
Â NEÂCTOR-CO${TROIJ,ED

VARIABT,F,-SPEED TSDI.'CTION MO?OR ÐRIYE

the FacuLüy of GraduaÈe Studlea and Røseerçh

oS thE ÛntvereS.ty of, l{anitoba

A ?heEle

fuesented to

46ø-u,u*vEÍrtsrÈ
#)GÞ-æ

OF h,gÅ.NITOBA
**--*?^

ïn Parblal Pulf,il,Lneat

of..the Requ$renenêe for the Degree

MaeÈer of Scfenee in

Eleet, rieatr F,qg lneering

f,lenARl

by

Iæon tlffmann

¡{Æg L962



::*4öts:I*-4sn*rCItråedu verå.nh1*"-sprne4, åad¿e*f,å+n æi;*r dråv'*" S;ræ.eÈr.å*aå

eo*pun*nt ana}¡'eiæ ie üee* &a sveåueÈe Èir+ mf.fe*È of *n aeyaæeÈråca}

rea*È{'.r +f,r*ui.* on *hc ånd,u*t,*,on g#t#p p+Êf.Êåeenem bårç.rast,erå*låeæ"

Þþtee' È+rque**urp::e¡i'L ef¡p,ne.*Èe*åe'biee .s*e predåo&ed* øh*wfuig ""3rø

a¡uounË *f ph*se ae¡ræ*sÈr'y ånÈn¡€ueEe br tbe *eèusa-¡¡Ïe rea*tq¡r

*:}.;"euit' ffnpwr$"me*te1 c'çseååË å,r.+ gåue* ¡*c¡. Èh* *rs¡:reåcsà &r#å

etøedy*st"a'be r*sptl*¡ge sf bhe dråvço

fhås dl*ees"tat,J,+n demeråb+s tflq de'søå*uuey¡* øf a

å8$',rnå{ry



The subJeat of, thia thesle is the developm.ent of a

reaet'or-eontrclled, variable-spêedr inductlon @tor drfve.

Chapter I, the review of the paet tmrk, ie lncluded to provide a

backgrror:nd sn lr¡ductÍon motor drÍves" Chapter II deecrf.bee the

basíc theor5r of a feedback control systen. In the third chapter,

åhe block diágram fonn of Èhe dnive 1e consåderedo and certaln

i¡rdueûion ¡mÈor re-l-atÍons are derived. The power nodulator and

eerbeln oüher cornponentg of the drive e¡:s presented in tbe four"th

and fifth chapters reapactively, In Chapter VI varloue reault,s

&re pr@senåd whlch are lndicative of open and closed*loop

perforuarce of the drÍve" ConclueÍons ers. presented ln Chapter VII,

Data eompiled fror¡ lndr¡cticn sÐtor tests eÐø preeented ån Appendf.x A"

Âppendåx B descrtbes the deoign of cørÈaín eleuqenÈe of the driveu

and Appendix C con'Lalns år¡formatlon relat{qg to'the taehoæber

used l"n t'he fsedbaek port,ion of the cloeed*loop dråve.
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CII.APIEH tr

REI/IEI¡I OF THÊ P/\ST I..IOR,K

induction rnoùors ls as old as the ¡nototre thenge1tre""l,l Stneo She end of,

the Àast century nurrrerous control gche¡ues h¿ve bee¡r developed and

suqcessful\r applled" Duríng the first quarter of the centr.ry, Èhe

use of, di.rect curre¡¡t ¡r¡otors was regarded as esee¡rtiatr 6 ühe laa5.n

oì.:ject,ion-*L<¡ the use of altern¿rting cumenü inciuct,ion ¡¡rotors being

inadequate &ethocls of speed c<¡nLrol" The increaei.ng ¿rvailaoj.lity of

a1àernaLing current power supplies eventualþ resr¡lted i.n an extensive

use of s}ùp-ring inducÈion uotors enploying secondary-resigtance speed

J"^2
conÊroÀ"

The proole¡n r¡f continuoue control of the speed of

M€t¡i¡r sf the sche¡nes thart h¿ve l¡een developed are reÀatively

efficienf but require auxiliary machines, ¡r bråef surnmary of bhe

urork done on probleús very closeþ rei¿,.ted to the presenb problen

wiltr l"¡e given.

r . ? såsj3-&x,_o.-4._Ðê-v-EJ4g&F*I

operaling against t¿he críving motor hc.ve provided cc¡nÈro1 at high

values of sJ-ip" Possibt¡r, ühe nrost widely used !€chanical braking

systeru is the d..c" rlynamic br*i.""I'3 l¡chnitøl"4 ancl otl,ersl'5

have gaven mucl¡ attention to êoc. d.¡rn",¡,lic braking ¡¿ethods which avoid

coaplebely the neeci o.fl å doeo .61¡pply. These rnethods e;cploy I

ae¡rmneÈrical prj-iriary connecòionel" t" 1 "7 or aÊ¡mJnetricaJ- terminal

Electricalþ controlled mech¡unical Lrralcing oysteme
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volùages of the r,lotoro

Where the torque developed Þy the notor has been appreciable

a¡rd Ín ttte s¿¡ne oirection as the nech¿rnieal rot¿"tj.r¡n, speed conüro}

has been effected q.ith nocìerate success by the use of a,djustable

resistance in the secondary or rotor circuit*"8 speai.al conslderation

i.n contror cieaign has been required where the torque musL be o.ppoelte

to åhe direcbion os r<¡tation at Jese than synchronous'speed" A

cr¡¡r¡uination of ' adjust¿rble rotor resistence along with the use of

ti.c' oynartic braicing has ¡tade iü peisuiufe to <¡btain subsynchronous

speed c¡¡ntr<¡I providecl the torque has been in excees of appÉoxlnately

35þ of fulFload torqueo lrhere the cor¡r¡ter-torque hae þeen ress

than 5oþ norrriatr, or ab sent ¿rtogether, s¿¡üåefactory epeed control

nas been provideo .try a¡rplicatiorr of asyrurtetricar vortages (a.c.

oynanic bralcing,) èo the motor ¡rrirnary"

Neibher of the afc¡remenLionerL sysbens has proven it,se.l-f to

be entireJ"y oaüisfacl,ory for [he comp]eôe speed-tor(lue rå,nge. The

systern euploying el"c, d¡marrÈc braking along r.rlth i.djustable rotor

resj-stancc íi.Jes naL ;;':"cvic{c control oS now torque aè high apeds, The

rystem enp).cyång aoymnøûrlcal vol&agea to Èhe.eeeondary üoee noê

prevåde eonùrol. of ðonque at glo+: speerls ,

Both of the at¡<¡ve systems requireu for their operation, a

grea'ber in¡rut current Lh¿ur thc ¡notor woul¡l require in order Èo

d;velop arl eqxÌívalent cc¡trnber*torque w:lth halancecr poly¡rhase

volt,ages applted"

|úecenb cleveloprrente have occumed wi¡ich stilt adt¡ere üo

the open-.Loop prlncåple"À'a Jndependent anrl si¡nultaneous aoco

iutiLor"ing; or plugging and doc. dlrn¡ugc braking Èorques h¿ive been



üì.ade possible by the provision on the corunr:n laagnetÍc circuít of a

single raotor <¡1 t'wo e¿ectro¡.ragnei;icalJy separ;rt,e sLetc¡r winoings, earch

of, rçhíeh rt:acts exelusively r,rilh on-[r one of' twu etreqürgr,lognebica]-Ly

separate rotor "intlrrg""]"9 In yet an<.¡ther deveio¡l,te¡¡t the speciatr

single rn¿rchine of, the l¿tter eorrlro]. l¡reLiton is avoíclecl" Two ctirectþ

eoupåed sta¡rdard ,âocn lrdchirres provicle sinul,t¿.neous torc¡ues, as weltr

as penaitting both nachines io be conr¡eetecl ¿js aoc" rdotors"l''L0

l.iore reçenè]J, techniques eurployin¡; sôatic colrponents

such as saùuraLtJe re.rcLor*i trnd uagneLic ar,r¡:Iifiers t,cl cc¡ntrc¡1" ttre

pririiary voJ"Li*ge of t'.:ì.¿1ir*slip inilit,:l,ion '¡.rt,orsr have baæ

devel-op.ed" ?h@ øpeød,-èonqu6 eråffie* *u**Sls Èho6@ r¡f. l,,a¡"d-leonand

deÍvee wJth enooth speød eontnol. øxÈendfr4q dou¡tr èe ahor¡+. xÉ of
EyneÞrosloo* *puud"l:l fne *ppftcatJon åø raomalþ reeôrÉ.eûød

üo åntemi"ttenÈ eLou-eclsed ddy enncle the effíeåecie]/ ås }o¡u ag

reduced speed.o

Jb is of historic i.¡lteres1" to nsLe th¿\t al.e-rtand.ersoil

develo¡:ed a non:rel¡ersing re'àc¿or-coniroU.e<l ¿nuuctj-r¡n l¿otc¡r d::ive

bo trj-¡rr the speeei of a 200 ku hi-gh-frequencJ/ sl-ber¡iator rn hie

Èra.ne e¡c e a¡lic r ¡,di o* g (ïiìroi¿i trcati on sy s teru. l*

j'iosf, recent'lyo a]"rângerÍrer.rt,s of n.ri;u"r'.rbie ree¿ct,c-rrs r"Ji'l,ir or

wj-ùhout trarisfonrers to conlro.L î;he orj-¡¿ar¿/'iroltå¡ge of hågh-sJ-ip

inducti-cn rqctors h¿rve L'een given hy Bolt,, sj.i¡reun a,nct Shephur,i]":L}

ZcJ.Jingerrt'* .l-ecnhardr]"I on,l toote*"S The propr¡serl arrange-

¡rierrts i.nl,roduce sorfle eegl'ee r:l L"em¿naÀ-rroJ-bage ¿re-rr-¡tr^lelûry, in genera-ì-,

ivtrilst, proviui,ng staùic reversj.r¡le conl,ro} r:f the speecl and È orq.ue

of i'he .m.crtor" The connee'l,ic¡n rrroposed by r," Jt. Foote nai¡rt.rins

vegy' nearþ t,¡t:tr;,'?+.,:':.c:,t vo}.t,ages ab t,he :noton ter"¡,,inals"

" o "J

#' Alexandepsone ß" F'. rår. lrrhe E1-ectråe plant of s"'ransoceo.n
Radío 1le]-egraphyrr, Transêetlcng glThg_ 4æ€¡lÌ.ean J.[st,,iÈuùe ,cf Electrical
Eneineers-, *"i."¿ã 6 *;'È*--:_
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Hausert, $år..i-nger., ¿rnd Sle¡lun Ìr¿rvc cÀescrj.bed a ciri-re i¡l r,¡hích

e ì.rL\1.i.rirj--.i:,i.:i,c:,-i.i¡,. 1t;;.,i,;.,;,,J,.,.i,Í,ø supplled tt'3.Èb FÞu€F Sron a gtaùåe

povret' irloo,LLJ.,ator. 
J'"'l{l }he d:':.ve :,-;;cci'¡-':. ,- ..|.r¡i. i.l'ç. gIOS€d-

¿oo¡r princi¡:Je in r.dtich a si,;nirÌ crependent upon the o¡:eed clf the

.l-oaci 1s corapareci ,¡¿1,h a relerel,ce,or control si,,naì. Tire gil,ference

is fed r¡ack tt¡ the orj.ve bo r-raint¿rin s¡:eed l¡íthin close J.:il¡iÈs of that

cori:esponctirr¿i to l,lre re-rlere:rce sighal, irres¡recLive c¡f the nragila¿u{.te

of -bhe .].oact or r:f ex,t,rurrteous ttistur','*rtce.sc



2"L ÐES.CÊ"IF'II0N 0f_ TgF, fFlEpFACri g0s'fr¡,ot sÏsTitii

Jle6ulator enci setrt¡r.¡¡rrech.*¡¡isr¡1 are terr,rs th+t h¿.ve been

applied tr: feeåback sontrol systels. Though equ:i¡n,renÈs of tire Lw<.r

types rii¿y ¡ie si4iiJar if noù ít.tentical in tt¡eír physicaul appei¡r¿*nce, the

cliffere¡¡ce i¡t ¡¡¡r¡ue c¿riseÉì prir,ia,r'iiy fro¡¿ the ,clir'IcreilL natwe of Èlre

lnpaÈo. hsse buo typoø oS eonÈpol sys&eno erJ¡åbj€ e etrose

0il/tPTF,ft r1

8/i5TC THBOI¿T

f'rme0i.onsl. eÍoi.Iar{€s whlah has eesult'ed'f.s¡ ùhøle reeentS.y buåry

gtven the

fj'i t

!'í9" 2"J ls ¿ block oiergrarr represëtrb¿¿Lion of a si-raplified

feedback contrc¡I Bystet;r. iul actuating emor E(s) whish is the difference

betweer¡ tne re¿eretrce input R(s) anu sorle functj-or¡ of the control-tcd

varfable B(a) is obtaiued at ùhe surruning poS.rrLo r'Ìre ai.rptified

acuutrting error si¿nerl lt(s) is sucir tf¡¿t i.b tencis to recluce to aer:o

the difflere¡rce betwee¡r the relerence input î(s) anu the feeclb¿rclt

sÍgnal B(s)" 1o provicte a.rrr¡:hric¿tit¡n at one or r¡ror€ ¡:oirtr,s i¡t the

f,eedþack control syster,r a suppleurenbai source of power is a'r¡ai¿aL¡feo

lrince the co¡¡trol systeri¡ endeùvours continua-[.ty to correct

ar¡y error ühe,t exists, the basic princ:ple of, feedback conl¡ro} or

c.Loseu-loop o¡leiration tencrs to ¡¡ulce for ¡¡ccur.¿ate perforlùérnce" lúhen

contrr¡l e1e¡uent s lr:,'ving a lurge a¡¡ount of, ar,rplitiCation Urcl significant

delays in thd.r Li.r're respon$e ¿rre used, this corrective ection c:tn give

¡'ise l,o a. uangerous ec¡nttition <¡f u¡sùab1e o¡r"r*tion,2'I îriith high

a,rpliJication r,ors: correci,ive ¿'ction çg Lhe ct¡¡rtrolJerl v¿rri.¡þJe ü(s)

€o@ô¡Ê, ùfÈI€ o{ treedbaçk eonÈFo3. øyetem"
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can têke plaee for a given €rror, and 0he bimc dl¡rÍng whích eorreetLve

aeÈion ts requå.ned ean be deereaged" ^Âften t'be correEtfve aetlon f s

Lnlèlated and Èhe need for eonree8i.on eeasedn a$ overshoot, Sr thø

eonÈroLtred varlable C(e) may c€euro Tkrta may be aÈ6r5.buted 6o the

Lnherent èlne delay of the eyeåen elenonts *^håeh regulete Èhe aetloru

of the eontroL eLenente. fhe proeeee o,f contir¿ued eorneetl vi6r aeÈ1on,

buf.ldlng up to vlolent osell-latåoneo ls eÈarùed i.f the overshoot åe

groater t'ban that, wh{.eh 5.n1êiaùed thø eonûrol moôi"on.

ù¡4l5-ta$lvelg then, íÈ ean be seen ÈhaÈ {he time de}aye

pnesent 1n Èhe eontrsl elercenås çause the J.nst;abflåty,

,rt
"oø t



OO}$MbìIIATTOS$ OF TIIE I]RTr$ JI{ BTOOK DÏAG}LN,Î FOiIM

3o] Çol,FoN,ut$TË cl.E Tt!¡ 0rr¿suÞIr]ÐP Ds.IvE

tr'lÉo 3.1 shov¡s au block diagrau of a proposed variable*

speecl reversible drive using au j¡rductic¡n ¡rotoro The functions of the

various elenents of the drive ere discussed in tÌús chapter"

rt l-phase supply of -stand,ard voltage erxd frequency supplleø

the power iuodulator. The l)otrer ¡r¿odulator eoirçonents consi.st of

satr¡ral¡Ie transfora,rerso 'Ihe outpuÈ of the polrer ¡,ioduLator is a J;phaso

supply having a constanl¡ freguency r,¡hlch iE that of the Bupply

Írequencyo 'fhø relative phase and rnagnltude of the output is a

function of (and idealþ proportional'bo) dl¡ect*control cru'rent In

of, the pol'lor rrrocLulat,oro

The output of tl¡e power r¡roclulator is applted to ttre .etator

r,rånciings of a stairclaz'd J-pharse lvouÍrd-rotor i¡rduction notoro b'or

contro.t pusi)oses it ie desirable to h¿rve the torque procluced, ily the

:tnctueèfon r¿stor \rary ån proportion to the applted control øurrent I*o

iii¡ee li;he charaetei'isUi-es of induction r¿otors do not, ].end the¡rrselves

tiirectþ -bo regulated speed opcration, it ia Ììecessa¡Tr t,c¡ after the

basíe speed*iortlue charaetei'istics of 'bhe wor:nci-rotor ¡rotoro thia

ie acooirtpliahect by 'bire i:rsertioir of a notr,or'ic ln$o tlrgli,:¡re*en ei\Iç1t'Jí

gcnsågËiðg of f3.c6d reeåeêåve ar¡d trnrluctlse el.ener¡Se coRneçôed åo the

Fog6t" temfuiaLe. Fotr Furposs of Ldent,l$åeation theee elenents wlLL he

nefenred Èo as thE roton netv;ork.

Àn<¡the¡' uníè of the eyst,er.i is ¿r penriuent.+rr¿rgnet taclto¡rret'er

genenator eþ6g& is i¿echarÉca}þ coupled t<¡ a rotaèing utút of the

üH¡¡^PtEll III
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tnecharui-ca1 cirive such th¿lt' its speect of rutatiorr is pr-o¡.ror.tional

öo ¡¡.oÈov speecl" Iirís t¡¿chorret,er generator i:rovicìeø the feecl.back :

sígnal used t.¡ ot¡tain epeed rcguJ-etion in ùhe systeroo The outt_rut

r¡oltage IJ of 't,his t¿rcli<¡¡neter is coupured. rrith al vol'bage R

representing ühe desircct speedo The error -u.i is ar'4.rl1fåed to produee

a prol.:orfiiona.L vaiue of eontrol cr:rrent Io which aebs upon the poi'ren

r¡rociu-Iat,oro

3.2 IDITA],IZED _PÐ$FtRl:iir_NCE Ol_slll_ÐlllliE

There are three roain faet,ons i:o eonsider in d.esigning

a reguJabing eystenr :io¡' a variable speed <lrives

1o $ùea"dy-s'bat'e stabilii;y rous'b be lrreseni;ç

2a A'c eny s etti::g of i;he cieej.reei s peecl, the nroÈor epeecl shoul-el,

n:e rel.eu'i;iveJy ind-eg;enctenü of J-oad 'oorc¡u.e up i,e the ral:ed borqUe

' of tho dríseo

3n The drir¡e ehoufd reøpond rapiclJ.y to ehanges in the ce'bting- of -

th'e deaíred speed" tha'l; ia, the 'cransient reeponse mu.st be

relativeJy fas'bo

Tile àdeaL speecÀ*Lorquo eular€r f or an induet'j.or¿ uiçio:e in

a v;¿ri.al¡Ie**peed- c{z"irre j-s shov¡n iie figure 3"2(a}o This eurvç ie}

flra¡¡'rL for a eoslst,¿,,:r: conùro1 cus'ren'r, l* øupplied åo ì;he powe*

tuoduia'boro 'Xhe ideal r"ekli)åonahip be'cr*een 'bire outpieù to:ecltio and thæ

sonùro1 vo-l-'eago cf 'L.he polrer ¡nociul-ai;or l,ri].l then ì:e of the forrt

shcrü1 in figure 3"4(ï)) aü aary va.i.'¿e of Íon¿a¡'ci or rever,secl sp""d,}o&

-lf +*he rlrive ele¡re'i'l,s ar-o id.oel the íeLlo¡'¡ång rela.tionslf.-ps 'rrill
I ì¡

h-c]^d lto*åt
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tJå.{"Ìr referenee to }"ig" 3"!a 3,2(a), anct J"2(b)e

f * i(-E0¿

where K* ía a const,ant of tho aruplífåer' (electronic controller)

Ïb iu a eonstanÈ of Èhe rrotrcr ¡¡roduJa.ior anel ¡*ctq:r

K", åe a eonstant, of the àachorret,e:'

T=KT¿.t
s=fus

and

unlÈeo

<Lc':lve

T ie the 'i;ofal ouÈput Èorqne cf the ciråve in appropri¿ri;e

Fro¡r¿ -bhe foregoåing ecluartions ihe s l,eactry-e'i¿ie speed N oi:'

'¡råii:, a load 'corque Ti, **y be cie'berrnåned. ac iiollowe a

l,':"on equai;ion 3u3 I{ = þttT

Heference to lri.go 3oJ. shows iJ * R - Eo

substiÈution i:nto equatíon J"J yåeldsa

. " ".tr2

Itpplylng ec&iatåoia 3ol. and joZ tat:

TÁ{ eu:rwes ai opeed*N lrlelds t
Iì *L

truÐF_qw
"T

'mor t{- }ç-fu
-Rl'rhere *o * ñî

t? ï.f,
I\ì¿6æò@ltî fu

.r a)oL

Jo3

A. 'uorque UJút

coneèraln1-ng the eon'çrol

) ol+

a.n in-berseeùícn of d¡:ive ancl load

v:rluo of ãr¡4o

the

ljubstftution ínto equation 3.é v¡he;'e TL - TM yieldos

Froru eqrratíonç 3o1 ancl 'j"2 iL i.c, seen thate

T* rna;. i: e i:nPosed on t he d rir¡e

current to 'Lhe poi,ier ¡¡Lrodula"t'or

Tr, * KrKrEuu

J"þ

brç

to ¿ maxl¡ri:æ

)of



wl¡enee

where

Àr€
KfîtpffiB,r

s? -**å"åËñft * ffitKâKf'

lf - Sg -;¡' ryH

4,+%8{é
Ats

tfåthårl 'the l{mrto on Tgn St i.s shown fn èEåat16n 3.6

Èhat, Èk¡e slepe of ëtre epeed-$orqne oarvo 1e då=* "
HrEPS'æ

3f the lrroduet" trfHa%, åe øuffl.eienÈ1y 1&Fge, f".e"

E*
t{

Itju- FroÀ6 åaÏt

ghe sùeadg-sgebè egeed of $he cl,rsve wtlL be fnder.gredtû'nt of the i.ead Ûonque

fL. The e0eady-såate eF¡aracÈerå.Etle o.f',,the drlve trLLl be shor*n, ae Ln

Fåg" 3"â(e ).
fhe torqrne llmÈb dosírraBEs tlia tsragreietefi response

of t,ho i-cleaii.sed d,ç*rve. . ff ths qr{.ve is eonneeted ts a Sn¡Fe

lnør'b'Lo loacþ,rui.'bll ià pm3ao momenÈ of l"ner4la J (Lneluding the

ånc¡rbía..ofl;$Þ¡e ffi¡etgtlo and J.f åhe .l:åme Gons$an$e of, ôhe ampllfler

anu peiucen me.dú..14'bor" ean ?:e negS-øeêedn (Sr¡ thle ease Èhcy may beeauee

'tåre meehay¡l.eatr &íme eonstanü ef the Ínciuæ'bien moÈon fs mnrck¡ S.erger

thas t,hat eil the aseosi.ated eqråpen+,), Èlee speed transient ean be deserd'bed

bg a sSmpl.e fi.r$t srdeæ êlffe¡rea&:traL erquat5"on

dk<<$ãR

e c o.Lj

33,8

?G¡

Here it es A eo¡rstant, dependent on the unåbe used for torque, speed,

ar¡.d lnertia"

då{JK ffi * I

ff tk¿e speed ls revetrsed f,ron a velue -ilp to a nalue$Hp Èhe

error & dur{ng Ðö's'e, og tlre trans$.ena duratS,@nr wlLL be greater than tb¿at

r,equirod'È"o preduc,,¡ t-he ma:ci.mrm eonÈro3- eurrent, Tg96" The aotor vr5-1L Èherefsre

3"lCI"



have a

3'? and

const¿¡nt torque T* d.uring

3"10 í'U i.e ssen thaÈ

and

,,.4ì{ _ñc, a\ --- * l'*-EE T{

Se'Lti-rry *{Á* - 7ø (e 'Ltuire eonstant),ttf.r"z*\¡

.ctN_I t¡t *.\
åt folious 't,haÈ iil = F tsg * N/ ,

Solvi.ag for trans.iTrt and sèeady sùete conditíonÐ 3of,2 beconee

N*Pe '*}üR i,J3

toå#*KrKrK.¡(Na*x)

this transientó

iry*:er.; P is ¿] so¡:.si;a.lrt such èhat at tfu"re t o 0, N - -$O

tirere:rioreu at' 'e - 0e :lþ * F * Nn

u"*31{l-

'bher¡ee

tioubinång e c¡u,aèj'ons

., " ,..1*..r.

P = - 2t¡i?

+. ,!
ì$ = * 2!È- **"iT -t: lt-' - --i,ì -¿,\ _tì.

Th6 speec- r^¡:ll l. iherefore aot:rc;.eh 'i;he set, vaLue Ìh i" a einiplo

6:{,, ,oi}ê¡:ti;¡*l- ¡i¿..nner l',rith a. t i¡re coirstant, / " the idealårecl ,c¡.ansi-enb

:îÈÊpÐnBe i+il-¿ "i;he:r be of the fami shom ín Figo 3"2(d)"

ï.1Ì, as Btated_ earlier, -bÌie prccl';+-i: K*K*K* ie suJfieåenèþ

J-è.t-ßtì, *'eü¿ire'ije s:teeci;r-;:èete respos?se €an be aehieve'åo Thllg

l:¡:cdi.iei: :ray b e ¡ss.d.e le*'6a bJ' enployj-rag hl"gþ val¡":-en of, gaÍ-n ån

'i'l-:e d.eeig¡t of 'Lhe ara¡-rlåf:i"es. and, porve;" modrilatotro

Ïf er¿ria-bi-+:r 3,åå" j.a e:Ðanded i-n a mi¡nple 1,¡q claurin

eel.i-es snd 7 åo sr*a"l^Iu t hen io good appro;d¡eaÈåçn

* ìh (1. *,? * 'E/T )

t;11

30r-?,

o;f

TSle

'.. til
Ì{ * -''R à

^¡t(
approx::naÈion is

Iri * - 2ll*

3"Lt+

(t - "?, )+ Nn

-ìU e-'R

sho'"¡{r ån 5tågo 3.?.(ù}.

