
ccirTs,,L':ilrl[,s,-j]-+_-|{Trl\iG TCR.jtIE CCi{Tliol

OF ;¡'riUl[D RO'l'OP. I]IÐUCIIC]I IúiO,tìC,qS

¡, ¡nL ^ ^.i ^å rl]uÐtÞ

Fresented to
the r,'acult¡r of Gre.ii-uate Stu_Cies

a.nd_ Research

University of t'Íanitoba

In Partial Fulfillment
of th.e Requ-irements for the

Degree i'iaster of Science

in
,jf ectricai Engineering

by

Yuen-T'li:rg Yu

;þril 1966



AtsSTRÉ-CT

The three phase incuction motor is the most ;oopular
one u-sed. i_n industry" Both the speed control and. startine
of poryahase ind-ucti-on rnotors are stíI] erroong the perenniaf
r"esearch topics in electrical_ engineeri_ng.

fn this paper the author Ðr'olloses a nel,r starting
method" for the wound. rotor incuction motor" The rel_evant

empirical eq.uations are d-eveloped." Ti:.e equations are good.

for any Hrou.nd. rotor motor operated. at any desi red starting
torque und-er any appl-ied vol_tage.

Re commen¿ç¿ control circuits in co¡:rectíon ir'ith this
n-evr starting nethod. have been d_esigned_, and- ti:.e autho:: does

antÍcipate t-tre proposed. starting method_ coufd be used,
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V ïhase açrlied- vol-tage , !.u_ "va1u_e/ph_ase ,

f lhase rotor current r F "u-.va1u-e,/phase "

11 tjtator resistance ler phase , p "u " rraLv_e/nha.se .

x.t Stator react:nce rer -c.hase, pou,velue/phase 
"

"] ,aoro" resistance per pirase: F"u-"value/phase"
x, Ì.otor reactance Ðer Þ?rase, Ð.u,value/phase.
o' 'iirlrnJì ann¡lrtn'Fqnna r.ar nl,rooa ñ 1r <¡o"lrr^/*l^--^OC v vvirsqv valfvv l]u! yllaÐV 9 ,ll o Uo V(',IU-U/ iJildÞU o

b, :hunt susceÐtance ¡er -chase, potì."\râlue,/phase"

r irxternal seríes res'ì stance per phase , p "u.val ue/ph-ase ,

x lxternal series reactance oer r:hase, ;o.u-"value,/pnase"

fi.e Externel- para.ll-el resistance pe" phaseE l?.ü,value/phase"
xe l'xternal parallel reactance per phasee p.u.value/phase"

rr .l?-esistance component in,{e, p.11"r-al_u.e,/phase.
.ì?r .Tnrrirrcìan{; resistance of paral. lel conbirrationr Þ.tr"vaIue/pjlase.
-\¡ l ìl¡^".i r,^'l ^.^ +r! lqu-rve I enõ rea-ctance of rarallel cornbination, F.ü "value/p?rase .

R Total equivalent resistance rer phase, p.u""va,Iue/pha-se.

X, îotal eqi-rivalent reectance per ph.ase, p.u_"\ralu_e/phase.

Z Circuit imped-ance per phaser Þ.ü.value,/phase.
Y ü'i rcuit ad-mittance rer nhase , Ð ,u-.velu_e/ohase ,

I fnterna.l electromagnetic torque cerohaser p"u.va]ue/phase"
T 'ia-"-i mrim internal elec-hr"ompc'ne'hi e r;o-noue ner nha*ml_r" *¡¿ uv!frc¿ vlvv v¿ vJ¡Iqbrlç ulv uv! \, su .yut u!:Ç-.*"' ,Ð.u "va1u-e./phLase, 

u''oJ¡Ia8ll-e ul-c roro'ue per Ðflese e

ccE.Ô Fo.;¿c:: f e,ctot: *

I'".T !¡r,^rs¡ de -i.j-r¡ered to the s.i r gap per phase e \ratis/phase,

F Tntern:l- ¡aechanical_ Ðo,,.¡er ler Ðha-se, ;riatts/phase.
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F., ., Co!'per loss of rotor ter phase, r.,'¡atts./phase.
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I " ]Iì.TP.ODUCTTON

tthe three phase ind.uction motor is the most oopul.ar
ô7rê âm'r'l'ìô'^lectrica]- motors" ft is wìrlc'l¡¡ rrq.aô ir¡ indllqtr.v^u! ¿vq¿ lrv uvf Ð 6 ¿ r/ _LÞ ,¡J_LL|çJJ LtÞC(¿ J¿I

rts advantag€s r over other motors, are as foll_ows:
(r) rts convenience in ut¡lizai;i-on of electricar su-Ðpry,
/ n\l¿) rts low initial costu

G) Its ease of control and. maintenance,
(4) Its ri6iclity and- ability to sta_nd- abuse.

