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NOMENCLATURE
Number of Pole pairs.
Supply frequency |
frequency of rotor e.m.f. and current
rotor speed In r.p.s.
rotational frequency X.p;
slip of the rotor
Terminal voltage of stator per phase
Stator induced e.m.f. per phase
e,m f., in one equivalent rotor per phuse
Stator current per phase
Magnitising current per phase
Rotor current per phase
Stator winding resistance per phase
Stator winding reactance per phase
Stator winding impedance per phase
Rotor equivalent resistagnce per phase
Rotor equivalent reactance per phase
Rotor equivalent impedance per phase
Capacitive reactance per phase
Load resistance per phase
Load reactance per phase
Torque

Power

Stand still impedance angle of rotor (ten @ = xﬁzfré)
Impedance angle of rotor (tan gy = sx'y /r} )
Load angle



JMREQRUCTION

In developing the country's water power, uptil nov
only thoss of greatest snergy conecsntration is being cons.
jdered in our country, That is thoss where largs volume
and a considerable load of water is avallable vithin a
short distanes, This has led to the pressnt type of hydro.
electric gonerating station, that wé e arcund us nov.
Due to the vast amount of encrgy controlled by thsse modern
stationa the Auxilliary and controlling devices in theze
stations have becomd a0 numsrous as Yo miim the station a
very complex structure, requiring high operating skill and
involving high cost of installation,

At the sams tims, not only are all these devices nece.
asary for the safe gpsration of thw statlon but we hope that
vith the materialisation of naticnal or zoal grid systeas,
additional devioces 1iks autogatic recording apparatus and
multirecorder becoss nscessary for safe and rellabls operae.
tion,

with this type of station, it is obviously imsdbh
in mst-casms, to develop water powsr of amall and moderate
size, A generating atation of 5000 H.,P. will rarely and
one of hundred hores powsr will hardly ever be economical,

On the other hand, a hundred h.p motor installation
is a good economical proposition and average siza of all
the motor instsllations is probably bslow hundred horse power,



ab -

If w e the hydrologlcal datas for the power projects
in our country, it is startling to note, how larges a part of
the potentlal water power of the country ia represented
by comparatively small areas of high elevation, inspite d
the relatively low rainfall of theoe aress, As most of these
 areas are at considerable distance from the ocean, most of
the streams are small in volume., That 1s, it is the many
thousands of small mountain streams and creaks, of relative
amall volume of flow, bul high gradients, affording falr heads,
vhich apparently make up the bulk of the country's potential
water power,

Only a small part of the country*s hydreulic energy is
found 20 conesutrated locally es to male its Qevelopment
econowically feasible with the preassnt type of generating
atation,

The solution of the problem of the economie development
of smaller wvater powers, is the sdoption of induction gemsratur
and it has been evolved, for develping theos mny',thousands
of small hydraulie powers, to oollect the power of the mountains
streams and ereaks, By the sdoption of inducticn generator,
the following simplification in the generating astation is mads,

(1) Hydrasuliec turdines of simpleast form, continuocusly

operating at full load, without governors,

(2) Lowevoltage induection generators dirert connscted

to the turbines,

(3) Stepeup transformers direct connscted to the induce

tion gensratoras,
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(4) High tension cirenit breakers connecting the stepeup

transforssrs to the tranamisaion line,
In smaller stations, even thase may be dispensed with
and replscad by disconnscting switches and fuses,
Lightening arreaﬁrs on the transmission lime, wvhere
the climatic or topographical location makes such mcdéwy,
A station voltmter, s totalling ammeter or integra-
ting wattmeters and a freguency indicator may be added for

the information of astation attendant, bt are not nece ssary

and voltage, currant, cut-ut and frequency are not controlled
from the induetion gonerator station, but from the main station
or dsterminsd by the availadle water supply,

But all thoee described asbove will bs necesaary when the
induction generator 13 sdopted as a aingle unit self exeited
goanerabor, and the commereial sdoption of this typs of generator
is yet to c0me, |

There are on the lowver coursss of our stresms acm hydraulic
powers, which are relatively small due to their low heads,
and yhich can not be economically developed by the synchroncus
gonerator, dus to the low head and correasponiingly low speed,
The designing characteristics of the induction gensrator,
dith regards to low speed machines, are no better . if any
thing rather wores - than those of the synchronous gonerator,
and the problem of the sconomical utilisation of the low head
still requires asolution,
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The sams reasoning spplies also, and to the sams extent,

-

to the problem of collescting in-nuabradle smll-.guantitjes

of mschanical or electrical energy, vhich are or can be

mede available, wviwnever fuel is consumed for heating purpvuses,
Of the hundred =millionm guiental of coal, which are annually
used for heating purpoms, most is umsd as steam heat, Sappose,
then, w generate the steam at high pressure ss is domwe

noy in many cases for maaonah of heating economy- and intere
pose betwesn stoam boiler and heating system, som ainaple

fora of high pre ssure stsam turbine, directly connected to
induction generator, and tie the latter into the genseral
@lactriecal distribution aystem, In this way the overall
scononyy will be mach better than utilising steam gt low pre=-
ssure and temperature, | |

Whensver the heating is in opeération, elsctrie power
5 generated as, ws may say as 'by productt® of tm heating
plant and fed into the slectric systenm,

This paper presents a complete theory and a few experi.
mental data on self.excited induction generator as well as
the induction genarator econnscted to infinity bus.bar,

Chapter (I) deals with ths baslc coneception of electromsgnetic
theory involved in geperating action, when thé ma-hine is
driven above aynchronous speed. Attempt has deen made to
explain ths phenomena in g aimplex way.

Chapter (II) deals with the vector diasgram, equivalent
circuit, power, torque, load angle and voltage- Amps ratings
of the inducticon generator,

Conception of losd angle has deen intpoduced in this
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machine by the author, just to bring a better physical ine
sight in to the actual phenomena in the machine, It does
not changs at all the c¢lassical theory of the induction
machine as such, but gpart from anything elss, it brings

s closer simflarity between the induction Machine and syne
chronous mechine,

Expresalon for gptisum volt.ampere relations and power

component s has been derived in this chapter. Accordingly

squations of power and torque 18 derived in terms of torque
angle end a nuwber of performance curves have been drawm
and they are guits similsr to curves for synchroncus mabhine,

Chapter III deals with the induction gensrator connected
to infinity bus bary Different Msthods of determining the
phess rotation of the machins have been dlscussed exhaustively
by the author with necesaary equations and experimental resulta.

Curves of load teste, performed on a 10 H,P machine
has been given in this chapter, along with the oscillagraphle
record of in-Tush current at different apesed, Discussicns
on over voltage, runavay speed, spsed détsctors and low
voltage, have been given from the practical stand polnts,

An interesting speed detsctor vhich ie in use in Japan has
been described here in detalls,

At the end of this chapter suthor deals with thes stab.
$11ity of the machine in relation to 1ts water vhoel prime
mover and as wll as its oun stabllity with referance to its
load angle vs torque curve, Blectro.dynamic eguation has
besn discussed as A0 cass of synchroncus machine.  Critical
power and correaspondingly load angle for different vams‘a of
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Z2 nave been derived from Torqme angle and load curves

by equal area criterias msthed and in this connsetion

of atabllity O6f machine, the conception of load angle
maks s the approach to the problem more simple and has
brought much similarity with the aynchronous machine,

At the end of this chapter the idea of stability co-eff
icisnt vhich was uriginated by steinmets has been extend.
#d and mathemstical expression of the co-efficdents with
primary as well as without primary impedance have been
derived and discuaszed,

In chapter IV the theory of @1lf excited gensrator
by statie eapacitor aiang with the experimantal results
have been given and all the results speak very much in
favour of the use of ewlf excited generator as indepond.
ent unit, Author also has performmd certain test on aslf
excited 1nduction generstor bjr synchronous condenser and
it vives sizilar characteristic 1ike the sslf-sxcited
genarater by static 'capncuer.
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In sctual induction machine, with elsborate winding
sach phasé current flovs in cofls, which are distributed
gver saveral slots and the system produces a travelling
current sheset, which approximates very closely to sinne
s0idal distribution, This current sheet In turn produces
s space distribution of magneto-.motive foree which lage
behind the current by a space angle of 90° (Electrical ).

The rotational spsed of the current sheet and m.m.f
wvaves is given by } 4 e If the rotor cireait of an induction
sachine 1is apnncd;pth' conditions are analogous tc a trans.
former vhoa sscondary is open circuited, ( Pig. (1) gives
the eonditiens for the i.nstant in time, when the red phase
enrnnt is mxlum. The ctxrrent and n.m.t waves can be
repre stnted by single space vecltoras u&ng along the axes
of maxlmum currnn't ad =m,m.f |

If the astator resistancs and leakage reactance are
neglected in the first instance, the rotating flux will
attain s value, such that the back e.n.f (By) it generates
in the stater winding is exactly equal to the applied e.a.f
('13- Tha eurrent Ig, which flows i that required to set
up such a flux, PFig, 1(b) shows the time relationships
ecorresponding to the red phaset only and the sets of vectors
corre sponding to other phasss, have the same flow, and are
dismplaced by & 120° from thet of red phass, *he e.m.f
indnead in the rotor conductors are in space phase with
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the flux producing them, 50 that, if the rotor circuits are

cloasd gnd the rotor i1s held qt stand astill, a wave of rotor
eurrent is produced, vhich travels at the same spesd as the
stator wave, The space position of this wave 1s decided by
the rotor impedance,
At stand still, ths rotor resctance is in gemeral, zreater
than the resiatance and the current wave lags on the voltage
by 1arge angle, Ths machine bshaviour is then, similsr t that
of a transformsr, whoass sscondary is shorﬁ circuited and the
stator current adjust i1tsslf, so that the net M.MF produced
by the two current waves is sgain sufficient to provide the
sam flux and therefore the sams b&ak E.ﬁ.?, a8 was presant
on gpen clrcuit, - )
In Pig 2(a) which 1llustrate the aspace conditions in
squirrel cage machins gt standatill, tangential arrows are
drawn to indicate fares on each bar. The force on any bar
is given by the product of thse flux at that point and the
current in the bar. If the flux and current sre slnusoidally
digtributed in space, the net force on-_ths rotor, by analogy
with the power in a single phase cireutt 1s given by

§- I3 6cos® where I3 end ¥ are maximm amlitudes of flux
and current Qavas and @ is tho space angle betwsen them,

If the rotor 4s mow allowsd to rotate at some valocity
bslow the synchroncus spsed ( the speed of the stator magn-
etic field) the relative wvelocity betwasn the rotor and the

flux wave is reduced. It is convenient to express rotor speed

in terms of a quantity known a s the fracticnal slip (8 )
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defined as # « "";""*
wvhere = é and oy =« rotor spoad,

The frequency of rotor currents for sny value of
( #) 13 thus equal to *af* and the apeed of the
magnetic fis1d produced by rotor current with respect
to rotor 1s av. The apeed of the rotor current wave
in space isthen swse W = @

Thus it 45 ssen that st any slip the two current
patterns are revolving at the sams speed and the space
conditions ab speeds Delow synchronism are similar to
thoss for stabdstill except that the rotor reactance is
reduced to axp where xg ls the standetill remctance and

the rotor imduced voltage is reduced to g vhere By

is the stand still induced e.m.f.

