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The present theaia describes the behaviour of transient 

currents,, voltages and torques in Induction motor at switching. 

The work has been daaided in to two parts, 

i) Switching transients in single-phase Induction motor 

(Capacitor start) . 

ii) Switching transients in three phase Induction motor 

started on single-phase supply, 

To predict the transient behaviour of particular motor 

the transients currents of motor at starting have been calcul. 

ated and the result vatified by actual records of transient 

currents. 

All the values have been normalized so that the results 

can be utilized for the class of motors which is represented 

by the motors on which the present study has been marls, 

The difference between the calculated and experia -ntal 

results is found to be with in reasonable limits ni eYx iri- 
omental error. 
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Applied voltage per phase 

,lain winding currents. 

Auxil34ary winding currents. 
Ratio of number of turns of auaxiiliary to main winding. 

Positive sequence admittance;. 

Negative sequence admittance, 

standstill, admittance. 

Standstill admittance of phase converter. 

Resistance of main winding stator. 

Direct axis rotor resistance. 

Direct axis leakage reactance. 

Magnetizing reactance of direct "is. 

Inatantonoue rotor direct axis current. 

Inatantsnous stator direct axis current. 

Reactance of phase converter. 

Resistance of stator auxilliary winding. 

Magnetizing reactance in qaxis. 

Rotor resistance in q-axis. 

Rotor q—axis current. 

Stator q..axie current. 

Forward_ stator current. 

Backward stator current. 

Forward rotor current. 

Backward rotor current. 

Phase converter resistance. 
I 

LA 

Ia  

Ia  
L 

Ye  



3 
xx 	Magnetizing- reactance for both field at standstill. 
YT(t) Forward component of applied voltage. 
Vb(t) Backward component of applied voltage. 
i(t) Capacitor current. 
V (t) Capacitor voltage. 
3 	Symbol for .Laplace transform, 
Tr 	Forward torque. 
Tb 	Backward torque,. 
N 	ipl~t. 
T 	Torque 
Tb 	Torque at balance operation. 

Argument for passive element such as capacitor or Inductor. 
Argument for motor admittance.. 
• +pr. 

C 	Capacitor. 

*6A 	Voltage per phare in t ee-phase. 

scAa 

Xa " al + Yma 

1ckb = Xi +Nab 

Kp = rp/%, 
xl + za 

XI 3 as Z2 + Xm. 

rj 
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0 	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 analysis of instantenous 
transient torque when motor is thrown on the line by sudden 
closing of the switch,, the contacts of which close aimultane.. 
ouely. The fundamental, frequency electrical torque which may 
be several times the pull out torque'=wi »l be developed for the 

first few cycles, In 1941 Gilfillari and Kaplan made the 
transient torque study and found that the transient torque is 
several tim~a more than the steady state torque and that In 
design the transient torque must be considered, 

In 1944 Maginnis and and Schultz studied the practical 
aspects of the problem such as the electrical and mechanical 
transient phenomena. They used differential analyzer for 

7 
solving differential equations. In 1946 Weygandt and Charp 

also used the differential analyzer for studying the starting 

characteristics of a two-phase motor, The proto type of the 

motors investigated was a small twovphase machine used in 

closed cycle control systems. The performance equations of 

the Induction motor were solved and summary curves bases upon 

the conclusion reached were presented which are useful for the 

designer. 

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

paper involving the study of tran$ient that occurs when 
voltage is suddenly applied across the terminals of Induction 
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motors with and without a con cted capacitor. They made the 

study on wound rotor three-phase Induction motor and concluded 

that transient could be minimized by using high rotor resistance 

Calculated curves and oscillograms were given for currents and 

voltages for a 4 pole 3000 h.p. motor using external resistance 

in the rotor. In the same year, Habbermari calculated the 

transient for the case of single-phase operation of three-phase 

Induction motor, He confined his study only to theoretical 

derivation of equivalent circuit and calculation of currents. 

e 
In 1957 Venkata Rao published a paper on single-phase 

operation of a three-phage Induction motor. He calculated the 

transient currents without taking into account the critical 

value of capacitor. Again in the year 1959,   Venkata Rao 

published another paper on switching transients of single-phase 

Induction motor and calculated the currents and voltages with 

the help of electronic 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 

case with single-phase Induction motor) has been studied In 

great detail. The initial transient currents In ai,ngle.•pbaae 

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 once of the earlier papera43  Th s value of 

capacitor gives satisfactory starting and also minimum unbalance. 
40 



The transient analysis in the present dissertation has been 

done with three different values of capacitor i.e. one higher 

and olie lower than the critical value. The effect on the 

magnitude of the transient and cdying out time are noted for 

these three values of capacitor. 

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 

calculation to both cases with different values of capacitor 

has been made and variation of torque is plotted. The effect 

on transient torque with different values of capacitor is 

noted and results are interpreted wherever neces8ary. 

The transient current and torque In a single-phase 

Induction motor varies with different points of switching on 

sinusoidal wave. shape of supply voltage. The transients are 

most severe when motor goes on line at the instant of aero 

crossing of the voltage wave-shape. The point on waveshape 

of supply is controlled experimentally with the help of 

electronic circuit Involving relays and vacuum tubes. 

A comparison of actual photographs taken under transient 

conditions of ope ration and corresponding theoretical contput-

ation of the behaviour as an ideal machine shows that generally 

the difference is often not more than 10-1599. However$  in some 

cases, the difference is more due to reasons which have been 

pointed out wherever neceaaary.y, With such small difference, 

the computed results are considered aatisfactory indication 

of actual behaviour.- 
09 

When the operating conditions of - an electric motor are 
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abruptly changed, the currents in the stator and rotor 

windings are forced to Satisfy the Kirchhoff to equations 

in differential form which apply to the changed conditions. 

In order to solve these differential equations and thus obtain 

analytical expressions for the currents during the transient 

period, It Is necessary to assume that the machine has certain 

ideal characteristics. Although the actual characteristics 

of the machine of normally good design differ somewhat from 

the Ideal particularly with regard to the effect of magnetic 

saturation* 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 

agreemnt, however, it is necessary to determine parameter 

of nearly equivalent ideal machine either from design data 

or from test data. It is a commonly accepted practice in 

transient analysis to assume that the machine has ideal 

characteristics. 

0 
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1. 	Most single phase Induction motors with the exception 

of shaded pose motor employ a stator having two windings in 

space quadrature usually with different nuder of turns. One 

of the windings called the auxilliary winding is designed to 

produce either by itself cr with the assistance of an external 
series itpedsne., a rssietance/reectanes ratio which differs 

considerably from that of the mein winding, When the two 

windings are connected in parallel across the single phase 
supply * the currents flowing in them differs,  in time phase 
and hence produce a rotating field. In split phase and capacitor 

start motors the auxtiliary winding is used only for starting 

and is disconnected once the motor has reached sufficient speed. 
Single phase motors can in geàaral be considered as special 

cases of unbalanced operation of asymmetricall two phase motors. 
The device used to Introduce a phase difference in the currents 

of the windings can be treated as a static phase converter 

which effectively converts the single phase supply voltage to 
a 22-phase volta ,e.  The problems of operation of the motor 
then resolve into the choice of proper converter impedance to 
give satisfactory starting, run up and full load performance. 

The author is Interested In switching transient currents, 
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 (one lower and one 
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higher also) has been used for the pro3ent analysis. 

1..1. In rig. 1.1 a and a represent respectively the main and 

the awzilliary stator vindings of an asymmetrical 2-phage motor 

connected to a single phase supply with a static phaao converter 

of admittance Y in circuit. The auxiliary winding has K times 

as many turns as main winding. 
r 

Ia 
Y 

VO 

From the application of Kirchhoff' a Law 

I = In + Ta 	... 	... 1.1 
v:vm 3~Va +- ..,. 	0.. 1.2 

y 
The equations can be solved by syamatrical component theory 
as applied to asymmetrical two phase motor. 

Va a V1 + Vg 	... 	... 1.3 
Va * Jul - 3KV2 ... 	... 1.4 
1,n a V1!1 + Y2Y2 ... 	... 1.5 
,aa3 1.. V2!2 	... 1.6 K 	K 

Where Vl and V2 are respectively, the positive and negative 
sequence components of the voltage Va and Yl and 2 are the 
respective values of the input admittance of the main winding 
to positive and negative sequence currents. 



From equations 1.12 and 1.1: 

T * 	5in~ 
"Tb 	+ 72+2127 Cos ,& 

whore y 	--o y o. 	- #~` 	and of are the 
arguments of Y and Y5 respectively* 

For balanced operation at starting T a Tb 

+ y~ + 2 y 64ft d a y aw,< 

For the actor considered here K 1.5 and o( * 1600 

•4.6897+5.1 eC. 

7 0 2. p?2 1 1.7075 

• C, * 	1 	* 102 t7 
10.5 z 2.9725 x 314 

• Also waximus torque per ampere of starting current 
capacitor value can be computed as fo lowsx  

A:-a , = r~ —trg r$,•gv~"r$ 	S rt 

	

oto : 9.6+20.4 
	

( (9 resisin1ce of cNacJk) 

C = 105 ,F. 

	

Thus we see that nearly 102 	condenser gives maxima ► torque 

per a ere and also balanced operation. Therefore we will ably 
the transient nature of different quantities at this particular 

value of capacitor say 104 W* For the $air of comparison 
and the effect of capacitance on the varioup quantities, two 



The solution of equations 1.1 and 1.2 are given by 

V [1 +K(K-3lI I 

fr n whieb 
V[2!112 	 *K~ )YY 	, 1.9 

'Y3. + 12 +2X Y  

V 
i 	

i Y (1+j,L + i (1-JK)- 	*, 1.10

•a 	x,+Y2+2 

and supply currant I a ja + t$. 

y [ l,Y2 + (i2  )y 	2?] 	 ~1~■ 
 }I - - A P Ir 14~►iY i ~li~ 	 ..  

