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MNCLAPURE 

p 	Humber of Pole pairs 

f 	Supply frequency 

f 2 	frequency of rotor e.m.f. and current 

n 	rotor speed in r. p. s. 

fr 	rotational frequency r. p; 

s 	slip of the rotor 

vl 	Ter €sinal voltage of stator per phase 

Ei 	Stator induced e.m.f. per phase 

Z2 	e,mf. in one equivalent rotor per phase 

Stator current per phase 

Im 	Nagnitising current per phase 

12 	Rotor current per phase 

rl 	Stator winding resistance per phase 

xl 	Stator winding reactance per phase 

Zi 	Stator winding impedance per phase 

r 	Rotor equivalent resistance per phase 

Rotor equivalent reactance per phase 

zip  Rotor equivalent impedance per phase 

Xc 	Capacitive reactance per phase 

R, 	Load resistance per phase 

Xe 	Load reactance per phase 

,M 	Torque 

P 	Power 

9 	Stand still Impedance angle of rotor (tan 6 a' 

Impedance angle of rotor (tan pfd  = sx' 2  /z , ) 

6. 	Load angle 
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In developing the country's water paver, uptil now 

only those of greatest energy concentration is being cons. 
idered in our country. That is those whore largo volume 

and a considerable load of water is available within a 

:,art distance, This has led to the present type of hydro 

electrica generating station s, that we one around us nee. 

Due to the vast amt of energy controlled by those made 

stations the Mitlitary ax d controlling de vice a in the 3s 

stations have beca* so n wrous as to .cake the station s 

very coapt x structure, rautrtng high operating sitU and 
Involving high cost of installation„ 

At the sa* tits, not only are all these devices nece. 

easy for the safe operation of the station but we hope that 

with the aatszrialiaation of national or auial grid systeas, 

additional devices like suto$atic recording apparatus and 

zltirecorder becos nece asary for safe and reliable opera► 

With this type of station, it is obviously i s b1s 

in rmat-caers, to develop water power of emsfl and sodsrate  

size. A generating station of 5000 H.?. 411 rarely and 

one of hundred horse pars will hardly over bs economical, 

on the other hand, a hundred h.p rotor installation 

is a good *cono*dcsl proposition and average else of all 

the rotor Installations is probably below hundred horse power. 
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It w► ass the hydrological data& for the power projects 
in our country, it is startling to notes, how large a part of 

the potential water power of the country is ropr asnt.d 
by comparatively small areas of high Clevatlon, in pito c ' 

the relatively low rainfall of theas eraas. As =at of the 
areas are at coo dde r eb d i art ance from the o es at * at of 
the atre ss are small in volume. That ion  It is the iany 
thousands of small mountain stream and creaks, of relative 
=all valuas of flows  but high gradients, affording fair heads,, 

which appai*Utly crake up the bulk of the country; a  potential 
eater power. 

Only a small part of the country' a hydraulic energy is 
found so concentrated locally as to mats Its development 
economically feasible with the preasat type of generating 

station* 	 , 

The solute x of the problem of the aeonomde dovelopasnt 
or smaller water powers, is the adoption of inductiou gene r at ur 

and it has been evolved, for dovelping the as many ,thous o 
of email hydraulic powers#  to collect the power of the mountains 
streams and creaks. , By  the adoption of induction generator, 

the following simplification in the generating station is made. 

(1) ftydraulic turbines of simplest form, continuously 

operating at fall load,, without governors, 
(2) ov vultags induction generators dire t connected 

to the turbines, 
(3) plop transfor ra direct connected to the induc-

tion generators, 
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(4) 11igb tension circuit breakers correcting the etepup 

transformers to the transmission line! 
In smaller stations, even these may be dispensed 4th 

and replaced by disconnecting switches aad fuses. 
Lightening arre star s an the transmission lira, wbaro 

the climatic or topographical location make a such ne cl es ry, 
A at*,tiau voitmot*r, a totalling armater or integra~. 

ting wattsetors and a frequency indicator may be added for 

the Information of station attendant, bit are not ne ce sa y 
and voltage, current, out-)rpt and frequency  are not controlled 
from the induction generator station, but from the main station 
or determined by the available water supply. 

But all these described above will be ne to aary when the 
induction generator is adopted as a single unit self excited 

generabnr, and the na rreial siopUon of this type of generator 
is yet to eour.. 

`burr. are an the lower courses of our streams sone hydraulic 
pryers, which are relatively small due to their low headav 

and vhiob can not be economically developed by the synchronous 
,perncr eta r *  due to the low head and corro  correspondingly low ,peed* 
The da si 	►g charectertati cis of the induction generator, 
.tb regalia to low ape•d machines, are no better. if any 

thing rather worse than those of the synchronous  generator,, 
and the problem of the economical utilisation of the low head 
still requires solution,. 
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'1`bM ea* reasoning applies Also,, end to the aa le •xtent, 

to the problem of collecting th. nu rable small.-quantit$.s 
of ar chani cal or electrical energy, which s. ► or can be 
made available,, whenever fuel is cx nsot d for heating purpo+r s, 
Of the hundred s,iiiof •nts1 of coal, which are annually 
used for beating puZpos suet is used as steam beat. aippoas, 
then, we generate the stsa at high parr slIre as is done 

now in arm casess for reasons of heating o cono syr• and inter. 
pose between ate as boiler and boating system, some aimpli 
form of high pra sure &team turbine, directly conneted to 
induction generator, sad bio the latter into the ,general 
electrical distribution system. In this way the overall 
econo will be such better than utili adng steam at low orew 
eazr and tsap.ratura. 

whenever the heating is in operation, eleetrie power 
La neratsd s*, we my may as. #by product' of the boating 
plant and fid into the electric system, 

ml. s paper ' pre sent s a complete theory and a few a zpe ri.. 
ntal data on eelf..excited induction generator as well as 

the induction generator connected to infinity bue bar, 
Chapter (I) ` deals with the basic conception of ale etro gnetic 

theory involved in generating action#  when the a&r°bine is 
driven above synchronous speed. Attempt has been made to 
explain the pherz uwna in a si mpfe x way. 

Chapter (II) deals with the vector diagram, equivalent 
circuit#  paver %  torque, load angle and voltage.. Amps ratings 
of the Induction generator. 

. 

Conception of load angle has been intøoduced in this 



machine by the author,$ just to bring a better physical ins.► 

night in to the actual phenomena in the a aehtna. It doss 

not change at alb. the elaaaical theory of the Induction 
machine as each, but apart from anything el ee , it brings 

a clo+er similarity between the induction Machine and syn.. 

chronous Machines 

Expre eaten for droit volt,.amp.ro relations and power 
Components has been derived In this chapter. Accer4ingy  

equations of power and torque is derived in terms of torque 

angle and a 	r of pSrtornance curve a have been drawn 

and they are quite similar to carve a for synehronaus a sbhina. 

apter Ill 'deals with the induction generator cenrsctsd 
to infinity bus bar. Different 1thoda of determining the 

phaco rotation of the machine have been diecuesed exhaustively  
by the author with nets scary equations  and exper1a~ntal results. 

Curves of load tests, performed on a 10 LP mahtns 
has been given in this chapter, along with the oacillagraphic 

record of in.ru a current at different ap+oad. Discussions 

on over voltage, runaway ap"ad! speed dStt ctors and low 

voltage, have been given from the practical stand points. 
An interesting speed detector which is In use In Japan has 

been described her* In details. 

At the end of this chapter author deals with the stab• 
tlity of the Machine In relation to its water who*1 prime 
va" r and as well as its own stability with referenc, to its 
load angle vs torque curve. Slectro..dynaxlc equation has 
been diad as In cam of synchronous mac tine. Critical 
power and correspondingly load angle for different va1mo a of 



have been derived from Torgss angle and load curvy 

by equal area criteria thod and in this connection 
of stability Of sachins,, the oonception of load angle 
sakes the approach to the problem more sispis and has 
brought much sirdlarity with the ayncbronona machine. 
At the and of this chapter the idea of stability co~sff 
ictent Whbch was originated by stainasta has been emend.. 
ad and lathe satieal . rpr. sston of the eo-effi menta with 

primary as wall as without peri y impedance have been 
derived an dtseiisasd. 

In chapter IV the theory of self excited generator 
by static capacitor along with the experintal re salts 
have beam given and all the re volts speak very ouch in 
favour of the use of as.if excited generator as independ.. 
ant unit. Author also has per'forned certain teat on self 
cult d induction generator by synhronoua condenser and 
It viV s dollar eharaetrrietic like the self-excited 

gerwrator by static capacitor. 
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In actual induction machine, with elaborate winding 

each phasecurrent flows in coils, which are distributed 
over several slots and the system produces a travelling 

current shoot*  which approximates very closely to sLnna 
aotdai distribution. This current sheet in turn produces 

a apace distribution of sagneto-s tive force which lags 
behind the current by a apace angle of 9Qa  (Electrical. ). 

The rotational speed of the current sheet and rn. .f 

waves is given by! . If the rotor circuit of an induction  

machine to opened, the conditions are analogous to a trans.., 

Corner whose se n+d ary i 3 open circuited.. ( Fig. (1) give s 

the conditions for the instant in tims, whin the red phase 

current is zaximu6 The current nd s.rn.f waves can be 

represented by single space vectors lying along the axe s 
of maxima current and s.z..t 

It the stator resistance nd lea.kage reactance are 
neglected in the first instance , . the rotating flax will 
attain a value, such that the back a. s.f Cj) it generate s 

in the stator winding is exactly equal to the applied s.a.f 
VI). The current I., which flows is that required to set 

up such a flax* Fig. 1(b) shows the tise relationships 

corresponding to the red phase only and the seta of vectors 
corresponding to other phases, have the same flow,, and are 

displaced by t apo' fret* that of red phase. he •.a.! 

Induced in the rotor conductors are in space phase with 



the flux producing them, so that, if the rotor circuits are 

closed and the rotor is hold at stand still, a wave of rotor 

current is produced,, which travels at the same speed as the 
stator wave. The space positionrn of this wave is decided by 

the rotor iaiped aoct. 

At atanid still s  the rotor reactance to in generals  greater 

than there at stance and the current wave lag* on the aoltag 
by. laTg angle. The urachi ns behaviour in them, similar to that 

of a transformer., whoma se co ary ii short ct r ui toad and the 

stator current adjust itself, so that the net M.MJ produced 
by the two current waves is again *&fficAaflt to provide the 

;caro flux and therefore the saw back E. I`,, as was present 
on op.n circuit. 

In Fig 2(a) which illustrate the apace Conditions in 
uirrel cage i ae&ns at standstill,, tangential arrows ate 

drawn to Indicate force on each bar. The force on any bar. 
is given by the product of the flux at that point and the 

current in the bar. If the flux sal and current are ed.ntteatdally 

distributed in space, the net force on the rotor, by analogy 
with the power in a single phage circuit to given by 

12 A co o $ where 12 and 0 a" a& 	m alitu4es Of flux 

and current wave a and 0 is the space angle between thea. 

