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SUMMARY |

The induction meter compares favourably with d.c, metors
as regards cost, size, meintensnce, and wear and tear, but suffers
.trnu the 11n1tationg that its speed of operation remains wore
or less comnstant, wad can not be varied as desired, A number ef

mtheds for its speed éontrcl are known but the v;riation of
tpoid is meither smooth mer sultable for certaim drives, sspecially
hoist crane otc, |

A standard torque-gpecd characteristic of an induction
moter iz obtalined when a positive~gequence system of voltages 1is

impressed on its termimals. Under negativeesequence operatien

| the characteristic iz the inverse hnago of that of the previous
one, When a zero-gegquence system of voltages is applied, the
motor behaviour could be determined by rocour;c to single=phase
soter theery since the resultant fisld caused by cophasal voliages
is pulsating,.

If the induction wotor 1s subjected to the positive and
negative-gequence systems of voltages simultanecusly, the resultant
terque=-speed charscteristics will be the algebric sum of the twe
ssparate characteristics, end this resultant characteristic ceuld
be modified, as desired, by varying the relative magnitude of the
tws systems, This suggests one of the ways of smoth speed contrel
of the induction moter, | |

A similtanecus production of positive nnd‘nozatlvs-:cqunnce
systes of voltages ceuld be achieved by & number of ways, One of
the easier method 1s an unbalanced operation of the induction
moter, Under umbalanced operation, zero-gequence systes, if not
eliminated, 1s aulso present alongwith the positive and negative-

sequence systems, Tho gere-ssquence system could be essily



eliminated by previding a winding arrangemsnt such that the
algebric sum eof the phase vectors is zere, o
The unbalancing could be produced, simply by intraducmg
an izpedance in ene of the lines, er using an autoetransforumer.
) The degres eof unbalance preduced depends to soms extent
on the load cenditiens en the woter, but in general a variable
impedance 13 reguired to ccatrel tha degrse ef unbalance intree

© duced,

A saturable core reactor (S8 C R ) can bs uged as s circuit
‘elomant having a varieble izpedance, The 5 C R consists of two
‘windings - a load winding connected to the alternating current
| supply, and a controel windimg connected to a direct eurrantAaourco,
and providing a variable bias. The 5 C Kk is driven electrically
by the lime voltage and the bims, and the flux density in the core
reaches a saturatien value B& sometimes during ons of the half
gycle of the line voltage. If the core mutarial is rectangular,
the transition into saturation 1is aharp, the impedance of the coil
drops abruptly and most of the line voltage appears across the
load, and hence prevides use ful power, The reversal of line
veltage drives the flux out ef saturation, load comduction esases,
and the direction eof flux change i3 epposite to that eof the
previous half cycle. Lead power, and cenduction angle are comtrolle
ed by moving the initiazl flux density 'B* towards poait;v. Bs
(direct current), In general, the abeve techniqus centrols
induciénce by applying am adjustabdls d,c. magnetization,

The speed of an induction metor cem be controlled by
connsciing tind s.¢. (load) windimg of the 5CR in one ef the supply
lines, and ebtaining d,c, for the contrel winding either with the
help of rectifiers or directly from i d.o._lourcoﬂuvallabloa
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By varying the control current of the S C R the relative
sagnitude of aegative-sequence voltage can be varied as desired,
As such, this sethod is not effective, because the soter eperaticn
is stable oaly in a Very licited range of speed., Hewever, with
a motor having a high roter resistance, the speed contrel is
possible im all the foeur quedrants, The high roter resistance -
alse lixcits the high imput current caused by the unbalanced operae
"tiom, In case of a slipering induction motor, the secondery
resistance can essily be mcruud' b& adding am gdditional resistor
in the reter circuit, and a wide range of speed centrol can be
obtained by using a capacitor in addition to the resister, or
by using a con’uinaﬂén of sxtermal resistance, capm’ltﬁnco, and
‘induct4nce elements in the secondary circuit, The speed centrol
cai also be made automatic and responsive to speed as suggested
by wickorh-n%m the case of slipering induction wotors, Ia case
of squirrel cage induction wotor the current in the control windinmg
of ths 8§ CR 1s automatically varied by the d.c, tzchometer genera-
tor (fixed en the nhaLI‘t of the induction moter) and comparing it
with a reference direct voltage, Alse by using 2z capacitor in
parallel with the § C R ; the external reactance zay be varled
upte a greater extont alongwith the facility of reversing its sign
too, the directien of rotation of the moter cam be reversed witheut
interrupting the mains circuit, and a dymazic brakimg is possidle
witheut an extra equipmemt, This form of speed control of induction
seter, however, causes problems of magnetic vibrations, moise,
sverheating, and high input line current, Hewsver, all $he these
difficulties tould be alleviated to some extent,

In the laboratery standard tests en a slip-ring inductiem
moter, and a squirrel-cage induction meter were perforsmed te



AL

ebtain the parameters of the moter windings. The possidility of )
speed contrel eof the induction iotora, by sixed-gsguence opcratma,
was studied by measurimg the torque-spesd, and torque=-input
curreat chircctorittica for the above motors under the following
different colditlQnst

(a) with balanced applied voltages

(b) with varfous unbalanced voltages obtaimed with the

scR. a

‘§?; with various unbalanced voltages obtained with the
‘ v single phasé variac, ‘
/':na "{d) 4n the case of slep-ring induction motor (a), (b), amd
/ (c) with the differemt external resistances in the

rotor circult,



Hyly
Ios B &y
lg' I2s 1y

Topr oa

1opy 1oy

Fors To

N

LIS OF PRINCIPAL SYNEOLS

‘wnit esmplex sperater 02 T/3

flux demsity, Reteative, amd Saturatiom flux
dcngities |

supply frasquency

fer znrtosoqnqac; oieltntion,'nqplitudo of the
ath space harsonic m.m.fs of sach phase, fer
concentrated, amd full pitch winding,

fer zere ssquences -xéltatiol, amplitude of the

ath space harmonic m,um,f, or‘oueh'phasa. at a

‘point & slec, degrees, at any instant of time ¢,

Nagnetizing, and coercive ferces.

phase currents

positive, and negative and sere-sequence stater
currents per phase

Positive and negative-asguence reter curreats per
phase |

Zere-sequence roter curreats per phase for forward,
and bacward rotating fields,

oper circuit veoltage ratio for each tapping utilized
in auto~trangformer,

for zero-seguence excitation, uth

space harmsnic
winding facter for each phase fer distributed, and
fractional pitch winding,.

ausber of turns in the centrol, and lead windings

of the 5CR,

stater, and reter resistances per phase

" gere~sequerce roter resistances per phase for fer-

ward, and backward rotating fields,
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resistances of the coatrel and load c¢ircuits
of the SCR

fractiomal slips for pasitlv., negative, and
zoro-:oquence‘(ror-urd; ard backward retating
fields) systens. |
positive, megative, and zero-sequence torques.
pesitive, nejative, and zerc-sequence voltages

per phase,

_adnittancea for positive, megative, and zere-

: sequence systess,

external adlittance, insortod in one of the lines,
equivalent seurce impedence of the aute-trans-

former,



7o In the field of utilisatlon of electric energy the
lnjor Tole 13 played by the alectric moter, The ploruphan- induction
l-tor haa vido;pro;d industrial used, but alomgwith very valuable
.dvaltu;es it 1s knewn to suffer from the inherent disadvantage of
vcry poor speesd r.gulatioa ohnrqctoristics. The use of inductiom
lntar has bona, as a result, igmored in most variable spesd drives,
ospecially uith.wAAo range speed regulation, In recent years there
has been a great deal eof research .etivity to doviso pmeans of obtainin
a veriable spesd operation of induction motors. |

The d.c, -otor which i3 very wlénly uzad in vnriablc
speed drives has the great advantage of a giving a smooth speed
control but this is obtained at the cost of sdditional significemt
expenses on installing ioavartorn,‘and aRergy lesses in the conversion
of a.c. into d.e, The dec. motor itself cests considerably more,
raquiros & greater care, and wears out quicker than a.c. meter,
Thorarore, the commuh interost in induction moter speed control
has increased atcadily in last few Years,

The prebless of speed control for crane hoists, and
ether siniiar drives are wmore involved than these for general drives,
For speed control of slectric drives in general, we have to consider
load changes ranging from zero to full load, In the case of crane
hoist, the motor load aight change from zero to full load during
hoisting and from #10% for lowering the empty hook te =64% for
lowéring the full lead.

Anether difference hctweanvcnnornl drives nné holst
dvives s the fact that in the case of general speed centrel,



failure of the control would merely stop the operation, dut usually

nothing more would happen. In the case of a crane helst, fallure of

the control might cause the abrupt dropiing of the load, an extremely

dangersus situation,

L " The requirements of a satisfactory hoist control are as
/fellowss= | | |

| (1) &afety in oparstion, Ruggadnoas, and Simplicity of

apparatus, |
(2) To hoist all normal loads at slow, Medium and high
| speed,

(3) To lower all leads at low, medium and high speed,

(4) To brovidc accurate positioning of all loads, overhae

aliag or mon-overhsuling (inching),

(6) To avoid too high currents in the windings and thus

reduce heating of motor and apparatus,

Speed control of slipering induction motors, when the
torque developed by the motor is appreciable and in the same direction
as the mechanical rotation, may be obtained serely by adjusting registe

. ance in the reter circuit, However, this simple method is inefficient
at low speed gettings, and the mo load speed 1z always synchronous
speed, In the case when the torque is in the opposite direction te
the rotation, ass in crane hoist lowering, the pfoblam of speed control
at lszs tham synchronous speed is not easy. A.C.wmotors have been
uged to obtiin speed- torque characteristics similar to that of hoist

" control by means of suxiliary machines as in Kramer or Scherbins drive,
Another typs 0f a.ce drive employs two slipering lnduction_metors 0
that their torques opposd each other in a manner as to permit stabdle
operation at spesi less than syochronus speed, All of these schemes



are unsuitable due to the problems regarding either power supply,
| cost, size of equipment, or complications of control. The latter
method, hewever, suggests a means whereby the previcusly outlined
features tay be obtained with only ome slipering induction motor,

It has been shown that the application of unbalanced
Voltages to the stator of an induction motor produces mixedesequence
systems of voltages, and if gero aoquanc; systen of voltagos is elim=
1nntod, motor ogaratts only under positive and negative sequence
systems of voltages, The operation of induction moter aiinltancoualy
under positive and negative-sequence syétimé of voltages 1s equivale~
nt to that of two identical motors operating with l;alnnced primary
voltages and so connected that their torques oppose esach other, Ii»
use of a singla induction motor with unbalanced voltages aprlied 1a
a definite predetermined manner will yield characteristics aimilar
to those of the two motors, |

There sre s nusber of ways of producing unbdalanced voltas
ges, but with the use of saturable core reactors, the unbalancing
can be easily produced end controlled, Also saturable core reactors
provide a means of making the pripary unbalanced voltages a function
of the moter speed and consequently an sutomatic speed control of the
wotor 5p-od and consequently an automatic spesd control of the inducte
ion moter can bs obtaimed,

This dissertation gives « review of work en the speed
contrel of induction moters by mixed-gequence operalien with the use
of saturable core reactors, and the results of. an investigation |
carrisd sut to demonstrate the primciples involved.