RC1+T2 # 2KY 

At standstill Yl 12 a Y. where Ya is the noril 

standstill aditttaaee of the main winding. Substituting 

Yl a Y2 a Y~ in equations 1..7 and 1.89 

v * _ v1 1+K(Jiy7 	... 	..1.12 l  2(YO + 12!) 

V * . 	...Y.rriFW.~....+.. 
	

... 	 .. 1.13 V2 

	2(Y5 +  ) 

The ratio of starting torque T to the starting torque 

under balanced two phaas operation Tb is given by the 

erpre aston 

Tt  V 



J 

P 

other capacitor values have been chosen i.e.  one lower and 

one higher than critical value,. These values are 80 
and 120 	re ape ctively. 
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23. During switching operations the transi.nt fundamental 

frequency torque occurs in ala. Induction motors. When a single 

phase Induction motor is started on full voltage which is 
usually done * this torque may be as high as two to three times 
the pull out torque of the motor. The transient torque plays 

a very important role when frequent starting and stopping of 

motor is necessary as in lift. Under such conditions$  the 

mechanical failure of motor may occur if stress on the shaft 
e tceeds the ►atmos allowable limit. 

Generally designers use the average steady state start-

ing torque of the motor as a basis for the mechanical design 
of coupling, shaft etc. not fully realizing that at the time 
of starting, the actual instantenous torque may be two to 

three tinea the SV e rage value. 

In the case of oapacitor..atart single phase Induction 
motor with whic=h the author is concerned, there is a fundamental 
frequency torque which persists for several cycles, if the 

switch is closed when the supply voltage passes through its 
aero value. If, on the otherhand, the switch is closed when 
supply voltage passes through its axiaa value, the torque 

settle* down to its steady state- value in leas than one cycle. 

The following assumptions are made for the analysts of 
capacitor motor. 
1. Both the rotor and stator have syatricaj windings. 
2. Rotor is perfectly smooth and self inductances of windings 

are independent of rotor position. 
3. The electrical switching is aepoepliahed in zero time. 
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1 6.  
4,, The effect of saturation, hysteresis and eddy current 

losses are completely disregarded. 
S, In the low frequeiay transients encountered in Induction 

motor, the effect of tnterturn capacitances of the 

windinge may be neglected, 

•2,2. The general equations for the current in the main winding 

and auxiliary winding .(capacitor motor) are developed in the 

operational fc rm using the cross field theory. Fig. 2~1 

e)owe the circuit arranger nt for a capacitor motor' The 
general expression derived for capacitor 'motor can be used 

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

2.2.1. The circuit can be analysed simply by considering 

the machine at standstill as equivalent to two independent 

circuits without any coupling between the#. 

The mesh equations of fig. 2„2k are 

rdaida.+zdadi 	+ Z 1 	V(t) 	..2.1 
dt 

ddt  
dt 

This can be expressed by taking the Laplace transform as 

+*X ) t (5 +szi 	- V(s) 	..2.3 

If the voltage passes at any angle of wave o at the 
time of closing the switch 

V (t) a V Sin ( 't + ~c ) 

: V Sin(A +a) assuming w a 1; with this 

simplification$ inductances can be replaced by reactances, 



1' 
Thu* the solution of equation 2.3 and 2.4 gives 

	

V(s) K g 	1 + as 

	

id • * r a 1 2 p g 	(1+) (1+Tl$) (1+T2s) 

vbierre~►_- 1•. ; Ti ► p- ;T2: ' 
9p  P2 

_. 2.5 

p1 and p2 are roots of the characteristic equation. 

By taking inverse of Laplace transform 
F 

d(t) - ' C 	~/ 1 + K~ 	sin 	
(, 	-Pl)e~plt 

e-x 
L 	

n~~+t)+ 
(1, ) (lp  

-1 t~ 	'i 8.ndi Coe(O+t)  

(pl•p )(1 p ) 	Xaa p12) (1+p22) 

(p 2.. xC F) •`pit 	(p 	 e t 
(p2 •pl)(l+p1 2)  ♦ (p3- )(1+p2 ).. .

6 

U 0< 0# the condition corresponds to motor doming 
on line when voltage passes through it zero value„ The 
current in a highly reactive circuit would be 900 lagging 
and will be maxieat when the voltage passe a through zero 
value. Thus transient current will be more sere for this 
condition. The author t.o interested to record and calculate 
the transients when 

TI 
1 Ct) Is - 	.~ 
da 	'rXPCa 

Bin (e+t) 

..p~~ 

(P1 P2) (1+1 ) 

tai : s(Pip2'l?  
a(Pl+pg)+(p1p2-1) 



is 
The above equation can be simplified by Milting the assumptions 

that for single phase Induction motor K r d < 1 an►d p2 ̀ < P1 
Thus 

I (t) a 	Sint (t• 8) + .1 .. 0 210 p t .,2.8 
°~a 	x-<= 	p1 	 "i 

ratan—+tan 	tan 
P. 

 
P2 	~d 

After substituting the *tor constants in equation 

2.8* ve get 

-1.2144, - 	"016t 
1(t) 	18,6 [.632 	.n(t..44.5)+e 	} O.QI.313 	j2.a 

The maximum value pf current comes out to nearly 1aAmp. 

(peak). The steady state value recorded by an ammeter placed 

in series 1e 3,9 Amp. Thus the ratio between transient 
current and steady state current is 	1 	,~ 3.13 . 

The ratio of transient current peak and steady state 

current peak value from recorded photo (No. 1 )is coming to 
nearly 3.8. 

Thus the results obtained by to methods are within 

praetteal - limits. The variation is alightly We due to 

the following reaaonat.• 

1. The angle of switching was not exactly zero degree 

as it 1a not possible due to different tine delay of 
relays connected in the circuit. 

8. Load on motor was put by mechanle l belt and spring 



and which was not possible to keep constant during 

full operation due to increased friction of belt 

and pulley. 

3. The motor constants have been determined experi• 
mentally which are also alightly different „ esign 
d? tae. 

19 



2.0 
The maah equations of f ig.2. are- 

gi 	 tll 
b 	b + 	_L°k + X0 Ji0< bdt + Xm 	V( t) 	.. 2.10 

•

u 

i 	 r 	to + x 	 - 0 	 a. sa 2.11 

1 	dt 	 i 4 	~~t dt 

Taking Laplace transform on both ekes* the following equation 

is obtained, 

°Cb 	cr X db (1+a2) 1e3 + a?w `' .. * 1&+ 	4+ 

},Cb 

2.3.1. XQr6 l 	,z 

After taking inverse of Laplace traneforu ., and 

solving this equation; we gets 

-►0.6865t 
iQ (t) 0,408 -7.76e 	Coa(l.975t - 26.2)+7.-ll3Cos(t-25.1) 

•'O ,0266t 
-0.001690 

Simplifying further 

-0.656:5t 
i~b(t) = 0.408 7.16 Coa(t- .1) -7.76 Coz(1.975t - 28.2)e 

-0*0 66t 
-0.001690 	I 	.. .. 2.13 

The value of current at t a 25,10 (because at this 

Instant the fundamental is i iimum) is nearly 0.725L. The 

current after 18 cycles attains the value 2.92k due to decaying 

of second harmonic component of current. The centrifugal switch 

also opens at this instant and the current disc out completely 

after this time. Thus the cwwrrent In auxllli.ary wiz ding flows 

for a very small Interval of tins and does not effect the motor 
. 	Persw ncnee -Wn Cf,, 	..a_. ._r • 

or aetaLtea calculation please see the aonendices. 
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2.3.2.  For So ' 

Auxiiliar,y current is given by 
.0.714t 

t(  t) = 0,408 [8.4 Gan(t-1 .2)- .t3fia 	C08(2.18t-36) 

-4.0262t 
.©,OG105e 

... 2.14 

The initial value c4 current at t = 18.20  is nearly 

0,55A and after 12 cycles it becomes 2.62 A. At this instant 

centrifugal switch opens and auxilliary current completely 
dies out. At starting ,condenaar offers impedance and take a 

sown time to change it, As condenser changes, the current 

increases in the auxilliary winding. This ,phenomena Is 
prominent when capacitive reactance is higher. Than with 

80 	the initial current is only 0.5 , chile with 1 	 ..... .... 

it is 0.735k. 

2.3.3. For12Q 	i 

Auxilliary current for 120 ,4iF condenser would be 

.'0.7]2t 
I db(t,) = 0.408 [9.16 Cos(t..27.2)-9.3e 	C S(1.83t-29.3)- 

-4.+32581 	 ... 2.15 
0.00175a 

The initial value of eurrezrt at t = 27.20  (when 
fundamental component is maxin* m) is nearly 1.27 A and value 
of current after i4. cycle is nearly 3.77A. 



f 1 t 	 t t 

Capacitor'Fundament- 'higher *d.c.term'initial`Freq. 'Steady 
f requ ''frequ.- 'decaying r current' ueney 'state 

tency 1'ency 'exponen.'when r 	of FLL9hCY'current 
'oscill- 'tially 	'funds.. ' i c 	n'in A. 
story ' 	!,mental r 4s,ii~4oy~ 	w~~ n c 
'term 1 	# 1 	feY"z 1 	su.,f~►, o~ens~ 

f  t 1t  i 

	

SO ' 	6,4 	$ 6.66 ' 4.00105' 0.55 '109.0 ' 2.44. 

