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cees 3 X NO P SIS,.,...
The present the sis describes the behaviour of transient

currents, voltages and torques in "Inductibn motor at switching.
The work has been derided in to two parts;

1) Switching transienta in single-phase Induction motor
(Capacitor start). | |

11) Switching transients in three phsse Induction motor
started on single-phase supply,

To prediect the transient behaviour of particular motor
the tranaients currents of mptor at starting have been caleul-
ated and the result verified by actual records of transient

currenta,

All the valuea have been normalized sp that ths results
can be utilized for the class of motors which 18 represented
by the motors on which the present study has been made. ;

.

The difference between the calculated amd experimental

results is found to be with in resspnable 1imits of extari-

mental error,
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ceeesk NTRODUCTIONR.....

For many years engineers have used the average starting
torque and pull out torque of Induction motor as the basis for
mechanical design of shafts and couplings, not realizing that
high alternating torques exist at the moment of starting.

In 1940 Wahl and Kilgore made an analysls of instantenous
transient torque when motor is thrown on the line by sudden
elosing of the switch, the contacts of which close simultane-
ously. The fundamsntal frequency electrical torque which may
be several times the pull out torque will be developed for the
first few ecyclea, 1In 1941 Gilfillaé?and Kaplan made the
transient torque study and found that the transient torgque is
ssveral tima.more than the steady state torque and that in

deaign'ths transient torqus muat be considered,

In 1944 Maginnisé and Schultz studied the practical
aspects of the prodblem such as the electrical and mechaniecal
transient phenomena, They used &ifferential anslyzer for
solving diffarential equations, In 1546 waygandz and Charp
also ussd the differential analyzsr for studying the starting
characteristics of a twoe-phase motor, The proto type of the
motors investigated was a small twoe.phase machipe used in
c¢losed cycle eontrol systems, The performance egquations of
the Induction motor were splved and summary curves bases upon
the concluslion reached were presented which are useful for the

designar,

10
Later on in 1954 P.L. Alger and Y,H,'Ku presented a

paper involving the study of tranglent that occurs when

voltage 1is suddenly applied acrosa the terminals of Induction
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motors with and without a connacted capacitor. They made the
study on wound rotor three.phase Induction motor and concluded
that tranaient could be minimized by using high rotor reaiastance
Calculated curves and oscillograms were given for currents and
voltages for & 4 pole 3000 h.p. motor using external resistance
in the rotor. In the same year, Eabbermaﬂocalculated the
tranaient for the case of single-phase operation of three-phase
Induction motor, He confined h;alstndy only to theoretical

derivation of eguivalent eircuit and calculation of currents,

In 1957 Venkata Bﬁ; published a paper on single-phase
opération of a thres.phase Induction motor. He calculated the
transient currents without taking into aceount the critical /
value of capacitor, Again in the year 1969, Venkata Rap
published another paper on switching transients of single-phase
Induction motor and calculated the currents and voltages with

the help of electronie differential analyzer,

In the present work the author has extended the work
of Venkata Rao by considering different capacitor values and
supported the theoretical findings with experimental results,

The starting of Induction motor on full voltage {(usual
cas8o with single-phase Induction motor) has been studied in
great detall, The initial transient currents in single-phase
Induction motor and three phase Induction motor operated on
single phase supply have been calculated for different values
of capacitor, The critical value of capacitor is determined as
suggested in one of the earlier paerS}S This value of
capacltor gives satisfactory starting and alsop minimum unbalance.

-
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The transient analysis in the preasent dissertation has been
. done with three different values of capacitor i.e. one higher
and one lower than the critieal value, The effect on the
magnitude of the transient and (dyling out time are noted for >~

these three values of capeciter,

The transient starting torque plays an important part
in the design of mechanical shaft and coupling for the motor
which has to be started and stopped frequently. The torque
caleulation in both cases with different values of capacitor
nas been made and variation of torque is plotted, The effect
on transient torgque with different values of capacitor is

noted and results are interpreted wherever necessary,

The transient current and torque in a single-phase
Induction motor varies with different points of awitching on
sinuspoidal wave.shape of supply voltage, The transients are
most severe when motor goes on line at the instant of gero
croasing of the voltage wave-shape. The point on waveshape
of supply 1s controlled experimentally with the help of

electronic cireuit involving relays and vacuum tubes,

A comparison of actual photographs taken under transient
conditions of operation and corresponding thesretical compule
ation of the behaviour as an ideal machine shows that generally
the difference is often not more than 10-.15¢. However, in some
cases, the difference is more due to reasons which have been
pointed out wherever necessary,” With such small difference,
the computed results are considersd aatisfagtory indication

of actual behaviour,-

[

when the operating conditlions of an electric motor are



abruptly changed, the currents in the stator and rotor
| vindings are forced to satisfy the Kirchhoff's squations

in differential form which apply to the changed conditions,
In order to solve these differential eguations and thus obtain
analytical expresasions for the currents during the transient
period, it is nscessary to assumd that the machine has certain
1deal characteristica. Although the actual characteristics

of the machiqe of normally good design differ somewhat from
the 1deal particularly with regard to the effect of magnetie
,, aaﬁturgtion,‘» the agreement that can generally be obtained
between the computed and measured values of transient current
is usually considered satisfactory. In order to obtain this
agreemont, however, it 1is necessary to determine parameter
of nearly equivalent ideal machine elther from design daﬁa
or from test data, It 1s a commonly accepted practice in
transient analysis to assume that the machine has ideal

characteristics.
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1. Most single phase Induction motors with the exception

of shaded poles motor employ a stator having two windings in
space guadrature usually with éifforcnt number of turns, One

of the windings called the auxilliary winding is designed to
produce either by itself or with the assistance of an external
series impedance, a resistance/reactance ratio which differs
conalderably from that of the main winding, Wwhen the two
windings are connected in parallel aecross the single phase
supply, the currents flowing in thnm:ditra;v in time phase

and hence produce a rotating field, In split phase and capacitor
start motors the auxilliary winding is used only for starting
and 1s diaconnscted once the motor has reached sufficient speed,
3ingle phass motors can in gonéral be considered as special
cases of unbalanced pperation of asymmetrical two phase motors,
The device used to intreduce a phase difference in the currents
of the windings can be treated as a static phase converter
which effectively converts the siugle phaas supply voltage to

& 2-phase voltage. The problems of opsration of the motor

then resolve into the cholce of proper cannrtci' impedance to
give satisfactory starting, run up and full load performance.

The author is interested in switching tranatent eurrents,
voltages and torque of single phase Induction motor started
with the above converter impedance, Therefore for evaluating
the transient quantities, the value of capacitor has been
determined keeping in view the satisfactory starting, run up

performance and the same capacitor value (653 lower and one
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higher alsp) has boen used for the present analysis.

" lel. InFig, 1.1 m and a represent respectively the main and
the auxilliary stator windings of an asymmetrical 2-phase motor
connected to a single phase supply with a atatle phase converter
of admittance Y in cireuit, The auxilliary winding has K times
a8 many turne as main winding,

Ia
o- —>
Im
Vm Ia
Y
| I
V() v
o— -—e»Va

Fron the appliéh%iﬁn of Kirchhoff's Law

I= I‘ * Ia veoe ese 1,1

Viiv‘ﬂv‘ L 4 LS sae sa e 1.2

Y
The equations can be splved By symmetrical component theory
as applied to asymmetrical two phase motor,

Va =V + Vg oce ees le3
Va = JEV} = §RVp ... coe led
Ipg = ViY; + Vo¥g ... eee  LleS
x‘aj.‘%fl_,l%fz_ ver 146

Where V, and V, are respectively, the positive and negative
ssquence components of the voltage Vg and Yy and Yo are the
respective wvalues of the input admittance of the main winding

to positive and negative sequence currents,



Froam equations 1,12 and 1.13

T Y Sin«

= ‘
Th IR 92;2133 Cos

D

wvhere y = j Lw Ba@ B and ¢ are the

arguments of ¥ and Yg respectively,
For balanced oparatinn at starting T = Ty
K4+y2+2xayﬁlﬁo( = Ky 8in<
For the motor considered here K = 1,5 and « = 160°

y2 = 4.680 y 4+ 5.1 =0
7 = 2,972 § 1.7076

. 2 = 102 )‘lr
10,5 x 2.9725 x 314

Ca

Also maximum torque per anhperc of atarting current

15 mae o =

capacitor value can b8 computed as followa:

1
1 v )
foc T m g (g Ry - M VG T IO
xc = 9.6 &> 2004 (Y9 7es|g-]aq;\cc o} Ca’;w}c\)
C =105 xF,

Thus wve see that nearly 102 AW condenser gives maximum torque
per ampsre and also balanced operation., Therefore we will study
the transient nature of different quantities at this particular
value of capacitor say 100 aF. For the sake of comparison

and the effect of capacitance on the various quantities, two
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The solution of equations 1.1 and 1.2 are given by

V [Yo+K(R-§)Y ]
vl - '5;. *‘Tz Y see se A7
72 » v [YUK (&’J) !] Y ve 18
Yl * Ya 3 b 4
from which .
11 + Yg +2K
!1 + Yz +2
and supply current I o« Iy, + Ia
1 o V(Y ¢+ (LERY (73aTp)] .. 1,11

Y, + Y, + 2657

At standstill Y3 = Yo = ¥, wiwre Y 1s the normal
standstill admittance of the main winding, 3Substituting

v, = =¥ [¥s + K(E-1)¥)

oee [ X 1012
2(Y4 + X2%)

VIiYe + K(K +3) Y] , |
v 2 ve 1413
2% 2(Ys + K2Y)

The ratio of starting torque T to the starting torque

under balanced two phase operation Tp is given by ths
expression
xpressio g v o

I, ilvll - |V

R

Ty ‘Y] 2 .
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other capacitor values have been chossn 1.6, one lower and
oné higher than critical value, These values are 80 AF
and 120 AF respectively,
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2,1. During switching operations the transient fundamental
frequency torque occurs in all Induction motors, Wwhen a single
phase Induction motor is atarted on full voltage which is
usually done, thias torqﬁﬁ may be as high as two to three $imes
the pull out torque of the motor, The transient torque plays
a very important role vhen frequent aiarting and stopping of
motor is necessary as in lift., Under such conditions, the
wechanical fallure of motor may opceur if stress on the shaft
exceesds the maximum allowable 1imit,

Génerally designers use the average steady state start.
ing torgque of the hbtor as a basis for the mschaniecal design
of coupling, shaft ete, not fully realizing that at the time
of starting, the actunl instantenous torgus may be two to

three times the average value,

In the case of capacitor-start single phase Induetion
motor with vhich the auther is econcerned, there {s a fundamental
frequency torque which persista for several cyclea, if the
svitch 1s closed when tpp supply voltage passes through its
zero valus. If, on the otherhand, the switch is closed when
supply voltage passes through its maximum value, the torque

settles down to its ateady state value in less than one cycle,

The following assumptions are made for the analysis of
capacitor motor,
1, Both the rotor and atator have symmetrical windings,
2. Rotor is perfectly smooth and self inductances of windings

- are independent of rotor position.
3. The electrical awitching 1s acgomplished in zerp time.
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4, The effect of saturation, hysteresis and eddy current
losses are completely disregarded,

S, In the low frequency transients encountered in Induction
motor, the effect of interturn capacitances of the

windings may be neglected,

2,2, The general egquations for the current in the main winding
and auxilliary winding (capacitor motor) are developed in the
operational form using the cross field theory, Fig, 2.1

shows the circult arrangement for a capacitor motor, The
general expression derived for capacitor motor can be used

even for an ordinary split phase motor by putting x, = 0.