Tho opcraticn of oo dndecticn motor doponds uwpon tho puece
oooful produeticn of © rebating oapnotic fioia in tin alr gap of
tho motor, Jhon boleiacd polyephaoco voltagﬂé é;a applicd to tho
otator of ca iftdustic: motory tho rotating £iclé‘&o predueecd by tho
corhincd cetlen of tho balanecd polyephnno curroa%q £louing 4n tho
polyephivgo pricory visdions of tho ootore Tho rotdﬁﬁng £301C rototoo
at oyrehronouy pgpocd cod £olloup oagneotic paths throuéh tho gtator
Srong B0 clvoynp ond Sho iren of tho rotors Tho cagniﬁhﬂo of thip
rototing £iold roming woro or logs constant, ond honce con Do ree
progecatcd by o rotating voctor of coustont amplitudo, vhogo locus
io . elrclo. If tho pol,ephngo voltoges cpplicd aro unbaloncod,ti
tngnitude of thy rotating £10ld 1o no leagor conotont thoroby naking
tho lceus of tho rotating ficld veetor on ollipse. Tho ghape of tho
01ldpco dopeads upen tho typo of unbaloneo and tho opocd of tho rotors
HBovovor, ony uabaloneod or unsycatrical 3ephaso oyston ean ba.rosoln}
ved cecording to oyncotrieanl component thoory icto thrco goporato
oyi—oirlgul gystorn of pogitivo, nopgativo, ond zoroescquonco roge
peetivolye i€ soturstion offcets woro omll, tho offcet of tho
tubalacocd pyotou ig tho synthoolfo of tho goparat: cffocts of tho

3 corpeacnt gyrotrlcal syotorss

dod  Bnoxnticn of Industione "stor wvndor FonitivoeSonucnsoe

Tho popitdvoegogucneo gyston of voltnges in 4 throosphago

oycton ecaplfo of throo veltnzos of ogual oagnitudo having a progroe
sodvo phoce digplecomont of 120 botuson thon in a given eyclo ordor

| (abts). i2on o pooitive coyuonco oyston of voltngoo, of amslitudo §
ond frogucney £ o is opplicd to tho gycmotricrl 3ophnge stator wisding
of on &dustion cotor, At produsco o potating caznotic fiold 4o i€o

air-gap, which rotates, in the positive or forward direetion relativo



te the pr(uaiy circuit, at synchreneus spe~d N§, This fleld, at
least the fundamental compsment has a constant inplitudo, and
induces e.m,f's, causing thc'tlow of the currents in the roter
or secondary, Dus te the resuitamt electromagnetic interactien
of the magnetometive-force and field, an mnidirectienmal terque
is developed, terding to rotate the erter in the dirsction of the
‘retating fleld, If ths tergue develeped 13 sufficient, the roter
fellews the rotating f141d at a speed N, somewhat lesser than the
syrchronous speed, Under runnimg coniitions, the field retates
forwards relative to the secondary circuit w»ith a veleclity sk,
where s 38 slip equal to (NgeN)/Ng, and induces ir its windings
a positivessequence system ef valtagea of swplitude, sV, and
froqécncy af, which causes positivee-seguence curranté to flew
iz the secondary. The primary and gsecondary pesitivsesesgquence
currents satisfy the m.m.f. balance squatien, so that the differ-
enos of their m.m.fs, Just preduces the pesitive-sequence flax,
The equ%yalont circuit of the inducticn moter fer the
pesitive-gequence system of voltages is shewn in Pig, 2,1,
The positive-sequence torque at -=n slip s is giver in
synchoneus watts, by
2. =3 1§p *,/ 8 see  (2,1)

1 ‘
where I_. > pesitive~geguence rester phase current,

2p

# + Fg = reter resistance per phase ,
Fig. 2.2 represents the torque speed characteristics eof
s standaréd i~ cticn metor umder positive-~gequence eperatiosnm,

2.2

The negative~sequence system of veltages, comnsists of
three squal veltages, wach smaking an amgle eof 120' with the ether,

butharing the phase~seqiuence in the reverse erder te that of the
pesitive~sequsnc system, When a negative-seguenca system of -
:



voltagen, of atplitudo V5 ; ond froquoney £, is applicd to tho
oycrotrieal gtotor wirding of an induction cobtory it preducos a
rototing mapnotie £10ld in its niregop, vhich retateg,y in the
nogative or backuard dirostion ( $.o. iz tho oppositodirection
to tho ficld duo L¢ tho posgitivessoguenee oyston) rolative o tho
pricary eiroult at gynechroncus spec., cnd at leest the fundacontal
of thig fisld hos o constent anplitude.

if 3 the rotor iy roteting in the directlion of the pogitive-
goquence field with slipp (the uegat:go-séqa@nce ficld rotating
at synchronous spoed $1. the oprpesito dlrection), the olip ¢f tho
rotor with respect 4n the nogative-gequorce flold ig
| g% ==Ky = Wel = 2us on ad e (2.2)

Tkn equivalont clrcuit of the indaction wotor for the nege
ativo=seguenca operation is ghoun in Eig. 4.3

The negativo-gnsuonecs torque, in synchronousz ss¢ts, ot glip
o' 4 1s given by

,=3 1%, v,/ 0 =3 1o Fp/ 2%9 oo os (263)

whoro Iﬁn e nogativaeroquonce rotor pbaso current,

Ty = rotcr rosistanee phaso

rotor ropisgtance inersapen wuith the inerccso of glip

Filg, 2.4 veprosonts the torqueegpoed charectorigtiop of o
ctondard indvetion coter, nander nepativesgogueonce Opergt10ﬂo'
2.3 QOperption of Induetlon Iator Under Zoreefeauveneo

It may Ye ghovr that vhen a balanesd Jephnpo ptator winding

of ar icdueTizn votor ip oxelted with zore-pocuonce or cosphnoal
pinvgoidal cwrrenty, tho nth apoco harmonle D.mefe ot o polnt &
clec. dogrees oleong the periphary of the arcaturo fron the axig
o ohy ono phaso vinding, at any $ngtant of tico t, 40

Prq =B, Ph (1+%coo 1) cos (nd + Fhotn2nr e
(2,4) vhero F§ = cpplitudo of tho obh gpeeo hormonie Cebofe
of caeh phaga for ecngconteatod & £all piteh uindinn
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Kp™ n*'h space harmenic wimding factor eof sach phass, when )

each phase winding 1a of the distribvuted and fracticnale
pitoh ferm, ‘

It will be sesn that Fuy is zere fer all values of =z, cxco;}t
as 3 and multiplos ef 3, Im practice, the higher muitiples of the
third space harmonic are aqrriczently small, and cay bs neglected,
Thus the Me®.f, Waveform, dus te zers-seguende currents, preduces
a magneticfieldd in space which has three times tho nucber of peles
for which the machine is sctually wound, The resultant field is
.statienary in space and pulsates at the fundamantal frequency f,

This stationary axd pulsating field may be reselved inte twe rotating
compenents of oqual magnitude but rotating irn opresite directlions st
. & synchronous spe#d squal to onesthird of that of nermal 3ephage
eperation, | | | o |

.It follows that the squivalent circuit of the mchizio, for
zere~gequence cperption, will be similar to the well knomn equivalent
circult ef a single phase inductlion moter. This circuft is sedified>"
as shewn in Fig, 2,5 by the introduction ef the liek L and switch M
in erder that the effect ef physicrl arrangement ef both the primary
and secondary windings may be considered, |

The slip ef the roter with regpect to the third harmenic
fleld, rotating in the positive or feorvward direction, 1s given by

l““%l.:_&.w -2+ 38

and the slip ef ths roter with respect to the third harmemic field,
retating 1n the negative or backward directiom, is given by

."': au “"’4"“3!

When the prisary winﬂmz has a coll span of twoethird the pole
piteh or esch phase winding is distributed in twesthirds ef the pole
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pitch, the value of winding factor K is zero. With either of these
physical arrangescnts ef the primary winding, the third harmonics

are always elinminated, and there is no interaction between the
primary and seccndary windings., The sgulvalent circult of Flg,

2.6 reduces to the leaknge impedence (r; + dxl ) only, and therefore,
the gwitch M must be closed,

#hen the phases of the secondary are cennscted Iin star,
ard the neutral point is isolated, there 1s ne circulating path for
zere-sequence currents, Thus, with this physical arrangement of ths
secondary windings, the load connecting links I maast be opened.
Again, when the secondary winding has a coil span 6f two-thirds
the pole pitch,or each phase winding 1s distributed in twoethirds
of the pele pitch, no zere~sequence e,mfs can be induced in the
wirdings, irrespective of whether it 1s star er deltx connected, and
thus the limks L must ba opsned,

The zere=sequence taerque, in synchronous watts, at sny
slip a, is given by

o x - 3 [{IZ ror /(- o0} - (Ioy vop | (43 }]
where Top and 12r = Secondary resistance and currnt per phase

for forward rotating field,

Top ard  Igp=  Secondary resistance awd current per phase

for backward rotating field,

The daternmination of paramaters, and perfermance calculae
tions, fer zerse-sasusnce operation, nre~cempletely discussed by Brown
and Butletd , |

Fige 246 represents the torque~speed characieristics of a
standard induction moter, under zero-sequence operaticn,

2.4 MLMWL@WMLM
The zere~-sequence systaem will be absent from all typea ef



LY 2

3=phase bperation irm which the algebric sum ef the phase vacters
1s zere. This cenditien is satisfied in many types of umbalamced
| eperations ef 3-phase inductien machines. Hence in the discussiem
of speration of inductien mgpor under mlxed-sequence the zere-
sequence will be ignered gnd;only the pesitive amd megative-sequemces
will be comsldered, |

When sn inductiom meter eperates umder bath positive and
megative~sequence systemg, both the positive arnd negative-sequence
terques are present tegether, and the met eutpuf terque of the moter
is the algebraic sum ef the twe, Alse the relative magnitude ef the
negative-sequence torque depends upen the degree of unbalarce.
2.4.1 MNixed-gequence Opergtion-Nerms] Moter.