 

I  t  !  f  1 

	

100 ' 	7.15 1 7.76' 1 0.001591 0.735' 97.75' 2.92 

	

$ 	 t 	 I 	 t 	1 	1 

	

120 " 	9.16 ' 9.3 	# 0.00175' 1.27 ' 91.5 ' 3.74 

 

I  1  f  1  r!  1 

From the table 2.1 we can easily see the variation of 
j auzilliary current with different capacitor values. As the 
capacitance increases the reactance decreases and current 
will go on increasing. The frequency of oscillatory term is 
decreasing with increased 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 70% of the synchronous speed is 

comping out nearly 15 cycles i.e. 0.3 see. This time varies 
with different capacitor values. 

r. 
100 	.. 	18 
120  ..  143/2 

As the current flows in this winding only for a short 



l 

duration*, the tyre 	net playa p nmIr & . /) 

2.4. Iiiw.jur'regt 
The dieplacemont between two currents is nearly 

90° in ti for balanced operation if the value of capacitor 
chosen 

is suitablyas diacueaed in Cha ter 1. The line current 

will be the vector sum of to transient currents. The math 

winding current is th&epedent of capacitor value as Is v ry 

clear from equivalent circuit derived In article 2.1. The 
steady and transient line currents will be given by vectorial 
Sam of the two cu#•rental 

~a 

! 4 f 
Capacitor ` I 	' 1 a  m * Iii 

80 ' 0.55 	10 ' 10.009 
p f I 

100 ' 0.735 	' 	10 ' 10.01 
1 t I 

120 ' 1.27 	10 ' 10„05 

y a ,..a 	 d 

 

W  $  i  #Recorded 

	

Capacitor ' 	Ia 	y 	I 	' " l 	'value of 
* 	' 	F 	"Ammeter in 

	

1 	 t 	slim 

 

80  2.44  '  3  1 3.86 '  3.7 

	

100 	2.92 ' 3 	' 4.19' 4.0 

 

I  1  t 

	

120 ' 3.74 f 3 	• 4.8.' 4.2 



f.74-) t C tYYTSf 

The practically observed values by placing an 

amn ter in line are quite comparable with the calculated 

values. The error between the two is within the practical 

2islta. 
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The Sudden switching of an a. e. voltage on to a. highly 
roaotive circuit of the type discussed ' here will produce tran-

aient asymmetrical fluxes and currents, the magnitudes of 

which will depend on the actual value of voltage wave at which 
the switch is closed* The fundamental frequency transient 

terque results from the reaction of the asynietrical flux on 
ons axis with the alternating current In other. The asymmst. 

rival flux and the associated fundamental frequency torque 

decay slowly,, since these depend almost entirely on the value 

of magnetizing reactance„ The transient torque arising from 

the asymmetrical current decays very rapidly, since It depends 

on the leakage reactance ,. 

In this chapter the author discusses the variation of 

transient torques with different eapanitor values and also 
the ratios of transient torque to steady state torque value 

keeping the angle of switching constant, 

3.1. The developed electrical torque according to croae-
field theory is given by 

YGrent2 

T' o( (b 113d 	iia iPq 3 

Similarly the expression t r the inetantenoua torque 
in' terms of rotor currents to 

t 	t 
TdC(i~d 	i q cit - i 	i d dt) 	.. 3.1 

-1.426t 	.0.0325t 
1 4 (t )* =V r-0.052.4. 	+0.O04A4e 	- 

-0.l.Coe tt..123.5a] 	... 3.2 
*For detailed calculation, please àOppIndiae. 



=0.713t 
p(t) V ~0.0282*  C08(l.99t.38.3)*x.0388 S 

goe(t•20.8)] 	# .3.3 

t 	 -0.?13t 
i q dt * V [0.01335e 	Coa(1.98t.•138) 

a ~ 

-0.0268 sin (t..20.8)+0.0005] 	..3.4 
t 	 =i.426t 	-p.Q326t 

ddt a v 10.0410 	_0.12450 	.W 
a 

-0.1 $in (t•123.5) + 0.00131 	..; .l 

The aleetrieai torque developed 
t 

TO(tTd S jt,, ip q IQ 	i 	dt  

After substituting the cuneate in the equation 3.6 and 
solving we get, 

.18,139t 
T 13 x 10 L262°8 	Cbetl.88t..67.13) + 

—O.745&t 	 .ai.426t 
+33. 	 Qoa(1.99tw28+2 )+19.l* S 

.'O.0325t 
Coe(t+28.8) -33.4e 	Ome(t.25.8) 

.•1.486t 	-0.03251, 
-0.2920  +0.02030 

0 713t 
0.823 Co8(t.•87.2)+4.338e 	x 

-*0.713t 
Coe(1.89t»23.3) 1Ø 	ju-44,35coax 

(1.99t-133.8) Ods(t.123•S) 

-28.2Coe(l'.99t-28.4') Sin x 

(t.u12 .8) ] 	...3.g 
Neglecting small ter * the average value will be given by 
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' y K' 26.36  •«. 
UJElL ? c' .i)crn-isf i 1. 

..a3.$ 

 

.0.714t 
I = v 10.02360 	Cos(2.18t -24.2)-0.0224 Cos(t•17)J 

..2.9 

t 	 -0.!14t 
i dt !Yt v I 0*0104e 	Coo 12.18t-132.2) r 

0.0224 Sin (t-17)+0.00071] 	..3.10 

TI torque will be given by 

 -244t 	 .0.7465t 
T=XV2rIO ` 21.4 96Ø 	Cos(2.1Bt..61)+29.2+ 	x 

.1.426t 
Coa(2*18t.25)+15.9e 	Cos(4x 72) 

-0.0325t 	-1.,426' 
-27#80 	Cost-l9)-0.415+ 

-0.0325t 
+0.02&6e 	-0.83 C os(t+38 ) 

-0.fl4t 
+0,28250 	Cas(2.18t.24.2) 

-Qi7i4C 	 ~ry 
..e 	1 10, .4 Coa(2.l8t-l32)Coa(tr.l2r3.8) . 

»23.6 Cbs(2s18t..24.2)8in(t-123.5)JJ 
♦ ..3011 

Neglecting very small terms the average value will be given by 

'dad = 34.49 K' V2 	where ..' is const ant 	...3.12 

..3 For .120 /9 :- 
-0. ?12t 

I (t) = V [0.0324s 	Cc s(l.83t-29.1)-0.0316Cos(t-25.8 

• ...3.13 



t 	 .0.712t 
( i~q dt a ' 10.01650 	CCs(1.83t-29.1)-0.0316 x 

3 A(t••2 .8) 	O.00i 1 	 ..3.14 

The torque can be calculated in the same vay as per above 

valuest 

 4.138t 	 0.7445t 
T KT2x1O-4 [31.4 »13,2e 	Cos (1.83t ' )+40.4+ 	x 

-0.0375t 
Coa(1.83t-29,1)-339.4 	C 8(l.83ti 29.l)* 

•O.0375t 	 .1.426t 
..39.4 	CO3(t-.28.8)+22.6 	(os(t«80.$),.► 

.1.426t 	-0.0325t *-1.13 0,08(t+36.2)-005840 	. O.404e 

.Q 	{16.5 CO3(l.83t.140.4)CO8(t-123.5) 

+32.4 Coa(1.83t - 29.1) Sin(t423.5) 1..3.3.1 

The average value of torque will be given by 

	

49 KOV2̀ 	'I. 	 ..3.16 

The relative variation of Transient torque and steady btate 
torque has boon shown in the table below: 

rye♦ 	 ~: 	 i 	a 	 w 	e 	 .5~. 	• 	r. + 

for j Ue rrma ..caugtf1r valuLea 

'Starting transient ' Tsteady I 'Rath 'Av.trana- 
'torque at t0 . ' ' 	ancient f ient 

1 4 

80 	' 43.6 ' 21.4 ' 	3.08 ' 34.49 
I I 

100 	' 40.3 ' 26.2 ' 	:1.53 ' 36.36 
t $ 1 

120  ' 66.6 ' 31.4 '  2.12 '49.0 
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The average transient torque is responsible for turning 

tb rotor from standstill position. Although the duration of 

transient torque is small but It gives rise an energy► to shaft 

just as an Impulsive force. The magnitude of torque c&epends 

on the average value of the transient torque. The average 

transient torque Increases with increased value of capacitor 

as can be seen from the above table. 

An important point Is tobe noted that ratio of transient 

torque at starting to steady torque is minimum in case of 

critical value of eapeei.tor. Thus affect of transient is also 

minima in case of balance operation and thus capacitor value 

•cogen for balance operation also gives iiniiam transient 

behaviour, 

3.4. 	ari4nrqua  

The starting quality can be Improved by properly select. 

tug the value of capacitor a. discussed in chapter ore. The  

critical value which gives perfect balance operation has been. 

used in computing the transient and steady state torques. For 

comparison of average transient torques two other values of 

capacitor have also been taken iC to consideration. The 

variation of starting torque with different values of capacitor 

Is studied experimentally In a slightly indirect way. 

A tachogenerator' is connected with the shaft of 

Induction motor as shown in attached photograph. The output 

of tachogenerator depends on the speed of shaft because 

voltage generated is proportional to speed if other things 

are constant. 
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The output voltage of tachogenerator is atnusoidal 

if the motor is running at constant speed. Dhring starting 
the shaft takes warn tiw to come up to speed or in other 
words one can say that speed rises fror zero to norma, value 
;t that particular load. The output voltage wavenhapo varies 

in spa and the same has been recorded by koeping voltage 

refe.eacs signal of ztor us base, The frequency and ampli. 
tude of tachogenerato voltage varies till the motor coma up 

to rated speed„ This variation depends an the value of 
capacitor chosen. The differentiation of this voltage or 
£rpaed response shows the acceleration of the rotor 

Aces%  c< 

and Torque = I z Ace. 

i. tans 

where I = moaGnt of inertia 

T Ktan 
M' ra K is con wt ant 

The variation of angle 	and starting torque with different 
values of capacitor Is tabulated below: 

'sin degrees ; 	tan i 'T =K . tan 'T r 	e ) 
$o 	1k 8.0 M 0.140 TON, x 0.140 't=K' x34.49. 

s r t 

100 	' 8.2 ' 0.144 'T=Kl x 0.144 'T&& x36,36 : i / 4 

120 	• 9.0 ' 0.158 'T=K1 x 0.158 T=K' z49.0 



Capacitor 	'Theoretical Torque ' Experinta1 Torque 

, 	0.95 	 0.975 
I 	 f 

120 	' 	1.3 	' 	1r13 
100/1  

I 	 t 

Ther* is a slight variation between two ratios that 

might be due to the following reasona: 

1. Back. iaah. error in the coupling of Induction motor 

and tachogeneratur. 