Hence the cizrmnt chanzes in lagnitud,e and 1its
space position svings, closs to that of induced e.m.f
with dscrease of alip., Fig . (3) corrssponds to a
spesd Just below synchronism, When the rotor is revole
ving at exactly synchroncus speed, the rotor induced e.m.f
is zaro, hence torqus is gero,

If the machine spoed is above the synchfonous apeed,
then the relative velocity (the alip veloeity) is
reversed and hence the induced e.m.f in the rotor ia
revarssd, The rotor current shest maust always lag bshind
the induced e,m.f in time, beceus the rotor 1s inductive,

but since the direction of relative motion has reversed,
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the space lag of rotoer current, when the machine is motor-
ing, becomes, a space lead vhen the machine 1s generating.
The rotor currents are such as to produce negetive torgue,

0 that power must be supplied to the shaft to enable the
rotor spesd to be maintained. The power flow froms the

sipply to the machine, vhen the syed is below synchronism
is given by VI, Cos § . Exauminstion of vector diagram

Fig 4.(d) shows that the qusntity V;I; Cos gbecomes negative

when the speed 13 gbove synchronism, The pauir fiow in this
case 1is from the machioe ghaft o the supply and the machine
becomss gensrator, The conditions for the genarating phase
ars shown in Fig. (4).

The point of greatest importance, which arlses from
the cénside:atian of space dlagrams, is that the rotor
current never hsa a component in the direction of the reactive
magnetising currant, avan when the machine 1s genarating
and the magnetising relactive A mst comw from supply.
3ame conditiona apply when the load on generator is partly
reactive, All resctive KVA must be sinplied from electriesl
side, |
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Line induetion motor, the air gap flux in an induction
generabor, is asmumsd to Memaln constant with constant voltage
and to be unchanged by the wvariation in the apsed of the rotor
Hence, when running as a generator, the machine mist be sapp-
11ed with 1ts usual magnetising current, Im. The reversal
of the voltage due to gensrator sction makss this magnetiasing
current lead the put put veltage, This current can not come
from the induction generator {teslf and mist come from a
synchronous generator, Hance the induetion generator mst
alwvays be operated In parallsl with an ordinary alternator to
supply a comson l0sd, the removal of the alternator from the
1ine reduces the excitation of ths induction machine to wsero
and ita generator action csases,

rig. 8§ and Fig, 6 show ths vector diegrams of induction
aotor and induction generator respoctively., The p.f. an g le
wtween the induced volinge and current {s fixed by the
eonstants of the rotor and by slip.

Referring to the vector diagram of the induction generge.
tor it can be sien that the p.f. angle between the induced
voltage and current is fixed by the conshants of the rotor and
by ths alip, and

)
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The angl® ( 2.~ S ) 1s fixed by the relative values of
the no load current and load component, The angle 6’ ks
fixed by the primary impedance drops. The resulting

powsr factor angle §; between the line current and the
terminal voltage 1s thus fixed by ths machine constants
rather than losd, It is seen from the vector diagram that
the gsnsrator can sanply a loed with lesding current onlys
its power factor will vary slightly with load, but the cur.
rent will always 1sad, JIf it is connected to a 10ad which
Tegquires a lagging current, it is ucéo asary that the aynehro.
nous machine, connected in parallel with the induction gen.
erator, operate at a lew-lngﬂnx power factor to neutralize
‘ths induction generator lead,

Fig. (7) gives the equivalent circult for induetion
gensrator, A simplified eguivalent circuilt is given in Pig,
8, vhers, the magnetising loss component reslstance, has bsen
nsglected to simplify the anslytical troatment,

IHBQUE _AND PO,

For & given main flux and (anproximately) stator voltage
the rotor e.m.f BS and Current I3 are ssttled by the slip,
while the phase angle B, 1s & function of r} and aXb  1pe

rotor powsr Py &8 then also a function of the alip and so is
the torqu..

Me ™M - ktallé Cos fig

‘ PE
Where M « torgue. 9= L= for ons phase

z :
2s \[ S S
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This 415 als0 a (emzal sxpre ssion and valid for actual
econditions, If the matual flux is constant, however, so
will B; be constant, The torque may be written in ternms of
the ratioc |

r' r
« .4----?-"I g .
- X3 X2 .
Lo TN
, & Pt
o MNe 3]_%2-\__;;;5' = Yo (1

L~

vhere K » E%:;:_

For conatant flux and s given arrangemnt of rotor

winding K ia constant,

8q. (1) for the torque mipplied to induction generator
by ths priss mover, will show a maximum valus for any given

- Yo
ratio o~ = ==

writing % -0

< i N
%1..4_6}) — 3%4"&\ & =
Giving & (C or s-xe=+%
2 the maximum value of torque
Ma st%..[t

If 8ms o, t 2. or Togm ¢ 8%;  the
X
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torque 1s s maximum, |
The negative alip refers to a speed exceeding the synchro-
nous and this holds good for generating action, The
positive wvalue of slip corrsaponds to sub.synchronous
range and this holds good for induction motor action,

Por value X= 0 orry; = e' sinime torgue is mr&,
that is if the rotor had no resistsnce, it could develop
nog slectrical power, This is abvious from the vector dise
gream of the induction generator in Flg, (6) for méh a case
1) would slvays lsad by 90° to &g and would have no power
ecomponent along ﬁfg |

The torgque squation sbove may be mltiplied by
Wy = 2N, (}"%)

K $&-(1-3) Ce s (D)
o

to give

Py=

Ilw mschanieal power has got the makixum value vhen

Differentiating AT
or ( $adl) (1-23) — 2202 =©

vy aTTE - @
or = —&x ¥
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The positive sign defors the root referring to mtoring
action and the noggtivi to gensrating conditionas,

Inserting the value of siip for induction generator
eonditions, the maximn value of mechanical powr required
fromths prim msover is g

Pag= LN (TN = Ha(R72)

vhers 2y . JG 4% gt b=

vhere as maximum mwechanical power for motoring action is

Zy—~Xa. ~
?._e -L K So .  Za¥D

It is ssen that for large rotor resistances the mchanieal
powsr produced for motoring action is ssveraly limtted,

whers as In cas of induetion gonerator ft is sesn that
higher the rotor resistance the greater is the mechanical
power required {rom the prime mover for s particular value of
eloctrical output, From the above eguhktions for maximm
torque and maximn power, it 1s seen thsat both of them do not
oceur at the sams slip., The maximum power condition, for
induction genenator occurs gt higher alip, where as for induc-

tion motor it ogccurs at low siip,.

All the above treatmnts for torque and power have been
made with the gasamption that the alr gap flux remains const-
ant irrespective of load, which iIs not true in actual practice,
However, the goneral shapeas of the characteristie curves of
the induction generator sre not altered to any important |
deg
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degres, whan the assumtion of constant flux is dropped in
favour of the wore natural on¢ of constmat applied voltage
afleast not within the usual 1imit of load, To tabs into
account more exactly the variations of flux, it 1s desirable
%o employ the equivalent cirewit, and to make the analysis
from that, Incidentally, the squivslent clrcuit will show
that a close appz’o:.ﬂlatlan to the sctual eonditions is obtae
ined, 1f the stator leskige reactence is assumd added to the
rotor, and aimdlarly for the stator resistance which is howe
:v.r indepandent of alip. The general equivalent circult in
Fig. (7) vill furnich a complets vector explanation of the

maching,

Using for stuplicity the complex opsrational rotation,
the stator impedance 1s Z, = V1% 3% The rotor impe-
dance Z»s = Y‘l//%*‘“a The admittance of the magne-
tising eireuit 18 Yo = S we = MOV

The rotor current is To = "Ez.""";,, and the magnetising

current Iy « 83¥y . The stator current ias the vector sam
of thom or I; = B; ( ,;;;;-\-‘lm)
The terminal voltage is
' 4
V) a8y +1 = B SR eR)

The complex number Z,¥, 1s a small fraction very nearly a
small positive scalar value (since 1t is the producet of two
ecomplex numbers dach with a large pham angle, one positive
and ome negative) putting therefors { 1+ zyyp ) = €3
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s plain number slightly greater than unity then

V1= " (e + 2'3"

| RN
N W { et i
From whieh 31 - Wy Zns — C' /% )r -
214 CiZig Cravie) + ¢, (P 3%)

[ \
B e O j(“"/ﬁ) il
J(‘Y\ + C\*.‘/”)L—P (X\ * C—\"i)l——*

At synchronous speed 8 = 0 and By » ?6..3:.. s0 that C3

1l
is the ratio :1 when the rogtor is driven at synchroncus
1
Q”dc

The rotor currant is T, = B = L
¢ Tolal ou 2 Zas 2\ A Q25

N
Graxy®) + S (‘J/;,*b“&)

Sealar value is
Ny

I; = (1
JEr e, )Ta phrem)

curves typical of the variation of £, I; and 12 with slip
are given in Pig, (9) <for generating and motdring action,

At synchroncus spesd, & - 0, By 18 very nearly equal to vy
it mey be within 2 or 3 percent, It rapidly falls with
increase of alip in either direction, The current Iy 1s
zeTo at synchronous spead, increasas rapidly with amall
values of alip and thereafter tends to a constant value .
The stator current I is the mtiain,g current at synchroe
nous spead, bt soon reaches values vary closs to thoss of
I3 , sincs I, 13 comparatively small. The mitual flux
S 15 proportional to 87, The torque in mehromﬁa vatts
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is given directly by (1 - s) M for induction genarator
from the prims mover and output froam rotor to the stator
isgiven by U= Py o Ié rla peT phase putting in the

A O 1‘;‘/}’
scaler valus of Il from(yM « e "2
. (o (‘.C"&/Q 4 (8 AQG)