Typical terque-speed curves fer a nermal induciion meter,
under different degrees of unbalance; are shewr in Fig, 2.7, (negl-
- ecting the effect of stray lcad losses), Curve 1 1is for Rermal
positive-gequence operatioa at rated voltage (er 1 per umit), Curve
-2y for negative-gequence gpergtion at rated voltage 13 therefers
the inverse mirrer image of curve 1, .
" curve 3 is fer the condition in which bath the pesitive
and negative-gequence veoltages are of the full ratedgvaluo. It is
the algebraic sum of the erdimates ef curves land‘zg_‘cuivo 3 thus
1s applicable for the conditicm 1Vl = Vgl and tha:tofqués weuld
be reduced in preportien te the square of voltaggs,ﬁhen'tha values
.“ of \VI\"nd |V,| were ether tham the rated value. Curves 4 amd 5
apply respectively +{hesthe conditions of operation in which \V1|
AR VARG | -
2.4.2. Mixed-fequence Opergtien -- High Registanco Reter,

Typical torgus-spesd curves fer a machine with high



4 j‘.}ﬁa
2 N
') s
N
T ows [
o
-t
X -
3 «
.
o
s
5

P .
B ﬂ \‘”wg N

Ry
LR

N0 = 8 R
o g

47
¥
F oy lei’?g\}w:
4@\} i » A7
¥
Q-
o

»
0

B, 2,

P AN

Sk

e s

- . @J gy 5,
&

%)
Z# ”/)
& T e g

>

e

w ipal,
§ 9
1‘\‘
4

R

&
o,

@D AR 1\]})\!@

fea) ¢ @

FRRT

Bal Siv, ¢

0 .
- . 2 % B



U

resistance reter are shown in F18.2.8 Curves ler various values

of |Vj| and |Vg| are imcludod as in section 2.4.1. Curve 3 shows
that when |V;| = |V,| dymamic braking is obtained over the whole
spead range. | ' ‘
Rede3s

From Fige 2.7, it 13 ebvious that the possibilily of
effective ppesd contrel by varying the ratio of |V3] / |Vg| 1s
very 1'1n1ted in a nerual motor but from Fig. 248 (applicable te
moter having a hizh sacondary reaiastance ) thse speed control of
inductien motor in all the feur gquadramts is possible, The spesd
centrel of inductlon motor with aixed sequence 1s discussed ir
greater datalil In gection 4,



3.1+ Pram Iuo Jenerators

The direction of rotation ef an induction meter conascted
te the supply depends upon the phase sequsnce of the applied volte
ages, and can easily be changed by simply 1nt.réhangin¢ sy tws eof
its terminal cornections, A mixed-sequéfe epration ef the moter
can be achieved if the primary windings ef the inductien ceter are
comnected simultanesusly to two generators in such a way that the
meter commected to individual generator separately runs in oppesite
directiens, The generator rotating the soter in the forwsrd directe
den supplies the positivesgeguence ayster,cind tha'otyor rotating
it i1s the eppesite directien, the negative-gequence systesm of
vgxtggaa. The magnitude of the pesitive Ana negative=gequence
voltages can be varied by changing the oxciﬁatzana of the generators,
The cennectiona are shown in Fig, 3,1
3.2 2
Je2ed Y

L‘ 1¥e

St
The primary winding of the moter itself is connected symme-
trically in star er delta. The fngertion of g variable impedemcs,
rtaiatancc, inducténce, and capacitance, either aingly er cesmbined,
as shewn in Fig, 3,2, produces unbalancing, and the degree of
unbalance can be varied by varying the impedence,
The phase voltages, and currents are shown in the figure,
Applylng;xirchntt‘s.tuw, the inspection equations are
Wt Ve LB - Vo B 0 aececessceerses (301)

e 1 c '

Vy = AV - Yc ® O sonensssovnnves (3e2)
I‘ L Ih + I‘ 2 0 seseceesecncene (343)
where Va s Vp » and Vo are phase veltages
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3, o &y o ord X, oro phago curronto N
fond) an® 4g oporator = o i2m /3

Tho polution of oquaticng (3o1) o (3.2) o ond (803) o Uith
tho uso of gyrrotrieal eocnoncnt thoory glveo

Vl = Pogitiveegoquoneo voltago

T e 0 v [QwooaasgegnXgoéoguz-u-wuao%
(op) (30X /X ¢ ¥/ T)

ond Vg o 5083t1ﬂ0°90%u0~¢0 “31§@ 3 oo oo [ o (304)
VLR R TR
vhoro ¥; » o~d I aro cdmittoneon of tho phaoo windings for currontg
of positivo, cnd ncgativeesoyuoneo gygstors rospoctivoly, cnd ¥ tho
inported oxtornal adaittonco, |
Tho ratlo |Vyl/|Vy| givos the dogroe of unbalonee cod i

obtainod hun oqro. (3.4)

aa GVJ‘?’."\ = \ 3 Y : Yl 0000.000 oode (305)

V1 3Y¥+ Yp

30202
Tho vabalaicing eoh alco bo obtained from tho ingortion of
o oinglo phaso outcetrongforoor botuoon tho seehino ond tho cupply
syoton, ond a nuobor of voltoge tappings oo tho sutcetronsforfcor oro
providod for variablo control of the cachino (Fig. 3.3 )o Sineo,
ths autcetronoforeor ooy bo rogarded ns o four tornoinal notuork; oo
irdicatcd by Lorrdo, ond includod in Fige 3.%4. It 1o nocogsary to
dotorninc initianlly tho oquivalont source ircpodenzo Zg o the pagnote
ioing irpedenco Zn p ond tho opon circult voltoge rotlo K for coeh
tappling utilizcd,
Thy inpgpeetica oquoticns aro
EVeZy B o Vo ¢ Uy S 0 coooscessscocsns(dab)
2V o VU, e Vo S 0 concoonsesersece (367)
g v I = 0 co6000600000000e (J08)
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2o goluticnn of oguationg (3.6)y (3.7), ond (8.8), vith

tho upo of gyrootrical componcnt thoory, givon

: (K"l)ma(ﬁ‘:'Z)aGS’a/Egp

s @ = o) BoYy/ YT/ %) 0.0

| (22K)+a (1K) +3%/ ¥ eeesnTe
l.l’lﬂ Vz e v {Gaadawaoumoooen»a-auomnuﬂom

Lea) B+ /¥ +¥/ %)
Zho rotio |Vgl/|Vy| gives the degroo of unbalonco ond 45 obtoincd
S?oa,dquntiona (3:9) oo | :
e e (20200 R 2B /T e (a0)
1 €H1) -0 K+ 2)eo T,/ ¥
3.0 s peahla, Co :

Thoe oaturablo coro rogetor is o variabld noco-iﬂpcdcneo

‘JQGViQGo Its fopcdonee can bO varled by ths control of thy coro flux
with dircet currente Tho GCR has o throo iinobed corog‘ Tvo identical
cadn windings (neCo C0ilo) aro plrcod on tho outor liubbp ond tho
control vinding (dec. ¢0il) ig plecod on tho contral limb. Tho
applicention of diéaat currcnt to tho control wirdinp introducos
deee £lux vhich rcdusos ecopecity for aﬂtornating flux ond aécordingly
tho rooetonece of tho noco ¢odloe

Tho GO &0 olgo uacd op o magaotis orplificr, and hag boen
applicy to vorious purpesos iu g wide ronge of pouor output,
30301 oz InEoRInd

Tho idoal coroo arc noneoxistont ard tho cetunl coro oatore
inlg will incroage tholp ouitability of coros of magnotie arplifice
oo thoy approach tho follouing conditiong.

() Ildnicun hystorosis and oddy currcnt lonsos

(48) High differontinl porcanbility (B d mcg%%% talou tho

kneo of tho hystorogsis lcop nnd oxtromly lou difforontinl

porconbility in tho paturation bronchsng



%0

(224) Abrupt chango betwoon zonos of high and lou diffore  ©
ol porncability,
(iv) Hizb oaturation fluxedonsity Bs,

.Caly threo olorsntg, Cobalt, iiickel eond Iron exhibit high B-H
rotdoo at norcal terporgturcce ost rorso:acnotic oatorials are coopee
ocd of élloyo of thoge threoe olecantg with gmall but eontrollod
nnoumtoiof bthor pubstcnocste

Tho forromagnotic alloyo, rootly usod os coro matorials for
lincgr irnduetors ond trongforeors, hovevor, in theugelves aro not
cuitablo for SCR, and cdditfonal proportics cust bo desipned into
SCE‘coreg.

v, Tho manufscture of tho forronagnotie anlloys, suitablo for
,Engnotic acnlifior core, io a detailod preceoss to enhanco tho Jdosirce
;/able nastotie characteé?ticoo Tho cheonical conpogition 1s vory lorore
tant, lilckel ond iror aro principal comnstitucnta. Controlled troces
of coppor, ohrééihé{wéﬁiybdonung ond gilicon way bo introduced into
tho anlloys or usced in its eanufecturce, It ip not tho mggnctie propottzbvf
Jog of tho troce gubstaneegy but tholr offoct ou thoe cryntulliné‘tﬁd’
cotallirgzdeal structure of the ferromngnetic alloy whiech cnharecs
ccricin cinaractoricotico,

.~ Tho atoms of ths forromagnotic olorantsecobalt, nickol cnd
ircn have oxcoss oleetrong in thoir outer rings. Lreh siupglo aton ooy
bo ecnsidored n omall clectromagnot in vhich the magnotizing foreo i
st up‘by th? outer shell cloctrons gpinning in their orbdits, Howover,
for the matorial itgelf to bo forromapmotic, thio offeet .ot bo conu-
1ntivoe Thip roquires o opeefic arrangemsnts of thesz atong in a
eryctal Inttico gusch that the individuul engnetic fiold produccd by
ocoh atorn will not cancol cach othar,

Crystsl or grain oricntation is offectivo in enhancinng cortaln



eharasteristics. 7Twe metheds are used s Celd relling, and anneal~

ing in the presence of magnelic field, The ameunt eof certaia trace

olesents must be cortrelled. Annealing ia dry hydrogqn and reducte

den with strong deexidizimg agemts are effective techniques, Alloys

with most ideantiocgl prepertiss are vailable colaercially Tros

several different manufacturars,

3.3.,2 Cere Fabrication
SCR cores may be

(1)

(11)

(111)

fabricated from flat laminations of thickness ramging
upward frew 0,002", gtacked tegether as in tramsfersmer
practice (Fig. 3.7)

woeund {rem ceatinuous tape, of thickmess rangisg upward
froe 0,001" intc a toreidal spiral (Fig.3.8), er
stacked intc a teroid from flat stamped rings of thicke

nei?:‘ﬂltar thﬂ..OQOQZ" (Fige. 3.9)

of the above three, the tape weumd cere is the mest widely

used due to the following reasonss

(a)

(»)
(o)

(¢)

(o)

It 13 available in all the primelpal alleys fren ssve-
ral sanufacturers,

It has an excellent magnetic characteristics,

It can be weuld to any dimsnsions witheut requiring new
diss. |

The stsndard core sizes availadle 5implify the magsmetic
design.

The leskago flux is lower.