2. Tachogenerator response was not very quick duo to 

crude design of this tachogeneratur. 

3. As this is the indirect method of torque i asures~rnt,, 

on* sari nat easily determine the correct ratio. 

However, an approximate idea can be had of the start. 
ing torque ratio with different values of capacitor. 
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... s . AMT,R 1• . . .. 

When a po.yphaae Induction motor is connected to a single 

phase supply system, no starting torque is developed. In order 
to produce starting torque, a phase converter is needed. The 

selection of phase converter depends on satisfactory starting, 
run up and full load performance. The author is interested only 
in starting transients in the rector for the above mentioned 

phase converter value. First., the value of phase converter 
for the specified motor has been determined for the best start,. 

ing quality and the study of transients have been made for the 

same value of phase convertor, It has been possible to study 

the relative variation in transients with different values of 
phase converter during the analysis, 

1.1. Fig, 1.1. represents the primary windings of a star 

connected 3-phase Induction motor connected to a single phase 

supply with an external static phase converter of admittane 

Y in the circuit, Inspection equations for this circuit obtain. 

ad by the application of Kirchhof f' a Laws are as follows; 

IA+Is +IO a0 	... 	•5.1.1 
V - VA + V3 ¢0 	... 	..1.2 
VA- VC - IC /Y* 0 	... 	.. 1.3 

3~t { 
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These equations can be solved by symmetrical component theory, 

by utilizing the substitution, 

and 

VA :V0 +Vl+V2 

VB : Vo + aaV1 + aV2 

VC = Vo + aV1 +a?V2 

'A : V0Y0 ' + V1Yl + V2Y2 

ID = Voyo + a~'V1Y1 + UV2Y2 

iC = VDY0 + aV'1Y1 + a2 V2!2 

... 	,..1.4 

.M t 	 • ♦.1.V 

where Vol V1, V. are sera, positive and negative sequence 

components of Vg respectively and Y,a, , Yl and Y2 are the 

respective values of admittances per phase of machine to zero, 

positive and negative sequence . currents. 

The solution of V1, V2 and V. are given by 

Vo a 0  ...  .., 
.330 

¢ V_~___... 	r'Y ®3 ? 12

L 	-: 
... 

V a 33A 

'33 	3'Y + '1 + 12 

1,2• Starting °rfamune_... 
At standstill Ii = Y 3̀ Ya 

Thus Vl ..Y..!~.. 	Y ®~ +Y a 	. 
r [ 3Y + 2 xa 

*..1.6 

... 1.8 

... 1.9 
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V s  
2 «.. 1.10 

The ratio of the starting. torque T to the starting 
torque under balanced three phase operation Tb is given by 
the expre asion 

s~ 	JV112 

By substituting the values of V. and V2 in expression 1,11, 

..~ * w ? 	...  	
... 
	... 1.12 

Tb 	9 + 	+ 12y Co8-< 

where o  

The equation 1.12 is general expression and can be 
appliedto any induction motor. In practice, the ale 9 Is 
always negative and for normal Induction motor lies between 
20 and 70*, for capacitor or inductor the angle is +90 and 
.90 respectively. Therefore the practical limits of the 
para ter 	are 1600 and •700. 

1.3. ntbla nce f&Ct&r't•- 

The unbalance factor is defined as the ratia(nsgative 
sequence current to the positive sequence current  	which 
is equal to

I-V171
!' 	,~ 	

1 

Unbalance factor at standsti1]? will be gi van by 

U 	3+y2 + 2fy Cos( k+ 30) 	1~' 	.. 1.13
0) 2 	s ° 3 

For fixed value of 	the unbalance factor will be 

minimum when y :/ 	. 



Therefore for keeping unbalance as low as possible the 

beat form of phase converter for moat of the normal Induction 

motor is a pare capacitor. Beat performance is obtained f+ r 

p : \/g and ( very nearly 1500. 

For the ito? on which the expe ri rent has been perforid, 

14'Sa. 

U) With p tee. 

 

we  Y 
I 

a ~ 
.~ 14 

(Y refer exp+ `imant44n 
detail) 

C = 170 

C 	
10.2x1.5x3114 ` L97 	(Say200 / `) 

(iii) With p 2 

eaE 	lo
fi 	

a147 	(Say i 	) 
O.. x2 x 314 

Thus the analysis of motor for transient purpose has 

. been made at three different capacitor values 1eeping in view 

balanced operation for y = VT. 
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2.1. Bingle-phase operation ott- three phase Induction 
motors has been a subject of very great interest in 
the past to both the designers and operating engineers. 
We often co M across the problem when It because 
necessary to run a three-phase motor from e1ng1o.phase  
supply. in this case motor will develop lesser pull 
out torque and poor efficiency. The author's aim is 
to study and record the transient currents in three 
phase Induction motor running on single-phase supply 

with the help of a capacitor. The value of capacitor 
has been calculated in the previous chapter. 

The section deals with the calculation of trap.. 
sient currents and determination of peak value of 
transient current in windings as well as steady state 
values. The actual records of currents of different 
windings have been obtained for comparision with the 
theoretical results. 

2.2. A variable capacitor with a motor having star 
connected stator 'winding is shown in fig. No.2,1. The  

capacitor value can be changed according to predetermtn. 

ed value at starting for giving perfect balance operation. 
After starting, the capacitor can be "moved from circuit 

by opening a single pole switch placed in circuit to 
reduce the heating of motor. 



be o4uivalOnt circuit for this conditiOf can be 

drawn as follows on the basis of double revolvingfield 

theory 
R~ 	X1 	Xs 

Vf 	 Xm tgf ̀  	R2 taf 

YC 	xc 

X 
ddb 

Rr 	Xi 	 X2 

L 4., _t  

During transient state th' differential equations can be 

writton as 

E]• i + x i_LL + Xm 	•} rc (IQ(! •. i~cb)+u0  id f't b dt 
 dt 	°~ 

 
at 	at 

Vf(t) ... 2.1 

1 	 i b 	d_ + x°~ 	
+ xn -.- .b..,"" + rg(iab .'.t) +ac(i~b" ,o&t)dt  

at 	at 
... 2.2 

x di a- + R2i~f + X ~3 ddt _ 0 	
.. 	«. a 2.3 

di 	ib + ~t $-- 	= 0 	• . 	... 2.4 
a~~ d_t.-.- + 3 	dt 

By taking Laplace transform of rearranging suitably 

i;~f RifrQ+az + F?c + i b ¶.. r~ 4 • f t f axx 
+i~b 20 lg .. ...2.5 
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, .. 1'e ... 	+ db ~R1 + r + ax + 4 +i~bsxz - .gyp bxo 

Vb(s) 	... 2.6 

	

id= sx$ + 1Qb x 0 + it f 	+ ax) + i~3b z 0 0 	... 2.7 

Tld f x 0 + .~ x axe + ip S O + ip , (I + ax ) 0 ... 2.8 

In the above equz tic the independent variable t(tis) 
1.9 In radians and n rt In seconds# By doing so the inductances 
are replaced by reactances of machine. 

The eq .at1tna Z5 anti. 2,6and 	can be rewritten in the follo . 
it way by mating th simplyf ing 8nbatitution. 

R +r.+ax +-__ 
a 

B 	(Ite +~~ 

D = R2 + sic 

00v 	- C2D) - Vb x RD2 	2.9 

Det, A 

where 
Dot,A 	ABC0 

3! 0C 

C 0 X O 

OC OD 

~V f BD2 + Vb (ALS -CD) 
ids .._._..~....~ .~ ,r. 

Abp' .A 
... 	... 2.10 



io 

	

V (& .. ,CD)+V y BCD 	 f~j 

	

wry ++ 	 0 •• 	 ♦R R 	!iMi Z oll 

tf 	Det..0 

Vf D t v CC3 •ACD) 	2.12  

The forward and backward voltages •carp be writton'down' 

on the assumption that the applied volt.ge paBSe ,o through its 

zero value at the time of closing the switch. 

Sin (t-30) 

Vb(t) 	Sin (t+30) 

1 

E 	 1 
LVb(t) Vb(8) 	' L
' 
r 12 + a ... 2.14 

2(1) J 

On substituting the value of Ye(a) and Vb(s) in 

equation 2.9 we get 
	

(Fob 	tp -' EytF. scclsork) 

a2 (s+ i$)  

Si!L &+ 

..215 

SirnilarJ,y ~ can be written as 

(e + Ka) 

+ 	a2 S K 	• 
+ 	 + a,. _______  
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Total current i.e. ,h&e current is the aam of l;hs to 
Components 

	

,~ s} ..._ 	Cs + K~ ) 
[~ 	 ... 2.17 

+f 

Taking Laplace inverse of *~ ,n. 2.17 

xd 
 

+ 
	a ~8~ 	2.18 1-P2)(

1+
p23j  ... 

-1 	-1  tan T1 + tan T2 - tan a 

	

whore a 	- and Tl and T2 are reciprocals of 
to roots of character stic equation. 

For usual value a of the constants of three phase Induction 
5otor$ !~ -4<1 and P2 Is neglegibiyy shall compared to pl. Tbe 
above expression can be written all 

F-A 	; inCt..E 	g It 	P p2t 	... 2.19 
(l+p13) 	P1 

By aubst i toting the motor o onstant a,, 

-'0.8866t 	-0.0135t iA t) [0.75 ]  : i.r t- 	* 0.5 . a 	+O. Qll le 	,I 
! i! 2.20 

At t * rrj3 + 	139 (because luraapntal is n*x mun 
at t = 139'0). 

z 338 V18fl radian  
therefore IA(t) 8 	x 4.888 ( sta) 
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Steady  state component is 764 off' fundamental and 

the two decaying d,c. terms vanish after some time. 

