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. of one segment, usually between 03 to 0'6 m,

10

Three Phase Induction Motors

101, Iatroduction

A polyphase induction motor consists essentially of two major parts, the stator and
the rotor. . The construction of each one is basically a laminated core provided with slots
wh'\ch house windings. When one of the windings is excited with a.c. voltage, a rotating
field is set up. This field produces an e.m.f. ir. the other winding by transformer action which
in turn circulates current in the later if it is short circuited. The currents flowing in the
second winding interact ‘with the field produced by the first winding thereby producing a
torque which is responsible for the rotation of the rotor.

102, Stator

This is the stationary. part of an induction motor. Itis a cylindrical structure, built
up of dynamo grade laminations. The laminations are either 0°35 or 0'5 mm thick. Motors
baving outside diameters of the stator core upto about one metre use one-piece core lamina.
tions as shown in Fig. 10']. The centre circles are used for punching rotor laminations.
The stator laminations are welded at several
places around the outer cylindrical surface
and the stack is later pushed into a frame for
assembly. For larger sized motors, the stator
cores are made of segmental laminations.
This is done in order fo avoid wasting of
steel from the centre of the rotor and from
the outside corngrs of the stator with the cores
made up of segments assembled in ring form.
The segments are held together by axial key
bars fitting into dovetailed slots in the outer
rim of the core. Fig. 102 shows two typical
methods of securing stator cores with seg-
mental laminations. The peripheral

is chosen to give most economical balance
between the cost of dies, the cost of assembly
and the amount of scrap left over in cutting
the laminations from steel strips. For quick
asembly of stator core, maximum chord of
segment s.houldd not be lul: th:::al 037 g: l;
is necessary to determine the total numbzr o . .

dovetails for fixing the segments to the frame Fig. 301 Stitor fagtion for ey ..
and also to determine the location and number of dovetails per segment. As a rule, the dis-
tance between adjacent dovetails should not be less than 60 mm,

The total number of segments is chosen in such a way as to provide an equal number
of joints in the core flux paths of alternating poles. This is bacause, if the flux leaving the
stator core from every south pole encounters a core joint when it turny anticlockwise, and no
joint when it enters clockwise, the different reluctances offered to the two paths will result
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into a net difference between the core fluxes in two directions of flow, and the resultant flux
links with the shaft. ‘This resultant flux produces an alternating voltage between the two
ends of the shaft, giving rise to shaft currents which in turn may cause damage of bearings,
unless the bearings are insulated from the end shields,

Stotor Rit
frame = <L

$ Screwen
mental - ;
?aergtinotion profile bar

Fig. 10°2. Segmental laminations and methods of securlng stator core.

-~ —ong cores are-divided:-into-a- nombec of stacks with Tadial ventilatiog duch in bet
t;oeen i:o mr to facilitate the cooling. The width of a single stack of core should not exceed
to 60 mm.

#gmental lamination used for large induction motors. These motors
consequently the teeth are thin in section. Therefore, the teeth

Vent
spacers

Tooth
Supports

Fig. 103. Segmental lamination, tooth supports and
vent spacers,

must be supported by tooth supports at the radial ventilating ducts, The supports act as
vent spacers and also prevent vimu. The tooth supports generally consist of a piece of
rolled steel, spot welded to the end laminations."
103. Stator frames, Frames of electrical machines are structures in which stator
core is assembled. They serve four distinct purposes :
(#) They enclose the core and windings. }
() They shield the live and moving machine parts from human contact and from
injury caused by intruding objects or weather exposure.
(#6§) They transmit the torque to the machine supports, and are therefore designed to
withstand twisting forces and shocks. E2
(i) They serve as ventilating housing or means of guiding the coolant into effective
channels. -

A t variety of designs is employed to meet the above requirements, and to adapt
machinux::‘pnnicular service conditions. The design of frames has special significance in
the case of induction motors of large dimensions on account of the relatively small air gaps
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used in these machines. For induction motors the frame should be strong and rigid both
during construction and after assembly of the machine. This is because the length of air
gap is very small and if the frame is not rigid, the rotor will not remain concentric with
stator giving rise to unbalanced magnetic pull.

The frames may be die-cast or fabricated. Machines up to about 50 kW rating usually
have their frames die-cast in a strong silicon aluminium alloy and in some cases with the
stator core cast in. The process of die-casting has the advantage that it facilitates the use of
thicker cro:s section of frame at places where greater mechanical strength is required. The
die-cast frames do not require machining.

The frames of larger sizes of machines are fabricated by welding steel plates. The
advantage of fabrication is its adaptability to new designs and modifications.

Frames of small machines are made as a single unit. They are provided with feet by
which they are fixed to the base plate. Machines, which have radial ventilating ducts, the
stator core is placed inside the frame on axial ribs thereby providing an annular space for
air between core and the frame.

The frames of totally enclosed machines are provided with axial fins in order to in=
crease the heat dissipating surface. Fig. 10°4 shows a die-cast frame providec with axial fins.

The stator co e laminations in small michine; (which are puached as'annular rings)
are fixed to the franz with the help of clamping ringt as shown in Fig. 10°5.

Sy Clamping
'r ring

¢
'n: i
oo

| oI R
L\\““““““ ‘\\\\

Fig. 104, Die-cast frame with Fig. 10°5. Assembly of stato:
axial fins, core using clamp-
ing rings.

The frames of medium and large sized machines are fabricated as stated earlier.

The frame is a short cylinder, or a b>x, with end plates and axial ribs. The stator core is
inserted into the frame after the inner surfaces of the ribs have been machined and the ends

turned where necessary for the end covers.

Medium sized machines (i.e. machines whose stator core diameter exceeds 1 m, but
is not more than 2'5 to 3'0 m) are provided with radial ventilating ducts. In this case ring
chambers with large radial dimensions are required in order to obtain proper rigidity of
frame and sufficient cross-section for ducts for air. As stated earlier, the stator core of these
machines is assembled from segmental laminations and fixed to dovetails welded or screwed
oq to inside surface of the frame. The frame is usually madein the form of a box of T-
shapel cross-section in order to increase rigidity. In machines of large axial length the box
has intermediate walls in addition_ to the two side walls. These walls are so designed that

\.
X

-~
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the two consecutive walls are not more -
than 05 m apart (see Fig. 10'6). This
construction gives additional rigidity to
the frame. '

- The frames of larger horizontal
shaft machines (with cutside diameter

ter than 35 to 4 m) are made with
joints located in the horizontal .
Openings are located in the outside sur-
face of frame for providing outlet to
cooling air in radial direction.

597

N el e e ol el &l bl \

Main
frame

CRBGETILIRLY,
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Loose //'E

ring
" Fig. 10'6. Box-type stator frame

10'4. Rotor. Like stator, the rotor laminaions are punched as a single unit in the
case of small machines while in larger machines the laminations are scgmented. Fig, 107

shows a one piece rotor lamination,

Rotor cores of small machines are often put on the
shaft directly and keyed to it for transfer of torque. Washers
or thrust rings are used for axial clamping (Fig 108). The
thrust ring is put on the shaft when hot and on cooling the
ring grips the shaft. However, this process is costly for mass
production. In practice, a thrust ring with a cut (Fig. 10°9)
is used. This ring is placed in a ring groove in the shaft.

Fig. 10'8. Axial clamping of rotor
laminations using shrink-
rings. .

'

'
1]
.

'

1

s

~
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g%:
i
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-

P2 o

Fig. 10°9. Ring groove and thrust ring
with cut for axial clamp-
ing of rotor laminations.

In order to provide paths for ventilating air, radial &nd axial ducts are used. The
number of radial ventilating ducts provided in the rotor is equal to that in the stator,

The single unit laminations are fixed on the shaft by means of armature hub

(Fig. 10°10) or on ribs (Fig. 10°11).
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Fig. 10°10. Assembly of roior lami
tions an armaty

na-
re

In the case cast-steel hub the laminations are
is compressed between (nd plates when ribs are

clamping rings (Fig. 10'10). The core
used.
The se

ental laminations are fixed to rotor spider.
Fig. 10'12. is comprises of a shaft with arms and stiffners.

ELECTAICAL MACHINE DESION

fi

L

i

il
fi

Core
Fig. 10°11. Thickened part of shaft
provided with ribs,

pressed together in axial direction with

A rotor spider is shown in
For machines with lar

diameters, the rotor spider is built up from a hub, arms and ribs as shown in Fig. 10°13. The
ribs are machined to accommodate the rotor core.

S e
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Fig. 10°12. Rotor spider
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Fig. 10 13. Rotor spider bullt with hub,
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10'5. Rotor windings. Two general types of rotor constructions are employed for
induction motors, namely, the sguirrel cage and the wound rolor., The great majority of
present day induction motors are manufactured with squirrel cage rotors, consisting of
uninsulated bars of aluminium or copper that are joined together at both ends by rings of
similar conducting material. A common practice is to employ winding of cast aluminium.
In this construction the assembled rotor lamipations are placed in a mould after which
molten aluminivm is forced in, under pressure, to form bars, end rings and cooling fins as
extensions of end rings  This is known as die-cast rotor and has become very popular as
there are no joints and thus there is no possibility of high contact resistance.

In practice a silicon alloy with 6—12% Si is used because pure aluminium does not
cast well. .

In other designs, copper or brass bars, of round or rcctangular shape to nt the rotor
slots tightly, are driven into slots, projecting a short distance on each end of the core. These
bars are then soldered, welded or brazed tothe end rings. Some common types of con
struction for connection of bars to end rings are shown in Fig. 1014,

It is necessary to keep the bars tightly in the slots because loose bars can be damaged
quickly by mechanical vibrations and thermal cycling e

L Ly =7
20 wY) =7

Fig, 1014, Connection of bars to end rings.

It is a common practice to use bar rotors when high starting ¢ i i
Fig. 10115 shows the tochod of Joinitg decp bur to ond riagre " 1IUe 1 requied.

\

-

-

-

Bar

R
core

Fig. 1015, Joining of deep bars with cnd rings.

For induction Whvtors requiring speed control or extremely high values of startin
torque, the wound rotor construction is employgn. The wound rotor has completely inmhteg
copper winding: very much like the stator windings. Wave winding is used as it has the ads
vantage that the number of cross connectors between groups of co'ls is reduced. Also it
gives a compact arrangement of cross:connectors’making it possible to have a good mechanis
cal balance of revolving structure. The windings can be connected in star or delta and the
three ends are brought out the three slip rings. The current is collected from these slip
rings with carbon brushes, from which it is led to resistances for starting purposes. Earlier
the brushes were provided with a device for lifting them from the slip rings when the moto»
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had started up. A collar was provided to short circuit the slip rings. This was done to
reduce the wear of brushes. Also it resulted in reduction of frictional losses. However,
brush lifting and short circuiting grar is generally not used in modern machines,

106. Comparison of squirrel cage and wound rotors. The squirrel cage motor -
has the follow ng advantages as compared with wound rotor machine.

(§) Noslip rings, brush gear, short circuiting devices, rotor terminals for starting
rheostats are required. The star delta starter is sufficient for starting.

(#%) It has a slighily higher efficiency.

(#45) It is cheaper and rugged in construction.

(iv) Ithas better space factor for rotor slots, a shorter overhang and consequently a

‘smaller copper loss. .

(v) It bas bare end rings, a larger space for fans and thus the cooling conditions are

better.

(vi) It has a smaller rotor overhang leakage which gives a better power factor and a

greater pull out torque and overload capacity,

The greatest disadvantage of squirrel cage rotor is that it is not possible to insert resis.
tances in the rotor circuit for the purpose of increasing the starting torque. The cage rotor
motor has a smaller starting torque and larger starting current as compared with wound rotor
motor.

107. Slip rings. The slip rings (for wound rotor machines) are made of either

brass or phosphor bronze. They may be pressed together on a body of reinforced thermos
setting resin carried on a mild steel hub. The slip rings are located either between the core
and the bearing or on the shalt extension. Inthe latter case the shaft is made hollow to

allow the three connections from rotor to slip rings to pass through bearings.

108. Shafts and bearings. The air gap of an induction motor is made as small as
possible. Therefore the shaft is made short and stiff in order that the rotor may not have any
significant deflection, as even a small deflection would create large irregularities in the air
gap which would lead to production of an unbalanced magnetic pull (see page 179). Thre is
also a possibility of rotor and stator fouling with each other. ¢

Ball and roller bearings are generally used as with their use, accurate centring is much
simpler than with journal bearings. Also the overall length of the machine is reduced. For
small motors, a roller bearing may be used at the driving end and a ball bearing at the non
driving end. For large and heavy rotors journal bearings of seif aligning spherical seated
type are used.

DESIGN

109. Oatput Equation. Reference chapter 8 page 456,

The output equation (Eqn, 8'18) for a.c. machines is :
KVA input Q=C,D* L. (101)
Output coefficient Cy=1'1 KeBow acX 107 (102)

'l D9
From Equ. 10'], D'L=—55-

kVA input=kW/(y cos §) «(103)
The ratiog of an induction motor is sometimes given in horse power and therefore
the output equation should be expressed in'terms of horse power. The kVA input is :

h.p.X0'746
Q= 10°4)
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The horse power, sperd, power factor and efficiency of a machine are specified.
Therefore, in order to calculate the value of DAL, we must evaluate the output coefficient.
The value of output coefficient depends upon the choice of electric and magnetic loadings
i.¢. values of ac and Boe.

1010, Choice of average flux density in air gap

s {§) Power factor. The value of flux density in air gap should be small as otherwise
the machine will draw a large magnetiting currnt (See Art. 10°8) giving a poor pbwer
factor. However, in induction motors the flux density in the air gap, should be such that
there is no saturation in any part of the magnetic circuit.

(4§) Iron loss. An increased value of gap density results in increased iron loss and
decreased efficiency. (See Art. 8'1°7 page 458).

(44§) Overload capacity. The value of air gap flux ensity determines the overload
capacity. A-high value of Bw means that the flux per pole is large. Thus for the same
voltage, the winding requires less turns per phase and if the number of turns is less, the-
leakage reactance becomes small. With small Jeakage reactance the circle diagram of the
machine hat alarge diameter which means that t maximum output, which the machine

"meﬁlrw«mnmmmm -a-large-—over-load —capacily.-
Thus, with the assumption of a higher value of Bas, we get a higher value of overload
capacity. :

ost induction motors have an overload capacity of twice in horse power but as tae
speed gets lower and lower —i.e. in ‘machines with large number of poles—it is very difficult
to get this capacity and still get a reasonably good power factor. There has to be a compro-
mise between the two.

For 50 Hz machines of aormal desiga the value of Bes lies between 0°3 and 0'6 Wb/m?.
For machines used in cranes, rolling mills etc, where a large overload capacity is required,
a value of 0'65 Wb/m®* may be used.

