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Chapter 1. ‘
PROBLEM. AND APPROACH
The staff at the\MassachuSette Institute of Technology developed‘

a generallzed machmne Whereby the theoretlcal concepts of electro=.

',mechanical energy convers1on and the study of conventional ac and dc

'urotating machlnezy couid be represented by a sxngle unlto‘ Westlnghouse
: iElectr1c Corporation produced the generalzzad machine 1aboratory set as
qao educatlonal devzce.anISSBD A general:zed machine laboratory set
1 waevdonated to the Uﬁiversity of Arizona‘by'westinghouse iﬁmﬁhe spring

- of 1959, |

In thls investlgatlon the generallzed machlne is oPereted as a

"Q‘tWOephase 5ynchronous generatoro . The transxent and steady~state

fpexformance of. the machlne is to be analyzed for balaneed and unbalanced
,fcondltlonsob
The only available performance data concernlng the synchronous

. operatlon of the generallzed machlne are saturation cuxves- for its

"““operatlon as a s1ngle*phase alternatoro The threemphese synehronous

.H.generator has been analyzed qulte extensively but reiatlvely 11tt1e

‘;: has been done concerning the analysis of a two=phase synchronous

\generatora‘ E | |
fhe,ﬁaehinefis'treaéed as aigroop of'thtee induotiﬁely‘couéled

oelectric circuits. The expressions for the flux linkagee»of;the'



field end ermeture w1nd1ngs eferdeveloped end from these’the

" steadynstete voltage end power equations are determlneds Constants
are defined which descrlbe the steady-state performance and an
equivalent cireuit is developed for the generellzed machine operating
.eas a synchronous generetora_ -

Equations describlng the performence for a balanoed two=phese,'
shortaclrcult are developed from the expressmons for the flux
llnkegese Ehese equatlons are developed for the instant of
‘short~c1rcoit by the lewvof constant flux'iinkegese The transient _

"fbehaVLor of the mechine ls chen anelyzed by lncludxng the effect of

'cl're81stanceq From the resultlng expressxons, constants are defzned

which. deecrmbe the trenSIent behev1or of the machlneo‘

The tran31ent ‘and steady~state behavior of the maohlne is
81m11ar1y analyzed and mechlne constants found for an unbalanced
”j31ng1e=phese short=cirou1ta
| All the constants whleh descx1be the steady=state end
ftranSLent performance of the machlne are calculeted from measured
'Vvalues of meohlne re51stance and 1nductanceo N
The open=c1rcu1t, short=e1rcuit, and zero power=factox
ﬁfeheraeterlstlcs axe obtained by test for the maohlneo The
steady=state mechine constants are determlned from these
characteristics. Osclylogreph‘recordlngs are.made of the trensient
»and stead§=state oehavior'of the maéhiee'for a baiauoed two~phase
ﬂ{'shortaelrcult and -an unbelanced 31ng1e phase short~c1rcu1to These'
| m.080111ograph recordings are used to verify the general valldity of

the mechlne oonstantso‘»



‘VCﬁapter 2
o THE GENERALIZED MACHINE .
,2..,,_1”" DESCRI?‘I‘ION |
: A v1sual descript;on of the genefallzed m;chine and Lts
ﬁ assoc1ated_equ;pment'ls given 1anigures'251‘through_zgéo
- The dimeﬁsionsnofvthe'generalized‘machine léberétorykset
‘shown in Flgure (2 1) are: LenOEh -7 feet, Width - 3 feet,
:,  ;He1ght —‘B‘feeto. The veneiallzed machlne, Flgure (2 3), has
an overall 1ength of- 30 :mcheso - ‘
| The generallzed machlne and its assoc1ated equlpment can
'bevoPerated as° ;. | |
. “ 1) 'Alternatlng=6urrent Opeiatlon .
o Synchronous motor and generat&r ; s1ng1e-phase
‘lor wo-phase i’ - |
Inductlon motor - s1ng1e~phase or polyphase -
2) Dlrect-Current Operation |
‘i Shunt or serles motor
4':»Separatelyfexc1ted_generaioﬁ Or‘self*excited’
- shunt generator |
) Ain;;iidynéff .
The’pérfdrmanéé-5£'thélgenegaliéed machine‘és aﬁy’bne pai=l

ticular‘typg'df machine is‘Sacrifiged foxr flexibility. It is



Figure 2.1 - Generalized Machine Laboratory Set
1- Generalized Machine
2- Rotor Drive Motor
3- Rotor Tachometer
4- Torque-meter
5- Brush Carriage Drive Motor
6- Brush Carriage Tachometer
7- Terminal Blocks
8- Table

9- Schematic Diagram



exploded view of generalized machine

rotor angle indicator rotor slip rings commutator
rotor
stotor
rotor terminals brush carnage
Figure 2.2 - Exploded View of Generalized Machine

Figure 2.3 - Disassembled Generalized Machine



Figure 2.4 - Stator of Generalized Machine



"‘1mp0531b1e to 1ncorp@vate the optimum de31gn Leatures of all the ,

' _dlfferent types of machlneso mhen the generalized machlne lS '

‘n“operated as a twcophase synchronous veneratorg the rotor, the fotoxgi

'sllp rlngs, ‘and the stat0£; Fzgure (2 2), are utlllzedo The rotor

‘dxiVQfmotbr and rotor-tachomete$, Figure (Zc;),'age also used,.

2.2 ROTOR SE’ﬁGIFIGATIONS

"”:  The mechanlcal speclflcatlons ofkthe r§tor azen'
K ‘.SDLameter - 40585 1n@hes ;-.3 o
Length - 300 in@hes‘ffrl :
;‘Mom@nt of Inertia = O 20 Loo Ft02 ' ‘
‘_vﬁumber of Rotoz Sl@ts - 28 |
?JSIOt Skew - One slot pchh
The rotox has 2 Lw0=pole, fu11=p1§ch9‘cont1nuou§ lap w#ndxnga
',There are 5609.2 strand number 20 Lnductors ln the 28 slots or 20 y
':"ﬁlnduct@zs per‘sloto Each c011 cons;sts o£ 5 curns to glve 4 c011 |
‘f iSldes peg sloto L |
o Dlrect current is supplied by means o; Sllp rings mounted on
:“4*the rotor shafto The Sllp rzngs are connected ko two dlametflcallyfﬂ
‘{oppoulte parts ox the wxndlng so as to glve twn parallel paths for ;  ‘
:fthe fleld currento , . ) e B |
S The rotor wxndmng hés a maﬁimum ratlng‘ef 230’volts and 8-.:

) :émpgrgs@ The two parallel paths of the field VLndLng have a c@mbined

IOperathg ;anual for Generalxzed Nachlne, Westlmghouse -
_Eiectrlc Corporation, . py 2 and. 3 , _ RS .



 resistance of 0.46 ohms ‘and_,é ‘self-inductance of 0.0662 henries. -

2.3 STATOR SEEGIFIGAIZONS
A “The mechanlcal 5pecxflcaélons f the gtaﬁgr are:
: Inner Diameter - b 631 1nches ;g'ifi 5
ﬁxrwgap w Oy 02@ 1nches ‘ ‘v :
Hldth of Statox Iron = 35 0 1n@hes‘;ﬁ
Vumber of Stator Slots ! 36
The stator has a KWO°D0169 tWprhase, 11/18 pl&ch dlstributed
wlndlngo There axe two wandlng groups in ea@h phaseo La@h wmnding
'ff‘group has 9 CQllS Wth 18 tuxns per GOilo A Lurn consmsta of one -
" ﬂnumbe§ 19 wire 1n.parallel wzth one number 20 w1£eo‘ R |
| For the experlmen&al 1nvestlgatlon, the vlndings lﬁ each
':phaSe are @onnected in seV1esa. Fer thls connectlon Lhe statox
AW1nd1ng has a maylmum ratlng of - 23 O volts and 3 6 amperesa 1he
'windlngs 1n serxes have a- resistance of 26 8 ohms and a selfwindu@tance
-of 0. 459 henrleso | ﬁe maXLmuﬁ value @f the mﬂuual inductance betveen
 the field u1nd1ng ané the SL&LOI winding is 0. 172 henrleso Thgagbovgi

values are Lor either phaseo.

