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10EE54 D.C. MACHINES AND SYNCHRONOUS MACHINES 

Subject Code: 10EE54        IA Marks: 25 

No. of Lecture Hrs. / Week: 04       Exam Hours: 03 

Total No. of Lecture Hrs. 52        Exam Marks: 100 

PART - A 

UNIT - 1 

DC GENERATOR-Review of basics of DC machines, classification of DC generator, types of 

armature winding, EMF equation, no-load characteristic, armature reaction, load characteristics. 

Commutation, types of Commutation, commutation difficulties, interpoles, compensating 

winding and equalizer rings (only qualitative treatment).       8 Hours 

 

UNIT - 2 

DC Motors- (a) Classification, Back EMF and its significance, Torque equation, Characteristics 

of shunt, series & compound motors, speed control of shunt, series and compound motors. 

Application of motors. DC motor starters (b) Special DC motors- permanent magnet motors, 

brushless DC motors. Applications.        8 Hours 

 

UNIT – 3 and 4 

LOSSES AND EFFICIENCY- Losses in DC machines, power flow diagram, efficiency, 

condition for maximum efficiency. TESTING OF DC MACHINES- Direct & indirect methods 

of testing of DC machines-Brake test, Swinburn’s test, Hopkinson’s test, Retardation test, Field’s 

test, merits and demerits of tests.        10 Hours 

 

PART - B 

UNIT - 5 

SYNCHRONOUS MACHINES- Basic principle of operation, construction of salient & non 

salient pole synchronous machines, generated EMF, effect of distribution and chording of 

winding, harmonics-causes, reduction and elimination. Armature reaction, synchronous 

reactance, leakage reactance, phasor diagram of non salient type alternator.            5 Hours 
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UNIT - 6 

VOLTAGE REGULATION: Voltage regulation by EMF, MMF, ZPF & ASA method. Short 

circuit ratio and its importance. Two reaction theory-direct and quadrature axis reactances, 

phasor diagram. Slip test and regulation.       8 Hours 

 

UNIT - 7 

Synchronizing to infinite bus bars, parallel operation of alternators. Operating characteristics, 

power angle characteristics excluding armature resistance, operation for fixed input and variable 

excitation, power flow equations including armature resistance, capability curves of synchronous 

generators.           6 Hours 

 

UNIT - 8 

SYNCHRONOUS MOTOR: Principle of operation, phasor diagrams, torque and torque angle, 

Blondal diagram, effect of change in load, effect of change in excitation, V and inverted V 

curves. Synchronous condensor, hunting and damping. Methods of starting synchronous motors. 

7Hours 
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UNIT-1:                              

DC Generator 

Introduction: 

An Electrical generator is a machine which converts mechanical energy (or power) into 

electrical energy (or power). 

The energy conversion is based on the principal of the production of dynamically (or motionally) 

induced emf. Whenever a conductor cuts magnetic flux, dynamically induced emf is produced in 

it according  to Faraday’s Laws of Electromagnetic Induction. This Emf causes a current to flow 

if the conductor circuit is closed. 

Hence, two basic essential parts of an electrical generator are 

i) a magnetic field and 

ii) a conductor or conductors which can so move as to cut the flux. 

Principle of Operation:  

D.C generator is a machine that converts mechanical energy into DC electrical energy. 

It works on the principle of dynamically induced emf viz., whenever a conductor cuts flux, an 

emf is induced in the conductor. The direction of the induced emf is given by Fleming’s right 

hand rule. 

 

 

Simple Loop Generator: 
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Consider rectangular coil ABCD with coil sides AB and CD being rotated in the 

magnetic field. The ends of the two coil sides are connected to two slip rings (S1 and S2). The 

two rings rotate along with the conductors. Two brushes (B1 and B2) make contact to these two 

slip rings to collect the current. When the coil starts rotating in anti-clockwise direction, 

conductor AB is under the influence of North pole and CD is under the influence of South pole. 

By Fleming’s right hand rule, the direction of the current through the load resistance is from M 

to N. 

After the coil rotates through 1800, the conductor CD comes under the influence of North 

pole and the conductor AB under the influence of South pole. Hence, again emf is induced in the 

coil sides. As a result, the current flows through load resistance from N to M (reversed). This is 

shown in figure. 

Note that, e.m.f generated in the loop is an alternating emf hence the current also. The 

alternating current in the load can be converted into direct current by commutator. 
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Practical DC Generator: 

 
 

• The construction of DC generator and motor are same.  

• DC generator can be run as a dc motor and vice versa. 

A dc generator consists of  

i) Field system (stationary)   

ii) Armature (rotating) 

iii) Armature is having the following parts  

a) Armature core    

b) Armature winding  

c) Commutator  

d) Brushes 

e) Shaft and bearings 

(i) Field system: The main function of the field system is to produce uniform magnetic field 

within which the armature rotates. It consists of 
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   (a) Yoke (or frame): Yoke forms the outermost cover for the machine. Its functions are:  

              (i) Giving mechanical protection to the generator and  

              (ii) to provide path for the flux. 

      For small generators, yoke is made of cast iron; for large generators, it is made of silicon 

steel. 

(b)Pole core, pole shoes and pole coils: The main poles are made of steel of high relative 

permeability. The pole core is made of thin laminations to reduce eddy current loss. The poles 

are fixed to the yoke with bolts and nuts. 

      The pole shoe performs the following functions. 

(i) It supports the field winding. 

(ii) It spreads out the flux uniformly in the air gap and also reduces the reluctance of 

the magnetic path. 

     The field coils (or field winding) are mounted on the poles and carry the d.c. exciting current. 

     The field coils are made of copper. 

(ii) Armature Core: It is a cylindrical drum like structure made of thin laminations of silicon 

steel. Each lamination is insulated to reduce the eddy current loss. Silicon steel is used for the 

core to reduce hysteresis loss. For large machine (length>13cm) ventilating ducts are provided in 

the core for cooling purpose. 

(iii) Armature Winding: The outer periphery of the armature is cut into number of slots to hold 

insulated conductor called armature winding.  

There are two types of windings: 

a) Lap winding  

b) Wave winding 

(iv)  Commutator: The function of the commutator is to convert, alternating current to 

direct   current. The commutator is made up of hard drawn copper segments insulated 

from each other by mica sheets and mounted on the shaft. 

 (v)  Brushes: The function of brushes is to collect the direct current from the 

commutator   segments and supply it to the external circuit. The brushes are made of 

carbon. Carbon is   having negative temperature coefficient and is very soft.  
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(vi)   Shaft and Bearings: For small generators, ball bearings are used. For large rating 

generators, roller bearings are used. 

E.M.F Equation of DC Generator: 

Let,  = Flux / pole in webers 

 Change in flux d = P webers 

      Z = Total number armature conductors  

         = Number of slots x Number of conductors per slot 

      P = Number of poles  

      A = Number of parallel paths in the armature. 

      N = Rotational speed of armature in revolutions per minute (r.p.m)  

 Time taken to complete one revolution = 60/N  sec. 

      E = e.m.f induced / parallel path in armature. 

      Generated e.m.fEg = e.m.f generated /parallel path 

By Faraday’s Law , 

 

 

 

 

 

 

 

 

 

For a Simplex Wave-Wound Generator 

Number of parallel paths A = 2 

 

 

 

 

 

For Simplex Lap-Wound Generator: 

Number of parallel paths, A = P 

Equation (i) becomes 

 

 

 

 

d PN
E.M.F generated per conductor

dt 60 volts

 
 

Z
Number of armature conductors per parallel path

A


gE e.m.f generated per conductor Number of conductors ineach parallel path 

 
  
 

g

PN Z
E volts ........(i)

60 A

 
     g

Z
PN.

ZPN2
E volts

60 120

 
     g

Z
PN.

ZNP
E volts

60 60
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Armature Reaction 
The 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.The phenomenon of armature reaction in a d.c. generator is 

shown in Fig. Only one pole is shown for clarity. When the generator is on no-load, a smal1 

current flowing in the armature does not appreciably affect the main flux 1coming from the 

pole [See Fig 2.1 (i)]. When the generator is loaded, the current flowing through armature 

conductors sets up flux 1. Fig. (2.1) (ii) shows flux due to armature current alone. By 

superimposing 1 and 2, we obtain the resulting flux 3 as shown in Fig. (2.1) (iii). Referring to 

Fig (2.1) (iii), 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: 

(i) The main flux is distorted. 

(ii) Due to higher flux density at pole tip B, saturation sets in.  

Consequently, the increase in flux at pole tip B is less than the decrease in flux under pole tip A. 

Flux 3 at full load is, therefore, less than flux 1 at no load. As we shall see, the weakening of 

flux due to armature reaction depends upon the position of brushes. 

 

 

 

 

 
Fig:2.1 

Geometrical and Magnetic Neutral Axes 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 10 

 

 (i) The geometrical neutral axis (G.N.A.) is the axis that bisects the angle between the centre 

line of adjacent poles [See Fig. 2.2 (i)]. Clearly, it is the axis of symmetry between two adjacent 

poles. 

 
                                                                Fig:2.2 

(ii) The magnetic neutral axis (M. N. A.) is the axis drawn perpendicular to the mean direction of 

the flux passing through the centre of the armature. Clearly, no e.m.f. is produced in the armature 

conductors along this axis because then they cut no flux. With no current in the armature 

conductors, the M.N.A. coincides with G, N. A. as shown in Fig. (2.2). 

(iii). In order to achieve sparkless commutation, the brushes must lie along M.N.A. 

Explanation of Armature Reaction 
With no current in armature conductors, the M.N.A. coincides with G.N.A. However, when 

current flows in armature conductors, the combined action of main flux and armature flux shifts 

the M.N.A. from G.N.A. In case of a generator, the M.N.A. is shifted in the direction of rotation 

of the machine. In order to achieve sparkless commutation, the brushes have to be moved along 

the new M.N.A. Under such a condition, the armature reaction produces the following two 

effects: 

1. It demagnetizes or weakens the main flux. 

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

Let us discuss these effects of armature reaction by considering a 2-pole generator (though the 

following remarks also hold good for a multipolar generator). 

i) Fig. (2.3) (i) shows the flux due to main poles (main flux) when the armature conductors 

carry no current. The flux across the air gap is uniform. The m.m.f. producing the 

main flux is represented in magnitude and direction by the vector OFm in Fig. (2.3) 

(i). Note that OFm is perpendicular to G.N.A. 

ii)  (ii) Fig. (2.3) (ii) shows the flux due to current flowing in armature conductors alone 

(main poles unexcited). The armature conductors to the left of G.N.A. carry current 

“in” (´) and those to the right carry current “out” (•). The direction of magnetic lines 

of force can be found by cork screw rule. It is clear that armature flux is directed 
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downward parallel to the brush axis. The m.m.f. producing the armature flux is 

represented in magnitude and direction by the vector OFA in Fig. (2.3) (ii). 

       (iii) Fig. (2.3) (iii) shows the flux due to the main poles and that due to current in armature 

conductors acting together. The resultant m.m.f. OF is the vector sum of OFm and OFA as 

shown in Fig. (2.3) (iii). Since M.N.A. is always perpendicular to the resultant m.m.f., the 

M.N.A. is shifted through an angle q. Note that M.N.A. is shifted in the direction of rotation of 

the generator. 

(iii) In order to achieve sparkless commutation, the brushes must lie along the M.N.A. 

Consequently, the brushes are shifted through an angle q so as to lie along the 

new M.N.A. as shown in Fig. (2.3)  

(iv) (iv). Due to brush shift, the m.m.f. FA of the armature is also rotated through the 

same angle q. It is because some of the conductors which were earlier under N-

pole now come under S-pole and vice-versa. The result is that armature m.m.f. FA 

will no longer be vertically downward but will be rotated in the direction of 

rotation through an angle q as shown in Fig. 

 

(a) The component Fd is in direct opposition to the m.m.f. OFm due to main poles. It has a 

demagnetizing effect on the flux due to main poles. For this reason, it is called the demagnetizing 

or weakening component of armature reaction. 

(b) The component Fc is at right angles to the m.m.f. OFm due to main poles. It distorts the main 

field. For this reason, it is called the cross magnetizing or distorting component of armature 

reaction. 
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Fig:2.3 

 

Demagnetizing and Cross-Magnetizing Conductors 

With the brushes in the G.N.A. position, there is only cross-magnetizing effect of 

armature reaction. However, when the brushes are shifted from the G.N.A. position, the armature 

reaction will have both demagnetizing and crossmagnetizing effects. Consider a 2-pole generator 

with brushes shifted (lead) qm mechanical degrees from G.N.A. We shall identify the armature 

conductors that produce demagnetizing effect and those that produce cross-magnetizing effect. 
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(i) The armature conductors oqm on either side of G.N.A. produce flux in direct opposition to 

main flux as shown in Fig. (2.4) (i). Thus theconductors lying within angles AOC = BOD = 2qm 

at the top and bottom ofthe armature produce demagnetizing effect. These are called 

demagnetizing armature conductors and constitute the demagnetizing ampere-turns of armature 

reaction (Remember two conductors constitute a turn). 

 

(ii) The axis of magnetization of the remaining armature conductors lying between angles AOD 

and COB is at right angles to the main flux as shown in Fig. (2.4) (ii). These conductors produce 

the cross-magnetizing (or distorting) effect i.e., they produce uneven flux distribution on each 

pole. Therefore, they are called cross-magnetizing conductors and constitute the cross-

magnetizing ampere-turns of armature reaction. 