There are tr¡-o types of inauction motor¡
ll I Õ,çoø nnj-r\ +./ vqL-v - - .JP 9

(2) r..,/ound. rotor,
From the operati-on poínt of view, the main difference

betv¡een ùhe v,rounc rotor and. the cage rotor ís that the íormer
can be regulated_ in torque but the latter camlor "

The d"eep bar and. d-ouble squimel cage rotor can offer
a goâd starti-ng characteristic as shown ín Fign 1" l{oinreveru

the ì','ou-nd. rotor h.as an ad-va.ntage as stated. by G"Ji/"Ijeumat*ro,
r'.I,'"¡ound.-rotor motors are also appl-ied. to large d.rives e sometimes

because it is desi-ra.ble to control the starting torque u sometimes

to red-uce starting cu.rrent peaks to a val_ue wnich can be to] erated
by the pov,rer system"'l

since tire torou-e of the v¡ound rotor can be regulated.,
ì-{- .;^ .*^----:Lfr-tr r-s posÊr-Þte to operate it as a varia.ble s'rreed_ motor"
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The cha.racteristic cu-rves of cu,rrent and- torou.e versus

sli-¡ for sruirrel cege machines ere shov¡n in Fig. 2.
t'iie assulne in tnis thesis ¡hat ii is desir.abl-e to control

the starting torcu-e:speed- characteristic of a. given v¿ound. rotor
machine j-n a, particular vray, namely, that the torqu-e be essen-

ti al I rr e-onste-+ +-.-.-^,,-tr"n,,{- ihe st¡r,ti.rr¡ neri nfl _ Tn ihi q -^rnêrurqlijr vVI¡Ð UqltU U..I UU<llVU_U ___-(_ì !rt:;-L IU\¿ ø Il.1 vrtJÐ -ljq_Uu! 9

a ner^¡ starting nethod- is d-eveloped" which attains this end-"

The results, based. onreasonable assu-nptions and- simplifi-
cati ons r indicate 'i;hat tne proposed nethod- can be useC, to arri-ve

at a sol-ution v¡el-1 v¡ithin practica.l engineering tolera,nces.

rï. l-,ER uI'iIT V.{_T_,U11

In the f olloi,,'ing ca.l cu-f ations and_ analysis, the bases

of ner u-nit value a.Te as foll-olvs:

Voltage r Vbu"u= V = rö.ted. phase volta.ge u volts

Currentt fbr=u= I = rated- phase Currente amperes

Speed. S @.^^^_=LÒ ^= Syl.rchfOnoris anrrirl at- sne ed - r.¡di:ns/SeCOnd-base "- s

r,-^ ^^2 T.\
Torque r T- ^ ^^=;*j:g-*( *=- ) ner,.rton-meters,/phase* Dasç úd base or I

V.
TmnaÄ tn'ã. 7. DaSe
rrrrucLld-:.r.uv o -base= ._f-i: t ohms

DA.SE



L+

III " E':'"UI !'AI,EIIT CIi).CU.IT riliil l"iOTOll PEF.F ûRllAl\CE

The equivalent circuit of an indu-ction motoz' is shor,*¡n

in Fig' 7 in i'¡hÍch the curi:ent and- imped.ance of the rotor are

d-efined- as their values referued- to stator. The exciting branch
can be r:eglected. and-.Ì;he resul-ts are stilr within ihe engineerino.l
tolerances " The sinplified- equivalent circu-it, i,¡hich v¡i1l_ be

used- in the fo-llonring d.evelopment, is shor,¡n in Fig" 4.
For the three phase indu-ction motor, the oer r_mit phase

internar efectrornagnetic torque T in ner^¡ton-m.eters is
'ì

n =_+l V f cosg* .LtJ *
a.nd- the powe:' F celivered. to the air gap by the stator is

rQP =(l s)¿dsT Ê (r s)FEl = rzrr:-¡-È

Theref ore " T =-1 Ï2rt^/s)- ,,I 
* \L7f Ð'/

4Jd

The torc-ue T and. poi'¡er F are not the out'put values avaliab1
nf +l^^ ^L^4.¡-au r-ne srlart, because frictiono wind_age and. stray losses have to
be accou-nted f or "

Hecha.nical Output = Internaf mechanical- oower - (Friction
and- r,'¡incr-age losses + Stray l-oad. J_oss)

From the sinplified equivalent circu_it of S,ig, 4,

-rVV
= T1+T-/Þ+lrat -Lv I 

-

J ¿' -\^1 '^2/ /rTr* r^tnt,2.r-- .,2y( J ¿/þ) +(xr*x2)

n r2/s¿d*, ("1uT.2¡8)2 + (xt+x2F
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ïV " STLTÐY OF S,IARTII{G .i'r.:,lili0llS

fn connection r'¡ith motor starting, the fotl-oi¡¡i-ng points
have to be considered.s
/r \(1) r,ow starting cu::rent and" constant starting torque wiilr

red-uced- valr¿es at stand.still avoid d-amage to 'the 'lrechan.ical

parts,

(Z) Smoothness of sta.rting oeriod "

G) Sinple control equ-ioment ¿.nd- circuits.
From Fig" 2, it is obvious that high inru-sh starting

cu::rent and- non-constant starting torque a.re produced_ in the
ind"uction motor. These tr¡o characteristics can be corrected-

in a r'¡ou:rd- rotor íncu-ction motor using the starting method.

d"escribed. in this Ðaper.

The stariing method.s most frequently used- for the wourrd-

rotor motor are as f oll-oi',¡s:

(l) fnsertion of au. external resistor into the rotor circuit
either l'¡ith a balanced or u-nbalanced- connectiorc- tlie
most ponular and. accepted, nethod- being used. at the present

time.

