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ABSTRAG@‘

In this paper the speed oontrol of three—phase induction
motors by cuanglng the alr—gap Ilux 1s studied Wlih D.C or‘Slnglc—
—phase A c voltage apnlled to tue aux1llary stator Jlndlng.,

In ﬁarts A and B the theoretlcal concent underlylng the

.eyperlmcntal resultc had becn e?plawned for both D C end smngle—

'.f4phase A .C control cases.~

,  In parts C,D and E experimentul studies and results are
fdlscusscd ) -
'D.C. volta e aonlled +0 bhe auxiliary stator w1nd1nﬁ w1tn

8ix or twelve poles proved to be more Lonvenlent for the speed

-control

: e Tne theoreticql and eyperlmental studles 1ndlcaues the
"gp0S81billty of a amooth sPeed control metnod for three-phase

'7”indu0ulon motors withln certaln limits.

;a-:
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| ‘5_»;_.‘ spn::o CONTROL or TrIREE——PIiASE :nmucmcv LOTOR° BY UsmG D.C
L m mz AUXILIARY STATOR ﬂINDIl\IG' =

'I I a t r o d uc t ions

o S The use . of direot current in tne stator of an 1nduct10n
'nfmotor was deserlbed as early as 1910 by Hellmund and as late as
;~1953 by Le Pierre.ﬂ Af%er 1953 few other wrlters worked on the
fsame subject, as it will be seen from the refences. The economy of
thls method of breaklng as well gs mucn emplrlcal data has been
, presented by Harrel and. Hough.: A usefvll vraphlchl metaod for obtain‘
‘llng the speed torcue ourves for a wound-rotor 1nduct10n motor durlng

|  'Tbrpak1ng has been publlshed bJ darrlson.

‘ T The apullcatlon o& dlrect ourrent to two' termlnals of a
_53~phase 1nducﬁ10n motor, auxiliarg stator'*lndlng sets up stationary

fmagnetlc poles around tne stator perlphery. If tne rotor 1s turn— '

2'ffflng, the ‘rotor nars cut the D. C flux and a voltace 1s prouuced 1n.the

‘rotor.‘fghe_resultln rotor current actln W1th the flur produces

'7;fa retardlng torque on the rotor and tae motor 1s brahed, if we

f:jassume thut onl D C 1s applled to the stator. Rotor redaces 1ts
‘Zfspee& 1f at the same tlme the ncrmal three~phase voltabe is abplied
l fto tne maln Suaﬁor wlndlng The ourrcnt floulng 1n tne rotor 1s

'jalterpatlng at a frequency'dependlng apon the speed- ;f‘

A 51mple grapnlcal constrvctlon 1s developed for predict~ -
, 1ug tne dynamlc br&klng torques ofs sllprlng and squlrrel cage 1nduc-

1 %ion mnﬁors, “telcing full account of saﬁuration and of ‘the rotor

éf_ileakage reactance.f It has been shown bJ te t reuults that the rotor-

.i01rcu1t reactance may often be neglectod where greaﬁ accuracy is.not.

$

o jrequlred. * 'f”é~j;fg;_;;_;,'f«]_f:“*;<7l‘ T

i k3
L
Py
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LIST OF PRLNCIPAL °YNBOLS

Stator sunnly voluage perphase, volts.

1

;Vzl.‘ Roto? ‘~@-F-' perphase, ut angular frequency

'W%; vc:li;u E |
3vili Qf'Stator current per nnase, emp

g;é ;"Rotor current perphase, amp |

iﬁ: é ~Magnet121ng current perphase, amp

D - Direct stator ex01tat10n eurrent, amp“‘

Vb  fiiDerCt staﬁor voltage, volts |

»xi’JXé; gm; ;_ Stator leakage react&nee; roior-leakage reacfance éﬁd

‘ ,C}v] '  magnetlzlng reqctance, respectlvely expresaed in ohmu ’

Vs,

W

SN

W

Rotor 01rcu1t res*stancc perpha Ohm7

: 1

vRofor speea;fR?M 

"A~perphase at angular requency, fs.f

Stator r931stance perphase, ohm  v;,

Equi@alent roﬁor 01rcu1t realstance perphase . onm S
Unit angular frequency or synchoronous speed electrlcal rad/sec
jStator sunply angular frequency, rad/sec

fﬁotor speed, ele¢tr1cal,rad/ sec

fAir-gan'flux;‘due'%orn'c.excitation,
Phase angle bctween E L,F and eurrent
Torque 1n synchnonous watts per phase at synchronous 5poed

Y

W due to D G.‘ex01tat10n.  ‘:?% i-'f7‘7,:x
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V~f§braking called "Dynamlc braklng" : The only dlfference is that, fbr-

| Ji,njé"

II. Th eo i‘ y PR
| The 4']:1eory for auxllzary stator, D C Speed control of ’:vff

 ~1nduct1on motor, is in- fact simllar to- that system of electrlc

:fthe case of speed’ control or reduCulon we have ﬁo superimpose the
’hanynamlc Braklng n :go;que.agd gctualhtaree-phase ;nduction,motqr f
'J}ftorquc.i T T I s

: L , ' _ - ; , s -
»h51§5_i; When the stator windlngp are ex01ted by dlrect current, 5 ‘
“émachinc becomes an,alternaior.; The alternatmf> voltages generatedv~
rfln tho rotor'W1ﬁd1n s or~bars cause currents to flow in ﬁhe rotor

'=§01rcLit %he pofer dls 1pated ln the rotor elrcult re81stance CUﬁStltd

 fhe braklng power;;v

:
)
§
J
The re51stance maJ‘be thaﬁ of the rotor }
SR

wigdlng only, necessarlly so 1n uhe squ1rrel~cage or may 1nclude }
Evi;_i.ezrternal 1oad re31stances 1n a sl‘p rlng motor. | e - 1

In vzew of the oneratlng condltlons, wzth speed ranglng

,égffrom zero torsynchronous speed, and 103&» nearly always resistzve,_f{@

ﬁéjthe methods‘of ana;ysis uoed fOr normal alternators worklng are: not \

'7'ﬁconven10nt Ehe method descvlbed nere, Whlch is based on tne

.. Areac*ance.

1}7fequ1valent 01rcu1t used for 1nduo‘1on motors, 1s simple and stralghtr

fﬁ'fforward‘gand takes full account of saturatlon‘an& 01 %he rotor bamagef

‘}‘E‘Equlvalent 01rcu1t' f fo7i7”7v*-f5'“f -
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1 ﬁig; A-1 - ‘:. Gencral eaulvalent Clrcult of Inductlon motor. ) 7 ‘ r
| A | Stator frequency W‘f ' o ‘

- Rotor.frequency , ;“?(;W

_ , The equlvalent 01rcu1t of one phase of a polyphase 1nduct10n
fﬂmotor 1s shown in- Tlg-l, ln\a rathcr more general form than is

f‘gusually adopted. The quantltles Va, Xl’ Y and X ere a1l based on
;'gthe it angular frequency Wﬂ, wh1le tae stator sunply is at angular
f?ifrequency Wl, the. rotor sPeed 1s W

:{,angular frequency (W o

and the rotor currents are of

s ‘For 51mp1101ty, the atator/botor turn rauio 1s taken as :% '
f‘iunlty, that 1s all quantltﬁes are refsrred ézther to stator or rotor,
éé?whlchevor 1s the—more convenlenﬁ Flg- 1, shows uhe actual values
?Zfof the E h F and the re ctances for tne as«umed condltlens, and
f?fr1g~2 shows the corresnonding vecﬁor dlagram. ;,gfifJf*f"'<

V U.J\ A 7’;?{

5‘.P1g. A~2 Vector dlagramllor the equlvalent 01rcu1t of the
- L 1nduct10n motor. B . '

Y

L :ffﬂ The stator 1ron 1css 1s neglected so taat I 13‘1n phase
Affw1th ﬁ'; and 1n quaﬂrature w1th'Vé,j‘Tnls is fully Justifled wben
L35thc stator current 1s dlruot, ﬁhat 1s wn"




o

THESIS

ROBERT COLLEGE GRADUATE SCHOOL . . . o 'PAGE §
© BEBEK.,ISTANBUL -

g1 CosQ2 , and since @ can be taken as proportlonal %o Ve, the -
,”torque expressed in synchronous watts perphase, based on the 5y nchron-
ious speed Weoe 1s given by : '
- rszzc,""Qz
, . The equivalent statlc clrcult 1s then derlved by d1v1u1ng
~,gthe*reto reulstance, reactance and EEF 'by | ( - WZ) , 80

,‘that the actuml ‘rotor circuit is replaced.by one w1th the same fluz
_,llnkage but with angular frequency J .' The stator czrcuit 1s also
,]modlfled 51m11arly lelﬁzng 1ts valtage, reszstance and reactenee

, by & /W This 1eaVes tne currenus and phase angles unchanged ‘_
-;eThe 1dea1 141 ratwo transformer nay: then be ellminated o glve tneu»'
‘resultant 01rcu1t shown in Tig—3, in Wnich the anvular frequeney i
vj-:*througnout 1s LA R R ’ .

'fFigvA‘;;3‘if:‘ General equlvalent Clrcult

referred to tne synchronous opeea W 1s now glven hy the power

.dlSSlpated in the rotor resmstence~ 5

. N

The torque exerted on the rotor is proportlonal to :

S,

' FrequeaCJ = W ?:f~u-

The torgue per nnase,,m, expressed 1n synehronous wetts,
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RW /  so that, T =1 2 R.W /

& (W ~y & 2 8y,

2) S f: {1. ’ ;vgh Rt 2. '

The 01rcu1t ShOFn in Flg-3 is Vulld for any values of Wl

and W2 : Under dynamlc braklng condltlons and’ 1n our case, stator

_ current 1s dlrect, W1>~ 0, and the eq1valent stator applied voltag
.fand r931stance become 1nf1n1te. Thls corresponds %o tne condltlonc
*'assumed 1n the appllcatlon of Thevenln!s taeorem for a constant

: current When Wl -0 the effmctlve rouor resistanee becomes

| 1 ;.‘%?ié w

AR and m -1 ZH W / 3 ’ 'whiéh,fbeing-negative‘f

”fepresénts‘é*bfaking tbrqﬁé;« In the usual dgnamlc braklng equlvale
”»c1rcu1t the negatlve ulgn of tne equivalent rotor re51sﬁance 1s f
,omltted, whzcn is qulte 1n order, so long as 1t 1s recognlzed that

'jtne torque 1s onp031te in dlrectlon to the rotatlon.; ‘

The stator curren$ Il 1s the alternaulag current of angul

”;;ffrequency v ot whlch 1s equrvalent to the acfual direet stator

"? ;excitat1on current I

‘ “{ If all quantltles are to be re¢erred to tne rotor, Wthh

-;usually more convenzent for a sllprlnb motor, the values I1 must
_ibe multlplled by tne transformatlon ratlo of the machlne whlch is 1

)‘{{1n thls case.A o

x

By 50601fy1ng the I and Il ; ﬁne stator 1mpetance and

[volta e need not he shovn and F1g~3 can be 31mp11f1ed +o F1g~4-
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"*ijmax1mum torque 1s found to occur When.

| ?iFiéfA*4‘ . D 0 control equ1Valent 01rculﬁ. L

FI'equency WS e

>'”"~5For unsaturated cond1t1ons X ‘is;oonstant, and the

‘5 of’appendlx II)

(EBq. 6 of appendlx II)

The above equatlons show that ﬁne maxzmum torque for atj;

o :;glven Wlue of Il ,or of I is’ mdependent of Ry but that the

-L

”!fﬁspeed, _2 ¥, at whlch tae mazlmum,torque'occurs varles directly au 4

:5‘?rotoruelrcu1t resmsuance R ,7p1nce R = R2 8
. : L e T elmE

I x*; xS

Wy

*'fﬁmhls relat¢on

'f;}ship between rea stance and speed 1s anologous to that between

’ ?res1stance and slwp 1n normal lnductlon.moﬁor operatlon. Thus if
*fﬁhe relatzonSth between the torque and R for aay partlcﬁlar value
 Hof I1 1s derlved as shown in anpend x II. mhe torqua/speed curves
'ﬁIor a- glven vqlue of R2 may be ab¢ained from 1t and.also the

*ivatorque/be51stance curves for‘glven speeds.‘ The resulﬁ‘of tnelﬁ

igfderlvatlons done in Apyendly
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‘3’ A W "’“;i" tend | (P. 12 of Appendix II} )
. .',-“.(,4) L ?*IT | '?iﬁ?‘iaé . (Bq.13 of Appendix III)

fef  ,m3f>slope of the magnetlzation curve 1'
1 7_'93‘ angle of Il ' REERE
| 7o4x3

;ff”ﬁﬁd conflrm the accuracy of the graphlcal construcrion

‘”°torques of xnductlon motors, a number'of tests were carried out by
;ﬁfoHarrlson on a 15 H E £ 3 phase, 400 vcll, 50 cycle, 6 pole
squmrrel cage moter over the speed,ranger Ov~ lOOO rnm :

The results obtalned ¢o&eﬁher~w1oh those Dredlcted are

shown 1n,P1gures 9-10

Teraie in syahroncus el
-

‘ »-'5" = "1\\0'0 "?.o I,oo Sou : %‘DQ; obe el h

Plg‘— !&.5 . 5 Peed r- P m oL “ | .
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‘_~Fig-iﬁ,5:' ¢quue—speed CUTVe cnaracterlstlc of Squlrrel Cage. , | o
,IDC‘=,14 amp ; 'str 800 rnm

-

"Predicted allowing'fbr X2 t
,954%~~~— ;Predlctod neglectlng X2

O E?perlmental

~

hronous watls

Ingync

Tcrque

o R . Speed rpm , v
";~;\ Torque speed characterlstlc of

ID c - 10 up :

o | It should be noted taat thcse curves show the »orque- f;f

 aspeed characoerl tlcs, when only the auxlllary winélpv lS fed byéfV*
DiRub URPL&T AND ROmO 1S Tu TITG33' - ,

