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Course Plan 

Module Contents Hours 

Sem. 

Exam 

Marks 

I 

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. 

6 15% 

II 

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. 

6 15% 

FIRST INTERNAL EXAMINATION 

III Transformers – principles of operations – emf equation- vector 7 15% 



 

 

diagrams- losses and efficiency – OC and SC tests. Equivalent circuits- 

efficiency calculations- maximum efficiency – all day efficiency – 

simple numerical problems. Auto transformers constant voltage 

transformer- instrument transformers. 

IV 

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 

 
7 

15% 

SECOND INTERNAL EXAMINATION 

V 

Single phase motors- principle of operation of single phase induction 

motor – split phase motor – capacitor start motor- stepper motor- 

universal motor Synchronous machines types – emf equation of 

alternator – regulation of alternator by emf method. Principles of 

operation of synchronous motors- methods of starting- V curves- 

synchronous condenser 

8 

20% 

VI 

Stepper motors: Principle of operation, multistack variable reluctance 

motors, single-stack variable reluctance motors, Hybrid stepper motors, 

Linear stepper motor, comparison, Torque-speed characteristics, 

control of stepper motors 

Controllers for automation, servo control, Digital controllers, 

Advanced control systems, Digital signal processors, motor controllers, 

Axis controllers, Machine tool controllers, Programmable Logic 

Controllers  

 

8 

20% 

END SEMESTER EXAM 

 

QUESTION PAPER PATTERN: 

 

 Maximum marks: 100       Time: 3 hrs  

  

The question paper should  consist  of  three parts 

Part A 

There should be  2 questions each from module I and II 

Each question carries 10 marks  

Students will have to answer any three questions out of  4 (3X10 marks =30 marks) 

 

Part B  

There should be  2 questions each from module III and IV 

Each question carries 10 marks  

Students will have to answer any three questions out of 4 (3X10 marks =30 marks) 

 

Part C 

There should be  3 questions each from module V and VI 

Each question carries 10 marks  

Students will have to answer any four  questions out of 6  (4X10 marks =40 marks) 

 

Note:  in all parts  each  question can have a maximum of  four sub questions 
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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. 

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. 
 

(i) 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. 

(ii) 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. 
 

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 C1 and C2 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 

(i) In the below Fig., the coil sides AB and CD are under N-pole and S-pole respectively. 
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The segment C1 connects the coil side AB to point P of the load resistance R and the segment C2 

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

is from Q to P. 

(ii) 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 shown below. 

 

The currents in the coil sides now flow in the reverse direction but the segments C1 and 

C2 have also moved through 180° i.e., segment C1 is now in contact with +ve brush and 

segment C2 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. 

 
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 

 
(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 
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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. 

 

 
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 

―teeth‖. 

 

(iii) 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  ―working‖  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. 

 
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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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 

 

 
 

 
Armature Resistance (Ra) 

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

The resistance offered by the armature circuit is known as armature resistance (Ra) and 
includes: 

(i) resistance of armature winding 

(ii) resistance of brushes 

The armature resistance depends upon the construction of machine. Except for small machines, its 

value is generally less than 1. 

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. 

(i) 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 If), 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. 

 
Ia

2Ra – armature copper loss 

 
(ii) 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. 

 
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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(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. 

 

 

Shunt field current, Ish = V/Rsh 

Armature current, Ia = IL + Ish 

Terminal voltage, V = Eg  IaRa 

Power developed in armature = EgIa 

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: 

 
(a) Short Shunt in which only shunt field winding is in parallel with the armature winding 
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(b) Long Shunt in which shunt field winding is in parallel with both series field and armature 

winding 

 

Series field current, Ise = Ia = IL + Ish 

Shunt field current, Ish = V/Rsh 

Terminal voltage, V = Eg  Ia(Ra + Rse) 

Power developed in armature = EgIa 

Power delivered to load = VIL 
 

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 smal1 current flowing 

in the armature conductors does not appreciably affect the main flux 1 coming from the pole. 
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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. 