3"L5



?^? TFIE ÍNDUCTIOhT $IOTC&"

Flg. 3"3(a) represents the equLval.ent elreult, on a per

phase basis of an i¡rddcô1on moto:

aeen t,o bo a genetalSaed eleetroneehanieal transf,omter" I'he

syrabol* used to refar to 6F¡1e dÍagraør are gen€ralJy aecepted. and

enly brief refer¡nee s111 be sÊde ùo then here, The etator

Eesl,stance and ì-eakage neaetanee are referred üo as rl and xXr TÞre

exef.ting curuerl I* ean be aecounted f,or bgr ueans of a sht¡nt branchu

fog%ed try r:orr-lees eondueùance B* and magnetløf.ng euseeptanee b*

ån paral3-el â,g ehoç¡¡¡ ln ùhe f5.gure" Both 6* aad b* are ueua!.þ

deûemp5.ned aÞ rated eta&or f,nequency amd are eeEuned Èo remaån

eonsflanl rvr the rê,ngs of operað1on of èhe roÊor" The nol'cagee,

sur"rer."rÐ3n And åm¡,'e,danets8 in the equåvalenf, rot'or ere T"epreoented by'

thoir" v¡il"u,s refec'r"ed to the s'$aÈoe" Tne normalfa$"ng faetors arra ratíoe

sf effec&åie'bur"¡le axrcå ere f,he ea,sle {n essenoe as Ln *,ranef,ormor

'bÌreoryo ilt ïs $tr¡¡,.',:t :i,n the L1Èeratrr#"? AU*t Èhe eeeondaqy reslstencø
v2

(å"e. noÈor':'sniesanecs) refereed t,o the e&ator åu 5g where $ $.ç defåneC

as tt¡e çor ur¡-i.t e35p. Ttrus the roÈ*r nesist,anee eppeêr$ as a r"efleeÈed

t"esfsts¡r+e iinet¡ ie e funeÈl.on of, e1Íp and &berefore a f,r¡net5"on of,

aeeheni.eaJ. ltrad, The seeondary reaa'oånes BA le preporÈåonaÌ So

rstor f,r'.,egueney a¡:d ùhsrefosBto e15"p. Shus xg ie defl_ned, as the vaLi¡e

tiia'b êhe Tefeirt"erl rotor leakege reaet,ance erouLd Ìrave at staùor

frequoney.. fg she,ul,d bo n<r6ad '¿haÈ r¡hen rotor eurrent,e and volùages

ane refl.¿ti;ed i-nt,o '¿!rø s'baûor, thøår frequency Ls also ehareged to

sùater ff€quene¡i', l-t, Èhue beecnea possåbLe êo æake en analyeis ef è!iø

equSva.ie it eåreul,È ue5.ng eeÈab-Ltshe<å efreu3.Ð Èheery teehntqaes"

9, o15



3(a) IhtacÈ lür¿u.ir"alent eise:u!'b

" 2:¡
S"

:ì(år) $inpJåfiecl Eqri-l'ralenè di.reutt

FLGUilE 3.3
T¿L{E f.llii, P.iå¡$S EQU}VAiENT 0¡R0U11 ùF /4.1ü Jj'¡l}U0'XlON i'lOTOF-



A sim¡:li.iÌiect ¡:er ptri,.se anaiysísi of an inuucLi.on notor

followsu the results of r¡hieh wil-I tre app.Lied in section /+"1+ of

0hapter IV.

Fig" 3"3(b) shows r,. s5n¡:lified ¡er phase eqrrivarlent of

an incluctíon urot,c¡r" The cote-loss susce¡rt,ance, pri-mary winclårg

resistance, ancr friction Lol ses are rteglect,rd.. The pri,rary-

Iea.kar¿;e f'eactance a'nc.l, t,rt 6lret';uin¿<..re¿rctance are $,¿ anci x^ r'espe*tivelyu

¿*b l.ine f'r:equencyo -lhe '.'ef-Leetecl seconcl.rry--Leirkage reael,ance and

boball rol,c¡r resist¿¡nce per ¡Jhé-se are xA anL rZ resirecLi-veJy. The

Elåp ci8' Ëne Fo¿oF ro!:, ptedÈåve eequene@ opB¡ertlm åe s"

-ln 
maêFåx J.+rr,r ï.,he ei}t¿ti,¡ns of tlie nertwork shr¡n in i'ig, ]"f(bJ are:

lu*l l;{"*"'.*) --rxm

ll=l r^

I 
ri 

l- 
r ",o {' ;(xz +

o""Ìf

r...here V.-. is 'il: ¡:er pharse ¡¡rr¡tor voJiage ei'-rp-Lied to
ËI

I, is ¡ire st,¿rj;c¡r cument i
and I.^ 19 the ro'bc¡:' eu-r'r'e¡rt,o

t

The c'letr:nninanï; A of' 1,he systelr ma.y b'¿ v¡rilten in
l"')

z\ ü :-3 {n, -, ,i,,) - (xl * o*) (x,¿,, ,.-o) * o2;

j]efi:¡e i,r 'l.ealcage "f¿ictor," Ç( $uch thab
i- 

t' 
*-o -1

i i _- __q_o" *- l-L-ï:\üm*Ð Ii ¿ \ß--4 * 
J';Ì,:i i.r iroænable d.efi::1L:roi: ir. :,ir,-:-L .îc:. x.Lu Jî.,à

%)

tt,r

Ul r"16

trl

st"a1"or

the f<¡fm

') "r7 0

jl "lg

æ ç- C(æ (jo



Ì'urther rearuGÌngeuent of e(.uati-ons 3"17 anü 3.-18 yiefds

A = (,*l * **)(fu * *-r^þft?q¡ r]

*e

"tïfr-xÇ 
= s* oSet,

rt wiiJ Ðe ahown that' s - ti* '"vhen the rnoùc¡r torque is a ¡;r¿ximu,Ho

.Þ'rcla equabions J" lÇ ancl 3"20 it, rof.Lov¡s that
b

Usíng equ.rtions ).Jb and 3.2] iò

a = * (x] * o*)(rna * xr) "t (I - j Bg )

p¡here ãrI i" t,l;e lioi,c¡r input !,rpeclance ¡:er pþuse ôo pcsÍtrve

sequence curreni;"

v-m
'**=Ç

LI 7-.-^ = i(x, + x-) is ctefinecì as the no*load motor(}(Ì *" ¿ Ìtr'

ånpu-b 5-rapeda-iice ¡;er ¡:haseo Lhen the nor¡¡ra¿ize1', ¡rot,crr ínuut åmpedanee

per pha.se Èo ppsitlve $equer-¡ce ¡.:urr"ent j^s

ü â ..\.f1.)

i ("1 * "o*)

rrl¿{y Þe shoi,'n that
(r + j 6/sm)

3"19

rf - LÞ- '¡* d,$ ù

Itr

3"2A

It :tlo-l--Lov¡s fro¡¡i equa'b,ion 3"2J t,hat ì;he norurirliøect rno.r,or

inpu-t, i.irrpeda,rrce 
1;"i 5?äT _il 

nesai:ive sequene e eument, åe

i"¿L.

ú.- òa,¿ m
ã*n I 'â j{ä+ Ð

4o*

'.lhe cter¡efcped ilrbe¡:ria--1. Lo.r'que T of an ir¡Cuction crotar on

a per" phase uasis ]:r3'3

3"?2

rll.jSe*ql-t45
'¡ãcællI' *s l*21 s

.1 o1-5 ¿

) "21+.

3"25.



where T is in synchionous 'i$e,íäs"

W* ås the s"vnel¡ronoì¿s speed in nechanicel radiåns per seeor$lo Jf
is- is arþ'¡itrariJy eet as l ¡:u (t per r.ulåt) tr.en equai;ion J.?g þeesnesB

I woaT =ll:J 3"'¿6- l'q s

The cc¡nbjnaür.on of eqrariíions 3.1.6 a.nd 3"21¡ yåelcls

The st¿¡.bo¡" be::rrinal per" phase rroåÈage as used in equ-ailíon 3"J.ó

is ncb nesess¡,r"j.1y t,he r¿¡te<l nrotor.per phase vo.Lùage. ¿f V,n - Vp,

uhere Vr., is tle rated ¡:er phase ¡u.üt¡Gr voltage ålren egu,aL:ion j,27

becc¡re s:

Htuìn.I.æ:***-r.*
/..'+oì2r$2\iLa ' t]l/ \r

-*â v ? s â s
t+ $_'-) r-¡!À &

¡-' r. c.i,7

iücirl,akin¿, t,he d.e.rivaÈise # of equation ;!"?S and

E+ve.lu.ar:ing'hh.e result "* å$ = 0, iìl is íouncl tf¡.rt 4 j-s a rna.xl¡nm=t

aL S = $.-. a.s siateel 5"n conjrine'ì;:i,os: wi"th eriua*1on 3.ät" '.[he ¡,rrr:ri-¡nur*
¡ü'

Lc.:r'c-ìue ?l_-^_... 'o¡hen V* = T_ is fr"o.Ìrr equat,j.cn 3"26' ntêr-jt m p

f,æ
(r.r n ,,*)a {sz * #) r*

-'*?v2str = .*9,._"8=-*.._g-*:iieit 
- 22(*t t :ç)* ir,

Ti'ie co¡rib:l¡r¿Ltioir cl:, equiif.içns B "?,'¡ tnd,3"29 ]tj.efds¡

[u::? i", r* _- ]rr¡ -- l- l5- | Jücf¡È- I

' = li¡:"i- I :-:Ë- if$ l+=.=s Il:{.ql
[- -s,, - I

) o4{

i.{ilare ,'il åe t}ra t,orqu.o per phase in synchrc,¡'tor¿sì wêtts.,

J.f an c¡ve¡,fcad. eapaci.t¡, 
''U ,**r, * 2,75'fu-- ås assumecl,

ir,ì'ls:ie T* ùs the :,ated. r¡roï,o:c t,o;:t1u.e per phase, then" ei¡,iati-or:,

3 "2i,9 "u

"t iìo

3.3ø



3.30 lnay L.e r.lri'bLen

r-f-fff¡r

rR.
å

Tite .resu-l"ts of ec¡uaùions 3.?3a 3"24., and 3"3I wi.J-l be

a¡:plied in secuion 4.lr of 0hii.pber IV.

¿rs f o]-.l"ows;

i-II _,5*å._*l
lt , $* 

I
f '€ g"\ Þ IIS i S Il-* J

3.4W
Fíg" 3'l+ ¡lh.owe a è¡rpåca]. Èorque versus s"ti.p ciraracteristici'9

fcr e 3*pltase i-r¡th.lc'rion ¡notor. rt l.¡¿ls shoiÂ,i¡ in equ;iti-on 3.å.1 9 br¡at

the slÍ,u at, u¿rti.r,lur,r ùorciue is ilí¡-ecbiy proportiorra|or-¡ tÏ¡e t,r¡taJ.

¡i'c-i,or Ì,'e{ìi,:it,*ní;e rao irxEra,nsi-<¡¡r of equat,ion 1}"ü9 shorr¡s thaù i:k¡e :

vahie of ¡ra.xj:a,.un inte¡'na.-L ùorque is írule"r:erid,ent cf rr" ?he speed.

a'L ti'iriÈrh .rßaxj-rlrun í¡rt,ennal- i:orrlue Õecu,:.ri ruery therefore be dii"ect-þ

ccn-1,-¡:"r¡l-l.ed bJ' :Lnsernir.g exbernatr resistance ín Lhc ¿-ci,"¡:: circu-it os

a" lrrci.r-r:rå-'¡"*d;cr ¡no'ùor, uh:lle Èhe r¿axi¡num int)ernal" "Lerrqi,re ::ernaÍng

una.ff;:lcit:d. '.fh-j.s '*;r.'[en¡:aj resi¡;i¿rnce conl,r,o] i.s ¡uércrre possià:-Le

b;!' usr, oi' a trcr",clr nei.utr..:k whicl¡ fsrÍxe ¿rn ir¡.t,egral- nil.r,-b ef .*h.e c.l.oserl_

-Lr:c¡i: ,;lr'åv'e and. '',*iLÀ n+i.,' be byief,l.y cter*cri-bed.

åcl.d*i\y, if th': drive is; tc h¿r,¡e un-t:flo*n a.cçì.r:".*ey

¿lnti L¡':*¡,ns;l"e:¡t, ree¡:o¡r¡e ¿+t ;rJ.À s¡:eed sei;tingsg.bhe t,o:,que mus.b þe

i-nriæ¡:ende¡r'* cf tire spee'1 a¡: sì:ol,nr i.n l.ig" i.Z{a}o

3.3L

f<¡s'Lh.e oynt'tresíe. of a:'ç'trrr ne-L.r.¡,ork to on'b¿in prescribec.l ro*q.iie-
speeel char.;:r"lùey..j-si:ir.:;: ¡ii.l,Ì:. inil,u*Lion Íroöorso Through tlie rnanipulation

o-f ro-i:o;' .i.iopedanee i.b -rs sho¡rr¡ "bhat ihe íox'que-.speed eharacèeris,¿icr*

reau.i.;:ed- cf er s-Lai,¡l-e veri¿rl;Ie s5:,eeu erive cart be $;r'nhheeåzed"

.\¡
Snephez'il anct Sl-ernorrJ:o k".u* su¿.;gesi;eu etr ¿Èna.l.]¡i,ica} ¡rrethcel
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The ¡trc.r¡:<,rsecl netr+r:rk consisLs r.¡f a coil having res¿st,¿¡nce

anq i"nductance, connecLeo in pai:arleÌ wiÈh ¿i resist,<¡r ancl inserbed

in each phase of tt¡e roLr.¡r ci.rcr¡-it ¿¡,na is E¡hol.rn in Fågo }rb(^)

The fornr c¡f the netw<¡rk is jusbiJied on lhe foLlorving grourns:

To clevelop constant internal borque it is necessary to

have sonsLant air*gap poürer ån t,he noLoro To ¡.ainLain a cc¡nstant

air:gap ¡rower it is therefore necesriary to have a relaLiveiy

const,anL effecLive LoLaL value <¡f r<.¡ùor circuit r-esistance ¿rs

seen f,ro¡rr ùhe air-gap" Tiris is ¿"chievecl uy huving the r<¡Lor current

transfer f ro¡n Lhe low resìst¿lnce path tlrrough the coil a.t .Low

values of sli¡.r t'o the high resisùance path aÈ high v¿ì¿ues o1' siip.

.In orqer to ¿chi-evc Lhis behavic¡rr a -r'eacLive nebrsol:k lrhich has ¿¡,

:'.:al. freq¡re¡¡egr laous teånee the onþ eurrer¡t, of ln0eres& in torque

prCI(luction ís the in-phase corrrponenb) whj.ch incr-eases ¡såth

frequency is needed" i';ibh z'efe¡"ence to !'ig" 3.5G) it rs seen

that ùtle fc-rlJ-<ll',rng equa,tions appJry;

r, "2"?

I{ Ìre¡r
z,(q)
ælcs¿u

".[qé4=

setrX'r'a|ecl into real ¡rild

Jtrag*

e plot, ,;f re

fzt-.
t-

a.I

o&t,
-ls

in a curve r¡f i;i¡e

$t

r^i
["r

'r-1
_t

3f
e
)]

')
+H J .¡

.a'

cr.ls ù,ragi

þIlol.rn l-n

p. -'

colîrponen6su

)")2*

3"33

a.L¿ v¿lues c¡f

3 "31+ ø

S resulôs



\
s

Y
5

4å] Quanbj.tiee lùeferred ùo ÍiÈaôor Freguency

.t'IGtrt{E 3"5G) ¡ÈoToiÈ r,iETt{oRK

"""43

A.l"& O"uantå€ies Refenred i;q¡ $tator Fre<lueney

FtrGUlìs 3"5(b) r$ci. oF HuToi¿ ilJ.81].,ruf¡tr Jl.tiT,r)AI¡üB

¡,1

IIo :Éà(:



The synthesie of the rr¡üor network as suggested f.n

ref,erence 3.6 r'¡ll1 be earried out 5.n GhapÈer V for the part3.cular

maehi.ne used by the pnesent author" Reference 3"6 showed thaÛ

p€rformance eharac&eriEtlcs of a poþphase machÍne incorpratlng a

rotor net¡sork ean be modlf,led eo tbaù a rising tdffiIw ean be

obtaLned throughout bo$h the drlvÍng range and counter t'orque rangso

tfiôh rated voltage app3-1ød 8o tbe mot,or, tt¡e Effect of thls rotor

eomblnabion Le ehown ln Flg, 3"b e where It ean be cmpared ulth

the conventlonat- curye of the wound rotor mototr" AE the woltage

applfed to the prlnnaqy of the notor ts r€dueed, thås eurve wi.LL move

do¡unward" Thus for rrarious vahres of, redueed primary voltage a farn{þ

of speed-torque curvee wlL1 be pnodueed. It has been shown thaf a

reasonably eonstas¡8 torque from about 80É fonEard opeed to ful-L

reversed epoed 1"e" from a sLfp of .2 to a sli'p of 2,0 pr unLt can

be atùained wlth the use of a rotor net'*ork"3"?

1r.



frFUWEE"B ãF

gFm Fçm¡¿ ii0llUU{Túß

¿Ì,å CHirIçI$ 0F 0IB,01J"IT.

F"trø poræa' ¡nc¡duL*êsæ usad ån 'bliåm prraJeeü r¡Èå¿*æed aga

ê.Ðe"angÈrli{enå of Ër'¡ç gafiqralole transfÕmÉetrsó Beeb¡ B¡å¡rstår¡g eg e

ea*t¡-rah¡l"e¡ trasr;,¡.t'ctrurer BÉ"y bo thoréghb of, as a saürtrable eeaçtotro

'f}:e i.¡rFees,amee of a. ,$.*:ed s.l;aeÈsr åe ånvaråant, rr-irereils

'bhç å-mjred¿¡rce of ¿l seÈuraÏ¡f,e reaetor GåÌn be soutrolied" ,tt

æaì,tral"¡l"e rea,etsr has one âoeo l)g"*liiry i*incìi!,rrg, and a aeeônrl doçc

eorabrcå v;iücliqg" a dt€Feå),Èe å¡r ùhe a"eo F*lîådång å:uped,ernce may bo

e,f.feeèe<å b;' år¡ereasi*g t'5e ds4a oant"rsl eu'ro$b,

'y'**JÅÍngez, å"1ß iru* given i¡rpi"ea.J. eatr¡rablo reecÊep

el¿¿rnaatcn'åsàåe eufveß s'or e, eu.i¡:}àfeed, eatuï"ebJ.e reaeüe¡r. e.'lr,Ëruåto

ft¡e c:lr.cul'b and eha¡'ae'ber¡'sti-g m¡gâveß ere sÏ¿cr*fl ån Fåg* l*oJ.o

IrL'i.'hh ,sr,raJi cloc. e:i.cj.'¡ai;ion ¡r¿;nt, of 'ohe volbage d.rop åa acroee *3ig

:,:æa.si:Ðz'" i'nLtll¿ lå'l;'*tle açre¡s* L.he load" Lf -t'Ïle cçst'br$å elurrer¡t, j.æ

incrca;;seå ùo 5{.#.':f, 'ti:e ¡:eå,c'¿as. e.si;i.ng,, h}re vojJa6;e i-er.$ps 'Lh6

iloco 1.¡i:i.uång å.* g'edueçcl* l.ríth a.:l .;sultj.$6 funci"e¿rse of ;nôcû erÀr.¡"€nt"

'hiiE"ou¡3,,. i;h+ .l..*acio 'Jlr.e "rrerl-ba"ge cxrr-:p Ð,(it"{à*lri t}re reaiçtnr i"s læry j¡,fl

íh*: lç¿rcå i.'ü¡;ecian*e Liå^ri-iis -bhe orur¡.er[t Èo 5Oþ of i;ilo f,¿'*lJ" ].oacl

a1'bsrrtå1¡:ln;! eu;:re.ni;o lf an i;?e:'e;,rso fui los.{i cì¡y:lenlr j"s reqruieed"

i"l:e doern eonë::o:;å curye.:t rriu,s"b Èic inçr"eae"Ðd i¡l ord.ar go reduee È,hg

voå;ba,ge ctFcrÍJ ,f,tÏ'o,:is r"lle arn*o ;c..,.'iJ..arry iti-ndåign

Tize reactors í¡a 1:,he irortrarr ¡:rcrlu,Ia.Lo.r .r,¿ãJ¡ have the .form of

seif--sa.fu¿'aiirlg ;;ragnefie a:ii¡rii..fie-r'.s ûr bfre i'a-rn r:f it"ç" eonL¡'clled

*¿Li;¿-u'aì:rlil re¿lc'bu¡'s" ;J¿;àh *irç:u:i-,];s årilve ¡lon-Iine¿*r åver¿À$€ voltage:
g'u:i.i:.'irìi; eha:-;reta-t'ist,5"esn ¿*;iC l.¡al,h ¡,ncciu*e harnoniçs" Ihc 3x6åi-
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c"aï]$r.j',: cí'r1e ai¡1 i¡noqlno¡:;q omie¡:*d,mr ,rû.:¡riiil î.rjî??ËuÕ.3 :tie,ri:1e1-*;
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Thåø property ls ar¡ axåwatåe reqr.låreurent of a variabtre speed dråveu

år¡ that Èhe drlvång æoÈor susè be reverEåb1eo

The aufhors of, reference J."11 for¡nsl that, the theoretåeaI

load v<¡lte6e charaet'eråsÈåee håd a locus aa ahown ån 8åg" A"A v¡tren
i.

the Àosd á,npedance t" 1e arbât'rari\r set to equar b pure reeietenee R,

eueh thaè &** 17" .Ar¡ exsninatton of, thie ffgure irdÍcatoe a phaoe

ånversion-point u* þ "

The relativo o¿rnraeÈråeel counponent Àoad votrtageo for thø

eiåreuiü of Få9" i¿"3 are ehown in F'ig" 4.5* Tho torque-speed

sharecteråeülse of, e poJ"yphaee ånductlon notor to whlch are applJ.ed

u¡rbaÅaneed volta8es, ãåy be esnsådered as Èhe algebrale er¡e of two

eoparate eharacÈeråsÈLcæ. Thoss tçu characberåstics are dr:e to

tlae posåtS.ve eequence and no6aè5"ve sequence oonponents of applåed

r¡çåtage aeÈ1.ng endependenÈlJ" The emalyeås of reference I"¿¿ clåd

not prea]-ude an inductåe¡n motor load for the bal-anced

inpedance Z,L. F:-g,, l+.5 r*.*.s ¡:,:.i;i:trrL il,;: :iå R ant fOf ZL,=J WÐ.