10-11, Choice:of ampere conductors per metre '

(§) Copper loss and temperalure rise. A large value of ac means that a greater
amount of copper is employed in the machine. This results in higher copper losses and large
temperature rise of embedded conductors (See Art. 8°18 page 461).

(i) Voliage. A small value of s¢ should be taken for high voltage machines as in their
i@ 1 Toe for insulation is large-(See Art. 8:18 page 462). -

(i) Owerlosd capacily. A large value of ampere conductors would result in large
number of turns per phase. This would mean that the leakage reactance of the machine

becomes high and diameter of circle d;:fiam is reduced resulting in reduced value of

overload capacity. Therefore, higher the value of ac, the lower would be the overload
capacity. :

Hence the value of ampere conductors per metre depends upon the size of the motor,
the voltage of stator winding, the type of ventilation and the overload capacity desired, It
:;2“ between 5000 to 45000 ampere conductors per metre depending upon the factors listed

ve.

1012, Efficiency and power factor. Table 10°] gives the usual values of efficiency
and power factor for 50 Hz machines.
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Table 10 I, Efficiency and power factor ]
Output e B
i
p=4 p=8 p=i p=8
Squirrel Cage
075 on - 075 ~—
220 o8l 1 075 082 066
370 083 081 084 g 069
750 086 082 087 078
1500 [ 08 089 08
3700 0-90 089 0% 085 '
75:00 - 091 09% 092 089
Slip Ring
‘750 0-84 083 084 070
15:00 087 085 089 080
3700 089 088 0% 08
7500 091 089 092 089

1013, Main Dimensions, The product DL obtained from Eqn. 10°3 is split up
into its two components D and L. The separation of D and L for induction motors is
discussed in chapter 8. The ratio of core length to pole pitch (ratio Lfx) for various design
features is : 4

Minimum cost—1I'6 1o 2

Good power factor—1'0 10 1'25

Yood efficiency—1'5

Food overall design—1.

As discussed later in the chapter, for best power facto.

*=4018 L

For small motors, high values of L/s result in small diameters which may not be able
to accommodate even a small number of slots. In such cases the above valurs are not
practicable and so lower values down to 06 may be taken. In ienenl. the value of L/
lies between 0°6 and 2 depending upon the size of machine and the characteristics desired.

Peripheral Speed. Standard constructions can generally be used for peripheral
speeds upto 60 m/s. Higher peripheral speeds upto 75 m/s are permissible only with special
rotor construction which may involve higher costs. For a normal design, the diameter should

be so chosen that the peripheral speed does not exceed about 30 m/s.

*It should be noted that this relationship is dimensionally not correct and is valid for values of 7 and L
expressed in metre,
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Ventilating ducts, The stator is provided with radial ventilating ducts if the core
length exceeds 100 to 125 mm. The width of each duct is about 8 to 10 mm (See page 57).

1014, Btator windimg. The windings used for induction motor stators, their
choice and layout has been described in the chapter on armature windings. Double layer
lap type winding with diamond shaped coilsis generally used for stators. Small motors

~with a small number of slots and having a large number of turns per phaze may use single
layer mush windings.

The modern insulating materials for diamond coils belong to classes B, Band F. The
slot and phase insulation is Polyester foil coated with compressed fibre for class F and
plastic foil baked with polyamide fibres for class F. The insulants in both cases are impre-
gnated with class F' insulation.

The three phases of the winding can be connected in either star or delta depending upon
starting methods employed. The squirrel cage motors are usually started by start delta starters
and therefore their stitors are designed for delta connection_and the six leads are brought
out to be connected to the starter. The wouad rotor motors are started by putting resistance
in the rotor circuit and therefore the stator-can be connected either in star or in delta ag

M* ST e~ —_ - e = LTI

10141, Turns per phase, Flux per pole

0.’530- tL=BuX(nDL)/p
Stator voltage per phase Ey=4'44 { OuT\ Ky
where % Ty=number of turns per phase in stator
and Kwe=stator winding factor.

The winding factor miy bz initially assumed as 0'955 which is the value of winding
factor for infinitely distributed winding with full pitch coils.

X s B,
.. Stator turns per phase T'—W;

10:14:2, Stator conductors. The current density in the stator windingy is usually
between 3 to 5 A/fmm?.

Stator current per phase I,=Q/3E,

#  Area of each stator conductor ay=1,/3,
where 3,=current density in stator conductors.

For lower values of current, round conductors would be most convenient to use while
for higher currents bar or strip conductors should be adopted as anything above 2 or 3 mm
in diameter is difficult to wind. The use of bar and strip conductors gives a better space
factor for the slots. g

10:15. Shape of stator slots. The shape of slots has an important effect upon the
operating performance of the motor as well as the problem of installing the winding. The
slots may be completely open or semi-enclosed as shown in Fig 10'16. When open slots are
used, the winding coils can be formed and insulated completely before they are inserted in
the slots.  Also the windings are reasonably a essible when individual coils must be re-
placed or serviced in the field. On the other l@ the coils must be taped and insulated
after they are placed in the slots for machines with semi-enclosed slots. Semi-enclosed slots
are usually preferred for induction motors because with their use the air gap contraction
factor is small giving a small value of magnetizing current. The use of semi-encics=2 slots
results in low tooth pulsation loss and a much quieter operation as compared with that with

opens lots,
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Therefore, open slots (i e. equal to slot opening equal to width of slot '
itis desired to complete the coils outside the armature and dro: :m .;:t:s::e “slt:)e:
Incidentally, an advantaage of open slots is that their use avoids exces:ive slot leakage lhereby'

reducing the leakage reactance.

In small motors where round con- x
ductors are used, the tapered slot with parallel -
sided tooth arrangement [Fig. 01t(a)] is
useful as it gives the maximum slot area for

a particular tooth density. In large and
chines where strip conductors

medium size ma (
are preferred, parallcl sided slots with tapered ) ®
teeth are used [Fig. 10'16 (8j]. PG 1006 Seksncloid i open dols

10 16, Namber of stator slots, The designer has no definite rules to guide him

in selecting the number of stator slots, however, the following points help to serve as guide-

lines in the selection. /

(i) Tooth pulsation loss. In motors with open type slots, the slot openi
considerable influence on the air gap reluctance. The slots abou'ld be so pmp;:,'.?g,’,,? vt::t
he air gap reluctance are produced. The effect of these variations

minimum variations in the c
is to produce tooth pulsation losses and noise. (For additional information on tooth pulsa.

tion losses see pages 109, 304 and 305).

These effects can be minimised by using a large number of narrow slots.

(35) Leakage reaclance. If there are larger number of slots, there are la
slots to insulate. Therefore the width of insulation becomes more and this g::,;ug:ﬁ l:,ef
leakage flux has a longer path through air which results in its (leakage flux’s) reduction
Therefore with larger number of slots, the leakage flux and hence the leakage reactance *
reduced. In fact the slot leakage reactance'is inversely proportional to the number of slots/
pole/phase as explained on page 172. With small valwes of/leakage reactance the diameter
of the circle diagram is large and hence the overload capaktity increases. Thus, with rgie

number of slots the machine hasa higher overload capacity.
(i4i) Ventilation. The larger the numbeér of slots for a given diameter, the smaller wi
the slot pitch. If the slot pitch is small, the tooth width is also small since width I:;'v:ltl::;
slots is generally about one half the slot pitch on the gap circumference. So with larger
number of slots, the thickness of the teeth becomes smaller and the teeth may become mecha-
nically weak and they may have to be supported at the radial ventilating ducts by weldin
T or I sections as shown in Fig 10°3. This obstructs the flow of air in the ducts therebj‘r
impairing the cooling.
(is) Magnetising current and dron logs. It has been explained above that
section is reduced. Thgul’on }he use of largo.r number of slots may result in w"teﬂe::
density in teeth giving rise (0 higher magnetising current and higher iron loss.
(v) Cost. With larger number of slots there are larger number of coils to wind,

insulate and install involving higher costs.
It is good practice * lo w€ as man slots as economically ible. H
number of slots per pole per phase g, should not be less than 2 otberwime le,hg:‘;':::f the

becomes high.
In general the number of slots should be selected to give an integral
e per phase. The tlot pitch at tie air gap surface for open (;g:of!:‘ll;‘sb:mﬁ;l‘;:

per pole per p t
between 15 to 25 mm, For semi-enclosed slots the slot pitch may be less than 15 mm.

The stator slot pitch is
gap surface . %D

Y= otal number of stator slots . Sr

where S, is the number of stator slots,
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Total number of stator conductors==3 X 27',=67
Conductors per stator slot Zu=6T/S:.

The number of conductors per slot must be an even integer for double layer windings
because one half of the conductors per slot belong to the top layer and the other half to the
bottom layer.

. 10:17, Area of stator slots. When the nunber -of conductors per slot has been
obtained, an approximate area of the slot can be calculated.
copper area per slot
space [actor

Approximate area of each slot

Zs X Gy :
= space factor «(10°3)

The space factors ordinarily obtained vary
from 0'25 to 0 4. High vcltage machines have lowe.
space factors owing to large thicknesses of insulation.

_After obtaining the area of the slot, the dimensions
of the sl.t should be adjustcd_ The tooth widthand
the slot width'at the gap surface should be approxi-
mately equal. The slot should not be too wide fo
give a thin tooth. The width of the slot should be
50 adjusted such that the mean flux density in the
tooth lies between 1'3 to 1'7 Wb/m®. The width of
teeth should not be too large as it results in narrow
and deep slots. The deeper slots give a large value

55

of leakage reactance. In general the ratio of slot
depth to slot width should be between 3 and 6. ey —]
Fig. 10'17 gives the dimensions for the slot Fig. 10:17. Stator slot.

opening and for li+ and wedge in the case of semi-enclosed slots (The dimeasions are
in mm). d

1018, Length of mean tarn, The approximate length of mean turn of the
winding on induction motor stators for use on voltages upto 650 V may be calcalated from
the following empirical relatiopship.

Length of mean turn of stgtor,L-a-2L+2‘31+0'24 .-+(10'6)
with values of L and = are expressed in m.

10-19, Stator teeth. The dimensions of the slot determine the value of flux density
in the teeth. A high value of flux density in the teeth is not desirable, as it leads to a higher
iron loss and a greater magnetizing mmf. As stated earlier, the maximum value of Bu, the
mean flux density in stator teeth should not exceed 1'7 Wb/m®.

Minimum tooth area per pole=®n/1'7 -
Tooth area per pole=number of slots per pole X net iron length X width of tooth
-(8./p) X IaX Wia

or minimum width of stator tooth

Ou
(Wu)nuﬂm «(10'7)

The minimum width of stator teeth is near the gap surface. A check for minimum
tooth width using Bga. 10 7 should bx applied before finally deciding the dimensions of

stator slot.
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10:20. Stator core, The flux density in the core should not exceed about 1'5
Wb/m®. Generally it lies between 12 to I'4 Wb/m®. From Fig, 10°18, it is clear
that the flux passing through the stator core is half of the flux per pole.

Flux in the stator core=0a/2.

flux through core D
flux density in stator core - 2B.,

Area of stator core

“Area of stator core=L;Xde,

where des=depth of stator core. des
=dss
Thus  LiX desmny o
hd D Dy
Ou i ’
dey= “2B~XL( .-.“0 8)

The outside diameter of stator lamina~
tions (Fig. 10°18).
Do=D+2 {depth of stator slots+depth
of core)
=D+2du+2du : «.(10°9)
Example 10'1. Determine the main dimensions, number of radial ventilaling ducts,

number of slalor slots and the number of turms per phase of a 37 kW, 400 voly, 3 phase, 4 pole,
& Hz squirrel cage induction motor to be started bya star delia starter. Work out the winding
details,

Fig. 10'18. Stator Jami
4 . 'l:lllllllﬂml

Assume :
Average fluz density in the gap =045 Wh/m*, ampere conduclors per metre=23000),

efficiency =085, and power factor=0"84.

Machines rated at 37k W, 4 pole are sold at a compelitive price and therefore choose the
main-dimensions to give a cheap design.

Assume :

winding factor=0'955, stacking factor=0'9,

Solation.

§) Main Dimensions

w 37

. k o .
kVA input Q!'—-‘—-‘ cos g -Fm 518
Output co-efficient Co=11 Ky 30’ ac 10

=]1X0'955X%23000 X 10™2=108"7
Synchronous speed  my=2 f/p=2 X 50/4=25 r.ps.
518 ;
& Product DAL= % -m-l 91X 1673 ms3,

For a cheap design ratio, L/r==15 to 2. Taking Lfv=1'5,
L e L_1I5xm  1'5xzx
we have W;'-l5 or D= ? :-T =]"178.

Now DL=191x107"m® or 1178 Dr=1"91 X107
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D=0'117 m=0°12 m and L--—"(‘:)L_l’;-)'fﬂuo 18 m.
Pcle pitch c=xD/p=nx0'12/4=0094 m.
The length of core is 0°'13 m and therefore cne radial duct 10 mm wide is providéd.
Net iron length Li=0'9 (0'13—0'01)=0"108 m.

(i) Torns per phase
Flux per pole ®a=Bu L +=0'45%0"13%0 094=5"5x10"* Wb.

As the machine is started by a star delta starter, it is designed for delta connection.
. Stator voltage per phase E,=400 V.

L
Stator turns per phase T = 7o T

400
= FAX0XE 5 X T0TX0055

(i4) Namber of stator siots. It isa small sized machine and since semi-enclosed
slots are used for this machine the slot pitch can be lower than 15 mm. However, for mecha-
nical reasons the slot pitch should not be below 10 mm.

Taking, slots per pole per phase g,=3.

Total number of stator slots Sy=3 X 4x3=36.

Stator slot pitch=ys=xD/8,==X 0-12/36

=0'01047 m=10"47 mm.
Total number of stator conduetors=6Ts=6 % 343=2058

Conductors per slot Zu'%s =57,

«  Actual number of turns per phase T\= %1-342

(iv) Winding details. For small machines like this, a single layer mush winding
placed in semi-enclosed slots is used. Ina single layer winding, each coil occupies two slots
and, therefore.

number of coils =36/2==18

and number of coils per phase=18/3=6.

As there are 3 slots per pole phase or 9 slots per pole, the coil span is 9 slots. Coil
side in slot 1 is connected to coil side, 149=i0in slot 10. Actually the coll span in mush
windings should always be an odd number in tecms of alots spanned, Here it is odd and is
equal to slots per pole and therefore the coils are full pitch

The complete winding is shown in Fig. 6'42.

Example 102, Find the main dimensions of a 18 kW, 3 phase, 400 V, 50 Hz, 2810
r.;;.ngdndwgawm motor having an ¢flsiency of 0°88 and a full load power facior of
09. sume : 4

specific magnetio loading =08 Wb/m" ; specific eleciric loading=28000 A/m.
Task: ths rotor prripheral speed ae approximsiely 80 m/s ol synchronows apeed.
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Solation,
: 15 y
kVA input Q= 088x09 =18'94,
Cy=11 Ku Bas acX 1072
=11x0955X0'5x 25000 % 107¥=131"3

The speed of the rotor at full load is 2810 r.p.m. and the nearest synchronous speed
corresponding to 5) Hz is 3000 ».p.m.