20pexaﬁ1ng Manuwl f@f G@neralized Machlneg West1ngnouse4".
. Eleci‘nc Gorpowtzon? pp 2 and 3 :




Chapter 3

EXPERIMENTAL ARRANGEMENT R

EN FLABOARM}ORY _SETUR
| The facilltles of the Electr1ca1 Englﬁeerlng Deéartment”
’vpower laboratory were used for the experxmental worko Two souxces’
of ya:;able dq‘voltage.§nd a'threeéphase, 215=volty 60-cycle bus

weie avéilabl@o | | o |

| The rotox was- drlven at synchxonous speed by a 230 volt,
'(dc shunt motor@ Speed was monltored W1th a de voltmeter fram the
'dc tachometer generatoro The voltmeter was’ calxbrated for |
'Synchronqus speed by a str_obotace The field of the genexalizé@
maChine wés excited ffcm a variable‘dc sburéeo’

Ammeters, voltmeters, and - wattmeters were used whose nominal
'accuracy was one-half of one pefcent of. thelr full scale valuesc
'SUfflClent 1nstruments and scales were avallable to make most
| readinos well upnscale, keeplng the errors w1thin the nomlnal
B accurac1es of the lndlvidual 1nstrumentso, Slmultaneous readlngs h
were taken to minimize errors due to fluctuatlonso Quantlties were

recorded for both phases of the machlne and averagedo

3.9‘2‘ ssco'r.:c TRANSFORMATTON - - .~
The Scott connectlon 1s an arrangement of transzormers for

two=phase to threemphase Lransformatlono It cans1sts of a main

‘ “f{transfoxmer M and a teaser transformer To The secondary of M has

T ,', 9




10

a center-tap to which one side of the secondary of T is attached.

A

N i

TR
M

14

a a’ b pigure 3.1 b

Scott Connection

M has a turns ratio such that when a two-phase voltage is applied to
its primary, the corresponding line-to-line, three-phase voltage
appears across its secondary. T has a turns ratio such that when

the remaining two-phase voltage is applied to its primary, the vector
sum of the voltage developed in its secondary and either half of the

voltage developed in the secondary of M, equals the line-to-line,

three-phase voltage.

EHB E 1}
a
"l
! O
ECR Y _ EBC
>~ Fpb'
Figure 3.2

Vector Diagram
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A Scott connectlon Was used in conJunctlon w1th two
nauto«transformers to connect the two—phase, 230 volt generaleed
.machlne to the three~phase, 215 ‘volt bus. The auto-transformers ,
were used to obtain the proper voltage ratio and to insure good
'ibalance‘between the machlne and~the buso‘f |

No-load measurementsfwére ﬁa&e at the armaﬁure terminals.
éf the_genéfaiized mAChine;; Threejphase meésﬁfemgnté céuld‘npt
" be made as the ﬁransformers'used_;n.the’Scott connection dxew .
(1érge é#ciéing éurrenté whiéhldistofted the véltage Waveforms;’

The non51nusoidal excltlng current of the transformex causes -
a laroe nOHSlﬂUSOldal voltaoe drop in the machlne 1mpedanceo_ Since
" the 1nternal voltage of the machine is. 31nusoidal transformer :
v‘induced voltages must have harmonlcs equal and’ Opposlte to those
in the voltage drop of the machine impedanceo Both the two-phase-
‘ and three—phase waveforms -are badly dlstorted as the machlne excltatlon
is 1ng1‘easedo |

'-Thisvdifficulty disaﬁpeéﬁs-when the three-phase bus isiv

xconﬁected to the system as the bus has very low 1mpedancee ‘The’
:élnuSOLdal Waveform of the bus voltage f01ces the transformer

o induced voltages to be sinuSoidalo,



,éhapter 4
STEADY-STATE PERFORMANCE

4s1  MACHINE RATING -

.Synghronéus machine‘constants'ére usaaily epreSSéd'in per-unit
as they then féll within'a*relatgvelybnafiow.kange for all machines
6f similax desidn, alﬁhoﬁch the‘éize ﬁay véry over a ﬁi&é.rangee The(
mach1ne°s own RVA ratlng is taken as the voltnampere base and rated
voltage is used -as the voltage base, Base current and base impedance‘j
are’ then determlned from these. |

To flnd the KVA ratlng of the generallzed machlne lt wés,
connected to the tlfxreemphase,9 215 valt bus by the’ Scoct connectiono
-The bus supplled ox abscrbed power as determlned by the mechanlcal
input to the machlneo The- termlnal vcltage of the machine was Lixzed
at its rated value of 230 volts. by the bus and the 1nterna1 voltage
| keot ccnstant by holdlng the field excltatlon at its 1ated value of
- 8 ampexeso» As Lhe mechanlcal power lﬂput to thn machlne was increased
, the pOWE£ output and hence the armature curxent lncreaseda The
reactive power decreaseéo o | L

' The real power outgut and armature current were measured and
the power f&ctox (c051ne of the angle between armatuxe temenal
'voltage and axmature current) was computed for dlffecent mechanlcal
?inputso The armature current and poﬁervfactor are plottea as a

\'ffuncﬁlon of the real power output in Fige &0l Slnce the,KVA ouLput_“

R _1,;?.~



flrllag ing power facgox may be read from the graph of Figo 4o10¢$ 

The hVA ratxng o£ a synchconous genesator lS commonly .

:'sPecifled fer a power factor of Go 85 iag ing. Synchsonous

‘generatcrs are opexated at lagging nower &actof to’ supply Lne,

R 1agging react1Ve power needed for lnductlve loadso ' When the

u,generallzed machlne is opegatlng as. a tmn=phase synchronous

13

>hﬁ,18 dlrectly proportlonal to the armmture current9 the KVA for any

'1generatcr, ius KVA ratlna is 169 volt~ampeseso‘ The ba@es 0& the,"

: per-unlt quantluias are then per phaseo

'Eowér = 169 voltwamperes
.. Vbltége = 230 volts
Gutrent = 0. 735 ampe&es

',Impedance 31”‘1 ohn&

(zh, b SR



Generalized_ ine operating
generator delivering power

Armature current and p
real power output of Q

Armature voltage = 230 volts
Field current =8 amperes
D iao

as a synchronous
n infinite bus.

tor (pry vs

constant

.mature current

130

1 power output, watts

200
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4.2 STEADY-STATE EQUATIONS

A synchronous machine may be thought of as a group of in-
ductively coupled electric circuits. The flux linkage expressions
for the field winding and for each phase winding can be developed
and from these the voltage and power equations determined.

The generalized machine is represented as an idealized

two-phase generator in Figure 4.2.

p— <_

Leu Rcu
L-jnrmrrrrmri

Figure 4.2 - Idealized Two-phase Generator

The phase windings are 90 electrical degrees apart so there is
no mutual effect between them. Since the generalized machine has
two poles, the phase windings are also 90 mechanical degrees apart.

The flux linkages for each phase winding and the field winding are

Xa

Laa la + Laf If

” 8b 1b + If

4.2
X£ = Lf ~* + Laf 4~ + Sf S ( )



d- Taa.

Rb | % Resistance of each phase winding

N w"
I e

o
i

‘= Self-inductance of the field winding - -

5o
8

‘ReSiétance’of]theffiéid winding

L %"Mntual inductandegbétwégn phase a and fie1d .

e

Mﬁtuél‘indu@taﬁéeiﬁetﬂeenn§haéé3bﬂgnd field

16

CLy=L o= Ly = Seif«inductancé of each phasé winding .

'The generalized machine has a uniform air-gap and the rotor

slots are evenly distributed so the self-inductances of the phase

“ﬁin&ihgs“énd thélfield wiﬁdiﬁg’éré c6nstant;x The mutualﬁiﬁdﬁcténce*:‘

'v);betﬁeen"either phase “t‘«yii‘@ding'" and the field <‘windi’r';g is dev‘e‘alop‘e&.ir;-. o

' Appendix B. From Equation (B.5)

'Laf'é Lm-~{%os.(w% +go)af‘§°097$ gog BJ(QE + co)

@’ 000028 cos 5 (wt *ﬁ' 0’0) + Yo’ e ;» 660 ‘o-o‘o o c; 8 d]"

All"haxmonics can be neglected ,fgivin'g

=

1

BT

L cs (wt +‘ %o 907) = L_ s}# ‘(mt%-co)ﬁ

(4.3)

(o)



.\Where

Mﬁximmm value of‘mutual lnductan@e between fxeld and

elthex phase w1nd1ng
@ = Angul&?’vélééiﬁylin'tadianS‘pér Sééé‘
“760 Iﬂltlal angular displacenent in 1ad1ans w1th respect

to phase a 1nLerna1 velcageq Thls is the anole

F?f between the magnetic axls of phase a ‘and Lhe.magnetlc

) axls,of'the~zleld;wand1nga

: Substitution oflﬁqugtion‘(égé)vin Equation (4.2) gives

*5Aéff.9df3a

o ‘.?»b |

;}f?LfI

iy Tpcos e o) T

'EH

d b o Lm 'fysin,(wt o UO) | . - o -.(&§5)'

' . . " ‘_u' s gy o
£ Lm la cos ggg + o0 ).e L i sin (Wt -+ ao}

_For balanced steady-state operatiofi the armature terminal . . .. =

*éoltageéiaze defined as:

e

e

VEJs | n o)

.

