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MODULE 1
DC Machines- principle of operation-emf equation-types of excitations. Separately excited, shunt and
series excited DC generators, compound generators. General idea of armature reaction, OCC and
load characteristics - simple numerical problems.

Introduction

An electric generator is a machine that converts mechanical energy into electrical energy. An
electric generator is based on the principle that whenever flux is cut by a conductor, an e.m.f. is
induced which will cause a current to flow if the conductor circuit is closed. The direction of induced
e.m.f. (and hence current) is given by Fleming’s right hand rule. Therefore, the essential components
of a generator are:

(a) a magnetic field
(b) conductor or a group of conductors
(c) motion of conductor w.r.t. magnetic field.

Simple Loop Generator

Consider a single turn loop ABCD rotating clockwise in a uniform magnetic field with a constant
speed as shown in Fig.

Fig. (1.1)
As the loop rotates, the flux linking the coil sides AB and CD changes continuously. Hence the e.m.f.

induced in these coil sides also changes but the e.m.f. induced in one coil side adds to that induced in
the other.

:%E'
1
S
Fig. (1.2)
(M When the loop is in position no. 1[See Fig. 1.1], the generated e.m.f. is zero because the

coil sides (AB and CD) are cutting no flux but are moving parallel to it.

(i) When the loop is in position no. 2, the coil sides are moving at an angle to the flux and,
therefore, a low e.m.f. is generated as indicated by point 2 in Fig. (1.2).

(iii) When the loop is in position no. 3, the coil sides (AB and CD) are at right angle to the
flux and are, therefore, cutting the flux at a maximum rate. Hence at this instant, the
generated e.m.f. is maximum as indicated by point 3 in Fig. (1.2).

(iv) At position 4, the generated e.m.f. is less because the coil sides are cutting the flux at an
angle.
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(V) At position 5, no magnetic lines are cut and hence induced e.m.f. is zero as indicated by
point 5 in Fig. (1.2).

(vi) At position 6, the coil sides move under a pole of opposite polarity and hence the
direction of generated e.m.f. is reversed. The maximum e.m.f. in this direction (i.e.,
reverse direction, See Fig. 1.2) will be when the loop is at position 7 and zero when at
position 1. This cycle repeats with each revolution of the coil.

Note that e.m.f. generated in the loop is alternating one. It is because any coil side; say AB has
e.m.f. in one direction when under the influence of N-pole and in the other direction when under the
influence of S-pole. If a load is connected across the ends of the loop, then alternating current will
flow through the load.

The alternating voltage generated in the loop can be converted into direct voltage by a device
called commutator. We then have the d.c. generator. In fact, a commutator is a mechanical rectifier.
Commutator

Connection of the coil side to the external load is reversed at the same instant the current in the
coil side reverses, the current through the load will be direct current. This is what a commutator does.

Mica )

The above shows a commutator having two segments C1 and C2. It consists of a cylindrical
metal ring cut into two halves or segments C1 and C2 respectively separated by a thin sheet of mica.

The commutator is mounted on but insulated from the rotor shaft. The ends of coil sides AB
and CD are connected to the segments C: and C; respectively as shown in Fig.

Two stationary carbon brushes rest on the commutator and lead current to the external load.
With this arrangement, the commutator at all times connects the coil side under S-pole to the +ve
brush and that under N-pole to the -ve brush.
DC Generator Working
(1) In the below Fig., the coil sides AB and CD are under N-pole and S-pole respectively.
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The segment C; connects the coil side AB to point P of the load resistance R and the segment C;

connects the coil side CD to point Q of the load. Also note the direction of current through load. It

is fromQ to P.

(i) After half a revolution of the loop (i.e., 180° rotation), the coil side AB is under S-pole
and the coil side CD under N-pole as stB\_N\n.below.

The currents in the coil sides now flow in the reverse direction but the segments C; and
C, have also moved through 180° i.e., segment C; is now in contact with +ve brush and
segment C, in contact with -ve brush. Note that commutator has reversed the coil
connections to the load i.e., coil side AB is now connected to point Q of the load and coil
side CD to the point P of the load. Also note the direction of current through the load. It is
again from Q to P.

Thus the alternating voltage generated in the loop will appear as direct voltage across the brushes.

f
j /\Y/\

0 180° 360
—.—’0

The e.m.f. generated in the armature winding of a d.c. generator is alternating one. By the use of
commutator we convert the generated alternating e.m.f. into direct voltage. The purpose of brushes is
simply to lead current from the rotating loop or winding to the external stationary load.
Construction of d.c. Generator

All d.c. machines have five principal components viz., (i) field system (ii) armature core (iii)
armature winding (iv) commutator (v) brushes

field

Armature
Winding

(i) Field system
The function of the field system is to produce uniform magnetic field within which the
armature rotates. It consists of a even number of salient poles bolted to the inside of circular frame

3
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(generally called yoke). The yoke is usually made of solid cast steel whereas the pole pieces are
composed of stacked laminations. Field coils are mounted on the poles and carry the d.c. exciting
current. The field coils are connected in such a way that adjacent poles have opposite polarity.

(ii) Armature core

The armature core is keyed to the machine shaft and rotates between the field poles. It
consists of slotted soft-iron laminations (about 0.4 to 0.6 mm thick) that are stacked to form a
cylindrical core as shown in Fig.

Armature

TOOTH
Cemmutator 00 SLOT

BAND WIRE

The laminations are individually coated with a thin insulating film so that they do not come in
electrical contact with each other. The purpose of laminating the core is to reduce the eddy current
loss. The laminations are slotted to accommodate and provide mechanical security to the armature
winding and to give shorter air gap for the flux to cross between the pole face and the armature
—teethl.

(iif) Armature winding

The slots of the armature core hold insulated conductors that are connected in a suitable
manner. This is known as armature winding. This is the winding in which -workingl e.m.f. is
induced.

The armature conductors are connected in series-parallel; the conductors being connected in
series so as to increase the voltage and in parallel paths so as to increase the current. The armature
winding of a d.c. machine is a closed-circuit winding; the conductors being connected in a
symmetrical manner forming a closed loop or series of closed loops.

(iv) Commutator

A commutator is a mechanical rectifier which converts the alternating voltage generated in
the armature winding into direct voltage across the brushes. The commutator is made of copper
segments insulated from each other by mica sheets and mounted on the shaft of the machine.

)

C,

The armature conductors are soldered to the commutator segments in a suitable manner to
give rise to the armature winding. Depending upon the manner in which the armature conductors are
connected to the commutator segments, there are two types of armature winding in a d.c. machine
viz., (a) lap winding (b) wave winding.

(v) Brushes

The purpose of brushes is to ensure electrical connections between the rotating commutator
and stationary external load circuit. The brushes are made of carbon and rest on the commutator. The
brush pressure is adjusted by means of adjustable springs.
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Spring

If the brush pressure is very large, the friction produces heating of the commutator and the
brushes. On the other hand, if it is too weak, the imperfect contact with the commutator may produce
sparking. Brushes having the same polarity are connected together so that we have two terminals viz.,
the +ve terminal and the -ve terminal.

E.M.F. Equation of a D.C. Generator

Let ¢ = flux/pole m Wb

Z = total number of armature conductors

P = number of poles

A = number of parallel paths = 2 ... for wave winding

=P ... for lap winding

N = speed of armature in r.p.m.

E, = e.m.f. of the generator = e.m.f./parallel path
Flux cut by one conductor in one revolution of the armature.

d = P webers
Time taken to complete one revolution,

dt = 60/N second

dp Pop PPN

e.m.f generated/conductor = —

& G/N 60 O

e.m.f. of generator,
E, =emf per parallel path
= (e.m.f/conductor) x No. of conductors in series per parallel path
_PON Z
60 A
_P$7ZN
& 60A

where A = 2 for-wave winding
= P for lap winding

Armature Resistance (Ra)

The resistance offered by the armature circuit is known as armature resistance (Ra) and
includes:
(i) resistance of armature winding
(i) resistance of brushes
The armature resistance depends upon the construction of machine. Except for small machines, its
value is generally less than 1Q2.

TYPES OF D.C. GENERATORS

The magnetic field in a d.c. generator is normally produced by electromagnets rather than
permanent magnets. Generators are generally classified according to their methods of field excitation.
On this basis, d.c. generators are divided into the following two classes:
(i) Separately excited d.c. generators
(ii) Self-excited d.c. generators
The behaviour of a d.c. generator on load depends upon the method of field excitation adopted.

(M Separately Excited D.C. Generators

A d.c. generator whose field magnet winding is supplied from an independent external d.c. source
(e.g., a battery etc.) is called a separately excited generator.
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Fig. shows the connections of a separately excited generator.
The voltage output depends upon the speed of rotation of armature and the field current

(Eg = P$ZN/60 A). (P,Z,60 and A are constants)

The greater the speed (N) and field current (¢ is directly proportional to Is), greater is the
generated e.m.f.

It may be noted that separately excited d.c. generators are rarely used in practice. The d.c. generators
are normally of self-excited type.

Armature current, I, = I,

Terminal voltage, V=E, - LR,

Electric power developed = E.l,

Power delivered to load = E I, - 2R, =1, (]Eg -ILLR, '): VI,

12Ra — armature copper loss

(i) Self-Excited D.C. Generators

A d.c. generator whose field magnet winding is supplied current from the output of the generator
itself is called a self-excited generator. There are three types of self-excited generators depending
upon the manner in which the field winding is connected to the armature, namely;
(1) Series generator
(2) Shunt generator
(3) Compound generator

(1) Series generator

In a series wound generator, the field winding is connected in series with armature winding so
that whole armature current flows through the field winding as well as the load. Fig shows the
connections of a series wound generator.

L 10

P
<

Since the field winding carries the whole of load current, it has a few turns of thick wire
having low resistance. Series generators are rarely used except for special purposes e.g., as boosters.
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Armmature current, I, = I, = I; = I(say)

Terminal voltage, V = Eg — I(R, + R¢¢)

Power developed in armature = E/I,

Power delivered to load

= E,I, 2R, +R,)=L[E, ~L,(R, ~R,.)|=V1, or VI,
(2) Shunt generator
In a shunt generator, the field winding is connected in parallel with the armature winding so

that terminal voltage of the generator is applied across it. The shunt field winding has many turns of
fine wire having high resistance. Therefore, only a part of armature current flows through shunt field
winding and the rest flows through the load. Fig. shows the connections of a shunt-wound generator.

lsh lL

< -
< >

t [ o

Shunt field current, Ish = V/Rsh
Armature current, la= I+ lsh
Terminal voltage, V = Eg— laRa
Power developed in armature = Egla
Power delivered to load = VIL

(3) Compound generator
In a compound-wound generator, there are two sets of field windings on each pole—one is in series
and the other in parallel with the armature. A compound wound generator may be:

() Short Shunt in which only shunt field winding is in parallel with the armature winding

Rge Iy

‘gh

v [_] LOAD

1

+ ; -t
Series field current, I. = I;.
- V+I.R
Shunt field current, Iy =——%=%
Rsh

Terminal voltage, V = E, — LR, — LR«
Power developed in armature = E,I,
Power delivered to load = VI,
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(b) Long Shunt in which shunt field winding is in parallel with both series field and armature
winding

o
v J LOAD

A 4

Series field current, lse = la= L+ Ish
Shunt field current, Ish = V/Rsh
Terminal voltage, V' = Eg— la(Ra+ Rse)
Power developed in armature = Egla
Power delivered to load = VL

Brush Contact Drop

It is the voltage drop over the brush contact resistance when current flows. Obviously, its value will
depend upon the amount of current flowing and the value of contact resistance. This drop is generally
small.

ARMATURE REACTION

In a d.c. generator, the purpose of field winding is to produce magnetic field (called main
flux) whereas the purpose of armature winding is to carry armature current.

Although the armature winding is not provided for the purpose of producing a magnetic field,
nevertheless the current in the armature winding will also produce magnetic flux (called armature
flux).

The armature flux distorts and weakens the main flux posing problems for the proper
operation of the d.c. generator. The action of armature flux on the main flux is called armature
reaction.

(The only flux acting in a d.c. machine is that due to the main poles called main flux.
However, current flowing through armature conductors also creates a magnetic flux (called
armature flux) that distorts and weakens the flux coming from the poles. This distortion and field
weakening takes place in both generators and motors. The action of armature flux on the main
flux is known as armature reaction.)

Explanation
Consider one pole of the generator. When the generator is on no-load, a small current flowing
in the armature conductors does not appreciably affect the main flux ¢ coming from the pole.

I~

Rotation
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When the generator is loaded, the current flowing through armature conductors sets up flux
®2. The Fig. below shows flux due to armature current alone.