 
Fig:2.4 

 

 

Calculation of Demagnetizing Ampere-Turns Per Pole (ATd/Pole) 

 

It is sometimes desirable to neutralize the demagnetizing ampere-turns of armature reaction. This 

is achieved by adding extra ampere-turns to the main field winding. We shall now calculate the 

demagnetizing ampere-turns per pole (ATd/pole). 
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Cross-Magnetizing Ampere-Turns Per Pole (ATc/Pole) 

We now calculate the cross-magnetizing ampere-turns per pole (ATc/pole). 

 
 

Cross-magnetizing ampere-turns/pole are 
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Commutation 
Fig. (2.5) shows the schematic diagram of 2-pole lap-wound generator. There are two parallel 

paths between the brushes. Therefore, each coil of the winding carries one half (Ia/2 in this case) 

of the total current (Ia) entering or leaving the armature. 

Note that the currents in the coils connected to a brush are either all towards the brush (positive 

brush) or all directed away from the brush (negative brush). Therefore, current in a coil will 

reverse as the coil passes a brush. This reversal of current as the coil passes & brush is called 

commutation. The reversal of current in a coil as the coil passes the brush axis is called 

commutation. 

When commutation takes place, the coil undergoing commutation is short circuited by the brush. 

The brief period during which the coil remains short circuited is known as commutation period 

Tc. If the current reversal is completed by the end of commutation period, it is called ideal 

commutation. If the current reversal is not completed by that time, then sparking occurs between 

the brush and the commutator which results in progressive damage to both. 

 
Fig:2.5 
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Ideal commutation 
Let us discuss the phenomenon of ideal commutation (i.e., coil has no inductance) in one coil in 

the armature winding shown in Fig. (2.6) above. For this purpose, we consider the coil A. The 

brush width is equal to the width of one commutator segment and one mica insulation. Suppose 

the total armature current is 40 A. Since there are two parallel paths, each coil carries a current of 

20 A. 

(i) In Fig. (2.7) (i), the brush is in contact with segment 1 of the commutator. The commutator 

segment 1 conducts a current of 40 A to the brush; 20 A from coil A and 20 A from the adjacent 

coil as shown. The coil A has yet to undergo commutation 

(ii) As the armature rotates, the brush will make contact with segment 2 and thus short-circuits 

the coil A as shown in Fig. (2.7) (ii). There are now two parallel paths into the brush as long as 

the short-circuit of coil A exists. Fig. (2.7) (ii) shows the instant when the brush is one-fourth on 

segment 2 and three-fourth on segment 1. For this condition, the resistance of the path through 

segment 2 is three times the resistance of the path through segment 1 (Q contact resistance varies 

inversely as the area of contact of brush with the segment). The brush again conducts a current of 

40 A; 30 A through segment 1 and 10 A through segment 2. Note that current in coil A (the coil 

undergoing commutation) is reduced from 20 A to 10 A. 
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Fig :2.7 

 

(iii) Fig. (2.7) (iii) shows the instant when the brush is one-half on segment 2 and one-half on 

segment 1. The brush again conducts 40 A; 20 A through segment 1 and 20 A through segment 2 

(Q now the resistances of the two parallel paths are equal). Note that now. current in coil A is 

zero. 

(iv) Fig. (2.7) (iv) shows the instant when the brush is three-fourth on segment 2 and one-fourth 

on segment 1. The brush conducts a current of 40 A; 30 A through segment 2 and 10 A through 

segment 1. Note that current in coil A is 10 A but in the reverse direction to that before the start 
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of commutation. The reader may see the action of the commutator in reversing the current in a 

coil as the coil passes the brush axis. 

(v) Fig. (2.7) (v) shows the instant when the brush is in contact only with segment 2. The brush 

again conducts 40 A; 20 A from coil A and 20 A from the adjacent coil to coil A. Note that now 

current in coil A is 20 A but in the reverse direction. Thus the coil A has undergone 

commutation. Each coil undergoes commutation in this way as it passes the brush axis. Note that 

during commutation, the coil under consideration remains short circuited by the brush. Fig. (2.8) 

shows the current-time graph for the coil A undergoing commutation. The horizontal line AB 

represents a constant current of 20 A upto the beginning of commutation. From the finish of 

commutation, it is represented by another horizontal line CD on the opposite side of the zero line 

and the same distance from it as AB i.e., the current has exactly reversed (- 20 A). The way in 

which current changes from B to C depends upon the conditions under which the coil undergoes 

commutation. If the current changes at a uniform rate (i.e., BC is a straight line), then it is called 

ideal commutation as shown in Fig. (2.8). Under such conditions, no sparking will take place 

between the brush and the commutator 

 

 
Fig:2.8 

Practical difficulties 
The ideal commutation (i.e., straight line change of current) cannot be attained in practice. This 

is mainly due to the fact that the armature coils have appreciable inductance. When the current in 

the coil undergoing commutation changes, self-induced e.m.f. is produced in the coil. This is 

generally called reactance voltage. This reactance voltage opposes the change of current in the 

coil undergoing commutation. The result is that the change of current in the coil undergoing 

commutation occurs more slowly than it would be under ideal commutation. This is illustrated in 

Fig. (2.9). The straight line RC represents the ideal commutation whereas the curve BE 

represents the change in current when self-inductance of the coil is taken into account. Note that 

current CE (= 8A in Fig. 2.9) is flowing from the commutator segment 1 to the brush at the 

instant when they part company. This results in sparking just as when any other current carrying 
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circuit is broken. The sparking results in overheating of commutator brush contact and causing 

damage to both. Fig. (2.10) illustrates how sparking takes place between the commutator 

segment and the brush. At the end of commutation or short-circuit period, the 

current in coil A is reversed to a value of 12 A (instead of 20 A) due to inductance of the coil. 

When the brush breaks contact with segment 1, the remaining 8 A current jumps from segment 1 

to the brush through air causing sparking between segment 1 and the brush. 

 

 

Methods of Improving Commutation 
Improving commutation means to make current reversal in the short-circuited coil as sparkless as 

possible. The following are the two principal methods of improving commutation: 

(i) Resistance commutation 

(ii) E.M.F. commutation 

 

Resistance Commutation 

The reversal of current in a coil (i.e., commutation) takes place while the coil is short-circuited 

by the brush. Therefore, there are two parallel paths for the current as long as the short circuit 

exists. If the contact resistance between the brush and the commutator is made large, then current 

would divide in the inverse ratio of contact resistances (as for any two resistances in parallel). 

This is the key point in improving commutation. This is achieved by using carbon brushes 

(instead of Cu brushes) which have high contact resistance. This method of improving 

commutation is called resistance commutation. Figs. (2.11) and (2.12) illustrates how high 

contact resistance of carbon brush improves commutation (i.e., reversal of current) in coil A. In 

Fig. (2.11) 

 (i), the brush is entirely on segment 1 and, therefore, the current in coil A is 20 A. The coil A is 

yet to undergo commutation. As the armature rotates, the brush short circuits the coil A and there 

are two parallel paths for the current into the brush. Fig. (2.11) (ii) shows the instant when the 

brush is one-fourth on segment 2 and three-fourth on segment 1. The equivalent electric circuit is 

shown in Fig. (2.11) (iii) where R1 and R2 represent the brush contact resistances on segments 1 
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and 2. A resistor is not shown for coil A since it is assumed that the coil resistance is negligible 

as compared to the brush contact resistance. The values of current in the parallel paths of the 

equivalent circuit are determined by the respective resistances of the paths. For the condition 

shown in Fig. (2.11) (ii), resistor R2 has three times the resistance of resistor R1. Therefore, the 

current distribution in the paths will be as shown. Note that current in coil A is reduced from 20 

A to 10 A due to division of current in (he inverse ratio of contact resistances. If the Cu brush is 

used (which has low contact resistance), R1 R2 and the current in coil A would not have reduced 

to 10 A. 

E.M.F. Commutation 

In this method, an arrangement is made to neutralize the reactance voltage by producing a 

reversing voltage in the coil undergoing commutation. The reversing voltage acts in opposition 

to the reactance voltage and neutralizes it to some extent. If the reversing voltage is equal to the 

reactance voltage, the effect of the latter is completely wiped out and we get sparkless 

commutation. The reversing voltage may be produced in the following two ways: 

(i) By brush shifting 

(ii) By using interpoles or compoles 

(i) By brush shifting 

In this method, the brushes are given sufficient forward lead (for a generator) to bring the short-

circuited coil (i.e., coil undergoing commutation) under the influence of the next pole of opposite 

polarity. Since the short-circuited coil is now in the reversing field, the reversing voltage 

produced cancels the reactance voltage. This method suffers from the following drawbacks: 

(a) The reactance voltage depends upon armature current. Therefore, the brush shift will depend 

on the magnitude of armature current which keeps on changing. This necessitates frequent 

shifting of brushes. 

(b) The greater the armature current, the greater must be the forward lead for a generator. This 

increases the demagnetizing effect of armature reaction and further weakens the main field. 

(ii) By using interpoles or compotes 

The best method of neutralizing reactance voltage is by, using interpoles or compoles. 

 

Generator types & Characteristics  

D.C generators may be classified as  

(i) separately excited generator, 

 (ii) shunt generator,  

(iii) series generator and  

(iv) compound generator.  

 

In a separately excited generator field winding is energised from a separate voltage source in 

order to produce flux in the machine. So long the machine operates in unsaturated condition the 

flux produced will be proportional to the field current. In order to implement shunt connection, 

the field winding is connected in parallel with the armature. It will be shown that subject to 
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fulfillment of certain conditions, the machine may have sufficient field current developed on its 

own by virtue of its shunt connection.  

In series d.c machine, there is one field winding wound over the main poles with fewer turns 

and large cross sectional area. Series winding is meant to be connected in series with the 

armature and naturally to be designed for rated armature current. Obviously there will be 

practically no voltage or very small voltage due to residual field under no load condition (I
a 

= 0). 

However, field gets strengthened as load will develop rated voltage across the armature with 

reverse polarity, is connected and terminal voltage increases. Variation in load resistance causes 

the terminal voltage to vary. Terminal voltage will start falling, when saturation sets in and 

armature reaction effect becomes pronounced at large load current. Hence, series generators are 

not used for delivering power at constant voltage. Series generator found application in boosting 

up voltage in d.c transmission system.  

A compound generator has two separate field coils wound over the field poles. The coil 

having large number of turns and thinner cross sectional area is called the shunt field coil and the 

other coil having few number of turns and large cross sectional area is called the series field coil. 

Series coil is generally connected in series with the armature while the shunt field coil is 

connected in parallel with the armature. If series coil is left alone without any connection, then it 

becomes a shunt machine with the other coil connected in parallel. Placement of field coils for 

shunt, series and compound generators are shown in figure 38.1. Will develop rated voltage 

across the armature with reverse polarity. 

Fig2.11 :Field coils for different DC machines 
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Characteristics of a separately excited generator 

  

No load or Open circuit characteristic  
In this type of generator field winding is excited from a separate source, hence field 

current is independent of armature terminal voltage as shown on figure (38.2). The generator is 

driven by a prime mover at rated speed, say n rps. With switch S in opened condition, field is 

excited via a potential divider connection from a separate d.c source and field current is 

gradually increased. The field current will establish the flux per pole φ. The voltmeter V 

connected across the armature terminals of the machine will record the generated 

emf   =knφ). Remember is a constant (k) of the machine. As field current is 

increased, E
G 

will increase. E
G 

versus I
f 
plot at constant speed n is shown in figure. 

 

                       Fig2.12: Connection of separately excited generator. 

It may be noted that even when there is no field current, a small voltage (OD) is 

generated due to residual flux. If field current is increased, φ increases linearly initially and 

O.C.C follows a straight line. However, when saturation sets in, φ practically becomes constant 

and hence E
g 

too becomes constant. In other words, O.C.C follows the B-H characteristic, hence 

this characteristic is sometimes also called the magnetisation characteristic of the machine. 

 

       Fig: No load and Load characteristics of separately exited DC Generator 
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It is important to note that if O.C.C is known at a certain speed n
l
, O.C.C at another speed 

n
2 

can easily be predicted. It is because for a constant field current, ratio of the generated 

voltages becomes the ratio of the speeds as shown below. 

 

Therefore points on O.C.C at n
2 
can be obtained by multiplying ordinates of O.C.C at n

1 
with 

the ratio  O.C.C at two different speeds are shown in the following figure 

 

                                  Fig:  O C C at different Speeds 

Load characteristic of separately excited generator  

 

Load characteristic essentially describes how the terminal voltage of the armature of a 

generator changes for varying armature current I
a
. First at rated speed, rated voltage is generated 

across the armature terminals with no load resistance connected across it (i.e., with S opened) by 

adjusting the field current. So for I
a 

= 0, V = E
o 
should be the first point on the load characteristic. 

Now with S is closed and by decreasing R
L 

from infinitely large value, we can increase I
a 
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gradually and note the voltmeter reading. Voltmeter reads the terminal voltage and is expected to 

decrease due to various drops such as armature resistance drop and brush voltage drop. In an 

uncompensated generator, armature reaction effect causes additional voltage drop. While noting 

down the readings of the ammeter A2 and the voltmeter V, one must see that the speed remains 

constant at rated value. Hence the load characteristic will be drooping in nature as shown in 

figure .  

 

 Characteristics of a shunt generator  

 
We have seen in the previous section that one needs a separate d.c supply to generate d.c 

voltage. Is it possible to generate d.c voltage without using another d.c source? The answer is yes 

and for obvious reason such a generator is called self excited generator.  

Field coil (F1, F2) along with a series external resistance is connected in parallel with the 

armature terminals (A1, A2) of the machine as shown in figure. Let us first qualitatively explain 

how such connection can produce sufficient voltage. Suppose there exists some residual field. 