"J§‘|ﬁ5|‘Sin“<wt,4fw - 9o°> L ;:;‘1'f‘ L (46

v - J”“IEbl cos’ (wt + 0 )

e

‘ Then the agmature CUury ents are

i ”d——ll | Sln (wt + a + ﬁ )

B b%’*‘"’ Ilbl cop GEa HR) L @n



V'H'Ebe;e~7
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"RMS value of armé@ﬁre téxmin§IVVQltagg.‘

,«“ E

lE

'S!’

bl

 RMS values of armatuyre current

.

el

L"Angle betWeen-armatﬁre‘tgrﬁiﬁal €ditagé‘ahd

it

armatuae current

'-;kX'ﬂfffal»Initialjangular-displacemént'with\xESPectfth,_i
phaséia'armature'terminal voltage B
Substitutlon of Equatzon (4 7) in Equatlon (4 5) glves B

= {E" L lI | sln (wt + a s 6 ) + L I cos. (ws + o )

#
i

I ni

w0 L J"~ L 'I | cos (wt + U + 5 ) + L If sin (mt 4 c )

%, L I % Jﬁ— L 'I | sin (wt + o, + ﬁ ) cos. (wt o+ g ) (4o 8)f1'

g

f
Jﬁ— L ]Iél gps (wt“%~a 5 ) SLn (wt 4 c )

ﬂhen‘Simpllfledg_the,fi@ld fluﬁ*liﬁkageézsre seen to be independent of
‘;rotationv

;\:f@ Lf If = \,? Lm' lIal-' sin (ﬁp.ﬁ. AO:O' ‘,_uo'o) - e (409)
Ihe‘§h§se and fieid'voltages are wtitten fox thevéiicuiés of
“'gFiga»éoza,<Thé,pha$é,winding§.a:e souxces agd thé field,wiﬁding is a

load. .-

,,,,,,



A
€a % T ga Ifa - de
| a,
e = - Rb b 'y'ét o
e = «:- Rf I + ER A

£ dt
'Substltution of Equatmn (4 8) in Equatlon (é:- 10) gmves

'° \/—R III sxn(wt-%oz +§)

)
i

- »v\/Z—w Lq lzélv kcq;s,, (wt + % + Bﬁ).

&{_ wLm j;f:'sin' {wt + 0’0)

FR ‘I | cos (wt 'ﬁ"‘a"‘FgP)‘ o
—\/—' de |z, | sin (wt-{'oc -:-{3)

. 93 Imlf ‘.co:s- l:(z.oi: + 0’0)

The armature temnal voltages may be transformed from
' trz.gometxlc form to vector forma_ Writing Equation (491_1) in

| exponentz..al notat.z.on '
= Real \/'“ ]1 | L}

T Real j w L I

T
B

J(wt+c}
g €

b Real J"[Ia”:a + J de]

3 (wt +0’ + BP)

D
il

; J(wt+a)
R 3eal.w “Lm If‘v

v 48
_wL‘J PR

19.

 (4.10)

o (4;.6’1‘1). 3

- (4.12) L



}20 
»From Equatiqg (4o§)
Real o J J“’lE ‘ e (wt + U ).
Real M_—II 1 [§ R ~ol i] (wt T ﬁ )
j (wt 4 Go)"f

.;?f Reg} j w;Lm zf e

Real - \]—‘EI j(wt+oz> L
' Real J—~lla‘ {% + 3 @ Ly j] é j»(?t_+ @o +-BP)

.<a.

(wt 0 )

R I

| Real w L If € o (4.13)
‘__Zhe Rea11ope$ato? and,theffactqr € J»ng” a#e COmeHft9 each

tgim ané may . be cangelle@riéaﬁing : .
-3 E\Ea‘ e @, J_Ix | [ - w L:l J(a +'6§)'.

Cenr edey
:;J, & Lm £f: ?,_ 0

-l e % = VE | [rru e TR
(T % e

'M:Dgfine' - .
. i a

M

- N

jo

o]
i}

-l

_'m

3@& + B )

=~
i
4

al €
- L L If’

5] ol

C
n



. R e S
b= o - %, = Angle by whlgh 5 leads E, ‘

B = B -A = hngle by vsziiph i'a leads B, .
©he’ vector form of phase a of the armsture terminal voltage &s

“a
"JTheﬁmgchaéica1 p9wet input to a'grodéfpi inductively coupled

electric cixcuits is written as

ooy S g
S Tt a e BN CEE A b B TS b )

AL dL.. . . du._
%iz 22 .. L4

e L 11 de- T tp Tdem Mg ota Tde

+.ln e di: + ?nlz 2 Pleee

“The mechanlcal powes lnput to the generallzed machlne
‘.'operatlng as 2 two=phase synchzonous veneraaoﬁ may be: fcund :

uszng thls equat101° E

@» dr -“ b V dt . . L o
L +i ‘ ‘I ’ »:lf Y . » dLbf - | :: ‘ (4017) .
EARE S f;>~ o e

Only mu@upl term& mel be pr@sent as the gen@rallzed machlne
has a unlform alragap maklng all selxalnductances constanta As S

‘ develcp@d 1n Equatlon (4 4)9 the mutual inductance terms ave :

T CRCIeMI s o e

hoigy -
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- Laf = ’Lm cos {wt + o‘o)

Lbf = Lm sin (wt + ao) : ' (4.18)

": Prom Equation (4.7), the currents are

.
i

\]? [Ia' sin (ot + 0O + {3?)

o iy = \/72“ llal cos (ot + o + iSP) _ ;(4619‘)
Substitution of Equations (£.18) end (4.19) in EQuation (4:17)

gives
m

N T : ; _ . .
P o= 2[ Jz_wLm.T.f]Ia]sm @teﬂ-a’o-{ ﬁp) sin th%-co)

U= Y2 w 1..m If lIal cos (wt + o(:o E Bp) cos (wt + co)—]

o _

Em =5 W Lm If ]‘Lal cos (Oéo - 0, + ﬁp)
JZ ‘ , | -
Pm =5 Lm If ]Ia[ cos (ﬁi) (4.20

Equation (4.20) represents the mechanical power converted:

to elecktric powe:f pexr phase by the generatox.
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4.3  EQUIVALENT GIRCUIT

The balanced steady-state performance of a synchronous machine
may be analyzed from the phasor equation for phase ﬁoltage‘ For

either phase,

Ea = Ei - (Ra + ijd) Ia (4.21)
Ei
wld La
Eﬁ
Rala
Ia
Fig. 4.3

Phasor Diagram

E, is defined as the synchronous internal voltage. It is the

3
voltage generated from flux produced by the field current. Ei is

related to the field current as developed in section 4.2.

E = wLmIf/JE“ (4.22)

Physically Ei can be realized as the open-circuit terminal
voltage. A curve of the open~circuit terminal voltage as a function
of the field excitation for the generalized machine operating at

synchronous speed, is shown by the curve labeled occ in Fig. 4.4.
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This curve is commonly called the open-circuit characteristic. It
is seen from the occ that the relationship between the internal
voltage and the field excitation is linear for low values of
excitation but as the field current increases, the magnetic circuit
becomes saturated and the curve becomes nonlinear. Although
synchronous machines are generally operated in a slightly saturated
condition the effect of saturation will be neglected for the present
and the results modified later.

Equation (4.21) suggests that an equivalent circuit composed
of a resistance and an inductance may be used to represent the

steady~state behavior of the generalized machine. The term wLa is

+ Xd Ra La

l-<~—-£“—>-+
f<—mm —> +
s

Fige 4.5
Equivalent Circuit
defined as the synchronous reactance Xa. Together with the armature
resistance Ra’ it is used to account for the difference between the
internal voltage that is developed by the field current and the voltage
actually appearing at the armature terminals.

The armature resistance accounts for the voltage drop caused by

the armature current and the resistance of the armature winding. The
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significance of the synchronous reactance is best explained by
determining why the internal and terminal voltage should differ
and then using the synchronous reactance to represent these effects.
The resultant air-gap flux can be considered as the sum of
component fluxes produced by the field current and by the armature
current. The effect of the armature current on the field flux can
be represented by a part of the synchronous reacténce called the
reactance of armature reaction, Xa.
The remainder of the synchronous reactance is used to account
for the slot-leakage flux, coil-end-leakage flux, and harmonic
flﬁxes.l It is called the leakage reactance X,.

