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INTROUUCTION

LVErn Lo bk transiormer assisted tne single
ar¢ -wultiphase system to victory in its competiticn
with the dec, systewm for the transmission ol e€lectri
Cel crirty te preet distances, -0 nas the competitia
betyeer. Loe sirgle phuasSe system and the polyphase
System otel decided in favour of trne latter by the
polyphesce irauction motor. The cetermining factors
were (1) low 1irst cost (2) good efticiency (3) sig-
plc sttendance and (4) great reliubility in service.
Jir¢ ierer se extension or electricel transmission has
leu to a great yearly demend for polyphase induction
motors. In view cof tnese circumstances, it is reaui
ly uncterstooa that every improvement in corstruction
or in tre underlying characteristics of the motor mu
be ol counsideravle economic significance.

lne motor with syuirrel cagce rotor is tne
creapest ana more robust out ol tne two kines ol pol
phese inauctiorn motors, ocut its unfavourable attribu
tes cor.stituted a scriocas Findrence to ite geireral
use, specially for large outputs. although with sgu
rrel cuf¢ motors any starting torgue required in pre
ctice cun ve resaily anc simply proviaed, but the

coiiesporuing current arewn Ircm tie suuply circult



is several times yreater tuan tne current at normal
lecwa. In many cases tnese great starting curronts
would eecosicr flvcetuaticns ir supply circuits. 3y
proporticrning t..c rotér resistance at some reasonao-
le value, such tout the erficiency is not very low
a reasonsole amount oi sterting torgue can de obtai-
ned by usir, starterc w.¢ consuming starting curren-
ts whicn are twe to trree times normel fol. current,
1r..¢ ficld oi application of the idcas, Ges-
cripca aoove, remainec very limiteu because tue tor-
ques regquired during starting mey be high. ror tnis
reason attention should oe uirccted to a acsign, wii
cr. mekes use of the oday current principle in Tihe
corstruction of the cage armsture. wincc the frejud

ney in tre rotor corauctors is great at storting and

smald durir, rurning avn. sirce the lossces thrcugh s
cffcect werere in & high wegree on tine frcgucncey, tic

usc ol tnc eady current principlc is Jviantly parti
culerly appropriate in “he aesign ol Tut Cegd armat.

» Tretner imorcovement tre sterting crarac-
teristice ol the sguirrel cugC mclors nob velll muCe
by t.t st €i counle Cap€ rovces in wuich one rotor
is previuve witn two syaiirel cape winalrgs locatid
on¢ woCVe til other. wouring the entirc starting pel
i0G eaC. wwtin. provives ito own part of the tos

wonlcl waetlpCesn o ateedy, alterotics inoco gt Cl



ver. tre increasing speea. 10 ¢ combined torjue curv
mey be cltered through wide Timits by alterations of
*te resi-tere. :r. ¢ e resctorce of the Tvo cure
wieldy oo CClicctertotice similor to thet of the

¢.c. serics gobor corn be obteired in additiorn to its

creaprecs ond rugfeiness,



LIST OF SYMBOLS

bs - slot width

be = slot opening

by = width of tooth

A = Ampere conductors / unit periphery
B = Average flux density in the airgap
B 2  Flux density

C = Output Coefficient

3] = Diameter of stator core

F = Conductor cross-section

hg = height of slot

hou = height of copper

i = current density

In = Normal current at full load

Io = E:—'-—-'-* currentz

I¢ = Magnetizing current

xs = length of slot

1 =  net mon length 7

L = Gross length of stator

Ng = No. of conductors per slot

Np a3 Output at full load

p = no. of poles

q = no. of slots per pole per phase

T = resistance



8 = Total number of slots
s = slip

Uy = normal line voltage
Up = phase voltage

W = Coil span

x = reactance
X = total no. of conductors
Zb = conductors per phase
n = no. of phases

6 = air gap length

Cos "gw = Power factor

o = flux

A = permesnce

Cp =  pole pitch

Cs =  slot pitch

A = stator harmonic

M = rotor harmonic

Suffix 1 and 2 refer to the stator and rotor
respectively.

Suffix ¢, 8, t, g refer to ¢core, slot, tooth and
gap,respectively.



1. DESIGN PRINCIPLES

l.1.1. Output Eguation of the Induction Motor

The process of design is to obtain the
dimensions and electrical particulars of a machine to
satisfy the given operating characteristic, that
determine the suitsbility of an induction motor.
Though the continuous output is the main criterian,
the purchaser, however, may place limits or guarantees
on some or all of the following characteristics:
starting torque, pull up torgue, pull out torque,
locked rotor,inrush current, efficiency and power
factor at one half, 3/4 and full load, and the
temperature rise at the required hp. output.

In large majority of cases it has been
found that the operating characteristics, as regards
torques, inrush current, efficiency and pf., may be
obtasined by suitably proportioning the design constts
with in the motor. On the converse the temperature
rise and the hp output, in most cases, provide the
basic limitations on the physical size of the machine.

In bringing out the general relationsh
between the power output and physical size of the
induction motor the following specific procedure is

adopted.



Power output oif an induction motor is given

by 3
badnsiad lalol,
-8
But Up = 4,44.f. D1. Kgpy - N. . 10
p ? Pl rem 1.1.2,
Where ¢, = 2 By ’L’.- f =3B.¢ 1
l T . N po ' . p .
< ﬁ. F____Q L] {
P
and 6 Ino N = In°2- = A.TT.D'
so that N= e T D
° a 60 In
Hence on substitution in (l.l.2)
g, = “atter® . Bs . 4 LB R g, 0

6 120 In 5000 Vo!
which on substitution in (1) gives

Np = 4,55 Kapye Cos ¥n.m _5__ .. A D2 ng K

5000 Soo
----- 1.10£
Where D and 1 are in meters
- B A
8000 00
--- 1;1.‘.
Nn = C. Dzo to Ils haldadind —--_- mmmew 10101

The constant C is termed as the output coeffi.
cient and was first employed by Essen and by Kapp?
Although the above output equation is used almost in

sse -



every design office, however the following arrangements
are worthy for consideration and future research.

The equation (1.1.5) is derived directly fror
the fundamental voltage equation and no consideration
has been made of 1. the variation of losses with the
motor size and speed and 2. the variation of ventilatic
with the motor size and speed consequently there 1is nd
reason to suppose that the hp output for a permissibli
temperature rise will vary directly with the D% 1 Ns
of the machine.Variation of losses with major dimensior
An accurate calculation in a motor can be made only by
considering all of the detail dimensions of the electr
-cal parts. However, very useful relations are obtain
by considering only the variation in the losses with
changes in various dimensions. The machines are assun
to be geometrically similar i.e. the minor dimensions
are gssumed to change in the same ratio as the major
dimensions. The power loss in an induction motor may
divided as follows:

1. Stator IZ R loss which may be further subdivi
-ded into copper loss in the slot portion and copper -
in the end turns

2. Rotor 12 R loss comprising of the copper loss
in the slot portion and copper loss in the end rings
3. Load losses which consist of eddy current loss:
in the stator copper and high frequency iron and copp

losses due to the flow of load current in the stator i



rotor rotor conductors.

4, No load iron loss which consists of fundamental
iron losses in the stator and rotor due to slot ripple
in the no load airgap flux

5. Friction and windage losses

The first three groups vary with the load on th
motor while the last two are the constant losses which
are substantially independent of load.

The basic construction of a squirrel cage motor
may be represented as shown in fig. 1, and the major
dimensions given the symbols D, 1 and &.

To preserve geometric similarity between machi-
-nes, consider that the outside diameter of the stator
punchings the inside diameter of the rotor punchings
and the depth of stator and rotor slots all change+ in
the same proportion as the stator bore diameter, D,
Assuming also that the ratio between the number of rot
and stator slots, ratio of the slot width to slot pitc
and the line frequency all remain constant.

Under these agssumptions the various losses il
a motor will vary with the major design constants appr

Ximately in the proportions shown in Table 1.

The equation for the stator and the rotor sl
I° R loss is derived on the assumption that the ratio
ew. cross section to slot corss section is constant whi
is very nearly true in the case of large induction mot

The equation for end turn loss is derived on the basis



that the copper X-section in the end turns bears a cons
tant proportion to the copper X-section in the slots
regardless of changes in speed or diameter.

The equation for higher frequency load loss i
derived from the relation that the no load slot ripple
is closely proportional to the expression (Kes- 1) The
expression varies very approximately as ~bs/6  in
large machines with open slots.

The manner in which the total motor losses
will vary with the major dimensions will depend on pro-
portions in which each component of loss is present. It
is difficult to express this in general terms, however.
from test results it is found that the total full load
loss expressed as a percentage of the power output var:
approximately as 1/D°’5.n°"5 for large motors.

Variations of ventilations with major dimensions

Most of the heat in an open motor 1s dissipaf
by the circulation of cooling air over the coils and,
iron core. Usually the large induction motors general.
have radial ventilating ducts in addition to fans whicl
allow additional cooling air to circulate over the end

turns. Certain typical high speed large induction mot:
employ both radial and axial ventilating ducts.

The equation for temperature rise is of the for

Temp. rise ok total losses - (Effective dissipating

area)~f§eripheral velocity



or Temp. rise « (# losses based on output)(hp output)
(effective dissipating area) ¥ Dmg

since peripheral velocity < D, ng
( 2-losses based on output)(hp output)
® Temp. rise « (effective dissipating area)( J TeTg)

* 0o

The effective dissipating area is a combination

of the end turns gent duct, and end lamingtions.

It has been found that in large motors the heat
dissipated from the end windings and the wvent ducts i

more or less the similar while the end turns dissipati

area 1is approximately proportional to D°n  and the ven

duct area to D°l. Consequently the totod effective di
-sipating'area will vary about as the expression
D2 .LO,S ns0,5

On substitution in the output equation

HP out put D2(€p,5 nso’s)(ﬂo75 nSO,S) -
1l
P35 n0:5
« D° 015105

In prasctical designs , however, equation (1l.1.E&
is most widely used and the value of the output coeffi
cient C varies from 1---5; for larger machines the
higher values of C. are chosen. Since the higher the
value of C the smaller the value of the Dgl required.
The art of design consists in obtaining the maximum ot

put per pound of material. This maximum output is 1i



by many factors cheif of which is the maximum permi-
ssible temperature rise in service, since the failure
of the insulation is caused chiefly by its being sub-

jected to too high a temperature.

1.1.2 Specific Loadings

The output coefficient C is given by

C = 4,55 Kdpy. Cos¥w .m, 5§00 . 5(-‘;0

The output coefficient thus largely dep
-nds on the values of B and A which are known as the
specific magnetic and electric loadings.

