University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

7-17-1963

Transient analysis of synchronous machines.

Michael Y. M. Yau
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Yau, Michael Y. M., "Transient analysis of synchronous machines." (1963). Electronic Theses and
Dissertations. 6339.

https://scholar.uwindsor.ca/etd/6339

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F6339&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/6339?utm_source=scholar.uwindsor.ca%2Fetd%2F6339&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMi films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TRANSIENT ANALYSIS OF SYNCHRONOUS MACHINES

BY
MICHAEL Y. M. YAU

: A Thesis
Submitted to the Faculty of Graduate Studies through
the Department of Electrical Engineering in
Partial Fulfillment of the Requirements
for the Degree of Master of Applied
Science at University of Windsor

Windsor, Ontario

1963

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number:EC52519

UMI

UMI Microform EC52519
Copyright 2007 by ProQuest Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, MI 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-~
4

AGNAIR =

APPROVED BY:

146 Sl |
R Dy T

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

The primary object of this thesis is to present
& complete transient analysis of a synchronous machine,
Starting with the fundamental equations of induced
voltage, armature reaction, and torque, the complete
performance equations of a synchronous machine, valid
for both steady state and transient coﬁditions, are
developed. No complex reactance transformations are
involved. KXron's invariant transformation is used to
derive a reciprocal system representing the actual
synchronous machine., Under this transformation the
power formula remains invariant both in form and in
magnitude.

Rigorous expressions for currents, field
excitation, and torque in the three-phase short circuit
case are derived. The Laplace transform calculus is used
in the mathematical treatment. Approximate solutions
which neglect and include the effect of armature resistance
are also derived.

The moving reference axes, and the -, 8-,
and zero-axis quantities are introduced to solve a line=-

to-line short circuit case in detail. An approximate

iii
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solution for the non-linear differential equations with
variable coefficients is also proposed.

Oscillographic records for both the three-phase
short circuit and the line-to-line short circuit cases
are taken experimentally and then compared to the digital

computer solution of the performance equations derived.

iv
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CHAPTER I
DEVELOPMENT OF THE COMPLETE TRANSIENT EQUATIONS
FOR A SYNCHRONOQOUS IMACHINE .
Assunpiions

The following assumptions are made in the

analysis of synchronous machines:

1) Negligible saturation and hysteresis.

2) The distribution of armature phase mmf is
assumed to be sinusoidal. The effects
of space harmonics in the distribution

. 0of the air-gap flux density, therefore,
1s neglected. This assumption is
practically true of most machines so
that no appreciable error is involved
on this score in applying the results
to practical cases.

3) The machine is assumed to have only one rotor
circuit, that is, the main field winding
in the direct axis. The additional
short-circuited windings, where applicable,
are referred to as amortisseur or damper
windings.

The General Equations of Induced Voltage
and Armature Reaction
The general equations of induced voltage and
armature reaction, first introduced by Professor L. V.
Bewley, will be used as tools to develop the complete

performance equations of a synchronous machine. For a
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group of q-coils with center at Xqo and taking skew,
pitch, and distribution into account, the fundamental
induced voltage of the coil group is given by

Ci=- 3_%5{!_{%'_8\“(__3+~(’)

+¢1(—?C-%-Zé2+ dY')Cos("TXH—Y’;)} ------ 1

if the flux density is specified by

Bix)= BrSin(TRENN) -m-mmmmme- 2>

The fundamental component of armature reaction

for the group of gq-coils is given by

AX) = 0-BNLK) CosT(R=Ko) === - ==--- 3>

in which, ¢ = number of coils per phase group.

N = number of turns per coil.

T = pole pitch.

" K,= combined reduction factor including
skew, pitch, and distribution effects.

x = location of the center of the group of
coils measured from an arbitrary
stationary reference axis.

x = distance measured from the same
reference axis.

i = phase angle of the flux density wave.
¢ = ZTlp = total flux included by the coil.
L = effective length of coil.

The complete derivations of equa'l;;i.ons (1) and

(3) will be found in Appendices II and III respectively.
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Direct-, Quadrature-, and Zero-Sequence
Components of Current
If ia’ ib, and :i.C are the instantaneous phase
currents in the three symmetrical windings of the three-
phase machine in Fig. 1, the resultant fundamental

component of armature reaction due to these currents is

AX) = o-B%NKs{LaCos(G--TICA"H- Lb Cos(e-Z%I-—I[,cé)a-LcCos(e- % ~ I )}
=0-8N Kn{Lq,CQs ©+ LpCos (-2 + LeCas (o~ 453!,(-)} Cos ﬂ%-
+08gNKi{la S8+ LpSin(0-2L)+ ke Sin (@~ 4] Sin TX..._ 4y

in which © =-3%§= angle between the field pole axis
(reference axis) and the axis of

phase a.

D~ AXIS

AXIS OF
PHASE @

Pig. 1. ZElementary diagram of a three-
prhase machine.
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In equation (4), the armature reaction acts

entirely on the pole axis 3ii x = 0, and entirely on the

il

interpolar axis if x %} « If the polar uxis and the

interpolar axis are desgignited ag the direct and
quadrature axis respectively, then the first term iﬁ
equation (4) will be the dircet axis component of'
armature reaction, and the second term the quadrature
component of armature reaction. Therelore, the form of
equation (4) suggests lhat it may bo simplified by the

subgtitution of new variables id and iq, defined by the

following relations:

Ay = \/;_g‘_{ La.Cos @ + Lb Cos (0~ %1) + Le Cos(o- 433)} ......... s)
ig= \/Zg‘. {LaSin@ + Ly Sin(@- &1)+ icSine- A:SE)} ....... &)
Then, o= OB [Z ANKILg =wresmeeens -0

= direct-axta component of armature
reactior.,

- 08/3 1
A‘é—- OB\/:Z.: (&NK\L'& ............. -(8)
= quadrature-iaxis component of armature
reaction,
X
and, AX)= Adg Cos 11%‘_-'- AQ Smlr-.r-‘;-

3 ' X & ] LU P
= 08 [F gNK) (i Cos T + Lg Sin T3 5)

The factor/é% wug Lirgt introduced by G. Kron
g0 that the armature circuit :.nid the ficld circuit will

have reciprocal mutual inductiar.ces. This fuct will be

shown later.
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Inspection of cecquation (9) shows that the
armature reactions due to id and iq are both sinusoidally
distributed, and build up fluxes ia the direct and
quadrature axis respectively. During transient conditions
these fluxes in general are not coanstant, but will Gary
with time. Thus these fluxes topether with the field
flux will produce transformer emi in the armature windings.

To allow for the current flow during unbalanced
conditions, a zero-sequence component of current is

defined as follows:
io = —J'!?(LQ'+ Go + Le)evmearimennnas Cl0)

The factorxéf is introduced so that the power

will remain invariant both in form and in magnitude.

Equations (5), (6), and (10) can now be solved

to give
i - [ 1 2 oS -+ L ceerecescemanc—nacccemas
Aoz /___ Jad Cos © +\/:L,<8-ame T Lo EIR)
' = (£ . - == _.‘,; 1 \ -2 P I emacmenas
Ab /i LaCos (O ZE;")-'- f l,%Sm (o = )+ r-Lo Q)

L<=\/'_§ Lacos Co- G+ [Z iq Sin (e~ 4+ L lommais)

Air-gap IFlux Density
For the time being, agssume that the machine has
no amortisseur windings in either the direct or quadrature
axis. The flux distributions due to the field and

armature reaciion are:
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1) Flux distribution due to field excitation,
which consists of the field leakage
flux <5z, wnd the useful flux ¢y
which crosscs the air gap and enters
the armature. When the field excitation
is constant, and if the effects of
armature slots is neglected, the space
flux density distribution is in general
expressible au a Fourler series:

Bz = T Baney COS(2R=DTE ovmeecee i)

2) Plux distribution due to armature reaction.

Let  POO= R+ PaCos E8 -rremieeenn (i)

= permeance for the fundamental
component of armature reaction.
- Then, if the armature reaction is

Ai(X) = AdCOSJl(:)—(* “+ A% Sin_'![t& seeeneeaaennf]6)

the flux density is

Ba=( Po+FrCos FX)(AdCos X + AgSinTX)
=R+ R/2)AgCosTL + (R~ /2) AgSinﬂc&

+ _‘;Z-(AdCosig& + AqSin i%l)-..........u'()

The total fundamental flux density with respect
to the direct axis is obtained, therefore, by adding

- equations (14) to (17), that is,
BX) = ﬁ,fCos.'D%?&.r (f -»%)Ad Cosﬂ.,és+ (a,f_is)z\gsanﬂ,é
= BisSin(LX+T)+ 0-8@‘@1\1«‘(&: £yiasn(IX+ 1)

+08[2 g (- Byigsinma as)
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The phase angle in each term in equation (18)
is constant, and it follows that the air-gap flux is
stationary in space with respect to the direct axis, so

that SL=0 , Equation (1) then reduces to

,og { 29 sin (TFet¥i) + ¢::{£—%§;—Cos (m-rm} ----------- 19)

it B = B Sin(BEeTY) womreeenneneneoens (20)

Induced Voltage in Armature Windings

Let 6 =Jg-xo

= center of a coil group of g-~coils

moving at some speed d®. _ 1 dXs
dt T dt

the fundamental induced voltage of the coil group becomes

&= JF s { B, 90 4 4,90 - ddnt}sine

D

3 dos dd ..............
‘/; 108 { z dtt ¥ ad' + Pag dt }Qose zn
in which ¢f = —é'cﬁ_‘s;,}....-.........--.(zz)

field flux per pole, proportlonal to
the field current :|.f

Paa

24 TYANI(R+ Ly la e a(23)

il

direct-axis armature reaction flux

Cba%: %TQ%NK\(PO‘%)L% ..................... 24)

= quadrature-axis armature reaction flux
C.bf s Paq » and d.’&% are Vproportional to 1es 1y

and iq respectively, and the voltages due to them may be
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accounted for by the proportionality factors Laf’ Lad’

and Laq defined as follows:

Lagm = M..-................(zs)

103.{'.5
= maximum mutual inductance between
field and armature. )
Lad = 2‘4 ’t‘ N)\\> LPO+ PZ) ________________ (26)
aO“'ﬂ'
= direct-axis inductance of armature
7"'33.0 V*Ono
= 24 TACENRKD (€ A W z
Lq% o =) 2mn
= guadrature-zxis inductance of armature
reaction.

Bouation (21) can then be rewritten as
= [Z 3 : ae _ ai .
€a \/_;_{\[_;_.Lw.fg + Lad Lo €8 — Lag 841 1Sin®

-‘/% {j—Lag dis 4 Lad%—tﬂ- + Laobi.%%%}Cose :

=J:i:‘— {Mafi.{ 3 +quL§_(19_ LQ% dL"\rSme
_E: {Mag G + Las %‘%‘ + Lag ig §2 } Cos Beenee(z8)

in which a new mutual inductance between the field and
the armature is defined by Mag = \/——-g-‘-“ﬁ'“

The first two terms in equation (28). yhyi4%¥%
and lag (.d%% are speed emf's due to the movement of
armature conductors cutting the flux. The third term,

ngﬁﬁ%b is a transformer emf due to the variation

of flux.
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Armature Terminal Voltage
The armature terminal voltage is equal to the
induced voltage less the leakage reactance, zero-
sequence reactance, and the resistance drops.
.

Let Ra = armature resistance, per phase.

Ly, = armature leakage inductance, per
phase,

Lo = zero-sequence inductance, per
phase,

The armature leakage flux linkege of phase a
is then,
W, = [Z La Z. .q ]
by = 2 Lilecose +[& LilsSing

and the leakage reactance drop is

) t . & .
42t o [Z{Lif8-111452)Sing

at at 3o
+ (Lo Sdd o] LSO ) Cos G} -------------- (50)
o v

The zero-sequence flwr liniage is defined as
l .y - _t' il ey A = ‘i s 3 3
W ) oLle , Y3 times the coaventional one used in
syrrmetrical componenis.

equence reactance drop

w

The corresponding zerc-—

and the resistance dropn is,
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Raka = Ra { /& isCose +[Z iySino+ LL N R

The terminal voltage of phase a is then,

Va.= Co_ - d‘{"l —d‘b - Ra Lo .
= - [Z c dls dig Lo.10 ' s
f;( Mag St + det + L%b%.aTc.+ Ra_ g )Cos ©

_ %(L%ib mqu,f de —Lald d% + Ralg)Sing

—_ )\ Lo S N
= (L°"“dt + Ralo) (33)
in which . kd =Lad +La

= direct axis inductance.

L% = Lo.%-rLQ

quadrature axis inductance.
Bquation (33) shows that the terminal voltage
consists of a direct-axis component, a quadrature-axis

component, and a zero-sequence component voltage. That

is,
€d = - (Mae i di4 o O T YRR
d=-( a{-_d__—c-f-i-l-d dt+L‘B°Edt+RQLd) (34)
= direct-axis component of armature voltage.
= - LeSL Le 9O | 4 i49€ Lg Yom e mcaenes
Bg= = (g g — Mag L5 42 - 1514 3C +Ra ly) 35)
=quadrature-axis component of armature
voltage.
o= = (LoTES +Raio)msrrrommmresssenss (36)
= zero-sequence component of armature voltage.
Therefore,
= |2 Z @, remecerenenn
VO..— £ Qg Cos O + —3——@_2}3\064‘ 23 €o (371
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The armature terminal voltage for phase b and
¢ can be found by replacing © by (G—%—') and (9 - 4%1—)
respectively.
BEquations (34), (35), and (36) are set up for
a generator with rotating armature, clock-wise ‘
rotation, and with the quadrature axis ahead of thé direct
axis. PFor a motor, the signs of all the terms in these
three equations must by changed. If the field is the
rotating element, as is in practical machines, and
rotating in the clock-wise direction, then relative to
the field the armature is rotating counter-clockwise so
that it is only necessary to substitute —fﬁ} for fﬁ%
in all the equations.
Flux Linkage Relations
in Armature Circuilt

The direct-axis flux linkage is

Hy= Mag Ls + Lo Ld

= ‘/—E:: Lasm Lf “+ L4 Ld """""""""" (38)
and, LP%= l—% L% e SRt h AL AL EEEEELEEY ¢=57))
Ho = Lo Lo srmmrmmmm e eee e (40)

By substituting equations (38), (39), (40)
into equations (34), (35), and (36), there results the

voltage equations in terms of the flux linkages.
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1
€y = - i"‘_;d - LP%%% =~ Ralg-eeceeememnananano. 41)
- _d
g =~ S+ 1y 92 - Raigenceee e 42)
So= - %«: ~ Ralo===m-c e 43)

The armature terminal voltage in terms of the

flux linkages in phase a is then,

Va = - S [Z iy coso + [T sine i)~ Rale

= — CI.LPQ_ - O e e e e e e e e
go = Rebe 44
in which gy = /—g‘- P Cos @ +‘/:£-3— SN + —-3'—t-\>° ------------- (4S)

= flux linkage of phase a.
Corresponding equations can be written for

phases b and ¢ similarly.

Performance in the Field Circuit
Tne flux linkage of the field is due to:
1) The flux produced by i,y and

2) The mutual flux produced by the armature
currents.