 

By superimposing 1 and , we obtain the resulting flux 3 as shown in Fig. 

 

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 (E0) and the field 

current (If) 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/Ia) 

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

current (Ia). 

The e.m.f. E is less than E0 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/IL) 

This curve shows the relation between the terminal voltage (V) and load current (IL). 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. 

 
The generator is run at fixed speed (i.e., normal speed). The field current (If) is increased from 

zero in steps and the corresponding values of generated e.m.f. (E0) read off on a voltmeter connected 

across the armature terminals. On plotting the relation between E0 and If, we get the open circuit 

characteristic as shown in Fig. 

 

The following points may be noted from O.C.C.: 

(i) 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. 

(ii) 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. 

(iii) After point B on the curve, the reluctance of iron also comes into picture. It is because at 

higher flux densities, r 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 E0 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. 
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(ii) Internal and External Characteristics 

The external characteristic of a separately excited generator is the curve between the terminal 

voltage (V) and the load current IL (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. 

 
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 (E0) on no load. 

(b) There is voltage drop across armature resistance (= ILRa = IaRa). 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 E0 (curve 1). 

The internal characteristic can be determined from external characteristic by adding ILRa 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. 

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

Fig. 

 
The voltage build up of the generator is given by the point of intersection of O.C.C. and field 

resistance line. 

 

 
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 R1 (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. 
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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 N1. It is desired to find the O.C.C. at constant 
speed N2 (it is assumed that N1 < N2). 

For constant excitation, E  N. 
 

 
From the above Fig. , for a particular If = OH, 

E1 = HC. 

Therefore, the new value of e.m.f. (E2) for the same If but at N2 is 

 
This locates the point D on the new O.C.C. at N2. Similarly, other points can be located taking 

different values of If. The locus of these points will be the O.C.C.at N2. 

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. 
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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'sh line 

represents critical resistance for this speed. 

 Speed  Critical resistance 

In order to find critical speed, take any convenient point C on excitation axis and erect a perpendicular 

so as to cut Rsh and R'sh lines at points B and A respectively. Then, 

 

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. 

(ii) 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. 
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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  BI 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. Eb. The back e.m.f. Eb(= 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. 

 
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. Eb 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. Eb. The 

electric work done in overcoming and causing the current to flow against Eb 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. Eb. 

Net voltage across armature circuit = V  Eb 

If Ra is the armature circuit resistance, then, 

Since V and Ra are usually fixed, the value of Eb will determine the current drawn by the 

motor. If the speed of the motor is high, then back e.m.f. Eb (= 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 

 
V = applied voltage Eb = back e.m.f. 
Ra  = armature resistance Ia = armature current 

Since back e.m.f. Eb acts in opposition to the applied voltage V, the net voltage across the armature 

circuit is V Eb. The armature current Ia is given by; 

This is known as voltage equation of the d.c. motor. 

Power Equation 

The above voltage is multiplied by Ia throughout, we get, 

This is known as power equation of the d.c. motor. 

VIa = electric power supplied to armature (armature input) 

EbIa = power developed by armature (armature output) 

Thus  out  of  the armature input, a small portion (about  5%) is  wasted as and the remaining 

portion EbIa is converted into mechanical power within the armature. 
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Condition for Maximum Power 

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 acts i.e. 

T = F  r 
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. 

 

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 in m 

Z = total number of armature conductors  

A = number of parallel paths 

i = current in each conductor = Ia/A 

B = average flux density in Wb/m2 

 = flux per pole in Wb 

P = number of poles 

Force on each conductor, F = B i newtons 

Torque due to one conductor = F  r newton- metre 

Total armature torque, Ta = Z F r newton-metre 

= Z B i r 

Now i = Ia/A, B = /a where a is the x-sectional area of flux path per pole at radius r. 