Thus steady state component 	-- x 0.75 ~- s c 

The ratio 	 , 0. 	= 131 steady state current 	0.75 

Actual rrcoi'd of it) sk.o s the ratio to 'ba naax'1y 
1,13 between initial transient current and final steady 
stats value, The difference betwe©n calculated and experL.~ 
mental values 13 ne . g i ble , 

For getting numerical peak value of transient current 
from oxtre aston 2,20 Lh'value u ' LA ; ~c~ are to be 

substituted 

i(t) 	2£ 	z 4„883 = 29A peak or 206 rma 
0.06 x 129.16 

(Assuming current wave sinu- 
aoidkt1) 

Steady state value a 	254 	x 0,75 -:24.6A or 
0.06 z 129.15 

The recorded steady a tats value with the standard a for 
in .lire was 16.8A. 

2.3 grter rgnti-. 

E"ra2R equivalent circuit shown in the Fig. 2.2 the 
current through the capacitor during starting to the difference 

bptween the forward and backward currents. 

i(t) - '~,f(t) 	i b(t) 	... • 	.. 	2.21 



The converter current depends on the value of capacitor. 

2.3.1, For 170 /eF` 
The capacitor current will be given by 

1 	 .0.563t 
left) 	..,..,.. 	C0.255 Co(t+73.4)+0.572e 	x 

Coa(2,llt + 82.6)] .. 	2.22 

This current Consiats of two terms: 

1) Fundamental frequency term 

ii) Nearly double free uency term dying out exponentially. 

Besides these two s  there is a neglegibly small term 

decaying exponentially which has been neglected during tY t 

determination of this current, 

From this expression we see that the fundam ntal term 

Is free from deca ting factor and the double frequency current 
neatly 

in the capacitor though bf,twice the value of that of the 

funder ental, dies out completely exponentially. The phase 

difference between the two components is neariy 1710  and 

the resultant current Is the direct difference of the two 

at tie t = 0. The steady state value is only the fundaamental 

component. 

The ratio _,- otarti ng. current 	0.317 
steady 	 a 1,24 Y peak value 	0.255 

The recorded escillogram (NO.4 +r) gives the ratio to 
be nearly 1.18. 

For 	, 
The capacitor current is given by 



4,4 
RA 	-o.SlSt 

(t) 	- [0.216 Coa(t+?5.6)-0x556 e 	Cca(2.2?t+85.3)J 

... 2.23 

For 200 ~~, the capacitor current is given by 
.. 

10(t) * . 	...... 0.306 Cos (t+71) . 0.6365. 	Coa(1.95t+82), 

... 2.24 

The variation of different comporents of current with 
the above values of the capacitor and the theoretical and 

practically obtained values are tabulated in Table 2..1 and 
2,,2 respectively. 

Capacitor 'Funda;nntal'higher tre.. 'damping ' Remarks 
'component 'quench► term 'factor 
' paak 	'i.e.  nearly ' 	r  'double peak '  

1 	 r 	 e 

' 0.216 	' -0.556 	' -0.57St 'More damping 
' ' e 'effect 1.o. f t 'Transient t r 'dies out 

r ' ' 'quickly r r * -0.563t ' 170 	' 0.255 	' -0.572 	' e 'damping effect 
' r rless than r r r 'first one r ' -0.538t 200 	' 0.306 	' -0.6365 	' e ' loue st damping 

+ ` ' ' i.c.tran ient 
r r ' 'remain for r ' 'longer time 
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The C} 	1e, a 

Capacitor 	# ratio, a= T rana ant ; at 	f Transient 

150 	' 	1«$ 	' 	1,21 
I 

I'i "£ 	' 	1,24 	: 	1.18 
a 	 1 

200 	1.08 	14.13 
► f 

►y 	
w :- 	s !. ±i 

Voltage aeraaa the phase converter or condenser 

can be estimated with the help of the capacitor c zrrent and 

the impedance of the phase converter. 

* (r + 	) (I~ , . 1 ~, 	... .. 2.25 

1~f • idh . 1ctt) 

For 170 
$ 	0.563t 

(t) . ___[-0.372 v 	Coa(2.11 t+82.6) 

+0.255 Cora C t+ 73.4) ] 	, K R 	• , 2.26 

= 0.94 ohue  
eta * 18.75 ohms. 

.► 
V(t) = - - /~... 1

5.05 0C~sS t
Cos(2.11t.•g8,4) + 

+4.76 Coe(t-13.7)..9.12] . • 2.27 

* The val of r a ;pe: ntally determin d has been found 
to be nearly 5% of reactance. 

a 



re, a 0.796 ohms 

xe = 15,9 ohms 

-Q .538t 
[0.306 Coe(t+71) -0,63650 	Coa(l.95t+82)] r  

.. 2.23 

And 	 -0.538t 
VQttj 	-~--- 	Coat.-16.2) +e 	5.I6coa(1«96t•28.6) 

.a. 2.29 

In a similar wad► for 150 ,# voltage acro a$ the 

condenser viU be given by, 

Sh 	-0.578t 

	

(t) = 	4.60 Con (t. 126)+3,26e x 
Cos(2.27 t ..24.6)-9.3] 	.. 2.30 

The relative variation of voltage across the condenser 

for different values of capacitor are tabulated as shown 

below; 

t t i t i 

, 	` 'Fundamental higher 'constant'damping ' Frequency 
' cox ponent' frequan- 'terga 'factor ' for 
f ' cy tern ' 'for higher' damping 

'frequency r 	term r i S 'term 
-0.578t 

150 ' 	4,6 ' 5.26 ' 	9.3 ' 	e '2.27xSQ 
s ! 1 t ' *113.5e/fir • t I '0.563t ' 

170 ' 	4,76 ' 6.05 ' 	9.12 ' 	e '2.11x50  
• ► s f f =10i.Scfa I ' '.'0.538t ' 

200 ' 	4.87 ' 5.16 ' 	9.18 ' 	e '1.95x50 s ', ' *97.6e/s 
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From the table 2.3, VS. aae that, 

I) Fundat~ rttal component increases with increased value of 

capacitor. 

LI) At critical value of capacitor, double frequency term is 
bras because it cc =responds to nearly balanced operation 
effect of backward field 113 mini.mum. As the v►alu© of 
capacitor La changed„ the double frequency term Increases 
due to unbalance oporatic n of Induction motor. 

1II) Constant term In the voltage expression for the voltage 
across the capacitor also changes, w4 th higher values or 
capacitor. It is minimum for critical value of capacitor 
because fund.ammatal and double frequency term increase and 
hence constant tern decreases. 
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2»5. 	I itor mix im__eurrents 

The current in the winding connected in parallel 

with the capacitor is the difference between the current and 
capacitor current. 

IffirIA- Ic 	 0•• 	... 	2.31 

By considering instantenous values of these currents, 

tm(t) * IA(t) - i.0(t) a.. 	... 	2.32 

i0(t) =(i, 	(t) - idh(t) • 0 • 	... 	2.33 

tA(t) * {id  f  + i. 	) ... 	... 	2.34 
ia(t) = 2 iib  ... 	.;. 	2.35 

By substituting the value of i b  in e. 2.35 and putting the 
r otor constants we got for a capacitance value of l50, , 

•0 5?St i(t) 	[•o.65 Cos(t+34.0-0.332• 	Cos(2.27t+85,3) 
-O, 8865t 	-000135t 

+0.5530 	+O.011e 1...2,36 

for C = 170,iaP,, the expression for the current will be, 



-110.563t 

	

ia(t j s ..b.. [..0.639 Cost+34.2)-0.334 a 	C*a(2.11t+82.6) 

-0.8865t 	-0.0135t 
+ 0.563e 	+u.OU.e 	] ..2.3? 

for C = 200 ,uF , 
-mo,st 

 , (t) : 	[.o.61 coa 	,. t+3 5)-O.36? e 	C08(1.95t+83) 

-0.8865t 	-0.3135t 
+0.553± 	+0.OUe 	..2.38 

A relative study can be made of these currents for 
different capacitor values by calculating the values of the 
various componente and arranging in a tabular form as shown 
in table 2 „A, 

Tiwi 

$ 	 s 	 $ 	f 	t 

Capacitor'Funda- 'higher fre-'damping'damp-'damping' f re-
'mental 'quency term'factor `ing 'factor +quency 
'co..po- 'i.e. nearly' (1) 	'fact-'for 	' ' nen 	'double f re..' 	' or(2)'oscix- ' 
' 	'quency(3) ' 	 'latory ' 
I 	i 	r 	.t 	t 	s 

-O.57£it 
150 	' 0.65 ' 0.332 	' d.c. 'high-'e 	' 113.bc/A 

$ 	i 	 0 	'er 	'..0.563t' 
170 	' 0.639 ' 0.334 	' B:,$. 'damp-'e 	'105.Sc/s s 	f 	 ' damping ing '..a.538t' 
300 	' 0,61 ' 4.367 	' factor'factord 	' 97.5c/a 

' 	' 	' less &'& same 	,. 
I 	 'same r 	t 	1 

S 	 e 	 I 	 $ 	
VV 	 1 

The following points are worth noting about these currants, 
I) Fundamental component decreases with increased value of 
capacitor $  because higher the value of capacitor, lesser the 
impedance of shunt branch and hence more and more current 
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will try to flow through the phase converter. The'w1Lding  

earrent t (t) will decrease accordingly.. 

ii) The clamping terms are sam for any capacitor value of 

phase converter because damping factor depends on the 

constant of the winding i.e.. R and this is constant for 

motor winding. 

iii) As the capacitBmra tnerrases, the frequency of oscillat-

ory term decreases. For example, for 150 A'#  170 and 

200 A' O  these are 113 c/s, 105.5 c/s and 97.5 c/s respect. 

ively.. Simultaneously the damping factor also beco as lass 

and 1688. 
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3.1. The developed electrical torque in symbolic fora 

to given by, 

where 

	

1 	3 

) {ch.equation 

36s0 x1 , (I+a ) (Ch.equatiou) 	+n ) (Oh.equition) 

... 3.2 

For 170 /4F capacitor value, i(  t) and ib(t) have been 

calculated in detail in i ppendice8. The final form for 
these currents are 

F~ x 	r 	-O.8865t 	-0.0135t 
i (t) as 

	

	... - 0.565. 	+ 0.01479 
~f 2* °  x I~ 

~ -©.563t 
—0.626Coa(t-35.4) ,Q.394e 	Coa(2.11t-5.6) 

... 3.3 tr 	-0.8865t 	-0.0135t 
i (t) a --i ...~. 