(2) Use of a saturable reactor or variable r.eactance inserted.

in the rotor circuit. This nethod- has not been wic-er"y

accepted since a feedr back control system is requi:ced- and-

its complication increases the initial cost of the i¿h.ole

ccntrol-';Cuil-,nent 
"



n

'Ihe most colllnon starting nethod- for wound- rouor motors
i s stirl the u-se of e:<ternal z'esis'ta.nce in the rotor: Fig" 5

is t¡e circuit for a. iAO b-l- r',¡ounC rctor j.n,åuction iaotor v¡ith
five steps of acceleration clu_rin.gl the start-ing teriod. Irig" 6

is i is si;artingS torque cha:rac-be::i sti-c cu_r\re 
"

There are severar disacvantages of u_sinpg resistance
cJ-cnl-i ¡- ril?. -,.1.€\¡ âIê

(f ) co¡rpl-ica-i;ed con.tr.ol ecuilment and_ circuitryr
(2) h.igir inj-iial cost; for instance, tlle cost of accuhrng the

f ive accel erati-ng contactors in the rotol si d-e as shown in
tr'ig. i,

3) the starting torqu-e j-s not constant but rather ou.rsaiing
between T, and- TZ å,s shown 'in ìÎig, 6, The d-ifference bet¡¡een

fhese two iorq'';.ç values d.epend-s u-Ðon manlr factors, such as

the number of stens, ma:rimum toroue available p..ncl- rotor
resistance, f t na.y be as hi gh as jc?á of the avera€le.

Based- u-pon the Þrevioi-r-s d-iscussion, it is desirabl_e to
find. scme ciher: sta¿"iinE inethod- r,¡hi-ch 1.,ri 1,i sati sfr" the fo-l-_l.or..¡ing

reo-Lrirements:

lr \ I n,^, ¡-l-^- .{-i -- ^..-*^-.¡-\¿/ ¿u?r ÐuJr urt¿i,- \,LL_'_r'vr-LUg

(2) ilesired- consta.nt to:cqr-re orefera-bly ?A|,it to-L.erance or ¡etter,
(=;) s j rntlicit,"- in cont::ol ci rcu-it::y and eeui_pment "

Constant siarting torqu-e and. tj:e sím''¡l icity of the control
ni nnrri +--- ñh,ìurr-'uu-¿rrL'uv eJ-t(-t ec¡ui::rment are the mO-qt inportant Of the th.ree .i:Oinis

rnentì cn-ed",
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CÏ{APTER IT

TH.!-- 7, tsL;u\iE .lii'D 1li{E ûûNST-iLtI1 ,ICl1,.rUE CI;ìCLE

r " Z Fî,A]\E

'rhe locus of the imi:edance of an)r si¡su_it, for Ínstance
the imped-ance of the eq.uivalent circuit of a-n ind.uction motor,
can be represented- 6r'at:hical-1y in a Z p]ane" Thu-s if an external
parameter i 5 connected to the rotor circuit of an ind-ucti-on motor
the locus concerned- can stitl be shown graphically in the Z plane 

"

The forl-or¡¡ing ihree circui-ts are plotted ßraË,hicafry for
Ðurposes of illustr.ation,
(1) R and- X in series; The circuit and. the l-ocu-s of i-ts irnped-ance

i^¡ith variable fr are shown in Fig , Z,
(2) Rqand- X¿i-n paraliel.: The ciz'cu.it ano the l-ccus of its jmnedanc,

i¡¡ith variable l? are shoi,vn in Ï,ieo g,
/=\\t).itend".x¿in paral lel in series r,¡ith r e,nd- x: The circuit and.

the locus of its inoed-ance v¿it?r resistances varied- at sane

rate are shonn in Fig, Ç, rts locus is not stra"igh.t,
The locus of the rotor circultr'of a wound- rotor inductioa

impedance
motor i'vi-th external- rotor eleinents connected in parall-el is simila:
to tirat shor+n _ì.n Fig" 9 c"

Tf " COi\,STAI{T llìüp,..U]j CItìCf,E

A fani l-y of çerf orna..ce ci=cres f or constani to:nque can

be plotted- in ihe Z pt-ane 
"
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The releva.nt torrqlies
/r \(f) iiaximu:ir torque: R - X

¿-s-

are 'l ocated as f oll-ol,¿s:

=*l**2

ie T =-]* -!?j.Ð ' =oJ; (rr e%78)Ll{xi+dz
r^

Let R = T. +-åÉ-- a¡¡ì 1r- v rv
r Ð -^f,lLL Ã- *]--^2

)
1'heref ore, T =+ --î-Y--j(R - r., )LJs R- + X-

,r2
Tn per u:iit, the torque T- ", = -*--r*(n - r- )

t,ouo p?*y2 -L"

--2^^-r2^-','¡h'a (Þ -!.--r2 .,. o2 r-V*-r2.-, -\!!- -rrtrurÐ ,.--. -*2T* ) 'i i\ = \-æ-l *--T-* t'l

This equ-ation represents a. family of cori.starrt torque ci::cle
vlqith their cerrter located. at R = -åTñ* and- )i =0 and. rad-ii-

i^L,l ^ ,,L
v = l( v l¿- *v.-*,.¿r - /\ til / - T -1o Thus iot a given applied vo]ta.ge, a famil":\l Lr

of constant to.r:que circles can be constructed".

l'¡hen r'¡ted- voltage is a.nplied (V =1 p"u-.), then

t/'¡ l- r2. ^r2 r I \2 l-(-{ - *751r*+ å- = (-ZT*J-- -_n*- tf

Ä fa.mj-l-y of constan-t torque circles u.rrd-er rated. eppl-ied.