The mutual inductance between phase a2 and the
field is,

Lag = Lagm Cos © =-=mormemmmememnecncee (48)

Similarly, for phase b and phase c,
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Les = Lagm Cos (6= ZL)eemmmeneem . (i)
Leg= Lagwm Cos (o~ &AL)----=-r-------- (48)

The totel flux linkeges in the field is then

1Y

Hy = Lss k5 + Lagm {£a Cos® + LuCos (©~&L) + Lc Cos (B~ 4331)}

= L‘ff'('f -‘r\[——%‘ Lagm 'bd

= Lyt ls 4 Mogdd mmmin et e (49)
where Lss = self-inductance of the field.

The voltage equation of the field therefore, is,
€§ = RJJI Lg ey —Cg_hé-
=%%+%%§MM%%mmwwﬁm

where Cs; = field terminal voltage being treated as

a voltage drop.
Ry = field resistance.

Equations (38) and (50) shows evidently that
they may be considered as the expressions for the flux
linkages of two coupled circuits, the field circuit and
the direct-axis armature circuit, having a fixed coupling
with the field circuit, in which the current is id' When
the factox'J%; is used for i,, instead of %, as was
originally propnosed by Park, the mutual inductance
becones Iwayﬂﬁquwxin both directions, so that the system

is reciprocal.
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Representation of & Synchronous
lachine by D-Axis, Q-Axis,
and Zero-Sequence Windings
According to the machine performance equations
developed, the actual machine can be replaced by a set
.

of imaginary circuits as shown in Fig. 2.

Fig. 2. Representation of a synchronous
machine with reciprocal mutual inductance by direct-
axis, guadrature-axis, and zero-seguence windings.
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In Fig. 2, the field on the rotor is the same
as in the actual machine. The actual armature circuits
are now revyresented by the d-axis, q-axis, arnd the
zero-sequence circuits. The direct and gquadrature
axis circuits are centered on the d-axis and the q—éxis
respectively, and rotate syinchronously with the fielad
in order to maintein their relative positions. The
d-gxis circuit has a constant mutual inductance, Maf’
with the field, and this inductance is the same in both
directions. The g-axis circuit has no nmutual inductance
with the field or the d-axis circuit, but will have
constant nutual inductance with any field circuit in
the g-axis. The zero-sequence circuit is stationary

and independent.

Extension to Damper Circuits
Additional rotor circuilits are provided in
synchronous machines for several purposes, of which
the following are the most important:

1) To Qanmp mechanical oscillations or hunting
of the rotor,

2) To minimize armature hermonics during
unbalanced or single-phase operating
conditions, and

3) To provide starting torcue, if the machine
is operated as a self-starting motor,
either normally or under emergency
conditions.
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The effects of these short-circuited damper
windings which have been neglecied in the analysis of
machine performance thus far will now be taken into

consideration.

axis will have mutuali inductances with the Field
winding because both are symmetrical about the direct
axis. EHowever, the additional rotor circuits in the
quadrature axis will have no coupling with the field,
because they are symmetrical about different axes.
Under normal balanced steady-state conditlons
at synchronous speed the currents in all additional
rotor circuits are zero. However, under transient or
unbalanced conditions, or with operation at non-
synchronous speed, currents may be induced may be
induced in the additional rotor circuits and their
effects must ve teken into account in all machines
which have these additional circuits. To simplify ouxr
analysis, assume that the machine has only one damper

circuit in each axis.

Let, R11d = resistance of direct-exis
damper circuit.
R11 = resistance of quadrature-axis
4 damper circuit.
L11d = self-inductance of direct-
axis damper circuit.
L11 = gelf-incductance of quadrature-
q axis damper circuit.
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LaTd = nputual inductance between
direct-axis armature circuit
and direct-axis damper
circuit,

L = mutual inductance between
= quadrature-axis armature
circult and quadrature-
axis demper circuilt.
rnductance between the
and the direct-axis
r circuit.

= direct-axis damper circuit
current.

i = quadrature-axis damper circuit
= current.

The equations for flux linkages (38), (39), and

e

(49) may now be modified as,

ch‘.: ’%Lq&mbg - Ldi.d - -'—;-Laid Ll\d

May 5-; + Ldla + MaigLig —owreeremoreesmem = meem(51)
l’:% = L%L% -i"/—g- Lcmé Lu%
= Loi 0 11 mrmm e mmeman e mrmeem e me (52)
thg “+ Mcu0 Lu% _ (
L};,_= Lff Lf +E Lajm 1.«:3 + M{-rdf_tm
= Ly iy + Mogla + Mg lng ==-==-soemmms (53)

in which we define,

Maia = /—% Lad

MQ!% = \/——32—- Lﬂl\"@
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The voltage equations for the damper circuits

in the direct and gquadrature axes are respectively,

Wl 3
0 = = S8 — g Rug -rereeemsomeones (54)
0 =~ __-iifc"‘& ~ LngRug=mmmemmenmeaee (55)
where *w

= LugdLna + Mgld.l-g + /—-SZ Laig Ld

Lichie + M \_ﬁ- + Mad Lg -mmmmmmemenmmas
Lﬁ‘f LH%LHZ -§'f—§: qu‘éi%
= Lu%i-n% + MOI%L% """"""""""""""" (57)

Substituting equations (51), (52), (53) into

“equations (41), (42), and (50), and also substituting
equations (56) and (57) into equations (54) and (55),

the following six equations are obtained, by putting

4 - 4 -5 -
at =P ¢ Te

€4 = ~(Ra+LsD)dla - Ly i3 0 ~ Mg DAy ~ Mawa Diuyg
-Ma%Lu%é

e

=

3 Ldld 8- CRa+ L%D)i_% + Ma-g-i./sé + Matg Luad

-~ Ma DLH% (58)
€ = MasD la + (Re+LygD)is + MsieDlug
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0O = —MawsDig — MfthLg - (Rug + LusD) Lud (58)
0=- Mm%Di}g = CRug + Lug DD i,u%

Co= —(Ra+LeD) Lo

[N

The six linear differential eguations above nay
be solved simultaneously to obtzin the six unknown
currents, viz., 1., I, 1rs Eoaqo l?]q’ and i,« Once
130 iq, and io are known, the phase currents i_, ib’

and i can be obtained from equetions (11), (12), and

(13).

Torgue

The torque is found by the following equation:

Toe = K Lo — 4 ig)

i

— 37 Pl ; P
K% (Mag L5 dq + (La-Lg)la g

19

+ Mmdi-ﬂd K—z - Maﬁg Lutﬁid) -------------------- (5'9)

wmber of poles,

B3

in which P =
£ the torque is expressed in

orque 1is expressed in
meter :

Equations (58) and (59) are valid for the case
where there is only one dampexr circuit in each axis.
The extension to any number of damper circults may be

made in a sipilar manner,
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CHAPTER IX
THREE-PHASE SHORT CIRCUIT OF A SYNCERONQOUS

MACHIWE WICH NO D.i:PEX CIRCUITS

performance wnich determine the transientv currenis are

the simultareous equatiocns (34), (35), (36), and (50),

At constant machine speed these voltage-current ccuations

are linear d4iff erent.a1 egquations with constant coefficients.

These eguations will now be solved for a three-phase

short circuit at the terminals of a synchronous machine
 with no damper circuits. Rigorous expressions as well

as approximate ones for currents and torque will be

derived.

Initial Operating Conditions
Suppose a synchronous generator is operating
with a balanced load at synchronous speed w , and a
torque angle 3 . 3By putting 1. = iq = io = 0 and

= i, in equations (34), (35), (38) and (37), the

(B

f
open circult induced voltage is obtained,

20
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Mes 420 QiSm@
at

U!‘('\T’

e |

1}
04\(\-

w ([Z Lagm) Lgo Sin®
= wlagm Lj‘-o Sin©

-

= E:Sin (ol + 8o)

where £ = Whagm Lo
ln= congtant field current before short circuit.
Oo = angle between direct axis and axis of phass
aat t = 0,
The armature terminal voltage for phase z is
then,

Ve.=VaSin{ wl+6:-35)

Va &in(wl + ©0) Cos & — Va Cos (0l + 8)Sind

—\VeSind Cs®+ Valosd Sin ©

Hence, by comparing with equation (37), we see that

Cdo "—""\/-_323- Ve Sin & —>

e%o = \/—-—g Va. Cos & (60)
Qoo = O

state initially, equation (34), (35), and (36) become,
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€oo = ~—[Z VaSind 3

i

- L% L%o———gg - Raldo

= = Kgloo - Ra Ll
9000 QA A-do .

o = j-} Va Cos &
.o )]

- I3 ; ; ) {
= = LGi:m «-l',ow'*' Ldl-doco— -\G.L%Q

= /—-Z" E‘S‘ + Ralgo - Qai.%o
eoq = O = - RO.-LGQ
By solving equation (61), the initially load
currents are obtained,
./-% St (Ef~\VaCos 3) - ngVaSimé

Lao= — e (&2
Ra™ + XdX%

~ \/—‘%—Za (Eg—\VaCosd) = \/—E—_Xe\/aSImé
Ra® =+ X Xq

jﬂgo
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Rigorcus Solution of Short
Circuit Current
Yhen the armature winding 1s short-circuited,

-2

the magnetic fiux liaked with the closed field circuitd
since it cannot now enter the short-circuited armaiture
winding, it 1s ZLorced by the dencgnetizing action of

the armature currents to pass through paths {(the leakage
vaths) of greater reluctance; that is, the short-circuited
armature is equivalent to an increased magnetic
reluctance. Hence, an additional curreant must appear

in the field circuit in order to susitain Tthe flux in

those new paths, and this spontaneous additional

irect~current, being unsupported by the exciter

Qs

oltage, is, of course, transient in character; that is,

<

o ? oY,

the voliage which supports it throuzh the resistance

of the field circuit 1s generated by the decey of the

]

tlux through that circuiv,

Since a three-phase short circuit suddenly
reduces the terminal voltage to zero, the net effect

of this on the circuit currents is equivalent 1o

lying —~e. , —@ nd -e,  in sk ~
applying ~e4., 07 and €yg h U he voltage-current

and e are
go’? 00

jel]
=

ifferential equations where €342 ©
the values of €92 €49 and e, before short circuit

respectively. Assunming that consitant synchronous speed
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tion is constant,
the voltage-current differential equations (34) and (35)
become, by putting ¢ -p , = , and U(t) for

T

the unit funcvion,

Mag Di.lf + (Ro+ LaDAea + 0 L" = \/— VaSin U(t)

w Magl'\,x. + Wlaka ~ (Ba+ LK D)ie = [2 VecCos & UL
N

Ut

and also by eguations (36) and (50),

(65)
~(Ra+ LeD) Lo = O

(P5-'r}. D)Lj-r MaﬁD)\,d 0

The currents in equation (65) are only the
components caused by the fault, and the currents found
from these equations must be added to the initial
currents existing before the shert circuilt in order to
obtain the resuliant current afier the fault has
occurred,

Equation (65) shows that no zero sequence
effects are produced by simultaneous short circuit of

it is only necessary to

aplace transform to these differential equatioas,
and letting I(S) denote the transform of i, the

s

ions are obteined,

cl

following algebraic cqua

i
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—\/’E‘-V&S(T\ S
= = MagSIf(S) + ( Ra +LaS)Ia (S)+ wLKI?(S)

/_3T .
-z Vo Cos & N
S = W Ma.g ie (S)+ wleTa(S)-¢ KQ+L9“$)IE(S) 23 (66)

0 = (Zc+ Lis s) I-g Q)= MegS Ia (s)

¢ sirnuvlten-—

[l

The taree equations zbove are solv

©

ons

f1

eously to obtain the followiling operationai exXpress

[

or Id(S), Iq(S), and If(s).,

/%\/ac&g + Lﬁs){c Ra+LeS)Sind+ awlqlos é}
S DCS)

R (10

i¢(5)= -

—3—\(& (Rg+15eS ){C Ra+La®)S* )Cosd-cwla (S)Siné}

To(s) = O
7(S) SK(s) «@)

. /,_3_ Va. Mg -{(IEQ-F L‘ES)SM S+ C'JL%COS 31

Is(s)= Loeeeeeamns 69)

D)
h ‘ L Ld Mas
where 3(s) = - Ak e,
: S (Rg+ LseS) (7o)
= direct-axis Laplace transform inductance.
D(S) = determinental equatiocn

SLgslola’ + s° { Bslale+ Ralgs(La'+ L%)}
+S {\ZaEg(Ld +la) -+ L5z CRoS+ &J:L‘&Ldl )}
-+ Zf(‘zof—%- Q.)zl.dl_cé7 ------------------------ an

k258 ‘
D LNSHE Flatsdchppammmry 8 1™ R
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Bouation (71) can be factorized to yield

19

D(8) = DpeL,Tg' (S = 8,)(8 = 8,)(5 -85), in which §
(8) = 0 found by numerical

SZ’ and S, are the roots of D

methods. Ld‘ is defined as,

’ N B e K
La=lim SLeS) = Limm ( Lo - p\na“ = )
S‘?CO S—vco ( t\f - Lffg)
= | .- Mos>
La ..

55

which in the notation of IZaplace transform calculus ig
equivalent to computing the initial value of this
unctvion. Thus Lé' is very apvropriately celled the
transient inductance of the direct axis.

The inverse transforms of equations (67), (68),

and (69) can be fount¢ by means of the Heaviside exvansion,

\/-—Vc. (RaSind + X COS &)

Ly=
d Ra® + Kd/(‘é
% f_Z;\,acgv_ LS&SK}{CEQ»&-L%SK)Smé-k wL%Cosé}askt.
o Sk D'(Sk)
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= { . A -
3 £+ LesSk) 1( Ra+ LeBrIS< )Cos 8~ wla(Sk)Sklind
272, A
K=t

Skt
.Sx: D’ LS ',:} E'

Fed

S g o~ - N b3
. i \/%ng\/a, L( Ra= L%SS\)S.!\E + GJL%COS o} askt

A§= ;
ol D'Csk)
whexre DCS ) = —%—D(S)
s
The wresultant currens after the short circuis
is obteined by adling i._ +to 40 €%C.s therelore,
IR

\/__E:' X‘é =

ol TR e,
3 /= Va(Rs+LeSk) { (RatleSk)Sind + XqCosd
+ Z \/_2'- { 0 % .} €SKt ________ (727
w= Sk D'(Sk)
- 3 ess
ki(’L):

Ra® = Xaxg

5 [Eve s LS {(Rar LaGSkISE) Cos  ~wLa(BSiSind st
+ 7 :
r=l Sep!'(Sk)

e e (T3)
|3 MacVa {CRa+LeSe)Sin S + g Cos 81

T . v 2 ) 1 0 %

)\.:;.\'-;)z 'Li-o--\.

j Skt
DS 7 mmees
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solutions for ié, i, and 1, after a three-phase short
n

q
circuit, with initial operating torque angle & and

armature ‘terminal voltage V_. The phase currents mey,
& \
of course, be found Ffrcm these eguations by the

application of equationz (11), {12}, and (13). The

Tound, in
actual cases, oy rurerical nmethods.
Avporoximate S
all Resistanc
The eifect of the internal resistance of the
machine windings in determining the magnitude of the
short circuit currents, in most cases, is negligidle,
An apbroximate solutlon with these resistances neglected,
therefore, is justified and permissible.