&e eu6Ërsrg åorJ' foum,'å Èhe ÈhsoreÈLer¡X, ehsaaeô@¡"j-nÈåe f,oe â çn¡e+

pae€.æSaneo load ùo eons5,øt ef, êsøe e133,s&f.ea3. eeeèåoe@ $s¡èerseesf.ne

at, tP¡e nlraeo 9.nvøpa{6n FÐldo ær+ ehs¡.€e+en{e&le foe e Tnrfely

$.ndue&Ise Læd uae fø¡¡nd èo bø 3{etpnr¡"¿ &@ èheÐee&leã,L l.eeue

8ef ang ãå end h*nno aøt¡ içç,+ueäÊen æater ¡€!11 $-be5egere !.*e C4--ghf-g:

gU" Ane¿ef efea af .F;åg" d¿"$"

R€ Resssired rerf€ffi&r+ee 69 th+ p€Fæ çeduxeêep weejaumd

Èo aennos.eh åte .ßeîøa1 È,heeret$eetr perfemenc-e feårþ elaselp_
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t+"3 $S$+å$J,S*ËLA 
"

The por,rer r.rociui¿.tor Ís now anaiyzed for bhe case çf an

i¡¡uucLion nrot,or .loaci" Þuch ¿s¡r ¿*neqr$is gives infr.¡r¡il¿,ti<¡n as to

t"he nature <¡f Èt¡e r¡<¡bor cumenLs uncler asyrunetrica,tr operatår:g

conqiLions i¿¡t<i Èl¡e ¡;tc¡tr:r t onque cieveioped uryler tt^ese corulit,ions.

lt is shown LiraL re¡'cbor contrr¡I qurrerrL ciay be represent,ed, ¿is a

funcbic¡n o1' ¡,roLcr Lorgue a¡¡u ÈÌr¿rL Lorrlue-s-Lip curves, riray Ìre thereby

¡:redict'ecio r'¡oLor currents preuicLecl wiùir Lhe use c¡l- ùhe porver

;¡it¡cluLaLor wi.l"I Le corr¡rarecl r,¡j,ili Lhose currents qr}¡ich w<ruld occur

in the s.:.nüìet,r'ic¿¡1 r¿¿:;r¡ (jL.rJ. Vlèt¡ the lnpedance of, S\= 0, the

irrpedance uf ls)% = oa)" Ïor sirripri.eity bhe effect <¡f bhe roLos,

netwc¡rk will l¡e negiecLecl, I¡ris sinplificäLion is. justified on the

grounqs ihab s¡rr:urtet¡'ieal i'nd, ;ts¡nuretrical operaLion wil"l t¡e coirpanred

f,c¡r tlre sane ltr4clrine"

Tl¡e circuiL t¡ncier co¡lsicÀer¿¿ùio¡r iç; shov¡n ln r,'ig. 4"ó" The

assuapLiotìs ¡xå.cle for Lhe s¿-tt,ur¡r¡¡tc reacLotrs in secì;ir¡¡ +"à lvj.l]

apply hereo

.ït w¿rs f'ouno that, an elcpricit sofution for the eurrents

fo ana In- of ligo e"6 couJ"ri ¡¡t¡t, readiry ue ¡,.aue i¡l te¡ras of bhe

t'ixeq iine v<.¡fL¿òge$, Lhe ¿¡¡ott¡r ber¡,rj-na} voltages, a¡lu the tiroauli*tor

plrr¿¿{¡iet,erso i',Jenenl,ary circuiL t,he<;ry qicbabed Lhat such a circuít
¡nust have a wrir¡ue soluf;ion for i;he cur-renès % *d 16 if the

proper i-ncrependenL ec¡uaLions coulci þe r¿ritten" I{owever, it uas føund

i-uipr.rssible N<.¡ clroose ¡rr'oper equ-Leoirs Lo su-Lve 1,Ìre circuit
uni-que"Ly" This was eviaellced oy bhe f¿rct ùÌru;L any set of equaLions

chr¡scn hacl a zero uet,err;;iitallL, ¿¿nu l¡.Ence c<¡nst,iLuLed a uepet¡de¡rÈ

set,,



It r¡a.s therefc¡re decicled to sol,ve a circuiL such as

shown in r,'ùg" {+"?. This cír.cu.it h¡¡s resistances r¡Rtr placeti

in serj,es uii.h bhe reacLor povrer v,'irurín¡;s" Þucl¡ a circuít

reauriJy yieloeci inuepenuent, equirti<¡ns r¡lhich were sc¡lvaul"e

for ãn ancr L6 ir¡ Lerms of t"t¡e ¡'ixeci Ii¡re vclt¿¿¿iess ruot t¡r ter¡linaÅ

voltagesr.¿ltd lrr)ûr.t.LaLor parai¡eterso ln the linarl r.esult the

resist;*¡¡ces trltr¡ were ¡ij-iowed Lo approach zeroo

IÈ was asEu,qrcci t,hat uire i¡oLor rctor c¡rcuit w,es !ìrye

gonnecteei ane h¿to nc.¡ neutral reLurn connecti.o¡ro

.tct Xtr and Kn be the ssJf incÀuctance of saùi¡r¿it¡Ie

trar¡sÍonüers SX* arui SX, respect;"very. ¡iiÈh Lhe ;' ssum¡.lLions nr¿rde

in secLi<¡n h"2ø the rruLu¿¿i ¿nquctance r¡f eacl¡ brarnsfor¡r,er is equal

bo Llre se}t' í¡lqucLé¿nce o1' the iiov¡er r,rirrciíngs. È'or ¡rurposes t¡f

analysis l"et X = jX" ,',itn ref:rerrce to Fig" 4"? Lile foliov*ing

,systerrr eqrr.rtions raay Lre t¡rit,i'eno

vfng * vb* = *1r (i¿ n xl) * r¿xtr ¿i"I

vF0 n- vEb * r*lR + 2 KI) - I2(iÈ + 2)t*) h.2

vBc - 1*(B + \l - laltl * t:.n2 - I4(R + Xa) h"3

vBÇ * Jtxr - rr(R + nl) * Ir(R + )la) : Jr_xa 4"1+

wtrere Í1, IAn lrr anri IO are íhe cumenl,s irrüicaleq in !ig, 4"?o

V*g, VgÇ, VO*a i*llrJ V6O a.'e the voltages exisLing;rcroos the ter¡¿inals

si¡olyn in F'ig" 4"7"

" '. .,..j.ìJ-:.

vAB * vu*

vgc * vEo

vec

V',.,

-(R+U ål o r.i

(fi, + ;l.i}) :(n + ?-v,n) 0

(r1 4- "ï1,) -.t"i \ --(R n Xe)

)? -(Ê + K]) (R + xrJ -x2

foLLouee

rl
rz

rj
T

¿+

l+"5
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l¡o1uüions Íor cur-r.cnLs I1r IA, I¡.n JOo are ¿¿s folìows;

.r _ (vÀts+ÍIbal (I1+2xlJ+Uvse*võd

'L=-

Ãa * - 
(vt.+yao¡ tll¿rl"rn+axt)(vAl*vu*)w

r a,_ _(væjvui:vsc)xa"(n")bl!v_eE *vrr**võu)
L3**

r¿r=-

t'he rriot or pharso curre¡¡l,s ro anci 16 uray reaoity Þe fou¡ld

IO=1r+IU
16=1r+1,

Uefine tire fol1owir6 quqntj.ties:

O=(VABoVb*)

3*(VBCovðuj

a=(VAB*vb**võ.0)
g-(vJrB*vb*"vgc)

Equaüions i*"LQs 4"aÌ ;lliy nohr Ðe nriLten in Lhe f<.rflow.in¡5

(vÂB+vba+v 
;o txr+ (R+li, / (vAB+vu*+v* )

n(a+äÉr)

. ,, ,.,ii.i

l¡.6

l+ "7

4.8

4"9

fro;r,

4"fo

4"rI

l-

o

*(R+:ur2) 
[en+xr(aa+a4 -(R+2X,1) | nO+X, {n"C)

c

-tn"rxrl fntp*¿r*xrts*eel] -tn"âLi Inc*)btcopl]

Fig. tr"[i shr¡r.¡s ¿r vecËor c,iagrarn 9f a syluaetr-Lcal set

of ¡rhase voiùages applier: tr-¡ Lhe ¡.rotor ten.,lnals of i,'i¿1. Lo?o.

Voltage vectc¡r V*r, i" taken ¿rs the reference vecbor anc¡ arbiLra.ri$

ass5-gned &n iúnÉJJ.e cf zero d.egrees" The vec-L<1" v*n leacis vecÈor vo.

b, .LZoo in Lr¡¡e anc. luds vecLor v6-n by rzoo in tj.r¿e" lf a vector

operaLor [arr is clefinecl such that a = exp(Jq] = ] 1l!Z.e: t,hen
-t

E(R+2XIJ (r+2X,

B(È+axa.¡(n+axr)

fonng

h"L2

4"13



the phaee voltages may be ræitten in te¡roe of their a¡metrj.car

eomponeat voltageo as follorrs:4"l

V*=VuO*V*+V*

rehere veoo Telo end v* are t,he sero sequence, positlve sequence, and

negafive sequence s¡nnmotnical ømponent phaee voltagee neepective\r"

Âlthough.equatlone &.14 aro 1n the foæm noet eownþ
ueed i¡r practf.ce Èhey do not rend theuselvee to the ans\rsla

at, hand"

. Fi€. &.9 Ehowe the nector dtagran of Fíg. 4"g mtated

ln Euch & Eånner that, the lSne volt*€u vuõ becones the reference

voltage vector. Re-def,1ne the veetotr nan so ùhat a c e -J?'F. /3 *
L/M- o With Èhe afd of F1g. /ç.p and equatåons J+.14 the mtor
termi¡ar voltagea &rc noer defined r.n teroe of, the pooitlve

vbo=Vao+rtn*+aV*
V"-n=V*o**V"L*"2V*

.. "37

and negaÈivo e¡runetrlcar conponenÈ Bequenco voLtagee vbr e¡rd

VU, of l1ne voltage VO6"

vuõ*vbr*vue

,+"14

ïn a Èhree wLre ?rye eomectfon üråth balaneed lnpedancee

there 1s no øerg Eeqì¡ene€ co!¡uþnenÈ of load volt 
^gu,h.Z 

sj.¡ree a

three phase lnd,uetf.on notor conetiÈutes s bels,nced load inpedance

no aero sequence compononb noltage appears ln equatl0re 4.15"

The mtor li¡¡e currento may bø witÈen in te¡ns of Èhetr

posítive and negetlve s¡rmetrlcaL component Eequence er¡rrents

I* and I* in a form stm{lar to eqrra¿fqns 4.15, The }lr¡e euryent,s

vu***vbl**2vb2
vab:*ttr**vba

by definit,lon

l+"L5



rffii¡gll'.îtJE?I EY *-å lt;,ïr1 f,ïÐi/ffrö.& gg?¡lid*Ë R-qll¡fi"rvq

6'T flsltï.{

Ë5ñr;nr.,i,,rst qv *od 
H,ITôI qiI$v.ttrnA ffsvl{d-t cr,*gnryrim g'tl '¡in¡biJ-



are re.ferreLt t0 tlre current I,
l*=l*tr*I*A
Ib=*1o1**el*
ï6=aaI*I+aÏaz
Tlre tlrree J-ine inpub

are applieci ¿'t Lerh:lnals A, B,

!-or i¡ phase sequence ABC,

l"eb VB' = V,

Then VCA-oVo

and vÁB = *t V"

where V is a const ¿¡nb .
o

anci ære as foflows:

try aefÍnition

voitages to the porrer ¡¡todulaLor

ancl G as siroun Ín !'ig" l+.?.

result,s in Èhe eriuqtions:

r =rt=b¿arÀ * -(a-Ð*-

r^="%-rãa¿. *@ã):.
Equatíotrs /+"I8 r,ray norv t¡e s<¡Ived wit'Ìr

I)Ð 15þ and lf.

Solving for I*, ;and I*a in /+.Àó i.n ter¡ns of IO anci 36

4,tré

Ted.^ .l
6i,Å

(n+zE ) þa+Ra(a-l)+x* ( n+2*) (*-rX * (n+

T_La.2.*
( m.ax, ) fnn+ff.n ( l-a ) +x

rr'her,e A=a(aVo-*Vnl-Vue)

u*(Vo-VuI-Vue)
c = az vo - vbtr(I. * *?) -- Vaz (I + a)

D=vo(t "#) -&or-*v|rzo

u,L',r

4"À8

the use of equütions 4.12,

and

a-f,)E(R+uKÀ) (n+?A?

Equations 4"I9 and 4"20 express I*O and I*2 in terns of 361o Vp¿a

(B+z"r) (t-"1 +(n+zrr) [!(c*"o¡"E(c+s) (t-oü ,*.ru

Vrø t'he e Íreuit parametero Xna foa aird R"

a-I)n(R+2\

{n< cn-o)+Kp ( c+o¡ e*-xfl

R*?x"

¿+"]"9



i{ith refererrce to }'ig" r}"8e it miry be sl¡or.¡¡r bha¡4'3

1Í-T.Jv-*-¿-g-AI AT AJ

V*? = tr^z a^z

where Z*, and Á^, are Lhe impeo¿ànçe per phi'se bo posi-tive eequence

and negaÈive ser¡uence currerrùs respectively. V*, ano V* are the

pnà;tio* sequence i.rra negative sequence voltages per phause

res¡rccLively, wneru V** is ù;r,ken as a refere¡rce vector"

llowevern eqrraLions 4.1.9 anci 4"20 ure written in Èerms of

VO, and Vnr" Reference to equatlono 4o15 wil.t show that

the volÈagee Vu, anrl Vo, inre the ¡rositive anci negauive synmetriean

component sequence volL;a'ges of ti¡re volüage Vr""

Iiquations ["2L n'ity tre nodified s<¡ thaÈ

vbr = - å\E r*t z*I

o o nÀtf)

$ubsèitution <¡f e<¡ual,íons 4.Ì9 ¿rlru 4.20 inbo equal,ions /¡.22 yielos

bhe foJ"I<¡r+'irrg resulbs :

vbe * i vF l^a zaz

f.if *'bI

1+,2L

çD

"ba -

Eciuart,ions 4.23 anq

Etrt =i(
@

GV =!.Â

(r*zr2) þ,e*na4r-*

The pararneters Eo K, Po G, F, anci l( are functions aî X¡ø K2o

&n Z_ro Z_.,, èùnd lsal!,
" al¿' a¿'

4,25 anrr fi,26 for I,Irc

(B+gA) (a-t)

h"?4 nay be

vuf, * F vuz

vbe * s vue

(e+aa) (r-a

*(n*afo.)Þ(Ga-c¡

1"2?

trearranged in the follovelng for¡.¡

(n+a\) 
þe c-un¡"E(c+o) (r-*i

(equaetion No" 4.23)

aL} of, whict¿ are

raÈj-os hA, Uoæ

Vw
O 'O

(equaLion tqo" 4.?4)

(c+u) (a-t)

known" l¡olr¡ir¡g equä'Uions

¿¡nd ¿¿ilorving R Lo a¡:¡rrorrch

L+"25

Lï"26



zer0

1Pubtr

vo

ù0,
v

@

(¿n the l*¡,-,it) y5.eld the folLc.¡vring resulLs:

- -(*¿ ur¿ xr o upa xr b).
z^t z*¿ xr o znr z* xe * ßar xl xe '* zoz xi L

Dquations 4"27 and A"28 pernit the anal¡rsls of the

i¡nciuction motor operation ts be carriecr forwarcl as a fiurction of

zn:. z^z h * z*r x

the pÈ|r*er ¡aoduJator ¡rararneters 1,, ano Xa"

4o4 ÞItTt9Ls. 0{Sll.E*-80!rEtt*¡uil-Ðl.|r¡¡Tgti-g¡,¡_f¡tÐUt;tÃ0N {{ulgi}*fÆti8¡$ïIeil"

lhe per pþase ane*þsis of the equi-vaient circuiü of an

inquction motor r*as earried out Ín eection 3"3 of'Q¡apÈer 1rr" The

following equations were derivede

\ * %'oa xt xa

%,1 -tiit/%'r" I+ isec rtö-
tE

tYo27

4o28

t+J (2,_s.)
ß ^- $_
_êa* 

------Jg-ære
Ð

T
ç-r

V- and V_ have oeen defineci as per pha.se voltages where V_ is arbitrary,¡tp¡n
ar¡d V_ j.s ttre rabed per phase ¡notor volüage, bqu:iüion J.JIp

may be mouifj.ed as lo.Llorn¡s:

-¿¿æ{s-
"¡z^reRSlfv\/gè'' o¡\

{ lrenanv }qfu::--l

r+here thu parrareÈetrs h.4ve ueen oefined in sedÈioú 3.3.

!'Jith rer'erc¡rce to equaLion 3"3i, the quantibies

r'tr
lv t'
Lg

eÉ
ss_- ¡¡¡

SS

3"23 (teprise)

3"áàt+ (reprise)

3"J} (rcpnise)



r lwri*;ffiï
nated rirotor line to .Linç vc¡]t,;;gp has ueen defi¡red as Vo in

sect'ion 4.3, Fror¡r ele¡¡rent;*ry c<¡nsider¿¿tions

lo"l*'F luol

aulso, set yf lvrl 
E lnll "

liquaLion þ,2<) r-ay nolt De writtenas fo[ows;

* 5u.L -ss.Ia
-@+@SS

¡n

vrhere V, and V are iine tot O"
',¡hcr¡ þol¡h ¡:osiLive

r f'f€ =tdT lvlr Ls.

applied si¡iulba¿neousJ¡r t r¡ tÌ¡c

<ie$elopec internal torc¡ue is

TETs *Trr

-s' s. lt¡
Ð*G

SS¡t

where TI is Lhe torc^ue proouced by the

seguence voltage, eriiu îtr is ùhe torque

o.f negative $equence volLage"

4"29

iine motor', und nodulat,on åerprlnaS. voltages,

I:fl su¡rerposition is appJied to equabion 4.J0 the

foliowing-relations ¡¡ríly Þ e writLen:

iF] =[þuf '"+ ^rzLrl LoJ 
%.#

¿¡n,¡ ¡rctierl,ive sequence v<¡l"L¿"¿ieb ¿àre

l¿r¡üor st¿¡tor teg¡j,nals, bhe total

as foll,ow".4o4

4"3Q

l¡"3L

prcsence of posiLive

prouuceci by thc prelience

[d' -Ër]'

wltere[t]o ," ,n* no¡:ucarlzed poeitive eequenee tqrque,and

the non,raiizeci negative sequence Lorque.

Eo5
(2-S) S" ' r- ----I[s (2*s)

m

¿*.33

[t] ï'



equóiltion

Et¡uaLion ð"3{ expresi$es the nr.¡ri..¿riizeq ¡-¡otor toru¡e

as ¿. fu¡rctj.on of ¡ru¡tt¡r sj-Lp¡ Jlotor parabeters, a*nd

¡rareuaeterso

defineo r"s L/Lrn rì,ìie¡'{j I is;'ag'6s.frsr¡t por pha8e Egð If
Ls

of erlutrtio¡¡s j+.J¿ l'nci

The no¡r.¡¡¿..t-izecl per ¡)l¡ó¿sc ¡¡otr¡¡. sl,ator current üËy þe

Lhe ratecl phase currento

define a neE quanLity ¿g which will r¡e qèÀIlecl nor¡¡raLizecl raLed,
oc

*&æ inpeclance ;.,er phase* .þ'or the s¡ruurretrical case when

In order bo find bhe ral,io f/f_ it, j.s necessary to
7"4

either Xa or X, is '¿erüÐ the ¡:or+er r¡roüulator Ís bypaesecl, :,ncr the

¡notor stator t,en.rj¡¡;¿lE ¿*re uirecüJ.y corurected to ilre su¡lpþ sourceo

l+"JJ ínto

Ihis ci*ruroL t e verified try si.uulLËrneous sut¡stitutíc¡rr of X, = X, = 0

inttr equaLions t+"¿'l anu l*n28 since Lhe equaùions tl¡en þesorÂe incleterr¿inaÈ6.

trquatiorrs 4,4'ls l+"28, c¿rn be verlfieci as oein6 consisLenù v¡iÈh

Fig, /r "5 bJ letting Xl, XA approilctr zero í¡rdepenclentlyo

for ex;orçrc

vrhen&r=0r%=finite

vur . vne -..ùnen çl==: = ¿, ñ
V.

l,n oruer Lo clel,e ar
S 

,n;'ine 2å it v¡ifl þe necessary t o clefine a

quantiby g4 r¡l¡ere Sr i; Lhe ¡'*tecr ¡uobor sj-il-i whicl¡ occurs when
m

S,, or XZ= 0r:tno torque T is equal to raLeci uotor t,ort¡ue T,

(i"*" T/T, = Ì)" The rlu¿ont,ity S* has l¡een defined in equabeon j"ZO

l+,35



of scc,,iuil 3"3" buustitubtc¡n o.f

yielus tlle Jt¡üor+irr¿ r'esul1,s:

when

t iten

î
T è'
r
r = (I)z

This regul"t gívee
sr
f = u'19

gt

7"ar
Tûne quanEitJ il r.r¿¡y

()c
uhich stabes

erluait j-r.lns 4"J5 int,c¡

- 5"5ssru
æ.ç@

SSnr

ã*1 1+iS/Sû
T:* rîã_3-"os äÇ

Ote:orry, 5.f li - So o

tl. ú . ;-i.!¡'

eqUi"bi<.ln l¡,Jl¡

-t+.36ø

nou De founrl oy a.¡:prication of equäbion 3"23

fhen

lf the le¿¿lcäËe factor c4 is

anu the rcsuLL of er¡uotir;n

then iL f<.¡üIows ùhat¡

2,.._ 1+j"19ar

z- zaI ar
E-&7.oc oc

z.arwtrence f = "brr? /-J-!yoo
oe

lü was $noh'n ilr equaLions 4"J, tlraut VO,

(i.e. conoitions of s;.,mraeLrical s¡otor opereitS.on).

to equaLion l+"22 yielos i

vba = &ß luz z*,

þut Vbe = O as snoun in ec¡uaLions 4"35"

baken bo be "I (a reason,aole va}re),

4,Jó is substiLuLeü ànto equqLj.on 3"íI3,

oe
1+j .Æ

ol

t+;37

=0r¡hen\=O

lÈeference



'fherefçreu r'lhættr äå * $e t'he w*6a!øi"ww ã#r6tå{rå1r}@ r$-rtrFernb lun

sånae ã** åc nçb neçesoaråJp ã8ã'4Jo ¡ie.fetre¡¡ss åø cquabåoras

shc¡r*e üta¿¿È

bul, l*A * O

r+lrence &* * Íu*

þ'urt"l'¡er refcrenue to r;quatåorgc+" 16 i.rxtåcabee

lu.rl * lu"l a lçl *lurl a'rie'
Tlte ."bsr¡e i¡¡uåcaÈeu e¡nruoebrle¿*Å not,or

r.¡as sl¡r¡uin 5n equ;"ùions l+.¿2 thau$

I**3*l*Ã*A

$'ro;il er¡u;o[åo¡¡s 4"]5

vþÀ * -i\Æ l*¿ ã*Å

l¡r¡b

wÍ¡enee

lf--eTl"be "bl

lf e,fl"ba v

*&u

¿¡oJ"&

SubsÈitution c-f, er¡uatåons q,38 anr¡

yåei.de;

åt, ås scen t haÈ

* vae

îP ^Í1rJ.-*W"*Ðc nå

s¡åti'¡ re.fere¡Ìce Ls &':-t"" l+"? åt ås seen l,¡¿.at,

ås in phírse i';í'uir Ll'ie "¡r¡.Lta.ge V** l"ahen å* *

Ã*p * {),
operatåon" lb

vb6 * - JVf 3* ä*r

¿+.38

'tf*, has been deå'i"r¿eii sueh bha"È "d*n * V, ån

'[l* ís the r¿;.ted l¿çè<¡r ¡l¡re Lo ]áne o.roJb¿¿e o

öJ defåniLio¡¡ it in:ry be stated èha&

1? æ "Ñ T ç'-oo wé ",t "'an

uhere ï åß Lire rauecl ¿n+t,or
Ç

^-r 1 i- åÌ¡e r¿rLe¡.t ¡r¡cùor4I lU

al- _ i.s LSre ra'*ca ¡;lçt+::a'/t

h,3g

l+"39 å:ntç e<¡u;ct$on &"2ä

4odaO

Lhe volÈ¿i+ie V. -Ðe

(Jo 'fhe vo.!,ta6e

seetion Á+"J" i*Ïrere

l+"¿+L

-l¿ne t"o ååne sba,tr¡r vc¡Itage

per ph*'oe sta'bog. *ui'r.ent",

per pirase staÈsr {ar,¡led,areee.



Ðåvj"siun of e<luotion 4.40 try

%; -J l.,/f Í'* ß*1

whence

v
o

Íiinse bhe voltages VO6 ano Vo are vest,or qua+ntitics that ¿ire in

phase wtren X., = O, it is seen i;hab üi¡ei-r r;¿l,i¡¡ is nc¡t complex"

liubsÈibutíon of equqtion 4,39 ir¡Lo cquat'5,on ,1r"42 antr tr,ultåplS.catjon
?o,

of i;ire nigùrË iranci side or equaüi.on ,+.4a þ$r ff frrldÊ upoa
sv9

rcarrangemenbr

equabion 4"4Ì yieids:

ancl c( , a seù of nor¡.^alized inc¡ucùir¡n mot,c¡r tofr¡ue-current

characterisbics uray be d.ertved tly ;-pplic¿'Lion of cguations ln"J4

k"l& " It Ì¡as been shorl¡n thab unc¡er conclibj.o¡¡s of, WJìrrûetrical

,, ' ,' 't.ú

For given--yglues rf þ ¿ncl assu¡.¡ed v¿.iuer; o1- 5e $ra

oper;'tion lt-f = l+l = lttl" flence, equation 4"¿+3 isequagr

l+"¿12

valid for al} phases of ùhe three phase ¡aaclrine"

a diff,erent prc.rce<rure nusb t¡e f<¡Iiowed in order to dectuce a set of

ùorque-currenb characteristics.

I.,qut'tion l+"22 nay ¡, e rvribLen in r,he f,orm

Tor -i \ã rat za'

t'or bhe case o.f a,F¡mnetrical operaLion.when XLf &Zf Ou

B ut fr<.¡¡r,

fheref,ore

4.1+3

v6 V
e

and

w' l* ã*



M* þ='þ] þl þ+lr Lol LoQ.i La-u

IL fol-J.ows frorr et¿uaLion À"22 t,[¡at

P=-'Fg H H
ln orcler to utilize cquü.bíorrs ("44 ani¡ 4,4) ¿l ¡ni¡ror

clr.rnl;e oi' f<¡nl r.rusit te i¡rl,r'ctruged irtto e,.c1uat*ons ¡"2f antl 4o'¿,8o

If tne nu¡rerator ¿¡rnd a,enolúnator of tÌ¡e aforemenùio¡red erluations
3

are divic¡ed by Zon the resr¡Ib is ae folf<¡r¡s:

z+t V* þ.- * zar þ- xa
v." z z z z z zD¿_ OC OC OC OC OC OC

ff = ¿+"1+6

'/, -'¿ - L _- T: L f* TTT-* T'ffoc oc oc oc oc ()c oc -oc -oc -og -oc -oe

fz z x ?. x x. 1*lalaAI+aZ]Zl
oÞ-? - - LÇr;.î;'ÇÇÇl
Ç= L'"1+?

2..^ -¿__ z ^ 
- L.._,/,__ z _ z- r. - -È 'T- T* r*cc oe oe oc -oc -oc -oc -ac -oc -oú -r¡c -oe

!üiLh reference to e clurrbi<¡ns 4.46 ¡rnci À"t+? it ¡¡ust k¡e recalied that,

Slte pirrauretels X, and þ werr- qefineq ers X¿ = j X', anct X, = j Xa

in secLion 4"r of 0ha,pt,er rv tc¡ faciu-bate anaìysis. The pariu¿eter

zo* r*as clefinecl *" zne = i(x] o o*) in secl,ion 3"3 i:.f ûhapter rrl"
It, is therefore ev¿dent, that. the rati,o L/Z is ñaå"'oe

c t r,Ii- 1

i+ 
" 4l+

lt 
" 

l+5

wiLi¡ tire use of ec¿uirLions 4o44p 45s ta6u anrl r¡Jn Lhe va¿ucs c¡fTaI Iú
f 

o"o 
Ç'"ov 

þe fi¡u¡¡d"

rt furLher applic,:rLion o.t e.¡uations 4"16 penuj.ts the

evalu¿¡Lion of tire arsytunetrj"cal nor¡i¡arized inctuction rrotor iJer írn¿ise

statc¡r cu*ents þ, þ, ur* þ .-r ,r tr

!-or assnneq v.riues of S, S*, ó , XJÃo*u X*frr*u anci



¡ {:ì,
o ,r li"tJ

{joiuti<.¡¡r of equirtiott lçojt+ turcrer Lhe s¿i¡¡re conriièions assuned
-I. 1 I...

for evaluation of ç9s and a5 wili yieru t,he nc¡r¡;ri'rizecl per ¡:heisef,r J*
inouction notor torgue in synchronous watt,so

À nc¡rr-¿iriueo se¿ of {,orc¡ue-cürrent i¡lqusLior¡ mol,or

char¿¡ct'erisLrcs tuay nor'J læ ¡llotted f<¡r ar¡yvalue of ¡,1¡¡tor sIíp S andx. x^
any anbitra,ry noru¡¿riized pouer .¡^rouuiartor :u:rpeuaurce ¿* and 

UÉ-oe oc

inuucLion

have t¡een

different

T¿it¡le 4;1 has uee¡¡ cor;rpilecl for the c¡rse o.t' syruietrical
K.'