Apart from the temperature considerations th
value of B is determined by the condition that for hig
power factor, there must not be saturation in any part
of the magnetic circuit, for the value of B .in the
alr gap is directly related to the value of B in the
teeth and core. This condition B at 5 c¢/s more or
less agrees to the heating limit also. Thus for no
saturation the maximum flux density at the minimum too
section should not exceed 160001ines /cm® at 50 c/s.
This corresponds to 10000 lines/em® average at minim
section and the corresponding average appaMent flux de

-sity in the air gap will be about 4000 -~ 5000 lines/e

Of course in cases where power factor is not important



but the over load capacity is the main characteristic
required, saturation in the tooth and core are usual

snd higher densities are used then those given above,
On high speed machines sufficient overlaod capacity
can be obtained with lower values of flux density but
as the number of poles increases it is difficult to
get both high p.f. and high overload capacity. The
two things are incompatible and one perforce has to
sacrifice the one or the other. Higher values of the
flux densities in the gap are generally resorted to
when the number of poles are largefda

The values of flux densities in the teeth,
gap given above are for 5 c/s machines for higher
frequencies the flux densities has to be reduced. Also
for totally enclosed machines of continuous ratihg
lower flux densities in the magnetic circuits are used

Again other considerations then power factor
and overload capacity may be more important. The iron
losses in teeth and core are determined by the value o
the flux densities used, since the hysteresis loss var

7 and the eddy current loss ravies as

~-es as (Bt,)l‘
Btz where Bt is the flux density in the teeth, and
the same applies for the core also. Thus with a highe
flux density the iron losses are increased and thereby
the efficiency is decreased occasionally machines are

designed which are completely free from noise of any k

This invariably mesns low flux densities and large phy
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-sical dimensi?yé of machines. ©Sc in chcosing the ave-
-rage flux de%éity in the air gap B the following poin
must be kept ;n mind : (a) power factor, (b) overload
capacity, (C)iefficiency, (d) temperature rise and
(e) noise. ;
It is now to investigate how the heating limit
affects the electric loading of the machine.
Analysis of the curve in fig. V'.\4A shows that
the iron loss per kgm. for lohysG
= 0,000227 BL,®_ £1,6 ..o
where B = Maxm, flux density in kilo lines per
square cm,
and f = supply frequency
or iron loss in watts per cubic centimeter
= 0,00000 1% B 118 & 1,6 w/er® ..,1.1.6
Therefore the iron loss in the state teeth assum
ing & maxm, flux density B = 16 kilo-lines/sq.cm and
f =25 c¢s

= 000000 17 .16

8.501’6 watts/cma

= 0,135 W/ e
If hs 1is the height of the slot and it 1is
assumed that all the tooth loss is dissipated at the gaj
= 0,135 . hs

Nei= number of conductors in series per slo

I = Current per conductor in amperes

hs = ht of slot



=
i

area of conductor in cm.
4 = current density in Amperes/sq.cm.

specific resistance of copper at the temp

considered then considering unit length o
slot axially ,
1% NC .(3

=

Copper loss pér cm. =

I
F

. I. NQOP

H

io Io Neo()

But the specific electrical loading

I. Ne . number of slots

il

A
v D

Io Ne
Leg

il

I. N

.oo|0l10167

k. bs

where K 1s some constant such that K°bs= Uy

or € —= AKX

Thus the copper loss at the gap surface
io Io NC"P
bg

= A K1

?/

i
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Hence the total losses dissipated per sqg.cm.

at the gap surface

= A, K. « i + 0,135 hs

But the permissible watts per sq. cm. of the
stator barrel at the gap with a peripheral velocity of
above 12 m/sec

= 00,0408 Vs
where
W, = peripheral velocity in meters / second
Therefore, for a peripheral velocity above
then 12m/sec.

A. K.(o.i + 0,135 hs = 00,0408V .....1l.1

From this equation a series of curves are
dragwn for different values of hs, giving A as a
function of Fig.l.1le2, 1t has been found that the
product of current density and specific electric load-
ing is sensibly constant for a given peripheral speed
and depth of slot.

The above derivation is imperfect, for it
assumes that the whole of the copper and iron losses
are dissipated at the gap surface. It 4s well known
that a certain amount of heat is dissipated from the
ducts and end plates, In order to account this the
values of A from curve l.1l.2 may be increased by

about 10 to 20 ¢ . Such curves are apprdximate, only,
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but they do give a suitable working basis for arriving

at a suitable value of A,

lo1.3. Powerfactor and Efficiencies

After determining the specific electric
and magnetic loadings it now remains to determine the
power factors and efficiencies of induction motors.These
are generally specified by the customer, or else, are

specified in the NEMA catalogues and can be found out
from there. Figures 1l.1.3 and l.l.4 shows the powver

factors and efficienceis of g range of induction motor&

After having determined approximately th
specific loadings, the power factor and the efficiency
the output coefficient of the m/c can be calculated by
eq. (1.1.4). However, in the design offices curves are
available which are drawn from the actusl design data.

Fig. 1.1.5 shows such a curve?

l.1.4. Determination of Stator‘Bore D and Length L

With larger values of D the cooling is
increased and so a higher value of A i.e. the ampere
conductors per unit periphery can be used with the resu

-1t a higher value of C, the output coefficient, Thus
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it can be said that very approximately C « D,
As the diameter of stator bore is increased its lengtt
has to be increased proportionately hence roughly D «]

Thus (from eq. 1l.1.5)
N, « I
or Log Ny « 4YegD..... ..¢.. 1L.1.9,

If D is plotted ageinst Np on a double
log paper then a st 1line is obtained whose slope is
1/4 (Fig. 1.1.6).

From the power factor consideration, however
for best p.f. the following result given by Dr,
Herbert Vickers® holds good

e 1B ceees ceee. 1.2.10,

‘T_‘ o

This relation is plotted in fig. 1l.1.7. It
dbes not follow that one must adhere to'this ratio,
since there are other factors, such as cooling consi-
-deration or an excessive length of the m/c ete.,which
may decide the "™/ ratio. On high speed large mach-
-ines this relation may lead to lengths of cores too
long for cooling purpcses and it is possible to alter
this ratio on high speed machines quite a lot, but on
large slow speed machines shall be the first griding
factor. It is best to work out several designs and

choose the one with best performance,



-

1

After determining the diameter of stator bofe
D the length 1 can be found out from the DZ L prod-
uct. Radial ventilating ducts each of about 10 mm.wide
are provided after every 80 mm., and no this way the no.
of ventilating ducts is determined and the gross length

of the Iu 1is also determined.

1.1. 5. Air-gap of the Motor

It 1is better to have the length of the

alr gap as small as possible, since = M, M, F =1
6

reluctance

and thus an increase in 6 means increase in the magne
tizing current, also the harmonic reactance decreases s
that for the same amount of real loading the power facti
decreases. Also there is a reduction in the maximum
power that the motor can supply. These effects of incer
~easing the air gap are undesirable.

Thus the air gap is determined by the safe
mechanical elearance., Several empirical relations are
available among which the following are most suitable:

For large machinesS

6= (1 +9/p) for 2« 16 pole machines

1200
and 6= + 0,6 for 18 - 56 pole machines




(Here D and 6 both are in millimeters and p = no.
of poles).

Certain curves fig. 1l.1.8 are also
available from which &6 can be calculated for differ-

-ent digmeters.

Contd



1.2 STATOR DESIGN

l.2. 1. Windings

The following items specify a 3 phase

windings
a) Type of coils concentrie, lap, wave
b) Overhang: digmond, multiplane, mush
involute
c) Layers: Single, double
d) Slots: Open, closed, semiclosed
e) Connection: star, mesh

f) Phase spread: 0%, 120°

g) Slotting: integral, fractional

h) Coil span: full pitch, short pitch
J) Circuits: series, parallel

k) Coils single turn, multi turn

The most usual winding has the features
underlined.
The double layer windings are very comm-

-only used for large induction motors, the conductors
may consist of rectangular copper straps, suitably lami
-nated to reduce the eddy current losses. There are
numerous advantages in the use of the double layer win
-ing, tabulated as follows:

1: It is possible to adjust the span of the coi



i.e. the chorded windings can be used. By adjusting
the chording, it is possible to obtain the equivalent
of a fractional number of turns per coil, for example
in g given case 3,6 turns are required for a requisite
overload capecity then a coil with U turns and a coil
span factor of 0,9 will give the desired effect.

o, With chorded windings it is possible to eli-
minate certain undesirable harmonics from the flux and
torque; the coil span factor of 3 th harmonic = SinV W

e
W= coil span. When Sin W. R, 7 = O the amplitude of

% 2

the @ th harmonic is zero.

3, A considerable saving in copper is effected
by chording specially on two pole machines; since the
amount of ineffective copper is reduced.

4. Slot leakage and end connection leakage 1is
great-1ly reduced.

Thus the use of double layer winding is eco-
nomical and provides greater fléxibility.

With double layer windings the overhangs are
generally of diamond shape and lie on a cylinderical
surface. The lap connections are most usual.

When the voltage is high generally it is
economical to use the star connection. However, in
low voltage machines mesh connected winding are most

popular since they cen be started by star-mesh starter



Short Pitch Winding

The following investigation deals with the
copper weight for all values of pole pitch and core
lengths.

In making the calculation it is assumed that
depth of the slots can not be increased in order to
accommodate the increased numbers of conductors due to

chording.

Let
% = total number of conductors with chorded coi

!

%'z  total number of conductors with full pitch

coils
_ ] _ Coil span
ﬁ"' "C.‘, -
pole pitch
F = area of each conductor
f = 1length of core
XTp = length of overhang at each end of the full

pitch coil.
In any case the value of <« may easily be calculated,
for the inclination of the coil end to the core with

diamond shaped coils is given by .

-1

+
Sin width of slot copper cleara

e =
vdth of slot + width of toot]

The mean length per turn with full pitch colls

= 2(¢ + ,,(zp)



."+ The volume of copper with full pitch coils

and conductors

[
-2-‘ 2({+C('LP)XF

1!

(f+«.%p)e F

Similarly , length of mean turn with chorded

coil
= 2({+p. Ty

o

. o Volume of copper

=t (L+ B %t ) F
1.'

but, since & =
sin g. T
2

(sin (B gd being the pitch factor)
&

C frpaa, T ).F

To({+ BT ) F = ES
Be

1

sin

0

. o Volume of copper with full pitch coils
Volume of copper with chorded colls

W (f+tp) F
_ % (BT F
sin.$~g

(L+ % Tp) sin g "’

- A say

{+p. <.

The most economical span of the coil will be

that which gives the above ratio a maximum value.
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Therefore for a minimum

(1 + « o) (1_ér_ Cos B %) (% LB Tp) et p(Sinﬁlé)(h

Q:'Q-
Y

1+ oc.gi.’tp)e
0

* o « C o f = o .51 .
5 oS Dol pett ) T X eTpesing Booy

L+ B
or tanﬁ.lr_._:‘ﬂ‘(t PTp,
2 2] Ao
p
=p.z,z.l .1
2 2 ¢ °(
o p
Putting B = :EE
W
tan(-‘i'l))z (m.—%)+L.i¢00102.:

This ratio gives the most economical span oi
the coil for different ratios of {Vkp curve 1.2.1,
shows the solution of the above equation in which the

value of « is taken as 1s2 .

1,2, 2 Type of Slots

Figure 1.2,2, shows the types of slot
that are in use for large induction motors ' "‘These
are all shown with parallel sides, which is the usual

arrangement.

d
"'3
O
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The considerations which determine the shape of
the mouth of the slots are a) The average value of air
gap permeance should be kept down and the limits of its
variation from point to point should be narrow; b) the
leakage inductance atrising from magnetic lines crossing
the mouth of the slot should be smally and ¢) the sha-
-pe of the slots shall be such that the winding can be
inserted as easily and as cheaply as possible, fixed
firmly and insulated securely.

Consideration (a) involves the use of slots
which has the smallest possible openings but (b) and(c)
require that the space between the tips of the tooth
shall be of moderate dimensions.