Recalling the determinental equation D(S) and

letting, 2a c
——— d 2
La
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_g_c._ = Co »
La %
b
~f = Cs . and,
Lee
33

icient in =The
1@

Dividing the determizeantal eqguatvion by Ldsz?La’

we get,

3 z (-._-L-—i' . g e '_)-
S +S(C§+Cd+'UCQ)T: S(w'l;-)-CdCcG-PCICé—)—CJC%)C

T G (WP Catg) = O mmeeneneeeeneenes (78)

It has, in most cases, one real negative and a peir of
conjugate complex roots. As w 1is large as compared
with the C’s, the determinental ecuation is approximately

equal to,

S+ 81(—--———C’?:;Cd+ C%)—r WS - w__i.i 2= O eememeeieaiiien “an)

The root of § having the smaller ragnitude is closely

approximated by taking the ratio of the last two

coerficients.
Si=- S - L B 78)
T L L

The time coastant for thsi transient is,
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. . c— Lx
in which Tae = ——éf;' -------------------- (80)

The time constants Tds' and Tdo' involve only

the parameters of the field. They are thus appropriately
.

called the transient field time constant and the open-
circuit field time constaant, respectively., Ia terms of
id and i the transieat having the time constantg TdB’
is a damped direct current. But as the phase currents
are related to iy and i by equations (11), (12), and
(13), the corresponding armature transient is = damped
éinusoidal current of fundamental frequency. (Sece Fig. 15
.on page 79.) The decay of this transient part of the
phase currents corresponé to the decay of flux linking
the field and would be governed by the field time

constant.

Removing S, from equation (77) by factoring,

the resultant quadraitic sguation is approximately,

z Cg - ..-.--.-.---; .....
SE 4 (_‘U—+C%)S + W =0 c8l)

The roots of which are,

Sas -(£kuﬂ1%)ij

T

= =P Jeg e ()
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The time constant of these oscillatory

transients 1is,

e
= —_— =

las rn

2% - Z
Cd-i"t'Ci Ra
which involves oanly the varareters of the armature,
and is called the transient armature time consian
Bguation (81) and (82) show that the oscillatory

transients for id and iq have an angular velccity
nearly the same as the syachronous value, unless Ra is

3 1
i

very large. With taese values orf id and iq’ the

)

corresponding phase currents may have both de and
'double—frequency components. Both of these components
arigse from the flux which is trapped in the armature
circuits at the instant of short ecircuit. This flux
gradually decays to zero and generates fundamential
frequency current and flux in the field. Therefore,
the oscillatory transients for id and iq are damped
according to the armature time constant.

The approximate expression for D(S) is therefore

given by:

DS = Lys L"/L‘& (S=S1) (8- S2)(S-Sz)-memmmrmemcneeenas (84)

The approximate expressions for id, ia’ and if
can now be found by substituting the values of 81, 82,

and S5 into equations (72), (73), and (74). Since,
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however, the results will be approximate, it is
desirable to make other simplifications involving
approximations of the same order. As Ra angd Rf are
normally small in comparison 0 their reactances at
v
fundamental frequency, @ satisfactory value of
transient current is obtained if the armature and
field resistances are neglected. 4s an illustration,
we are going to derive the approximate soluiions for
these currents as follows.
Differentiating equation (84) with respect
.to S, and substituting S1 and 82 for S respectively,

and with all resistances neglected, we have,

D¢ = LghdLg (S-:)(5-85)

S (Y cary
SIDG) TG X % ~(8

RE*bgeSe o _ 01 1y '
5.0~ 2 (xz ) (88)

Substituting these approximetions in equation

0.

(72) and neglecting all the terms that involve the

resistances, we have the following transient terms for
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A damped direct current

la.
-2
T 7R LY R X T — (89)

La@Si) 22 ( o

An oscillatory transient term,
<. st

; e )L s Tas [3 . J

bdcgz)—_“-—z-;{éc. —%Va(JSl“é*COSé)C ------------- (90)

and since 82 and 83 are conjugate, a second osciliatory

transient term id(SB) can be combined with id(Sz) to give,

2 o Ld(Sz)

€T“J—ManCw£+é) --------- g1)

La(82)+ L4(Ss) =

(]
— -

L
X3

The complete expression for id’ including the

initial load current, therefore, is

2

La(t) = — - {des.)»r L4(S2) + idcsss}

N

sz\/-;TVq,C'oS é

-7 Xa (Xé Xd

- X
i Tay [s e
v E gVaCos Cwl+8) (92)

Similarly, from equation (73) and (74),

complete expressions for iq and 1. are,

t

igt) = ;‘L‘B T3 /3 Va Sin Qo £) mmesenemeeneneengs)
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3 - X t
. . < Ma : -
L5t = Ago + \/-—;———f- Na S TEss - & T CosCuml+s)
by X4

Equations (92), (93), ané (94) are the

approximate solutions for i, ig, and i, with all

=f

£

34

resistances neglected, except in the decremental faciors.

They are valid only Ior the cases in which the
armature and field resistances are relatively small.
Approximate Solution with
Armature Resistance

The effect of resistance is to cause the de

component and the second narmonic component which appear

in the short circuit current to decay so rapidly that
they have negligible effect on the total transient
current.

When the resistance is negligible the results
obtained in the last section will Be accurate. It
remains, however, to consider the case of a short
circult occurring through an external resistance which
is rot negligible. When the resistance is large, the
transient armature time constant, as given by equation
(83); is so small that the oscillatory transients for
id and 1 will disappear almost instantly. Therefore,
for the present case the oscillatory tfansients have
negligible effect on the total transient current, and

may be neglected. The derivation of the approximate
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W

solution is very similar to that of the preceding
analysis, except that values of total resistance should
be used instead of just the armature resistance.

Let T, = external resistance of the
axrmature circuit. .

r=1r <+
e Ra
= total resistance oFf the
armature circuits.
The determinental equation (76) is then

approxinately
3¢ Cf+Cd 2 2, CaCe 2 — ) memenne
S%+ ( _L'E_+ci)s + (Wt + -——T_—o)s +-;1c—c§ (w'+ CaCq) =0 9s)

The single root corresponding to the effective field
decrement factor as obtained approximately from the

last two terms is

S~ LElWi+cacy)
- CO"'t*CéQSV

= o 1 YT XeXg
Tso Y3+ Xdk%

The effective field time constant Td2' therefore is,

This is a more general expression than equation (79)
to which it reduces if r = O.
The expression for D(S), as far as the root S,

is concerned, may be approximated by,
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D) 2 Lyg CY™r Xa'%g)S + R (Y2 A KgXq ) ermemsrnarmnnnas 28)
Then, D(siy L (v>+ Xa'%g)
Rg + LgeSv (HAa = % VK2 . ‘
Sip's) T (e Xe™Re) (Y Ra%g) 99

Applying the zporoximations of eguations (96)
and (99) and neglecting all terms containing R, and the
oscillatory transient terms, the new forms of equation

(72), (73) and (74) are,

3
. S % E
Lgll)= - 2'2 L
Y +>(d>(%
-t
_ X‘z(t(d /(d)(YSmé--X-%quséj‘/-s- Ta2
o -l-)(d)(o) Py xz) —Z-VaE ----- (i00)
3
‘ 2 YEs
yer= 2L
* AaXlg
0
4 YX=XgD (Y Sind + X Cosd) [3 g -Tei________(,o,)
Cy*r-+ de%)(\(‘-r Xd'x%) z
-
Tl
i) = Ao +/—___5_ (\’szé—a—/(‘z Cos8) \pg ™ oz
Lig YE+ Xd g

The phase current in the three-phase short

circuit is therefore, by equations (11), (12), and (13),

UNWERSITY OF WIkBSOR LIBRAR
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-S—
fa=iy=ie = /'T_‘_X%z{ E¢ + LX8-Xd) (YSind+XgC0sd) ¢ T
Y4 xaxg (Vv xaxg) ¢ Y=+"xd’xg)
-}
Cos ((.D.t + Qo ~+ -'rOh —5—- ) seeeeenn : ....... €103)
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CHAPTER III
UNBALANCED SHORT CIRCUIT
Moving Reference Axes .

A set of orthogonal moving reference axes
( <, B8 ) will be introduced here to solve the
unsymmetrical short circuit cases. The o« -axis is
rigidly attached to phase a as shown in Fig. 3. The
displacement of the new axes from the stationary axes
is 8() , a function of time. Considering only the
fundamental in fhe space distribution of armature
reaction and air-gap flux density, the transformations

from the stationary to moving axis quantities are,

)
L
H

f3Cos B + J%Sl'n e

Jx
........................ (104
r .
73—-fd8;n6+3‘% Cos ®
or conversely,
% = J Cos 0~ £ Sin 8
...................... C165)

R = fou Sin @ + fgCos @

whi:re f may stand for i, e, or 4‘.

38
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D—,Ia.xxs
o b
e AX]S OF
PHASE a

G-axiS

o

Pig. 3. Elementary diagram of a
three~phase machine with moving reference axes.

Current Relations
It 1s always péssible to resolve the armature
reaction of the space fundamental into two orthogonal
components regardless of the reference. axes being chosen.
Thus- projecting the phase currents on the moving axes

and defining the zero-sequence current in the usual

way,
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. Z . . .
‘L’ol=\/'§'—{L&+L5COS(’%-5E)+LCCOS("%T—)}
=/2Z ¢(lag—-Xi . L

is = @{Ls&'n - Z0)+ LeSin (-4} ¢106)

tl

- '—ZL' (X.-b"l..-c)

Lo = J-—?‘(La'\'i.b'\‘ Le)

LQ - (" — LOK - ' Lo
3 r-v' )

‘Lb = (—T_Z_K—TD__:—L.A— ——J%—'Lﬁ + —J—i_._-_—‘io)

S
b= =y mierm

Substituting id’ i(\ for ia’ ib’ and ic, the

4
-

relation in equations (104) and (105) can be verified:

/:.o( = 1g COSB + {'%Sin 8

'"'""'"“"""---008)
Lg==~LaSine+ i_% Cas &
or conversely,
L3 = Let COS O~ LeSin©
------------------- (o9)

Lg = LeaSine-ngCos 8
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Voltage Relations
It has been shown that ¥y and 4'? are

sinusoidally distributed in space and centered on the
d- and g-axes respectively; and *, is constant and

.
stationary in spcae. With respect to the «-zxis, the
total flux linked with the armature of a synchronous
machine may be represented by the following expression
which simply represents & shift of O degrees o o<, B

axes from the d, o axes of equation (18) and (40).

] — b R U ki N
Pex) = By Sin (Lhv o+ ) + )-Pi Sin (£X +¢)
r oy Sin (TR ) 7o)
where, assuming one dawper circuit in each d~ and g-axis,
L}“= —i—M Kid
108

= Maghg + La Ls + Maighug

LP%:: Lg i% + Ma:%i.u% ------------- a
o= Lo Lo
or, in terms of A, and ip ,
Yoy = Magds + Marddns + LgLlaCos 6~ L4 LgSine
------- )

L}%: Ma\%iuz + L‘§ letSin8 + L% LgCos ©

‘LPo:' Lo Lo
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Equation (110) shows that the first two fluxes,
with respect to the o -axis, are travelling waves with
a velocity.-gg. . The zero-sequence component of the
flux is stationary in space andé may be considered as a

.
gine wave with infinite wave~-length, that is, T—+~o,

Since the reference axes are atvtached to the
moving armature, tne center of each armature phase
winding as measured from the o<-axis is constant, and
is equal to zero for phase a. Therefore, the general

equation of induced voltage reduces to the following

form,

e= - { B Sin(Xe 4 v) + P IECos (e + ) fovneneenniis)
where Hy(x )= LPSW?Q@%—+V)

Applying equations (110) and (113), and putting
, and rearranging, there results the expression

Tfor the induced voltage, including the reactance drops

in phase 2. ( Y= 6+-’2"— for Ha =0 for "P‘B )e
s o
Ca 4{hg ??3}Sm8
- d““d.. S =ish }Cose _é_tg_-------------(na.)

Substituting equation (112) into (114), we get,
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Ca = -E?{_.J(Maf [:__S Cos e) —-HC'% i_o&(A*‘BCOS 2—9)

+ 2 ({pBSin 20)~ L LinsMawuCos &
"a%i-ucg Maig Sin® ~ C?t R s)
A = Ld;:l.‘?: 3
--------------- a1s)
Ld —L<

Ra Lo
J3 °

The resistance drop is Rala=/Z Rale+

Therefore,
Va = Ca- Ra La
- 4 -
= — D(Maqg Cos 8) L¢ ~ {‘/%{ia-f- D{a+BCos 29)} Lo
+D(BSin20)dip ~ D(MawwCos®) Lug
= D(MaigSin ) Lng — (=5 + DLo) L =wremmrmoenses )
g J5
Similarly,
= - DMagCos (e—‘zo")ii + D Mais Cos (6-12.0%) Lud

—DMm%an (6—-120°) Lu‘é

~+ {J"r D[A BCoscze—mo")_]}

+ A3 J— { JZ La + DEA-- ssmcze-\20°)]}l.§

~ (K rpLo) Lo e (18)
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Ve = ~ DM Cos(©+120%)4g - DMaig Cos (8 +120°) Lua
- DMQ;%S\’n (&+120°) an

-+ {"J_—Z_LE Ca + D[—g—‘-—- BC’OS.CZ@-*-l‘ZOo)_‘z}/i,_‘:,g .

_4%3:{%;6@&+D[A-—%ssm<?_e+120")]}—(5

and,

= —ﬁ{ DMaf-S‘('nei-g ~+ DMa Sine Lug
- DMQJ%COS eiug + DS Sin 2684«
- [—‘—%—Z Ra + D (A-BCos 20 )]L‘s } --------------- (120)

Equations (117) and (120) can be rewritten as

follows:

Vo = Cu+ Qo =rrmssercemmianiea(12))

Vpe = —JTS‘ eﬁ mmee s emmmeee e (122)

where Co = -~ DMas- Cos © i'} - DMaia Cos 8 Lug

—[\%?Q + D(A+BCos20)] {x

+ OBSin 2845 - DMaigSin © Lng------ (123)
= — ( _Ra | eemmemmececmen-
Co = ~ (= +Dle) Lo -meemereee=(124)
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€p.= DMegSin0is + DMaie Sin® Lug
+DBSin 28 {a~ | AZ - i
28 {u= | 22 ga+ D(A- BCos2Z8)] ig

- D Mqtz Coso L\\X ------------------- -(125) .