¡¡r¡Lor operaLion (i"e" 7il = U)" üquationo 4,4'1 and. h"3h
oe

used to cønpute vaiues of f*/I" ar¡d T/Tr fc¡r three

values of ¡¡rotor slip S anci f,or var5oue .values o, þ"o
Table /+o2 has treen conpiled f,or ti¡e case of as¡ncmetrical

inductj.on ¡nobor oper.ation (i"e" F tþ * ur" I<.rr Lhe sake of
oc oc

s3.npricåby ít has l¡een assumed Lhat s¿¿Lurat¡Je öransft¡rr¡rer sX" has

r¡o cloc. exciÈati"on alpplied. to t,he cr¡ntroi r+incü¡45r. wirile sirturabLe

Lr',:r:r,ir.¡rr¡re{' 5Xa hâs 9996¡19} wfndtng exeÍ.èabl,en. thee8

assumpÈions i-rapþ bhai bhe nor¡rr¿åJ.iuecl sal,ur¿¡b¿e trar¡sfor¡rer inpeoances

t¿rke on the ¡'ollorvin¡; values;

X-
¿0<ñ< æ
oc
v

'I'he case s¡here ä"-* 6, and O (

&
rl
oe -+&

need noL b e consideredo It, llay be show¡r that tt¡e resulùs in this

J-¿rtter case are iqenticai to the results of lable hoZs encept that

the clirecLion cf' rotati'on of the inquction rrot,or is revcrseci" Ttre

d¿¡La of T¿¡t¡Ies 4ol a¡rd 4.2 when set out in gra¡rhic¿¡J fç¡rur oisplays

the effecL of the polrer ¡rodulrLor on ínqucbion motor operation.

b
o0

\T:
OG

(eo
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l¡r T¿rble 4,2" bhe fol*lowing t,er¡:ár¡nJ"o¡g ar;;plics3

S is Lì:e j.¡:nuctic¡n moÈor sÀeg:
Irr t

læl is t,he al:salube lo".l".ue af t,jre nor¡¡¿,i.liaerr ;:o..,åL^í'aeI'r' I

s¡niruel,ri*arÀ ccmp*nenL '¡oi'l;¿¿ge of tirp vcl"Èirge Vr6"
lTr,al
li¡--"i is lhe a[".ßo"L.'ite v¿¿]ue o3-' the ¡¡e"'r¡nr¿fl¿ecl negat,i".re
,'^ i
1t!

"66V
." 530

"t {')
"232
.Ì5S

]'30
"863
"3rÐ
"L5?

0.u0

1" fjl,
.6Tå
"49'¿
,1?ç

s;¡m¡¡reb¿-icìa} cariiponeat vo.l.Nagæ q-¡f iin'-! vol,iage Vn6,
ll." r å

ç:ei å¡; ihr ¿¡.þsoluile value of the norüti¿j-izeci ucsitårre, r - ¡-- -J1

$l.ni&rÀat,r'j"rJel ca.npone¡r'X, r,¡f cur¡:e¡:,'a ef lha line ç:u.rrer¿t,
iaa 

I

tt
æi

T;¿-l
ç¡

¡i"
¿í

es 'the ¿Lrsçi.¡¡Le vcljl:e cf i;he nc¡;"¡narizecl negai,ir.e

s.vfirJt1ell:"-Lü¿I c*¡*ponent *å' eli-z'¡'e¡rf, c'tr ùnæ ååne cuyrer¡i;
fT.¡ ¡r-fl
l- *ì l**!
iî:-þ Ènd íîrl a"T'c 'r.hf) ;'c¡sr:1,r;l,e v-;l:-u.cs r,¡j. i,he per ¡:Ìi;tset-¡.'i l"':ri
ucüot *r¿::z'ents f¿,, in_u and _16,
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t+"5 Et{.E-qt?sP.;Sêrr-PS&'qWå¡{(,q ç,tü4ßàtTg,qåSfJ$$*ü-F*r"l[Ê-gfÐJJ!.eg-ffi -&Ð

I¡_$ptJcT¿g)åü 30foR j{.ir!{83å6eTÃ0å¡1

The m'çbor cuÃ'rent,-&orqr¿e charac&eråsbåçe çq¡np¿¿ed år¡

Tal¡}es 4"1 anei 4"â ¿'re repredueed an !'ågrrres 4,Jss li"å¿e arsj 4"åâ,

The er¡rrent*tsrqr¡e ofiaraeterl,eôåee have b een plerBÈeet fsr nc&on

slips oå' u.g" Io0e and å"å fr¡r åhe eoclrlå8åo¡re

;*s Sfre ehc*åu6e sy*åue *g gjge ras*m¡¿*el,åøe¿å p*r ph**ø

¡;¡e¡&otr boa'*¡ue l'"

Iixa¡uinatàon of, 1¡åguyes 4"åOÐ l+"LJ"Ð ¿'¡atø, ¿+"M showË a n¿rked

unp¿¿Iunee q¡f u¡oèoe phaee Çurrenbs f,or asyrule$råe¿¡l ¡¡obor operubåon.

However, i.t åp seÉin that, rrü tr$gher ualuep of no¡:rn¿¡iíaed per phaoe

èor<¡ueu åire ¡oob*¡r plu*e currenbe tupprcaeh à¡aiçance"

For the saee oS symeÈråea} oper;rtior¡ it ås seen ttlaü

öhe nrc¡tor phase Ëur.s"enbs apprø..eh aetro wtrenlhl **oaohes 6BFoo

}l,owevere Èhås ía r¡çÈ råecesearriiy true c¡f asStrnebricirl oper"atåono

li,xauinr¡ål"on oÍ $i¡;s. 4".L0s 4"JJeand l+"J,2 inuåcaters Êile fojlow'ång

eonsequeneeo oI,i+s¡rurunetråceå $otor $¡Ëra&åçr¡$

(1) lor ior'¡ vu.lues *lH the ¡uc¡Èor cu¡renês are nçt balaneed"

and üåry'lre t¿uite ¿e:fge"

v
,¿

ûe

v
.,'."-Þ €Þ€ ,o*þ < æ

dle

(2) V¿¿ir¡es of r¡osr.ralå*ea U,rrQu.e$ff nay not apuroirch aero, bub

scrne fånå&e vaiue cråJferenÈ å-ro¡u 'deroo

Få8, ¡+"]À ået er¿iiwr¡ f,<¡r btre så¿indstr.å} eonrlåtion (å.eo Ái * J.)"
¿à¡ ¿s.)

For &ire case ol a;lyru,reôri,e;Àl ê¡,F,ràbiun wìrere 7å = # =@(*.e. no
e¡e oe

uoco exc[tÉ¿ti.on cn eåthe¡" bBU or $þ in å'àg. Jr,6) ¿* ¿,s appelrent
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&fréÀ& &YÁ* pbaarsm earryång *l¡mer¡b I* J.s ouu$eeBed bs ¡nau*åsw¡

exeåta,bå<*¡r r¡¿ïùÀe lF[* ," tirås resu¿e ås åndå*abåvc uS' sångÀe-¡rharee
l'r I

operartion" i?rat thås ås å¡t f aat t,he case, ¡ûêry [.]e þorfi¿ ouÈ u¡n

X? Nq
uuirsåiåutång ttre pi*re**gter* i** * ãS* =@ fnLo e(iu;¿Llons A,2? ¿snd' *ec ur@

4"âSo buÞsequent solutåon of these equaLions yi.eJcls $g - :?+ 
"

Thås resutL ås char¿¿cùeris&ic or sin¡¡re-pha,se .***rlllU", ^u

¡Jue &r¡ sin¡;ie*phase eNcåttrLion, torque beconies à¡ureoia,teþ avai"[niule

wl¡c¡n <¡ne <¡1 the u¿¿ùuraà¡le reaet,otr doco Gc)flÈrc¡À euffent,s J,s åncreasedo

1'hls eåtu¿¿ti,o¡l is very urxleeår¿,,uÀe, sinee aè sÈarüsbiiì (Éi * J"u

lþl= O ) ttre &otor eurre¡¡tE e¿¡¡¡noù be intemuptecl iry d.c, conbro.L
lt"l
of tt¡e satur¿rt¡Jc tr$nef'ofl¿ersu aind a åine çonb¡¿cbc¡r is noeeosaryo

f,È trae been etaÈed, that S'or as¡rarunetråca¿ r¿ob*r eipe.,a&åeri

tf¡e ¡uotor ¡)r¡iÀse {;ru'rex¡Ès I'on sa.i.I} r¡aiuc¡r,i "-!hlare hlgtr. Table &"3

slruws a uorirpt,'råson À¡eôween s¡ruor*e&rieal ¡¡r¡tor currer¡t"e {å,e, the çeçe
J(ì

wtren fr * o) ar¿o tfie euments åncurred lor the asyiøaeÈrica.[ case
&) *oe 

Ar
7=='e.ou O ( 7å- (*CI" F'or aayruaetricaL ¡qotor operatåon Èh6 ulßçe*ee oGg

phase eurrents at el gårten &orque are c*p¡rt¡åneci ür¡ arr eqreåvalenõ per

phase o;rriu,re&r-åc¿¡¡¿ ¡robor eurrent wl¡iclr $JctÀ}u resuJ,L in t,he sa¡re

geconcÂary resi$tarree losges. The foÀÅowång ¿s a oarapÀe caÅcuåaÈ¿onc

ldåtf¡ ref,erenee to ligo 4"11"rthe moèc¡r curr€n¿ for o¡nnaretrica.l"

o¡ie:ratåon * 
lhl- 

À, io l*l- Ì"o8" If Èhe second,ary ,nobor resisi,¡Mlce

ås r, ther¡ bÌ¡o eecorxi*ury reeisbance ioso åo

(1"u4)A r* * i"I? æa noruialåzerl uattu

!'or conc¡iti¿on$ of auyrrl*ioÈrica¿ oller¿Átion "* lhl-
*þ'.", lfl- *"'
Thereforeu tot,ai seeosiã¿¡ry reoisÈ¿{nee Joss

is as SofJo'r.lec

Ilef ÍJh.rse"

¿, l*l-

.f,c¡r t,tle

Lo22Ð

àhree phaseø



,oo5&

fl-t')"î
{_ir,at)"- + (i"L5}* * (}.u)': _}*n* 3.úL $', nur"i,,i,}íuerl vr¿l,èç"

The ¿rver*ße Jo*js ¡:er phi"se t* æ 
o J"?? tre ¡roJ';i^riåør:d uaüt$ p{rr p}àí¿å,e"

The seeorx¡ary resísLance io$*. uneter eçn<r-ilions <¡f syr-ursèrir:a}

o¡:eral,ion h¡es ueer¡ Ïuunu br¡ {¡e L"L'¡ î,, ¡lc¡rmalåae¡l u;aÈÈs per pht*se"tu 
lr"l

?ì¡is c<.¡ffesåJorìürÉ; to a r¡ur¡.rinÀt¿eo cwrenÈ 
ffi- 

vffiîi - À"O6 ,as shoHn

aboÌ¡eo Þ¿,,.JÀdf¿y" fof Lr¡0 uüse oI ir.syi^r,rctfie¿r¿ o;;efat,;otr, ,il

rrirrr:,ctiá4eu ûul'rer¡t. 
l*l- VfiäT = i"J} is f*u¡¡a"

'fubte 4"3 i¡; nor* coru;.riåcu as foiruv¿s;

Tat¡Ie /+"3

Crx.pi.risun oi' i.:ot,r¡r jrir,i*se ü'¿¡"rent,s U¡¡cier tlq¡¡rçiil,ions

of, $¡.fnnretfícai .;xtre asy!¡ÀtrìÊX,fi"(,:á*¿ ..rperuitíon

AJÀ uata cor;çåIcu t:ï,_ t_1rr","t*__

H-t -L%l IrJlr*l lt*l lu"l

,5 "r¿5 " 96I l".og J""L3

In Ï¿¿uåe l+,3 the foåIowÍn6i ter¡rin<¿l"og¡r a¡.rplLess

tTr
l,*==l is i;t¡e i¿bsoJute v¡¡Lue of the nor¡a¡¿tized per phase
| *r'it"! ¡,¡otor lo.fgri,e To

i.T* Il=gl is ttre ¿rbsclut,e virr-tiê r¡f' î,i¡e ¡rer ptrase ¡uuì,r¿x. currenðl¿*l!ól
I* uncre;" gono.j-Li.q¡ns r,;t' syr,:r,reï,r-ic¿J r-rj:eratj-on,

It I

li=i is Lhe ¿,l),?oåuèe véÀue oL' the e(iuivaiÐr¡L ¡:er ¡.rhase
I AI

¡:¿oLor *u¡,r*¡:t" uncier concùrLir¡ns cf ,i" s"yineteèrica}

:)jJel3¿àti-i)n"

Jrrsr;u";k"åo¡¡ a¡f feble l¿.oJ slrowo blrat for lot'l ''¡¿t-Lues cf
l¡rr I

ifi="1, lrrct,cr cur¡'etrbs LinÉet: ecnui'tåons of asyæaetriç¿^1. oi¡erat'i¿:rr
l" "åare ¡nuc-lr hrgri:r tira¡¡ the er¡-r'rent,s r.¡hich r.¡oulu resu-lL rlnrJer cor¡ilitions

rJ 'å o (JË



iì f.,:.¡r I

of sy;'.u;tetric¿iJ- oper,.tion. Ilence, Teulo ¿r"3 confir¡rs tire f¿.ct

tirat a high degree of as¡muletry ís ini"roducetl by t ire power nrodul¿tr¡r

aL I<¡l¡ rn<¡tor lo¿¡cls" ¡rs .load increages tl¡e cume¡rLs oecc¡nre oore

net^rJ¡l egual, :¡lÍr relative-ly synuaeùriea¡ ¡robor operaLion is possS.ble

with t,ne poh¡er ¡¡oitul¿Lor"

It, t^ray b e concir¿dco th¿¿t a c ril,erÍo¡r f<¡r rûi¿clrine heating

rlue tc¡ currer¡t as¡nru^retry lauut be considere<r if Èi¡e power ¡'toquLator

is to t¡e usef,ul i¡r conLrol r¡1 L¡re ån<ruction uott¡ro

l'ig. 4,1.r snows Lhe rel.atj,ve nagrli.tudes r¡f ti¡e ùruo

p<lsitive ar¡u negi¡Lave sequence volt,aps.f,or sJ.ip vi,rlues of .5e

loU, ano 1"5" Tne charactcristics of Fig" 4"13 co¡rfi¡:r,r Lhe result,s

ootained Ì.ry iJolt,, Si:rreon"antl {rheptrerrtl'ÀI which ¿ire sl¡own in t'igo 4.5"

'l.he ct¡¿^r¿¡cberisbics of !'ig, 4,I3 differ f,ro¡n tÌ¡ose of I"i6;" +.5

in Ll¡at the forßer are ploùLeu f<¡r an j"nciuction notor }oud, r,vhereag

Èhe lattef iÀre plottetl fc¡r a ¡jerlera+ roruù i.urpedance Ør"

Fig" 4"14 slt<¡r*s a p.r-ob ol' frolt¡.i,'.Lizeu ¡rotr¡r Lorque versug

nor¡.rêIized re¿rct,or i¡npecl¿rr¡ce ¿¡t three different vr¡iues o! sü.p"

The ¿'þso.¡.uLe vaaue of s.lope ¿¡1, atry poirrt on a 6iven châracte¡råetÍe

of Fig. 4.þ nray oe founo oy evaluatirry;

)lH

æ

Þt(ar¡inaLion of i'ig. t¡,i4 si¡t¡ws bhat f<¡r i¡ constanL value of slip

Lhe slope of Lhe torque-re¿rctt¡r iri'iped:.nce curge is stuaIL r'or

Iight lo¿rds ancr large for higher varucsr of torque. It is recogrÉzed

bltat when Lhe ¡not,or is to b¡e corilrolÌer.l l-ry a'veloctèy-feedbaek Loop,

[he ioop 6ain will L¡e sut¡s'|,¿rntiarry a.t'fectecl, causin¡1 ùhe r espo¡rne

li = so¡¡sLant"
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s¡$ Èhe oygeer¡ ttl vax'y é€ v€aråçrås q¡;¡@rct&åssg pc,åa¡&s"

Fåd, J+"iJè øåøc sttfåtds &fa*¡& a@{Â€&&sr å*on¡gåarrce aæo*r xueb vaxSr

Àrnearþ wå&h &or¡,¡a.¡"i.aed s¡ot,of t,oeque f'an thc uhsae¡¡ $aluee uf

not or elå6i" To ehow &tr¿rt Ëtuta ås t rue ån ¿general Sne f,r"rååol+5.ng

pl{oce{¡ure r"*y b e ç¿¿ngå€'tl nutg

The sut¡etåbutåon oS equationrr 4"46 and 4.4? l't¡r the case ofx" x,'
F --+*.* O < #< -o inbo er¡uirtir¡n 4.J4 yieJrls equutio¡¡ 4,Å8oo€ ooe

ag foijousg

T
fF-F

üru¡rccbion of equatåcn 4"4S eh$ws tlratc

o o r#åJ

ïn ortier to BuþstsnT,iirte blte resulLr, ¡r!¡own å-n $ig.

necessary to ¡rerfon¿ blre folÀowing operi"tions

lful- 
-u

at Gîoal tâa
!*@ EÍ*ã ezz_õe oe

ä*l
tr
oc

Llil
)ihl

Ðue to bhe cu;*plexåLy involvoun ttrie operaÈi<¡¡¡ wi}J- noL t¡e c¿¡rnåed

f,orwarri,

$ånco þ t' ngt' å fru¡cbicn "f þ o* 
'F,

'1,-., &^.,*CIa *gc *oc

where # tng # u" cor.rplex nî¡i,Þ€àtrs, the foi¿owing operaLion may
tr ¿,è-aû (¡ç

Ì:e perforured oy clåf,íercnÈiâtån¿! equa$åon ¿r"d+Se

A- ó
lz*e \f

. ¡ld.#l?, 7- iLOC qg*2-s 
s.ãt

æã¡-+$ '¿*s
ÆÉ

S = cc¡ÞtanÈ"

4.48

4"14 iÈ ís

4"c+9



)lhj
a[Hloq

It is .r¿sc:

[rf) lî:lT- NJ

)[ffi

by oiffererri;ilrLin" erluet,i:on 4o4ö" Éiince Z*, alru Z^, are h,oth

coltplex funcLions of trsrt tlÉs oper¿.tion woulcr entail er¡nsiqeraÞIe

possible t,o

$æ

difficulty"

Ti¡e increnenüa} expressit¡n of L orque

c<¡nsta.nL.

f inu

foilows:

X'

7L = co¡rst¿¡rrÈ
oc

^Ft-

qu*oo*4'6 ir.rs porrit etl r-¡uL

th¿b reicLor iiiipe<.1,¿Ånce :s

I" nay Þe ir¡¿irreo bir¡ce aij

Iet the nor¡riäiiaeci re¿¡,ct,<¡r

ti,e ft¡rJowing qutrntities:.

4.50 ,

)1,ç
[xr]

)FJ

A bH"

4"5L

S = const"

,H
,Þl

tha.t,, ierl,rrou¿rh cruue, ù rre ;rpproai.r.;rtion

proportional to reacl,or cr¡ntrotr currenb

.ru:lnt ibÍes of eguill,i<¡n i+" 52 are norrnalized,
I

contrsl ,c¡¡rrent u" f " Define
o

nay Ðe

'[ftJ

)FJ

ffi

wriften as

x-Á * const,"T:oe

=KI '
)[t
ffi

S = const.o

ù"52

=K {̂.

x..Å ã consE"T
oe



Then equation 4"5? nay be written as fo¿åowe*

fu= 
-- "lry .*^[*]

The values of f(Xa lt, ard their varlaêlo¡r for varyång

operatlng pofnte are of basÍe intereet for transient and etabillty
anaþois"

q,r*ø**4'ó has also ohown Èhat, the transfer function of the

power modulator and inductton motor &ey be repnesented by a linear

tranef,er frmction for enall perewbatåone" The Èranefer functåon

fe dependenÈ upon ôhe eoeff,iclents uKUn und uKn* *hd nray be

eatiefaaÈory f,or stabålity and f,requency reeponse coneÍderaÈlone

around a gåven oBeratíng point. Quaøza has also atrggeated Èhø

uee of phaee plane anaSrsío"

A thfrd alternetlve anaþeie woufd be that of s so*

ea11ed ¡obtrack boxts anaþsia" The power modurator and noÈor üransf,er

o o oÇ/4

funcÈlona coul-d

eould Shen bs made ta deseråbe Èhe over:alI transf,er funetion"

l{owever, Èhås method of anaþeie would Þe extremely dåfficult in
t!¡at the pow€r uoodu.Iator has three se¡rarate outputs" r\lternaÈlveþo

it nigh€ Þe sÈ'g+red that the overall transfer f¡¿nction of motor arsd

power rnadula&or could bci graphlca}}g dete¡ained. Thle rsethod

ear¡not' be neadåly app&åed 1n thaÈ the o'reralL tranefer functåsn

of mstor end pøøer nodulaüon--*o dependenb on motor oIåBo

It, væ.s deeåded tha0 the tþeoretleal anaþeåe of the

reaeton*&.oÈor tranefer funeiåon wae beyond the eeope of thås worko

and on\r tÌ¡e r.eeulÈs of cloeed-loop operabåon wiII be glven ån

Ohepter VÍ"

be eeparateþ deoeribed 6raphieal$r and an attempt



DETÁlrJiÐ ccNsroF,RATfoi{ oir ffiRTATN cû}tP0I{F,l{TS o}. THIi Dr¿rvE

5 "L _{sÎtÈ_o-D_u-ç_T-r_0.ry_

Fåg. J"& shows a t¡Ioek cliagrarn of the drive, The

theoreticaÌ behaviour of the power nrooulator and j.nducLion motor

hag oeen uiscussed in che¡rüer rv. The synthesis of the aseociated

conbro] equà¡xoent, shov,m in Fig. 3"tr wi"II nou be carcåed out"

5"3 ROTOR NFjTIìJORK

CHAPTEf¿ V

If was point,ed ouù in Chapter

characterfstÍcs of, a poJyphase ¡ractline

can l¡e l,rodifieci so LhaU er rioin¿5 ¿orgLÌe

s¡:eecis in t,he drivin¿; ran5e ¿i,no c ounter

¿¡f íhe rotor neÈv¡ork as sugd,esteo by lri" Shepherd and G" j¿, SJ.oron3"6

*i l1 now be carried out.

The per phaar: equivalent, ci-rcuit r;f a poþphase inductíon

¡u¡t,or rvibh an e.:n-ternal ruc¡bor netwc¡rk z(s) = R(fi) + j x(s) ås

shown in !'ig. 5"J." /+lr guünuities i¡r the rotor (secondary) circuit

have been referreci to lhe etator (pr5.nary) circu-it, whence the externatr

rotor ir..pedance becomes Zd9) /5,,

The *ubhr¡rs of refere¡-¡ce 3o6 maqe Lhe loÌIowing

assumpt,ions; Core Lc¡ss, the effects of saLuration, ¿incl sl-lace

harr,rc¡¡¡ics are ne¡;Ìected. The palssive trao"=tern',in¿¿r frec¡uency se¡rsiùive

nebuor!< U(S) is corrnected exberna[y t,o eacir trotor phase. The

roto:" f requency is fìlrI ¡:ardians per seconq where s is üre per uniå

slipe and lt is Lhe anguJar suppLy f,requency Ín radians per second,.,

.An application of Ti¡eveninÍs theore¡¡r at, the aír-gaip

III fhat the performance

incorporatin¡; a roLor net+¡ork

c¿rn be obtained for aÀI

t,orque ralrge" The synthesis



as in !'ig. þ.2 yåelds ùhe follor.ring resultsg

vÀj**
Ît :-ivs-qrc-îE)

wl¡ere V* is the open circuiL voltage at tl¡e air-gap"

lire sl¡orL-cirsuib surrent, aL Lhe ärr-güup is

The fhevenin equivalent inrpecitrnce is

Ae

EquaLicrn 5"3 nay be l¡roken i¡rto Lr.ro parts; Lhe real part

v
-9=ru,

Ru 
["-r] 

* f,e, ¿urq the j.ruagintry parrt lnag Z*o 
{d.

Fron e rlu¿rt,io¡r 5,3

ztn : iä(rr+ixr)
"I*i(xr+x^)

r=

,"L

The i¡tternal electronagnetic üorque T of an inuuction

¡toùor is detcrû¡ineu uy the porrer P* crossing the air-gap ano the

synchronous speed" ln ¡'il($ units, tort¡ue -ncr speed h¿rve u¡¡rts such

ttrat

g
õ

22xr- +xx- +¡nJ, ¡nÀ
2,2

"I + (xIoorJ

5,2

wÌ¡ere PU = synct¡rq¡nr¡ús watts per pha.ee, arncl T = torq.ue in newbon*

meLers pcr phase portpole paiír and $l :* eynehnonoug Bpgedo

The i,rir-g¿ap i)owcr oS e..,urrLioñ 5"o ln¿ry De expressed in

ben¡rs of roLor cument anci i'aped¿rnce as follows:

2*I

P * TI'tg

5"3

5 "l+

5,5

5"6
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u*refe

Fron Þ'i¿3.

funct i.on

,- = f' ; *''] lu'
n(s) - r, Ft*J o

It is exi;eqìent t<¡ st¿.te tÌ¡e foilor,ril€ defirriiions:

. * ?_n 3(Ð.
t¿ _ _1"*

x=ÞoXLPI
s

wircre Xls¡ = Lnae Erd

5.2, lt" i,s appare¡lt" tl¡¿¡t I, ntry reaciil¡r be expressed as a

of V* ¿rnu the ¡¿otor paraueüers.

r r*::il::*:Ï::
constant torque in the ft, X plane"

o " "Ét6

5"?

