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. r.V -; . : FROBLEM AND AiFROAGH : " /

The staff at the Massachusetts Institute of Technology developed 

a generalized machine whereby the theoretical concepts of electro

mechanical energy conversion and the study of conventional ac and dc 

rotating machinery could be represented by a single unite Westinghouse 

Electric Corporation produced the generalized machine laboratory set as 

an educational device in 1958<. A generalized machine laboratory set 

was donated to the University of Arizona by Westinghouse in the spring 

;■ V. of l959o ■ ; •  ■ ■ > :  . , /

' ■ In this investigation the generalized machine, is operated as a

■ £wo=phase synchronous generator0- The transient and steady-state

performance of the machine is to be analyzed for balanced.and unbalanced 

conditions., V : .

The only available performance data concerning the synchronous

operation of the generalized machine are saturation curves for its

i::; , operation as a single-phase alternator^; The three-phase synchronous

; generator has been analysed quite extensively but relatively little

has been done concerning the analysis of a two-phase synchronous 

generator*,, - ■ ' 1

The machine is treated as a group of three inductively, coupled 

"electric circuits* The.expressions for the flux linkages of the

1



fieM a M  amattire windings are developed arid from these the 

steady-state voltage and power equations are determined= Constants 

are defined which describe the steady-state performance and an 

equivalent circuit is developed for the generalized machine operating 

as a synchronous generators : '

'; ,, , Equations describing the .performance: for a balanced two-phase',.- ' 

short-circuit are developed from the expressions for the flux 

linkages® These equations are developed for the instant of 

short-circuit by the law of constant flux linkages= The transient 

behavior of the machine is then analyzed by including the effect of 

' resistance* , ’Erom the resulting expressions, constants are defined 

’frdiich describe the transient behavior, of the machine»

The transient and steady-state behavior of the machine is 

similarly analyzed # and machine: constants found* "for an unbalanced 

single-phase short-circuit® ■ l . ''■v' .

l:ll t %  constants which describe the steady-state and 

transient performance of the machine are calculated from measured 

values of machine resistance and inductance«

The open-cireuitj, short-circuit* and zero power-factor 

..-‘characteristics 'are obtained by-test-for the machine» The 

steady-state machine constants are determined from these 

characteristicse Oscillograph recordings are made of the transient 

and steady-state behavior of the machine for a balanced two-phase 

short-circuit and an unbalanced single-phase short-circuit» These 

oscillograph recordings are used to verify the general validity of 

the machine constants®



• Chapter 2 . '■ • .

THE GEBERALISBB MMIBIME

2,1 DESCRIPTION \""

A visaal description of the generalized maehine and its ..

associated equipment is given in Figures 2»1 through 2o4«

‘ The dimensions of the generalized machine laboratory set 

. shorn in Figure (2,1) are: length - 7 feet, Width - 3 feet.

Height - 3 feets The generalized maehine. Figure (2o3), has 

an overall length of 30 inches«

The generalized machine and its associated equipment can 

:be operated a s p ' :

1) Alternating-Current Operation ; ;

Synchronous motor and, generator - single-phase 

. or t#o-phase ; ;

v Induction motor 7 single-phase or polyphase

2) Direct-Current Operation . y:\ ■

./■' ' Shunt or series motor

Separately-excited generator or self-excited 

: shunt generator '

; ; ■: ^ : 

The performance of the generalized machine as any one par

ticular type of machine is Sacrificed for flexibility» It is

3



Figure 2.1 - Generalized Machine Laboratory Set

1- Generalized Machine

2- Rotor Drive Motor

3- Rotor Tachometer

4- Torque-meter

5- Brush Carriage Drive Motor

6- Brush Carriage Tachometer

7- Terminal Blocks

8- Table

9- Schematic Diagram



exp loded  v iew  of g e n e ra liz e d  m a c h in e

rotor angle ind icator rotor slip rings com m utator

ro tor

stotor

brush c arnagerotor term inals

Figure 2.2 - Exploded View of Generalized Machine

'

Figure 2.3 - Disassembled Generalized Machine
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Figure 2.4 - Stator of Generalized Machine



impossible -to ineorporate the optimum design features of all the 

different'types of machines»; iftien the generalized machine is V. 

‘operated as • a ' two-phase synchronous; generatorj, the rotor., the rotor, ; 

slip .ringsj, ‘and the.:statorj,:‘Figure .(2=,2)# are utilized. The rotor ' 

driye. aiotor and‘ rotdr .taehometer. Figure (Zo l) , are also usee, .

2.2 ~ ROTOR SPECIFIC AXIOMS V .i

The meehanloai spaelfieatlons. of -the rotoriare: ‘

/ Diameter = 4.585: inches v. ■. :/ /' . ■ = : / ..

■V ■ Length 4^3.0 inehes, \ 'l:' i'

- Moment of Inertia - 0.26 Lb. F t ^  :

Number of Rotor Slots = 28 - ' : ■ ■, f ;';'-/"' v'“;.

. ; ' y: blot Shew One. slot: piteh ‘ '

The rotor has a two-pole/ £uLl-pitehs continuous lap xoinding. •

There, are 560, .2 strand^ nmai>ev 20 inductors in the 28 slots, or 20

ihduetdfs per slbti-Baeh: eoil consists of ■ 5 turns tovgive 4 coil ;

: Direct- current is supp lied: by means of slip rings mounted on ‘

■the rotor shaft. The slip: ‘rings.'.are:, connected to- two' diametrically - 

.opposite parte' of the winding so a@ to give two’ parallel paths for 

the field current. .. a;' - ‘ ‘-y:' ■ : y- . ,'.■- : -

' The rotor - winding has: a maximum rating' of 230. Volts ,and 8 • '' -' -

' ̂Operating' Manual ■ for' Generalized Machine, Westinghouse - . ;
llectric. CorpbrationV?ppy2y'andy'S ̂ . .. ‘r . - . y - r.;-% y ; y ‘



resistance of 0„46 ohms and a self-inductance of 0.0662 henries.

^°3 ■ " So O - .: : , i ' '
■ the mechanical specifications of the stator are:

. = Inner Diameter «- 4.631 inches
V ■: ............... '

■ ■ '  V .

\x. " : Width'of Stator' Iron - 3.0 inches . ..

' ; ' Humber of Stator Slots - 36 •

' V ' The" stator.has a two-pole^• two-phase^ 11/18 pitch, distributed 

winding. " There .are two mading groups in eaeh phaseo Each mnding ,

.. grdnp:xh8Sf^S::epils\ilth "IB/tyrir per coil.t, \ '

.mmaher'-'lS" iTite in' parallel with- one number 20 i$?ire. ,V: . \x, •

" r: • For the experimental investigation, the windings in each ’ ,

phase are connected in series.' For this connection the stator 

.winding has a masamwa rating of 230 volts ;and 3 = 6 'amperes. The ' "

■ bindings in - series 'have' a resistance of 2.8 ohms and a self-indtsctanee
'>x.;
of 0.459 henries. The maximum value of the mhtual .inductance heMeen 

the field mnding and the. stator., t-sinding is- 0,172 henries. .The- above 

values are foryClther'phase,., j'

Operating Manual, for Generalised Machine, Weetinghouse ■ . '
. Electric Corporation, pp 2 and. 3- ;■.  ̂ r ; ■;. - .... ' : ■ .