Synchronous speed me=3000/60=50 r.p.s. .

e 1894 _,. 5
Product DL e — 313X 50 2:88 % 1073 m3,

The rotor diameter in an induction motor is almost equal to stator bore.
wDn=20

20 %
or D-W =0"1275 m,

2:88x107* S
and L= W =0°177 m.

Output co-efficient

Example 10:3, Determine the main dimensions, lurna per phase, number of slots,
e, 50 Hz, 400V, 1410 r.p.m. slip

conductor cross section and slot area of a 250 K.p , 3 phas

ring induction motor. Assume Bay=0'5 Wom®, ac=30000 Alm, efficiency=09 and power
Jactor=0'9, winding factor=~0 955, current density=3'5 Afmm3. The alot space faclor {s 04
and the ratio of core length to pole pitch is 1'2.  The machine ia della connecled.

Solution,

(§) Main Dimensions
of motor is 1410 r.p.m. and the nearest synchron>us speed corresponding to

The s
50 Hz is 1 r.p.m.
Synchronous speed ne=1500/60=25 r.p.s.
Number of poles =2X50/25=4.
Output co-efficient Co=11x0955 %05 X 30,000 X 1077=157"6

KVA input Q-%=m-z

2302 ’
DAL= Tyme = T575X 5 =58'4x107* m".

Ljt=12 or L/D=12Xx/4=0942,

We have
Y3 0942 Dd=58'4Xx107*
or D=0395m and L0375 m
(¢4) Winding
Flux per pole Da=0'5X 1 X%0.395%0375/4="82x107* Wb
The machine is delta connected.

. Stator voltage per phase E,=400 V.
g 400

=-_-— /
. Stator turns per phase T’ 4'«xsox58”2x10"x0'955=3“
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Total conductors=67,=6 X 32=192.
Tle slot pitch lies between 15 to 25 mm.

».  The number of slots lies between :
= %0395 x 103 =% 0 393 % 103

25 =3t s

‘The machine is large in size and thereforea large- number of slots should ve chasen.

=84

The valoe of number of slots per pole per phas: and the conductors per slot should be
ro chosen rhat there is not much difference in the vzlue of conductors provided and the con.
ductors calculated earlier.

Taking 5 <lots per pole per phase,

Total number of stator slots=3 X 4X 5=60

Providing 3 conductors per slot. Total number of conductors=3 X 60=180.
Turns per phase=180/6=30.

_ The value of turns per phase calculated earliec is 324. Thus there isa “decrease of

__abont 7 per cent in the turns provided and therefore the value of flux density would increase

by this amourt.
Single layer concentric winding with semi-enclosed slots is used. (The number of
conductors per slot is odd and therefore double layer winding is not possible).
250 X 746 =192 A
3X400X09X09 -
Area of stator conductor ay=1,/3,=192/3'5=55 mm?.
Total copper area in each slot=3 X 55=165 mm?*.

Stator current per phase I,

Total area of slot= wjl:;: ;:::: alot = :)645 =412'5 mm?*.

Example 104. Estimate the sator core dimensions, number of slalor slota and
number of atator conduclors per slot for a 100 kW 3300 V, 50 Hz, 12 pole star connected alip
ring induction molor. Assume :

average gap density =v & iWb/m?,

conduclors per metre =25,00v A[m,

sfficiency =209, power factor =0'9 and winasng factor=0 96.

Choose masn dimensions o give best power factor. The slo loading should wot exceed
500 ampere conduclors.

Solution,

kVA input= =]23'5.

100
09%09
Synchronous speed m=2—2:2i0=8'33 rps. :

Output coefficient Co=11 X096 X 04 X 25,000 X 10~2=105'6.

. 1235 .
o Product DAL |os-sxa-;s"“°“’"°" m?,

For best power factor t=4/0'18 L (Eqn. 10°63)
or x D)12=4018 L or DPe263
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Chus, we have 263 L*=140"4X107*

or L=023m and D=0'78 m.
Flux per pole  Ow=0'4X 3070 %023 =18 10 Wh.
Stator voltage per phase E,=3300/4/3=1905 V.

1905
Stator turns per phase T'-T-la 50X 188X10-7X0.96 =487
Total number of stator conductors=6X 487=2922.
The slot pitch varies between 15 to 25 mm.
. The number of stator slots 8, lies between
o ' »
ax078x10 =98 and xX078% |0'=163.

25 15
The total number of slots for different number slots per pole per phase is
Slots/pole/phase s 2 \ k| 4 5
Stator slots Ss l n I 108 144 l 180

Thus we can use either 108 or 144 slots for the stator.

With.8y=108 :
922

2
Conductor per slot Zu= 108 =27,

3
Stator current per phase L= \/SXSISO?J):(:)(')ong =216 A.

Slot loading“=IuZy=21"6 X 37==583 ampere gonductors.
This exceeds the maximum spacified limit of 500 ampzre conductors and, therefore,

we cannot use 108 slots.

With Sy=144
Conductors per slot Zy=2922/144=220

+  Slot loading=216 X 20=432 ampere conductors.

This is below the maximum specified limic.
*  We use 144 slots 'with 20 conductors per slot.
Example 105. A 15kW, 440V, 4 pole, 50 Hz, 3 phase induction molor s built with
length of 0'16. The specific eleciric loading is 23000.:‘1;?";
number ¢

a dlator bore 0'25 m and a core
conductors per metre Using the data of
stator slots and number of stator conduclors for a 11 kW, 460 ¥, 6 pole, 50 Hz molor. Assume
a full load efficiency of 84 p2r cent and power factor of 082 for each machine. The winding
factor is 0 955.

Solution,

15 EW Motor :

’ 15 g
kVA input= ng 8. Synchrouous speed ny=2X50/4=25 r.p 5.
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= AT 21'8 ”
) = D'm  (02572X0'16X:5

' From Eqn. 102

87°2.

Co= 11 K Baw acX1073=1] X 0°955 X Bay X 23000 X 10-*
=241'6 Bes
*,  Average flux density in the air gap BP=87'2/241'6=0'367Wb/|~n_’._ #y

(b Pole pitch t=nX025/4=0196 m.
Ratio L/x=016/0"196=0'815.
1JkW Motor :
We have to use the same data for the 11 kW machine as is calculated above for 15 kW
machine.
. By=0'36 Wb/m? ; ac=23000 A/m ;

Ljz=0815 and C,=872.
e L I R S | N
100/ 106 KVA= 1.

s Synchronous speed Pe=— =] TR0 B o ——
- 16 -
.e Plﬁutl”hm=“)ﬂo 5 m?
. L_. LT
and ratio T,--O 815X 3 0427
or 0427 D*=11Xx10"*
D=030m and L=0125m.
The number of stator slots lies betweer —'-'—59535}—12: =37 and _QSQ'_%E =3,

Using  slots per pole per phase,
Number of stator slots S;=3 X6 X 3=54.

036 ¥ x X 03 x 0125 DT 100
G 7

Flux per pole One=

Delta connection is used for tie srator winting

s Stator voltage per phase Zy=430 V,

Stator turns hase T'y== 40 - -
urns per phase L™= E3aNS0XTOIX 1075 X0 955

Total number of stator conductors=6 X 347=1842,
) 1845 .
.. Conductors per slot Zy= T=34 !

Using 34 conductors per slor, tctal conductors=1836.
", Stator turns per phase T'y=1836/6=306.

Example 10'6. A 3 phase, 440 V, 750 r pm., 50 Hz star connected induction molor. has
a stator with an internal diameter of 0°25 m and an azial length of 0'1§m. It hos 48 slole
with 24 conductors per slot. Calenlate the air gap fluz per pole.

—

J R I S LY

-
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The area of each stalor conductor is to be 5 mm*. Caloulate the width and the depth of

the alot to accommodate the stalor conductors. The maximum fluv density in the teeth is o .
Wb/m®  Conduclor ingulation i3 0 03 mm thick and alol snsulation is 0'8 mm IM‘:}. 2:&:

olher auitable arsumptions.
Bolution
Synchronous speed my=750/60=12 5 r.p.s. and number of poles p==2 X 60/12'5=8,

Volt ge/phase E.:—g-%-254 V.
Turns per phase T= 4":24 =192.

254 )
On = aaX50X 192X 0955 0 24X 10°% Wb.

Circular conductors are used with a bare diameter of 2°53 mm (area 5 mm?).
Diameter of insulated conductors=2 53+2 X 0'08=¢2'7 mm,
There are 24 conductors par slot, Let us assume that there are 3 conductors widih,
wise and 8 conductors depth wise.
A Width of stator slot
Wwe=number of conductors widhwiseXdiameter of insulated
conductor+2 (width of slot insulation)+slack
=3X2742%08408=10"5 mm,
(The slack along width is assumed as 0°8 mm)

Depth of stator slot

. Flux per pole

duw=number of conductors depth wise Xdiameter of insulated
conductor+3 X width of slot insulation+depth of wedge

and lip+slack
=8x27+4+3x08+4+1'0=29'0 mm,

(The slack along deptn is taken as | mm)
Let us check for maximum flux density in teeth. The tooth width is min‘mum near
the air gap surface and therefore flux density in teeth is maximum at this section,

The core length is 0°'15 m and therefore one radial duct 10 mm wide is used.
The stacking"factor is*assumed'as 0'9
Net core length Li=09(0"15—1x0'01)=0"126 m.
Slot pitch Ye=x X 025X 10%/48=16"36 mm.
Tooth width at the{gap surface Wey=16"36—10"5=5"86 m.
Maximum fluxdensity in teeth

B ,__i"_._

TSPV X i X W

624x10™®
= (@B X010 X586 %107 | 41 Wh/m*.

This is below fhe maximum allowable limit of 1'7 Whb/m?,
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ROTOR DESIGN

10 21. Length of air gap, The folowing factors should be considered when estimas
ting the length of air gap,

(i) Power factor, The mmf required to send the fl.x th:ough air gap'is propors
tional to the product of flux density and the lengih of air gip  Even wuh very small
densities, the mmf required for air ga'g is much more than that fir the rest of the magnetic
circuit.  [hsrefore, it is the length of air gap that primarily determines “the magnetizing
current drawn by the machine.

Fig 10°19 shows phasor - diagrams of an induction motor with two different gap
leagths where Vi=stator applied voltage, : p'n
Qu=air gap flux, Kr=rotor induced emf, $
Ir=0tor cucrent, It"=srotor current refer-
red to stator side, [w=magpetizing current,
Ii=loss component of no load current,
Js=no load current, [,=stator current and
¢=phase angle betws=en stator applied Y o H-)----
voltage and stator current. Subscripts 1 and g NS/

diagram of the machine with greater gap
length i.e. case 2 shown in Fig. 10°19 (b).
The magnetizing current in case 2 is greater
than that in case | and therefore the phase
angle between stator applied voltage and :
stator current is greater for case 2 i.e. ¢, is Fig. 10'19. Effect of length of air gap on
greater than ¢; or cos ¢; is smaller than power factor.

cos ¢;» Hence, the slower factor of machine with a greater gap length is smaller.

(#5) Over.load capacity, The over load capacity of an induction motor is defined
as the ratio of the maximum output to the rated output. The maximum output of induction
T{oﬁm obtained from its circle diagram as showa i Fig. 10'20. The overload capacity is

i)
N
L)
"
‘ o1
A
i Ty o
lof it \
v )
e p—d Wi,

Fig. 1020, Effect of leakage reactance on overload e;podly.

Fig. 10°20 shows the circle diagrams of two induction motors with different values
of leakage reactance. [he diameter of the circle diagram is V,/X, where X, is the leakage
reactance of the moto: referred ¢o the stator side. Thus, smaller the leakage reactance
greater the diameter of circle diagram. The circle diagram shown in Fig, 10720 (b) is for a
machine with a smaller leakage reactance than that of a machine whose circle diagram is
shown in Fig. 1020 (a). The diameter of the circle diagram of a machiae with smaller
leakage reactance iv obviously greater. It is clear from Fig. 10'20 (a) and (b) that the
overload capacity (Ratio MN/AL) is greater for a machine having smaller leakage reactance,
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Ihe length of air gap affects the value of zig zag leakage reactamce which forms a large
part ol total leakage reactance in thecase of induction motors, If the length of air gap is
large, the zigzag leakuge flux is reduced resulting in a reduced value for leakage reactance,
With the decrease in the valua of leakage reactance, the diameter of circle diagram increases
and hence the overloud capacity increases. [Therefore, greater is the length of air gap,
greater is the overload capacity,

(14i) Pulsation loss. - With larger length of air gap, the variation of reluctance due to
slotting is small. The tooth pulsation loss, which is produced due to variation in reluctance
of the air gap, is r:duced .c:ordingly. Therefore, the pulsation loss is les: with large air
gaps.

tiv) Unbalanced magaetic pull. If the length of air gap is small, even a small
deflection or cccentricity of the shaft would produce a large irregularity in the length of air
gap and js responsibl: for production of large unbala-ced magnetic pull which has the
tendency to bend the shaft still more at a place where it is already beat resulting in fouling of
rotor with stator.  If the length ofair gap of a machine is large, a small eccentricity would
not be ab'e to produce noticeableunbalanced magneti- null (See Art 420 page 179).

(v) Cooling. If the length of air gap is large, the cylindrical surfaces of rotor and
stator are separated by a large distance. This would afford better facilities for cooling at
the gap surfaces especially'when a fan is fitted for the circulation of air,

(vi) Noise. The prncipal cause of noisein induction motors is the variation of
reluctance of the path of the zigzag leakage flux, To ensure, that the noisé produced will
not be objectionable, it is necessary to make the zigzag leak ige as small as possible. This
can be done by increasing the length of the gap.

From abu ve, we conclude that the length of air gapin aa induction machine should
oe a3 small as mechanically possibl2 in order to keep down the magnetizing current and to

improve the power factor. This is a major consideration. But if a higher overload capacity,
better cooling, reduction in noise or reduction in unbalane:d magnctic pull is important,
large air gap lengths should be used.