The fraction @1, Py is the true IzB loss of the rotor,
The slip for maxisum torque is obtained by diffesrentiating
the above cquatgn for M and o@utin; to zero %’ﬁ. « O
yielding

\
C\Y2 o a ~y

=1 — —_—
P N AT ['_xwex“z'a)L ¥ —\-(xw‘»t;‘)"""

patting Cy = 1
The sbove valus of slip doss not greatly differ from
s
(7-\-’( x:-,)
The maximum value of torque is obtained by inserting the

eritical valas of 'A* 4in eq. (11) in the expression M
0l
B ¥pe o (12)

2.c, %JC*?’ A- (*x*cnf-‘;s/j t‘ﬂ}

+ve aslgn of the expression for mtoring action and -vé

sign for gsnerating action, It is seen that maximum torque
is indepeandent of rotor resistance,

Por wmotoring operation, the maxioum torque is larger
for lower values of r,, x; and X, . The rotor resistance

does affact the speed at which maximnm torque occurs,
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For generator action the maximum torque is asen to
be independent of rz. Bat an increase of stator resiast.
ance s, now increases the maximum torque My,

\V\ma‘ \i'ﬁ —\-X‘ A7, X+

. com—————

— - —-——“———_-. —
(V\'M'w\ \E ‘\"X\ "'fi X\"Y\

where X3 = x3 + Cll'g

and this velation holds good o long as Y. is aafficlently
~ 1esa than zi"

I X =7 then Mp (goporator) 8 — 1.33

Nm (motor)
If the primary resistance is large, the maximum torgue
running as generator will bs very high indeed,
The power at the slip which gives maxima torjue for induction

generator is

Y L )
U7 L+ aaeod) e

Pap(gsnarator) = -
3¢, § i x Gecre vy = vy | W x oo )

This is not the maximm power, The maximum powsI Occurs at

slip

1 . quns—n—— 1
"r(L X as(\v(:' ¢, .\.(7&1-\(«7“3)

—
—

and this alip 4= smaller than ths slip at which maxima torque

genurs,
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BALATION SATWER: POWEN sND VARS EOK 4 LNDUCTION GUNRATOR

Referring to the qquivalent circuit - Fig.(8), the

power and vars output of an induction generator Can be derived

in the following manner -

Pg + 3Qg = ;2.2 (1 V% = terminal voltage
4 = conjugate of the inde-
pepdence seen looking
into the induction
generator.
- &® B+ Juy and =4 = Rg J x
(¥ 3%) VX

2
RS RS i) (2

mmﬁs’ j xEﬂn - 3 x}--
For this troatment ry 15 neglected.

C e
adding and subtracting ) m to the right of the
egquation (2) and on simplification it gives

W™

Rg+ §xgm — — % Lot G
' - Cﬁ‘ kﬁm’)
- \ *om™ *8/2' \ 2 " )J
Y& *%m) "(&/} + N (rgx7m (3)
, n— \
FemXy bt JEREL BN S e
N [ Tp A m
Let N = YomAKy 2
S .
ubstituting these in equation (3) | X “‘3’/#"\(*;*““’)
. L’*\’\X“‘,"y‘) \ Bﬁ:}k . \ -
R e e 7
' (4)
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oL Ly (O A=) C “"'{2’ — (%) )
or (R«b—wn) A Cxgr —5— = T N, hod e

Taking magnitude of both the side of the equation und combining
the results end eliminating *'s* the following equation ia

obtained -
(Bg + rI2%+ (Rg + %3 + Xg) (g + x') =0 (6)
Py N Qo Ut
H, = and —_
¢ wreyT ST

Substituting these vslues in equation (6) it becomes

\)
i +~r\) +( 1__.__\“ )] (_Q'a“‘ o
Py ¥ &y PPy S ()

(

expanding and rearranging this equation we get

\53'1'1 - \\':" (_%m*—l\-w\-) 1
P‘b * 2 v ] Q% . - - )
YA Q)% 3 (it Dimaeddx

M Cemany )

u C\'\‘" .\.(xm*x\)v_{j

(8)

The squation (8) is an equation to circle with cepire at

Pg = — N | ' 0 = - WE(em Axad)
> (Oemar)x 2w 4 (i
Radius of the circle kg = \)‘L Ot )
| T Q [_”('\q' A-an*%\)x‘_]

Thus for & givent erminal woltage there is a fixed

relation between real snd resctive power . Equation to the
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¢ircle indicates t hat there is & definite limit to the power
" output of the generator. This limiting value of power will be
called the power limit of the generator and 1s given by the
following eguation.

\]\L ("-m-\-m-)&. — ﬂ.*l)

PL = 2— ET\L A (?(-m-i-‘lﬂ))&‘:] (8)
S P Yom*a if :
x. 0 STy ~1f the stator

resistance is neglected and the wvalue of x 1s sabstituted in
equation (9)
N

2 [ el Gk 2225 ] o)

Yomd Ay

PL.

Circle diagram of induction g enerator:~

Fig. (10) shows the comnditions(s) for subesynchronoss
speed and (b) for super synchronous speeds. In the rotor, above
synchronous apeed, the conditions are elecirically similar to
‘those at sub-synchronous speeds., &8s the spued is rahed above
synchrononiss the 3lip increases negstively the rotor freguency
rises froe zerc and the rotor €. {. m::;ilariy incregses, From
the expression of I% {rotor current) it is seen that the rotar
current locus i5 consequently & <¢ircular sre, So that the yedes
two semicircles for sub and super synchronous speeds respectie
vely , meet to form a complete circle, The diagram for the
stator current is then by the right-hand circles in Fig.(a) &nd
(b). Just as for the simple circle diggram for motoring condi-
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-tions, Fig. (&), P.1. represents tne input, R 8 the rotor
‘128, 5S¢ the stator I12R and QT the core, friction and windage
losses, and'PR the output, so RS, 5Q, and QT have the saae
significance when the machine is generating, Fig. (b). The
electrical cutput as a generator is IP, the mechanical input
in RP, the scgle, o

48 & generator, the vector marked E) is the termindl
voltas e of the machine (Neglecting stator impedance drop),and
the s#ator current I; 1s clearly & leading current of definite
phase angle #;. The outpul is determined by the circular locus
and cannot be arranged to provide @ 1agﬁlnavlcad.‘ This feature
tnphasises'the necessity for a.c. excitastion by synchronous
machinery. 7The plsin induction generator cannot opergte alone,
anc when working on s system in parallel with synchronous mache
ine, it increases the gmount of lagging reactive kilovars that
the latter has to provide.

Conception of load gngle in indyctiop genepgtor:

In 81} electricel machines, the torque is produced
by interaction of magnetic fields of the stator and rotor curre
suts., Quantitatiyely, it indicates thal under the assumed sine
usoidal conditions, the torque is proportional to the product
of air gap flux density the m.m.f. ol the rotor and the sine of
the angle '&' between thelr axes in space. This angle s comme
only called the torque angle for motor gnd load angle for genee
rator.

It has been discussed subsequently in this chapter of
that the reversibility of electro-mechenical energy conversion,

8% well as of the basic similarity of phenomena in generators
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and motors, ‘is gvoidable in polyphase induction machine, For
the conception of 'losd angle' the induction generator action
may be exsmined by wmeans of fig.(1l). Helative directions of
motion are indicated by the arrows inserted between parts (a)
and (b) of fig.(1l). The numerical velues of Speed are shoun
for the particaler tase of a g-pole, 50 ¢/s machine, whose ro-
tor is driven mechanically at 1600 rpm. In fig.(1X&) the air
gap Ilux density wave i8 shown in the position of maximum in
stantaneous voltage in phase tat but the induced rotor voltage
directions in fig.(a) and fig.(b) are opposite because of the
oppositely directed relative motions of air gap flux and rotor
conductors. With negligible rotor reactance, the phase (a)
cuwrrent gnd ¢ms§qﬁent1y the ~roter m.m.f. wave 1s displaced
by 90° from the flux density wave of phase 'al In the genera-
tor, the retor m.m.f. wave is of polarity opposite to that in
the motor because of the opposits induced voltsgs. The load
angle *&' is therefore ~90° as shown in rig. (a). The elect-
romagnetic rotor torque is directed towards the left in Figure
(11-b). | -

When rotor leakage reactsnce, is appreciable, the
Yotor m.m.f. wave will not take its place at an angle of 90°
the flux density wave of phase 'a' until the flux wave has
travelled (QQ + dzl degrees rarthir down the gap relative to
rotor. This travel is towards the left in Figure (1le-b).

The load aengle is now &= + (90° + &)

For a generator then, the electromagnetic torque on
the rotor is in the direction opposite tc the rotation of the
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flux vave in space. 't is a steady torque becsuse rotor and

ststor fields are stationary relstive to each other,
SIPUECIGH ROM Lo 4IGLS FOR SAERSAND COMAIIGM
Maxinua torgue condition:
8 = -rg/xp tgns = - tan (90° + @) = Cot &y
- Cot gp = rgsxg « (From vector diagram)

tang = = 1 or 6= 138 tan 3= - rpfaxy

For different values of rg/xp & famlly of curves hsave been
plotted in fig.(12) between torgue angle (&) and slip of the
induction generator, It i3 seen from the Fig.(1%) that for
all values of rp/xp the saximum torque angle is 1356% witbin
the stablility region of the generator.

For ro = xp and ro  2xp the macbine operates stably
for all values of slips (fr;am synchronous speed to twice the
s;mchroéous spesed). 1t can be shown thsat

9.
e }E\ 'fa'

K (Torque from Prime-mover to generator) = ~ — 2
TQL-\*)b""ﬁa

= H(w bin 2 &
where s falls within the range of 80% to 180° H/M, sSin 26
For different values of (&) betwoen 809 to 180° M/(Max) is
plotted in fig,(13). This curve is similur to the torque
angle and torque or load curve of the synchronous machire. In

the above expression of torgque, primary impedance is ignored.
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xews OF MCHANICAL POWER, SUPPLLED 10 GENERATOK,
TERMS OF LOaD ANGLE ’ N
Bk (1

Pg = Mechanical power supplied to g enerator = - —— 77—
« = pp/xp = Cot & . 3= 3lip. Ky = Eleﬂlxa'

where ¢ = Impedance angle of the rotor at stand.still.
Substituting the value of & and « in terms of & and 6.