If the rotor is now allowed to rotate, at sow velocity 
below the synchronous aped ( the Heid of the stator wagn-

etic field) the relative velocity between the rotor and the 

flux wave is reduced. it is convenient to express rotor speed 
in teras of a quantity 1iown a a the tractional slip ($) 



,rl3- 

defined as 	* 
W 

where 	and t,. rotor apad. 

The frequency of rotor currents for any value of 
{ %) i s thus equal to 'at' and the speed of the  
aagnetic field produced by rotor current with re spe ct 
to rotor is aye. The speed of the rotor current wave 
in space is then sw.  . 

Thus it is seen that at any slip the two current. 
patterns are revolving at the saes speed and the space 
conditions at speeds below synchronism are si*hilar to 
those for at abd stiU except that the rotor re actanee 1 a 

reduced to s where Z2 Is the standstill reactance and 

the rotor induced voltage is reduced to 032 where E2 

is the stand still Induced a., s.f. 
Hence the current changes in magnitude and itis 

space position swings, closes to that of induced a . m..t 
with decrease of slip. rig . (3) corresponds ds to a 
speed just below synchrontem. When the rotor is revol 

ving at exactly synchronous apeed, the rotor induced e.ma 

La zero, hence torque I.s zero. 

it the achin speed Is above the synchronous sped, 

then the relative velocity (the s p velocity) is 
reversed and hence the induced e.a.i' in the rotor is 
reversed. The rotor current sheet must always lag behind 

the induced e. a.Y in ti,, because the rotor is inductive, 

but since the direction of relative motion has reversed, 
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th. space lag of rotor c rraut,, whin the machine is motor- 
Inv  becomes,, a space L sd when the machine to generating. 

The rotor currents are each as to produce negative torque, 

so that power =at be auppiiad to the shaft to enable the 

rotor ar !ad to be maintained. The paver flow from the 
supply to the machine, when the speed is below synchronism 
is given by V1!1  cos . Ixamintion of vector diagram 

Pig 4.(b) shows that the quantity V1,11 Com Øbe comes negative 

when the speed is above synchronism. The power flow in this 
ease is from the 	chine shaft to the supply and the machine 

become en• rator. The conditions for the genarating phase 
are shown in- Pig. (4) 

The point of greatest importance, which arises from 

a 

the conaiieration of space diagrams, is that the rotor 
cu rent never has a component in the direction of the reactive 

magnetsaing current, even when the machin is generating 

the magnetising relactiva VA mast come from supply& 
arms canditiufla apply i5n. the load on z riatur is partly 
reactive. All reactive XVA oust be au-plied from electrical 
side. 
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Line induction im3to.r, the air gap flux in an induction 
generator, is ss med t ► remain constant idth constant voltage 
and to be unehanged by the Variation in the ap.d of the rotor 

nee,* when running as a generator,, the machine isist be g*pp. 
lied with Its uousl magnetidag current, I. the reversal 
of the 'voltage due to generator action aa1s this sagnetising 
currant 1 ra4 the out put voltage. This trrent can not comm 
from the tndueti, : generator .teal a*d mat tome from • 

aynehronoua generator. 	nee the thduettoa generator mist 
always be operated In parallel with an ordinary alternator to 
mipply a cava load,, the removal of the alternator fovs the 
line reduces the excitation or the induction macho m to sero 
anti its generator action ceases. 

fig. 5 and Pig. 6 show the vector diagrams of induction 
motor and Induction generator Teapeetiwly. The p.f. a u g Ia 
between the induced voltage and current is fixed by the 
constants of the rotor and by alma. 

Referring to the vector diagram of the induction genera.
tar it can be seen that the p.t. angle between the induced 
voltage and current Is fixed by the con**nts of the rotor and 

by the slip, *n[ 

~c' 
cfi 
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The  aug11 C of - 6  ) is fixed by the relative values of 

the no load current aid load component. The angle `6' is 

fixed by the primary lapedance drops. The resulting 

power factol  ang3.! Ø 	between the line current and the 

tern a1 voltage is thus fixed by the machine constantss 
rather than l 4. It is gran fran the vector diagram that 
tt generator can wnplf a load with loading Arent only; 

Its power factor will vary slightly with load,, but the cc'.. 

rent will always lead. if it i s connected to a load which 
requires a lagging current, it is necessary that the synchro. 

net machine„ connected ted in parallel 4th the i. uction gen. 

orator, operate at a iov.lsgging per fact rr to neutralize 
the induction generator l.4. 

Fig. (7) give a the equivalent circuit for induction
..  

aerator-* A di UfLed euiv1ent circuit is given in Fig. 

S. where,, the aagnetleing lose c o onsnt re si stand► , has bee' 
neglected to nutty the analytical troat*nt. 

For a given  main flux 	(si pro daately) stator voltage 
the rotor s. e„ f Sh a . Current I& are settled by the slip, 
while the phase angle , is a function Of r aM 	The 
rotor power' 'f2  Is then sly s .function, of the slip and so is 
the torque. 

M. M . kt 3112 COS 02 

Where M a torque. 	- 	= --= for one phase 



CiD5Øy -- ,r,2 %1. 

the K 	't-Y
; 

This is also a genera„ expression and valid for actual 
conditions. If the mutual f ux is c nstant,, bawGver, so 

Vill B1 be con tat. The for ne -may be written In terms of 
the ratio 

• r 	
L• 

XII 	Xs'" 
J 	. ~ L 5 Z 4~ _= 	~z+dam 	 1 

Where 

For constant flux and a givn a?rangeint of rotor 
t 	 X Is constant. 

?q,, (1) for the torque *ipplia8 to induction generator 

by the prim 	will ahoy a maxi 	Value for any given 

ratio 	d- _  x~ 

Writing 	-. 0 

ft the eaxir 	value of torque 

a* 1 2 
If a ,l t o( . t !2 or r2 s + s 	the 

Z2 
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torque is a aaximam* 
T negative slip refers to a pSad exceeding the VI1cIWo.. 
none and this holds toad for generating action. 	The 
positive -gains of slip corresponds to sab.synchronoua 
range and this holds good for induati Qn mat or action. 

For value . Q or r2 * 0 ant 	torque is zero, 
that is if the rotor had no redstsnce, It co ild developop 
so electriCEal pOwr?. This Is obvious: from the vector dia.. 
cam of the induction generator in Fig. (6) for such a came 

would always lead by 	to dt2 and would have no polar 

component along 2 

V torque equation above may be witipued bar 

w Y = ~~r'n% ~,► —S6~ 
to give 

The mo eh* i cal poir has got the sea# *i* value when 
*0 

Differentiating 	(p 

ti 
©r 	'-+) ( ~ - ) — L$ O- s)= = o 

ox 	~_. -c• 	a' 	. . • (3) 
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The positive sign bit ore the root referring to toring 

section and the negative to generating conditions. 

Inserting the value of slip for induction generator 

conditional the maximum value of i cbanieal power required 
from the prim nover is 

ern Z2 V Ys - 	at $ = I 

where as maximum mchanica1 power for itaring action to 

Zz--Ye. 
s 	 Qm~,  

It La mean that for large rotor re psi at c e a the a chant eel 

power p oduced f r motoring action is s ►eraly listed. 

where as in case of induction generator it is seen that 

higher the rotor resistance the greater is the mrehanica1 
power required from the prim* mover for a particular value of 

electrical output, From the above egoktiona for mazimai 

torque an maxima paver,, it is soon that both of them do not 

occur at the same slip. The maximum power condition,. for 

Induction genaiator occurs at higher a3.ip,, where as for iodluc. 

tion =tor it occurs at low slip. 

1i 	Z  

All the above tyre at nt s for torque and power have been 

and. with the aa, *,tion that the air gap fuzz reaine canes.. 

ant irre mpective of load, whth to not true In actual practice. 

vsv r, the general shapes of the characteristic curvea of 

the induction generator are not altered to any important 
dig 



da tea, when the assn tion of constant flux is dropped in 
favour of the more natural one of constant applied voltage 
atleast not within the usual Unit of load. To tales into 
account 	exactly the variations of ,flax,, it is desirable 
to seploy the equivalent circuit, and to tnalw the analysis 
frax that. Incidentally, the equivalent circuit will show 
that a clo appr©tisation to the actual conditions is obta 

inad! if the Stator isaii a reactance is aasumod added to the 
rotor, and dailarly for the stator resistance which is bo m 
S 
ever Lzxl.pendent of slip. The general equivalent  + it ouit in 
Fall. (7) wit . furnish a co:uplete vector explanation of the 

sacbtne. 

using for a li city the co l2 i Ope rational rotation, 
the stator I dente is 	Z, - Y+ } hx% 	The rotor , .. 

dance Z 	 The admittance off` the 	- 

ti.s.ng circuit is 	= 	 ,~ xm - `~~► _hbm, 

The rotor current is rt z1` z~ 	and the nagnetiaing 

current In a 81YS • The stator current i a the vsvector sus 

atofthemor Z1.81(—r5 
# ' '- ) 

The terminal voltage is 

Z+s 

Tb. complex nusher 13 ,, is a small fraction very nearly a 

szall positive scalar value (since it is the product of two 

eoip1Sx rnzabsra each with a large pbam angle, one poaitiva 

and one negative) putting therefore C 1+ s 	a 	m a, 
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a plain ZUU)*r slightly greater than unity tt n 
z~ .i 	,%ccl~1 zS,J 

From whish. 3I , 	V zzs 
z► } c,zis 	(Y4X•) +  

I a 	
C7)+(Tt )t_ 

At a nchronous speed a 0 and Vii, a V1 so that C1 
V

Cl 
is the ratio 1 t,hea the rotor 1. driven at . synchronous 
speed. 
T e rotor current is 	

— 	*)% 

:alar value in 
`J, 

C 1) 

curves typical of the variation of 81, 1 and 4 vith slip 
are given in Pig. (9) for generating and iaot*zing action. 
At synchronizs speed, s - 09 g3, is very nearly a uel to vI 

It may be within 9 sr 3 percent. 	It rapidly falls with 
lucre ase of slip In either dlrs ction. The current I" is 
zero at synchronous spored,, increases rapidly with small 
values of sl .p end thereafter tends to a constant value , 
The stator current II #$ the a*gnetiatng current at synchs• 
nose speed # 'bit soon reach* s values very close to those of 

I2 : since In 1s comparatively sill. The **t . flux 

On is proportional to &. The torque In eynehronous watts 



is given directly by (1 - a) 14 for induction generator 
from the prier mover 	output fro* rotor to the stator 

is given by 14 t'g * It ij pry r phase putting in the 

scale" vales of I froaty$ 

The tract ion p ,a IPg  is the true 12R loss of the rotor. 
The slip for maxims torque Is obtained by differentiating 
the above *goation. for 14 and equating to zero 	0 

as 
yielding 	►  

putting C1 a 1 

The above value of sUp does not greatly differ from, 

The ma u u s value of torque is obtained by inserting the 

critical vales of 1) ' in eq. (1i)  in the axpre s .on 9 

(1) 
A- C,c t *c'-X` V] t i%3 

•vs sign of the expressionn for tutoring action and •vit 

sign for generating action. It is an that maxiaaa torque 
1s idip* duet of rotor resistance. 