Therefore, if the generator is driven at rated speed, we should expect a small voltage knφ to be 

induced across the armature. But this small voltage will be directly applied across the field 

circuit since it is connected in parallel with the armature. Hence a small field current flows 

producing additional flux. If it so happens that this additional flux aids the already existing 

residual flux, total flux now becomes more generating more voltage. This more voltage will 

drive more field current generating more voltage. Both field current and armature generated 

voltage grow cumulatively.  

This growth of voltage and the final value to which it will settle down can be understood 

by referring to  where two plots have been shown. One corresponds to the O.C.C at rated speed 

and obtained by connecting the generator in separately excited fashion as detailed in the 

preceding section. The other one is the V-I characteristic of the field circuit which is a straight 

line passing through origin and its slope represents the total field circuit resistance. 

 

                            Fig2.13: DC Shunt Generator. 
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                 Fig 2.14: Voltage Build up in Shunt generator. 

 

Initially voltage induced due to residual flux is obtained from O.C.C and given by Od. 

The field current thus produced can be obtained from field circuit resistance line and given by 

Op. In this way voltage build up process continues along the stair case. The final stable operating 

point (M) will be the point of intersection between the O.C.C and the field resistance line. If field 

circuit resistance is increased, final voltage decreases as point of intersection shifts toward left. 

The field circuit resistance line which is tangential to the O.C.C is called the critical field 

resistance. If the field circuit resistance is more than the critical value, the machine will fail to 

excite and no voltage will be induced. The reason being no point of intersection is possible in 

this case.  

Suppose a shunt generator has built up voltage at a certain speed. Now if the speed of the 

prime mover is reduced without changing R
f
, the developed voltage will be less as because the 

O.C.C at lower speed will come down. If speed is further reduced to a certain critical speed (n
cr

), 

the present field resistance line will become tangential to the O.C.C at n
cr

. For any speed below 

n
cr

, no voltage built up is possible in a shunt generator. 
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   Fig 2.15a: Critical Field Resistance                          Fig 2.15b: Critical Speed                      

A shunt generator driven by a prime mover, can not built up voltage if it fails to comply any 

of the conditions listed below.  

1. The machine must have some residual field. To ensure this one can at the beginning excite 

the field separately with some constant current. Now removal of this current will leave 

some amount of residual field.  

2. Field winding connection should be such that the residual flux is strengthened by the field 

current in the coil. If due to this, no voltage is being built up, reverse the field terminal 

connection.  

3. Total field circuit resistance must be less than the critical field resistance.  

 

 Load characteristic of shunt generator  

 
With switch S in open condition, the generator is practically under no load condition as 

field current is pretty small. The voltmeter reading will be E
o 

as shown in figures and In other 

words, E
o 

and I
a 

= 0 is the first point in the load characteristic. To load the machine S is closed 

and the load resistances decreased so that it delivers load current I
L
. Unlike separately as well. 

The drop in the terminal voltage will be caused by the usual Irdrop, brush voltage drop and 

armature reaction effect. Apart from these, in shunt generator, as terminal voltage decreases, 

field current hence excited motor, here I
L 

≠ I
a
. In fact, for shunt generator, I

a 
= I

L 
- I

f
. So increase 

of I
L 

will mean increase of I
a aa 

φ also decreases causing additional drop in terminal voltage. 

Remember in shunt generator, field current is decided by the terminal voltage by virtue of its 

parallel connection with the armature. Figure (38.9) shows the plot of terminal voltage versus 

armature current which is called the load characteristic. One can of course translate the V versus 

I
a 

characteristic into V versus I
L 

characteristic by subtracting the correct value of the field current 
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from the armature current. For example, suppose the machine is loaded such that terminal 

voltage becomes V
1 

and the armature current is I
a1

. The field current at this load can be read from 

the field resistance line corresponding to the existing voltage V
1 

across the field as shown in 

figure (38.9). Suppose I
f1 

is the noted field current. Therefore, I
Ll 

= I
a1

- I
f1

.Thus the point [I
a1

, V
1
] 

is translated into [I
Ll

, V
1
] point. Repeating these step for all the points we can get the V versus I

L 

characteristic as well. It is interesting to note that the generated voltage at this loading is E
G1 

(obtained from OCC corresponding to I
f1

). Therefore the length PQ must represents sum of all 

the voltage drops that has taken place in the armature when it delivers I
a
. 

 

 
Fig 2.16 :Load Characteristics of shunt generator 

A compound machines have both series and shunt field coils. On each pole these two 

coils are placed as shown in figure 38.1. Series field coil has low resistance, fewer numbers of 

turns with large cross sectional area and connected either in series with the armature or in series 

with the line. On the other hand shunt field coil has large number of turns, higher resistance, 

small cross sectional area and either connected in parallel across the armature or connected in 

parallel across the series combination of the armature and the series field. Depending on how the 

field coils are connected, compound motors are classified as short shunt and long shunt types as 

shown in figures 
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      Fig2.17 a:  Short Shunt connection.            Fig2.17 b: Long Shunt Connection. 

Series field coil may be connected in such a way that the mmf produced by it aids the 

shunt field mmf-then the machine is said to be cumulative compound machine, otherwise if the 

series field mmf acts in opposition with the shunt field mmf – then the machine is said to be 

differential compound machine.   

In a compound generator, series field coil current is load dependent. Therefore, for a 

cumulatively compound generator, with the increase of load, flux per pole increases. This in turn 

increases the generated emf and terminal voltage. Unlike a shunt motor, depending on the 

strength of the series field mmf, terminal voltage at full load current may be same or more than 

the no load voltage. When the terminal voltage at rated current is same that at no load condition, 

then it is called a level compound generator. If however, terminal voltage at rated current is more 

than the voltage at no load, it is called a over compound generator. The load characteristic of a 

cumulative compound generator will naturally be above the load characteristic of a shunt 

generator as depicted in figure 38.14. At load current higher than the rated current, terminal 

voltage starts decreasing due to saturation, armature reaction effect and more drop in armature 

and series field resistances. 

To understand the usefulness of the series coil in a compound machine let us undertake 

the following simple calculations. Suppose as a shunt generator (series coil not connected) 300 

AT/pole is necessary to get no load terminal voltage of 220 V. Let the terminal voltage becomes 

210 V at rated armature current of 20 A. To restore the terminal voltage to 220 V, shunt 

excitation needs to be raised such that AT/pole required is 380 at 20 A of rated current. As a 

level compound generator, the extra AT (380-300 = 80) will be provided by series field. 

Therefore, number of series turns per pole will be 80/20 = 4. Thus in a compound generator 

series field will automatically provide the extra AT to arrest the drop in terminal voltage which 

otherwise is inevitable for a shunt generator.  
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For the differentially compounded generator where series field mmf opposes the shunt 

field mmf the terminal voltage decreases fast with the increase in the load current. 

 

                                       Fig 2.18: Load  Characteristics of DC generator. 
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UNIT-2:                             

 DC motors 

Introduction: 
DC Motor converts electrical energy (DC) into mechanical energy. Its construction is similar to 

DC Generator. 

Working Principle: 

A DC Motor works on the principle that “whenever a current carrying conductor is placed in a 

magnetic field, it experiences a force”. The magnitude is given by  

       F = B.I.L 

where,    F = Force in Newtons 

       B = Flux density in Weber/ meter2 

               I = Current in amperes flowing through the conductor  

              L = Length of the conductor in meters 

The direction of force is given by Fleming’s left hand rule. 

Fleming’s Left Hand Rule: 

It states that “when the thumb, fore finger and middle finger are held mutually 

perpendicular to each other, with the fore finger in the direction of magnetic field, middle finger 

in the direction of the current, then the direction of thumb indicates the direction of force 

experienced by the conductor”.  
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Consider two conductors a and b, which are placed under the influence of N-pole and S–

pole respectively. When a D.C. supply is given to the motor terminals, the current will flow 

through the conductor a and b.  In conductor a, positive sign indicates that the current is flowing 

inwards and the negative sign in conductor indicates that the current is flowing outwards. 

By Fleming’s left hand rule, the conductor ‘a’ experiences a force in the downward direction 

and the conductor ‘b’ experiences an equal force ‘F’ in the upward direction. As the two 

conductors are connected together, the two equal and opposite forces ‘F’ acting on them, 

constitute a couple tending to rotate the armature in anticlockwise direction. The armature 

contains several number of conductors distributed uniformly in their slots. This will experience a 

continuous torque in the anticlockwise direction-causing armature to rotate in the anticlockwise 

direction. 
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Back EMF (Eb):  

 
 

 

 

 

 

 

 

Torque Equation: 

Torque is the turning moment about its axis. It is also equal to Force x Distance.  
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The actual torque or shaft torque (torque available at the shaft) or Useful torque = Tsh 
= Ta – TL 
whereTsh= shaft torque  
           Ta = armature torque  
          TL = lost torque due to iron losses and mechanical losses 

   Output = 2NTsh/60 
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Tsh = output x 60 / 2N 
If output is in Horse Power,  

Tsh= output in H.P x 735.5/(2N/60) N-M 

 

Types of DC Motors: 

Depends upon the field winding connected to the armature 

(1) DC Shunt Motor  

(2) DC Series Motor  

(3) DC Compound Motor 

 (i)  Cumulative Compound Motor 

                  (a)  Long shunt   

                  (b)  Short shunt 

     (ii)  Differential Compound Motor 

                  (a)  Long shunt  

                  (b)  Short shunt 

DC Shunt Motor: 

 
Ish = V/Rsh  and 

Ia = I– Ish. 

where Iis the line current 

  Eb= V - IaRa– B.C.D – A.R.D 

where B.C.D is brush contact drop(1 V/brush) 

           A.R.D is the armature reaction drop 
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DC Series Motor: 

 
Ia = I = Ise 

Eb= V - Ia(Ra  +Rse) – B.C.D – A.R.D. 

DC Compound Motor: 

 

Characteristics of DC Motor: 

i) Electrical characteristics (Ta / Ia characteristics).  

ii) N/Ia characteristics.  

iii) Mechanical characteristics (N/Ta characteristics). 
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Characteristics of DC Shunt Motor: 
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Characteristics of DC Compound Motor:  

In the cumulative compound motor as Ia increases, flux se increases but the shunt field current 

Ish and sh remain constant and total flux increases. 

 TaIa 

 

Applications of DC Motors: 

(1) DC Shunt Motor: When constant speed is required DC shunt motors are used.  

           Example: Lathes, Centrifugal pumps, fans, drilling machines. etc. 

(2) DC Series Motor: For high starting torque we prefer DC series motor. Example: Electric   

traction, electric locomotive, cranes, hoists, conveyors etc. 

(3) DC Compound Motor: When we require constant speed and high starting torque 

Cumulative compound motors are preferred. Example: shears, punches, coal cutting 

machine, elevators, conveyors, printing presses etc. Differential compound motors have 

no practical applications (being unstable). 

 

Necessity of Starter for DC Motor:  

Ia = (V Eb) / Ra, at starting, Eb= 0, therefore Ia = V/Ra 

 Then, Ia = 220 /1 to 2 = 110 to 220 A will flow which is nearly 15 to 30 times of rated 

current. To avoid excess inflow of current in the armature, some resistance is included at the 

starting. When it attains 50 - 60% of the rated speed all the resistance will be removed. 
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Three Point Starter: 

 

 

 

• L, F, A are the three terminals of the starter, to which external connections are made.  

• R is the starting resistance, which is divided into various studs.  

• To start the motor, close the supply switch and the brass arm L is moved to the right to 

touch stud no.1 of R. 

• It also touches the brass arc, thus current will flow through shunt field winding as well as 

the armature.  

• The motor starts rotating, the starting arm is moved gradually and completely when the 

speed is above 50% of its rated speed.  

• Speed can be increased by field rheostat Rh if required.  

• As long as motor is running and the supply is on, the brass arm L is held in the ON 

position by the electromagnet E. 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 39 

 

 

There are two protective devices in the starter, one is the electromagnet, (hold on coil).  

• Under running condition when the power fails electromagnet E de-energizes and the 

spring S attached to the brass arm pulls back to OFF position.  

• The electromagnet E also prevents the motor from reaching dangerously high speed, 

when the field circuit is opened under running condition. 

     The second protective device is an electromagnet M which, is known as the “over load 

release” 

     (over load protection).   

• When the current increases beyond the rated value, M attracts D; thereby short circuiting 

the electromagnet E. The electromagnet E gets de- energized and hence the arm L is 

pulled back to OFF position. 

• This starter is normally used for starting D.C shunt motors. 

 

Speed control of shunt motor  

 
We know that the speed of shunt motor is given by:  

V-Irn=kφ  

where, V
a 

is the voltage applied across the armature and φ is the flux per pole and is proportional 

to the field current I
f
. As explained earlier, armature current I

a 
is decided by the mechanical load 

present on the shaft. Therefore, by varying V
a 

and I
f 
we can vary n. For fixed supply voltage and 

the motor connected as shunt we can vary V
a 

by controlling an external resistance connected in 

series with the armature. I
f 

of course can be varied by controlling external field resistance R
f 

connected with the field circuit. Thus for .shunt motor we have essentially two methods for 

controlling speed, namely by:  

1. varying armature resistance.  

2. varying field resistance.  
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i) Speed control by varying armature resistance  

The inherent armature resistance r
a 

being small, speed n versus armature current I
a 

characteristic will be a straight line with a small negative slope as shown in figure 39.4. In the 

discussion to follow we shall not disturb the field current from its rated value. For shunt motor 

voltage applied to the field and armature circuit are same and equal to the supply voltage V. 

However, as the motor is loaded, I
a
r

a 
drop increases making speed a little less than the no load 

speed n
0
. For a well designed shunt motor this drop in speed is small and about 3 to 5% with 

respect to no load speed. This drop in speed from no load to full load condition expressed as a 

percentage of no load speed is called the inherent speed regulation of the motor. 