Casd$
o= - X SR80 o o] @

Value of cot & 1s positive.
So the maximum va ue of Pg will occur when cos (26+ ¢) = 1

Or (264#60) = 2r . Or o= (»-0/2). So Pg(aax)

Cos (26+ @) + Cos @

or Pg/P = (2)
&/Pe(max) 1+ Cos @

The relation~ship between maximux power angle and different
values of rg/xp 1is shown in fig. (13-b).

squation (2) can slso be expressed in terns of ¢ end &
substituting 6 = 2» = 20y

Pg . C052(6m-b) 4 Cosabm

Pgunex) \ A= C082bm
and  Pg(mex) — ——%Cok% = KiCASw,

6 = 800 Pm(m()) = -Kplg Pmu‘wﬂ) cot /8

Fig.(13-a) and fig.(13¢b) glves relation between
To/xp and Pgoy 7 Puax(9o®) T2 /%2 and §, respectively,
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CHAPTER 111
INDUCTION GENERATOR CONNECTED IO INFINITY BUS faR

(1) SIABTING QF JBDUCTION GENBERAICH:
It 45 possible to make a line start of an induction

generator as a squirrel csge induction generator. In general,
starting current of an induction ﬁotar is 6 to 6 times of its
rated current and is ligble to cause disturbance in the system.
If the generator is made to accelerate to s speed Close to syn-
eh&ouisn>and is thrown to pover supply , the starting current
can be made smaller, Al a speed colse to synchronous speed ,
however the stator current and the torgue undergo & sudden che
snge. I1f the speed rises, above a point of thefﬁaxinum torgue
(point 'a' on torque carv:) there is & canger of run avays. then
8 precise speed detector is called for, This behaviour of the
set attending runawsy speed will be discussed later, in gene -
rator details,

| The phase rotagtion of the synchronous muchines is
measured ggainst that of the electrical systes to which they
are to be connected. This requires excitation. The voltage
of the machine is toc be bullt up to noramsl voltage and messuree
ment and indication is to be taken by direct or through voltzge

transformers, depending upon the machine voltage.

¢ In fig. 2.
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In gn induction gensrgtor, no voltage exists in the

vindings until the stator 15 switched on to the bus barx.

¥irst Method

1f a synchronous generator is connected to the
tnduction generator, free¢ of all connections to the main ele-
ctrical) net works on asny other 3-phsse a/c low voltage source
(even from the network with a step down trsnsformer) snd side
by side stator current is megsured, the phase rotation can be
determined,  Both the maénine can ruan at synchronous speed,
1f the phase rotation of the induction generator is correct
or in other words, if the direction of rotation magnetic field
'produced in the induction generator by the current supplied
fron.the synchronous machine has the same direction of rotation
gs the induction generator rotor, the current at any voltage
will not exceed the normal value. Under this cocndition the
voltsge supplied by the syhchronous mgchine can be called as
positive seguence voltgge. When two tcrminuis ol the voltage
supply is interchanged, keeping the direction of rotation of
induction gensrator unchanged, the rotating magnetic field
produced in the machine will have opposite direction, Under
this condition, the voltage supplied to the machine is called
as negative sequence voltage. If the rotation is urong or im
other words, with the negative sequence wvoltasge, higher current
will appear before the full voltage is applied.

The equivalent circuits for induction generator with

positive sequence a8 well as negative sequence voltage are &
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shown in fig.(14) and in £ig.(16)s The current into the stator
of the generator. Under both conditions is given by the folle

owing expression.

Y, = ﬁ"%v - ——‘)%-v;v (Neglecting loss component)
I, = B (Vzbet o), Ny = E Q1+ B+ 2Nm) = B (1+ 2L )

Since 1+ 2] yp ™ 1 23¥n Deing very small

Az D CHRE )]
’ZQ,; A ) "fg’/» A+ g L =

= v

1

Y; *a .
N A o 1 \JX(%M )+ (WX )
“(\.\-*fn?, A N (14-\-\—‘)‘-5) ' . (T\-\'Tﬂ/ﬁ) X 'X.
' . ' x\.\-%a = X

With the slip = 8 the expression for current in equation (1)

\l

corresponds to positive sequence voltage.

I = v Cand ¥ 0F )T (2)
} (’T\'\'T:"yﬁ)’l’ A x* ,

For negative sequence yoltage s, = (2-8), current at any 8lip
18 given by the expression.

{ 2. 7
In = V4 :9‘?:)@ T [\-\-ﬁjb
, Yj\_\_ —:\ _\_ 5 (3)
.C.nuam gt stand st41)

At stand still 83 1
1 A [] p N
50 Ip = vl J ("J/-,‘":) ‘ A- (_\'\' *’"/X—n\)

s I, (4)
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At stand still both the currents are sSame. 0 curves for ip
and In « Vg Slip will start from Same point.
But at any other plip the magnitude of Ip is greater
than Ip and at synchrnous speed, the magnitude of currents are

given by the following expressione.

At synchronous specd:

At synchronous speed &= 0

= Vl/ (4pproximately)
and = Vv, o)+ ()
Q\+795) & x*+ (6)

*blg + (0 +em) T
3 Ip ) and the ratio Ig/Ip
(’T\* ‘f% )Q-_\_ xq___ R

is{greater than unity)
This indicates, that with increase of speed from
standstill to synchronous condition the aifference between Ip
and I, increases. o by knowing the magnitude of currents
(I, anc Ip) at any slip, preferably a slip near avout synchro-
nous speed the correct phase rotation of the machine cuan be
determined,
Experiment verification of this result is described below.
Second Method
Iwo phase connection - The induction generator
running et ncrmal speed 1S connected to the slectrical net work
on two phases only., The remsining phase, 1s connected through
& volt meter or voltage transformer and voltmeter depending

upon voltage with correct phase rotation, a small voltage will
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appear, but with wrong rotaticn a voltage 8lightly lower than
twice the applied phase voltage will exist,

This method is useful, if no separate synchrcnous
machine is not avallable for test '1' for it has the disadvane
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 methcod is umsuitable for higher speed
machines,

Third Method

D,C. Battery Method -~ The following method is always
possible. 1t requires no separate machine snd no counection to
electrical system. ) |

A battery of about 12 V d.c. is connacted'to two stgp
tor phases, while a d.c, voltmeter 15 connected beiween the |
remaining phase gnd one of the¢ phase counected to battery. The
battery is switched on, with the machine zt rest, unu the direct
current 1s phase 'i' and 'C' will proauce north gnu south poles
at the points, na, sa, nb, sb in the stator und north and south
poles in the rotor. 1If the rotor now retates clockwise, the
right hand coll of phase 'B' will be swept by a south pole in the
rotor and the left hand side by a north pole. kor coirect phase
rotation the voltage induced in phase 'H' should be as shown in
figure,(158)

Before rotation commences, the voltmeter will give a
reading because of the voltage &rop in phase '4' caused by the

battery current with correct phase rotation, this voltage will
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decrease by kick momentarily as the machine coumences to rotate
Wrong phase rotztion will result in an increase by kick in the
voltmeter readings,and this also happens momentarily.

Tests were performed on a 10 H.P, 1800 rpm 850 cycles
squirrel cage inductlon motor coupled to a de.c. machire, Fhase
rotation of the induction machine is determined by the method I,
which is desoribed esrlier in tuils paper. at 40 V (3 phase 3
supply) the positive sequence as well as negative seguence
currents at different speeds were taken and the relationship
between speed sna current 18 snown in Fig.(16).

It has been indicated in the beginning of this chgpter
that the in-rush current to the induction generstor will be less
in mggnitude, if the machine is switched on to supply system
near about the synchroncus speed.s To confirm this theory the
test was done to get a relastionship betwecn in-rush current and
speed of the set, The set was switched on at aiiferent speeds
to 440 V supply andthe first kick in the ammetor wes Deiny
noted as ine-rush current at different speed. This methoda of
measuring the inerush current 48 highly approxzimate, but it
gives an 1dea about the relatiomship. Fig.(17) gives the
relationship between the in-rush current ahd speed of the set,
snd it 15 approximately a straight line in subesynchronous
rznge and between slip .02 to O. In sBuper synchronous range
in-rush current will increase once again.

Oascilloscopic record of the ipe-rush current, applied
voltage and speed response of the set at three different speeds
were taken which are shown in figs.(18),(19) and (20). It is
seen Ifrom this test, that the suc-transient ana transient curre

ent do exist for a very few cycle and will not cause any detre-
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-mental eifect to the machine, wWhen the mgchine is switchea on
at a spe¢d below the synchronous speed ol the set, it experien -
ces a reversal ol power flow with certuin wmount of mechpnical
Jerk to the moving parts. This 1is an undesirable feuture ana
in author's opinion the machine csn be switched on to the supply
at 8lightly above synchronous speed, ana within tue stability
range ol the inauction generator.
Load Test:

Actual loaa test on this 10 H.P. 1500 rpm machine was
performed, with the set connected to intinity pusbar, By vary-
ing the speed oi the d.cs motor, inuuction genergtor was gradua~
11y loaaed eificiency power factor, 5lip Vs-electrical output
have been plotted in fig. (21).

Qver Voltare:

Over voltage protection shoula pe fitted us standara
to guard agalnst self excitation which might arise aqued to swite
ching operations on the electrical net works which coula give
rise to over voltage and this possible in most cabes glthough in
BOmMEe Cases they are lumpoesible, Ine cost of addirng over voltage
relay to the main circuit breaker 1é quite small. The relay neea
only to open the circuit bresker, but if convenjernt, it 15 8150
usually wirTangeu to shut down the turbing.

Lov Yoltgge:

Low voltsge protection is also & stundard fitting,
which 16 recessury tor inauction generator., 4+t must huve, howe
ever, a time lag ana not to be very sensitive to short time volte

@ge dips. Its principal use is to open, the main circuiloreaker
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1f the main net works supply falls. 1In 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., Kestoe
ration supply to the electrical net work will normally be from
a source remote from the induction generator and is necessary
to disconnect it~ff9m the supply line before restoration, otner-
‘wise it might be switched in when it is at rest, In the unlikely
event of.the protection failing to shut the set down, the resto-
ration of supply with the machine at over speed might not restore
41t to mormsl load speed, Under condition of reduced voltage,
stable opeiation at low power output and high speea 1s possible.
The low voltace protection ensures that tnis cannot happen.
Bup away speegd: |

- From the 8lip énd power curve of the induction genee-
rator (Fig.éé), i1t will be seen. that the machine vperates stably
between OA '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, AB is the unstable region of the
powerslip curve ol the generator, 1f the speed rises above point
‘A' thepe..is a danger of run away, sSince beyond the point ‘Al
the generator will have tbé tendency to give less electrical out-
put. and consequently the extra input from the prime mover will
. Cause thg’macyine to acceleéate and it may so happen that the
machine may aﬁtain a dangerous run away speed, ouch a possibili-
ty is there alsc when suddenly electricsl 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 x0 to *aB' region of the
power slip curve. To avoid any of the possibilities already dls-
cussed, a precise speed detector 1s called tor.