The wide open slots shown in fig. 4, are the

worst from the point of view of the reluctance of the a
gap. When these slots are used the reluctance is nece-
Ssarily high even when the slots are narrow and numerou

Moreover, the variations in magnetic density from point

to point along air gap are large, and extra iron losses

are caused through the rapid fluctuations in density in



the tops of the opposite teeth, in addition to this
noise and vibrations are increased. On the other hand
the leakage across the mouth of the slot is relatively
small, although this advantage is set off by the fact
that the whole slot is deeper and narrower then the
alternative half clesed slot would be, and therefore,
the leakage lower down may be greater. From the point
of view of insertion and insulation of the winding,
however, the wide open slot is by far the most advanta-
geous because it allows fully formed and insulated coils
to be inserted radially with out appreciable bending.
The partly open slot in fig. B, is the one
which posses the best all round characteristics. 1Its
aperture can be kept relatively small in comparison
with slot pitch, say 1/5th of it or even less and need
not be more than about 5 or 6 times the length of the
alr gap. Even under these condi?ions the density at the
rotor surface opposite the center of the rotor slot may
fall to one thitd of the density opposite the center of
a tooth, If the overhanging tips of the teeth are too
thin they will become saturated and will be the seat of
unnecessary iron loss, and, further they will not spread
the flux in the air gap as much as is desired. Moreover
when it is desired to insert the windings through the
slot openings the safety of the insulation is leopardise

and the work of the winders becomes very difficult if the



edges are too sharp. On the other hand, the thinner
the tips can be made, lesser will be the slot leakage.
Hence a compromise have to be made‘for determining the
thickness of the slot lips. In machines where the no.
of slots per pole per phase is high the leakage react-
-ance is generally low and thicker lips can be used
with out the danger of increasing the leakage reactance
excessively.

The disadvantages of the open slots can be
overcome (whilst retaining the case of winding which
they present) by providing wedges, partly constructed
of magnetic materials to be inserted after the winding
and to have the effect of reducing the yirtugl slot
opening, from the magnetic point of view, However, the
design of such wedges present a difficult problem, for
the permeance of the wedge between the side of the tool
and the airgap must approximate to that of solid iron,
ifit is to ful¥ill its purpose, whilst the magnetic mal
-erial which it contains must be laminated in radial
planes or very finely devided.

When the winding is designed so that the con-
ductors can be inserted radially, one at a time, fullv
advantage can be taken of the partially closed slots
and formed coils and bars can be used. When g bar wi

-ding has three or five bars per layer in each slot th

shape shown in fig, B, 1s very suitable and the middle



bar in the top layer can be inserted last of all. When
a slot contains two bars side by side the slot shown in

Fig. C, can be used.

1. 2,3. Number of Stator Slot

Harmonic leakage reactance depends on th

value of the stator slots per pole per phase gy and a

it is not desirable to have high values of short circui

current in large machines generally o high value of q,
(q=4 -=~=- 8, 10===-- 12) is taken.

A suitable slot pitch is assumed; usual value

are Tg = 30 mm. for low voltage m/c and %= 40 1

for high voltage machines

Now, number of stator slots 53 = —%?m ceesle e
+

~ but for a 3 phase machine the total number of

slots = 3.p.ql
- _ D - g
ence 3p.qy = S Ty =9
ql 231 s oot o0 s e 00 10203’
p

Generally for induction motors integral slot
windings are used so that q; above shall have to be
an integer. Taking qq as the nearest integer the

values of 54 and q5} are adjusted.



1. 2.4. Number of Series Conductors Reguired in the
Stator Winding:

Roughly

_ Y.
Un =3, 4,44 f. Ny.Kdy. §;.10

where @l= B. G = B, 7.0,
p

and N; = number of turns / phase of

the stator
i,
= —=*. = Total no.condr. in the stato
6 2.3
ns.p
f =
120
Un - 'f3. 4’440 nS.Q 'Y b_i_l .E.‘ EP_ o{n
120 6 p
-8
del.lo

Taking Kd; = 0,955

JB.4,44_ 7.0,955
Un =

120. 6
K -8
pl.lo EEREN] 1.204.

Here every thing is known except i, and thus
1, can be calculated. But the number of conductors
per slot have to be a whole number
Ly
S

i.e. nc= = an integer

1



Thus taking Nc the nearest possible integer

the value of and B are adjusted.

1.2. 5. Conductor Cross-Section

N, . 10°

Full load current I, =

N3 Un.Cos%¥ .m,

""""" lo 2. 5,
Where Nn = output in Kw.
Un = normal line voltage
Cos ¥w = normal power factor
n, = normal efficiency

With larger machines generally the current den-
-sity in the conductors is taken 3 - 8 Amp/mm2jﬁi For
high speed machines the larger values are taken since
the cooling conditions agre better. Alsc in high volt-
-age machines and where lower magnetic and electric
loading are taken, a high value of current density is
chosen .

The conductor cross section F 1is determined

as follows:
F = -2 eecee mmmmee 1. 2.6,

where 1 = current density in the conductor.



In large machines, speclally when the voltage
is low, the current per conductor is too high requiring
large dimensions of conductoers and so two or more pare-
-2lel circuits are provided. The maximum number of
parallel circuits are equal to the number of poles.
Generally, use is made of reactangular conductors in
order to have a better slot space,space factor,however,
where bar winding is used bars of special sizes are
emnployed.,

Stranding of econductors - Conductors of large
cross-section normally are devided into strands for
mechanical as well as for electrical reasons. The
mechanical reason is to mgke the conductor flexible,
i.e. easy forming, The electrical reason is to avoid
parasitic currents in the conductors which increases

the heating of the copper. When conductors are stran-

-ded for electrical reasons, the individual strands
must be insulated., The additional copper losses due
to eddy currents are proportional to the height of the
conductor, to the height of each strand, and to the
frequency of the line current. Hence the thickness of

the strands is made as small as possible,




1o 2¢ 60 Insulation of Conductors slots and
End Windings.

The different kinds of insulating materi
used in electrical machines are dewylded into 4 classes
specified by A.I.E.E., on the basis of N E M A stand-
-ards. These 4 classes are given in table 2. The
same table contains the limiting temperatures which car
not be exceeded with out impairing the 1life of the
material.

In the following the conductor insula-
tion, strand insulation, ground insulation end winding
insulation and binder insulation is considered.

Conductor insulation. On straps or large

rectangular or square conductors, which are usually
used for large induction motors, the insulation 1is
applied after the coil has been formed or during the
process of forming the coil.

The thickness of the conductor insulation
depends upon the voltage between turns. In general
Scc, SFG or enamel is used for voltage upto 12 volts,
and D,cc, DFG or SCE for voltage upto 25 volts. For
turn voltages between 25 and 40 volts, elther Tee o1
TFG, can be used or a certain amount of insulation
can be added to the normal Dec or DFG resulting in

a conductor insulation equivalent to Tcc or TFG .



This additional insulation cen be either cotton or
glass tape, paper or mica strips applied through out
the coil. For values of turn voltsges greater than
40 volts the trend is to use agdditional insulation in
the form of mica tape. For values upto O volts one
serving of mica tape half lapped is used and for val-

-ues upto 120 volts two servings of mica tape are used.

Strand insulations:

When conductors with larger
cross sections are stranded, the strand insulation is
cotton,asbestos or glass with a thickness of 0,2 mm.

to 0,25 mm., for both sides,

Ground insulation:

This is the insulation applied
to the slot portion of the coil. It serves to prevent
the breakdown of the insulation to ground (core iron)
and must, therefore, have sufficient dielectric stren-
-gth, The ground insulation will be considered sepe+-

-rately for semi-closed and for open slots.
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Ground insulation for semi-closed slots:

Some arrangements of ground insulation
i.e., of cell and seal of the slot openings for semi-
-closed slots are shown in figure . . . The thick-
-ness of cell is 0,5 mm. to 0,75 mm. Fish paper

and varnished cloth is often used as cell material for

class A insulation, the cloth being cemented to the

C;]ihpaper and the Tatter laying outside against the

jron, Combinations of mica and fish paper or mica
and glass cloth are used for c¢lass B insulationg
The mica usually being protected on both sides. Com-
-bination of micg and glass treated in silican varn-
-ishes are used for class H insulation.

In order to prevent tearihf the edges

of the cells, a selvage of thin Scotch tape or cotton
tape 1s applied at each edge of the cell., For this
purvose the cell materisl is cut into long strips as

wide as the length of the cell, gnd the selvage is put

on both edges of the strip, which is then cut into pie.

-ces of proper width.

In the arrangement A the wedge is mads
of wood giving a tighter seal, Fig.\z.3 B is used for
windinrgs of higher voltages exposed to dirt. The stri;
in the middle of the slot 1is used to separate the upp-

-er coil sjde from the lower.
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Ground Insulztion of Open Slots:

Contrary to the windings in semiclosed
slots where the ground insulation is not a part of the
coil, the ground insulation cf windinge in open slots
is applied directly to the coils and is a part of the
coil. It consists of a wrapper of which the material
and number of turns depends on the voltage. Before
spreading the coil, a temporary binder is applied.
This binder has two funétions it binds the conductors
tightly to-gether to obtain a proper shape; and it
protects mechanicélly, the strand or conductor insue
-lation. This binder is usually 0,125 to 0,25 mm.,
thick and is applied without lap or with space betw-
~-een turns. After spreading the coil is then impreg-
nated with varnish for voltages below 3500 veolts or
with asphalt for higher voltages, The varnish impreg-
-nated coils are drained after dippling and then are
baked in temperatures ranging from 165° to 25° C.
One dip is applied below 1200 volts and two dips for
voltages between 1200 - 38500 volts. The asphalt imp-
-ragnation occurs under vaccum and pressure,

The material of wrapper its thickness

and number of turns for different voltages are given

in table 4.
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End Winding Insulations

The end windings of coils are taped in
one or several layers. For class A insulator, colton
tape or bias-cut varnished cloth tape is used; for
class B insulstion mica tape is applied; and for clas
H insulation, silicon glass mica tape is applied. The
number of layers of the material and its thickness is

given in table W4,

Lead Insulation:

When the leads are tied to the coils,
strips of insulating material are between the leads
and coil. Upto 600 volts, a piece of 0,25 mm. trea-
-ted materizl used under the starting leed. At volt-
~ages from 600 - 2500 V one strip of mica and fish
paper 0,3 -« 0,4 mm, thick, at voltage from 2800 =
6600 V, 2 strips are applied to each lead. For class
H insulation silicon treated mica tape is used to
protect the starting lead in the diamond point of the
coil. The leads must be firmly tied to the coil and
insulated with the same material and at the same time
as the end windinrg. The number of layers is 2 for
voltages upto 25003 3 for voltages from 28500-4300
volts and 4 for voltages from 4500 - 6600 volts.

When the leads are loose, tubing or 0,175mm.

- 1 ran Al al



For voltages 600 to 380 volts, 3 layers of 0,25 mm.
bias-cut tregted cloth tape, with one layer of half

lapped 0,175 mm. cotton tape. For voltage 3500-4500
volts 4 layers and for voltages 4800 - 6600 V 6 lay-
-ers of the same material as before plus one layer of
0,25 mm. half lapped cotton tape. For class B insu-
-lation 0,3 mm. mica tape instead of treated cloth anc
0,175 mm. glass tape instead of cotton, and for class I
0,1 mm, silicone glass mica tape and 0,175 mm. glass

mica tape have to be used.

Insulstion of Stub Connections, Jumpers and Tie rings

The tie rings must be insulated and the
insulation applied is the same as far stub connections

and jumpers. The thickness of the insulation depends

upon the voltage. It is 1,0 mm. for voltages upto
600 volts: 1,5 mm, for voltages '600 - 2500 volts;
1,75 mm, for voltages 2500 « 3500 volts; 2 mm, for
voltages 3500 -~ 4500 voltsy 2,5 mm, for voltages

4500 - 6600 volts; 3,5 mm, for voltage 6600 - 11000
and 4mm., for voltage 11000 - 13000 volts. The insu-

-lation for class A consists of one layer of 0,175
cotton tape half lapped, plus a number of layers

(depending on the voltage) of black bias -cut varnishec



cloth tape 2,5 cm. wide, plus a finishing layer of
0,175 mm, cotton tape half lapped. For class B insu-

nstead of
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cloth tape 2,5 cm. wide, plus a finishing layer of
0,175 mm. cotton tape half lapped. For class B insu-
-lation, 0,15 mm. mica tape is to be used instead of
varnished cloth and 0,176 mm, glass tape instead of
cotton. For class H insulation, silicon glass mica
tape and silicon glass tapes are to be used instead

of mica and glass, tapes. Before applying insulation
the gdieee metal must be first cleaned and brushed with
a good baking varnish., The first layer of the insula-

tion has to be applied when the varnish is wet.