2,2.1., The circuit can be analymsed simply by considering
the machine at standetill as eaquivalent to two independent
circuits without any coupling between theg,

The mesh equations of fig, 2.2A are

d1‘0(3. alasqa
ro(‘ :'o(‘-* xo(‘---a-;--—--o-xu—m—-s?'(t) s 201
a1 . '
] dt
This can be expressed by taking the Laplace transform as
(ro(. + ‘xo(. ) I‘*‘ -+ ﬂx-‘ IM = V(S) see se 2.3
SXma Ia“. + (r/m + Bw) Iﬁd = 0 see ve 2.4

If the voltage passes at any angle of wave < at the

time of closing the ;witch
V(t) = V Sin { ¢t +x)
= ¥V Sin{«st +x ) a?aumlng w= 13 with this

simplification, inductances can be replaced by reactances,
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Thus the solution of equation 2.3 and 2,4 gives

T < Y(s) K,;L l+ as ve 2.8
ke x a P1P2 (1+9°) (14?13)(1*?2‘)

1
wvhere a = 3 Ty % e 3 Ty = L

P, and p, ere roots of the characteriatic equation,
By taking inverse of Laplace transfornm
r

| _VCosx | + K (K,; =P1)e P2t
1 (t) = _gﬁﬂ Sin (6 + ¢ il

A &

+ (K:g = P2 20"’2‘] + V 8in«| J)+Kﬁd Cos(o+t)
- 2 - | 2y (1em 2
(py 92)(1+p2 ) J X a L (1ep;y: )(l+p )

L 7 U A __‘Pa_._.._____g.‘ﬁd" 2.6
(Pg-pl)(lﬂal ) (p1-pp) (1+p5") J

If o = 0, the condition corresponds to motor coming
on line vhen voltage passes through its zerp value, The
current in a highly reactive cirecuit would be 90° lagging
and will be maximum when the voltage passes through zero
value, Thus transient current will be more severe for this
condition, The author 1s interested to record and ealculate
the transients wvhen « = 0,

vk l e Kpda
% —r 8in (e+t)

-.pzt
( & “plll-_—m) . *('& -pa.). ' "a‘?
(93-91)(1*'912) (p1-p2) (L+po®)

tang = G(Plpg-l)-ép] 'P_P_z)
alpy+p2)+(p;pg-1)
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The above equation can be simplified by malking the assumptiona
that for single phase Induction motor K .4 <<! amd py < P3

Thus
v Sin (t- 8) o P1° Po ~Pat
i (t) = ':;-f-.' + - —"2' ] 00208
‘émtaﬁl}-—+ta§1.£~taal.}m
. Y P2 Keq
After substituting the motor constants in eqguation
) 2.8’ wh s‘t
- |  =l.214% -,016t
1 .(t) =18.6 [692 { 51n(tedd,5)+0 } «0.01313e 2.9

The moximam valus of current comes out to nearly l0Amp,
(peak), The steady state value recorded by an ammeter placed
in series is 30 Amp, Thus the ratio between transient

current and steady state current is 10 = 3,13

The ratio of transient current peak and steady state
current peak value from recorded photo (No. 1 )is coming %o

/
nearly 3.8,

- Thus the results obtained by two methods are within
practical limits. The variation is slightly more due to

the following reasonsie

1. The angle of switching was not exactly zero degree
as 1t 1s not possible dus to different times delay of
relays connected in the cirecuit, ’

2. Load on motor was put by mechanicgl belt and spring
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and which was not possible to keep conastant during
full operation due to increased friction of belt \
and pulley.

3. The motor constants have been determined experie

freom
wentally which are alsp slightly different design
datas,



2.0

'rm me sh aquatiana of fig.z.EB are-

as, |
: s 2.1
4 b*-"o(b * X ....aih + X, Jl pdt + Xp TS V(t) 0
d'.l iy :
’ ! . L s we 2.11

Taking Laplace transform on both sides, the following equation
18 obtained, |

'f (s) » 7 Beq il Km“i——g) """K"""‘!"'
b [(1+32) {§3 ng.SEEhu___nBl’ T xn.ea* £ 1,

+ m} [ X X 1 LR ae w0 gom

X

2.3.1. mm_ﬂmt
After taking inverse of Laplace transform-  and

solving this equationg we get

"0.6865t
10%(1;-) = 0,408 [-7.7&! Co8(1.975¢ - 26.2)4»7 l&os(t-zs.l)
' ~0,0266t
‘000015“
Simplifying further -
-0.6565t
1&b(t) = 0,408 [’?.15 Cos(t-B5.1) «7.76 Cos(l.975t « 26,2)e
«04,0266¢
"0.001590 o e 2.13

The value of current at t = 25,1% (because at this
instant the fundamental iz maximum) is nearly 0.735A. The
current after 18 cycles attains the value 2,92A due to decaying
of second harmonic component of current, The centrifugal switch
also opens at this instant and the current dies out completely
after this time. Thus the current in auxi.ll.lary winding flows

for a very small interval of time and does not effect the motor
Pev fov manc e Muich, tokalGueytbric it Cdapdnky

! iFcu' aogaﬁea ecalzulation pfeam sea the appendices.
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2.3.2. For 80 Als
Auxilliary currant is given by

-00714t
1,,(t) = 0,408 (6,4 Cos(t~19,2)-6.66e Cos(2.1Bt-26)

-0,0282¢ - ces 2,14
=0,00105e ] . .

The initial valus of current at t = 10.2° 1s mearly
0,654 and a;tar 12‘cyclaa it becomes 2,62 A. At this instamt
centrifugal Switch opéna and auxilliary current completely
dlees ocut. At starting,condenser offers impedance and takes
somn time to chaage it, As condenser chaMges, the current
inereasss in the asuxilliary winding. This phenomena 1s
prominent when capacitive reactance is higher, Thas with
80 AF the initiul current $s only 0,854, while with ilooAaF
1t 1s 0.7354.

2.3.3. For 120 Affs
S Auxilliary current for 120 AF condsncer would be

. : ' - =04712¢
1 ,p(t) = 0,408 [9.16 Cos(t-27.2)-0.38  Cos(1.83t-20.3)-
| ~0.0258t - cer 2,15
0.00L75% S

The initial value of eurrent at t = 27.2° (when
fundamental component is maximum} s nearly 1.27 A and value
1
- of currant after L4§- cycle 18 nearly 3.77A.



Capacitor'Fundumant-'higher 'd.c.term'initial'?req., 'Steady
'al frequ- *'frequ- ‘'decaying'current'ueney !'state

v*ency Eonponet ' ONCY ‘exponen-*when ' of hygne!current
'oacill. 'tially ‘'fundas- ! {equwytdin A,
' ‘atory ! fmental ' oscdlboy? (vihen cw
' ‘term ! tis t  termy Swritch opens)
' ] | im‘ ] L
8o ! 6.4 ! 6.66 ' 0,00108' 0.55 '109.0 ' 2.44

100 : 7.15 : 7.76° : 0.00159: 0.735: 9?.75: 2.92

120 ! 9.16 * 9.3 '
? t (]

0.00175: 1,27 : 91.5 : 3.74
¥

From the table 2.1 we can easily see the variation of
\ "\ auxilliary current with different capacitor values. As the
capacitance increases the reactance decreases and current
wlll go on inecreasing. The frequency of oscillatory term is

decreasing with lnereased value of capacitor.