~ Speed detector:

, A speed detector used in Japan operates in a
principle of using msgnetic circuit with a construction of chang-
ing magnetic reluctance with the rotation of the uachine., 1he
magnetic reluctance of the path 18 detected by an A.C. supply
and a relay and the state of start and stop and detected indirec-
tly. One of such type of spéed detector is given velows
I = laninated retor gore. |

H i3 the laminated stator core having salient poles
being provided with coils C) and Cge 'I' is driven by turbine
generator shaft 'R' is a balancing relay ana has c¢oil and KHCj
and RCpy which are¢ connected in series to the forgoing C3 and Cgp
respectively. In the state fllustrated, Cj ha- the large impede
ance, Accordingly current of RC; being larger then thai of RCp,
R closes at t he left contact Py. 4C a point where 90° rotaticn
is made from the illustrated state, contacts P2 c¢lose. P; and
Py energise coil *M' of time relays T} ano Ig 80 &8 to operate
them.

As shown in Fig.(23«b) relsys T; and Tp have a short
ring G, a neutralised coil 'N' and a main colil 'M', Having a
far greater magnetomotive force than coil 'N' the coils 'M' imme-
~diately attracts a moveable core when the current is passed in 1it.

Coil 'N' and this circult 1s kept chargised ordinarily. 1In a
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state where both coils 'M' and 'N' are bein, energised, resulta-
nt maghetomotive force 0 - MK is produced a8 shown in Fig, (¢) to
attract the uovqable core. If M coll is de-energised at a time
tyy short circuit transient current flows through 'G', 8o as to
counter~act the demagnetisation and magnetomotive force chasnges
as shown in a, b, ¢, and d, without decreasing imnmediately., Hence
if 0 5 be a magnetomotive force needed for attracting the movea-
ble core against a spring force, then the moveableé force is de-
tacted from the fixed core, when magnetomotive force becomes 05,
Then operating state is continuous after the demagnetisation oi
coil 'M' as fer &s a point 'b' where 05 intersects a curve of
magnetémotive force charge for a 'I' seconds.

In the state ifllustrated, T3, is operative and Ip ine
operative, and until turnirng 45° in this state the operating
state continues for the foregolng reasons seven though T 1is de-
energised, Next after turning beyona 459, Po is closed and To
becmealin an operating condition. Aat- the turning of more than
135%, To also becomes de-energised. This means that, while rofa-
ting 1s in low speed, both T; and Tgp can never be in operating
state, Above a certain speed, however both become operstive.
Then through combined use cof the contacts of Ty and Tg start or
stog of rotating body can be detected 1ndirect1y;

As it is clear from sbove mentioned, it is feasible to
detect a speed whep a timo.in which time possessed by t; ana Tgp
passeé, becomes equal to a time in which I pasSsed over an insen-

sible angle of 'R',

RAL fERr UNIVERSITY 0f ROGINEE,
ROORKEE,
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This insenible angle is about 30° and the following
reletion holds good between time 'I' of T3 and Tp and a nume
ber of rotation per minute 'N' of shaft 'I' to be detected
N= 60/12T rpe.
| Then it is assumed that T = 5 and it is possible to
detéct a humbei of‘rotatiun above 1 rpm at stzmiing and below
1 rpm. at stopping. This start and stop confirming device is
utilised for mény kinds of automatic control as well as for
a slow.starting system. Though relay 'R' was explained s a
balancing relay from ine convénience of explanation of operge=
tion, a magnetic gmplifier is in use instead of relay 'K' in
both_£Aé power system,
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INSTABLLITY CONDITION® Qb INLUCTION GLNBRAJOW:

In £ig,(24) the toryue consumed by the inauction ma-
chine at all turbine speeds above iull load(P) is much higher
than the torque of the turbine, However the induction genera-
tor torque curve hus got a shape of rectangular hyperbola mar
ked by 'C' and if the induction generutor should be such as to
bring the generztor torgue curve at 'C' below the turbine tdque
curve 'C' the speed, when once increased beyond the ralige 'C?
would not spontaneously drop back to normal.

While in f£1g.(24)'C' 1s much higher than 'I', Fig.(24)
represents the theoretical, but not real wse 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 perc@nt resistance ana X percent
reactance in the line from the induction machine station to whe
next synchronoism station, we get the modified torquﬁ curve
shown in £1g.(25). as seen at Full load 'P' there 4s practica~
lly no change sbout 4 per cent slip above syhchronism. The maxie
mun terque of generator G and motor M and the torque at fbe cone-
cave part oi the induction generator curve *C' have greatly dece
reased, However 'C! 1s still above 'I' that is even under these
extreme issumption, the induction generator would pull the ture
bine down from its racing spaed'of 180 to the normul full load

speed of 104 though the mergin has bucome HAIrow. _
- Assuning rowevex an induction machine with mach less

slip, with only half the rotor resiStunce of fig.24 wnd 25, at
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constant terainal voltage tais gives the curve shown in figs 26.
. The full load (P) is at speed 102 or 2 per cent above synchroe
nism and willé the curve brench *C' much lower, the conditions
are still perfectly stable. Assuming however, witu this type
of low resistance rotor, a higher line impedance 10 per cent
resistghce and 20 per cent reactance as in fig.25, we get the
condition in fig.27 <The range 'C' drops below T sha tu¢ inauce
tion generator torgue curve G intersects, the turbine torque
curves at three points P, Py, Pg of these turee thecretical
running speeds, P = 102, Py = 109 and Pg = 1ll3. 5, two cv.
stable, P and Pp while the third one P; is unstable anc from
P3 the speed must either decrease, reaching stablility at the
normal full lodd point 'P' or the machine speed up to Pg.

| If with the conditions represented in fig.27, the
turbine should by an opening of the circuit for instance have
speeded up to its free running speed 180, closing the ¢ircuit
does not bring the speed back t¢ normel, P but the machines
slow down only to sSpeed Pp, when stability is reachea at very
little output and very large legglng currents in the induction
generator.

To restore normal c¢ondition, there would reguire shutte
ing off the¢ water, at least sufficiently todrop the turvine tore
que curve T below C and then getting the machines slow down to
synchronism « They would not go below synchronism even with
tbe‘water gates entirely closed, a5 the induction machine as a
motor of curve 'M' holds the speed,

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

simple excess speed governor, which cuts off the water at 5 to
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10 per c¢ent above synchronism, However the posaiyllity of aif-
ficulty duc to the " dropping out of the inauction geunorator"
o we may put it in analogy to the d ropping out of the induction
motor, 1s rather less real than it appears theppetically in
smgller stations such as would be oporated without attendence,
as automatic stationsy the torquo curve of the induction genera=
tor, as & small machine, woulc be of thé character ol fig.24 or
26 and there are not lisble to this difficulty. The low resise
tence type of inducticn machines, as represented in I1g.26 and
27 may be expectod only with the larger machines used in larger
stations.s In those some attondant would be present to close
the water gates in case of Lhe circuit broasker aperating or
simple and cheap exces. speed cut off would be instglled at the
turbines, keeping them within 10 per cent of synchronism, and
within this range, no dropping out of the out of the imduction
generator can occur.

It 18 desirable howover to realise this specd range
of possible instgbility of tne induction generstor, so as to
avold it in the design of induction generators and stations,
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\ STABILITY QF Gl ERATOR WIT EReNGE TQ POWE
1D I0JQUE ANGLL .

Load angle charscteristics, which has been draun in
Fig.(28) for induction g enerator for various value of rg/xg
one exactly similar to that of synchronous machine, The proe
blem of electro-dynamic oscillatlon, steady state. otability
and tremsient stability of this generator, thwough not soc ucu-
te, cen also be studied with similar line of reascning, to a
fair degree of accaracy, &s in cas€¢ oI synchronous generstor,

A generator working on infinite, bus-bars will become
a motor, if the prime mover is replaced by mechanical load.
The power angle (8) plIps an important part in the operation of
1nduétion machine as in case of synchronous machine, Changes
in load change its magnitude wnd when a machine alters from
generator to motor action '¢' reverses and when '6' is caused
to increase excessively, the machine becomes unstsble,
ELECTRO-DYNAMIC QoCILLATION |

Important dynsmic problems al-o arise in induction
machine, because successful operation of the machine demgnas
equality of the mechanical speed of the rotor mmf, and the
air pap flux produced by the stator field, and because synchroe
nising forces tending to maintain this equality are brought
into play when the constancy of speed between rotor mmf, aud
stator air gap flux is disturbeds If the instantaneous speed
of the induction mschine is changed (by mechanical load on motor
or electrical load on generator), the torque angle or load angle

changes. In either cese as long as the torque angle did not
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exceed the maximum value, the result would be excess of power
ineput over power output and it would accelerate the rotating
mass tending to restore aquilibrium conditions, For example,
if a large load 18 suddenly gpplied to the shaft of an induce
tion motor, the motor must slow doen at least momentarily in
order that the torque angle may assume the increased value nee
cessary to supply the added loads In fact until new angle is
reached, an appreciable portion of the energy turnished to the
load comes from stored energy in the rotating mass as it slows
doen, When the newly required value of gngle is £irst reached,
the equilibrium is not yet attained, for the mechanical speed
i5 then below, the spe¢d demanded actually by the load. 1n
case of induction macnine the condition is not so severe as in
case of synchronous machine, In any case the ensulnhg processes
involve s series of oseillation about the final position before
equilibrium 15 ultimately restored. Oimilar phenomena exists
in case of induction generator, when a part of electrical load
s thrown off from the machine with consequent rise in speced
above the expected speed or when the load 1s increased on the
machine,

Equation to power input to induction generator is
Ppax L c08 (83 + 9) + Cos 0]

l+ cos €

Pa

when € 1s the stend still impedance angle of the rotor gnd
8= load angle of the machine,
A change in load causes an alteration in load angle

*8 . Suppose the machine to be working on a load Pa Fig.(30)
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with angle '8a' and the load is suddenly increased to Pp with
the equilibriun angle ' ¢b)., The acceleration of the rotor from
6a to 6b occuples a time interval during which it gains wn ince
rement of kinetic energy. is a result its speed of rotation
rises above the expected speed for the new loaqa, it passes the
rough the new equilibrium angle & anc reaches g more advanced
position éc which may lie beyond én where &tm = w = © and it is
the sngle for the meximun power input to generator, # In this
region a retarding torque 1s developed on account of tune excess
of output over mechanicsl input anc a retardation will ensuse,
Oscillation continues until) dampling has dissipated the oscilla-
tion energy.