F'ro¡¿ etlu,xbion 5,J"O, ib j"s seen thaL the i:rquction rnoto¡

wiLl cleriver consbanL Lorque ¿¡.t conut,arrL apprieq volt age rf the rotor

iiçedunce locus X versus I c¿"n b e ¡nacle to fotlow the circular

const¿'ur¿ torque Tocus"

The f orrl of the rr¡tor ¡¡etv¡ork t¡¿rs been discusseci in

Chapter 11J" tjo¡¡sider l'ig" 3"5(a) where a}}quanti¿ies are referred

5 "13, a'no J "t) n

-rJ2-r2
1e

by a feunily of

to the s t¿rùorc

,(Ê) 
= [þ. , TJ [þ]T--W

5"8

5"9

yielcis:3"6

],"","" ::"

5"11



n* ifoi-LSJ
¡? rì 'A'p i ,lifS] È"r, Í--lí--,_{-å'1 ,lio,.r '" Ë: t"}*
€ãLÆ G{ Fæs-.- .*--,-. "'__i** -,ï-'-*-ff 

-:".--rt- : 
$l.u 

., i,r):' -n ro -tu 3

- 5gå * 
-jbål*-:-$ 
[** " Ro]â o -- rol

Iøag

få¡e rsi-;*t.ianerhà¡r* ex;:ressed ån equatåot:si 5ô];$s $"Ìâ" +n'J.

f,"J.J erl]-ea f,iru rob.Jr neli¡{,}¡:'k *ylti;iteuie t+ he ca.rs"¿+acL f çs'i{åLE"tio

i{åth ne$*se}}ice ¿as;u¿*b;rcn 5"Àúe Èire Jceus o.fl Èh¿*

*qin**ar¡t barque eÀ:r'cle .îçr Ti{ * i. pot[. ¿r¡re Ile * ] pniÀ, tÉg b*

cji"{tlø¡" Tå¡e r¡air¡es of .i nir,*l:l* Ë,m\y bê å'cu¡;t Cr*""¿ ti:e tr#¿g:i'¡}ilT"åî1,3àe:f,5,,

TÂte riir¡'br¡¡' ¡:ar;meÈe.r$ ei"+ gi:reti i* Appenti.rir Ä a,lts. ßfÊ r€;lÐ{:d,u.*,*¡å án

Talble 5.å a

Tah""CI 5"1
Fe:: .llira,sc j4otor Pera"¡net"sri¡

(4.1.i. q¡,i,ai:iííiec *,rf*.*åd bu sïaLor)

E, * "fl60 ¡";ou"o

ig * ".û?5 ;:.*."

n".À - "Å1r,. pårî.a i*b 6Ð t;!'cJ.es

:i) * 
".T"1Å ¡:ou.u :*t, 6t? eyu.Leu

;:.,, o ioSL ;;"1i. at, ó0 cycl*s"

lle''cào af trat¡så'o.r't,ti¡'Licn a = Joâ?

Tji¡ç fo¿Icøi:r¿; ua1i¿+.s o{ re i?,n'l xs weg'e ealculalea $z.*l¡

eo*r¿i¿t'lons 5o4B 5"5¡ a:lrï LaÈ¡Àe 5"r;

r- - So5å .¡:'u" Pe* nhasi:e

xu = .I*ß ¡-loliÞ ilçf ¿;ltir;* ¿¡.t, 6'J e,;i+"te+"

Squaaåoar li".Ì"î :,rqy noi.¡ t¡e tr¡råtbe:.¡ ;iri

þ*åÆ

¡. tÌi

h * "n**n *. L* *= "l,:rfrä# ålr,ugJa ,: l¡-



Ti¡e locus of etruerLior¡ 5,Iç Ís plottect í¡ Fj.g" 5"3" 
ntur

iur attempt, nust, nolv L¡e ¡,,rade tc¡ f it ti¡e iocus ot +Ë¿
tr¡ tne }<¡cus of equution 5"14"

Tne AuÈt¡ors of rr;lerence J"o st¿"teci LhaL in orcter to

oLrtain the pro|e"nln-tru <¡f iocus ib is necessary tc¡ shoose the

proper reLios ,f ;g änO f" îÌre refercnce suggesteci the'uo n
fo}lowj"n¿; viriues;

ÌùoÞ= |
X

Î

rur arbiÈraryn but reasonable v¿riue "î h nust now be

chosen" The varues of R, anci Ro are the¡¡ detenained ¿nu the

i.ocus "f +!) is proLted I<.¡r various v¿írìlcs or slip. The

procetlure is re;.rcated several L!,ies until a v¿{rue of \t R*r and

Iì,o is fuunu that wifr give bhe proper srrape of curve" Triai ¡¿nci

5
R

o
- "25

error proceoure inoíclLes that þ = o'à8 ohn$ p"uu at, 6tt cyctes io

¿ù gooq citoåce.

1tÀ2-
¿

Roq-
na- 

=
Ho

Tt¡is fj:ces the v¿¿iucs of li, and Ro as fo-LJ_ows;

.28 oiu.rs p.u"

] theroforep Ro= "28 p"uo

l'rotr equaiions 5"6, 5"9,

"25 therefore' 8ræ o0? p.uo

5"L2, aono 5.J3n Tab1e 5.2 is corcpiJed:



I 
$.

ü 
[ 
S

 ft
Ä

 A
 $

t 
* 

! 
{q

 ff
i Ë

 $
 ff

i F
\Ì 

-V
 H

 ff
i Ë

 q
} 
ffi

 ff
i û

 $
,ü

 ff
i 

B
 å

W
 L

i.
il 

..,
-¿

ì1
 :

ìi:
;il

i
.ii

 i
'F

::i
'.r

''1
:if

t:.
1

.1
..1

 ,
 ,.

 t
-

: 
:.:

.: 
I

..,
;-

,1
,

':t
 

i

'ri
-t

-
-r

l i
 i.

'i!
 

I
:i.

r 
l-

ù¡
,i;:f

rH
rS

i':
''f

'1
1'

I 
i'i

-' 
tÎ+

f
r':

-.
¡-

1
iF

i: 
+

;j.
' . 

l.;
 r 

i 
; 

I

,.:
:i:

. 
i

,::
l 

l:,
.;=

":
 .

1-
: 

Ì:l
 

:::
. 

llr
irr

.
ir.

-:
:il

i,
Ir

:i:
 b

rr
-i

l-¿
,!)

 
-l

i4
.1

rt
.Ê

ii-
."

1¡
1.

iri
rll

l-
i :

:r
c 

i, 
; 

r:
rl,

lñ
:'

tf 
9t

s!
€E

r 
¡$

 H
dÀ

c 
Y

dr
9 

w
Â

Y
(H

oñ
r{

or
tr

Á
L!

v}
, 

Ia
rs

 
uu

6r
 

s*
 

T
'ß

¡S
,

rF
 a

¡is
E

r 
rs

 4
¿

Ã
o 

lH
q 

or
H

E
R

 w
Á

y 
(v

e.
r¡

c^
rr

t)
. 

rN
lð

 d
U

ci
 

ôE
 L

fiF
F

.H
ó{

þl
O

 
S

IB
€,

Ir
i r

 l:
i, 

i r
,

!:t
 ¡

 t-
nt

: 
r

i,I
ii-

rì
j 

-.
 l-

-
::,

!
.l,

ii:
t

--
.;f

,i,
i':

;;i
:

;.-
+

Lt
.l

I 
--

 t
: 

i-1

:i'
i+

;-
-i.

i 
ii

ii 
ì.,

iir fr
I 
i:i

.l.
i.f

j:l
r 

ì

jì.
r;

tli
il

ì:i
.i.

:_
t 

l..
t.l

:..
 -

.1
.1

: 
i -

--
:.:

 l::
 i

.;

4 c f û c c t: .: f I ì,ì
F

üì
,

,ì,
iì

si
t {s .&
r

c¡
.

\o



#*ir"uonen['e cf èhe F,.*'[*r {i:lr*uå'¿ Jr*;:*c}a,neer

{i'er Fnas*, r"efe::r;"erå Ðc a L.ator eixeuåf;}

F ;: 'nryË¡ Ê 
*' 

"tr l? Pù i.¡o

-*â c êùï

åo * ".i{J .x.r¿o ¿l'b $0 cyc.Lee

!ì =: rìT ,..,qo *.t *S eJ*åes*oa Í.¿ ¡ ÀJ

¡{û * o¿f; ;Jo$o .11 6'J *ycJeo,

Tæt¿j"e 'i"'¿

åilåp s "Ðjåà r,S*ä (¡

Àü ,t:?ii ,Çfi?5 .ü)5 .ürjâ?6 "å14 ,iå?
2oí,ì ,Ic9 "Ð-18 "1¿r? "$5{# .J#+ ,}úrL
J.,ri "J,t;.j "0?5 , àJ.s 

" 
ri,r9 -u.4 .2A.3

" iT ".Li¡¡+ ..í-50 ,32.1+ , r54 
" 
iJå . ?6li

"2C "}CIl' =3?5 ,i)eì¿Ì. "L?ó ".r".rl+ "¿!ìí,ì=læij*=:==:I:H"::==fffiffi

Thç ririj"i.s o.d F" and /r ¿lfc ån p"it-" ¡cf.:¡recl i<.¡ ri.-¡+ er';¿'i:cr ¡:.i"r¡.:u:j.t,

;il, 6C cy'.r¿eân

'll}¡æ 
"¡aÀr¿es 

:i.¡r Ta:¡.ì.+ 5.2. irr'{,' rìi)Ì..i u$sri ¡Lr; p"i"ui; }:" vcir"s;r¡.Ë .ïi.

a*s ¡.¡ ¡rig. 5,3, "[.t il¡ ssç¡, t,]li:,t, T.ir*: re¿*'-ri.ùi":t,! i+*u,s c-luec noí Ílit,

bile uc.ll¡-;i.,¿.r¡.'b 'tovcìr.tc t:.i-i.cle. 1lc cs¡¡"s:ct ih.ls ,*¡r I'dc{1t'-ir,ir¡r)..ì. .06

r.¡hi¿$ lioi-¡." :'e¿r,*i;ane* ¿rL.{;r.} *}y;:-;-ì.r*a rej-'e¡:;'e¿ ic. ê}¡* sÈai;ç¡ ås ¡:Lircec

in #erå.-^l-, r,:th ùhe ;rc-tr;tr ¡rçí",,¡*rk" I-,e{; l,!rå* *eieli'fi+.+¡*l1 çer,åep

lfÐii,+'1..-',rn*r.; ba Ji" Tab.i* 5.8 i.* n<¡if ¿r,j-lir*.r:eel ùa Lrecc¡¿* Tat¡Ie 5"3 as

f,":l.i¿.¡i*r*;

* * o J'tl

k*"
c

årt



I'iodified Com¡.:onen¿s <¡f the Roi:or Cifc¡riÈ Impedance

(fieferred t<,¡ sLi.b<¡r eircuit)
' :!Æ

Table f.J

SR

IO
4"U
1"0

"50

pioùtecr in I'i6. 5"3. lhe result

i¡r ¿* one per rurit Lorilue (within

approxinabely "2 per utrít"

The

"o35
"f&7,2itl
,32u

tt ¡rusL 'þe reca.Llecl Lhat, Ll¡e constirnl, ton¡ue circle of

!'i¿. 5"3 is b¿rsecl on equ¿tit¡¡l 5"fO. Tl¡e ttrevenin equi.valent

v<.rILage V, wirs take¡i tt¡ þe i ¡)ouo. r)"cfercllce Lo equaLion ),1

shov;s tirat Va mugt be greater ùtran L pouo for Vu to equi'J. I p,uo

Consetluerrtlyn the unity l,orque ûircie of Fi¿,. 5"3 tei>resent,s

alrprolciriri,LeLy 72J;o r¡¡ted Llr¿¡ke l"or(iue fi¡r tl¡is ¡nachineo

I,'ig" 5.lr snor.'s tlre syrrtiresizeq roL<¡r netwt¡rk. All

resulLs are with refere¡rce l,o t¡,t¡e sL¿¡Lor"

fhe ¡¿otor birse i-npeci¿¡nce is 12 oluos ¿¿nq the ratlo of

tr¿¡nsfor¡rol,i<¡¡r Ís 1"29:1 o.s rou¡¡u in ,i¡rperrcljx A. l'i¿j" 5,5 shows

the rotrrr netwo¡'k wiLh refere¡rce Lo br¡e rol,or circuí1, at óO cycles"

8<¡bor netl+c¡rk resisLa¡rce$ r,rere const¡.ucteu of-/tr8

$icl¡rt¡¡ue r*ire which has a resisLance oI "lr2l¡ ohns per lj.nei"-L root,"

Si¡rce tlre current carrying capacity of the roLor netv¡ork

nust equar Lhe per phase curre¡tl, r.¡f Lhe uototru physietilly l.:rrge

reacLors l.rere re(¡urred i¡l iLs co¡rst¡'ucLiorr" liris, coupied wrth Ul¡e

x. xr* x+x4

"I}?
".t64
.223
"268

-e_

+

,u6
"Uó
.Uó
,u6

IS

5fr)

'&

¿1 rol,or ¡retwork wtliblr

,L77

"2?&
.2Í33

f.1on a srip of 2 to

"329

n 5"7 ate

r esults

a siip of
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faet tilau birc ret¡turcu re¿ctanceÉi r.¡cle lloL avaiiable leci Lo the

a,ec¿sion L<.r use Lhe vartaole re.'cLc¡rs in Ehe /t"C" i,äb. I.l.rch

i¡rrliviclu..l reactc,¡r corlL¿r1ns ¿¡, nunL¡er o1' coirs r.,'hich eould bo eog*æeted

in either serics or pa reÀIeÀ¡ or trol,Ìr" idiLtt .¡ltr co¿Is in parallel

iL w¿:s fou¡rt¡ ùÌr¿rt Lhe resi.sL.rnce üeasured r.¡iLÌ¡ ¿¡ Itducl,erit on"u

negii-gitl.te co^\ìr¿areci rvibh tile reslst¡r:ces .¡.lreuenL in che J,oLor

¡.etvork" Tire re¿rctors wcre i.d;risted Èo h¿ve the required å.roc" iripedance

aiü bO cycles by use ol a variac, anìdìeLer, anu vc¡It¡:ieter" Ti¡e

ir<ljusLnent of LIlc reacbr¡r's was c¿rrj-c:o c¡uL ¿¡b r¿rtcrl rotor cument,

¿rrrd nc.l appreciab.Le s.rtur.:tio¡r was not,ed.

5"3 S1[Tunrr$tÉ RE4CTOR CONlIÈgf, yr"J.NOrNG VO¿ÎJ\GE SUppLI

.Àe ¡:ointed out in 0ha¡:ter fil¡ conüroJ t¡f the potver nouul¿"t,or

is effected by variatio¡r of the d"c. co¡rtroJ- voltarg,e to the co¡¡Lrol

winding <¡å a s¿rturable tra¡lsfor¡¡¡ero The ratin¿; of Ltre conbro¿

l,iucling v¡".s s,r¡ch that a conl,roJ- currenL of IOUU r¡¿. d.co lr't¡u¿d

fuiþ saturate bhe tra¡tsfor¡,rer urhen Ltre pornrer winoin¿s c.'rriecl no

currenö" Ihil na¿;rritUue oI' curfent c¿"n t,e reauj.-ry su,,plicO Uy grid

cc¡¡tLrc¡lieo gas-fil¿ecl reetifiers" irJru¡¡er<¡us cj.rcuits are avail¿i¡¡le for

suppJying current to a rc.sistive ¿,ncl inclucLive 1o¿rrl (cuntrcll

wirrdl-ng of a s*Lut'..bre reacÈor) by conbrcllf,ed rectifiers, Tl¡e

c¡ne chosen ror Lnis purpuo.S'I is strol¡n in !'ig. 5"b.

Tire thyri,,brc¡ns sel.e:cte<l were d Lype 3C23, wiLtr chatÉ,ctÆrþ

istics repruduced j.¡r !'i,go" 5,8 ¿r¡ci 5"9. Ii¡j-s seleeLion was based

on peak i¡rverse voltage rai;ing, tui.¡e cwre¡rt ratin¿j, re¿rsonable

cost, ancr av¿iílabiii"ty" ïireoretical vo].bag,e and cwrenL r,raveshà¡:ee

are drawn in Fig. 5"7"
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GAS . AND. MEñCÜRY.VAFOR T!{YRATRON

J'

D VOLrTÂC[:
Peak or ff, before

tube conduct ion
Averagel, duri ng

tube conduction

3C23

Peak..
'Àvéra5þ'.
Fauì t, fo'r du rat i on

CURREI{T:

""r75

O¡t¡tl¡r Cd¿ñtffircüirT{arrtrn lrla
-tOP to +100t -$o tú +!ooc

-500 nax. -500 max. volt

¡var¡gad ovcr oñ. coñóvcllôt ptrloc.
lvtraecd ovar 6nt lñlarva¡ of I ¡¡coña dr¡tuñ.
lvarread dar gariod ol ¡rld eondùGl¡d,

6 mx. 6 max.
1.5 max. 1.5 r'ax.

1?0 nax. 120 mx.

" 'å.

¡rh'ux.

-10 max.

max. +0.01 max.

volts

-rl
îl

".,.ffi##F"*,1

ST Ió EULA

TE¡¡PCRANNE s}IOT'LD
¡E UÊASUÊEO

El¡9ÉS.

MEDIUM-SHELL
su^LL 4-PtN

B^YONET gA3€
JET€C N¡A'-IO

THÏRATRON C HARACTERISTICS

FIGURE 5.8



G,{S - AND - MERCURY.VAPOR THYRÂTR,ON

@
3C23

OPERATIONAL RANGE
OF CRITICAL GRID VOLTAGE
RANGE IS FOR CONOITIONS WHERE:
Ef:2.5 VOLTS AC t5"o¡ CIRCUIT RE-
TURNS TO CENTER TAP OF TILAMENT
IRANSFOfiMER. THE RANGE INCLUDES
INITIAL ANO LIFÊ VARIATIONS Of IN-
OIVIDUAL TUB€S. GRIO RESISÎOR:O
TO rooooo oHMs. cor{oINSÊD-vf, FKURY
TEMPERATURE=-4O.C TO +!O.C.

" , e (t)

-6-6-4-2(
DC CRIO-SUPPLY VOLTS

9zCS-6703f2

FIGÚRE 5.9
. THTRAÎRON CHARACTERÏSTICS
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rvirrdir4;s open circuiLcci. lt, vras fou¡¡u Ll¡aL ¿' potenLial tlífference

of 10O vo.LLs cÀ.c. appliect i¿cross t¡rc cc¡¡rt,rc¡Ì w'i¡rui¡ig caused

ral"eu cument" -br-r cireulate flrrough t tre r*incling" This indic¿rbed

a cor¡trc.¡I l*indirrg doco resist,ancc of, I00 ohnso Therefore, t,he

blryrarLron su¡:ply ¡.¡[rst be c apable of su¡:irj.¡ring d"co volt;'6es ín

bhe ran¡1eri OS VU*=.L00 volt,s" Co¡¡t¡ol v<.rluages lyin¿, r¡ithin bhis

range wiIJ. vary Lire oul"¡ruù irapedance of uire saLur'aÈ:l-e Lransfor¡rer

between uero anu infenlty ¿¿ s cliscussed j,n s ection 4"Lo

¿! saturable Èransfor¡ùer w¿¿s lestcr¡ iriüil tne poi.rer

In proviriirrg i000 r,¡ir to the corrtr<¡} coiL it wr.ruld þe

u¡rciesirable t,r: have the Lhyratron conùucL for 160-clegree$ since

conLroL coij. cu-t'rcnt would approach Ll¡rs value expoltelrLiarlry upon

suctden loading, anu thc Lransient respolr$e ot' Llte over-all

syst,eu woufci l¡e reraLively sJ"ovro Ln orqer Lo im¡rrove Lire Lransienù

response, t'he ¡liate supply transft¡r¡ler w¿r.¡j sr¡ chc¡sen LÌr¿r, r'ur -180-

ûe¡jree conuuct,it¡n of Lhc tityral"ron, Lhe .dver¿ige loaq cut'rent woul-c¡ be

2000 ¡ta. Under Litese couciiùlons, Lire tr¿¿ns-ienÈ rise irr lcncl curre¡lÈ

wt¡ultt re¿*ch IO00 na i¡r a ¡nuch shori,er ti-ne.

If 2Û0Û mâ is seiected as the lo¡"ci current uruler i{l0-*iegree

cr¡¡iducLing concritions, t,he sesolål¿íry voltage rating for hal"r' tlre

second;rry ot the plate t runsforrner Jirr¿y b e c¿'-lculateci by use of

er¡ui.Li-c;n 5"I6n as follarvs¡

Ìrut 4,

thc'ref ore

E^m
ffifo0

-É!

(cos ç<. + cos.¿J )

îrn'rffi (I + I)

=Oo ,llor l8O-degree conducLion,
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ci¡.haårred. frum å;:p*.rld3*l "ü"äu .¡x¿ åiLÈ" 5"¿å(b) 'bhe rroåèag* le* teesÅ*,

rortâ.¡,-ç ï-,. by C¿þ1'o ?;'*liaå'cr'¡*e;'î* å* #Ç u3oÍl¡Àr+#i:eel, l;,}¿a.i; ine ¡**a:lo-tls;va.* 3

lipperru.:x *,;i)"

The oubput voÀba.ge o.f. ÈÌte ¡rlr*ee slr$.fLång cårcuiè is

eorap"leu to bk¡e tiryraeron Ari.dõ t" hrough protec'cåve e"esås1;çFo %
u.nü ft¿ as sh.Jr'm ful Fi.g, $'"3"?-(e"io The x.esi$i;ox.s Pu.¡ åÀrld Ro l:irir*¿¿\¿/é
Èt+o pur;:cs*se

å.n T<¿ Lur,¿'ç i;he grå'* euJ"reãìt, be.foge é¿¡r'-t a$f,e:' flile î;ul¡es *¿:¡¡.üuct"

'Ì-o Tc cri*:cha*g" f,*nrrn ttie çr5.d c;-rparc:it,ors ¿ìJ¡d1r rrc$,algr¡ açeul.ruliåèe€i

ora flIie¡s'*leÐause ofi eu:"ges in blv* aci,ex.le *Èreu-itæ,

Sel-eetå.J:r rif i;l¡e .¡: ei*içt,c::s â, *nei Jþ reci-raire$ a $oJ;tp¡'c:rråseo

To perforr;i i:lre l'i::s'r :fr¿¡rcl.å,$n uire resisto¡" shc¡r,ilci i:i; Ierge, sut, 'åç

Frï-trJr.n ¿ire 3a'i'te;' i;cey sirorrlcì i-¡e s-n*ååo i.'* ås É, i"so neee,snary i;o

ao-*:ï¡"1 Ïoa'Ji.rig t"lre j.:!l*nc si:ijJùj"r:¿ r:l:,er;it,, '-¡lÌle ilnbe elsaraeì;es'j-*à,icgs

i:.jF,î{¡r,xu#eeì -tn iàg" $"S;.itd 5"? fur.l-r.cãtoe *. r-iilo¿rlì of C Lç å00 ¡r: e"¡}ïae

;'.:i: í1, e.;:ri tùro .[L r,¡¡;,s i].eç:i*e"l- ',ic r¿¡]æ 6i.ppiclÇ1'iu]LæJ-y s{JS c}¡¡rs f <.:r eacÌ;

:,:eçist{]z'o

'.ll¿ti Íi¿nel;:Lç¿is cT ÇêrFr¡-:ci.t,çits fi, a::ct Cì, shor;r* irr !'å-g" 5"3åia)

¿:,fe 1;r: preyeflt 'Lne :i'espeeLJ'r,'{} LtåLlefi 3,s'afa !Êsl'i."ieki--r:g*ç'¡çr¡r r)}' çç"13¡¿¡.1.q:èirq1

jr.' si¿r:deil veiår,agc i;:"¿-.,*sj.r¿::l;ii ûi:,jr-lt å.¡r Llr.e a¡:Àßde *i:"ertå.bo ,r," paår; of;

úUt) ;¡ÍEi- ü¿iitàs;LtÈr$ 1'.,':'ìr'J .fçtl:.:rJ t,": fwl*L.j-on .s¿:,'r;isfrscbe:;.åJ;r"

.+1,s ¡iLenl;ioÅ-?.eij p3"ev;.*il$¿ys -L'i¡.e í;ube Çti3'f*¡'¿èe an*i j;hura tåiæ

åç¿ui gr¿i"::eniit ú¡a:l l;s -'ra¿'.i,e¡.l, lr"' ir tttnr*U, î;h-a ra*¡¡n:;bilde of åhe ti¡ts-

clí¡;'a*-i.'j,-*:la.å 'bLlL;e ¡g;itì" vc.Li;arg*. Îlh;r-s irçLh.r.4a; à:: i-rl-ì"::-êüLlÇ.id be'Lrçeen.

t?â:Lg?-i;s 
?i¡¡ri ;r.¿d rl.lJra iir'¡. .ltåg" 5"åÀ,

Ii; is siio-,*;:. .i.i: ,i;;.ta:t:cå:l ï3"å Ðh¿i; i.f 'l,trt; a*.'tpuf i¡oi-l,a,g,e *f



the ptrase ehi-f,L net',rÐrl{ j.,g L5 "¿oi¿s: p€ôtr to F€Me W¡en ûhe &Wra¿roe

output, can be cont,rolred S varyfng êhe uni.dtneotionaL voS.bage betwe.:1¡

pof.r¡ts nÂo aRd n$n be&ueor * I ard -15 soL&e wl&h segerenee Eo

poÍnt nAn" Fig. 8.1 of, Appendåx B shoera that sero to frrrl load

current fs avails,ble for approxirnpteþ ha}:f t,he fx.ring range of ùtle

ttyratr.ons"