EXFESIMEim  MR^GEMEOT ; ,

: l^e facilities of the Ele.etrieal Engineering Department's 

power laboratory were used for the experimental work. Two sources 

of variable dc voltage and a three-phase, 215-volt^ 60-cycle bus 

. were available* ' ■ ■ ‘

The rotor was driyen at synchronous speed by a 230 volt 

dc shunt motor * Speed was monitored Trith a dc voltmeter from: the 

dc tachometer generator* The voltmeter was calibrated for 

synchronous speed by a strobotace The field of the generalized 

machine was excited from a variable de source*

Ammeters, voltmeters, and wattmeters were used whose nominal 

'-accuracy was one-half of one percent of their full scale values* - ' 

Sufficient instruments and scales itrere available to make most ■■ 

readings well up-scale, keeping the errors within the nominal 

accuracies of the individual instruments* Simultaneous readings 

were taken to minimise errors due to fluctuations* Quantities were 

recorded for both phases of the machine and averaged*

: 3*2:: : ^ ^  ^  ::;:v ■
The Scott connection is an arrangement of transformers .for .- 

fwo-phase to three-phase transformation* It consists of a main 

transformer M  and a teaser transformer T* The secondary of M has



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

r--------A 
·\:... 

,..----- B 

[____ron c 

I'M'l 
a a' b 1 Figure 3. 1 b 

Scott Connection 

M has a turns ratio such that when a two-phase voltage is applied to 

its primary, the corresponding line-to-line, three-phase voltage 

appears across its secondary. T has a turns ratio such that when 

the remaining two-phase voltage is applied to its primary, the vector 

sum of the voltage developed in its secondary and either half of the 

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

three-phase voltage. 

E_ AB 

E L----~0--~ £Be 

E bb' 

Figure 3.2 

Vector Diagram 

E. aa' 

10 



A Scott connection was used in conjunction with two 

auto-transformers to connect the two-phase, 230 volt generalized 

machine to the three-phase, 215 volt bus. The auto-transformers 

were used to obtain the proper voltage ratio and to insure good 

balhnce between the Wchine and the bus, \: - - '

No-load measurements were made at the armature terminals 

of the generalized machine» Three-phase measurements could not 

be made as the transformers used in the Scott connection drew 

large exciting currents which distorted the voltage waveforms0

The nonsinusoidal exciting current of the transformer causes 

a large nonsinusoidal voltage drop in the machine impedanceo Since 

the internal yoltage of the machine is sinusoidal, transformer 

induced voltages must have harmonics equal and opposite to those 

in the voltage drop of the machine impedance, loth the two-phase 

and three-phase waveforms are badly distorted as the machine excitation 

is increased, . "

. This difficulty disappears when the thtee-phase bus is 

connected to the system as the bus has very low impedance. The 

sinusoidal waveform of the bus voltage forces the transformer 

induced voltages to be sinusoidal.



. ' ’ ’ . V :: V  : chapter 4  ̂: ' ■ .y . y  ^ ' '

/ . . -/ V / S T E W - S W  ' ;; •

4.1 m c H i m  m u m  -

Synchronous machine constants are usually expressed in per-unit 

as. they then fall within & relatively narrow. range for all machines 

of similar design, although the size may vary over a wide range. The 

machine5 s 'own icm rating is taken . as the vo lt-ampere base and rated : 

voltage is used as the voltage:base. Base current and base impedance 

are then determined from these. ' - ' • ;• .

To find the KVA rating of the generalized machine it was 

connected to the three-phase^ 215 volt bus by the Scott connection.

The bus.supplied or absorbed power as determined by the mechanical 

input to the machine. The-terminal voltage of the machine was fixed 

at its rated Value of 230 volts by the bus and the internal voltage, 

kept constant by holding the field excitation at its rated value of •

8 amperes. As the mechanical;.power" input to the machine was increased 

the power output and hence the armature current increased. The 

reactive power decreased. ' : . ' ,.. ■ :

The real power output and armature current -were measured and 

the power factor (cosine of the angle between armature terminal 

voltage and armature current) was computed for different mechanical 

inputs. The armature■current and power factor are plotted as a v 

function of the real power output in Fig. 4.1. SinCe the KVA output
; :  . : >  i2 y  : y  . . ;y:\



;£S directly .proportional to the armature current, the KVA for any -

lagging p d w r  factor-my .be xaad fromvthe''graph .of Figo 4oi= ..

, The KVA rating of synchronous; genefatpr, is commonly ; ’ ■ ••

specified for a power factor of 0o85 lagging. Synchronous ' .

generators-’are‘operated at lagging pother factor to supply the. 

lagging reaetive ̂ power. needed for inductive . loadso I'Jhen the 

.generalised machine is operating' as a two-phase synchronous •v/ :

■.generaforjAits KVA'rating is. 169 volt-ampereSov' The bases of the . 

per-unit quahtitles ;are' then per phase; ' ■''' A; -’A • “.A

- Power - 16.9 volt-amperes ■: • : . '.' A;1

. ■ ■ . - ; : Voltage ss 230 volts . - .. A‘
; A  ‘ "A . ^A A-Gufrent-^ 0o735 amperes ■ ' .v.:i A v A /;- -1'; ■,

'.Impedahce313 yohms:,; - .■ . - : -’A; (4,1) •:



ine operating as a synchronous
n infinite b u s .

Generalized_ 
generator delivering power

(pry vstorArmature current and p 
real power output of Q

Armature voltage = 230 volts 
Field current = 8  amperes _ constant

.mature current

—  -j

d iao
1 power output, watts

200130
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4.2 STEADY-STATE EQUATIONS

A synchronous machine may be thought of as a group of in

ductively coupled electric circuits. The flux linkage expressions 

for the field winding and for each phase winding can be developed 

and from these the voltage and power equations determined.

The generalized machine is represented as an idealized

two-phase generator in Figure 4.2.
—  <-

Leu Rcu
L - j n r m r r r r m r i

Figure 4.2 - Idealized Two-phase Generator

The phase windings are 90 electrical degrees apart so there is 

no mutual effect between them. Since the generalized machine has 

two poles, the phase windings are also 90 mechanical degrees apart. 

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

Xa = Laa 1a + Laf If

” S b  lb + If 

X£ = Lf ^  + Laf ^  + S f  S (4.2)



where

aa * =  S el £- indttefcanee of each phase winding

= Resistance of each phase winding 

Self^lhduetanee of the field winding ■

■Rv. « Restsfcaa©e: of ̂ fhe.; field ■winding :■ . . . ,

85 Mutual inductance between phase a and field

“ Mutual inductance between phase b and field

The generalised machine has a uniform air-gap and the rotor 

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

windings and the field winding are constant* The mutual inductance 

between either phase winding and the field winding is developed in 

Appendix Bo From Equation (Bo5) '

cos ;(wt +  oo) -“ Oo 0078 cos 3 (wt 4- aQ)

a 0*0028 cos 5- ^wt "S* ^0  ̂'4* o * * * * * * * * * * * * * *

All harmonics can be neglected giving.. -y

Laf ’ Ln. o o s y #  y y ;; : ..y.-: ■

I^£>  cos c «  + 0o - 90°) = sin (at + *o)



' C Lv::'® S-feximum value '0,$:)W#ai 'indw&'&aee' ̂ eWeem field: and. , ;'■ 

, • either phase winding' ' ' f;,

,’ki « Singular velocity in radians per seeD : . ‘ ' y:'

0 s Initial - angular 'displaeementi in radians with •respect'.

.to. phase a internal voltage0 This is the angle 

i.y,: ' - hetweii' the magnetic 'axis .of .phase a and the magnetic -.