- Exact description of such events c¢an be given only in
terms of the associated electro~mechanicsl differential egua«
tion and decisions on restorstion of equilibrium cun be based
on solution of the equation. This type of oscillations or hunte
ing with the accompanying power and current pulsations may be
particulrly troublesome in induction motors driving loads whose

torque requirements vary cyclically at & fairly rapid frequency.

THE BASIC BLECTRQ-MiCHaNICaL LQUATION
A3 in &l) otber types of machineg the electromechanical
equation for an induction machine follows from recognition ol
the three classes of torque acting on the rotating wmembers; on
inertia torque, an electro-maggnetic torgue 'Te' resulting from
energy conversion and g mechanical shaft torgue Ish represente
ing input from the prime mover or output to turn the load, 1In
writing the eqution, it is most convenient to specify the angue

lar position of the shaft at any instant as the electrical angle
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‘u rotor mmf. and stator eir pap flux in space. This
_donverted to mechanicul angle, bas its existence in

Jd 15 @ measurable gquantity by stroboscopic methoa,
bince the inertia torque is given by the product ot

the moment of inertia and engular accelaration, it becomes
Tt = J Lp v/180 42/ dt® newton - M, (D

where p 1s the pair of poles and the fuctor w/180 p converts
electrical degrees to mechanical radians,

The electré-mechanical equation for the machine 1s

J 1p »/180 42y/dt? + Te = Tsh, (2)
The gbove equatlion is written specifically for a generator.
The ssme equation may be applied to motor action by following
an appropriate slgg conventicon. Machine losses do not appear
explicitly in the above equation, 4&ppropriate account of losses
may be taken in evaluating the torque in terms of 'ITe' ana Tsh,
but most commonly are ignored entirely.

The inertia torque (T41) in the above equation reguires
certain amount of explanation. Unlike synchromnous motor, the
rotor of the induction motor ruhs at slip speed with respect to
rotating air gap flux produced by stutor, But rotor mmnf. when
viewed from a point on the stator moves with synchronous speed
in spsce and there exist a definite angle (mechaenical) between
this mmf., and stator air gap flux for a definite slip and loud.
This mechanical angle 1s measurable and observable, if a disc
coupled to the shaft of the machine with balck and white sectors
equal to the namber of poles, 15 being 1lluminated by & monoch-
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patic light sourco, whose freguency voltage is equal to the
frequercy of rotations of the rotor. This cun be best done
by couplin; an &.C. generator to the shatt oi the inauction
machine ond the light can: be connceied to the voltape avallavle
from this generator, ©Such type of stwobodcopic method Of mepe
suring torque angle already exists for synchroncus machine ana
in autbor's opinion the method walch 18 suggested above cun be
utiliscd for measuring thc torquf angle of the induction machine,
8o viowing from stator 3;de it looks as if the rotor is rotating
with synchronous speed, just like synchronous machine and thero
does not exist any relative spoed between the rotor end the mmf.
produéad by its wihuing. When the torque angle 1s observea
optically with reforence to a fixed point on the frame of the
stutor, it romains fixed snd constunt in megnitude in space for
a particular locad, any oscilla tion experienced by the rotor
due to transient load, can be observed in the fiela of vieion
by the variation of torjue angla.
So the final electro-mechanicsl equation in terms of diiferent

torques becomes
1 a2/ at2 o Td defdt + Ty, vin 265 Tsh  (2)

‘lhere Td dé /dt is the damping rorque and Im 81 26 i» the
olectromagnetic torgue.

Due to the presence of Tpgy 8in 26 , the above Giffere
ontial cquution 15 non-linear and it 18 not possible to wolve
the cquation by usual method,

When the rotor mmf. snple 6 i8 smull, adventagc may

be token of the fact that the since of a small angle is closely
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equal to the angle radiuns and 11 *'¢' varies between woout
+ 16° to -16°
Sin 26> w26 /180° = ¥ o/90°
S0 term Tpoy 54N 2 6 1o replaced by the term Tp.y ¥ 6/90°,
in the guove equation. Lkguation (2) becomes linear anu it cean

be solved by usual waye

I 426/ 4at2 + T4 46/ dt + Tpgy ¥4/ 90 = Tsh

ceess ()
Knowing the full load speed €ifferent quantities in the wbove
equation, the damped oscillétion frequency, natural fregquency
natural f:equency ot oscilliion and thé transient equation o1

' ' can be determined in the usual waye.
DETERMINATION Oi POaka LIMIT BY ByUnl abisa CAITERION

. For the nonelineur electro dynamic¢ Transients ass50Ce
lated with simple induction machine witn neglighble damping use
may be made of graphical inter-pretstion oi the energy storea
in the roteting mass gs gn aia to‘determinins the maximum angle
of eswing and to settling the guestion ol maintenance of Synch~
ronous speed between rotor mwf, and alr gop fluxe a siugle
induction machine connected to large power system will be aise
cussed here, becsuse ol the physical insight 1t gives to the
dynamic process.

Consider specificglly an induction generator which 1s
initially unloaded, Its operating point is ut the origln of
curve in fig,(30. when Py input power is suddenly increased

the rotor accelerated along the sinusold ABC and ii the machine
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15 in synchronism (rotor mmf. & air gap flux) 15 malntuineu
finally comes to rest at point B with & nov toryue anple &x.
In the region of 'C*' a retarding torque 1s doveloped on uccount
of thc excess of output over input (Mechanical)s. The transient
stability limit is reached with the value of Py whlco makco
first swing of the rotor terainate at an angle &¢ =(3v/2- 6~ GX)
tor which power deficit (Pp,, Cos(28 ¢ 6) + Cos © /1#c056 «Py)
becomos zero. For in this casc there 1s no tendency for the
rotor rotardation to continue to swlng it back towards the stae
ble oguilibrium position.

The criterion oi transient stability limit is that the
area A3 ﬁuﬁt not be greater then area BLD, The integrul JTdd,
of torque vith respect to yhgle 1s encrgy.

The area-sB0..reprosents the kinetic ensriy peined.during
accelerutifngperiod. from 0. .to dx while &rea BL: 1. .the. cuergy
released during retardation betveen ox end 66, 50 the oqaality
cf areas BGEP and 04B ylelds a borderline solution of instable
equilibrium {or which the curve *C' 16 followed,

HATHEHATICAL ARALYSIS SOK CRITICAL POURK AND LOsU ANGLE

In the Fig. (31) 6¢ 1s the eritical load angle for
suddenly applied loed of Pe. Both Pc and & are to be deiermined

by oqual area criterian.
: ‘ Cos(2&06)+Cos0

1+ Cos @6
00000(1)

Goneral equation to the curve is PXx = Ppgx

vhore 6x 48 the loud angle for any povwer Px., hewkitting the

above cquation Px = A cos (28.+ ©) + 8 sses ()
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where A = Py, / 1+ Cos @ and

B= Ppox cos ©/ 1+ cos & , we get the equstion to area Qx

€ xb
5
04B = by, — S [._A Cos (2.5;.-\-6) +’B] A ¢ - - (B
‘:g_\o
8¢ 3 w/2+ &
So ares CAB = a4/2 (Sin (20,+8) = Se) + O(Pc-B)
3L ~(bit6)
3
Area ACD = g C A cos(26nte) +B | doy ~— P [T — (ox28)]
X by

d
= ASn(a6%0) ¥(B-%) Tr—C2848)|

For critical stability area 40B = ares sl

A sin( 26 +6) +(B-Pc)[r-(2640) J= [Bin(26,+6)-s1né]+ ¢; (Pe-5)
Solving this equation we get
Pc = &/2 [ (5n(er26)) + 5in ) ]+ B (#20=0) / 7268 ...(6)

From original equaetion to power load angle chgracteristics is
Pe= 4 cos (2¢c + 9) ¢+ B vees(6)
or Pe = A ¢cos (w+ 26 + 6) + B2 Bw atos (26 +0) «.e(?)

equating both the equacions (7) and (8)

A/2 51n(6r20))+ 8ine / (1=6=08)) = « 4 cos(0 + 281)...(8)
Substitutin, the vulue of 6 = & -~ »/2

Final expression 1s (26c + 20-3w) = Lin(26c+0)-bine / cos(?ag?),

For various v:lues of 6, 6c have been found out in Iig.($2) oy
plotting both the side of the equatior (9) for verious values -
of 6
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Fig. (53) gives the reletionsnip between rg/Xxo ana 6 anu
Pc / Pgpax(000) where Pc / Ppax(20®) s the optimum power which
csn be suddenly applied on the wachine, withoat making it une
stuble.
Speeial euse - r2 Jdxp tan €= 6 = 90°

substituting the value of 6 = 20° in equation (9)
2(Lcew) 3 Lot & and Pec = Py, 8in 2 6C.

This equation for power is gquite sim{lar to the power equation
ol syncuronous machine wher stator resistunce compareda to its
leaksge reactance, is neglected,

For ¢ = 90° or very neur to thaﬁ, the muachine slip is very

small and rotor rotates very nesr to synchronous speed.
Stabllity co=efficient of induction generator

The stability coefficlient of the motor as aelineu by
Steinmetz = 1/M dm/di = ks
vhore M = Torque of the motor end 1 = current.
tince voth induction wotor and induction generator are reveie
sible in action, the same 1dos of stadllity coefiiclent cun be
extendeu 10 inauction generator,

In case of generator M = Mechenicul torgque, supplicd
to the generator anu 1 3 current output,

If o is positive, an increase oi curreut output caused
by incroased 8lip or increas<¢ ol speeq beyornd synchronous specd ,
inecrcascs the torque 'M!' to the gpenerator. Inversely il Ks 1o

negutive generutor is unstebley, whid thio will happen only when
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the machine comes to unstable portion of slip torque curve amd
this has been explailned earlier., At constont slips, the ygensge
rator torque¢ 15 proportional to the squure o1 the terminsl vole-
tuge V8 If by variation ot slip, caused oy a iluctuation o
load, the geneiator output current varies oy di,wihethe terminal
voltage v constant, the torjuc 'M' transmittea Lo generator
varies by the fraction Ks = /M dM/di. 1i however the variat-
fon of terminal voltage causes a variation ol emf, generateq,
the torgue supplica to tne generator peimy proportionsl to vE

changes still further by the fraction

Kr = 1/v2 dvi/di = 2/v dwdl

S0 total stability co-efficienﬁ a Ks + Kr.
since Kr is pnegative the voltagge decreases with increasiig €
current, the stubllity coefficient of Lhe motor is reauced.