In capacitor start motor the auxilliary winding current
will vanish as the centrifugal switch opens, The time taken
by rotor to attain nearly 708 of the synchronous speed is
comning out nearly 15 cycles 1.6, 0.3 sec. This time varies

with different capacitor values,

Yalue of ecapacitor Time of operation of centri-
- fugal swileh (in cvcles)

80 Cee 12
100 e 18
120 oo 1,41/2 '

As the current flows in this winding only for a short
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duration,, the transieRt doss nel play ahy preaminent pedt,

2.4, Lipe Currenis

The displacoment betysen two eixrranta is neafiy
o0® in time for balanced ﬁparatién if the value of capaclitoy
is auitablycgfndiacussed in Chapter 1. The line current
will be the vector sum of tvo tran»iant currents, The main
winding current 1s independent of capacitor value as is very
clear from equivalent circult derived in article 2,1, Thn
ateady and transient linme currents will be glven by vactcrial

sum of the two currents,

IABIE 2.2.4

U:m‘nsu‘n § 1+;\¥e)

-
L

itor '
Capaclito . ) O . Im ) %K
80 : Q.55 : 10 : 16,009
100 : 0.735 : 10 : 10.01
120 ' 1.27 ’ 10 .7 10,08
S
Steady atate .. TABIE 2,2 B
(Aux. windimg yust wrens) -
' ¢ ' 'Hecorded
Capacitor ' I, v I, 1. ;L 'value of
' ’ ' 'Ammeter in
L} ] t $ 1 im
80 ¢ 244 ¢ 3 ' 3.86 ! 3.7
' t ’ ’
100 ' 2.92 ! ¢ 4,18 * 4,.C
' 1 ' s
120 ' 3.74 § ' 4.8, 4,2




X

S ame duvren e

The practically observed values by placing an
ammeter in line are qulite comparable with the calculated

values, The orror between the two i3 within the practical

limita,
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The sudden switching of an a.c. voltage on to a highly
roactive circult of the type discusssd here will preduce tran-
aient asymmetrical fluxes and currents, the magnitudes of
which will depend on the actual value of voltage wave at whieh
the switch is closed, The fundamentsl frequency transient
terque results from the reaction of the aaymm;trical flux on
one axls with the alternating current in other, The asymmete
rical flux and the associated fundamental fraquency torgue
decay 8lowly, since these depend almpst entirely on the value
of magnntizing reactance, The transient torgue arising from |
- the asymmetrical current decays very rapidly, since it depends

on the leakage reactances,

In thia chapter the author discusses the variation of
transient torques with different capanitor values and also
the ratios of transient torgque to steady atate torgue value

keeping the angle of switching constant,

3.1, The developed electrical torque according to cross=
field theory is given by

é&krcﬂt&
T (L g = e 4q)
Stmilarly the expression for the inatantenous torque

in terms of rotor currents is

1 %
T (1 it - ) .
ALpq L 1pq 1[‘1 L ’Pd dt 3.1
. -1.426t -0.0325t
1 () =V [—o.osm- +0.00404¢@ -
-0.1 Cos (t-123.5) ] ves 3.2

*For detailed enlcul&tion; please see appendics,
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;pq(t) = V‘(p.oasze €08(1.99t=28.3)=0.0868 x
| Cos(t-20.8)| ve3e3
Eor 100, A3~
t -0,713¢
\ 1Fq dt = V {b.oxasse Co8(1.99t-138)
Q .
| =0.0268 Sin (t-20.8)+0,0006 ] ‘3.4
t ' -1.426t -0.0325t
Y [0.041. -0.12450 -
Q
=01 8in (t=123.8) + 0.0012]  ee3.5

The electrical torque developed

t ' t
T |1 s BT | 1 aé] . 00346
e it [ % '
After substituting the currents in the equation 3.6 and
splving ve get,

2 “ -2,139t |
T=KVZ x 10 [26;2-10.3a Cos(1.99t-67.8) +

«~0.7465¢ -1.426¢

+35.6e Cos(1,98t=28,2)+19,1e

-0.0395%
Coa(t-25.8) «33 .40 Col(t-25o8)

«0.2926 +0.0202¢ -

«0.713¢
0.523 605(t¢8703)*003388 x

-0 0713t

Co8(l,09tu28.3) we {13.3scosx

(1099‘;*138’8) Coa(tv123.5)~
) -28.2‘005‘1099t-28¢4) 8in X

(t-lﬁé.&)?] creB.7
Neglecting small terms the average value will be given by
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Ty= K' 36.36 V2 ..3.8
whene K corstant. :
- . «0e714t
1Pq =V [o.ozase Co8(2.18% -24.2)-0.0224 Cos(t-17)]
ee3.9
and
g 1 _dt= V|[0.0004¢ Cos (2,18t-132.2) -
9
\]
0.0224 Sin ct-:z.nw.ooon] ..3.10

- The torgque will be glven by

2. “l ~2,14% ~0.7465¢
T=RVex10 {21.4 -9, 66 Cos(2,18t-61)+29.2e x

«1.,426t
Co5(2.18%1-25)+15.90 Coa(t.72)

-0.0325¢t =1,426¢
”2?085 305(t019)~0¢4159

=0.,0325% .
+0.02860 «0.83 Cos(t+33}

‘007l4t
+0.28250 Cos(2.,18t-24,.2)

 =0.714
e §10.4 Coa(2.18t-132)Coa(t-123,5)-
«23.6 coa(ailat.za.a)smw-ma.m}]

. ..’3'13‘
Neglecting very small terms the eaverage value will be given by

Tay = 34.49 K172 where K' is constant  .,.3,12

. 3a3_For 120 AF:-

. -0.712¢
1M(t) =V [o.oa:m coscl.aat_za.1>-o.oslecos(t-2s.a)]
‘ ¢ ...3.13
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-0,712¢

1 Gt =V [e-.omse Co8(1.83t-29.1)-0,0316 x

) A
" %q

SLN(te25.8) = 0.001] ..3.14

The torque can be calculated in the seme way as per above

values,

*4 020138t "007%5t .
7 =XV2x10 [31.4 «13.20  (os (1.83t-72)+40.4e x

«0,0375¢
Cos(1.83t-29,1)-39.4¢ Co3(1.83t«29,1)e

«0 .037 5t ) ; -l u426t
«39 40 Coa( ‘t~2808)§22¢63 » GOQCt“SOQS)"

. =l,406% -0,0325¢
=1,13 Cos(t+36,2)-0,5840 «-0.,404e

“0 .‘7th »
-8 { .16;5 CDB(l .33t“14004)c93(t~1230 5)
+32.4 Cos(1.83t - 29,1) san(t-123¢5);]..3.35
>Tbn avorage value of torgque will be gilven by

T‘v =z 49 K‘Vz R . 0#3.16’ v

The relative variation of Transient torque and steady State

torque has becen shown in the table below:

'8tarting transient ' Tgapeady x 'Hatlo *Av.trans-

fE TS Rt ky® g gt et e
8O S 43,6 2 21.4 ; 2.08 E 34.49

100 ' 40,2 : 26,2 * .1.53 ! 36.36
120 ' 66,6 ' 31.4 "' 2,12 1 49.0
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The average tranalent torque is responsible for turning
the rotor from standstill position., Although the duration of
transient torque is amell but it gives rise an energy to shaft
just as an lmpulsive force. The magnitude of torque dopends
on the average value of the transient torque, The average
- tranajent torque increases with increased value of capacitor

a8 can bo seen from the above table.

An 1mpo£tant point 18 to be noted that ratio of transient
turqﬁa at starting to steady torque is minimm 1n‘ease of
eritical wvalue of eapacitor, Thus effect of transient is also
minimam in case of bhalance 6peration and thus capacitor value

chosen for balance pperation also gives minimum transient

behaviour,

The starting juality can be improved by properly select-
ing the value of capacltor as discuéged in chapt?f orie, The
critical value which gives perfeet balance gperation has been
used in cemputing the transient and steady state torques, For
comparison ¢f average transient torques twp other values of
~ capasitor have also been taken ir to consideration. The
variation of starting torque with different values of ecapacitor
is studled experimentally in a slightly indirect way.

A tachogenerator i1s connscted with the shaft of
Induction motor as shown in attached photograph. The output
of tachogenerator dependsa pn the speed of shaft»because
voltage generated 1a proportional to Spaed.}f other things

are constant.

E (KN
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The cutput voltage of tachogenerater is sinusoidal
if the motor 1s running at constant apeed, During starting
the sheft tekes some time to coms up to apeed or in other
words gne can say that speed rises from zerp Lo normel value
st that particular loesd, The output voltage waveshape varies
in shape and the same has bsen recorded by keeping voltage
reference signal of motor as base, The frequency and ampli-
tude of tachogeneratol voltage varies till the mpotor comes up
to rated speed, This variation depends on the value of
capacitor chosen, The differentiation of this vpitage or

apoed response shows the acceleration of the motor

Ace. an
* T
and Torque — I x Acc.
where I = moment of Inertila

m’i:tans c N\

¢ ~J\J

g
T = K tans
where K 18 constant

The variation of angile and starting torque with different

valués of capacitor is tabulated belows

28 ' oin degress ' tans 'T =K3 tans 'Teal.(gverage)
80 8 8.0 ' 0.140  'TaK; x 0,140 'T=K' x34.49.
00 ! 8.2 ' 0.144  'T=R) x 0,144 'T=K' x36,36
120 ¢ 9.0 ' 0.158 T=K; x 0.158 *T=K' x49.0




Capacitor 'Theofatical.?orquo ' Bxperimental Torque

tratio 2 _ratio
L] L
“igg*fﬁg“ . 0.95 . 0,975
: L { {
—M t 1‘3 ¢ 1913
100 AW : . ;

There is a slight varlation between two ratios that
might be dus to the following reasonss

l, Back-lash error in the coupling of Induction motor

and tachogenerator,

2. Tachogenerator response was not very gquick dwe to

crude design of this tachogenerator,

3. As this is the indirect method of torque mesasurement,
onnveaﬁzpot easily determine the correct ratio.
However, an approximate idea can be had of the start-

ing torque ratio with diffesrent values of capacitor.
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When a polyphésa Induction motor is connected to a single
phase supply syatem, no starting torque is dewloped, In order
to produce starting torque, a phase converter is needed, The
selection of phase converte; dependa on satisfactory atarting,
run up and full load performance, The author 1s interested only
in stérting tfans&ents in the notor for the above mentioned
phase converter value, Firat, the value of phase convertsr
for the specified motor has been determined for the best atart.
ing quality and the study of transients have been made for the
same valus of phase converter, It has been ppsslble to study
the relative variation in transients with different values of

phase converter during the analysis,

1,1, Fig, l.1. represents the primary windings of a star

connected 3-phase Induction motor connected to a single phase

v
o-¥
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e
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.

s
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asupply with an external static phase converter of admittance
Y in the ecircuit, Inspection sjuations for this circuit obtaine
ed by tha application of Kirchhoff's Laws are as follows:

IA + IB + IC = 0 | see L) lol

V‘VA+ VB ’0 sv e ve 102

VAO vc - IC/Y' 0 sne ‘ ce 1.3
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These equations can be splved by symmetrical component theory,
by utilizing the substitution,

ﬁlﬂ!ﬂtﬂmmﬂ
-*
]

Vc = Vé +*&Vl +an3

and . .
I.A = VéYow- VlYl +* VBYQ

§
i .
20 Y. . s i
IB 3 VoYo 4+ & V1¥1 + avzya % caw ¢00105
2 I
Ig = Vo¥q + aT1Y, + 8%VoYg §

wvhere Vg, Vi, V2 are zero positive and negative sequence
componsnts of V, respectively and Yoy Y3 and Yp are the
. Faspective values of admittances per phase of machime to zero,

positive and negative sequence currents.
The solutign of V3, Vg and V, are given by