: ; axis of the'fieldimndingo- ■ • . ■ ■ .'i

' Substitution of Equation (4o4) in Equation (462) gives . •. . .

: ,(4d5)

...X £  ” ^  ̂ 1  ia > OS ^̂.Ĉ ^ ^

■: f for balanced steady^state operatiQh‘the' am@fure.:'terminal •. 

'voltages'ire defined as . —  .y :' - 'V;;. ;■ ; ' :

- %  " sl" +  % )  ■ ; y

%  " lEj, |. sin (tot >  01̂  - 90°) . .. <4-6)

. .  - cos (ct.+ d p  . . . .

Then the armature currents are ’

i  •::ts W l a i l 1” ' i  i  i . ' v  y V' '

%  ” •' ^ t Ibl G #  (wc f %  +  pp,. . (4,7)



ilhere.

18

Ei. • v E W  T a l m  d£ amature fcerainal voltage. ' . ••

II I 85 11. | = WiS Values of amatyre current

- '  • B : :; ' Angle, between -armature terminal Voltage and.' -

■y armature current ; "'v , - ' .

•'y; ■■■■ ■■■ rc^y.yy^... Initial angular displacement with respect , to . / ' '

phase' a armature terminal voltage '-y- . , ,

-Substitution of .Equation (4«7) in Equation (405) gives y -■

t  ly v u 0)- ■ y

. - W  ;id |la | eos (wt ^ :If sin (wt t o^)

: t eos <wt ;̂ :u0) ; (4o8>

V- v- ̂  y ;v:, - y . | i aj eos (wt ,■> a Q -s- Pp) sin ■ (wt â ) ; •

lihen simplified^ the .field flux' •linkages are seen to be independent of 

dotation yVv _V '-y y

:y: '""h: ■> 1 'e£ *f ^  sin y:;' v ;y . y : <4s9>

. ' The,phase.and field voltages are written for the circuits of y •: 
.■-Eige' :4v2o , $he ..phasa -windings are' sources and the field winding is a . 

'load» : V: V ;  y'y-' . ' - . y:V  : i '



/Substitution:,of Equation (4o8) in Equation <4<>10) gives

ea ~ ■" ^  l ̂ a l sin t̂ofc ^

- :V2~to 'Ld |l̂ | cos (Mt ,+,.a:o;t'Ppj.

* >  Ljn . l f sin (wt ffo> / ' //'/\ / ': ' ' . ' ;

% = ^  h  t y c<3s <Mt 0^.4. ̂  ■

-VT w |iaj sin (wt 4 %_■+

■ ■ ^  “ , G O S v #  :\\:;c'/y/:' '-

, - -  : %  -= -'%f if' -/ ̂ ' v,::;'.. - - ^ \  ̂ : .;■'

The armature teminal voltages may be transformed from 

trigometric form to vector form. Writing Equation (4.11) in 

exponential notation ■ ''a-;..'' ■■■. '/ •/.„ ■ . ■■ ,



(4e 13)
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A  = 0 “■ or « Angle by which E. leads E

' 0  O - . ; J ' . 2. S

ieh 1„ leads E.:-X

■ : The' vector . form ■ of a of: the amâ tire-; terminal voltage is

: <4<

•: , The '.aiechanical power input to a group of inductively coupled
electfic'cltcmtS' -la ■■written'as’ . ■> vv v-:- '/'Ki '

m 2
- 2  '

■V V, dL,
1 dtt llX2 dt 0 0 0 0 ilXn dfc

dl. - dl>n
.  » __32 " , .  Y  2 : - : d L 22- t  : v . . .  ■■■■■■ . w

2 1 dt:-/”*” 2 ; dt:
' .t - d l , ^ ' . ' dL,- ■ ’2

a - '/ dt .

(4 c

synchronous, generator' may. he; 'found;
. "-The mechanical power input to . the, . generalized'-machine- 

Operating as--a two^pha 
this equationo ':

x
*«■

h 2-- & a / i : 3  dt

/4* 1. :lp"' % f
a "‘■f ; dt ■■' ’ '̂ b “£

(4,17)

: 'phly-:aEtual';ter®S Willihe present as the generalized ’machine' :...
has a uniform air-gap making:, all sel£»induetanees constant«' As 

deyeloped in %uation. ■'(4.o.4jig the .mutual .'induotance terms''' are’ ■'



■ ■ ' . 22

' Laf 88 Lm eOS (fa)£ + V  '

siia t̂ofc ̂  ^  (4*18)

From Equation (4»7)g the currents are

ia * |2"|xa| sin (»t + 00 + p )

iK = ** IT II I cos (tot *5* a. ■■*{•■ £ ) (4* 19)P v I B1 O p

Substitution o£'Equations (4=. 18) and (4*19) in Equation (4* 17) 

gives

VFto | Ia | sin (tot aQ 4- ^ )  sin (tot 4- aQ)

= ^2 to L Iw III cos (tot -fr (X 4- § ) cos (tot •§*<?)
IB X 1 31 O p O

" 1„ 1f ]i.l “ s - ■’0 + V

p„ = 1r  “ K h  “ s ® t) (4.20

Equation (4*20) represents the mechanical power converted 

to electric power per phase by the generator#
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4.3 EQUIVALENT CIRCUIT 

The balanced steady-state performance of a synchronous machine 

may be analyzed from the phasor equation for phase voltage. For 

either phase, 

(4.21) 

Fig. 4.3 

Phasor Diagram 

E. is defined as the synchronous internal voltage. It is the 
4 I 

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

related to the field current as developed in section 4.2. 

E. = wL If/;2: 
4 m (4.22) 

Physically E. can be realized as the open-circuit terminal 
4 

voltage. A curve of the open-circuit terminal voltage as a function 

of the field excitation for the generalized machine operating at 

synchronous speed, is shown by the -curve labeled occ in Fig. 4.4. 
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This curve is commonly called the open-circuit characteristic. It 

is seen from the occ that the relationship between the internal 

voltage and the field excitation is linear for low values of 

excitation but as the field current increases, the magnetic circuit 

becomes saturated and the curve becomes nonlinear. Although 

synchronous machines are generally operated in a slightly saturated 

condition the effect of saturation will be neglected for the present 

and the results modified later. 

Equation (4.21) suggests that an equivalent circuit composed 

of a resistance and an inductance may be used to represent the 

steady-state behavior of the generalized machine. The term wL is a 

+ 
t 
E~ 

t 
Fig. 4.5 

Equivalent Circuit 

+ 
t 
£~ 

~ 

defined as the synchronous reactance Xd. Together with the armature 

resistance R , it is used to account for the difference between the 
a 

internal voltage that is developed by the field current and the voltage 

actually appearing at the armature terminals. 

The armature resistance accounts for the voltage drop caused by 

the armature current and the resistance of the armature winding. The 



significance of the synchronous reactance is best explained by 

determining why the internal and terminal voltage should differ 

and then using the synchronous reactance to represent these effects. 