-~ ~— — 7 7
- T - -

T —— -

-
Rotation

By superimposing ¢1 and ¢2, we obtain the resulting flux ¢:3 as shown in Fig.

n

Rotatioi

From the Fig. it is clear that flux density at; the trailing pole tip (point B) is increased while at the
leading pole tip (point A) it is decreased. This unequal field distribution produces the following two
effects:

1. It demagnetizes or weakens the main flux.

2. It cross-magnetizes or distorts the main flux.

D.C. GENERATOR CHARACTERISTICS
1. Open Circuit Characteristic (O.C.C.)

This curve shows the relation between the generated e.m.f. at no-load (Eg) and the field
current (lf) at constant speed. It is also known as magnetic characteristic or no-load saturation curve.
Its shape is practically the same for all generators whether separately or self-excited. The data for
O.C.C. curve are obtained experimentally by operating the generator at no load and constant speed
and recording the change in terminal voltage as the field current is varied.

2. Internal or Total characteristic (E/l,)

This curve shows the relation between the generated e.m.f. on load (E) and the armature
current (l).

The e.m.f. E is less than E, due to the demagnetizing effect of armature reaction. Therefore,
this curve will lie below the open circuit characteristic (O.C.C.). The internal characteristic can be
obtained from external characteristic if winding resistances are known because armature reaction
effect is included in both characteristics.

3. External characteristic (V/1.)

This curve shows the relation between the terminal voltage (V) and load current (I.). The
terminal voltage V will be less than E due to voltage drop in the armature circuit. Therefore, this
curve will lie below the internal characteristic. This characteristic is very important in determining the
suitability of a generator for a given purpose. It can be obtained by making simultaneous
measurements of terminal voltage and load current (with voltmeter and ammeter) of a loaded
generator.
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Open Circuit Characteristic of a self excited D.C. Generator

The O.C.C. for a d.c. generator is determined as follows. The field winding of the d.c.
generator (series or shunt) is disconnected from the machine and is separately excited from an
external d.c. source as shown in Fig.

Ammeter
Iy

|
|

>
3
70N
SA
NS
Voltmeter

The generator is run at fixed speed (i.e., normal speed). The field current (I) is increased from
zero in steps and the corresponding values of generated e.m.f. (Eo) read off on a voltmeter connected
across the armature terminals. On plotting the relation between Eo and lr, we get the open circuit
characteristic as shown in Fig.

C
A < —
Eo . B
A
-
= 1
¢

The following points may be noted from O.C.C.:
0] When the field current is zero, there is some generated e.m.f. OA. This is due to the
residual magnetism in the field poles.
(i) Over a fairly wide range of field current (upto point B in the curve), the curve is linear. It
is because in this range, reluctance of iron is negligible as compared with that of air gap.
The air gap reluctance is constant and hence linear relationship.
(ili)  After point B on the curve, the reluctance of iron also comes into picture. It is because at

higher flux densities, LLr for iron decreases and reluctance of iron is no longer negligible.
Consequently, the curve deviates from linear relationship.

(iv) After point C on the curve, the magnetic saturation of poles begins and EO tends to level
off. The reader may note that the O.C.C. of even self-excited generator is obtained by
running it as a separately excited generator.

Characteristics of a Separately Excited D.C. Generator

The obvious disadvantage of a separately excited d.c. generator is that we require an external
d.c. source for excitation. But since the output voltage may be controlled more easily and over a wide
range (from zero to a maximum), this type of excitation finds many applications.

(i) Open circuit characteristic.

The O.C.C. of a separately excited generator is determined in a manner described in previous
section. Fig. shows the variation of generated e.m.f. on no load with field current for various fixed
speeds. Note that if the value of constant speed is increased, the steepness of the curve also increases.
When the field current is zero, the residual magnetism in the poles will give rise to the small initial
e.m.f. as shown.

10
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Generated N increasing
e.m.f. ;
4 N3

A

Field current

(i) Internal and External Characteristics
The external characteristic of a separately excited generator is the curve between the terminal

voltage (V) and the load current I (which is the same as armature current in this case). In order to
determine the external characteristic, the circuit set up is as shown in Fig.

—®
(s) O

As the load current increases, the terminal voltage falls due to two reasons:

(a) The armature reaction weakens the main flux so that actual e.m.f. generated E on load is less than
that generated (Eo) on no load.

(b) There is voltage drop across armature resistance (= I_.Ra = laRa). Due to these reasons, the external
characteristic is a drooping curve [curve 3 in Fig.]. Note that in the absence of armature reaction and
armature drop, the generated e.m.f. would have been E (curve 1).

The internal characteristic can be determined from external characteristic by adding IR, drop
to the external characteristic. It is because armature reaction drop is included in the external
characteristic. Curve 2 is the internal characteristic of the generator and should obviously lie above
the external characteristic.

Iy

D.C.

5]
12

[ o ®

r 3

) R 2ttt ieg * '@‘-;_'_Arma!ure

N. -------- reaction drop
\&‘— [LRI drop

Volts

v

9 I, (amperes)

Voltage Build-Up in a Self-Excited Generator

Consider a shunt generator. If the generator is run at a constant speed, some e.m.f. will be
generated due to residual magnetism in the main poles. This small e.m.f. circulates a field current
which in turn produces additional flux to reinforce the original residual flux (provided field winding
connections are correct). This process continues and the generator builds up the normal generated
voltage following the O.C.C. shown in Fig.

11
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The field resistance Rf can be represented by a straight line passing through the origin as shown in
Fig.

L
Ey
; Field
Resistance
Line
ol —1
The voltage build up of the generator is given by the point of intersection of O.C.C. and field
resistance line.
5 0
mp-===--=-= £
C
Eo
6} A "
"

Thus in Fig., D is point of intersection of the two curves. Hence the generator will build up a voltage
OM.

Critical Field Resistance for a Shunt Generator

The voltage build up in a shunt generator depends upon field circuit resistance. If the field
circuit resistance is Ry (line OA), then generator will build up a voltage OM as shown in Fig.

If the field circuit resistance is increased to R2 (tine OB), the generator will build up a voltage
OL, slightly less than OM.

As the field circuit resistance is increased, the slope of resistance line also increases. When
the field resistance line becomes tangent (line OC) to O.C.C., the generator would just excite.

12
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—

If the field circuit resistance is increased beyond this point (say line OD), the generator will
fail to excite. The field circuit resistance represented by line OC (tangent to O.C.C.) is called critical
field resistance RC for the shunt generator.

The maximum field circuit resistance (for a given speed) with which the shunt
generator would just excite is known as its critical field resistance.
Drawing of OCC at different speed

The given O.C.C. of a generator at a constant speed N1, then we can easily draw the O.C.C. at any
other constant speed N2.

Here we are given O.C.C. at a constant speed N. It is desired to find the O.C.C. at constant
speed N (it is assumed that N1 < Ny).

For constant excitation, E oc N.

E,_ N,

E N

or E,=E;x

O
=

E.M.F. (Volts)
o
o

5
o H

Field Current (A)
From the above Fig. , for a particular Is = OH,
E1 = HC.
Therefore, the new value of e.m.f. (E») for the same Iz but at N is
N2
1
This locates the point D on the new O.C.C. at N». Similarly, other points can be located taking
different values of Is. The locus of these points will be the O.C.C.at N..
Critical Speed (NC)
The critical speed of a shunt generator is the minimum speed below which it fails to excite.
Clearly, it is the speed for which the given shunt field resistance represents the critical resistance.

=HD

E, =HC x

13
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In Fig. , curve 2 corresponds to critical speed because the shunt field resistance (Rsh) line is
tangential to it.

If the generator runs at full speed N, the new O.C.C. moves upward and the R's, line
represents critical resistance for this speed.

.. Speed oc Critical resistance

In order to find critical speed, take any convenient point C on excitation axis and erect a perpendicular
s0 as to cut Rsh and R'sh lines at points B and A respectively. Then,

BC N

AC N
BC
- Ne =Nx B¢
o ¢ =N AC

Conditions for Voltage Build-Up of a Shunt Generator

The necessary conditions for voltage build-up in a shunt generator are:

(i) There must be some residual magnetism in generator poles.

(i) The connections of the field winding should be such that the field current strengthens the residual
magnetism.

(iii) The resistance of the field circuit should be less than the critical resistance. In other words, the
speed of the generator should be higher than the critical speed.

14
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MODULE 2
Principles of DC motors-torque and speed equations-torque speed characteristics- variations

of speed, torque and power with motor current. Applications of dc shunt series and
compound motors. Principles of starting, losses and efficiency — load test- simple numerical
problems.

D.C. Motor Principle

A machine that converts d.c. power into mechanical power is known as a d.c. motor. Its operation is
based on the principle that when a current carrying conductor is placed in a magnetic field, the
conductor experiences a mechanical force. The direction of this force is given by Fleming’s left hand
rule and magnitude is given by;

F = Bl newtons
Basically, there is no constructional difference between a d.c. motor and a d.c. generator. The same
d.c. machine can be run as a generator or motor.
Working of D.C. Motor
Consider a part of a multipolar d.c. motor as shown in Fig.

When the terminals of the motor are connected to an external source of d.c. supply:
(i) the field magnets are excited developing alternate N and S poles;
(ii) the armature conductors carry currents.

All conductors under N-pole carry currents in one direction while all the conductors under S-
pole carry currents in the opposite direction.

Suppose the conductors under N-pole carry currents into the plane of the paper and those
under S-pole carry currents out of the plane of the paper as shown in Fig.

Since each armature conductor is carrying current and is placed in the magnetic field,
mechanical force acts on it. Referring to Fig. and applying Fleming’s left hand rule, it is clear that
force on each conductor is tending to rotate the armature in anticlockwise direction.

All these forces add together to produce a driving torque which sets the armature rotating.

When the conductor moves from one side of a brush to the other, the current in that conductor
is reversed and at the same time it comes under the influence of next pole which is of opposite
polarity. Consequently, the direction of force on the conductor remains the same.

Back or Counter E.M.F.

When the armature of a d.c. motor rotates under the influence of the driving torque, the
armature conductors move through the magnetic field and hence e.m.f. is induced in them as in a
generator The induced e.m.f. acts in opposite direction to the applied voltage V (Lenz’s law) and in
known as back or counter e.m.f. Ep. The back e.m.f. Ex(= P ¢ ZN/60 A) is always less than the applied
voltage V, although this difference is small when the motor is running under normal conditions.
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Consider a shunt wound motor shown in Fig.

lm XL +

¢ < R
Il

. R 3

When d.c. voltage V is applied across the motor terminals, the field magnets are excited and
armature conductors are supplied with current. Therefore, driving torque acts on the armature which
begins to rotate. As the armature rotates, back e.m.f. E, is induced which opposes the applied voltage
V. The applied voltage V has to force current through the armature against the back e.m.f. Ex. The
electric work done in overcoming and causing the current to flow against Ey, is converted into
mechanical energy developed in the armature. It follows, therefore, that energy conversion in a d.c.
motor is only possible due to the production of back e.m.f. Ey.

Net voltage across armature circuit =V — Ep
If Rais the armature circuit resistance, then,

a Ra
Since V and Ra are usually fixed, the value of E, will determine the current drawn by the
motor. If the speed of the motor is high, then back e.m.f. E, (= P ¢ ZN/60 A) is large and hence the
motor will draw less armature current and vice versa.
Voltage Equation of D.C. Motor

Let in a d.c. motor

lm lL +
< < 2
'l
R‘h @ it
V = applied voltage Ev = backe.m.f.
Ra =armature resistance l.= armature current

Since back e.m.f. Eyacts in opposition to the applied voltage V, the net voltage across the armature
circuit is V— Ep. The armature current la is given by;
_V-E
a Ra
V=E, +L,R,
This is known as voltage equation of the d.c. motor.

I

Power Equation
The above voltage is multiplied by I, throughout, we get,
VI, =E,I, + R,
This is known as power equation of the d.c. motor.
VI, = electric power supplied to armature (armature input)
Evla= power developed by armature (armature output)
I’R, = electric power wasted in armature (armature Cu loss)

2
Thus out of the armature input, a small portion (about 5%) is wasted as LR, and the remaining
portion Epla is converted into mechanical power within the armature.
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Condition for Maximum Power
The mechanical power developed by the motor is Py, = Eyl,

Now P =VI, =R,

Since, V and R, are fixed, power developed by the motor depends upon
armature current. For maximum power, dP,/dI, should be zero.

aly, . 5 % B
=V 2Lk, =0
or LR, =~
. - _ \ . W
Now, V=E, +LR, =E, +~ f LR, =
Eb :\—

& 5
Hence mechanical power developed by the motor is maximum when back e.m.f. is equal to half the
applied voltage.

Limitations

In practice, we never aim at achieving maximum power due to the following reasons:

(i) The armature current under this condition is very large—much excess of rated current of the
machine.

(ii) Half of the input power is wasted in the armature circuit. In fact, if we take into account other
losses (iron and mechanical), the efficiency will be well below 50%.

ARMATURE TORQUE OF D.C. MOTOR
Torque is the turning moment of a force about an axis and is measured by the product of force
(F) and radius (r) at right angle to which the force actsi.e.
T=Fxr
In a d.c. motor, each conductor is acted upon by a circumferential force F at a distance r, the
radius of the armature. Therefore, each conductor exerts a torque, tending to rotate the armature.