Kr = 2/v dv/di, represents tne torgue change due to
momentery voltage change anda is a charscteristics of tne supply
system wher. it is connected to infipity bus ber the terminal
voltage ol the system is practically censtsnt, »o dv/ai = 0.
But in case of an incuction generstor which is selfl excited
eltner by static capacitor or by synchronous condenser, toe
voltage 'v' wild vary with current ano the vulue of dv/di will
depend upon the nature ol the lowd.
Lxpression for Ks =

Let us consider «p induction gsnerator where piiamury
tgpedance is neglected ana t.is is connectegto infinity bus DT,

If 23 s neglectea v; = L; and since E; is constynt
hy = 2/¢ de/di = 0.
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I1 = Ié + Im y Iy 15 practically constunt since by is tor
easier treatuent assuming torque variation with Ié olily.
Ks = /M di / dI}
dkﬂ@!/d!:.g a did/ds . ds/d1'2 d4/ds ana ds/dlé can oe

determined from the equation of M and 1}

+ ¥ '
dm —C (_Yo? "‘}3 ) \ ——%i\
T L=
» (_": + S ) \YT( ,\.),1—
\ '7’
an. | ¥ ‘o o= L Am
A% (Yl ‘I—__\_ b\. L)yj M ‘é

(3™ 89) (43— )
B E v

|

3 A cot 26/ sin 6 wherc a is tne constant and a + = =2xp/k,
and negative eign indicstes the generating action.
0 = torque angle of the machine.
Bo ba = & cobt 26 / 5mo (a) tor iaximum torque, 6= 138% ior
this value of torgue engle, Ks = 0. 1t is observea that lor
the vzlues of torque angle betwocn 80° to 1886° the vulue of ks
is positive, ana dcereases in meggnitude ang becomes zoro &t the
stablility limit of the induction genorator. For the tor,ue
angle between 136° to 180° , the magnitude of hs increases with
negative sign and this .clearly indicates the instablility of the
machine in the¢ region, which supports the conclusion drawn
oarliei,

Variation of Ks with load angle is shown graphically
in fig.34.
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Stability co-officient (ks) with gaenetdsine cuarrent (Im).

The above expression tor 'Ks' has been deriveu with
the assumptio:. that torque supplicd to tne generator varies
with rotor current 1,

it will be ﬁore accurate, i1 the varistion ol toique
with stator current I; is substituted in the expression of Ks,
The modified values of “s = L/M d4/DI, o

A / ) 2
I, =k / (ry / sxm)® + (1 +x} /xm)

4 .
J (rp /)% + )2

I o fg + Iy o Where xm = magnetising resctunce ol the gence

rator. The iron loss component has been neglecteu here,

/ —
Iy ek // .‘.f'a/"“"d“" (s* sxp/xm)®
v .’/r'3+ 82 x'g’f

sxte/xm is

guite smzll and
can be neglected,
Substituting ri/ am = a r} /x}, = d = Lot -6

where a = c¢constant

1, = E/xp // 121 i: Difierentiatin, 1, with
_ respect o 8
d11/ds = sby/xb (P a2) /(«2032)3/2(82*8%1‘:?1)
Stmilarly, M/ds = ke («Bws2) / (%2 + g2) < eoes(2)
| (a2 52) (xZ58)L/2 a® /e
Ks = 1/M di/dly = xp/fly s (<f - a5 (- 5 *s) eee (B)

Expressing the eqution (&) in terms of torque angle anu 6

(impeduncq angle oi rotor)
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Ks = A Song  (Cento -ar)
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Further simplification of the result Cun ve made Dy substituting

' ' o

a= B—Qa’te-:-_ b co\ke b—-ii;\-
C_o’c,‘ls [6 bXans \51’8-\4 :] (%)
KE ° s\_ns \‘-‘b1 S ®e 0 ‘*

The torm withilL oracket, is ulways a positive guantity,
vhate gver may bc the value ol 6, since b is always a fraction.
if b {5 neglected, the expression within the bracket is reduced

to unity and the oxpression of Ks takes the originel form which

is derivea garlier.
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CHAPTER 1V

SKLF - EXCITED INDUCTION GENERATOR
— Self excitation by Static capacitor
- So far we have discussed the behaviour of 1nduction
generator as a component of the system with other generator con-
nected to the system., 1t 1s possible to use 1nductioh generator
as an 1solated generator, if self excited. One wethod 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 , 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 mupply,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 &hd 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 generatar.
The curve 0.H in fig, (% shows how the magnetising current of an
irnduction 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 stgtor terminals will be proporti-
onal to voltage. The lines O, B. and 0., C. refer to the current
taken by two capacitors of different values on a glven 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 D with
capacitor furrent O F with the larger Capacitor on the same
speed the voltage would be O © with capaclitor current 0 G« When
self excited, the induction generator can supply power at unity
~power factor, but if the voltage regulation (change of terminal
voltege from no load to full load) is to to be reasonably low
the machine must be designed sc that its induction rises rapldly
with the fall of terminsal snd voltage on load, This gan be arr-
anged by designing a machine with a high yoke saturation on no-
load or by comnnecting a saturated core reactor in parallel with
the cgpacitor or capacitors, The change of terminal voltage on
changed load will then be m somewhat similar to that of a d.c.
shunt dynamo. The self excited induction generstor has the advane
tage that it can be used gs a stand by in the event of supply
failure. |
Bulld up of generator voltage =~

The bulld up voltazge of the d.5: shunt generator is
known to depenﬁ upon residual magnetiém in the field poles of the
machine and u#on the resistance of the field circuit, the final
bulild 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 enerator and the discussion about the capacitances supplye
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 gpplied leading auadrature
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flow in the stator winding (Machine gpplied leading guadrature
current to the capacitance or drawing a lagglng quadrature
current). If the capacitance of proper value is given, the cur-
" rent that can flow will be large enmough to increase the flux
existing in the air gap. An increase of the alr 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 1its final build up value. 1Ihis
value 1s 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 fig,(36)
will be discussed here, Opén circuit characteristics or satura-
tion curve of the induction;;enerétor is the relation between
magnetising current and terminal voltage of the machine, A str-
aight line thrcugh origin is drawn, which cuts the o.c,c. at a
particular point. é}Ope of straight line corresponding to this
point is the capacitive reactance 'X¢' which 1s 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 saturatlion 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 Rg = Ig.
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 bulld up voltage for
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any particular capeitive reactance can be predetermined as shown
in fig.(38).

Loss and restoration of residual magpnetism

Operating as a self excited genergtor, 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. Aany method that
gives temporary excitation to the iron will restore the residual
maggnetismn.

A few methods that have been found are (1) Running the
muchine as a motor from extsting system. (2) Discharging a char-
ged condenser through the stgtor windings while the machine is
in operation. (83) Connecting a 6 volts battery across 2 termingls
of the machine for & few moments, while the machine is at rest.

411 these methods are quite successful in restoring the
residual msgnetism, thus engbling 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,

Selfl excited indyction generastor by synchronous condenser

It 15 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 400 rpm volt P. induction machine
which was driven by a d.c. motor. A 4.4 kVa 1500 rpm 50 cycles
syhchronous muachine was used for this purpose,

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

supply mains and a curve of its exciting current Vo capacitive
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XVA was determined which is shown in fig.(57). If the O 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.

Iheory for build up of generator voltege by Ststic Capacitors

In an inductlion generator, just as in synchronoua
machine, there are a certain number of flux linkages in the rotor
or field ot the machine,

The rotor flux linkage = ﬁé

v ' Ota A %) Hm
B = To 22 — Txn W

r} and 112 are complexors referred to the axis rotation with the

rotor,

‘This means that during normsl operation

I‘ \ .B kwt
2 = 1Ll e B = rotor slipj

In this treztment all complexors are referred to the rotor
axis unless otherwise instated, |

% AR ] Y L‘"‘)‘.V"\
1& = T\~ \OKW (2)

Then equations given 1in this treatment are with refere
ence to the equivalent circuit given in fig, ( 87) in which iron
loss component in the machine is neglected.

LY 3 (Oednem) ]

1 It
Or I& —_— -"g;:m“\' I -by_w

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

\ N M ® L
A% Ry k YK — MM
g = %;\M:*M [V &+ T sy hvta‘**m)]

\ ) *x A
'\Lq_*x\\ [V‘ _.\.'S_\L‘Y[‘\'k)L)] o e !('b) i:x.*;ﬁ%

= .
\wxw\
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in the rotor itself, since therc 1s no excitation voltage
other than changing flux linkages.

! AG,
—2 =

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

6 = 51})““”\ = U, 4 TiDn vy ]

Let el be the voltage that would exist at the terminals of the
generator, 1f the breaker were suddenly opened while the generator

is carrying load current .

Farim Tty (A
B\-b Yom

$o (before breaker is opened) =

Con :
#q (Just after breaker is opened = 3%— (@) A Xm)

Vy ( after bresker is opened) = 5i§xm\'== €
Combinding this with the fact that

go (after) = g, (before

I, (after) = -r‘;,a“ Lor TCaaid) ] (5)

and e a2\ Tilruax) | (6)

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

\ \
e - Yy Am AQ‘

%Kw‘ '\u} Yo A“t = 0
\
wydxm Ao
e + = 0
WYy Ak (7
ad _ Rd A X
or e+ "lo-n =0 (8) where To = ———

LOY;

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

the ana1y81§ of the transient behaviour of synchronous machine
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relating ed, edl as follows QA& t Tde o= = &

where ex = exciter voltage. Naturaliy there is no corresponding

term to ex in the induction generator system.

Moty gl
- + —° 2L =0 =0 1is the starting point of
So equation e wv3 Ak &P

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 e 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

Vl = I (,‘Rn.-\--},xej (9)

ol = N+ I, (fi+yX) (10)

e = U, '_(_\{'_Y\ A '\,(kwkx\}] (11)

using these eguations el and e can: be expressed in terms of Vi
the terminal voltage of the generator, by the following equation.

(%) - T 4+ Re+ b Cxevd)]
Vi E + RL‘\'SXQ‘] = W RQ,-\'BXQ (12)

e' =

X S(”‘-m‘\'x‘)
e = \)‘ E\ ¥ Rea ,\'\XQ ] , (13)
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Combining equation (12) and (13) with the differential equation
relating e and ek, the following expression 18 obtained.