The resultant air-gap flux can be considered as the sum of 

component fluxes produced by the field current and by the armature 

current. The effect of the armature current on the field .flux can 

be represented by a part of the synchronous reactance called the 

reactance of armature reaction, X • a 

The remainder of the synchronous reactance is used to account 

for the slot-leakage flux, coil-end-leakage flux, and harmonic 

. 1 
fluxes. It is called the leakage reactance x

1
• 

The equivalent circuit may now be drawn as, 

+ + 
t t 
E;_ 

t 
£" 

~ 
Fig. 4.6 

Equivalent Circuit 
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The short-circuit characteristic of the machine was obtained by 

1A. E. Fitzgerald and c. Kingsley, Jr., Electric Machinery, 
McGraw-Hill Book Co., 1952, p. 202 



short circuiting the armature terminals and measuring the armature 

.curr@at.;.for different values of field excitation. The short»cireuit 

characteristic is linear since the machine operates in an un

saturated condition for well above rated armature current. See 

^igure;4o4. :;:' :■1 ;\vv: ' 1 - ; : ' ' . ' :
The synchronous reactance can be calculated from 

This relationship was developed in section 4=2 in the flux-linkage 

derivation. Using the given value of 0.46 henries for the 

synehfonous reactance is calculated to be 172 ohms or 0.552 per-unit. 

All per-unit values are computed using 169 VA and 230 volt bases.

The unsaturated synchronous reaetance can be found from the 

open-circuit and short-circuit characteristics.

For the short-Glfeuit condition, , v'':' ■  / ■ '. ■ .

:Ei '■-I. >  3 xd) (4'23)

Since R has a value of 2.8 ohms or 0.009 per-unit, it can bea ' .. ' - .
neglected and

: . (4.24)
Using the same value of field current, I is read from the

' • v : a  v .  • . ■
short-circuit characteristic and E. from the open^cireuit 

characteristic. The unsaturated syttehronous reactance.of the 

generalized machine is computed to be 172 ohms or 0.55 per-uhit.

The leakage-reac tancC can be approximated using the Botier 

triangle method. The Botier triangle for the generalized machine
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is d r a w  inFig 0 4=4 using the method described by March and Grary.

; i£ -;ttie;'open-'eircuit /ehatacteicisfeie-. were an exact relation 

between the air-gap voltage and the resultant mm£ under ipad. the , . 

Vyertical leg o£ the triangle* ' abj, would be 'the leakage-reactance - 

voltage drop and the horizontal leg be would equal the armature- 

reaetion mpfo For a norisalient-pole machine this relation is a 

good approximation and the Fotier reactance equals the leakage 

reactances" - - \ ■■

The leakage reactance of the generalized machine is calculated 

to be 7o5 ohms or Go024 per-unito The unsaturated reactance of 

armature-reaction is then 164=5 ohms or 0=526 per-unit«

The unsaturated synchronous reactance may be modified to take 

into account the effect,of saturation= Following the method developed .

by Kingsley* a saturation factor* K ® 1=144* is calculated for the

generalized machine. The paths of the leakage fluxes are mainly in 

air and are thus assumed Independent of saturation. The saturation 

factor is therefore applied only to the reactance of armature-reaction. 

The modified reactance. of armature-reaction is 143=7 ohms or 0=459:'v 

per-unit* Adding the leakage reactance* the synchronous reactance is 

150=2 ohms or 0=430 per-unifi , . . .. .

2 ' . ' ' ' \ ■ '.
L= A= March and So B= Grary* “Armature Leakage Reactance of

Synchronous Machines", AIBE Transc V o l o  54* April 1935* pp 378-381

Go Kingsley* Jr=* “Saturated Synchronous Reactance"*
AXES Transo= Vol= 54* March 1935* pp 300-304
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: • TBANSIENT PERFORMABGE .

The transient state of a machine may be defitted as the 

. transition from one sfceady sfcate, to another0 For a synchronous 

machine the transient state will occur whenever the terminal 

conditions or the speed suddenly ehangeo The transient behavior 

of the generalized machine will be analyzed for balanced faults= 

Unbalanced faults will be studied in Chapter 60 

5.-1 MAGHXHE EQUATIONS - ■■ V-%v'' '' 3

Eqnatiohs describing; the .performanee5 of 'the generalized' ■

,. machine.operating'as a synchronous generator will be written 

fora balanced two-phase short circuit. These equations will be 

developed by neglecting the effect of resistance and applying the 

law of constant flux linkages«

The theorem of constant flux linkages states; "In ah 

inductive circuit of negligible resistance which is closed on 

' itselfj, with no external voltages in the circuity the total flux 

1. linkages^must -icemain constant".-.; , .

For the generalized machine operating under balanced 

steady-state conditions^ the flux linkages prior to short-circuit 

are. ... - ' . ■ . - ''

■̂Ro Eo Doherty "A Simplified Method of Analysing Short-Circuit 
Problems". Trans. AIEE, Vol@ 42, 1923. p #49

> r ; : :
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Xfo, = if' tfo? '■m -iao>08 fo. '* Lm ‘’bo 6i8 "o: • :,.: "<5"»

:1''- ’®.:\pi^ae,;’a ■aafim£iBre'''biiS,vEdii.tf''bef6i;#-v8hdsrt*ciKctti£'''' '  ̂ '
a o :  . : -V;. V . .. ' '  '  ., . ■■• ■ . ■ . •■'■•■ ■ , :. ‘  • :■ , .. ;• . . . , .

• L  ■ '^V'Plxase b szxmtuze cuxzanfc 'be£o±,e Short”eii'euitdo v ■ ;•: • ■ >■ . , ' • • .•,.-■; .
i  -  ” ^  F i e l d  e u E r e n b  b e f o r e  . s h o r f c - e i r G U i f c  ’ - %• -^  - • \
fo . :;vV : v v : \ ; • -

'eosEtant: f it®,:? to

h  s * \ it B i n '<«*+v  • \ i  ■ -  (5”b

i-£ ‘f 4,:Lm  ‘a 808 ^  +  b9) +.L0 ib ste (Mt + ' Xfo

The' armature and field'currents are solved from Equations ' ' • 

"by determinants ' ' ■ ' ’ ■ ■ ' ' .

a:" ” •■; A  ;

' ’V ' ' .. ..T>' k- 
' ' ";.:0 ■ 

• £ , : ' “ ■ e
“f  -, ’' A

Da ■ \ =  <LdL£ * I  Lm> + X4o V m  008 <Bt'+ T.o

: + 2  ^bo 2 <•* +  6o>: * 2 Xao Lm cos 2 <UE +  V
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°b “ \ o  (Ld Lf - Z ^  " X£o V m  sln ^  V

: + I  l£ si= 2 <“t *  ao> ' i  \ 0 1m:co8 2 <uC t  «.»•

Df = Xfo Xao ^ - = ' ? 8 ^ "

" \ o  V m  " a  ("t + (5.4)

The eransimt: I n d u e > trmsient seaetance and 

■transient Tntemai:: vdlfeage' 1 »., a m  -defined-; as ■ : ■ ' : . ■■ / 'v. ;'

■ ■: '.i' ■'■ ■

The physical significance of these equatipns will be discussed in 

section (5,2)* . ■ /v ' .. ■ ■ ’;
Substitution of Equations (5,2), (5o4)# and (5=5) in Equation (5,3)

/gives':'' y v .  " ! :'■",'■ : . ■ . • •

^  - 4  î v  ^  — o +
/ :  v : x . )  ■ : w v  v . .

^ao. ■ ' 2 Xd's. ' / ' “ V ^  C ' cos ,:<wt ^  do)
'Jf- ' ' (xd« -  x.) '■. ' ’ .
— .% -lyir—  <cos <2 "c +',)

, ■ 2V
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V T sin 0 Hh i»e . bb/-';- 2 Xd '

■;V : ‘- '-"y""*"":. Sin (ut + a )
' Xd • ; V  / °

^  , < v - v  .I? ■2 i Xd» X d sin

2 V  .

i ^  sin 2 {Wt -F 0o) - ibo eos 2 (u)t + 0Q)

eOS ao + H o  sin %

_ Xd8 :• :.v
V  - xd

v .

eos («t -K aQ)

sin (wt
(5.6)

Sien the short-cireuit oeeurs from no load, i _ and i. ate zero•■ - - - :! ' " ■ ■ : a o . bo , •■::.
and the current equations reduee to ,

%

-VF

xd8 +  ^d
& 8 %  :

“  xd
% - xd

xd" ^:xd
xd

COS 0 % 'COS (ojt 0 )

cos (2wt -b Oq)

:$i
X, i sin -(tot 4- 0o) .