F

The sum of the torques due to all armature conductors is known as gross or armature torque (Ta).
Let in a d.c. motor
r = average radius of armature in m
[ = effective length of each conductor inm
Z = total number of armature conductors
A = number of parallel paths
i = current in each conductor = I./A
B = average flux density in Wh/m?
¢ = flux per pole in Wb
P = number of poles
Force on each conductor, F = B i [J newtons
Torque due to one conductor = F x r newton- metre
Total armature torque, Ta=Z F r newton-metre
=ZBilOr
Now i = IJ/A, B = ¢/a where a is the x-sectional area of flux path per pole at radius r.
Clearly, a=2xnr O /P.

17



NCERC MODULE 2 EE311

Ta:Zx(% x[\%"qu
- o I, ,  ZYLP
B 1175 T S = S
) P
o1 Ta:O.IS_OZq)Ia[X] N-m

Since Z, P and A are fixed for a given machine,
oo Taoc dla
Hence torque in a d.c. motor is directly proportional to flux per pole and armature current.
(i) For a shunt motor, flux ¢ is practically constant.
s Taoc |,

(ii) For a series motor, flux ¢ is directly proportional to armature current I, providedmagnetic
saturation does not take place.

s Taoc 12

Up to magnetic saturation.

Alternative expression for T,

_P¢ZN

By= 60A

P$Z G6OxE,
A N
From Eq.(i), we get the expression of T, as:
v (605% By )
T, =0.159x| —— |1

\
E,I

: _igissigb
o1 T, =9:55% N
Note that developed torque or gross torque means armature torque T,

Shaft Torque (Tsh)
The torque which is available at the motor shaft for doing useful work is known as shaft torque. It is

represented by Tsp. Fig. illustrates the concept of shaft torque.
+Ten

a

& N-m

] T

The total or gross torque Ta developed in the armature of a motor is not available at the shaft
because a part of it is lost in overcoming the iron and frictional losses in the motor. Therefore, shaft

torque Tsh is somewhat less than the armature torque Ta. The difference Ta — Tsh is called lost
torque.

Iron and frictional losses
N

h

T -T Sx

a 5.

h:9'
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As stated above, it is the shaft torque Ty, that produces the useful output. If the
speed of the motor is N r.p.m., then,

. 2aNT,
Output in watts = ————sh
. 60
Output in watts
oF Ig = 2w N/ 60 -m
. . Output in watts 60 ) ]
or Ty =9.55x N N-m ( 3 E—QDS/

Brake Horse Power (B.H.P.)
The horse power developed by the shaft torque is known as brake horsepower (B.H.P.). If the motor is
running at N r.p.m. and the shaft torque is Ts, newton-metres, then,

W.D./revolution = force x distance moved in 1 revolution
=F x2rn1r=21% Ty J

W.D./mimute =2n N Ty, J

2 N T, 2n N T
VD./sec.= sh J,—l - watts = sh P.
W.D./sec <0 s~ or watts G0x 746
o _2nNTg
Useful output power = G0 746 HP:
] _2nNTy
o1 B'H'P'_—60x 716
Speed of a D.C. Motor
E,=V-LR,
_POZN
But E, = 50 A
PoZN .,
GO A =V-LR,
) B (V-LR, ] 60 A
or N-= b P7
] (V —IaRa) ‘ 60A
or N_KT where K‘ﬁ
But V-LR,=E,
N :KE
¢
E
or Noc =02
b

Therefore, in a d.c. motor, speed is directly proportional to back e.m.f. Eb and inversely proportional
to flux per pole ¢.
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Speed Relations

If a d.c. motor has initial values of speed, flux per pole and back e.m.f. as N1, ¢1and Ep:
respectively and the corresponding final values are N2, ¢»and Ex, then,

N; o i N, o Eu)
1 2
No _Ewo &
N, Ey ¢
(1) For a shunt motor, flux practically remains constant so that ¢; = ¢».
N,  Ey

(11) For a series motor, ¢ o I, prior to saturation.

Ny _Ep In
Ny By I

a2

where I,; = mitial armature current
I,, = final armature current

Speed Regulation
The speed regulation of a motor is the change in speed from full-load to no-loud and is
expressed as a percentage of the speed at full-load i.e.
N.L. speed— F.L.speed "
F.L.speed
NO = N

=X %100

100

% Speed regulation =

where Ny = No - load .speed
N = Full - load speed

Torque and Speed of a D.C. Motor
For any motor, the torque and speed are very important factors. When the torque increases,
the speed of a motor increases and vice-versa. We have seen that for a d.c. motor;
V-LR KE )
( a~‘a ) — b (1)
(0] 0]

T, < o1, (11)

If the flux decreases, from Eq.(i), the motor speed increases but from Eq.(ii) the motor torque
decreases.

This is not possible because the increase in motor speed must be the result of increased
torque. Indeed, it is so in this case. When the flux decreases slightly, the armature current increases to
a large value. As a result, in spite of the weakened field, the torque is momentarily increased to a high
value and will exceed considerably the value corresponding to the load. The surplus torque available
causes the motor to accelerate and back e.m.f. (Ea=P ¢ Z N/60A) to rise. Steady conditions of speed
will ultimately be achieved when back e.m.f. has risen to such a value that armaturecurrent
[l.= (V- Ea)/Ra] develops torque just sufficient to drive the load.

N=K

D.C. MOTOR CHARACTERISTICS
There are three principal types of d.c. motors viz., shunt motors, series motors and compound
motors. Both shunt and series types have only one field winding wound on the core of each pole of
the motor. The compound type has two separate field windings wound on the core of each pole. The
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performance of a d.c. motor can be judged from its characteristic curves known as motor\
characteristics, following are the three important characteristics of a d.c. motor:

(i) Torque and Armature current characteristic (Ta/la)

It is the curve between armature torque Ta and armature current la of a d.c. motor. It is also known as
electrical characteristic of the motor.

(ii) Speed and armature current characteristic (N/la)

It is the curve between speed N and armature current la of a d.c. motor. It is very important
characteristic as it is often the deciding factor in the selection of the motor for a particular application.
(iii) Speed and torgue characteristic (N/Ta)

It is the curve between speed N and armature torque Ta of a d.c. motor. It is also known as mechanical
characteristic.

CHARACTERISTICS OF SHUNT MOTORS

lsh

I
< « 9+
|
"
\';

>

Fig. shows the connections of a d.c. shunt motor. The field current I, is constant since the
field winding is directly connected to the supply voltage V which is assumed to be constant. Hence,
the flux in a shunt motor is approximately constant.

(i) Ta/laCharacteristic. Inad.c. motor,
Taoc ¢la

Since the motor is operating from a constant supply voltage, flux ¢ is constant (neglecting
armature reaction).

oo Taoc la
Hence Ta/la characteristic is a straight line passing through the origin as shown in Fig. The

shaft torque (Tsh) is less than T, and is shown by a dotted line. It is clear from the curve that a very

large current is required to start a heavy load. Therefore, a shunt motor should not be started on heavy
load.

T P
TT ,"\
4 Tsh

A 4

The flux ¢ and back e.m.f. Eb in a shunt motor are almost constant under normal conditions.
Therefore, speed of a shunt motor will remain constant as the armature current varies (dotted line AB
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in Fig.). When load is increased, Eb (= V— laRa) and ¢ decrease due to the armature resistance

drop and armature reaction respectively. However, Eb decreases slightly more than ¢ so that the
speed of the motor decreases slightly with load (line AC).

v

—_— ]

(ilf) N/TaCharacteristic.

The curve is obtained by plotting the values of N and Ta for various armature currents. It may be
seen that speed falls somewhat as the load torque increases.
A

Conclusions

Following two important conclusions are drawn from the above characteristics:

(i) There is slight change in the speed of a shunt motor from no-load to fullload. Hence, it is
essentially a constant-speed motor.

(i) The starting torque is not high because Ta o la.

CHARACTERISTICS OF SERIES MOTORS

. Series
L}
field

v

1

Fig. shows the connections of a series motor. Note that current passing through the field
winding is the same as that in the armature. If the mechanical load on the motor increases, the
armature current also increases. Hence, the flux in a series motor increases with the increase in
armature current and vice-versa.

(i) Ta/laCharacteristic. We know that:
Taoc ¢la

Up to magnetic saturation, ¢ oc laso that Taoc la®

After magnetic saturation, ¢ is constant so that Taoc la
Thus up to magnetic saturation, the armature torque is directly proportional to the square of armature

current. If lais doubled, Tais almost quadrupled.
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B
Ta
A
) — 1, bl

Therefore, Ta/la curve upto magnetic saturation is a parabola (portion OA of the curve in
Fig.). However, after magnetic saturation, torque is directly proportional to the armature current.

Therefore, Talla curve after magnetic saturation is a straight line (portion AB of the curve).

It may be seen that in the initial portion of the curve (i.e. upto magnetic saturation), Taoc la?.
This means that starting torque of a d.c. series motor will be very high as compared to a shunt motor

(where that Taoc |a).

(i) N/laCharacteristic.
The speed N of a series motor is given by;

E
N o _bb where E, =V-LI(R, +R )
(

When the armature current increases, the back e.m.f. Eb decreases due to la(Ra+ Rse) drop while

the flux ¢ increases. However, la(Ra+ Rse) drop is quite small under normal conditions and may be
neglected.

N o« —

¢

o Ii upto magnetic saturation
a
Thus, up to magnetic saturation, the N/la curve follows the hyperbolic path as shown in Fig.
After saturation, the flux becomes constant and so does the speed.

e G wp - an on ow an o

0 — 1

(iii) N/TaCharacteristic.

The N/Ta characteristic of a series motor is shown in Fig. It is clear that series motor
develops high torque at low speed and vice-versa. It is because an increase in torque requires an
increase in armature current, which is also the field current. The result is that flux is strengthened and

hence the speed drops ((J N oc 1/¢). Reverse happens should the torque be low.
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Jl

0 T,
Conclusions
(i) It has a high starting torque because initially Taoc 1a2.

(ii) It is a variable speed motor (N/Ia curve) i.e., it automatically adjusts the speed as the load
changes. Thus if the load decreases, its speed is automatically raised and vice-versa.
(iii) At no-load, the armature current is very small and so is the flux. Hence, the speed rises to an

excessive high value (D N oc 1/¢). This is dangerous for the machine which may be destroyed due
to centrifugal forces set up in the rotating parts. Therefore, a series motor should never be started on
no-load. However, to start a series motor, mechanical load is first put and then the motor isstarted.

Note. The minimum load on a d.c. series motor should be great enough to keep the speed within
limits. If the speed becomes dangerously high, then motor must be disconnected from the supply.

Compound Motors

A compound motor has both series field and shunt field. The shunt field is always stronger than the
series field. Compound motors are of two types:

(i) Cumulative-compound motors in which series field aids the shunt field.

(i) Differential-compound motors in which series field opposes the shunt field.

Differential compound motors are rarely used due to their poor torque characteristics at heavy loads.

Characteristics of Cumulative Compound Motors
Fig. shows the connections of a cumulative-compound motor. Each pole carries a series as
well as shunt field winding; the series field aiding the shunt field.

Shunt

(i) Ta/la Characteristic.
As the load increases, the series field increases but shunt field strength remains constant.

Consequently, total flux is increased and hence the armature torques (D Taoc d)la). It may be noted
that torque of a cumulative-compound motor is greater than that of shunt motor for a given armature
current due to series field.

4
o“b

T‘T cp“‘qo ol

/-~ Shunt

g =i, s
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(i) N/laCharacteristic.
As explained above, as the laad increases, the flux per pole also increases. Consequently, the speed

(N oc 1/¢) of the motor tails as the load increases (See Fig.). It may be noted that as the load is
added, the increased amount of flux causes the speed to decrease more than does the speed of a shunt

motor. Thus the speed regulation of a cumulative compound motor is poorer than that of a shunt
motor.

>

0 m———

Note: Due to shunt field, the motor has a definite no load speed and can be operated safely at no-load.

(iif) N/TaCharacteristic.

Fig. shows N/Ta characteristic of a cumulative compound motor. For a given armature

current, the torque of a cumulative compound motor is more than that of a shunt motor but less than
that of a series motor.

r 3

0 s o W ”

Conclusions

A cumulative compound motor has characteristics intermediate between series and shunt motors.
(i) Due to the presence of shunt field, the motor is prevented from running away at no-load.

(i) Due to the presence of series field, the starting torque isincreased.

Comparison of Three Types of Motors

A 4

[} | i
. Shunti :
| \ 1
| \ Cofh und | 0‘\6
} \ ! i
N] | TNT 2

0 b, —»1, In 0 ——FL

0] The speed regulation of a shunt motor is better than that of a series motor. However,
speed regulation of a cumulative compound motor lies between shunt and series motors.