€x and Cs are the voliage components in the
- and B -axis respectively. ‘When referred to the

d- and g-axis,

Va = €3 Cos © + € Sin® + o =rermmmm---(126)

Ve = J3 (S SinS- CzCos © ) —mmemmem e 12T)

Again, the relation in equations (104) and (105)
can be verified by comparing equations (121) and (122)

with equations (126) and (127). That is,
Ca=CgyCos© —E-@%S(\'\e }

@{3 = — CISne + @zCOSB

Sy = C«xCos0 - SSind
: R e 4 ;)
€z= CuSin © + SCos 8

Flux Linkage Relations

The «~and AS-axis components of voltages can

be expressed as,
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B e € k-4 e)
— — _d___é band -——"z E 2, L
Sp = - I 3 P

5

in which we define,
4‘«— < —-2xis flux linkage

= MasCose {§ + Mais Cos © Lug + (A+8Cos 20) Lo
- BZines Lp + Man% Sind Lu% ——— e =(I31)

e= @ -axis flux linkage

= -MaSinB4g ~ MaisSinBLig — BSin 26 L
- (&-BCos 20) L + Maig CosOLug —-vmeeea-e (32)

These equations show that when the moving
reference axes are used, all the inductances are not
constant, but are functions of time because of the

movement of fluxes with respect to the reference axes.

Performance in the Field Circuit

The flux linkage of the main field circuit is,

LF;‘}: Lﬁ Lf -l‘\/’—'%' MQ§ [»(..Q,CO.SG -+ ibCoS(e“%E)+ icCOS(e-%I)]

+ Mjig Lid

Lis 5 +\/__§. Mag [(la~ 4 Lo~ £ic)Cos B+Y3 (Le-ic)Sinb)]
+ Mg L1138

= Ly 4 - MagSin ©1g + Mayg + Mag Cos© Loc+ Mgig Auig ===~ 33
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Similarly, the flux linkages of the d- and

. g-axis damper circuits are,
Hg = Mfgrdi.f + /——32— Mais Cos 8 {o — ‘/—-:.z:- Maia Sin Gi-ﬁ
+ Ll 3 {(.\ 1§ =vmsrecrcncnermeniciacenrr et e e e e o U34)

l{“;%-?- % MC’.!C‘;SW\G Lo + —g— Ma;%Cos (S] Lﬁ-}- an Luz cmmemee(I35)

The correspondiag volitage equations are,

a: .
&= —d—’_gf--l-ﬁji,f

= (Rf +DL§5) 4§ + DMagCo38 Lot -~ DMagSinB Lp
¥ DMigid Airg === == mmmmmremmsme e e e 136)

0= -d-JL-E'—d + Rid Liig

= DMfld'{'f -+ /:-% PMaig Cos 6 Lo —~ E DMaiaSin@ 4g
+ (R + Dhyg) Lug mm-mm-smmmrmemee e (13T)

)
0= -qc%% —r?l% Ln%

= \/%- Ma:z SING L + \/:—g' MQ:%COSG Lﬁ
-+ (E\%-\- DLug)ll\% ------------------------------- (38)

Torgue Equation

The general torque equation is,

—

T o<« L}lxjk_,

o< vector product of H and L .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Therefore,
Toe = KZEObg ok — i ) ommmmmmmeemes (39)

in which . and LPF are given by equations (131)

and (132) respectively.
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CHAPTER IV
LINE-TO-LINE SHORT CIRCUIT
OF A SYNCHRONQUS MACHINE *
Initial Conditions
For a short circuit between phase b and phase
¢ on an unloaded synchronous machine running at
synchronous speed S2=w , as shown in Fig. 4,

ot
the following conditions are ftrue,

Vbe =0

{x=0
Lo=0 Jro=-=-mmms-semmee- (149)
6/5 =Q

49
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Fig. 4. Line-to-line short

circuit of a synchronous machine.

The open~circuit voltages before short circuit

are,

Va = 0 Mag Lfo Sin (wt + 6)

=‘/-_%: Eg.Sin

----------------- 42)
Ve = \/-_i’;- E¢ Sin (6- _2__;1'_)
= /3 : -~ a3
Ve =[5 B Sin (o~ 4T
Then, by equation (125),
Cpo= Z EgCos©---mmm==smmmmsmmemmroossenone - —(145)
where ifo = constant field current before short

circuit.

6o

angle between o<¢- and d-axis at t = 0.
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Short Circuit Currents
By the superposition principle the effect of
short circuit on phases b and c is simulated by applying
-é%m to the armature with the field voltage equal to

zero. Assuming that the machine has no damper circuits

in either axis except the main field winding in the

d-axis,
Maigs = Ma|%= Mgis =0
Rid = ﬁ\% = Q0

A =0
Equations (125) and (136) become,

—j%;E§C05€3

0=~ DMa¢Sin© Lp-\- CRg+ DLj¢ )LS_

OMag Sin 8 45 - [ J&-ga+ DCA-BCos 28)]4g -

The coefficients in equation (144) are not
constant and an exact solution is not possible. However,
an approximate solution can be obtained by successive
approximations. As a first step,Aall the resistances
in equation (144) are neglected, and when ihtegrated
between the limits - @ and 8

ngS(nei{— (A~-BCos ze)i§= —\/.%. Ey SinGc-;)Sin Qo s

O = Lg Ly — MagSin© Lp
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These simultaneous equations are then solved
to give the short circuit currents due to the fault,

3
i zf-;- Es (SnS-SinBo)
P CXg'+X3) =C(Xd’ ~Xg) Cos 20

R

LS ~ Z./_ af E{L(Sin® —Sindo) Jind (146)
55 (Xd'rX7)-(xa'-Xg)Cos 20

~ _ Xfo (Ra—=Xd') (I~CoS 26~ 28inB SinSe)
(%g"+%g) - (xd’~%q ) Cos 28

By Fourier series expansion, the current equaions

(148) may be resolved into the harmonic series,

O
la= _~NZJ3 Ex Smo+ 3 -B)"Sin(zZn+1)e
P Xd'*JXd'X% { n=i }

' ./——3 Es Sin®o
Zz =foin n
- 1+ 2 Z: -b) Cos 2nO

\/Xd')(z { n=| }

a7

L 3 Mayg 1+ tb s -pY"Cos2nd
= bes e —r\/xé xq 1 b nZ_Z }

(=]
- [3 Mas _ EfSMBo  (14b){Sine +Z ¢-b)"'Sin@n+e
T T {sweZ) )

where b= JX-JXE _  IXdxg—Xd’
J-’-‘:{,* Jx3 \/Xé%%-de’

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

The currents calculated from equation (148)
are the initial short eircuit currents. It also shows
that there is an unending series of reflections between
the armature and the field. The odd harmonic series
for the armature current corresponds to an even harmonic
series for the field current components, whereas the

even harmonic series corresponds to an odd harmonic

gseries of field current components.

Correction for Small Resistances
If the resistances are not neglected, we may
substitute for equation (147) the following approximations,

in which ifaa is taken as different from Lgdo .

. ©
(g = Ag(dc) 25 (-p)"Cos zn 8
{p=tpeafiv2 2 os zneé}

+ ’L@cs) {Stn SEy E (—b)nS\'n(Zn'ﬂ)e}
n=1 (149)

a(Jc = i.f(dc) -+ ifczc)ﬁ_b_b_?l(_b)ncos 210
+ Lgcs) 1Sine~ > (-b)" Sin (2n+1)e}
n=i

in which .hpwa) ’ if“m> , etc. are the undetermined
coefficients except ét t = 0. At t = 0, these
coefficients can be found by equation corresponding
coefficients with equation (147). In writing these
expfessions it is assumed that all the harmonic terms

of the same series are subject to a decrement with the

@ RT b I

- GRNERE]
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same time constant. This assumption is generally
justified by tests.
The five current components, {pwe » Lgesy s .

{‘5@0 v dgceo 9 and dgesy are found by substitutin%
equation (149) into equation (144), expanding the
trigonometric expressions, and equating coefficients
of corresponding terms on both sides of the equation.
The relatively small resistances in the coefficients
of the harmonic terms are neglected, but the resistance
in the dc terms are retained. This process yields
thirteen additional equations for five unknown current

components. However, only five are found to be non-
redundant. They are:
(Rg + DLSg)igcdc.)—%‘MagDi-F(S)=o \
Lﬁ ig > - Mag (\*b)i(s (80 =0
Lgg Agcacy ~ "é‘ Mafi‘s(s) = 0
(150)

-%%Digcsy- '{%E’a + (A+bBD D} Liggdc>=0

- {A-\— -(—'—"'é-h)-s }Cp(_s) -+ Maf {(&(dC) + -l%"—-ig- (LC)}

=;J—§£ES /

(28]

The Laplace transforms of equation (150) are:
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(Rg+ SLir) Teer (S) - —'2_— Ma¢S Tacsy (S)
= Lﬁ L§-<60 ) - -lz- Mag chs) (V)]
LﬁIch)(S)— Maf Cr+ b):\:gcdc) (s) =0 y

Lﬁ Tso S)—- —é—Maﬁ 1{3(5) (s) =0

(57)
Mas o v

5 S Tgesn (S) - § L& Ra + (A+ BB S Y Tpaer(s)

- M;g *.'S“) )~ Ca+ bR) igcdc) )

- {a+ LERDIBL 1565 (s)+ Mag { T cee> (S)+ sz Liczoy CS)}
| __ s

Sw

Prom equation (147), the initial short circuit

currents are,

S, .
’LP(dc) ) =~ \/;‘- ESinG \
J xa'x%
(g cs) (o) = —JZ J3 EX
&F Xd ™+ JXd’X%
Lecacy o) = |- Mag E%
f j; L Xy +/Xd'xq (152)
{¢c2ey (O) = S Mag =

< R 4 —f./)(d’)‘%.

'ichD wd = - —32- —mg‘f—Lﬂ E*fd‘::f°

Q+%)
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Then,
Mé’f:-k'g(s)(o) ~ A+ bB) i.gcac) o) =\/-§;' = o.;n Se

Lig t(s.(dc) (o)~ —2’7 Maf );‘scs) =0

Applying these conditions and solving equations

(151) simultaneously, we get,

‘/—_—% E¢SinBo

I(scqsc)(S)-—- - ) \
Xz(S‘i":rZ)
= [3 Mas =1
de) (3)= [=-
Ty 2 L Xd+X2)(s+-)
Ta
Tpesr (S) = Jz J3 Bg (Xa=%Xd)JZ 53 E;
SCXa+ X2) (Xd'+ X2 ) (Xd +X2 ) (s+ 1)
Td (153)
_xs&s)(g)z_ % l\ﬁqi E&Siheo(:"‘b)
54 X2 (S‘!"“;‘E
Teczey(S) = 3 Mag __Eg
fczc> ) \/: L..ﬁ SCXa+X2)

/

s Mas Xd-Xg’) E¢
2 h§f (xa'+Xz2)(Xa+X2) (S -\--_-;,—,)
. o
. , 2
in which Ta = —Xz X PG
wRa wRa

armature time constant.
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'+ X
Td’ Xd 2

o e—— /

d
X3+ Xz °
Xd'+ JXd'kg  Lis

Xd -+,/x¢'x% R¢

field time constant.

=y Xd’x%

]

By inverse transform,

JE &sines C—Vr‘;

L?Cdc = -
‘Lf(dC) = Ma.& a—t/rd'
Lﬂ- Xd “+ X2
..t/ ’
. _ | 1 ! Ta
LF’?) - ﬁEE‘S{ Kd+ Xa + Xd'+ Xz Xd+X2)£ }

1 . -tL .,
Agesy = —\/:} Lﬂif- () —55 'Sx\neo < /Tal
2

}(154)

§§
-t/
. - _%_ MGE \ | - \ . /rd}J

e ‘/; [ B¢ Karxe T xaa T aex)©

The final approximate current expressions are,
~tLs
| | /d
&9 JTJSES )(d-t-Xz + Xd '+ X ><d+><:.)5 }

{Sme + Z (-b)" Sin C?.n-\-l)e}

_t ’ o8]
\/_ ESS‘“9° £ T“{ [+2 Z(b)"Cos zne} -----------
n=i
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= dfos |BMag _ Ey gty
M f+‘/_a-l—(-§ Xd'+ X & T

e

| I ) é—tA d’}

—t-
Lg¢ {Xd+xz (Xa’-er Xd+ Xz

)

- .
{—1{% S (-b)"Cos zne}
n={

-TL s
- -"-’I—ng-(w b) _E_S;\:_es_g e {sine +Z-bY Sin czn+1)e}
2 n=i

By the Fourier series expansion, equations (155)

and (156) becomé,

= J2 J3 B4 (FSin® -GSin 80)

Lg=~2I3 BAR PO -GSwOe) . __
F Xy’ Xq - cxd’—x%) Cos 20 : s
L L "ﬁ { t/1'd
= o + E
f S- < Ls5 § Xd+X?.
+ _2(FSin® -~ GSinSeITine } ________ (158)

Xa’+ xq —-cxd'—-x%)cosze
Hence, for a line-to-line short circuit, all

the phase currents may be obtained by equation (107)

since  4Let= Lkoe=9© , That is,
La=0
&'b=———'——L§
Jz
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Open-phase Voltage
The o¢-axis flux linkage for the line-to-line

short circuit case is, by equation (131),

M = Mag L5Cos © ~ BLpSin 20 —mmmmemmesie e s9)

Substituting equations (157) and (158) into

equation (159), and rearranging, there results,

. w

N E(ng—- Xa’)E§ CFSin® - GSinBo)Sin 20
w { Xa'+ Xg =~ (X¥¢=x3) Cos ‘2_6}

Comparing with equation (157), we see that,

/—3—- Flos©
o= Y2 B

- L LXa=Xq) jgSinzo
. 3
_ — E¢ FCos©
or M= \/-z._ fw "'é— (Xd—X‘Z) Sm?.e{ JSErF
Kd’ + K2

(Sin© -~ bSINDE 4+ b*Vin §S6-.--)

frs;fs‘“e"(os bCosze+ b*Cos 48— -)}

R ST )

Simplifying, the above equation becomes,

B EFGD
= ) (Cos© ~bCos 30+ b*CosS 50 ~---)

— JZJ3 ELG=n00 (Sin 26 - bSINAS + L Sin 60~-)
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By differentiation, the open-phase voltage

is obtained,

€a.=\/—%_-€o(

Ve -t /
= E'('(Xd-;-Xd YA+ ) E /rd(ccse— bCos 3@ + b"Coss'e—--u)
WTd" (Xa~+ Xz2)

+*ETFU+rb)(Sin® - 3bSin30 + Sb*Sin S8 )

-t/ ,
~ 2bEfStn@e ¢ /e (Sn2e ~bVn4ae +r¥mbo-~-)
wTa!

+ 4b E4GSinBc( Cos 26~ 2bCos 40 + 3b*Cos 60--)

Sustained Currents and Voltages
From equations (155) and (156), the sustained

armature and field currents are,

Ke=-Le = % (SinG ~ bSin30 + b*Sin SO~ )-----(164)
T

Le= Lgo /3 Mat _Ef 141y (— Cos 20 + bCos4ad
§= W L§f X+ ¢
— b? QoS 66 + +-) ~==----~(|65)
The sustained voltage across the open-phase,

from equation (163) is,

Ca = E4 CX2 - . LD XU = PRI
a S'-——-xd-‘_xz(Sme 3bSin 3@+ Sb*Iind ) (166)
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From equations (164), (165), and (166), it
can be seen that the armature current and voltage contain
a fundamental frequency component and odd harmonics.
The field currept contains even harmonics only. As the
absolute value of b is less than unity, each succeed‘ing

harmonic is less than the preceeding one, and when b

is small, the higher harmonics are negiigible.