Mechanical clegrances:

An important factor for windings of
electrical machines is the creepage distance, i.e.,
the distance which a current must creep across insu-
~lation or through the air, or through a space filled
with dirt, mno order to produce a fault to ground or
to another phase., The clearance are given in table S.

(F49 ey

1.2, 7. Sldt Dimensions

The width of the slot is fixed by determ
-mining the width of the tcoth at its narrowest section

from the flux and flux density considerations. As exp-



-lained earlier, it has been found that the meximum
flux density shall not bemore than 16000 G in any
part of the tooth.

Ir By is the maximum flux density in the
alr gap than the flux that crosses one teeth is equal

to the flux embraced by one slot pitch

2
or bsg "'T'_r' Blo !tsa. . t PP e e Wmmme lo 20 7,

This flux is passing through one teeth if B is
the maximum flux density at any point in tooth and
its thickness at that point is bg, then, flux cros-

~-sing one tooth
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As Qt= q)sq}

Bto bt = Blo’tb?’ es s s e WmWENS 1-2.9,

Since at the narrowest E section of the tooth
the flux density shall not increase by 16000 G the
tooths width at that section is given by

B . rts
bt = 1 3' ‘‘‘‘‘ 1. 20 10,
16000

No allowance has been made for the leakage
flux in the above expression., If leakage flux is

taken into account then



B,. ¢ e
bt = 1T e (1-2/§LS ) emmem -==(1,2,11)

16,00
' , \ . X
Where €g - Leakage flux _ IQ al
Total flux E -

Thus the remaining space in slot pltch can

be used as the w1dth of the slot. :

i.2.8. Mean Lengtp Of The Conductor:

For diamond shaped o

, ) I RN A -4
coils the length of the con NN
-ductor is calculated , as ‘ -
follows , 4n figure 1.2.5, e
"/tsz - g% L
X = . :
Cos T,
cmm= 1,2,12 St
s s w. s 1
- o cos . o
cmme 1.2.13 VA
where 13 = gslot pitch |
and W = Coil span in no. Fig. 1l.2.3.

of slots.
From equation 1.2.13 S can
be calculated

The length in the top bend

position is =.Hh '



. Length of each conductor

LZ= L+2192+?S+1TE_S_+(50m.m)
4

Total length of copper = I; . & -

l.2.9. Stator Core:

Total flux above the teeth passes through
the core in a manner shown in fig. 1.2.6. This flux
@S can be cglculated from
the fundamental voltage eqn.

. Ug =3, 4,44.1.N, Ka - B :5
-8 _ ‘
$s.20 s - ?
If Bgy 1s the stator core
density and hej 1is the de-
-pth of teeth then

he; = q_si ) I, . Fig. 1.2.@.
where ti = net iron length

The value of Bey is kept between 10000 -12000

Out side diameter of the rotor

Do = D+ 2hy, + 2hey



1.3. HOTOR DESIGN

The inducticon motor with a cage
rotor, in addition'to its many advantages, has two
serious faults, the worst being its great start- ing
currents associated with small starting torque, and
the other being its disagreeable characteristic of
crawling. 1In some cases the starting only occurs to
the accompniment c¢f more or less loud noise or even
hawlings in other cases, in certain ranges of speed,
the rotors only accelerate exceedingly slowly, or
indeed - this is the most disagreeable characteristic
— they remain hanging at certain low speed; that is
to say, the torque decreases to such a low value that
it noXlonger suffices even for overcoming the fiict-

~-ion losses.

l.3.1. Number of Rotor Slots:

The choice of the precise number of
stator and rotor slots is of decisive influence on
the starting behaviour of induction motors. If,for
some particular number of rotor slots the torque
curve has & deep saddle, it may in some cases be

completely eliminated by increasing or decreasing



the number of slots by one. 'Still’in his paper
published a large collection of test results. Punga
cited a large series of number of slots which in

practice has been found to be either favourable or
unfavourable. Punga, Kron gnd several others had
given certsin rules for the selection of the number

of rotor slots.
The following is the summary of the results

obtained by Pungs gng Moller.
The causes which render a cage motor can be
of the three types

a). Strong noise production.- The main cause
of strong noise productior is magnetic vibrations ,
which set up resonance with mechanicgl vibrations.
Dr. Moller advocates that with few exceptions, the
odd number of rotor slots which tend to cause noise
production shgll be avoided.

b). Asynchronous torques.. <The amplituyde of
the harmonic torques incregses with increasing num-
~ber of rotor slots and, for about doubled number
of rotor slots, attains a value which exceeds the
maximum torque of the fundamental. Therefore, there
shall be avoided al1 number of rotor slots which
exceed 1,7 times the number of stator slots, unless

skewed slots are employed.



c). Synchronous torques,. This is the most
important phenomenon and is eccasioned by the dif-
_ference Sy - S, Dbeing equal to + p or+2p, p
being the number of poles. The strongest synchro-
nous act;oqs appear when the number of rotor slot
per polefb?r*“;“‘tl. frow e no.of prolar el [pote,
If qp and go are the number of stator

and rotor slots per pole per phase of the stator

respectively, then q2 = q1 *+ 2/3 1s a common
rule for determining the number of rotor slots Seo.
However, check shall be made to agscertain that the
synchronous crauvling is not present.

If the number of rotor slots is equal to the
number stator slots, or to a multiple of that,then

the motor will not start and so this glso should

be avoided.

1.3.2. Squirrel cage Bar voltage:-

if El is the voltage induced in the prim-

-ary 1i.e. the stator winding, then
-8
Ey = 4,44. f. Ny. Kdp13. @ 10 volts

phase



Similarly, if Eo is the volt in the rotor, then at
standstill

-8
2= 4,44, f. Np. Kdpjp . ,.10  volts

where

f = supply frequency

N, and Ng= Number turns / phase in the stator
and rotor respectively

Winding factor of the stator for

Kdpi1
fundamental wave

de12 = Winding factor of the rotor for fund-

-amental
@1 = flux
so that
Eg_ ; Ne. de12
El Ny dell

For an unskewed cage rotoer Kdpjg = 1, and also

for squirrel cage No = 1/2 (Appendixd-»), thus
B _ 1 1
E * ~
1 2 Ni. Kdpip
Us(1-€
But Eq = s(1-C5) (Appendix 4-1)

3
and since the number of rotor slots per pole per phase

i1s usually large (more than 4) the stator winding



distribution factor may be taken as Xq; = 3/w,hence

E2 - US(l -GS) . 1/2 . T
bar voltage
Us(1 =€)

m

This bar voltage should be kept down below 40

volts.

1e3.3. Bar and_Ring. currents

e ————— T v

If N= output in watts

s = slip
I,.= rotor phase cur -, ‘
rent !
r.= rotor phase res-i
-istance
n = number of phases
IFig.loSQlo
then ,from the equivalent circuit
- 1l-s 2
— 2
. |- e T
S : 22 r
J(rrz + 5 Xrl)




i
B8
t=i
R
—
oM
m.
o
O
73
%
=

where

N, = rotor efficiency

COSfpr= rotor power factor

Ir= rotor current at standstill
thus
Nn (watts)
Ipg =
t Me Npe E2. Cocs™r
Generally, np. Cos ¥r = Y = 0,92 coceaeaa- 0,94.

In the squirrel cage rotor
Zg = no. of rotor bars

.’ + rotor phase current at standstill

p. Ny (watts)
2 22. Y. E2

II‘S =

But p/2 bars are connected in parallel in one phase

(appendix A-2 )
. N

. o Ibar -
22 . x‘o E?

Also ring current Q.




1.3.4. Cross-sectional Area of the Bars and Ring

The materials used for the rotor bars for
normal mschines are copper and aluminium, however,
for motors having high starting torques materials
of higher resistivity may be used. |

Generally a current density of 4---8 A/mnf

is kept in the rotor bars.

If 1 be the current density, then, the

bar cross-section Fp 1is given by

Iy
i

Fy,

H

and the ring cross-section Fr

Iy

i

*xi
t

1.3. 5. Type of rotor slots,

Some slot shapes for squirrel cage rotor for

large induction motors are showrn in fig. \.3.2



For general purpose induction motors - NEMa Class A-
the slot srown in fig. \.3a (a) are used. In the
NEMA class B - normal torque, low starting current
motor usually narrow and deep slots shown in fig.
(b) are msed. The class C- high starting torque
and low starting current generally has a double cage

rotoer.

1.3, 6. Squirrel Cage Winding:

For general purpose large induction motors
either round, square or reactangular bars are emplo-
-yed. These are made up of copper or aluminium and
sometimes of brass. Generally the rotor bars are not
insulated and they are connected on each side by a
ring. The rings are made of either copper or brass

or other materigl of higher resistivity.

Windings for securing High Starting Torque:

Deep bar rotors - In these types of winding
use made of the eddy curirent effects in the conduc-
-tor lying within the slot. If R 1is the effect-

ive resistance, Xe¢ is a reactance due to magnetic



lines crossing the slot through the conductor, and
additiongl to any reactance due to lines linking
the conductor as a whole, the effects of which
would be taken into account in estimating the
common e.m.f. wkhich applied to the conductor as a

whole, then, if Ry 1s the time d.c resistance

sin h 2€h+ sin 2% h

he - €4
Re cosh 2 €he- cos 2% h
Sin h 2%h - sin 2%4&
LosS h 2%% ~ Los 2%&"
/
where Sh= orb / f. ks, bew Ry o
N P 'ti bg

nere f  is the frequency of tune e.m.f.} ts
is tue lengtn of tne slotg tl an assumed lemgth
betweer. two sections of the conductor outside the slo
one &t euct. ena where the influence of the slot is no
Toregcr felts (3 is the volume resistivity of the con-
Guctor; becu énd be are the copper snd slot wiaths
respectively.

1he end rings can o¢ made up of scme high
resistivity weterial such as brass or geruwon Silvers
coeptradr ol bow much starting toryue is neeaed cna

tre eliiciency required.



vcuble Lyge rotor-

+he behaviour of tre doible cage motor can
be represerted by tre eq.ivalent cifcuit shovn in
figure v3.3 in which 4p and ry
represent the reactance

ant resistarce of the

steter winding ana Yo y K
%
the excitation admitt- Al Yor i
. » 4
arice. the impedance !
of tris paré?]eﬂ corne« - |
ction mey be ascertain- _ -
nae . Ful 1.3.3
ed to &= 35t ] X
1 ! . 1
_ 1l v (p tis5x)
S 1 " . '
r +r + jsx
o 1" E"(I"+I"9+(SX‘) 2]
. 15-2 = r o=
o o
(pt + r™M° + (sx')”°
r"2 . X'
and Lo =
2
» . !t 1 rv x
at s = 0y Ko and Ko = -
! + I‘" (r! + I'")c'

These valucs do not appreciably alter whe
th.c speed aiffers a fow percent from syncirontsum

ana, so ar€ applicacle at ifull lowa &lso. Thus th
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APPENDIX 1.