ﬂiappiy tne tnree~phase voltage to tné main w1nd¢1ﬂs, the ac*ual speed~:

when we, at tae 0ame tlme,

,‘vorwue curve 7111 be the SLDGTprOSlthR of ﬁhe *w0#3peea~torque
curves, one is tae ordlnary three-phase 1nduotlon motor curve, the
_other 1s the carve due o tne auxnllary w1nd1ﬂg, tnls Wlll be shown :

 later.vf;'”f‘ ‘*f~ j*‘rf}_‘}a~ e  f‘ ;‘¢*_”u,gg_ﬂ;Fa‘,{ﬁ
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*;ggof an 1nuuctmcn motor.~ To See the overall effect, that 1s,,tae net

ii?11nduct10n motor 0perat10n, we have to draw tne inductlon motor torque-

If ws look at the figures 5—6 1t 18 seen that tne predlcue
2

'f;torques alloW1ng for X’ are move accurate tnan those obtained lf X2
o ;13 neglec%ed, partlcularly around the neak torque. r,’“’ L

: } The torque-SPeed curves shown 1n flgures 5—6 are tne brak—
',1ng or uhe negative torques whlch wmll reduce the sPeed of the rotor

»ieffect of the auxxllary wznd:ng B C voltage on the acmual three—phuse

ﬂ:;speed 0urve due to° tne maln 3~phase A,C vol%age—and subtract from it
  fffor eagh speea value tae neaatlve torque effect due to the aurlllary
. A‘;le

/ . \ \Orr‘uﬁ/gFen! Cur’v‘ﬁ cLu_ '&o .;’3 \‘mbc mwﬂw‘”"“'\c
// ‘ “——v Ne«\» -‘.U\"C‘uﬁ/ C“"Ve dua ‘b ,co'nﬁ ‘AL C'_cu\& D C
oo S Ff’c.cl ‘ K wn\c.\u\ﬂs )

N
/

g

"ﬂ:_‘_

R |
‘ H' et ] i N E
-3

f??FﬁeeggggAc&%vé'éus'Ff#*g;@ﬁiﬁ“ﬂixeﬁﬂéwﬂgfrg+QfacnikgﬁmQ

cTorque |

.

;,13et’Tbrqpé/spee&,c@rVé;fofjépééd §ontr01'py mééns of D.¢
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]characterlstwc for speed control 1s, Wll
1auxlllarj wznaln

V'fsnced uhat can: be obtalned by hhls mewnod 15 1arger. Wek— W2;>W W

 ;:The other 1mportant 901nt

:auxllzary w1nu1ng 13 to 1ncreaue the speed change.

If we' examlne the Tlgure 7, we see ihat for a flven torque

’Tl 5 the speod correspondzng to the actual taree—vhase cnaracter:Sulcs

_1s Wl, and tae speea corresPQndlng to the sume torque on the compo 1te;

But we ~hou.ld note i atf

‘-fohls dlf;erance in speed 19 not very large, so t e eIfect of the

w1tn D C 1mpressed to 1t 1s not very large. On tne

| other qand, xor larger‘valves of torque, let's say, Tz, the change 1n

1 B
,l‘
mo be noted 1s the fact that the use of

LD C 1n tne second staior ulnulng decreases the maxlnum torque that

oan be Obb&lﬁed:

The effecﬁ ox 1arger D C voltage mo be applle@4to tue

4 Thls fact 15

fllluSorated by Plg.-8, fi‘n“

AN T g;._.r—ve °¥' %ho_ \,\ncov\“fbnqd
VY °'—ﬁ“e/5‘>ee 3- phase: mm* o,

c_\-\"\lt. o,

5Peea Coﬂ‘\l‘u‘ cur‘\"eht I

se. ol S
S Co‘\"‘ﬂ:i curl‘t“* -.L

C = n* ru\ c.urrcv\'\' .l

 Seed ~;-'-;P,m_'f’

Fig.8 |: 'Eiffect of incressed D.C control

‘cuv\"'\"buea MO’*Qg—. .
s 4R DC‘

" ; 7 c'". j

: ,3 »r
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As 1t 1s seen from -Flgure 8, the effect of lncrea51ng

'{_tne control, D. C current 1s to decreuse tae speed more for tne swme

el

[ romme e

v - . > oy T‘-:"W 7 "' 4»"""’

A Thus we can say that, by 1ncreaa14g tne D. C control voltabc‘
'fior eurrent we oan increase tne efrect of speea control, but 1t ‘_,
}fuhould never e forgotten + at, the 1nerease in tne control voltage,;
:7ﬁW111 alwa;s decreuse tne maxlmum torqae.‘,ﬁ?ff R IR R R
b ; The analyszs carrled on 13 for t e aux1liarj w_ndlng wound
| ror m: o \(E NUYBER OF POLES AS TR TATH STATOR WLiDL: G A question k
f_f‘;.mz;a;:,r ar¢se as to the eifect of the aulenary stﬁtor windzng with ]

jﬁdliferenﬁ nujber of noles than the actual three~pnase stator Wlndlng, '
;:To answer thls questlon we nave to turn back to equatlon 3’ %here‘“"

‘,S_?tag{gfg *wbiQh;giﬁ¢§ﬁfheispeéaYdﬁeS%oithéfbrakingg l gff:

{;(toraue.} In tnls equatlon the only term whlcn can change by tne
,fnumber of poles of the auflllary winding 1s m, the slope of the “ “” :
ffmagnetluatlon curve. Wltn greater number of poles fOr the au1111ary
%]w1ndvng, tLe flux and the saturatlon.w1ll be such that the slope of
‘iitne magnetlzatlon c urve w111 be. 1argcr7» In. equatlon 3 y tne other 7_‘
”fterms_belnv unrelatcd to the auylliarJ wzndlng and 1ts magnethatlon 1B
,thezr effect "lll be tne sa me for a erﬂn D C control exczuatlon ,
: value.‘ Tne only cuanglzg tcrm, sloPe of the magnetlzatlon cMrve On),'
:belﬂﬂ 1ucrc sed 1n the denomlnator tneo roﬁor upeed to the retarulnb
“feffect of tnﬁ braklng toroue w111 be s aller. Thls shows taat we
:can Obﬁ%ln more powerfull speed uontrol ulth aulelary V1nd1n nolé;‘ﬁ
“1arger ﬂan the maln Wlndlng number of poles for a gmven D C conﬁrol

«

v:voltage and po(er 1095-




 THESIS T e P
, ROBERT COLLEGE ' GRADUATE scHooL . page 13
: ' BEBEK, ISTANBUL. . ' R

_ Tne eypermen’cs carrled out in Roberr College La‘ooratomes e
’“Wltn.four, s1x and tuelve noles for the aullllary wzndlng, and good A
»y«revvlts nad been’ ob bca:med especially w:a.th 6 a.nd 12 poles conneetlons,}‘ -
as sho*m in par-ts D-IIT; (A-—l) y c.nd E-I of tms 'bhelsls. DR
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:'<of tnls new flcld on the torque/speed curve of the machlne wzll

1 Jé;,., SPEED co TROI: OF TiRVE-PdASE mmcmon monons BY APPL}.'ING suqc;l,&
| PHASE A 0 TO. sz AUHLTARY QTATOR *mmme- - |

JI ' I n t r o d u c t 1 o n.  -; :; ,H\¢;,‘v,

o . After studymng the effect of D C applled to the auyillar3 » ;
J{wzndzng during uhe normal three-phase eperatlon, 1t Wlll.be w1se tof
f ana1yse also tae effect of 51ngle~phase A C 8pplled to’ the same 1
:;auxlllaxy w1ad1aa 1nstead of D. C- The erperlments carrled out show f ;
\y'that it 13 again poesible to get a sPeed cnange'however,*the change 7

'fzs.not very‘blg.‘ﬁ,.- o SRR s )

’if i T h & o T y
‘_f" The actual three~phase sta%or Wlﬂdlng of the 1nductlon

E;fmotor Wlll provlde a torque, at a oxven sneed, determlned by the
?f}torque/speed charactealstles of tne motor. And the rotor wzll turn
ﬁ?lxn the. same dlrectlon as +he' rotauing three~phase magnctomotive." :
E‘vff'_i::wc:e of the alr-gap.A When we apply singlo-phase A C to the auxillar[;
§i>W1ndxng wound for the s&me nunber of poles as the ac%ual Field
“ strvcture,_there will be & new fleld develooed, alternatlng (pulsat-:;;
fkklng) but’statlouary in upace w1th resPeot 10 the sﬁator., The ef;cct

%; be analysed Con51dcrlng tnls pnlsatlng 3 magnetomotlve force as |
Ev conpoued 01 two ratatlnv flelds, each rotatlng 1n onpos1te alrectlonsf‘
»Wlth synchronous sPeed, as uaed 1n 51ngle—Phase 1nductlon motor
)theory . Tnls pr1n01p1e oan be applled +to enery harmonlc of the
>‘Tpu184t1ng rectangular wave produced by tne 81ngle—pnase w1nd1ng.

'The deta11ed analy81o 1s glven 1n Abpnndlx IV at the end of the “theor
};part._ Plgure 8 of Anpendlx IV glves the general shane of the torque/

".‘
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speed curve of a single-phase 4.C flux, due to main, third and fifth |

harmonics.

-

Since the flux due to .the auxiliary Winding'is Sf3t‘énafy Lj

in snaoe v1tn respcct 0 tne stator, but rotor is turnlng in the

* same dlrectlon as the rotatlng field of the actual threeephase wand—

';;Jg', the effect of the nulsating fveld &ue to 31ngle-phase aux111ar$
v‘Wlnding is as if it is turnlng in the onp051te dlrectlon w;th resnoct
to. the rotor or 4o the main rotat,ng fleld Thus we can reverse the

curve shown above to see its subtractlve effect on the malnffleldl =

torque.

The supern051t10n of the auxlllary 81ngle—pnase w1ad1ng
'1 torque/épeed curve on. the ‘3-phase main field torque/speed curve w1ll

"?glve us: the acuual effcctlve torque/sneed chmractcrlstlc of the motor |

77n

Tn&{; —T —YO\
O\ICA"C\L{, vY\oLu iu.gruy «

: S
) . chﬁf-tﬁ*gns'\ba PCP L,

'QSTHP

:Eig. B~lﬁ  §5 Overall torque/sPeed cuaracterlsblc for A C 51nﬁ1p~“

phase auxmlvary wind%ng speed control.

B F r an 1nducﬁlon motor stable worklng reglon 1s the small
. y ,
,sllps.ﬁkoeninn in mlnd this Iact and e}umlnlng o Elgure 9, it
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:?can bee seen that for a glven torqve T, tbe correspondlng stable ,

‘;speed from the uncontrolled three-phase notor cnaracterlstlc,ATﬁ 5i,i}

: controlled motor maximum ﬁorque is smaller tnan tne uncontrolled one,

- vdue to tne retarulng eifuct of tne auxlll ry rzndlng torque, T .fﬂmna'

:xthat 1s, We can only decrease the speed, not 1ncrease 1t._,

The other 1mport nt noint to be noted is the fact that tne

"fspced control by the metaod mentloned above 1s in one dlrectlon only, g

ils Wl, énd for the seme torque correspondlng stable speed from the “‘f§
_controlled torque/speed characterlstlc, T t’ is Wl 3<'where f
<le « But it saould be noted tnat tne-change 1n sneea of the %
'Jmoﬁor obtalne& by thls method 1s qulte small for Iarger torques&tn 5
i T1 . let s say for~T2 § the syeed change 18 larger. : - 1
1w ‘- W R - ) : . i ;
W, ?"2;<,"'{1* - Wy el T




~ THESIS - e T
. ROBERT 'COLLEGE GRADUATE SCHOOL Y Y- B T
", BEBEK,ISTANBUL L . o

1 e ';E}(Pfsmbmmi, ismmﬁs' =

-

‘ To s*udy the control of the 1nduct on motor‘W1th A ¢ and
 D C applled aux111ary stator wlndlng, an auzlliary wznalng 1s added
'~fto tne stator of a 3—ph~se 2 H.*_Sdulfrel cage motor.  J50

| . D s ra;i p.t i‘.,o":h_é{,”of" 't‘he‘-}"éfii_‘? arat ue T sed

| 1—'Exper1menoea Maohlne"

a) The orzglnal motor ise VU~:T

o 3-pnase, 2 H. P, 4 pole, squlrrel eage, 50 oycle

»_190 volt, Y connecﬁed one wzﬁn follow1ng specifﬂcaulon

7 Sp?ed'* 1425 rpm
Cost fx 0.8
o KW 4 5.
v ;Ratea Current if:6 2. .
,-. t hotor ?o,; f 7f: {2444 ~217
Type LT R 20/4

FABRIQUE PAMM ABG BERLIN P ;UR Botmm FRERL,S AT co

‘ L Stasor~W1nd1ng of thls machlne 1s changed to glve space
J 1or the auylllary control w1nd1ng as explalned 1n *ﬁfsectlon,b.

o ; The tqroe~phase dlstr buted stator fleld anding 1s glven
by Flpure c-1, ‘ : ‘ . |
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b) An auxnliary ulnclng was nound in the sanc form as the~’ﬁ

3~p4ase &1str1buted stator JiAdlAg, but the 0011 ends: are left frce,‘

f.ffglnb 'Wltﬂ 0011 ends nu“bcred ,glvcn under Flg. C=3.

:VsA GInstruments.

s a) A0 Voltmeter

a) Waltmcter i
Runger 0= watts
'fA$pers-_55vJ  3 10"'-“253»
TV51ts%5125 '~f;259‘ ']375*
'flVoltme%er Reszstmnoe. jBQQL/%L;f f R
Ampers  :‘45  10 20 amps S
0,007

Resnstances. 0 105 f’f10,027 

S‘7A ¢ voltmeter i

°~§'AWeston Electrlc Instrument Corp.,~" ‘

R Newark H 3, U S A

K@aelgf 433 No.124762
'Range: 0.- 300 v

}0 - 150 v
25 - 125 CPs

” ]Res1stanoes« 22594 - for 300 v

,11294 fbr 150 v

Range- 0 - 300v oo
0 =150V
25..‘!‘ _125; ,..CPS .