1
-0,565e 	+0.0147* 	-0.8?SCoa(t-47.8) 3 -xd Z,b 

-©.563t 

	

+0.394. 	Cos (2..lt-5.6) J ... 3.4 

T f a Torque due to forward component of current It3irf3 
Tb a Torque due to be and component of current ERt 2 

-1.773t 	-0.027t 	-.1.126t 
f a a 

1
00320 	+0.000216. 	+4.195(1+Cos 2 1)+0.0705. x, 

(l+Co ► 2 9') -0,017fa0`s9t 	1840a.+'~1: 5t 
-O .563t 

Cos(t.36.4)+O.l23e 	(Cos(3,llt.41)+ 
-1.449t 

Co$(1.11+29,8) .223e 	Coa(2.13t-5.6)1 

•.. 3.5 



•ale re x = K 
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O.027t 	 0 156 
Th A LO«T' a 	+Q.OQo216e 	+O.38 ('l Coe 2~4)t--.-.- x 

 1.126t 	-©,9t 	-O.0135t 
(Cos Bd )e 	-0.0175e 	•0.025700 	x 

0, 563t 

Coe(t-4 /.8) 0.344e 	Cos(3,l ..t-53).(o5(1.l 41) 

a,0. 1440t -0.2 ► 	C a(2.11t - 5.6) ] 	►.. 3.6 

wiper+e 	ig= t 47.8 
, 2.11t-5.8'aof 

Tit =" T f - Tb 	 ...  3.7 

Thus by substituting T, and Th in equation 3.? we get,, 

Tnet 	1 -.f .289 + 0.195 Goa(2t78)0.384 Cosc4#22t-1l.2) 

•0.0135t 	•O.553t 
+9 	2 0.0073 Coat-35,4)+0.59e 	z 

-1.499t 
Coa(t'.4?,8) Cos(2,llt-5.6)+0.446e 	Cos(2,1.t-5.6)] 

.,. 3.8 

The above expression gives the transient torquo at starting 

for single phase operation of a polyphase Induction motor. 

By giving various values for t the curve for tranbient 

torque can be plotted as shown, be4ovs 

:3 

t a 0 } 	 : t32 	t = $ ►r t = 5 -" ,/2 

•0,0680 'Q.882131" 0.605)' ' 0.55. a ' 0.422 a' 0.294 
1 	i 	t 	i 	t 

By plotting these points the, torque curve shape will 

to approximately of he form shown in fig.3.1. 
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T eteaady "A Q,239 + O. x.95 + O.384 

: Ax©.53 

1 1 ent tt rg e. A 065 
steady torque 	0.53 	(st-4y + 	Ms 	U  

=1.57 

Th transient torque at starting is 1,67 times the 
steady component and settles down to steady state with in 
nearly 1,5 cycles, With in this time the rotor does not 
attain measurable speed.. Thus shaft torque is much higher 
at starting than the running torque, 

3.2„ `i'3r sue calCulatiQn i it' ...ZQQ.1j&.- 
As in article 3,1, the torque for different 

capacitor values can also be e.etimated„ For example, the 
net for ,ue for a capacitor value+ of 200 ,O' will be t 

Tnet aTf • Tb 

w *re 
Tr a 	i~f

2. 

Tb = KR2 pb2 

The forward and backward components of current change 
with different capacitor values and so do the torques. The 
forward and backward torques are given by, 

-1.773t 	-O.027t 	 4.076t 
T f W a ~0'320 	+0..000216e 	+0.2375 (1+C o a 29 )+O.O75e x 

-0.9t 	-Q., 0135t 
(moa 2)+0.0166e 	-0.02030o 	C08(tiu29.1)  -0.538t 

+0.538e 	Coat-29.1) Coa(k.95t-11.8) + 

-1.449t 
+0.448 	GoaOl•..95t - 11.5)] 	... 3.9 
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And -0.027t 

Tb =,\[0,320 	+0.000216. 	+0,38(1+Cos 26 ) 
-l,076t 	 -0.9t 	-O.0l35t 

+Q.0750 	(1+Cos 2)+0.0166e 	-0.02456e x 

-0.538t 
Cost-53.7).0.648e 	co3(t-&.7)COS(l.95t_11.S 

...1449t 
M0f44o 	Cos(1.95t _U.5)] 	i.• 3*10 

Tnest 	~` [.0,1125 + 4!3375 Cos(2t-28.2).0,35Co (3,9tt-23) 

0,0135t 
+e 	1 0.02456 Coa(tw•53.7) •0.0203Cos(t-29.1) 

.0.53St 
+ • 	0.536 Co8(t-29.1) Cos(l.95t-11.5) 

+0.648 Cos(t..53,7) Cos(1,95t1.11.5)1 
-1•449t 

+0.88e c;os (l•95t • 11.5)] ...  3.11 

By giving various values for t we get, 

t 	 1 	 1 

t 	C 	0 	' "/3 	. 	3 ~rf2 ' 2 sr 
I 	 I 	 1 	 1 	1 

T 	' -.1.43? ' 0.9939> ' 0.359>'' 9.4616)x' 0.07845) 
I 	 I 	t 	1 	i 

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

Tateady 0 )v'0.1125Z g.2354O,352 
Q•435) 	V 

pen k 

The ratio of transient torque to steady state torque 

is nearly 3.33 and transient torque settle down to steady 

state with in 1.5 cyelea approx. . 
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The forward torgUo Tf will be given by 

-1,7?3t 	-0.027t 
T f = )j 0.32e 	+0.000216e 	+0.223 (1+C o s 2$) 

4,15€t ,15€t 	. . 0.9t 

	

+ 0.0510 	'(l+Coe 1) -a.41 

	

-~4.4135t 	 .0.578t 
-0,0136e Gast-26.3)+0.426e 3 

..1.4885t 
Co$3.27t Co8(t..26.3)+0.36e 	Cos 2.27t] 

...3.12 
Similarly backward torque 

..1.173t 	-O.02?t 
Tb * 40.32. 	+0,000216. 	+0.375(1 oa 2 ) 

-1.186t 	 ..0.9t 

	

+0.0510 	C1+Coo 2 .).0.0l66s 

	

-0.0135t 	 -0.578 
-0.0254e 	Cost-54.7)-0.554. x 

.-3.,4665+ 
Cos 2.27t Cob(t..26.3)-Q.36e 	Cos 2.27t] 

...3.13 

Tnet in the direction of otation will be the difference of 
Thr and Tb. Therefore net torque ii► 

Tnot M X [..0.152 + 0.223 (oa(2t..53.6)-A.37£ Co32l . t 
-0.0135t 

..e 	0.0196 Co8(t.-26.3)-a.Q254 Coe(t-54.3) 

+o. 	(0.426 Coa2.27t Co5(t-26.3)+4.5€4G*$ 2.27t x 
.1.4865t 

Co i(t. .a)+0.?2 G 	Cos 2.27t] ... 3.14 

By substituting variou3 value$ of t in the abovs expression 
we get, 



t 	s 
 

0 	t
rr 

s 	s 	s 	'  

Toot 1-1, 106 A ' 0.9895,\ i-►0. 1037\:Q.4.3975 A :-a.33o8 /N 

On plotting these values, the shape of the torque/tint► 
surge will be nearly as shown in fi.g.3.3. 

T ste dy state ' •~ 0.182 + 0.2 + 0.3752 

0 0.464> 

The ratio of transient peak torque to steady state torus 

is 

ratio 	100106 * 2.18 0.44 

The variation of transient for suss and steady state 
torques is compered for dtffe •eAt values of capacitor in the 

following table. 

*j.94 

:Trsnsteat torque' steady:ration ~ e~ ,ent,Tren~alo t 
Capacitor 'peak 	 ' state I 	$tee► 	$torque at 

• #  4  a t  

350 	' + 1*03060 	s'0.4 	S.l.$ 	1.4 
f  t  a  M 

170 	0 + 0.88653 	'0.53 	s 	1. 7 	s ■► 0.'2'F3~'Ii 
a  a  #  t 

200 	s + 1.43 	'0.438 s 	3.28 	' 	1.03 

Tres above we acute t rs followingg interesting pointe$ 

1,. Transient peak torque is less for critical value of 
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capacitor than for any other value. Thus critical value of 

capacitor gives perfect balance operation at starting and 

minima transient condition as well. 

2. The Steady state torque is also maximum for critical value 

of capacitor as It is very clear from the definition of 

balanced operation t,,e, maximum torque per ampare. 

3. The ratio of transient torque to steady, state torque is 

minima in the case of 170 pi.  Thus by choosing this value 

of capacitor we can improve the performance under~ transient 

conditions better than wits other capacitor values. 

4. The time for the transient to die out is nearly the aams 

for all values of capacitor. 

3.4. 3t.rtng tar 	vation .ithc4gcjtor; 

The starting quality can be improved by properly 

selecting the value of capacitor as discussed in Chapter 1. 

The optima value of capacitor has been calculated and steady 

state torque is also computed in article 3.3. Ths variation 

of starting torque has been studied experimentally, in a 

slightly indirect 'way. 

A tachogenorator has been connected with the . shaft of 

Induction motor as shown in photograph attach d herewith. 