5 "5 A¡{PLTFTER

-

The oysten thus far developed hae provåded a neans of
varpinB the contnol-cofl cument, in the porfsr nodrrletor by

varyíng the negnitude of the d.c" eonponent of the ilryratron

grid rcltage"

thts d.c. compnerit of t,þrratmn gric! vrcrtage res obtaLned

by the use of I vaeuu¡l tube anplifÍer. fhe vacur¡s åubo ehould

have the folLouing propertlee:
'Io A hlgh ampffffcation facts r (,4'i )"

e- A no¡,mel current-carryisrg capael,ty of at least l0 H&.,

3, I"l'near transfer charactorietics in order t,o d,ecrease atoaer-

etEfe eruoro

1¡6 amprif,ier eíreuft ehown in Flg" 5,r? utl.liaee a

L2AT7 duo-t,riode. ALL cfrc*it paranet,ers are obtained from

AppendÍx B"j.
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The potentiometerTT. +ig.í* Ð.s e .¡:s.¡."â;,l6* +iå.;å.<åtã;, ar"Ï_*!L
'

eu;.rpååes a *:ç¡tls'*,¿¡¡rt p*såååv¡¡ qiå:.caà eroåbi;ge t.* ¿:aÈn,l ä*¿ri {}:" .äþr

i;h*vrtLr-i:;i fia^id ú:ir*iåiÈ sliç-'r-¡¡-¡ jn fåg" f,J."il¡<lio ¡\ liê.gåar-Þle ne¿:¡ii.i.ve

*irçer, .."r.rit"ago å:¡ ç.1,'*aå${.--rå åq:s,ç$s P,u, uir as sri.upJåecl i:,¿-¡ ¡:*S.r:t"

t;gtr çr!' j,'i-g" f,,å3ie l"

Rr;Íe¡'c,nec l;a Fågs" f"¿0 *j:,i boJ"å sl¿oi*s t¡Í¡¿il; biie firj*6
ang'Jc of t"hs iiryt'r"i.r..it:¡S ås r'.+*$,,;i*el t¡j1*r-tr .l;ii* påaå+ i:t¿_2.¿"egå oÍ ,çh*

à2fiß'3 ås ånc-q'çaseçl. iJa*ves,u*-[ u i;.lrc f ;rili6 *rtqi,* eåi är.¿e 1;¡iyri:íron

Lrj ¿rtllr."ùxlcerJ 'rti¡en i.ite ¡:J.irbe *:å¡l';'eni; ¿¡.f åhp l.Êjig? i* d,ç*.¡"e+Sedo

Tì'le 5:;;'àe crr.s'enç c!¡i "iii* :'Å$:r'f ås â f,iu¡¿: r;j"o¡: +.f t ire

vuåïg6e 1{ .á,ppåJ.eei 1;s *¡'¡.e gsåíä" Thr griit tr4-:rit, vcluerge ' n åa

f,r¡c'ni*ilacl Ðy ;i sr-':s+:¡.,r',il,lt;;= ei¡'cuil wiråsh ,,.ii"&i, b e ciiseu,sçcd å¡a

g'":etå.ç:¡ 5" 6o

5"6 çp.g&-,ej3çi¡-

F;ig" .b"{Jt¡1i *,;ie+r'rs a ¿{-1f'ftE:'caicc afli?Ååfàer c.Lr*ui.i; prczpeneeî

:-r.l¡ !t¿l-fu$;q.rì üì,ïtfi j.arr'i,.å"/ì }¡ i;ir.ir-s ,;ic"ei¿åÈ i+ sågr;.rå F, i* appåí*d.

di:r*+i:,i".y ic Lhc 6:-'åc o-i ìiu-i.lr 3'" ¿iiil a s+scn¡{ si.$r?å}]. í;l j"o ô.¡:p.i,å.erl .¿ç

'ì'irç c¿:i:irrxls: t,ï:.,.'i:r,íiÌ,i ii:c *r",-:r*,r"1 fr>.råçi.;e:- f" " ¡3e,ijr -iî..r,j¡r-i B ;ì'i"e
"L

'lc J, tr',¿¡r'= uig.rr:r,li,* o

:?åf::. 5.1*3(b) i;;i+r*:; tile equ,ivi*j^ü¡ri, *r-,.,euít ;i:i.irgreu irrlicrç

c"'Çh. Lucç ;?aÉi i.,íjei?. :r upi.*,*eri l*;* i.'a.s +qu:r,oaåenù J.:urpedaita* À+i:kj-*.g

!:¿r*jr j¡:r.c íliæ r:¿¡.:.!ìi-'1i,.:. y-'ite ,*i"là¡;*;:, ,¡,J.Li¡ge E*, ra J?lr.,r" ttte

.n.i'..*nê¿i.":,e c:î R* ¡såji.ijeì cnùåi"eåy;-1,*gJ.e;<rieri å:i riu "+ l,] pu*;þ3,,."

.ìir-,1' ¡i i.?Á i¡?.,.¡.r ¡,r,inrie (lr .:. :.)#.-JiÌ ;,i.r,-i r.,r? if-l ii. citrrç. ;l.f li,.
t!

:ia J.ar'¿le ilh*:-.i rår-fct-i:r;-lr:ê] t,* i;åg. 5,^,'3ibj si!.sl*s ã.,,. == in. Iii*

i,ri:i¡?lii, i-1; ç1.1¡¡:;,i11ìrr .ir;..F;i2',t,;isn¡;"i -tç:r i;be ¡.ii-il.fereri** {-e * ;f}" 1t/i;._:
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t; j.
{¡rrL$u,t, v*3"Lagrcr ffiu år; ,gi;*r; ì.}';'"'""

r.*låsh i.e

va,.rå*ri b;'

ã3' R i¡¡ .:;: eip¡-'"lå**i :,:c.fe;'eire* r*å'{,i'g*" aaarJi S i-4 e v+åaagrt

p-r'c;:+r'Lå*naå èu t".hë rrp*scl c¡.:il'i;lie ar.åræu *i¡.'¡n Tt* *cr: Èie

r"¿',ï'*å?i$ R" iå' i?ciratry.e+u i,åo rxiåÅ l*å*o r:Staingæo

fi;q¡ c årc'r.li* o.f .l¡åg" 5"å#i¿i j"û, :,rr:e{jliüü ;år: sÌl*ç¿z¡ ån

i]:*¿;o' 5"å^3i*). É|.Íï..;,.{åjilrjr'¿;èt?å* 'rt}.if,*,g* ¡l å-e *qa.ååar¡å* u* ihr* *lå'ri;:ra'c

çf, ti,let *ire'"iåt,, a¡.i¿¡. i,s *L¡:;*.!*-*ea t,r: bne f,nput, *f the au,ipåj^{iar *å¡"*uåt,

Fri'å*i'n¡ år; såg" 5oå*o Sirei potentia:ne*er" fln* ic:ry v e ;uåjus'L+ù o*

'blier'b íh.e; erirü.¡.ru.ì; v+i.aarge ü v¿;r.içn r*åÈ,:rf.n ïire pr*se,:"il¡** r&tl$iì
')

ær¡È*¡p,¡-bçcl *n eipper'*}i,x ß"5"

ft:c w*l,i¿ì,torp F- bãls ûhû.sen v¿s'åab,le "riåtllån èile r*rr:,6e

0 i;r¡ 3 v<.,.lbs, ami F $i¿iii vä¡.È;ìi.¡åe r+:iLiii"n'bn* J,¿nr¡,fi,e ,j âc "S v,-¡j,'N,ç¡

li.'ii<: ldjist*¿n'¿ i:t' Ê i-.,¿*$ i-ui?; *--c ìr¡: ¡lr¡"ç¡,.e LliyJatr ¿r+LiiaÀ.*¿*s*$.*Àççr+

í;{:â¡:':at r,$il rlj.' i,h* iis'å)ifjò

'IÌre c j-.i'*'.J-L Ì;¿ll.:¿irrtie¡'s .*.r¿J e i-¿:¿.'åaüir;n tr,{ tnç,-;e ¡}lf*pi}sç-d

i:;, ì4iJ,J"rria* :j"i.{å -r-'¡,.r,.þo5"i i'i;c;:eriår;.,* i:-f+ctj-ÌuÌj* .1.,:il 'hc a i:ix¡.r-cç¡ çf

¡.-".:ir'+uete.r'É rt.i: Ðìiütrrii in iriç1" 5",çi*)o '.i?r.¡ *,Lrr:uåh',;.ít;r tËÍit,r--1,?,

.r:tu. i-'¡;iï?il .:t, *:¡;e:'e'{, ç A"t.bi *..i¿¡.r: Í.;of i-þ o

¡lr:eti,i;-*l¡;ij. c;;¡:jt"åi','iåt;¡l* içhil"*ìtr *c;ci:,¡: :i-:: *, !¡ißlll:íti:ïn

i:idrssll-*J.ç*.p ;*.¡ul+::! .;r.?i'::r :"&,fÈ:';:*ü ',;* at; li,u:tll.i";-Lg:" ãf sj,'-äi-,.eg:

¿KrLij-l""js.i:åí3i,li'iç¡:i i";r, i;i.¡:li, -¿'i¡ç:'-sir.ci;.| -iit*,,i i"¡.:l;q?i,|ìi¡ ¿¿¡¡-i :., ü,:+¡.,.::.-i-l;.eii

¿rîì#i..i;:{i-,iriÍìrf, '{ìäìí *,ci¡*J.fl}-lo jt ål':fci.n1; {.iiï. t}.'tnì:.i.--:::;,,A?;:F ,5:1,.;i,*,r5*:ne3:f,

¡s::gi. in*-:;I Lls rååi{}í.i i,<; r,'r:.-,"i:j".l.Lâr !;.li.r s¡iiï,eii." S.,j¡1j¿i}å$r:¡ llyli*:i,r



shoulcl respond t o thc ¡'ate of elrünge o¡- one of uhe r,,uantities

involvect in suc¡¡ a rù¿aruìer ti¡¿.t a ebange Ln that, quaattty I

v¡iil create ¿r tr¿r¡¡sie¡¡t ciar,rpin¿¡ f orce rrcting in ùhe direction

o¡-rposite to ti¡¿rt o-t thereetoring l'orceo

¡n anti-hr¡nt ci¡'cuit was r¡uiit, i¡lbo bhe sysÈeuro The deaign

of tt¡e circ'uiu is given in Appenclix 8,6o The e.lfeet of ilre
circuit on tþrirbron oper¿lro¡r wirl ¡¡e qiscu¡,rseü i¡¡ secLion 5,6.

5.8 cpiw,ltqr srRpulr. ogEßAfåqN-

!'i¿5" 5"14 shows ti¡e ci¡.cuif l,hat cc¡ntrc¡Is Lite ¡:ower

¡¡roqul¿¡üor" lf b he a sLiol¡ of Ltre anüi-hurrtin¿ cS.rcuiù is neglected

for ùhe ¡¡loilent, it is seen that a siigtrt decrease i¡r nol¡or

speed (i.eo a deorease in B) wilr c¿use the outpuù e r¡¡' the

comparator circuiL to becone üror.e negative" consequent\y, ùhe

au¡,rifier tu'ue curyent will clecrease and tne poLential of

poirrt rr8[ r',ili insre¿.se rrith respecL Lo ¡roinf r¡ir. T]re angre of

tlçæabnon ighiôion will l¡e adv¿¡nced causinß ¿&n lncre&se of

conùrol cure¡rt r,c¡ Lhe power ¡¿odulaüoro The porúer lnotlulatt¡r

will the¡r su¡rpry aclcliti<¡naÀ power to ÈÌ¡e 3-phase nobor, so a.s to

optose ttre charn6e ir¡ urotor speedo

Thç .r¡tti-huntirrg circuit consi.sts of a current t rans*

.. "Ll'ï

for¡ner lUa a óH6 recLifi.er, resistors ll13a RlUa R*ra and

condenser C5. Â direct voltage proportiu¡r.+I to potrer noerrlåtor

cc¡¡rt rol eurrent appears across RaU"

d"q" voltage eorulJonenù l'ro¡¡ ap¡:earing

aorplifier" Urder unstable conchbions

oscill¿rte and tire current tirrough the

0apacitor C6 blocks an¡r

in tire grici ci.rcuit of the

t,he systenr wlll tend üo

¡Jo',re.r uroquLator conb n¡l-coil
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w"il"ì s¡e sub"iqrL L.i-l :ì. fapld checrge. this ehange in et¡rrent fe

reflectecl tlrough the e urrent transformer T,, å*ncl reüulbs in
Á+

a change in voltage aeross RIA" Ca¡.r;.citor úU wirl cause a

Lr;¡,nsie¡rt currer¡|, to f row Ín L he c¡.rcuiL co¡rsisLin¿; of c5a R14o

anci Rtr" car¡:i.rcítor cU will ej.tt¡er clurrge r¡r dischargeu de;.rcnoiJrg

o¡r tl¡c si¿;n of' the ¡.¡rte of change of Lire voltirge acroos IlrO.

llte rriagnitude of the rote of chirnge r¡f Lhe volLage *cross H*4

is de¡;endent upon ütre rugrribude o.f the rate of changc of ourrent

tlrrorgh t rre pouer ¡¡oúur¿rbbr control coir" rJurin¿¡ the quration

of trris ür¿¡r¡sient, a dar.rpin¿¡ voltage rrill appcar acroos lùrr" If, sa$'u

Lire conLrol cr.¡rre¡¡t, tr¡ the pon'er noúurator ¿o inure,.sin¡1, it is
seen t,hat tlre voluage across RI* h¡irr i¡rcrease in the s¿rl,ewayó

Ti¡is will cause a, tra¡¡sient currenL to f lov¡ throu8h C6r ltl5a

ancr R* i¡¡ that order" r'lo,Eentarj positive voltage r.liÀ] appear ån

Èhe grici" circuit of the +'.ËIi.fier, the r,ri,gnibude of Liris roÀÈage being

depenoent upon t,ne æUting: o.t R r" An irrcre¿¡se of anplifier buue

current wi..iI ocur¡r, tlelaying the angre of i6nitio¡r of the tnyraLrons

noment¿ri\r, anu thus cr&lrp5.ng the systorro

1. ))'{r



6"1 -tl.rTn0-îiìtt'll:fÇÌ't-

lhe fu¡li:'l;;.r-¡:rs

¡xrÍlr::irranue clf i,he eì"c"i.¡+

L,s 1i 
"

ùj-tAIli,.{:.ljl tij-

ÍÌEjiliÇ.iTlrâi,icg s¡' T9,..ü 1l ts,illt

Ti:e dz'iue

0ilii¿1.:1"å'¡.etio ifl.g-o (f.. -L

-for:¡:"

of ihe vtrs'iot¡.s e-iene$t*q and 'tlre åele¿,Llir,*d.

ìraive h*en cå.sî:ìi.r$;ect, U.trr+ur¿4h Çhe"pÐer:'S J

l¡oEçå.s¡lJ"i'r0sl"-i)ic:LüJ!_âgã_EÈ-RQ9tffL-Çü,t.?,¿g..iJû¿i.ï,Jifi 
"-

l(i:e a;r*ten -lc¡up l.Ji.*s OFe,F-rÈf.ìu alni r;ïie []r::et: lri:arse

i.:::].¿gLåan ;ra'hç;r' u¿rs t,e;;t,eü on ;J ,C¡;iz.1¡:*:nei:erl, Spæcrl -ir::qir.c

i JúL$ cliii-lcjÍ¡bÀ'*i:I, a:-,.;i

s}¿aias'¿ite as;aein!;-l-*cl

tf;¡.år#.c'i;e:ri.sLi.es i¿el:ri i;l'':t+rm"L3^r,le{.i :f ¡:c' i,h.È fJn;-.io'u.i.lig r'lc'L*r a+r'":ui:ci;;,ry

çt¡i':.-"e*t'i.an,ç e

{*) Th+ Ì:ìrreli.: ¡"atc:¿:' nh¡¡.sß$ l,J(.rre ìr,t/'i} srr-r.i:ne;*t,e(:1,,

*ìiÍle:';LmE)it'i,¡;i i"e s ul.'t s "oi,er€

il.z'å,lre i.n krjl.oçIc d.åa"g.:ain

(b"¡ rd rcLc:i= l:e'Ê;'.'¡r.¡r'ir:v+rs j.neeir-t,erÌ j¡-lio eacir i;.i¡¿rne i.r.i'the üii;'i-ìa'^.:'

s(¡,Cûni.!a::";rv r, al'tÈ. tire ¡:cùl'¡*t'ii:l t¿ei:e i;Ìfe:r t,,iye C on¡leeiceåo

Jrt hoiï¡ 4ô.sr){¡J, ùh+: i¡;,d.uct,àc":r: uic¡ì,a:î ç,'t¿,¡Lo;r' e;i;'cirj"-l ',+a.s

ç;rapFlåegì, i'ren u, b*"-l-¡rnced. ?;hr"*æ ph,ese *,ìsiì¡'r.ì€o i]l*r: l;o iiyn;rHrcr:.nr:ber

l.::.1:-t--l;aLåuns.o 1;ì-:e ;;ìrsri:rJi' :;ìÌ,å',LÐf' ."'r:ii;¿ße -.ult¡:.-ì-;¡ wi;c i,:i.ra:teÐ1. Ècr

al,r^pre-uij.¡ea}*"+ 5C,'í1, ef ,:art,ecl sLab¿¡¡. rlenní:-ia.t vo3,ti.iq*o

iìne¡¿Zi;,1¡ *i¡t¿li"ned fr.r::ir, 1,i:st,s (;a) ;':nC (l:) ¡rj3c '!:e.,i:uÀab;;rÈ

j.n ferÌ:"iç,; ó,.i ¿t:iit ánâ.,

Tl:a .Jyiilri,lç.iût:lrli: ¿lç;l-1,.+ ì"¡ ü¡' il-',..3ii':l-i ,.i:. 1¡,;¡-lnüe ¡L.it,h aç;.t.J,*

sr;"i.rri;r-'.;;i;;;i-c,r¡,* ¡I "l ¡:l",ri,r.r-i;lli,, i--i:i.iìi;e ii;¡: r:-liJ.cà;:,¡- ,n,.r:ai 1..rçs {r ;Ln*år=s
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o o o:';

J=ong, 4lie r-i*rque .rn fo*r;*;:*r:;iC;* ì,.,,8s ,Jår.L;,ii*e,.S *y c!ålåding t,he se*e

reer'<åång lsl' 2" Tl¡e ¡sI¿ror v*Jr,t*.:.g,æ *up¡,:.åy i,rero þr) i¡t;.l,ts ååne Lo råne.

flræ 'i.+r"que JjtrJasLr..l'eti r-,¡t 'i.i-ic ci;,iiairto;,ref tê¡¡ \¡íþ.Ëi *GJ:-fcct.eC +,o tÌ¡* r¡¿iåi¿*

l"rlireh r'¡.*¡"iÀ.,r her,'€ srlsîr raci.rsr¿:.erj åÍ äl¡e u:.cl,cr hai been nup¡:Àíed nåtlt

raLec -Ler::linaå ¡**å?;.åd,*¡ ;:+¿.leeèår:g sa?u.r'e-bå.on, The cc-e"recèåo¡:¡

¡¡¿¿*¡ ,anpåíed es íç.LÀ#r.¡e s

I-*'ø 1írn ilc the apj¡.Àåec. st¿¿"ççr ,],i.¡:,e i:ç -Ltne v*åÈage"

3*e1+ ifr," be àl:¿e ¡.atr**, sri.¿tç¡. .ïån* â* ìti-ne ir+å.Lage,,

l*..b ?r* h;e ti:.e t"ai:a] 3 Fh*.s:ç tc.r_q.ue ¡.¿eaçuled, cn .oi:,e ¿ly¡r¿uleuel,æå:-:."

j''e?, Tu" iro; t",ìre Lc;'ia:ì, 3 ahase si¡;;fi-tE¡r"riue at r;r'baci çía1;ar- r-:¡ne

Èc¡ lina v*Ite6e,

Trrsri r "t I
¡ 'i,. I 

'-
I ,-.r- (

T- =, nj. i ïî I

i' 's¿ I t',o I ú.,'iI

.cìql:rti-cn +,,'!- i-t.t r:n-iy e:,i;rr:r :"i,' 't_ -;:t'r 'To a;'c tire j-n-l;c:i-¡3.a't

*i"ççtz"c+,.i:¡.¡¿tir;.ì:,i,; il:.?"Jûi$ijärì -trlrtjltc¡;" ,ljJinc*u- J; ¿* .uicasl.;.t.ed ;,.i; che
¡'i f;

itci¿(,.r siia"jlt." ..'. ',lj.l j, ;lt.r: ì,i.r..i,"1.r e;r_¿).c;-i,,¡ u.;1,#l'- !,i+-r.,\t.rr,:.ì:", ilre* :: ----..., ,, 
| t'.',,i

¡j1:rr:*:,:e,l:r":llf:¡. i,s F.::l.i"l--;.-, ;,i:.'J. r+as :.1-.;,.1:i.**Le,:ì"' T¡s _í_'cllc,.:jng, rs a

.*â¡:rc"i,r: ';;.1r1.:.,i¿l;:;,*.¡; !la,:,i'¿¡*i c".i: -i:iLf*:";:*r'.riL.i"ç::¡. f,ç1,::.*ì :lr: :ay_"_te é..iì.;

:.tic'.""9r:;' í¡.risr?çì L*i:'j i:t;t;, ,

"f);rrr:,ili:r.ì1r:,:'ic;- sc;¿i= t':-:ruJ.j.nt::, l;:"rj ;:1.:u3lr,ì.ir:-

iÍ:.ertc¡-' *iatç::, i¿:rrri.rl:tl" .,,.r.:ii;.r; 
.5S vç¡}í:s .Ll^;¡ç: "¿t^-L.¡;r*.,

\úi:en*e, î;lle çc;::ri,¿;çieci ilr):",r.'r.i¡: íe å: :;l ¿,, lirl.,ïi- ,u !.,,oíjlr fr..,--..lhs"
-: I 4¿l
"J*I



l{ot*n $peed.*T*rqr:e Çharact erisÈåcs

iu'*'L.úr neå-*xlrk *.*.L )

Stat¡¡¡. v*å*ago .- þû tr*r.l"t,,ç lJ,¡re t* Ll_ne
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are prlc'otea åå Fåg" ó'? anil refer:'ed àc as er:rve (I)" The region

of çui'9ô {J") bet"ue€r¡ 4'8{i$ and -8ü0 roporÂ.,, }¡as been esËj-üåte.lo
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sc@re v¡ilr be }o"u by l,he arsounü of the l'osses åncurred j_n the

brakång ¡nctoro l,lhen trie intlucl,ion u.c¡Lor beiraves as a þrake

(i.e" Lhe r"everse epeecl regi<.rn), the sþafÈ:torque re¿id f¡om the

dyna.ruoraeber scâle l*i-tt be hi¿;h by Lhe auour¡t of öhe losges

i¡leurred in Èhe dyna:no:,oei;e.co $ånce, Lhe region À¡etl.¡een +800 and

-8û0 r"poluo þ¿s lreen apprcrximabe{, cun"'e (r) uir} not k¡e correeted.

Daèa ot¡ùaineo frc¡m Tai.¡Ie 6"? @' i:Iot,terJ as the !¡roken

}åne ch¿¿ract,eris'bic i-¡r Fig" 6oä" As precliateci in tJhapter II1,
the notor speed-i,ort¡ue crraraeteristic exÌ¡it¡its a råsipg negative

sropeu aied permit,s st¿rt¡]e operat5-on at any ¡u<.¡tc¡r speed tirr<.ru¡5hout,

br:fh Èhe clriving l:ange ancl the oounber:torque rangeo As discussed,

earlier, òhere is a disc<.rnÈinutty ån Èhe s peed-tor<¡r.le ch;rryacteristic

atn aero sceed.. Jf the negat,ive eegurent of the speecl_torqi.le

r:ha¡¿tct,e:'ísl,:ic -::; e¡*napoLated åo gg,rcì s_ÞE€d, &Þre t,onc¡ue dlscont,S.nuiüy

uay be ap.uroxiraated"

Ilalf' Lhe t<)rgtae cliscontinuity at .àero speed. w¿¡s subtracÈed

from each ordi¡rate ploÈted for the negative seguent, of the apeed-

torque char.rsÈeristic. conversely, the sa¡se ¿uaount, of Èorc¡ue vaas

aeqed Èo eacÌ'r orcÍnate plottecl for ÈÌ¡e posåtive segnenÈ of the

s¡:eec)-Lorque cha.r'ac'r,eristic. Tl¡e resul'bant, curve (z) is cr¡r¡Èj.nuoua

bhror:gir ze.:o speecl anci has a rising negative slope.