' Thc wire Tor 11 j 
‘ '”aUtlllary vmndlng 1s copner ere of 1mm alameuer, eacn 0011 nas 52
é"--',:f—turns and oovers'half of the depth of the slots ¥ the other hwl; o
‘ibelnv occupled by tae maln 3—phaae field coils of 26 turas and ef

:fl 78 ‘min” dlamoter cupner W1re.

The wirzng dlagram for autlliary Wlnd-
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RASENTE

22900 for 300 v
11400 . for 150 v
-+ 433 Fo. 124761

‘Resistances

Hodel

-‘Q) A;C.NAmmeﬁer.‘ ‘
 Hodel 433,’No. 114528
Ranges¢ 0 - 30 amp 'Ri' 0 009
. 0=-T7,5amp - R: 0,03
03 amp | ,R;’ 0,04
.25 -fsoo amp e 0,04
at 30 Amp  R: 0,009
1,5 amp . R: 0,036
| 3 amp CR: 0,04
9)  4.C to D.C Wabimeter L

o hodcl.'f433j % No. 22989
‘,Range.' 0 - 100 watts -
5 0~ 200 wetts
Hax. Volt" 250°v, 125 v.
rRe81stance:g3l3402".: ~ for 250 v
R © 16701 for 125 v
! 3v’ij Weston Analyzer | |
| .;Kodel" 980 U S. Pab D-176044.
Series: 7858 ' -

D C. lnstruments

: a) D. c. Vbltmeter v S
Weston T‘Il.cac*ln:'n.c Instrument Corp.
Newark, N J., U s. A

“.fmodel 931 ‘No. 33501,>
Ranges: 0 - 150 v. . -
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)

b)

0)

o  ’é}’“j;ﬁhéséﬂa-é"nétWQrk]supPly   [*

o Varlac 380/ 190 volt i fffff;f.{;v”)

""*0”-"1'59?.' AT

Rcsmstance. 1ooo_ﬂ/vf;‘

D C Voltmeter.».:”i

‘Hodel s 931 No. 38500 voltmeter f;"°'"”
0= 150 v

0= 15
0= 3w
~ReSiéﬁandé;f;lOOQ%/v 

[ 1 T

Range‘

D C Ammeter“

B {: Model. _931’J‘,Nb; 35Q8O~;',
Cmugess B2 O
- Rangesé]?O;? 3Q.AmP“’°'n
. o-awm

. g< - Sources:

‘:190 /ilo 7. 50 cps.,g

 D1rect Current Generator.,

120/ 60 v.. 30 ﬁmy.fl 410 rpm.

Self Excltation.

j'Refenence Wo,: ZA 355 B ‘ A , v :
| Nenufactured by: The Bnglish Blectrlc Company td.

London."

Auuotransformer ; §'f 3—phase

, Geneval Radlo Company

Cambrzdge, Mass.,U S A




“THESIS

' ROBERT COLLEGE GRADUATE SCHOOL.
e BEBEK GTANBUL

| PAGE 22,

_—

‘,d) Autotransformer | —;‘;Singleephase ‘

Variac | 220/110
General Rnalo Comﬁany _
o ,r Cambrld ze, has ;, U.S. A.

KA Rneostats.

‘a) 1 a:p- 00071 No. 734213

b) 1,5 amp 3407L No. 714955
o) 2, O'amp | 2207L o No. 734218

| d)'fB amp o -

‘ﬂSpeédf MéasuremenfibeViées::7v

a) Strobotac‘-'

.j“115 v.: 50 cps ":_0;$‘laﬁ§j

-'» 'Speed Ranme :H_H;gh‘:'QSOO ~14500‘rpm1».”‘

" Dow . & 60O -3700 Tpm |
{f631.- BIS3 ‘
'725899
| General Radlo Go.‘}

<Type Nc.
_Serlal No.‘?

(2]

D Cambrldge, hass., U S A :'x‘

T‘Zib): Tachometer Jaquet

';fSpeed;Ranges:5f ;;.g'60:+324Qi'f§ﬁ'”
o . 200 - 800 rpm
600 2400 .rpm

2000 -8000 rIm

- 6000 ~24000 rpm

No. K 507731
Hede in Bwitzerland .
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of the new speed control nethod & separate glndlng chould be. 1ntroduc-§

ced . on tne throe-phase stamor windlng. To manage thzs, the orlginal

, 1nsbrted, suen that the Iarst half of. the slots are occupled by the fv,

'could be made only for no load The change made 1n the orlginal fleld

,structure to decrease its number of turns, and ole 0pD051ng effect

\To Toed Test. L e

‘~'II. Descri 9] tti o ﬁ of the E x p eri mié n t_é ‘M aae:

: The experiments for tne sneed control were perﬁrmed on the
tnrOe phase 190 Cay 50 CpPS,, 4 poles, dlstrlnuted Wlndlng, Y ccnnecﬁ~“

é& squirrel cage 2 d P 1nductlon motor. xor the’ eyperlmental study i
1

windnng of ﬁae motor unwoanded and a new wzndlng of %wo parts wasl'f,%

three—ph&se ield structvre v1th tae same wlndlng type as tne orlslnalﬂ

i
i
!
1
]
[
f
i

stator w*ndlng but w1th less turns fbr each coil

| The se ond, or auxlllary nlndlag occupled the othéf halfl{;f
of- the slot deptns. Tne autllmarj'uladlng heve the same type of |
w1nd1ng as. uhe three~pﬁase one, but with thinner ere and.more turns. |
The ends of the c01ls are left free end nambered accordlng to tne e
dlqgram ‘snown 1n Llﬁufe C~-1 so that by varlous connectlons we . can i‘ 1
get several dlffersnt pole structures fbr the auxnllary Wlndlng, and
thelr correspondlng effects on tae speed changes were observed :
Experinents vere carrled on by four, 51x and twelve poles fcr auxillaﬂs

structure.

The experlments for the sPeed coatrol‘of induction mouor
by changin alr—gap flux wzth tne nelo of the auzJWiarj w1nd1ng

of the aux;llary fleld ﬁo the tnree-phase w1nd1ng caused B larger
currenﬁ flow in the conductors even at 1o load ~Thus it was not ’
p0551ble to load the rotor snaft Wluh loads anpre01ably greater tuan '
the frlction load ' : | '

*7fi The No—load teuts can be classifled 1nto two maln grouns ,})

. ,\ VI
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fvl~A Erperlments Jlth D ¢ supplled to the au_illary nlndlng-.
‘2 Dynerlments Wlth 81n91e—phasc A C St pnlled to the

R

auylllary Wlﬂdlng.

1~'Noﬂload {e ts wvtn D. b SUpplled auxlllary w1nd1ng'»f” S

]  The clrcult correSpondlng to tae exnerlments is- g1ven
by Flgure 0—2.} & | e |

‘fegElgure c-g ﬁv The c1rcu1t used 1"o:r- tpe spccd control eyperlments,,;;

’*1§W1th D C supplled aulelary.;r R o 4 * |

: , - The no 1oad experlﬁentsxwith D C c*woply cun be lelded 1nto

‘;?fOur groupc, such uh t' ' | . ,_',v ;1_
 -  ,?3 _a§f ﬁu?1llurj stator 1nd1ng, connected for fbur poles,‘ v’w

series. COHHOCulOR.-‘  , o ' i | ,'

_M"  b= Auslllary suator wlndlnr connectea for ?our noles,

|  Para1le% connection-{, e 'VA,ij;r ‘=:v T R :.,.
s }»  ;0,  Auyillawy‘stator w1nd1ng connected fbr Slt poles.:‘“  :
' fffa;? Auklliary stator ulndlng connected for tvclve poles,u;df

. : . In each of these experlments, tests were made w1th ‘
- -different 3“Phdse SMPFly VOltages for the maln fleld structure anth\

T51)30 Ey01tat10n voltage currenu, Vé and 12 Were chmnge& 1n stepg ,’
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"‘so that we could observe the corre5pond1ng speed changes for each

.  ﬂ1nding.

1 pole is done by connectmg ends 3 and 43 6 and’ 7, 8 and 115 9 and 10;:};'

'KW1nd1ng.3 _ ;_7

"' ends 4 and 736 and 93 8=and 11. D. ¢ 1s Supplled Boross the -points

,one.‘;~

;}Eycltation current IE can be adausted by means of rheostats.

‘¥Vd1tage, exc1tat10n current and speed of tne rotor shaf% nad.been

*-taken and correspondlno cgrves are urgwn.¢.

"'speeds were reaﬁ.,,Tne result 1s plotted 1n Tig.AE~I~a.:f;,#,ﬁrl#:-*5

, The varlous supply voltages have been obtained by us:Lnb
three~phase autotrgnsfcrmer "varlac"f and also tne excztatlon   Jw

'1nd1ng was suppled through a rneosﬁut by the D C ganerator.

The readlngs of supply voltage,‘svnply current, ex01tat10nztﬁ

V\f”;ihe Qgperimenﬁs;A;B,C; D ﬁiilib¢5ldé5érihéd$anesﬁy,one;*f
”a) fFoﬁr‘pOIQ*sgﬁestéopnééteﬂ;‘D;d;sppp;ié&'auxiliary”‘“

The necemsary 0011 end conncctlons to create serles four

-12 and 2, and D C 1s applled across the ends l and S.\‘The corresuond-g
ﬁlng w1nd1nr dl gram 13 glven by Flg.< ~3 . leferent supply Volt&ges;j
S' appl1ed and for each Btpply voltages under fifferent excltatlon valueﬁf

,,rt
S b) Four nole parallel connected D C nwsplled auxllllary

The necessary 0017 end connectlons 1s done by connectlng

where ends 1-2-5 aﬁd 12~10?5 are connected The corresoonaznnlg;} j  
| Wlndlng dlagrum is glven by Flg. C~4. (The result of experlments 1=‘f ’
t;n&otted 1n Flg. I—b) o e L & - : I

”‘; c) le pole eonnected and D c Supplleﬁ auxillary'W1na1ng. |

| The aecessa714301l end con;ectlons are' 2 and ?, 4 and9;

BOGAZIQ] UN\VERS\TESl KUTUPHANESI
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6 and 8; 5 and 11, 10 %na 12; D Cdg sunplied across 1 and 3. The
correspondlng w1na1ng dlugram 13 glven by Flg. 0—5. (Result of -
l.experlments is @lotted 1n Pzg. E—T~c ) '

E a)_ Twelve nole connected and D C supplzed aux111 ry
{winding | | | i

, ?‘, The necespary 0011 end connectlons are' 2 and 3, 4 and 5,
_‘-6 and 75 8 end 93 11 and 12 3 m 1s "'upv)lled across ends 1 and 10.

1‘Tne correspondlng Wlnding alagram 1s glven by Flg. 0-6 (Result of
1exper1ments 1s glven 1n Fﬂg. E~I~d) '

e No' 1’oaa teSt"v.:itht:A:ch‘.sﬁg;niied éﬁiciliérfjr:‘~'

Ehe circuit corresnondlng to tne e perlments 1s :

; iglven by Flg.C‘?. _3 f ;f ::

I 21z
[2e e
‘ o

,“Flgure 0—7 53 The c1rcu_t‘dlagram for the speed control experlﬂents |
: W1ﬁA A.C suppl ed auxlllary. ' ' ' '
No load experlments "1th A C s1ngle ph&se su ply c: n be f'f‘

'dlv1dea lnto fbur grouss. alao, ao mentioned in’ connectlon_wltn the
;D C experlments. Tne W*ndlng conaectlons for four, six Snd twelve.* 

;poles aro tae aame as 0'iven by Elgures 13 14 15 16
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Calcula t i o n g3 -

The eyperlmcnts t0 d*udy the syeed control by changlng’ f”
 the aur-gap flux, is done by 1ntroduc1ng a new stator auxlliar -

w1ndlng.

 The 1nduct10n motor at hand, 1s de51gned for one speed'jﬂ f
'only,,so it is not sultable for all klnds of sneclfic studles. Slnce
in. tae 1aboratory it was not posslble to flnd a motor more sultable

for- our urposes, the exnerlments are ca*rled on w1th the mo%or

>Agfdescr1bed before, by unvlndlng it and again w1nd1ng for half of the

;thrce~phase field structure turns, to reserve half oi the slo% depthq

",for control 1nd1ng.

3 The 11m1ted snace Tor the stator nlndings changed tne
"ﬂ'actual capaclty and OharaCtGPWSﬁLCS of the motor, esPecially its

: current and 1oad—carrying’capacitles are deoreased Thvs we could

;Q :;not 1oad the motor - w1th loads. greater tuan frlctaon load and
"fialthough at the beginnlng of tge eyuerlment studles w1th dlfferent

 *loads hed been planned, the eyperlments had &o be carrled out on
‘,ﬁo load. L | i

, The control current could not be 1ncrea~ed beyond 4 ampers,
vaue to the eycess heat 1n tne control vlndlng; As tne conﬁrol '
 current 1ncreased, as it Wlll be seen from t%e readlngs taken, tae -

"current in tne main ;1eld structure 1ncreased beyond the eurrent -

,QcarrV1ng capacity of the wires, ineulation of the main‘wmndlng- ;?heﬁ

value of the naximum three—phase voltage to be apnlled was llmlted

'7to 00—90 volts.

Sdall Chaﬂgﬁs in tne mein voltage had oocurred durlng the

y<§§‘
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" ‘fthe auxlllary wzndlno. Carves of speed versus control current had

Li-»f_‘; TP )

 eyperiments to. av01d errOr, many readlngs are taken and tae average
k%s found to be the flnal value 1n nlots.;,]-ﬁ,w e

| Neverthelesu, every eifort had been made to per¢orm i?;  ;U"
= :satlsfactory e&perlmental study wlth the p0851b111ties at hand unQ :
%0 some ey%ent saulsfactory resul s had been obtained, as 1% 1s seenf>

‘from tae spced curges.