10211, Relations for calculation of length of air gap
(i) In order to estimate the length of air gap of small induction motors, the following
expression can be used
l=02+4+24/DL mm (10 10)
where D and L are cxpressed in metre, The air gapis a mere clearance be ween rotor and
stator and is midz smaller than the value given by gqn. 10°10 if roller and ball bearings are
used.
(#) Another expression, which can be used for small machines, is
 1=0"125+0"35 D+L+0015Vs mm «(10°11)
where D and L are expressed in metre and Va is the peripheral speed in metre per
second.
(##%) The following relation may also be usefully used
le=024D mm «(10°12)
where D is expressed in metre.
(iw) For machine: with journal bearings, following expression may be used
ly=164/D —025 mm «.(10°18)
wkere D is expressed in metre,
The following air gaps may be used for 4 pole machines,
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Table 102
Length of air gap for 4 pole machines
I

D lg D o

m mm m mm

: 018 035 [ o4 13
020 050 055 18 = —

025 0-60 065 - 25

030 070 080 g 40

Rotor diameter Dy==stator bore—2 X length of air gap=D—21s
DESIGN OF SQUIRREL CAGE ROTOR

1022, Number of rotor slots, The selection of number of rotor slots in squirrel
cage motors is very important and a considerable attention should be paid to select a suitable
valus— This is becaus= with certain numbers of poles and of stator and rotor slots in squirrel
cage motors, peculiar and deleterious behaviour may be observed. With certain combination
of stator and rotor slots the machine may refuse to start or may crawl at some subsynchro-

nous speed. In some cases, selere vibrations may be set up generating excessive noise.
These effects are produced by harmonic fields. The harmonic fields are due to :
(4) windings, (#) slotting, (i%5) saturation and (fv) irregularities in the air

gap-
The harmonic fields are superposed upon the fundamental sine wave field and induce

emfs in the rotor winding and thus circulate harmonic currents. These harmonic currents,
in turn, interact with the harmonic fields to produce harmonic torques. In fact the harmonic
fields may be thought of as separate low power motors that are direct coupled to the same
shaft as the fundamental. Therefore, the net motor torque is equal to the sum of the torque
due to the fundamental and the torques produced by a myriad of harmonic fields.

It should be understood that the space harmonic fields ‘have more poles than the

fundamental and therefore have lower synchronous speeds. Some of these fields revolve in
the forward direction and some in the ' backward direction. At motor speeds above their

respective values, the forward rotating harmonic fields produce braking torques while the
backward rotating harmonic fields produce braking tarque at all speeds.

In addition the harmonic fields are responsible for inccease in stray load losses and
increased motor heating.

The essential difference in behaviour of wound rotor and squirrel cage machines is
that the cage rotor, being a multiphase winding, will circulate currents due to any harmonic

emf produced by the gap flux except that which has a wavelength equal to the itch of the
bars, the wound rotor machines on the other hand tend to reduce the effect of most

harmonics. o
The effects of space harmonic fields produced by windings are greatly intensified by
slotting, which not only introduces steps in the mmf wave, and produces further harmonics,
but also modulates ths gap flux. Therefore, the choice of rotor slots is particularly
important in the case of squirrel cage machines. Any bad combination of stator and rotor .
slots may result in awkward behaviour.

The effects of harmonics are explained below in details .

1. Harmonic induction wrques, It has been explained earlier (page 314) that a
3-phase winding carrying sinusoidal currents produces harmonics of the order n=6N%l,
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where N is an integer. The movement of the harmonics is with or against the direction of
rotation depending upon the sign (+ means with the rotation and —means against the
rotation). The number.of poles for the nth harmonic is » times the number of poles of the
fundamental and therefore the synch: onous speed of nth harmonic is 1 /nth of the synchronous
speed of fundamental.

Now a three phase winding will produce a forward rotating 7th harmonic and a
backward rotating :th harmonic (for N=1). The 5th and the 7th hacnonic fluxes may be
deemed as produced by scts of additional poles superimposed the fundamenta) poles. They
generate rotor emfs, currents and torques of the same general torque/speed shape as that of
the fundamental but with synchronous speeds 1/5 (backward) and 17 (forward) of the
synchronous speed of fundamental as shown in Fig. 1021,

The 7th harmonic torque reaches its maximum just before 1/Tth syachronous speed,
but beyond this sp:ed the 7th harmonic torque becomes negative, since the slip in the
harmoinc i 1 i negative. The resultant torque-speed curve combine 1 with the fundamental

shows marked dips and with certain slot combinations the dip due to 7th harmonic may
constant load torque, the torque developed may fall below this load torque and, when this

occurs, the motor cannot accelerate upon its full speed but continues to run at a speed a
little lower than the 1/7th synchronous speed this is called Crawling,

rz-' SIh HARMONIC
Tth HARMOINIC

:
|

o SPECD s |

!;if.' hn:m. leo e;emed by 5th and l;l: 1022, . ips caused by tl:l
th harmonics in the tor rmonics
characteristics, e cbamw

Slotting produces harmonics of the order 64g1 (see page 305) in a 3 phase
machine, where 4 is any integer, Considering 2 4 pole 36 slor machine. The slots per

19th harmonic torques would be very large and the rotor would vibrate oumldenbly as
shown in Fig. 10°23. Therefore, it is necessary to avoid values of rotor slots exceeding stator
slots by about 15—309,

they will leck -ogether, if sufficiently p ywerful, giving rise to a synchronous torque. In such
& case the mot-r would crawl at constant subsynchronous speed. )

The stator produces harmonycs (due to slotting) of the order
n=6g+1=2 (8,p)£ 1 (for A=1),
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Thesz harmonics revolve at a speed I/n of synchronous speed with respect to
stator.

Sm N

[ SPEED [N
Fig. 1023, Intensification of torque produced by slot harmonics due to
improper slot combination.
The rotor slotting produces harmonic fields of the order
n'=2 (8:/p)+1
and they revolve at a spzed I/n’ that of the fundamental. The speeds would be equal if
e R R Cron
One of the pousibilities for this fo happen, is when S;=8;
or when number of stator slots is equal to number of rotor slots.

Thus when the number of rotor slots is equal to the number. of stator slots, the
speeds of all the harmonics produced by stator slotting coincide with the speed  of corres-
ponding rotor harmonics. Thus harmonics of every order would try to exert synchronous
torques at their corresponding synchronous speeds and the machine would refuse to start,
This is known as Cogging. Therefore, the number of stator slots should never be equal to
the number of rotor slots.

An alternative way to explain the phenomenon of cogging is :

The magnetic circuit has always the tendency to align itsell in a position of
minimum reluctance. Thus if the number of rotor slots is equal to the number of stator,
there exists a position of minimum reluctance, when the teeth of rotor and stator are aligned
opposite to each other, The radial alignment forces become very strong when the machine
is at rest and these may exceed the tangential accelerating force thereby preventing the motor
from starting.

The cogging effect will always be present, though in reduced degree, whenever the
number of rotor and stator slots have a common factor. X

However, when the number of rotor slots is a prime number, the rotor will all the
time be chasing a position of minimum reluctance but never to find it. Hence in this case

there is no ncy to cog.
The other possibility can be : i
2 (S/p)+1=2 (8p)—1 or B—B=p
Thus the forward rotating harmonic field produced by stator slotting moves

synchronously with backward rotating harmonic field due to rotor slotting if the difference
of stator and rotor slots is equal to number of poles.

Considering a 4 pole stator with 36 slots. It produces a forward rotatiny, 19th
harmonic which revolves at a speed na/19 with respect to stator. If the rotor slots are 40, it
produces a backward rotating 19th harmonic. Its speed with respect to rotor is (me—n)/19
where ny is the speed of the rotor. The rotor itsell revolves forward at a speed nr and there.
fore it revolves its 19th harmonic at a speed :

(me==nr)[194-n¢
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with respect to stator. Therefore, in ocJer that the two fields may resolve synchronously
tef19=—(n—ns)/194nr or ne=n,10
Thus the machine would crawl synchronously at 1710 synchronous speed. Fig. 1024
shows the saddle effect produced by 19th harmonie at 1/10th
synchronous speed. "o
Thus in order to avoid synchronous cusps the difference ""“"g Hd

of stator and rotor slots should not be +p or a multiple of p. i
The difference in harmonic induction and synchronous

=

torques (shown respectively in Figs. 1020 and 10 24) is that «3640
the operating speed changes slightly for the former but is
coustant for the latter, for a small variation of the shaft load. = o
3. Vibrations and noise, When the rotor runs Fig. 1024, Harmonic
its teeth continuously move with respect to the stator tecth. "ﬁmm’
This results in the rapid variations in flux density in the gap crawling.

thereby producing rapid changes in forces of attraction between stator and rotar teeth.
The teeth, being cantilevers, respond to ~arying forces and are set into vibrations. The
vibrations are large in machines with few poles since the variations in force are more
concentrated, '

Noise production in squirrel cags induction motor can be strongly supported by
unbalanced magaetic pull. When the rotor runs, the unbalanced magnetic pull moves rovnd
the air gap at a definite speed and causes the rotor to vibrate At some speed of the rotor
these vibrati )ns may begin to resonate with the natural oscillations of the rotor. If t'is
phenomenon attains further developmeat, it may make th2 rotor opsration impossible.

The varying forces of low frequency are important because of their ability to
transfer vibrations to the structure, while forces in the frequency range 10Hz—10kHz cause
accoustical effects like humming and whistling etc.

An analysis shows that the vibration torques are producad if S—8e=414p. Some
of the investigations show undesirable slot combinations (a3 far as noise is concerned) may
exist if Sy—=Br=+42+4p.

Consider the relationship :

8—8r=414p

Now number of stator slots S;=3p gs. If ¢s (i.e. slots per pole per phase of stator)
is an integer, 8, is an even integer. Therefore, examination of the above relationship will
reveal that rotor with an odd number of slots is undersirable from the point of noise and

4. Voltage ripples. The harmonic fields produced by the stator current induce ;
harmonic currents in the rotor which in turn reflects back additional harmonic fields into the
stator, This cause ripples in the terminal voltage and also additional iron losses,

The voltage ripples produce high frequency currents in the supply lines which, in
turn, may produce inductive interference with communication circuits,

10221, Rules for selecting rotor slots. The following general rules should
be followed concerning the choice of rotor slots for squirrel cage machines.

(¥) As stated earlier, the number of rotor slots should never be equal to stator slots
but must either be large or smaller. Satisfactory results are obtained when the number of
rotor slots is 15 to 30 per cent larger or smaller than the number of stator slots,

(i) The difference between stator slots and rotor slots should not be equal to p, 2p
or 5p to avoid synchronous cusps.
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(iii) The diffcrence between the number of stator and rotor slots should not be equal
to 3p for 3 phase machines in order to avoid magnetic locking.

(iv) The difference between number of stator slots and rotor slots should not be
equal to, | 2, (p£1) or (p£2)'to avoid noise and vibrations.

Summarizing,
S, — ¢ should not be equal to
0, +p, +2p, +3p, +5p
+1, £2, £(p£1), £(p£2).
10'Z222, Reduction of harmonic torques
Following are some of the mcthods used for redustion/climination of harmonic
torques.

(i) Chording, The simplest way to eliminaie the harmonic induction torques is to
weaken the stator winding mmf harmonics. In order to achieve this, chorded windings with
integral number of slots per pole per phase are used.

(i) Integral slot windings, Windings with fractional number of slots per pole
per phase create asymmetrical mmf distribution around the air gap and favour the creation
of noise in the motor. Therefore, fractional slot windings are not used for induction motor
stators and only integral slot windings are used.

(i45) Skewing, The motor noise and vibrations, cogging and synchronous cusps.

can be reduced or even entirely eliminated by skewing either the stator or the rotor. The
practic: generally followed in India is to skew the rotor (See Fig. 10:25), If either stator or
rotor slots are skewed, the variations in flux density, magnetic pull, and torque due to the
slot openings will be displaced in time phase along the core length, resulting in more uniform
torque, less noise, and better voltage waveform. In order to' eliminate the effect of any
harmonic, the rotor bars should be skewed through an angle so that the bars lie under
alternate harmonic poles of the same polarity or in other words, bars must be skewed through

two pitches. Suppose it is desired to eliminate a harmonic of the order » in a machine with
p poles. The number of nth order harmonic poles is np.
Angle between two adjacent harmonic poles=360/np.
For elimination of nth harmonic by skewing,
angle of mkrzoj»'x p degree ‘mechanical «(10°14)
The electrical angle of skewis :
Ba=(720/np) (p/2)=360/n degree electrical .
=2n/n electrical radian

A skewed rotor bar is, in effect, spread over an angle O and its induced emf is reduced
in accordance with the distribution factors.

Kq= n:‘$,2

. in a2
and Ken ) «.(10°16)
for the fundamental and nth harmonic respectively of the gap flux-

It is clear that if G=2m/n
_ sin 2w/2
Kan =T =0
and nth harmonic emf reduces to zero thereby completely eliminatine the harmonic-

«(10°15)

s
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This i« clear from the phator diagram for the nth harmonic showa in Fig.
The nth harmonic emf is re luced to zero sin:e its phass spread is 2.

W
r*' CORE
T {00
=
i " A
ROTOR FUNDAMENTAL
R ath HARMONIC

Fig, 10-25. Skewing of rotor bars.
slot pitch. Let us examine

The usual practice is to skew the rotor through one stator >
e angle of skew 1, therefore,

the effect of skewing the rotor through cne stator slot pitch. Th
8= p/8, electrical radian.

Order of slot harmonics n=2(8,/p)+-1.

Distribution factor for the slot harmonics
K sinn 0a/2 _ sin [2(8up)1] np/28,
» 0ax/2 [2(8:/p) £ 1] =p/28:

o sin [R4+xp/28)] & sin % p/25

xtnp/2 S n+x /25

Let us take the case of a machine with 4 poles and 36 stator slots.
*.  Order of slot harmonics

n=2 Sifpt1=2x19/4+1=19, 17.

The distribution factors for the slot harmonics are :
= —sin x X 4/(2 X 36) o
Eas= S rwx4j(2x35) =00t

_ + sin xX4/(2x36) _
and Ky w4/,2X 36) 0 058.
cs is drastically . (The

This shows that the emf induced owing to slot harmoni :
magnit de reduces to 5—6%). Thus it is sufficient to skew the rotor through one stator

alot pitch.
curves of a motor with and without slot skewing.

. 1026 shows the speed torque
Riacle?thluheh‘micmuu are eliminated by.kewing.ndmenmnodipshtbe
torquesrspeed characteristics.

TORQUE —

WITHOUT
_l SKEWING
i SPEED —

Fig. 1026, Torque-speed characteristics with and without skewing.
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Skewing decreases the winding factor for the fundamental and increases the leakage
flux in the motor. Therefore, it lowers the power factor and ov rload capacity of the
machine.

(fv) Increase in air gap length. An increase in air gap length, decreases the
harmonic torques. But an increased gap length leads to an increase in no load current
and thus makes the motor power factor poor. Therrfore, only in mntors of high reliability,

“for mechanical reasons, the air gap is made larger than the normal size.

Example 107, A 3 phase £ pole, 50 H: mr'or hrs 24 stator ani /! rotor slots and
has a crawling speed of 11'5 v p e What are the p-ccise causes fo- this abno:_ sal performance 7
Ezplain that the machine has largs vibrations.

Solution, Synchronous speed=120 X 50/4=1500 r.p.mn.

(§) Let us first consider harmonic fizlds produced by windings. A 3 phase winding
produces harmonic fields of order
=6N <41 where N is an integer.