                         

 

Fig: N v/s Ia Characteristics                                                   Fig :N v/s Te Characteristics    

 

The slope of the n vs I
a 

or n vs T
e 

characteristic can be modified by deliberately connecting 

external resistance r
ext 

in the armature circuit. One can get a family of speed vs. armature curves 

as shown in figures 39.6 and 39.7 for various values of r
ext

. From these characteristic it can be 

explained how speed control is achieved. Let us assume that the load torque T
L 

is constant and 

field current is also kept constant. Therefore, since steady state operation demands T
e 

= T
L
, T

e 
= 

akIφ too will remain constant; which means I
a 

will not change. Suppose r
ext 

= 0, then at rated 

load torque, operating point will be at C and motor speed will be n. If additional resistance r
ext1 

is 

introduced in the armature circuit, new steady state operating speed will be n
1 

corresponding to 

the operating point D. In this way one can get a speed of n
2 

corresponding to the operating point 
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E, when r
ext2 

is introduced in the armature circuit. This same load torque is supplied at various 

speed. Variation of the speed is smooth and speed will decrease smoothly if r
ext 

is increased. 

Obviously, this method is suitable for controlling speed below the base speed and for supplying 

constant rated load torque which ensures rated armature current always. Although, this method 

provides smooth wide range speed control (from base speed down to zero speed), has a serious 

draw back since energy loss takes place in the external resistance r
ext 

reducing the efficiency of 

the motor.  

 

ii)Speed control by varying field current  

 
In this method field circuit resistance is varied to control the speed of a d.c shunt motor. Let us 

rewrite .the basic equation to understand the method.          

                                                          

If we vary I
f
, flux φ will change, hence speed will vary. To change I

f 
an external resistance is 

connected in series with the field windings. The field coil produces rated flux when no external 

resistance is connected and rated voltage is applied across field coil. It should be understood that 

we can only decrease flux from its rated value by adding external resistance. Thus the speed of 

the motor will rise as we decrease the field current and speed control above the base speed will 

be achieved. Speed versus armature current characteristic is shown in figure 39.8 for two flux 

values φ and 1φ. Since 1<φφ, the no load speed 'on for flux value 1φ is more than the no load 

speed n
o 

corresponding to φ. However, this method will not be suitable for constant load torque. 

To make this point clear, let us assume that the load torque is constant at rated value. So from the 

initial steady condition, we have 1=L ratedea ratedT=TkIφ. If load torque remains constant and 

flux is reduced to 1φ, new armature current in the steady state is obtained from 11aL ratekI=T φ. 

Therefore new armature current is 

                                              

But the fraction,1 1>φφ; hence new armature current will be greater than the rated armature 

current and the motor will be overloaded. This method therefore, will be suitable for a load 

whose torque demand decreases with the rise in speed keeping the output power constant as 

shown in figure 39.9. Obviously this method is based on flux weakening of the main field. 

Therefore at higher speed main flux may become so weakened, that armature reaction effect will 

be more pronounced causing problem in commutation. 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 42 

 

 

 

          Fig:N v/s Ia Characteristics                       Fig: Constant Torque and Power Operation 

 

 

Speed control by armature voltage variation  

 
In this method of speed control, armature is supplied from a separate variable d.c voltage source, 

while the field is separately excited with fixed rated voltage as shown in figure 39.10. Here the 

armature resistance and field current are not varied. Since the no load speed 0=aVknφ, the speed 

versus I
a 

characteristic will shift parallely as shown in figure  for different values of V
a
. 

 

  

 

As flux remains constant, this method is suitable for constant torque loads. In a way armature 

voltage control method is similar to that of armature resistance control method except that the 

former one is much superior as no extra power loss takes place in the armature circuit. Armature 

voltage control method is adopted for controlling speed from base speed down to very small 

speed as one should not apply across the armature a voltage which is higher than the rated 

voltage. 
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Ward Leonard method: combination of V
a 
and I

f 
control  

In this scheme, both field and armature control are integrated as shown in figure 39.12. 

Arrangement for field control is rather simple. One has to simply connect an appropriate rheostat 

in the field circuit for this purpose. However, in the pre power electronic era, obtaining a 

variable d.c supply was not easy and a separately excited d.c generator was used to supply the 

motor armature. Obviously to run this generator, a prime mover is required. A 3-phase induction 

motor is used as the prime mover which is supplied from a 3-phase supply. By controlling the 

field current of the generator, the generated emf, hence V
a 

can be varied. The potential divider 

connection uses two rheostats in parallel to facilitate reversal of generator field current.  

First the induction motor is started with generator field current zero (by adjusting the jockey 

positions of the rheostats). Field supply of the motor is switched on with motor field rheostat set 

to zero. The applied voltage to the motor V
a
, can now be gradually increased to the rated value 

by slowly increasing the generator field current. In this scheme, no starter is required for the d.c 

motor as the applied voltage to the armature is gradually increased. To control the speed of the 

d.c motor below base speed by armature voltage, excitation of the d.c generator is varied, while 

to control the speed above base speed field current of the d.c motor is varied maintaining 

constant V
a
. Reversal of direction of rotation of the motor can be obtained by adjusting jockeys 

of the generator field rheostats. Although, wide range smooth speed control is achieved, the cost 

involved is rather high as we require one additional d.c generator and a 3-phase induction motor 

of simialr rating as that of the d.c motor whose speed is intended to be controlled.  

In present day, variable d.c supply can easily be obtained from a.c supply by using controlled 

rectifiers thus avoiding the use of additional induction motor and generator set to implement 

Ward leonard method.  

 

                                       Fig: Scheme for Ward Leonard Method of Speed control 
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Series motor  
In this motor the field winding is connected in series with the armature and the combination is 

supplied with d.c voltage as depicted in figure 39.13. Unlike a shunt motor, here field current is 

not independent of armature current. In fact, field and armature currents are equal i.e., I
f 
= I

a
. 

Now torque produced in a d.c motor is: 

 

 

                                                  Fig: DC Series Motor. 

 

Since torque is proportional to the square of the armature current, starting torque of a series 

motor is quite high compared to a similarly rated d.c shunt motor.  

 
 

 Characteristics of series motor  
Torque vs. armature current characteristic  

Since 2∝aTI in the linear zone and ∝aTI in the saturation zone, the T vs. I
a 
characteristic is as 

shown in figure   

 

speed vs. armature current  

From the KVL equation of the motor, the relation between speed and armature current can be 

obtained as follows:  
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The relationship is inverse in nature making speed dangerously high as 0→aI. Remember that 

the value of I
a
, is a measure of degree of loading. Therefore, a series motor should never be 

operated under no load condition. Unlike a shunt motor, a series motor has no finite no load 

speed. Speed versus armature current characteristic is shown in fig.  
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Where k'' and k' represent appropriate constants to take into account the proportionality that exist 

between current, torque and flux in the linear zone. This relation is also inverse in nature 

indicating once again that at light load or no load ()0→T condition; series motor speed 

approaches a dangerously high value. The characteristic is shown in figure 39.16. For this 

reason, a series motor is never connected to mechanical load through belt drive. If belt snaps, the 

motor becomes unloaded and as a consequence speed goes up unrestricted causing mechanical 

damages to the motor. 

 

Braking of d.c shunt motor:  

It is often necessary in many applications to stop a running motor rather quickly. We know that 

any moving or rotating object acquires kinetic energy. Therefore, how fast we can bring the 

object to rest will depend essentially upon how quickly we can extract its kinetic energy and 

make arrangement to dissipate that energy somewhere else. If you stop pedaling your bicycle, it 

will eventually come to a stop eventually after moving quite some distance. The initial kinetic 

energy stored, in this case dissipates as heat in the friction of the road. However, to make the 

stopping faster, brake is applied with the help of rubber brake shoes on the rim of the wheels. 

Thus stored K.E now gets two ways of getting dissipated, one at the wheel-brake shoe interface 

(where most of the energy is dissipated) and the other at the road-tier interface. This is a good 

method no doubt, but regular maintenance of brake shoes due to wear and tear is necessary.  

If a motor is simply disconnected from supply it will eventually come to stop no doubt, but will 

take longer time particularly for large motors having high rotational inertia. Because here the 

stored energy has to dissipate mainly through bearing friction and wind friction. The situation 

can be improved, by forcing the motor to operate as a generator during braking. The idea can be 

understood remembering that in motor mode electromagnetic torque acts along the direction of 

rotation while in generator the electromagnetic torque acts in the opposite direction of rotation. 

Thus by forcing the machine to operate as generator during the braking period, a torque opposite 

to the direction of rotation will be imposed on the shaft, thereby helping the machine to come to 

stop quickly. During braking action, the initial K.E stored in the rotor is either dissipated in an 

external resistance or fed back to the supply or both.  
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i) Rheostatic braking : 

Consider a d.c shunt motor operating from a d.c supply with the switch S connected to position 1 

as shown in figure 39.23. S is a single pole double throw switch and can be connected either to 

position 1 or to position 2. One end of an external resistance R
b 

is connected to position 2 of the 

switch S as shown.  

Let with S in position 1, motor runs at n rpm, drawing an armature current I
a 

and the back emf is 

E
b 

= kφ n. Note the polarity of E
b 

which, as usual for motor mode in opposition with the supply 

voltage. Also note T
e 
and n have same clock wise direction. 

 

            Fig Machine operates as Motor                   Fig: Machine operates as generator under Braking 

  

Now if S is suddenly thrown to position 2 at t = 0, the armature gets disconnected from the 

supply and terminated by R
b 

with field coil remains energized from the supply. Since speed of 

the rotor can not change instantaneously, the back emf value E
b 

is still maintained with same 

polarity prevailing at t = 0
-
. Thus at t = 0

+
, armature current will be I

a 
= E

b
/(r

a 
+ R

b
) and with 

reversed direction compared to direction prevailing during motor mode at t = 0
-
.  

Obviously for t > 0, the machine is operating as generator dissipating power to R
b 

and now the 

electromagnetic torque T
e 

must act in the opposite direction to that of n since I
a 

has changed 

direction but φ has not (recall T
e 
∝ φ I

a
). As time passes after switching, n decreases reducing 

K.E and as a consequence both E
b 

and I
a 

decrease. In other words value of braking torque will be 

highest at t = 0
+
, and it decreases progressively and becoming zero when the machine finally 

come to a stop.  
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ii) Plugging or dynamic braking  
 
This method of braking can be understood by referring to figures 39.25 and 39.26. Here S is a 

double pole double throw switch. For usual motoring mode, S is connected to positions 1 and 1'. 

Across terminals 2 and 2', a series combination of an external resistance R
b 

and supply voltage 

with polarity as indicated is connected. However, during motor mode this part of the circuit 

remains inactive 

 
Fig Machine operates as Motor                   Fig: Machine operates as generator under Braking 

 

To initiate braking, the switch is thrown to position 2 and 2' at t = 0, thereby disconnecting the 

armature from the left hand supply. Here at t = 0
+
, the armature current will be I

a 
= (E

b 
+ V)/(r

a 
+ 

R
b
) as E

b 
and the right hand supply voltage have additive polarities by virtue of the connection. 

Here also I
a 

reverses direction producing T
e 
in opposite direction to n. I

a 
decreases as E

b 
decreases 

with time as speed decreases. However, I
a 

can not become zero at any time due to presence of 

supply V. So unlike rheostatic braking, substantial magnitude of braking torque prevails. Hence 

stopping of the motor is expected to be much faster then rheostatic breaking. But what happens, 

if S continuous to be in position 1' and 2' even after zero speed has been attained? The answer is 

rather simple, the machine will start picking up speed in the reverse direction operating as a 

motor. So care should be taken to disconnect the right hand supply, the moment armature speed 

becomes zero. 
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iii) Regenerative braking  
A machine operating as motor may go into regenerative braking mode if its speed becomes 

sufficiently high so as to make back emf greater than the supply voltage i.e., E
b 

> V. Obviously 

under this condition the direction of I
a 

will reverse imposing torque which is opposite to the 

direction of rotation. The situation is explained in figures 39.27 and 39.28. The normal motor 

operation is shown in figure 39.27 where armature motoring current I
a 

is drawn from the supply 

and as usual E
b 

< V. Since E
b 

= kφ n
1
. The question is how speed on its own become large 

enough to make E
b 

< V causing regenerative braking. Such a situation may occur in practice 

when the mechanical load itself becomes active. Imagine the d.c motor is coupled to the wheel of 

locomotive which is moving along a plain track without any gradient as shown in figure 39.27. 

Machine is running as a motor at a speed of n
1 

rpm. However, when the track has a downward 

gradient (shown in figure 39.28), component of gravitational force along the track also appears 

which will try to accelerate the motor and may increase its speed to n
2 

such that E
b 

= kφ n
2 

> V. 

In such a scenario, direction of I
a 

reverses, feeding power back to supply. Regenerative braking 

here will not stop the motor but will help to arrest rise of dangerously high speed. 

 

Fig : Machine operates as motor 

 
Fig: Machine enters regenerative braking mode 
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UNIT-3:                         

 Testing of dc motors 

Introduction: 
Losses and efficiency: 

Motors convert electrical power (input power) into mechanical power (output power) while 

generators convert mechanical power (input power) into electrical power (output power). Whole 

of the input power can not be converted into the output power in a practical machine due to 

various losses that take place within the machine. Efficiency η being the ratio of output power to 

input power, is always less than 1 (or 100 %). Designer of course will try to make η as large as 

possible. Order of efficiency of rotating d.c machine is about 80 % to 85 %. It is therefore 

important to identify the losses which make efficiency poor.  