Lhe no 1oad test was perfbmed at dlfferent three~phase : :
jsunply voltagcs up to 80-90 volts and for dlfferent pole nnmbers for~i

:  been drawn for each velue of three-paase suvply voltage and thls is" f,
 reneated for dlzferent pole conneotlons._ Thc curves of. speed versu f"
 contro1 currenu A C or D C was plotted to study the effect of the e
}icontrol method Ve \ ‘ :

‘ ~fﬁA;f;ControluCurréntwand‘Sgéed*ﬁeiéfibﬁséfvvfiffffwfi" ”""
g:~_l; D C control current and speed4relatlons.awjf;}f;fffffi
T a) For four pole serles connected auxillary wxnd1ng.;

The control current‘versus speed curve snows a

J1- Smooth; change of speed w1th inbreased controI cur”ent.;_i{?mfitfif,gf

A greater spee& cnanbe can be obﬁalned as tne D 0 con*rol

current 1s 1ncreased for a glven supply voltage V.r But for hlgn cogtn

currenus A greater +than. 3 amns, the rate of sneed chunge 1s smaller, 

:.&ue to D C saturatlon, than. for smull control currents.gA-

Per ccnt speed droPs at I : 4 amp
(1485-1444) 100

Por vl ',55 volt Por cent speed drOp"Q“f“ﬂ-1485ﬂ471; f?2’§?
3hde§,Vig; 50 volt Per cent speed droy:: ’;: f
VFa;V;-: 35 volt; Per cent speed dronz ,“;1450“ j»k{
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Prom the cowparlson of the per ccnt speed drops it is eaS11y
_seen tnat tae speed.ch nge 1s greater w1ﬁn smaller 3—paase supply volt~
| ‘ages for tue same control current TLJS 1ndlcates the oS ibzllty
ﬁhat w:tn loaded 1nduct10n motor; greater speed ch&n es can be obtaln—
ed for the same control current. But to employ thls sPeed control ;"’
meﬁnod»w1th +wo stator windlags, to 1oaded condltlons, a spe01al
‘jmotor Should be des1gned, W1th greater 1ron Dart 50 taaf the normal
ftnree~phase 1nduet10n motor stator Wlndlng w111 have enouoh spaee,

as Well as tne auxlllary.->

» §' :-b)' Pour nole parallel conneeted aux;liary'

- Prom thL speed versus control current curves 11 1s
seen that 1or a glvcn supply voltuge, speed change 18 greater Ior |

'"larper values af contvol current

-

Per gent‘sneed drops at 12‘_4 amp..

R 65 - e “';“ o . (1480—1451) 1oo
,ﬁ;if For V /Volt - Per cent speod drop,. _ L486
. ~""-:‘2-'3.6 %, R
Ll AL e (1480~1438)100 ‘
o For)?1g 5O vdl%% Qgr?c§nt:sggeﬂ!drcp, ,11 1480 ,_f§4‘2 9% ‘
l‘ 35 volt. Der cent sneed drop. v(l462'1412)100,3 42

462

$or four poles parallel connected aux111any w1nd1ng, 3
parallei paths are obtalned for the D.C eontrol current to flow. _
AThus we cqn more. tnan 4 ampers to the aux111&ry W1nd1ng malns w1th-.
‘fout ‘the. d@nger of GACGSSIVG Heatlng,81nce actual current flowzng
4 the auxill ry conduetors ;s 1/3 of the applled current, 12

'»}Experlments are carrzed out up to 7 ampers fbr I2 f Thus.
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Per cent spesd ‘drop afb‘I2 : 6 amg;‘ .

T 1486

50 volts. ®  m  n ,‘n ;’ 11480-1410)100

1

35 v‘ol‘tsv‘.k n » "‘ - .‘sv

|
e

( g62~137 )100 6’2/
SR R
Eer,centtspeedVdroP‘at Ig:: 7 anp.

For Vv,

1 (;486-1110)100

1486

o

65 volt. Per cent sPeed'drbpi

w
1]

Vi. | 50, "‘V’Olt._ o o B, ‘

| 1400

T
'M

1452 ,{;_”

c) Six‘pblevSeries,00nnected auziliary:~,;

‘ Wlth 511 pole series connected aux111ary windlng mvch {

i ,greater speed oLanges were obtalned for tne same or less controlled
'~current, 12, tnan with four poles.' This may be due to the more o
effective change’ Ln the magnetizatlon of the 1ron nart due to large

‘numberé of poles. Tnls 301nt is eaplalned ‘more clearly 4in- Parﬁ A~II

‘Per cent speed drop at 12 3,5 amps. ..

' FOF;Yi, 65 volts. Per cont speed drop-,(}4722%326)19?fu3%13'

‘%

N

T o | oo . | 1 —1 OO
¥y & 50 wolt. v v w2 { 437 419)1
v o ng (14§§~1391)

1]

N

‘35 Woow | 1450-1280
35 volt, MM L E - 451450 g

Ties
. ’<‘

65 volts. Per cent speed drow~ ( 86'142 )100- 4 254ff£1

= T80 4 75%79f;5

(_é._.}&Q..)loo 5 72%{; 1

SV ¢ 35 volt, @ om e (1462"137°> .é}jﬁiiuf
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Per cent speed dron at I 53 4 o amp. ;‘ 

(1470-‘1418:)'100 3 5 5 ‘

1470

. ;?qr Vl 65 volts. Per cent speed dron*

(1467-—-1406)100
1467 ‘

"Vi:150;Volts; Per éeht Sbeédidr§p~ 4y 15f

S T T .(1453-1375)100
, » . n E " IO ¥
. v 4$ YOth At | :’ﬁ?:“‘:‘ 1467 : 6;
3Bvolt, " v m o om oz ,mosu; Hotor is‘ ‘braked |

Lo . As it ig seen from the calculatlons w1th 6 nole connectlon;if
jfbetter recults can be obtalned, even 1t 1s p0531ble to stop the A"Z'
lf;motor w1ﬁh camplete braklng Thls shows that for speed.control by &
i'changlng a1r~gan fluy, better result S are ob ained 1f tae auxlllary ffi
"£ w1nd1ng has greater number of poles tnan the main stator w1nd1ng 1

d) Twelve Pole connected aule;ary. _; -

- After the good results taken,with 6 poles y a tr;al |
: : was made w;th,le poles., Reéul 1s as good as, and even somewhat 4%v,§?

iuffbetter than, 6 poles.r~

f;Per oent 8peed droms at I2* 3,5 ami,

69<volt. Per'cent oneod dron-t(ligggééig)loo,_g,QG%fy{*5°

.QV

For V

‘;4,. ER 0= OO fﬂ
) 50 volt. LA e ‘148 14384);( = 3:1%;3§,£f

1

(1470-1406)100

=
13

 ~415 véit; i o ‘*.-,-

i

R E : e R
: '»}-va . 5
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Per cent speed drops at I 4 amp.

>a“?°r Vi: es?vqlt Per cent speed drop, (;48&%8é434)1oo S5l

‘;Vi=~50 vo1t7‘??élfrfi,ﬁf; ,-e,:=’<145°;§gg¢>1°°

L R R 7 'O-;l 78)100 _, ..

L ea

.

'Ji'vi‘ 5 vk "  'q :f,":f‘ :n," (14i25$267)100 2125 -

'connectlons had been calculated. The comparlson of the results S

. shows that for D C speed. vontrol the best results are -obtained by k,f:
;”51y and 12 pole oonnectlons for the auxlllary and the maxlmum sPeed lf
" change 1s 11~12% excepﬁ for 1005 correspona1ng o brakzng Four-{ 1 ‘

Htuole parallel connectlon glves better results 1n controlllng tae

-},speed tnan the series one. It is not p0551hle to ob&aln Slk and,I2~}?

1 "nole parallel eonnectlon for the auleiarj due to tne nature

'%,ffthe 1nd1ng-.v.‘n7¥

As a concluézon for D c speed control,'auxlliary fleld

‘;;should be wound for more poles than the maln stator fleld w1ndlng.jf£;
'mhus tne chgnge proaucéd by the auxillary fleld on the alr-gap fluy :?

1s more effectmve and sbrong.; For large control eurrents, 1arge

'fspeed changes can be obtalned but there is a ; mlt io the 1ncrease i;§

”’v-of tne control D C current, that 1s, caee should be taken for  '

{ex06551ve saturatlon R

2. A.0 single-phase conirol current and speed relations: |

g) Four—pole series conlectod auxillarY~‘ ,V'

Speed decreuses as the a.C control current is

Per cent sPeed drops for four dlfferent klnds of auvlllaryv'




‘ Ai,“'fspecd dro-ns obtamed 'by A C con‘bI'Ol, 1 57/.« and 1 6["“5 fOI‘ 25 E.nd 20

'lvolts Subplles is unlmnortant as compared to tne values obtalned
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’~Lgtransformei actzon voltage not ;rom zero current.

ffrérvcéﬁt‘épeed;dfbﬁ‘at‘12:=258~émp.ff "

4"fQis 1ncreased w1th smaller supolled voltaues, ﬁhat 1s, per cent
*q‘speed drops aze hibner for snall suvnlJ voltages fbr a flxed v&lue

':of control current..”_g-“

: 1ncreased for a gmven 3—uhase sunply voltage. Due to the transfgrmer i
"actlon a voltage is 1nduced 1n ﬁhe aurlllary Wlnding, so We get )
“,currenu, although we nave had a“plled no A C conﬁrol voltage. Tne'ﬂf 

hrves atart. from some otner value of current corr33pond1ng to tne S

O

"if"FCr Vl,é 25 volt Pgr cent speed dr0p~ (1394”1372)100, 1, 57? e )
For ¥y, 0 | FETE
‘n 5 l ‘3"%‘29’ 1,6

o MOtor runs noisier than normal, probably due to enp051ng

 gf1e1d Ilux o; the auxiliary wmndlng. ’An,unbalance of the roﬁor

; v"shaft was observed. Hivh currentu had been obtained wnen even 20
f‘.fjor 30 vclts 3~phase supply was applied, therefcre,_the e:perlmental
E‘-‘)-";A‘if&lx:u&&z are for smaller supply voltages than the D C cases.. But as
t35 we have concluded preV1ously W1th D. C conrrol tue eflect of control”ti

Keeplng 1n mlnd tnls fact, 1t is poss1ble to say that the

. 1u1ﬁn D C control and for the same number of pole connectlons.5 5 ﬁff{'

BN

b) Fbur—nule parallel connected auxlllarj.*; i;:;;a'~

Per cent sneed drops at I 4 amp. _ _
ol 1422:1406)100 S
For V .30 volt Per cent speed drop. ( 4 1422 ~1_  F 0 85 , 4( };

(1359-1342)106
1359

: -<v"-zo volt Pcr ccn't speed dr0p~
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: Theae per cent speed drcps obtalned w1th four—pole parallel
'vconnected au&lliary are much lower than the ones obtalned with D’C

':centrol voltages, that 18, 2,36% 5 2, 9% 3 42%, as glven 1n G-III(A~1

Per cent Speed drops fbr 12. 7 amp.’

: Eor Vs 30 volt. Per cent speed aropﬁ ‘14?§;§g°?)19° 321&3@% ”'

V,% 20 volt. Per cent speed drop: (1359 1317)10? s 3 l“ |
, o R T .1359. :
_i '~ These drovs are also much smaller compared to values obt in+
ed with D.C control current, that is: Gy B, 72 and 6,3% as

' CalOUl&tEd before .
c)' Sixepole_connected auxi;iary:g

[ Per cent speed drOp at 12- 2 5 amp.

35 volt . Per cent speed drop.,(;45011§g3);90- 1; 17%

(;395-1354)100_'1 63% e

‘iufvl§'23.volt.i’?erlbent'Speedgdfdp' A

o These valuec for per cent drops :or 12 2 5 When comnared,{;

;wztn tdé D.C control per cent draps fOr the seme control.current

'Wltn tne seme supnly voltage and 81x—nole connectlon, that iS.,; Ef»

Tor Vl. 35 voTt per cent speed drop for 12’ 2 5 amp.‘w1th D. Ci

(1450-1376)100
-~ 1450 .
' 1 l?p w1th A C control

.id); Twelﬁe-polé 0¢nne¢tedrﬂgxiliary;;\“ﬂzﬂ'

N T . .