The equivalent circuit may now be drawn as,

?

m
>
-
*
e

Fig. 4.6
Equivalent Circuit

The short-circuit characteristic of the machine was obtained by

lA. E. Fitzgerald and C. Kingsley, Jr., Electric Machinery,
McGraw-Hill Book Co., 1952, p. 202
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,'shcrtccgécuicicg tﬁe‘ermaécte terﬁineie'endfﬁeesufing the ermaturel
current. for different‘velues of’fiel& exciietionp- The'short;circuit.'
characterlstlc is 11near s1nce the machlne operates in an un~- -

| saturated condltion for well above rated armature currente See
MFlgure bobie e ‘ |

d;

Thls relatxonshlp was developed in section 4.2 in the flux-linkage

The synchronous‘reactance can be calculated from X = wkL

derlvatlono Usmng the given value of 0 46 henrles for Ld’ the
A4:synchronous reactance LS calculated to be 172 ohms or 0 552 per=un1ts' f
,All per»unlt values are computed u31ng 169 VA and 230 volt baseso.'
| The unsaturated[synchronous»reactance,can_be fcund fromvthe_
: bpehvcircuit.end.éhort;circcit characteristics.
"For‘thefshort~ci;cu£t conditiqu'
E = Ia'(R; + jiid), .23)
‘ s:ance Ra has a 'vaiue of 2.8 ‘ohv‘ms o‘r: 0009 perQiinity it can be
.neglected'and4»v ;,‘ o e | _
| T - O )
 Using the.same:#alﬁe ef field euﬁrent,‘la is read from the
‘shdrtnciicuit:charactefistic and Eitfrcm,the open=circuit
_characteristicn The unéaturated Synchronous teeccance.of the
generallzed machine is. computed to be 172 ohms or. 0 55 per-unlca

' The leakage~reactance can be approx1mate& ‘using the Potler

triangle methodo The Potier triangle for the generallzed machine



| | .
'ls drawn in Flgo 4 4 us1ng the method descrxbed.by Mareh and Craryog,f
. If the open»clrcuit characterlstic were an. exact relatmon .
7between the air-gap voltage and. the resultan; mmf.under load, the
'Verticel'leg“ofjthe‘;fieﬁéieé ab,'ﬁould‘Bedthe’leekegesgeaetance
voluage dzoPdend the horiéontal leg be wouidfequalﬂthe‘aruature=',
- ueaction:uﬁfo. For a nonsallent-pole machlne thls relatlon ls a
"good approximatlon and the Potler reactance equals the Ieakage )
;:reaetancea |
- The 1eakage reactance of the generallzed machine lS calculated :
dto be 7. 5 ohms ox 0 624 pernunlto The»unsaturated reactance of
’~rmature~reactlon is. chen 16405 ohms or. 00526 peraunlta_‘ii
The unsaturated synchronous reactance may be modlfled to teke
\'lnto account the effect of saturatxonoo Followmng the method developed ‘
"by Klngsley,3 a saturation factor, K = 1o 144, is calculated for the
o:generalized machlneo The paths of the leakage fluxes are mélnlyrln
b;air and are ‘thus assumed 1ndependent of saturatlonu‘ The saturation
h"factor is therefore epplled only to the reactance of armature=react10noi
I.The mcdifxed reactance of armatuxeaxeaetlon ls 143; 7 ohms or 00459
per»unlt° Adding the leakage reactance; the synchronous reactance ds

; 150 2 ohms or 0.480. peraunito~‘~

' 2Lo A, March and S. B. C?aryy “"Armature Leakage Reactance of’

' Synchmnous Machines", AIEE ,frzcansb‘,_'vodov 54;.9 April 1935, pp 378-381 .

S 300 Kingsley; Jr., "Saturated Synchronous Reactance
AIEE Transo, Volo 54, March 1935, pp 306»304 ‘



o Ghapter 5
TRANSIENT PERFORMANSE
o The'trénsiént state bffa»méchiné may'be definédfas the‘

tramsition fxbm one'steadyTState Ed'anothéxo For a synchronous

o machlne the translent state w111 occur whenever the termxnal

.‘.condltlons or the speed suddenly changeo The transient behavxor
" of the generallzed machxne w111 be analyzed for balanced faultso
Unbalanced faults Wlll be studled in Chapter 6o

‘591;,1 MACHINE ‘EQUATTONS

Equatlons describiug the performance of the generallzed
‘machlne ogerating as a synchrcnous generator w1ll be wrltten :
?vfég é balanced two-phase short clrculta These equatlons will be

.&eveloped by neglectlng the effect of reszstance and applylng the
Elaw of constant flux 11nkageso T |
|  The theorem of constant flux 11nkages states°. "In:éh'“
| 1nduct1ve czrcult of negllglble resxstance Which is closed on
’1tself3_w1th no exterqg;,voltagga»in the-clrgultg the total flux
iinkégeé must;rémain'constaﬁt“ %-- o |
7f, Fox. the generallzed machlne oyeratlng under balanced

;‘ steady=state condltlons, the flux 11nkages prxor to Short=c1rcuxt

are.

R lRa Bo Doherty A Simpllfled Method of Analyzxng Short Clrcuit
- Problems", Transo AIEE, Vol, 42, 1923, P 849 :

',\.’ : '29'



36_ ‘

"‘k%ao;;f‘?Ld"%ao

e = Ly R g g B Oy
g, ® Lol L i coso + L i

- vhexe .

iy Te, 08,9,

]
B
Pt

£ 7fo'" "m a0 T o m ~bo 5??_?9-._ S ””*(5°;>

??hasefa armature'burxéﬁﬁfbéfér55sh6§t4¢ircuitV |

vufqu

i
ao
"ibo ;$;‘Phase b arm&ture curren? before short»czrcult

.‘:’:ifé %".Fi@ld curxent be;ore shortnalrcu1m f

A@plylng the law of @omﬁtant flux 11nkages to the fle&d and

"?armature circults

5.

Mao

nb I S X

_.'~Lf 1¥ + L 1? cos (wt + o ) +_L ’ib sin (wt };T kfo

o ;d_laf%,Lm.Lf gog\@gti%L?Q) =

gga...'v' !

:de ib + L if sinj(wt?%zat)i

"‘; The axmatuxe and f;eld currents ‘are: salved from Eqnatlons R

“ﬁ‘5'l) by aetexmlnants‘

s
i

‘(5q3}" i;f;' i

- whexe . .0

:Qéh% (L ) + h LdL cos (wt-% o, )

sxﬁ 2 (wt + G ) *»» Kao Lm cos 2 (wt 40 )

e
w3l
a m




o R S : |
Dy = kbo~(Ld,Lf‘~ Z‘Lm),~ Mo LdLmis;n-(mt f Go)_

A e A A SRR
Moo Ty $18 2 (WE +00) =52, Ty €05 2 (uE +05)

'_"2 “ao :

Dg = Mg Lg ™ Agg Lgly €08 (6E 4 0,)

o “" }\’bo LdLm Sin (wt+ 0'0) : U . ) ’ | (501})

- _The transzent inductance Ld ’ tran81ent reactance Xd 5 and

'f ,7transient internal voltage E “, are defined as’

T ek
Ld =

i
SR
H

Co W L A e N S T A
, N m “fo. . e T e e
EBo= -mm“ SR ‘ -~ (5.5)
_ £ Do o .
The physical 31gn1f1cance of these equatlons w111 be dlscussed in -
section (5.2)- » .
- Substltutlon of Equatlons (5 2)3 (5 4), and (5. 5) in Equatlon (5 3)

"i_glves ‘

| - XX
1= ‘%‘ Ei- xd° —
e I S
R ¢ S D ) \FE“’-}' U
%ao. ' TR - Xdu : cos (Qt +‘Gd?,

. cos 0 +




U
- uj,; :
R

.sin o + ibb" :

2 -

g
=7
C ,g-

&' -2 [

B

T
Xd‘ X ’

*.

(X5 - %
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. *E{":T“ S:Ln (ot + o) .=

2

E

m

i

X-.ﬂ‘

d

m : Py ,“ s . '.‘.‘
i ecos o +1i
g | a0 o = “bo

‘008 O =

-

Xd; - s:.p (2wt 4 0‘0)’

e;[}a¢;3¥n 2 (ot ¥ .0,) = Iy, 00 2 (it @{%.'v*

“sinc]' '
. Yo |

|eos (Wt + o)

4

©° VWhen the short-cireuit occurs from no load, i  and i

and the current equations reduce to-.