A stacking facter, defined as tha ratio ef effective cress-

sectiensgl ares to geemstrical cress-secticnal area, may ds expressed

as a percentage,
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- 8oF. =[offective ares/ Gesmetrical area |x 100 .
";:wV/It varies with material thickness. Typical figures for tape

(i
nnd cores ares

1 70% for 0.001" tape, 80% for 0,002%, and 85§ fer 0,004",
s /é.a.a B=l_sr Flux=Curront lLeep
) The B-H lecps, shewing the relatien between the twe inter=

dependent megnetic variables, flux-density B amd magnetizing force
Hy are obtained éxperimentally umder carefully centrolled cenditiocns
of driving electrical variables, rrcqunncys-aalplé size, and core
configuratien, Fige 3,10, ahows the wajer B~H leop for a typlcal
pagnetic amplifier material, This 1s eﬁlled mjor lcop, because it
repreaents the liuitin;'maknetic states and a further increase in
the applied voltage dees net change the shape appreciably, Fig. 3.11
shews comparatively the B-H leops fer transfermer silicon steel and
& magnetic amplifier material, The uign&ficanﬁ parameters of the
B=H lesps are given beleows

(1) Saturgtion flugx-densjty,Bs = This 1s the practical maximum

flux-density the material is capable ef, Beyend this point B

increases very slowly with H, the relative permeability

Mecomes constaat, approximately equal to umity,

(2) Rptent Ret _ de

MWW = Bs , th. rlux decays to g B,

1nstead of zero, B, is a measure of residual magnetization

in the mntcrill, and is maintained indefinitely until addii-

enal excitation 1: appliod. Any flux level betwoen ¢ B can

be stered, i |

(3) gguareness ratie er Rectangularity, By /B, - A valus

close to unity 1is desirable fer the magnetic amplifier

reacters,
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() Cesrclive farce, Hoc 1s the magnetizing force mecessary to
bring the flux-dengity to zeroc frem B, In ceres ef gecd
mtu;ularlty’ Hy determines the peak valus of the sagRe-
. t4zing current,
3.3.4 Hyatsresis sud Eddy-Corrent Effects

Fig. 3,12 and Fig. 3,13 show the relatisn between the exci-
ting voltage and exoiting curreats fer the materisls having linear amd
mon linear (Square) B-H leops respectively,

| Fer linear BeH leop, the exciting current is im quadrature
with the exciting veltage and ne power is abserbed from the seurce. As
the B-H loop opens up, the inphase compoment ef curreat appears ead
in the extrems cases the exciting curreat is in phase with the exeit-
ing veltage. The pewere is dissipated in the core material and is
tssignnd to the hysteresis ard eddy current lesses,

For s givoe flux-density ahetiu, the oddy curreat lesses
imorease with the fraquancy :nd the BeH hop wikens aleagwith the
increase of H, (Figs. 3.14 & 3,15 ).

The asheape of the B-H leop alse chnuu 1!’ the flux-waveshape
ie met sinugseidal, If the cere is excited by the sinugeidal current,
the flux Ro longer varies sinugelidally, amd the lesps of Figs.3.16 &
3.17-umit. The leop measured with sginuseidal omi’ain; current khave
power rectangularity and larger Hg than these taken with sine~flux,

Ideally, to compute the electric characteristics ef the reac-
tery, b shetld be knewn for svery value of H and v_iee-voru. with
sine-flux drive, the flux-swing i3 set by Faraday's Lav, and is indepen~
deat of either ;“y:"coruh or oddy current effects in the cere. But
with sin-current excitatien, H is knewn, siace the excitatien curreat
is isdependent variable, DBut B cannet e computed, because the rate
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k)

of change of flux itself sets the eddy current lesses, amd hemce
determines hew mick eof the magmetizing current gees te chamge flux
and hew muck 1s mecessary te acceunt fer the eddy-current lesses,
Therefere, the preblem 1s seme-what indeterminate and emly the
experimental datas are relied upen,
3.3.6 Jeppergture Effects
The B-H leop is sanaitive te temperature changes, Ore er mere
of the parameters, saturation flux-density, Bg-, rectangularity Bp/
By 4 amd coercive ferce He, may be affected. The resistivity ef the
_materilal increases with the temperature thereby decreassing the ' |
eddy-currents lesses. Typical effects are shewn in Figs. 3,18 & 3.19,
As the temperature 1s raised, a value (the Curie peint ) is
reached at which the.na§erial 1930 their ferromaghetic preperties
and becone paramaznetlg. The Gurie peint is differént fer each
allédy amd iali abeve nermal eperatimg temperatures, The chamge is
roversiblé, because magneiic preperties reappear as the temperature
decreasos.
3.3.6 ggggxﬂigggg,
The B-H 1o¢pa.cnnsiderad se far are the majer leeps, becanse
they imdicate the limiting magnetic states, Bs and He « The lewer
| oxcitation en the reacter cell produce mimer lesps with flux swings
.snaller than 2Bs. The eddy-curremt lesses are reduced, because the
rate eof éhaage of flux are lewer, amd the width ef thé loop (2 Hy )
docreasos.' N | | -.
.. As with majer lecps, ths shapa of ths ninorloops depends on
'tho waveahape and type ef eloctrical drive, The sine~f1ux fanilies
for Deltamax and Supermalley are shwenr in Figs. 3.20 & 3421,
The effective pcrlaahility is defimed as the slope of the 11!0
| betw:on eppesite tips of the majer er the miner leop. The slepe eof
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Supersalley is fairly cematant, because ths shape of ths lesp dess
Eet change as the excitation i3 reduced, Hewever, ths miner leops .
of Deltamax are relatively wider than the majer leop, decause the
width of the leops tends te resain constamt, GSwupermalley is exce~
llent for high grade transfermer or inductors, because the mapgneti-
sing impedence remaing high ever a wide range of applisd veltages.
Its magnetic characteristic may be assumsd linear, The sffective
permeability of Deltamax dreps eff rapidly with B, indicating cel-
apse eof ispedence at lew voltage levels. Its characteristic 1s nea
linear and its uge is restricted te magnetic amplifiers.

Amether faxily ef miner leops 1s obtained with combined d.c,
and 8.c. excitation (Fige 3.22 ) The applied veltage is adequate to
drive the cere through 2 By , when mo d.c. msagnetizing force is
pressat, Aa the d.c, current %is incressed, the flux-swing becemss
less thar 2 Bs cheugh ens of the saturation level 1s still reached,
The miner loops for Deltamax with sime~flux are shown in Pig- 3,23,
The eperaticn ¢f many magnetic amplifisrs, if the miner loops are
known, the volte-amp, conditions and the perfermance of the circuit
can be predicked,
3e3e7  Qperatlon of 5.C.Ra

To explain the cperatien of SCR and ether magaetic amplifiers,
nunkers of authers have asumed the differsnt ferms eof ldiai mgneti-
zation characteristics for the ceres ( Fig, 3.24 ).

The form shown in Fig, 3,24 (a) 1s based on the assumptien
that the slepe of the characteristics is finite before and after
saturation, and has deen used by Lams'> in explaining the operation
of 3~phase magnetic amplifiers. Xrabbe'? has alse adppted a similiar
apreach fer explaining the eperatien of self excited magnetis
amplifiers.
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th. form shewh 1n Fig. 3,24 (b)) s based on the assumptiom
/@hat thn siepo ot the magnetizatien curve is infinite befere

" saturation and zero after saturation, and has been used dy Gle

and Atkiasonls and ethers. With these assumptions the cperation o«

magretic asplifiers are explained fairly well both im the transie

ent and steady state, Hewever, the resutls of the analysis ars

net valid when cemplete excitation is uszsed, bacause Infinite

poralahility means zeroc magretizing currents, whick leads te

© infimite gaim.

The form of Fig. 3.24 (8) iz based on the agsumption ef
the infinite slepe to the magnetizaticn curve with additisnal
asunﬁption about the comtrel cireuit impedence, and has been uged
by Milnesl® 1n obtaining relations for the self sxcited magnetic
amplifiers, taking inte account the magnetizing current slse. |

The ferm of Fige 324 (d) 1s based onm the assumption that
although the muf is reduced to zere, the residus flux in the cere
is nuﬂy egual to the saturation value, This form is applicadle
to many practical cere materials, particularly those havimg a
rectangular hystsresis loep.

3.3.8 gingle Core Fescter

The twe colil reactor of Fig. 3.25 cam tum:uon as a SCR
The example deecs met have much practical value but serves to illuse
trate the relations ameng the electric and sagmatic variables,

The lead circuit has N, turas and is in series with lime veltage
aad the load resister Ry, A d,c, current I, flews through the
centrel cell N, frem the de.c. seurce B,e Ny = N, , and Ry 1s suffi-
- elently high to establish constant current ia the centrol winding,
The lead curreat is contrelled wy I. » When I, == 0 , the reacter
traces the mimer leep of Fige 3.27 (with mno saturatien), the full
line voltage acress the coils, ard only the magmetizing ecurreat .



E-E)

flews in the lead. &ince Ry is assumed large, the curreats imdu-
c;d in the controel circuit through the reacter cere are negli-
gible,
As I, imcreases, its mmf adds to the magnetic circuit, If
Io is + ve into the det, it preduces a flux change teward + Bs,
Simce the pesitive half cycle ef line voltage drives the flux in
the sams directiom, the cere 1s saturated by the end ef the
positive line swing. | |
Filga. 3,26 & 327 shew the significant waveshapes ard
the miner leop traced., The circuit actiom is explaimed belews
(1)  Just before the emd of the positive half cycle, the
core 1s saturated and tho lead curreat equals '1/Rl
(11) At the reversal ty, , ths flux is still saturated,
coll voltage and lime current are gero, and H = H#
; Nel, / 1 |
(131) As the line gees = ve the core remsins gaturated
between t_ and t; ( the itght flank of the leep) ,
the load abserbs all the line veltageg amd ceil
'volt;ge is atiil 28re. At ta, the load current gnly
gslightly smaller than Ib 3 With their difference
determined by the width of the loop; Hy = Ny (Is~ Ip)
/1 |
(iv)  Imsediately after 84 , the net H on the cors 1s smalle
than nécessary for saturation, the lesad curreant
increases to Iy + iy and thereafter remuins constany
‘the flux begins to meve toward By 4 and coll veltage
appears. DBetwsen ty and to, the coil voltage is the
difference between the line and the constant voltigo
drop Ry ( I, + 1, ) set up by the lead curreat,
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(v)

(vi)

(v1i)

(viis)

38
At tg, e; =Ry, , 0, =0y B =By y, and the botten of
the loop is reached, This cccurs bofore ths reversal
at £, . Alse t) -t =t - %, .
Inoediately after t, , e, 01 » eell voltage 1is
positive the flux meves toward + By o, and 1, = I =i,
The flux can swing upward only »y the exact amsunt
that 1t moved downward, It saturates at + Bg amd
te o and follewling halds

where Ag == area of the coil veltage~ aecend
L
Batweon te and t; core flux remaims at + Bs and i, = 1
9 : RL

~As 1 increases, ths pertion of lime veltage

appearing nems;*‘the Coil bacomes smaller amd the flux swing

decrease=s wlen I, = By / Ry , the core remalnz saturated, lead

and lime voltages ure idemtical, and nc further acticn takes place,
Sene penr'ga:ln can be ebtained if Ko KN and the centrel
coil is wound with memy turas of fime wire, Hewever, this circuit

. X1 rﬁrely uged dus to following disadvantages.

1)
(2)

(3)

A high voltage 1s induced in the contmi circuit,

big Bc is sade large, to limit the imduced curremt,
mest of the contrel power is dissipated im the centrel

- eireuit amd the gaim of the circult is negligible.

if a l:l.nur_ inducter replaces R, te limit the induced
currents, 1t digsipates no centrol pewer and hence
raises the power gain, but its size may be prehikitive,

- decauss of the d.c¢. current it muat carry witheut

saturating,
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3.3.9 Ihe Saries- Cemnscted SCR

| If the contrel circuit resistance 1s_r01nx1§e1y lew, when
the d.c. centrol signal 1..z.r°' the current im the load will
squali |

| iy = I+ e /R (n.,/n;.)