J? Vo = 0 sew - ewe tvoloe
- «0 - ’ ) ‘ '
Ve [\/B‘Y 0330

+Yo

v, =
3Y + !l +Y2

LR N J 0001.7

o = V3 283304- b 6% 1.8
B L ava+y, vy, e

1.2. Starting performance...

At standstill Yy = ¥, = Y

Thus V3 = —-® v ¥ 9%y, .
V3 N +2Y,

cee 1.9
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m .
V = v ‘J [ 3 Y ‘Jm‘.’ ngn] ss e (N 1010
2 \/5 3X + EY‘

The ratlo of the starting torque T to the starting
torque under balanced three phase operation Ty ia given by
the expression

v't, ren X 1.11

By substituting the values of V, and V, in expression 1,11,

'L * ——-2%2 s‘hd e ‘ieoo see lal2
Ty 9 + €y°“ 4+ 12y Cos< '

where = p = ]

The eqziatian 1,12 13 gensral expression and can be
apnlled to any Induction motor. In practice, the angle ¢ is
always negative and for normsl Induction motor liess bdetween
20 and 70%, for capacitor or imductor the angle is 4+90 and
=90 respectively, Therefore the practical limits of the
parameter o are 160° and -70°,

1.3. lnbalance factol:-
The unbalance factor is defined as the ratic|negative

sequence current to the positive sequence curreat ,%2' which
VQI 1
18 equal ¢t l
aui to |7358|-
Unbalance factor at atandatulm will be giwn by

U= [ 3+52 4 2/97y Cos( A+ 30) ]lﬁ
3+7° + 2/ y Cos(X - 30)

ee 1.13

For fixed value of « the unbalence factor will be
minimum when y =/ 3 °
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Therefore for keeping unbalance as low as possible the
best form of phase converter for most of the normal Induction
motor is a pure capacitor. Best performance 1s obtained for
y =/ 3 amd < very msarly 150°,

For the motor on which the experiment has been performsd,
A = 14859, |

(1) With vy n.\/ 5

-

we = \_Y_ﬁl
y
g " { Y4 vefor experimentdbn
o= ‘ detail)
10.2/3 %314
e = 170 4F
(11) \'gg_{ 2y = 1,8

6 %
10
¢
* 10.2 x 1.5x314 = 197 A¥ (Say 200 AF)

(1i1) With y = 2 .

10
¢ A7 aF (Say 150 faF)
¥ 1002 x2 x 314 *

Thus the analysis of motor for transisut purpose has
~ been made at three different capacitor values keeping in view
balanced eperation for y =n/3 .

*®
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2.1, Single-phase operation of three phase Induetion
motors has been & subject of very great interest in
the past to both the designers and operating enginsers,
We often come across the problem when it becomes
necessary to run a three-phase motor from single-phase
supply. In this case mptor wiil develop lesser pull
out torque and poor efficlency, The author’s aim is
to study and record the transient currents in three
phase Induction motor running on single-phase asupply
with the help of a capacitor., The value of eapacitor
has been caleulated in the previous chapter,

The sectlon deala with the caleulation of tran-
sient currents and determinsiion of peak value of
transiont currsnt in windings as well aa steady atate
values, The actusl records of currants of different
windings have been obtained for comparision with the

theoretical resuits,

2.2. A variabdble capacitor with a motor having atar
connected stator winding is shown in fig. No.2.1l. The
capacitor value can be changed according to predetermin.
¢4 value at starting for glving perfect balance operation,
After starting, the capacitor can he rempved {rom eircuit
by opening a single pole switch placed in elreuit ﬁa

reduce the heating of motor,
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$he equivalent circult for this condition can be

drawn as follows ol the basis of doubie revolving field

thgory

e ——————_

s .

During transient state the dirforential equations can be

wiitten as

= Vf(t) ev e 2.1

aL y
Bilp * % "Eiﬁ t s "Z{%L" v Tollyp ~heg) +%e|Moprtee)®®

= Vp{t) voe 242

a1 1
Xy -—a%-f—' + Bzipr + X ‘3.%1.',2;_. a O e eve 203
ai i i
: S Rooxb 4 g, iR =0 .e cee 248
3% ¥ Bg = e rani

By taking Laplace transtorm and rearranging suitably
1 g JRysTerex + R N L R R
+ -iph x O f Vr(s) o s 2.5
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Tef-Te-20f +Lp jRieves o o+ G0 eTpemy 4ueo
= Vb(') LN R ] 206

Dl

10(‘ '!'i‘i;{bKO"'IPt (Rz‘b“)*i-.f'gbzoﬁﬁo s 2.7

To(rxo+1o(hxsxm+ipfxa+ie>b(32+ax)500-0 2.8

In the above eguaticnhs the independent varlable t{time)
13 in radians and not in seconds, éy doing so the inductances

are replaced by reactances of machine,
The aquaticns 25 and 2.6 can be rewritten in the follow-
ing way by making the simplyfing substitution.
A=Ry+r,48x 4 e
¢ P
Xe .
Bz = (B + =%

C = ax

Dszabe

AD2 - C2py o BD2
- V: £AD C<p) Vy X L
- Det. A

10( -..O 2.9

where '

BAoOC
CoDo
ocop
- -vp 8% + Vy (ap® .o%p)

w

1 ®e® LR N 2 2.10
b Det. A
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I = g:‘(ea - ACD)Q‘Vb i ase e see 2011 |
T« Vg BCD + V) (C3 «ACD) s e e B2
Pb i’)e‘{;. A A ¢

The forwacd and backward voltages can be written down’
‘on the assumption that the applied veltige passes through its
gern value at the time of closing the switch,

Ba
¥ (t) = —2 Sin (£-30)
t A

\

Vpt) = E{_ sin (£+30)

V3
. . Ba \v’é" 1 | 5.13
va(t)rs Vf(s) *\/5__ "‘é— W W] ree

_ . 'y vi 1 8
LVb(t)ﬁ Vb(s) « J 5 [ 5 Iva2 + mTz(hg ) } oss 2.14

On substituting the value of Vg(s) and Vp(s) in
eqﬂatlon 2.9 we get (Fov‘ Ky K[b vepey  Expt, Sechon)

T .. % (a + Ky )
8 4 2o x, [ {148°) {52 +8 KA;AP + I\t_xﬁg

- & (8 + Kg) .
/5 (1ee?) {33 +8° (Koo +K;) | 8(Xc"+K Byelt

+ Kﬁ xc. }]oozuls
mf}- »
similarly ;‘;ﬁh can be written as

By (s -r Kp)
b = 3 [
“ %5 (hs“}% > 8(R. +K5) + 5y Kp%

+

+ Kz)

/5“(1+34) 8° + B%(Kgsi-Kp) + 8{xq *KE Kac)

3
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Total current 1.6, phase curront is the sum of the two

componants

E (s + Kp) Ca ]
1,(8) » "'—"""" eee .17
A (%) X [ (l+32) §334- ﬂ“K.,Cl’Kp) K,\ K_f_}

Taking Laplace inverse of s3’, 2,17

E 1+ K2 Lo = p -pt
1,(t) = ‘;[J 1 Kg sin(t - 8) » —22= P M

(lap,2) (:upz | (pp-Fy) (ep 2)
Ky« = %
Py 72 cre 2.18
(Pl-pg)(l«m-an)
-1 -1 -1

® = tan T1+tan Ta-tana

1
where a = P and Tl and T, ara reeiprocals of

p
two Tonta of churacteristie equation,

For usual values of the constants of three phase Inductien
motors Kp<1 and pg 18 neglegidly amall compared to Pye The

above expression can he written as

t
i LT (hp 2) Py

By substituting the motor constants,

E}A -G 8865t -0.01356¢
LE X 7 2.20
At t = 2 4 49 » 139° {(because Tuniamantal is maximum

at t = 1399),
T = 139 /180 radian
B,
therafors 1,(t) = A x o.823 (ax start )
<Xy
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Steady state component is 75% of fundsmental and
the two decaying d.c. terms vanish aiter some time,

Thus steady state componsnt = ﬁi - X 0.75

The rstic Lrapsiant. curcant 0.883 .11
ateady state current = 0.75 *

Actual record of 1,(%) shows the ratio to bs neaily
1,13 betyeen initial transient current and final steady
state value, The difference between caleulaved and experi.

mental values is negliigible,

For gotting numsrical peal valus of transient current
~ from expression 2,20 thu value of Uy . x, are to be

subatitutead

15() = 22 x 0,883 = 20A peak or 206 rms
0.06 x 128.16

{Assuming current wave sinu-

snidnl)
Stealy state value = 254 % 0,76 =24.6A or
0.06 x 129,16
17.4(RHI)A

The recorded steady state value wlth the standard ammeter
1!1 lim was 160%.

2.3. Copyarter currenfs-
- Fronm equlvalent cireuit shown in the Fig. 2.2 the
currant through the capacitor during starting is the difference

between the forward and backward eurrents.

1.(8) = 1 p(t) = 1 (%) ot . 2.2
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The converter current depends on the value of capacitor,

2,3.1, For 170 suF

The capacitor current will be given by

E -0,563%

1,(8) = —— L [0.256 Coa(t+73.4)=0.572¢ x
S

Cos(2.,11t + 32.6)] .o 2,22

This current consists of two terms:
1) Fundamental frequency term
11) Nearly doubles frequency term dying out exponentially.

Besldes thess two, there is a neglegibly small term
decaying exponaentially which has been neglected during the

determination of tnis currant,

From this expression we ase that the fundamental term
is fres from decaying factor and the double frequeney current
in the capacitor though otz\fc;‘:;’ice the value of that of the
fundamental, dies out completely exponsntially. The phase
difference between the two components is nearly 171° and
the resultant current is the dirset difference of the two
at time € = 0. The steady state value 1a only the fundamental
component,

The ratis Lgsf:ari;;l,lxzxg__ current - 04317
steady peak value 0.255

The recorded oscillogran (50.4‘7%;“:) gives the ratio to
be nearly 1.18, |

For 1850 mF,
The capacitor current is given by
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E -0 L 578t

| A
[ ) -\Je "6 2.2 k 5.3
1o(t) = — /ﬁ__[o.zm Coa(t475,6)-0,556 ¢ Cos(2,27t+85.3)
e 2.23
For 200 AF, the capacitor current is given by
3& -0.5385t
1.(t) = |0.306 Cos (t471) - 0.63888  Cos(1.a8tee2)]
- X, /3 f
| eee 224

The variation of differont comporents of current with
the above values of the capacitor and the theoretical and
practically obtalned values are tabulated in Table 2,1 and

2,2 respectivyely.