voltacre is sh^,.,- i- î;- 10.v v+ vqf)u ¿ u rrrv v!1r r¡I ! ¿r) ø L

For given motor cori.stant= "l_, xl , rZ a-nd- x, togetb.er v¡ith

r"¡ted sl in S it ì e r:ecrr f,6 l-ocate the maximum toro-ue available,
-n2¿

ihe rated- torqu-e a'bd- the starting torc.ue in the con-stant torque

circle d-iaqram"

(2) Rated- torque: R = "l* rr/5, and. X = xt+x2

lZ) Star.tinr-¡ iorcue: R ä r-+r^ end- X = x.*x-\-// - r ¿ L 1ø

It is possible to regula,.te the starting torque everl r-tp to

the maximu-:t value available, by external meanse al-ong t}:e horizont

line d-etermined- by X=x.+x., i-n the constant iorque cj-rcl-e d.iagram"
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ITf " CC¡JST;iT'IT CUT]iJENT CIJ?C.LE

cu::rent circles can a.l so be pI-otted

an

]] TâM] IT¡

.f-1^^ 17 *ì ^-^uaf\: ¿J IiId,l.Lç ø

of constant

av'

The above equ-ation

constant current circles
R =O and- X =Cr and. their
voltage o

r.enr-êsents a fami lw of eôrtcentriC

r^rith their corÌlaon center located- a.t
TT

r.afli i K - -:.-- fnr, ¡ rri rrpn ,qnnl i ofi-f r v¡ q õ¿ v us u.v_Lr+rvu

(rr+r r/fr) 
2+ (xr+xr) 2

v2= lP-;;2.-.- or R2+x2=(+)z
_Er ^4,

If r/ is the ratec voltage, V= l- pou", and. R2+X2=(* )2
-¡-

Fi.S. 11 ind.icates ihese concentric constant cu.ruent ci-rcl-es

The current corlrespond.ing io a specifi-ed. iorque can be

located- on the conßtant current circle d.iagram" Fol: examplee

(1) Oùrren.t at maxj-mum torque: R = X = xt+x2

(2) Cument at raied. torques R= rr+rr/Ë¡ând- X =x., *x2

(t) Cu::rent at starting torc_u-e r iì = rr +rÐ and. X=xr -i->"-r1 L-2

ït is convenient to show both the constant toroue and

cu-ment circl-es in one d-iagram, in r.,hich the evaluation of the

C.ifferent performances is read.i-J-y avail-able" Iioreover the starting

c;haracteristic e.nd- th.e calculation of the lrroÐer parameters ceJI

be studied. collecti vel-lru

IV. :tli.'iLYSIS Otr' P"Cü'OP. CIiìCUIT 1"úTTÞ.

,ÐíTERI\[.{],,SE,R] E,S FÀRAI',IÐTE,R,S

One i¡ray to acheive th.e starting purpose is to connect

the external r'esistance and. reacta,nce in series '"vith the rotor
as shown i.n Fig" L2, Fig" 11 j-s its equiva.lent circuit,





L5

'Ihe ci:cuit im¡edance Z=(u'-, + í-l=t-r--)+i(x-+x^\ ¡ '-'r s--- .¡ --J \ X, =z-2) = l'.*"1 Ji

The locus of the circuit i npec_ance in the Z pl ane with.

consta.nt torcu-e and, current circles is shcrr,rn in Fig. 14" Frcm

'bhat diagran the startrrg ch.aracteristic can be creterm.ìned-.

-¡l,s the impeC.ance locr.: s of biris specif ied- rotor circu-it
is e strai3ht -"ì-ine, it is inpossible to obtain a cohsiant torqi-r.e

¡-'r¡r.i nc" th e et.c rti ncr r,ar''i n¡l--v-: !::F- uf;v J v(:r v¿¡¿b ]J\/r;vu o

slV:ij,Y,SIS OF HO'fO.r'r. CliiOiif T',.i:['i] ii ¡)it':iItlf.¡LL
¡ rr,RI-[,S i\iriD ¡.i:iii-i,LIl, ]::;R.,li'r-blfll lRS

The combi nation of external- lara¡rìeters i n series a,nd-

nar¡l I el r".ônnected_ in ih-e L:otor cirCuit is snown in î'ig, l5a"

I'ig, 15b is its equ-ival ent circuit " iiny para.lJ-el circ.uit may be

cosverted. into a corresÞonCing serjes circr-rit, so tl:at the

elu-ival-ent circuit oí tr-,is specified rotor imred-a.nce is shown in

I'ig" L}c" llrhe i;otal equivalent resistance ancl reactance are as

f olloivs :

{ie .,"^z ,& ," r'^
fz+ I '5 \{-- a 1r (l ) \€

-R=r- 4 ri;---{-- and- X=il' +X^+---"I s ,&r" + y'pz .t ¿ (?e'u
\gJ ' 'rv 

" (î) txe'

Consequentl-y, the locus of tiris slrecified- circi-rrt im.r¡eC-ance

is e cu.rve as inci.icated in,fig" Ç" The shape of the locus of '¿

can be rnad-e to ar-¡roxinate a i-esired. circu-l.ar srape by acjustment

of tne para¡eters r2 x, Ile and- .-{en Äs tire locus of Ì,his specified-

-rotor imled-ance al_rproaches alproximatel-y the con-.-b:-'nt torcue

ci rc] e , a- pro;¿i matel j' constant starting torcu-e l'iil I be achierred- "

ri grar:hica.l alproach ruoul-d. s3en to be the best method- of

a¡!-aclii cg this nrobl-em." '-l'his al;-proech is outl.ined" in Ghapter III.