For motoring operation,, the saxion* torque is larger 
for lover values of r1, x si Z . The rotor resistance 

doe a affect the m,e.d at vhi h maximum torque occurs, 



For generator action the maximss torque is aeon to 
be 	epaMent of r2 	at an increase of stator resist. 
snce a, now Inere aaw i the ! 1j t*ia torque I 

r+ecY 	Y~ a-X~ A-Y1 	Xt-3n 

whore Xi a xi + C 

ai this relation holds good o long as Y, its sa~tficient1y 

i. 55 thSfl zj 
it X 7~i 	than Ma t eawrAIRri 8 	is33 (atm) 

If the pr .nary resistance is large, the maxims torque 
running as g norator will be very high ir* eed. 

The power at the slip which gives saxinua for uC for induction 
generatorr is 

1J~ L 'Yi -- (IL t kC% ) 4- COCO' 

Y j v  

This Is not the maxims power* the maximss power occurs at 
slip 

-- C %Yz 

*fl thi a slip Is wailer than the slip at which maxims torque 
amara. 



Referring to the +qui vat nt circuit • Fig. (8) , the 

power and vary output of  o1 n induction generator can be derived 

in the following mer 

F9 + 3 Qg 2 V i2,. 	(1) 	' , = terminal voltage 
+ 

4 a conjugate of the inde 

peude ce -seen looking 

into the ind ctiou 

generator. 

x 	+ Jind .., mw jig 3 

(4 /~4•a, ) •a Liv then g . j X 	r- 3 z  
`or tJ j3 treatment r1 IS neglected, 

Pg + 4Qg a V / Rr, - 4 

adding and subtracting 	to the right of the 

equation (2) and on aiaplification It gives 

~Cna }xM 	(_*  tm,) 

X m 	 - TM 4 Xi --lt 

Substituting these in a uation (3) 	 ~1t» 

C 	~ 

/  (4) 

(2)  

(3)  



x 	 i  *,tri' C 	 (5)  -- c 
or (i) + C xt  

Taking a z 4tude Of both the side o the eq ..tion and combining 

the results r ►d el.ininati& 13' the fallowing Qz uattoU is 

obtained .• 

(Rg + ri) 2 + (Xg + zi + zs) ( + x') * O 	(6) 

P$ v 	 Q y' 

Substituting these values in eq tion (6) it becomes 

txpandixi nd resrr*ngiug this ea tion we got 

The equation (8) is an equation to Circle with Centre at 

P9 = 
y 2'cxm -~xt~X~ 

Radius of the circle 3 = 

Thus for a. given t erminal voltage there is a fixed 

relation between real and reactive power . kquation to the 
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circle indicates t hat there is a definite limit to the paver 

output of the generator. This halting value of power will b* 
called the power limit of the generator and Is given by the 

fol loving equation. 

,r 	X *   -  a 	 if the statorr 

resistance is neglected end the, value of z1  is substituted in 

equation (9) 

cam,  - • 	
(10) 

Circle diagram of ,nducti g erator:' 

Fig. (10) shows the conditions (a) for sub- syzicbrcno ss 
speed and (b) for super synchronous specds. In the rotors  above 

synchronou.s speed, the conditions are siaciricafly similar to 
those at sub -synchronous speeds. As the sped is raised above 
synchron tea the slip increases neative1y the rotor frequency 

rises frog zero and the rotor et i'. iixi1&rly increases. From 
the expression of 4  (rotor current) It is saen that the rot es 

current locus is consejuezit1y a circular arc, so that the e4 
two semicircles for sub and super Synchronous speeds rsspecti,. 

vsly , sect to form a . coaplc to circle. he diagras for tbø 
stator current is then by the right-hand circles in Fig. (a) and 
(b). Just as for the siaplc circle diagram for actoring eond.i- 
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. tions, Fig* 	(a) , P.T. represents the input, h 6 the rotor 
j2j, s the stator Ila and c; T the core, friction End windage 
losses, and PR the output, so RS, 6Q * and QT have the rias 
significance when the machine is generating, Fig. (b). The 
electrical output as a generator is TP, the mechanical input 
in RP, the scale. 

AS a generator,, the vector marked Li is the tersln l  
voltage of the machine (Neglecting stator impedance drop) ,*nd 
the stator current I, is clearly a leadini, current of definite 
Phase ale Ø. The output is determined by the Circular locus 
and cannot be arranged to provide a lagging load. This 1.atur. 
*aph&sisea the necessity for &. c. excitationby synchronous 
machinery. The plain induction generator cannot operate alone, 
and ween vorking on a system in parallel with i, nc onous mach.  

.es it increases the amount of lagging reactive kilovars that 
the latter has to provide. 
auot:Dtion ~. 4. an&le inductiongenerator: 

In all electrical aechines, the torque is produced 
by interaction of vatic fields of the btator and rotor cure 
eit$o Quanti.tstt `elys it indicates that under the assumed sin. 
usoidal conditions# the torque is proportional to the product 
of air gap flux density the a.a.t« ci the rotor and the sine of 
the a ngie 141 between their .5XeS In space.. This angle is coimaiw 
only called the torque angle for sotor and load angle for gene. 
rato:r. 

It has been discussed subsequently in this chapter .,t' 
that the reversibi.l ty of electro-asci cal, energy conversion, 
as well as of the basic similarity of phenomena in generators 
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r 
and aotors, ° is avoidable In polyphase induction s chiino. For 
the conception of 'load angle' the Induction  inthLction generator action 
nay be ..mined by means of fig. (U). Relative directions of 
motion are indicated by the arrows inserted between parts (a) 
and (b) of fig. (11) & The numericall values of speea are shown 
for the particular case of a 4-pole, 60 c/s racbine, whose ro-

tor Is driven aechauioslly at 1600 rpm. In fig.(il)(r) the air 
gap flux den ity wave is shown iza the position of maximum in 
stsnianeous voltage in phase 'a' but the induced rotor voltage 
directions In fig. (a) and fig. (b) are opposite because of the 
oppositely directed relative sot ions of air gap flux and rotor 
conductors. With negligible rotor reactance, the phase (a) 
cu •rent ad consequently the -=rotor 	wave is displaced 
by NO from the flux density wave of phase 'at in the genera-
tor, the rotor m.a,t'. wave is of polarity opposite to that in 
the motor because of the opposite Induced voltages The load 
angle '0' Is therefore 9O0  as shown in fig. (a). The elect.- 
rorsgnetio rotor torque is directed towards the left in Figure 

(U-b) s 

When rotor leakage reactance, is appreciable, the 

rotor a. m. t. wave will not take its place at an eagle of 900  
the flux density wave of phase t &I until the flux wave has 
travelled (90 + Gr,2;) degrees farther down the gap relative to 
rotor. This travel is towards the left in Figure (ll-b). 

The load angle Is now 6 * + (g0+ JF ) 
For a generator then, the electromagnetic torque on 

the rotor is In the direction opposite to the rotation of the 
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flux wave in space, t is a steady torque becatisE rotor and 

stator fields are stat +nary relative to each other, 

&XPIt SICN R ~ GI  . 	DL .' jJQPl .10 
NER 	

4r 

~ O 
Mari"t* torque Conditions 

8arz 	t s a .. taQ°+Ø2cotØ2  

it 	Cot f(2 z rill (From vector diagram) 

tank* .- 1 or 0* 135 tan 4  

For different values of rfz2 a £anilr of curves have been 

plotted in fig. (12) between torque angle (6) and slip of the 
induction  generator. It ii. seen from the .Fi. (11) that for 

all values of r2/12 the maximum'orq .e angle is 13b0 Within 

the stability regiuz of the generator. 

for r2 a x2 and r2 * 2X the iachthe operates stably 
for all values of slips (from synchronous speed to twice the 

Synchronous speed), alt can be Sown that 

U (Torque from Fria:-mover to generator)  
' a'-A-i,'-4`~- 

.h (ms) bin 2 A. 
whore a falls within the range of Sao io 1800 .1(t 	6i a 26. 
For different values of (6) betvesL 90 to 180* 'f sz) is 
plotted in fiE, (13). This curve is simil r to the torque 

angle and torque or load curve of the syz chronous machine. In 
the above expression of torqure $ primary impedance is ignored. 
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pg a Mechanical power sizpplied to g enerator a - 

at *7/ 	a cat # . 	s a slid►. xt a ; i l'x2, 

whore 8 a Impedance angle ct the rotor at etend-still« 
Substituting the Value of 5 and A In teras of 6 and 0. 

p 	Cs(64e) 

value of cot 0 Is positive. 
o the eaxtaurn yrs. ue of Pg will occur when cos (20+ 0) a I 

Or (26&+0) a 	or d9& a (0 /2. So FS{~ 
Cos ( 6+ 0) + Cos 0 

or Pg/P ( 	' 	 (2) 

The relational ship between sia ise m power angle and different 

values of r2/z2 is shown in fig. (13-b). 
equation (2) can also be expressed in t eras of a and , 
substituting 0 a 2r - 9 

Pg = C6 s a (&%'-) #C 
p$r-hyX) 	1 . - Cos 16,.0 . 

and Pg (car) — — 	C.ø. 6/~ --  

Q * 900 Pte( O) a ..$,p/2 Pa ti90,D) cot 0/2 

Fig. (13-a) and fig. (134b) gives relation between 

r2/z2 and P~ J P( o) r2 /22 and t6 respectively* 



It is possible to make a line start of an induction 
generator as a squirrel cage induction generator. In general, 

starting current of an A induction motor is 5 to 6 times of its 
rated current and is liable to cause disturbance in the system. 
if the generator is made to accelerate, to a speed close to syu. 

chronism and is thrown to power supply , the starting current 
can be node smaller. At a speed cola a to syncb.ronous speed , 
however the stator Current and the torque untergo a su4d ch- 

e. If the speed rises, above a point of the laximum torque 
(Point IAN on torque curve) there is a aanger of run away* Then 

a precise speed detector is called for. This behaviour of the 
set attending runaway speed will be discussed lot*r, in gene 

rator d•tal.is. 

OF  Elk ROTTkOki  

The phase rotation of the synchronous machines is 

measured sgatnst that of the electrical system to which they 
are to be connected. This requires excitation. The voltage 

of the machine is to be built up to normal voltage md meas e• 
ment and indication is to be taken by direct or through voltage 
transformers#  depending upon the machine voltage. 

0  In fig. 22. 
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in an induction generator,, no voltage exists in the 

winding until the stator is switched on to the bus bar. 

It a synchronous generator is connected to the 

induction gwaerator, fro* of all connections to the main eieu 

ctrical net works on any other 3.plzaae a/c low voltage source 
(avau from the network with a step down transformer) and side 
by side stator current is measured, the phase rotation can be 
determined. Both the machine can run at synchronous speed* 

U the phase rotation of the induction generator is correct 
or in other words:  it the direction of ,rotation magnetic field 
produced in the induction generator. 4y the current supplied 
from the synchronous aechine has the same direction of rotation 

as the induction generator rotor, the current at any voltage 
will not exceed the normal value. Under this condition the 
voltage supplied by the hcbronous øa thine can DC celled a$ 
positive sequence voltage. When two termtnalr► of the voltage 
supply is interchanged, keeping the direction of rotation of 
inductiofl generator unchanged, the rotating magnetic field 
produced in the machine will have opposite direction. Under 
this cor dition, the voltage supplied to the machin, is called 
aU negative sequence voltage. if the rotation n is wrong or in 
other words, with the negative sequence voltage, higher current 
will appear before the full voltage is applied. 