Short-circuit Torque

Thé torque equation for the line-to-line

short circuit case is,

T=~ K-i‘z—s; leJc-L Lﬁ """"""""" e7)

By substituting equations (157) and (160) into

the above equation, we have,

T=~ < 3F { 3 Ef*F (FStn8~GSinBe) Cos ©
‘ 4w Xg' +Xg~(Xa'~-xg)Cos 28

4+ 3Cxq-xd")[E (FSine - &Sin 8)1°Sin 20 }_-___-(168)
L X'+ xgq ~ (xa'~ %) Cos 28] Cos 2@
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CHAPTER V
DETERMINATION OF SYNCHRONOUS
’ MACHINE CONSTANTS
In obtaining the short circuit currents by‘
analytical methods in both the three-phase short circuit
and the line-to-line short circuit cases, the following

machine constants are used:

Ra = armature resistance per phase.
Rf = field resistance.
Xd = direct component of synchronous reactance.
X = quadrature component of synchronous
9 reactance.
Lafm = maximum value of mutual inductance between
armature and field.
Xd' = Qirect-axis transient reactance,

Lff = self inductance of field circuit.
The test:hethods for measuring these machine constants
will now be discussed briefly. (The machine used in the
experimental work is specified iﬁ Appendix I;

Ra and Rf are obtained experimentalfy by the
ordinary dc¢ voltmeter-ammeter method. R, is found to be
0.38 ohms and Rp to be 17.12 ohms. |

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

Xd and Xq are measured by the slip~test. The
alternator under investigation is driven at slightly
less than synchronous speed with its field circuit
open. Balancéd, reduced voltage is applied to the
armature terminals. Applied armature volts, armature
current, and the voltage induced in the field are read.

Variation will occur as shown in Pig. 5.

VOLTS INDUCED
IN FIELD

\

!

i

|

|

|

: ' ARMATURE
[

l

1

|

///“ CURRENT

VOLTS APPLIED
TO ARMATURE

i
LR

]
}
!
]
l
!
'

Fig. 5. Slip-test for determining

AL
IR

Xd and Xq.
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At the instant when the voltage across the
field is zero,

x. = Armature volts per phase
d Armature current

As the field structure rotates through the gap, at
slightly greater or lesser speed than synchronous, it

is exposed to the rotating mmf of armature reaction.

The physical poles and the armature-reaction mmf are
alternately in phase and out, the change occuring at
slip frequency. When the axis of the poles and the

axis of.the armature-reaction mmf wave coincide, the
armature mmf acfs through what is ordinarily the field
magnetic circuit. The voltage applied to the armature
is then equal to the drop caused by the direct component
of armature reaction and leakage reactance. The entire
armature current is in the position of Id, being
completely wattless except for the effect of armature
resistance. Continued rotation brings the armature mmf
in quadrature with the field poles. Under this condition
the applied voltage is equal to the leakage-reactance
drop plus the equivalent voltage drop of the cross-
magnetizing field.. It follows then that the fluctuation
in current as the field slip in and out of step is a
nmeasure of the two components of synchronous machine,

containing as they do, by definition, component effects
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of leakage reactance as well.,

Because of the applied voltage may vary slightly
with change in current and the swing of the armature
may be influenced by inertia, an oscillograph record
is usually taken for reading the values of armature
current and voltage. The voltage induced in the field
is a measure of the rate of change of flux through the
field circuit. The flux is a maximum and the rate of
change is zero at the instant the mmf's coincide. This
point serves as an indication for taking the readings.
I¥ corresponds to the instant of minimum current.

Experimentally, the following results are

obtained:

X. = meximum voltage
d minimum current

23.0 =
m = 10-36 ohns

_ minimum voltage
q maximum current

= —J5hu70 = 635 otms

The direct-axis reactance Xd can also be found

by using the open-circuit and short-circuit characteristics
‘of the machine. It equals the open-circuit phase emf
divided by the short-circuit phase current, both for

the same field current. The open-circuit emf should be
taken from a point on the air-gap line so that the

condition of the magnetic circuit will be taken as the
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same on open circuit as on short circuit. This method
is not disturbed by having induced currents in any closed
circuits on fhe fiéld poles. The average value of Xd
found by this method, as shown in PFig. 6, is 10.25 qpms,
which compares favourably with thaf obtained by the
slip-test.

The quadrature-axis reactance Xq is always less
than the direct-axis reactance, and in the zbsence of
more specific data may be eétimated as 0.65 times the

value of Xd°

HEMATURLE,
PHASE VOLT
/I
I’
&
160 v’
Ia 2, ORVE
(AMP)
140
rZ% Rt L
Xd  zoF 100
(OHM)
16 | g0
St Zr 60
o s F 40
St 4 z0
o- oL L L : : If Camp)

0 05 0 5 2o (5]

Pig. 6. Determination of X, by the open-circuit
and short-circuit characteristics.
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L the maximum value of inductance between

afm’
the armature and the field, can be calculated from the
open-circuit characteristics of the alternator. It
equals the maximum value of the open-circuit armatu;g
emf per phase divided by the direct field current read

for any point on the air-gap line. An average value

for Lafm found by this method is 0.3%25 henries.

ARMATURE VQ
VOLT. CPHOSE) L
/N Cpa#
Ve c.:
l o
|
|
1 Lafm=.iZ)Lfmnzms
| wl
|
|
i
{
I
|
I
|
T I‘S L)

Fig. 7. Calculation of L - from
open-circuit characteristics.

If the machine is now operated at no load and
“its field winding is short-circuited, the variation of
armature voltage, shortly after the beginning of the
transient, will follow a decrement having a2 time constant

Tdo’ which is called the open-circuit time constant and

URIUERSITY 6F WIRBSOR LIBRRRY
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is larger than the short-circuit time constant Td'.

These time constants are related by the simple expression:

d .

The above relation grovides an easy means of
determining Xd', the direct-axis transient reactance,
when the other quantities are known.

The method for measureing the opea-circuit
time constant is discussed first. With the machine
running at synchronous speed, and with its armature
winding open circuit, build up the armature voltage
to about half the rated voltage of the machine. Let
this voltage be E, (maximum value).

When the voltage in the armature becomes constant,
suddenly short circuit the fileld winding zrd take an
oscillographic record of the change in the armature
voltage. A resistance is placed between the field winding
and the exciter to prevent short-circuiting the field
voltage source. The function of the envelope of
arnature voltage will be,

. 4
E =E08 A’do+

Ev
-t
or, ; (E"Er) = Eo& /l"do

in which o is the residual armature voltage when t = Tdo‘
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AAA AT
- OSCILIOSCOPE
- / —E o<
\
SR o

Pig. 8. C

ircuilv diagram for determining
the open-circuit time co:

T
oastant P, .
The time in seconds required for (E - E_ ) to

drop from EO to 0.368 EO is Tdo‘

=
o))

o is then found by plotting the values of

(E - Er) as measured from the oscillograph record against
time on a semi-logrithmic paper., Thus the following
table is constructed from the values obtained from the
oscillograph.

Table 1

Determination of T
do

Time in
Cycles 0 1 2 3 4 5 6 7 co

E in scale :

E in volts | 26.5(25.0(235.2{22.020.6}19.2118.0{16.6{0.19

(5 - 5,)
volts 26.3124.8123.0{21.8}20.4(19.C|17.8[16.4| O
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Fig. 9. Oscillograph for measuriag Tdo‘

Scale: 10 volts/div.
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(E - Ey)
ARMATURE
VOLTS

20 0368 x 26'S = TS VOULTIS

16 20

\0
- i e e e e e e TIME 1N
CYCLES

Tao = 152
Stk . CYCLES

FPig. 10. Determination of Tdo graphically.

From Fig. 10, the open-circuit time constant
is found to be 15.2 cycles., |

To measure the shortfcircuit time constant
Td', the machine is run at synchronous speed, and with
the armature terminals short-circuited. The excitation
of the machine is suddenly removed by shorﬁ-circuiting
the field winding. The armature current, therefore,

decays in an exponentiel manner, and is recorded by the

oscillograph. This transient current may be expressed
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in the form:

-t ’
T =T.€ /T“+ Ir

. Ny
or, . (I-Ir) = I.& /rd

in which Ir is the armature current produced by the
residual excitation of the machine,

At & =10, (I-1) = Iof-t/d . Therefore,
the time Td' required for the transient armature current
to decay to 0.368 of its initial value is called the
short-circuit time constant. By plotting (I - Ir)

as measured from the oscillograph record against time

in a semi-logrithmic paper, Td' can be found.

AN~ 2111k
|~ 0SCILLOSCOPE
T / S FT A

2111k

Pig. 11. Circuit diagram for determining
the short-circuit time constant Td'.
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Pig. 12. Oscillograph for measuring Td'.

Scale: 1 amp/div.
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Table 2

Determination of Td'

Time in
cycles 0 1 2 3 4 5 6 7 oo
I in Scale 2.30 2010 1.82 1060 1038 1020 1000 0084 e
divisions |
I in amps 2.350 2.1021.82 1.60]1.38(1.2011.00{0.8410.06
(I -1 2.24|2.04]1.76]1.54 [1.32[1.14]0.94{0.78] ©
amps . [ ) ® L ] ] [ d [ [ ]
~
Hs
H4
3-of
. 0368 x 3= 0-846 AMPS
20
st
CYCLES
0.7..
% |
I
o7 t ' '
- Td = 65 —_———
0.6 CYCLES I

Fig. 13. Detérmination of Td'.
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Wnen the open

constants are known, the

can be calculated fronrn the

expression:

fact that, at the moment

linkege cannot char

ov

sSe
- lJ

induced to joJe

currents., As 2 -

result,
armature currents is part

reactance 1s substantvial

-CGirc

1y reduced.

ult and ~cizreult time

direct

ollowiy

-,

rox the physical

the new armagure
pe an :r.
ially modifie

q

Tne

is insufficient to maintain the transient field current,
and as the Tield fransient dies out, the direct-axis
reactance is restored to full effectiveness,
We have defined previously that,
2
Xg' = Xg - X
A1
Xips OT Lff, can therefore be caiculated when X,', Xd,
and Xaf are known. Furthermore, rrom the definivion
of the opern-circuit f£ield time coanstant, we have,
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Leg
Tdo = —== , which provides another

means for calculating Lff' Rf

If the effects of slots are neglected, the
permeance of the magnetic circuit of the field winding
alone is unchanged with rotor position, so that the

self inductance of the field, Lff, is a constant.
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CHAPTER VI
DIGITAL COMPUTER SOLUTION OF THE
TRANSIENT EQUATIONS .
Experimental Results for the
Three-Phase Short Circuit
of a Synchronous Machine
The alternator with a balanced resistive load
of ten ohms per phase is driven at synéhronous speed by
a shunt-connected dec motor. A five-ohm resistance is
inserted between the actual terminals of the machine
and the load to limit the short circuit currents. The
armature resistance per phase is thus modified to
5.38 ohms instead of 0.38 ogms. The machine is then
suddenly short circuited at the new terminals, and
oscillographs for the armature current and the field
current are taken. Experimental data are recorded as
follows: |
Field supply voltage = 24.2 volts dc.
Field current = 0.224 amps. dc.

: 247
- Open~circuit terminal voltage =
P & =55

= 14,25 volts rms.

17
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A6
J3
8.43 volts.

Terminal voltage before short circuit =

Armature current before short circuit = 0.75 amps.

Armature current after short circuit = 1.31 anps.

o— (1)
i {9
ZSOV
(9,

105

OSCILLOSCoPE

Pig. 14. Wiring diagram for a three~phase
short circuit.

UMVERS:

’UT'EF f'\F” %nwv"v-n@m qpmpnqw

hiced Qusad Lol ;\d-\-l
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Pig. 15. Oscillographs for armature current (upper)
and field current (lower) for a three-phase short
circuilt of a loaded alternator.

Scale: Armature current, 2 amps/div.
Field current, 0.2 amps/div.
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Experimental Results for the
Line-to-Line Short Circuit
of a Synchronous Machine
The same alternator with a total resistance
of 5.38 ohms per phase is driven at synchronous speed
by a shunt-connected dc motor. Phase b and phase ¢
of the alternator are then short circuited, and
oscillographs for the voltage in phase a, the short-
circuit current in phase b or ¢, and the field current
of the alternator are taken. The experimental data
are recorded as follows:
Speed = 1200 rpm.
Field supply voltage = 24.2 volts dc.
Field current = 0.224 amps dc.

. . s . 247
Open-circuit terminal voltage =

= 14.25 volts rms.

Short-circuit armature current = 1.67 amps.

Open-phase voltage = 12.4 volts rms.
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Pig, 16. Wiring diagram for a line-to-line
short circuit.
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— MMMV

Fig. 17. Oscillographs for open-phase voltage (upper),
short-circuit armature current (middle), and field '
current (lower) for a line-to-line short circuit of
an alternator.

Scales: Voltage, 30 volts/div.

Armature current, 15 amps/div.
Field current, 3.4 amps/div.
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Digital Computer Solution of the: Transient
Equations for a Three-Phase
Short Circuit
The approximate solutions for the short-circuit
armature current and the short-circuit field current
for a three-phase short circuit as developed in Chapter
II will now be solved using a Royal-McBee LGP-30 digital

computer. Recalling,

-t
La=- fr+xg & + (X=Xs") (Yind+ X9 Cod) v, ¢ /sz}
Y‘*deg (f*+ XdXg) ¥+ Xoxg}

Cos (Wl + &6 + tan™' X))
%3

i 3 Ma : '%d{
i = Lfo'i‘ = £ (YSind +X%X71Cos3) Va &
§ 2 Lg Y+ Xa'xg
Ep = 14.25 volts, rms.
V, = 8.43 volts.
T = 500"'0.38 = 5.38 Ohms.
X. = 10.36 ohms.

d
Xq = 6.33 ohms,
Lypp = J2%14.25 = 0.238 henries.
0.224 377
Lff = 17.12 x 15.2 = 4.3%34 henries.
60
Xd' = 2,98 ohms.
Td2' = ééé secCe
60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

The torgue angle 3 is found graphically using

the experimental data in the three-phase short circuit.