=z 5,1% ”hich iS‘muéh'gfeater'thanfthé:vélﬁe-ébtgigedr'
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"‘Vw1tn different connectlons and vo;tages had been analyzed .1 Tﬂe

| zov comt opect arop ev 1,3 35w,
PR (1450-1427)100
1450

R I "’g &35-13g¢2100 .
‘?i.,ES-?qltf: f:4j': F;ﬁ'*'f- 1435 7 7' 2 85

vyt 81 VOlu. per cent speed drop: s 1, 59%,~fﬁ 

" f!hen We compare the per cent drop fo:c- V .25 volt I .3 5 amp ;
A.”Ihlcn :Ls 5 65¢% as calcula’ced above, 11; is obv:.ous -bhat D. C control
is much more effcctlve ‘e As a general conclusion, from control “  |
;.current versms speed curve ana1y51s, we can say that D c control 1sgif
~'\t.dUCh« more preferable, keeplng in m:md -Ime comparlsons ms.de :Cor each.‘"{,l

1 'type of oonnecta.on under 'the same condl'bn.ons.v S

B— Pov)ef é.nd,',Speéd‘."Rela%i:ons:','t SRR

Tlll now ‘tﬂe POSSlblllﬁZl and degree of sPeed coni:rol

'~";'other very 1mportc.n1; POlnt in relatlon rith the. feasmillty Of Sty
' ,";'a speed con urol netaod is: ‘Lhe energy requ:.ren:en'ts 'b° ob'tan.n a glven
".”‘:,per cen’u speed drop. : The power requil‘emen'b analy 518 Wlll also be :

’f.“made i‘or each case and then \:111 be cor pa.rea w:;.th each otﬂer.
o 1. D C Speed Control"”

The po.ver reqmred :fo:r' specd con'brol 1s :E’ound ’oy

' 1 ofI a.ndV
:D ;DCVDCat‘ g:wen \‘ra‘ues :DC DC

o 8.-— FOW"‘pOle SC’* 1es coﬂnected 9.11:?.'11'! ary‘

- For V’1 65 vol’c, 2, 610 speed dr"P Power Requ:.red' i
. “‘f.FT-" 'So'voi‘ﬁ",. 3w 60 : .4 240 v:c_,‘cts. a

vgr 35 volt, 3,45% 0 A{;_g.,ir;;;;;;:;g~,f S
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For e control current of Ia 4.amp;[ﬁ
’ VRS S 215 .
h) “Fdﬁf4pdlefpéréilel cdnhected;auiiii;ry:V'
& 65 volt, 2 36p sneed drop ’u‘ f :”Poﬁér.Requifed:_

35 volt, a2t 0w

s
i
we

_For_a'cbﬁtfol;currénﬁ’of Ie}}4'amp, ;"

.pﬁg

3 5"' 5 R::3R

L'R =3 s 2 p

fﬁSo, D C Power requlrement 1s 3 tlmes 1ess alth parullel connectzon -
”,due to the smaller effectlve re61stance obtalned e SUISE

Loe) 'Sixépole'0qnné¢£ed{auxiliary:f

For Der cent Specd drons of 3 54p
AR e 4! 5
s% -

control nower requlred is§ -
54 % 4 .216 wauts. S

f,,cof?espondipg'tofIQ: 4 amp,

Por per cent sneed Qroos of 3p v
' ‘ . 3, ESHI_W

.‘,a,4¥9§’ cantrol power requlred 1s?:
L 11:07 5

5 2 3, 5 = 157, 5 watts.‘

;.‘,(




THES!S

ROBERT COLLEGE 'GRADUATE SCHOOL . S  pace 4
. BEBEK, ISTANBUL . : . o mAs

1 can be obtalned by u31ng 6 or. 12 POIGS Wlth 150*200 Watts of D c

~~ éqrre$ponding'£Q Izi-3;51aﬁp-f~v

‘6+  Twelve-pole connected au21llary-'

o Por per cent spes d &rops of*' 3 Sp'fv,[A S ERRRI AR
S - , »5’15% .‘ . . |
L | Coeest :
T T . Co . D.,C control pover requlred 1s

: . , o R 55 x 4 = 220 uatts
| commesponding to I, = 4 amp. R

v";Féf per dént~3peed dropsdf :_~2196%f} 

3’1% V‘ |
4 354'],

f7 1ﬂ D e control power requ1re&~-\

-J 45 x 3, 5 = 157 5 watts. o

These results show tnat the most feaelble syeed control

v\power¢ requlrement With 4~pole parallel connectlon the power ‘
A;requlrement 1S"Iéss, 80 watts, buf t;e maxlmum obtaznable spebd
5,f chan e 15 not more uhan 3 42%

ﬁ a; Four~nol€ serleﬁ conaected auylllary.

BN

For ner cent sPeed drops of 1 57w o
o | l 6 ; A C power requiremgnt iss
| 5 ...51:.'“225;&13.%5 |

- corresponding to I,=2,8 amp.
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b- Iour--polc }arallel conaected auylllary*

Por'}erccnt syecd drops of O 85
vl 25#,»A.C powerfreQuirement”isé

| 17 x5 = 85 watts

correspond%ng to I 4 anp, ‘ | R

Tor per cent speed drops of 1 3lp

3 1 p A C pover reqmlrement is
‘ B 50 x 5 250 waﬁts ‘ﬂ’
~corresponding to I, = 7 amp. 1

~ ¢- Six-pole COnnected-auxiliary:

‘ Fdimper36n¢ speed drb?s of,,:‘ 1 17p . R
e | -1, 63ﬁ A O power requlrement 1s;vf
o o 50 x 5 , 25@ wavts o 1'2
~ cbrresp6qding to 12'; 2.5 8mp;1 g o
. d" VT’\velve-.pdle’ Oonnec‘ted&uxilzary: A

Fbr per cenu snoed arops of e 1, 59p

2 85’ AL c power requlrement 1s-“'#

60-70 W&tts :

,dorfesp05dipg to fg t}35,QMP._”

, Tho paximn per cent speed dron taat can be obtalned by
£ o conurol is 3 1% with a power requlrement of 250 Watts, by means
 0£ four—pole parallel connectlon, whereas 2, 857 speed drop can be
iohtalned for 60y7O watts w1th ﬁwolve-pole connectlon. Tﬂls shogs ,
_tnat lz-pole cbnnectlodx 1s pfeferable both in A G’and D ¢ controls,
‘ but much better rcsults could be obta¢ned w1th D c, Wltﬂ less nowcr \‘

’r,requlrements.
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D, SUMBARY OF'REsUzms'ANDIcoﬁczuszoNs -

i - The follow1ng reqvlts can- be exﬁracted from the erporlment—
al data obtalned ;or uhe speed control of 1nduct10n motors by
Tcnanglng alr—gap flua,, ,

- , 1. Speed coaﬁrol of tnree~ghase 1ndu001on.motor is
i?p0851ble LJ chunglng alr—gap fluy.‘ This is done by 1ntrodu01n§ an:
auxlllary vladlng on tne main stator field winalng. ”he eynerlmento
iand rebulhs are for the no~load oueratlon, but tneoretlcal conSWQeraT
tlons snow that the same’ or bettor control could be posclble wzth
{ 1oaded condltlons, but a motor of spec1a1 coustructlon is needed

W1th # lurger 1ron parts to carry tvo stator w1n61ngs.>f

: i”%ﬁ°?, The degree of sueed control that can. be obtalned is
3fnot very large as eynlalned 1n %ﬁeoretlcal pert. The best result

»tnat 1s ob alned wltn the motor and eyperlmental condltlons at hand

"f'ls not more than 12# w1th a control oower concumptlon of 200—220

3.‘ The speed control 1s more effectiVe for voltaﬂes legs =
'than uhe rated one.' otors W1th 1arger 1ron parts can be more
1suitab1e for tnls kind of speed control but 600ﬂ0m10a1 consmderat10nsr
‘tnat 15, higher cost of the motor, he taken 1nto con51derat10n fbr
“the fe381billty7of:the_method / :

‘ ' :'4 Spced control, by ‘the appllcatlon oi D C,is. much more
effectlvc tnan hy the apnllc tlon Of A'th> | | |

The mazimum sneed change thau was obtalned 1n the

; .’eyper1ments carrled out viﬁh tne speclal motﬂr used 1n this study
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 fd1ffcrcnu tynes of counectlonc_of the avxll ary w1ndxng. Auxlllary
4~ pole serles, 4—pole oarallel, sm&pole and 12-pole could be &Ltwlne
Qpart 1nd10utes that one- could obteln much beﬁter results wlth 1arger
f’hav1ng 4 poles, with six or twelve poles connected ﬁuzlllary y we

ffobtalned 3 or 6 tlmes bettcr sPeed drOps tnan dlih Iour-nole connect-

"ed auziliary. e

*Co?lege, show that w1tn concentrated auxlllary v1nd1ngs, good reﬂults

’;could alwo be- obtalned.

L B

isflaﬁ" It is 4 tlmes cr:reai:e::' tnan ﬁhe maxlmum speed change obtalned
ulih A C, 3ﬂ. The energy consumptlon fbr b.c coatrol 1s lesc v~an

the A C control metaod But . the avalllbility of D c power for tne

control purposes 10 an importsni problem to be solved.

;‘ The sneed coa*“ol experlveats were carrled on For four
windlng heing a aisﬁrabuted lan xlndlng ny varlous pos 1b1e connectlo
And tae eynerlmentul results as it had been poanted out 1n the tueory

umber,of noles for auxllzary w1nd*ng The mdln fleld structure

76 Eypcrlments done by Hasan QellL, Grdd E E"63, Robert

7. The speed eo&trol methed otudled ln thls paper 1s

',an undlreOulonal one, that 1s, we. ean only decreace the speed and

can not 1ncreace ¢t We cannot work w1th speeds above the

‘isynchronous sneed

i?v&, Due to the adalulonal fuyes 01 ﬁhe auxlllary‘elndlng g

there evlts an unbalunce which makes the motor run.ulth 8 greater

’n01se and vlbraﬁlon tnun the norLal 3~phase opera tlon.v The eff1C1cnc
of Operatlon as well as the matlnum torque is lowered as 1t is

:'pornted out in the thory part

9. Eynerlments for SLeOd ”Oﬂurol can be done by apnlylngau
3-phase A ¢ %o tne auyllwary w1nalnn‘:1t4 prooer conncctlon of ohe
aurilisry coils. -Due to fime 11ﬂ£tatloﬁ onlv fe# trizsls hed been
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'f {done and the followlng results had been taken¢;wf:;Aﬁ

60 vols, 3-phase voltage applied 0. the mein- stator field

vi 4for ‘normal qperatlon speed is 1446 rpm w1th 28 ampere flow1ng.
o Ing addltion t0 this, 1f we apply “$0 . tha auxmllany stator winding

1' J75 volts, 5ephaseA.0. voltage, wzth 2 5 ampere flowing through the vj
| rfrauxlllary, we obtaln a speed of 1570 rpm. Whlch corresponﬁs to a f-l?
7j_gspeed3drqp | S :

| _3:445 i

. _ Thls shows the pOSSlblllty of speed control by;means of
) ~secona three-phase stator fleld structure. But care should be

. - glven to the fact’ that the tvio . rotatlng fluxes should be rotating |
j'ﬂiln opposite dlrections 50 that they ﬁill have a subtractlve overall |
'-]@effect, whlch in. turn w111 slow dovn the rotor. The same. b381c 1dea

 , ‘had been employed to the method of stonplng the 3-phase 1nductlon
ijf;motors called "plugglng";:, T T e T

Lot It is a&visable to make sneed control tests employzng
33;53epnase A.C. voltage to- the auxlllary w1th a. bette de515ned motor,
'jgmsc that excessrve currents w111 not flov.i;fai- R

O IO. The experlments carrled out 1n tnis study are w1th a ;
éf'asqulrrel cage motor. The same method of speed cantrol can be o
" applied to'a three—pnaSe sllprang motor._In that case aux111ary

?jfw1ndlngs can be- put on tne rotor, and 1nterest1ng results may be f7

'5ff;obta1ned. _,.;fsv»

L II. If economlcal methods of de51gning Efphase 1nductlon
“afmotors sumtable for +two stator w1ndings with greater slot debths
"or additlonal slots could be found, the speed control of 1nductmm

" u‘motors by changlng alr-gap flux may be economlcally fea51ble & as

o 1s also theoretlcally, withln p0551ble llmltS¢;‘Lﬁ'} 

”~ii‘12;i The speed control method studled 1n tnls paper has
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~ some- advuntageS'when 1t is economlcally feaelble.~ Iﬁ”is'p65sibie-%6 
.ﬁ”obﬁaln gfsmooth control of sPeed, that 18, it 1s p0881ble to- obtaln 1‘
A'a largexnumber of‘&lffereni sneeas'w1th the same motor, aust by
";changlnp the control current, whereas in pole or’ frequenCJ cnanglng ‘
Hmethodaof aneed coatrol only " two dlfferent speeds can be obtalned o

‘ fwzth cne machlne. ?;«.f-

13. A sorvo system can be employed for the cnntrol

oneration wlth D C path to be connected to tne auxlllary Wlﬂdlﬂg.
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| :ii[ ;}}65’v.~t4 
Afﬁif;65 V-”f?»
‘_;5¥65 V;; ff
e

TABLES OF EXP“RIKENTAL S”UDIES AﬂD GRAPHS'I'

:‘;{ “1 D C sneed Control

~l‘ A) Eonr~poles oerzes connected auxlllarY-”“ 

S A

- L

v or. V

o x‘_ o | A C .
'ii;f (volts)

lor IA C

(amners)

Véor Eb C

(valts)

(ampers)»,"

I or ID Cg;‘

'“Speed  o

jiey
j1i 15O‘v,L L
'"{550 v;?.i
| sov.

4 A

—fl’*a4 8 A- \~ ;
“;‘f¥517 A..  : .
kfﬂ5,4}ﬁg;“".‘
o
8.04.

o o |
arv] o n3sa |
30 v.| '
6w

RS R
50w,

. 2,50A.

3,508, |-

1454

1m0
1438
3 |
VLI

VLTI

V orv

(volts)

,,,,,

I“or‘I

l’FﬁﬁAé

(éﬁ@é&é}

jWé?*?ﬁé"°

I or 230' ;f

(amnars}ff

Speed,jfjfi‘u :

e |

5 A

f;7i3.A;-

:és 1A o
a}p;s 8 A o
il7:0,ﬁff)q

_[‘(&diﬁs)fjj

S 1Twe

30w
| 36w, |
1 s |
.,5O v; {f ‘x1

a; 35 af

”“!132 50 A.

3,00 4}
- 4,00 4,

ues ||
J l458,f-;f?f"T<
1456 |
s |

1847
‘971444{»*”

Lk
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*,_Vior YAC

é'f‘Y°1ts)

IlOI‘ I &C

( Amners )

Vgor Vﬁc

(volts)

2

:‘I or. V

2% Ipe,
(amperszf

o Speed

(rpm )

35 v

DA
B R SR

c4TA
S 51al 0}

i?35A1f7:i159§:? -
;;17fﬁ.,;;»

36 v.irﬁﬁ
: 43 v. "’

0 A. :
1 35
'42,5_ A
3,0 A
37"5‘ AV’T,"

1420

we |
1405 b

V or V

1w ﬁc»

*~z<:&é;ts4>

I or I ,
1;,

1 C‘

(amners)

{ v or v

(volts )

120 rIDc

3}‘_;.  (ampers)

Speed |

(rpm)f{tgflj f>§

V'T'f—55°?4aji;i‘ -

St r 5 g A?'ff 
.6, 1 A
1 oe3a

B -
65
65

Ve

v.

vo oo

V‘. .