Clearly, a = 2r /P. 
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a 

 

 

Since Z, P and A are fixed for a given machine, 

 Ta  Ia 

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. 

 Ta  Ia 

 

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

 Ta  I 2 

Up to magnetic saturation. 
 
 

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 Tsh. Fig. illustrates the concept of shaft torque. 

 
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. 



MODULE 2 EE311 NCERC  

19  

 

 

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 Tsh newton-metres, then, 

 
Speed of a D.C. Motor 

 

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, 1 and Eb1 

respectively and the corresponding final values are N2, 2 and Eb2, then, 

 

 
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. 

 

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; 

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 armature current 

[Ia = (V Ea)/Ra] develops torque just sufficient to drive the load. 

 

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/Ia) 
It is the curve between armature torque Ta and armature current Ia of a d.c. motor. It is also known as 

electrical characteristic of the motor. 

(ii) Speed and armature current characteristic (N/Ia) 
It is the curve between speed N and armature current Ia 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 torque 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 
 

Fig. shows the connections of a d.c. shunt motor. The field current Ish 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/Ia Characteristic. In a d.c. motor, 

Ta  Ia 

Since the motor is operating from a constant supply voltage, flux  is constant (neglecting 

armature reaction). 

 Ta  Ia 

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

shaft torque (Tsh) is less than Ta 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. 

 

(ii) N/Ia Characteristic. The speed N of a. d.c. motor is given by; 

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 IaRa) 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). 
 

(iii) N/Ta Characteristic. 
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. 

 

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. 

(ii) The starting torque is not high because Ta  Ia. 

 

CHARACTERISTICS OF SERIES MOTORS 

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/Ia Characteristic. We know that: 

Ta  Ia 

Up to magnetic saturation,   Ia so that Ta  Ia
2
 

After magnetic saturation,  is constant so that Ta  Ia 

Thus up to magnetic saturation, the armature torque is directly proportional to the square of armature 

current. If Ia is doubled, Ta is almost quadrupled. 
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Therefore, Ta/Ia 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, Ta/Ia 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), Ta  Ia
2. 

This means that starting torque of a d.c. series motor will be very high as compared to a shunt motor 

(where that Ta  Ia). 
 

(ii) N/Ia Characteristic. 
The speed N of a series motor is given by; 

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

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

neglected. 

 

Thus, up to magnetic saturation, the N/Ia curve follows the hyperbolic path as shown in Fig. 

After saturation, the flux becomes constant and so does the speed. 

 

(iii) N/Ta Characteristic. 

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 ( N  1/). Reverse happens should the torque be low. 
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Conclusions 

(i) It has a high starting torque because initially Ta  Ia2 . 

(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 ( N  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 is started. 

 
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. 
(ii) 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. 

 

(i) Ta/Ia 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 ( Ta  Ia). 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. 
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(ii) N/Ia Characteristic. 
As explained above, as the laad increases, the flux per pole also increases. Consequently, the speed 

(N  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. 

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

 

(iii) N/Ta Characteristic. 
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. 

 
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. 

(ii) Due to the presence of series field, the starting torque is increased. 

 

Comparison of Three Types of Motors 

(i) 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. 

(ii) 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 to full-load 
(ii) 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 
(ii) 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 (Ia = V/Ra) because of small armature resistance. 
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 . 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, 
(ii) 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. 

(ii) 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. 
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1. Three-Point Starter 

This type of starter is widely used for starting shunt and compound motors. 

 
 It is so called because it has three terminals L, Z and A.

 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.

 The three terminals L, Z and A of the starter are connected respectively to the positive line 

terminal, shunt field terminal and armature terminal.

 The other terminals of the armature and shunt field windings are connected to the negative 

terminal of the supply.

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

 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. 
(ii) 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). 

 
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; 

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. 
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1. Copper losses 
These losses occur due to currents in the various windings of the machine. 
(i) Armature copper loss = Ia

2Ra 
(ii) Shunt field copper loss = I 2R 
(iii) Series field copper loss =Ish2R sh 

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. 