§ i  ___
'■2. .,*1 X ^  Xd sin ■■(5.7)

•.v.’-X.' ::;V : • ■■.■"V
if = ?  ■i£ol : “ ^  ifo coswt
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:lb,fn the, ̂ esistatiee of the madiags is included;, ■ the £lux ■ . v; 
linkages of the ’atmatuEe and field mllhotremain const ante The 
fate of change of these flux linkages is given by Equation (^alO)^ 
.'modified for. the . short«-cirettit'' eonditipn@o

dt :} 

d K

■# ' ¥v ; .. . ef:r Rf if. . :V./

', The currents:of Equation (506) and. (5=7) are still good 

approximations for the currents at the instant.of short-circuit 

since the flux linkages of any closed inductive circuit cannot change 

instantaneously= Equation (5«8) may be :witten as '.. ;

. : ; . ■ v
:Xa2 - > a l  “ | ‘a dt

" : ' . ■’ . . . . ■ ... S' *1.'.

h  h dt% 2  r *bl

X £2 '” X £1 Rf a f^

(5,9)



From Equation (5*9).j. the. change in flux linkages;' muet approach 

zero as- the time interval tg. » t^ approaches- zero0

The cut rents resulting from a tHO-phase short-circuit'Mil ■ 

he transient^ having an initial value given by Equations. (5=6). .and 

(5o7) and a steady-state value which can he found from Equation 

C401 1 ) J ' : ::V v- h J ' i i - -4

Development of .- transient equations for the generalised -machine 

is facilitated if the armature currents ate expressed in terms of 

their direet-axis and quadrature-a^is .components<.• The direct-axis

current i . is the compoaent ' of 'armature current that leads the-- -'X -/-O'-' '' ' \ ''
internal voltage B. by 90 degrees0 The quadrature-axis current i_
■ . ■ ■  ‘ ; ■■ ■' : , . 9 is the component of armature current in phase with the - internal

voltage. E. b For the generalised machine-, they are defined as .

: , #  c-t: i,, Sine) . . .

1 s 1 (i^ sin a - i, cos' #  :-S-. 3 . - ... b .,
(5-10)

The direet-axiSj, quadrature-axiss and field flux linkages of 

the generalised machine may be written as ' .



■ V. vfhe mutual inductance between fche direct-axis and the field 

winding will be reciprocal, 1C, L i, if K is equal to one»
; ■ •' m d ' m '://y - y / ;  ^

For simplicityy K. will alsb be given the value one," ' ' \ , 9 \ : ' ‘ ■ ’ . - .; . ; .

/''' The armature currents and armature flux linkages may b e V v  

written in terms of the direct-akis and quadrature-axis components0

. ' a ■ d ; ■ ' q ; . . ' , - : .

: ' ' ‘b * *-d cos o . (5-12)

; ‘ ^  sln 0 " Hi °: +  H ,  1 £ sln ^ '

V  v'-.:// ; : // ' ' \

for a balanced two-phase short-circuit from no-load, 

substitution of Equation (507) in Equation (5„10) gives •' - ■

"  r:mij = V2 : ~ ~ f  (cos wt - ;1)

' ' , : : . - ' ' ' ' ' V
' ~ ^  : , (5bl3)

The change in the flu% linkages of the windings in the time 

interval t^ - t^, is given by Equation (5o9)° If the interval 

chosen is an integer nusnber of cycles, the-'ac components of the



currents / haWe no net .effect.-on .the flust linkages as the integral

of a periodic function over one cycle is zeroQ if the time interval 

eontaips a fraetioh of a cycle, the ae component can still be heglected 

as its effect chnno.t lhcrease progressively and would remain small6 

With tthis.:' approximafcion, the ae, components of tlie flux linkages must 

be zero at the instant of shoKt-=eireuit and remain sog The'flux - 

linkages of the windings then consist only of a de. term A i e h  de

creases at a rate directly proportional to the,de component of 

.. current' and' the resistance of the mnding;0; ' •The '-J E losses produced 

by the alternating components .affect- the flux linkages but will be 

negleetedo , . - . ; -
for a balanced' two-phase short-circuit:, the transient equations 

Vfor the .generalized' machine ;written a s : : :V , .

:if ^ if C4c) .-t i£ (e) cos tot ,<

"̂ d Cdc) >8-.via (e) ' cos tot t (5*14)

'''i' = ix (s)'sin Wt - : '/ •' .i; ■-" \ ■ ' -
- ■ -:q 9 - , ' t '  : v/'': . - ■ '

If, the maehlne were operating at no load prior to the short- 

cirenito the initial values of the components are found from



The transient currents,, Equation (5e 14)9 are substituted in 

the expressions for the flux linkages of the field and armature 

windings, Equation (5012), giving

%  IfXf ”  Lf ( W  ^ ^d + -

Xa " 2 lLd %  <dc> +  Ld iq (s) 4  ££ (c)

+ l» id SOS tot
(5.16)

cos a

-d id +  Lm  if Cde)

:Ld ^  <e) “ Ld \

C O S  ( t o t  4> f f o )

COS ( 2 tot 4- £T )

Using the approximate procedure developed, the de components of the 

flux linkages are substituted in Equation (5c8) to account for the 

change in flux linkages, and the ac components are simply equated 

to zeroc The resulting relationships are



38
d i- (de) d 1, (dc)

L ,  -4r-----  .+ L   &   = e£ - Rf if (dc)J£ dt m dt

d i. (dc) d i (S) d i (c)
& ---  + l4 — dE--- + I'm — dE----

h  if <c> + Lm id (c) 88 0

Ld id + Lm i£ = 0

Ld ^  (C> - Ld iq <S> +  if (*) (5.17)

Solving for the transient current components from Equation (5=17) 

and using the initial conditions of Equation (5.15)

if (de) - i£o

^  (dc) = = V F  Ei

Xd’ " Xd

Kd°

Sd Rf

L Rd' Lf J

ia (c)

if (c) d

1 xd{' - xd . _ r xd Rf
-

xd V  xd « L v L f J
fe

t€
-  2 Xd8 xd —

' “ Xd <xd ' + xd5
V € 2xd' xd

t

/ i  e.
1 <s (Xd“ + V

2Xd5 Xd
(5.18)



•Che ditect-axis transient time constant and the armature

time constant T are defined as' a

" ' r , V Ltd X , R,d £

T %  *d

The transient currents of the armature windings and the 

transient current of the field winding are found by substitution 

of Equations (5=18) and (5=19) in Equations (So 14) and (5*12)

i . = - Vi E. r : V  i

l l ®
L % r x d J - V ;

cos (cat *t* to)

V§"
2 Si

Ej.