T

R ,

)

1)

-+

o B
(5.6)

sin (wt + 0'6)-

bo

%

)

V5

E,

X T

P

(=N

X

X

d v~c<.>s o‘o'-JZ-- Xdﬂ 008 (p.st +.c°) =

- X

2

,Ei

9 -

X

s

Xn

o

4

a. N
¥ cos Qut + Qo) )

4+ X

e

»@M

-4

. X

d,{ gin ¢ -\/5._*--}-; sin (ot + 0 ) 0
q o ‘ Xd : o” :

d (5.7)

X

X

. sin (Zwt?z- g.)
ST s o
a2
dﬂ 4 i, cos wt
, ‘xd“*" ‘fo _ R

are zero



Wheﬁ the 5@31stance of thé WLndxnag l$ ?ncludedg the flux
‘"llﬁkages of the armatuxe and fxeld wzll not remaln constant. The '
»rate of change of these flux 11nkages ls glven by Equatlcn (4 10},

,'modlfxed for the short«cmrcult COndltlonSo

d,‘ka,, o ;-R 4
:. dt. .. ‘ ' ' a a. P

ah
B CEE T T

Cd M L ' S
& T teg - 35 e S “,w(5°§)

. The cuxrents:df‘Equation (5‘6) and. (5.7) ére still.goad'
apyroxxmations for the currents at the instant of shoxtwclﬁcult
f“s;nce the flux llnkaaes of any closed inductive circult cannot change, -

3 1nstantangouslyo Equatlon (50 ) may be ertten as

ok |
Ngp = /{f - By 1, de
g B

8
>
]

(5.9)

g g
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" From Equatlon (5 9)y ﬁhe change in flux 11nkages must approach

'=’1'C

'zero as: the time 1nterval t2 1

approaches zero.

3 ¢

“The éﬁrrents resulting froﬁ'é'twu=phase short-civeuit will -
be tranSLent, hav1ng an lnitlal value glven by Equations (5 6) and
: (5a7) and 2 steadyastate value whlch can be found from Equatlon

(4011>m

Development of .trangient equations for the‘generalized-machine e

is facilitated if the axmétuxe currente are eﬁpressgd in terms of
their difeét—axis aﬁd qéadraéﬁfeééXis coﬁpdﬁenﬁso~ The éiiéé%~axis '
cuxxéﬁt id is the component of armature current that leads the
intgfgal voltagg givbyVQO‘degreeso The quadratureeazls cuérent 1q
'is the c@mponénﬁ of ar@atﬁxé‘gurrent in phase with t@e»lﬂternal.*

‘>VQ1tagé.Eib. For the.geﬁexalized machine they are defined as

ot
i

Kd'(ia”c95‘64%,lb sxg.ﬁ)

(5.10)

i3

i

M gﬁk(la.31n g - %b co§ o)

The direct-axis, quadrature-sxis, end field fluz linkages of
"w‘the’génerélized'machine may be written as

S U l :

g™ Lg g ¥Ry Ly iy

£

: kq %Ld iq L S o ’ » (5.11)

SR A
cohg =gt Iy g

e
#

d



The mutual Lnductance between the dlrect=ax1s and the flald

_3;1 o
| d 'Kd m
'For simpllclty, Rq lll,also be given the value oneo

wmndlng w111 be rec1proca1 Lm, if-Rdvls equal te one.

The armature currents and armature flux 11nkages may be

: wmltten in terms of the dlfect»axis and” quadxature—axxs componentso,

‘;a' ='Tld;cpslc' +-tiq.s;n c.‘

B = Tgsmo - igcs0 61

}"\
[/

oy

\;Lé:}dvg;n‘cA- Ldflq:cos c f Lmvlf sin o

R S B

‘ For a balanced tw0aphase short«clrcuit from no»loadlwﬂ~
"asubst;tutlon of Equatlen (5 7) in Equation {5 10) glves
V2, = (cos wt é_l)

. '8
g

iy

o
}

‘u.a‘i i ‘ o %
} SR l ‘xd vy cos wt -
.d,?],?"‘ Byt T |

The change in the flux llnkaoes of the Wlndlngs in. the tlme

1nterva1 tl - tz, is glven by Equatlon (5 9)9 IE the interval

' chosen is an Lnteger number of cyclesg the ac components of the B

=2 -‘J’,,":;:‘:"T sinwt | S (5.13)



»currents will have no net ef;ec@ on the Flux 1inkages as uhe 1nkegral

.of a petlodlc functlon over one cycle is Zexo. If the time interval

‘contalns a fraatlon of a cycle, the ac component can stlll be negleeted

as its effect cannot lﬂcrease progressively and vould remain small,
Wlth this approxxmatlon, the ac, ccmponents of the flux 11nkages must‘
be zero at the Lnstant of short=c12¢u1t and remain soo The flux
llnkages of the wzﬁdlngs then consist only of a2 dc term Whlch de-
creases at a raﬁe dlrectly proyortlonal tc the de component of
i.current and’the res;gtance of-the windlngo‘-The-i‘ R losses produced
by thé alt@rn@timgtéomébhents‘affegt thé £1ﬁx 1inkages;but‘will be..
neglectedo . o
For a balanced two=phasa short=circult the transzent equ&tﬁons

for the{general;zed mach;ne Qag;be‘wwltten asf“-"

B

i if‘(dé) o+ if (c) €08 wt

£
id'w (dC) + 1 (@) cos wt | 1 - (5.14)
ige i (8) sinwt

If thevmachine,were oPerating'at no load prior o the short-
circuity the 1nit1al values of the components are found from

Equati@n (5 13)
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| a4 .
(dc.) = ng lfo
I« 3
(e) = " “a i
X fo

iy (de) =°J—2~"f§{—g~

’ E,
3.é(c) sﬁ”ﬁ

‘ E, '
. - L
i, (s) = X7 L (5.15).

The transient currents, Equation {5.14), are substituted in
the expressions for the flux linkages of the field and axrmature

windings, Equation (5.12), giving

he = f f (de) +L i (de) + ‘if ig (e) + L i (c)]- cos wt
‘ s ‘ (5.16)

A, ‘é‘ ‘{ (dc) +* L (s) :ilf (e) —J cos o
Ld 1d (de) + L :L (de) ] cos (wt -+ o )
-g,:“* [Ld id {c) - :!:"d iq (s) 4+ ZLm if &c)} cos ( 2 wt + go)

Using the approximate procedure developed, the dc componen'ts of the
£lux linkages are substituted in Eduation (5.8) to account for the
change in flux 1inkégés s and the ac components are simply equated

to zero. The resulting relationships are
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d if (de). 4 id {de)

Le 77ac  tla dt = e - Rg g (de)
d ia (de) d i (s) dig (e)
UL L SRR —

I T Ty TTae T thTTa

EER N CORTINOD

B

Lf ig (e) + L ig (e) 0

f
[}

Lyig (de) + L i, (de) =

Ld id'(c) - Ly iq {s) + Lm if (¢) = 0 (5.17)

Solvihg for the transient current components from Equation (5.17)

and using the initial conditions of Equation (5.15)

X' - X X, R,
i (de)=4i, [1-—2—4d .-l-df e |
£ fo X, € L 0L
. d C L% g
| X7 - X X, R
1 d " *a d ¢
i, (de) = - V2 E, { - : A N |
g b 1] % X' %5 ¢ X L
. J§;Ei R (Kd“ + Xd>
i (c) = -§“;~“~ g - ) €
y 2% %,
- | 8
ey - X' - Xy R, (&g + X )
= [1] v ]
£ | fo Xd € 2X.d Xd

2 E, WR. (X, 4+ %)
. i L 8 d . d !
i, () = =3 - [ T }c (5.18)



' The direct-axis transient time constant T d“' and the armature

~ time comstant T, are defined as

o
I e
¢ TE, R
LI
o et |
) X e T X . : o
a T TR G r R G

The traﬁsient currents of the armature windings and the
transient current of the field winding are found by substitution

of Equations (5.18) and (5,19) in Equations (5.14) and (5.12)

T o e IR
i, = f:? E:‘. € [Tda ]/ cos (wt 4+ Go)
"-g- -‘L—;— ‘tecos ©
2 0
- 5 - |eos (Qut + UQ)
i, =- V2 B ] & -[ﬁT?q4] gin (wt + o)
+ Ta
R -Q—— ] sin ¢
2 o
T X % T e
- e E, e «-[ . ] sin- (2 wt‘+_‘6 )
IR T Y P M o
L o X?VH‘,_X‘ . -
if = ifo E-__.d__}.{?..‘}._; G ‘LTZ“] [ cos wt-] (5. 20)

The above equatz.ons descz::.be the trans:.ent performance of the
generallzed machine operating as 2 synchronous generator when sub-

. Jected to a balanced two»phase fault from’ no loado | Slmllar equaLions



40

could be derived for a short-circuit when the machine has a load,
In the preceding derivation it has been assumed that the speed and
the voltage applied to the field circuit remained constant.

