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

a generallzed machmne Whereby the theoretlcal concepts of electro=.

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

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

- of 1959, |

In thls investlgatlon the generallzed machlne is oPereted as a

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

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

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

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

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

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

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

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



field end ermeture w1nd1ngs eferdeveloped end from these’the

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

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

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

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

which. deecrmbe the trenSIent behev1or of the machlneo‘

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

the mechlne oonstantso‘»



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

ticular‘typg'df machine is‘Sacrifiged foxr flexibility. It is
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"‘1mp0531b1e to 1ncorp@vate the optimum de31gn Leatures of all the ,

' _dlfferent types of machlneso mhen the generalized machlne lS '

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

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

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

2.2 ROTOR SE’ﬁGIFIGATIONS

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

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

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



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

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

values are Lor either phaseo.

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




Chapter 3

EXPERIMENTAL ARRANGEMENT R

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

weie avéilabl@o | | o |

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

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

recorded for both phases of the machlne and averagedo

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

two=phase to threemphase Lransformatlono It cans1sts of a main

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

T ,', 9







11

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

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

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

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

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

o induced voltages to be sinuSoidalo,



,éhapter 4
STEADY-STATE PERFORMANCE

4s1  MACHINE RATING -

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

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

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

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

R _1,;?.~



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

The hVA ratxng o£ a synchconous genesator lS commonly .

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

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

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

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

13

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

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

: per-unlt quantluias are then per phaseo

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

',Impedance 31”‘1 ohn&

(zh, b SR
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d- Taa.

Rb | % Resistance of each phase winding

N w"
I e

o
i

‘= Self-inductance of the field winding - -

5o
8

‘ReSiétance’of]theffiéid winding

L %"Mntual inductandegbétwégn phase a and fie1d .

e

Mﬁtuél‘indu@taﬁéeiﬁetﬂeenn§haéé3bﬂgnd field

16

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

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

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

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

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

' Appendix B. From Equation (B.5)

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

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

All"haxmonics can be neglected ,fgivin'g

=

1

BT

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

(4.3)

(o)



.\Where

Mﬁximmm value of‘mutual lnductan@e between fxeld and

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

to phase a 1nLerna1 velcageq Thls is the anole

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

) axls,of'the~zleld;wand1nga

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

*5Aéff.9df3a

o ‘.?»b |

;}f?LfI

iy Tpcos e o) T

'EH

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

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

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

*éoltageéiaze defined as:

e

e

VEJs | n o)

.

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

v - J”“IEbl cos’ (wt + 0 )

e

‘ Then the agmature CUury ents are

i ”d——ll | Sln (wt + a + ﬁ )

B b%’*‘"’ Ilbl cop GEa HR) L @n



V'H'Ebe;e~7

18

"RMS value of armé@ﬁre téxmin§IVVQltagg.‘

,«“ E

lE

'S!’

bl

 RMS values of armatuyre current

.

el

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

it

armatuae current

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

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

#
i

I ni

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

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

g

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

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

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

load. .-

,,,,,,













































































































