For speecls inexcess of appro>:i-mat"eby ?Afi synchr.onoufi

speecf, comparison of cu:rves (f) an<f (2) oi FåÊ." 6o? efiowe that
tlre ¡sotor deverope a 6,reaüer she.f{:-torque in ?.he absence of the
eoÈor net'r+orkn !'cr spcecrs r"ess -ahan appro:.i.nately ?oË sy¡rchronsug

speed,, Èhe ¡not,or exhÍbits unasabl=e operaLion if nç corupensa.bion

is introduced inbo bhe roto¡. gireiÀ:it,o .Ðthough tt¡e rofu¡r netncrk



ensur€s open Àoop eÈability through bobh the dri,ving and cowrter*

torque rangee q'ca¡irånation of !åg, 6"2 shows that the avaitable

shaft--.torc1ue has r¡een clecreased by.apfroxinately 50É for speects

in excess çf 7gÉ synchronous speed"

6 "3 Clo$Ep:looiL l{oTo8 SPEEÐ -TOIìOUU Clt4&/i0frdtt$IJ-cs

The systen }oop was closedo ancl the anüi*hr¡nt circuåt

was adjusteci to a limiNlpg setti-ng, beyond wÌ¡icþ ¡notor osciJla¿ions

occr.¡¡red. thls at{just¡nent waa s¿iruied out r¡nder no-Ioad

cr.¡ruiiti<¡ns" Sånce the systen krËIs stal¡Ie wder no-load conciitionao

then lù Hotrl-d eerÈatnþ bø eÈabLe r¡æder',Ioaded eond{&lons sinee so¡ne

of the con¡:onents in the systen woultt operate ert greater sat,uration"

The drive uras Lhen uested on a riynano¡¿eter hrith varioua

settings of speed ¿rntl irritÍaI torque Loacl" Test,s r+ere performed

for both Èhe ririving ¿nnü. count,er-torque regions"
I

¿brief descripbic.¡n of the nethod <¡f t,esüing in the

driving region is au foJ.Lorvso 'I'he cirive was aojusted to delíven

an initial torr¡ue at a shosen speect" Tlre torque loaû was then

ir¡creased t,o a new v¿rlueo Subser¿uent to this change 1n torque, the

drive experienced a speed êransiento the new steatiy*state speed

w¿rs èhen rucasuJeciu .4n increased vaLue of tor<1ue lo¿¡d was then.\

appl&eci, anci thëþrocedure was r epeaôecl untif the Lorc¡ue Lirait

of the drive uns reacheçlo Arqr attenpt ti¡ i.ncrease tl¡e tor<¡ue

loacl be;voncl tl¡is poÍnt tred to ¿r cl ecrease in d ri,¡e speect t<¡ zero

and u-Lti¿ia'be drive re)ver$åìo 0nce Lhe torque Ll¡liù of the drive

haci been reaehedu the clrive apeed nas rea,rljustecl to ilre speed aird

t'orque foaq chosen ínitially in the tesÈ" The to'rque loa<l r+as then

o " oP8



redueeú astd Èhe eÈffiftr-sSs$ø øpæe*, fer eaeh aery $e torqæ

redr¡eÈlon e¿as r@essd,sdo ßeweml, üøø6ø Sçw we4gus eMåtåers gf

fÐÍtl&L Èorque and opeed wr6 sonúqsted &n ehe dsgvång rcgåono

$lsål"ar tesË'e sere esndue?ed tn g*¡@ bffikerg rqglono Theee testE

dåffered eaþ f,ron åhseø fn the drl,sång regfon ån thag ttæ'

isrduct:ion æf,or wae mw eupp3ytng b&skXng færqrxem$t¡er tfs,r¡

reo$uring torqueo

Besr¡tÈa ob'taåned å"8¡ ehe dråvlag fiengg a¡d esu$xger*

i;onc¿tae re$ge are reeerded ås fabLe 6,3o Feåuee of $crt&åa}T¡r ehoeæa

tonqr.l,s lead a&d apeert are deræted by a ra$,eed aEtenf,æk"

Babl"e ó"3

Süaadp**qêaåe Speed Vers',rs Sorque Oharacbçr$-aüåss sf
floqrT.ete Ðråqe :t'or îuaeåous Sati;ångs Ef llee!.red @eeC ared
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ehsraeÈeråeèåe åø denoåed b;r e ewæ*o

Less gråee o5o foCIÈ*Frræde werø æt pt_aåeed" &e the Èorque åoad

iüaìs cefreffiBd, ühe egebem regt¡taêd m&or eped þ deerea.*å,ægl

-r'egetor eontroS, quÍseA&u ffien {*rçae r.sed see deereaaed ûo

*5rpr+a$.ruaÈotrp "$ foot-pramder . &he c€eetöæ eenärçl ciu,råeenÈ. beereme

æegllgåbþ e.na3Í., and 'bhe æet'oe reverged åo o:!,ng3-c*p!:aee *rpereil$"ona

?irås i;¡$¡r*qo:1$r¡e' hed hee,n pe'*dåeùed ån eeogåør¡ da.S of, ülæp&er -{9"

Firr'r:lres' *¿rsten regirlabåo& ?rs,s noä poem*ble bepoerd fl!#.o poårg$, end

4ö-ê,38' epeeci apprnaelred a;mchmnoras epeed Lf "¿he s,selìåne waa åni.È$;rå$r

o¡>eru'h-itrg ån the dråråmg reg$.en" tonoeqrreatS¡r, ÈÌrt: opeed iorqus

elìê.¿-a{}t,,¿;á'i-gÈ*,ça ig¡ *}rç dæí""'t-rrg eegåon unoro proje*ii,.åd, .¿c g,oÈr*i, ¡ræ-

.?-o*,c rw'h+u' e"r.eecî,, Tho aütec, g,euer{;od È+ sångJ.e-phe.nee operaå5.a* f*r
l+i"¡,ä.]. v.rt--!"ì:r¡.-s of *oa-qu,ia fu¡ ";åie ?.-,-fah:lng acgi;l.on, Ä¿;aån, æy*i,;rsin

ä".¡qii.l*ç.,Li-r-¡f¿ tl¡rår no'L p,as*åtr"'l,e ì:eyOi:r] t:,håg p*ånÈ $nil ¡grlts,r.. *¡:ile*,

de;:¡:ûa.eer," .ri'.breat-e:1, i:he .fu:aL *pee* r¡.f tj:le ¡m.åce t;orúel sti)* þ+

p::e..-ietio;:li.ire¡1" ït, uari; ,li:*såbåc foir t!¡e a-..¡.rt,,þ¡¡. í;+ stell ab ge¡:o

rlri:r*i.,iü *:: nû¡¡i,*i'l:u¡¡ etr¡ h¡:¡ u.,enen:rgdl Apeed, r,*J;;1.:*at,oj.p i:,]¡ltsgr,Bltå¡fis.

õ"\.:î;?ijillii',1:jr':* s¡l*æl å¡:n 'illic tìi-åVd.nE :.":gj.r.ltu ,:s a trs,$it};h çrfl .i;iai.e;u Èlitl

u¡-:çç':j:'l'ç¡3 {l¡"¡¿ eh¿¡'raei;*¡::i.*ååcg Ëac&sl-:T.e;! :i--E?, gii{ì T::ailåifu\q a"e6åelri ru,arr,s

::*í er*jee*;t:d. to ¿cL'ü:le.f¡åe s-Ðåueoo

*. ¡¡êr;år:i,i of seebåçn ó"Ë itåi-L ¡åir:,'¡ ç,ile.'i: ,¿he ce.råå-naf,,er* e;å:"

'L4er :r-*+.*i.e¡:ç:j Ì¡È3.ues æir.n*& ån F$.g" 6.j ero i*i* j^:a ?;irc a¡sioråiqg rag1a,n

:r*,i !.:Í,gli i,n '¿'lis tla,;:'ìr:h:g r+gi*rn. üa::e**Èåen of ä5e; øpeøei*f;*r-c,u.,+

;ilir,r-illì1¡,;r';:,rj:j.*¡ i':s*:-l.ii ¡:rt,+duco i;l;¡¡ fcï.-i-rl-;i*lg :loi:r¡.]..i*r j.n t,h*

,;l*i:CIr'ång regJ-oa, è,1o ;:;Fcerå-t,*r'r1u.e eMs"ac"*çrås4åein ç**ul-d exi:åbjå *
,sÈæcper erop's for'ùcrc¡ree* greater t,å:an êi:e å¡¡atåa_r- Íiorquen wirå3^,e fl!.le

fusånaÊåon sf Fåg* 6"3 ahprss'ôh&g 3*ad torques of

o o "301ä
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slope vrou.ld decrease for values of torque less than 'i;he lnitial

value. In the brak5ng region, the speed-torque chsraeteristi.cE

woul-d e:chibit a steeper slope for torques lses than Èhe initial

torque, r*hile the slope l'muld lnereasefor values of tonque greafer

than the initi"al torque" In order to preserve the aetuaL results

obÈaínedu the characÈeristles were not adJusted"

Exa'ninati,on of the characterístlcs of Fig" 6.3 shows bhat

t,he speed reguJ.ation f,or torques ranging betr¿een I and J foot-pounds

approaches an sv€rage of appe-oxl-inately 15É" Thfs average neglecto

the presenee of the chanaaÈerietic drawn for an i-rrttlai- braftå&g

torque of, 2 foo'b*po'unde at a speed of -80O r"pomo The slrape of this

charaeteristía suggests than an errþr was made in reeording the resuJ.t,s.

The speed r"eg*l-atlon mlght have been decreased by the use

of híaher ampll.ff.or qaåno Tlae app,araBus was requåred to be dÍ.snant1ed and

ti¡e LaboratorSr epaee vaeated hefore Èhl-s could be done"

"..]0å

ó.r+ TRÂNSIE¡ff RESPS,Nq]0 0F __T4E Ct9SEp-1,00P srsTlpÌ{.

A number of tesüs *rere perfo:'ued to assess the Èransient

perforaanee o,f the dri.ve eonneeted Lo a dynainoæeter load. å

Sanborn 150 nultl-ehannel reeorder vras ìtrsed to obtaån a pemanent

resord of Lhe tesÈ results"

tsrief,lyu ie.lth ref,exenoe to Fåg" óoI, the test p:ocedur"e wes

as fol.lo',u¡s'., tirre referenee voì-tage R w.as eet so that t'he dnive

operated af; a given speed for a chosen Ealue of iorque load. The

nragnit,udes of reference voitage R, taehoneter feedback volÈage B,

and e¡.¿"or signal FO -øere slnultaneor.ls\r z'ecorded on a strfp charL"

Tachonet,er feedh¡aek voXtage B Has pro'pontlonal to taehomeÈer apeed



ae she,æn 1n Ftg" 0"iL of A,ppe**i_:r S"1,

tr"ansienå behavior.rr of, E ay¿d E* noere slmìriêaneouslg reçcrded" Ttre

üaehomeÈer feedbaek voltage B hael a emaåtr auper:.rlpoaerå gene::ator noíee

voltage, Thfs in itsel-f dfd noÈ &ffee'L the oprat1on of the drlveu

but nTade Èhe i-nt,erpreôatton of 'ohe resutrÈe dåffr*nl"'b, lhe flli;es'

¡reðwonk shown Ín Ffg" t"2 of Appondåx ü"2, u¿aa in¡¡èal,}ed beår¿een

{ihe reeording un$ù and the ÈaehomeÈer,

The tranetenè epeed, r,es¡ronøe of Èhe dri"ve f'or a euddesr

ehe-nge of ref,enenee votrtege B le ek¡own ån Fj.g. 6"êr" Tnspeetion

of F'lg" 6"i¿ ahoss &hat Èhe ri.ee tlue of ttre epeed ehera,{:{:erlsàLe

ås ffiråeh grea0er than Èt¡e {:1ne requirec te $"nersrese R to r-ts fina}

vaïue. 0onsequentþ, ùho ehange ln ülre veiue of R'.,;S-åL bn referrcd

èo ae a me$ep ehångerào

Estensfve teete were eoaducÈed åsr order to evaluaÈe She

&ransåenÈ r€spônse of, êhe dnive" Ðue to laek ef facir"rtles, f-È

was nob poeoåble to test the tranefenÈ responee of Èt'¡e dnåve fen

a sÊ"ep dhange Ín Èorqae l-oad. Fågures 6"è+Ð 5e 6r Tu 8e g, lCI,

and 6.11, ehors the syeÈero tranefent trespoese for a ætep chan¡ge

Ín refenenee voltage R"

Exemination of Ffg" 6.Il ehows thaê th.e epeed reep@ns€ of the

drlve fs oeellLaùory ln naturen aad decaya to a eteady-sôaÈe value

afèen a ffnite Èlmg" Atrtbough, ihe sysÈen under dåsc$esron r-e

non-llnearu the eystem oselllatory epeed r€sporxse Ln a enall region

about' a poånê exhåbåte the typ of behavi@ur ex,pecÈed of a second-

order Llnear æyoteno DaSa obÈai¡red from the aforemenÈloned flgures

fhe refenence volåage R Ham btlecr trsÈepprad;r, and Èlle

.. oll05
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presented ån Tabl.e 6.&. as fsLlowss

Tabl"e 6"Å.

. svsÈe- *.î:";:-::ï:î"ä:"step chanse

Få€" T"L"
fÈ" Xbs"

6"ì+ L,o
6"5 1"0
6.6 r"56"T p..s
6"8 z"s
6"9 L.CI
6.10 \.5
6.11 2."5

wh¡ere

T.t. ås the moÈor ehsfb êorque.

r;g"g. FoE,E.
P"p"B! l. .p.gt.

Ï"s"s* i's the $.nåÈåa} motor eteady-oÈate sped.

F"ß.$" års t,he flnal molbor aêeacly*staÈe epeed.

T åe the 'priøS çf the moÈor-speed oeeLlLaüion"

Pia Èhe eeÈù3.ång ülse çf tke driseo

10?5
L065
L060

9t+6
Q'

-1260
-L295
-wa5

",o 
of,.3r¡L

394
eo0
611
L53
918

-120
-L53

0

8y
seeonde eeeonde

The variable ? wae noÈ ewputed, buÈ approxf.mated f,rem Èhe

flgeres" fåettlírng È'åme was &aken Èo be Èhe Èåm lapee fron the

i.nstar¡È the nefenanee v'o3.Èage "ares Feleppedt¡ ure&f} er¡eh èåme as Êhe

dris"e approaehee 5ß af it,s fimal etea.dy-etaÈe speed. Ig ie seen

Èhat Èhe ae-lÈ3-ång 'båme 7 ie eroa3"} fon lerge eheft-Èonqueg, Thls

E,lâ,3r 6u a'l;brihuted èE¡ àbe faeü êha'i: the dråve ecmponenês år,e op-

eraÈíng undee eonvi,ítior¡e nearång eaår¿eaê1o¡?.

Fteferenee ê"o ?'able 6"dl 5"ndi-ceteg a dåfferemee åu Èþ¡e pniod

of moÈor eÞeed øecål"lat{e}n foy èhe c$,ri"vi-ng and braklng regåone.

'tÕ
ÅoÞ

L.8

1"i+

1'1

18"8
10"o
2"j
¿"ö
2"8
5"8
/+.0
3"0



: fhe eharaeûeristLee whåeh funnl"shed the data nepnæsen&ed ln
Tabie 6"4 are representativ'e of drive operation" Sf.ore tesÈ ¡:estlLts

w€Pe reeorded than hane been ehownu many lndieaåing beÈàer drl-v'e

penformanee èha¡l somE of those shown.

¡ tå
¿ g ^.:...1-,



rln aÉtempÈ has been rnede to const,ruet, a reaeton-cont¡rctïed,

reversibl-e, inducÈl-on motor" drive" Â stnnpf,illied analyeís o.r a

res'ersj-ble reactor-eontrcL scherno has been presenÈed" The prf-ncipleo

of the reactor-contml" operatlan hsv.e been prosenÈed ancl the uotsr

operat,ion has been eompa.red on the basris of s¡ræneÈrical anc{ asymnet*

rieal operation"

The pesul"Ès suggest that a crít,srion for nre,chåne heati-ng

due Èo current asylumet,r"y n¡¡et be eonsidered i-f the p@Ïder iooduLator

i"s to be useful ån cont,rc¡1 of {,he induebio¡¡ meÈor" rü r¡ould be

instrucÈlve ü'r perf,onn the corres¡.rondfng caleulations for differ"ent

sat,u¡',nt¡1e reactor eoi:neetiûns" $r¿ch a computatåon r*cultl requircl

th* r.rse o.f, eonputf"ng machlnea.,

?he l"r¿$ertl.on of an oxterna"L roto:l ¡lebwr.Èc ånts blee

:'o'l'os" sfreuf'l, çf the nxr"¡'Lor cioereerseci the ave¿rLable shaft*.Lcrq.u*

to apprtr:rÍ.ineüeþ 5tS raterl arpi;or tcrque. tepacitivs corîrp,$nsetåon

m$.ghü he employed Èc, tne^rease tho av.ellabl-e, ahaf,B-èorqu*.?.1 ihåe

rely be dÛrae 'by co¡¡ne'et,fng canacåÌ;¡¿ra aÈ Èhe motoz" teffiràtr¡al-s for

Fú,?fer f aeÈor" copveetiori" [Jeei of the ¡.oter neÈancrk €nsuFca open=,

]"oc'pr -ntabilitg ahåeh fs no+" ausaSi-ak¡l-e throughoub tÌre dråvårq alrd

eru'¿nocen:tûrque ¡',aage for a ma,ehå.¡ile wif,h e ahort*eirE¡¡ited ¡"o'6oro

i.fndoer eondåtå*ne of csoeeCa-3"r:op opereùåon, r;he mpeed

*egr"r-i"a'Lioru for t*rclues rnngÍ-ng between I a¡:.d j fcloÈ-pounds

et¡r,nÐ ached ån ev€rêge c,f approxj:na+.,*J"y J.5fi. rt ûras .tor¡nd i;hat tSre

sæeed i'egulatfrir i¡:,ür.i¡asec very rer¡ridly for snrall torque loade dr¿e

CHAPTER VTI

cor{cLUsïo}ts



,,.TI7

{i* zå4gåø phesåW ææÈ*e æ'pæau*.åom¿ f&s e.{.r*r¡åt' c+r¡fåguse&åmæ çf

Èhe po*ier" usår¡3s*Bev s.ade &t¡åg am emss*å61er3r'Lø æsffi$'ååpm"

fçeÈs war,CI ¿:eø.8eseed &o deåecqé.å¡w SBee epeør? 'Þræ'nsåed

tlespüBÐÐ {at, esne&anb 3.CI4d} åø geeg@ e-äep å"nputs. ffir,cerãnenüa3,

resuS'Ë,s haa'e heec! preoemèed ee evåde'&çe ef 'þ!¡e good €ransåe.nÈ

Fespon'se whåcle e¡¡n be çbãaåmed by the use ef Fe{¡€èotr-se¡ats€:.åød.

ladæe*år¡n øøåsrso
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A" I ,0_g

NauuepJ.at,e of .l¡rcÁucLion f¡oLor o

ASEÁ,

¡ii(I) iI

I h,.¡r"

APPfiNSTX ,q

&{CHJjü CONST/INTS

Priur*rJ ruye connecteu

iiot. 3 pirase ót-t cycle

SerÍa] No" ¡+23ó08I

lþC r, p"m"

rl"Q volls

5"3 waps

Itiei¡.surerrenù of Sfatr¡r ¿L¡rcl ft,otor Fiesistances"

beconüarji

The stttor circLriL hr¿ds connecÈeci bo a ü.e" supply as

shr:¡rn in !'ig. A"l,o Lt r¡as assui¡ecl thoi, Lhe stator winciings had

er¡uai d"c" resistarìce" The d.c" vclt,;cge source V sl¡<¡wn in Fig. A.Ju

was increased urrLil tire e¿aunet,cr ir¡rri-cateti r¿rLed stator currenL. *

The stator wao allorsect to he*rt,, adjusturents <¡f V i:ein¿ ¡n¿¿de to hold

the 'statt,or cr¿r'rent J constant" The resuits vrere as folLor¿s:

(v

'l

volts

ij{í¡f)S 
"

Stabor t,l.c" resisL¡¿¡rces per phase were f ouncl wiÈh ùhe aid c¡f

F1g. 4"1 to t,e as fol.ìows:

V o lr.B0 voJ.Ls cl"c.

I = 5.)-O alrps d"Ç.

5..1,t¿ + 2 srB "" 4.8

ft,1 ,o, = "6?.7 ofins,rþhase,

+¡ -'thf.s uee.surement
oblier than ähe rated stator

was Lnadverèently p€rformed
ei.:rrenÈ "

at a eur¡'ent
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It :Ls getret'i..l1y ;iCce;¡t,eci Ðh¿¿Ù tire ¿¡,"c, resistance Il. ^ 
of @ ¡llcL()r"

!*--- 
õo{'o

winciån., m¿4.y ue exprcs$ei äs J"]5 \f"*" *t" 60 cycJes" Thusu lt foll_ows

0hat

r¿J€re ôs f.'<;lloiçS:

V*5voftsd,c"

T * 7.1, ¿{i.lps Qoco':6

l;_, - -- "r.1.ó9 ehsìe per phe.serlñ,l,o \i o

R*o*o "= 1"J-5 x "J+$9 
-= .)/¡0 olir,rs per phâse

0¡:c'n ¿¡nttr $h,rlrt, circu¿t, Les'bs \{ei:c col.r"ried

Iruchst,ei¡r. Låoynu arld üc,nt:É]dÂ'I" Ilesults

T¡,I¡l-es A".L *ncl dt"2 as Ìc¡f;ov¡s:

H*o*o * 1"I5 x "627 = "'/?A ohhisi ìier phase.

The resull,s +f a srmi-Lar, Lest o-t' Lho .¡.o1,or,.-cí¡.cu_it

"""125

S"Lator To-tts "Silai,ux' Li¡le Pov¡e:" J.npuÐ, Ilot,or rJ;:en

^- -þ/L-"---F:se&
¿J"\J

l¿.rl¡Je A"l- Open CÍrcuåb Tesi

SLa.f"c¡r V'"¡l-t,S St,¿l,ùc¡r .Li:re
L/T", ilu.r¿'r:nt,

r¡ut as aescribed by

are tet¡uJ-at ed ín

'^ry

L7 "Ç
29,5
'22 t\

38"5
A/r"fJ
L, 

"Q 
o5

T;rbl.e .rtr"íZ Shorü Gi:'cr.rifi Tes'b

-H*Ïl}g": - -.- -är'qss¡t - I':.?,1"t -s.:

65

# This mea,sutsement wae i.nadvertenflly perf'os,Eed ã¡t e eurrent
o'then than åi'le ra¿@d æoÈor eurtrenÈ"

3.00
5"3Q
ó"oct
?"0,3
9.,$o
Y o \¿"ql

Frr'*rei" In¡rut
ll&ts

?r)

50
J;"8
L7A
233
)45
380

In Ft-rase
toinponeni- of Shorr:,

Círcui'e, Gu¡:rent,

l.7C)
2J1
¿" Yt:
3"54
Lv"O3

l+'l+3



Få9" å*å Ehq?rs a påob 6t ååma srtrFe¡¡& s*recr& Jå&s e,a Àår¡a sbaèüF

üerþiJùc3 qoÀtgo

Frcr¡ &tß oæn c5lcr¡åt tes$ ã¡ro toad, - V${ftr * å?"e ;/L per ¡rhaee"

En<¡ J.oad 
* T-ffi¡* * l'58 'tì- per pha'se

xrro ro*o ffi *dm- å.Ioå./Lpçr phasêo

srexa Få9" 4,"êu sûe b.L¡¡eked æof,cr ùapenJar.ree ãna *b rated vol&øge åø

lhe blocked mr¡ôor n¡sisbance ås

%¿ 
* ;ffi* 3.ås ra. ¡:er phðseo

Hence,

&r¿

ühe å¡lecke€¡ ißotor reasËaflce is

* # x 3"18 oo J."6? ju per ¡:haseo

l¡rm.&abåe (9*f¡ Fåtagoe"ald ærxt KångsÅuyÂ"e

*ur* -@ ?"?t¡ ¿uper phaseo

,..126

xstauor = *å **nÈ** * oä 4r¿ * ,5 g 2,'ît+* åo3?-ruper phaøe

In order to fårx¡ the eorrect rati,r¡ of branafo¡aratió¡l rsams

åÈ srës ne€e$sary Èo eLå¡n¿nabe error owing to dåf,.ferenÈåa1 leakage

f,}ux beÈween sta&or and rouor t¿¡rnso The ¡ee&hod ls bf¡ab given

ln refere$çe .&,1'o htrhen &he st,ator winctfuigs vre¡"c conneebed So bheir

rabed }5-ne ho iånø voltage ve åhe roÈor Ì.åne to Llne voÀtage Fu

was fr¡und" The etabor arårNisng ç*ao t,hen clåsconnecgect arxt a

voÀ$age fign veeao ã-lapreeeecl on êhe pråb$Fó X'i¡e årxlueed sba&or lå.r¡e

to line woLï'a"6æ Vs snês re,ado The celrreçÈ ralào of, transfcr¿naÈàor¿

whetre s¡&re ås èhe¡ turns ¡:abiu"

** * %ù - x€Èabor * &?eL * &u3? e [9"f, *s&,

ås g:iven byA*J*

per phaøe u





/ 'rr Eç^vi¿,
3} G **r / õè,ø@Ð"' E. \/ S'E^(- a r-,

rte,su-l-l,s:

a = i"?9

'ff¡e ,machirie pai:ûíÀcÈe*s rcay à.¡c tal;uJ-¿Led i¿s fof,lows;

P:.'iraary ¡."r:s-i.si.,artc" t'J. =' "?20 ofurs/phæse"

$er:onr.l;,"ry .res.i"sta¡lcu oe - "540 ohirs,/ph;', se"

.i:':Liiie*rr,' reactance xj. = f.3? ohts/phase (* {:0 eycle$,,

Sec<-'ntjo.:"y rea.çb;¡.rr*c; tZ -' oßZj otunsy'¡;ir,ltse fu 60 cycreso

.,.rrngnetå.zr-ng reai:tan** o* '" .i.5,.? oirrusy';iiri'r,ee 6' óÛ eycles"

li¿,.'Li.qr c¡.f. 'bransfÇ'.riìj.áitl.orì a = l'?9 .

fi; ís .(uc,.i"¡i fflr-rtrfenie¡:t, i;ç reft*.r' Ltrr: ¡¡t¿clti.nÐ qÌÌä.nt,-Lties 1"c¡ ¿he

s{;ü.'r",*r" ,i)it å¡" ^¡)ër ;¡n.i,'t ¡.¡¿"si,ç.

Ì.fr:'i;er üçrnst:ln'Ls :¡,*fi:,:'reiL i:,o the stätc¡r" ¿re¡

.r.1 3 ..1.?íÌ ol-.iltt¡/i:i:¡,Se.-1ô:ÞldrJ

-,e.- F .. rrl, li,¿gle "= "!.ì0 oþ:;rtrr/r.¡Ìialse .-25l-f\Â

- -r .-r.r.".i 
¿;,¡5r/;lhosr: (r bU cyc.la;li.lf,-¡_ *' .L o di í \i 

2 

J *.LÞ_''

i{-, ." {"i,i5;(-1.29)"' * L"')'l *!ur:,s/Pi:ase (¿ Ô0 cycJ.es"
¿1,

]r-. * .I5"7 lì;rLrr':/phi:si; G 6C *;i;c-les"
u

?¡¿r.se u +J.L¿rr;c r:+.t- pi:,in.sc =' JtiS ''"'r¡ :'
V,T

¡ase çu.r'rr-.jtxf Í;t)v ph;i,:,- a l¡.3 a--ii)sc

V =' IrJO r'6f.i;s

Ee * '/O v¡:-l';s

i¡rt * $J.0 volis

SAn = 40 volts"

1?É

-ffi¡uø

lIhe

:x'nê

Èhe haee {rnFd.anæe rOOuçffi- =la d,ms/!trræe"

líìa.thrn!:] ¡:trarìlei;a::s qlxl a pau" l,r.¿s¿Ê :ç:ji'errerl Lc thc sb¡rtol'

as 1<.¡}ì-ci.¡s:



*a * {ff !s ot6Ð p"u"/pha**.

oa * # *,0?Ë pou,,,/phase.