The equivalent circuits for induction generator with 
positive Sequence as well as negative sequence voltage are a 
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shown in fig. (14) and in fig. (16)4 The current into the stator 

of the generator. Under both conditions ib given by the Loll• 

owing expression. 

1 yw 
	 (Neglecting, loss component) 

since 1+ Z1ym 3 1 ay"m being very small 

Z 	vy  

(% +.$ 	fix 	x~, 	 y 	 (` Zion) 

( Ỳ ~'~a ~ - 

With the slip 	a the expression for current in equation (1) 

corresponds to positive sequence voltage. 

I 	V1 1 	- 	 (2) 

For negative sequence gotta g,e s a (2.$),, current at any Slip 

is given by the expr€Brion, 

Curren c» gt stand a t ", 
At stand still s a 1 

1 
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At stand still both the currents are same. bo curves for Ip 
and In • V3 slip will start from same point. 

But at any other #lip the magnitude of In is greater 

than Ip and at synct;rnous speecA, the magnitude of currents are 
given by the following expresbion. 

At synchronous .a e€: 
At synchronous speed s 0 

I~, = Vl/ xm (Approximately) 

r-+ and 	In 	Vl 	
($) 

	

1 ~ 	 ~n I 	l/ 	 K T i"v 	

Ana the rat iia In/T 

is(greater thanunity) 

This indicates$ that with increase of speed from 

standstill to synchronous condition the oitference between Tp 

and In increases. ►o by knowing the magnitude of Currents 

(Ip and In) at any slip, preferably a slip near a +out synchro.-

nous speed the correct phabe rotation of the machine c ;n be 

dot ermined. 

Experiment verification of this result is described below. 

Second e 
In nkiae connect 	- The induction generator 

running at normal speed is connected to the blectrical net work 

on two phases only. The remaining phase, is connected through 

a volt meter or voltag e transformer and voltmeter depending 

upon voltage with correct phase rotations a small voltage will 
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appear, but with wrong rotation a voltage slightly lower than 

twice the applied phase voltage will exist. 

This methoa is useful, if no separate synchronous 

machine is not available for test '1.,' for it has the disadvau 

tage that the connection of the stator to two phase only of the 

system will cause unbalanced forces in the machine winding. The-
se will not be serious for the machines having larger numbers 

of pole pairs, but the method is unsuitable for higher speed 
machines. 

fid Method 

C. Battery Metbo4 - The following method is always 
possible, 1 t requires no separate machine and no connection to 
electrical system. 

a battery of about 12 V d. c. is connecter to two sta- 
tor phases, while a d.c. voltmeter is connected between the 

remaining phase and one of the phase connected to battery. The 

battery is switched on, with the machine at rest, an c►u the direct 
current is phase ! At and 'C' will proauce north anu south poles 

at the points, na, sa, nb, ab in the stator and north and south 

poles in the rotor. If the rotor now rotates clockwise, the 

right hand coil of phase '8' will be swept by a south pole in the 

rotor and the left hand side by a north pole. i or col rect phase 

rotation the voltage induced in phase '8' should be as shown in 
figure.(15 a.) 

Before rotation commenced, the voltmeter will give a 

readin&, because of the voltage drop in phase 'A caused by the 

battery current with correct phase rotation, this voltage will 
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decrease by kick momentarily as the machine commences to rotate, 

wrong phase rotation will result in an increase by kick in the 

voltmeter readings,end this also happens momentarily. 

Tests were performed on a 10 H.P. 1500 rpm 50 cycles 

squirrel. cage induction motor coupled to a U. C. machit.e. abase 

rotation of the inriuctiol4 machine is determined by the method I, 

which is described earlier in this paper. at 40 V (;3 phase 

supply) the positive sequence as well as negative sequence 

currents at different speeds were taken and the relationship 

between speed and current is shown in ii ,. (16). 

It has been indicated in the beginning of this chapter 

that the inrush current to the induction generator will be less 

in magnitude, if the machine is sw ,tchea on to supply system 

near about the synchronous speed. To confirm this theory the 

test was done to get a relationship between inrush current and 

speed of the set. The set was switched on a t t it'ferent speeds 

to 440 V supply andthe first kick in the a metor was being 

noted as in- rush current at different speed. This method of 

measurth the inrush current is highly approiimate$  but it 

gives an Idea about the relationship. Fig. (17) jives the 

relationship between the in-rush current and spend of the set$  

and it is approximately a straight line in sub•.synchronous 

range and between slip .02 to 0. In super synchronous range 

in-rush current will increase once again. 

Oscilloscopic record of the in-rush current, applied 

voltage and bpeed response of the set at three different speeds 

were taken which are shown in figb. (18), (18) and (8)). It is 

seen from this test, that the suc-transient and transient curr-

ent do exist for very few cycle and will not cause any detro- 





-,cental effect to the machine. When the machine ib switches on 

at a speed below tht. synchronous speed off' the set, it experien • 

ces a reversal of power flow with certain amount o1 mecasnical 

jerk to the moving, parts. this is an undesirable feature ana 

in author' opinion the machine can be switched on to the supply 

at slightly above synchronous speea, sup► within tie stability 

range of the induction generator. 

Load Test:  

Actual loan test on this 10 ki.P. 1500 rpm machine was 

pe °formed, with the set connects a to int inity ousbar. ky vary 

in the spaed oto the d. c. motor, inuuction generator was gradua-

lly loaned efitciency power factor, slip Vs-electrical output 

have been plotted in fig. (21). 

Qver Volae: 

Over voltage protection should oe fitted a + standard 

to guard a ,ainst Belt excitation which rniLht arise aue4 to swit-

ching operations on the electrical net works which could ,ive 

rise to over voltage and this possible in most cr scs although in 

some cases they are i ,pobsible. tit cost of adding over volta&e 

relay to the main circuit breaker is quite small. The relay need 

only to open the circuit breaker, but it convenient, it is also 

usually arranges tc :phut down the turbin$. 

L2! ioltat, 

Low volta a protection is also a standard tittin , 

which is necessary ror Induction ibenerator, It must have, how-

evel , a time lag and not to be very sensitive to Lhot tire: volt-

age dips. Its principal use is to open, the main circui5breaker 
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if the main net works supply fails. In this event the generator 

will lose its load and over speed will be the result. It may be 

shut down by over speed or over voltage protection, but in some 

cases cannot be conveniently be made to trip the switch. Kesto. 

ration supply to the electrical net work will normally ae from 

a source remote from the induction generator anct is necessary 

to disconnect it from the supply line before restoration, other-

wise it might be switched jii when it is at rest. In the unlikely 

event of . the protection 1ailtng to shut the set down, the rests* 

ration of supply with the machine at over speed might not restore 

it to normal load speed* Under condition of reduc~ea voltage, 

stable operation at low power output and high aper is posbible. 

The low voltaoe protection ensures that this cannot happen. 

Run .away s es 
From the slip and power curve of the induction gene-

rator (Eli.. 22) , it will be seen, that the machine operates stably 

between ©A 'A' indicates the maximum power given to the machine 

6r in other words, the maximum electrical output which is to be 

obtained from the machine, 	B Is the unstable re, ion of the 

powerslip curve of the generator. If the speed rises above point 

•A' the Vey, is..a. 4ang er of run away,  Since beyond the point 'A 

the generator will have the tendency to give less electrical out-

put. and consequently the extra input from the prime mover will 

cause the machine to accelerate and it may so happen that the 

machine may attain a dangerous run away speed. ouch a possibili-

ty is there also when suddenly electrical load is thrown off 

from the machine. While loading the generator by controlling 
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the fuel or water to the prime mover, it is also required to see 

that the speed of the machine does not 6o to '..8' region of the 

power slip curve. To avoid any of the possibilities already dis. 

cussed, a precise speed detector is called tot. 

§e detec : 

A speed detector used in Japan operates in a 

principle of using magnetic circuit with a construction of chang-

ing magnetic reluctance with the rotation of the , uachine. The 

magnetic reluctance of the path is detected by an A.C. supply 

and a relay and the state of start and stop and detected inatrec- 

tly. One of such type of speed detector is giver, t slows 

I = lam .net ed rotor ,sore. 

H is the laminated stator core having salient poles 

being provided with coils Cl, and C. 'I' is driven by turbine 

generator shoft '?' is a balancing relay ana has coil and iCy 

and RC2 P  which are connected in series to the forgoing C1 and c2 

respectively. In the state illustrated, ':i, ha_ the large imped. 

ance. Accordingly current of RC1  being larger than that of tC2, 

R closes at the left contact P1. It a point where 9Q0  rotation 
is made from the illustrated state, contacts P2 close. P1 and 

P2 energise coil 'H' of time relays T, ane T2 50 as to operate 

them. 

As shown in Fig. (23.' b) relays T1 and T2 hare a short 

ring G., a neutralised coil 'N' and a main coil 'L4'. Having a 

for greater magnetomotive force than coil 'N' the coils 'H' imme-

diately attracts a moveable core when the curr nt is passed in it. 

Coil 'N' and thi:. circuit is kept chargised ordinarily. In a 
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state where both coils Ill' and 'N' are beinb energised, resulta-

nt magnetomotive force 0 - MN is produced as shown in Fig. (c) to 

attract the moveable core. If M coil is de-energised at a time 

t1, short circuit transient current flows through 'C', so as to 

counteract the demagnetisation and magnetomotive force changes 

as shown in a, b, c, ar;d d, without decreasing immediately. Hence 

if 0 5 be a magnetomotive force needed for attracting the movea-

ble core against a sprint force* then the moveable force is de-

t5cted from the fixed core, when magnetomotive force becomes 0t . 

Then operating state is continuous after the demagnetisation of 

coil 'M' as far as a point ' b' where 06 intersects a curve of 

ruagnetomotive force charge for a 'T' seconds. 

In the state illustrated, T1, is operative and A2 in 

operative, sand until turning 450 in this state ttae op&ratizig 

state continues for the foregoing reasons even though T is de. 

energised. Next after turning, beyond 45©, P2 is closed and 

becmes in an operatini condition. At the turning; of more than 

1350, T2 also becomes de-energised. This means that, while rota.' 

ting is in low speed, both Ti and T2 can never be in operating 

state. Above a certain speed, however both become operative. 

Then throuth combined use of the contacts of T1 and T2 start or 

stop of rotating body can be detected indirectly. 