For N=], n=6X1+1=7,3,
 Thus the win ling produces 1 forward rotating 7th harmonic and a backward rota_ung
5th harmonic field.

If the 7th harmonic is strong, it will make the motor run at approximately 1/7th of
synchronous speed. k
*. 1/7th synchronous speed==1500/7=214 3 r.p.m.

But the crawling speed is 155 r.p.m. and therefore 7th harmonic produced by
winding is not responsible for abnormal behaviour.

For N=2, na=6x2+1=13,
Synchronous speed corresponding to 13th harmonic=1500/13=115'4 r.p.m.

- Therefore, the machine will run at about 115 r.p.m. if 13th harmonic has sufficient
strength,
(i) Let us consider the harmonic fields due to slotting.

.-% il-”f‘-—_z‘il-ns. 1

Thus there is a forward rotitinz 13th harmonic, the syachronous speed corresponding
to which is 1154 r.p.m. Therefore, the machine crawls at about 115 r.p.m.

Hence the 13th - harmonic fields produced by stator winding and slotting are
responsible for crawling of machine at 115 r.p.m.

The machine produces 11th harmonic field. The number of I1th harmonic poles is
11X4=44. Thus there is a rotor bar corresponding to every |1th harmonic poles and theres
fore there will ba very large |1th harmonic current flowing in the machine w will cause
it to vibrate violently.

Example 10'8. 4 3 phase, 4 pole 50 Hz induction motor has 24 slator and 28 rofor slots.
Prove (hat it has a tendency lo run as a synchronous molor ot 214'3 r.p.m.

Solution, Synchronous speed me==2X50/4=25 r.p.s.
Order of forward rotating field produced by stator slotting n==2 X 24/44-1==13

and this revolves at a speed n./13 with respe 3t to stator,
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Order of backward rotating field produced by rotor slotting
n'=2X28/14—] =13,
Its speed with respect to rotor is — (ms—ne)/13 where n, is the speed of the rotor. The
rotor revolves forwar at a speed nr and therefore it revolves its 13th harmonic at a speed :
—(ma—nr)/13+n,
with respect to stator,

Hence in orter thac the 1wy fields may re solve synchronously with respect to cach
order, we have :

. Speed of rotor nr=no/T=25/7 r p.s.=2:4'3 r.p.m.
Therefore, the motor hay a tendency to crawl at 2143 r.p.m (fixed) due to harmonic
synchronous torque,

Example 109, 43 Phase, 4 pole induction motor has 24 slots. Caleulate the order of
alot Rarmonics produced. It is deaired o completely eliminate the higher order alot harmonic,
Jind the angle through which the bars must be skswed, Find the effect of skewing on the lowey
order harmonie, .

Solution,

Order of slov harmonics n=2(8[p)t1=2(24/4)+1=13, ||,

It is desired to completely eliminate the 13th harmonic.

5 Angle of skew  8,=720/(n x P)=720/(13 X 4)=13'85° mech,

Electrical angle of skew B (4/2) X 13°85=2770°=0-483 radian.
Distribution factor for 11th harmonic

sin nB2/2  sin ! X0°483/2 =0176
w02~ 11x0483)2 :

Therefore, the 11th harmonic emf with skewing is reduced to 176% of value obtained
without skewing.

1023, Design of rotor bars and slots
10231, Rotor bar current,

From Eqns. 11°46 and 11°47, current in each bar
2y Kue 7'
8,

Kln“

Iy=

I, cos ¢
For a three phase marhine m,=3.

61, 7.
1.=TK.. cos ¢ (10 17)

085X 617, T,
Sr
The ahove relation may be interpreted as that the rotor mmf s about 85 per cent of
stator mmf.

.dmu:fg that it has a high starting torque. However, a rotor with a high resistance hay
the disadvantage that its 'R logs is greater and therefore irs efficiency is lower under
rnning conditjony.
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: The value of rotor resistance depends upon the current density uced for rotor
conluctors, the higher the curcent density, the loweris the conductor are: and greater the
resistance. Therefore, a rotor designed with & high value of current density results in high
starting torque and a lower efficiency for the m.chine.

The rotor resistance is the sum of the resistance of the bus and the end rings. The
cross-section of the bars and the end rings must be so selected that a proper value of rotor
resisance is obtained 1.e. a value of rotor resistance which meets botlr th= requirements of
starting torque as will as the efficiency.

Tt is desirable to have a compromise between a high resistance rotor which gives a
good starting torque and a low resistance rotor which gives a high value of efficiency under
running conditions.

Cucrent density in the rotor bars may be taken between 4 to 7 A/mm?*.

Area of each bar ay=1/s/8» mm?
where B» is the current density in rotor bas, A/mm?*,

10 23:3, Shape and size of rotors slots. The rotir slots for squirrcl cage rotor
may either be close:! or semi-enclosed types (Fig. 10°27). el s

i o wrstye)

Fig.10:27. Types of rotor slots.

Closed slots are preferred for small size machines because the reluctance of the air
gap is not large owing to absence of slot openings. This gives a reduced value of magneti
zing current. As the surface of the rotor is smooth, the operation of the machine is quieter.
The biggest advantage is that the leakage reactance with closed slots is large and therefore
the current at  starting can be limited, This is very useful in the case of machines
which are started with direct online siariers. But the disadvantage is that the
increased value of reactance results in reduction of overload capacity. A semi-enclosed
slot gives a better overload capacity.

The rectangular shaped bars and slots are erally preferred to cit
slots as the higher leakage reactance of the lonerge:m oyt t‘;\e m:tangulcarmltil::e,bil dr::;::
stacting, forces most of the current through the top of the bar. This i o et d
resistance at starting and improves the s torque. Deep slots, however, give an
in=re1sed leikage reactance and-a high flux density at the root of the teeth,

10234, Rotor slot insulation, No insulation is used between b
core. A clearance of 0'15 to 0'4 mm caa b2 left between rotor bars and the oo::‘d:;(e’nmtl::
upon whether slots are skewed or not. Higher clearancs have to bz left for the skewed

slots.
1024, Design of end rings
10241, End ring current. The distribution of current in the bars and end rings

of a squirrel cage motor is complicated. Fig. 10 28 (a) sh d oo
two pole pitches. g ; shows a developed cage winding under

-

The stator winding is 2 3 phase distributedawinding and thus: peod
field. This field may be considered as sinusoidally distributed in spa::ep;s ttlla?;):r:;:;g';ﬁ
most cases are small and produce only secondary effects. This revolving field produces emfs
of fundamental frequency in the bars. Fig. 10°28 (b) shows the magnitude of emfs in the hary
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and if the bars are assumed to be infinitely distributed, the distribution of emfs can be con-
sidered as sinusoidal in the bars over a pole pitch. These emfs produced in the bars would
circulate currents as shown in Fig. 10 28 (c). If the resistance of end rings is negligible as
compared with that of the bars, the resistance coming in each current path is the resistance of
two bars. Thus the current which the bars carry would be proportional to their irstantaneous
emfs which in turn dep:nd upon the position of the bars in the magunetic field: Thus the
wave which represents the emf would represent the bar current also. Fig. 10 28 (d) shows
the wave representing currents in bars.

It is observed from Fig. 1028 (c) that at points where the current is maximum in the
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Flg. 10-28. Current distribution in squirrel cage rotors,

bars, current is zero in the end rings but the end ring current is maximum where the current
in the bars is zero. The current in the end rings is aiso sinusoidal, its nature being as indica.
ted in Fig. 10'28 (o) and (d).
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fc should be understood that the end ring resistance, if not negligible, will tend to

distort the bar current distribution from being sinusoidal. ‘

Considering 2 group of rotor bars under one pole pitch, one half would send current

to an end ring in nne direction and the other halfin the other dircciion. If the muximum

value of the current in each bar is ymas) anl if the current is maximum in ail the bars at
the same time, then maximum value of the current in the end ring : y

bars per pole

2

HwiWr, current is not maximom in all the bars under one pole at the same time hut
v rics according to sine law ; lience, the maximum value of the current in the end ring is
the average of the current of half the bars under one pole. '
.. Maximum value of end ring current

2 S
Tgman=— x?;-Xb«-m-

X current per bar=—82—'- Tymes)

\
Bt the bar carrent varies sinvsoidally . 1 smem=V 21
- - _2_ & - et e e e ~= — ——-
or . Iq.q-:' 2';. \(2]»

“The end ring current also varies sinusoidally.
~. R.ms value of end ring current
2ok L 2 8 80 ;
1.-—"7‘2'—'1-.. v V2 Iy e (10°17)

10242, Areaof end rings. The value of
current density chosen for the end rings should be such 2 - Y-
that the desired value of rotor resistance is obtained. e

The ventilation is generally better for end rings

and therefore a slightly higher value of current density
than that obtaining in rotor bars can be taken.

Area of each end ring
as=1/8s=8:1s/np 8 mm*
where 3,=current density in end rings, A/mm®,

Area of ring as==depth of end ring " biacrea
X thickness of end ring. Fig. 10°29. Dimensions of ead ring.

=d, Xt

1024 Fall load slip The value of slip at full lpad is determined by the rotor
resistance. A reasonable value of rotor resistauce, to be incorporated in the rotor can be
obtained by the knowledge of reasonabl: values of full load slip. The value of slip, 4, is
derived from the following relationship

rotor copper loss . (10'18)
rotor output 1—a '
where # is the per unit slip.

Table 10'3 gives the usual values of per cent slip at full load for various
ratings
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Tahle 103,
Full load slip

Output Per cent slip
075 50
370 42
750 40
1850 37
37700 35
7500 32
150:00 30

<

Eximple 10010, 4 11 kW, 3 phase, 6 pole, 50 Hz, 220V, star eonmected induclic
molor hag 54 stalor slots, each containing 9 conductors. Caloulate the values of barand ea:
ring currents  The number of rotor dars ia 64. The machine has an efficiency of 0'86 and a
power ficor of 0°85. The rotor mmf may be assumed as 85 per cent uf tuior mmy

Also find the bar and the end ring sections if the ourrent density i 5 Ajmemd
Solutiom, Stator current per phase
A ﬂxzéazt;?:gxo'es 0.4
Number of stator conductors=54 X 9=486.
Stator turns/phase 7',==486/6=81.
Stztor mmf=3 I,T,=3 X 40X 81==9720 A. .~ Rotor mmf=0'85X%9720=8250 A.

But rotor mmf =8, I)f2=32 I,
: 32 Ih=8250 or currentin rotor bars =258 A.

. ot Lo e 64X258
Esid ring current I, » = wXb 883 A.

. “Area of each bar 6y=258/5=~51"6 mm?,
and of each end ring a,=883/5=176'6 mm®. ;

Example 1011, A4 3 phase 2 pole, 50 Hz aquirrel cage induction molor Aas & rolor dia.
meler 0 20 m and cord length 0" 13, The peak density i ihe air gap fa 055 Wb/m®. The rotor
has 33 bara, each of resisance 126l and a leokage inductance 2uH. The alip ia 6%,

Caleulate (§) the peak value of current in each bar (ii) rotor IR loss ( rolor oulpui
and (iv) iorgue ewerted. Neglect the resistance of end rings. ”

_ Bolution. Synchronovs speed ma=2 X 50/2==50 r.p.s.

Actual speed of rotor mr=(1—a) ny=(1—0"06) X 50=47 r.p.s.

Peripheral speed of stator field=xX0'2 X 50=31'42 m/s ‘

Peripheral speed of rotor==xx0'2 X 47=29'53 m/s

Relative speed of rotor bars with respect to stator field

p=3]°42—29 53=1'89 m/s.
s+ Maximum e.m.f. in each bar=DBw lp=0'55X0'12 X 1'89=0"]125 V.
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Slip frequency=af=0"06 X 50=3 Hz
Reactance of each bar=2x X3 x2=37"7 pQ
Impedance of each bar'=4 1125Y3+(37°7)*=130'6 Q.

5 R 0125 -
Maximum current in each bar T30 6 X107 é957 1 A.

R.m.s. value of current in each bar Iy==957"1/4/2=676'8 A.
Rotor 'R loss=8r Intrs=33 X{676'8)*x 125 x107*=1890 W

(=) _1gop {120 —2061 kW.

Output=(rotor I'R loss) X 6

{28 29'61 X 10° :
~. Torque=—5"Co7 100°3 Nm.

Example 1012, A 15 kW, 3 phase, 6 pole, 50 Hz squirrel cage induclion molor has

the following data : :

“Blalor bore diameter =0-32 m ; azial Tength of etatorcore =0"186'm 5 wumber of wator
slots=54 . number of conduclors per stator slot=24 ; current in each stator conduclor=17'5 A ;
full load power ]a;m-O.'“ lagging.

Design a suitable cage rolor giving ‘nymber of rotor sloks, section af each bar and seclion
of each ring. The full load spsed is to be abbut 950 7 p.m. approzimately. Use copper for the
rotor bars and end rings., Res 'stivity of cogper is 0°02 Q/m and mm*.

Solation. The number of rotor slots i1 assumed a pair of poles greater than the
number of stator tlots.

. Number of rotor slots Sr=S, +-p/2==5446/2==57.
Stator turns per phase T,=54%24/6=216.
Since the full load power factor is 085, the rotor mmf may be takea 85% of statur

mmf

Taking a chrrent density of 7 A/mm?, area of each bar ay=340/7y=49 mm".
Allowing 45 tam for projection of bar coraand skewing,
1y=0'125+0 045=017 m. “ beyond wing, length of each bar

Copper loss in bars= S, X(5)? %-?51)(‘

1 n .
(340) xt:gozxo 17 =457 W.

it b el i riny 1, D000 S1ERE0 080 8.
np " X6

Taking a current density of 7 A/mm?* for end rings,

Area of end ring 6,=1030/7=147 ram*.

Taking the ring section as 15 mm deep u‘d 10 mm thick.

*  Area of end ring ars=15 X 10=150 mm®*.

We take the outer diameter of end ring t be equal to stator bore diameter, (Actually
the ring outer diameter is a little smaller than the stator bore diameter).

Mean diameter of ring=0'32-0'015=0"305 m. '
_ 0'02X%X0'305

=D o 5 (1030) X

Copper loss in nd rings=2X(L)* == 150 =264 W.



Total rotor copper loss=4574-264==72] W,

s rotor copper loss 8 721
oW, I—s  rated output ¥ I—s 15000

" Full load slip, 4=0'0458,

’ Synchronous specd= - 20:50 =1.00 r.p.m.

‘Rotor speed ==(1—0 0 58)X 1000=¢954'2 r.p.m,
This is nearly equal to the specified speed.