 Major losses  

Take the case of a loaded d.c motor. There will be copper losses ()22 and aafffIrIRVI= in 

armature and field circuit. The armature copper loss is variable and depends upon degree of 

loading of the machine. For a shunt machine, the field copper loss will be constant if field 

resistance is not varied. Recall that rotor body is made of iron with slots in which armature 

conductors are placed. Therefore when armature rotates in presence of field produced by stator 

field coil, eddy current and hysteresis losses are bound to occur on the rotor body made of iron. 

The sum of eddy current and hysteresis losses is called the core loss or iron loss. To reduce core 

loss, circular varnished and slotted laminations or stamping are used to fabricate the armature. 

The value of the core loss will depend on the strength of the field and the armature speed. Apart 

from these there will be power loss due to friction occurring at the bearing & shaft and air 

friction (windage loss) due to rotation of the armature. To summarise following major losses 

occur in a d.c machine. 

 

Field copper loss: It is power loss in the field circuit and equal to2ff IRVI= 

1. During the course of loading if field circuit resistance is not varied, field copper loss 

remains constant.  

2. Armature copper loss: It is power loss in the armature circuit and equal to 2aaIR 

. Since the value of armature current is decided by the load, armature copper loss becomes a 

function of time.  
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3. Core loss: It is the sum of eddy current and hysteresis loss and occurs mainly in the rotor 

iron parts of armature. With constant field current and if speed does not vary much with 

loading, core loss may be assumed to be constant.  

4. Mechanical loss: It is the sum of bearing friction loss and the windage loss (friction loss 

due to armature rotation in air). For practically constant speed operation, this loss too, 

may be assumed to be constant.  

Apart from the major losses as enumerated above there may be a small amount loss called stray 

loss occur in a machine. Stray losses are difficult to account. Power flow diagram of a d.c motor 

is shown in figure 40.1. A portion of the input power is consumed by the field circuit as field 

copper loss. The remaining power is the power which goes to the armature; a portion of which is 

lost as core loss in the armature core and armature copper loss. Remaining power is the gross 

mechanical power developed of which a portion will be lost as friction and remaining power will 

be the net mechanical power developed. Obviously efficiency of the motor will be given by: 

 

Fig: Power Flow Diagram of a DC motor 

Similar power flow diagram of a d.c generator can be drawn to show various losses and input, output 

power 
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Fig: Power Flow Diagram of a DC Generator 

  

 Swinburne’s Test  

 
For a d.c shunt motor change of speed from no load to full load is quite small. Therefore, 

mechanical loss can be assumed to remain same from no load to full load. Also if field current is 

held constant during loading, the core loss too can be assumed to remain same.  

In this test, the motor is run at rated speed under no load condition at rated voltage. The current 

drawn from the supply I
L0 

and the field current I
f 
are recorded. Now we note that: 
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               Fig Motor under No load                            Fig Motor under Full Load 

 

Since the motor is operating under no load condition, net mechanical output power is zero. 

Hence the gross power developed by the armature must supply the core loss and friction & 

windage losses of the motor. Therefore, 

 

 

Since, both P
core 

and P
friction 

for a shunt motor remains practically constant from no load to full 

load, the sum of these losses is called constant rotational loss i.e., 

 

 

 

In the Swinburne's test, the constant rotational loss comprising of core and friction loss is 

estimated from the above equation.  

After knowing the value of P
rot 

from the Swinburne's test, we can fairly estimate the efficiency of 

the motor at any loading condition. Let the motor be loaded such that new current drawn from 

the supply is I
L 

and the new armature current is I
a 

as shown in figure 40.4. To estimate the 

efficiency of the loaded motor we proceed as follows; 
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The estimated value of P
rot 

obtained from Swinburne’s test can also be used to estimate the 

efficiency of the shunt machine operating as a generator. In figure 40.5 is shown to deliver a load 

current I
L 

to a load resistor R
L
. In this case output power being known, it is easier to add the 

losses to estimate the input mechanical power.  

Output power 

 

                                    Fig : Loaded Dc Generator 

 

 

The biggest advantage of Swinburne's test is that the shunt machine is to be run as motor under 

no load condition requiring little power to be drawn from the supply; based on the no load 

reading, efficiency can be predicted for any load current. However, this test is not sufficient if we 

want to know more about its performance (effect of armature reaction, temperature rise, 

commutation etc.) when it is actually loaded. Obviously the solution is to load the machine by 

connecting mechanical load directly on the shaft for motor or by connecting loading rheostat 

across the terminals for generator operation. This although sounds simple but difficult to 

implement in the laboratory for high rating machines (say above 20 kW), Thus the laboratory 

must have proper supply to deliver such a large power corresponding to the rating of the 

machine. Secondly, one should have loads to absorb this power.  
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 Hopkinson’s test : 

This as an elegant method of testing d.c machines. Here it will be shown that while power drawn 

from the supply only corresponds to no load losses of the machines, the armature physically 

carries any amount of current (which can be controlled with ease). Such a scenario can be 

created using two similar mechanically coupled shunt machines. Electrically these two machines 

are eventually connected in parallel and controlled in such a way that one machine acts as a 

generator and the other as motor. In other words two similar machines are required to carry out 

this testing which is not a bad proposition for manufacturer as large numbers of similar machines 

are manufactured. 

Procedure  

Connect the two similar (same rating) coupled machines as shown in figure 40.6. With switch S 

opened, the first machine is run as a shunt motor at rated speed. It may be noted that the second 

machine is operating as a separately excited generator because its field winding is excited and it 

is driven by the first machine. Now the question is what will be the reading of the voltmeter 

connected across the opened switch S? The reading may be (i) either close to twice supply 

voltage or (ii) small voltage. In fact the voltmeter practically reads the difference of the induced 

voltages in the armature of the machines. The upper armature terminal of the generator may have 

either + ve or negative polarity. If it happens to be +ve, then voltmeter reading will be small 

otherwise it will be almost double the supply voltage 

 

 

 

Fig:Hopkinsons Test: Before Paralleling 
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Since the goal is to connect the two machines in parallel, we must first ensure voltmeter reading 

is small. In case we find voltmeter reading is high, we should switch off the supply, reverse the 

armature connection of the generator and start afresh. Now voltmeter is found to read small 

although time is still not ripe enough to close S for paralleling the machines. Any attempt to 

close the switch may result into large circulating current as the armature resistances are small. 

Now by adjusting the field current I
fg 

of the generator the voltmeter reading may be adjusted to 

zero (E
g 

≈ E
b
) and S is now closed. Both the machines are now connected in parallel as shown in 

figure. 

 
Fig:Hopkinsons Test: machines Paralled 

Loading the machines  

After the machines are successfully connected in parallel, we go for loading the machines i.e., 

increasing the armature currents. Just after paralleling the ammeter reading A will be close to 

zero as E
g 

≈ E
b
. Now if I

fg 
is increased (by decreasing R

fg
), then E

g 
becomes greater than E

b 
and 

both I
ag 

and I
am 

increase, Thus by increasing field current of generator (alternatively decreasing 

field current of motor) one can make E
g 

> E
b 

so as to make the second machine act as generator 

and first machine as motor. In practice, it is also required to control the field current of the motor 

I
fm 

to maintain speed constant at rated value. The interesting point to be noted here is that I
ag 

and 

I
am 

do not reflect in the supply side line. Thus current drawn from supply remains small 

(corresponding to losses of both the machines). The loading is sustained by the output power of 

the generator running the motor and vice versa. The machines can be loaded to full load current 

without the need of any loading arrangement.  
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 Calculation of efficiency  

Let field currents of the machines be are so adjusted that the second machine is acting as 

generator with armature current I
ag 

and the first machine is acting as motor with armature current 

I
am 

as shown in figure 40.7. Also let us assume the current drawn from the supply be I
1
. Total 

power drawn from supply is VI
1 

which goes to supply all the losses (namely Cu losses in 

armature & field and rotational losses) of both the machines,  

Now: 

 

 

Since speed of both the machines are same, it is reasonable to assume the rotational losses of 

both the machines are equal; which is strictly not correct as the field current of the generator will 

be a bit more than the field current of the motor, Thus, 

 

 

 

Once P
rot 

is estimated for each machine we can proceed to calculate the efficiency of the 

machines as follows 

 

 

 

 

 

 

 

 

 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 59 

 

 

Efficiency of the motor  

As pointed out earlier, for efficiency calculation of motor, first calculate the input power and 

then subtract the losses to get the output mechanical power as shown below, 

 

 
Efficiency of the generator  

 
For generator start with output power of the generator and then add the losses to get the input 

mechanical power and hence efficiency as shown below, 
 

 
 
Condition for maximum efficiency  

We have seen that in a transformer, maximum efficiency occurs when copper loss = core loss, where, 

copper loss is the variable loss and is a function of loading while the core loss is practically constant 

independent of degree of loading. This condition can be stated in a different way: maximum 

efficiency occurs when the variable loss is equal to the constant loss of the transformer.  

Here we shall see that similar condition also exists for obtaining maximum efficiency in a d.c shunt 

machine as well.  
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 Maximum efficiency for motor mode  

 
Let us consider a loaded shunt motor as shown in figure 40.8. The various currents along with 

their directions are also shown in the figure. 

 
Fig: Machine operates as Motor                                      Fig: Machine operates as generator 

 

Now the armature copper loss 2aaIrcan be approximated to 2LaIras aII≈. This is because the 

order of field current may be 3 to 5% of the rated current. Except for very lightly loaded motor, 

this assumption is reasonably fair. Therefore replacing I
a 

by I
f 

in the above expression for 

efficiency mη, we get 
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Thus, we get a simplified expression for motor efficiency mη in terms of the variable current 

(which depends on degree of loading) I
L
, current drawn from the supply. So to find out the 

condition for maximum efficiency, we have to differentiate mη with respect to I
L 

and set it to 

zero as shown below.  
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UNIT-4:                         

 SYNCHRONOUS MACHINES or Alternators             

Introduction:- 
 

An alternator is an alternating current voltage generator. It is also called a “Synchronous 

generator”. In the case of an alternator, the field system is rotating and the armature is 

stationary. This is because, in the case of an alternator, having a stationary armature has several 

advantages, which are listed below: 

1. The generated voltage can be directly connected to the load, so that, the load current need 

not pass through brush contacts. 

2. It is easy to insulate the stationary armature for high ac generated voltages, which may be 

as high as 11kv to 33kv. 

3. The sliding contacts i.e. the slip rings are transferred to the low voltage,low power dc 

field circuit which can be easily insulated. The excitation voltage is only of the order 

110volts to 220volts. 

4. The armature windings can be easily braced to prevent any deformation produced by 

large mechanical stresses set up due to short circuit and large centrifugal forces that 

might set up. 

Construction: 
 

Basically an alternator consists of two parts. 

a) Stator 

b) Rotor 
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Stator 

 

 

 

 

 

 

 

 

  

 

The stator of an alternator consists of a stator frame made of mild steel plates, welded 

together to form a cylindrical drum. Inside the cylindrical drum, cylindrical statorlaminations 

made of special steel alloy are fixed. The stator core laminations are insulated from one another 

and pressed together to form a core. On the inner periphery of stator core, uniform slots are cut to 

house the stator conductors. These are holes cast in the stator frame and radial ventilating spaces 

in the lamination which circulate free air and help in cooling of the alternator. For small 

alternators the laminations are in one section and for large alternators each lamination is made up 

of small segments. 

 

Rotor 

 There are two types of rotor. 

1) Salient Pole Type 

2) SmoothCylindrical Type 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 64 

 

The alternator with salient pole type rotor is called salient pole alternator and the alternator with 

smooth cylindrical type rotor is called non-salient pole alternator or turbo alternator. 

 

 

 

 

 

Salient Pole Type Alternator- 

   

 

 

 

 

 

 

 

 

 

 

This is also called project pole type as all the poles are projected out from the surface of 

the rotor. 

The poles are built up of thick steel laminations. The poles are bolted to the rotor as 

shown in figure above. The field winding is provided on the pole shoe. These rotors have large 

diameters and small axial lengths. The limiting factor for the size of the rotor is the centrifugal 

force acting on the rotating member of the machine. As mechanical strength of salient pole type 

is less, this is preferred for low speed alternators ranging from 125rpm to 500rpm. The prime 

movers used to drive such rotors are generally water turbines and IC engines. 

 

Smooth Cylindrical Type Rotor. (Non Salientor Non Projected Pole Type) 
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  The rotor consists of smooth solid steel cylinder having a number of slots to 

accommodate the field coils. These slots are covered at the top with the help of steel or 

manganese wedges. Theunslotted portions of the cylinder itself act as the poles. 

 

 

 

 

 

 

 

 

 

The poles are not projecting out and the surface of the rotor is smooth which maintains 

uniform air gap between stator and rotor. These rotors have small diameters and large axial 

lengths. This is to keep peripheral speed into limits. The main advantage of this type is that these 

are mechanically very strong and thus preferred for high speed alternators ranging 1500rpm to 

3000rpm. Such high speed alternators are called ‘turbo alternators’. The prime movers used to 

drive such type of rotors are steam turbines, electric motors. 

 

Working principle  
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 The field winding of the rotor is supplied with a dc voltage of 110v or 220 volts 

generated by the pilot exciter through the two brushes which are set to slide on two slip rings 

fixed to the shafts of the alternator. The rotor is rotated by a prime mover and the flux produced 

by the rotor poles sweeps across the stator conductors and hence the EMF is induced in them. 

 

 

 

 

 

Relation between Poles, Speed and the Frequency: 

 Let   P= number of poles 

         N= speed of rotor in rpm. 

         f= frequency of generated emf in Hz. 

Since one cycle of emf is induced when a conductor passes through a pair of poles, the 

number of cycles of emf induced in one revolution of rotor is equal to the number of pair of 

poles. 

