new approach to tha celculatien of
Synchronous Hechine resctance - Part 17,
AlEE Trans., vol. 74, April 1955, pp. 176=03.

Tallat H.t., A new spprosch to the calculation af
synchronous mschine reactance Part-II%
AILE Tran. Vol. 75, June 1956, pp. 317-27.

Menon K.B., "Ap accurate Hethods of ecalculetion of
gub~transient Reactonces of oynchronous HMaching"
Altt Tran. June 1959, pp. 371 - 379.

Hlondel A. ®"Tronsaction af S5t. Loius Electrical Concress"
1904,

Uoherty R.E. “A gimplified methed of enclysing short
circuit problem®, Tran. AlEt, Vvol, 42, 1923 pp. 84l.

Uohsrty R.E. and Nickle £.A., "Synchrénnua machine I"
An Extension of Blondel's Two-rsaction Theory", .

AItEk Tren. vol. 45, 1926, pp. 912.

loherty R.E. ond Wickle L.A., "Synchronous mschine 11

Steady power angle charactsristics®
AIEE, Trans. 1926, Vol. 45, pp. 927.



1l.

12.

13.
14.
15.
15.
17.
18.
19.

20.

21.

22,

23.

-121- I .

ioherty R.E. of Nicle L.A., "bynchronous Machine IT1
- Torgse engle characteristict under transient conditian®
Altt, Trans. 1927, VYol. 46, pp.l. .

Doherty R.f£. and Hicla C.A. "Lynchronous Machine IV

- 5ingle phase short circuit”

AILC, Trane. 1928, Vol., 47, pege 457.

Puschestein, Llyod and Conrad” Alternating currant

mechine™ wiley, 1571. )

Adkina, Dernard, "The Gensrnl Theory of Electricel M chine®

Chapmen snd Hall, 1964, pp. 3.

Park R.M., "Definition of an ldeal Synchranous Mschine”
6.E..Review 1928, Yal. 37, pp. 332,

Park R.H, "Twe reaction theory of aynchronous mschine
Traen., AIEE, 1929, vel. 48, pp. Tl6.

Park H:H.; "Two resction theory of synchronocus machine I

#., Komenosono and K. Uyeda "New Measurseent of synchronous
Machine guentitieg"Tran. 1ELL Vol. 87, Nov. 1968, pp.19C8-18.

Wright 5S.H., "Usterminatien of synchronous mschine constants
by test" Tran AItf£ 1931, vol. 508, pp. 1331-1351.

Dalton F.K. and Cemeron A,.W.W. "Simplified measurement
of transisnt and negotive peguence reactance of *salient
pole mechine" Tran. Alfr, 1952, vol. 71; pp. 752-757.

Knitsy V.A., "Mutual Inductance of synchronous machine
viith damper winding, Tran., IELE vol. 83, 1964, pp. 957-1001.

Concordia C. "Synchronpus machine theory snd performance"

John Wiley and bons, Inc. 1951.

Fitzersld and Kingcley "Clectric Machine®™ Second bdition
Mc-Graw-Hill 1971, pp. 225+ .



27.

28.

29.

30.

T

" Fitzerald and Kingsley "tlectric Machina” Second fuition

He-Graw-Hill 1971, pp.482-450.

"Nefinition of Synchronoug machine Terms™ AIEE, ALA
C 42-10, 1957.

Stevenson w.P,, “Llement of power system analysis”
Second tcitien 1962, Mc-Graw-Hill New York, pp. 376.

Kimbark E.w,, "Power syatem stehility"- #ik
vol. I1l, John ¥Wiley and 5on., Hew York, 1958, pp. 40.

Kezovski £ and Hogozin 6.G., “"Test-determination of
responss characteristics of large turbo-gensrators”
Llectrichestvo, np. 10, pp. 14.22, 1963.

Biswas 9.K "Dn dynamic representation of synchronous
gﬁneratar excitar system and study of staebilizing
excitation M,S5c. Thesis, BULT, pp. 13-19.

Wering JM.L. and Urary. "The oparstianal Imped.-nce of a
synchronous machine, Gsnerel Electric Review, Voi. 35,
HO. ll, NCIU E!ﬂbﬂr 1932’ pp' 5?9-532.




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132