(i) For a given armature current, the starting torque of a series motor is more than that of a
shunt motor. However, the starting torque of a cumulative compound motor lies between
series and shunt motors.

(iii) Both shunt and cumulative compound motors have definite no-load speed. However, a
series motor has dangerously high speed at no-load.
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APPLICATIONS OF D.C. MOTORS

1. Shunt motors

The characteristics of a shunt motor reveal that it is an approximately constant speed motor. It
is, therefore, used
(i) where the speed is required to remain almost constant from no-load tofull-load
(i) where the load has 10 be driven at a number of speeds and any one of which is required to remain
nearly constant
Industrial use: Lathes, drills, boring mills, shapers, spinning and weaving machines etc.
2. Series motors
It is a variable speed motor i.e., speed is low at high torque and vice-versa. However, at light or no-
load, the motor tends to attain dangerously high speed. The motor has a high starting torque. It is,
therefore, used
(i) where large starting torque is required e.g., in elevators and electric traction
(i) where the load is subjected to heavy fluctuations and the speed is automatically required to reduce
at high torques and vice-versa
Industrial use: Electric traction, cranes, elevators, air compressors, vacuum cleaners, hair drier,
sewing machines etc.
3. Compound motors
Differential-compound motors are rarely used because of their poor torque characteristics. However,
cumulative-compound motors are used where a fairly constant speed is required with irregular loads
or suddenly applied heavy loads.
Industrial use: Presses, shears, reciprocating machines etc.

Necessity of D.C. Motor Starter

At starting, when the motor is stationary, there is no back e.m.f. in the armature.
Consequently, if the motor is directly switched on to the mains, the armature will draw a heavy
current (I.= V/R,) because of small armatureresistance.

As an example, 5 H.P., 220 V shunt motor has a full-load current of 20 A and an armature
resistance of about 0.5 Q. If this motor is directly switched on to supply, it would take an armature
current of 220/0.5 = 440 A which is 22 times the full-load current. This high starting current may
result in:

(i) burning of armature due to excessive heating effect,

(if) damaging the commutator and brushes due to heavy sparking,

(iii) excessive voltage drop in the line to which the motor is connected. The result is that the operation
of other appliances connected to the line may be impaired and in particular cases, they may refuse to
work.

In order to avoid excessive current at starting, a variable resistance (known as starting
resistance) is inserted in series with the armature circuit. This resistance is gradually reduced as the

motor gains speed (and hence Eb increases) and eventually it is cut out completely when the motor
has attained full speed. The value of starting resistance is generally such that starting current is limited
to 1.25 to 2 times the full-load current.

Types of D.C. Motor Starters

The stalling operation of a d.c. motor consists in the insertion of external resistance into the
armature circuit to limit the starting current taken by the motor and the removal of this resistance in
steps as the motor accelerates. When the motor attains the normal speed, this resistance is totally cut
out of the armature circuit. It is very important and desirable to provide the starter with protective
devices to enable the starter arm to return to OFF position
(i) when the supply fails, thus preventing the armature being directly across the mains when this
voltage is restored. For this purpose, we use no-volt release coil.
(if) when the motor becomes overloaded or develops a fault causing the motor to take an excessive
current. For this purpose, we use overload release coil.

26



NCERC MODULE 2 EE311

1. Three-Point Starter
This type of starter is widely used for starting shunt and compound motors.

Handle

Spiral spring

Over-load ——bE
release

cail oo—AC

Supply
voltage

4

e Itisso called because it has three terminals L, Z and A.

e The starter consists of starting resistance divided into several sections and connected in series
with the armature.
The tapping points of the starting resistance are brought out to a number of studs.

e The three terminals L, Z and A of the starter are connected respectively to the positive line
terminal, shunt field terminal and armature terminal.

e The other terminals of the armature and shunt field windings are connected to the negative
terminal of the supply.

e The no-volt release coil is connected in the shunt field circuit.

e One end of the handle is connected to the terminal L through the over-load releasecoil.

® The other end of the handle moves against a spiral spring and makes contact with each stud
during starting operation, cutting out more and more starting resistance as it passes over each
stud in clockwise direction.

Operation
(i) To start with, the d.c. supply is switched on with handle in the OFF position.
(i) The handle is now moved clockwise to the first stud. As soon as it comes in contact with the first
stud, the shunt field winding is directly connected across the supply, while the whole starting
resistance is inserted in series with the armature circuit.
(iii) As the handle is gradually moved over to the final stud, the starting resistance is cut out of the
armature circuit in steps. The handle is now held magnetically by the no-volt release coil which is
energized by shunt field current.
(iv) If the supply voltage is suddenly interrupted or if the field excitation is accidentally cut, the no-
volt release coil is demagnetized and the handle goes back to the OFF position under the pull of the
spring. If no-volt release coil were not used, then in case of failure of supply, the handle would remain
on the final stud. If then supply is restored, the motor will be directly connected across the supply,
resulting in an excessive armature current.
(v) If the motor is over-loaded (or a fault occurs), it will draw excessive current from the supply. This
current will increase the ampere-turns of the over-load release coil and pull the armature C, thus short-
circuiting the no volt release coil. The no-volt coil is demagnetized and the handle is pulled to the
OFF position by the spring. Thus, the motor is automatically disconnected from the supply.
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Drawback

In a three-point starter, the no-volt release coil is connected in series with the shunt field
circuit so that it carries the shunt field current. While exercising speed control through field regulator,
the field current may be weakened to such an extent that the no-volt release coil may not be able to
keep the starter arm in the ON position. This may disconnect the motor from the supply when it is not
desired. This drawback is overcome in the four point starter.

2. Four-Point Start
In a four-point starter, the no-volt release coil is connected directly across the supply line through a
protective resistance R. Fig. shows the schematic diagram of a 4-point starter for a shunt motor (over-
load release coil omitted for clarity of the figure).

Field
Regulator

Field
winding

°DC.
o Supply

Now the no-volt release coil circuit is independent of the shunt field circuit. Therefore, proper
speed control can be exercised without affecting the operation of no volt release coil.

Only difference between a three-point starter and a four-point starter is the manner in which
no-volt release coil is connected. However, the working of the two starters is the same. It may be
noted that the three point starter also provides protection against an open field circuit. This protection
is not provided by the four-point starter.

EFFICIENCY OF A D.C. MACHINE
The power that a d.c. machine receives is called the input and the power it gives out is called the
output. Therefore, the efficiency of a d.c. machine, like that of any energy-transferring device, is
given by;

o . Output :
Efficiency = gt (1)
Output = Input — Losses and Input = Output + Losses

Therefore, the efficiency of a d.c. machme can also be expressed m the
following forms:

Input — Losses

Efficiency = Hipat

(11)

N Output
Rlieiency'= Output + Losses ()
Losses in a D.C. Machine
The losses in a d.c. machine (generator or motor) may be divided into three classes viz (i) copper
losses (ii) iron or core losses and (iii) mechanical losses. All these losses appear as heat and thus

raise the temperature of the machine. They also lower the efficiency of the machine.
Armature Cu loss
Copper losses Shunt field Cu lcss

T Scries ficld Cu loss
/ Hysteresis loss

Losses in a d.c. machine Iron losses ‘—\
™~ Eddy current loss
_/ Friction

Mechanical losses —.
\ Windage
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1. Copper losses
These losses occur due to currents in the various windings of the machine.
(i) Armature copper loss = IaZR?
(ii) Shunt field copper loss= 1 “R
(iiii) Series field copper loss =I?R "
se se
2. Iron or Core losses
These losses occur in the armature of a d.c. machine and are due to the rotation of armature in the
magnetic field of the poles. They are of two types viz., (i) hysteresis loss (ii) eddy current loss.
3. Mechanical losses
These losses are due to friction and windage.
(i) friction loss e.g., bearing friction, brush friction etc.
(i) windage loss i.e., air friction of rotating armature.
These losses depend upon the speed of the machine. But for a given speed, they are practically
constant.

Note. Iron losses and mechanical losses together are called stray losses.

Constant and Variable Losses

The losses in a d.c. generator (or d.c. motor) may be sub-divided into (i) constant losses (ii) variable
losses.

(i) Constant losses

Those losses in a d.c. generator which remain constant at all loads are known as constant losses. The
constant losses in a d.c. generator are:

(@) iron losses

(b) mechanical losses

(c) shunt field losses

(i) Variable losses

Those losses in a d.c. generator which vary with load are called variable losses.

The variable losses in a d.c. generator are:

() Copper loss in armature winding

(b) Copper loss in series field winding

Total losses = Constant losses + Variable losses
Note. Field Cu loss is constant for shunt and compound generators.

Efficiency by Direct Loading (Load test)
In this method, the d.c. machine is loaded and output and input are measured to find the
efficiency.

In this method, a brake is applied to a water-cooled pulley mounted on the motor shaft as shown in
Fig. One end of the rope is fixed to the floor via a spring balance S and a known mass is suspended at
the other end. If the spring balance reading is S kg-Wt and the suspended mass has a weight of

W kg-WHt, then,
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Net pull on the rope = (W — S) kg-Wt = (W - S) x 9.81 newtons

If r 1s the radius of the pulley in metres, then the shaft torque T, developed by
the motor 1s

Ty =(W-S)x981xr N-m
If the speed of the pulley is N r.p.m., then,
2nNT; 2rnNx(W-S)x9.81xr
60 60
Let V= Supply voltage in volts
I = Current taken by the motor m amperes

watts

Output power =

Input to motor=V I watts

2 N(W—=S)x1rx9.81
60 x VI

Efficiency =

30



|11 MoDuULE ~—Li

———————— —————

TRANSFoRMERS 3

Wb e A

T, >

g L i 4 T
. el E e v | Lo
ot 1l

- — e e == = —

N

Pﬁnu“)\e of DFM‘M of ’ﬁc%«m i
s law  of  Sledve Wo@/\é(‘c. sduchion
The -*wuz\s%oqm L oo ®fakhc danvice | tped
at then %m{ W’&x‘rj Hre wféc?L o{'lcubfl?u\?
e VOWO?& of an Ac 'Q-up[:\;‘.f with a
./(O'ﬁrurcwdﬂ'ﬁ O\Queog_;e, ov vaccpase in Hea
et . The "t”‘""fﬁo"”"" ot of two
w\‘ﬂAx'rvy,‘} Fn‘mamj aud v@e,(,owda_g\_j - weuurd

o

,Q.,\a ol He “’“"’"’7 Oovurected fo €U




ncerc

amf B 8 duted w0 Gecerrdos wl,

m &0\/‘9\(—‘- Votka%, El - EMF |M L)

bodule 3

. 'HAL&QJLO’ WIL.LQJ /| F

Pﬂ'wxa&»q) N, - no. .of Fuouy of Pfiw"y/
I, - primasy cwvent v, . tesuival “d%x’?]“
ooy the  load . E, v EMF indutad (4 .
«bwwcimj wl’na\;‘f?‘. Nao, no.of fusus of
/%—ch- wtzdjrj .,Iz —Sepndosy oot
c&-vvoa&/wq;’g {;l,u,x At up <o He wre

o%fo..P down o J;ova :

A al%asu\a.l-n‘rj M\L—a%p. Vi O"FP‘L‘EA s #
Pﬂ‘masuj ond aﬂ:&mh‘fj X Q’ s
debup v He ceve. Thug g‘,u\c Liaks
with bok  Hie wffdff?( amrd feduices
EMF Y EY dad-7ME o

£, s —n 44 £ ahdd
_ | A ¥ At
Than Ea = A
E. N'
% N,__>N‘ , Hwein ‘E;_'?E, A V., >V, ard
Il,_¢;'[“ "wkﬂ-f'\%g v e 6 o

btep e 4vow~n%o~rw::.

wWhan He W G a
brougdos e 294 ' H!PW

32

—31 N2 -<N;} €, 4€,, Vz/_vl aud IL>:



nce

3 These 4 we hange  4n {"“1"‘“”‘5
1-e owpw Ppowen how Mé"fﬂiﬁmk
et inpud  powes. - o J
Lo eses B - how(g{;eﬂ.mm

L~ Co‘apm [09% CM‘?‘&""T( of ﬁYOngmw)
2. Love - lo & - (Mo of 2 WOAJ

33



ncei

&N e (%m&t‘n(vet""tb) (ws=,

Manuni . ch_ \\(\d‘)\tﬁd (\/l PTL"ij‘
(‘\){‘f\Apﬂs EM' = Nl Wy ¢m

&m‘ o Qe Cﬁ,,,

Root waan @q,va.l,uum CYM.Q) bp Fv?vvoat—j €

E,“" Emc
Jz2
E“ = amf Ny (@n) _ BB £ l\r‘ckm
&2
W e Hoeny £ N ‘i’m

Tmy.ebamc ¥ vvodle ﬂ(‘ojrig R

Lk = N2, & g E?_ I‘
N oo =

34



A» wo/lcm v 20 Rv4 rrc.»q—?wwen t\"')j

Cyven
Vq = R000 V vV, =Roo v N,=6¢
N 2, L Ny \ Ny = Nz A\,
Vi N‘ N
-’ée»eleﬁa
a0
- QO‘&;M
I) ;ﬂ.} = ' ':—"—:L:
e s A
T, = o:t.T
T —