AS it is clear from above mentioned, it i4 feasible to 

detect a speed whop a time in which time possessed by t1 and T2 

passes, becomes equal to a time in which I passed over an insen,- 

sible angle of 'h'. 
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This inseaible angle is about 30° and the following 
reletion holds good between time sT' o ' T1, and T2 and a nus 
ber of rotation per minute 'N' of shaft 'I' to be detected 

N a 60/12T rpm ► 
Then it is assumed that T a 6 and it is possible to 

detect a number of rotation above 1 rpm at Staff&lam and below 
1 rpm at stopping. This start and stop confirming device is 
utilised for many kinds of automatic control as well aS for 

a slow starting system. Though relay 'R' was explained aS a 
balancing relay from the convenience of explanation of opera-

tion, a magnetic amplifier is in use instead of relay 'H' in 
both the power system. 
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In fig, (24) the torque cor►sumed by the inauction ma-

chine at all turbine speedh above tull load(P) is much higher 

than the torque of the turbine. However the induction genera-

tor torque curve has got a shape of rectangular hyperbola mar-

ked by 'C' and if the induction generator should be such as to 

bring the generator torque curve at "a' below the ' turbine tows 

curve 'L' the speed, when once increased beyond the range 'C' 

would not spontaneously drop back to normal. 

While in fig. (2)'C' is much higher than 'T', Fil,. (2) 

represents the theoretical, but not real Qase of constant termi-

nal voltage at the induction machine, The voltage however is 

kept constant at the controlling synchronous main station=  and 

this must vary with the load in the induction generator station„ 

Assigning an extreme case of 10 percent resistance ana 2D percent 

reactance in the line from the induction machine station to the 

next syncbronoism station, we get the modified torque curve 

shown in f'ig. (25). ►s seen at i uli load '?' there is practica-

lly no change about 4 per cent slip above syAchronism. The mazi-

mum torque of generator G and motor M and the torque at the cone 

cave part of the induction generator curve 'C' have greatly dec. 

reased. However 'C' is still above 'T' that is even under these 

extreme assumption, the induction generator would pull the tur. 

bins down from its racing speed of 180 to the normal full load 

speed of 104 though the margin has become narrow. 

Assuming however an induction machine with mach less 

slip, with only half the rotor resistance of Xig.24 and 25, at 
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constant terminal voltage tics gives the curve sbowz, in ii. 26, 

The full load (P) is at speed 102 or 2 per cent above synchro. 

nism and while the curve branch 'C' much lower, the conal, tions 

are still perfectly stable. A8auminL however, with this type 

of low resistance rotors a higher line impedance 10 per cent 

resistaàce and 20 per cent reactance as in fig. 25, we get the 

condition in fig. 27. The ran ,e 'C' drops below T azic y:Ae inauc» 

tion generator torque curve 0 intersects, the turbine torque 

curves at three points P, P1, P2 of these three theoretical 

running speed#, P * 1029. Pl A 109 and P2 a 113. 59 two cv. 

stable, P and P2 while the third one P,1 is unstable and from 

Pi the speed must either decrease, reaching; stability at the 

normal full lodd point 'P' or the machine speed up to Pg. 

If with the conditions represented in Lig.27, the 

turbine should by an opening of t xc, circuit' for instance have 

speeded up to its free running speed 180, closing the circuit 

does not bring the speed back to normal$ P but the machines 

slow down only to speed P2, when stability is reaches at very 

little output and very large lagging currents in the induction 

generator. 

To restore- normal condition# there would require shutt~» 

in off thk. water, at least sufficiently to crop the turbine tor-

que. curve T below C and then getting the machines slow down to 

synchronism : They would not go below synchronism even with 

the water gates entirely closed, as the induction machine as a 

motor of curve 'H' holds the speea. 

A solution in the case of (fig.27) would be the use of 

simple excess speed governor, which cuts off the water at 6 to 
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1p per cent above synchronism„ However the possibility of aif-

fi.culty 'duo to the " dropping out of the inauction generator" 

as we may put it in analogy to the d roppir out of the induction 

motor, is rather loss real than it appears theovetically in 

smaller stations such as would be operated without attendance, 

as automatic stations; the torque curve of the induction genera-

tor, as a small machine, woula be of the character of fig.22 or 

25 and there are not liable to this difficulty. The low renis. 

tance type of tnductiLn wachincs as represented in fig, 26 and 

27 may be expected only with the larger machines used in larger 

atations. In those some attendant would be present to close 

the water gates in case of .ho circ i t breaker operatin or a  

simple and cheap excess speed cut off wo la be installed at the 

turbines, koepint. them within 10 per cent of synchronism, and 

within this range, no dropping, out of the out of the induction 

generator can occur. 

It is d esirable however to realise this speed range 

of possible instability of the induction generator, so as to 

avoid it in the design of induction generators and stations. 
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Load angle characteristics, which has been drawn in 

Fig. (28) for induction g enerator for various value of r2,/x2 

one exactly similar to that o.L synchronous machines The pro-

blem of electro-dynamic oscillations  steady state. otability 

and transient stability or this generator)  through not so acu-

te, can also be studied with similar line of reasoning*  to a 

fair degree of accaracy, as in case of synchronous generator. 

A generator working on infinite*  bus-bars will oecome 
a motor, if the prime mover is replaced by mechanical load. 

The power angle (8) pips an important part in the operation of 

induction machine as in case of synchronous machine. Chanties 

in load change its magnitude and when a machine alters from 

generator to motor action '6' reverses and when '0' is caused 
to increase excessively$  the machine becomes unstable. 
ELTD11AMIQ  Oat 1LaI„QN 

Important dynamic problems alo arise in induction 

machine, because successful operation of the machine demanca 

equality of the mechanical speed of the rotor mmf* and the 

air bap flux produced by the stator field, and because synchro-

nising forces tending to maintain this equality are brought 

into play when the constancy of speed between rotor mmf. aria 

stator air gap flux is disturbed. If the instantaneous speed 

of the induction machine is changed (by mechanical load on motor 

or electrical load on generator) *, the torque angle or load angle 

changes. In either case as long as the torque angle did not 
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exceed the maxi um value, the result would be excess of power 

Lu put over power output and it would accelerate the rotating 

mass tending to restore equilibrium conditions. For example, 

it a large load is suddenly applied to the shaft of an induc. 

tion motor#  the motor must slow doen at least momentarily In 

order that the torque angle may assume the increased value ne. 

cessary to supply the added load. In fact until new angle is 

reached, an appreciable portion of the energyuii ad to the 

load comes from stored energy in the rotating mass as it slows 

doen. When the newly required value of angle is first reached, 

the equilibrium is not yet attain€d, for the mechanical speed 

is then below, the speed demanded actually by the load. In 

case of induction macrine the condition is not so severe as in 

case of synchronous machine. In any case the ensuing processes 

involve a series of oscillation about the final position before 

equilibrium is ultimately restored. similar phenomena exists 

in case of lnauction generator, when a part of electrical load 

is thrown offfrom the machine with consequent rise in speed 

above the expected speed or when the load is increased on the 

machine. 

Iquation to power input to induction generator is 

P, 	[ cos (2d + e) + Cos 0j 
P a 

1 + cos 0 

when 0 is the stand still impedance angle of the rotor and 

d load angle of the machine. 

A change in load causes an alteration in load angle 

'0' • 5 uppose the machine to be w orking on a load Pa Fig* (30) 
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with angle 'Ca.' and the load is suddenly increased to Pb with 

the equilibrium angle 'Oh). The acceleration 1 the rotor from 

Cis to Ob occupies a time interval uuring which it gains an inc-

rement of kinetic energy. As a reault its speed of rotation 

rises above the expected speed for the new baa, it passes th-

rough the new equilibrium angle Ob nu reaches a more advanced 

position Oc which may lie beyonct Cm where On = i 	0 and it is 

the angle for the maximum 
2 

power input to generator. is this 

region a retarding torque 16 developed on account of tine excess 

of output over mechanical input ana a retardation will. enau*er, 

Oscillation continues until damping has ciisaipatcc the oscilla-

tion energy. 

Exact description of such events can be given only in 

terms of the associated eleotra-mechanical differential equa ► 

tion and decisions on restoration of equilibrium can be based 

on solution of the equation. This tyre "of oscillations or bunt. 

Ing with the accompanying; power and currant pulsations may be 

partiCtil4ly troublesome in induction motors driving loads whose 

torque requirements vary cyclically at a fairly rapid frequency. 

Ti 	t L 	H C-A b-99AT'1Q 1b 

A in all other types of wachinep the electromechanical 

equation for an induction machine follows from recognition o 

the three classes of torque acting on the rotating members; on 

inertia torque )  an electromagnetic torque 'is' resulting from 

energy conversion and a mechanical shaft torque Tsh represent-

ing input from the prime mover or output to turn the load. In 

writing the eqution, it is most convenient to specify the angu-

lar position of the shaft at any instant as the electrical angle 



'n rotor w af. en a stator airLap flux in space. This 
/4onverted to mechanical angle, has its existence in 

,yid to a measurable quantity by stroboscopic methoa. 
bince the inertia torque is given by the proa~act of 

the moment of inertia and angular accelaration, it becomes 

Ti J 1/p sr/180 d25/ dt2 newton 14. ti's 

where p is the pair of poles and the factor rr/180 p converts 
electrical degrees to mechanical radians. 

The electr6mechanicai equation for the machine Is 

J L/p ir/J8O d2c/dt2 + To = Tsh, (8) 

The above equation is written specifically for a generator. 

The same equation may be applied to motor action Dy followin6 

an appropriate sign convention. Machine losses do not appear 

explicitly in the above equation. Appropriate account of losses 

may be taken in evaluating the torque in terms of 'Ti' arks Tsh, 

but most commonly are ignored entirely. 

The inertia torque (Ti) in the above equation requires 

certain amount of explanation. Unlike synchuonous motor, the 

rotor of the induction motor rubs at slip speed with respect to 

rotatink, air gap flux produced by st"tor, iut rotor mmt, when 

viewed from a point on the stator moves with synchronous speed 

in space and there exist a definite angle (mechanical) between 

this mmt, and st&tor air gap flux for a definite slip anu load. 

This mechanical angle is measurable efld observable, it a disc 

coupled to the shaft of the machine with balck and white sectors 

equal to the number of poles, is being illuminates by a mon►och- 
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cutis: light source, those frequency volt€,gc is equal to the 
frequency of rotations or the rotor. This Can be best done 

by couplint, an a. c. generator to the shaft oX the inauction 
mt chins LxnU the libht c i be connected to the voltabe avatlaulo 
from this generators $uc 4 type of stwoboacopic method OX mca.• 
surint, torque angle already ei i st for synchronous machine ana 
in author's opinion the metL,oa wuich 1s suesteo above cr;n be 
utilised for measurin , the torque angle of the Induction machine. 