  No. of cycles/revolution = P/2 

  No. of revolution/sec = N/60 

  Frequency = no. of cycles/sec 

  Frequency (f) =no. of cycles/revolution x No. of revolutions/sec 

 

    

 

 

EMF Equation of an Alternator: 

 

Let N= speed of rotor in rpm 

 Φ= flux per pole in wb. 

 P= no. of poles 

 f= frequency  
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 Z=number of armature conductors in series per phase. 

 Z=2T, TNo. of turns per phase. 

 Time taken for one revolution  60/N se 

 

During this time a conductor crosses P poles and cuts a flux of   PΦ  wb. 

 

Therefore according to faraday’s law, 

  Average induced emf / conductor= flux cut/ time taken = PΦ/ (60/N) 

         = NPΦ/60 volts. 

 

But f= PN/120 Hz. 

 

Therefore, . 

Z conductors are connected in series per phase, 

 

 But Z=2T 

 

 

Wkt, 

 

Therefore  

  The above emf is derived assuming that the stator winding is full pitched and the 

emf’s induced in the various conductors are equal in magnitude and does not have any phase 

difference. It is also assumed that all the conductors per pole per phase are connected in a single 

slot. But, in practice the coils are short pitched. The conductors are uniformly distributed in all 

the slots of the stator. Due to these two facts, the emf induced in the alternator gets reduced by a 

small quantity. The equation for induced emf is modified as, 

 

 

 

  Where KP=pitch factor 
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  Kd= distribution factor 

 

Pitch factor 

 It is also known as coil span factor or chording factor. Pole pitch is the distance between 

two similar points on adjacent poles and it is defined to be 180° electrical. Coil pitch or coil span 

is the distance between two adjacent sides of a coil. 

 If the armature winding is so wound that the coil pitch equals the pole pitch then it is 

called a full pitched winding. But for practical reasons, we make the coil span less than the pole 

pitch by angle α where α is called the chording angle(then the winding is said to be short 

pitched). 
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Due to this, the induced emf reduces by a pitch factor Kp, the pitch factor and  

 

Distribution factor Kd 

 This is also known as breadth factor orwinding factor. Under the influence of each pole, 

Z/P conductors belong to one phase. All these conductors can be accommodated in one armature 

slot and we have to distribute them over two or more slots. This again reduces the induced emf 

by a factor Kd. 

 

  

 

 

 

 

Taking these two factors into account, 

 

 

 

Voltage Regulation of an Alternator: 

 

 The total change in terminal voltage of the alternator from no load to full load, at constant 

speed and field excitation, is termed as voltage regulation. 

[OR] 

 The voltage regulation of an alternator is the change in its terminal voltage when full load 

is removed keeping the field excitation and speed constant, divided by the rated terminal voltage. 
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  Where E0= no load terminal voltage. 

              V= full load terminal voltage. 

The regulation is usually expressed as a % of the voltage drop from no load to full load w.r.t full 

load terminal voltage. 

 

UNIT-5:                          

Methods of calculating regulation of 

synchronous generator 

Introduction: 
Modern power systems operate at some standard voltages. The equipments working on these 

systems are therefore given input voltages at these standard values, within certain agreed 

tolerance limits. In many applications this voltage itself may not be good enough for obtaining 

the best operating condition for the loads. A transformer is interposed in between the load and 

the supply terminals in such cases. There are additional drops inside the transformer due to the 

load currents. While input voltage is the responsibility of the supply provider, the voltage at the 

load is the one which the user has to worry about. If undue voltage drop is permitted to occur 

inside the transformer the load voltage becomes too low and affects its performance. It is 

therefore necessary to quantify the drop that takes place inside a transformer when certain load 

current, at any power factor, is drawn from its output leads. This drop is termed as the voltage 

regulation and is expressed as a ratio of the terminal voltage (the absolute value per se is not too 

important). 

Voltage regulation of an alternator is defined as the rise in terminal voltage of the machine 

expressed as a fraction of percentage of the initial voltage when specified load at a particular 

power factor is reduced to zero, the speed and excitation remaining unchanged. 

Methods Of Predetermination Of Regulation  

• Synchronous impedance method (EMF method)  

• Magneto Motive Force method (MMF method)  

• Zero Power Factor method (ZPF method)  
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• American Standards Association method (ASA method) 

• Synchronous impedance method (EMF method) : 

The experiment involves the determination of the following characteristics and parameters: 

1. The open -circuit characteristic(the O.C.C) 

2. The short-circuit characteristic(the S.C.C) 

3. The effective resistance of he armature winding. 

The O.C.C is a plot of the armature terminal voltage as a function of field current with a 

symmetrical three phase short-circuit applied across the armature terminals with the machine 

running at rated speed. At any value of field current, if E is the open circuit voltage and Isc is the 

short circuit current then for this value of excitation 

                                                 Zs = E/Sic 

At higher values of field current, saturation increases and the synchronous impedance decreases. 

The value of Zs calculated for the unsaturated region of the O.C.C is called the unsaturated value 

of the synchronous impedance. 

If Ra is the effective resistance of the armature per phase, the synchronous reactance 

Xs is given by 

                                                        Xs = sqrt (Za2 – Ra2) 

If V is the magnitude of the rated voltage of he machine and the regulation is to be calculated for 

a load current I at a power factor angle f, then the corresponding magnitude of the open circuit 

voltage E is  

                                                           E = V + IZs 

Here bold letters indicate complex numbers. 

                                                      Regulation =(E-V)/V 

Procedure: 

1. Open circuit characteristic 

Connect the alternator as shown in FIG.1. The prime move in this experiment is a D.C. shunt 

motor, connected with resistances in its armature and field circuits so as to enable the speed of 

the set to be controlled. Run the set at the rated speed of the alternator, and for each setting of the 

field current, record the alternator terminal voltage and the field current. Note that there is no 

load on the alternator. Record readings till then open circuit voltage reaches 120% of the rated 

voltage of the machine. 

 

 

2. Short circuit characteristic 

(FIG.2) Connect as in FIG.1, but short-circuit the armature terminals through an ammeter. The 

current range of the instrument should be about 25-50 % more than the full load current of the 

alternator. Starting with zero field current, increase the field current gradually and cautiously till 

rated current flows in the armature. The speed of the set in this test also is tom be maintained at 

the rated speed of the alternator. 

3. Measure the D.C. resistance of he armature circuit of the alternator. The effective a.c 

resistance may be taken to be 1.2 times the D.C. resistance. 

 

Report: 

1. Plot on the same graph sheet, the O.C.C (open circuit terminal voltage per phase 

versus the field current), and the short-circuit characteristic (short-circuit 

armature current versus the field current). 
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2. Calculate the unsaturated value of the synchronous impedance, and the value 

corresponding to rated current at short circuit. Also calculate the corresponding 

values of the synchronous reactance. 

3. Calculate regulation of the alternator under the following conditions: 

· Full load current at unity power factor 

· Full load current at 0.8 power factor lagging. 

· Full -load current at 0.8 power factor leading. 
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Where 

V = rated phase voltage 
Isc = short circuit current corresponding to the field current producing the rated voltage 
Synchronous impedance per phase, 

                                             
For any load current I and phase angle Φ, 
find E0 as the vector sum of V, IRa and IXs 

For lagging power factor                                                 For leading power factor                                                     

 

 

 
  

For Unity Power factor 
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MMF method: 

(Ampere turns method) 
This method is based on the MMF calculation or no. of ampere turns required to produced flux 

which gives Rated Voltage at Open Circuit and Rated Current at Short Circuit. From open circuit 

characteristic field current If1 gives rated voltage V and If2 to cause the short circuit current 

which is equal to Full Load Current. 

Steps to find regulation by using MMf method 

1. By suitable tests plot OCC and SCC 
2. From the OCC find the field current If1 to produce rated voltage, V. 
3. From SCC find the magnitude of fieldcurrent If2 to produce the required armature 
current. 
4. Draw If2 at angle (90+Φ) from If1,  
where Φ is the phase angle of current from voltage.   
            If current is leading, take the angle of If2 as (90-Φ). 
5. Find the resultant field current, If  and mark its magnitude on the field current axis. 
6. From OCC. find the voltage corresponding to If, which will be E0. 
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Potier method of predetermining the voltage regulation of an alternator.  

     ZERO POWER FACTOR METHOD (OR) POTIER METHOD : 

     This method is based on the separation of armature leakage reactance drop and the 

armature reaction effect.This is more accurate than the emf and mmf methods. The 

experimental data required is  

                             No load curve (or) O.C.C 

                              S.C.C 

                             Armature resistance 

     Full load zero power factor curve (or) wattles load characteristics.  

     The ZPF lagging characteristics is a reaction between terminal voltage and excitation 

when armature is delivering F.L. current at zero power factor.  

     The reduction in voltage due to armature reaction is found from above and (ii) voltage 

drop due to armature leakage reactance XL   (also called potier reactance) is found from 

both. By combining these two, EO can be calculated.  

     It should be noted that if we vectorially add to V the drop due to resistance and leakage 

reactance XL, we get E. If E is further added the drop due to armature reaction (assuming 

lagging power factor), then we get Eo.  

     The zero power factor lagging curve can be obtained If a similar machine is available 

which may driven at no-load as a synchronous motor at practically zero power factor (or) 

By loading the alternator with pure reactors.  
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     By connecting the alternator to a 3Ф line with ammeter and wattmeters connected for 

measuring current and power and by so adjusting the field current that we get full-load 

armature current with zero wattmeter reading.  

     Point B was obtained in this manner when wattmeter was zero.  

     Point A is obtained from a short circuit test with full load armature current. Hence OA 

represents field current which is equal and opposite to the demagnetizing armature 

reaction and for balancing leakage drop at full load.  

     Knowing these two points, full load zero power factor curve can be drawn as under.  

     From B, BH is drawn equal to and parallel to OA.  

     From H, HD is drawn parallel to initial straight part of N-L curve i.e., parallel to OC 

which is tangential to N-L curve.  

     Hence, we get point D on no-load curve, which corresponds to point B on full-load 

zero power factor curve.  

     The triangle BHD is known as potier triangle.  

     This triangle is constant for a given armature current and hence can be transferred to 

give use other points like M,L etc.  

     Draw DE perpendicular to BH.  

     The length DE represents the drop in voltage due to armature leakage reactance XL.  

     BE gives the field current necessary to overcome demagnetizing effect of armature 

reaction at full load and EH for balancing the armature drop DE.  

     Let V be the terminal voltage on full load, then if we add to it vertically the voltage 

drop due to armature leakage reactance alone ( neglecting Ra ), then we get voltage E= 

DF ( and not Eo). Field excitation corresponding to E is given by OF.  

     The voltage corresponding to this excitation is JK = Eo  

                     % regulation=Eo-V/V 

    Assuming a lagging power factor with angle Ф, vector for I is drawn at an angle of Ф to V.  

     IaRa is drawn parallel to current vector and IXL is drawn perpendicular to it.  

     OD represents voltage E.  

     The excitation corresponding to it i.e., OF is drawn at 90° ahead of it  FG (=Na=BE) 

representing field current equivalent of full load armature reaction is drawn parallel to 

current vector OI.  

     The closing side OG gives field excitation for Eo.  

     Vector for Eo is 90° lagging behind OG.  

     DC represents voltage drop due to armature reaction 
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Steps: 

1. By suitable tests plot OCC and SCC 

2. Draw tangent to OCC (air gap line) 

3. Conduct ZPF test at full load for rated voltage and fix the point B. 

4. Draw the line BH with length equal to field current required to produce full load current at 

short circuit. 

5. Draw HD parallel to the air gap line so as to touch the OCC.  

6. Draw DE parallel to voltage axis. Now, DE represents voltage drop IXL and BE represents the 

field current required to overcome the effect of armature reaction. 

Triangle BDE is called Potier triangle and XL is the Potier reactance 

7. Find E from V, IXL and Φ. Consider Ra also if required. The expression to use is 

                        
8. Find field current corresponding to E. 

9. Draw FG with magnitude equal to BE at angle (90+Ψ) from field current axis, 

where Ψ is the phase angle of current from voltage vector E (internal phase angle). 

10. The resultant field current is given by OG. Mark this length on field current axis. 

11. From OCC find the corresponding E0 

 

American Standards Association Method (ASA Method)  
• The field currents If1 (field current required to produce the rated voltage of Vph from theair 

gap line).  
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• If2 (field current required to produce the given armature current on short circuit) added at an 

angle of (90± Φ).  

• Load induced EMF calculated as was done in the ZPF method - Corresponding to this EMF, 

the additional field current (If3) due to saturation obtained from OCC and air gap line - If3 added 

to the resultant of If1 and If2 -For this total field current, Eph found from OCC and regulation 

calculated. 

Steps: 

1. Follow steps 1 to 7 as in ZPF method. 

2. Find If1 corresponding to terminal voltage V using air gap line (OF1 in figure). 

3. xDraw If2 with length equal to field current required to circulate rated current 

during short circuit condition at an angle (90+Φ) from If1. The resultant of If1 and If2 gives If 

(OF2 in figure). 

4. Extend OF2 upto F so that F2F accounts for the additional field current accounting 

for the effect of saturation. F2F is found for voltage E as shown. 

5. Project total field current OF to the field current axis and find corresponding voltage E0 using 

OCC. 

 

 

 
 

 
 

UNIT-6:                          

SYNCHRONIZATION AND PARALLEL OPERATION 
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Synchronizing 

The operation of paralleling two alternators is known as synchronizing, and certain conditions 

must be fulfilled before this can be effected. The incoming machine must have its voltage and 

frequency equal to that of the bus bars and, should be in same phase with bus bar voltage. The 

instruments or apparatus for determining when these conditions are fulfilled are called 

synchroscopes. Synchronizing can be done with the help of 

 (i) dark lamp method or (ii) by using synchroscope. 