Ef=143 v

=

XgI‘z =446v

Ig= STOS5A

>t IiXe=2T4v

Pig. 18s To determine the torque angle

graphically.
Prom Pig. 15, the switching angle is found
to be, ’
B = 36 + 21°
= 57"
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Fig. 19, Computer solution of transient
armzture current (upper) and transient field current
(lower) for a three-phase short circuit of a loaded

alternator.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO0000C0.
20008000,
39595999.
59559559 .
8c0300C0.
21COC00C0.
12C00000.
14000000,
16050000,
17599999,
200000080 .
21599959.
25699999.
25995959.
27999559.
26995599,
31955955,
33559959,
35959599,
37995959,
-39959958.
k1955558,
436595585,
k5655598,
47995953.
L9999938.
51995599,
53699959.
55659999.
57999593,
59999999 .
619959999,
63595550
65699558.
67595998
69999999.
71559998,
75955958,
75959997«
77955997
79559953.
81599953,
85999997
85995997.
87959955.
89595997 .
91999997 .
95659997,
95999996
97599996
999959955
10159599.
10599999.
20555999.

hXatrialalalala)

Computer Solution of Armature Current
in Three-Phase Short Circuit

00

05«
08~
06%
06=
05~
05-
05«
05=
05=-
05=-
05=-
05=
05
05
05=-
05=
05=
05=
05~
05=
05=
05=
05%=
05=
05=
05=
05 =
5=
05w
05=-
05=
05=
05=
05w
05+
05%=
05
05=
05=
05=
05=-
05=
05~-
05w
05w
05=
05=-
05=
05=

05=

Ch=
Ol

o=
A

00000C00.
34906667 .
69813333,
10472000.
13952667,
17453333,
20644000,
2hL3U666,
27925333,
31k16000.
34906666 .
38597533 .
41887999.
h5378565 .
Lg88695%2.
52359998,
55850£65.
59341331,
62831958,
66322664,
65815331.
73303957 «
76798664,
80285%331.
83775998,
87266664 .
90757351.
ot2k7997.
97738664 .
10122953.
10471999.
10821¢66.
11170153.
11519199.
11868266,
12217333 .
12566399,
12915466,
13264533,
13613599,
13962666,
14311732,
14660799.
15009366.
15358932,
15707999.
16057066,
1605132,
16755199.
1710k265.
17453332,
17802399,
18151455,

18500532,
12RhosCA -

00-
0S-
o8-
o7~
07=-
o=~
0T~
07~
o7-
o7-
07-
07-
o7~
o7-
o7~
o7~-
O7-
o7-
o7~
oT-
07-
OT=
o7~
O7-
7=
o7~
o7=-
07 =
OT-
06~
06=
5=
06w
06~
06
06
06=
06-
6=
06=
Cb~
06-
06~
06-
06=
06~
b=
06=
06~
0b=
06=
6=
06~
06=
0hw

" 14633868,

38739386.
15869235.
22127205,
27667850.
258klks50,
28418891,
23587413,
159540L2,
6h550095.
37548769. -
134bL535, -
21452867 .~
26828797-'
28943875.-
27565600,=
20882712.=
15479734 .~
62641670, =
36446308,

13051279,

20828457,

26051868.

28109580.

26775488,

22230185,

150b0543,

60872500."
3540548k,
126871L5.
20250282,
2553246k,
27337826,
26043875,
21625970.

) ' ) ' 1
2 N S N S N Y AN |

59234260,
34480285,
12349973,
1971k915.,
2h666326.,
26622843,
25366429,
21066491,
1257304 .
57717358.-
33605033 .=
12037755 .~
19219188,.=
2L04S510, =
25960797 .=
24739140,
20548430«
1%908612.-
5631271k, =
5270lt700,

08-
o7-
07-
07-
07-
07=-
07=
0T-
o8-
08w
07-
0=
0T~
O7=
O=
07-
07=-
08w
08-
07=-
07=
O7=
07~
07=
07=
07=
08~
08~
O7=
07=-
o7~
07=-
O7=
07=-
O07-
08w
o8-
07=
07-
07
OT=
OT-
07-
o7-
08w
08w
O7-
0T-
0=
07
07=
07w
o7~
8=
08w

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L ITTTTIT e
20000000,
21599999.
23995999.
25995999.
27999599.
29999555,
31955959,
33559959,
35699599,
37995999,
- 39955998.
41995558,
436595¢8.
45655598,
k7995953,
k9999538,
51595995,
53995559,
55959999 .
57995598,
59599999,
61599999.
63999558,
65999598,
67595598,
69995999.
71559998,
75995998,
75999997 .
77959997 .
79559993,
81699958,
85999997 .
85999997.
87599995,
89599997.
91999997 .
95699997 .
$5999995.
97599996 .
99999995 «
10199999,
10399999,
10555999
10755999.
10599599
11159595,
11399559.
131599999,
11759599,
11655559
12195599,
12395599,
12599599,
12799599
129995999,
15159999,
13%99999.
13599999
15795959
15695999,
141595663,
15395293,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UD=
05-
05«
05=
05=
05=
05~
05~
05=
05=
05
05=
05=
05~
05%=
05=
05%
05
05-
05=
05-
05
05=
05=
05=
05%
05%=
05
05=
05w
05=
05=
05=
05=
05=
05=
05=
05=
05=
05=
05w
05=
Ob=
Oltw
Ob=
Ob=
Oli=
ohw
Ol
Oh=
ob=
Ok
Ob=
Ol=
Ob=
Ob=
Oh=
Ob=
Ol
Ola
Ol=
04 -
Ol
Ob=

24510UUV,
34906666,
38397333.
11887999.
45378565,
LE8695%2.
52359998,
55850665,
59341331,
62831948,
66322664 ,
65813331,
73303957,
76754€60 ,
80285331.
83775998.
8726666L,
90757351,
oh2l7997.
97738664,
10122933.
10471999,
10821066,
11170133.
11519199.
11868266.
12217533,
12566399,
12915466,
13264533,
13613599,
13962666,
14311732,
1h660799.
15009866,
15358932,
15707999«
16057066.
16Lko6132.
16755199.
1710265,
17453332,
17802349.
18151465,
18500532,
18849558,
19158665.
19547732,
19896798.
20245865.
20594931,
20943998,
21293065.
216Lk2151.
21991198,
2234026k,
22689351.
23058%98.
233376k,
23736531.
24085597,
ohLzheeh ,
24783731,
25132797

U=
o7-
07~
07~
07=
07~
07=-
O7=
07=
07~
O7-
07
O7-
O7-
0=
07-
O7-
o7~
07-
O7-
06~
06=-
Ch=
06w
06~
06+~
06+
06=-
06~
06=
06
06=
06~
06=
06-
06~
06~
06~
06
06=
06
06=
06=
06~
06=
06w
b=
c6=
6=
06
06%=
06=-
06=
06~
06 -
06=
06
06~
06=
06=
06
06=
06=
Oo-

113908612.~

(290 (0= VW=
13kb4535,- O7-
21452867 .~ 0T=-
26828797 .= O7=
28943875 .« 0T=
27565600.= OT=
22882712 .~ 0T=
15479754 .= OT=
62641670,~ 08=
36446308, 08=-
13051279, OT7=-
26051868, O7=
28109580, OT7~-
26775488, 07~
22230185, O7=
15040543, 07«
60872500, 08=
35ho5h8h .= 08w
12687145 .= OT=
20250282,- 0T~
25332464 ;- 07~
27337826 .= OT=
26043875 .= O7=
21625970.= OT=
14633868~ 07~
59234260.~ 08=
34480283, 08«
12349975, 07=
1971k915, O7-
24666326, OT=
266228L3, 0O7=
25366429, 0O7=-
21066491, O7=-
14257304, O7=-
57717358, 08«
33605083 o= CO=
12037765.- OT=
19219188.~ 07=
25049510 ,= OT=
25960797.= OT=
2k739140.= O7=
20548430.= 0T~
o7~
5651271k, « C8=
30794709, 08=
11748677. 07~
18760168, 0O7=
23478365, O7=
25347770, OT=
24158298, O7=
20068731, OT7=
135857k2., OT7=
55012072.- 08~
52044336, - 08«
11480993 .- 07~
18335137.= 07~
22048506 .~ O7=
24780131 .~ 07~
23620461,« OT=
19624545 ,« OT=
13286772.- 0T~
5%807676.- 08w
31349573, o§b



14959993,
15199998.
15599998,
15599958.
15799993,
15995993,
16199958,
16399693,
16599995,
16799958,
16999558,
17199993,
17599958,
17599598,
17799998.
179999¢8.
18199998.
18395958.
18599998.
18799998,
18959598,
19199998,
19399998,
19599997 .
19799997

19999597 ..

20199997
20399997 .
20559997
20799597,
20995997 .
21155697 .
21399597
21599555,
21795995,
21599595,
22199996,
225959%6.
22599995,
22759996,
226999995,
23199595.
23399995,
23569996
23795995,
23959556,
24195595,
2395595,
24559595,
24799995 .
2k999955.,
25199995.
25395595
25565555

25799995 -

25595595 .
26195595,
26359995 .
26555595,
26795995 .
2699999k
2715955%.
2739959k,
27599594 ,

04w
Ol
o4 -
Olh'-
ob=
()0
Ol
Olt=
Ob~
Ob=
Ot~
Ob=
Ol
Obw
ok
Ol=
Ol
Obw
ol
Ok~
Olw
Ob=
Ol=
Ob=
Ol=
Ob=
Ol
Ol
Oh~
Ol
Ol
Ol
b
Ob=
Ol=
O~
Ol
Ob=
Ob=
Ob=
Ob=
Ol=
Olt=
Ob=
Ob=
Oh:.
Oli~
CL’»‘&.
Chw
Ol
Ok~
Cl=
Qb=
Ok
Ol
Ok4=
Ok=
Oh=
Ch=
Ol=
Cli-
Ok=
Ol
Ch~

26179997 .
2652906k ,
26878130,
27227197
27576263,
27925330.
28274397,
28623463,
28972530,
29321595,
296705653,
30019730.
30368795.
30717863,
31066929.
31415995,
31765063,
32114129,
32463106,
30812262,
33161329,
33510395,
33859462,
34208528,
34557595,
34906662,
35255728,
35604795,
35955861,
36302928,
36651995,
37001061.
37350127,
37699154
38018261,
38397327,
3874630k ,
39095460,
39444527,
39793595.
Lo1k2660.
Loko1726.
403840793 .
11189859.
41538926.
43887992,
42237059,
42586126.
Log35102,
43284258,
43533325,
43982392,
L4331458,
L4680525,
k5029591,
45378658 .
LhsroTTok.
46076791,
Lelo5857.
he77hooh,
47123990,

LTLT3057. .

k7822124,
L38171190.

06~
06w
06w
05
06~
06-
0b=
06~
06=
06

06w

06
06
06-
06=-
06-
06=
06w
06~
05-
06 -
06w
06=
06-
06+
06~
06w
06
06-
06
06w
0b=
06~
06w
06~
06w
06
06
06
06~
06w
06
06=
06
06%
06+
06w
6~
06=
06~
06~
06~
06
06=
06
06=
06~
06=
06~
06
05=
06~
06~
06~

22459509,
24o5hs2],
23122441,
16213524k,
13009934,
5269240k , -
30706304 .~
11003634 .=

XT577159.=

22006369, =
23767828 .~
22661204, -
18832391, -
12753592, =
51659649, -
30110677 .
1079112k,
17239727 .
21586503.
23317169,
22234290,
1847973k,
12516222,
50703303 .
29559248, -
10554358 .=
16927282 %
21197728, -
22899878 .=
21838899, -
18153189, -
12296420, -
h'9817789 [l
29048626,
10k12158.
16637963,
20837757,
22515483,
21472786.
17850818,
12092903,
48997863 .-
16370076 o=
20504359, -
22155696, -
21133776 .=
17570836 -
1190kL48, -
48238506, -
28138095.
10087239,
16122021,
2019574k,
2182k401.,
2081986k,
17311576.
11729936,
47535391.-
27732870, -
99426019, -
15892342, -
19509947 « -

07-
07=
07-
07-
07=
08~
08~

07=

O7= -
0T
O7=
07=
07=
OT7=
08
08
OT=
07=
07=-
o7~
07w
07~
07=-
08~
08+
07=
O07=
07 =
O
07~
o7-
0=
08w
08w
oy
O7~-
07
07~
07
07
oT=
08
08
07=
O7=
07=
O7=-
07-
07w
oT-

08
07~
07
0T7=
07-
0T=
07=
07=
08=
08~
08w
07=
07

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19199998,
19399998.
19599997.
19799997,
15999997
20195997.
20399997,
20599997
206799997
20995997
21155997,
21399997,
21599995,
21799995,
21695995,
22199966,
22595996,
22599995,
22759996,
22999995,
25199995,
23399995,
23559995,
235795995,
23959966
24199995,
24395995,
24599995,
24799995,
2L999955,
25199995.
25595595 .
25599955,

25799995 -

25999995 .
26195995 .
26399995«
26595995 .

26799995

26999954,
2719995k,
2739959%.,
27599954 .
27795954 .
27995954,
23195964 .
28395554
28599954,
28755954.
28999954,
2916555k,
29555994 .
25559993,
29795993 .
29999593
30199595 .
50595995 .
30599593 .
30799995«
30999993
31299993,

RIZQCOAGA

Ok
ok~
Ok
Obw
Ob=
Ob=
ob=
Ob=
Ohw
Ob-
Olt=
Oltw
Ob=
Ol
Ob=
Ob=
Ob=
Ohtw
Ob=
Ol=
Ol=
Ol
Oli=
Oly=
Ob=
Ob=
Ol=
Obw
Cliw
Obw
Oh*—
Ob=
Ol
Ol
ks
Oli=
Cl=
Ol
Ol=
Ol
O’-l»'.-.
Ch
Ob=
Olt=
Chw~
Chw
Ch=
Cha
Cli=
Ol=
Ob=
Ol=
Ob=
ob=
Ok=
Oh'&
Ob=
Ch=
oh=
Ch=
Olt=
Ol
Olb=
ﬂh‘a

32812262,
33161329,
33510395,
33859462,
34208528,
34557595,
3Lg06662.
35255728,
35604795,
35955861,
36302928,
36651995,
37001061.
37550127,
37699164,
38048261,
38397327,
387k6304,
39095460,
3gLhls5o7,
39793595,
Lo1k2660.
kokg1726.,
LoBko79%,
41189859,
1538926,
41887992,
b2237059,
42586126,
42935192,
43284258,
43633325,
43952392,
L43331458,
Lk680525,
45029591,
45378658,
hs7o772k,
46076791,
L6h25857,
Lok,
47123960,
47473057,
47822124,
18171190.
48520257,
48869325,
L9218390.
Lo567L56,
45916523,
50265589,
5061656,
50953722
51312789.
51661855.
52010922,
52359588,
52709055.
53058122,
53407188,
53756255,
54105521,
sLk54388,
shB8nzhsh .

05-
06-
06w
06=
06~

06=
06~
06
06~
06
06w
06~
06=
06=
06w
06w
0b=
06=
06~
06=
06-
06
06=
06w
06=
Chb=
0b6=
06-
06
Qb=
06=
Cb=
06
06=
06=
06w
06-
06=
06=
06=
06=
06

. 06‘-

06=
06-
06
06~
Cb=
06
06=
06=
06w
06~
06=
Ch=
06~
06=
06=
06=
06=
06=
06=
06=

23317169,
22234290,
18479734,
12516222,
50703303,
29559248 .«
10564358 .=
16927282,
21197728, -
22899878, -
21838899, -
18153189, -
12296420,
49817789.-
29048626,
10412158,
16637963,
20837737,
22515483,
21k72786.
17850818.
12092603 .
k8997863 .-
28575868, -
16570076 .=
20504399, -
21133776 .=
17570836 .=
11904448, -
48238506, -
28138093 .
10087239,
16122021,
2019574k,
2182k401.
20819864k,
17311576.
117299%6.
L7535391.-
277352870, -
99426019, -
15892342, -
19509947 o =
21517635.=
20529195, =
17071512, -
11568338,
L6884196. -
27357636,
98086660,
15679668.
19645313,
21233583,
20260045,
16849219,
11418707.
46281153,
27010323, -
1548274k -
19400272, =
20970562~

o7=-

o7~ .