The sec:nd tera s thn reflected calponeax cnnnod by the
ceatrel circuit resistemces Unless R, (N / ¥, )2 1s very
high cempared te RL, this current comporemt will e large, amd
the alplificr action will be very poor.

The SCR ef Fig, 3,28 dees not require a high centrel cir-
cuit resistauce and cam operate with g wide range of c.ltroi
circuit roiiatanée and can eperate with a wide range of centrel
czrcuitkiqpedencas. It consists ef twe identical roacters vizh"
lead ceils in soriia alding and control cells in series eppesits
ien. The gignificant features are 3
| (1) The output i3 & non reversidble a.c. er, with a load

rectifier, single polarity d,c.

{11) When the centrel voltage B, = O, beth cores trace
niner leops witheut saturatimg (Fig, 3.29,) amd the
sutput curreat ~ ig minimum,

(111)  When E, # 0, the core saturates em altermate half
cycles of lime veltage ( Fige 3.3C ), and power 1s
delivered to the lead,

(iv) The coil of a saturated reacter shert circuits the

 contrel eircuit,

(v) The circuit actien in each half cycle is idonttbal, |
with the twe rescters changing roles.

A Fige 3.31 sh-wi the electric and magretic variables
for the cirouit at a valus B # 0 . The detailed circult actien
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is as fellows:s

(a) A +ve cemtrol voltaze into terminal 5 saturates A im
the + ve half cycle and B in the - ve ene,

(®) at t,, A 1s at By, and B at =B,

(c) Between t, and tr, both fluxes move toward + Bge E,
adda to the core veltage of A and substracts frem
that of B, since the contrel circuit curreat is sub-
stantially zero and vhe drop across R, negligible.

(d) If 1dentical reactors are agssumed, because of E, the
line voltage does not divide aqually between the twe
load colls, Thisg holds only for this peried,

®1q,2) > %1 /2 > eB(y 5y jand
| ®r,z) - °B(z,3) = B N/ N,

(e) at tea, reacter A saturates, and nc further flux chan~
a> occurs upte t o, + Its coil acts as a shert ecircuit
in the contrel circuit, |

(f) Bastweesn t., and tga' gy Aincreases fer two reasens i
(1) tke full value of E, 13 available to chunge its

flux &
(2) the lead curreat sets up a veltage drop across its

| terainals equal to iy Ry (Ny / N, )2 .

(§) Immediately after t  both flux demsities move tewards
- By, and the action repeats itself with the two react-
sra changiag roles.

(h) If magnetizing currents are neglected, the imstantaneeds
contrel current guat always be related to the lead
current during the intervals tey to t and tegy te t2.

Because of the connections in the contrel circuilt, Ig

is a doublc.froqutnoy train of pulses with the wave zh-

ape of a full wave rectified perticr eof ire
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Simce the control circuit is linear, in se far as
d.c. Values are coxcerned, the averags values of
these pulses must equal I, » E, / Rc .
The follewing relations can be derived.
Iy Ky = IL Hi (Law of equal ampere-turns)
where 16 = average ceatrel current, aad
i1, = average lead current,
The average lead veltaga is
EL”ILRL = B (Nc/R.L) (RL/Re)

The power gain, if the load raespends enly to the average
value eof lead current, i3 ,

2 .2
P=(B /Ry )/ (B /Ry ) =R/ Ry (B Ky )

If the useful load power 1s determined by the rams value ef

lead current, tha power vain, 1is
p' = ‘RL/R) ( Ny /ﬂ ). Kf

where Kf.' = form factor of the load current,

Flge 3432 showg the paraliel connected SCRe, The lcad
windings are in parallel with a series conecticn fer the contrel
oircus.t,y the Wakic relatiomahip, similar to series cwnaétaﬂ,
are applicable, and veltage, and current waveshapes are almest
identical,

In practice, the performance ef serios »f pirallel cemnect-
"ed reactor is oktained with the cemnexn contmi coll Linking
woth cores ( Fige 3.33 ). With this arrangwent Ry 1s lower,
The loud windings are on the cutside limbs ef thrae limbed core
structure and the contrel winding on the centre limke, The a.c.
wind imgs have aq:} awpereturng effect, and are sc connected
(either in series eor parallel) that the a.c. flux due te these
windings cancel eout in tho centre liak, and dees net induce
altermating veltagos of the fundawsntal frequency in the central
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winding. When a contrel voltage E, is appiind, it gets up a
./flux change in the twe ceres, or halves, in eppesite directicns,
343,10 Choracteristics of SCR

Figs 3.34 amnd 3,35 show a family ef curves relating Bg
average SCR voltags, average lead current Iy , and average
centrel current xc o Fige 3+34 shevws an idealized characteristic
bused on ideel coras, and Fig, 3,35 is é practical characterist-
la, |

The curves are for no load comditiens ( aec, circuit re~
sistance boing vory small ). The sleps of the line 0Z cerres=
ponds to the resistance in the a,c, circult windings, The line
pasaing through ABRCD defines the circuit when e¢perating with
a constant avoraga SCR voltags E, amrd differani values eof I.e
The load line YX corresponds to a aupply.voltaae 0¥, the slepe
af llagy YX = “R; . The point G 1s the limiting point and

maxiouis avaraga load current is
ILWQ=BI /R‘

whers R ﬁL + gx . ri = winding rasgistance,

The characteristic for a given lead mmy bs plotted ag
shown ;a Fig. 3,36 in which the averago load current I& is plett~
ed azainst the average centrol current 1,9 for the tus load
ccnditions of Pig. 3,35, The slepe of this curve ia the cur.ent,
galn which 15 equal to N, / Nyand I =B /R, .

The control ratio m, i3 defined approximately as the ratile
of maxizum average lead current, te the mimimum average lead
curreat with zere contrel current, and is used ag & criterien
of the range of contrels

mE Y o G, OB/ R /(B )
=Ry / 21x -
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where 2 X, = reactance of the a.c. windings in the
;hlsaturatod state, |
3.3.11  §elf Exeited SCH

The 8CR circuit described previously relias entirely en
the ampesre-turns on the centre limb to saturats the cere. This
requirgg large centrol colls, which adds to the physical size of
the st'xsg'éturc, aad therefara'ta the cests The large contrsl
ceils also have an unfaveurable time censtants 1/R, whea con-
sidered in relation to the low tims constants required for ree-
gulating equipments, The application of this tgpe of deviée to
regnlating systen has been limited, becausze of its low pewer
gain, its slow rates ef fssponsa, aid its comts The selfl excited
SCR (Fige, 3.37 ) bas, to a great extent, evercous the above ine
herent disadVaﬁtages of the SCR, The lead colls provide 100%
feed bsck, and assist in saturating the core, The cbntrol cell
ampereturns and watts can be rel;tiveiy low,

The squivalent circuit'gor self exciting SCR is shown iIm
Fig. 3.38, The energy drawn frem the control acurce during a
conducting pericd 1s supplied partly or whelly frem the =gin
pewer seurce by using self excitation, This 4s avfurm of
pesitive feed backs The load current 1s rectifled end made te
flew in feed buck windinga I'g a;miiarly dispesed o the comtrel
windings. A typical control current characteristics is showmn
in Fig. 3.39. |
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Fige 4ol Bhowo a simple arrangenant df spoed congrol

of slipering induction motore The a.¢s Winding of the SCR

is connocted in ond of the supply linos, and the de.co for tho
control winding 48 oithor obtainad vith Cho help of roetifiors
or directly from & doto, Source, 1f availablo. In the sceondory
of tho induction motor a variable impedonco, resistaneo,
inducllineco, and ecapacitance olthor sincly or cbmbinaa, is
eonnoetode A4S 0xFlainad in 3.3, by varying the control
current of SCR, the rolative ms-nitude of negative sequones
voltape can be varied, and with the variation of secondapy
resistanco alons with the ration of 1§?/1§§ difforent spaed -
tor quo charaeterinties ean bo obtainod, A wider ranze of
spoed control ean bo oblainad by using éapacitancm in adii-
tion %0 resisgance in tho secondary circuit, or by using o
combination of resigstance cajancitance and inductanco. This
ean bo expalined by the fact that the eurront in tho ccecone
do®y of o 9lipering induction motor is dotorrined by tho
inducecd volfSaro ond impedqéce of tho geeondayy eircuilts

Ag tho cotor approached s'ynchromua opacd, 4ts slip aprroached
zor0. 7Zho induce? voltage deereasos in proportion ¢o the
slip. ‘hen the sacondary impadqnea is ecapacitive, 1€ voaries
inversoly as the s1ip, imereasins to infinity so the s14p
apEoached to zoro, The combipation of docreased volgago

and inercased ipodonco cousos a rapdd decrenso in eurront

s tho potor accolarates €rom otandsill, In addition, Che
vovor £ etor 15 low and loa iing because of high earacitivo

reactanco. Tho combimation of low saocondary current and .
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and lou povor factor results in le s than 107 torquo £rom
p1ip lcos ¢han 507¢ The disadvantape of theso charactorise
ties i that¢ thero 1s still an apyreciablo torque at standa
0111, Howovor, with fhie mothod full load lowering spoods,
in hoists, gs lov as 18P con be obtaineaa

Tho oquivalont circuit for positzvcg and na&atiVOn
soquenes systens, Uith capacitivo ¥emctonce in tho seconda?y
are shovn in Tige 4e2. Eﬁe curraont loci with secondary
capacitanco may bo ohtained ine msnner‘siﬁilar to that
U8 L constructing the conventional cirele diagfaﬁ of an
induction motor. 3The eircle éiégram of an induction motor
royrcsoﬁta the curront lccus 6btninnd vhen a variable rcsise
tance 1s connocted 1n series with a £ixod reactance,

with the eapnctitance in sceondary the rdactanco
of tho motor changes as a funetion of s1ip, and thus roquires
o difforont diametor constant reactaﬁcg circle for each
value of 514p. The dlamoticr is equal to Eé/(x»ne/sa) ( for
positivo-soquonee systomle If a serios of constanet rosise
tanco and constant reactanee circles are 4ravn for'a nunbor
of valuas of clip,; there, intersection ean be used to detere
mino the curront with capacitance in the gsocondary circuit,

At Anrgo values of olip tho dinmetoers of the.conur aG.
soqondary fosistance and constanct sccondary impedqnec cirelcs
arc largoe. Ao 51ip decronses, tho comstant resistance eirclo
becomes sEallor. Tho constant inpadence ineroaso in dlamefor
ungil resonaneo 15 recached, at which value the diametor o
infinity, and eho locus bocommséyereicql lino, Purther
roduetion in slip rosult in cuccescively seallor eirclos
of c¢onstant rogistance, Tha constant impodgneo circles

bocono capadsivo curront loci} and thoir dlarctor gloo .



t~d
i ]
RCAN @ e ﬁzﬂ%
S OEG e OTBE = ean Wi
| u TL
o Ay

&
=3
INNAR A
WANNEENY

o

g oy ﬂa“@'ﬁ

o 3y W & A
) Fra T Y A 3
— I e A = = v e

v
| i &
| 3 L.
%.L_;: G & . . 5) N
|
[

L&,

Thv - W ® ._"‘_“‘.'._‘E\f‘ L

yB)  NE 2 .