‘rgmain for
'longer time

Capacitor ‘'Fundamental’higher fre. *damping ' Remarks
'eomponent ‘'quenecy term 'factor '
' peak ‘1.0, nesrly ! '
' ‘double peak ! '
! _ 1 ' '
i50 ' 0.816 ' 0,856 ' 0,578t ‘'More damping
' ! 1 ¢ '‘effect 1.0,
! ! ' 'Transient
! ' ! ‘dies cut
' ! ' ‘quickly.
' ! ' ¢ "00563t !
170 ' 0.285 ' 0,572 ‘e ‘damping effect
L] L ] .1935 than ‘
] 1 1 'rirat one
! ! ' ‘0.53& '
200 ' 0.306 ' .0,6365 ' ¢ *lowest damping
: : : ‘i.e,transient
] L ] s




"_Theoretical M

Capacitor ratio of iiggsian ratio of z?::s;ent
i 1 .
170 : 1,24 : 1,18
200 : 1,08 : 1,13

Voltage serpss the phase converter or condenser
can be estimated with the help of the capacitor current and

the impedance of the phase converter,
Vc(t) » (rc + z%-v-) (I)ﬁf - ”‘"‘b} - sawm ee 2,28

;<f = 1y = 1.(8)

For 170 AF | -
5 Gt EA [ o -04563% L 6
Q' )= :‘i;"“/‘.é.. «0,872 @ Coa(2.11 t4+82, )

+0.255 Cos (t+ 73,4)] Cene  ee 2426

s
rc,z 0.94 ohus

%o = 18.75 ohma. '
056 ¢ 0Q9(2011t~28'4) *

+4,76 Cos(t-13.7)-9.12| .. 2.27

* The value of I, expsrimsntally determined haa beon found
to be nearly 52 of reactance,

]
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for 200 AF

T, = 0.7985 ohms

Xo = 15.9 ohma
‘Oo 538t

1 (t) = SAer_ [0.306 Coa(ts71) -0,63650 08{1.95t+82)]
¢ ax‘,(f— '
e 2.28
And -0.538%
Ve(t) = -2~ [4.87 Cos(t-16.2) +e "5.16C08(1.95t=28.6)

-9.18] . 2,29

In a similar way for 150 ,ug voltage across the
condenser will be given by, |

B -0.578t
V() = = __| 4,60 Cos (t-12.6)+5.260 x

%
Cos(2.27 ¢ -24.6)-9.3] .. 2.30

The relative variatlion of voltage across the condenser
for different values of ecapaciter are tabulated as shown
belows

TABIE .3

$ 1 1 ] t

MF  'Pundamental higher ‘constant'damping ! Frequency

tcomponent' frequsan- ‘tern. = ‘'factor ¥ for
' ' cy term ° for higher' dampling
: : : rrequancy ' ternm
L
- ~0.572%
150 * 4,6 ' 5,26 T * 9,3 1'e '2.27x50
* . ' 1 ] t 3113..50/8
' t 1 ' -0.563¢ !
170 ¢ 4,76 | ' B.05 'oB8,12 ' e '2.11x50
’ ’ 1 ' ' =108.5¢/8
s L . . ’ «{)H38L L
200 : 4.87 : 5.16 J : 9.18\' © '1.95x50
. .

¢ u97.5i‘3/ﬂ
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From the tabie 2.3, we sae that,

1) Fundamnutsl component increasss with increased value of

capacitor,

11) At critiecal valus of capacitor, double {requency term is
less because it cosresponds to neafly balanced oparation
effect of backward field is minimum. As the value of
capacitor is changed, the double frequency term increases

due to unbalance pporation of Induction motor.

131) Constant term in the voltage expression for the voltage
across the capaclitor also changea, with highsr values of
eapacitor, It 1s minimam for critical value of capacitor
because fundamental énd double frequency term increase and

hence constant term decreases,
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2.5. lotor winding.currents
The current in the winding connected in parallel
with the capacitor is the difference between the current and

capacitor current,

Im = IA - Ic X ss e 2.31

By considering instantenous values of these eurrents,

In(t) = 13(t) = 1,(t) .ee e 2,32
1,(t) =(1 (t) = 1 ,(t) ese . ese 2,33
108) = (L, + L) oo cee  2.34
1g(t) =2 1 cen vee 2435

By substituting the wvalue of 1 p in ea”. 2.35 and putting the
motor constants we got for a capacitance valus of 150 PF

Ba ) -0:,878% |

1,(8) = _ |~0.65 Cos(t434,8)=0.3320 Cos(2,27t485,3)
Xy -0.8865t -0.0135%
" 404553 +0.0lle | ..2.36

for ¢ = 170 uF, the expression for the curremt will be,



-0,5631'-
1.(t) = ..A_ [.0.639 Cos(t+34.2)=0.334 ¢ Cos(2.11t+82,6)

-0.8865¢ -0,0135¢
+ 0.553e +0.011e ] +e2437

for C = 200 aF,

E -0,538%
1a(t) = = -- [-o 61 Cos(t+31.5)=0.,367e Co8({1.95t+82)

-0, 83865t -0.0135¢t
+0,5538 +0,011e ] ..2.38
A Trelative study can be made of these currents for
different capaclitor values by calculating the values of the
various components and arranging in a tabular form as shown
in table 2.4,

TABIE 2.4
Yariation of different components of currenk and

] 1 4 * [ ]

Capacitor'Funda- 'higher fre-‘damping'damp-'damping’'fre-
*mental fquency termtfactor 'ing ‘'factor 'quéncy

'compo-~ ‘1.8, nearly’ (1) ’fact-’fcr '
'nent *double fre.! or(z) oscll. !
' ‘quency(3) ! ‘latory !
5 ' ' 8 tterm 3 !
-0.578t

150 : ' 0065 ' 0.332 1 dqc. "high-’e : '113.50/8
' ' ! ‘er '.0,563%!

170 * 0,639 * 0,334 ' 8,6, ‘damp-'e '105.Ec/8
! ¢ ' damping ing '-0,538t!

200 ' 0,61 ' 0,367 ' factorffactord ' 97.5¢/8
. t ] ] 1935 &3& sdm LR
L] $ 1] same L ]

] ¢ L]

L - j ) .1

The following polnts are worth noting about these curronts,
1) Fundamental component decroasss with increased value of
capacitor, because higher the value of capacitor, leasar the

impedance of shunt branch and hence mpre snd more current
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will try to flow through the phase converter, The winding

carrent t.gt) will decrease accordingly..

11) The damping terms are same for any capacltor value of
phase converter because damping factor depsnds on the
constant of the winding 1.e. L/R and this is constant for
motor winding,

111) As the capacifance inecrdases, the frequency of oscilllate
ory term decreases, For example, for 1850 AmF, 170 and

200 aF, these are 113 c/s, 105.5 ¢/s and 97.5 o/s respsct-
ively, Simltaneocusly the damping factor alss becomes less

and less,

P YT
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3.1, The developed electrical torque in symbolic form

is given by,
, 2

where
B,x
A°nm -8 .
) 3 s
Pf( )= 2 x, Xy, [ (1+82) 5(554- (R FEG) B K»?
T '
: -_..§._£3 3.1
- . ¢ Ty .
V3 (1+8%){Ch,equation) ]
F’b(.) = [ v - - 3
zaxx‘xp (l4+a¢)(Ch.equation) V-u (1+8<)(Ch.equation)
ese 342

For 170 /ﬁF capacitor value, Pr(t) and 1ﬁb(t) have been
calculated in detail in usppendices. The final form for

these currsnts are

+ 0.0147¢

B, Xy =0 ,8865¢ -0,0135%
1,.(8) = A 0.5650
2%« p 0.563t
-0 ﬁﬂﬁcos(t-35.4)-.0.3949 Cos{2.11t-5, 6)

LE ¥ J 3 3
B Axm -0,8865¢ -0.,01356t
(t) ® — «0,5658 +0.,0147¢ ~0.875Cos(t-47.8)

25X, X3 0.563t
+0 . 3948 Coa (2.11&5.5{] ese 3.4

Tr = Torque due to forward component of cu:srent = mgi,stz
Ty = Torque dus to backward componment of currsnt = Kﬁaipha

«l,773t ~0,027¢ -1,126t
Te =) [0.320e +0.000216e +0.195(1+Loa 2 8)+0.0705¢ x
alkE L, "0 mst
(1+Cos 2 93-0.01760 9t-'§ﬁ184¢
-0.563t
Cos(t«35.4)+0.123¢ (Coa(3.11t=41)+
~14449%

Cos(1.114+29,8)§0.223e coece.lxt-s.sj]
| LR W J 3.5



B, X,
here K [ A
w )\ = RZ Q2 X, xp :\
!b = A |0.,33e +0.0002160 +0.384(1+Cos 23)+—~§-rx
«l,126% ~0.02¢ «0,0135%
(1‘.‘603 2°< )8 -0001763 .0.035700 X
"00563t
Co8(t=47,8)«0,3440 005(3.11%-53)6008(1.1!‘&41)
«0,2238 Cos{2,11t = 5.,6)] veo 3.6

wiere @ =t » 47,8
A w211t e 5,6 a0

Tﬁﬂt = Tf - Tb “se 3.7
Thus by subastitcuting Ty and Ty in equation 3,7 we get,

Tret = N [ -0.389 + 0.195 Co8(2t=78)=0.384 Coa(4,22t-11,2)

«0,01356¢ -0,568¢
»0 X 0.0073 Cos(t=35.4)+0,50e X

Coa(t=47.8) CoB(2.11t=5.6)+0.446¢ coa(a.ut-s.a)]

*0 8.8
The above sxpression gives the traasient torque at sterting

for single phase operation of a poly phase Induection motor.