6o viouring from stator side it looks as if the rotor is rotatin 
with synchronous bpoed, j uct like synchronous machine and thero 
does not exist any relative speed botwoon the rotor anct the mmf0 
produced by its winc~in ,« When the torque angle 1s observeQ 
optically with reference to a fixed point on the framme of the 
stator, it remains fixed- and constant in magnitude in space for 
a particular loaa, ,any oscillation experienced by the rotor 
due to transient load, can n be oboorved in the field of vibion 

by the variation of torque ant lo. 
So the i inal electro-mechan ic~.l equation in terms of chit #: erent 
torques becomes 

I d2A / dt2 0 d d *tdt + Tm ax in 20 = Tsh 	(2) 

' Ihore Td do /dt is the damping rorque and Tm at 20 ib the 
electromagnetic torque* 

Due to the presence of Tm, sin 26 , the above differ" 
ontial oquution Is non-linear and it is not pobsible to solve 

the equation by usual ►ethod* 
t1hen the rotor mmi« eA61e d is small, a ivsntaho may 

bo trikcn o$ the fact that the since of a small angle is closely 
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equal to this angle radians and ii '6' varieb between r tout 

+ 1510  to -l50  

8tti £d a v24/1$00  as it 6/9Q0  

So term T®ax  sin 2 0 is replaced by the term Trn  w 6/900, 
in the a600ve equation. quation (2) becomes linear ana It can 

be solved by usual war. 

d24/4t 2  + Td dd / dt + Tm  v4/80W','sh 

Knowing the full load speed different quantities in the above 

equation, the damped oscillation frequency, natural frequency 

natural frequency or oscilition at►d the transient equation of 

can be determined in the usual way. 

Q 	I!  iTIO  	 L1M13. C  

) or the non- linear electro dynamic Transients assoc-

iated with simple Induction machine with negligible damp, use 

may be made of graphical inter"pretbtion, of the energy storm 

in the rotating mass as an ala to determining the maximum bugle 

of owing and to settling the question of maintenance of synch-

ronous speed between rotor mf. and air gap flux. A single 

induction machine connected to large power bystew will tie uis-

tossed here,, because oL the physical insight it gives to the 

dynamic process. 

Consider specifically an induction generator which is 

initially unloadec►. It opuratin point is at the origin of 

curve in fig,. ( . tlhen la x  input power is suddenly increased 

the rotor accelerated along the sinusoid ABC and ii the machine 



ib in sypnchronistn (rotor mmf'. & air gap flux) i maintuin€u 
finally cones to rest at point .d with u now torque antie A. 
In the region of 'G' a rc:tardin, torque i6 developed on account 
of the exce8a of output over input (XIechsr~ical). The transient 
stability limit Is reached with the vi.lue of P1 which makc:~ 

f ir.st swine; of the rotor tern inate at an angle Ac = (3sr/2. O» (M) 
for which power deficit (Pmaz Cos(26 + 0) + Cos 0 /ll+co O •PZ) 

becomos zero* 	or in tt t$ Cabo there is no tcndenc, for tLe 
rotor rotardation to corstinu : to awing it back toward, the eta-
ble oquilibriuun position. 

The criterion of transient stability limit is that the 
area aa4 must not be greater th n area BU). The intej;rt1 ST~d*. 
of torque with respect to angle 1s energy. 

The s.rtr 4. O...repriasentb the .kinetic., vier&y L$ain u 'drink;, 
aCcelorutifnL;period, from-0-to .x while area A th f ...th:c► eAergy 
released during retardation between ox and do. bo the oq a1ity 
of areas BCD and OB yields a borderline solution of instable 
equilibrium £'or which the curve #C' is followed, 

In the Fig. (32) do is the critical load angle for 
suddenly Applied load of Pc. Both Pc and Ac are to be determined 
by equal area criterian. 	

Go (2 9)+GoaO 
Goneral equation to the curve is Px 0 Pm&, 

1, Goa 6 

whore O t 1s the loud ankle for any power Px hewtittinL thG 
abovo o uat ion Px a A Cos (Pax,¢ d) + 13 	.. • • t 2) 
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where A = Pmax / i `f' "s 0 E nd 

8 zs Pmax cob 0 / 1 + cos 6 , we get the equation to area tic 

Q B =Pe 6. -- S aj Cos (2b *e) -S] AS-c • • _ • (3) 

so area GA3 a 4/2 (Sin (2o,+8) - Ste9) + 

area ACD 	[ 	 '--- ('c~~ -- Le ~2b►)~ 

l or critical. Stability Area A08 * area LA) 

A size( 28y +6) +(B-Pc)E•«(2q+0) j r6in(2t i+@3-zir Q t+~,(Pc-B) 

Solving this equation we get 

PC a :/2 E (bn(e'201) + isin e) J+ a (v 0'.O / r-8•► i], . •. (6) 

From original equation to power loan angle characteristics is 
Pcaacob (2c+ $) + 4 	....(6) 

or PC = f► cos ( x + 20, + 0) + 3 = B - A cob (2 iy + $) 	••,(7)  
equating both the equa~.iona (7) anc (8) 

4/2 ''tn(6r20,)+ sine / (i-@- 8,) a - x cos(@ + 26i)...(8) 

&ubstitutinb, the vLlue of 61 a  

k inal expression is (26c + 20..3i) 	: 1 (21ic @)~: in8 / cots(2vcs• @). 
:•(9~ 

For various v wl ues of at oc have been iounu out in iib. (02) py 

plotting both the side of the equatioir- (9) for vcrious vixlues 

of 6. 
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,Fit. (33) gives the ret ,tionskiip between r2/x2 Una do nu 

Pc / max(goo) where PC / Finax(9O0) is the optimum power' ihich 
can be suddenly applied on tt,e machine, without making it un-
3tuble. 
ncciA . cries - r2 	z2 tan 8 = $ = 940 

bubstituting the value of 6 = g0 in equation (9) 

2(w c- r) = got Gc. &:nci Pc = P 	sin 2 øc, 

Thi6 equation for power is quite similar to the power oq,. tior; 
olt synci;ronous machine what; stator resi4ttnee compares to its 
Ieakato reactance, is neglected. 
For e 0 9Q0 or very near to that, the machine slip is very 
small and rotor rotateb very near to synchrurnous spocd. 

The stability coefficient of the motor as Q ineu ny 
Steinmetz a iJM dm/di = ke 
whore 4= a orque of the, motor end 1 = current. 
ince both inunction r .o t.or anti induction generator are raves:- 

Bible in action, the see idoa of staoility coofliciernt can be 

extcn ieu to Inuuction venerator. 
to case of generator x1 = Mechanical torque, supplied 

to the ,enorator anu i = current output. 
If ,4 i4 positive, an increase vi; current output caused 

by incroased slip or increaac ci spcea beyond synchronous 8pecu , 
incroasas the torque 'LI' to the ,cneratcr. Inversely .i Its is 
ne~;r~tive generator is un;~tLble, unu thi, will happen only then 
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the machine comes to unstable portion, of slip torqut curve r d 

this has been explained earlier„ At const .nt slips, the aene-

rator torque. is proportional to thy: square of the terminal vol-

tage V2. If by variation 01 slip, caused o;, a i luctuat.ion ox 

load $  the bernei ator output earrernt varie oy di,w. athe terminal 

voltage v constant )  the tor,4ue 'M' trensmitt c to generator 

varies vy the fraction Ks • l/M dM/di. Ii however thu variat-

ion of terminal voltage causes a variation of emi, ,enerateu, 

the torque supplieQ to Wie ,enerator oeU% proportioi al to v2  

changes still 1urtlier by tb Fraction 

itr = 1/v2  dv2/di = 2/v dv/di 

bo total stability co-efficient = Ks + Kr. 

since icr 1s negative the voltage decreases with increasiz g 4 

current $  the stability coefficient Qi' the motor is reauceri. 

to a 2/v dv/di g  represents the torque ch lge due to 

momentary voltage chane an is a characteristics of the supply 

system whet. it is connected to iz iinity bus bar the terrain .l 

voltage o1 the sy stem is pr ►ctically constbnt« 	o dv/ai 0. 

But in case of an induction generator which is self excited 

either by static capacitor or by synchronous condenser, true: 

voltage 'v' w3.il vary with cLU-rent a no the value of aurum will 

depend upon the nature of thy. loss. 

ixpree8 sian or KS M 

Let us coneider &► induction &=@T#tor whore p t tdy 
pedance is neglected aa t,.ts is connecter o infinity bus bar. 

If zl i neglected V1 = bi  and since HCl  is constant 

hr = 2/e de/di a .4. 
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I1 	+ im 4 app is practically cox~5t It since Li is s.or 

easier treatment ascumi 	torque variation with I only. 

Ras* 1/M d14/ dI k 

dpi/dI 	d?N/ds , de/dI2 dM/ds anc cis/QI E 	can oar 

determined from Ute equation of 1 and i~ 

_C~ 
Y q 4xa 

C = E~YaKt 

,3 	1 s. s !I.  

i cot 2Q / sin a where a is the constant and A +  
and negative 5igt. incicLtes the generating action. 

0 = torque ant,lc of the machine. 
Lo As z a cot 26 / bm o (a) Lor azimum torque, 6 = U%5o, r'or 
this value of torque enLle, ic 	0. It iLi obaerveu that tor 

the values o : torque an 1c botwocn 9Qo to 16° the vAue qui is 

ib positive, sna decreases in magnitude nG becomes yoro at the 

stability limit of the induction generator. For the torque 

angle betweF-a 1350 to 1800 , the magnitude of 4b increabes w th 

negative sign and this clearly indicates the intitability oX the 

machine in the rvgivn, which aupporta the conclu ►ion drawn 

oar"liei, 

Variation of k4 with load angle is .sho~rtn graphically 

in £ig.34~. 
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Sajj.ity co-efficient (+) with tz a .ne ' ,. th currentc (X ml. 

The above expression i'or 'Ka' has been derive u wjttl 
the assumption .that torque 5upplit to c.i a generator varies 
with rotor current it* 

At will bo moreaccurate, U txi variation of toz ue 
with stator current 11 is substituted in the ex z'esbion of Iss. 
The modified values of :, = 1/M dM/I1.1 

r►'{ 	 "1 / (r3
, / $ 

.wwi  ) +  (1 +z 
I+z  

/zm) 4i 

( apt /)2 + x22 

it a 12 + Im . Where xm a lY•agnttisir,, re ctrrce of the en :-
1-aCer. The iron loss component has been nej lecteu here,, 

11* Jul i(/xm)2 +  (ss sx /M)2 
sx12/xcm i ii 

quite Smt,ll wed 
can De neblected. 

ubstitutin& z'/ xm = a rt /z' = d 	ot -8 
where a a constant 

I l El/x#~ / 2 - 	 Diiierentiatinb 11 with 
/ X2 2 

if 	 respect to s 

dl i/ds = sL1/,~cj (a2 a2) /(ate )3/ (a s 'l1 

iuiil&rly, 
d14/ds = kc (c(2 u s2) / (a2 + s2) 

(a(?. $2) (c( 52) i/2 	a2 
Ks  1/friUM/c11~+ /, 1 	 ( 	 1/2 Ks  

s ('X2.- a)  

Jxpretisjt the eq"a tioxi (02) in terms ax torque an le an" 8 
(impedancq angle of rotor) 



67.. 
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Further simplit ication of the result can u® macte by bu)utitutink, 
i 	 •x r 

a 	-- Co't6 — 	,,. 