Vi Red B(Xedmix)7) | g [rorRe s y0e)
]

Vv - = 0
L ReA)Xe - 7 RaxpXe
After simplification we get
p \
vy EY\*Q&'\'%C:KL‘\*\*TM)] A AV, — e (14)
RaATi A JCREAN) T Ama g ok
or N _\_% “o (15) A = RLAVA Y (X3 RmA X)) ) €0 Ay

Reanir J(Xe 4} wmAt,
After rationalising.the lefte-hand side and equuting for a and b

L
we get (_‘f\-\ Re) + (Ke X Xm+ry) CKQ“\"X‘:) s

a .
(FwR) ™D & (Redn)— nwmrng

(Y\*RQ.J ( XwmT¥®y - ) m*&‘
(M AR) T A (e X)) T Ymiig

The solution of the differential equation takes the following

1]

form Vi = V e™4% where 'V' is determined so that el (t = 0)= 63
where eli is the value of el, the instant before the induction
generator and capacitors are disconnected from the system.

This gquation gives

T\-\-Rg’r.) (Xeix) PN
e'(tto-k) - \}t- Rax 3 Xe ] - (16)
' Re + yXe , ' R *Xe
= o ‘ _ : B
v 1 Y+ Re B ()(e_*x.) \\,\ — \Q“\ 6 b- \*g,_\“',\_Q(p\-x)’L‘

If after disconnection V is to remaln Same as eli than (v) = e'f
is the condition which can be substituted in the above eguation.
and neglecting r3; ( ry = 0) |

7. -
or N :(YQ-\'X)
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!
AmMy o

‘)\m‘\""‘-‘é
\
%em X
‘)LI = - il 3 - 1] d (17)
x"’i"\")‘-a

This condition in (17) can be obtained if capacitance is included
in series with stator per phase.
By breaking up the exponential equation the behgviour

of the terminal voltage can be studied more easily.

Vi=V e-at  gmJbt.
The first part of the equation is a damping term and tells
whether the voltage is building up decaying.

If 'a' 1is positive, voltage decays
If 'a' is negative, voltsge increases
An examination of the expression for ta' reveals that its sign w

will be same, as the sign of the expression

n__ .
(q\_\_ Re:) A ()(Q A Km *‘K\) ( Xe_-‘()tt)

Thus if this expression is positive and voltage will decay.
If the expression (Xg + Xy + X3) (X¢ + x') 15 peghtive there
are three cases to be considered.

let xée = - xc¢

(1) If xe is very large xe> ( x, + x3) and xe > x* then the
term will be positive and voltage will decay.
(2) If Xe is shuch that Xc> X1 and xo<xz, + X3 than(Xg +xp+x;))
(xe + x') is negative, if the expression is greater in
magnitude than (r] + Rg)Z 'a' is negative and voltage buiods
(3) If Xe is very small, so that Ac <x'& the term or expressionup.

1s a_galn positive and the voltage will decay.
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1Caae 2' is the most interesting case since under this condition
the voltage builds up, after the machine is disconnected from the
system, In the actual machine, the regctance xm decreases as the
voltage increases and finally reaches a value such hhat X¢ <(Xp*X;)
and a = 0,

. This represents the stable operating condition, since
1f the voltuge gradually decreased and 'a' becomes negative in the
process since Xm increases and the voltage again increases.

While, il the voltage goes above this limit, Xm decrea-
ses still more and 'a' becomes positive, causing the voltage to
decrease, Therefore when the jinduction generstors are disconnec-

ted, frcm the system the voltage will increase until

=
(¥ +Re) H{Xe +xmi ) (Xe0t) = g
and the region for an increasing self excitation is giwn by

(\c\-x-m)‘q'l_ (x¢'+}m*x()(X¢+>¢) L O (18)

Another point of interest is 1/a . ©Since the magnitude of the
terminzl voltage increases, 10.5 per cent during each 1/10a secs.
2 1y T
‘ . (‘\‘\-\-RQ.) + (.Xc_-’r"‘-) )Lm-\-)tg;

- . 19)
(X Re) T (Ret ) (xexmr ) © Y (

It starts at a value greater than the open circuit time constant
and increases to infinity as (T\*QQJQ;(XH"&) (Xe+%m* %) approaches
to zero. The quantity 'b' can be related to slip of the rotor.
The term e~JDPt gives the angular change of position of VI with
time, Since there is always a fixea angle between V1 whd eli «.
This also gives the change in the angular position of el,

The r.te of chengc of anpular position of el with the -b or the

8lip of rotor lu purcent of the synchrounous speed corresponding
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to stator frequency is

(¥ \rRa) (Kmd %=X ) ~3 (20)
- a1 . 1
e CrviRe) A (Xet®) Homd g

\
— b _

If Re = 0 and r} = 0 (Stator resistance neglected)

Slip + O or the machine is to run at synchronous speed to genera-

te¥ open circult voltage at synchronous frequency and there is mo

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

gibly small so the slip = O

L \
using the fact (Y\¥Re) A (mtraaxe) (XedX) a2 g

— s — Rmd R A Xe
s = slip = - :}

RaxXy “ﬂm-\-‘%-&‘

Experjimental results on jnduction genergtor excjited by
Static Capaciteor. .

(a) Qpen cireujt chargcteristics -

Static capacitors are connected in star across thne
generator. From the full load value of the magnetising current
of the machine, the approximate value of capacitance is calcula-
ted per phase and the values are set for excitation, The machine
is started by d.c. motor and 3 phase supply was switched to induce
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 1s adjusted by varying speed ana the value of capacita-
nce , For various values of capacitance o.c.c. 15 drawn in fig.

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

The machine in this case is excited by static capacitor
a8 described above. Normal voltage and frequency 1ls adjusted and
the machine is loaded by 3 phase balanced resistive load. Load
characteristics of this self excited (with shunt capacitor) induc-
tion generator is shown in fig.(4l). It% characteristics resemb=
les that of d.c. shunt generator,

(¢) Load characteristics with 80 per cent P.F. load

The machine 1s also loaded with 80 percent power factor
load and the load characteristics 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.

Determination of o.c.¢. of induction generator

(a) By using static capacitor, the o.c.c. of this 10 h.p.
1800 rpm induction machine was determined, which 1s 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 rotstion, it was switched on to 440 V supply through
a 3 phase auto-transformer, . Auto=transformer glves the varie-
ble voltage to the machine terminals, The excitaztion of the
d.c. motor was 50 adjusted that the power flow into the induce
tion machine or out of it, is zero., This was observed with
the help of an wattemeter. Whatever volte-amp, the motor was
recelving from the supply system, at dififerent voltage is the
magnetising volt-amps, At different voltages magnetising volt-
amps were noted and o.c.c¢. has been plotted in fig. (36)R)
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(e) 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. kVa, 440V 1500 r.p.m. synchronous motor., The
approximate magnetising volt-amps. required for giving the por-
mal voltage was found out from fig.(37) or fig. (36)}R)since both
the o.C.¢,- drawn in (a) and (b) are identical. UCorresponding 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 preceution to avold excessive
voltage rise in induction generator by over excitation from synch-
ropous condenser. |

The inducticn generator driven by d.c. motor was conne
ected to 440 V'mains and the synchro:..ous 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.(87).
Having done this both the sets were aivconnected from the supply
system, but the connections between them were kept in tact. After
discormection 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. ZThe no load loss of the
synchronous motor remained as g constant logd on the induction
generstor with thc help of the motors in the circuit the magnetis-
ing current supplied to induction genergtor at different 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 was founu to be similsr to the curves wnich
are slready obtained trom (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 voltzage of ithe induction generator can be controlled.
Freguency

a9 was done in static capacitor, the excitation
of the synchronous condenser and tuc speeu of the inauction gene-
rator was adjusted to give normal 400 V at 50 cycle per sec. By
keepin; the d.,c. excitation of the synchronous condenser unchanged,
the speed of the generator wes changed und 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.

Have shape of voltage snd current

The stegdy state voltage suu magnetising current
wave Shape of the induction generator excited by synchronous
condenser was taken with the help of oscillogrum at three ditfer-
ent voltages. UThe set was running uncer no load. all the oscile
lographic record, are shown in 1tig.(39)®) The induction generator
wes connected in delta. The wave shape of the current is more
Sinusoidal then the voltage and the shape of both thne voltage and
current waves are¢ much better in sinuscidal form at higher volta-
BeS. By proper eurthing the neutral of tne synchronous condenser
and designing the induction machine for ster connection, it will
be possible tc get bette: wave shepe of the voltage. It is seen
that the synchronous condenser eliminates the higher harmonic

quite appreciable, which 15 a positive advantage for tne power &g
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system, Moreover this type of sets, which are easily avgilable
in laboratory can produce sinusoidal voltage for experimental
purpose without expenditure,
Loading

The load tesis wore performed on the machine with the
synckronous condenser connected across its termlnal, First of
unity p.f. load was placed and its characteristic is given in
fig,(39)., It 1s seen that Vb;tage falls quite rapidly unlike
self cxcited generator by static capacitor and d.c. shunt gene-
rgtor.

Machine was also loaded with .9 p.f. lagging load for
voltuge regulagtion characteristics, A 3 phase variagble inductine
ce and a set of 3 phase lamp load were used for this test. The
lamp load and variable inductance were, so adjusted that each
time the p.f. meter gives 0.9 p.f. (lagging). In tis load chare=
cteristic it is seen that the above voltage drops more rapidly
than what was obsecrved in case of resistive load end it 1is simi-
lar to what was obtained in case of static cgpacitors.

On the whole, the performance of the induction genera-
tor with self excitation from synchronous condenser is similar to
the performance curves obtained for induction generator naﬁing
static capacitor as 1tsmsoufce of excitation.

Better flexibility of controlling the voltage is the
only edvantage which cen be obtained by using synchronous conden-
ser. But since such an arrangement warrants a separate synchrone
ous machine, 1ts practical use is altogether ruled out, I1Its use

can only be limited to the laboratory, where considerable amount

of study can be made on the behaviour of induction generator.



CONCLUSIONS

(1) The squifrel cage induction generator, due to
1ts simplicity and low cost is well adopted for supporting
large power systems, whérl reactive kVA is avgllable. 1t can
be coupled with gas or water turbines for economical operation
and can generate 'by producr' electric power. Simplicity of
control is a distinct advantage.

(2) 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 duita good like d.c. shunt generator in
resistive load.

e (4) Standardization of induction generators, will no
doubt bring about reduced first cost, A water turbine driven
induction generator 1s 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
‘mintenance.

(5) It has been proved by experiment that no serious
effects will result from the gradual and sudden short circuit of
an induction generator operating with capacitive excitation, 1In
the shunt connection, short circuit can do no harm unuer agny cone

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