1025, Design of wound rotor
1025’1, Nomber of rotor slets, The rotor winding for wound rotor motors are

3 phase windings, and the number of rotor slots should be such that a balanced winding is
obtained. Generally windings with an integral number of slots per pole per phase are used
for the'rotor. Fractional slot windings may also be used It is preferable to u.e a number

of slots which are a multiple of phases and pair of poles in the case of fractional slot
windings. N
10°252, Number of rotor turns, The rotor represents theueondnry of a trans-

former and the voltage between slip rings is maximum when the rotor is at rest. Theretore,
to keep the rotor voltage to an acceptable level the ratio of effective stator to rotor turns

must be properly adjusted. The choice of this turns ratio is arbitrary and is controllable by

the designer. :
The rotor voltage on open circuit between slip rings should not uceed 00 V for

small machines where Y

nd operated starters and switchgear are employed.  The vol

limited to a small value in order to protect persons working the motor if the brusk g‘:::’::'

not perfectly protected. More-over with small rotor voltages, it is easier to insulate the rotor

windings,

In case of high voltage machines and also.in the case-of large machines, the rotor vol.

tage should be high because in suzh cases if the rotor voltage is kept small, the rotor current
involving use of large conductor sections. rotor currents complicate

becomat la
slip rings, brush gear and starter contacts. For large size machines, voltagey

the design !
upto 1000—2000 V can be used and there seems to be no objection to rather higher voltages

%r very large motors where it is worthwhile to completely protect the brush gear.
Let. Ts, Ty=number of turns per phuse for stator and rotor respectively,
Kus, Ker=winding factor for stator and rotor respectively, ‘
Ev=stator voltage per phase, ,
Er=rotor voltage per phase at standstill.
Er Koo T
i ) R 1

Ewe B,
. Rotor turns per phase fr—-kf . -—:- .1, (101 )

In case of small machines :
Eyrshould not exceed 500 V and 500/4/3=290 V for delta and star connected

machines respectively.
By assuming a suitable value of voltage between slip rings, the rotor turns per

40 be previded can be calculated from Eqn. 10°19. Phaw
10:25'3. Area of rotor conductors, The full load rotor mmf iy taken as 85 per

cent of stator mmf.
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o I+7'¢=085 L,T, or Ir=0385 _I;.'l—'ql
< r

where I=rotor current per phase.

The area of the rotor conductors is fund out by avsuming a. suitable value for currcat
density. In order to avoid excessive rotor ¢pper loss, the current density in the rutor is
chosen almost equal to that in the stator.

Round conductors are used for small motors, But for large motors, it becomes neces
sary to use bar conductors.

10 254, Rotor windings. For small induction motors f slip ring. type, it is a
normal practice to use mush win lings for rotor housed in semi-enclosed slots. The coils are
roughly formed outside the machine and dropped into the slots through slot opening one by
one. It is usual to use several wires in parallel per turn, to keep the conductor small ea u ¢ h
to go through the narrow slot opening. The rotor is invariably star connected and thrae
leads are brought through the shaft to the slip rings.

For larger motors, a double layer bar type wave winding is used. This winding has
nerally two bars per slot. "The bars are pushed through partially closed sio's and are bent

“B®
to shape at the other end (See Fig, 6:62 page 287). In motors of outputs_ of about 750 kW

and over, we have to use 4 bars sometimes. ~ The use of 4 bars per slot is made to reduce the

current handled by each slip ring. The winding with more than 2 bars per slot is called 2

barrel winding and is usually wave wound.

Example 1013, A 3 phase induation molor A 54 slalor s sRaith 8 conduclors per
slot and 72 rotor slots with € conductors per alot. Find the number of and rolor turns.
Find ths vollage across the rotor slip rings when the rotor is open circuiled and al reel. Boih
stulor and rotor are star consecled and @ voliage of 400 V-is applied across the stalor tarminals,

“ Solution,

Stator turns per phase 1'.-..51'-:—8--12 Rotor turns per phase T'r= 7—26’—‘1-49.
’ ¢

Stator voltage per phase Ey=400//3=231 V.

T

Rotor voltage per phase at standstill Er=E, . 7-=231 X-gg-=154 V.
" Rotor voltage between slip rings at standstill=4/3 X 154=2667 V.

‘Brample 10 14, A 90 EW, 600 V, 50 Hz, 3phase, 8 pole induction mo'or has a siar
cranich:d 1at v winding accommd in 63 slota with 6 condwslors per alol. If ihe elip .ring
v)l4278 o op:m cirowit is lo b abowut 400 V, find a switable rofor winding, slating :

() number of slols (b) number of comduslors p:r cbl_(o) il apan (d) dgo"" voltage
on open oircuil (¢) approzimate full load ourrent per phass in . Assums efficiency=0'9 ;
power faclor=0"36.

Solation, Stator turns per phase Tum 2063,
-
Stator voltage per phase t.-7§--m \4

(a) The nuamber of rotor slots should i)etfeubly be aninteger. Taking 3 siots per

pole phase.
Number of rotor slots Sr=3X3X8m=T2.

Using star connection for rotor, rotor voltage at standstill Er=400[4/3=231 V.,
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Assuming Kpy=Kyr

rolor turns per phase 7, Kot -%' - -2:; 6350 450,
wr. .

Rotor conductors per slot=6;(Tso =4,

Actual number of rotor conductors=4 X 72=288.

Actual number of rotor turns per phase T,_,?;ﬂ =48,

(¢) and (d) Actual rotor voltage per phase at standstil] Er-';—g— X289=220 V.

Voltage between slip rings at standstill =3 X220=38! Vv,
Coil span==slots per pole=72/8=9 glots.
90 103 .
VIXS00X 090861343 4.
Since power factor js 0°86, the rotor mmf may be taken as 0'86 of stator mmf.

“ Rotor current per plase 7,086 i;:i-o-asx 's‘z"“ =151'6 A.

(¢) Stator current per phase Z,=

: 1026 Rotor teeth. The width of rotor slot should be such that the flux density in
the rotor teeth does not exceed about 1'7 Wb/m®. The maximum flux density for roror teetly
occurs at their mot as their section is minimum there, :

Minimum width of rotor teeth i, (mm.)-m%ﬁ | (1020)

It should be checked that the value of minimum tooth width actually provided in the
machine is higher than the value given by Eqn. 10°20, '

Minimum width of tooth actually provided
(D,
Wer==rotor slot pitch at the root—rotor slot widthee "DT""L’ ~Wae ...(1021)

where dy=depth of rotor slot and Wir=widtn of rotor slot, .
1027, Rotor core. The flux density in the rotor core is generally ejual to stator

Depth of rotor core der= 2x:..,xL. - (1022)

where Ber=flux density in the rotor core.
Inside diamem-_of rotor lamination Dys=D,— 2(der+dor) .(10°23)
The flux density in rotor teeth and core can be taken slightly higher than thogse in the

Hator teeth and core. ~ This is because the iron losses in tberotou-mverymnowingto
suall value of frequency of rotor currents.

1028, Sizes of induction motor laminations available in the market, The
two major firms supplying induction motor, fan and transformer laminations are
I. M/s Gurst Keen Williams Ltd.
Precision Pressings Division
Lal Bahadur Shastri Marg, Bhandup
Bombay 400078,

\

o S T,




- HREE PHASE INDUCTION MOTORS 631

2. M/s Devidayal Stainless Steel Industries Private Ltd.
Electrical Stampings Division i
P.O. 6224, Darukhana, Reay Rnad,
Bombay.
The virious sizes of single phase and three phase induction motor stampings manu-
factured by Precision Pressings Division of M/s Guest Keen Williams are given in Table 10'4
while those manufactured by. Electrical Stampings Division of M/s Devidayal Stainless Steel
Industrics are given in Table 10°5. '
The various slot sizes given in Fig. 1030 and 0°31 are due to M/s Devidayal Stainless
Steel Industries. '
Table 104
A C_ single phase and three phase induction motor laminations
(Manufactured by M/s Guest Keen Williams)

STATOR ROTOR |
sy pairs
Nor | Owtds | tmde | Sl | Cpide | TRl | Sl | @3mm
108 M 34 2 0 2 916" g 17 47
166 M s | 2w 2% 212 0-465° v )
168 M o | 22 % 212 0 465° 2 ")
D492 o | 22 24 2112 6° 23 %
D S22/R 120 mm 27)16* 24 27116" 5/8" 17 B
138 M sie | 3 2 312 34 2 2
D 655 & 338 24 33 v » 18
165 M & 334 % 334 78 @ 2
14 M ey | 33% 2% 3350 I 2 16
139 M e | 3 2% 3 1 3 "
161 M 78 | 430 % 43000 ris % “
woAM | Ty | w2 24 12 138 2 7
141 M e | e 3 o1 138 N "
168 M Ty | 412 3 a1 g £t} u
162 M 79 | s % 51/8° 14 48 1
142 M g3 | sz 36 s 158" “ 10
14 M o | 614 % 614 134 % 6
4M wie | % 7 134 “ 7
102 M iV 7102 % Y2 2 4 5
146 M 12 g1 % #1p > © “3
104 M " 9 3% v 4 5 P
2 9
mAM | W w s 10 B 4 5
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Table 105 ‘
Maisufactored by M/s. Devidayal Stainless St zel
DIMENSIO NS ! sLors
Stator ,‘ Rotor
Stator inner Sl
Taetio | ot | Qatutsr oot | Spect :
| | o | g Mt | L |
’ ! Fig. 10 30
- =L\ e e
W | e 2 916 S—12 30 R—6 17
VEH sue | sy | oy 5—6 » R—5 2
WFS? | g 3y [ ‘ $—16 # 1. py a8
LA R T T ’ 12 | sy 18 - R—3 7
new |osyr | sy | ppe | s 8 [ Rt 2
VEW | e | sy v S—15 3 R—10 34
wen | sipe 334 1 $—9 % | Rs u
WET | 7y 4300 rige | s-14 3% R—5 “
RES | 7 430 11/8° S—14 36 R—6 4
SR e | 4 138 S—1 2 R—1 2
RET [ e | 4y 138 | s—1o 3 R-1 u
ey | 7 | 4 vy | s—n 36 R—1 )
232 834 s 158 2 | R—1 “
WEBY | ey | sy 1-5/8* S—13 3 R-9 3
pary e | sy || pye §—5 3% R—4 u
0D | 1014 7 13 | s-s % R—4 ©
LT o 1] 12" TR 2 S—17 36 R—4 40
wese | 12 s | 2 §—17 3% R—4 “

O ERATING CHARACTERISTICS

1028, No load current, The no load current 7y of an induction motor is made up
of two components :

(i) Magnetizing current /s, and (%) Loss component of current I

The magnetizing current is 90° out of pbasc with the voltage while the logs component
s in p'p;tc with the VOll'lgP.

1@ 21 1. Magaetizing curreat The magnetic circuit of a fur pole induction
tor is shown in Fig. 10'32. The flux produced by stator mmf turns passes through the

_mo
" llowing parts ,

{¥) air gap, (i) rotor teeth, (i) rotor core, (40) stator teeth and (o) stator core,

e e —
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ROTOR TEETH

ROTOR CORE

STATOR CORE
STATOR TEETH

Fig. 10:32. Magoetic circuit of a 4 pole induction motor.

Thecalculation of magnc tizing current of an induction motor follows the same general
procedure as the calculation of magnetizing current of a d.c. machine. The main di ce
i3 that whereas in a d.c. machine the flux is assumed . to be uniform over any cross section
and the same mmf for all paths, in an induction motor the flux is distributed approximately
sinusoidally and the mmf varies similarly. e

If the permeability of iron were constant this would cause no difficulty, and the value
of mgnetizing current ¥ suld be obtained accurately by considering the mean mmf and the
fluc tube where this mean occurs. For sinusoidal distribution the mean is2/w=0 637X
maximum and occurs at 40° from the interpolar axis.

Owing to variations in the permeability of iron, particularly the stacor and rotor
teeth, a sinusoidal mmf will produce a flat topped fux density distribution curve as shown in
Fig 462 page 178. If the value of flux density is calculated for the mean mmf, and a sinu{
soidal distribution of flux is assumed, the total flux obtained will be larger than true value ; or
conversely the calculated magnetizing current for a given sinusoidal flux will be smaller
than the true value.

If maximum values are taken instead the cpposite result is obtained, i.e. flux is too
amall, or magnetizing current is too large.

‘Some intermediate ition therefor will give a correct value. Though this position
may differ some what in nt motors, a flux tube crossing the air gap at 60° the
interpolar axis will always give a good approximation.

The reason for this is that the flux deasity distribution curve can be approximated

too clasely by 2 sine-wave with 2 third harmonic (See Art. ¢'18 2 m-ﬂ?}. The valae of flux
density at 60° from the interpolar avis is.the same whether the  thir ‘harmonic is present or

not. us the calenlation of magnetizing mmf should be based upon the value of flux
demityitﬁo'frohtha!ntupoluaxkufarn-c_heglptndmthmcnnoemod.
'(§) Mmf for air gap. From Eqn. 4120, Byy=1'36 Bes
" Maf for air gap ATy=800,000 Beeo Ky Iy .
e e e e o B B e e 2
are i when parallel sided slots are used, the flux density al he le
_teetri:::' uniform. The calculation of mmf for upudmthmph?n!ed(i: At:ﬁh 4"’3[

“page 131. The value of maf for teeth is found out by finding flax density at a section 1/3

ht of tooth from narrow end.
Flux density at 1/3 height of tooth t;r::m narrow end

By =G K TuX Wonia

Wy =width of stator at § height from parruw end

o X D123 _ o
5 "

where



634 ELECTRICAL MACHINE bisiGN

The calculation of mmf for stator teeth is based upon Bug
where Biygg=1"36 Biyyt,
The mmf per metre aty, for stator teeth is found from Fig 4'2. page 120
M af reqjired For stator tecth ATu=aly X d,,.
(i ) MJ '
rarrow (nd

[ . =t R(Dr—“.rﬁ) =
Bar,/.amm and ’mb u’lr,/_. T Wn

where dir =depth of rotor slot, and
Now  Biry=1'36 Biryyy

The mmf per metre, alie, for rotor teeth is found from Fig. 42 corresponding
Birgsy

Fe=width of iotor slot,

Mumf required for rotor teeth  ATie=at,r X dyy.

(o) Mmf for stator core. Corresponding to flux density in the core, the mmf
permzm ales is found from Fig. 42. g?be length of path through the core can be
takel, as 1/3 pole pitch at the mean core diameter, '

Length of path through stator core fym %"’“"’ e (10:24)

Mumf for siator core=ater X ly,.