Flux conditbon in an induction motor: When a volte
age U, is applied to the stator winding, then on ml{load
the stator current is 15, which

This leakage flux is in phase

produces leakage lines of flux. \N\\:\\\\\\\f

vith the stator current, If

B NINTN
= =mezs RN

8
must have developed a flux U, 8o

Laggihg 90° behind Uy , but due to the leakage lines of
flux the flux is reduced to a

value ‘5 =@, "éal- which

gives an induced electromotive

force Ei.8 #s called the

useful flux and is in phase

with the magnetising current I 4,
This useful flux Q crosses

the air gap and enters the rotor

body. There are leakages in the
rotor also. The rotor leakage Fig.A=1,2.
flux 1s caused by the rotor ecurrent. The flux that passes
through the rotor core is thus (br =a - @rj_

In figure A=1,2,0A is the totx]ial £lux which
corresponds to Ug; Ac is the stator leakage flux correap-

'Onding m I_- X_a Armd 4. dn mhaan . taL T - P ~a



starting characteristics aeperds on the value

01 tue retio vg [/ Xo. ¥

The wpost favourable starting charccteris-
tic is tiat widci. gives waximum starting torque per

ampere oi line current., The methou for arrivirn; at
X2
ry

the velae of ( = ) to obtain tris condition

is giver in tre actual design later on
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the useful flux § CC is the rotor leakage flux §r1 and
0G is the rotor useful flux corresponding to Ep
At no load
Ug = Eg+1 ﬂ"xal

Ig X
U'
14, X9 ‘
Where € g = T, s &bd sibce the uswal values

of Ig = 40% and Xgl = 15%, é€s is about 6%, Curves
are availsble in the books of design which gives the value
of e¢s8

. In design calculations, it}asual to assunme
that the walue of flux in the stator core and in the stator
tooth botton is Qa i.e. Qac ar §iy = ,@s. The flux
at the middle of tooth is §y, = §,(1~ 1/3¢s) and the
flux at the tooth top fyy = §,(1- § ¢s). The value of
flux in alrgap is taken as @ = @, (1~ eas.

Though thers are flux leaiages in the rotor also
but it is usual practice to neglect these leakages and the
rotor magnetic circuit is made up with assumption that flux
in each part of the mtor is equal to the air gap flux.

¢



AFFENDIX 2,

A~2.,1,  The squirrel cage as a polyphase winding., Consider
ing an induction motor running with normal slip, here the
rotor leakage reactance (SXy;) can be nejlected, in compari-
son with the rotor resistance and the rotor current is in
phase with the rotor enmf,

(7

The above figure shows the rotating field B
and the Bars for a 2wpole squ;i.rral cage motor. Since éaf
and current are in phase, the current distribution curve is
also simusoidal angd the bar which lies in the pole axis carrie
the maximum current. To the sinusoidal ampere-conductor curwe
there corresponds a sinusoidal mmf curve. From this it foll-
~ows that the squirrel cage automatically produces the same
number of poles as that of the stator.

While moving w,r.t. the rotating field B, the
current ineach bar changes simusoldally, Conaidering the
currents in two adjacent bars there wectors will not be in

phase, but displaced by an angle
, - b a - -



Thus the squirrel cage represents a polyphase windigg
with as'many phases as there are slots per pole pair, or m

Se
Wy = . - 09 1048 M w 0 W vn - Apz't'
/2 )
A~31Ring Curpent- Figure A-2.2 ghows the currents in

bars and rings of a two pole machine at a certain ingtant,

) [ T [ P — 3 z
. .* A
o/ JK"—"\
/ // N \\
NAT AT
_J/ i” \4&@
Fige A-2.2

The maximum current in the ring apparently is equal
2
to the average bar current (-ﬁ.--) Tpmgy multiplied by the
umber of bars in half pole pitch Sp/2p, Thus,

2
Iroax = 5 Tomex és-a--z :Wbm:

and the effective value

. _ %
r = —— R W
L B/ Sz _



Copper losses in the cage are
P (L5 +21° 1) comemeean
ew =85 (L% n r ’r

Y, and r, are the resistanaces of a single bar
and of a single ring segment respectively, The factor 2
takes into account the fact that there are two rings,
Introdueing the value of I, from A=242,

= Sp Ib ¢ g—{‘ggz = salbz'%a

where Tyo . Tp
Tt
Similarly X
xbe = xb + 2(“1);2
23,

The number of turns per phase (%) is equal
to ¥ . The distribution and pitch factors ape equal to 1,
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~PPENDIX 3,

A3 1. STATOR M M, F, AND FIELD HARMONICS

It has been shown in the tooks of BElectrical
Machine Theory that the 8 th harmonic of a single gtator
phase is
ga: F? Bl wit . oS D;; a
e 3, 1,
The fundamentip). wave has a length Z'fp and
the J th hamonic has a length 2%/ . B, 2,1
refers to .2 definite phase which will be called as the zero
phage., Congldering the phase adjacent to the zero phase,the
tize angle between the two phases will be same for two harmo-
nics, rainly 2w/ my: This is the time gn7le between the
currents of two adjacent phases of an mq phase gystem, But
the harmonics in consideration gre space harmonics and in
erch phase all space harmmonics are produced by the ssme current
The epace angle between tvo adjacent phasges is
equal to 2¥ my for the fundamentsl vave and to for WX 3“‘ for
the § th harmonie, due to the fact that the wave 1ength
of the th hamonic is 1/y th times that of fundamental.

Thug the m.m,f, of the th harmonic of the neighbouring

phase is
T Vwq § V.o
§'D~— F-J B @' “"—":1)' Cﬁ(t‘. l w4



gy’
A

. S R SR N g TC S Y
A i M1) "L'Tb' N

4

S of

Introducing the relg.tion

sinol.Co 13 /‘dfwv (2-p) ) l

/,F.)L '%‘“Wg_Q"r" ﬁ r)*@-«).c.&tf?
+Sin%@ —'E,; ) QH) < z'::“‘%] |

S |

In order to determine the resultant m.m.f. of the 3 th
hamonic of all m; phases, BEquation 8,4 has to be summed

U between C=0 and e= (mi - 1), The sumn, tion yiélds

Cs M’1

far = R} B ook - 221 )% L“”@ t) <
. %/5“’"“(_“"'*—'6;' ﬂ")i %VL’“Q“) c,'u‘\'
Cewnry

Sl ; -1). e U
o % C()CUJ“‘" -_’t.f -TT)E ' ??;gm'v(? ‘) < m1
S ew W -4

N GRS )

C—-_a

Denoting the four sums in turn by g,b,g & h
LRy A (B )

Q
o % L}"*"‘Q bw(:d'* _ﬁ;} )
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The rosultent m,m,f, of the A th harmonic gppears
as two rotating m.m.f, uaves , one tryvelling in the direc-
tion of the main wave the other trgvelling in the opposaite
direction, ‘

But each hammonic produces only one trvelling vave,
Therefore, for all hammonics which trgvel in the direction of
the moawwave W » 1.e. g & h must be zer, while
for those which tr vel in the opposite direction a & b mugt

be zero,

The condition that g & h are zem while z/ a.z-!-l::2

is not zerc is satisfied when

@H) = K .

K isa + ve integer exel.0

P-4, T ooy 2T
owmd ) w4 Kl is a + ve integer inel .0

- —

Here _/a? + b° = By

The condition that a & b are zero vwhile /gz + h?

is not equal to zero is satisfied when
@+ = Kk K _a + ve integer exel zero
& Q"*) 3:."':,, = kl all Kl-a, + ve integer inel .0
In thisg case /W = ny

Thus the equations

=+ = X K is + ve integer exel, 0
-2, 10
oandd -};\@ﬂ) PS k.1 Kl is + ve integer inel, Q=w—



are the cirteria for the existence of the ¥ th hammonic in
the m.m.f, curve. The first criteri,, W =k = 1, vhich is
independent of the number of phases and therefore relytes to
a slngle phags ylelds, for integral slot windings, all digits
from gero to infinity, indicating that a gingle phass is able
to produce an infinite number of hammonics, The limitations
vith regpects to the possible values of » in a polyphase

winding are given by the second criteria
N =Ky my + 1 K, is a + ve integer inel, 0
The same results can be obtained from
N= kimg+l eemmem-e ——— 2,12

wvben k; is a+ Ve or - ve integer inelo, Pogitive N

will yield the hamonics trovelling with the main vave and

-ve N the hamonics travelling in the oppogite direction,
Out of the all harmonics given by 2,12 the harmonics

of the order 7
251\‘
Ne = _‘_C...‘:/.;. 1
p

are most disturbing, these are cglled slot harmonics and

havo the game distribution and pitch factor phases the funde-
mental,

The emplitude of the A th” m.m.f. harmonic is

Py = 0. ™. -%—‘— Ry T4



O/

Kdp? |
GUT.Fg. 1~ . 0,3 wi My  Kapd
B‘Q iy ’ v S.xg-ls g P v S Ve Xg

and tho equ tion of the y th field harwonie is

. A
by - B3 5MC_“R-Q—'€T'“> .

In order to determine the gpeed of the Vth harronic
field with recpect to the gtetor, congider a fiexed point bj
of the field wve (Figt%1), Since the magnitude of by des
not change while the harmdnic

noves, (wt - a'—’i-ﬁ) must be

%

constant at any time, The m , |
differentbation of <«t- ?-:'-é ) \/

wer.t, time will yield the

speed of the harmonic Fg. A- 3.1
or, Mge 9% o T w o M
* v gt B 2] D)
. av
M = — - N [ a'
vhere \ — = ey o «E

is the speed of the mgin wasve w,r.t. the stator

A3-2, Rotor M M,F, & Pield Harmonics

Oy
Inluay similar to that used for determining
the order of the hammonics produced by a stator winding, it

can bs proved that a squirrel cage mtor produces due to the



action of W th gtator harmonic, harmronics of the order

] Te'l' '§—. + p
/“ b
vhere AL ig the order of the sbator harmonic S5 is number
of rotor bars and Ky isa + Ve or - we integer including
ZOT0,

The glot harmonics of the rotor ars
AMel = 2 252 1

"
and the /—‘th harmonic of the rotor field is

- L%
'7.4 z B/u. Brany (.“"3"/"‘" T T{)

The 4l stgace X, is meysured from same fixed poipt
on the rotor, The distance Xl 1s me,sured fron some fixed
point on the stator. Both distances are variable gace coor-
dinates, If at t =0, X3 = X, , the difference bstween

Ky & Xz at acertgln instant + must be aqual to the
dist,nce M.t through which the rotor moves in this time,

If © isg the slip w.r,t, the main wave then the
velocity of the rotor is

- %
M = L\'b) ’V(‘),') .'.Q &) = @9,
Thug 74— %y = V.t ’Q-b)%- WY
In order to determine the velocity of /M rotor hgrmonie

W r,b, the stator, the expression in the parenthegis has

to be differentiated w,r,t, 4.
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But (- V) = b K for squreel cage mtor

.o. /l).M - _:L__z__ [‘\-P 1~£’—73-\§_3-., Ll—é)] nr

A3-3, Paragitic Tangentigl Forces - Parfisitbe torques

The magnetic field in conjunction with current
carrying conductors produces tangenti 1 forces and troques,
Only the main wive produces the usgeful tangential force and
torques while the hammonic will produce parasitic tangentisl
forces and torques, These pargaitic torgues may cguse congis
derable distortion of the speed torque curve produced by the
maln wave,

In induction motors the rotor is not connected to
the line. The synchronous m,m,f, wove of the stator produces
an m,m,f, wave in the rotor which ig at standstill Wb, the
stator wave at any cpeed of the rotor. This produces the use-
ful torque of the motor snd o troque of thig kind is called an

asynchronous torque,



a) dsynchronous torguas .-

dn asynchronous tonque will occur when a gbator
harmonic¢ produces a rotor hamonic of the same order, and which
is ab standstlill with respect to the stator hamonic at L1l
rotor gesds,

It can be geen frcm equation.,. that all thoge
harmonicg which correspond to Ko =0 have the same orders
a8 the stator hammonics producing them, If these rotor hane
monics are ,t standstill w.r,t. the stator harmonic producing
them ab any value of slip, then the torques produced by K, =0
rotor harmonics are asynchronous torques, Considering thedath
stator hamonic and /Aath stator harmonic produced bya a.th

such thet Na. = SHae The smeed of ;Do-.‘bh hgrmonic w, r,t. stator

T = T
Yo ANo.