07-
07 =
08
083
O7=
07w
O7=-
0T~
07
07~
OTw=
08«
08
O7=
0T=-
07w
07=
07
07
07=-
08«
08=-
07~
Ol=
07=
O7=
07=-
07w
oT=
08=
08
07
07w
07=
07~
OT=
07=
07~
08«
08=
08
07=-
07=
07=-
Of=-
07w
O w
08~
08
08w
OT=
07w
07=
0=
O7=
07~
08%=
08+
08w
O07=
07-
O7=

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sl 22T )0
31695595
32159992,
32395992,
32599552,
52795992,
32969992,
33199992,
33399992,
33599992,
33799992,
33999992,
34159952,
35359992,
34559992,
34799991,
34999991,
35195991,
35359991,
35599991,
35799991,
35959991.

[V

Ob=
Oli=

Ohw

Ol=

Ob=

222ULD0 [ .
55850654,
56199720
56548787.
56897853 .
57246920,
57595986.
57945053,
58294119,
58643186,

. 58992252,

59341319,
56690586 .
60059452,
603588519.
60737585,

= 61086652,

61435718,
61784785.
62133851,
62482918,
6285198L,

LD
05w

06
08w
06~
06+
06=
0b=
06=
06w

6=

06w
06w
06w
06=

Ob6=
06w
06=
06-

16643375 .= OT=
11280148.= 07~

. 45722769, - 08~
06-.'. 08-

26688716.
95698526,
15300410.
19173377 .
20727015,
19780046,
16452769.
11151837, O7w
45205666, 08~
26391059.~ 08~
94635394 = 08w
15131581, 07+
18963286.,= 07w
20501502, O7=
19566355 ¢= OTw
16276275 = OT=
11033027 o= OT=
hu'726859 P 08ﬁ
26115361, 08-

08~
07
07~
07T~
07w
07=

Reproduced with permission of the copyrigh

t owner. Further reproduction prohibited without permission.




00000000,
20000C00.
39999999,
59995999«
8C0C0000.
10C00C00.
1200C000.
14CC0000.
16CC0000.
17959999.
20000CC0.
21999999.
23699999,
25999999,
27999999.
29599999
31999999.
33999999,
35999999,
37999999,
36993958,
1999558,
43999998,
45959958,
17959958,
45999598,
51995999
53699999
55999959.
57599993,
59995559
61999999,
63999998.
65999958.
67999993.
69599999
71599953.
75999998.
75999997
77999597 .
79999553
81999595.
85999997 .
- 85999597.
87959956.
8999957 .

91955597
93995597 .
95999595 .
G7999995 .
95955595 «
10199599
10395999«
10599$99.
10795999
10999999«
11199999.
11399599,
11559999.
11799599,
11999599.

ToTQQRQA_

00
06 =
06~
06 -
06=
05=
05=-
05w
05=
05=
05
05=
05=
05=
05%=
05w
05-
0C5=
05=-
05-
05-
05-
05-
05=-
05-
05~
05=-
05-
05-
05-
05 =
05«
05«
05-
05-
05 e
05w
05w
05w
05
05-
05 =
05«
05«
05-
05«
05
05=-
05~
05«
05-
ok-
Ol =
cha
o)
Ch-
Ol =
Olt=
Ot
ok~
ok =
Nk e

38400000.
38263828.
38128815,
37994951,
37862226,
37730631,
37600156.
3TWT0792.
37342528,
37215356.
37089266,
3696L2k9,
368k0297.
36717399,
36595547
36474733,
36354946,
36236179,
36118423,
36001669.
35885909.
55771133,
35657335«
35544505,
35432636,
35321718,
35211745,
35102707
3Looks598,
34887408,
34781131,
34675759,
34571263,
3LL67696.
34364901,
54263160.
314162195,
354062090,
33962837
33864429,
33766858,
33670118,

33574201,

33479100,
33384808.
33291320,
33163626.
33106722,
33015600.
32925255 .
32835675
32746860.
32658800.
32571490,
32484923,
323990935,
325139Gk4,
32226618,
352145661,
32063015,
51980776,
%1869236.

08-
08-
08-
08-
o8-
08-
08-
08-
08«
08=-
08-
08~
08~
08
08«
o8-
o8-

08-

08-
08-
8-
08-
08-
08-
08-
08-
OB
08-.
o8-
08-
08«
08~
08
08-
c8-
09~
08-
08-
08~
08-

Computer Solution of Field Current
in Three-Phase Short Circuit

08w

o8-
08
03=
08
08 =
08~
0S-
05~
08
08-
08-
08«
08«
08-
08-
08 -
08-
08-
08=
08-

08

Reproduced with permission of the copyright owner

. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pantdra s S dhd

33999999,
35999999,
37959999.
36999953,
41999658,
43999998,
45959958,
k7699938,
46599598,
51599999.
53599599,
55999959,
57599958,
59999559.
61599999.
63699998,
65959553,
67999993.
69999999
71999958,
75999958.
75999997 «
77999597 .
79999953,
81999555.
8%999997.
- 85959997 .
87999956,

8999997 .

91959997
93999997
95999996«
97999995 .
99959995 «
10199999.
10399699.
10599599.
10799999
10995999.
11195999.
11359999.
11559999,
11799559,
11999599.
12199999,
12355599,
12559599,
12755999,
12999599.
13199999.
15559999«
13595999.
13799599
13999999«
111-199998.
14599998,
14595553,
14799593,
14995968,
15199998,
153559993,
15599993,

‘*799y93o

-

05=
05=
05~
05-
05-
05-
05 -
05=
05 -
05-
05-=
05-
05-
05=
05«
05-
05-
05=
05 e
05+
05w
05«
05=
05=
05=
05«
05«
05-
05«
05=
05«
05=-
05
05-
Ol
Ok a
Ohw
Ok e
Ok -
Ol -
Ch=
Ol
Ol -
Ok =
Obw
Ol
Olt=
o)1
(o) 1
Ola
Ot
Ol
Obe
Ol e
Obw
O~
Oliw
Ol =
Olt =
Ol -
Olta
Oltw
Oh=

(-‘

P A g

36236179,
36118423,
36001669.
35685909.
35771135,
35657335,
35544505,
35432636,
35321718.
35211745,
35102707«
3Logh598,
34887408,
34781131,
34675759,
34571283,
34k67606.
34364901,
34263160,
34162195,
34062090.
33962837,
3386kka9,
33766858,

33670118,

335574201,
331479100,
33384808,
33291520,
33168626.
33106722,
33015600,
32925253 .
32835675«
32746860.
32658800.
32571490.
32484923,
32399095 .
32513954 .
32229618,
32145961,
32063015.
31980776,
31899236,
31818391.
31738233.
51658758.
31579959.
31501831.
31424367,
31347563,
31071413,
31195910.
31121051,
31046828,
30975237«
30900272,
30827929,
30756201,
30685083 .
30614571,
30544659,
zoh TS5k,

o8-
08-
08-
08-
08-
08-
08«
c8-
08~
08_.
OB
08
08«
08«
08
08-
08-
08
0S-
08w
08-
08-
08«
08
08-
08w
0S-
08w
08«
08-
0S-
05=
08-
08~
08-
08—
08-
08w
08-
08w
08«
o8-
08-
B
(0's 190
08-
08-
08-
08~
o8-
o8-
08-
0B-
08-
08«
08
08~
08
08=
08«
08~
08-
R
o8-

Reproduced W|th perm|55|on of the copyright owner. Further reproductlon prohibited without permission.



L e

16199993,
1639998,
16599998,
16799958,
16999958,
17199958,
17399958,
17599998,
17799598,
17999958,
18199998,
18399948,
18599938,
18799998,
18969998,
19159998,
19%99998.
19599597 .
19799997«
19995997.
20155997
20399997 «
20599997«
20795997
20999997 .
21199997.
21393997,
21559596,
21799596,
21995555,
22199555,
22399596,
22595956.
227959%.
2259695,

231959%5.
23399996,
23595996,
23795956,
23999996.
2195995,
24399995,
24595995,
2479995,

2k995595.
25195395,
25399595
25559595 .
25799555
25955995
26199955,
26399555
26599995.
267999595 .
2699995k .
27199564 .
2759995%.
2759599k,
27799954 .
27599994,
2819999!&.
. 2855955k,
2859599k
2879995k

Ol
Ob
oka
Ol w
Ohm
oh-
Ob e
Obw
Ol -
Ofw
Ol
(o) 198
Olt=
ob-
Ol
Oliw
Ot
o=
Ok
O =
Ol
Ol w
o=
ol
Ok
Ol
Ol
Ok~
Ol=
Ob=
Ol
Ol=
o=
Ok
Ols -
Olw
Obw
Olb=
Ol
Ob=
Ol=
Olt=
cha
oliw-
oli=
Oh=
Ols=
Oli=
Olyw
Olt=
Ol=
Ch
Oli=
Oli=
Ol
Olb=
Oli=
Olt=
Ol
Ol=
Oh=
Oli=
Ol=
Ol=

30406615,
30338472,
30270910,
30203923,
30137506,
30071655,
30006362,
29941626,
20877hkl1,
26813803,
29750706,
20688146,
29626118,
29564619,
29503642,
29443185,
29383242,
29323810,
29264883 .
29206458,

29148530, -

29091055.
26034149,
28677687,
28921706,
28366201.
28811169,
28756605,
28702506,
286L8867.
2859568k,
28542955,
28490673 .
28438837,
2838742,
28336485,
28285661

-28235867.

28186159.
2813695k,
28088129.
28059719,
27991720.
27944131,
27896946,
27850163 .
27805778.
27757768.
27712189,
27666978.
27622152,
27577708,
275336L2.
27489951.
274h6631.
27403681,
27361096.
27318873,
27277010,
27255505 .
27194349,
27153546,
27113090,
27072978,

I AAYY

08
08~
08=
0B8=
08
08~
08
08~
08
08~
08=
08=
08=
o8~
08«
08=
08

- 08w

08~

~nA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1Y(99991
19999997«
20159997,
20359997,
20599997
20799997«
20999997,
21199997.
21395997
21559596.
2179996,
21959995.
22199595,
22359596,
22599956.
227999%.
| 2299695.

23199995.
23359996,
23595956«
23795996.
23999996,
2165995,
24399995,
2k595995.,
2479995,

2995595,
25195995,
25399595,
25559595,
25755595,
25995995
26199955,
26359995,
26559995.
26799995,
26999994
27195564,
27599964,
2759596k,
27799994 .
27993994,
23199994,
. 2859959k,
2855599k,
28795954,
2895999k,
2919599,
29393994,

26555695«
29799993
25995555 .
30195993.
30355593 .
30559995 «
30799995 .
30959993 .
31199993,
31395993,
31589593,
31759993«
31999993.

’)?.!_97992

ﬁnl\?

Utk =
Olt=
Ol
Oliw
Oltm
Olim
Ok
Ob=
Oly=
Ol=
Oli=
Ol=
Ol
Ol
Ob=
Olim
Ol wm
Obw
Ok
Oli=
Oltw
Ob=
Oh=
Oli=
Ckw
Ol =
Oli=
Ol=
Oliw
Ob=
Olw
Oh=
Olb=
Ol=
Ok=
oh=
Ol
Ol
Ob~
Oh=
Ol
Oh=
Oli=
Ol
Ob=
Oh=
Olt=
Olt=
Olt=
Ob=
Olb=
Ob=
ob=
Oli=
Ol
Ob=
Ob=
Ok
Gl
Ob=
Ol
ol=
Ob=
Oliw

CHEOHIU ) o
20006458,
291k8530.
29091095,
20034149,
28977687.
28921706.
28866201.
2€811169.
28756605 .
28702506,
28548867,
2859568k,
28542955,
28490673.
26438837,
28387hl2,
28336485,
28285961,

.28235867.
28186199,

2813695k,
28088129.
28059719.
27991720.
279544131,
27896946,
27850163 .
27805778.
27757768,
27712189,
27666978.
27622152,
27577708,
2753362,
27489951,
276631,
27403681,
27361096,
27518873,
27277010,
27235505.
271943k9,
27153546,
27113090,
27072978.
27033207 .
26993775
26954679,
26915915,
26877481,
2683957k .
26801592,
26764131,
26726989.
266590163,
26653651,
26617kk9,
26581555,
26545057,
26510682,
26475697,
26441010,
26&@6(18

S T o =

08«
08«
C5-
08~
08-
08-
0S-
08w
08w
08=
08
08=
08
08=
08=
08«
08~
08~
08
08w
03w
08+
08w
08-
08
08
08
08=
08=
0S=
08=
08=
08w
08=
08=
08~
08
08=
08=
c8=
0S8~
08=
08
08=
03%
08=
08=
08=
08=
08=
08=
08=
08=
08
08
08=
08=
08w
08=
08w
08=
08=

- 08w

~O L

Reproduced W|th perm|55|on of the copyright owner. Further reproduction prohibited without perm|55|on.



SIeTIITII.
55199992,
35395592,
33599952,
33795552
33969992,
34199952,
34396992,
54565592,
34759991,
3659591,
55169591,
353995991,
35555551,
35795551,

35999991, .

T -

o=
Ob=

Ol
Ol=
Ob=
Ol=
Olw
Ob=
Olt=
Ol=
Oh=
o=
Ol

<ODUD 100,
26271952,
26238999.
26206326,
26175931.
261k1812.
26109667
26078392,
2607087,
26016047,
25985272,
25954758,
25924505,
25894509,
25864768,
25835280,

COw
8=
08w
08=
08=
08=
08=
08«
08w
08
08~
08~
08=

08"

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




86

Digital Computer..Solution.of the Traansient
Equations for a Line-to-Line
- Short Circuit
Recalling from Chapter IV the following

transient equations:

=t/ ,
=J§E§{dexl+( = —) & /Td}

Xd Xz Xd+ Xz

{Sm o+ z (-b)" Sin (2n+))e}

— % °
Qﬂ 7 |+.12(—b)"Cos zne}

. . Mayg | ~tfrd
Y= Aol Z L4t Xd-i)(zé

-t
+[3 { + (o~ — )E /rd,}
z L&g Xd+ X2 Xd'+Xa  Xd+ X

{-L———'Z -b)'Cos 'Zne}

o S
- S o a s VI
e —q&-(\"'b\ = x‘:e {Sme-"n‘é'( b)'Sin (zm-\)e]
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-t

: /14
Ca = E{(Xd/—Xd JU+b) € (Cos - bCoOS 30 +* Cos 5@~)
e Td (Xa +X2)

+ E{F (++b)(SinB—-3b8in 386 +Sb*Sin50)

\

—-T/
— 2Zb&SInGo, /et ( Sin 26 —b Sin 40 +b*Sin bo—)
wWTL

+ 4bEsGSinBo(Cos 2B ~2bCos 40+ 35" Cos6B )

in which,

=T ’
== X’ + Xz +C1- Xd’—eXz)E /Td
" Xd + Xz Xd + X2

~th

g= &

Since the vlaue of b is much less than unity,
the higher harmonics can be neglected, and in computing
the transient equations, the value of n is taken to 2

oniy,
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. CoOMPUTELZ. SOLUTION
“2r ORILLOGRAM

AENATURE
CURRENT
(PHASE C)

Fig, 20. Computer solution of transient field

current (upner), armature current (middle), and open-
phase voltage (lower) for a line-to-line ShOI‘u eirecuit

of an alternat or.

i
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The results obtained experimentally and the
solution of the transient equations by the digital computer
agree closelj and they are in accordance with the results
expected., The chief source of error arises from thq
difficulty involved in evaluating the switching angle
accurately from the oscillographs. It must also not be
forgotten that certain approximations are introduced in
order to arrive at the final equations for short-circuit
currents. The percentage difference in the results by
the two methods, however, are certainly within the ten-
percent margin.