(v) Maf for rotor core. Corresponding to flux
mazee aler is Dun | from Fig, 42, Leagth of fAux path

Looin .‘Df‘ur‘l&r)
3 e

density in rotor core mmf per
in rotor core

-(10°25)
Total mof for rotor core ‘Tar-m"x’"
Total magnetizing mmf per pole for B,,
AT 0= ATy 4 ATi+ AT, + AT+ AT, -(10°26)
From Eqn. 4'121,

Magnetizing current per phase I.-osz,-L‘T!'_

«.(10'27)
w T,

10282, Loss compoaent. The calculation of loss component of 1o load current
involves the determination of go load loss, e o

() Irom lows. The iron loss in induetion motors consists of hysteresis and eddy
Current loss in teeth and cores, surface loss in teeth due to variation of air gap densit
loochpulutionlonduetonrhu'onofMden
and loss in end plates,

mhmla.iummmh-ndmww

weights The loss per kg correspondi

od out by calculating their
and Fig. 428,

respective
Dg to the flux densities can pe taken from Fig. 4.27

cage m » therefore, the iron loss in the rotor is
negligible. Wound rotor motors may operate at reduced by insertion of resistance
in the rotor circuit. Therefore, rotor iron loss must be included while enlenluing the

operating characteristiscs of a wound rotor machine, e
.. (#) Friction and windage logs, T,

able 106 gives the approximate yalpes .of.
fﬁcuonundwindagelmuwinwdontpm. ’ "
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Table 106, Friction and windage loss

G| reemtof outp
cent of outpul

075 55
37 1 S
750 f 27

iro) I'5

7500 12

150-00 10

Loss component of no load cufrent per phase
e total no load loss
=3 X voltage per plme

No load current Is (per phase)=4 Ia®+T#.
The approximate valuss of no load current expressel as ntage of full load
current are given in Table 107, perne

Table 10 7. No load current

...(10°28)

k i Percent of full load current
075 50
30 40 (
1510 33
3700 ki)
75 and above 7
The 1o load power factor, cos $e=1i/ls ' -(10°29)
and go=cos* Iifl, «(10°30)

Example 10115, A 75kW, 3300V, 60 Hz, 8 pols, 3 phase slar comnacled induction
motor has a magnetizing current which ds 35 percend of the full load ourrent. Osloulats the
w«Aof stalor. turms per phase if the mmf reguired for fluz denaity at 30° from pols azis is

Assume inding focor=095, and full load efficiency and power faclor 0°94 and 0°86

© respectively.
75X 1000

Solution, Full load current =(3X3Mx0’94x0'86 17'9 A.
Magnetizing current Jm=0'35 X 17°9=5"26 A.

From Eqn. 1027, magnetizing current I.; 9—%&%‘-
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or stator turns per phase, T,-ﬂ?‘l”ldi,
wrim

_ 04278500
095 X626

Example 1016, A 15 kW, 400V, 3 phise, 50 Hz, 6 pole inducion motor has u
dwameler of 0 3m and the length of core 012 m The number of stalor slots va 72 w.th L0
conduclors per slob. ~ Th: stulor is d:lla connected  Caloulale the value of magnetizing curre st
per phase of the length of air gip s 055m  The gap contraction fastor ia I'2  Assum - t4:
amf required for the iron paris to be 35 per cent of the air gap mmf. Coul spin= 11 slots.

Solation, Slots per pole per phase g=72/(3 X 6)={.

v ! sin 60/2 g

Distribution factor K¢= 3 5in 60/(2 % 4) =(Y58.

Slots per pole=72/6=12 and coil span=11 slots.

Therefore, th: win ling is chorded by 1 slot pitch,

.. Aoglé'of chordiog .-%xmo-ls'.

Pitch factor Kp=cos a/2=099 4.

. Stator winding factor Ku,=0'958 %0991 =0 93,

Total stagor conductors=72 X 20=1440.

Stator turns per phase T,==1440/(3 X 2) =240.

Stator voltage per phase By =400 V. (The machine is delta connected)

400 g
A Flux per pole Om= e 200X 0 05— I X107 Wb,

DL x03x012 >
Area per pole -", =2 =18 85 .

= 7% 10 ) >
Average air gap density Bw= Tegsx105 ~0418 Whb/m".

=288,

Gap flux density at 30° from pole axis
DBygy=1"36 Bes=1'36 X 0'418=0'57 Wb/m?*,
Mmf required for air gap=800,000 X 0°57 X 1"2X (55X 10-*=301 A.
Mamf for iron parts=035X301=105 A. .. Total mmf ATy=301+105=406 A.
. : 0427 Xp X AT,

Magnetizing current per phase Jp= —E;T_.'.
0427 X6X406 _, .

ousx2a0 40 A.

Example 10:17, The magnetic cirouit of a 410 V, 8 pole, 3 phase, star connect d,
0 Hz, induction molor has the following particulars :

Core length 0°15 m ; stalor teelh length 30 mm ; toolh width ab 1/3 height narrow
end 7 mm ; rofor teeth length 15 mm ; rotor tooth width ad [/ heighl from narrow end 10 § mm;
slalor bore diameler 04 m ; effective air gup lengih 0 9 mm ; stator and rotor core depih 6 §
mm ; mean 60° lengths of magnetio cirou’t per pole pair, in core ; slalor 0 25 m, rotor 0 16 m.
The stator has 72 slots with 8 comductors per slol. The rotor has 49 slots. The stacking
Jactor i 0 9. Eatimate the magnetizing ourren! using the following magnetization curve. :
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B, Whim* 05 07 I0 I 12 | 14 | Ié

at, Alm 95 110 200 | 300 600 l 2500

Solation, - S};tor slots per pole phase g=72/(3 X 6)=4.
P sin 60/2 P
Distribution factor Ka T on 602 XA) =0 954,
Stator winding factor Kus=0"958.

Using full pitch winling, Kp=1.
Stator turns per phase Tu=576/(3 X 2) =96,

Stater conductors=8 X 72=576,
Srator voltuge per phate =440/y/3=254 V.
254 :
Flux per pole ®a= 77550 X 9 X 0958 12°4% 107 Wb,
Area per pole=xDL[p=xX0'4X 0:15/6=31"4%10"* m*

Average flux density per pole Ba=12'4X107%/(31 4X 107%)=0395 Wb/m*.
Baain i gap=1'36X0'395 =537 Wh/m®. : i 2
Mmf £or air gap=800,000 X0 337X 09X 10-#=387 A.

Net iron length Li=K(L=0 9% 0°15=0"135 m.

Flux density in stator teéth at 1/3 height
s Da 12'4 %107 e
Bints™ G5 TaxX Wy~ (2E)X0T36XTX10 % Il Whjm*.
o~ Bisgw=136%1"1=1'5 Wb/m".
Corresponding to this flux density, mmf per metre alu=1000 A.
. Mamf required for stator te th=1000% 30 X 10-*=30 A.
Flux density in rotor teeth at 1/3 height

12:4% 107 ,
Bty oI TR 05 XI0T 07 Wh/m?,

Birge= 1" 88%1°07=1'46 Whb/m®.

. Mmfrequired for rotor teethy=700X I5X 107=11 A.

Fluz in stator core=12'4X [0°7/2=62X 107 Wh.
Area of stator core=des X Li=65X 107X 0*185=8'77X 107" m.

: . 62x107 ..
2. Flux density in stator core== 5o o= 0°707 Wb/m*.
The same flux demsity is obtained in rotor core asthe flux and the area are the

Corresponding to this flux density tanmf per- metre==120 A.
Length of flux path, in stator core, per pole=025/2=0"125 m
Length of flux path, in rotor core, per pole=0°'16/2=0"0¢ m.
Mmf for stator and rotor cores=120(0"1254-0'08)+=25 A.
Total mmf for By '

AT g=387430+11+25=453 A,



P T

e Y S

Rt T ot ol o . S
|

638 ELECTRICAL MACHINE DESIGN

.. Magnetizing current

0427 p ATy _ 0427X6x453 .
T R T, = voaxas—127 A.

1029, Short circuit (blocked rotor) curreat, In order to find the valye of short

circuit (blocked rotor) current, the values of ‘resistance and leak cta f o 84
have to be evaluated. age reactance of the windings

10291 Stator resistance, The stator resistance per phase

ri=p Ty Lunja,
where Lat=length of mean turn of stator, m ;
and as=area of stator conductor, 1nm?,

The value of resistivity for copper is 0021 Q/m and mm?* at 75°C,
10292, Rotor resistance,

Woand Rotor. The resistance of a wouad rotor michine is found in a similar
manner.

Rotor resistance per phase P Tc.af‘n

The rotor resistance per phase referred 1o stafor, r’,=( g‘" ;. )x A
wr dy

Cage rotor

Let

p=resistivity of material of bars and rings, Q/m and mm* ;
Ly=length of each bar, m ; ge==area of each bar, mm?* ;
Dy=mean diameter of each ring, m; and @ =area of each ring, mm?,

Resistance of each bar ryw %. Total copper Inss in bars=g, L'y é

a»
Resistance of each end ring ry==p :ﬁ
Copper loss in two end rings=2 I,% %

_2x( s;. )" L, ma:n.

Total copper loss in rotor

: Ih = I:,* 84 D,
=8 Ii* p :+T [ TP
Is 2.

Hence total rotor resistance
Ly 2 D, S
-’8"( 8 a» +—;?¢! ) +(10°32)

The rotor resistance must be referred to stator in order to find out tofal ruuunoa
n rtor a3 viewed from stator, of
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Let
m., me=number of phases of stator and rotor respectively ;

T,, Te=number of turns of sta or and rotor respactively ;
Ko, Kur=winding factor for stat r and rotor respectively,

Total resistance of rotor referred to stator

u.J'.K.- s Ly 2 D, ’
-( mT'K.') Xp 8¢t ( Sras ' % plas ) --(10'33)

T.e number of phases in a squirrel” cage winding is equal to number of bars per

pole or me=S¢/p.
I'he number of turns in series per phase for rotor is equal to the number « f pole
pairs or Te=p|2 and rotor winding factor Kue=1.

Substituting the values for me, Tr and Ker in Eqn. 10°33.
Total resistance of cage rotor referred to stator

e T's Ku In 1 2 D.
= ExeEx ‘{”"'[j&‘eyﬁi o —

2
=4 m? T Ko p [—SI;—.‘.--P-; ;.2'; «(10°34)

*. Resistance of cage rotor, referred to stator, per phase
. Ly 2 D,
r'eemg my To* Kud p [ y i o FT] -+(10°35)
When the radial width of end ring is large, as often isin small induction motors, the

end ring resistance must be multiplied by a constant to take into account the effect of
iform current distribution in the end ring. TLis factor is Kriag and is taken from

non*un
Fig. 10°33.
Modifying Ego.: 10 35 resistance of cage rotor referred
to stator, per phase - - 111
r'e=dm, T Kt p *
Maia:
[ ] ‘
Hew Tx pa et i
For thret phase machines my=3 i <
5 miel2 T8 Kutp DR
0 02 04 08 ® O
Ly 2 Ds D
(G +5 Fekw) 1037 s.’.‘
. Fig. 1033, Mul
Eqn. 10°37 can be derived in another manner also. ool g;-m
e "

When~ there are m, phases in stator with a winding factor Kes and 7 in seri
per phase and a corresponding mr phase rotor with s turns in series
phase, the rotor curmntperpghu'eh’: with a winding factor Kwr and T+ turns per

Jre= m, x- T 1’
iy Kye Ty «(10°38)
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But me=8:/p, Tr=p[2, and Keor=1 a3 stated earlier,
From Eqn. 10-38 current in ea: h bar is

el ] My B T, g 2 ﬂlnku T, 5 ’
A (Se/p) X 1X pJ2) I = Sr Ir (10 39)

Total loss in rotor cage

(Sec Tgn 1031

Lb 2 Do
=p I)* §* (h{-? R)

The equivalent logs j, stator==m, I1' '

~ 4

‘ ) ‘f)

Flz(.‘)mu. Phasor diagrams ol(zduaion motors.
Rotormimnceperpbue referred to stator

(2 )
_(2-.!.:7’.1;’)' %(ﬁ.’_% %)
=4 me TA Kol p Tf’ﬂ—{-% %

Fig 10'34 (a) shows the Phasor diagram of ap inducﬁonmotor(forcumn ).
i we maghack o rie e 4

leakage reactance and the loss com rent of no load current, the
, phasor diagram is simplified as shown in Fig..10°34 (3). -

Fiom Fig 10'34 (b), stator current equivalent to rotor current is
Iv'esl, cos ‘

where L e=stator current and  cos gmstator power factor,

Example 10-18. Caloulate the equivalens resistance of rolor per phase referred 1o
m,/mmfoaom,mofamr.?;nme, 60 H s oage motor,

++(10°40)
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Stetor siols=48 with 30 conductors per slot 5 Rotor slots=53 with one bar in each aslot;
The length of each rolor bar is 0 12 m and area 60 mm?, The end rings have a mean diameler
of 0'18 m and an area of cross-section 150 mm?,

Full pitch winding with 6Q° phase spread is used for the stator.

The material used for bars and end rings Ras a resistivity of 0°021 O/m and mm?*.

Solution,

Resictane 6f each bar=0'021 X Jo=- =42 (0.

Loss in 53 bars =53 X1, X 42 X 107=2226 X 1078 1% W.
Resistance of cach ring=0:021 "-2-=0'021 X 2xX018 792x 100,

Loss in two end rings=2X 792X 105 [=2X 792X w-'x( ;f(’—‘)' I
=2820% 107 Ii* W.
« Total rotor 'R loss=(2820 +-2226) X 10~ I#=5046 X 10™* 1%,

.

Stator slots/pole[phase qe=48/(4 X 3)=4.
ey _ . sin Y

Stator distribution factor K¢ Tn 60/2%Xa) R 0°958.

As full pitch coils are used, Kp==1, ., Stator winding factor Kee=0"958.

Stator turns per phase T's=48X 30/(2 X 3)=240.

Now neglecting magnetizing current and the rotor leakage reactance, stator mmf is
equal to rotor mmf (the power factor is assumed as unity which is strictly not correct)

& STLEwls o
or current in each bar Iy=6 T+§'—"— L= 1°3x°'9581.-25 I.
Rotor I'R loss expressed in terms of stator current
=5046 X 107 X (261,)*=342 I}
and loss per phase =(3°42/3) Lr=1"14 1"
- Rotor resistance referred to stator re'=1'14 L}Id=1"14 Q...

Example 10-19. 4 6 pole, 3 phase squirrel cage snduction motor has 72 slator slote
with 15 conductors in each slot. There are 65 rolor alots. The coil apan i 11 alots and the

phase spread is 60°.

Determine the ourrenl in volor
the power faclor i3 0'83.

Solation,

Stator slots/pole/phase=72/(3 X 6)=4.

Distribution factor for 4 slots/pole/phase and 60° phase spread is 0°938 as calculated in

the previous example
The number of slots per pole is 72/6=12 and the coil span is 11 slots, Therefore, the

coil are chorded by one slot pitch.
Angle of chording a=1/12X 180=7"5%.
Pitch factor Ky=cos 7°5/2=0"998,
Winding factor==0"958 X 0'99#=0°956.

bars and in end rings if the atafor current is 24 1A and
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" Stator current equivalent to rotor current
If'=I,cos ¢ (See Eqn. 10°40)
=241 X 0'83=20A.
Stator turns per phase T'y=72 X 15/(3 X 2)==180.
From Eqn, 10'39, current in each rotor bar
I.-2 my Kes Ty 12 X3 X 0956 % 180,‘20_375.46-
8 55
8 Iv 55%3754 —=10953A.