By giving various values for t the curve for transient
torque can be plotted as shown, belows

TABIE 3.1
t=0 "tgWp ' t=w 'ted2 'tezm tab57/2

«0.268) :0.88213": 0.605A ' 0,565 MY 0,422 X' 0,294 )
t

|

-

By plotting these points the, torque curve shape will
be approximately of cthe form shown in fig.3.1.



(L)
G

Tlteady ‘A\/O.mz + 0;1952 ¥ 0038‘2
= \x 0,53
Translept toroue 0.8865
8 Gady torque 0053 (S"’cad) +wc":c = Rms Veelu € 0‘. Wdemxf'lﬂ‘j*cr—lﬂ)

= l.s?

Ths transient torque at astarting is 1,67 times ths
3£eady component and settlevs down to steady state with in
nearly 1,5 cycles, With in this time the rotor does not
attéin measurable speed. Thus shaft torque 1a much higher
at starting than the Tunning torjue, |

3.2, Lorgue calenlatlon with 200 ,F:
As 1in article 3,1, the torque for different
capacltor values can salso be estimated, For example, the

net torque for a capseitor value of 200 AF will be,

where o
Ty = KRy 1,2
The forward and backward components of current change

with different capacitor valuea and so do the torgues, The
forward and backward torques are given by,

‘10773t "0¢027t ‘loO?st
Te =) (0.32e +0,0002166 +0.2375 (14Cos 20)+0.075¢ x
-0,9t «0,0135¢%
(1+Cos 2¢/)+0.01666 «0.020308 Cosa(t=29,1)
-'0.5381’. .
+0,.536¢ Cos(t-29.1) Co8(%.95t=11.5) +

-1.449%
+0.44e Cos(L.95t = 11.5)] ces 3e9



And -1.773t -0.027¢
T, =) [0.32e +0.000216¢ +0.35(1+Cos 25 )

«1,076% -0,9¢ =-0,0135t
+0.0750 (1"’693 w,+0c0166‘ =0,02456e b

-0.538t
Cos(t-53.7)«0.648e0 Cos(t=-53,7)Co8(1.95t-11.9

-1.4491‘;
0,440 Coa(l.95t .,u..s)] ece 3,10

T ¢ = >|=0.1125 4 0,2376 Cos(2t-28,2)-0,35C08(3,9t-23)

-0,0135t
+6 { 0.02456 Coa(t=53,7) =0,0203C0s(t-29,1)

‘0;538‘&
+ @ {0.536 Co8(t=29,1) Coa(1.95t=11.5)

+0,648 Cos{t-53,7) nuaa.%t-n.s)}
-1.449t
+0,886 o5 (L.95t o 11.5)] ses 3.11

By glving various values for ¢ we get,

LARIE 3.2
. L ’ [ ] ]
t ¢ 0 v T2 ¢ w1 3% v 2w
s ¥ * * 1
T ' -1.43 A ; 0.9939) ' o.assx: 0.463.6>\: 0.07845 )

The shape of torque/time curve will be approximately
as shown in fig.3.2.

Tateady * *V0.11252, 0.235%+0,352
= 0.435) |
The ratio of tranaientie;;‘;rque_ to stagdy state torque
1s nearly 3.33 and transient torque settle &own to steady

state with in 1.5 cycles approx,
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3.3. The eslculetion of torove for 150 AF.

The forward torque Ty will be given by

-1,773¢ -0.027t

Ty = N 0.820 +0,0002160 +0,223(14Cos 28)

«1.,16€t o . «=0.9t

+ 0,051 (liCos 1¢f) =0.0L66e

-0.0135¢ ~0.578%
-0,0196e Cos(t-26.3)+0.426e x

| -1.,4885¢
C052,27% Cos(t=26,3)+0.36e Cos 2.27% |

X 03012

8imilarly backward torgue

«1.1773t ~0.027¢

Ty = A[0.32¢ +0,0002168 +0,375(14Co8 25 )

-1,186t _ «0,9t
+0,051e - {1+Cos 20)«0,0166e .

=-0,0135¢ =0.578
"0002548 Cosctqﬁ.7)-0o554‘ 3

-1,4665¢
Cos 2,27t Cos(t-26,3)-0.36e Cos 2.27t |

- '03.13

Thet 10 the direction of rotation will be the difference of

Ty and Tpe Therefore net torque ia

Tmt =)\ |=0,162 ¢+ 0,223 Co8(2t-52,6)=0,375 Cos28,84¢t
"000135t

§0.0186 Cos(t-26,3)-0.0254 Cos(t-254.3) §

"'Oo 578t .

+9.

(0e426 C082,27t Coa(t=26,3)+0.554C08 2.27¢ x
-1.4805¢
Cos(t-54,3)4+0.72 ¢ Cos 2.2’7t] ese 3,14

By substituting various values of t in the above expression

we get,
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On plotting these values, the shape of the torque/time
curve will be nearly as shown in fig.3.3,

Tateady state =V 0.182% 40,2237, 0,375°

= 0,464 A
The ratio of transient psak torque to steady atate torque

is
140106

rati
© ® T o.464

» 2.18

The variation of transient tor;ues and atsady state
torgues is compered for different values of capacitor in the
folloving table, |

T431E 2.4
' | ! ' €ransient’
Tranasient torque' steady!'ratios ‘Transient

c(;zcitor :péak 1 : astate : steady :torqm at

i50 : + 1,01060 :O.i“ : » 2.18 : - 1.4
170 : L 4 0088853 :0053 : ' 1.07 ; - 00289
200 ' & 1.‘3 '0.‘38 o 3028 ! - 1.00

From sbove we nots tme following interesting pointsa,
1, Tranaient peak torque ia lesa for critical value of
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capacitor than for any other value. Thus critieal value of
capacitor gives perfect balance operation at starting and

minimn transient condition as well.

2. The ateady state torque 13 also maximum for critleal value
of capacitor as it %s very clear from the definition of

balanced operation i,e, maximum torque per ampare,

3, The ratio of transfent torque to ateady state torque is
minimun in the case of 170 F, Thus by choosing this value
of capacitor we can improve the paiformanca undes transient

conditions better than with other capaclitor values.

4, The time for the transient to die out 1s nearly the sam

for all values of capacitor.

3.4. Skartlog torque varialtlon with capacitor:

The starting quality can be'improvad by properly
selecting the value of capacitor as discussed in Chapter 1,
The optimam value of capacitor has been calculated and steady
stete torque 1s alsp ecomputed in artiels 3.3, Ths variation
of starting torqus has been studied experimentally in a
slightly indirect way.

A tachogeneratpr has bssn connected with the shaft of
Induction motor as shown in photograph attached herewith,.
The output of tachogenerator depends on the apeed of shaft
because voltage generated is proportional to speed if other
things are conatant,

E KN )



a8

The output voltage of tachogenerator is sinusoidal if
ths motor is running at constant speed. During transient or
at starting, the shaft takes some times io come up to apeed
of in otherwords one can say that speed rises from zero to
rated value at that particular load., The corresponding outpat
or voltage of tachogenerator varies and variation in shape has
heen recorded by keeping voltage reference signal of the motor
as a base, The frequency and amplitude of tachogenerator
voltage varies till the motor comes up to rated speed, This
variation depends on the value of capacitor chosen, The
differentistion of this voltage or speed response givea the
acceleration of the motor.

Acc C*..gg
The torque of the motor will be T  Moment of inertia ace.

T = K.uiﬁ by assuming X (Moment of inertias

dat
' in conalstent aystem of units.
u.
dtvu tans
T = K tans
j\</q}8\\\// \\\k/// \\\&z// \\&crz// '

-
Different photographs have been takén for.speed response

with differont values of capacitor and the torque is calculated
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as shown in Table 3.5,

T [ ) i

'] , e * \d ' d
N . S (n degwe . tan & | .T =K'tans ,mcll. (average)

' 0.04361 :‘I‘::O +436K"

180 ' 2.5 ' ' Tw0el7 )\ *
1]

170 ! 2.6 } 0,04566  'T=0,4566K' ' T=0.214 )'

200 ! '

2.9 ' 0,050 'T=0,050K! T=0,245 \*

where K' and )\‘“ are constantis,

Capscitor ratio "Theoretleal torque 'Experimsntal torque

—~ratio. —ratlin

L) |
iso. ar ' 0.952 ' 0.835
170 aF ' X .

L ¥
200_pW ' 0.905 X 0.87
170 AP . .

From the above, ve uor;cluctu that ratio of the two
starting torques with two different values of capacitor
ares practically same by the two wethoda. Thus by varying
the capaclter valus from 150 amFF to 170 AF, the torque
variation is 0,838 times according to calculation, while
experimental value is 0,952, In the same way, the torque varies
by 0.905 times for the variation of capacitor wvalue from
170 p4F to 200 according to caleulation while experimentally
retio is 0.87. The ratios ocobtained by ths tuo methods avre
fairly in agreement within ths limite of experimental errer,
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Section (L):
In following pages the results of experiments performed

on two Induction motors, for verification of theoretical

findings are recorded,
The gpscifications of motors ares

(1) Single~phase Induction motor
® 5 h.p-T. 1lo0v, 50 e/s 970 rpn
SK49 AB 589 General Electrgé Company

(i1) Three-phase Irduction motor:
3 hepe 440V 80 e¢/3 1440 rpm
5K 254 F9l4 General Electric Company.

" oy

Single-phass motor Three-~phase motor

r = 2,22 ohms x, =84, lSohma'Rl = 4 ohms Xy =4.,16 ohms
r . = 5,56 ghms %dzm.lsohmsmz = 3 ohms Xg =4.15 ohms

T.p = 9.5+ Teohms x ,=04,3 X = 129,15 x, = 1265.chms
r = 3,3 ohms x . =04,3 'K = e =3,1 xloa
Pq pa ; R Xp, = 129,15
r -2
K % —wte23,5x10 T ' x 2
Pq % . K < b Cromle By o 0,08 tpe T amip’
b ' X P
x w2 ! r 2
, =la mbx =10.5 x10 ! Koo = —t¥elo X' = X
x"(\b pd Wi Y . ,1' Xx X
kpc\: A_ 5 C‘\"“ ";10'—4"“‘ % Yoo L

S¢
Xpd sy Sl umu A3 ,‘T ] lo.7

In addition to the other instruments the cambridge
6eeloments oscillograph has been used for recording the

transients, The essential parts of oscillograph are
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1, Electromagnetic vibrator. 6 8

2, Optical aystem,

3. Commutator.

4, Drum camera

5., Motor and control Rheostat.