VI " -iUi'tiARY

(1) ifhe 'locus of ttre rotor circuit impedance øith external

,i. parameters in series and. paral lel cornbination can be mad-e to

approxinate a constant torc,u-e locus with judici.ous chcice of
S:ì.r¡ìr.,.

ìi. ,, the parameters"

(2) A graphical aptroach- together r,,¡iih an iteration rrrocess
t.::
i' is pref erable to raathe¡ratical anal ).sis .

\
t:
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As the starting period lies betlrreen S=l- and- around- S=O,f r

the external- paraneters shoul-d- be cut off at the end_ of the
starting oeriod, whereupon the motor r";i1l ru¡. on its naturaL
characteristic curve. During the starting períod., tlre startinE
'l-¡a^t.^ -i 

^ ^!^ -f ì- ,vu¿ _rj_uç r,Þ y.r_¡rected. to be constant" .

From the constant torque circle diagram, FÍS" lO, the
portion of the circle between ttalt and- rrbrr is of interest beca.u-se

the possíble imped-ance locus ofvrctor ro.ay lie along that r¡ortiontherrerr and- tlbtt a,prox'imatery. The point rrarr is chosen to b.e*;41__
| .rl z -"1point of the end of starting period-, S=o"Iu where i:ì=X=//*[L5.-"" {' zri [ -1

r.

The toral eouivalenr resistance 
:::-""""Iþi.,\;r, 

rhe
circu-it at S=O.1 are as follortrs! R=rr+ Þ-*Ë-***it;!:_

H' ( r r*"r ) *¿a# a¡.d. x=xr.i-x2+x+ #9#'' =r,.'-"7:liZ''-'r''--Eã* *''o 
Jï:.*1e*:* F.l,W =;-'r-r,"z+x+xe

fFh er-e f nre 
"= 

tJa'- y'^ - 11 / \ loxe 2 
-, - --i*ç¿ çr \-,.r- \' , o=/(*2EJ - -T-rt* ILi(r2+r,l *F=Xaf<r+xr+x+.{e .

i't stand"stillu S=1, the total equivalent resistånce and.

reactance are as foll ows: R=ïl urru"u$X"? rna X=xr +xz+x+ **+1 / Rá-:-.";á ' -L'--' 
rá+xe.z

This specifi-ed point of the circli-it inpedance a.t S=l- shou-l¿ lie
at the ¡oint i^¡i th the torqu-e value lower tha¡. the required-
constant value on the colt_stant torque circle 

"

*ïor the given motor constants anÖ apalied. voltage together\
v¡ith the reouirerl stpr-ti ng j-a¡nr¡a .{-1ra externel n¡ramctiâïìs - -î 1¡¿¿ vll u uu.r v¿¡ró t/vI L, uç g u1J-tt v4 uvrr:G¿ }/q! qI]ç t/ü¿ Þ g ! t i- t

Rui'nd-'-Xs cannot be solved- -for by the eo-uations listed. p::eviously-,



:Ls a resul t

ai)pro:îimati ons and.

i n pe:: u-nit of the

^nn¡l-o¡'f-e o-n¡l ì eA\,Uf-!Ð trl.IlUÐ 9 GL rJa!uu

e.re a,s f oll ortrs;
^--a

lr ) ',-= l5)o ,I o6 -r^\¿/ ¿

lq

vnf - q '.arrl.i,cal p-:^,-T.-.ñÊ..h - hr sgfl On SU.CCeSSivev L j-- \/-_! -.- + v +¿

tire
the previou-s eo*uations e the optimum values

external pare.meters in terms of the motor

r¡olt¡o"e anri th.e reou-ired- s:arting torcue

^(z) x= (fu) o "r92 - (xr+xr)
-l_-a

(¡)ne =(ä)o "145
.t

(+)Xe.= (h) A "167 anC the il lustra'tion of gra¡hicat app::oach is Fig"

An associated- digitat computer puogram used- to verify

su_ccessive graphical t::ials is d-ecribed in Append.ix I "

II . rÌtl.S-üf,TS 3-IiO.i'i Ti{E COi"lF'ilTEF.

The d-ata put into tire compu".Ûer a.re as f ol-lows:

(l) 'r=o,5 u rr+T=o "106, Re=O "r4, r xl+x2+x=o u r92, ,{e=o "t6t
(?) r=a "77 t rr+r=O 'o7c7, Rê =o "0967 , tLo*zux=o o 19r, xe=o "2+2

G) T=1,o, rl rr=c "ar1, F.e=o "o??4e xl+x'+x=Ou296, xe=o"181

(4) T=l-.25r lu*"=o "aLt,zr, Re=c'058, *f*x2nx=O. ?17, xe=o "L+5

The comnu-ter ou-tput gives S? eo-ui-va.lent resistance Re

eouir¡alent ::eactance Nt cu-rrent I and. torclue T and- is -l isted'

in AppenCix TI.