Synchronizing by Three Dark Lamp Method 

The simplest method of synchronizing is by means of three lamps connected across the ends of 

paralleling switch, as shown in Figure 6.16(a). If the conditions for synchronizing are fulfilled 

there is no voltage across the lamps and the switch may be closed. The speed of the incoming 

machine must be adjusted as closely as possible so that the lamps light up and die down at a very 

low frequency. The alternator may then be switched in at the middle of the period of darkness, 

which must be judged by the speed at which the light is varying. By arranging three lamps across 

the poles of the main switch as in the case of machine B it is possible to synchronize with lamps 

dark. A better arrangement is to cross connect two of the lamps as given in machine C. Suppose 

that the voltage sequence ABC refers to the bus bars and A¢ B¢ C¢ to the incoming machine C. 

Then the instantaneous voltage across the three lamps in the case of machine C are given by the 

vectors AB¢, A¢ B, and CC¢. Now both vector diagrams are rotating in space, but they will only 

have the same angular velocities if the incoming machine is too slow. Then diagram A¢ B¢ C¢ 

will rotate more slowly than ABC. So that at the instant represented AB¢ is increasing, A¢ B¢ is 

decreasing, and CC¢ is increasing. If the incoming machine is too fast, the AB’ is decreasing A’B 

is increasing, and CC¢ is decreasing. Hence, if the three lamps are placed in a ring a wave of 

light will travel in a clockwise or counter-clockwise direction round the ring according as the 

incoming machine is fast or slow. This arrangement therefore indicates whether the speed must 

be decreased or increased. The switch is closed when the changes in light are very slow and at 

the instant the lamp connected directly across one phase is dark. Lamp synchronizers are only 

suitable for small low voltage machines. 

 

 

 

 

 

 

 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 80 

 

 
                                                 Figure 6.1: Illustration of Method of Synchronizing 

 

Synchroscopes 

Synchronizing by means of lamps is not very exact, as a considerable amount of judgement is 

called for in the operator, and in large machines even a small phase difference causes a certain 

amount of jerk to the machines. For large machines a rotary synchroscope is almost invariably 

used. This synchroscope which is based on the rotating field principle consists of a small motor 

with both field and rotor wound two-phase. The stator is supplied by a pressure transformer 

connected to two of the main bus bars, while the rotor is supplied through a pressure transformer 

connected to a corresponding pair of terminals on the incoming machine. Two phase current is 

obtained from the phase across which the instrument is connected by a split phase device. 

 

One rotor, phase A is in series with a non-inductive resistance R, and the other. B is in series with 

an inductive coil C. The two then being connected in parallel. The phase difference so produced 

in the currents through the two rotor coils causes the rotor to set up a rotating magnetic field. 

Now if the incoming machine has the same frequency as the bus-bars, the two field will travel at 

the same speed, and therefore, the rotor will exhibit no tendency to move. If the incoming 

machine is not running at the correct speed, then the rotor will tend to rotate at a speed equal to 

the difference in the speeds of the rotating fields set up by its rotor and stator. Thus it will tend to 

rotate in one direction if the incoming machine is too slow, and in the opposite direction if too 

fast. In practice, it is usual to perform the synchronizing on a pair of auxiliary bars, called 

synchronizing bars. The rotor of the synchroscope is connected permanently to these bars, and 

the incoming machine switched to these bars during synchronizing. In this way, one 

synchroscope can be used for a group of alternators. The arrangement of synchronizing bars and 

switch gear. 
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                       Figure 6.1(b) : Method of Synchronizing by Synchronoscope 

 

Synchronizing Current 

If two alternators generating exactly the same emf are perfectly synchronized, there is no 

resultant emf acting on the local circuit consisting of their two armatures connected in parallel. 

No current circulates between the two and no power is transferred from one to the other. Under 

this condition emf of alternator 1i.e. E1 is equal to and in phase opposition to emf of alternator 2. 

 
                                            Fig6.2: E2 Falling Back 

 

There is, apparently, no force tending to keep them in synchronism, but as soon as the 

conditions are disturbed a synchronizing force is developed, tending to keep the whole system 

stable. Suppose one alternator falls behind a little in phase by and angle q. The two alternator 

emfs now produce a resultant voltage and this acts on the local circuit consisting of the two 

armature windings and the joining connections. In alternators, the synchronous reactance is large 

compared with the resistance, so that the resultant circulating current Is is very nearly in 

quadrature with the resultant emf Er acting on the circuit. Figure 6.2 represents a single phase 

case, where E1 and E2 represent the two induced emfs, the latter having fallen back slightly in 
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phase. The resultant emf, Er, is almost in quadrature with both the emfs, and gives rise to a 

current, Is, lagging behind Er by an angle approximating to a right angle. It is, thus, seen that E1 

and Is are almost in phase. The first alternator is generating a power E1 Is cos f1, which is 

positive, while the second one is generating a power E2 Is cos f2, which is negative, since cos f2 

is negative. In other words, the first alternator is supplying the second with power, the difference 

between the two amounts of power represents the copper losses occasioned by the current Is 

flowing through the circuit which possesses resistance. This power output of the first alternator 

tends to retard it, while the power input to the second one tends to accelerate it fill such a time 

that E1 and E2 are again in phase opposition and the machines once again work in perfect 

synchronism. So, the action helps to keep both machines in stable synchronism. The current, Is, 

is called the synchronizing current. 

 

Synchronizing Power 

Suppose that one alternator has fallen behind its ideal position by an electrical angle q, measured 

in radians. This corresponds to an actual geometrical angle of , 

                                                     
where p is the number of poles. Since E1 and E2 are assumed equal and 

           is very small Er is very nearly equal to E1.  

          Moreover, since Er is practically in quadrature with E1 and Is may be assumed to be in 

phase with E1 as a first approximation. The synchronizing power may, therefore, be taken as , 

                                                               

Since 

                                                             
 

 

 

where X is the sum of synchronous reactance of both armatures, the resistance being neglected. 

When one alternator is considered as running on a set of bus bars the power capacity of which is 

very large compared with its own, the combined reactance of the others sets connected to the bus 

bars is negligible, so that in this case X is the synchronous reactance of the one alternator under 

consideration. 
If 

 is the steady short-circuit current of this alternator,  

then the synchronizing power may be written as 
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although the current Ix does not actually flow. 

In an m-phase case the synchronizing power becomes Ps = m E Ix q watts, E and Ix now being 

the phase values. Alternators with a large ratio of reactance to resistance are superior from a 

synchronizing point of view to those which have a smaller ratio, as then the synchronizing 

current Is cannot be considered as being in phase with E1. Thus, while reactance is bad from a 

regulation point of view, it is good for synchronizing purposes. It is also good from the point of 

view of self-protection in the even of a fault. 

 

Effect of Voltage 

Inequality of Voltage 

Suppose the alternators are running exactly in phase, but their induced e.m.f.s are not quite equal. 

Considering the local circuit, their e.m.f.s are now in exact phase opposition, as shown in Figure 

6.18, but they set up a resultant voltage Er, now inphase with E1, assumed to be the greater of 

the two. The synchronizing current, Is, 

now lags by almost 90° behind E1, so that the synchronizing power, E1 Is cos f1 is relatively 

small, and the synchronizing torque per ampere is also very small. This lagging current, 

however, exerts a demagnetizing effect upon the alternator generating E1, so that the effect is to 

reduce its induced e.m.f. Again, the othernmachine is, so far as this action is concerned, 

operating as a synchronous motor, taking a current leading by approximately 90°. The effect of 

this is to strengthen its field and so raise its voltage. The two effects combine to lesson the 

inequality in the two voltages, and thus tend towards stability. Inequality of voltage is, however, 

objectionable, since it given rise to synchronizing currents that have a very large reactive 

component. 

Effect of Change of Excitation 

A change in the excitation of an alternator running in parallel with other affects only its KVA 

output; it does not affect the KW output. A change in the excitation, thus, affects only the power 

factor of its output. 

           
                             Fig 2a                                                               Fig 2b 
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Let two similar alternators of the same rating be operating in parallel, receivingequal power 

inputs from their prime movers. Neglecting losses, their kW outputs are therefore equal. If their 

excitations are the same, they induce the same emf, and since they are in parallel their terminal 

voltages are also the same. When delivering a total load of I amperes at a power-factor of cos f, 

each alternator delivers half the total current and 

                    I1 = I2 =0.5 I 

 Since their induced emfs are the same, there is no resultant emf acting around the local circuit 

formed by their two armature windings, so that the synchronizing current, Is, is zero. Since the 

armature resistance is neglected, the vector difference between E1 = E2 and V is equal to 

 
this vector leading the current I by 90°,  

where XS1 and XS2 are the synchronous reactances of the two alternators respectively. Now 

examine the effect of reducing the excitation of the second alternator. E2 is therefore reduced as 

shown in Figure 6.19. This reduces the terminal voltage slightly, so let the excitation of the first 

alternator be increased so as to bring the terminal voltage back to its original value. Since the two 

alternator inputs are unchanged and losses are neglected, the two kW outputs are the same as 

before. The current I2 is changed due to the change in E2, but the active components of both I1 

and I2 remain unaltered. It will be observed that there is a small change in the load angles of the 

two alternators, this angle being slightly increased in the case of the weakly excited alternator 

and slightly decreased in the case of the strongly excited alternator. It will also be observed that 

I1 + I2 = I, the total load current. 

 

 

Load Sharing 

When several alternators are required to run in parallel, it probably happens that their rated 

outputs differ. In such cases it is usual to divide the total load between them in such a way that 

each alternator takes the load in the same proportion of its rated load in total rated outputs. The 

total load is not divided equally. Alternatively,Bit may be desired to run one large alternator 

permanently on full load, the fluctuations in load being borne by one or more of the others. 

 

Effect of Change of Input Torque 
The amount of power output delivered by an alternator running in parallel with others is 

governed solely by the power input received from its prime mover. If two alternators only are 

operating in parallel the increase in power input may be accompanied by a minute increase in 

their speeds, causing a proportional rise in frequency. This can be corrected by reducing the 

power input to the other alternator, until the frequency is brought back to its original value. In 

practice, when load is transferred from one alternator to another, the power input to the alternator 

required to take additional load is increased, the power input to the other alternator being 

simultaneously decreased. In this way, the change in power output can be effected 
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without measurable change in the frequency. The effect of increasing the input to one prime 

mover is, thus, seen to make its alternator take an increased share of the load, the other being 

relieved to a corresponding extent. The final power-factors are also altered, since the ratio of the 

reactive components of the load has also been changed. The power-factors of the two alternators 

can be brought back to their original values, if desired, by adjusting the excitations of alternators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIT-8:                          

SYNCHRONOUS Motors 

 

INTRODUCTION: 

A synchronous machine can be used as a generator as well as motor without change in 

construction. The synchronous motor has same construction as alternator which was discussed in 

last unit Section 6. In this unit, we will turn our attention to the working principle and starting 

methods of synchronous motor. In three phase system, induction and synchronous motors are 

used. So we discuss the various similarities and dissimilarities of these motors. In power system, 

the over exited synchronous motor is used as a synchronous condenser. So, we discuss the effect 

of excitation and V curves before discussing synchronous condenser. Finally, you will consider 

hunting or surging in synchronous machines. 

SYNCHRONOUS MOTOR: 
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A Synchronous Motor can run only at synchronous speed, 

                                           
 

 When the stator of motor is connected to a three-phase supply and driven up to its rated speed, it 

continues to run at the constant speed, converting the electrical energy into mechanical energy. 

The constructional features of a synchronous motor are same as that of synchronous generator. 

Rather, the Alternator can itself be made to run as a synchronous motor. 

A synchronous motor works on the principle of magnetic inter-locking between stator and rotor 

poles and maintains a constant speed for all loads within its rated capacity. If such a motor is 

over-loaded to such an extent that it can no longer continue to maintain its synchronous speed, 

then it loses its synchronism and torque at which motor fails to run is called pull-out torque.  

A synchronous motor is not a self-starting motor and there are various methods of starting the 

synchronous motor. They are : 

(a) Starting as an Alternator, synchronizing it to the Infinite Bus Bar and then prime-mover is 

taken off. It starts running as synchronous motor, drawing power from the 3-phase supply of the 

Infinite Bus Bar. 

(b) Starting it with a D.C. Shunt Motor and energizing the stator field winding by three-phase 

supply at synchronous speed. 

(c) Constructional features incorporating additional damper windings. 

 

Working Principle: 

Why is a synchronous motor not ‘self-starting’? 

 

                       Figure 7.1 : Synchronous Machine with Round Rotor 

 Figure 7.1 shows a synchronous machine with a round rotor. The rotor is initially stationary with 

fixed North and South poles created by DC excitation. Let the three phase winding of the stator 
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be connected to a 3-phase supply of fixed voltage V (line) and fixed frequency f (This is known 

as the infinite bus.) As a result, three-phase currents flow in the stator winding creating a rotating 

magnetic field rotating at synchronous speed Ns in the counter-clockwise direction. Since the 

rotor is stationary and cannot pick-up speed instantaneously because of inertia of rotor, so the 

two fields move relative to each other, thereby resulting in zero starting torque and hence the 

motor is not self-starting. 

By auxiliary means, if the rotor is brought upto a speed close to synchronous speed in the 

direction of rotation of field, the two fields interlock with each other and the relative speed of the 

rotor field with respect to stator field will become zero and then motor runs exactly at 

synchronous speed. 

Alternator used as a Motor 

If two alternators are running in parallel and the driving force of one is suddenly removed, then 

the machine continues to run as a motor, taking the electrical power necessary to drive it from 

the other machine, which is thereby loaded to a certain extent on this account. The supply of 

direct current to the field system of the motor must be maintained throughout. In addition, as is 

seen later, the motor must be brought up to the speed of synchronism and synchronized before 

the motoring action takes place. 