The commtator mounted on main driving shaft, consists
of three pairs of slip rings with three independent aegmnts,
with speed compensating scale on the left hand edge, Carbon
brushes mountsed beneath the commutator make contact with

segments once during eaeh revolution of the driving shaft.

Center or opeplng. section:-

This section controxs’aimnltaneously the gperation
hof the relay and the Opening of the shutter, The position
of the center segment in relaticn to the camera driving plate
{s determined by the setting of the speed scale vhich should
be adjusted to the camera sapeed being used. Thié acale is 8o
calibrated that at all apesds the camera may be retarded in
relation to the opening segment by an ampunt whick ensures
that leading edge of the film arrives at the shutter aperture
Just as the shutter opena, As the inside relay A operates,
the contacts A3; A4 open and close respectively, The contacts
A3, A, are brought out to the terminals meounted pn the control
pamel, thus providing automatic switching facilities,

When the expose button is pressed, the commutator
takes control and energises the open magnet at the correct
instant and relay A operates which closes the contact A4, The
shutter then moves up in to its open or middle position where

it stays durlng the recording period. The commutator then



6y
enorgises the cloae magnet and shutter moves up in to its

closed or upper position, The mechanism is adjusted to work

from 40 rpm to 1500 rpm,

The polnt on waveshape of supply has been controlled
with the help of electronie cireuit used with the operating

relay. The dascription of. cirouit and working principle 1a

separately given in the next saction no.ii.

The general eircuit diagrams for both parts are more
or less sam® as shown in fig.4 and § respectively., The relay
K' 1s connected through electronic circuit and contacts of K'
are in series with the mptor. As s-on as the expose button
is preaaedqfth0 signa1 is impressed on electronic cireuit and
relay will éparata only‘uhen it gets a pulse from power
amplifier, This pulse poéition can be shifted with respect to
supply voltage., In the present case pulse has been obtained
vhen voltage wave passes thrnugh its zero position. Thus what.
ever may be the instant of‘presatng the expose button the
relay K*' will only operate whan voltage is paasing through
its zerpo valuse and the motﬁr comes on lins inotantenously.
Actually due to the time lag in relay operation, the pulse
position is not set axactlywat zaro but slightly less than
zoTo on waveshape of supply, 8o that relay delay 1s taken

in to account.

As dlscussed earller, the opening of shutter and
throwing of motor on line must be acomplished simultaneouﬁly

in serp time., Practically the time can not be adjusted to
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zero due to the tims lag in the operation of different
relays, However, author used the fast opsrating relay with
well designed electronic cirecuilt for operation and obtained
- the angle of cutting very nearly at zero degree of waveshape
of supply. The angle of cutting also slightly varies in
different cases, These variations may be due to following

reasonss

1. Supply voltage may not be purely sine function of time
and fixed in magnitude.

2. Also the electronic circult some timeas gives a distorted
pulse and not sharp pulse due to non linear characteristic
Qf tubeu

L2 22 2



The €lectronie circult as shown in the fig. has been
designed for a wide-band, phase shifting purpose, to control
the opsfating polnt of the relay with respect to the reference
signel, The refersence signal for electronic circuit has been
derived from constant potential spurce, The same source is

-uged for oparating the Induction motor, The relay contacts

~are in sories with motor and energized coil is driving its
current from electronic circuit, The position of pulse,
obtalned from the ecircuit can be changed with respect to
refersnce signal by adjusting the resistance of potentio-

meter R,,

The eircuit can be devided into three stagess
1) Phase shifting network (1/2 68N7)

2) Clipper and differentiating network (6SN7)
3) The power amplifier (616),

-The phase shifting network shifts the phase of the
sinusoidal signal potential which 1is derived from the main
supply for the Induction motor. The clipping circuit
together with the differentiating network change the signal
potential in the form of sharp peak pulses, which operate
the required relay. |

The operating and releasing currents of the 1500 ohms
relay used in the experimental work were 75 mm and 15 ma

respectively. In the absence of signal the current flowing
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through relay energized coll is nearly 50 ma which 1s not
sufficient to operate the relay, A8 soon aa the signal is
impressed, the sharp positive pulse is applied to the griad
of the power amplifier which increases the plate current
of the power amplifier momentarily and operate the relay.
Since t“ha releasing current !?f relay 1s 15ma, the relay

does not releass even after pulse goes out,

Thus the phase shifting network together with
clipping circuit and differentiating network help in
switching on the Induction mﬁtor at any desired angle of

the applied reference voltage wave.

\
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The transient gpalyais of aynchronous machine has been
investigated thoroughly by many authors in the past but only
a 1little ampunt of literature exista about the transient ana-
lysis of Induction machine,

In this dessertation the transient analysis for currents,
'voltages and torques on two different types of uot§rs'havu been
studied in detall and some interesting and useful results have
been derived, The best starting value of capacitor on the
single phase motor also gives minimum transient effect on the
ateady walue of torque. The Increase in average transient
torque is much more in casse of higher value of atarting capacitor
than in ease of lower starting capacitor, The above statemsnt
applies for starting of both single phase Induction motor and
the three-phase motor with the help of capaciter., Bat in the
case of three-phasi mptor unbalance is more in caase of deviat-
ion towards lower wvalue of starting capaciter than when one
uses a capacitor higher in value than the optimum atarting
capacitor, The actual plots of transient torque/time curve

for thres.phase motor show the variation of dying out time

for different values of capaqitox, as 1t inecreanses slightly

with increassd values of capaclter,

In single-phase Induction motor the auxilliary winding
is remaining in the circuit for very short duration and any
abnormal behaviour of this current does not affect much the
performance of system, However, in lins current the ratio
between transient and steady state is nearly four and system
connected in ﬁarallcl with Induction motor will be affected. .
The transient comea in the picture when alight variation 1s



not tolerable even for a fraction of second such as servo
systen, The motor used for this purpose must be selected
keeping in view 1ts tranaslent behaviour,

In case of thres-phase Induction motor operation
single-phase supply, the ratio of transient to steady state
vﬁiﬁc 1s nesrly 1.2 i.e, singleephase pperation of three-
phase induction motor is itself a unbalance operation and
. motor does take negative ssguensce eurrent and produces
vibrations and heating of the motor. Although single-phase
operation of three-phase Induction motor is .nzmaual but
still some work is going on unbalance operation of Induction
motor in connection with spesd torgue contropl of motor amd
mey be thias transient analysis 1s useful in studying the

unbalance pperation of Induction motor,

The work presented by the author 1s an extension of
the work of Venkata Rao in slightly indirect way. The
values obtained theoretically have been compared with experi-

mental results and found satiafactory.
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A.  Dervationof & (%)

The differential equations

ro(b 1"kb * xﬂ(b ——-h-— »> x J ’. dt + t ﬂip aV{t)ool
dip a1
xmb -*&f" + rﬁq, 1Pq + qu‘ : = 0 . 8

By taxing Laplace trensform and rearranging the term

= V(a) .03

Tip Lip + Xy p * T -.._;L- +Xpp 81

Pq

si’\b‘ qulipq + qu siﬁq = 0 .0d
- V(&) (r +8X, ) ' V(B) meb azxz b..(r +s§ﬁ)( 8K+ )

Ipe= (8 (r“l *'xﬁﬂ)

;"L - VLQJ s(r,, + 8x:4)
b 33(3;«\1;3,5 - xz.b)+s (‘Z\b xp q+rp q" a(b)*“(’é\brpq 5 q"c)"’
+Xetrq
T = Vis) “Kﬁg + 8)

S T 5 *rq _;5+34 (x&wxpg) ¢ Ky Ko ¢ ifj_

e

+

K
* ‘xe?.v(*b
. q : ~<b
= ( 1+ ay)
I “ra (1+T18)(1 + T38) (1T ge)
v <L
V(.)- __9_0__'2_____ + V Sint 3 for general valus of = base anle)

) P 1+ &
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but here angle of ‘switching is zero’

v
Vi :
(s) * Tea®
"{b,‘vx s{l + ag) ag
A ~Xb (py3+8)(pg + 8)(py+8)(1l + &%)

By breaxiag in to partlal fraction

#(l +sa} ' A . B . c .
(91+3) (p+8) (p+8)(1+82) ~ (p1+8)  (pg+®) & (py+8)

| Dy 4B
M-

A= =p) (1-ap)
{pg-p1)(pg~py)(1 + py 2)

8 -pl (lﬁ&&)
(p1=p2) (P3=pg) (1 +p5?)
C = =P3 (1 - apy)
(p1-p3)(P2-p3) (L+py?)
- A+ ap
D= -5
A ¥ B
B = P - 8
A * P

where L = pipop, = (py + Pp + Py)

P e (Plpg *+ Pobg + P3Py - 1)

Thus : ) Pit  =pot epat
’ 1.,{(t) = z‘-\ﬂ- Ae ", Bop2 3 +DCostE Sint]
Ab™ " cBip

On substituting the values of motor consksts in characteristie

egquation.
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AR
3 4 Keg *Ep , _8(Rp xh ) -+ ngsg =0
-2 106 |
KBq = 3.5‘10 xc = m = 31.8
-2 2
E, = 10,5 x 10 o= 1 0 A 89,4
b XpX q 94,3
- 091
.2 N ’ _.2
3 2 .14 ' 8(10.5x10°% m:; 'g) 31.8 x3.5x10
s3 1t T 4 e =0

on solving this
P, = +6865 = 1,975 §

pa = 90266

-p2(l - ap3)
(pg-p1) (p3-p1){(1+p;2)

= =3,48 & 1.71§

x «3.48 « 1,71}
= - J00LED

6.5 |

= 3.04

«{.6565-1.9753)¢t
ilo [ (-3.48+1.71)e +
28.6x.1 x94.3

~{.8565t+1.975]5)t -.0266t
+(~3.48 »l.713)e = ,00159e +

+6,83Co3 ¢t + 3.04 Sin t]

"-6565t
1 _(t) =0.408|2e X - .388 Co8(1.976t=26,2)+7.15C08(t-25.1)-
*b -.0266t
-.00150e 1
-06565t

=0.408 | -7.76e Co8(1.975t-26,2)47,15 Cos(t-26,1)

t

# U Q w

lo,\b(t) -

-+00152¢
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B. M&w}ld

The Laplace transform of two main differential equations.