S
i
28,

Fla. 47

JF o AT Y el wlY W o A% fe St Y

S -

»



44,

daepease ot goro olip, or synchronous spoed the dlemotors
nPC 2GF0y A8 would ba oxpoctod sinco ooeondayry curront |
405 aloo zoro for thioc condition.,  The mothod of obtaining
the eurront loeli wich aecondary capncﬁtivo reactoneo 40
21luptratod in ¥ige 4030 -
Lnothor ingomdous mothnd, suggostod by vickorham uses
o fouturcy namoly varioble unbalanced primary voltago autogatie
¢ally posponsive to spoed vith this mothod it s poosidloe to: -
4) onploy unbalanced voltage without high input
curront vhich might bo expoetode
41) obtei: 2200 ehin oynchronous spsed ot no leads
111) obﬁain characterisgies providing any dogree of
starting torque from & %o 785 full load torque,
vighout the = Justment of votor rasistancc.
iy) obtuin characﬁdiiatics woviding retarding torques
vhich are zoro a% rero speed, and vhieh cover a
syeed éungq from 0 {o 360 at light, of nro load ang
10 to 153 ot full loade
- Tho cgsontlel olcmonts of conkrol aro 1=
(1), o varioble inpodenco rcactor
(2) o Paaoo shiftor
(3) o0pood dotoctor with amplificr, ond
{¢) o standard reversing controllor equipment,
For nll sub»synehoionous s paond con%éol this systen Peles
a ozhglb rolntivi%& high external resistance in the rotor eirculd
videh R
(D) uithin the oporating ¥=nge, rivos a ctablo motor
oicration opoca~torguo charactoristies; ond
(b) limits tho &npat cwrrcnt, this being tho fundamontal
cnd ona of tho irs Snperiance of Cha syatoma_
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Typical specd = torque characteristics Tl and speeds
input current charasteristics of a motor with a high resistance
in the rotor circult are shown in Fig, 4.4.(a)s Prom the Fig.
4.4(a), 1t is apparent that withing the operating range in the |
IV quadrant the motor operation is stable 1.e., retarding torque
always increases with.yﬁé increass in speeds. The characteristice
Tg=1 may be regarded aa the positive saquence torque component
whare the ncgatiﬁe-saquenae torque is zero. “

For a minimum uhbalance in voltage, used in the system,
caused by the disilacement voltage vector EX« in Fige4.5(b) where
BXy® 0,238 we have
| (a) the positive-secquence speedrtcrque characteristic Towi

Fige4e4(b)y which is simblar to TQ«1, except that the
mégnituda 1s reduced along the tor que-axis,.

(b) the negativensequence component, TNe2 Fig.4.4(b),
which;ia similar to the positive component, except
that the magnitude is lower, since the unbalanced
is nbtiéreat and 1s 1nvgrt§d on the speed axis,

The mntorxghnft torque 1s the zlgebric sum of the two

conmponents or the5&haract¢rist1cs T =2, Pigs 44(b),

If the wotor primary is further unbalanced by increasing
the displacement vector Exa to 0,866 B, Fig.4.5(b), the applied
single phase, The positive (T9-3), and necative (YN-3) sequence
components are equal in maginitude for egual degree of relative
811p, Fige 4.4(c)e The shaft torque or net torque characteristic
Passes through zero torque at zero spesd and the shaft torqqu.
opposes the roration at all speeds,

If BX is increased in magnitude still further by xxa
(Fige4e6 "b"),y the Phese sequence a2t the motor t erminals

is reversad and the negative-sequence tor que component becomes _



ERCIONTL PR

QQ!Q-_‘_J

T @y F

&

L]
SN Ry L

S

B -

0 :

o RIC TR , 7
N s d \g
. .:;)" s
v " AR R T N
Iy [5) o
.ON . v
% y\ ' s
vy L o x
" = amde b -

g

O e T T i R e

T@ugp ey

Li®
+
\\‘{{;
» i
‘3‘ W - e s e @
a
g
I
it "”—.;-‘- %‘.g— D
o
t l (X
i "
N
NS
g B
= e Er I s
SN ek SE e 2 0
b L
. \\\\\
[ Ny 7
FOE oy T
'ﬁ
) . N
N N R
[l . %
i 2 .
9 W n N
. AN
L N %:
' L
‘4 tx\
l ;.»
1
i N
[
Iy

Eagy A




Q

Y
'\;@»‘-\v,.*,i‘,k [lb‘\\n ~

=R g\ T e
M at ,! . ’

T Hwd e

- Bew o

o
N,
AY
R
FUS &4 4e)
8 . ———
k>4
RYRIC C tﬁq’]\kw\.b:
N [
§ | sk \\
“\\ %’;. \ .\\\ :
G NN @ | v N T®D
B ‘1‘ o i .\\\\ o
“ \ 2 EEE NN
K % : % ,e‘{ i}% \\\
R GE SN Y w o e, Y&
3 <~_\:‘:’ (\‘\ E 1 - \\\ \\\.\\ )
RSO VP N e e TERA N
___“:h IL X N s @
. N \ \ u . ISR Yo
e s By . — N R - s
R \ 1O ‘ " TR B RIS

= e Tl ik A

-
©
s

P
i)
=
NS
atr

@

7
4



D

£l
.
7 .
A4 p
- A
T
rd
-
’ it
& b
Y
5
N
W *
X
5
2R ©
u . i
A i :
[ !
. b
. @

§

=4

=X

iy
IS
|
[/
]
Sa
N
k.
o
e s
P
! 3

N 1

iy



5%

predeminant as shewn in Fig, 4,4(d), The cerrespending moter
shaft terqus passes through zerc at mimus 35% speed and shows
that negative torqueis daVQlipod at zere speed,

4.1.1 gpesd Feaponaive Varisble Updalence

The four 8p0¢d~f¢rque characteristics curves TQ=1,TQ=2,

 Tge3, sad TQ~4 each resulting from the application ef different
values of fixed usbalanced voltage amd with input curreat limie
~ ted de net cever effectively the area of the IV quadrant and

are thersfere unsuitable in themselves for speed centrol at all
leads, This system prevides the necessary ceveraze by effecting
an automstic transfer in response to speed frem either ef the
characteristics TG=3 or TQ~4 at zerc speed or to the charactere
istics TQ-2 at any selected nsgative speed. The curves are eof
goneral shape shewn in FPig.6, They are quite different, parti.
cularly in the lew terque regions, then any speeds terque chara-
cteristic attained so far, There may be as many intermediate
curves as desired and they may originate from either TQe3 or TQ=4
at zere speead, | |
401.2 Yarlable Ispsdence Regcter

The vecter coltages 3&1 and Exz and any iatermsdiate
value shewa batween 1, ead T; shewn im Fig, 4.5 are preduced by
a single saturable cers reacter conmected betwesen these twe points
The vecter veltages EX, and EX; . and all intermsdiate values are
preduced By the sams reacter in cesbimation with a phase ghifter,
4.1.3  Phass- Shifter - ‘

The phase shifter 1s a series reactor amd resister combie
mation imdicated by XPD amd RPD 4n Fig, 4.5. As cennected the
three elements of the star cennected lead are ¢
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(a) the resister RPD and wisdimg W

{(») the reacter XPD and winding W2 , amd

(c) the rescter (veltage drop EX, )

The neutral ef the star counected lead is therefors the moter
terminal T; and the displacement ef the neutral with respect te I,

L, L, detersined the uabalance ef veltage applied to the meter

To make the primary unbalanced veltages a fuaction of wmoter .
speed the pewer fer the control winding (d.ce. coil) of SCR, used fer
unbalancing, is taken fream the moter secondary voltage. -

When eperating the motor with ugbalaacod primary veltages,
the voltages and frequencies developed in the reter arei» |

(s) Fer positive = gequence veltages
Vh. = .vl }
and flr
() Fer negative « geguence voltages
Vop =8 Vy = (2+3) Vg
fop =8t £ = (2-8) 2
!hpro Vy s Vop 8y and 8' are primary pesitive and megative

. . L2 2 X ¥ (‘.l)
= g ¢

} L2 22 X (‘Qa)

seguence veltages and slips respectively, and £ 1is primary supply
frequency. _

In the speed range O to - 100 % tho'ncz;ttse SOQUENRCSe
cesmponecnt ( 4-2), with its descending magaitude end froqunaéy preduces
modulation in in;niéudo of the pesitive sequemnce component (4,1)
but dees nmet affect its fundamental frequency, Besides these
lidn;ntions there is still another variable in the seccondary
veltage resulting frem the variable unbalance, This variaticn 1is
indirectly asseciated with speed in such a way that a rise in speed
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is sccompanied By a rise in geccndary voltage, hewever enly im
prepertion to the torque being devehp.é.. Thus as the speed rinn.
frem 0 te = 100 ¥ the magnitude ef secondary voltage is indeter=
minate dut its frequemcy has a perfect definite value fer any
definite speed, The apeed detecter used, therefore, should have
minimum response to sagnitude of applled veltages and maximum
response to the frequency there ef,

The detector consists of

(1) a three-phase trm;fix?nsr eperating at high flux

dengity, _

(2) a Capscitor in series with each prisary ceil,snd

(3) a rectiffer te convert the cutput to direct current

The resctance of the capacitor (=3 /2nf ¢ ) varies with
the change ef frequency and therefore the vdltage drop acress the
capacitor will vary with the change of the primary current of free
quency, o |

The transformer prisary voltage ( ceunter e,m.fs ) 1is
given by ' |

Bl ® 444N f mx £ =KL eeeessese  (402)

where Kl‘ = number ef prisary turas

s nax
o = frequency ef the veltage applisd

= maxisum flux in the cere .

K = constant = 4,44 Ny 0

Due te core saturation, £ _ , after a particular valus
of applied veltage, remains constant, and hencs El the trmtrornr
primary veltage (“Eq. 4,2) varies with the variation ef frequen~

Gy orly,
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Alse, the wave-feran ef tho»spcad detector transfermer
secondary veltage 13 peaked due te cere saturation and the ampli-
tude of the peaks increases with the increase ef primary veltage.
The increase in amplitude 1is accompanied with legserned duratien,
se that the energy per peak remains appreximately censtant, As
the freguency riges, there are mere peaks per umit times hemce
the eupput of the system variles directly as the frequemcy except
as medified by the relatively miner meter secondary veltage
variations frem other causes, fhosa miner variatiens are takem
_care of by the capaciters, with the result that the eutput ef the
detecter system respends fairly well te frequnocy and censequemtly
te speed. | | |

* At zere speed, , the excitatlem of the main reacter (SCR)
msust be zere, hemce ihc detector sutput voltgge existing at zere
speed must be nullified, This is obteimed by paralleling the
output of the detecter with anether rectiffed censtant veltage amd
completing the circuit fer both thresugh a cemmon resister.
4e1.6 Amplifler

" As the input emergy te the detector system is small
and most of it eutput energy is censumed by the leading resister,
the excetatier emergy, obtained emly frem the detecter system, is
net sufficient fer the efficeat werking ef the system, There-
fere the use of an amplifier to obtair the excitation energy
fer the main reacter mekes it pessidle
(1) te keep the speed detecter compensnts small, amd
(11) to stamdardize the detector iyatou whick may b
applied to all ratings ef moter with the varizble
being takem care of by the amplifier,



The amplifier used, is a simngle a.,c. bridge, cempesed of
twe saturable core reactors as shows im Fige 4476

A-A and B-B apé a.c. colls of the two saturabdle cere reace
ters, The contrel winding of enly one saturable cere reacter is
excited frem the sutput of the dotecter system, The saturadle core
reacter with d.c.'egcitation has variable impedence while the ether
witheut d,c. excitatier has fixed impedence, Out put energy fram
the detector varies thp iwpedance of ceils A=A, to upset the balance
of the dridge and preduce a petantiul difference st R gnd S conse- ;
quent to the exciting coil of the main reacter.