The gpeed of Math rotor hamonic w, r.t, stator

Mira = _!;L:L\‘.(/.‘Lo.-ba_)o -.b)] (b0

In order that

V5. =VA+«the condition to be satisfied is

Mq.-'aﬂ. - -
T GV

end gince s2a = A a this equation is satisfied for all

values of g,
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b) Synchrorous Torques,-

In order that a synchronous torque may oceur,

there must be
/(J- o

[1]

+ A} ownd Ve = /U'..?b

From equation 4

[ (pran D0 )(-2) ] 7

’U'/u_a.= o

/U',0= -

|

AL

/L}_
b b

when /Ua; + 95 the condition ﬂ)%bz n}/»’-gis satigfied

when

1= 14,(_/&*-@-9&.)(}—6)
or ( A+> - ’D“)C\'e’) = ©

But e = Ya yields an agynchronous torque. Hence
& synchronous torque will occur at fta = Vb when = 1, There-
fore if a stator harmonic produces a M ae. and there exlsgts
another sbator hamonic 4, = + e the harmonic fot Vo

wl1ll produce a synchronous torque at standstill

0) When st = - AL the condition Ab,, = V3, is
satisfied when =~1= 1+ (Ma -Da) (1= 9

Since pea 7#= W g a synchronous torque will occur at
Ata. 2 - Ny only when



N
)

Introducing the gpeed n

13)f1

n =~ - P M ot 9O AT
Kaa Qz
If the harmonic A*4 corresponds to a negative
Kz!a the gynchronous cugp will occur at positive n(S <1)

if ra corresgponds to positive Ky, the synchronous cugp will

occur at 4 negative n (s >1)
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2 DLSIGh CaLCULATIONS

Design of & 2900 kd, 85000 volts, 3000 rep,m.,
5 c¢/s squirrel cage Induction Motor.

The-follcwing quantities are sepcified:

Number of pcle, pe-~-==-ccecuacna- 2
Rating, Nn = e cc00 kW
Rating “per pole =~-eeceow-recccena- 2900 _1450kW
2= =
Synchronous speed =--=-==memmecae=- 3000 Tr.p.m.
Rated Voltgge, Un ---=v==m-==-==- 5000 volts
Rated phase voltage Up ----=-===- 5000_og00 V.
J3
2. L. Design of Major Dimensions
From curves -t}-3. and 4'—-"—‘1

Approximate power factor = 0,915

and efficiency = 0,97
Np

so that rated current =

Jé Un.Cos¥ n.m

S 2900
N 30 500.0,915.0,97

= 378 AmMperes.

average flux density B is taken as 6000 G at

the first instance and the ampere conductors per

unit periphery, 4, as 600 amp. condrs./cm.



From equation 1.1.4.

A
L= 4,55 kg, , CosY nn
P 500 ° "0
= 4,55, 0,956, 0,915, 0,97, 9000 €00
8000 800
= 5,5
Hence, C, the out coefficient is taken as 5,5
C= 5,5
From equation 1.1.5.
C. ns
2900
= = 0,176
5,5. 3000
(where D and { are in meters)
From curve | the value of D is 65 m.m.

If D is taken as 65 m.m. then the peripheral

velocity, n»r, is ghven by

7. D. ne. 7.0 ,65.3000
Vo= = = 102 m/sec

©0 c0

This is safe, since from mechanical point of

view peripheral speeds upto 140 m/sec. are safe.

Hence the stator bore dismeter D is taken as 630 m.m

D= 680 1
Nith D = 0,65 meters

' 0,176 0,416 m.



Ventilating ducts: 7, radial ventilating dact

each 1 cm. wide, are provided after nearly every §am.w

of the length of the stator core stampings.

Magnetic Circuit: 0,5 m,m, thick Lohys stam-
pings/and the magnetic circuit is made up as follows:
1 packet of stampings 60 m.m. wide ---60 m.nm.

6 packets of stampings,each S0mm wide
"""""800 I, M.

1 packet of stampings 60 mm. wide -~=60 m. il

8 packets, totalling =--<-<---w==-=-=-- 420 m.m.
7 ducts each 10 m.m. wide ----w-o-e--- 70 m, m,
- Gross core lengthy, L ~===----- 420 m. m,

Also taking a staking factor ki = 0,91
net iron length i = 0,91. 420 = 382 m.m.

L = 490, mm.

f =420 mm.

{1 = 382 mnm.

Alr gap : From article 1.15 the air gap of a

© pole induction motor is given by

D
8 = ———, 1+ 9/p M. M.
1200
650 = "l
= —— 1 + 9/2
1200 _ll



For smoother starting the air gap is taken as

3,5 mm,
6= 3,5 mm,
2.2. DESIGN OF THL ST4TOR
Number of stator slotsﬁ - assuming a slot
‘pitech g, = 30 mm.
' : | 31 , ™™D T.650
Number of stator stolts Sl'= ——— = 68
, o "fsgl 30

s

L]

+« +« No. of stator slots per polé pér phase

| .68

1

Integral slot windings are used and so gy 1is

| taken as 11, so that total number of stator solts

ht Te 6&)
sgF = 30,9
66

S} = 11.6 = 66; and the slot pitch

11

43

Sl 66

'fsgi= 30,92 mm

Iype of windings Double layer, lap wound,

stator connected, chorded winding is tc be used. From

curve 12,4 , the ratio of coil pitch Wgglo full pitch



Tp, that gives minimum weight of copper, is 0,8.

Hence a coil span W of 27 slots is used.

Hence,
distribution factor Kdl = 0,955
pitch factor K = = sin W , 1w _ 27 .w
P1 tp 2 - Sin g3 -3
= 0,965
.'. Winding factor Kq_ = . . Kd,. K
g . 1+ Kpy

= 0,955,0,965 = 0,921

A schematic diggram of the winding is shown

in fig. Y

Number of stator conductors: Roughly the normal

line voltage Un, applied to the stator winding, is

given by »[:equation 1.2.4.]

_ -10
Un = 3,2. ng . 4. B.D.LK; .10  volts
5000 . 10%°
or g,l = == 330
3,2, 3000. 6000. 680.42.0,965
330
No. of conductor per slot Ng = 56 = 6

Let Nc = 6 s0 that él = 6,66 = 396
e000 . 330
396

455 G,

and B =

b S PN & 3 Ao e - -_— = 1- - - —_— -



I. Ne 378.6

ampere conductors /cm. =

H

Tsgy 3,09
735 Amp. CCindt
m,
Z. = 3
L 96
Ne = 6
B = 455 G

A = 735 Amp. Conc

Total flux per pole

QS = :“é.‘ 'Tp‘ f
_ . 65
= 45%0. e ¥ 42 lines
= 19,5. 10°  1lines.

¢s = 19,5.106 1line

Cross-section of stator conductors : A currew

density of 4,5 Amp./mmz is taken
37
e Cross-section of each conductor Fl = -——Er
47

94,5 Sq. mm.




Since the cposs-section of *he conductor is
too large,two paralle? circuits are used so that the

cross-section of each new conductor is halved.

. 96
Hence the cross-section of conductor = ——— = 48

5 =
Slot and tooth diamersions -  Taking a flux

density of 17000 G at the narrowest section of the

tooth its minimum width is given by

b By. (1 - 2/385).'tsga
b 17000

(€5 1is taken as 0,06)

Semiclosed parallel sided slocts are used. The

héight of the 1lip is taker as 10 mm. so that the
leakage reactance of the stator may not be very Jow;
a tapering wedge of backelite and of depth 5 mm. is
used to keep tre condurctors in position, Thus the
tooth will have a minimum width at a diesmeter of

650 + o(10 + 5) = ggo mm, The slot pitch at this

diameter is w680 _ 32,4 mm.
66

71&0 (l‘ 2/3-0 ,06:

Tooth width at this point btf
17000

:52% - 12,4 mm

.

.. Slot width bg ---= Csg-Db,=32,4-12,4=20mn,



The slot i:sulation will be 1 mm. thick mica cell.
alloving Bmr for clearance and slack, the net width
aveilable tor the conductors is 20 - 3 - 2.1 = 15mm.
The conductors will be placed as shown in

fig., i.e. there will be three conductors in the width
Tre conductor insulation will be one serving of mica
tape 0,5 mm, thick.

Space reguired for eonductor insuleation
= 2,3,05 = 3 mm, space available for conductor
copper = 15 - 3 = 12 mnm.

herce 4,0 mm. thick corductors are to be used

and the slot width is made as follows:

Micagnite cell 2 X 1 ~--==---- 2 mm.

Conductor insulation 3x2x0,5--3 mm.

Conductor copper 3x4,0~----=- 12 mnm,
Clearance and slack 3 mm=----- 3 mm.
Total 20 mm.
Width.
bg = 20 mri.
F 1
vepth of conductor hey = — = 48 _ 12 mm,
bep 4

Ir order to keep down the eddy current lcsses
6 strands each of 2 mm, thick are used. The slot

depth is rede up - ag follows



Rl N R Y )

Micanite cell, 3 X l-===- Siddi.
Lordr.insulationdxSx0, 5~ 4mm.
Strand insul, 6 x 0,2~w--12mm,
Separator,lmm.mica-------

Conductor depth, 4x12----48mm.

Clearance and slacke-=-- 3,8mmn,
Slot depth 76,0 mm.

Lach firished cornductor is of

dimensions (4+1)X(12+0,2+1)
i.e. 8X13,2, thus the slot
opening by is taken as 5,5mm
so thet the conductors may be
hg
b

Conductor area Fl' =

Current density i

Watts lost per sq.dm., of slot

e

Fi1 3 .\

sliped in easily

= 76 mm,

= 5,5 mm,

12 X 4 = 48 Sq.mm.

378
2.48

i

735 . 3,94. 30,9

—
—

56. (15,2

+ 2)

This is within the safe limits.

62,404

hﬁs

A.d.

&

ou

=3,94 anp./sg.mom.

56(b+ 2hg)

9,3 w/dn®



Length of conductor:

The length of each conductor

is given by

L,=I+21e 2+2S+”';h5

+50 mm.

where |

2 JAig-aZ 2. V@002 - 29
= 54,6
O. LA=49+ 2. 5+2. 54, 6+

Te &

+ 5
= 174,8 cm. say 175 cm.
L, = 176 cn.

Total length of Copper(4X12mm©)

= &' L = 9,306 £ 175 = 1385 meters

Resistance per conductor

1,75
R, = 2 = ! ohms.
E.F 56. 96
Resistance per phase
1,76 . 132 5
Ty = 49, « R, = = 0, .04
S 56, 96

2 .
Stator I%R loss = 8.1°1) = 3,378%.0, 043 =1§y4Kw
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Stator core

Taking a flux density of 15000 G in the
stator core, radial depth hejy behind the teeth is
given by o

QS 19,5 . 106

hep = =
2. 11 .1500 2.38,2.15000

=17cm,

External dizmeter of stator core

Do =D+ 2ht + 2 he; = 65+ 2.7,6 + 2.1%114,2 cn.

wory 1ll4 cm,
Mean diémeter of core = 65+15,2 + 17 = 97 . cm.
Mean length of the magnetié path 1lcy in the stator

core is given by

T « 97
ley= —————— = 15 cm.
2
stator losses (Puwv)

Weight of stator teeth

=5,.btmean,ht. 11. 7, 5.
10 Ke.
=66. 2,18, 7,6.38,2. 7, 5.
| 10-3=313Kg,
Iron losses for stator tooth are 26W/Kg for a
tooth density of 17000 G. -3
.*e Iron loss in tooth = 5 313.26.10 = 8,15 %w.