Pawgs 18 owbtesd ok 1apul’ poers,
ol M‘?M

Po mhOK VAL

2

=~ 10 wqh

t)}b + 13 -
g -

35




T g A rdeal | trowstderwan 2 kA has soq I
Coov e priwvasy wc‘r\di‘f?& and £0 N,
on .gwud.as-.j wfroh‘r\j. PY(\'Vw‘*j =
Towunacke d fo 2eccov , BOoHz fupply .
(alecdote P rimasy cud ket ‘ AU
on Bwq Aoed = €covdasry em £ ond

A P = 23 KRvaA.
= O U
Ny =Soe T s
Vl = 3000V - fﬁ—_,} V2
L" N( V!.
N, % @?? - RaE 6-0% Wi~y R OTSY :ﬁ:
. Ny ‘% Ay
T 5 P s
| L _ guroro% o Eesay
| i it Vi 3ee:
= 8-
| - i 8"’?3 = [OAi2 I i
0.8
6(; he R 'C'N( C%m
V= :Gt = A00c V
| hla o © 2 L DRSS ¢ 2 000
N e
5 = kO v
I P —_

| W h b K30 X go° Awﬁxwﬁf“
, t#m: 0027 wb// b

36



nC TR

| A fogle phee sodz asgfernen Lap V.
RGa>e  teve o 2o em ede | o PS‘SLWHH-Q
e s _BML cl_LyLe-t‘Ly ) HALCOYQ\A
| 1 wb/pe Calechode fle no of  fusuny -
| He igh  veltoge eide ovd low Vo loge tide
‘!‘] ot oL &mo[zz,ov Yyodto. - AfCuma naok
Ry [Qy\ﬂ’f{" Fo (e O IR Gyor fron logh

A - b van . b
. 23
; F=¢al = ¢/’-\ = tw /m'—B
\ Vi =300V VU, =20V
- T fnd
Ny ound B, & 4= A Wbl
Wj"‘
R acess $S oK b
e L,eh‘ﬁ 'P Ny q}vq A,;Q;wﬂwvxa:)_
e Chalve 2000 = ((OsxocAR e
' L RSOX 0% & . =0 .036%h -
a .
N~ 39 tuouu
3185
| =% ood
i PV
= o8] o
e

37



“9 ' module 3

neere 1o Etvateidal %‘ut 0102 wb  AMnks wit,
C\"‘lw‘i e Yimg  valwe of sndmiad ey
in thae Seordosy . ¢ =Sedz
A- (,_\_119_\_
@M" =008 N, ,=3¢"

bl lia £V, '

= Rea XCORETx . 02
QAH T

—

)}

|

3 ') Cove log oy wwon e
| = R o

3 (o Thoke tovggt of yiheue ‘
| l'u-rs ¢ aydn_ddj
N VS U7 IV o /(D%e-ﬁ o..vz’ Otcvet (9 WAL
L teve Adme & Ho ..ol . :
e 8

" H%«{WIFS Aoy = KH'F‘ B w%[ma

| tAdy Cwovent  low = K £ 2B, £ wi

Since  baquency L (ongtant vel
%‘*PP% A Lonstand | (:::\Bi

.0 ad B, ane Longtaunk. ‘idﬂgaf /.
d AU

. Hance tyon  omd tove  lotes Fmﬁmﬂj
soae ok M loads | (ove er $ron lax¢ A
= W"‘Wﬁ‘ Ao + t.quW toqg';(ﬂ/ﬂh

38




’ ,&" can bQ steduced lv).j u&((‘ﬁ M b A

gh siliton covtk ek - 2AAy ook (o
| can be vrdueed by g ove  of Hur
Jamiyat{on. '

e Jor

Thete  OCLUS W) beth pffW‘O&dw‘ff
coledings due b Hay oluwic

Juttetonces Thy tan be defeunined
,&ﬂw’dr Liveutt es Lﬁ

i

(ﬁppm low = I«ZR
S I R

°.c Totad  logos 8 equal h&m

Aoy 4 coppan Loss.

ﬁ%&umu.j of vouus %0“ oy

L e i

Ao [3) O el
%q.,w iy Ludpsde ) - »0____‘*"’
| thM— J'Qm(o%&’

P

< S

A : N %
o {aku} +Yo.u\;£o~rwu:l 7oy (oge -8 (06 W

J

MM leod Coppe (ofs 4 eoow Fied the
sfprianyy  Fh gl lood *

-

—SOKVA.
. LTOY\ [Q?S = C00 W COP.FQJ‘L (,DP":&'QOLQ.
_ o“"'?“*‘ 4 Looeoo
o000 + Lo+ SO

' ou,.l"Pu_,}- Hb?ﬁq e

39

= AU heps



ncerc aJ AA,/\ b . W/ Mo POU)M .tﬁm« - ;module3

o RNy dov
N i output-powe Y .
i B e N ”,_6,;'0.7’ }S0c £4,
©+Fae
Lou;.‘;owuﬁ Fou’

‘ - ¢0000XO0E

——

éoooo)co '?) } 1307

= %r?5'7-

_—

3 B a.bova_q,ulﬁ"o", Hra wyd‘f‘évl (< Lcw

50000 w o+

s b &£ BN -
3 %umuj - &{f’c
cod
cooos . Seo, L2
o2 @ (2
1‘6‘.4‘1 0/,

. Fu.ll Leooknkt(amcj o a.v\.jpo\oq:\ {fdov
| .;A = Fu&bdvk'ﬁ P*%ﬂ

([ Ful MVA'KPvf—) + tront leys +lope

&\q\‘,\ Op-g_n it Tagt- o Noo leod kett




ncer 1le 3

Ii.

OFm eivent  best A avdudted o dedorrs
trown JQS&) R, velue and X, voluey of

‘ the M*M . Rated vo“:o?e Y o-ppu‘eé
b He Princasy ehule Se cordoay 3 (e#
: Spens dredited s The volinctes V (owrade
[ -aexers  He Sepply  will  meoguse He

| opplied  voltmge v, - The unmeten A tocads
AN Sesuee with Ha W‘?gorma:v

the we dood wsoent I, the untmekes
townected  naoguses e ;Lo lood!  powes

We - By  opplying He wated Voltege {0
e primesy novrmel  Nrown  Adeges wil

Ot in HNL *‘Y&M*orw\am tove . ”n..nuz
He wattwmates wil vaterd {tvpopn  lofRey




ncerc

|
|
T
\

- Whodule 3

I, o< &,
Im - ID s_cnqo
’20 £ V‘__ Xo § &—
T L.,

a\onL (AwuuF 4.444- dY IWQ i

W

e

L
_—
pra—

T i candided  fo daberwine R, o
Xor ©% Yo, ard Mw AP, 1
tha brasaformen o Secorelosus o iyt

- diveutted bj e fhidk  Covdudey cund vt
Nolboge B opplied fy B priwas,. T
| FV\M VOH’?Qag A

HU
Vs‘-, AU Yok . %jj

42



" | )slaws (o e princasy. ' As 4 iy oyt dmih}s
-t ?Apuf’ Ppowe 31:/@4 « Aose@ -aund  Hea
dags 8 adunoff Loppe> o3 . Hewe He
ivort Jdogs V‘-Qg(x?&b“j Erall o3 Hue
Voo  wden fle vk dretit covdihen
8 abeout ’/50”" of h.ormaj \fo(fc.%g. Heante
| Woneton Neg e %U.M Aced Loppe- lags
{ & " e :

a1 Yhe 3rra~m3:wvwm wufdr’j e M loed
toppen %8 P = \aMmates o l“ﬂ 2 Tk
.Apph‘ﬂa\ \m\taﬂz & = vo\goag ﬁmah,j -
Full Lood puwoesy cuscent = Wrmdﬁ
= T, .

‘ »

3 — @ - e g4
1 g PC, -1-:| R | (’—_’z @Z =

l

P = s %
L. I'LRL.], 'Il R?_
Bo s L. % K. C,an[so.s»ma-c\\ fo ?P‘i!\”“’""‘j/

fe
1;9.




- 'module 3

B e B ,

toppes Ao = Tvon tow8 , The 4m.y%}owi,
55 loaded “f” 24 b s %.‘vg,n loe Lowo-
No  lood foy Lo‘fws) Y, e M Aned
for T houwss | odf Ll loed  for 5 e
o9 M Jead  for 2 hovow- (ohentate
Hee ald Ad)-s "%{doﬂu] OP Hre

 hRe Guiven Pousin, = 5 K v 8. XA =Skw

Full Aeod ouvdput = e,
Sutpeh
L L
o~
Fulk (sod (Pt = B26 3.5 W
=823k

FoM \ead l\(“PW’:—”

Tokol” B8, AL T0pus oot

44



ncerc

talV?

module 3

j1g gms} t)> he-C
-— .
e VA
T 0 ) kud
5 L i &&{)
o dovs &0 25 VA (3 ( S
s~ | _ LS
n BTN Wil Wk )-msa.ru
,) Ak th> t5\ 7*/u/\ **
To ivon low s 2y Mo wu= 31518 24
B\S”‘l,*g Wy
2 : |
FUSexe) +(xa

IS+ Q542
&1.95&—?% 31250 wre

Trp ot = Mg agr S TS NP
- TR T, ot gt ot
Lb o-"[¢ 'W

“14“401 9(_&'_2:_8? Xioo = 65297
s



¢
¢

U

R W primrasy wg‘noh\ru) veit Heants

R o S’chtdasuj» wt\r\o\l‘ﬂ) veRlorng

&, ¥ 1y S‘Qwvsd.ao«j udl‘r\oh\/a vie chortes_

Ro avd ¥, &t o ne [(ood aguivale

bYyeulk  of ﬁc-ﬂﬁﬂ"m

Weox b eSELE of - e leod st T
-{;(Bw% Howught Ko OM vmadyuhg('vj conp
of o 1 laad  essens T, Hows Houwe
Xeo Nei K| ouider g»u.,coij

g( VIR (78 indaalted ndEMUE

E[:— \,l—Ilzl 3 4
{Ozf_'. RO»B'
Io T



nce!—' |

PTfMO-"‘) WVM of  Se co\d@uy Vv(%

PYi‘(Y\ay“j
'Pz_l = 22.
g aqui velert of 27
&Mla&dk, Pﬂ\my’j N }-aaka-a‘( veattonce
A e M
k2

i
____—N\W
T R, X, 7\ )X\
|
€. ‘
Va L

&.——
N
B ‘N

47



ncerc

: { ,

MEZ\W“”




ncerc module 3

49



ncerc

Jule 3

£ ' L (1
‘;Ql’l Al TR -Rﬂlf"" ' ; P
i
. \-b | A RRAPA TN : er//JL—
Fd 1 '
v rﬂ J X P‘)l X;
\JTK V1N‘\
-~ z s
‘»Xb v !