(&a +de(a)1o(a + 8%, "/Bd - V(s) = O e 1

ux_ 10(3 + ( rpd* 81;;4) 1ﬁd « 0= 0 ee 2

. i,o(‘a . Iﬂg t ' 1
STFvoxpq) V() V(aﬁxm %% a® - et ) (7

ra+8Xpq)

pa ™

22 ( Xppe 2 =X, (X, @) =B8R (X, X, P )eF X

L]

'
5,,
8

SXrup
-~ Xa ¥ pd %82 8(K%’KM) = f

Vx ‘ B

pd X, % q (pl-m) (py+8) (1+8°)

After taking Laplace inverse

"P}_t |
t) - LZm Pye Po spet

e +

PV (pl-pg)£1+p12) (pg-pl)thpl‘ﬁ

Lat

Cos (t -'f)
41*1315) (l+p""') ]

Py Py are the reots of characteristic

. s( + K ~ .
N K&ﬁ pa) ., xﬁg_xm_ co

N 1.885 + 045@ =0

= 1.414 .
= oOiaS

Py
Py



After substituting the values of p; and pgy

-l 426t =0.0325¢

IPd(t) = V . -0.0584& » + 0.0040‘ ] -

<0.1 Cos (t-123.5) ]

CR775
affﬂmwm g g



C. Derivation of “(t)
(s + Kp )

By

81

1™

~} [

2-x,

1

' ﬂzﬁ-ﬁmnt_&&) *K& Kg

] - Ba(sth) X
\/3‘{1'0'32)

(Ch.squation) g

Choﬁqn- = & 4 szcxac + Kp) s 8 (%' + Kp KQQ) . Ktéxg'
Iba_.?.é.__. ( s+ Kp) . a2(3+Kz)
er/\ (14s=) %8-24. 8 _(Ka ,‘,KEZ +§5 55] ﬁm—sz) X

1

x -
(5% %ﬂ#&l + 8{%c'+x 5 Kao) Kpxg' )

?

o3 4 o2 Kaﬁ+Kn . 2%’ +§°LIS%) . K%_xg' -0
For 170 AF
K, = 3.1 x 152
K, =2.32 110
~ = 1-(-28)% & 1_ 0,98 = 0.06
Ko = 22T _ 456 5120
X
X' = 2;‘" = 0,29
X3 = 4.15%
Xo = 4,18 Xy = 1256 0
Zp = 1B.75 @
Te = 0.9
X = L29,16-%
Xp= 129,15 -
T} = 4 ohama -Q
'y = 3 ohms
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On substituting these constants
53 + 1.156% 4+ 4,848 + 0,112 = 0
Py = 0,563 = 2.11)
Po = 0,563 + 2,11

93 = 0 00231

Now second half portion of g<f(t) and g<b(t) 13 same, Therefore
we will take second half portion. |

32( 8 + Kp) - A + B + C -
(1+8°)(py+8) (pp+s)(py + 3) (py+s) (py+8) pg+a
. Ds + E
1+ &2
A a DY (=py ¢+ Kp)

(pg - P13(93'91) (14 Plz)

Pp (-Bp + %)
(p1-pg){p3=Py) (1 + p,%)

C = Pg (=pa_* KP) —
(p,=p3) (p2-p3)(1+p32)

D = '0("’15K[5

A= P3PgPy = (py + P2 + p3)

P = PiPg + PoPg + papy = 1

Thus thes aolution of second half
1p(t)y s = 54 2 [ ~p1t

-prt -pD
A e o “

t
+Ce 3 4D Coa t+& Sint

L et

\}-5 7 X< 2 + B

First part of 19(:(1:) will be aoclved as follous

eharacteristic eg”.



2 » K+ Ep 8+—-‘~'§-K:ix = 0

-2

8240095+ 1.2%x10 =0

pl = 008365

. ’ 2 )

1 ,(t); = Ep /1 + Ky 8in (t-8)+

o Xy Jv( ld-plﬁj (1+py2)

(Kp=p) ' Ky, “Pot
(po-p 2+ Plzj (py=po) (1+po%
The combined aolution of %Aft would be the sum of the two

different parts
1.(t) = 10(1.(1*.) - 1,(%)

Hence 1.(%t) would be given by only second part of the
above solution,

B - -p3t ~pyt
1.(t) = = A [k pl +Be 71 + Cs 3 +D cas t+8 Sin t)]
J3 ~%x

A= 0% (=py + Kp)
(pg=p;) (p3=p,)(lap;?)

= = 0,037 - 0.2853
= = 0,037 + 0.285)
0.0726

= - 0.244

= 0

Q 8 v o
u

After anbstitutlng these values and rearranging in proper form

~0.563¢
1,(¢) = [ 0.572¢ C05(2.116+482.6)40.255C08( 4473 .4)]
'Fx :



Y
In a similar way for 150 and 200 ;nF - 1a(t) will be given

by
for 150
ﬁm EA. 1 -0,578¢
SV
Cos(2.27t+ 85.3) |
Xor 200 aF
E‘. l "0.538‘:
16(t) = == . |0.306 Cos (t+71)m 0.6365 @ x

A

Cos(1.95% + 32,15]

Lo 22 E %



D: Derivation of 1 ,e(t)e-

1Pf(') = —.&-—x—!—- [ g ” - ' | .
2-x, %  [(145%) 0%a(Kx 2Ke) +(KaKa) |

 §
/3 (Las)( Ei, equation ) ]

ese 1

This current can be spilted up in to two parts i.e.

1511 and % or simplicity,

pfa t

p § (8) = -—M [ ded ‘ ]
Pl 2,2, x, | (1e5?) e alEaka) 4 BaKe |
) ra e 2
Thus Ch, equation for it,
'3* LK . Ko ) N Kdrxﬂ = 0 ese 3

After substituting the mptor constants and solving we

get the root of this expression as

Pl = 008865
pg = 0001350
E,x
A*m -8
i (’ = ve B

By taking Laplace inverase -

' ~0+2865¢ ~0.0L35¢
E‘ I‘ i’ 60565 e ¥ 0.0“7. -

i t) =
ﬁfl( ) 26‘10( xP

~0.746 Sin (t + 31.2.5)}.. 5

For 2nd part of equation the Toots of the characteristie
aquatieon are

pl = 0,563 *20113

pa [ 00563 "'2011:

Pa = 0.0231



8 8
%

1.,.(8) = !3
X, Xp  JE l;1+§5)(p1+s)(p2+I)(Pa*')]

L2

. \

L2 X 6
Putting the values of py, Pay 93 and taking Laplace inverse
of it,
1 .o(t) o 1 (.o0.1a7
fa = “O.M( COl{t-EﬁQ.?)-
f W VE 0.563t
| e x0.394 Cos(2.11t-5. 6 |
.t? ?
e Totnl 1Pf(t) will ve the sum of two terms,
i B A ll -0,8865% -'O . 0135%
r{t} = &'0‘565' +0.,0147¢ -0‘746 b 4
P o 2fxlxp
8in(t-312,6)=-0.147 Cos(t-254,7)
=0, 563t
«0.394e Coa(z.llt-S.G)J
[ & N ] 8
On solving rnrther, it can be written as
E x -0 ™ 83651; -0y 01351;
{t) = L {-0.565 L] +0.0147¢ -
Pf X, X p ' ‘

-0.563‘5
~0.826 eos(t.aﬁ.a)m.sm- x
Costa.m.-s.s)] cee 9
1Pb{t) can also bs derived in the same way only it will
be the difference of two terms 1Fb1’ 1Fb2 as ﬁ%rl’ IF!B is

sum for forward current,

L L 2



ceeseBEFE ABNCE Soeves 87

1., Transient analysis of alternating current machinery(book)
W.V. Lyon, Johmwiley & Sons.

2. Traansient starting toréne in Induction motors, A.M. Wahl,
LQA' Kilgom’ A.I.E.E. Trans. 1940 Vol.59-, Page 603-607.

3. Transient conditiens in Electriec machinery, W.V. Lyon,
A.X 03180’ 1923 PDe 157"1790

4, Translent analysis of A.C., machinsry, Yu H. Ku ibid
Vol.48, July 1928, pp.707,

5, Transient torquos in sgquirrel caée Induction motor with
spscial reference to pluggling. £.3, Gllflllan, Jr.
E.L. K&plan' AQI‘E QE. 1941, pp.1200-1209.

6, Transient performance of Induction mptor, I,J, Maginniss,
N.R, 3chultz, A,I.E,E, Vol.63 Sept. 1944, pp.641-46,

7., Blectromschanical transient performance of Induction
motors, C.N. Weggandt,3, Charp, A.I.E.E., Vo.65 1946,

8., Switching transient in single.phase Induetion motor with
conastant speed, P. Venkata Rap, 4,I,8,8, Trans. Vol.78,
Pt.3 (power asystem and apparatus) No.44, Oct, 1958,

9., Induction motor switching transient in single-phase,i.l.E.E,
pags 1023-9, Ppart 111,

10, Single-phase operation of three-phass Induction motor with
static phase converter, A,.I.B,BE, Trans, 1954,

ll. Journal of Indian Institute of Sclence, 3ec.i, Vol.39 1857
page 101, (Switching transient in three-phase Induction
motor run on single.phase aupply) By P, Venkata Rso.

12. Proceedinga IQEQE' lQSQ(Aug,). Wa |, c s,

13. Proceadings 1.6, Vol. 106 Part A N0¢26, April 19689, Tha cs.

14, vPerformance and design of A.C. commutator motors, Taylor
book (Pitman & Sons. Ltd., London)pp. 306.



	Title
	Chapter 1
	Chapter 2
	Chapter 3
	PART-II
	Chapter 1
	Chapter 2
	Chapter 3
	Appendices
	References