-Fig" ?O to 3'i-g. 25 are the characteristic cu-rves of

starting torqu-e ba-.sed- on the comlu-ter ou-tput '
Tn or¿.e:: to check the sensitivii¡'of the flatness of the

iorr:u-e-speed. curve to char:ges 'ì n tire v¿-l ues of the paÏaaeters

U-SeC, these pa¡aneters .h¿ve "oeen allol'¡ed- to vary from their

o-otiinrrm values and- t]:-e resr:-lt-inB torque*speed- cl-r-rveS are shor'tn
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j.n Fiq " 24 to Fig. 7L.

]',trI. JTI¡F,4CT CF' i.ì.[ACTO,? RSSIDUÁ.I 3.ESIST.i.i\ICE

The resista.nce comr,onent rt in reactor should- be tahen

into cons'ideraiion. .fig " L7a shov¡s lìe, ,le¡ anc r'r and- -l-ig l*7b

is en a.ssu-meC- eçu"iva}ent circuit"
îhe circui t inneCance 'Z=---;--*-1-----r1

;?. . z É'e ¡ Re'r'. p.. -t /^ ,I?Zê-- 
-? îTzs;it'ö

'TXu +7 Xe 3- (',3- ) Ker'(tÌe+.')/Sl
5-**-"--*

(R-:.')'+- le, tP'sf ')' + y.'-

If T"e=2 "5Re and- rr=O"lXe(t.¡-rical v'lu.es), then Be=irt can

be assu,med. to have Re in paral-lel wi t]-l ïe in ad.d-itÍon to a
'pa-n! (âo-r-.t ) /.7cari ac ¡rrm-nn'¡onf j':j::-)=\:-=-!./-" , i¡hich can be ne3l_goted_ -.,¡hen" /:..e+f trz -t^¿ 7 ..--- "--

(_-:_Ë=:J _þ _rc

r-r i ^ 
"l .-- -^

v¿hen. ð i s eme-ll , ilcreoveî' this coni¡,onent is merely e verJr

small portlo:r. in ti:,e tota^l equi.ralent resi stance o-f tlre cj-rc',;-it,

IV " Slli':r']:ri?.Y

'Ihe folesoing results, baseC upon the granhical aoi-rcach

and. itera.tion Ðrocess seen to be satisfactory. 0onser.;uent)-y

the foll or,'¡in.g equations ar?e ava.il-able foi: the cal-curl,ation Õf

e>r'bernal nara.neters in cbtaining a.pproxirnatel¡r anJ¡ constant

stai:tine to-ccue desired içith reasonabl-e tole::ance.

.-?
V'_ 

^ 
r:ô- (v t-r Ita=*2-I \-' o)-,,'^ \-]/.L+X Z)

-l
--tV'- ---,Ae=*7_Í Li o )o)
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srålì'rritG iErìrrcrìi'i"¿.t¡'cE oF r.'¡outrÐ RoT,op. rï\iDLicïroI,I r"roroR

fn sta.riing a wound rotor j_nd_u_ction motor, the importa.nt
.,valiables are
r-LOIQll€ 

ç

Cu-rrent,

Power Iiactor,
Fov¡er Outpu,t,

toÐoer I¡oss in p,otor"

The ec.uationSgi-ving these r¡arj_ables i.n terms of notor
corlstents and- given con-rlíti_ons are as fcll_owsa
/r \.\¿/ 'I'Orqu-e

'á4E r,Wrt
?+rffi*,f + ( xt+f'z{{+ffif

T
II

Current

lz-r For'¡er Factor



2+

(4) iìower ou-tnui (1-nternal mecha.nj-cal- por.lTer ceve-Loped-)

P= ( t- S)tt)s 7: ü- ç)

(5) Copper loss in Rotor

i'¡ t: ouç T 5'L'þ G+H vhlis

Na'l+t
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I " II\IT}?O}UCTIO¡T

ilith respect to tne cont:rrl- of e mctoz.* tbe simpr-est

circuit with the least nu¡rber of electrical components giving
the proper fu.nction is preferred-, This is not only becau.se of
the initial cost but also the cost of maintenance "

As d.iscussed- i:reviously in Chapter I e the control circuj-t
for resistance starting of the wound- rotor is ::ather com.pl-icated

and. many electrj-cal- comnonents are . need-ed to .meèt the requ-ire-

ments of many steps of acceleration".tahat is cne of vmain d.is-
the

ad-vantages of usJ-n8 resistance starting for the l'¡ound. rotor niotor"

ïn connection v¡it,h motor protection* shor:t circuit
nnn{-anì-i¡n ^ver-loaC rrrotection, und-er voltaEe protection and-_L./¿ V vVV V¿V¡¿ t V

singie ph.asing cr phase i;-trbalance orotection are the most

importa.nt anC. c=uite corunonly practiseC"

The accelez'ating conta,ctors instal led- in the rotor f or the
nrì-êî^cô nr -omovínâ the external elements after the st¡rtinpv ¿¿ab vlI\/ u¿uv!rlÇ-¿ çJVgEfIUÈ ci,¿ UÇI Uaaçi r vqr Vrrró

period- can be actua.ted. bJ. either a time relay v¡ith preset of
si:ecified- tirne d-elay or a current rel-ay iiith p::eset l_init
cu::rent val u-e " Af ter the external elements have been compl etely
cut off uihe motcr i,r,i-l.l- o-oerate on its natu-ral c'na.yacteristic.
Tn nF'^'r-ico tire tine rel-ay is mo.re ocpuler tnan the current
relay"
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rI " ÜOI!-TRCL Cr.qOUrT j-}T} rTS ÜOI'FCiI:ElijTS