*¿ - # "å.1Å p,u,,/phaoe.

% * åi# * .:,åå p"u"¿þrase.

%*Wå"3åj]'uo/¡rhase.

. . "r29



jLuFltNi-ååE F

T$ÍfLrITiTCi{ tl"}È#liJi À'dü n$SocÃAful} ${åUÍF}ffiå{f üTrSf,ç¡ü

B" å $åe4*e-q$*gåßårìdlu*eJø@t{4sñ.qffi###-

Tt was p*ånà,*rÀ ç¡r¡& i-n meticn 5o3 of, ühapter V tfi¿nü

a piaüe transfil$aer rcixich t¡aci s oeeor.dalry cape,cåÊy of ltrCI Vg

ar¡rl a seto¡?dary vcÀÈage ra{[ånd e¡f ds¿]5 t'o.åt,* eentre:&êrF]red Þ¡ae

reqr;ired.for Èùre piase s¡åÉl¡ìÀy ol È'!¡e tlqrratruneo In oæcer Ès bø

e'?fiser'datåv-e it wc¡s tùocåtÈeci ts üFÐ ¿¿ tr¿+nsforçer of at trc*ssù

å100 irÅ secorzd,ery rotfuigo Sueh e tæ"arasÉ"oqraer w,as not, ao.oaååafulep

&nd sin*e the ijestalS+¡tùçnw¿is &c¡ be tem,¿"rcaróilry, u,se u¿¿s ruade of

Aanrge å¡lesrbícal Èriú¡tìf,G¡Tirers ;¿vaiåal¡le l-n the 4,0" lgbo The

Ère$så'ç¡:¡sers had the fc¡ÀLcwi"ñg nô{i¡le päate d ât'ó}å

lÈane å¡]æ,êe $aba ,¡f Trérnsforï$efn;

Wes&ångliouse

$tvJo 58e6??

T'o&&ageei J?-uÞ åå(i lo äÊ0, .åå.$

ú$ eycleu

It, wqe ,ËGu$d tha'b b!¡e ouÈ¡.rut voåüag,e of, the èransËorrsÊrs

scm¡leeteil, as sï¡c"rm ån Håg. .s"å v¡¿.s sr.ightstff iuiggrer èhan requåredo

I'he ctisaeepái.aÇy wa* t hought, ts be s¡nalÀ enr.rr*gh 8o þe negåecteclo

s"? Ðr+51ç3{ gg-j$E*, ieåp SH¿r'S.iLç l)å!,EuÃn

9J¡e æcl¡earaÈåe ei¡'eurl& elå*:graia an$ the veef,c¡r 6iagraæ cÉ'

'bhe phase ::hråftång *iveuil etre ai?o?,,n ån Fågso g"?.(a) and (b)"

ÞJåth reference br.¡ Lhese Få6uresu eåreuit, cansäderatåcns shoTr Èhab

g$it 3

ãaipeda$se 3.r4þ

$eriaÀ iloo ûþ IS87548

À88?550

B; å'



.. "r3r

Tltïi¿allùuu P¡"aîE4¡UFFÀJ fiÈÀl{bF$rËiEHs

fi¡
@o3

Shá.f t*r¡g 0å"r.suå&

fi.ffi*

¡'JçUFLÊ; åì"e IrhASffi riHfS'TIliG ¡'[ET]$0flA

(h") Ueotôr lliagrac* cf Ft¡ase liir.l..ftåqg
0á-ncuiÈ
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wtwræ Y L*x øç **laæc'lrâ'i.rz Þ'âg* W"eqbþ

thç e årû!¿å* was deuàgrd &Atã¿åt, veråÐaga OUr, ****

åøg Vab è¡y 13þe. Tlråa røqr;åvæ& ara angÅe S su*à¡ &haå V * &54o

A "å !JgC. eap{},ú¿&qrr 'sr.ås €fsosen $or frr" 3'.s'<ra equa*&åon fr¿'3. s

&U wao debcr¿t"iæeçá i¿ø foÀJ"cuo*

T-' =:rÃ'T' *aæ 
$

9a&
Iq

w * 377 r*dåana/see

I
o€ryflå * 

,æ? q**å-rqÆï
Èan â5s

I

ft,,*ólrKoltÍ¡s"
-L

ån r,¡rder *+^ år¡si¡r* easy eåreuåe a*djæà&ent', ;o p*f,enü,åo*

n¡eter ver*ak¡Àe ån 'Lhe rarqe 0 &ç¡ åtû å{ chsträ was ctrosen for RU"

Tlre ta"a.*rsfom¿çre TU and Tj h¿àq no naleeplaüe data

o'bara¡:ed ori t,å¡er¡¡" Teeåa en't,È¿ese ür¿scrs$orrûærç ehowed ¿¡1å&

eaeh Í¡ad a rrrl*by &ur"ns-rå¿t'å€.

?es'ðs aÀøo ahçr'¡ed ¿i?aÈ *f í;he ínpufl of tf¡e ¡rhase shi,fü

eircutt, vÊ&t; & voÀÈa6e at ffi epa, the outg:ub voltage t¡avefotzc

suffec"eci. negJ"å6gåbåe dåsborbåon. Tlte cw"re¡¡È àn bhe cå.rei¿å6 *-aa

$l¿ited hy title h.igh eeries 5*n¡:ett*¡ree of Eer ane Fq "

fus eneÍxå^r¡al,åon ø9 N*àg" $"f${,}å) of ü}tapÈer Ii eþ¿ö$','e.thaÛ

thyratrun br¿be eutrren4 cen be eloseåy eongrolled ber:auøe bhe

angJ.e e¡f, ånlerse*t å$n bef;w"eæya &ìee çråËå*a"å gråe{ uhara¿eÈerir¡âie acþC

Lhe plurse shåièed gråa voå&agæ ia åasge" d¿ G¡ai¿3.À ehart:ge åaa
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xiagnå&wee ef aÀ&err¡erî;&sìg *ffipüÃtssl& $f gpå{Å w*&&üséåe &asç *{*{&&&e

es'fse& ç¡r ür¡þe elsw*n&s S*es,eå{$eß &&e aåÈewæ&åe6 eamperswce& *ts€$S

heç eu$Så*åem& æagmå&r$e"

Ït '¡as decided to make the magnitude of the output of t,he

phase shífting circuit 15 volts peak to peak. This was about

&heee tåEies the ¡nê:sÀmum crå$åea* 6råd v*åsagei o.f *he ðtryreabeono"

A r¡varåô€$¡ HaÉ pl*ee<l ¿¿& &tre læprcÈ of t*w €i,retgLt err¡ü edJu$tcd eo

th¡r.t Èhe odpu$ ptaase s!üigt"{rdvutrbalge wae 15 ve}Ès peak to peak, The

poben&åwiete¡r tlu *u edJ?rsåÉü ao åhaè &!w proper ¡rkluoe clu!ÍÈ *øe

ot¡Èaiæeel. Fågo &Ð sho¡no aul oseåÅåogmøo erf voå&age* V& * Vgg

tiås¡rÀuceti 135€ ån phaseo

FÍÊu$g Ë,3
PåIåSE $HTF5' EtriB{ßES A"C" I¡fgRåMCI¡g FKUE å$T} GRIÐ VOËÏAG,EE

8,3 frq_r$iIq4å Ërr;!p çHeftA0gE&åÇs"¿c _arJffi3.sfirP-åTr¿st{,

ln otrde¡" [Õ qçÈe¡i¡ri.r¡e bhe e¡.åSåeaå gråd ofu*raeteristle

of' ttre 3lj43 år¡yraÈs'os¡s &he e j-reuiL sheiqn ån S'åg. þ"i¡. waa se& u¡u

W1åh re$'ergnee &o F*,g. 8"d+ åt, ås seen Shat, bhe À r;æ6*hm ree&såeg

ån Èfie ¡rlaùe cåreuåÈ segtred t ç' å:iru"Ð t"ire bube eurrenå v¡hen t,he tube

Il;li
Hr.ï;rIIr
-¡.nI

ffïfu&ec fhg-retnon ptra*e volåage ås Èhe lergex, wavefoffio
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f5"red"

[åråd vo.Lûage #*,øw &eiÅ], sufgå#åemè3,y segågårfle tfi
uarevent' Èt¡e tube frcwr .fårã*rg ¡+hen voå0age B¿ &¡6às seËeral hurrired

voÅts" lio&tage S*'wao È,hegs adJwted S$ a Íååce{i valr¡e ø¡ru read

cn FTiÍt{ sf,oo ?o c¡eÈcå vr¡J.t,age B* +¡u,s t hçn &.Llæwed to þeersre s¡ore

pouåtåve unèjå Èt¡rg t ube fåredo ¡lS t,he åncLåå¡lt of, {årång

vrvåìr i{o" tr ånd.åe'abei a ahurp a"åee åe ¡ru6enbåaao ?þ¿e gråd voJ.tage

B* was read o¡¡ a BGenes¿cr liþdåo lte&erm àype 3gt6-A Jræb befcre

bl¡e Lur¡e firede

TeaÈ Jlesr¡ltss ,

D"G, Gråd VoIåa

-e.15
*3"'Æ
4"'|fi
*J+.08
*J+"3/+
*"4" 5lr
-¿t' 7J"

':¡+ ' 
å${i

-5"Øts
¡: â¿t

-Jo&\'!
-5"4o
-q - *i¡.tê v ¿É

*5.76

.. ,r35

Ð.0" Flage Voltø

3e
50
75

å00
e5
¿5o
L'F5
â00
âuEtuøé

25a
t'7Ê.
.q{ ¿

3TN¡
â)8,
¿Y¿

' The cæitical" gråd chÂ*spteråstfe o.f a bype 3ç73

tlryratron ào ploâtecÈ ån Fåg" F"åi'l.Eåùh i;t¡e Lnfo¡raatåon sbôaåned

¡.ro¡o seebåon .Bo3o It was ¡:oåntecf out, å¡r çeetåon S" .I f,hat Èhg

seeoncìary volèao,ge f c¡v þaL$ èho l¡¡¡¡rrlinÁ; rå- bhe Blate btr¿nsfo¿-¡r¿er

wae 230 vorts $o&o'o suhmequent;þ, t,!re erÍtiaaå griet eharacêer-

iobic ån Iråg' Bo5 was ctr¿*r¡n for g så¡ruecåd havtng a peak voå&a6e

at 23Q æffi * ];A| voÀts"



a
ã
â
-à

i:[
þ
à.
41

d
J
2:¿

!
7
Þ

^

Ê
t

t*&V i.tíVlt:!&

{;}
"#

';
:p

f;
jrf,

{*

Þ
âri.t

îji

"y

tL,

.. .L36
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the êÈrSrratrun .f,åres $uer åba whoåç ts&,n88. Thåa was u gåærå'mg

error ån desågno Âp¡raren'ri.lg åhe ¡rhauoe ehl,fèåcç ne¡twork snouJtå fiave

bee¡¡ designeo .for e * þäsp s'rhetre & la ther anite åndicateq i*l

t'åg" Ð*$'.o

lfoweners & ests sf¡owed &ha& tþÐ bfi¡mabron poirer suppfur

wouÀrl suppl$ åoaeå ui¿mer¿b ån æ.*saess of ÀÇ00 ma fc¡s'a fån*.ng

r*tgþ WO*"o6' aru¿ $i¡ue @b Àsåd euËTerrt apeesJica&åonç"

Án ånopeot-Lcn t¡f Fåg" 8"5 wååå shor* tht¿t ühe ¿$oso cor¡tro1

voåtage &o 'thr¡ t}^4ma.tron 6eårå nuaÈ nsÈ e¡rceed +8 voåtsu r¿the¡:æåee

åt åo e¡4)ereeÈ& å'rua Såg" #"9 t'þÀ;et' e*sctmå çf t$re

the tbyr+trcn ldtå fåre over &he whqåe ra$ge $<tdKffi

Exa@.ir¡at'í.on oS Fi,6" Ð"5 st¡ows thê¿ a doe. cs$Èrol

voÀtirge of -15 voJ.ts a¡rpLted &o &he gpåd wååJ. asÉure exLån$0ùon

oå' èhe üfurrabnrn

Tt¡e eirculb oË ,Þ'åg" 5"i.3(e) was t,es&eeta ätxl the eon&noå

voltage was a¡rp"iåecl äç poånäst¡att eðsl ??ÞîÐ èes stlold¡t c¡n the fiSuron

Iroj.nÈ ¡¡Ðnr wes al.Bav¡ecà to ra,nge ån potentàal frse -15 &o +ts vol&s

uCôï¡ refer.enee bu ¡roån6 nt$r¡" fl¡e ree&ltång J.elad current varled

l{åthåJ¡ speeåf åeatir¡ns o

i

8,5 IiESfçH Sr_T',tåE Æ'1¡'#.PJe&--

,,,737

$'åg, É"6 $ae d;Locuesed å¡r section 5.5 aî tlhapter Vo

l)æså¿rn c entre<À ¿¿ror¡¡reå ¿ l3¡1î? tâuc:tråcd,e f or rea6ønß

atêåSed i-r¡ aeebåsn 5"5. of, tþapÈer V" Tlle p,lioàe vo]9age e?¡Ppl"tr

r¡¡as $hoaen &oL,e 30O c,otrtr anrì Èhe åsad, recåst,or RU ån ttee pJ.ate

./
The operetåcn ar¡¡rt purpose o{ ¿t¡e empSåfåer stloun ån
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Ë'Ë es#¡¡ ?u3ü(l Ji6 TeT?iåe?$d øT{'.r øsqgce f;* *q. æÊe+JÐlrç s? P3}4ÊTi€

€E q'g "Ëi"ü t¡'g ;at.gtldure äq? .To a3nqgca r,r"r$ aq'1 33 "frdrïns

+g õtìE .ls ie'c11..84:rÐ€l at¡q f4$TêE slï$fi Ëlr sç É'l¡r .Ts 1e1çuax.nc *t¡e

ffseï{}Ji Etxçorf e ?e psdde1 sf 9å{ deqqon g+ ueq'4 a"¡q:rn Æn 6uy* '1u1ed go

geggtrolotl Êr{? p.s@*5{Ð s$Ti pËÊôqs r¡4¡¡ ?t¡'Toc .}:$ Tei:?Lrâq+d aqq aätåTs

"aagqæFau e.rÕï¡ õîJ€{¡t sT g"g ".Fç¡ try .ro33lç¡oÍtre ãr{E iû pîJg ê¿{f

se paãtlenpe.sg stzo*qe.^rÄq? eqq. g;o agÞ;e Sut"t-i-¡l õr4E ''g"g trÐT?*íiir

uç Âisnorna*rf possrresTp çrìt "'ftcdns +ë Ê".{? rqf}T6q s11o.a $f

Æïoçwr$xo,rdrTe CI$,#[¡ ?råTÕd :[f] TBI?r¡ãtÕs" âq? {,tes o3 s-e qeTåå "ËrTT$& sË

É¡egeuryxaadcle eç lg **o*åiu cio;¡r aäet1Õ,i\ êl{t de,¡1o*'r ry." s'$ eFeqloa

pç,ri? or¡3 r¡ðr{fi ?qî'{? sÐêeüînEtT l,'ß "ËT,É J:& {4GEIeIxîu,e}rH

"'sçT&Jr ï- 4 F q'Ë* ?Êr{? r'x: riåTdq/i g afreEleut

pr"rÍF et¡t tsÐr+41 s?T$Å Ë+ Õ? Sî* rtm"¡$ Þ4Tqa@Á *rçTut 1uler3 .r;o 1*ilua1orf

üË{? qeq? os pouffx..tæp s1e.r4 *ag¡:-ggdnru aq¿ 'gog "B fcg rj-ç áíu*

Ëre qïlê.rT s pl"rF at{q 8? lreffiddq g æffa?ler* eaçte?eau ðTqtrTsç.È e AcI

p@T5o;[.¡uÕo sT ?t{Ð.q-rna êqn$ .rot.¡XlCtne aq¿ oquæ-Í.ghs'.Êqn"+ **q.T-3r-Tdum

ør¡E uedn qu*puæCan aFçfrTÕA ængqeËau âTqær*îr3a B sT*S* gutcd n3

pøg1CCe efieqgoa êqq 63["S tt$î?tlêË qðî qn$ ¡roqugoci eir o*v¡r qu1cd $?
'i

æ*ua.:à$o* l{gTsr stï$lL 8+ s? st- rm"rs letquolatÍ uT Ð*¡t?otJ Õ? T}ê¡ì.$TT8

6??¡4 si€r, guçocf qer{?" ?åoff t¡oT?oä# iJT ?rrÕ pa'¿u'g*cï serË. rST

"g*q* uooûa*&*
,ÌT

QÇ-
*l* qT ÞüB

'e fÐf * Qtrg * qæ *# * 43 ual{r!

c Ëf.ulïlÕ 3: sTç sÊT?r¡T"I9q$e"r'B¡{o

@ser{q s¡it Bat?Õîcl aq .fenr äffçî W@? Ðï.iõ "¿ g "æT$ ut pernRpo*rcT*.r

*,åq æqn? ÅtträT e Þftlå sôTtleg.t#íÅ$e#Tryã{î} e'geld ættå,

ÔL L

3#ü¡qð Xgî fl*? Ëe$flq$ *'ià,r'È ?Taä-ãTe
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FIGURE 8.7

AVERAGE PLATE CHARACTERISTTCS OF þ, I2AT7



åpprolLircat€i}y & voJ"¿B beJ.r¡v¡ the potential of the ts+ eu¡rp$r"

Henceu poinü ItBw is approônateþ I7 volts t¡elow the potential of

polnt El[n, tulrich Ínsuree thaù the thyratrons $füÀ] not fårp"

"Faråable 
resietor R6 ehould be large enoqgh Èo avold

Ioading the B+ oupply and snall enough to peruit a fåno adJustment.

A trO watt, IO K oh¡n resietor w¿¡B choseno WlÈh a celcufated

dlsoåpatåsn of $ watte, a 1O wat& Ohnit'e wåre-l¿ourtd reeietor

røas consådered sufffciento

Gapaeitor e* bypaeses Rr" Sånce the lo$est råpple-

frequency e:çected ¡+as óO cyclee a 2 ufd. capacitorwas uaedo Thfs

eorreoponds üo approxfunaÈeþ .13O0 ohma ìcF,eds.nee at 6O cps ånd

thue serves to bypasn óO eycle or hi.gher ripple f,reguencieso

Csrid reeietor R, was ehoeen to be 500S ohne whleh is

a standard veLue, The gred bypase ca¡raclbor C, oervea üo bypaee

any extraneous aoco øignale preoenb ån Èhe cårcuåt,. 0apacåtor eU

wae shosen eo t'hat ar¡ aôc" eågnal of 15 cps was dol*n 3 db at the

gråd ternånaI, Al} hfg,her f requenclee would bø attenuated áit the rate of

ó db/octave.

...ur

xuq-:
' 2xL5y.5o0xnor

CU * .O?trZ trfd"

A "02 ufd" capaeååor a¡aa chosen for Cr.

?TîfrÈurr*1

The circuit +ns tested and the operatàon behaved

ae anticipaÈed" It was found thaÈ if the 8+ voltage and the

tap on R6 werevaried ancl t,hen held, conat,ant, bhe nequired ouûput

between poinbs ffiAm and 8tBse eprrld be obbaåned for dif,ferent rs"ng€s



+É' gr"í#, .a+iêag* ång:ut. ;j,'"

Ê,s "r¿sfl$*tt-l¿Hql& "rJ4gg.Ir_*

'fhe entå*,hun{, *år+';á.t, i-r a vEråagicn cf a

iiry K. r-^* P¡¡*hl¿^rrr"*i H'À" 
*r;era;bàr;n q¡g* t,he r:åreuåt

aeei;icn 5"?"

F'å¿1" $"S ís & schc¡a¿lb$* c¡f êil+ cå;'cuiit ulreu" å $F!6

reetj-åief irþrri {3it{}t*n a,s lti.v5-n6 sr¡iJÍ'íçåenè curuent cex"ry5"ng ca¡x:eitgr,

't$lc çu'ri'er¡ä t'ransf(lriåor ?,,, h+"rJ åt.* prj.uaråça cunncåcåe{å ac sho'ñ& å;:

Fíg. 5"ålr"'

,{'\- $ÍJårs saír!-rât¿}€ tg"¿¡tsf,o¡,'.ü¡er '..,'.åri avaååeb}eu a:ul warl

*Ìr+.sen ha ¿r*f; as ähe e;':rl'ent rfa**.f,<¡¡rirei. T&" Ti¿+ çaÈr.¡raå¡åe

tran*j'+;:rer þiérsi tl?e s-:åle íe.å$ t,h* t-ripe deacx"åireiå i-n tiheptes'åtrs,,

i-laei; +Í *!rç t iir*e 'o¡.*¿..1j^nge. i:aeì q è;rps ¿,v*ij.+l¡J.r+ r*itrch aååovrsd

rìiffeîsiri ¡,-+vhi.çrrs, ci' tlio ',.r-¡"n¡"irn{ls lc r,* i¡sç{å., Tire ¡:r":,r**.r.y

l.¡j,:lr:j.s$js r,,¡,'f?;"# r:íJ3&íterct"*d eç gr?ie,w-'r. ea Fíg" 5,"}-u *¡rg i;¡.pr r.duJï.e ch+setr}

scl t!-la t, ,åi:¡:;.+sJ:n;r'f*r*v J,.Ç,* .¡ç-ib.$ a¡:pea:"+ri ðÇi'rlss f.åte s+cr.x¿dar4r of

f;, î":-:ìi,:fi t:ir* À+aa -"ijas {i.r-,þiúirlg Ðå.}iljaçß c,ll.g'.t'e;¡i, "fleså*cor ftrU

Befv*cl as ,¿. t?i¿trï'qenÐ Ljå{ibåug ::'e+Ast,e;f.

J-t, r¡¿iL, ctc*icl+d t,t i,is¡: ¡¡ l,#ii r*si.ri'ürir- å'.;r- ít;;a s ur;j*ci; t*

ciaeng:,¡ :lf ¡:.:,;e:;eary uo;ria: ar*r,u.al opgx"åi"fu?S co.r¿.;ii.üi+.nso $,eaàs.LorÉã

.. ,rhz

c i.re:r.tÐ prep*tleel

j,s clåscu*¡;ed àn

Fn;'j,,- jiåSu .t¡',tÌ cr¡nd¡:r;*cr'ÇO cio,;.erreí"ce t.J¡e tjrçe e çnsÈ¿*rè ef, È.Fle

¿;.¡iti...'1ir¡:'i; .ü:L:;"ruib" -iå¡r.gc.p i'r,, uas nci; kï:+r,rn eÈ r"lilat- f*equeney

*;.,Ei',++;.l u¡ç¡uJ"ci l:u;it* ¡.+s:.*Lef's Fþ a;:* F"¿a u*re ¡*ade r'¡¿r.åøå:lç"

r,¡?:i P*= * :rfiJrril *hû;jÊìn ;ì,Ë tj5$ ä ;::iïr$ {j,?,Ç;ì" ¿¿ii¿i ¿h.c g.Jndenxer e6

1x'*fr sg; chçaien i,l:¿l'L .fc-i" €r rn¡'ì.xi"ir.i.ïii tiJüc cc$rrÌ;aaa nf .1 ¡*n*":nel

¡:à
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o"' G6 = =2 r¡fd" i

5@ x 10,

lJnder eperaÈ1ng eonditÍcne RU* wae adJusted to an

appropríate Level to prov$de acrgf-huaÈíng actj.on (as deùermfned

by expeniment) and R15 was adJusted to provfde a proper level of

damping vol-Èage So the gr3.d of $he ampll.fi.er,

RÇ=l

" " oX{J+



APFETüDTX C

rAC}ÍOÞE1ER CII.ARACTERTSTT CS

C.]. TACHOMETER OUTPUT CHARACTERISTÏCS

l[aneplate of Taehoneter"

lhe ElectrLc Tachometer Co.o

Phlladelphiau P" 4., IJ" S" Â..e

No" @70&

ÞÍax. Speed - 2000 r"pumo

Ttte taehomeüer Hås üeeÈed and åte outpu$ voltage

f,or¡xrd üo varXr speed ae show'n 1n TabLe C.l":

r t^ff

Taehometer 0uÈpt Voltage vs Speed

Voì"ts.

Tabtre C"L

"580
"515
"l+25
åLa
,L?o
"0?0
"050
.0¡+0

"020

F{g" 0"1 shor¿e Èhat the taehoneter ouÈput voltage

varles almost Iíaearþ wiÈh epeed"

Tl¡e t,aehoraetern Èå¡ne eons'banö wag nueh snaLler than the

neehanåea1 'bime eonetanù of èhe ånd,uctlon nototr. ït, was assuÞed

thaf the taehometer fåme eoneÈanf had a neg3.lglble effecÈ on

eyo&eur oçeratton.

$peed Foponlo

1760
1580
1310

960
524

, 224/ t6o
130

60
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c.2 _EILTEE_I{EÐIQ$

The taehometer ouÈprut voltage was fo¡¡sd to eontaln

a emall amounù of nha,shÞ" Whå3.e, thfs did not effeet system

prformance, lü nade lnterpretation of the strip-charô obtained

fron èhe Sahborn recorder diff,lcuLt,

The filèer clreuít Eho¡*n J.n Fig. C.2 was lnserted

betrseen ôhe ouÈpuÈ of the tachomet,er and tbe reeo¡dlng unÍ.t,,

llrto. ð¿r.sl;
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Tachoneter

ïnpr¡t

Ïnput-. to
Sanborn

Reconl.ero

FIGURE C"2

1'ACHO¡,IETER OUTPUT FITÎER