+ E.6 %

= i«o

V + ^ d s
sd d "

xd vb 1' 8 i % '*.:'Td̂ . V j
: .I ■ ̂ .r v ,
Xd Xd»

' V  + xd „ 1" £ 1
Kd. y  1" Vl:
% ;; r £ 1 «

L ̂ 8 % s [m. ' >a ̂
V:"-:V,;: x r t 7)
? : V , ® L Td5 J "

cos ao

cos

T ® a -]

+ <Io)

sin (wt -$■ oo)

sin 0

-B-]cos wt> (5*20)

The above equations describe the transient performance of the 

generalized machine operating,,, as a synchronous generator when sub-

bo a balanced two-phase fault from no load* Similar equations,



could be derived for a short-circuit x-jheh the machine has a loado 

In the preceding derivation it has been assumed that the speed and 

the voltage applied to the field circuit remained constante

For steady-state conditions, Equation (5=20) reduces to
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5,2 PHYSICAL RELATIONSHIPS ;/■■r , - v ;

, The currents of Equation (5o20) inatheBatlcally describe the 

transient: perfomance of the generalized machine for a balaneed two- 

phase • short-c.ircnit from no loads These equations heeome more 

significant if their components are explained physicallyo The 

effect of resistance is neglected and the law of constant flux 

linkages 'applied*', : : y : , <

At the instant of short-circuit the armature mm£ attempts to 

drive a demagnetizing fluk into the field circuits To keep the 

field flux linkages constant the field current must increase@ The 

fundamental armature current also incfeases sirice there is always 

a constant of proportionality between, the fundamental armature 

current and the unidirectional .field,current* .''

Before: the shorf-circuif occurs, the field flux linkages 

are constant but the armature flux linkages vary as the field 

rotates» At the ihstant of short-circuit the flux linkages trapped 

, in each-armature winding are-dependent upon the angular position 

' of‘•the'rotor o ; In: order to keep the armature flux linkages constant 

the initial armature current of each phase must have a uni

directional component whose magnitude depends- on the armature flux 

linkages of that phase= The unidirectional curreht in the armature 

m i l  produce a fuadamental current in the field winding. Which in 

turn produces a second-harmonic in the armature windings Each



armature winding produces a third-harmonic in the field winding 

' hu& they :are of opposite^' phase-^d 'canceio:':. -:y 7' \

5*3 ' XRAHSlEM? GONSTABITS ^ \  " ;

The transient performance of the unloaded generalized ma

chine for a balanced two-phase short-circuit may he characterized 

by two reactances - the synchronous reactance and the transient 

.reactance and by two time constants- the direet-axis

transient time constant/T,l! and the armature time constanfc T^o -:  ̂■: v  -V.;" d . v ; ';'V' 8' ■; . '
; The measured parameters of the generalized machine

' 'are/ ; ■ \ / ’ - ' : -v v;  ̂\ : '
B. - 2o8 ohms - Resistance of armature mnding

■ ^ ■ - 1. x:'//. -
.1- s 0o46 ohms s= Resistance d£ field winding

» 0=459 henries - Self-inductance of armature winding

r . .. L,:« Qo0662; henries^ = Self-inductance d| field winding

' z ■; ;■ .» :0ti 172 henries “j Mutual. inductance between .armature '

winding and field winding ■ >

Using these parameters ̂ the reactances and time constants of

the generalized machine may be calculated from Equations (5=5) and

(5019)0 Base quantities for the per unit values are 169 volt-amperes

and 230 voltso _



The synchronous reactance determines the steady-state

short*circuit current while the transient reactance X," is so
■ : ■ : . . d : . 

defined that it determines the initial value of fundamental

armature current* The initial value of this eomponeht therefore

differs from its steady-state value by the ratio X^* / X^o The

initial unidirectional component in the field winding will also

differ from its steady-state value by this ratio» The t w

components m i l  decrease from their initial values to their

steady-state values by an exponential curve having the time

constant T^*, ' / ; ■ '

The remaining components of the field and armature winding 

will have initial components that are a function of both X^e and 

X ,/ and that decrease to zero by an exponential curve having the 

time constant Tfl0 r",/; '.- ." ' .
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5.4 EXPERIMENTAL STUDY ' :;; / :

A Hathaway Type S 14-E Oscillograph was used to record the 

transient behavior of the generalized machine. The field current. . 

a-phase armature current, b-phase armature current, and b-phase 

armature voltage, were" f eeorded.: for - ‘a; Mlaheed' .txao-phase short 

circuit from no load. See Figure (5.I).

The general validity of the transient reactance X^e, the 

direCt-axis transient time constant T^9, and the armature time 

constant T ; may be verified from this recording. It is difficult 

to accurately determine these constants from the recording due to. 

the high harmonic contento It would be necessary to isolate the 

unidirectional and fundamental components of the field and armature 

currents. - ; : , . - ,v; :: .■■■ ’' ' ■■ ■ ;_ .V:..

The steady-state, short-circuit armature current contains 

a fifth^hafmohic eomponenf. This fifth-harmonic is not visible 

in the steady-state, opeh-circuit voltage so the short-circuit 

in^edance of the machine for the fifth-harmonic component of 

current is probably very loWo A fourth-harmonic component of field 

.current,is associated:.,with the £i£th=>haraonie component of 

armature current. / ; " > ' / :  ■; y :

' " - - 1 ' . ■ , , ' *S. Hs Wright, ’’Determination of Machine Constants by Test",
AIEE Transa« Vol. 50, December, 1931, pp 1331-1351=



3.06 a/mm

a
0.^0 a/mm

e b
23.2 v/mm

0.^9 a/mm

Fig, 5.1 - Two-phase Short-circuit Vn



Shapfcer 6 

UNBALANCED CONDITIONS

6.1 m m i N E  EQUATIONS \ :

The transient and steady-state behavior of the generalized 

machine is analyzed for an unbalanced single-phase fault from no 

loado Equations descrihihg the performance of the machine are 

based on the procedure developed in chapter 5» Initially all 

resistance is neglected and;the law of constant flux linkages is 

applied to Obtain the currents at the instant of short circuito 

The effect of resistance is then included and the transient 

behavior of the currents found. .

Applying the law of constant .flux linkages when phase a is 

short-circuited

Ld + Lm h  cos 0 " Lm  h o  coa %

. Lf h  * Lm > a  " h  h o  h  (6a)

Solving for the armature current i^ from Equation (6,1)

■  ̂ i; . , V h .o <1°°. : (6,2>

h' . (’-d " 1 7  : . '

Using the definitions of transient reactance and internal

voltage g . - v
2 (ooe g6 - °os 0) (6.3)

(xa' + h ’ (xi' - xd> =°s 2 <  v



Define the negative sequence reactance Xg and the constant b as

J(173) . (4=9) ~ 29 = 1 ohms == sGDS pu

b := " °-n ?  :
(6.4)

This definition is commonly used for the impedance offered hy a 

synchronous machine to the flow of negative sequence current 

during an Unbalanced fault.

Expanding Equation (6.3) as a Fourier series using the 

definitions of Equation (6.4)

E.
' a ■ cos o .+

n«= oo

n f= 1
bn cos (2n 4- 1) a

: (6.5)

From Equations (6.1) and (6.5) the field current may be

Written as

b cos 2n o

oo
2 cos o cos a 4-



Equations (6 <= 5) and (6 ® 6) give the phase a armature current 

and field current at the instant of short circuit. The phase h 

armature current will of course be zero.

As in section (4,1), the effect of resistance is taken into 

account by assuming that the unidirectional component of flux 

linkages of each winding decreases at a rate determined by the 

unidirectional component of current and the winding resistance. 