For steady-state cdnditions, Equation (5-20) reduces to

E
—iaa-’ﬁ—x

cos (wt + o)
4 o

|
i

B, :
. i . -
b =y2 Xd gin (wt + 0’0)

f ifo (5021)
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4’502 éﬂysmgy RELA&IONSHIPS, | |

The currents of Equatlon (5 20) mathematlcally déscrmbe the
tranSLent perfoxmance of the generallzed machlne fox a balanced two«f
fphase ShOIt“CitCUlt from no_ 1oad° These equatlons become more
s1gn1f1cant xf thelr components are explalned physzcallyq The
| effect of resxstance is neglected and the 1aw of constant flux
  11nkages applledo L | R

LAt the 1nstant of short-circult the armature mmf attem@té to‘_
'drive a demagnetlzzng flux 1nto the fxeld circulto To keep the;
] f;eld ¢lux llnkages constant the fleld current must increaseav Tﬁe
fundamental armature current also increases since thexe 1s always
a constant of proportlonalxty betwaen the fundamental armature
‘current and the unldirectlonal fmeld cuxr@nto, |
| Before the shoxt=c1rcuit occursy the fleld flux linkages R
‘are‘qonstant,bu@ the armature«flux 11nkages vaxy as‘the field
'rdtaﬁesp ‘At the instant of shortuclrcult ‘the flux llnkages trapped
‘1ﬁ each armatuxe w1nd1ng are dependent upon the angular p031tlon
jof-the rotora In ordez to keep the armature flux lznkages constant,,
the lnltlal armatuxe current of each phase must have a unl—'
dlrectlonal component whose magnxtude depends on. the arm&ture flux-
yllnkages of that phasea The unldlrectlanal current 1n the armature :
,Will produce a fun&amental current in the’fleld wxnd;ng,.whxch in

- turn produces a second-harmonic in the armature winding. Each’
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. ;armature winding produces a thlrd-harmonic in the fleld winding

fﬁbut they are of OppOSlte phase and cancel°

7‘"5;"3“ mmszgm»cmﬁggmsﬁ i

The tiéﬁsiéntlperfogmaﬁce of the unloaded généraii;éd'ﬁa~‘
'chine for a balanced tw0°ghase shorthchuit may be characﬁerlzed
 ;Aby twio: reactances - the synchronous reactance id and the tran31ent

.xeactance Xd“~~ and by two tlme constants - the dlrectnax1s

- transment tlme constant T v and the armature tzme constant T 9-

d

The measured pargme;ers of the‘generallzed mach;ne
are

2 8 ohms ReSLStance of armature Wlndzng

"
"

~
B

0. 46 ohms Re51stance of fleld windlng -

00459 henrzas = Self—lnductance of armature w1nd1ng

FT
li

P
B

£ 009662 heﬁrles Self-lnductance of fxel& wmndzng

ﬂ

- 00172 henries = Mn&ual lnductance between armature
| w1nd1ng and fleld wmndlng
Using these paraméters the reactances and time constants of
the generallzed machine may be calculated from Equatxons (5 5) and
(5019)0 .Base qugntltles'fpr thg“per’pnlt:valueS'are 169 voltaamperes

gnd_2505v01€59'




a =ng 172 ohms = 0,552 pu

o -Lﬁz LT e
Xa?“=@( Ly - i;‘) 4e9 ohms = Oquﬁ“pg;i~ E

oL L e

Tdﬂ- ) = 00,0041 secs

d °f ‘

. 2L L, S

: d "d R

T = : . = =" 0,009 sec,

The synchrenous reactance Xd determlﬁes the steady»state
*short~clxcu1t current whlle the tran31ent reactance Xd“ is S0
vr-def;ned_that it determznes theylnltial value of fundamental
’armature currenta: The initiél.ﬁalue of this component therefore
éiffershfrom iﬁs Steady~state‘value by the ratio X;' / X The
initialbﬁnidirectional coﬁpbnéﬁtlin the field~winding/wiii also
differ frém its steadyéétéée"value by this rétiOn The éwo
jcomponents will decrease from thelr in:tial values to thelr
steady»etate values by an. exponent1a1 curve hav1ng the tlme
1cogstant Td°o |

The remaining components of the field and armature winding

 wil1 have initial compénents‘that'are a function of both‘XdF and

Xd; and that decrease t§~zero by an exponential curve having the

time constant Taa
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5.4  EXPERIMENTAL s'mji’)‘é? ‘

. A Hathaway Type 8 14 E Oscillograph wag used to record the
transient behav1or of the generallzed machlnec The,fleld current,
f,awphase axmature current b~phase armature current, and b-phase gy |
armature volcage were recorded for a balanced two~phase short B
' c1xcu1t from no 1oad0 See Figure (5 1)e o

The general valgdlty of the tran51en£‘réactance Xd', the
vdlrect~ax18 tranSLent time constant Td‘, and the armature time
'constant T may be verlfied from thls recordlngol It is dlfflcult ,
"té accurately determlne these constants from the recoxdlng due to
,the‘hlgh harmonic contentg. It would«behnecessary to Lsolate t_hew
'unidiﬁéctidnél and fupéémental gcmponeﬁté‘éf the field éﬁdlarméture
‘v,currentso A | | o | |
The steadj-stateg short~circu1t armaturé current ccntalns
Car flfthnharmcnlc componenteﬂ Thls flfthnhaxmonlc is not v1s1b1e
~in the steady»state, open-c1rcu1t voltage so the ‘short- clrcult
1mpedance of the machlne for the flfthwharmonlc component of |
cu;rent is probably'vgry 1owo A fouxth~harmon1c component of fleld
5cuz:éﬁt?isigésgéia;éé;ﬁiﬁﬁ the flfthaharmgn;c cqmpqnent of\' |

. armature’ current.

Iso H: Wright, ‘“Determination of Machine Constants by Test",

AIEE Transq, Vol. 50, Becember, 1931, PP 1331-1351.
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Shapter 6

- UNBALANCED GONDITIONS

6.1 MAchE s«:,g'umxcmr

The transxent and steadyestate behav1or of the gene:ailzed

N

umachlne is analyzed for an unbalanced s1ngle~phase fault from no

b'1oadd Equatlons describlng the petformance of the machine are
‘based on the procedure deVeloped in chapter 5¢ Inltlally all
vresxstance is neglected and the Iaw of constant flux 11nkages 1s
applied to obtain the‘currcnts at the instant of sho:t ¢ircuit,
- The effect of resiétance is then iﬁcludeﬁ and the transient-

cbehav1or of the currents fov.md°

Applylng the 1aw of constant £lux. linkages when phase a is

short~c1:cu1ted;

Ld‘la % Lm lf cos;G é ~Lm 150 °°S,G¢
Le fe ¥ Iy 1a“’,°'f°‘ o= bp g
'cSolving for the armature eurrent i, from Eguation (6. 1)

L if (cos G - cos 6)

a “ Li
Ly ~ T~ ;cos g )
£

| IUsing the definitions of transient reactance Xd and internal

voltage Ei . Co o v .
. 2 J——E (cos 6, - cos o)

? (" + X ) (X - X,) cos 2 o

' 46’0:,':

(6.1)

.v(602>

' (6.3)



Define the negative sequence reactance X and‘the,constant‘b as

2

R VE X }(173);.‘_(4@9)‘ = 29,1 ohms = ‘40937-‘91; |
I i)
Eg

P
]
P4
54
]

w
"

0712 o (6es)

This definztmn is commonly used for the meedance offered by a
synchronous machxne to the flow of negatlve sequence current

during an unbalanced fault.

Expanding Equatlon (6. 3) as.a Founer series us:.ng the
defmitions of Equatlon (6 4)
i = - L [cos o+ E . b® cos (2n + 1) ;J
2 ' < '

8
a_,'v, o Xd +Xv

n'="1
T n=o.

; y2 El c"obs‘ :{U'o R : L - .
B % 142" g b cos 2n- c]  (6.5)

n=1

‘From Eiqluétions,‘(i‘ési) and (6.5) the field current may be

fo l:z, riEl E ™ cos 2n cr:}

R—OO

-ZcosaE:osc-:‘ g b cos(2n+1)]'.

written aé" v Th
‘ (Xd - X 'Y i
e

R ey

(6.6)




' EQ@étionsl(GOS) and (6.6) give the phase a armature current

and field current at the instant of short ecircuit. The phase b
“armétﬁte”guffené will;ofjcoéiselﬁé‘zéﬁd¢_ | E
As in‘section (401), théJeffect of resiséanée'is taken into

accoﬁﬁt by'aésuming that th¢ uhidirectional‘componené ef fiﬁx
- linkages of eachvwinding deéreases at'a ratevdete:mineabby»thé
unidirectional cOmponént of current énd the ﬁinding resistancea_

4 Thevéltgfnating compoﬁght'pf_flux iinkages is assumed zefoo,:Witﬁ
'f:*theséﬂaSSQﬁﬁtidns‘aiitthE'harmoﬁiévtexﬁé of the same series have
the éamghtiﬁé éonsténtg,Ac' : | |

Ihe'armature current and field cuxrent are found to. be

: ; e ' ) LB
_2 ﬁ-‘si %[‘?"@—~Ei 2\/_2— E‘i] é T.!

i‘ ‘ = e . T - * ” g d
a X, + X, KT+ K, TR FX) A
’ R ‘E'nf"‘: 00 S 4 SRR
X| cos ¢+ - g’ . b™cos.(2n+ 1) of
e . .
" {5- Ei cbsjco ‘Ta ' : a
T € 142 _'; b™ cos 2n-o

T2
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where the direct-axis t::anéietit time constant"l‘ d' and the armature

time constant T, are given by -

. - .}(,2
a wR
- &

= 0,028 sec.