4,1.6 t Current gnd Heatir

Application of unbalanced voltages to thm{prmiarj winding
of a moter afocoarsa preduces upbalamced current input,

Fig; 4.9 curVes‘sbow the line curremts and percentage
heating in thﬁ follewing three differemt cases, the ps:or cevele~
ping the same given torque (100 £ X 4 :

1) when the meter 1g eperating with balnnced input

veltagen.
1)  when the moter is rumnimg at slew speed (lew balance)
ii1) when the meter is rumnimg at high speed, FAST
(greater -umbalanc ing)

Fig, 4.10 gives a comparision -r the syatem with cthnr
systens ef speed contrel as regards the percentage average heatingg'
4.1,7 £ Mot 3 R

A simple reversal if weter terainal cennections preduces
performance in the first and secesmd guadrants equal to that
developed in the fourth quadrant,
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4.2 ' duet ter
The system ducusitd in 4.1, for the speed centrel of
slip-ring inductien meters cam alse be applied to the sguirrel
cage induction meters with the fellewing medificationa:
1) te 1imit the impat curremt high resistance retor may be
used., |
11) te elimingte zere-seguemce system curremats (3rd harmenie)
causing excessive heating, the gtater windimg may be
a) cemnected in star, | _
) weumd either with s ceil-spam of twe-thirds the pele-
pitch, or sach phase winding is distributed in twe
- =thirs of the pele pitck,

111) te make the primary umbalanced veltages a fumcticn eof
seter spsed, the pewer for the centrol winmdimg (d.c.
ccil) ef main regcter (SCR), used feor unbalancing, 1is
taken from a d.c. tachemster gsmerater fixed ts the
shaft of the meter,

' Filg. 4.12 shews a system applicedle te the centrel of speed
of squirrel ecage imductien meter., The curreat in the centrel win-
ding of the gaturabdle cere reacter is autematically varied by' the
dece tachometor generzter (fixed om the shaft of the inductienm
neter) and a referemce direct veltage Vd, ~

The typical speed terque cheracteristies are shown in
Fige 4,13, The gsteepmess of the speed-tergue characteristic will
depend en the mermal characteristic eof the neter gmd the desiga of
the reacter amd cemtrel circuit.

By usimg a capaciter ian parallel with the saturable cere
rescter, ’
1) The directiocn of retatien of the meter cam be reversed

witheut interrupting the maimg circuit, .
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$1) the extermal reactance may e veried upto a greater
extent alemg-with the facllity of reversimg its
siga teo, amd
111) dymamic Wrakixg is pessible without an extra equipmeat,
Hewever, the speed centrel of squirrel cage inductiem
meter is semewhat more difficult than that ef sglip-rimg inductien
weter,
4,3

€.3.1 Nagretie Spturatiem
The positive and megative-sequence magnetic fields,

propertisanl %»s thes pesitive ~gsequence veltage Vl ard negative~
sequence voltage V., cesxist in the mackine, They rotate at
different speeds so that semetimes they eppese and sombtimes they
did, At the latter instants, even theugh the peak flux densities
of the 1nd111¢anl fields are reasenable, their cembinatiom results
in gress saturatiom. Due te saturaticnm, there is a cemsidemable
increase ir the magmetising curreats and a deterieratiom in their
wave form, It i3 te De expsected that saturatior will begin te ba
appareat when the sum of the peak flux-demsities ef thae twe
component fields exceeds the rermal peak fluxe-demsity 1. the machins,
Neglecting second erder offects, this will be wher the algebric
.sum of the veltages V1 amd V2 exceeds the nmermal phase veltage.
The magnetic cernditions may e alleviated by the use of
the folléwing methods,
1) reduction in gupply veltage~ ithe dsita connected moter
may e eperated in atar,
2) intreducticn of additienal secomdary impederce~ the
sdditiern ef impederce in series with the secomdary phases

reductes the nogativiye sequemce Jlux witheut appreciably
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'lu’.‘reci:iaig the positive~sequence flux, The secondary imped-
ence should be resistamce since resctamce, although giving
.. the desired drep ix veltages centribdbutes mething to the sut-

put,
3) ~ imtreductien of additiemal primary impedences.
4) increase in the frame size of the meter abeve that mecessary

~ for mermal eperatiem,

The imteraction ef the pesitive~sequence maf ﬁith the
negative-gequemce field, and the megative-sequemce umf with
pesitive-sequence fisld preduces terques which alternate at the
relative slip frequency of the twe cauﬁonenta and havezere mean,
value, These terques are respensible fer the cibration im machimes
carrying unsymmetrieal curremts. Each of the twe zltermating
terques is praopertisnal te the preduct ef the anpiituda of the fleld
and maf waves preducimg it, but since they alternate at the same

frequency their resultamt is the vecter sum ef the twe compememts,

rent

The unbalanced primary voltages have the follewing effects
23 regards the lime curreats and loases,

1) The negative~ssqueace curremnts pradu&ed by umbalancing
causes urRbalanced lime currents amd extra lesses,

2) Negative-gequence current logses are in additiem to the
nermal locsos at tho same 8lip with Balamced veltages,
that is the loases uaﬁ be superimpesed,

3) The imput current to the mster isinecreased,

4) The additienal lesges: due to eperativm en tmbalamced
veltages are large fer motor witk mmltiple eage reters.

5) In additien te increasiyg aster lesses, unbalanced

L]
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1ine voltazps cause nom-uniferu distributien ef Cepper
lesses, - ¢ |
€) Small usbalance in veltage cause much larger umbalamce

in line curremts.

Any eomsidaration ef kesting invelves net erly the curreat
fn the meter dut alse the duty cycle upsh vhich the meter eperates.
the currents esacountered with the unbplamced primsry type of holits
and draw beack coatrels are no greater than thosa in d.c..hoiat ‘
meters, Thkese currents reack upte abont 12535 of mermal in the
veriable usbalanced voltages, and upto 230 £ im adjustable fixed
umbalanced voliagss, The satisfactory service recerds ef such
moters have shewn tkat heatirng 1s xot ax@ossive?a

The reassn thst thé d.¢s umd a,c, helst moters do net
overkeat 1a that the duty cycla s intermittent im all cases.

The mest sovere duty cycle included in specificatioms is 15 asecs.
on sut of 45 sec3, &Hven with &« mere severe duly cycle, undue
Reating 15 met likely becauses

1) Ceil adjacent te the het winding are ceoler, facilitating

hoat tramsfer, , _

2) The'touperatura equalizes rapidly whem heoisting with

balomced current and alsc whon the moter is at rest.

Twe siuilar‘Cargo whach drives were tested im Cutler Hammer,
I mc, Mihuakee Wisconsin, One empleyed a 50 H.P., 440 V, 60 C/s,
575 rop.n, te tally enclesed sliprimg induction meter., This meter
was used in the urbalamced primary contrel scheme, Other empleyed
a 850 H.P.y 230V,600 repem, totally emclesed d.c., meter, This
moter was used in a cemstant potential d.c. Carge winch cemntrol
scheme, These meters were meunted in turm om a standard Carge winch

arramged te hoist amd lewer full load. The duty cycle used wast



o

a gt;nlaré cycle of 17 secs. helst, 17 secs. lower, and 20 secs.
off. The highest taqperatare_rise of the a.cs meter wia for

a1l particular purposes Lhe same as that of the d.,c., mster,
Temperatara ef tha urmstors, imteryols, and shut fleld windings
were coxparadble to those of the less heavily loaded s.c, meter

windings.
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5. BXPERIMENTAL WORK
8,1 Detalls :
To verify the theery discussed in previeus chapters,

experiments were performed on two iaductisn meters whose name plate
specifications are glvean belews~
a) Slipering Iaducticm Lioter

5 B.E.PP; 3~phase, 400 volts., §0c/ 8
70 ampse, 1440 Topate
») Squirrel-Cage Inductiion lister

8 BoHoFoy Gephase, 400 Volts, 80 ¢/s
7e3e aMPIay 1440 Tepome " -
The specificaiions of oluer mgis appératnses were as
follewase |
e¢) Baturable-Core Reacter |
AL, wimdizgs - 110 voltas, 0,21 ~ 6 ampsa.,
P.C. windings - 110 veits, O - 0,56 amps,.
d4) Gingle phige varige
230V, €0 C/s 9 A
Firgt, stendard testg were perfermed to ohtain the parsm
eters ef the poter winiimgs, Then comneeticas nere made ags shewm
in Fig, Ss1e The terque develeped by the induction moter, umder
test, at different spesds was wsssured by the WardelLeonard
wethod, The torque-speed, akd terquee-input eurrenﬁtcharscteristica
in the follew=
ing secticen, Alse, to aveit the effects of saturaticn, the

were megsured umder different conditions discussed

tests en both the moters were carried sut at reduced veliages.
Selel X ‘ - . t
Stamdard tests gave the fellewlig resultsie
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Iurka Ratle Jest

It s to_und that ths turas ratie of an imduction meter 1s

Rat sams Cfer the different! positiems of its reter with respect
te the stater, This is due te the effect of differeatial leakage

fluxe.

The turms ratie, therefere, was calaulated as suggested by

Pusteln Liyed amd stherse.