5A
‘5, 6 A;'97

Vj;7 2 A

cowv,
| ,5 v;f_}i‘
i},14 o v |
20,0 ve |
fle;O.VE?}:fl
29,5 vi

"‘7’,"1‘6,0 A.‘ 1

T
4 A,

CEa

B T
i B

| T;dig;gg;gg

cuse | g
e |
‘7ﬂ1455ﬁfivﬁf':':

1423 |

Cmt0
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' V or VAC
(valts)

“AC
(ampers%

Vzor Vbc

(volts%

Speed

l.:(fpm)

50 v,
50 v.
50 v.

© 50 v. 

| $‘50,v.
50 v. |

‘% 50 Ve

4.0 A.

4,7 A,

5,2 A,
5,7 A.
5,9 4,

: 6,3 A,

6,9 A,

0w

110.0 ¥

20 e]
25.;'7-"
33 vl 6

35 v

 11480~*f“
| 1459

1453

| 1438 |
1423 |

1410

0 LA

(Vblts)

ol oer s

’; (§m§s)/

V. or ¥

Y2 oY Ypo

,~(&oiﬁ$)v;

IéorIDC

' f'35 v.  

‘_g~35 V.

1o
b

35
)

35

s
39
v';4,l |
4,8
5,1

:' ‘5’6

"‘O]_; " 
8.0 v.|

12,5
20,0
25,0
30
35

3.0
4,0
6,0
';'740 8

2.0 AJ

'S1O f! f

1462
1438 |
Cups |
C1412 |
408 |
ol 8
1370 |

_Speed |

R B A T N
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gy Six~pole_ponnect¢a auxiliary:“j

”7gyi:qr

5

. (%dlts)

AC.

l-x

SRR §
(amps) -

c

of 27 I
~ (emps)

C Ior 1
1% gy

Speeed|

(xrpm) =

M

F65

P

85
65

65

.65‘ 

e 65 A-;ﬁ:;—-};

50
5,8
6,7

“ E ’8,:,1.-

o

20
33
50

| j?  &55J/T' 'jf:

o
1,8

1468

1437 |
1 2438 |

1470

1460

......

AC

ﬁ; (éﬁgg)a

PN
ACy

Y20 Vg

1 '(le£g

Y2

)|

R
- (amps)

Speed |

(Tpm) :k 

s
. ¥"5f59 |
1o
R
50

| 58
e

. d— :

7,8

A 4?7.f§f .._
5,00 ol

20
25
32

39
4
|

‘,'Z;O'Y
 215  
3,0
3,5
4’0

© 1 1467 -
1450

w435 |

1406 |

1455
139 |
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' 7Y1~or v,

AC
(volts)

I or I

(amPS)

v, or V..

‘T(volﬁélyéf

fféﬁbs),j‘ j

qﬁ*Speed N

(rpm)

3;’45Fﬂ

;;iiT¢5l"? ,"
€51¢45~ 1°1,
s |
| za5 )
-rri7§‘§5i;75: o
T is i

‘g"5,7;

ST

"3;5“ .
4.4

'% 6:2 ]

20 |
25 |
e
3,0
R A
4,0

32
39

__¥} .451;,

2  :54 '

e |
| was0 o f
1 e |
1 2435 | |
1 1406 |

. ‘13913gi' S
s |

'bff‘;YiQS?}Ykﬁ;f

: Lii:
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t1 0% ag,

v, or T
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‘H;IA;orgl

; (rpm)

“‘Spéé&;jgjaf?ri
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F R
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N I T
|

;?  4é3N‘;"'

;sA contlﬁuously
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‘4,5"
5,5
6,1
o
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;‘  20:’ 

»‘ﬂféé

A A
‘:)232fvf"

3T
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1 ‘2!5H
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S K/
R B E TR
©f 1280

4,0 | Breke |

ungtable| -




B Al n 1= bo U

ROBERTfCOLLEGE,GRADUATE‘SCHOOL o

. " BEBEK, ISTANBUL .

_‘jmes~$2;f

"’a)'°TWElvefp01éé

_connected auxiliary:

5,:V Hijvééf;

|

Uy or Vg

(worts) |

[;,1' or”IAC

l(amés}','

- Speed

(rpé)

. 65

| 65 -
. 65

PR R e M

65 e

"' 5,0 “
5,75 |7
6,25 |:

6,8

20

33
40

54

,f25ﬂ   B

a7 |

2,0
g
3,0

4,0 |

1452
1446

1286 |
1479
11468 |-

42 |
1434

‘VVV or v,

l % AC

(volts)

Ilor IAE-]v

Vf?ﬁ(ﬁféi%s)*

(amps}

Vyor. VAC

‘9?';Ad"

| e ¢

oo
o os0

50

s  4 ,00‘ N
; -f-34;5,fj _

. '17rlf fi1f7'
a 'Bs-ov’f

'  '25 .
33
40

20

54

1,5

Sz0

o ;Tégs_
300

450

.’ 4 "5
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Four~poles, sewlcs conaected auxlllary. L

'  ~(vbl£s)
;3—phase :

I (amps)

37@1’1&‘:’8 :

v (volts)

ﬁnglevj

I (amﬁs):

s%ngle

(Watts)

p%ﬁ%e

,_ff;ffas (

‘-'i;igg
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b

. S,OQ {??
65 |
eTs |
'f’§j7!OCg,1i}
;_&3}‘7,5;_‘gi7
| om0
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35

' 5Wf_7 ; "
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i{sgy. 1
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170 |
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2,58 | 36
1 40
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g
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e
e
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1(amns)} 
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w1f §é;'£i  
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o
| 2o

‘/5375f;:
fi;g;SQé"
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"'”f65”
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f13ooif
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hES

.i(volts)" 

oY V
»‘Cl

L V or V

2. C

}'»(volts)

2] -

*127°r[IAé‘

ﬁ: kém§S) 

-

| speea | |

_;‘45 o
© 45

45

45

5

,45’

A

o |
[
B
33
40|
L

2,5

?'}f:. 4 o,‘*

"fl;5ikl : }11461'5

14521

;"f1446‘ 7,+“

a0 | |
3,5 | o

;j;j;,',»~l378_ :

| ;14255595f3?7
06|

or V

!C

7. fv]-f(V°+FS) o

1R 9 e

(amps)

[ f V or V

2
(volts)

A1 or A
 (emps)”

:ﬁ Speed

:gfxrpm> ]

| tf}?gﬁ;
35

350

35

:;35

35

4,25
oa
5,80
6,75

9,0

30

,;47ff f S

BT

LS
g

35

‘ “‘ '4;00~flA

1337 |

C1s27 ]

LR
S3,00

C1a13 |
1379
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‘_b)ggEour-polés,,gg;ailel §¢nn¢cted auxi1iary:,l

' «’Yi(:f&bil‘ﬁé) I (vol'i:s) V (vol'bs) Ig(amps) W, (wa.u-lz) Speed} ‘,
”"ljia-‘-ph';‘_;f 3-—’011.,,1;_ s p..l. R B s;ph.‘_'; Se nh 1 rpm

1 o200 | 7'4430*t7m3i’”‘f253;,f'f*”z,os 1 7xs5 | 1359 |
o Feo | ama o} 300 | 28 | 9xs | 13w
poreo | 4 o 3w 3,5 | 4.x5 0 | 1348 )
20 | 475 | 49 | 45 lerms | a7
20 | 480 L se | 5,5 L5 | 136
I feo | a5 L e |65 lazz 1321 ||
Cf20 4 os2 | T2 | 25 |s3x 1315,

RGIRCIERCENC S

: .:"V (volts) I (volts) (vol'bs) I (am‘ps)j W (wat'bc}»v. ‘Speed

‘ - i hese
'A3~pn.-,* "“3—phi,_-x S. Dh'v7n ~f],S-Phwii Su?h ,JZ L Tom

sor o fos3 o b s ;,16,.; 1407
30 o 5,35 S 53 4,5 o les = | 1406 |

{30 | 540 |6 |55 35, 1405
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- C0) BSix-poles cdnneCted;aUxiliary:f

.

Vl(ypltg)j Il(amps) 'Va(volts)¢ Ié(am?s)i Wé(waﬁts?*,;Speed;

 3-ph.| - -pn. | s-ph. [ s-pas| - - | rpm

23t 3,65 | 6 .| ﬁ‘;l 4 'fk'15*5'.?fi5a1395* i4 «
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39 | 500 | w0 | 275 | 6ox5 | 125
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| Arpmﬁix' o

Relaulon between dlrcct ereltatlon currcnt I and the

.- D’
,‘eaulvalent R m.S alturnatlng current, I1 .

Tne relat:onshlp between the dlrect stauor ex01t tlon
current ID, and tne eqalvwlent r.ﬂ.s alternat,n curveau,,Il, aepen

'on ﬁhe staor‘connectlon used The commonly used scnemes of connectz

‘lare snovn ln T¢gures F— I a~b fbr stkr connected macnlnes and F-I,
'fc—a ;or delta conaected macnlnes. These all requlre tae same total

:ﬂpower to nroduee tqe same effectlve ercztatlon m.L.F .

(5

— -"(&I |

Flg. F‘l ;{: Stator conacctlonSf:

Scacae (a) glvca more unlform neatzng than scheme (h), but tne

'former requlres g 3~pole braulng cantactor,'whereas tne 1atter only
:;reQulres a E-pole one.jf R ,.“ : e ST LU '
‘f Belng Slmpler, (d} is more Dreferdble ¢0r stur connect on and
.7(d) +"0:::' delta oonnection.' In connectlon (a) tue direct current

:flowlng 1n tne Wlndlnvs corresponds to tne equ valent‘altcrn tlng 



: t

THESIS R o
= ROBERT COLLEGE GRADUATE' scnoo:. LT ek 6%
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3

g’”cur:c'ents 'roz'en" a*h the lnS’bul‘ﬁ vmen “the curreﬂ‘b in pnase A 118-8 1ts.

peak value. Thereforc, \[— I v I bemg ‘me . .s cur-rent

Tnus, *'11: refe:red to tﬂe s’mtor is. 1 ‘ »D For connectn.on (b), i

1 =

fvthe condltlons cor*rsnond 'to tn.c ﬂnstc.n't wnen “rhc ultern “clnr* curren’t‘

l'phu.ae C is zero and thet in A 1s r/ ’c:mes the seak valu.e. ‘ Tlle:efor

D L e AL SRR

xvziv’A,  wa‘v_f, :}%   ¥:{:

valar arguments are used 'bo fmd tne I‘Cla‘tlons;llp for o

,"- i

';conneetlons (C) 811& (d) In i;he former, if I ‘is the ,r.n.,s.p*lase

cu.rr en'b

1
T »,1373, in the latber,

Cp, a2

=0y

o ﬂomm EQUA’“IO\I s

| : ‘{_;,By speclfylng me IB und Il’ the sta-bor mpetance and voltage
-'need not be snovzn and T:Lg. A-—I c¢.n be further sunpllfled to- F:.g.F—-E

‘,II-——-é—v" I@—‘—p'

5~Fig. —-2, D C control equlvalont cn'cu.n.t

Prequencﬁ A T R S
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' Fig;»ﬁ?E".;'vD;C‘cohtrdl'equivalenﬁ {ciféﬁit,’f“

Frequency : Wé

To simplify the expressions the equivalent rotor resistance

o
.Rz -8
o

T2

8, 7 ﬁi1ifbefdenoted‘by R,

Vector quantities are shown in

‘heavyfiines‘ From the equlv*lent clrcult d1 gfém}(cig,Ff2) 7?