The output of tachogerierator depends on the speed of shaft 

because voltage generated is proportional to speed if other 

things are constant, 
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The output voltage of tachogenerator is sinusoidal if 

the  iotor is running at constant speed. During transient or 

at starting * the shaft takes some tinea to coma up to speed 

or in othervorde one can say that speed rises from zero to 

rated value at that particular load. The corresponding output 

or voltage of tachogenerator varies and variation in shape has 

been recorded by keeping voltage reference signal of the motor 

as a base*  The frequency and amplitude of tachogenerator 

voltage varies till the motor comas up to rated speed. This 

variation depend ► on the value of capacitor chosen. The 

differentiation of this voltage or speed response gives the 

acceleration of the irotor. 

Ace 	.. 

	

The torque of the motor will be T Moment of inertia 	ace. 

T = K 	by assuming K ()k,ment of inertia 

in consistent system of units. 

"atans 

T = X tans 

Different photographs have been taken for speed response 

with different values of capacitor ,  and the torque is calculated 



as shown is Table 3.5. 
L 
t 

	

s 	 t 	 # 	 : 

	

' 	~m 1eiw ' 	tan 	'T K' tan 6 	'
Ica1. (average) 

150 	2,5 	1 0.04361 	'T O .436V 	' TzO.1?, 

	

! 	 I 	 t 	 t 

	

170 t 	. 2 A 	' p,045S6 	'T 0,4866 CV 	I T .22A \ r 

	

I 	 M 	 t 	 # 

	

200 ' 	2,9 	' 0.050 	'T=O.O. K' 	I T=0.245 A' 

where VV and 	are constants. 

t 	 I 

Capacitor ratio 	'Theoretical torque 'Experimental torque 
t i'aaat 1 rr  

! 	 I 

	

 

0.952 	 0835 

110 ;►rad  
I 	 I 

	

0.906 	' 	0.87 
170 

From the above , we conclude that ratio of the two 

starting torques with two different values of capacitor 

are practically same by the two ssth d s,. Thus by varyinj  
the capacitor value from 150 	` to 170 /MY, the torque 
variation is 0.836 tI s ac-cording to calculation, • i 

sxp.r,iar ntul value is 0.952. In the *.m wa s the torque barios 

by 0.905 times for the variation of capacitor value from 
170 , AZF to 200 according to calculation while experimentally 

ratio is 0.87. The ratios obtained by thee two methods are  

fairly in agresi nt within t! limits ►f exparluental error. 
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In following pages the results of experiments performed 

on two Induction motors,, for verification of theoretical. 

findings s are recorded, 

The specific, tions of motors arez 

(1) 5ingle..phase Induction motor 

h. p, .10v j 50 c/s 970 rpm 
549 AB 589 General Electric" CompanY 

(ii) Three-phase Induction motor: 

	

3 h.p. 440V 	40 c/s 1440 rpm 

	

51( 254 P914 	General Electric Company. 

Single-phase motor 	I 	Three-phase motor 

r u 2,22 ohms z tav54.15ohms'a1 : 4 ohms 	Yl 44.15 ohms 
a 

r d z 5.55 ohms x =5445ohms'R2 s 3 ohms 	x2 a4.15 ohms id 
r b * 9,5+ rcohms Xib*94:.3 	129.15 	Xg a 125 ohms -2 
r w 3.3 ohms 	x =94.3 	' IC 	- =3.1 x10O 

~4 	 f 4 d XD. = 129.15 

r.--3.5x30  	x 2 
a 9 	z pq 	aCb 	f °~- 1- - 	= 0.06 	kp  

xl- x-~- Xp 	a10.5 X10 ' lac "'"' ` + 	"` =c,' 
t  

In addition to the other instruments the Cambridge 

6..elementa 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 system. 

3. Commutator. 

a. Drum camera 

5. Motor and control Rheostat. 

Brief dis ipttfl. pf naei ii n is 

The commutator mounted on main driving shaft, consists 

of three pairs of slip rings with three Independent segments, 

with speed compensating scale on the left hand edge. Carbon 

brushes mounted beneath the commutator rnakc3 contact with 

segments once during each revolution of the driving shaft, 

This section controls simultaneously the operation 

of the relay and the opening of the shutter. The position 

of the center segment In relation to the camera driving plate 

is determined by the setting of the speed scale which should 

be adjusted to the camera speed 'being used. This scale is so 

calibrated that at all speeds the camera may be retarded in 

relation to the opening segment by an amount whit ensures 

that leading edge of the film arrives at the shutter aperture 

Just as the shutter opens. As the Inside relay A operates, 

the contacts A3; A4 open and close respectively. The contacts 

A30  A4  are brought out to the terminals mounted on the control 

panel, 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 during the recording period. The commutator then 
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energise+'the close magnet and shutter moves up in to its 

closed or 2upper position. The mechanism Is adjusted to work 

f ro.m 40 rpm to 1500 rpa. 

The point on waveshape of supply has been controlled 

with the help of electronic circuit used with the operating 

relay. The description of . circuit and working principle ie 

separately given in the next section no.11. 

Thi general circuit diagrams for both party are more 

or less same as shown in fig.4 and 5 respectively. The relay 

K' is connected through electronic circuit and contacts of Vit' 

are in series with the motor. As a on as the expose button 

is pressed, , the signal is impressed on electronic circuit and 

relay will operate only when it gets a pulse train power 

amplifier. This pulse position can be shifted with respect to 

supply voltage. In the pre sent case pulse has been obtained 

when. voltage wave passes through its zero position. Thus what". 

ever may be the instant of pressing the expose button the 

relay K' will only operate when voltage is passing through 

its zero value and the motor comma on line inataratenously. 

Actually due to the time lag in relay operation, the pulse 

position is not set exactly at zero but slightly less than 

zero on waveshape of supply, so that relay delay is taken 
In to account. 

As discussed earlier, the opening of abutter and 

throwing of motor on line must be acomplished simultaneously 

in zero time . Practically the time can not be adjusted to 
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zero duo to the time lag in the operation of different 

relays,. 1owever, author used the fast operating relay with 

well designed electronic circuit for Operation and obtained 

the angle of cutting very nearly at zero degree of waveshape 

of su,plya The angle of cutting also slightly varies in 

different cases. These variations tray be due to fallowing 

re aaonss 

1. Supply voltage may not be purely ain* function of time 

and fixed in magnitude. 

2. Also the electronic circuit some times gives a distorted 

pulse and not sharp pulse due to non linear characteristic 

of tube, 
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The electronic circuit as shown in the fig. has been 

designed for a wide-band, phase shifting purpose, to control 

the operating point of the relay with respect to the reference 

signal. The reference signal for electronic circuit has been 

derived from constant potential source, The saran source is 

used for operating the Induction. motor. The relay contacts 

are in series with motor and energized coal is driving its 

current from electronic circuit, The position of pulse, 

obtained from the circuit can be changed with respect to 

reference signal by adjusting the resistance of potentio. 
meter 

The circuit can be devided Into three stagess 

1) Phase shifting network (1/2 67) 

2) Clipper and differentiating network (6SI7) 

3) The power amplifier (6L6), 

The phase shifting network shifts the phase of the 

sinusoidal signal potential which is derived from the in 

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 ma and 15 aa 

respectively. In the absence of signal the current flowing 



441 

 
FIT 

C 

 pn 

Ilk 

WV 



73  
through relay energized coil is nearly So as which is not 

sufficient to operate the relay!  As soon as the signal Is 

impressed, the sharp positive pulse is applied to the grid 

of the power amplifier which increases the plate -current 

of the power amplifier momentarily and operate the relay. 

Since the releasing current f relay is 15maf  the relay 

does not release even after pulse goes out. 

Thus the phase shifting network together with 

clipping circuit and differentiating network help in 

switching on the Induction motor at any desired angle of 

the applied reference voltage wave. 
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The transient analysis of synchronous machine has been 

investigated thoroughly by many authors in the past but only 

6 little amount of literature exists about the transient ana-
lysis of Induction abine. 

In this deaeertation the transient analysis for currents, 
voltages and torques on two different types of motors have boon 

studied in detail and soma interesting and useful results have 

been derived.. The beat starting value of capacitor on the 
single phase motor also given ,minimum transient effect on the 
steady value of torque. The increase in average transient 

torque is .such more in case of higher value of starting capacitor 
than in case of lower starting capacitor. The above statement 
applies for starting of both single phase Induction motor and 
the three-phase motor with the help of capacitor. But in the 

case of three-phase motor unbalance is more in case of deviat-  

ion towards lower value of starting capacitor than when one 

uses a capacitor higher in value than the optima starting 
capacitor. The actual plots of transient torque/time curve 

for three- phase motor show the variation of dying out time 

for different values of capacito; f  as it increases slightly 
with increased values of capacitor. 

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 nieh the 
performance of system. However, in line current the ratio 

between transient and steady state is nearly four and system 

connected in parallel with Induction motor will be affected. 

The transient comes in the picture when slight variation is 
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not tolerable even for a fraction of second such as servo 

syste*. The motor used for this purpose =at be selected 

keeping in view its transient behaviou'. 

In case of three_phase Induction motor operation 

single-phase supply# the ratio of transient to steady state 

value is nearly 1,2 i.e, aingleophaae operation of three. 

phase induction motor is itself a unbalance operation and 

motor does take negative sequence current and produces 

vibrations and heating of the rotor. Although s.i le-phase 
operation of three-phase Induction motor is unusual but 

still some work is going an unbalance operation of Induction 

motor in connection with speed torque control of motor and 

may be this transient analysis is useful in studying the 
unbalance operation of Induction motor. 

The work presented by the author is an extension of 

the work of Venksta :dao in slightly indirect way. The 

values obtained theoretically have been compared with export-

mental results and found satisfactory. 