The alternating component of flux linkages is assumed zero. With 

: 'these: -assumptions : ai 1 ■ the harmonic terms of the same series have 

the same time constant®

The armature current and field current are found to.be
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, m  ; ■ ■; ;

1... I/' 1 l *}* fa
%  + X2 [ V  t .*2 :  Xd + X2 fa

-*

n « v 00"
bn cos 2n a

H 4:1

2 cos co
JLT

cos a

n  « ,  g o

bn cos (2n *k 1) o
n » 1

(6,7)

w h e r e  t h e  d i r e c t - a x i s  t r a n s i e n t  t i m e  c o n s f c a n t  a n d  t h e  a r m a t u r e  

t i m e  c o n s t a n t  T &  a r e  g i v e n  b y

X„
T == a wR * 0,028 sec.

:v.v,e,.. <xar + x ) l
T / ' 024 see,• '«' v . . £d. + X2) Rf
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For steady-state the currents reduce to 

2 E
l« = " C

n = oo
cos g 4- h® cos (2n-b 1) o

n v es . 1 .

x _ V «- ' n=_oo
-h ;r-— ^  • i£; : bn cos 2n a£ £o xd t X2 fo b

n = 1 (6.9)

6.2 PHYSICAL RELATIONSHIPS '

At the instant of short-eireuit both the armature and field 

currents contain a unidirectiohai component# a fundamental component^ 

and both even and odd haimonies. The odd harmonics in the armature, 

and the unidirectional component and even harmonics in the field 

decrease exponentially with the time constant , For both the 

armature and field currents; the ratio of the initial values to the 

steady-state values is given by (X^ -S- X^) / (X^f 4- . The even

harmonics in the. armature and the odd harmonies in the field decrease 

to zero exponentially tsith the time constant T_.

The relative magnitude of the harmonics, in the steady-state 

currents of Equation (6.9) are
2 V2" E.

i m - (cos wt 4- .712 cos 3 wt -ta K, -$* X_ ^
,507 cos 5 wt o o o o o o o o o

1, i_ (I + 1.358 cos 2 wt +  .996 cos 4 wt -t ....)



Figtire (6ol) shows an oscillograph recording made for a 

single-phase short-circuit oh a-phase«. The field current, armature 

currents and b-phase armature voltage are recorded,

Frdm Figure (6ol) the ratio of the first peak to the 

steady-state peak is measured as 5:6 2>:. This gives a low approxima- 

tion for the ratio between the initial current and the steady-state 

current. This ratio may be calculated from the expression 

(Xy + Xg) / (X^v + Xg) nsing the measured values of inductance. The 

ratio is ctHnputed to be 5,9, Miieh shows that the reactances are of 

the proper order of magnitude, .



ir 
3.06 a/mm 

Fig. 6.1 - Single-phase Short-circuit 



smflteKsr ©F res ults a s d coSuiidHS

The constants which describe the performance of the generalized 

machine are given in Table 1* These constants were calculated front 

measured values of inductance and resistance. Included for com

parison purposes are the constants of a conventional synchronous 

generator. Reactances are given in per unit values which are 

based on their corresponding machine» ..

Table 1 - Machine Constants

Generalized Machine Conventional Machine

3̂ , .7 : 0,552'  ̂ 0,95-1,45
.7 : ; o,si6 / ; ; 0,12 - oyzi '; ,

0,093 ' . 0-07 - 0,14 ■2 . ‘ ■ ■ , ■ .

y : :--7 \ 0,6 r 7 V 7

' ' _:T.'v/7' ;'V- 0,009 • , .7: ■. ■ 0,04 - 0,24 ; .v. ' '.a ■ : v - \ : ■■ \ ; :■
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; ■ - The armature ̂ of the' generalized machine i s:' rated at '■ 230 volts ■ ■

and 3=6 amperes or 828 volt-amperes0 The maximum current rating of 

the field winding, 8 amperes^ prevents the machine from obtaining 

this VA ratingo . t«Jhen the internal voltage B> and the field current 

are set at their maximum rated values of 230 volts and 8 amperes 

respectively, the armature current is.lo0 ampere(unity power-factor) 

as compared with its rated value of 3o6 amperes0 At 0?85 power-, 

factor lagging, (the ?A'rating of synchronous generators are 

commhty expressed at 0o85 p= fo lagging) the armature current is 

10e73S'an^eresvihich-gives;, a rating, d£".16S:. volt*!tamperes:o;'' ' ■

: The .'low per unit value of synchronous reactance results from 

the utilization of only a fraction of the current rating of the 

armature a The synchronous reactance could be raised to loO p<,u» if 

the maximum rating of the field current could be increased=

The low per unit value of transient reactance, in relation to 

the synchronous reactance, is a consequence of the high coefficient 

pf coupling between the field and armature circuits« The coefficient 

of coupling R for the generalized machine is

, ' . - Y d f
B%ressing the trahsienf reactance in terms of the synchronous

reactance Xg and the coefficient of coupling K

;= i d ' (1 - R) ; . ' '■ ■■. (7b2)'
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As the coefficient of coupling approaches unity the transient 

reactance and the leakage reactance converge and approach zero>

The value q£ the leakage reactance is computed, in section (40 3) to 

be 0=024 po. u= as compared with a value of 0=016 p= u» for the 

transient reacCanceo .

The transient reactance,; as computed from the inductance '

measurements, is not precise since the difference, of two nearly 

egual quantities is ta.ken= Ah error in the third significant 

figure of the inductance Would produce a corresponding error in the 

second significant figure of the transient reactance= From the 

... oscillograph recordings and the value of leakage reactance, it may 

be concluded that ^ i l e  not.precise, the stated value of transient 

reactance is of the proper order of magnitude=

The direcf^axis time .constant T^1 is usually several times 

larger than the armature time constant T^ for conventionai synchronous 

generatorso The fundamental Gomponent of field current thus decays 

more (rapidly (than' the unidirectional component and no :reversal -Of , the 

field, current results = For the generalized machine under investiga-\ . 

tion, the direct-axis time constant is less than half of the 

armature time constanto Equation (5=20) indicates that a reversal 

of the field current will occur for time constants of this 

magnitude= The value at the end of one cycle is computed to be

4 =  i£o 1  4 -  ~  , — T -  : ( 1  =  C O S

C' 'd
= r3>5 i£o (7=3)

- o ' - ;. • ■ . ■ -. • - . ■" ,.. ■ . . .Transmission and Distribution Reference Book, Meetinghouse 
Electric Gofporatiott, 4th Id=,; 1950, p 154



This is verified by the oseillograph recording o£ Figure (Sol) 

which shows a value at the end of one cycle of

' - : . From Equation (Aol2) it is. seen. that the flux produced - 

, by the field imaf is nearly sinusoidal« The oscillograph recordings 

show that the resulting open-circuit armature voltage is also 

: practically sinusoidal„ The steady-state armature current for a

two-phase short-circuit contains a fifth-harmonic component which 

i indicates that the impedance of the machine to the fifth-harmonic 

component of current is low0

In conclusion, the transient and steady-state performance of 
the generalized machine operating as a synchronous generator under 

balanced and unbalanced conditions, may he effectively analyzed from 

the constants given in Table X o  These constants are not typical of 

those for a conventional synchronous generator.
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• ' - . ■ iZBto f L M  per pole ' • ' : ■ ■ ■ -V .. .