( 4
Qt = Q\KZ. Rup_—fﬂ)_“‘R\‘
X \:-X\'(»z' !
l Kuz‘&'}’)(l
V‘ ='k\”
i =1,
1L

A Heoo /“:006 (V4 ) o0 lcvun "gqu «Hamkﬁa('“
hes Hee «}59”0\»\") proanvetoss

R, 0030 X2 0042 .0

Ry, = & iy N Xp = [+ 34N

R, = 16%% N Xo =6

The hrowtfenman A Aupplyog  frll dood o
w -t ¢ b egut!



ncerc

en
v, 4Soov Va
O<b lyoo* ™
Cos§ ©°'8

modu%e 3

292 & -






nce )

Cwill dvaww

Src.av\éﬂﬂ-“‘j A, Opan Clscuited. mpn}yos«j Ly
a  fall (wooand - il %&PPH
o Aoges ard  gueld anwod of toppen
Aoss Hence  fhe priooxy coank Ig ,Ca%g
tehind vol&aﬁz V, },g(Y A a_vxg&g q}”
d & Ay Yoo qo® F‘OW‘MFL%,
divgeewn, I, can be votolved tn o feo
"QDQ‘O.V\%\AJ&JL Covirpovienks N - . SR

Tw = Jo Lok bo j:” = T, gind,

T ta called wwh{*nﬁ wvbs(zo/\g_yd‘ oy | Yon logs
Covporavik T, u  ealled ymgfmﬁ}(v?
tavnpoviant colichr  produte nudual A/LL!L
(? dn e ove - From He Pl,\afofdpaﬂm,c

T, = phokey wm of T, ad Ty -3

R g

%e(do{ C,OQ¢° = I;o

'I‘ﬁ
B Tdeat "’\'v.w-r-bo'rmm on lead |'=

2 \
V‘ —_—

o [oad powex

MIER T )

53

1 L T’T b i
TR ];EL VLLZL ' s 4
[ 4T i,

"\ A;) T, J’E;.—:v;



ncerc

C}’\ cord ¢, e Geme. . C§¢=—C>a s
| L, = wed, - ool 1 Powen {ao}ov ant | s
4 equal e 'Powe,%%av#of on 2° §role
s Hene i me logrer i o fdaal frowrjen.
"’\Fui’ Fn‘n@j pocsest 3 equal e
Poww . ;

VT, cotd = V2L, toSh,

@ Prackcol W{—O‘fmu onn (cod
&) Ne Wi{‘dl/“i vegriferce R Lcobko.?z 'F[L\H

IL l\V,
| g1 71
| (&7 v,
| >\L\ \l/“J

54



nce

veadence of fhe W'fdf“?f ase '\9-8'(15{5/42.
N L B andl VY, =E, V, aud E, oo
\go" P&Me ﬂ’vgl meclm oA ucd»uuh‘m

Load +
I, nuat w\a};ﬁg Yo qu/t,u\re_r\«\:ﬁi

To Fo nwet He ivon Aosses ;A Hie

WWEOYYWUI arnd ‘o Provi’dp, %/(,U\K f~ He

{ove .
2. M wuwat dupply T,V cwssend o ountenac

Hhe demmoguetizoy 2ffect of Secordasyy cussant

1‘—2 et N|Iz\: N:.fz_

I,,‘ = Ny

Ny, T

:[;) —_ KIZ
./'
[LLL_ FYI‘(VQaj waq {‘\b"o‘f _*'J wgd'
Pewm‘*wh*s A (8 43,_ . i \‘f‘fw\‘ goLLe”
A equal b v, T w.c4>, |
2‘-’-’ O‘M‘PM Powu S - v’—T‘L w$‘4) J

55



(S}
pust
[<5}
(&)
c



nce

| e 3
\lol{fage OQ/(OP AULXOES V. oand X,

lowrdesed oo Co Hrat- €, U (ape Hor

Vy &mlmd-.j qolko.ag O\YDP occy (a R, ang
Ko v VvV, "u Jug  Poon E, + lomwwdony
voduchive keed. T Lo»c&g belund v,
e . lokel Pvcm\j cosewnts A VWW'T‘
meek  Jws  veguicyenank

1) Mot upply e lood  cuwsvond Io-,*‘)mad
1Yo \oges W He fro.m&—f’“m s fo
qwovpokL W 10 He Core.

2) Mt gugply To)  to  todenad demogels

of @ewy&amﬂ WIaf]M

Corud-en EHF Of’POH\ f‘j @ V\ u:a "F’

2
o
I

v RS R A oShose Wil | = KT
Load pow e gao(-br: CD&’CP;_

‘PV\VW—T & “~ o w@c‘h
'—C"'-PMF powest o e "'VC&M'CMMQB‘\ R
boscp,

M“’t— p oL P& = V:,IZUCQQL.
Frep  pheter divgam, Tz, = 18 1%
N - *Er*l"',’ﬂd—l",\,’x,
V= = Ent Ry & J X1 )
B R e g

57



ncerc ~dule 3

Vp &5, AP “Ta R o,

Ve €. L Ty

= ——

G)' ‘ Tl/‘-& P{fnmgj DP (0.} [OOO{&S‘OV 'HDM-%’bm,y(

s o veetgfounte of- onig ourd mj‘
| MRackance of 0 ¢ + Rad e primasy

Prditced  EME whan pw‘rw'j AN~ [
ke A  ound 6:¢ powex Fadoy /ag

| Gyuen:
| v, = oo e° U, =aCo e
; (76 5 BN ¥
l ws.(p e O I. L.
l ¢ = 3617
b, (" "‘"’Kf\ S cce oy
| R +ix = 2,

= 0Oy f‘O't‘J‘

z‘: 0- ¢ yL 14‘570__&_

| . | “ RV, "J‘ Z, il ¢ FRRY
3 — (0o ¢ 0% ~ [(60£-—3 g’.gq") A (o 14
~El -’QCHﬁQQ 1‘*5;53-001

-~ E¢ ﬁ“) QSf'SCE( 194 o/

58




le 3
Qby -Sb1 / "18-0L| \

T“”— le(:agg, on‘ 2°‘ of o &1-,\3&1 Pl«uq

*fo-vq’%owwzm P! PACSIV whan Q—uﬂob\j "nj
a read of © kw ab oo powesfactoref
o g L&acgl\nﬁ' Tha 2® Yegttounte jo O Ot L
and 2@ ,Q.m.kaﬁe yoadence x O
Calwulake Ve e d eml 1n He o

* v
wewk\ﬂ;
VL;&OOLO' P;%K\«J'
s d=0-§ ::VI(!)SQD(
({)uze(ﬁ'r"
R, =oon Ko =0 TN

£, §oo0© -soA

C ARE B o
! Vytes b oD XO'8

T [ SO# L7836 -0
- I

‘Rajre % P
zZ =0 roa,+J'e . @2
2 = 80%~4 &"L'leo;\.

€, # NayprD, 2. ,?

2 Q000 4 vaaov*"  08CET
s 221 c 1Y ‘

59




ncerc

-

;QL(J < 3 \)/U_/

-
l’,' ry /F
\ '*L_'_ . by, -

/ 1lev 00 Q¢
| 3 M o
| - g :
|
1‘ A 30 L p~ch

"U?"L albesinative awssank O o powen S%Jﬁk
The pﬂma.auj of ""‘fmtorm:-, hoy *2“._) e
OP H/‘-lllk LI YR wm oy m I L'Q;'

mowy  fuowy of fira wive * The priees
bP‘ €~ T ":‘ (Qmo\zad |‘0 S'Q%J‘Q-Q w?HA ﬁw\

llee whore ot 3 K e

.{kmw OF_ M{ !rm_:quv,\w“'

oS B oo

I”Ev; Maa tussent

L B . ’
‘.

Ao vouge (0-SH) AL o

wovet Lo ose yeloded oy NpT, ~ N Ts

Ao IP/I; = Me/‘u,-‘ whare  To /0 G b

60

‘module 3



& LT ~NokO. oy Crovand 4, e {‘(s‘w\uh‘m rade ‘e3
L | N LR f""\‘( Jf":‘ ,'I\; x (T vatra,
Ths e Yeadr of AL avpofey M

C MmOy 'f\(\ufz(m Ma bt e

!

| .
L pwe Mmpows O

» ‘ : Wen line Cooccid o
vyafto .o (oo ',

crwcn by (X (oo = (00A.

@ Poﬁemha—\ ¢ mwogo-wmw (P T

N S~

I A N N
| |
\ u! "; |
FTRET 8 \‘y = | High ve /A
h | \ , V
/\/\ . 1| & Frandp/ ¢4 50 [
» \k, Ve ' )
\Or"’ ‘ \ : l ’}' M
| L N T \}
= o _— , a &
‘ ‘ | & V \IA';
LO'.U \-:'{m; ~ $ \\

)' .
% S0 Pvincersy
e LD NEAS _/]

The potandid ¥ crvas A8 uad &cm
lu‘o‘im ot fFesunat g Po‘lutﬁ-(‘c\.\ o\l%bss&f\(e Vo
fa o powen %iddm Tha primasy of tha
hn.we%crmv\ Ao oAy #—wum, wlule
Secovdosey lag  few Eusui. The pyiaasy
o po&m-kh! ‘Ho-wg*m ves sy cowpached
AL YO R ?“’L vo [bege Line  whkoge veoltage
.«'-8 b be meapused. H Ao veuge (‘o—no\D
Al VDH:M&@\ u—s conmnscted owvoes He

- W‘d T volh?_ We cvel  AC voltwete
Wﬁ \/5 o veloted o

NeJye = NI wkee V)

61




ncerc module 3

A BT Fako  ox pareknl L TN

J

Vp = P Tvakox Vg

[t ' 4t //p ).:/\r$y *h=/¢ A x @ xoxx0

0'«-q»a- )W-)) in — tg'VX> f<=

62



ncerc

odule 3
T, = 9a-15< —26-86 Girce c&¢;°‘5‘
| & =366

pr—
—

s 2 BREIR,
= oy * T4

2, =z \\j <« rJRR & %

B~ =yt T, %2,

= @ 60002 0° + (CB“"(S*A% R I THR
E, ~lblot T2 LoRer > v

€, = [610%R 341§ 1 Zj

K = Vo - l6ooo ——
— —
Vy M Soo .
=62 4
&)
. E e letog. 3| v q¢ 125
£ :

9 S

&1 = AtRe-a) +diagy

L~
gl Ao
T T3¢ -3¢k S8

J—; "o 33315 2-36 &7

—
—

63



ncerc

™ e — T

I A
A

| T

J17 64

-1 -

= )

IW7O)6SL4.IJMO\'O,%/’
' 0083
—To )

4 © A

——1 T N4y s

= ‘ule?;
G\ 'IKJ ;%[

Xo Po

Iw\ = H&30 - Qr+a1r 24|

<

T 2
— =

A=

25 &
I’Q = |1-6Q%¢ '_T_:a<0?BJ

—
L -

\\

e L3094 arae

—

lest
Loy o2 J-tey 4 o0-0L2T

-

T, T\ + 259
T, = ITm+To
== TiLhe Jro,wbs)%{-?'(a&y%o-omj/\
=tdafl 14 1 o'o%?gj

A ————

|\ ——

(B TRE, L e
= (233 152 -%47") + (R0 Suproet)
= (266996 +'-200-a57 ) Hao 31470

= 2¢0 2 L—-az,.ﬁ.'
e N TN

—
)

64



NCERC MODULE 4 EE311

MODULE 4
Three phase induction motors- slip ring and squirrel cage types- principles of operation — rotating
magnetic field- torque slip characteristics- no load and blocked rotor tests. Circle diagrams- methods
of starting — direct online — auto transformer starting
Three Phase Induction Motors

The three-phase induction motors are the most widely used electric motors in
industry. They run at essentially constant speed from no-load to full-load. However, the speed
is frequency dependent and consequently these motors are not easily adapted to speed
control.

Like any electric motor, a 3-phase induction motor has a stator and a rotor. The stator
carries a 3-phase winding (called stator winding) while the rotor carries a short-circuited
winding (called rotor winding). Only the stator winding is fed from 3-phase supply. The rotor
winding derives its voltage and power from the externally energized stator winding through
electromagnetic induction and hence the name. The induction motor may be considered to be
a transformer with a rotating secondary and it can, therefore, be described as a
“transformertype” a.c. machine in which electrical energy is converted into mechanical
energy.

Construction

A 3-phase induction motor has two main parts (i) stator and (ii) rotor. The rotor is
separated from the stator by a small air-gap which ranges from 0.4 mm to 4 mm, depending
on the power of the motor.

Stator

It consists of a steel frame which encloses a hollow, cylindrical core made up of thin
laminations of silicon steel to reduce hysteresis and eddy current losses. A number of evenly
spaced slots are provided on the inner periphery of the laminations.

Stator Slot

Rotor Laminations

Rotor Slot

The insulated windings connected to form a balanced 3-phase star or delta connected
circuit. The 3-phase stator winding is wound for a definite number of poles as per
requirement of speed. Greater the number of poles, lesser is the speed of the motor and vice-
versa. When 3-phase supply is given to the stator winding, a rotating magnetic field of
constant magnitude is produced. This rotating field induces currents in the rotor by
electromagnetic induction.

Rotor
The rotor, mounted on a shaft, is a hollow laminated core having slots on its outer periphery.
The winding placed in these slots (called rotor winding) may be one of the following two

types:
(1) Squirrel cage type (ii) Wound type
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() Squirrel cage rotor. It consists of a laminated cylindrical core having parallel slots on its
outer periphery. One copper or aluminium bar is placed in each slot. All these bars are joined
at each end by metal rings called end rings.

End ring (Shorting ring)

Rotor Bars

(slightly skewed)
Conductor bar

Rotor Squirrel-cage conductor

This forms a permanently short-circuited winding which is indestructible. The entire
construction (bars and end rings) resembles a squirrel cage and hence the name. The rotor is
not connected electrically to the supply but has current induced in it by transformer action
from the stator.

Those induction motors which employ squirrel cage rotor are called squirrel cage
induction motors. Most of 3-phase induction motors use squirrel cage rotor as it has a
remarkably simple and robust construction enabling it to operate in the most adverse
circumstances. However, it suffers from the disadvantage of a low starting torque. It is
because the rotor bars are permanently short-circuited and it is not possible to add any

external resistance to the rotor circuit to have a large starting torque.

(i) Wound rotor. It consists of a laminated cylindrical core and carries a 3- phase winding,
similar to the one on the stator. The rotor winding is uniformly distributed in the slots and is
usually star-connected. The open ends of the rotor winding are brought out and joined to
three insulated slip rings mounted on the rotor shaft with one brush resting on each slip ring.
The three brushes are connected to a 3-phase star-connected rheostat as shown in Fig.