Wt. of. stator core = 3—(114°- 80,2%) .33 ,2,7,5,10 K8



2, 3. ROTCH DESIGH

Number of Rotor Bars -

AS hss been explained in article 1,3.1.let
Qg = q; +2/38 = 11 + 2/3 = 35/3 so that the rotor slot:
Sy = 35/3.6 = M. Since the strongest saddle appears.
when the number of stator slots is different from the
number of rotor slots by + p, hence, with S = ,no
strong saddles will appear in the torque slip curve.

The stator mmf produces harmonics of the
order given by @ = K3 mj + 1 and these are given

in the following tables with their winding factors

N- |t | -5 ] 7 |- 13 [ |
Kd 0,955 |0,193 |0,139 |Q+Qal_lgégjg_jg4g§§ |
p . 10,989 LO:M:‘&;‘EI 1 0,841 0,141
Rdp 10,915 |n,027 10,057 lo,001 10,066 0,000
N = |-65 | 61 | .5 | 85 | -5 | 49
N 19 | -23 25 -20 | 381 |-35 |
Kg lo,058 10,051 [0,0049|0,046 10,045 0,045
K, lo,656 lo,050 10,800 |0,422 |0,866 [0,866
Ka,, |0,038 |0,048 |0,02¢ |0,019 |0,039 0,039
" | =47 | 43 | -41 | 37 | -35 | -

From the above tables it is clear that nearly



B4

all the hérmonics are zero except the 65th and 67th
The rotor harmonics are Ko mo + )i with K5=0
all those harmonic'that_are present in the stator
and with Ky = + 1 - 69th and 71th harmonics.Thus
the 65th and 670 harmonics will produce asynchron-
' ous torques, but these torque will be 1/65th or

1/67%h‘of the torque due to the fundamentél. Hence
they are insignificant (still the effect of these
harmonics can be reduced by skewing, which will also
reduce noise). .

Thus the rotor with 70t. slot: is almost

without any defect, Therefore the slot pitch

togo = 3 C 20 mn,
0

Bar and ring currents -

~

The bar'voltage at standstill is

U 5000.0,94
s(-€5) _ 7, " =22, 5V.

i
E = — —
2 .
bar” o ' 4Ky, VB 396.0,959

.*. Bu? current I, at standstill is

Np(datts)  2900. 1000

'Ib = = = 19850 Amp.
520 '9‘. Ez %00,930 22,5
and 82 | 70 .
Ir = T . Ib = « 1950 = 21700 Amp.

Trp T2
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The following three designs are carried out

(a) Crdinary cage rotor

(B) Ueep bar cage rotor

(c) Double cage rotor

Design A: A current density of about 64/5g.mm,
is tgken in the rotor bars

so that the bar cross-sec-

tion Fp = Ip/ip = 1950/6 R

= 325 5q,mm., 4 rectangu-
lar conductor of copper of
15 X 22 = 330 sg. mm. 1is
used. The slot dimensioné
are 16 X 23 with a lip imm.
wide 1 mm. deep and a trape-
z0oidal wedge of 4mm., depth.
The slot shape is as shown
in figure 2.2 . fie.

Taking a current density of 54/mm@ the ring

cross=secticn Fi = Ir/ir = _§;ZQQ__= 4340 mm2 say
5

4400 sg. m. =~ brass ring with = 0,06 of section

55 X 80 sq., mm. is used.

Rotarresistance: The length of each rotor bar

is L+ 20 m.., (teking 10 mm &s the aeverhang on eac

side) 1.e. 50 + Qp = &2 cm
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0,52 -S
r, = = 2,81.10 ohms.
56, 330
Length of each segment of the ring
r (643 -~ 55 )
= = 26,4 mm.
0
resistance of each ring segment
0,6 . 2,64 -6
rr - = 3,6o10
4400

."+ equivalent bar resistance is

m T

r
The = Tp + o = o 81+O.,_’.._3._6 57, ]_0”5
' 'ﬂ'. ’ (‘".. ) .
2. (:asp )2 2' 2. rm
2 Po — -
-5
= 12.10 ohms.

The transformation ratio for the impedance is

2.p. (N Kap, )% mp  2.2(66.0,92)% 3

or =
42 70
= 635 per phgse |
.'s rotor resistance; referred to stator is
! -5

Tpg = 635, 12,10 = 0,076 &



aotor tooth -

wlot piteh at 1/srd ci tue slot depth

Tbg(l/;j) = 7To6‘.t3 - 201/8. 28 - 28 il

70

. . Looti wiats at 1/3rd  slot aeptn = 28 - 16
= 12 mm.

Lence toe flux demsity at 1/3rd of tine slot depth
thg £ 29
g (1 =-€g)., 262 _7180.0,94.52
bt ol 12
= 16250 G

Ot o=

woltor CLore

Lne snaft diameter is roughly given by

foutput (watts) -
d = 0,84.25,4 B/ rpm

nei-Ce gpproxiaately the snelt alameter

G = 0,84.85,4.,/ 2900 . 1000
3000

= 210 mrx

Let tie shalt diameter be tuken as 200 mm.
ihe slot heigat is 28 wmm. so tnat the depth or the
core

heo = 1/2 ( 643 - 200 - 2 X 28 )= 193,5 mm,

Say 190 ma. h02 = 190 mu

alo0o vt 1luaa densit, in tae rotor core
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Rafio (opening/gop)
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18, 5.(1- 0,06). 10°
2. 19. 38, 2

Bcz = 12600G
also the mwean length ol the magnetic path in the

rotor core
r (643 - 2,28 - 190 )

ﬂcz = = 625 mm.
2
No loaa current
0IOm curve kol = 0,8 ana ko2 = 0
SO that hgl - = 1,09
30,9 bt 0,280 5,5
and ng = 1
wguivalent gap length
1
6 = Kgl . Kgg ] 6 = 1,090 10 3’5 =3’82

The calculation for the magnetizing current

are basea on t.e value

hagnetisation - The calculations ior the magnetizin
current are based on the value 835, i.e. the flux

density at 30° from the pole center (which is common
To the actual flattend aistribution and to tue funda

mental component ripon which the emf depends.

\ _ o NG -



B . B at 1 {aT = at.
otator Core 15000 - 10 154 | 1540
stator tooths | 15200 | 13800 5,4 2.7,6 82
(1/3)
Gap 7150 6190 (4950 2.0, | 3800
382
Rotor tooths 16250 | 14100 | 6,1 2. 2,8 34
(1/3)
notor Core 12600 - 3.5 62,5 219
Total aTgg = 5675 pér pole pair
2 al
Ig = — :
3.0,9 . Nc. q]_.del
5675
= = 34,6 am
3.0,9. 6. 11, 0,921
I1¢ = 34,6 am
Un 5000
Xm = — : = = Q3.5
N3. I ¢ V3. 34,6 ’
Losses. The no load losses gre
Iron loss = 30,15 Kw
Fana 4 loss 166 output = 29 Kw.
'« o loau losses = 59,15 Kw.
59,15 . lO3
active component oi' w, & current = -
N3 . 5000
= 6,85 amp.

. . o lo: cur =
at curremt Ig ,\;/34,62"‘6,852



6,85
io load power factor cos¥o = —— = 0,194
’ 35,3
_ 5000
sagnetis eactance 4&m = _ =
E 18ing rea V3.34,6 83 ohms.
resistance eguivalent to 5000
iron losses rm = = y20 ohm
V3 . 6,85
ohort Uireyit Current
AE&CLunCes -
olot permeance.
24 40 10 10
}\sb = + + + = 4,646
3.20 2 25,5 5,5
24 4 10 10
Ast = + + + = 1,82
60 20 25,5 5,5
24 4 10 10
Abt = + + + = 3,012
40 20 25,5 5,5
As = 1/4 (Asb + Ast + 2Kr.Abt )
L 1
Ar = ——2Gia = — | 2+ 9.0,5 | = 0,50
2q 24 11

.. Xs=1/2 (4,646 + 1,82 + 3,012,2. 0,59 )

= 2,6 /cm. length
Xs, fs = 2,6.49 = 127,5

4ilgZag pelmesnce

< .
\g Cp




Do = & Dy - a 28-5,5 25,4~1
e . 2T P18 5 25 =1,6
0,96 'ngg r?1'3'5_2;1 6,96.29 30,9

. 1,6 . 102 . 6
Vode = = 0,075/cm length
48 .11l. 70. 0,35

1. A& = 3,68
Codls (A o+ X)) = 3,88+ 127,5 = 131,18

L+ 2y = 1,67 L2 (R + sy, bs 1078
joJo]

1,6m. 66, 66 8

. 151,18.10
ll‘ 2
-3
1,3.10°° h.

H

3

Aot & 100.7, 1,3.107° = 0,409 ohm.

Cverhang reactance

I , . Le. |
L = N2 Kq & 2 + 71
ep 1,6 7 - 1,2 ‘\_dl . Kpl ,(Qez ""é)'l
Zeg = 5 e,m
1 - ) B
o JisgZal 2w (30,9%-20%)
= 118 mm = 11,8 cm.
. 66. 66 o
€ = 1l,6r . -8
p ) 1,2 .0,021 .(5+5,9):'.1o
=12.2.1077 n
£ep = 12,2 ,107%,100.7 = ©,382 ohm

4y = 0,382 + 0yog = 0,791



saotor -

w]Ool pe.mealiCe

23 4 1
48 17 1
-8 _ ., -8
Ly, = 0,47 g, Ag. 107 = 0,47.49.1,72.10
= 1,06.10'6 h.
N2 2 { ! -8
= 0,41 —— . = |({p -4s ) + K. )
Ly 04T L p 3 ¢ ) :] 107 b
643-80
where = T = 88,5 and h = 0718
2
' ""'8
* . Lr = 0,4‘"’ - -Z_O. [} % [21- 0,18 . 88,5—l¢10 h
i
= 1,55.107°
- -6 _ -6
Ipe = (1,06 + 1,55). 10~ = 2,61 .10 h
L' = 635 2,61 .107° = 1,66.1077 n
' - -3
Lo = 100.m, 1,66. 10"°= 0,52 ohm.

,'. ueacCtunce o1 tuie wotdr referrea to primary

£= 0,52+ 0,791 = 1,311 oham.

i 0,11¢
nqg;Valent vircult

the fcllowing data i aveilaovle

A = 0,791 . A?, = 0,52

gl = ONNa R . ™ 0 074
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hh

I'm = 420

Xm = 83

Un
N3. £

Tne suort circuit curient Is.c. =

5000
N3.1,311

| R_ 0,119
aia tie s,c¢, power factor cos ¥n = — = = 0,095
£ 1,315

= 22004am

.-

Circle ajagram
LICw LLe DO loao ana thie s.c. data the circl
diagrem as shown in fig.2.4 is drawn.

From trne circle aiagram -

¥, L. Current ...... 359 amps.
- p. 1. ceeees 0,97

n, ceeaen 97/,
slip ceeve. 0,945 %
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Design o - 1he deep oar rotor

L.t conductor cross-section is tekern as
O £ 65 sq.mu. 20 that the slot size is 5,5 £ 65,5
Sye.mm. with & lip 1 mm. wiae

er.a 1 m., deep anc a wedge

i ’:..A..)‘,i‘ i
Space Ci o mm, as showr in o !*3 '
P
b
fit. 2.7 . +he ring is kept to
ci tie same aimensions as in P
design a, | -
Rotor tooth - o
Ti.¢ pitch at the bottom of -
-
rotor tootl Ly
_ "y
Ts 2, = T(sas-69,5. 2)=22, om
70 .
Fq. 2.7

-heretore teoth width at its bottom £22,6-5,5

= 17,1
715 . 29(1 -0,06)

-.o = = — G
t2b 17,1 11260

alsc flux density at 1/3rd slot aepth

’ng(l/b) L (643 - 62,5, 2/3) =26,7 mm.