; ' .The' flux density produced by the field circuit df the : 

generalised/machine may be represented as a function of 

angular displadeinent by' the. Fourier series . _■ \

; ; cos : r # t ' 4  a ) , : (A91>

%here^, \ ' -.. V,:' - ; ' Z - ■ Z • ■ . • ■ .ZZz:'-
:: S^ Maximu&t flux density, at the center of each pole : z Z

•r s- Order of the harmohid (dhlyzoddzh present, . •’ Z-' .1

q̂ . .gs Mumber of field soils per pole . ■ . ..Z.-Z
Z # GorreGtioh iaotor for ::rotoi? slots ; "':■ ■■"• ' ' ■ : ■ ■

: . It Is.'assumed fhaf the machine is operating in an un- ; 

saturated".eondition' so- that the iron has infinite permeability 

and all the .mnf is:, eonsisned in forcing the. flux through the 

air^gapo ■ The maximum flux density is then given by ' -
: zzrr. z % a  .. ' . . '■ - ' • ■ •. . ' '
' : ;fia-"Zz'^gi- ■ : . zz-z. '■ Z ' .. ' ■ ■ ; . .

' ;"' ■ Wo ,Ao l e w i S g  T h e  P r i n c i p l e s  o f  S y n c h r o n o u s  M a c h i n e s ,  
2 n d 0 ..Edo, .'Edward; BrotherSj, i n e o 5 1 9 5 4 5 -p. 5 # 1 6  . z  ;; ; .
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:ij-0 “ Pemeabil3.£y o£ sat.. . . ;c.' ' ^ ;v\ .. . \v;:,:; v -

■ • :■ >:.v' W«*:. .**' ami produced, by field ,
g1 '** Effective • length o# air-gap ■ ••

' • The maximum mmf produced, by the field is^ ■’ . ' .....

' ■ - ■ T S -

:*ere •• . ' , "  -
% • *,..MUna>er -of- rotor inductors' • . ■ ' . V

■ ':v p'./ e' Humber of poles / v ^ ' ' ; : / . ' -1
•: =3 Humber of parallel .paths in field circuit I , r-

. ;'ltV=:«el4'6U^ene;:. V x; ^  .. 'x: x .xv".: ’ '\ x x ' : .
'"At ■ rated field current>. Ig - 8 amperes> - .560 ampere-turns

■ pet poleo. - ' ■ t x; ; ■ - _ ... - . - ’; -■ '
v. : ' The ,flux density, is; affected by, armature'curvature^., stator 

slots,*, rotor slots *; and end -fringinge - These effects may. be taken .

into account by modifying the air-gap length0.  ̂x vy'
,:.. • ■ ; :x • ; ' . x ■' • ' v " ' '■■■. ■: ■' ' ■ ■ •. ■'. v- : 1= Correction for armature curvature ■ .•

W : y ( k ' & ¥ '  ^ > '

. . v ;v; A »' E,o Fitzgerald i and. Co iCingglev, J r 0 y  Electric Machinery, ._ .
McOram-Hill Book ,Coô  Inco^-1.952? p 1^8 ' •' ' ■/" ’v;;

Ifo Ao . Lextfs i'The; Principles of Synchronous Machines, '
• ■2nd Edo; Edward Brothers^ Ineo s 1954; p 5o8 .. 1 y .



Miere .;;; v; '' ' - / , ' • . ; ' ' '
/ d /.Diamefcer of armature surface ■ '
. g ? ' Aetual 'alz?$ap length : : v'

For hhe/gener®li2h4:tohehln6 K  loOlo //'' ; : .

■ 2»:Gorree£i<>n for stator slots"" ■ - ' .

s.

.'•'"■,0 ;,as. Width of stator slot '
£ 'S3--Width of stator tooth '

$ v ssr. Slot.1 eotthetion factor - ■. :■ : ; , ' ,
::Fo,x the generalized machine Ks ^ -I* 13o'

' := ' ■ 1 : .•"- ■ , .. V-:"'1 1 -: % ;/ ' ;: , 3«- Corfection' forrotor' slots-.; '

•■■■ ■ . V; ' 1 + t-. :

s , Width of,-rotor' slot; , ' 1 i:: • ' :

■- ® XiWrOfiot:' tooth / i':':- - ''l
C '■.** Slot correction factor '

• %  &  le#i$^ The Principles ■ of Synchronous Machines, 
2ado Edo , Edward Brothers, Ine0 j 1954>, ■ p 5,10

hê d.Sti -The .;fflnciples of -Synchronous Machines, 
: Indo'- 'M - Ine, j, ;19:54,'>$)v 56 11 ■, - -; -'



For the, generalised machine K ~ lo15c
■ • ' : - . r s'4= eorreotion for end fringing

f
“f : ' 2-+ 'g.

':g.' - Length ©£ rotor 

■g; v® Actual-air^gaf



of; the differential angulaf displaeemen'e’ is

dA,,. . do '

' where

j{ =5 Rotor, length - 

'•p' ~ Humber 'of poles-'

' B' ' -ss . A.iraattire- diameter.

Then

Bi
d - 4* -

• _>=A ' '' '4=2 x 10 eos. 0 ■f v« = . do

.. Integrating . ...

ft '2=92 x 10-S

0 Jr 2

, - .Substitution of - the, limits •,.gives

   ....        ' "S' eos, - (tit f  >0. ) 0=037 ,-eds 3; (wf *' c.

■* 0=008 eos 3 , ̂ wt .4" -.e a o <
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'CA=ii)

? ■ : 

4=12)':?:;''



; , ’ . .' : ;':v 'Appendix B .
. MUTUAL,INDUCTANCE . ..y

An analytical eApression,;ean be developed for the mutual - .•

inductance between the field Aihding and either phase winding - 

of ■the';,dtmatuire0 ', The, mutual; ittduetence-egpd& the linkages of 

the phase mnding eith the field flux, divided by the field 

eurrento ; v : : ' ; v . ' • - V ■: _ ' /

^  (Ba>
viiere , ■ • . . / . : ‘ ' / • . " .i ' ■•V-':'-;-
■ ;V ,• ' Aa #, Atmetufe flux lin%ageA per phase ■

. -1* • n e U m t : • ....
' The;..ematufe; na® A:;£ra©fcidnel"pdteh]$l distributed mnding : " '

■which reduces the,■ effective 'humbef. of turns, ■ The effective' "
number of tuf ns; is, ■ related'' te-ithe. actual turns' by ■ the "pitch. ' :
factor K- and' thedistributiph; . factor; »  These factors may be... ?:', ■

P  . > -■ ■' ' ■1 - ■ ' -: . ' , : ' ■: .... ' - a l : . a - ■calculated using the relationships, . . , . yv: .•■.; ;■ .l:--

. ' - . V  “ @ -2>
„  - c s ,

,. -fie Ai-' Letn..S:ry The Prineiplee' of' Synchronous Machines; 
2ndo Edo',, Edward Brothers* Inc** 1954* pp 6,5 and 6,9
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r :. ..Order o£'-£&©, harmonic . ’

.vs -f'-'eoil pitch;.,; .• ■ ; ■
; . .:<ja ; coils per

The computed, results'for. the :first seven banndhies are.

V 0.820 s 0,955

KP3 0.258, ,'':v :";:i '; ss i. ' 'OeOSS:

V 0.995:(;:v ® « 0,280

V es 0,031

The mutual ihdWtanee is - not? witfett "

' - r s$ os . - ' . ■ - " ■
- . 'H .:.V ■ V  ' •' • .

■:a ; *  : >  KP , ^  ^

', / . \ ^ - 1 .;..
'̂ iiere ; •'.y',;';;.;' v ■ c';: - ..

. H" ~ Armature turns per phase
:' ,-;* - ; ; v : '.

:̂ fr ' ^ ?i©ld flme ' ;• '

Substitution of Bquatibn (A0 i2) result®' in
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