Ks 	Pc '—- I Co't2b 	btipris t 

Tho torn w1thiz., O ci1et, i.: ai.w&ya h politivC ,l ,anttty, 

what- over may bG the v lue oL O, :since b ib ralway b a fractions 

11 b is neglected, the expression within -the bracket ib reth ceQ 

to unity aria tine czpres$ion of K taks.b the oriira1 corm chicki 

its deri'vea earlier. 

r 

o v 	C&) 
a 	rowta 

&Jv 
	iC 

F 	 , 	 ~ 
d 	 ~ 	 i 

&+-- -- ONECYCLE--- 
(b) 

FfG-35CURRF,,,r AND PouER /N INDUCT! r6 
19NO CgpACU-fVF ocinev, r 



of Ub 

v 
M 

CJ 

e 	 c 

 ~~  I 

 i~  I 

 '  I 

/ C"ARATERISTIC~-~ 

 'G 
I.YKKL 1 

36MaGNETIC CNARACTERISTIC Op A 1 0wC710.l 
NOTOR AND CAPACITOR$ 

CAPACITIVE K.V.A - Vs•FIELD CURRENT OF 4.4kVA- 400V-SoCyCLt 

6.37 	SYNCHRONOUS CONDENSER USED FOR EXCITING PO H.P 

'—"' - If = FIELD EXCITATION SyNC. 1 ONOUS CONOENSER 



CHAPTER 1Y 

SJ LF .. EXC  ITER INDUCTION GENEIATOR 

Se f excitation  ,C Statie capacitor 

So far we have discussed the behaviour of induction 

generator as- ,a component of the system with other generator con-

nected to the system. It is possible to use induction generator 

as an isolated generator, if self excited. One method of doing 

it, is by means of capacitors, connected across the stator termi-

nals, The magnetising current of an induction motor lags behind 

the voltage y as a result of which the magnetic field takes power 

from the supply mains during the first and third quarters of the 

cycle)  as indicated in fig. (35) ; on the otherhand, a static cap-

acitor takes a leading currentfrom the aupply,power is taken from 

the supply mains to create the electrostatic field during second 

fourth quarter of cycle, which power is returned to the mains, 

during the first tid third quarters. Thus a capacitor takes in 

current and power. during the portion of a. c. cycle in which the 

magnetic field of the machine is returning power and vice-versa. 

This effect can be utilised in a self excited induction generatmr. 

The curve O,H in fig. C) shows how the magnetising current of an 
induction motor varies with the voltage at the stator terminals, 

the machine normally, operating below the (upper) saturation part 

of the curve. When run at a given speed the current taken by a 

capacitor connected across the stator terminals will be proporti-

onal to voltage. The lines 0. B. and 0. C. refer to the current 

taken by two capacitors of different values on a given frequency 

neglecting losses, the voltage of a machine as an induction gene - 
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-rator with the smaller capacitor would be equal to 0 1) with 

capacitor furrent 0 F with the larger capacitor on the same 

speed the voltage would be 0 i with capacitor current 0 0. When 

self excited, the induction generator can supply power at unity 

power factor, but if the voltage regulation (chane of terminal 

voltage from no load to full load) is to to be reasonably low 

the machine must be designed so that its induction rises rapidly 

with the fall of terminal and voltage on load. This can be arr-

anged by designing a machine with a high yoke saturation on no-

load or by connecting a saturated core reactor in parallel with 

the capacitor or capacitors. The criange of terminal voltage on 

changed load will then be a somewhat similar to that of a d.c. 

shunt dynamo. The self excited induction generator has the advan-

tage that it can be used as a stand by in the event of supply 

failure. 

Build 	eneratoj volae 

The build up voltage of the d.c. shunt generator is 

known to depend upon residual magnetism in the field poles of the 

machine and upon the resistance of the field circuit, the final 

build up voltage is being determined by the field circuit resis. 

tance. It has been discovered that the induction generator with 

static capacitance connected In shunt across its terminals will 

build up its voltage in a manner similar to the build up of D.C. 

shunt erierator and the discussion about the capacitances supply. 

ing reactive KVA for excitation is given above. 
Residual magnetism in the iron of magnetic circuit sets 

up a small alternating voltage in the stator and this voltage 

applied to capacitance causes a lagging magnetising current to 
flow in the stator winding (Machine aolied leading auadrature 
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flow in the stator winding (Machine applied leading quadrature 

current to the capacitance or drawing a lagging quadrature 

current). If the capacitance of proper value is given, the cur-

rent that can flow will be large enough to increase the flux 

existing in the air gap. An increase of the air gap flux will 

result in higher voltage, larger exciting current drawn by the 

capacitance, more air gap flux and so on, until the terminal 

voltage of the machine reaches its final build up value. This 

value is determined by the saturation curve of the machine and 

by the capacitive reactance of the connected capacitance. 

An analysis of the build up of the induction generator 

with capacitive excitation with reference to o. c. c. in tig. (36) 

will be discussed here. Open circuit characteristics or satura-

tion curve of the induction g enerator is the relation between 

magnetising current and terminal voltage of the machine. A str-
aight line through origin is drawn, which cuts the o. c. e, at a 

particular point. Slope of straight line corresponding to this 

point is the capacitive reactance 'Xe' which is necessary to build 

up the voltage necessary for that particular point on o. c. c. This 

corresponds indentically to the behaviour of the d. c. shunt gene-

rator for which, if the saturation curve of the machine is known, 

the final build up voltage for any particular field resistance 

can be predetermined, by plotting on the same sheet and to the 

same seals, the saturation curve and the field resistance Rf = I. 

The point where the straight line, the slope of which is rf inter-
sects the saturation curve, is the point, where the voltage will 

cease to build up. In like manner, if the saturation curve, of 

the induction generator is known, the final build up voltage for 
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any  particular capaitive reactance can be predetermined as shown 

in fig. (38). 
ss and  reatoratOr1.9f residual magnetism 

Operating as a self excited generator, a short circuit 

or too great a load will cause induction generator to lose its 

voltage and the residual magnetism of the rotor is destroyed, 

preventing the machine from again build up. Any method that 

gives temporary excitation to the iron will restore the residual 

magnetism. 

A few methods that have been found are (1) Running the 

machine as a motor from existing system. (2) f)ischarging a char-

ged condenser through the stator windings while the machine is 

in operation. (3) Connecting a 6 volts battery across 2 terminals 

of the machine for a few moments, while the machine is at rest. 

All these methods are quite successful in restoring the 

residual magnetism, thus enabling the machine to build up its volt-

age, but the 3rd method, that of using a storage battery is by 

far the most practical, while dealing with isolated generator, 

where power from an existing system cannot be obtained. 

Self excited ed induction gene motor  fly  syyrnchronous condenser 

It is an well known fact that when a synchronous motor 

is over excited, it behaves like a condenser. This fact has been 

taken advantage of in exciting a 404 rpm volt P. induction machine 

which was driven by a d. c. motor. A 4.4 kVA 15CQ rpm 50 cycles 

syhchronous machine was used for this purpose. 

First of all the synchronous motor was run from a 440V 

supply mains and a curve of its exciting current Vb capacitive 

0 
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kVA was determined which is shown in fig. (-7). If the 0 C C of 
the induction generator is known, it is possible to fix up the 
exciting current of the synchronous machine from fig. (37) which 
will give the normal self-excited voltage. 

'rte 	build & 	enerato volta& .Y St t1 c C&aci 	. 

In an induction generator, just as in synchronous 
machine, there are a certain number of flux linkages in the rotor 
or field or the machine. 

The rotor flux linkage ~1 

— -) Cxa ~ x'"j —Z\ LV 
W 	LO 	 (1) 

r1 and 112 are complexors referred to the axis rotation with the 

rotor, 

This means that during normal operation  

rotor B ro 	s lip; 
In this treatment all complexors are referred to the rotor 

axis unless otherwise instated. 

Then equations given in this treatment are with refer» 
ence to the equivalent circuit given in fig, ( 8') in which iron 
loss component in the machine is neglected. 

Substituting in the equation (1) for flux linkage we get 

Cz k )C A 	, Z Crk-t X) 	'(3) x x,  
th 

x~'~ 
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In the rotor itself, since there is no excitation voltage 

other than changing flux linkages. 

T~ 	
('k) 

Let e = open circuit voltage of the rotor for a rotor current=I'1 

Let el be the voltage that would exist at the terminals of the 
generator, if the breaker were suddenly opened while the generator 

is carrying load current 

02 (before breaker is opened)  

02 (Just after breaker is opened = 	w 

Vl ( after breaker is opened) 	 — 4L 

Combinding this with the f act that 

2 (after) 	= 	2 (before 

I (after) 	= 	-~-- [V~ t 	CY~ ' )J 	(5) 

and e+ 	 % -k- 	 (6) 

Comparing equation (3) and (6) it is seen that el is proportional 
to rotor flux linkages. Combining equations (3),(4) and (6) we get 

e+ 	— ̀J~ a = o 	(7) 
or e + "To dIt -- o 	 (8) 	where To == -" 

The

wYa' 

The equation (8) is similar to the fundamental equatin used in 

the analysis of the transient behaviour of synchronous machine 



relating ed, edl as follows 
-fir 	dea 

+ T à0 Xk 

where ex = exciter voltage. Naturally there is no corresponding 

term to ex in the induction generator system. 

So equation e + W + ~t 	0 = 0 is the starting point of 

voltage build up of the induction generator with a series imped-

ance of z = Re + Jxe across the equivalent circuit (8) . 

Both e and el are phasers with an angle with respect to some ref. 

erenal axis of the rotor. They are also moving with synchronous 

speed with respect to stator and they have a fixed angular rela. 

tionship with the synchronous field of the stator. Thus any chan-

ge in relative angular position of a and el will amount to a change 

in angular position of the rotor with respect to the synchronous 

field of the stator of equal magnitude and opposite sign. The 

rate of change of the angle of e and el corresponds to the slip 

of the rotor. 

Considering following equations 

yl = (s) 

e1 v, f ~. Cry .~ 	"~ (10) 

e = v * 1 Y r aO -'x] (ii) 

using these equations ei and e caL be expressed in terms of V1 

the terminal voltage of the generator, by the following equation. 

CZ: 'axe 

-c ( A-YL - 
 e = V ~~ ~" 

ltXe 

V, CY, DRQ+ a Cxe 1)J 
(12)  

(13)  
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Combining equation (12) and (13) with the differential equation 

relating e and el, the following expression is obtained. 

V1 L Y t kRQ.* N(x.e~ )LIA4XI)~ 4- x"~-~x,1 [~~~QA a(XkAx)l V =.o 

After simplification we get 

V1 C c \k9aL +ICxjLAYL\-0e) -CAc~ 	+ 	o 	(14) 

t.*Y k Lxk) -ci 

After rationalising .the left hand side and equating for a and b 

we get 	C-r,-t Refit - (Xe 	(Xe+) 

a (4t '2 -s- (Xe}x:)'  

CYC}~~~ Cx ►'~K -"~ 	WYb 

The solution of the differential equation takes the following 
form V1 = V et where 'V' is determined so that el (t = 0)= ej 

where e1i is thy: value of el, the instant before the induction 

generator and capacitors are disconnected from the system. 