S oy ‘
S '(xd‘ ) L
' d€' ,;L(hd/i+:X2)’Rf‘

= 0,024 sec. -

(6&3) ,: o
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For steady-state the currents reduce to

i

ey | ’nz’“ o
1,—-"'”'"""_,:--*-"—“'- cos ¢+ b cos (2n+ 1) o

a X ,A‘X = .
'74' ' 2’ . om= 1.
- ] n="do
i = 4i_ 4 Xd Xd' i L+ b ’.»E b 2
£ fo X& + X fo b cos <n O
Z n=1

6.2 PHYSICAL RELATIONSHIPS

| At the 1nstant of short circuxt both the armature and fleld
.  currents contain a unxdzrectional component, a fundamental component,
and both even and odd harmonlcsag The odd harmonics in the armature,
. and the anldlrectional component and even harmonlcs in the fleld
decrease exponentlally Wlth the tlme constant Td For both the
armatu:e and fleldfcurrentsb the ratio of the initial vaiues to the
ste’ady.ulst'aite vélﬁes is given by (g + %)) 1 (" + X,)e -Tihe even
harmonlcs in the. armature and the odd harmonlcs in the fleld decrease
'qto zero‘exponentlally with the time constant T o - |
The relatlve magnltude of the. harmonlcs in the steady-state

currents of Equation (6.9) are

_.2\1’"E | -
i = (cos wt + 712 cos 3 wt +

a V Xd + X

~°507 cos 5 wt F oceocsoco )

R
!l

f (l + 1q358 cos 2 wt + c996 cos 4 wt < eeog)



st
Figﬁré.(écl) shoﬁsVaﬁ osciiibg:aph fecording'madé‘fér'a
sinolé~phase‘shoit-ciﬁéuitron;adphaseg The field current;‘armhture'
currents and b-phase- armature voltage are recorded°
From Flgure (6 l) the ratxo of the first peak to the
:steady-state peak 1s measured as 5 2. . Thls gives a low approxlma-
tien for the ratlo between the 1n1t1a1 current and the steady-state
curreni_:° Thls’ratlo may be calculated from the expre331on‘
(Xd'+ X2) 7/ (xdﬂ‘+ xz) gsipg the @éaSg:ed’yaluesiof iﬁductancéo The"
ratio'ié‘c0mputed‘to be 5;9;.which showéythaf the reactances arevOf:

the propex ordér_cf magnitudgo‘;,fl;
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Fig. 6.1 - Single-phase Short-circuit
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{'Zhap ter 7

' SUMMARX OF RESULTS AND CONCLUSIONS

The constants whlch describe the performance of the generalized Ll

3 ﬁachlns‘areoglvenkln_rab;evio These,constants wareacalculated from
‘ measuréd values of indﬁcténce and reSistanceo Includeé'fof com~
,ﬁ’parison purposes are the constants of a conventlonal synchronous 4
generatorol‘ Reactances are given in per unlt values which are

based on thelr corresPondlng machlnea

Table I - Machlne Eonstants

Generallzed Machlne - ﬂon#entioﬁal Machiﬁs
R 17 R :fogés - 1.45
a.v,Xa”"J oo . odz-oo
% 0,093 ;'A 0,07 - 014
o :“',}1 ,v"0;004 L 37‘1 0.6 |
T o o 0.009 - 0,04 - 0;24

1Transmlssmn and Dlstrlbutlon Reference Book, Westinghouse :
Electrlc Corporation, 4th Edo’ 1950 p 189




The armature of the genaralmzed machlﬁe lS rated at 230 volts
,f'ané 3 6 amperes or 828 volt~ampereso' The maxxmum cuxrent ratlng of -
'the f1e1d winding, ¥ amperes, prevents the machzne from obtaining

this VA ratxngo - When the 1nternal voltage E and the fleld current

i

If are set at their maximum rated values of 230 volts and S-amperes‘
: respectlvely, the armature current is le 0 ampere (unlty power~factor)
as compared with its rated value of 3 6 ampereso At 0 85 power-'

factor lagglng, (the VA ratlng of synchxonous generators are

7”%fcomm0nly expressed at- 0. 85 pafo.lagging) the armature current is -

'P'*O 735 amperes whlch gives a VA ratlng of 169 volt-ampereso e

B }
' The low per unlt value of synchroneus teactance results from

’the utllization of only a fractlon of the current rating of the
Q‘armaturea; The synchronous reactance could be ralsed to 1.0 pouoxif‘
the maxlmum ratlng of the f1e1d current could be 1ncreasedo :

The low per unit value of tranSLent.reactance, in relatlon to
| the synchronous reactance, is a consequence of the high coeificient
T OF goupllng between the field and armature_clrcuztso The coefflcient

'dgjcoupiing K~£dz‘the generélized machiﬁe‘is‘

W

K = e ;n?;:0;9s” . 5“(701)

'ExpreSSLng the translent reactance Xdg Ln terms of the synchronous

"_reactance Xd and the coefflCLent of coupllng X

xg«,= xd a-x --,"‘ o ,§7°2}
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As the coefficlent of coupling‘approaches unlty the tranglent C

*reactance and the 1eakage reaetance converge and approach zeroa2
The value of the leakage reactance LS computed in section (40 ) to -
’jf’be O 024 Po. ua as compareé Wlth a value of Qs 016 po e for the

‘tranSLent reactanceo~ - | :

. The txanszent reactaﬁce; as computed from the 1nductaﬁce
ﬁeasurements, is not preclse since the dxfference of _Ewo. nearly
fequal quantltles is takenb An error in the thlrd signlficant
flgure -of the inductance would produce a correSpondlng error in the-

second slgnlflcant figure of the'transient reactanceo: From.the

’u.osc1llograph recordlngs and the value of 1eakage reactance, it may

‘be concluded that whlle not preclse, the’ stated value of transient .
reactance is of the proper order of magmtudeo
The direct—ax1s tlme constant Tdﬂ zs usually several times

llarger than the armature tlme constant T for conventlonal synchronous,'
-,generatorso The fundamental component of fleld cusrent thus decays

: }more rapidly than the unldirectlonal comgonent and no reversal of the
 1!fie1d current resultso For the generalmzed machlne under 1mvest1°a-
tmon, the dlrect~a31s tlme constant ls 1ess ‘than half of the : |
 _armature tlme constanto Equatlon (5 20) 1nd1cates that a reversal
of the field current Wlll occur for txme constants of- this

.‘magnltudeo The value at the end of one. cycle is computed to be

: i T de SRR T o
£ ;fo 1’+:——§;4—f- (1 =.cos wt) ‘;=,?355 1eo o ‘<703>

2Transm13s10n and Dlstxlbution Reference Book, Wéstlnghouse
Electrxc Gorporatlon, 4th Eds, 1950, p 154
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,Thls is verlfled by the osclllograph recordlng of Flgure (5 1)

j whlch shows a value at the end of one cycle of

ig= -4 z. - f’f A
n From Equatlon (Aolz) it is seen that the flux produced
' by the fmeld mmf 1s nearly sznu501dalo_ The oscillograph recordzngsr_

’show that the resultlng open»clrcuit armature voltage Ls also ,

: practlcally sxnusoidalo The st@adyustate axmature current for a

’ ‘two-phase short-clrcult contazns a f;fth-harmonxe component which

kf.lndlcates that the impedance of the machlne to the flfth-harmonic
‘component of current_ls low. |

, In.conclusion"thé‘érénsiéni and g?eady?State perfdrmance of
.the‘générélized macﬁiné 0per$ting és a ;§ﬁchron6us generatof under
balanced and unbalanced condltlons, may be effectlvely analyzed from
- the constants given in Table Io’ These constants ‘are not typical of

. those for a conventidnal-synchronous_generator@




Appendix A
FIELD FLUX PER POLE
"The fluﬁ density:@KOducéd byfthe field-bircuit of the
generalized machxne may be represented as. a functlon of

,‘angulax dlsplacement by the rouxler ser;esl

fr =TT T cos T (wEh o) . (A1)
. g K_ =t sin o A e
L cp T [
, L S T
- where . . ’
_'Bfg:ngaximum flu%'d@néity,at thg ceﬁtéx of“gach,éalé‘ff_“-’
: ﬁf' & Oxder of the haxmgnlg (only odd harmonlcs pxesant
f d@e to halfwwave symm@trj} o
‘gp':s Numbex oz field ceils per pole :
' K% = Gorgectlon fa@Lax for rotor slots' ~

‘ ,It'isfassume& that’the‘maéhiné is opexating in an wn=- -
' saturated c@nditidn”SQ»that the iroh»has infiniﬁe permeabilit&fv
and all the mmx is Congwm@d 1n forczng the flux ﬁhrough the

| a1r=gapo- The maximum flux denalty is then given by

L Ho Mew e ~ T
1@5 Ko Lew1s, The Princinles of Qynchronous Machlnes, .

ndo Edo, Edward Br@thers, Inco, 1954, p 5416
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.f Eermeabmllty oi alr

Demheloo
i

'751M£‘1§ thmmum mnf pxoduced by fleld D

’f'1 §@;;a'Ef£ective~lengﬁh ogyaar=gap, |

N where: | -

e
ﬁ?