B.Nes. Voltage applied te ﬁ"tar volta .ge in 4iffereat
the stator puiuns the reter

¥V Velts Volts

1. 400 330

Le 400 332

3. 400 328

4e 400 233

Se.Neo. Veotags appliaa ts the Stator veltage im different
ths rater ggaitins of the reter

518 Velts v/ Velts

1. 300 360

8e 300 358

3. 300 362

4. 300 | 364

Mean 300 o 361

Tura Ratis a ® ,1__, \l . ;v!; - g
: | B
8

‘%%1% \ 188, =1.us
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L (%) Ne lead Teat

s
E

SeNes ' Veltage applied Iaput curreat Pewer
" per phase amps. ter R |
, Velta. LY o ewer watts
 le 3% | 1.82 455 ~220 235

Selis,  Veltage applied Input curremt Pewer

. per phase aups ﬁ.t.t,g}gtgr ngﬁdg_g‘s
’p P Voltl "pBe ' swar Watts -

A VO 717 < S 740 690 ~100 580
(d) t iopgureasnt

Stater resistance = 2,1 ekhns/phase

Reter r.aistuco = 1.13 ehma/phase

Frem the absve toats the fellewing parameters were
obtained

Equivalent resistance referred te primary

R} = 4,01 oehma/phase
- Bquivalent regctance referred te primary
b §) = 12.1 ehms/phage

- Secendary (reter) reglstance R, = 1.3 shas/vhase
(0) | l'he terque~speed, and terque-imput curreat character~
iatics were measured with balamczd ajplied veltages of 150 velts/
phase, and witheut any additienal resistance in the reter eircuit,
These characteriatics are shewn in Fig. 5.2
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() AR extermal resistance, sf the value te give the
stadle speration of the meter in the cemplete range of the
speed frea ¢ 100 $ N te = 100 £ N, was added in the reter
circuit, and torque~speo¢,'and-torqun-lnpat current character-
istics were measured with o
(1) walamced veltage ef 150 velts/phase
(11) varieus urbalamced veltages, shtaired with the SCR
and (111) verileus umdalanced veltages, ebtaimed with the
‘pPhase variac, | | |
The varieus characteristics are respectively shewn in
Fige 5.3, Suéy and 5.5.
(g) The extermal resistamce in the reter circuit was
reduced amd the terque~speed amd terque-input
' nurreyt characteristics were measured with
1) ®alanced veltage ef 150 velts/phase
11) varieus umdalanced veitages shtained with the SCR
111) varicus umdalanced veltages shtained with the single-
phase varipc, )
- The varieus cheracterigtics are respeetively shewa in
Fige 546y 5.7, and 5.8,

6.l e2 gats en sgulrr ge Ind n_Met
(®) XNe lead Teat
BeNes Veltage applied Imput current Pewer .
per phase anps. wattweter B
Velts. ' 1 '2 Pewer Wattq

1. 380 - 2478 360 <140 220
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(») Dhecked Reter Test
S.Nes Veltage applied Iaput curreat Pewer
_peor phase tipetor a
velts amps, Wy g Pewer watts
1. 2o/ 3  7.30 1160 =60 1100
(e) Stater resistance= 2.8 ehms/ phase

Frem the absve tests the fsllewing paramckers were
ohtained ., 'Equivalent resistance raf;rrod te primary
RY = 6,88 ohla/yhise
Equivalent regctance referred to primary .
X'q = 1640 shus/phase

(4) The stater of the meter was cennected im ster
te slimingto 3rd harmsmics terques The t-kqnn-
speed, and terque~imput currenl characteristics
were measured with

1) Ddalanced applied veltage of 220/ 4 3

11), varieus uabalanced veltages ebtained with the SCR

111) varieus unbalamced veltages ebtained with the

single~phase variac,

The varileus characteristica are respectively shemm
in Fige 6.9, 5,10, and 5,11,
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- 6.2  Riscussien of Regulty

Frem Figs. 5.2, aad 5,3 1t 1is appnr'at that by addixg an
uxtcrnal regsistance in the reter circuit ef tkﬂ slip~ring
,‘lndicatlo;,uotor, the moter becomes stable in the cemplete range
fyom =Ns te + N3, and al» the maxm, input currsat reduces from
0.8 amps. te 5.8 amps. Terque-speed characteristies, ebtained
by dnbulancln:, wita thc Relp of SCR, gives a poeor speed comtrel,
in the viciﬁty of the peaitivc aynchrcneus speod‘ ard terque at
positive symchkromeus specd is practically zere, under differeat
contrel qurre;ts is the conirol wimdikg ef the SCR. Hewever,
unhalnnqing'with siagla phase v;riaé givaa s culte ;ppfeé}hle
specd contrel in the Qichaity of the plus synﬁhtouona speed, sad
alae at + Rg the megative torque develeped, undir different
comditions ef single phase variac veltage, is differeat and satis-
factery. \

In actual gractice with tke variable unbalarciag ( with
a phase shifter, and awplifier, 4,1) the speed cemtrel is better
than that ef a;?atad unbalancing (niih simgle phase v;iigc). One
of the maim reasems for getting pecr speed comtrel with iin
variable usbalamcing, obtaimed with tie SCR, 1s that the SCR used, -

. was assenpled in the labksratery frem n%dinary choke stnlpin:s.-//

‘zm SCR with suck stawpings, doss set wnfk efficiently amd
propsrly when the altermatigg curremt i t;b\lnad wlnding’is
less becaune the Beli loep of the ordiaary ahak{ stal;ihg i3 met
roctutgnlar, whick 15 mecessary fer a S5CR cere f8.3.1). Hewever
as soex aa\the 2.C¢ current in the leoad winding bé&guos suffici~
eatly n.rog\the ECR perfermasnce 1s satisfactery., Bul; all the

| Speed

tclquﬁécharﬁctoriatics, Figs. 5.4 te 5.8, suggest that\an spnod

i :
Abr - '
AR ‘ K J

: -

B
‘
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of the slipering iuuction metor cam be costrslled smoothly by
usbalancing 3.¢. by op.lying the positive, akd megative sequence
gystens sinultaresusly, and varying the relative magnitudes of the

two systems.

Buring the experimeat, it was also observed that the moter
ander ginglejz;;atioa, hecomes hot, amd it camnot be operated
normally £or a lemsar peried under this conditicn., Lagretic
vibrations, wader gingle phascopration in this case, were net
appraciablo. Ous te low voltage applisd, the mugmetic saturatisa,
at normal voltage, can net be predicted, as the magnetic éonditiens
at thias low voltage, and at mermal voltage of operatiomy will

be qulite different,
‘ . SN

Piga. 8,92 to 5,11 give the speif:f?rque characteristics
for the squi{é& cage ia duction moter, umder test, under diiferesnt
conditions ef umbalimeing, and these charascterisgtics are sieilar
to that of Fig 4,13, discussed io chapter 4, The speed contrel,
in tan vicinity of the sta&g ragion 1s very pocr, and thase
charactarigtics fer the squirrel cage induction moter, under test,
canpet e uged for afy practical purpose, lesving the wethed, as
such, only of eu acadegic intercogt,

Alengwith the peer speed contirol, the gquirrel cage induc-
t.ion roter becowmss very het, under sinpgle phasimg, and an additi-
one) fan had teo be used to coel it for completing the experisent,
vadsr this condition, Vidrgiiens were elsoc quite appreciable,
possibly due to preductior ef higher harmenics,
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S. CONCLUSIONS

As axplahcd m chaptar 4, the variable unbalancing gives a

atisractory sethod of stepless spsed comtrel ef inductien metsrs,
/ﬁf’ and 1. colbinatisn with nermal weund reter moter apled comtrel g
4 nryiu; the ‘secendary roaiatuco (Fige 4.1l1), the terque~speed
emactcristics cover cclplately all the feur guadrants, ard meet
the rwuironats for mamy drives e.g. hcl.st crand drive, wikch
drive, shew speed er laching eperation of conveyers etc., amd
mackines fermerly requirimg arsmature shunted d.c. eperatiems, But
the giditien of quite a numbsr ef apparatus, capaciters, trams-
fermers, and rectifiers wmakes the system complicated, amd 1is met
vary desirable, The spped centrel ef squirrel cage imduction mater
by the above msthod is met very useful for practical purposes,
and the preblems ef vibratiors, meiss, heatimg, amd high imput

line curreat asre mers cemsiderable, amd difficult. Hewever, ia
future, 1f the abox: meatlomsd difficulties are svercoms, and a
simpler fesd-back cantrel ¢ircult, avelding the uzae of amumber of
apparatus amd te give the similgr characteristics as ebtained Wy
the methed discuased, 1s devsleped, the methed will de cemmercially
ecenemical and cenuld be used fer all practieal purpeses meking

ths d.c. moter:z altogether shsolets,
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8 ARRENRICES

8.1, Caleulatisms ef V; end V_ Preduced by the Ingprtien of

2
ar Impedance ia One of the Limesy

I;\!pectiol equatisns are givean by (3,1), (3.2) o
(3.3) and sysmetrioal c-iponont thesry ylelis

Va » v‘ + v]_ + va sessersens (A)
Ve -&= Vg ¢+ 8°W 4 & Vg eeeeeo (B Neo(8al)

v ™ Y * .. Vl "’ .2 72 emspses (B)

o
®

I‘ = I. + 11 + 13 c-ooo.o:u“‘)
2
I,

I, = + 87 5 ve® Ig e (W) Neea(842)
I‘.a S S N T a® Iy oo (0)
Vo = Ig Yy ceeseccensss (a) »
Vl = Ly ccoo;a escess (1) Vease(8.3)

72 = 12 !2 ssewse  SwevssIRRS (s)

Equatiens (3.3), (8.2), amé (8,3.a) give
I‘ s = 0, gnid V. L O eevecosnvesss  coe (8.4)
Equatiens (3,1), (8.241)y (Ba3eB) (843.¢), and (B.4) give
Vo = Vo = O ) /T ¢ Vy X,/ %) =V 4, (8:5)
mqultillﬂ (8011‘)’ (8:10'), and (8.5) ‘1'.
V, Q-a2e0 /X)+Vp(1leasX,/Y) =V ...18:6)

\
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24. Wieckerham, “.%.: "Variable Unba‘anced Vottare Controt®,idid,
1945, p.08
26. Yorris, D,s "Srme tasts of an Exanrt Trasticg’ Theory of the
Transformer®, ®roe. I.™."., 1950,97,7t II,nl7
26. Brown, J.R. "The fwmlieaticn of Symmetriea! fomvonent
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yuatiens (3.2), (8,1.0), amd (8.1l.c) yleld

V, (@=2) + V3 Q-w) = av e (8.7
Equatlions (8,6), amd (8,7), give the sclutiocn
vl._._‘v\*. - B s X LX) 1N
(1-a) (3+¥1/I +Yp/ ¥)]
, (Q-a) B3+Y,/Y+Y¥3/7)
The ratie| V is given by v
* \-;2\ \—ﬁ&-\ a\a*glé_z \ ess (8e9)
1 1 3 +Y/ ¥
8¢2 Calculations of V; , sad V, Produced by g $ingle Phage

Apte-Irgusfermer

The inspectiem squaticms (3.6), (3.7), and (3,8) are similar
te that or (3.1), (3.2), and (3.3), except that Z has bdeen replaced
By Z o amd V by K V ., The characteristics squations, and equatiens

(8‘1)' (3.2), (8.3)' and (8;‘) wili ylield
Vi Qa2 0 /Y, ) ¢V A -a+¥/ %) =KV serees(8,20)

vl (Q*l)*vz(l‘l) =‘v eese (8e11)

Bquations ( 8,10), and (8.11) give the solutiea
= V& «l) -2 (K+8)-a2¥/1Y

L 2 2 2 2 b 2 2 1 P 1 T X B T L L T 2 4 2 D L X L 2 0 1. 1.2 43

vy :]
(1"‘) (3"11/ r *!2/2' ) ™ 0-00(8012)

oy {(31~K)~ra(1-53"’x:&/ Ya}
2 =V (1L -~ a) (a*xll!"*gﬂ/ xa)
~The ratio ‘v’g_\ 13 given by
v-g. | \éaﬁx) +a(L-K) + %, / ¥,

vy (}:.]_)-g(x-i-ﬂ) -~-aP / X,

;o,n » (8013)
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