This gquation gives 

Tk*RQ. b  
=- 	2Q.-k axe 	 (16) 

~.+ axe  
V= 4 Y  RQ 	{x~ \\ 	(c*t#Qx})()~ 

If after disconnection V is to remain same as eli than (v) 

is the condition which can be substituted in the above equation. 

and neglecting rl ( r1 = 0) 

or 	=e ~k~~ 





• 66- 

or 	x +-  

xm x~ I = - ------ -- 	 (1?) 

This condition in (1?) can be obtained if capacitance is included 

in series with stator per phase. 

By breaking up the exponential equation the behaviour 

of the terminal voltage can be studied more easily. 

vl=V eat . e-jbt. 

The first part of the equation is a damping term and tells 

whether the voltage is building up decaying. 

If 'a' is positive, voltage decays 

If 'a' is negative, voltage increases 

An examination of the expression for 'a' reveals that its sign w 

will be same, as the sign of the expression. 

CSCXm }K
J 

(x2*) 

Thus if this expression is positive and voltage will decay. 

If the expression (Xe + xm + xy) (Re + x') is peghtive there 

are three cases to be considered. 

let xe = - xc 

(1) If xe is very large xe> ( xm + xl) and xe > xi than the 

term will be positive and voltage will decay. 

(2) If Xe is shuch that Xc> X1 and xc <Z + xl than(Xe +x 	x) 

(xc + x') is negative, if the expression is greater in 

magnitude than (rl + Re) 2 'a' is negative and voltage buiods 
up. 

(3) If Xe is very smalls so that xc <x'& the term or expression 

is a-gain positive and the voltage will decay. 
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'Caab 2' is the most interestin, case since under this condition 

the voltage builds up, after the machine is disconnected from the 
system, In the actual machine, the reactance xm decreases as the 

voltage increases and finally reaches a value such that Xc <(Xm+Xl) 

and a=0. 
This represents the stable operating condition, since 

if the voltage gradually dhcreased and 'a' becom :s negative in the 

process since Xm increases and the voltage again increases. 

while, if' the voltage goes above this limit, Xm decrea-
ses still more and 'a' becomes positive, causing the voltage to 
decrease, Therefore when the induction generators are disconnec-

ted, frcm the system the voltage will increase until 

and the region for an increaaing self excitation is given by 

(Ir x -4 9-2' A- l XC '- Km-V'y-%) (XC, +)Z' ) L 0 

Another point of interest is 1/a . Since the magnitude of the 
terminal voltage increases, 10.5 per cent during each 1/10a secs. 

It starts, at a value greater than the open circuit time constant 
and increases to infinity as (Y~* ) --(Xt+)) (Xe+*Krn A-x► ) approaches 
to zero. The quantity 'b' can be related to slip of the rotor. 
The term e`ibt gives the angular change of position of VI with 
time. Since there is always a fixea angle between V1 mind o1:  

This also gives the change in the angular position of el. 

The rte of cbctn&c of an0.ular position of el with the -b or the 
slip of rotor Ut f .rcont of the synchronous speed corresponding 
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to stator frequency is 

—'> _ 	(~+t►-x) 	( a© ) 

If Re = 0 and rj, = 0 (Stator resistance neglected) 
Blip + 0 or the machine is to run at synchronous speed to genera* 
toi open circuit voltage at synchronous frequency and there is no 

loss incurred in the machine, since all the resistances are negli-

gibly small so the slip zt 0 

using the fact ( 	.-A- ( 	4xc) (Qk~c) 	0 

._ ^c9 	')t _ 
S = slip  

Experimental results } induction generator excited by 
Static Capacitor. 

(a) Open c rcu t characteristics     - 

Static capacitors are connected in star across tr,e 

generator. From the full load value of the magnetising current 

of the machine, the approximate value of capacitance is calcula-

ted pei phase and the values are set for excitation. The machine 

is started by d. c. motor and 3 phase supply was switched to induc-

tion machine as well as bank of capacitor, with proper phase sequ-

ence. Subsequently the 3 phase supply is cut off, but the capaci-

tor is kept connected to generator terminal. Normal voltage and 

frequency is adjusted by varying speed anu the value of capacita-

nce . For various values of capacitance o. c. c. is drawn in fig. 

(40). 
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(b) Load characteristics (Resistive load) 

The machine in this case is excited by static capacitor 

0 described above. Normal voltage and frequency is adjusted and 
the machine is loaded by 3 phage balanced resistive load. Load 

characteristics of this self excited (with shunt capacitor) Induc-

tion generator is shown in fig. (41.). Its characteristics resemb-
les that of d.c. shunt generator. 
(c) Lod chprpterjstjc with ~,Q per cent F. load 

The machine is also loaded with 80 percent power factor 

load and the load characteri.stica is given in fig. (42). From this 
figure it is seen that the voltage drops quite rapidly with the 

load and the behaviour of the machine with this type of load is 

far from satisfactory. 
Det :rm n tin of p. c . e~f jnductjon demes or 

(a) By using static capacitor, the o. c. C. of this 10 h. p. 
1500 rpm induction machine was determined, which is shown in 

fig.(40). The details of this experiment has been described 

in this chapter. 
(b) The machine was driven by d.c. motor and with its corr- 

ect phase rotation, it was switched on to 440 V supply through 
a 3 phase auto-transformer. - Auto-transformer gives the varia-
ble voltage to the machine terminals. The excitation of the 
d c. motor was so adjusted that the power flow into the induc-. 
tion machine or out of it, is zero. This was observed with 
the help of an watt-meter. Whatever volt-amp, the motor was 
receiving from the supply system, at different voltage is the 
magnetising volt-amps. At different voltages magnetising volt-
amps were noted and o. c. c. has been plotted in fig. (36)(a,) 



(c) 	By exciting the machine with the help of a synchronous 

condenser, it is possible to determine the o. c. c. of the machine 

Tests were conducted on the machine under discussion with the 

help of a 4.4. kV, 440V 1500 r. p.m. synchronous motor. The 

approximate magnetising volt-amps. required for giving the nor-

ma]. voltage was found out from fig. (37) or fig. (36 since both 

the o. c. c. - drawn in (a) and (b) are identical. Corresponding to 

this volt-amps. the d.c. excitation required for synchronous 

machine excitation required for synchronous machine was read from 

fig.(37). This was done as extra precQution to avoid excessive 

voltage rise in induction generator by over excitation from synch- 

ronou s condenser. 
The induction genei;ator driven by d. c. motor was conn -

acted to 440 V mains and the synchro~yo+is motor was also connected 
to same supply system. The d. c. excitation of the synchronous 
motor was adjusted to the value already determined from fig. (3?. 
Having done this both the sets were aisconnected from the supply 
system, but the connections between them were kept in tact. After 

disconnection it was found that both the machines continue to run 
at normal voltage. The synchronous motor received its no load 
loss from the induction generator and in return it supplied magne. 
tised volt-amps. to the induction generator. By varying the d.c. 
excitation of the synchronous motor the terminal voltage of the 

Induction generator was made to vary. The no load loss of the 

synchronous motor remained as a constant load on the induction 

generator with the help of the motors in the circuit the magnetis-

ing current supplied to induction generator at differiant voltage 

was determined. Through out the operation) the speed of the d.c. 
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motor was adjusted, so as to get generated voltage at 50 cycle 
per sec. The occ ,ras founu to be similar to the curves which 
are already obtained rrom (a) ana (b). Synchronous condenser be. 
haves like an imperfect condenser with variable resistive compon-

ent. By varying the d. c. excitation, of the synchronous motor, 
the voltage of the induction generator can be controlled. 

Frequency 

us was done in static capacitor, the excitation 
of the synchronous condenser and tine speea Of the induction gene-
rator was adjusted to give normal 400 V at 50 cycle per sec. By 
keepint, the d. C. excitation, of the synchronous condenser unchanged, 
the speed of he generator w~.s changed znd a curve between speed 
and voltage was drawn which is shown in fig.(38). It is exactly 

similar to what has been in case of static capacitor. 
air  shapevoltage 	 csrrerit 

The Steady state voltage anc ma .neti: in,, current 

wave shape of the ira.dction generator excited by synchronous 

condenser was taken with the help of oscil?ogram at three dirfer-

ent voltatk. . The set was running, uncer no load. hll the oscil-

lographic record, are shown in fig. (39) The induction generator 

was connected in delta. The wave shape of the current is more 

sinusoidal than the voltage and the shape oi' both' the voltage and 

current waves are much better in sinusoidal form at higher volta-

ge. 3y proper es.rthing the neutral of ttie synchronous condenser 

and designing the induction machine for star connection, it will 

be possible to get bettei wave shape of the voltage. tt is seen 

that the synchronous condenser eliminates the higher harmonic 

quite appreciable, which is a positive advantage for the power 4\ 
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system. Moreover this type of sets, which are easily available 

in laboratory can produce sinusoidal voltage for experimental 

purpose without expenditure. 

g 
The load tests were performed on the machine with the 

synchronous condenser connected across its terminal. First of 

unity p.f. load was placed and its characteristic is given in 

fig.(39). It is seen that voltage falls quite rapidly unlike 

self excited generator by static capacitor and d. c. shunt gene-

rator. 

Machine was also loaded with .9 p.f. lagging load for 

voltage regulation characteristics;, A 3 phase variable inducthn.-

ce and a set of 3 phase lamp load were rased for this teat. The 

lamp load and variable Inductance were, so adjusted that each 

time the p.1. meter gives 0.9 p.1. (laggin6). In tiz, load chara. 

cteristic it is seen that the above voltage drops more rapidly 

than what was observed in case of resistive load and it is simi-
lar to what was obtained in case of static capacitors. 

On the whole, the performance of the induction genera- 

for with self excitation from ' synchronous condenser is similar to 

the performance curves obtained for induction generator having 

static capacitor as its source of excitation. 

Better flexibility of controlling the voltage is the 

only advantage which can be obtained by using synchronous conden. 

ser. But since such an arrangement warrants a separate synchron-

ous gmachine, its practical use is altogether ruled out. Its use 

can only be limited to the laboratory, where considerable amount 

of study can be made on the behaviour of induction generator. 
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CION, CLUSIQ1 S 

(1) The squPkel cage induction generator, due to 

its simplicity and low cost is well adopted for supporting 

large power systems, wb*rt reactive kV€i is available. It can 

be coupled with gas or water turbines for economical operation 

and can generate 'by produer' electric power. Simplicity of 

control is a distinct advantage. 

( ) The application of the induction generator, can 

be extended to any power system, by switching in static capacitor 

in parallel. 

(3) As a self excited generator by static capacitor 

its voltage regulation is quite good like d. c. shunt generator in 

resistive load. 

(4),  Standardization of induction generators, will no 

doubt bring about reduced first cost. A water turbine driven 

induction generator is approximately 91 per cent of the cost of 

an identically rated synchronous machine with exciter. The saving 

in the induction generator is further obtained by its very low 

mint enan ce. 

(5) It has been proved by experiment that uo serious 

effects will result from the gradual and sudden short circuit of 

an induction generator operating with capacitive excitation. In 

the shunt connection, short circuit can do no harm unuer any con. 

dition. In the compound connection there need be no difficulty. 
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