From eﬂuatlons (2) and (3)

B X

(R J3,)

I (R-z»jX )

Iz

substituting in equation (1) gives

5 30en ]

%
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Therefore,

TR '»R +(}(4~X )2 :
(4 f[.‘he net torque, T 2 I2 R : ---—-------—- |
T , Ri(Xa&X'}

l’or unsaturated condl’cions X 13 constant s and 'tzhe max::.mwx K
Value of T 10 found from eq.(é) 'bo Ochr when.;,,.,.. S

:

m

2
l

f‘(”s’f)' T ‘Rz (X R )

IXE

e T

ma*»

SRS (X + Jt ) 1s the ynchronous reuctance at the &ngulam:ﬁrequency w
Equa't:x.on (4) can be uscd to finc‘i 'Lhe torque even under satura'ted
conda.tlons, .!.f the value of X s ’baken Zl.° the ad;)usted value as usedﬁﬂ"'.
:m alternator c lculutlons. i However, 'ﬁhls usually 1s a ’cedlous

prucess oi‘ tria 1 and error, 'f:ne gra:mmal const:cuctlons glven 1n S

Aopendlx-—III- belng much less labor:r.ous. 8

, Even 1n the presence o:f:‘ satura'!:lon, when :*i. csmno-t bei}~ »'
tal en ss co*lstant, ::1: remains ‘l;rue th 8t for a é,lvcn value of 1, ’bhe
toruue 15‘ a functlon of R only, snlce 3 Orabartlcular value o.LVR,‘"”A
the que.ntl-bles IZ’I aad V2, tne degroe of sa l:uratlon and the value-; :
Df}gnarec.llllyed.w ST T I e e e

!
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APPENDIX—III—’

S GRAPHICEL COVSTRUCTION-':,"

. The curve OC shown in Flg. r~3 1s the mannetlzatlon
'characterlstlo of t“e 1nauotion motor, that 1», tnc rolatlon betwcen 

_the alrngap F.L.F per phase, VQ’ and tae magnetlzln cur:ent~~cr j,';
'phase I ’ for uhe unlt o; syncgronovs specd W .‘ o AR
A , SRR S

Magﬂ&‘\.\ZQ 4-; on:
e » -p‘auwve

E.M-F— 'Per Phase .Vz Ve H’S o

‘Flg. F—B Grégﬁiégin%onstrgz%idn‘Ebr the calculat10n¢ of Dcc

§brak1no clar cterlstla,

, Tnls curve nay be measured as descrlbed 1n the next ,
ctlon. Also Sﬂoun 1n Flg.-G is the vector dlagram.OAB for the :
 01rcu1t 1n Plg-S, showzng-tne currcnts I 19 I - 12 for the partlcular
B, m,F i : TS At S ,
| Av ”.: iiVé1 A0.  Ta:s vecﬁor dlagraﬁ corresponds to equatlon(l)
Vror a glven direct. stator ey01tatlon ID’ I lS also flxed in
m&gn1tude, 80 inat the p01nt B 1wes on the auadrant of czcle GbH,

radlus;Il,‘ Swnce tne rotor czrcuzt of Flg.~5 consiwts of a ilied
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reactor in series with-a variéble reuiStbr.: The eytremlty of the
’Cu?r¢P¢ VeCt0r‘I2‘lie on the cxrcle AB, of dlameier VE /’X or
'radlus v : " | 5 o g
} 2 / 2aq.’ Hence, tae p01nt B must be »hc 1n£ersect10n of
the two czrcles, and for the parilcular value of E.u.F chosenf’ﬂf

o
;(Va

,;The phase angle betwcen Vgl and I2 é'¢é :-angle CAB and 1f BT 1s,,a

§ AC) The vector dlagram must be as SﬂOWn sbove,

v;drawn pernendlculav to AC tLe torque per phase 1n synchronous watt

1s given by'

{7y T :Lfvla 12 Cos ng = Ae ;': AF

‘(AC 1s measured 1n volts and,Af in amperes)
”“@f' A1so;5iffDB§is"drgwn perpendibu;ar‘tQ{AB to cut Aﬁ'gtjD;;f

AP F Lo/ cos f, and since

r
‘/
v - .
o
:'(b

E Tt follows that if AR is measured in'amperes;*" '=f-':', and

~ therefore,

‘ (1O)v ,ng

B 1wl
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BRI ' By reneutlng this constructlon ior a number of values of
[ R
V2 y the relatlonsnlp between T and R may “be detemmined from wnlch

the oorque/SPeod oarves for olven values of R2, or tne torque/

lre51oﬁance curves fbr glven sneeds maJ be derlved &s expla;ned above.

‘Tals procedure cen be earrle& out for the Vul es of I, corresponalng

1
to any value of ID ,
If 32 1s very small, the 01rcle AB bocomes very large,, f[
'the angle ¢é becomes very small and tae p01nts D F and B all tena
‘to 001nci&e:} .‘1 In many cases 1t may be sufflclently accuratc to
:assume tnat 12 is ne 1lglb1e, so that the torque 1s~glven by.;;," C
(8) Tv::n:j(ln aup) x AC (inlvolts) and the'equIValent_iw:'

frotor reSIStmnce by“*' o

Arfi;(g)v w} &C(ln volts)
R T

A (1n.amperee¢

» Tt should be noted that Fé 13 the 1eakage reaoﬁance of theﬂ:

rotOr alone, ana not tne total leakage reactance which is used in
ﬂuhe usual appr0xlmate eﬂulvalent circuit of the induction motor.} EOr

the case/X2 1s nerllglble we cin draw tne ‘new equlvglent Cl rcvlt
S0 ‘wnkre - ' : L
‘and graphicul construcﬁlou. ‘

W2
"‘r ——p- . : —b .
T 4TI,
W E

Tig.P-4 3 Simplified braking circuit instator terms neglecting Xy
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i
12

o We can draw anotﬂer flgure showznb tne magnetlzatlon _
curve and also the vector d1agram of 6101t1ng and r0uor currents nd}

the locz}of'Il’..;

~linca—approximatian f
: ' ‘N\e._%neh.zﬁ*:\pﬂ curve -

)

NN Lo

ot O&Il ,zo QMF B

359 ;7 |  6«“5AmP]>C‘-‘5?ff 7f f{: |
ﬁagnethlng curve f r an 1nduct10n motor and llnear ~*;

G 29*—0\"% .‘"f&i&( EME) |, sAaldor Lerms (l}a te‘.#.‘- 1

| iztig, b
prozlmatlon for tne curve. Tne pnasor dlagram for uhe current53! i

,ié verlnposea.}}ffﬁf

_ v ﬂ"Por evcry value of I asaumcd, ﬁne corresycndﬂng v&lne
fof I may be found whlcn 1n turn ylelds the proner value of ?otgr;*'@
}1nuuced voltaﬂo ;rOﬁ the smturatlon curve. The power per pause :

vaevelcped by the JOtOP 1s E12 c'ync:h:ran.cm.s waots./ Also,‘
"i 'f~ S -;5',4 R
.,‘(10,) B R,

-

e

Mg
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L ' The developed ’corque can be computed f.c'om "I:ne s:mohronou,.,\-
w&tts a.nd the. spoed from 'une lebe of sl:Lp glven in equation (ll)
In “Lhe realonal 03 \eration wnere ’me nag,netlzatlon curve is 11near,
that 2.s, X is cons’ccmt tne ‘ sneed and *borque may ve renrescn‘bed

fby: S - : “ .
(12} ',?2 % _évs—gl-j ten 6

i R " Kmllz f‘ S S T e R
. ,;(13)_ T 3 ——= ©5in2@  which are derived in the . ..

L1

fo“lo ing ’Idyg -

The power developed durmg bra.nng is X ¢ I22 E s:,rizchroﬁéué

wa ‘cs uer phase, bu’c from F:ut‘. F-S, }_2 1181119 ’ :Lf the magnetlalng

‘curve may be renresented by a stralgnt line._j.‘

E: mIm * b e_where; mT b::_Ou '

Also from I"ig; jF—'}-‘ZS, ﬁi'jc‘n'zayibe sc’(aei_i; thats

Thére‘foi‘,’e , P = 113111@(!31 1, Cos 8.) _éyncv:.hrond}is', watts per phase

‘ "‘ff,:j}.? -:_mIl . sin2e or

. 3x7,04 mI;Tio

T —— Sin 2 6 1bft or
o 2 S

(13) T2 1.:,;11'1 | éin 26 where K = z—!—‘?i”-—’-‘-—i-
If;we',put -I,) ’ IlS:Ln -3 and E 'mli Cos & .111 eq (11) 1+ We gets -
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W, LR, R, (1 Sin 9)
s s ::ﬂ tan e

w2, g T

L

- APPENDIX - IV-.,l;ff;J'

':%33.?4533Y81° OWVA o SI&GLE PH&SB, AIR-GdP m.u.F AHD Towann

| o “”'Let us. consider a 51ngle stator COll w1th a biféﬁ 0f'“1f
?:1&0 o degwees, or>P tlmes full pitch AnhA C flowiag 1n tﬁls |
3 0011 v111 produce pulsatlnr‘nagneulc fluy aewoss tne alr-gag overf;{
ifthe 0011 wimh ofpv ‘wnlch returns over tﬂe remalnzng sPace of E?M
?7(2~P)H. Neglecﬁlng tne reluctance oi the 1ron on both s1des o; ﬂﬁf
E"'j‘l'ufl.e gap, and con31ue11ng the 0011 magnetomoﬁive ;orce (h,m F)
fto be COHCSHuraued at slot opca¢ngq of n¢g1191b1e w1dtn, bue flux;f\;
§fwave w1ll conﬂzst of *wo dlsulmllar rectangles of equal area as” é;i

?vshown 1n ihe fi a¢e below‘,;jg“j****‘

Cosayt - ' Tl
L_ (2’P) T .._._.--b-

Flg. ILG-v;‘;f"

= ’ Slnce tne ‘seme. total flux crosses the gap in cach ereCm f
Qtlon, the Ilux denult ~1n51de the 0011 1s ( p)B Coe Wt, and tﬂat
ffout51ﬂe “the - 0011 15 nBCos wt, uhere BCoa wt 1s t“c fla» dﬂn51ty -

fth at woula bc praauced Af the uOll.WBTG full pltcb (u.l)
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g The otgl flu:\. is, therei‘ore, n(E-p) 'bimes the :Elu:r 'hhd'l, E
muld be proauced by the full, p:t.tch co::.l By 'vell—knovm Fourler
uethod of anal,/ 1s, »’me alr-gem I‘:.M F dlstrvbutlon of sucn a -Lape |
nay be representcd as’ the sum o;f a Gerles oj: olne waves.‘ "‘hus Li.ff.F

7 (m) a‘b gny dn.stance X from *I:ne cen*ter c03.1 1s. ‘

(l) m a Coc' 3& + b Gos 2}{ + C. Cos 3 X+ ..'.:.".A-‘zf;’nCost . .".{.:.:‘»; ;
P f“‘,where,‘ AL | | g
(2) mo= -nmCos Wt : from“' = -n to}{:: _g_l_t -
(3)m: (g;p‘) "1&_1 ’cgs wt  from X ;"Ié’—’-‘ %o X = -g-r—‘ |
(8) mespucos wh B Xz-’-‘ tox=mo

: ".""',;',;Where LICoswt :z.s ’me a..pere turns cf the smgla 0011

"f,-';.fr.‘?altlnlylng equa'bloq (1) by Cost and 1Ltem‘at1.1g ;rom ". o

All ~i:ermes on 'me rlgnt s:u‘le of equuuon (1) vam.t.sh exccn‘b

the uerm contamin» Cosk?, because : o T e T

: jCos nX 0051{}& d}’ O o unles n‘-k
Hultlvlymg ecuatlons (2), (3), (4) by Cos kX and iqtegrat:mg.
SR _P;Z/Z ‘

-- X s»wt m k
thOS‘,kzdx: pm COY 1: , y‘ SR

e
(2 -'p) M Cos wt S:Ln k} . oH Cos Wt Sin x|
§ S s T |

"'P% SRR Nony

" 424‘_ Cfs | sin - f
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Equatlng eqvatloas (5) to (o)

L'f-én“} 4 M Gos wt 4‘}<V~pn:? S
nz= _— A
4(7>-M,”~-v'_nk,.‘f‘ ;S;n k’§,3 -

et eristion (7). in iewi,on' @

o he L5in 2B 0os 3% 4 ...+ 28in kP Cos kX +...)

vg Gons-derlng tre Kth harmonlc of equatlon (8) by 1tse1f

. 1 .
we have an @.m.P wave w1th K tlmes the fUndamental,namber of poles

SlﬂO“éld&llJ dlstrlbvﬁoﬂ aronnd the nerlphery, and alternat1n5k51nooo'

soidally 1n tlme at a frequenoy, f cycles per second., : o

éoi;»fq:ffﬂAt”anyﬁnoint*Onfthe§oéripﬁery;”thefM;M.E.;is:
fi»;ﬂ% iﬁ Sln kEE'Cos K n.Cos 2 nft

But thls 1dentlcally eqal to-. -‘
(9) 32:% sin 1‘2‘3 [C?"S (kx'- 2R £5) + Cos(kxs f&ﬁ{ﬂ%'

- That 1s, the statlonary, altern&tlng flold is at every‘p03n4
and at every 1asthnt 1ndlst1nmulshable from tae sum of two equal -

constant magnltudo 1elds revolv1ng 1n 0pp051tc d*rcctloné at the ‘
Same speed of af poie DluChCS per secoud Slnoe kt narmonlc has k »
tlhes as muny ooles as’ tne ;undumentol, or R)k revolutlons per mlaute‘

1f N 18 the synchronous speed of the funamontal

e
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the %70 flelas are o oogltc, maﬁlnﬂ

m%ls la sqown &O”n 1n tﬂe Flgu e~3.; 3_7‘
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one pulsating A.C. ifiela‘. |

II every. 0011 in tne ulnalng;‘" 1dontlcal each one u111

yproauce a 51milar oalr of oupoultcly revoleng m &.T waves for each

iharuonlc.

%the same Ourrent, 9r0ﬂu06° a kﬁh durmonlc fleld equal to uhe vec»or f
sum of tue a 1dentlcal flelds speced COQSQCUilVGly one slot nltca !x
gupart. Thls resultant 1° fbund by vector addluvon of the cnoras of
?a 01rcu1ar STL.; The corresuondlng dlstrlbutlon factor or ratlo of i‘
Ethe rccul ant tothe humerlcal sum of the ilelds 13 5xven,by equatlon 
10, o

Faech 0nase belu comnosea of n consecvtwve c01ls carrylnp

S . 8in 2B
(10 KL, T sl o mpuo o
SN0 Rgn nsin SR

_3f6r theLmth4‘har§thc; N

Emhegmzmaf o; a single ph“se belt of n c01ls is fouad by combinlng

equatlons 5 9,10

1*.

7‘1%)F?n§vt1§ff"* $PKd :QQS(afot)_f ) Ka‘vgosiﬁgx‘fwﬁ):f'

.,2» ,;

e SRR N 2m k:k;cas.;
S R~ ) - L - co.- s ’ . ; d
k‘ _fAﬂf t‘f.f*jk~ Cpdek Cos ( kz Wt) ¥ | ?A.r v"P* Ry
- (i % wﬁ) + K XK. Cos { 21 + wt) + ..%l>»
R R R |

1}" ;;..f, “¥ng£* ‘ K k. Cos( %wt) + ;-K K Cos( 2y*wt)
r . pd L2 TPy

pk dk

1 . . R
% Wt “eeea
1 KPL dic Cos ( kx ). ‘

theffar\ard revolvmng flelasq ‘and the second one. tne backward

Cos(kz-wt

1
C
i

R
i

1

¢ The flrst bracketed term in equaulon (11) renrescnts dll
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re"olv:mg il@las, The value of Ipi' Smpmg' . .