70

11260 . 17,1
21,2

o By, (/3802 = 9400 G

anperc turns/unit veripnery ate_ = 1.5 / cm



Hotor vore

n— —

LYoking tie shuait dicmiter zs 200 m-.
JhLe uepth, ol rotor core heo = 152 mm.

19,5 . 10% .0,94

*

. 1—502 = -~ = 16000 G
15, 2. 38,2 .
7. (200 + 152)
feg = = 55 2 mm
2v
atéz = 12/cm.
ATe, =  12.55,2 = 662

No lozd current

v AT 3800 + 82 + 1540+ 21 +662=610!

6105

]l

R A

= 37,2 amp.
wince tune iron losses at no losd remain the
B €, abd NO Change 1s made in the stator thne active

ceuronint of the wol., current ic 6,85 amp.

trto T S22+ 6,852 = 89,2 anp.

«m

It

77 ohms and rm = ém ohms

notor impedence
(at stana still)




.

e o at . s=1 tre multiplication factor K

frou curve i 6,0,

‘'he resistance of egceti bar

1,8 .107%, s2 _
r, = = 2,86.10
325

5

wince only 50 ca is inside tue irown core, the amount
oi resistance subjected to increase is 50/62. 2,86 .

107° = 2,75, 1079 ohms.

Hence at s = 1

rp. = (9,19 + 0,11 + 2,75, 6,5).107°
= 27,2 . 107°
Ty = 27,2, 635, 107° = 0,173 ohns.
heactance
65,5 3.2 1
o = 5,5,5 6 "= 638
L, = 0,47 .52, 6,36, 1075 = 4,21,107°

L,= 1,56. 10°°h

Performence -

From tine torgue slip curve anu the perfor-

mance chart the Bllowing values are obtained



Perfornances of the Desp der Tnauetion Kotor

s=1;f=50-[s=0,8;f=40 ‘ FUgls

2015 | 530,051 =2

1 | slig s=0,041"=‘_2”’l'§=0,01,f=0,5

2 |08t | 6% 56 | 1% |14 L% |

3l | 6,5 |56 |40 | 40 1,2 B !

{ g et | et et pmet g

i I | 0,17 | 4,187 018 oms o | 0,0%S | 0,0765

0 | olt) | 0,1 0,08 | 0,8 | 0,7 0,9 | 0,8 |10

7|y | 0,52 | 0,5 | 0,86 | 0,% | 1,08 | 1,1 | 1,15

8 [ s | 0,1% |0, | 0,522 | 0,5 | 1,5 | 1,316 | 0\65

0,96+ 10,6 | 092+ 10,66 | 0,065 0,8 16+ 108 | L3054 L | 765+ §L,15

055L 0585}70 0724L 136[_ L_J_ 00 771

D |l L0405 [ 0,0+ 0,559 | 0,007+ § 0,65 | 0,06+ 10,9 Lo+ L1 | 7T54 5 165

1|y 0,084 0,00 [ 048+ 3081 | 08+ 00 | 0,043 fo, 1 10,043+ 0,51 to,043+ 0BL | 0,045t 30,1

12 lé’l+°--“2s U5 1,06 | D0 JLE6 | 080 ¢ iLaan | LU JL6 | LS5+ L080 | L9 L66 | T, 195
1341L_ 1, La_ L % 2045{0_1 )5 ['_8_ 278@_ Bt [ L
B 0l o bl o b ol 089 [k | W
4R by (e by lws e [0ls o bk | Lo
15 }1' lale) (a0 1 |a% e | 3w e [0 18 o lwe el
15 }Ip.rg’a X K | 50 B0 620 | om
Bws it i 5 3 o 8,7
M P . % B 3 A 3 3
Tntal A e 140 4 g m BT
Bl ] . | 4) |26 | §47 5% | %113
9 |towe |0 | 5 K | 5640 | 60 60 12
2 ”-Zz's | 00088 0,000%2 0,007%-30,00857] 008k okt 0,125 D002 | 000001 [o,016-,008 | 0,01540, 1002
quw LW I, TR V& LU Lo JT TR [-LET ny 102[_5J
0| e !1,0069 Sl oo__boom 0.00051] 1 oo 46 §0,00621 1,0;29m124 ll,mmimw,@_‘l_gmm_

2 ) |l Bl sy

_23_10031

0457 | 580 L

0,149 L0, | 0,240 0,485

Lo 0,85 L0,8
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At

1 load slip soee
torque .....
current ...
P.1,. cee e
gificiency .

stand still current

F.f.

‘orque

1¢

1.7.

2007 syn hw.
367 amp
0,045

95,8

2]_64 nmp.
0,149
2370 syn Lw.



Desigrn - Jouble Cage rotor

The stator is kept tne SainC s in design
a 80 tret X7 ald Iy gre fixed. iow the ideagl
snort circait culrrents for the circke K' (Fig.2.9)
) 2890

1" s.c. D
Xq 0,791

= 3650 amp.

Tne size of the inner circle 1! can be
dealt with freely. Lhe smaller thc diameter of
the circle the worse will be the power factor of
the mechine at full lousd. Let the alamcter ol the
inner circle represent 1000 amp. 0 tuat in fig.
bou' = 1000 - 35 = 9654 sna PoD" = 3650 = 35 =
o615 &, From these velucs the positicns of the
circle K' anu A" are dctersiced ana oy the use of
r; ana r'2 tr.e positiors oi the poinee Py' ara Py
arc ceteiwineda, such that the ordinates of Pp' and
Pie' nust be proporticnal to the copper losses in
ornie phase of stutor winaing and €Oy per losses in
or.c prase of the stator anu rotor winaing respecti
vely.

It we invert the circles k' anu A" with
referernce to Pg tnen tre inversion of n' is a
verticul (g') pussing througn '  ana correspond-
ingly tre inversicr. oi a" is & vertical (g") tarc

ugn ',
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ke rauiating lines Py P'u ana P Pt will
on g' cut ciL tre tentte =F = 8. s horizental line
througtr « wiicr ¢ate g" din G is arawn, awoul Tu
center h ol bee line bG a cirele k is drawn.
Lye noirt of ccrtget L o a tangent from Py to
& ie bt poine corresponcing vo s = 1, 101 the maxX
tor yae per unit current condaition, in the inverte
Gleg Taide

Tne point L' corresponoing to 5 = 0,5
ney we founu ir viie followikg manner: it lies immeadl
atel, on u circle k' whose center H' lies higner
Losl., B oy toe uiotabce 'a' i.e. K H' = a N 1s the
vurtiecal projectiorn oi L on iU, «ua N' is the cente

Limna

ol Line u Straighta UN! intersects k in Lo'. L'
is tote point o1 intersectice witi. k' oif w verticle
1ile, pesdife Lerougn Lo'e  Ii ULl vaie Muller tne
poirt L" is obteinca for s= 1/8 wna LM for s =1
ire poirt L, L', L', LI" are invertea as iollows:

ive nower of irversior is equal to

—

Fok = 1)- ol = Pole = 1/2). PL' =
sioaw wee pldnie g = 1); B = 1/8), K F 1/3) .

o = L/#yetc.  are aeterminec



et

L. cruer toe aetermine A Iirst tue velue o

e
Ao allh Taen /u,(z ;ﬁ ) 1% tou vo aeterninea
_ e89 00
A.L + .Ag = “]?(3_6—6_ = 2,89
Ay = 0,791

[} . -1\-2 = . 2’89 - 0,791 = 2,098

ro'  is tahen as 0,27 omme pel phinse

/U' = = —————————— 8,5
r, 0,247

» 8,5
M 1+ e = 3447
S945

il
l..._l
+

ana A

I Ctids vay Ulae resistunices off vhe irner ol

outer cCopew are Getirulned, namely

A\ 3,47
I“ = T e rz' = . 0,2%7 = 0,847
X-1 2,47 ohm
r' = \.ro' = 8,47 . 0,7 = 0,855 oL

1t 15 desirsble¢ to reve relatively smull
lossee ir the erd rirgs, since tre bars are placed
uninsulated ir tte sTots mu t:is causes currents to
hcr throw & tre erd laminstiors which act in the sar
Way ws ¢ aecrcuse of the resistance in the end rings
Particrucre the heat gererated in *he bars of trc

cuter core Gurire starting can be more quickly trens-



~-ferreo by conduction to the rotor irecn then the heg
gererated in 'he erd rirg ..

#0L Litse reasons only 40 percent ol oue
SCCOI Qal'y revistalice 15 placeu in tue cnu rings ol
L.t Oulel Cgpe woile lor btre iiser cage tuis value
io ircreuased to 60 perceut.

+hus 1or tue vatep cage

0,6. 0,855 -3
Iy = = 1,315.10 Ol
635
O,‘,.'fo 0,855. 2.77'?. 22 _6
r, = = 2,16.10 o

636 . 702, 22

LG 10T bre irner cage

0,4 . 0,547 -5
ry = - = 0,219.10 ohm
655
0,6 0,347 . 2, 72
I, = = 1,325 ohms
635, 702

1oe Jergto ol tue ver is 52 cui.  Lhe mean

diameter of cuter «ro rirg is LeVer us GCO mm, 2nu i
trhel of the inrer rirg is taken as 550 mm,

lner, -9

oz . 10

v Ccross-section 01 vubelr Cuape = - 15;3
b6l l’dlbt

= 7,07 sq. mi,
LSl cross-section ol inder Cage
-2
_ 52, 10 . = 40 Sy, mm.
56, 0,219.10°




MG Tile, a-section oL tue oubter capes

Lerglau ol eacn sepment oi cuter ring

T 300 - = 26,9mm, .
, v 0,6 2,69.10
.« o« wa-bection o outer ena. ring= Sl
2,16, 10

= 0,748.10.4 sy, mm.
Lenpto o1 eyCu segment ol inner cage
0,6 . 580

= = 24,7 mm.
70

0,6.2,47,10" ¢

.« o A Section o1l irrer cupe =

1,525,107 °

1,12.10 4 sq.:

ience for tue cuter cape circular bars oi
S M. Ula «l€ uSeu anQ u ring ol 99 mw, wiae aia 80 1
Geep Lo uaseu. Jnile 10g lne lruel Cepe ing of 1004]
Sy. mm. 1o ousca,

selore vhe roitor slot is dimensionea tiwe

daplhietics resicteance or viie 51iT is Co pe weterminied

3,47
Al = { 2 )%QH = (-—7-—-—)2 2,099 = &112
A-1 “ 2,47
L' = 4,12/635,100.7 = 2,06.10'5

1,55.10'6 (o5 in the normal cage)

-
£
-
-
¢
|
H

r

-0 -
.« L, = (20,6-1,56).10 " = 19.10
-0
19 . lo __._-8 = :—‘O,B
O,’;.L’n' . 4590 lO

6 Y
n

.’
L]
P
w
I
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Ir. oo oilmensioning ol tue slot provision

must eloc b muae to secure A s = 30,8,

I1 at tie narrcwest part oi tie toota
og, = 19000 G then
7150 .0,94, 29 = 10,25 mn

DL, =
t 1000

irne slct or aimensious as shown in fig. 244 is used.
Frow tne circle alapren the followilg

qualitities wre ovtained:

Fall lous

slip 2,57 /-

I 360 4,

Los M1 0,929

Torgque 2030 syh. Aw.
”-b 93,5./‘

at stanastill:

il

Il 1840

Cosf¥1l

0,694

Torgue 10650 woyn. bhw.
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