(1) tìhe circuit shown in irig. lB i s recom-nelid-e¿ for d.efinlt
time control ' The electri cal comoonents neeCed for this circuit
are listed_ as fol_Iows ¡

(a) three pole knife svritch,
(b) line contactor iøifl: overload i:rotection"
(c) Two pole contactor,
(d) ['ine re]ayr
(e) rtstartÌr and. rrStop" push buttons,
(t) 'Ihree fusesu

(s) Esternar .l and. x combination ef enents f or starting i)urposes o

' I'ressing ti:ie 'rstart" push- bu-tton câ.uses the coils of the
lÍne contactor and- tine rela)-.with oreset time to be energ;i-zed-"

,subsequently the contacts of the line contactor connect the
¡rotor to ihe source, and- it starts. The motor accef era.tes untif
the preset tine i-s rea*ched. and- the ti¡ae rela.y a.ctu-ates th.e eut-
off contactor and. i;he external- elements are shorted- ou,t, ,tt
that tine the s'barting peri-od, is end.ed_ and the motor qoes into
the natural cha.racteristic o

tsressing tlie ";stop" oush-bu-tion causes the electri_car
sou-rce of the secondary control circuit to be oisconnected_, and.

the contacts of the line contactor to oÐen. uhe circuit is
automatÍca.lly read_y for th"e next startS.ng"

rlh.e above c j-rcu-i t has sh.o¡:t c j-:rcu,j-t nr.otecti-on b;r uf1-lse stt ,
overload.. ;r::obection åncorporated in the l-ine contactoz. e,nC- lor¡¡

i¡o1ta.ge :¡rotecti on incorporp,ied in the t .ìne contactor"
The setting of the tine rera;r is the ì;i_rne requi_::ed. for

the -1,¡h.o1e sta.::ting tei:iod_, i,;hjch can be catculateC.
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/¡\ l a\(2) The circuit illu,strated in I'ig. J-) is for linj-t

current control instead- of that for tinre contïol- es shown in
'ì. QFig. rö." Tn ihis circu,it a current relay i-s install-ed in the

rotor circui'b. The control ci-rcu.it is otherlvise identical "

The curuent relay i,¡ith preset cument value acturates the conte,ctor

at the end- of the starting period. " The operaiion of and -pro-

tection in this circu-it are sinila:: to that of the d-efinite

time eontrol- circuit,

The setting val-ue of tire cu-rrent relay is easil y d-eter-

mined" from the constant current circfe d.iagram or by u-se of the

epcro¡;ria.'be equations" ¿ current tra.nsforner na;r be n.ecessauyó

In the seccndary control circuit of FiË" 19, the contact

of the current relay in series i¡ith the coil- of the accel-erating

contactor should- be oÞened- before the contact of the lime con-

tactor closes in ord-er to harve the ÐroÞer function" The control
anrrinmenf îDn 11ôriõ'l 1r¡ -n¿ 

^uÐucrJ-J uç .rrd-ereC- ',rrr, ,nra requi re;ient. Other',vise,

the control ci-rcuit has to be nod.ified- to llave the contact of

the a.ccel-erating contac'bor in the rotor sid-e remain o.oen d-uring

th.e starting period-,

IIÏ " ,Stti"*!.*rRY

(f ) The foregoing circu.its illu-straied- nay be adopted.

for appiication, The d,esign of each circu-it for each oa.:rticular

motor shou'l d- be coropatible r,¡itir 1,he natu-re of tire availabl e

e] ectrical coflrÐonents o





^^r_/

(2) The foregoing circuit jiaerams it ]¿strate the

'arlr¡=-nfrc'oc nf ihe ilethod hereìn îrosenteca n.:ne1,/: si¡rlricity
of control ci:rcuit and equipment, 1or,,¡ initial cost and. convenience
i n ma.intenance .

(t) ff manurl c¡eration is clesireC, a. manuat one streÐ

swi tch. is used f or tire Ðuï'i-.ose of ::emoving the exte-rnal et enents.
,Ihis si-mpl-e si,uitch is still- nu-ch sulerior to the Crum controt ler
wtth nultipl-e steps for resisiance star.ting. iroreovere il:e
cl:a-racteristic resulting from the manual- ol:eration of a dru_m

controller is d.ifficul_t to obtain satisfaciori"tJ',
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ll I ilsins a fixec element i¡jth an R-X combinati-on in\¿,/

series and- in parall-el installed- in tire rotor circuitr it is

possibte to a-chieve an epproximately consta-nt starting torou-e "

(2) The ecuations I isted- i n Chapter ITI are suita"bl-e f or

d.etermining the val ue of external pararneters und-e r any applied-

rrol t¡øe ¡nrl 2nrr doqi ro¡l c'l .crti nr i;oral:e fo'¡ anv trlôlr'nd- f OiOfv vr uGEg c'-r¿u qrrJ suur: vu

ind-uction motor "

þ'rom the computer outpu-t, a siighi; vania-bion i n the

s-oecilied. rralues of t?ie extern¿,} parametere night stil-l- offer a

quite satis.factory sta.rting cba^rac'beri-stic, welJ- r,.¿ithin p::a.ctical

enqi neerins tolerances "

(r) As to manu-facturing, t.irere is no d-ifficulty i,^ii¡¡

these parameters. i/ioreover, r-rsing these para-meters with. an

R*X combinati-on results in a nuch smal-ler vol-ume than resistances

a.lon e 
"

(4) The control ci::cu,i t ana e qu.ioment f or this prcposed.