. In a. symmetr:.ccl w:mdlng, COllS L.D.CJ,GI' consequent poles are
.180 elec'trlcal apar‘b zmd car“y curre *bs 180 apg.r’a 1n u:une ’)hase,
,tha‘b 1s, Opp()S" ue 1n ‘cn.me pnasc. The res ultant ".I,;.F of the comple G
’Lphase W‘:mamg ex pressed 1n ampere hrns per pole, mll bm, obta:med
by aud:mg “bo equa‘tlon (11) a sn,m:t.lar serles, e:rcep*b t-la't tne s1gn 0.1.
each term :LS reversed uﬂd *me anvle (x P r bR 1s mbsi’tmtea for '

"'t:hrou,ghout md dlvmln ue sum b; .,.vo, that iss

m= % | m,é— __i.‘; fm n )

e

Perzommv {,hls operatlon on equa.tlon (ll), hC w:;.ll notc /.;

i"hp.a'b all tbe odd ha.I'}nOlllC ’ccrms ada cllrectly, since*

"‘ COS [( ok + l) ( ? + n)] .-' Cos ( 2 +1)X~;

R d all tne even harmonlc tems cancel ou.‘b, s:mce

aij'[ak (w:« n)] z Cos 2L = - 'i‘herefore; "thé MJLE
“4vave of phase A, whose uurrent is e \Ja I Cos wt i S

' B o S 1 . “; 1 :
‘ [L,.PYd Cos ( X—-w‘l,) 3 ’393;{@3‘ Co~. (3;;.;,;1;) :‘_‘,'_ .

dSCOS (51’ ¥ “b ) 4-' ....]i— E—E[K‘fKaCos_(xﬁvt)_;g S

) Y

“3 KP3K 3Cos(3,.-z~w‘t) ¥ = ;{ 51;65005 (5?’ + Wt ) ...]

Where, l‘u.. neak ampere twns per coil ',2_‘AI5vtimes _fcurnsspexﬂ co”i;_l',
aad, : n:: co:z.ls per nole per pnase. ' | " ' L
Y'V‘{Ehe Cos (&X - vrt) ter:as are. forv'ard revole.ng waves, end. tne i

Cos (kX + wt) terms are backward revolv:.ng ones_v S
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After havmqg analysed the harmon:c conponents of an .
'.altornqtlng flu -due to the szngle—phase “uxlllary w1nd1ng of the'f”
: 1
:.motor, we: cdn s udy tne echct of tnese component on. the opcrat1on¢

1
i

| canracterlqtlc of‘the actual motcr.; A° we have shown 1n ﬁne above
g:ana1j51f;; an altornatlng f‘uxncan be' repl&ced by two: _rotatlng ;
é wu, ¥ s 1ruvslllng in. opposzte dzrectlons and euCh hav1ng an. a*nlltud
Eaequal to ﬂalf 01 that of the altcrn&tlng MJLP. To these two .1."'ﬂ*
| rotaulng flur Wthﬂ bri vels 1n ‘the vame dvrectlan of rotatxon as the

i toior 13 called tne forward rotatlng Iluh,'walle t“e other one

fravelllng in tﬂ@“ opposite dlroctvon 40 tie rotor 1s called tne;  ’iﬁ

;,backwara rotatlng fluy. So on the rotor there wmll be. electromoﬁlvc

5,forces (E&F's) 1nduced bJ two rotatlnm fluyes for each harmonlc and

'the 1nf1vence of each fl\x on the rotur uiOh d be consldered seoar e

: l The effcct of each of the “wo rota ing fluyes on tue rouor

".1

is tne »&me as tqat of tne ulngle rota 1ng fluy on the rotor of the ;

polyphase nOoOT. g_  ;V

‘\ -

If tbe rotor has a sneed of . rpm, accoralng o tae_;;ﬂif

5,defln1t10n of tLe Sllp, s' the sllp of twe rotor u1th respect to |

Tthe fbrwara roiaulng Man narnonlc fluy IS‘

....n
B -
3 = le =

<81nco tJe bacrward muln harmonic Ilu? rotates o,nouatc to tne rotor,x

'tne SllD of ﬁhe roﬁor W1th respect to tuis backward rotatlng flux 1s,

BEY

n.~ (~n)

(15) S < .
In order to mahe clear' the $nf1uence of the uﬂO rotat_ng fluxes o
itue roior, 1t Will be as sumed that n<:n . Then Wloh rosnec o tue

:forward rotat"ng fluy, and accordlng to equutlog (14) S p051t;ve
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and sm%ller unan hnle— And &bls c":c'educr thun one and p051t1ve. |
ngure 4 uhow an uarque angd MGCDcnlCal OOner at the shaft as a ffo

3funct1on of Slip for motor, genorator and brake oPeratlon.

A ,mc“':vve‘\;"'.’d ;

TJ 'PMQQAV,&\;‘:‘:}\‘ :

L o Sl
A og a6 04 o2 -

tLConSLderlng,‘ -'flgure F—9, it 1s aecn tham e rotor, unde

ftne 1af1uence of’ the 1orward rotatlng flux, onerates as a mOtvr.,,ﬂﬁ
Wlhpr positlve and ﬁma 1er t“an 1, the slin of the rotor with res e

‘to 3ne b,

fﬁw “d fluy 1U,QCQ0ra119 to eqaatlon (15), 9051t1ve Mnu "Vé
'1 rger xan one.v Ag n COﬂuldOr"ﬁF tsc Tigure drarn above, it is o
,Obvious ta t't&e rotur, uauer the influence of" upe bacxwar& ro»eaingf
Ilux, ogerates n the reglfn of brake operat bn. Taus the twol, '

rotating flu s nave an opp051ﬁe ]nLluUuCG apon ﬁﬂe rotor.

The rel blon for the - dev lomod ﬁurque, derlved for tae polJ

~nhase 1nauct¢on motc :

Td ——’—-—‘71104 ‘ZIIE"LE rgl LT '
ev.. 50 ~1lb £t can be avplied to .
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-eaoh of tne two rotctlnp flbyes.i'”hus tne torauc develened by uhev“

 rotor under the 1nfluencb of the foruard rotwtlng maln harmonlc Iluf‘:

ana thq torque develooed by ae rotor under une 1n£luence of uhe

fbacswafd rotatlng muln harmonlc flux‘fujffV T

(17) m= »—L—Qi“- 1f J"zb”* 2 1b f'b
L n S ———_—.

» Qf land Izbm/aro tbe currents produced 1n the rotor by the forwurd

und backvard maln aarnonzc fluxes re5pcct1vcly The recultaJt

;develcped torque due tc maln harmonlc fluy 1° the sum of Tf , and g

‘Flg. F-loauhons botne oorques and thelr rerultwnt for sllos betveen |
-zero and a 2 Tne reoultant torque 1s zero at standstlll, '
iaccord.nce W1th tne fac* *haﬁ 51ngle-phase alternutinb fluy 1s not

iable to start an 1ncht10n motor.ﬁf_’_

PESURE s PP

1‘1
o N
:]
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| At stand otlll el 2~ S=1 so0 bdth‘flu§e nave equul mnd
onnoaltc 1ni1ucnce on ﬁnc rotor tnus 7 20, Powever, at uny otner

slp

‘;ﬁlﬁ%}‘ Jd tnere e 1sts d¢1v115 torque T o We can
Il ; :

unvly e same analf 'f01 “he otner counles of harmonic ElUFCvo
Slnoe we are. left w1th odd naruonlcg oalJ from eiuaulon (13), 1t 1s

rd . _th
lp most czfectlve nurmozics ure 3 y .5 s 7 ’ 51nce the

scen th

amplltude of tha Vt narmoa*c rotaulnﬂ flux -%%r of the mgln

harmonlc fluy amnlltuﬁe and tne 8peed Of rotatlon of tue X Fharmonlo

nsk S 120-3 = P |
,_‘ n ‘a'm B o
; i L x .- s R
sk e o Bt BE L gk E
Do Sem no. Sm
E.’Ild k 5 ’ 7 9 s e 0 00w -I II‘OHL equa‘blon (19) ’ fk

is p081tlve but less tﬂ%n one, for all 1mportant narmonlc 50 wofd
under the 1n11uence of forW¢rd rotatlna kth harmonlc fluzx,. ooerates
a2s in m0uor oncratlon rcglon.‘ From equatloneao) 5& is n081t1ve'
and greater then one so the ”otor under the m“fluehce of the back-
ward rotatlng Lt; aarmonlc fluy 0peratmo 1n ﬁne region of brake
operations . | : ' N
| For n.(p.’ or éonsidefing bnly the'firs w0 ngrﬂo'1~
, q ot - Lo ’ |
for n>—— 5 3$>n sk, Frﬁmvequatiqn (19) ka»is negative,or ZeT0.
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Vegatlve mllp meuns aocoral g to F¥} F-9 generator reg 1on\operat10n
for ﬁne'rotor, due %o tAe forwara flb of tneraurmoplcs. Zero SllD
oo*responau to zero uorque elfect on tnn rocor, which 18 uue.go the

forward rotatlng barmonlc flux.

gg_ Trom e"uaulon.(zo) Sbk is DO°itLve and ?TCSuCT than one

alw“ys uo rotor undor the 1nfluence of the b rward rotat,ng har*011f

flux, alwuys opera es 1n ihe brake renlon.

S]tk‘-:o When l :k"’g"‘ L -i—_—i—- s %_—-'.ﬂ»‘tha‘b is a‘tf
KR T T R ool Em e
g =

v°In tae angly31s that w1ll follow we w1ll uon°1der only *heV

. o o
flrst two harmonlc fluzes of tbe auzlllary Wln&lnﬁ aanely,, ’é- and -
Stﬂ harmbnlcs, hoaever, tne small tnelr effect is.

e Fork: 3 se1-1 =2  thus S., =0

B T T R 3 o E3

ands:l-z-%'- -: % “'maices_\"l’g"V:’S-v =0

for =2 .~-L~S:51"‘ 5%5  mekes KSfS _*,° :
1‘ 6

s ”:‘Uginé the above—med oned daue, we cwn druw the toraue/
.3pced charectarlstlcu of u_e tulrd ‘gnd fifth narmonlc flux eu,
-Ilgures F—71~12.- In tne same woy we can draw “the torcue/upred
"haracterlstlc 1or tﬂe maln harm041c and the sgﬁcr 1mposat10n cf

'tAeS“ uuree CuwT@OtGPISblc° w111 ”1V8 us tge neh torque—aneed
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fcharacterigtics'due‘tO'th auxilisry wingi o %ith'ﬁ.q single phase ¢

‘supply-epplied. Pigure F-13.5

R

th .
Net 3 "\urmemc. T;::rq\—‘(’/ ‘,og() Cur‘ve

=
JE-

Torquu/snemd Cdm“ECﬁGr*oﬁlC oi tae tdlrd harmo“-c
aqullafy 51n le«ahuse ;luy

& |
o b : Ne.& 5 erfV\O"\“' ’
 ? e }" r B Tbrque}/s{,g.e&, curve S\\F

-

~0,5 . 0,4 0,4 02 ok

Torque/snced CA&T&CtGTlSi ¢ of tue flft& naruonlc 
aqulluTJ ulﬂrln—oa 18 1luu.

A C. Siale SWene vld'.r;\“m
. {hax "\l‘ “'Fs peed curve
S\, she

o S

w

Fi F—13 L;Net torque speed curve aue to nuln, th¢rd and firin

ﬂarmgnics uf 51ngle~p4aqe A, C euxilis ry flus
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::;~ffAlternatlng Gurfent maeblnes, A P Duchstemn, C Lloyd,
7?:{&nd A G 00nrad 3rd ed Wiley, 1954.-

;Altarnaﬁlng Current Hachlneny, J.V‘Bewley, Nacmlllan 19490i

:'jifség,ﬁindlng Alternaﬁ;n —Current machlnes, h mescnlts—Garnk
J"-jf{and C.Gentlllnl, Van Hostraud, 1950 o

;17 74;2 ?crformance and Design of Alternatlng Current Macglnery,
' U.G.Say a.nd. .l.z Plnk, P:L“tman ana Sons,1936 -

f;gé;?'vlectrlc Machmmes, Vol II A C Hdchlnes,'f.blwschliz—Garlk
o }-“._fand .. Whlpﬂle, Van Nors’hrand’ 19&6"

3Inducu10n &otors, Slngle—phase Polyhape,;charles S Slwklﬂ
ﬁc Graw—Hzll, 1958 ’ ‘

y7 <;f7ff?The Nature of Polynhase Inductlon Pachlnes, PhlllD L AlreL,'
‘ﬂ?Jonn Wlley and Sons, 1951 - o S

. fCon*rol cf Electrlc Hotors,v Harwood, Palsley B., 3rd wd,
 %%& Przntln John Wlley and Sons Inc., Janugry,1958 i

\'?Controllers for ETecﬁrwc Ecuoro, HeﬂrJ Duval Janes,

'Qyén Vosﬁrand Oempany, 1926 8 Warren Street, ﬁewYork

'R°fiigﬁ:imhe Effect of Hagnetzc Sa*uratlon on. the D.C Dynamic Brak¢m2

““ﬁ?Characteriatlcs 01 A c,.JotorS, o I Butler, Proceedlnﬁw,;
L EI E 3’11956 (Vbl 1o4~cil85 92) | q, S ,"”

'f f11.j;The DJnamlc Braklng of: Iadvculon Motors, D. Harrlson, PrOCLe&
_flngs, i.,,.E., Voi 103, Pt‘ 0y 1956 ”P~ 121“33'

‘1?figﬁﬁisf§pplaa Tlme and Energy loss of A C. motors witn D C
B _*;Brakmp “0.I. :Buﬂer, Trans. a 1 n E III., Vol 76 285-—91,
(June 1957 ) LU e
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3_5, ; D c })ynamic 'Braklng of Squlrrel-cage Inductlon hotors, v
L Ta. Pierre, N ﬁe‘!;ayas, Trans. A I E, I V 2% 72’ n‘t I“" .
(Oc‘:h 1953) PP 981—-93. R R AT
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