Cumntinuche:’dﬁngl.— » - xX6

Example 1020, Caleulale the equivalent resistance of rotor per phase in terms of
slalor, currend in each bar and end ring and total rotor I'R loss for the following :

4 pole 3 phase, 50 Hz, 400 V cage motor has 48 slots in stator with 35 conductors per
slot  Each conduclor carries a current of 104. The rolor has 57 slots, each slot has o bar of
612 m length and 50 mm® area. The mean diameter of each ring is 0 2 m and area is 175 mm?.
Reaistivity is 0 02§%/m and mm* and the power faclor is 0'S. The stofor winding wees full
pitched cosls with a phase spread of 60°.

Solution,
The winding factor for an infiaitely distributed winding with a phase spread of 60° is

0 355
Equivalent stator current I/'=I, cos $=10 X 0'8=8A.
tacor turns per phase 7'y=48 X 35/6=280.

2o o T 1 = 2X3X OIS0, g,
r

( ur ent in each par [p =

. " Selv  57x226
Current in cach ring I,= 7 =1024A.

Resistance of each bar r» =002 X 0°12/50==48 X 10~ Q.
I'R loss in bars=57 X (226)* X 48 X 10™*=140 W.
Resistance of each ring=0"02X=X02/175=72X10~* Q.
IR loss in 2 rings=2(1024)*X 72 % 107*=15] W.

Total rotor I'R loss=140+151 =291 W,

Total resistance referred to stator per phase
7, total_rotor IR loss 298 =1'510
MY L P X

The resistance can be directly calculated by applying Eqn. 1035

: 012 2 05 .
=4X3X(280)%0°955)*x 002 [‘m +Tx4_—'x|'ls 1'51 .

. 10293 Leakage reactance, The calculation of leakage reactance has been ex.
plained in Art. 4 15 page 171.
Using Eqn. 495, stator slot leakage reactdnce
zu=8 % f T4 L (\u/pgs) -(10'41)
where Jy=specific slot permeance for stator and ga=stator slots/pole/phase.
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(#4) Rotor specific slots permeance referred to stator

a.,'-(-g‘-";)' Lne ~(1042)

where Ar==specific slot permeance for rotor.
Rotor slot leakage reactance referred to stator

zteeB % | Tt L ('[pg0) e (10°43)
(éis) Using Eqn. 4'96, overhang leakage reactance (
2e=8 5/ T4 Lo (ofpg) o(10°44)
where Lov=ps 2" (See Art. 4'14 page 170)

® Yu
The value of K is taken from Fig. 4'58 page 170.
‘The specific permeance for overhang leakage may be caloulated from

A=K 979 yu «(10°45)

The constant K has the following values.

(i} Concentric wound stalor i o —

Jlip ring rotor K=($5X 107 ; cage rotor K=0-27X 107",

(4i) Barrel wound stator :
slip ring rotor K=055x 107" ; cage rotor K=037X107
. ; 3 v 5 x- . 1 1
(#9) Zigzag leakage reactance : &= g~ ;:.—(—q—;; + ;—'.-) (10748}
where Xp==magnetising reactances Eflw.
(iv) Harmonic or differential leakage reactance : za= X (KnatKae) .(10°47)
;!MTOK;S. and Ear are constants (for stator -and rotor respectively) and are taken from
ig. 10°35.

%
24
\ ]
18
16
% 3
£ o \ 2
. 1 I
g \
: e
2 XT3
o5 075 )
Ratio SOL3pAN_ '

Pole pilch
Fig. 10:35. Values of factor Xa.
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. Harmonic leakage reactance is negligible in squirre: cage induction motors.
Total leakage reactance of the machine referred to stator

Xi=zutzo'frgtzatban ...(10°48)
Total impedance of motor at standstill Z,=4/ B3+ X,? --.(10'49).
Short circuit (blocked rotor) current per phase L,e=F\/Z, «(10°50)
Short circuit (blocked rotor) pow.r factor cos ¢yp=R,/Z, +.(10°51)
Phase angle of short circuit (blocked rotor) current $re=cos~* R,/Z, .(105)

Example 1021, Pind the leakag: reactance of a 7 5E'W, 400V, 3 phase, 50 Hz, 4
pole cage type induction motor. The stator bore is 0 18 m and the core length is 0 13 m. The
stator has 36 slots and the rotor 31 slots The details of the slots are shown in Fig. 10 36.
The length of air gap is 0 6 mm and the numbsr of stalor turns is 276. The length of overhang
on one side 33 025 m. The stator winding Jactor may be assumed as 0955. The stator
wwinding va mush Lype for whick the overhang leakage permeance is given by

o 037%10-¢ L,
el v e
where Ly=lenglh of overkang on ons side and Yu=stalor slot pilch.

Solatio, Stator slots par pole per phase ¢,=36/(3 X 4)=3,

Stator slot specific permeance Au=p, [3 -bl' +%+ ﬁ’.z—-f-""m +W‘:_J

98 . 2. 2x2 T 1% .
5o [3x9-5+sT-5+ 9543 +’3‘]" 83 mo
Rotor slot specific permeance (See Eqn. 4'74 page 161)
: " Kor=p [0'66-+B/ Wy =[0°66+§]=1°16
Rotor slot specific permeance refarred to stator

o K)oy (0SSN 36
M-(,K-——') xs' Alr—( i ) xal X1 l23ﬂ.=l l7ﬂ..

‘Stator slot pitch yaw=nx0'18X 10%/36=15"7 mm.
Width of stator tooth Wu=15'7—3=12'7 mm.
Rotor slot pitch yw=nX0'18 X 10%31=18'1 mm.
Width of rotor tooth Wir=18"1—2=16'1 mm.
From Eqn. 4'92 (page 170), specific permeance due to zigzag leakage
Ae=pe Wi Wee (Fi+ Wirt)
12 Iy yue® yur
12°7X16°1(12: 794 16'1%)
6 3 FoX X 06x 15X 181
. The specific psrmeance due to slot and zigzag leakage
: =po (1'83+1°17+268) =568 u,.
Leakage reactance due toyslot and zigzag leakage
%t 2:=8 lf T: L AM.
ST =8 X 50X (276)* X 0'13 X 5'68 x dm X 107/(4 X 3)=7 4 Q.
. Specific permeance due toJoverhang leakage
‘37x10-°x025 -
*’“gvz X157% 10T 2 08107
\

=2'68 Ho.
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Leakage reactance due to overhang leaxage zo=8 % [ T4 Lyho/Pqs
=8m X 50 X (276)* X 0°25 X 2°08 X 1077/(4 X 3)=4'2Q2,
Total leakage reactance==zs+zsto=7'4+4 2=1 1'6 Q.
Example 10022, A 75 kW, 3000V, 8 pole, 50 Hz 3 phase, star connecled alip ring
induction motor has the foliowing data :
Stalor bore==0'68 m ; stator core length=0 50 m ; number of stator slots=96 ; number of

rolor slota=72 ; number of sator turns per phase=256 ; tolal specific permeance due lo astalor
alots=4 9 pe ; n0 load current per phase=at-1 A ; no load power factor =0 095 ; harmonic leakage

reaciance per phase=0"5Q.
Estimate the toial standstill leakage reaclance of motor referred to stalor. The winding

employs full pitch coils.
Solation, Stator slots per pole per phase g:=96/(3 X 8)=4.
Rotor slots per pole per phase qr=72/(3 X8)=3;

Slot leakage reactance Zy=8%X 50 % (<86)* X0°5 x mﬁggg~m_

8x4

No load power factor cos $o=00 5 S sin ¢e=0995 g
Magnetizing cur ent In=1Is sin $o=6'3 X 0'995=6'27A.

Stator voltage per phase E:=300 [4/3=1732V

Magnetizing reactance Xa=Ey/In=1732/6'27=276'20.

From Eqn. 1046, zigzag leakage reactance

5 -Xaifd o1\ 8.52162 (1. 1 :

t B () (i)

Pole pitch T=X0'66/8=026 m. Stator slot pitch == % 0'65/96=0'0216 m.
From Eqn. 4'94, overhang permeance

r Sy

K, +* 1 x(626)* ¢
Lo e=pa 3 im=be 00216 00 b
Overhang leakage reactance=8m X 50 X (286)* X 0987);‘;: 107 400,
Total leakage.reactAnan-:_a+t&‘i‘&+ﬁ—9'.9+,‘.'4'f4'9+°f9?!97n-
1030, Circle diagram, Itis possible-to obtain graphically a’considerable range

of information from circle diagram. he construction gives estimate of full load current
and power factor, maximum power output, pull out torque'and the full load efficiency and
slip. The circle diagram is constructed from the follo #ing design data :
Iy =magnetizing current phase,
I1=loss component of no load current per phase,
X, =total standstill leakage reactance per phase referred to stator,
R.=total resistance per phase referred to stator,
Zy=total short circuit impedance per phase referred to stator,
E.=stator voltage per phase.
The procedure for drawing the circle diagam is given below (Refer Fig. 10°37).
1. Draw Oa and Ob perpendicular to eacit other.
9. Draw 00'=1I,, the no load currcr* pee phase at an angle ¢, with Ob after choom
ing a suit .ble current scale. . ;

gymtant Ja/lt and Ty=4/T'+1P.
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3. Draw 0'D passing through 0’ and parallel to Oa.
4. Draw OB =y, short circuit current per phase at an angle dre.
$ee=tan™ X,/R, and Iie=R.[Z,.

0
. Fig. 10'37. Circle diagram,

_ 5. Join 0' with B.
. 6. Construct the icular bisector of 0B intersecting the line 0'D at €. Point ¢
is the centre of circle h radius 0'C. ' ; .
7. Draw the circle 0'BD.

8 Draw BF perpendicular to 0'D and divide it at @ in such a way that

BG rotor resistance referred to stator '
GF stator resistance - e

9. Join0' to@G.
The line 0'G is known as torque line and line 0'B as output line The diagram can

be used] to determine the characteristics for any current.
10. Tn design, we are mainly interested in characteristics at rated output.  The point
A corresponding to rated output can be located as given below : £
Suppose we have drawn the diagram with a current scale of | cm=2x ampere.

| cm=g K, watt per phase.

(Tt should be borne in mind that we bave drawn the diagram considering phase
current and phase voltage and therefore the results are obtained in terms of power per phase.
1n order to get total power we will have to multiply the results for power and torque by 4 for

3 phase machines)
Extend line FB  Cut off Bf=rated output per phase.
w'a Jine 84 pa to outputline O'B i i i
wtigM!! ‘:: gm ' tpu O'B cutting the circle at 4. Then Ais the
11. Draw AH perpendicular to Oa.
12. Join 0’ to 4, This gives ! gy==rotor current phase angle.
13. Lab«! points JKL '
Stator current per phase at fullNoad /,=0A.
Stator power factor at full load cos ¢=AH/0A.
Constant loss =3xJH.
Rotor copper loss at full load=3 X LK,
JH and LK are measured on power scale,
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o rotor copper loss LK
Sllp "= SE'

rotor input
iency y=otoroutput - _ AL
Eficiency ¥ stator input A"
Torque=3 X AK W (synchronous)
with AK measured on powes scale.

The location of point M on circle for maximum power output is done by drawing a
perpendicular on the output line from €. Line MN represents maximum output.

Maximum output=3 X MN.

The location of point P on circle for maximum torque is done by drawing a perpendis
cular on torque line from 0. Line PQ represents the maximnm torque

Maximum torque=3 X PQ W (synchronous).

Line BG cepresents starting torque. Starting torque=3 X B@.

MN, PQ and B@ are measured on power scale.

T The values of slip, efficiency, and ‘pdﬁé‘mmn—hmmuely determir'ed

by using some additional graphical methods. .

Fig. 1038, Determination of alip, eficiency and power factor
from circle disgram,

Fig. 10°38 shows the circle diagram drawn as per the procedure given above,
Dreaw the output line 0'B backwards to out O at T.
Draw vertical lines TV and O'W.

Extend output line 0B to a convenient point /] .
From U, draw line UW pacallel to torque line and line UV parallel to horizontal axis

Divide both lines OF and UV into 100 parts.

Extend 0'A to cut line UWat X, Point X indicates the value of\percentage slip.
Extend 0'A to cut line UV at ¥. -Point ¥ indicates the percentage sfficiency.

The power factor s easily found by drawing a quadrant of - aircle with 0 as cmésy
and a radius 100 arbitrary units.
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Extend 04 to intersect the quadrant at Z.

Project 0Z on vertical axis Qb.

Vertical projection 0Z’ gives the value of power factor.

1031, Calculation of maximum output from geometry of circle diagram,

Referring to Fig. 10" 7.
Maximum output=3E, X MN with MN measured on current scale,

We have MN sin ¢rer=MR
_ MR OM—CR CM—0'C cos dur
" My sin ‘nr % sin fu' iz Win ¢ur ==X
Now O'B=2 OM sin $r .. OM=-2B _
2 2 sin Goer
Since CH=0'C
MN= 0’3('-00’ ‘.')- 0‘B§_ X
& zlin'fou / 2“+Cﬂ‘nv)
Now 0'B=0B—00'=lwv—1I, and Puercidse
Tui—1,
. e _——!—
e o (14-cos ge)
Jio—1I,
, - (10°53)

Hence, maximum output=3 E, 2(14cos $ae)

10-32, Dispersion coefficient. There are two major factors which influerce the

power factor of an induction motor.

(i) Magnetizing current, If the magnetizing current of a motor is large, its power
factor is poor.

{$) Ideal short circuit carrent, Ideal short circuit current is defined as the current
drawn by the mutor at standstill if its resistance is neglected. If the ideal short circuit current
of a machine is large it indicates that its leakage reactance is small. A small. value of leakage
reactance means that the piwer facter of the machine is good. Thus a large value of short
circuit current (a small value of leakage reactance) indicates a good power factor.

Here we introduce a co-efhcient called ‘Dispersion co-efficient’. Itis defined as the
ratio of maguetizing current to ideal short circuit current. Thus dispersion co-efficient

magnetizing current Im_ i
i deal short circuit current s H0°54)

Ideal short circuif current Josr=1,/X, «..(10°55)
where X,=total leakage reactance of motor refesred to stator.
1, 1
- wXy .210'56)

o ,-B‘Ix' & En a
If I and X, are small, the value of power factor will be good. Thus & small value of
dispersion co-cfficient indicates 2 good power factor while a large value of dispersion
co~efficient means a poor power factor.
Let us evaluate the dispersion co-efficient.
Now, magnetizing current = 9;:7’,' Als (See Eqn. 10:27)

AT'4,==00,000 Bygy lps==500,000 X 1'36 By lys
where lpe==length of effective air gap which consumes the .umf of i
3&01: pese gap e acutal air gap