"fHNumbeﬁ'ofsxotoz inductors

Vumber of poles A

_
ﬁ"

i}

e Numbex of parallel paths in Lie;d circuit e

‘W

' ‘:flf“* Fleld curvent | |
’étxratedffield current,flf_% 8 émpefe59 Mfﬁ:%,$6G'@ﬁpexe~tuxns'
-per poleo . | ﬂ':vigf, - i Y .
The flug denSLty 15 affe@ted by armagure curvéture,‘statot
. 51ots, rotor slots, and end fxlnoinga- Lhese eifeC&s may ‘be taken :
‘ 1nto accoun@ by modifylng the. alrmgap 1engtho . |

'\ .
e Gorxec&xon for arm&ture cuxvature

: ﬁKl-*-’f"""zg‘” In T L R

%Ag B rltzgezald and Lo Klngsleyﬂ Jro, Electvlc M&chxnexv, “<“'
M@Gf&ﬁhﬂlll Book 0009 InGOy 1952, p 178 , -

‘ BWQ Ao Lew1s, The ?rxn0191es of Svnchxonous Machlnesg N
an Edoﬁ Edwaxd Brothersg Incc, 19549 p 508 B
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;Whexe‘}
| “1 a- ; Dlameter of armaturé suﬁface'n
fé Actual alr=gap lenvth
 ' For the ceneralmzed machlne K, /1901;' d<;

'2=‘Coxré¢tidn fgr stéébﬁiélots%g =

% = o S sy

. where ' . -

‘Width of ststor gj.ot'

53

Hldth of 3tato& tooth

B

B
'Cﬂu‘a Slot corr@ctlon factor

AFox the geneﬁallzed machlne K, @rloIBo

Sw Gorrection for r@tor slotss
. ; Sf: |
L B Ll e e 5

. 1”!5(32 )

,';:: _'W'ﬁ*‘ ;R.@‘

= Width of rotor slot =

o
i

.t = width of xotox tooth . -

T

| 1 “¢fji_:JS1o& co?k@@tidﬁ«fé&torﬁlf'fT“”‘

'léﬁa A@ Lewlsg The Exzn@Lples oi Svnchronous Maghinesg.‘

“ﬁén&ewEdgy Edwaxd Brorhers» zn@°9 1954” P 2e10.

o Sma ™ Lewisp The PximCLDles Of synchronous Machxnesq

v 2gdg]Edp9 Edwaxd Bxathersp lnCo» 19549 p 5,11 .

indy, of Arizona Libraiy
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For the gen@ralized machine K_ = I.15
, oL » P
4- Coxrection for end fringing

7% = ST V
éf\‘f . f.&% & n . _ - '{Ao 7)
where - e e
Lff = Length of rotoxr
g = Actual aiz-gap length

. Fox th@,geﬁeréliZed mé@hinele = 0Q9920: 
‘m@ .@@ﬁ‘;ual alr-gap of 0,023 inch: 18 multi;pliéd-by thase
'céﬁiget;én factors t@»givé o eﬁfégtivéhlengtﬁ of g’ érb;QS iﬁ@han
' Tﬁé'ﬁaximum fl@x é@ﬁéityfis'thééfgél@ulat@d'gé Ee -
A.:5 96 % l@ , webexs per sq@aa@ ln@ho :
From 2@u@tL@n (Aol)y the flux d@ﬁSltj for the geuerallzed

't‘mﬁﬁﬁlneﬂlS
Bo, = 4o2 % 107 [wg (@t + g_) 4 0,113 cos 3 (wt +0.).
' Do (&osb S
> O 041 cos 5 (wt + G ) - ﬂ 0@2 ©os 7 (mt ?’6 ) %’oooo& ‘]

The ilux-p@r p@l@Pis*f@undAby‘in&egtating Equation'(é38>ﬁ'with

respect to the azes, over one pole. The differentisal area in texms

o 6§Q A@ L@Wlwv gh@ erncxple@ of" Syn@hr@n@u@ Machlme@
2nd. Edog Bdward Bﬁ@tberag Ineco, 195&$ P 5012




7!,lIntegxéting,‘a'
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. of the dlfferenslal angular dl$placement Ls: 3.
R
da = ’g -

=“:~i9& ;  ,

s

:whé:e
A = Rotor lenﬁth

Number of poles

N
‘ N

D e Armatuze dlameter

Y T E R
%02 X 10 .. co8 o ﬁ':“‘ ,9\9 so0 q:]. do . (.&o 10) Ly

R dRe | e Ok

o
ﬂ( B
o [ S

.v,SubgtitutioﬁkofﬂtheTlimitsggives

5,84 x 1Qf§:{dges (ot #.0.) = 0,037 cos 3 (uE + o))

|

t

.‘ | @f

.

- 0,008 cos 5 (Wt + 0) + eocen| o (Ad2)

veln o eene | S (Bell) L




Appendlx B
‘ MDTUA& EﬁDUGTANCE 7
ﬂn analytlcal expxes@lon can be developed for the muﬁual
lnductance beﬁween the fleld vindlng and el&hex phase wxndlng
- of- the atmatureo The mutual 1nductance equals the llnkages oi |

v Lhe phase wzndlng wzth the fleld &lux, dlvid@d by the flelé

- curr@nﬁg o 4”33'; |
X - : . - )‘o A" V N .
w“;’af = .Kf B (Bol) _

“where .

a
@

,:Axm&égfgiﬁigﬁ iin&aéésfpex’phéég‘?
1 o Baels ouiveis ‘
iheQarmatuge has ‘a fr&cLlcnalopltéh distxlbuted w&édxng.
/ which ?eauces the'ef;ectlve number of tuanOg»The effectlve
vnumber @f turng 15 tel@t@d to t@e actual tuxﬁs by the’ plt@h J :i

factox KP amd the dlstribut1on $agtor Kbo These factocs may be

'.bcalculated using ghe‘relaticnsthsol

. sin,(r “)
® | m— s " :
S qaiéin (Q»U)'.-“ o i 'Lihz"' £3é3>

1ﬁ° As L@“159 Th@ ?KlﬂCIPIeS Of Syn@hxonous Ma@hznesg R
ano Ed09 Edward Brcthexsp Ince, 19549 pp 6 5 and 6. 9, o




'7.'"§§_”q'i“
‘ Wheie ,} R

= Ovder of the harmomie - -

.
#

i

p, = Goil piteh

%

“lq, = Goils per phase - .

The computed results for the first seven harmonics are

S

Ky m 0820 g Ty o= 0955

i
i

. z(PB | : 00258 ‘; ‘: ; . K’bB . 'ly;v 00638 | . i

)

N w v:

Ryp ® 0995 0 0 o Ry o= - 0,280

8.

LKy

@

0,423, 7 K, =-0.031

“Ihe‘mutual'iﬁdgctaﬁce{is now written ‘:-  e ‘ 1.f5*ff“'f;

o . : r"g.del‘”‘-°,g o G ;N“‘_i‘: : '-.{ e f e
e Ny T L T e e
%Qf .@ ‘.If;’ e k?r_xbr'gfr'-f- :e;_- N gf ;.(§f&>'f RN

g 1

i}

' "Armat&re‘turns'per phase

= 'Eie;d.ﬁluxv"

=
CBR
@

o Subétitutidnfof_Equéﬁfén.(Auié) résuits:in ’
. ;&f»%”0°1$5‘[%gs*(mt_%,fo)if0“09{$ cOS 3 (wt;%ggé?}tj.‘ 1o

= 0,0028 cos (wE + 0 ) + é§§;;;{}»}«,‘ L By
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