Wy——ro~

o

Rheostat

At starting, the external resistances are included in the rotor circuit to give a large
starting torque. These resistances are gradually reduced to zero as the motor runs up to speed.
The external resistances are used during starting period only. When the motor attains normal
speed, the three brushes are short-circuited so that the wound rotor runs like a squirrel cage
rotor.
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Principle of Operation of 3 phase IM

Consider a portion of 3-phase induction motor as shown in Fig.
ROTATION QOF STATOR FIELD

ROIOR 1

_-__\t
e
o /7@
O
53
28
00
433
o
o

FORCE ON ROTOR
CONDUCTORS

(1) When 3-phase stator winding is energized from a 3-phase supply, a rotating magnetic field
is set up which rotates round the stator at synchronous speed Ns (= 120 /P).

(i) The rotating field passes through the air gap and cuts the rotor conductors, which as yet,
are stationary. Due to the relative speed between the rotating flux and the stationary rotor,
e.m.f.s are induced in the rotor conductors. Since the rotor circuit is short-circuited, currents
start flowing in the rotor conductors.

(i) The current-carrying rotor conductors are placed in the magnetic field produced by the
stator. Consequently, mechanical force acts on the rotor conductors. The sum of the
mechanical forces on all the rotor conductors produces a torque which tends to move the
rotor in the same direction as the rotating field.

(iv) The fact that rotor is urged to follow the stator field (i.e., rotor moves in the direction of
stator field) can be explained by Lenz's law. According to this law, the direction of rotor
currents will be such that they tend to oppose the cause producing them. Now, the cause
producing the rotor currents is the relative speed between the rotating field and the stationary
rotor conductors. Hence to reduce this relative speed, the rotor starts running in the same
direction as that of stator field and tries to catch it.

Slip

In Induction motor the rotor can never reach the speed of stator flux. If it did, there
would be no relative speed between the stator field and rotor conductors, no induced rotor
currents and, therefore, no torque to drive the rotor. The friction and windage would
immediately cause the rotor to slow down. Hence, the rotor speed (N) is always less than the
suitor field speed (Ns). This difference in speed depends upon load on the motor.

The difference between the synchronous speed Ns of the rotating stator field and the
actual rotor speed N is called slip. It is usually expressed as a percentage of synchronous
speed i.e.,

% age shp. s= N‘ﬁ_ N x 100
5

() The quantity Ns — N is sometimes called slip speed.

(i) When the rotor is stationary (i.e., N = 0), slip, s = 1 or 100 %.

(ii) In an induction motor, the change in slip from no-load to full-load is hardly 0.1% to 3%
so that it is essentially a constant-speed motor.

Rotor Torque

The torque T developed by the rotor is directly proportional to:
(i) rotor current

(i) rotore.m.f.

(ili) power factor of the rotor circuit
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. T B2l cosde
or T =KE2 I2 cos¢r
where I, = rotor current at standstill
E> = rotor e.m.f. at standstill
cos ¢2 = rotor p.f. at standstill
Note. The values of rotor e.m.f., rotor current and rotor power factor are taken
for the given conditions.

Starting Torque (Ts)

Let E> = rotor e.m.f. per phase at standstill
X2 = rotor reactance per phase at standstill
R2 = rotor resistance per phase

Rotor impedance/phase, Z, = \,:"Rg +X3 ...at standstill
E, E,

7= ...at standstill
2R3 +X5

Rotor current/phase. I, =

; R, R. :
Rotor p.f., cos ¢y = o> =—2—— ...at standstill

Zy BRI 1X2

Starting torque, T, =KE,I, cos¢,

:KEZX" ;Ez 7X'WRZ b
VR +X5; R +X;

_KE}R,

RZ+XZ

Generally, the stator supply voltage V is constant so that flux per pole ¢ set up by the stator is
also fixed. This in turn means that e.m.f. E2 induced in the rotor will be constant.

K;R, KR,
L=—rF""5=""75
R2+X2 722

where K1 is another constant.
It is clear that the magnitude of starting torque would depend upon the relative
values of Rz and X2 i.e., rotor resistance/phase and standstill rotor
reactance/phase.
It can be shown that K = 3/2 1t N.
__3 . ER,
> 2nNg RI4+Xx2

Note that here N, is inr.p.s.
Condition for Maximum Starting Torque

It can be proved that starting torque will be maximum when rotor
resistance/phase is equal to standstill rotor reactance/phase.
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Now T :&
R; +X;

EE311

1)

Differentiating eq. (1) w.r.t. R, and equating the result to zero, we get,

dT, 1

7 2
Kl Py e Rz(-R_) _0
dR, R; +X5

RZ+x2f |

[SS R AS]

5
[l
2
&

or X

+

R
or R

3

[

£

Hence starting torque will be maximum when:

Rotor resistance/phase = Standstill rotor reactance/phase
Under the condition of maximum starting torque, ¢2 = 45° and rotor power

factor is 0.707 lagging

4
Starting
torque curve
Q
2
4
2 T, (max) at R, = X,
¢, = 45°
—_
0 Rotor Resistance. Ry=X, Ry
() (i)

Fig. shows the variation of starting torque with rotor resistance. As the rotor
resistance is increased from a relatively low value, the starting torque increases
until it becomes maximum when R2 = Xz. If the rotor resistance is increased

beyond this optimum value, the starting torque will decrease.

Torgue Under Running Conditions

Let the rotor at standstill have per phase induced e.m.f. Ez, reactance Xzand

resistance Rz. Then under running conditions at slip s,
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Rotor e.m.f./phase. E', = sE,
Rotor reactance/phase. X', = sX,
Rotor impedance/phase, Z', = \ng +(sX, )?
Rotor current/phase, I'; = % == s =
2 4[R3 +(sX,)
Rotor p.f., cos ¢y, = Ry =
R2Z +(sX, )
I R,
M
Ey=sE, gs Xz
) @.
Running Torque, T, « E', I'; cos¢',
oC ¢I'2 COS¢)‘2 ('.' E’z oC ¢))
L OPX > Ez X / RZ
VR3+6X,P (RE+GX,)
¢sE, R,
R:1GEX:)Y
K¢sE,; R,
RI+(sX,)
K,sE3R,
=l (-Ep %)

R2+(s X, ) ’

If the stator supply voltage V is constant, then stator flux and hence E, will be

constant.
K, sR,
Tr:—7 = =
R5+(sX,)

where K, 1s another constant.
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It may be seen that running torque is:
(1) directly proportional to slip 1e., if slip increases (i.e., motor speed
decreases), the torque will increase and vice-versa.
(11) directly proportional to square of supply voltage (" E, « V).

It can be shown that value of K; = 3/2 © N, where N is inr.p.s.
T o B sEZR, 3 sE2R,
TNy R24(sX,)? 2Ny (z,)

At starting, s = 1 so that starting torque 1s

.. B8 ER,
S_ZTENS R%+X§

Maximum Torque under Running Conditions
K;sR, s
R T (1)
R;+s” X5
In order to find the value of rotor resistance that gives maximum torque under
running conditions, differentiate exp. (1) w.r.t. s and equate the result to zero 1.e..

T

dT, _ K,[R,(R3+5> X3 )-2sX3(s R2)|:O
s (R2+s2 x2f

or (R2+5? X2)-2sX2 =0

or R% =g? X%

or R, =5X,

Thus for maxmmum torque (T,,) under running conditions :

Rotor resistance/phase = Fractional slip x Standstill rotor reactance/phase
sR,
R2+s? X2
For maximum torque, R, = s X,. Putting R, = s X, m the above expression. the

maximum torque T, i1s given by:

1
9%

Now T, = ... from exp. (1) above

T, =

Slip corresponding to maximuum torque, s = Ry/X;.

It can be shown that:

3 B
T P S0 SR
m=oIN, 2X, o
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It is evident from the above equations that:

(i) The value of rotor resistance does not alter the value of the maximum torque
but only the value of the slip at which it occurs.

(i) The maximum torque varies inversely as the standstill reactance. Therefore,
it should be kept as small as possible.

(i) The maximum torque varies directly with the square of the applied voltage.
(iv) To obtain maximum torque at starting (s = 1), the rotor resistance must be
made equal to rotor reactance at standstill.

Torque-Slip Characteristics

The motor torque under running conditions is given by;
K, sR,
RI+s” X3

If a curve is drawn between the torque and slip for a particular value of rotor
resistance Rz, the graph thus obtained is called torque-slip characteristic. Fig.
shows a family of torque-slip characteristics for a slip-range froms=0tos=1
for various values of rotor resistance.

Maximum Torqu

1
:
i
1
1
|
i
]
I
!
1
|
1

1 Slip Corresponding
: ta starting torque

0 | 1 + >
: 0.2 0.4 06 08 1
Slip >
The following points may be noted carefully:
(i) Ats=0, T =0 so that torque-slip curve starts from the origin.
(if) At normal speed, slip is small so that s X2 is negligible as compared to Rz.
5. Tocs/R2
oc S ... as Rzis constant
Hence torque slip curve is a straight line from zero slip to a slip that
corresponds to full-load.
(iif) As slip increases beyond full-load slip, the torque increases and becomes
maximum at s = R2/X2. This maximum torque in an induction motor is called
pull-out torque or break-down torque. Its value is at least twice the full-load
value when the motor is operated at rated voltage and frequency.
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(iv)When slip increases beyond that corresponding maximum torque, the term
s2X,% increases very rapidly so that R,> may be neglected as compared to s2X2.

S Toes/s2X?
ocl/s ... as X2 is constant

Thus the torque is now inversely proportional to slip. Hence torque-slip curve is
a rectangular hyperbola.

(v) The maximum torque remains the same and is independent of the value of
rotor resistance. Therefore, the addition of resistance to the rotor circuit does not
change the value of maximum torque but it only changes the value of slip at
which maximum torque occurs.

Methods of Starting 3-Phase Induction Motors
The method to be employed in starting a given induction motor depends upon
the size of the motor and the type of the motor. The common methods used to
start induction motors are:
(i) Direct-on-line starting (ii) Stator resistance starting
(iii) Autotransformer starting (iv) Star-delta starting
(v) Rotor resistance starting
Methods (i) to (iv) are applicable to both squirrel-cage and slip ring motors.
However, method (V) is applicable only to slip ring motors. In practice, any one
of the first four methods is used for starting squirrel cage motors, depending
upon ,the size of the motor. But slip ring motors are invariably started by rotor

resistance starting.
Methods of Starting Squirrel-Cage Motors

Except direct-on-line starting, all other methods of starting squirrel-cage motors
employ reduced voltage across motor terminals at starting.

(i) Direct-on-line starting

This method of starting in just what the name implies—the motor is
started by connecting it directly to 3-phase supply. The impedance of the motor
at standstill is relatively low and when it is directly connected to the supply
system, the starting current will be high (4 to 10 times the full-load current) and
at a low power factor. Consequently, this method of starting is suitable for
relatively small (up to 7.5 kW) machines.

Relation between starling and F.L. torques.
We know that:

Rotor input = 2t Ns T = kT

But Rotor Cu loss = s x Rotor input

3(I2)? Ry =s kT

or T o (I ) ,s

73



NCERC MODULE 4 EE311

or ToI?/s (- T, =)

If L; 1s the starting current, then starting torque (Ty) 1s
Tl (- atstarting s=1)

If I¢ 1s the full-load current and sy 1s the full-load slip, then.

2
Tf f_Ifr/sf

\2
L (L),
T (1)

When the motor is started direct-on-line, the starting current 1s the short-circuit
(blocked-rotor) current ISc

i
() <o

Let us illustrate the above relation with a numerical example. Suppose L. = 5 I¢
and full-load slip s;=0.04. Then,

L (Le) —f’h} %0.04=(5)% x0.04=1

\ It ) \ If )

. Tst = Tf

Note that starting current is as large as five times the full-load current but
starting torque is just equal to the full-load torque. Therefore, starting current is
very high and the starting torque is comparatively low. If this large starting
current flows for a long time, it may overheat the motor and damage the
insulation.

(i) Stator resistance starting

In this method, external resistances are connected in series with each
phase of stator winding during starting. This causes voltage drop across the
resistances so that voltage available across motor terminals is reduced and
hence the starting current. The starting resistances are gradually cut out in steps
(two or more steps) from the stator circuit as the motor picks up speed. When
the motor attains rated speed, the resistances are completely cut out and full line
voltage is applied to the rotor.

This method suffers from two drawbacks. First, the reduced voltage
applied to the motor during the starting period lowers the starting torque and
hence increases the accelerating time. Secondly, a lot of power is wasted in the
starting resistances.
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Relation between starting and F.L. torques. Let V be the rated voltage/phase.
If the voltage is reduced by a fraction x by the insertion of resistors in the line,
then voltage applied to the motor per phase will be xV.