A. 	Deriva*i 1 Of ~.lbm 

The differential equations 
i 

rdb iib + Xb 	- + 	+tib--  

$!db 	 di 
xa r +r J3 q int +x~ 	0 	., 	..3 

By taking Laplace transform and rearra ing the term 

r &b 1d b + ZA b 	b + NQ •_,. 	+aab *iP q a V{ s} 	, .3 

_ 	 'b P q P q + xPq at P4 a 0 	 , ,4 

~b 
 V(e) ~r~ sxPq ) 	T{S) Ox  

4b  
(r1 ' aX~q {rob + 'O"Ab + 

-~ 	 V s{r + a 
bXpq - x2.b}+$ ~~~b x erPgx,,,b)+ {roc'brp4+xi3ga~c3+ 

- 	Vfs} 	 a+ 	+ a3 
p 	 + 	b Pq 	c+ 

Via) K 	a(l + a&) 
rq (1+T1a)(1 .+ T2,s)(1+ 3+1) 

V Coag 	~t 	 . a 

	

--...-.~-- 	for general value of 	arse) I+s 	1+ a 



7? 
but here angle of -switching Is zero 

V(s) 0 	,. 

VK 	 Sal + ai) 
+ 8)( . 4)(1 + j 

By hreaki g in to partial fraction 

i(s. +sa) 	 A 	B 	C 
(p1+a)p2+a)( 3+)(1+ ) (p1+a) (p2+a) (p3+s) 

D +E 

A  P1I  

B 
(Pr'P2) P3"P2) (1 +P2 2) 

(P1•F3)(p2 )(' p32) 

D -- 2  ----2 
+ 

where ° a p1p2p3 i. (p1 + p2 + p3 ) 

PIPg + P2P3 + P Pj - 1) 
' hue 	Vir 	—Pl 	•P2t -P3t 

odb(t) * 	a + as 	4Ce +DG~►at ' I lint 6 =d~ 

On substituting the values of motor const to in characteristic 
equation.  • 



x  28 

 + 	H t! 	4 y 	 Pi., 	 g 	Q 

.2 
= 	 9 3.5X10 ze 10 S i z `tom = 31.8 

,.2 	 2 

	

10.5 x 10 6 1,.._._-..... 	1- 89,4 

*03 

	

3 2 .14 x(10.5310 + 03) 	31*3 x3.5x14 
S +g - * + 	 + 	9+x.3 ~.1 

on solving this 
p1 0 .6865 .. 1.975 3 

p2 *. .6866 + 1,9753 

p3 It .0266 

A  -pj(1 - ap1) 
C prp],) (p3-p1) (i*p12) 

a -3.$g + 1.713 

B 	3.48 * 1.713 

C - .00159 

D 6.5 

E :3.04 

i (t) *• 	l~ 	L {-3.#8 1.71)e 
.(.6565-1.9753)t 

 + 
38.6x.1 x94.3 

- (.6565t+1.975 j) t 	• .0266t 
+(-3.48 -1.71J)e 	•.00159e 	+ 

+6.5 Cos t + 3.c bin t] 
...6565t 

(t) 	.4 ~2i 	x - .338 Co8(1•975t•.26.3)+7.15CQs(t-25.1)_ 
- .001 	.c~26st 

.►.6565t 
a0.408 1-7.760 	Coe(1.975t-26.2)+7.15 Co8(t-25.1) 	• 

` ra6t -.00159e 	-j 
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The Laplace transform of two main differential. equations, 

r d a +*t,4a)t° a + S1L i, d - V(a) 0 	... 1 

+a inn +(rid +axpd)!pd •oio 	.. 

r 	 9 

V(a)Sxma s?x 	r +ex a - 4 a ca ( ~d+*Zp d) 

1 V(s) Sic ~d 	42Lx 2-a x -cir x +x4 r ..r N a d. 	c a od   
— 

	SX 
d- 	x d 	+ an g, # 	 I(d 

,-x axR d PL) p2+a) (1+82) 

After taking Laplace inver ie  
1 ~t • - V 	pl!p1t 	 pp 	"pit 

p 	G x pA X,,d (Pi'P2 ) ('+ p1 )+ 	--pl) 

Cos (t - ) 

+ -i
V.~1rl+̀p1 .,.... ,.. 

1 	-1 1 

`t ire tan ....r... 	tan --- 
Pi - p2 

pl p2 are the roots of characteristic 

$2 +1.U$+ .o46 -o 
p1 = 1.414 
p2 - * OI&S- 



After su bstituttng the va1zes at S, and P2 

Lcd(t) U V 
1.428t 	•Q.0325t 

[•0945840 	+ 0.00404• 	10 

00.1 Cos (t123.5)J 

El 

G 77"5 

0 

N 



81  
C. Derivation Q 

( + Kp) _ a2{e+Kp} 
cd iTo+82 	-~ 	-»j  

	

+— 	/r(1+o2) 

1 
(Ch.equation) 

Ch.egl. = 	+ !( c +K1 	+ a (Z0' + E B c) + 	. 

_____ 	: a + A) 	 82(8+1(13) b * N 
xt 	

2 

	

6— 	 cT 

For 170 /F 
w2 

.c 	3.lxlQ 
. * 2..32 	10  

1_(,'.L.)2 * 1- 0.9$. = 0.06 

cc 

xiuI 

2 

X'l = 4.15-'--
22 w 4.I3 x2- 

..2 
=4.56 x 10 

= 0.29 

_a = 126-' 
xe = 18.75 -Q- 
r'c 0.94. st 

X d = 129,151-Q-- 
x fi -- 129.15 -rL 
i=4ohm:-ct 

r2 a 3 ohms 
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On substituting these constants 

33 + 1.1582 +4.845+ 0.1].2 =0 

P]. a0.i63.2.113 

P2 _ 0.563 + 2.114 

P3 a 0.0231 

Now , second half portion of if() and t,  (t) is same. Thsrefor ► 
we will take second half portion. 

+ 	+ (1+ 	pl+Sy (P2+8) CTAS + 3) 	(P 	(P S) 3 + 

A  
+ B~ 

CP2 a Pi) (Pa-Pi) CI + 	) 

4Pi-P2) P3"P2) (1 + p22) 

_ 2 	+ 'p ) C s 	Pia C-per 	....,......_,_ 
(P1"P3) (P2'P3) (l+p32) 

Ea 
~+ 2 

,<a p1p2p3 • (Pl + p2 + p3) 

P a Plp2 + P2P3 + P3p1 • 1 

Trus the solution of second half 
i t~2 '° 	 f A ;Plt+ BaP~t+C Pat +D Ca teE dint 

First part of i (t) will be solved as follows 
characteristic eQn. 
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+ 	°t 8 	a + 	,rs 0 

e+0.8fi+1. :10 	0 

p, * 0.8365 
P2= 0.0136 

Sin (t i t 	...... 	1 + 	 (t4)+~1 Q X0 	tl+p X (l 22) 

p1) 8p,t 

(pp-p pj2)  
+ .w.! 	+gyp 

Pr 'P2 (i 

The combined solution of it f t would be the , um of the two 
different parts 

i(t) ` i,4 f(t) • '~b.(t) 

Hance i(t) would be given by only second part of the 

above solution. 

m. )1t 	
p
t  .. t 

i, (t) --1 ~ [jL p  a l̀  +Be l' + Ci 	+L► cos t+E Sin t)] 
d 

A a 	-- P-12 ' -1 l 
(p2-p1) (p3-p1)(1+p12) 

=- 0.07- 0.285 
B = - 0.037 + O.285 
D = 0.0726 
8 =-0.244 
c= 0 

After substituting these values and rearranging in proper foam 

ie(t3 = - - . l,. r• 0.572* 	Coa(2.ilt+82.6)+0.255Coo(t+73.4)7 
,ac 	3  



In a similar wag for 150 and 200 pF . i0(t) will be given 

by 

4... 
 

10(t) = 

	

	[o.i Cos (t + ?5.6) 0.556 	x 

Cos(2.27t+ 85.3)] 

for 200 ,#luF 

1 	 -0.538t 
0.306 Co (t+?1)- 0.6365 e 	

x 
r ~ ~~ 

V iu"i 

Coa(1,98t + 82.1)1 



85 

	

i/ 	 + 
2- ZcA XI 	1(1+#) 31 + [ Z; eKi +Seim? 

1  
15 	

) (

Cb. - equation 

 ~rrwMrr~ 

 jt 

.. ♦ 1 

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

I ~fi and 1f2 for simplicity. 

';A Z 	 ,. a 
2-x, 	1 ) + 	~.. . 

... 2 

Thus Ch, equation for it,, 

	

a2  	1L £ 

After substituting the motor constants and solving we 

get the root of this expression as 

P1 w 0.8865 

p2 = 0.0135. 

 ~1 	- AII — 	*5 	11(t) - 	Zp [(L+s) (l~l  +s) A2 +a)J 
.. 

By taking Laplace Inver 
r' V .8865t 	 "'1✓  f 01t7 t 

a 	0.565 e 	+ 0.0147. 	a' 

►0.746 in st + 312.5j.. 5 

For 2nd part of equation the roots of the characteristic 

equation are 

pl : 0.363 +2.11, 

p2 a 0.563  +2.111 

P3 : 4.0231 



8 

	

P 	(1#1+5)  

.f. 6 

Putting the value a off' p , , p2 * p3 and taking Laplace lavers* 
of it,, 

3f
!2 

t 	- 	f 	Co t.284.7)-  

.`Q. 563 t 	 -  

a 	xo. 34 G0s(2.11t,.5.6) j 
rr. 7 

--,, Total ~f (t)  will -on the sum of two terms. 

I Vit) 	• O.565. 	+0.014
7vf3.+~i2 1

.0.746 x pt`  

Sint-312.+6)-0.i4? Coat-254.7) 
-0.563t 

•O.394# 	Co3(2.11t_5.6)] 

w. ♦ a 

on solving further,  it can be written as 
.0.$865t 	..O.0135t 

P 	3O-x~x~ 

-006215 Cos(t..4'.*)+0.394e 	x 

Coa(2.Iit-5.6) ] 	... 9 
b(t) can also be derived in that same way only it will 

be tha difference of two terms t bl* 1~b2 as i'1t ~ f2 is 
sun for forward currant. 
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