(ii) 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: 

(a) iron losses 

(b) mechanical losses 

(c) shunt field losses 

(ii) 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: 

(a) 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-Wt, then, 
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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. 

 

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: 

(i) Squirrel cage type (ii) Wound type 
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(i) 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. 

 

 

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. 

 
(ii) 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. 

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. 

 
(i) 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 f/P). 

(ii) 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. 

(iii) 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., 

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

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

(ii) rotor e.m.f. 

(iii) power factor of the rotor circuit 
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 T E2I2 cos2 

or T  KE2 I2 cos2 

where I2 = rotor current at standstill 

E2 = 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 E2 = rotor e.m.f. per phase at standstill 

X2 = rotor reactance per phase at standstill 

R2 = rotor resistance per phase 

 

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. 

where K1 is another constant. 

It is clear that the magnitude of starting torque would depend upon the relative 

values of R2 and X2 i.e., rotor resistance/phase and standstill rotor 

reactance/phase. 

It can be shown that K = 3/2  Ns. 

 
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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Under the condition of maximum starting torque, 2 = 45° and rotor power 

factor is 0.707 lagging 

 

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 = X2. If the rotor resistance is increased 

beyond this optimum value, the starting torque will decrease. 

 

Torque Under Running Conditions 

Let the rotor at standstill have per phase induced e.m.f. E2, reactance X2 and 

resistance R2. Then under running conditions at slip s, 
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Maximum Torque under Running Conditions 
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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. 

(ii) The maximum torque varies inversely as the standstill reactance. Therefore, 

it should be kept as small as possible. 

(iii) 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; 

If a curve is drawn between the torque and slip for a particular value of rotor 

resistance R2, the graph thus obtained is called torque-slip characteristic. Fig. 

shows a family of torque-slip characteristics for a slip-range from s = 0 to s = 1 

for various values of rotor resistance. 

 

The following points may be noted carefully: 

(i) At s = 0, T = 0 so that torque-slip curve starts from the origin. 

(ii) At normal speed, slip is small so that s X2 is negligible as compared to R2. 

 T  s /R2 

 s ... as R2 is constant 

Hence torque slip curve is a straight line from zero slip to a slip that  

corresponds to full-load. 

(iii) 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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2 

2 

(iv) When slip increases beyond that corresponding maximum torque, the term 

s2X2
2 increases very rapidly so that R2

2 may be neglected as compared to s2X 2. 
 

 T  s / s2  X 2 

1/ 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 = 2 Ns T = kT 

But Rotor Cu loss = s  Rotor input 

3I'2  R2 = s kT 
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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. 

(ii) 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. 

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  „x2‟  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. 
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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, 

 

The current taken from the supply or by autotransformer is I1 = KI2 = K2Isc. Note 

that motor current is K times, the supply line current is K2 times and the starting 

torque is K2 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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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, 
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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 -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 
 

 

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. 
(ii) Smooth acceleration under heavy loads. 

(iii) 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. 

(ii) 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, Iy and Iz 

 

 
The fluxes produced by these currents are given by: 

Here 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. At instant 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, t = 0°. Therefore, the three fluxes are given by; 

 

2. At instant 2, [See Fig. (ii) 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, t = 30°. Therefore, the three fluxes are given by; 

Note that resultant flux is displaced 30° clockwise from position 1. 
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3. At instant 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  max. value). 

 

The magnitude of resultant flux is 1.5 m 

At instant 3, wt = 60°. Therefore, the three fluxes are given by; 

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

 

4. At instant 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  max. 

value). This establishes a resultant flux downward as shown 

 
At instant 4, t = 90°. Therefore, the three fluxes are given by; 

Note that the resultant flux is downward i.e., it is displaced 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 m, 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 Ɵ0 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 ƟB. 

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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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. 

 

 

 

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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