Now

or

Ist:XIsc
T. Sy
o=l
f \

, 2
Tst 7[Isc‘
—_— =X — x5
T; I, ] £

Thus while the starting current reduces by a fraction ,x" of the rated-voltage
starting current (Isc), the starting torque is reduced by a fraction ,x> of that
obtained by direct switching. The reduced voltage applied to the motor during
the starting period lowers the starting current but at the same time increases the
accelerating time because of the reduced value of the starting torque. Therefore,
this method is used for starting small motors only.

(iii) Autotransformer starting

This method also aims at connecting the induction motor to a reduced
supply at starting and then connecting it to the full voltage as the motor picks up

sufficient speed.

2
a.
a.
2
(773 "
THREE-PHASE
-TRA M
AUTO-TRANSFORMER START_ _ RUN
L
b
i i ho\“'f""r' """
"m*o\_ ; “Ck_T'.-_;_____
|— L h———
1 e - - -
Oy Y0,
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Fig. shows the circuit arrangement for autotransformer starting. The
tapping on the autotransformer is so set that when it is in the circuit, 65% to
80% of line voltage is applied to the motor.

At the instant of starting, the change-over switch is thrown to “start”
position. This puts the autotransformer in the circuit and thus reduced voltage is
applied to the circuit. Consequently, starting current is limited to safe value.

When the motor attains about 80% of normal speed, the changeover
switch is thrown to “run” position. This takes out the autotransformer from the
circuit and puts the motor to full line voltage. Autotransformer starting has
several advantages viz low power loss, low starting current and less radiated
heat. For large machines (over 25 H.P.), this method of starting is often used.
This method can be used for both star and delta connected motors.

Relation between starting And F.L. torques. Consider a star-connected
squirrel-cage induction motor. If V is the line voltage, then voltage across motor
phase on direct switching is V 3 and starting current is Ist = Isc. In case of
autotransformer, if a tapping of transformation ratio K (a fraction) is used, then
phase voltage across motor is KV 3 and Ist= K Isc,

e fi *fxv (KL, )

/I \ <
| 5 ‘ XSf:KZ,iI XS¢
/ \ If /

Now 7Y e :{\ I

Autotransformer

The current taken from the supply or by autotransformer is 11 = KI? = K?Is.. Note
that motor current is K times, the supply line current is K2 times and the starting
torque is K? times the value it would have been on direct-on-line starting.
(iv) Star-delta starting

The stator winding of the motor is designed for delta operation and is
connected in star during the starting period. When the machine is up to speed,
the connections are changed to delta. The circuit arrangement for star-delta
starting is shown in Fig.
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Three Phase Supply

a: . Yo

-Al

Stator g

Az

- Star (Stator) De'ia (Stator)

The six leads of the stator windings are connected to the changeover
switch as shown. At the instant of starting, the changeover switch is thrown to
“Start” position which connects the stator windings in star. Therefore, each
stator phase gets V 3 volts where V is the line voltage. This reduces the starting
current. When the motor picks up speed, the changeover switch is thrown to
“Run” position which connects the stator windings in delta. Now each stator
phase gets full line voltage V.

Relation between starting and F.L. torques. In direct delta starting,
Starting current/phase. L. = V/Z,. where V = line voltage

» ; : =%
Starting line current = /3 I,
In star starting, we have,

" . \"’v//\"rg 1
Starting current/phase, I, =— =—=I
sc ae)
T P & T
Now i:(i xS =| —=—5— | xs¢
Tf \.*F V3 x If
N
- sk :( iJ xS
Te 301

where I = starting phase current (delta)
If=F.L. phase current (delta)
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Note that in star-delta starting, the starting line current is reduced to one-
third as compared to starting with the winding delta connected. Further, starting
torque is reduced to one-third of that obtainable by direct delta starting. This
method is cheap but limited to applications where high starting torque is not
necessary e.g., machine tools, pumps etc.

The disadvantages of this method are:

(a) With star-connection during starting, stator phase voltage is 1 3 times the
line voltage. Consequently, starting torque is  or 1/3 times the value it would
have with A-connection. This is rather a large reduction in starting torque.

(b) The reduction in voltage is fixed.

This method of starting is used for medium-size machines (upto about 25 H.P.).

Starting of Slip-Ring Motors

Slip-ring motors are invariably started by rotor resistance starting. In this
method, a variable star-connected rheostat is connected in the rotor circuit
through slip rings and full voltage is applied to the stator winding as shown in
fig

Slip Ring

Three Phase Supply
R ®

Stator
Brush

At starting full starting resistance is connected and thus the supply current
to the stator is reduced. The rotor begins to rotate, and the rotor resistances are
gradually cut out as the speed of the motor increases. When the motor is
running at its rated full load speed, the starting resistances are cut out
completely, and the slip rings are short-circuited.

Slip-Ring Motors Versus Squirrel Cage Motors

The slip-ring induction motors have the following advantages over the squirrel
cage motors:

(i) High starting torque with low starting current.

(if) Smooth acceleration under heavy loads.

(iif) No abnormal heating during starting.

(iv) Good running characteristics after external rotor resistances are cut out.
(v) Adjustable speed.
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The disadvantages of slip-ring motors are:

(i) The initial and maintenance costs are greater than those of squirrel cage
motors.

(i) The speed regulation is poor when run with resistance in the rotor circuit

Rotating Magnetic Field Due to 3-Phase Currents
When a 3-phase winding is energized from a 3-phase supply, a rotating magnetic field is
produced. This field is such that its poles do no remain in a fixed position on the stator but go on
shifting their positions around the stator. For this reason, it is called a rotating Held. It can be shown

that magnitude of this rotating field is constant and is equal to 1.5 ¢m Where ¢m is the maximum flux
due to any phase.

Consider a 2-pole, 3-phase winding as shown in Fig.

The three phases X, Y and Z are energized from a 3-phase source and currents in these phases are
indicated as Ix, ly and 1z

A

Currenl
M

Y

wt

12 3 4 13
(i0)

The fluxes produced by these currents are given by:

% 120° ,/”w
by = ¢, s ot 120° 120°
qry =, sin (ot —120°)
$, =d,, s (ot —240°) &

Here (I)m is the maximum flux due to any phase. Above Fig. shows the phasor diagram of the three
fluxes.
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Proof of this 3-phase supply produces a rotating field of constant magnitude equal to 1.5 ¢m.
1. Atinstant 1 [See Fig. (ii) and below Fig.]

The current in phase X is zero and currents in phases Y and Z are equal and opposite. The
currents are flowing outward in the top conductors and inward in the bottom conductors. This
establishes a resultant flux towards right.

The magnitude of the resultant flux is constant and is equal to 1.5 ¢m
At instant 1, ot = 0°. Therefore, the three fluxes are given by;
Oy =0:

: /3
¢y =0 sin(—120°) = _\T¢’u1:

e
¢’z = (bm sin(—240°) = \2 d)m

The phasor sum of — ¢y and ¢, 1s the resultant flux ¢, [See Fig. (8.7)]. It 1s
clear that:

"/3 o]
Resultant flux, ¢, =2x=¢,, cos &L = 2

B, B
\T’(bm 2 \T =156,
2. Atinstant 2, [See Fig. (i) and below Fig.] the current is maximum (negative) in ¢y phase Y
and 0.5 maximum (positive) in phases X and Y.

The magnitude of resultant flux is 1.5 ¢m

At instant 2, ot = 30°. Therefore, the three fluxes are given by;

b, =, s 30° =

P
2
q’y — q’rn sin (_900) = _¢'n1

b, = b sin(-2109) = I
The phasor sum of ¢x., — ¢y and ¢, 1s the resultant flux ¢,
Phasor sum of ¢y and ¢,, ¢', =2 x L cos 1207 _ Pm

2 2 2
Phasor sum of ¢'; and — ¢y. ¢, = Pm

5 +¢,, =1.5¢,,
Note that resultant flux is displaced 30° clockwise from position 1.
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3. Atinstant 3, [See Fig. (ii) and below Fig.] current in phase Z is zero and the currents in
phases X and Y are equal and opposite (currents in phases X and Y are 0.866 x max. value).

The magnitude of resultant flux is 1.5 ¢m
At instant 3, wt = 60°. Therefore, the three fluxes are given by;

ey
i VO .
by =g sSM60° = Tq)m )

. B
¢)_V =0 sin(—60°) = _\T (L
d, = b, sin(—180°)=0
The resultant flux ¢ is the phasor sum of ¢ and — ¢y (= ¢, =0).
3 60° . .
O =2X -y cOS——=1.5 ¢,

Note that resultant flux is displaced-60° clockwise from position 1.

4. Atinstant 4, [See Fig. (ii) and below Fig.] the current in phase X is maximum (positive) and the
currents in phases Y and Z are equal and negative (currents in phases Y and Z are 0.5 x max.
value). This establishes a resultant flux downward as shown

At instant 4, ot = 90°. Therefore, the three fluxes are given by;
by =, sIN90°=¢,,
_bm

q’y = ¢m sin (_300) = ~

Fa

b, = b, sin (~150°) = —‘1’7“1

The phasor sum of ¢, — ¢y and — ¢, 1s the resultant flux ¢,

A0
Phasor sum of — ¢, and — ¢y, ¢', =2 x q)Tm cos 1:0 - %

Phasor sum of ¢'; and ¢,. ¢, = % +0, =1.5 ¢,

Note that the resultant flux is downward i.e., it is displgced 90° clockwise from position 1.
It follows from the above discussion that a 3-phase supply produces a rotating field of constant value

(= 1.5 dm, where ¢m is the maximum flux due to any phase).
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Circle Diagram of Induction Motor
The circle diagram of an induction motor is very useful to study its performance under
all operating conditions. The “CIRCLE DIAGRAM” means that it is figure or curve which is
drawn has a circular shape. As we know, the diagrammatic representation is easier to
understand and remember compared to theoretical and mathematical descriptions.

Importance of Circle Diagram

The diagram provides information which is not provided by an ordinary phasor
diagram. A phasor diagram gives relation between current and voltage only at a single circuit
condition. If the condition changes, we need to draw the phasor diagram again. But a circle
diagram may be referred to as a phasor diagram drawn in one plane for more than one circuit
conditions. On the context of induction motor, which is our main interest, we can get
information about its power output, power factor, torque, slip, speed, copper loss, efficiency
etc. in a graphical or in a diagrammatic representation.

Test Performed to Compute Data Required for Drawing Circle Diagram

We have to perform no load and blocked rotor test in an induction motor. In no load test, the
induction motor is run at no load and by two watt meter method, its total power consumed is
calculated which is composed of no load losses only. Slip is assumed to be zero. From here
no load current and the angle between voltage and current required for drawing circle
diagram is calculated. The angle will be large as in the no load condition induction motor has
high inductive reactance.

Procedure to Draw the Circle Diagram

We have to assume a suitable before drawing it. This assumption is done according to our

convenience.

1. The no load current and the no load angle calculated from no load test is plotted. This is
shown by the line OA, where Oq is the no load power factor angle.

2. The short circuit current and the angle obtained from block rotor test is plotted. This is
shown by the line OC and the angle is shown by ©g.

3. The right bisector of the line AC is drawn which bisects the line and it is extended to cut
in the line AE which gives us the centre.

4. The stator current is calculated from the equivalent circuit of the induction motor which
we get from the two tests. That current is plotted in the circle diagram according to the
scale with touching origin and a point in the circle diagram which is shown by B.

5. The line AC is called the power line. By using the scale for power conversion that we
have taken in the circle diagram, we can get the output power if we move vertically above
the line AC to the periphery of the circle. The output power is given by the line MB.

6. The total copper loss is given by the line GM.

7. For drawing the torque line, the total copper loss should be separated to both the rotor
copper loss and stator copper loss. The line DE gives the stator copper loss and the line
CD gives the rotor copper loss. In this way, the point E is selected.

8. The line AD is known as torque line which gives the torque developed by induction
motor.
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Circle Diagram

Maximum Quantities from Circle Diagram

Maximum Output Power

When the tangent to the circle is parallel to the line then output power will be maximum. That
point M is obtained by drawing a perpendicular line from the center to the output line and
extending it to cut at M.

Maximum Torque

When the tangent to the circle is parallel to the torque line, it gives maximum torque. This is
obtained by drawing a line from the center in perpendicular to the torque line AD and
extending it to cut at the circle. That point is marked as N.

Maximum Input Power

It occurs when tangent to the circle is perpendicular to the horizontal line. The point is the
highest point in the circle diagram and drawn to the center and extends up to S. That point is
marked as R.

R
N ==
\ 3 é— A
{b r—
8,
=
\ e
2N i=
\\\ /-EJ:‘
P x
he Lin \\\ 8
_ Tord i
_z="0 C F
8] S G

Conclusion of Circle Diagram

This method is based on some approximations that we have used in order to draw the circle
diagram and also, there is some rounding off of the values as well. So there is some error in
this method but it can give good approximate results. Also, this method is very much time
consuming so it is drawn at times where the drawing of circle diagram is absolutely
necessary. Otherwise, we can go for mathematical formulas or equivalent circuit model in
order to find out various parameters.
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