. ,. t -'ì

starting nethod is sinpler thLan. that for step-ped r:esistance

,-+ñ%+ihñÐ UGa vLLIFJ o
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(1) t'he exte¡nal- parameters e r r x rRee,nd- )'iç , are d-etermined-

by the ec.uatÍons d.evelopeC. i;ith the assumptj-on of rateC voltaEe
being anptied, V=l p"ü", and_ "l being O"O4 Þ"u-"

(2) The u-nknor^ms of interest to be fou-nd- are rr[ and_ the
equ-ival ent ¡esistance and- reactance of tire external paraf l_el

,R-X combination"

(,;) ,S is assumed- to be varied_ from .S=1 to S=O.l with
increneni;s of O.05 re-oresenting the starting period coïlcerned."

,"a"ru iìe sÍ s tanc e *X ô )/

a.lcr.:,'j.¡.te I anri_ T : f=l"0 ^ 
tt , le *I ,-n\\Jerr -<.* +.n) -:-l v Jv ¿v¿Y I' \rla ¡Jr.)trt,rL./

!./

(4) fhe f tow d-iaEran is listed- as f ot f eçs "

.ttart
llead one set of T2+T, Re.- >i1+x,2+N1 -{e fron the card_

h out .S, Ë-rll? T, T,

=S+0"05

r cut_ate iiQuirrat-ent .€âctance x=Í.#\"x")/ C f *gf" xu2)



(>,\ l'ortran statenent :

i i=-iìr',i:i I ( Q-ro.+)
l- i't.¡iìr',ir i (t;(ito 

" )v ))"i:6 n ): -)r.iu ": s;)(it¿"': v'.)ii -", )

r iìLAL,r Ì v;ì2iì :lìir)( i¿i':)li
-) - u o I t/

i j ii= ( (,ii_/::,)r( tiii)r;i :,'",.\ i'\ ( ìil /tì ).ìí)i 26 ,-l-)(i:ìi]1 :: 
";))i= ( (iìi._/t,',:,i:,::],e.-,)i)(i: )i ( (¡ì-.7':,'1 )i '):Io,'-t l(f ;ii,2")':

,.=,u-++.ii.r' .¡,.

l:-/\l-¿_)1:,

C;,r= L,,..../ (:.ri"¡i'i (.'.\)i )i-2o _i ú;i.-,r-11 ".. ) )

'i 
= C.;i< :,t,; 1_. :.;ii ( iì2rr,/ i.-i ¡r )

rjJ,lli i lv.: v ii :.)'l : C -iii t l-
-r- JÎ- o !,

ii'(:-iuj)l-','i-:l
[' i"] ù
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EX.L, JJR I }81i TAL \,,1-F. T F-L= C ATI Ù}ü

ühe motor (, .-P lrl-45P.Irl''i wound_ rotor) r;_seo_ in tire e:çeri-
rnent wes small- i-n ca'¡a.cit:r and- the elenents available ,xere not

tyt:ical, For.rever, the pu.rpose of the experiment y¡as fuifil-1.ed-,
-ncno'ì r¡ J-a ^^Se¡ the f1¿.tneSS Of the ì:n-¡nrro r-rr.nrtrre6rì rlll1. i ngvv vvUv: v v v.:-v ¿¿?- urrv'J,-' v! Ji:U UV! J_U_ç 

-9! 
V'¿qUVU uq! riró

the S-baf ti nS ¡an'; n¡Î -hv rroi nç. the nrornserJ starti nÉ- neilfOd_ 
":,r v_YvÐvu ! v(ir vrr¿b jrr

The torcue outpui r,.ias neasureo by a d-ynamcrleter and the

averaqe value l,¡as taken as re.ference (tOOiL toroue) 
"

T¡e valu-es of e>rternal- Ðaraneters, both calcu-]ated- and

netr.ql - 2r-ê I iSted. aS fol I Or.,¡s;

Cal-cula.ted- r,Ialue

r=C"tlB ohrns,/ph.ase
x=L "Lljj ohrns,/phase

iìe=o ,rr] ohurs/phase
Xe=l .4oO ohms/ph.ase

The to::qu.e output icriether

f ollot¡¡s:

jr:,t"i q

l_c'o "!2,ccn 1 rq
t Jv o L ( ./

Q¿n îa n
/,v "/J-/^^^ ^-J\rv øL-/
-Er'\ 7-tr,()\J ø)(-/

600 .rO-^-
¿/\tv o -/v,/4CO "6677AA "7'200 "8r;5

The a.bor,.e record. is ¡l-otted

:lctual- Val u,e

res'ì sta.nce in x & Xe
Z=L "4.5 ohmsr/pj:.ase

'Qo=ô Átr n'h'mq /nhqqa_Lv - r/ o v-l v:!rrul L,_:o-u v

Z=L,45 ob-ms,/phe se

',,¡i-th the slio is listed- as

. ^/,i,n7ô11â -1 n Yln

102
QIif

QN/t
qh//
^-//

100
100
lC)5
to5
'r nÃJ\J )

l' 4ìæ /\)rfr r !õ 6 -/La
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