It is felt that should sufficient appropriate
equipments be available, the short-circuits of the
machine should be done at normal voltage instead of
at reduced voltage. Saturation effect will then of
- course be more appreciable. The study and the experimental
investigation of the effects of saturation on machines
will be, in the opinion of the author, a‘géod and '

valuable extension to this thesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COMPUTER SOLUTION OF THE TRANSIENT EQUATIONS FOR A .
LINE-TO-LINE SHORT CIRCUIT

\

44999998. 06— 14409543, 06— 20564887. OT7- 34147796. 08~
89999999, 06~ 20185393. 06~ 29652854. 07— 17333050, O07-
13499999, 05- 14112327. 06—~ 20352825. 07~ 33812477. 08-
17999999, 05- 12215964.- 08~ 20344200.- 12- 97752914.~ 08-
22499999, 05—~ 14165325.,- 06~ 20146750.- 07= 33491659, 08~
26999999, 05~ 19804737.- 06~ 29054519.- 07- 17002131, O7-
31499999, 05— 13866371.- 06~ 19945283.- 07- 33169679, 08-
35999999. 05- 11615835, 08- 39859480. 12- 95918840.~ 08~
40499999, 05- 13880453, 06—~ 19750119, O07- 32869287, 08-
44999999, 05~ 194%2750. 06— 28486956, 07— 16688230, 07~
49499999, 05- 13591164, 06—~ 19558698, O07- 32559924, 08~
53999999, 05~ 11014373.- 08~ 58581165.- 12- 94179092.- 08-
58499999, 05- 13626544.- 06— 19373887.- 07— 32278953, 08—
62999999, 05~ 19078%22.- 06—~ 27948583.- 07~ 16390474, O7-
67500000, 05~ 13365148,- 06- 19191995,- 07~ 31981512, 08~
72000000, 05— 10456637. 08- 76491830. 12- 92528821.- 08-
76500000, 05— 13372855, 06- 19017009, O07- 31718998, 08~
81000000, 05- 18765730. 06— 27437898, 07- 16108031, 07~
85499999, 05- 13129057. 06- 18844150, 07—~ 31432815, O08-
89999999, 05- 98774382.- 09- 94023685.- 12- 90963423.- 08-
94499999, 05- 13%159046.-~ 06- 18678485.- 07- 31187852, 08~
98999999, 05—~ 18455637.~ 06- 26953479.,- 07— 15840114, O07-
10349999, 04— 12902646.- 06— 18514194.- 07— 30912329, O08-
10799999, 04- 93885852, 09- 11048326, 11- 89478534.- 08—
11250000, 04- 12955438, 06— 18357372. O7- 30684078, O08-
11699999, 04~ 18166830, 06~ 26493973, 07~ 15585977, O7-
12149999, 04- 12716142. 06—~ 18201204, 07- 30418554, 08-
12599999, 04—~ 89140583.- 09- 12595641.- 11- 88070013.- 08-
12050000, 04— 12742157.- 06— 18052792.- 07- 30206385, O08-
12500000, O4- 17864730.- 06— 26058099.- 07- 15344910, O7-
135950000, 04— 12539353,- 06~ 17904296.- 07- 29950003, 08~
14400000, 04~ 84453006, 09- 14326317, 11- 86733933,- 08-
14850000, 04~ 12548846, 06— 17763865, O7- 29753166, 08—
15300000, 04— 17614950, 06— 25644643, O07- 15116240, 07~
15750000, 04— 12342573, 06— 17622669, O07- 29505687. 08-
16200000, 04- 80138557,.,- 09— 15825456.- 11~ 85466568.- 08-
16649999, 04- 12355842.- 06- 17489801.- 07— 29323250, 08-
17099999, 04- 17367003.~ 06~ 25252451.- 07—~ 14899332, O0O7-
17549999, 04— 12265572.- 06- 17355523,- 07~ 29084141. 08-
17999999, 04—~ 76056373, 09- 17284835, 11~ 84264384,.,- 08-

18449999, 04- 17229831, 07- 28915440, 08-.
18899999, 04~ 24880429, 07- 14693579. O07-
19349999, 04~ ' 17102113, 07~ 28684278, 08~
19799999. 04- : 18663702.,~ 11~ 83124027.~ 08~
20249999, 04~ 16983238.,- 07~ 28528728, 08~
20699999. 04- 24527541.~ 07- 14498408. 07~
21149999, 04~ 16861740,- 07- 28304983, 08~
21599999. 04- 20055361, 11—~ 82042321.- 08~
22049998, 04- 16749323, 07- 29161861, 08-
22499998, 04~ 24192802. O7- 14313275, O7-
22949998, 04- = . 16633727, 07- 27945238, 08~
23300008. 04— 21%204Q1 =~ 11— K101R247 .o NR-
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22499999,
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31499999,
35999999,
40499999.
44999999,
49499999,
53999999,
58499999.
62999999,
67500000.
72000000,
76500000,
81000000.
85499999.
89999999.
94499999,
98999999.
10349999.
10799999,
11250000.
11699999,
12149999,
12599999,
132050000.
12500000,
13950000,

14400000,

14850000,
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18249399,
18899999,
19349999.
19799999,
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22049998,
22499998,
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23399998,
23849998,
24299998,
24749998,
25199998,
25649998,
26099998,
26549998,
26399998,
27143998,
27899997.
28349997.
28799997.
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11014373 .~
13626544 .-
19078322.-
133651480-
10456637,
13372855.
18765730,
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98774382, ~
13159046.-
18455637 .~
12902646, -
93885852.
12955438.
18166830.
12716142,
89140583 .~
12742157-“
17864730,.-
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84453006,
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12355842.“
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19750119.
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19558698,
58581165.-
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27948583 .~
19191995, -
76491830,
19017009.
27437898,
18844150,
94023685, ~
18678485, ~
26953479 .~
18514194 .~
11048326,
18357372,
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18201204.
12595641 .-
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26058099,-
17904296, -
14326317,
17763865,
25644643,
17622669,
15825456.~
17489801 .~
25252451 .=
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07~
11~
07~

17333050.
33812477.
97752914 .~
33491659,
17002131,

' 33169679,

95918840, -
32869287,
16688230,
32559924,
94179092, -
32278953,
16390474,
31981512,
92528821, -~
31718998,
16108031.
31432815,
90963423, ~
31187852,
15840114,
30912329,
89478534 .~
30684078,
15585977,
30418554,
88070013 .~
30206385,
15344910,
29950003,
86733953, -
29753166,
15116240,
29505687.
85466568, -
29323250.
14899332,
29084141,
842643840-
28915440,
14693579,
28684278,
83124027, -
28528728,
14498408.
28304983,
82042327 .~
29161861,
14313275,
27945238,
81016247 .-
27813903,
14137663,
27603791,
80042944 .-
27483882,
13971083.
272719943.
791196990-
27170877,
13813070,
26972707,
78243936,
26874013,
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08-
08~
08-
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08-
08~
07~ .
08—
08~
08~
07~
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31049997, 04- 15748353 .= 07~ 26592

31499997. 04- 22760303.- 07- 13521
31949997, 04- 15657906.~ 07- 26404
32399997, 04~ ~ 2743%4955. 11- 76625
32849997, 04~ 15577968, 07— 26325
33749996. 04~ 15491781, 07- 26142
34199996, 04— . 28582842.~ 11- 15877
34649996, 04— 15416350.,~ 07- 26072
35099996, 04— 22285145.—- 07~ 13258
35549996, 04- 16334202.- 07- 25893
35999996, 04— 29796631, 11- 75168
36449996, 04- ) 15263047. O0O7- 25832
36899996, 04~ 22065732, 07~ 13136
37349996, 04- 15184723, O07- 25657
37799996, 04—~ 30839415.= 11= 74496
38249996, 04—~ 15117626.~ 07- 25604
38699996. 04- 21857605.~ 07- 13021
39149996,  04- 15042930,~ 07- 25433
39599995, 04~ 31950931, 11- 73858
40049995, 04- 14979693, 07~ 25388
40499995. 04~ 21660181, 07—~ 12912
40949995, O0O4- - 14908424, 07— 25220
41399995, 04~ 33050829.- 11= T73253(
41849994. 04- 14848858.,~ 07- - 25183:
42299994, 04~ 21472911.- 07~ 12808¢

42749994, 04— < 14780845.~ 07- 250191
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APPENDIX I

Physical Coanstruction ¢f the lMachine
and Name Plate Data

L

Manufacturer: Westingnouse Electric Corporation.

Serial Number: DC Generator-Motor—-—-IRNGE1
Six-Phase Alternator-Synchronous

DC Hotor
Type - SK
Prame - 326
HP - 7.5
Volts - 230
Amps - 29
RPM - 950-1200
Compound Wound
Style - 16B3517
Serial - 15-58
% Load - 100
Hours - 24

oC Rise Open - 50

Motor-—--EEMG2.
AC Alternator

Xva - 4

Volts - 110/220
Amps - 21/10.5
Phase - 1-3-6
Style - 1683518
Serial - 1

Hours ~ 24

RPM - 1200

Exc. Amp., - 3.2
Exe. Volts - 125
Cycles - 60

% PF - 90

% Load - 100

o ) .
¢ Rise - 50

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX II

The Gensral Equation of
Induced Voltage

1Y
Faraday's law states that the voltage induced
in a closed circult is proportional to the time rate of

increase of the flux linked with that circuizt.

€=-_N_gd
108 dC

The negative sign is occasioned by Lenz's law, waich
recognizes that any current which is permitted to flow
as a result of this voltage will oppose the original

flux change.

REFERENCE AXIS

Pig. 1. Fractional-pitch coil with
skew coil sides.

30
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e |
_/

PY_L.FL
272

Pig. 2. A single coil in the field.

Referring to PFig. 2, let the flux densit
2 y

~distribution be specified by the Fourier series,
B = ZPxSink (TX-£ Vi)

in which k = order of the space harmonic,

Px= amplitude of the 58
function of time).

harmonic ( a

Yk = phase angle (position) oFf the k th
harmonic ( a function of time).

2T = pitch (wave-length) of the fundamental.

il

distance measured from an arbitrary
stationary reference axis.

x

Pig. 1 shows a coil of N turns with effective

coil length L , coil pitch p, and with center located
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at xo' measured from an arbitrary reference axis. Then

its trailing and leading coil sides are located at
-~ . / i 3
X = (xo_-P§§-+¢jﬂan°\)

"o ’ - L ey
X" = (Xo'+ PIL 4 Yriwasx)

in which & = angle of skew.
The fiux linked with the coll at any particular

instant is,

Xe'-I- P’Z—'
b= [ Lpdx= ZTf 5 Kpekex PESink (X1 Yy )
L
x;-i%
in which Koy = Sin ﬁgg_l
= pitch coefficient of the kB
harmonic.

4 2’(:. < . fl'\Ti".l—OnO(

K . = 2T SipRTiTonc
sk e ftans 2T n

skew coefricient of the k
harmonic,

It will ve remembered that the average value of
- .2 . . i
a sine wave is — ‘times 1ts amplitude, and the
th P . .\ v s s
wavelength of a k" harmonic is & » Slnce by definition
it has k wavelengths in a fundamental wavelength.

Therefore, the flux in a helf-wavelength is,

<i>f’¢.= _%18 /t ‘Q-

&>
4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hence & mey be rewrititen as,

2 Kpa Ks&CiD{‘n,Sinfé (X Y1)
£ (P, X', To)

1)
Bt applying Faraday's law, the induced voltage
in the coil is then,
=N IO __ N (39 dor . 53 dXo' . 5D IYy
ic® ot 1o® (39, St 32 <t ¥ dt
l4
=2 IN phu s {dc%"Sm(W,}" -t'{o)
\
+ hog (I Ste'+ 8B ) Cos B (X4 Vi)
T ot at . T -
From the above equation, the three process of
voltage induction are easily ldentified
9% , variation of the flux.
oxd , movement of
dt

ne conductors.
dYk , movement of the field
ot

For a group of a-coils,
pitch < , the ceater of the h

Xo'

separated by the slot
Ul
= Xo—

coil from the end is at,
ji—l-c—+ R
2
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Sunming up e over ¢ coils of the group by

means of the Distribution summation, there results,

% )
= — AN DL . .
=2 en =— % A1k Ken { S2RSin R (TXe 2 Y2)
h=1 {o L 3% T \
(R
+ Rdn (R G s (Tex ) |
PO g P o)
in which Kab = in (Bw] /éoj

distribution coefficient oFf ihe kth
harwmonic.
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APPENDIX TIIT

The CGeneral Iguation of
Armature Reaciicn

N —
[._._.
et mnney

4

o= l

REFEREN
AXIS

X =
Pig. 3. A single coil of N-turns and
pitehr pT carrying an instantaneous current i.

In Fig. 3, the center of the coil is located

&t a distance xo' from the arbitrary reference axis.

uch a nature that & sinilar

b

w

Assuming the winding is o
coil a pole pitch away csrries the same curreni {reversed),
it is permissible o assume the magnetomotive Force due .
to the two coils to be the block wave shown in Pig. 4.
0-4-TINL

This wave has & magnetomotive force magnitude of

and the magnetonotive force per coil, therefore, mey be

S5
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expressed by the Fourier series,

Fo)= o8 NLE KpbRsk o T (X-Xo")
k.

et ey e

!1 4
R
5 v
r*"‘"‘—‘ naraay
L% o
- N Fry Y Y '
v NIST P e Vs
. 1 d < ’ b dd
2oi® 12 Wwizls
s

Fig. 4. Resultant magnetomotive
force of coils.

The total mmf of q such coils, disoslaced oy the

slot pitch o and carrying equal current i, may be found

in a similar way as in the case of the induced voliage.
th . . (Lo ,
b coil, Xo'=Xo— =55 +~ R holds and the

FPor the

mmf for the group of ¢ coils therefore is,

. )i o s
AOO=08NL2§}K”%w%bs%g(x-ZMu@%Qf—Kw)

o =t ®
=08 %NL% Ket "E%de’”v Cos _—{??Uﬁ (X~=Xo)

and de are defined as in Appendix IT.

in whkich X Ksk’

plk?
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