Consider the case of the elementary two-pole, single-phase synchronous motor represented in 

Figure 7.2. This machine is supposed to be exactly the same as the corresponding alternator, and 

may have a stationary field system and a rotating armature, or vice versa, the current being led 

into the rotating element by means of slip rings. Consider the conductor arriving at A at the 

moment when the current is zero. The instantaneous value of the torque due to this conductor is 

also zero, since it is proportional to the product of the field strength and the armature current. 

 

                                   Figure 7.2 : Action of Synchronous Motor 

The field strength is assumed to be constant throughout. A moment later the conductor arrives at 

B . Since the speed is assumed to be that of 

synchronism, the current has also advanced in phase 

supposed to be flowing away from the observer. A torque is produced in a clockwise direction, 

which rotates the rotor in same direction. When the conductor reaches C the current has reached 

its maximum value, and by the time the conductor reaches D the current has died down to zero. 
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Throughout the whole of this half-revolution, which has taken places while the current has 

advanced through half a cycle, the torque has been in the same direction. A little later the 

conductor arrives at E, but the current has now started to grow in the reverse direction. However, 

since this reverse current is cutting the magnetic flux in the reverse direction, the torque still 

tends to produce rotation in a clockwise direction. By the time the armature has completed one 

whole revolution the current has advanced through one whole period. This is the essential 

condition for the continuance of rotation, the armature must rotate synchronously with the 

current, and hence the machine is called a synchronous motor. The currents in the other armature 

conductors produce torques which aid one another. During the first half period of the current 

they are cutting the field in one direction, and during the second half-period, when the current 

reverses, they are cutting the field in the other direction. The same principle operates in the case 

of three-phase synchronous motors. 

 

7.2.2 No Load Conditions 

When a synchronous motor is run up to synchronous speed and synchronized with an alternator 

the two machines act as generators in parallel. Considering the local circuit formed by the two 

armatures, these may be regarded as being in series with each other, but with their emfs in 

opposition. The armature of the motor, which is beginning run by prime mover and acting as 

generator, may therefore be considered as setting up a back emf equal to and opposite in phase 

with the applied emf, as shown in Figure 7.3(a). The resultant voltage in this circuit is zero, and 

so no current is supplied to the motor armature. Since the latter receives no power in an electrical 

form from the supply, it immediately commences to slow down when the mechanical driving 

power is removed. But as soon as the motor armature falls behind the position, that it should 

occupy if it maintained an absolutely synchronous speed, the back emf and the applied emf no 

longer neutralize each other, for, notwithstanding the fact that they are equal, no two voltage can 

completely neutralize each other unless they are in exact phase opposition. The voltage E now 

lagging behind V by an angle (180+θ). The applied and the back emfs now produce a resultant 

voltage Vr that causes a current  to flow through the motor armature, supplying it with a certain 

amount of power. If this power is sufficient to maintain the rotation, the motor continues to rotate 

synchronously, . If the power supplied to 

the armature in this manner is not sufficient to overcome the losses at this speed, the armature is 

further retarded and lags behind by a larger angle. The effect of this is to increase the resultant 

voltage and the armature current, and the power supplied to the motor is thereby increased. This 

retarding action continues until the lag of the motor is sufficient to cause the required power to 

be supplied to the motor. 

7.2.3 Effect of Load on Motor 

When a load is put upon the shaft of the motor, the first tendency is to retard the rotation, but as 

soon as the armature commences to drop behind, the back emf lags by a rather larger angle than 

before. An increase in the angle of lag of the back emf causes an increase in the resultant voltage 

acting on the circuit, and this in turn causes an increased current to flow, with the result that the 
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motor takes more power from the supply. The motor armature thus drops behind until its 

position, relative to that of the driving alternator, is such as to produce sufficient power to 

maintain the rotation. 

An increase of load results in a further increase in the angle θ. This retards the back emf a little 

more and further increases Vr. The current is increased and more power is taken from the supply. 

Hence, θis called power/load/toque angle. During the transient period that the induced back emf 

is falling behind in phase the speed is momentarily less than that of synchronism, but when 

steady-state conditions are re-established the speed reverts to its former constant (synchronous) 

value. 

                                 

Figure 7.4 : Hypothetical Armature Flux 

 

 

If by chance, the motor drop too far behind, the power that it takes from the supply will be 

greater than the required power and then armature will accelerate until it reaches the correct 

relative position and it may even get ahead of its correct relative position. If it happens like that it 

will again get retarded and the action is repeated. Some motors are subject to this overshooting 

of the mark, when a motor is constantly retarded and accelerated in this manner, the effect is 

called hunting or phase-swinging. If the load is excessive, the momentary reduction in speed may 

be such as to bring the torque down to zero, or even to cause it to reverse in direction. The 

synchronous motor then falls out of synchronism and comes to rest. 

7.3 POWER OUTPUT 

The vector diagrams shown in Figure 7.6(a), by neglecting all losses and reversing E so that Vr 

becomes the difference between V and E instead of the sum. This diagram is now applicable to a 

cylindrical rotor synchronous motor where the synchronous reactance does not vary when the 

position of the rotor is changed with respect to position of the stator. With a lagging current, the 

electrical power developed per phase is now −EI cos (f − q) so that the mechanical power output 

per phase is + EI cos (f − q) and, if all losses be neglected, this is equal to the power input per 

phase, VI cos f. Assume the synchronous reactance to be constant and equal to Xs. Since 

armature resistance is to be neglected, the current I must be in quadrature with I Xs. The angle q 

is determined by the load, and the value of E by the excitation. For a particular load and a 

constant applied voltage V, therefore, the triangle OEV is defined, so that I Xs is fixed in 
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magnitude and phase. This, in turn, determines the magnitude and phase of the current I, since Xs 

is assumed to be constant. 

 

 

Figure 7.6 : Vector Diagram of Synchronous Motor Neglected Losses 

 

 

www.rejinpaul.com

www.rejinpaul.com



Dc Machines & Synchronous Machines                                                                            10EE54                                                                                      
 

 Dept of EEE, SJBIT  Page 91 

 

 

With constant, applied voltage and excitation, therefore, sinq is proportional to the load, although 

when losses are taken into consideration this proportionality, while still approximately true, is no 

longer mathematically correct. 
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Under condition of constant load, q varies slightly for different values of I and cosf. For a 

salient-pole synchronous motor, the vector diagram may be modified as shown in Figure 7.6(b) 

which makes use of the double-reaction theory. Still neglecting losses the electrical power input 

per phase (= mechanical power output per phase) is again 

 

 

 

The same formula shall be applicable for a salient pole alternator, but while E is usually larger 

than V in an alternator, the reverse is the case in a synchronous motor. 

 

7.4 STARTING OF SYNCHRONOUS MOTOR 

A synchronous motor is not self-starting, so it is necessary to start it by some auxiliary means. 

There are two methods generally in use, those being: 

(a) by means of an auto-transformer through tap starting or damping winding starting, and 

(b) by means of an auxiliary direct coupled induction motor. 
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Tap Starting 

A three-phase synchronous motor is here provided with a special cage winding fitted to the field 

system. This consists of a number of bars fitted into slots or holes in the pole shoes where salient 

poles are employed, all the bars being joined at each end by a stout copper end ring. This cage 

winding is thus seen to be a development of the system of damping grids. In a cylindrical rotor 

the cage conductors are placed in the rotor slots above the main field winding, a short-circuiting 

ring being fitted at each end as before. The stator currents set up a rotating magnetic flux that 

cuts the cage winding on the field system and induces currents in it. A torque is developed and 

the motor runs up to a speed a little less than that of synchronism, as an induction motor. The DC 

exciting current, if obtained from a separate source, is now switched on, and sets up definite 

poles on the rotor (the field system), these poles slowly slipping past the poles due to the rotating 

flux set up by the stator (armature) currents. The relative speed of the two sets of poles is due to 

slip, and decreases as slip reduces. As the DC field strength is gradually increased, the two sets 

of pole suddenly lock with each other, the motor thus pulling into synchronism automatically. If 

the synchronous motor has its own exciter, this develops very little emf in the early stages, but 

suddenly excites when a certain speed is reached, and thereafter the action proceeds as before. 

No synchronizing gear is required, and in addition the cage winding acts as a damper winding 

when running, thus serving to prevent hunting. On account of the large starting current required 

by this method, it is usual to start on a reduced voltage, as with a cage-type induction motor. This 

reduced voltage at starting is derived from tappings on an auto transformer, and the method is 

known as tap-starting. 

Starting by Auxiliary Motor 

An alternative method of starting is to use a small auxiliary direct-coupled induction motor, the 

stator windings of which are connected in series with the stator windings of the main 

synchronous motor. All six ends of the stator windings of the starting induction motor are 

brought out, the three front ends being connected to the supply and the three rear ends to the 

synchronous motor stator terminals, as shown in Figure 7.7. The rotor of the starting motor is of 

the short-circuited type, and is frequently made of a solid steel cylinder without any slots or 

winding at all. The eddy currents induced in this rotor set up sufficient torque to enable the motor 

to start. 
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Figure 7.7 : Starting with Auxiliary Motor 

When first switched in, the greater part of the voltage appears across the starting motor on 

account of the lower impedance of the synchronous motor stator windings. As the speed rises, 

however, these conditions are changed gradually and automatically, until when near synchronism 

nearly all the voltage is across the main synchronous motor. The exciter, which is permanently 

connected to the synchronous motor field winding, builds up a considerable voltage when near 

full speed, and the DC excitation, increasing automatically, suffices to pull the synchronous 

motor into synchronism. The auxiliary starting motor now has its stator windings short circuited, 

thus cutting it out of circuit and throwing the whole of the supply voltage on to the synchronous 

motor. 

V-Curves 

If the excitation is varied, the armature current will vary for constant load. When armature curve 

is plotted against exciting current, the resulting curve takes the shape of word V, as shown in 

Figure 7.8, and is known as a V-curve. With one particular excitation the armature current is a 

minimum for unity power-factor. For smaller exciting currents, the armature mmf, Fa is made to 

lag, since the flux, f, and the resultant m.m.f., Fr are the same as before. A lagging armature 

mmf, Fa, is only brought about by a lagging armature current, I and motor operates as lagging 

PF load. For larger exciting currents, the armature mmf, Fa, is made to lead, in order 

that Fr shall again remain unaltered and motor operates as leading PF load. This effect can be 

seen more clearly from the approximate vector diagram given in Figure 7.5. A low excitation 

here corresponds to a reduced back emf, giving rise to a resultant voltage that leads the applied 

voltage by a relatively small angle, thus causing the current to lag by a considerable angle. Since 
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the power-factor is low, the current is relatively large. As the exciting current is increased, the 

back e.m.f. is also increased, thus swinging the resultant voltage vector round and advancing it in 

phase. The current is also advanced in phase, its magnitude decreasing since the power-factor is 

increasing. When the current becomes in phase with the applied voltage it reaches a minimum 

value, the power-factor being unity. A further increase in exciting current causes an increase in 

the armature current, which is now a leading one.  

 
 

 

Figure 7.8 : V-Curves 

The excitation corresponding to unity power-factor and minimum current is called the normal 

exciting current for that particular load. A smaller exciting current (under-excitation) results in a 

lagging armature current and a larger exciting current (over-excitation) in a leading armature 

current, due to the reduction and increase in the induced back e.m.f. respectively. 

 

The excitation necessary for unit power-factor goes up as the load increases. On noload the point 

on the V-curve is sharply accentuated, but if the machine is loaded the tendency is to round off 

the point, this effect being more marked at the higher loads. 

 

 

7.5 HUNTING AND DAMPER WINDING 

Sudden changes of load on synchronous motors sometimes set up oscillations that are 

superimposed upon the normal rotation, giving rise to periodic variations of a very low 

frequency in speed. This effect is known as hunting or phase-swinging. Occasionally, the trouble 

is aggravated by the motor having a natural period of oscillation approximating to the hunting 

period, when it is possible for the motor to phase-swing into the unstable region, thus causing it 

to fall out of synchronism. 
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Damper Winding 

The tendency to hunt can be minimized by the addition of a mechanical flywheel, but this 

practice is rarely adopted, the use of a damper winding being preferred. Assuming that the speed 

of rotation of the magnetic flux is constant, there is relative movement between the flux and the 

damper bars if the rotation of the field system is also absolutely uniform. No emfs are induced in 

the damper bars and no current flows in the damper winding, which is not operative. Whenever 

any irregularity takes place in the speed of rotation, however, the polar flux moves from side to 

side of the pole, this movement causing the flux to move backwards and forwards across the 

damper bars. Emfs are induced in the damper bars forwards across the damper winding. These 

tend to damp out the superimposed oscillatory motion by absorbing its energy. The damper 

winding, thus, has no effect upon the normal average speed, it merely tends to damp out the 

irregularities in the speed, thus, acting as a kind of electrical flywheel. In the case of a three-

phase synchronous motor the stator currents set up a rotating mmf rotating at uniform speed 

(except for certain minor harmonic effects), and if the rotor is rotating at uniform speed, no emfs 

are induced in the damper bars. 

7.6 SYNCHRONOUS CONDENSER 

We know that over excited synchronous motor operates at unity or leading power factor. 

Generally, in large industrial plants the load power factor is lagging. The specially designed 

synchronous motor which runs at zero load takes leading current approximately near to 90° 

leading. When it is connected in parallel with inductive loads to improve power factor, it is 

known as synchronous condenser. Compared to static capacitor the power factor can improve 

easily by variation of field excitation of motor. Phasor diagram of a synchronous condenser 

connected in parallel withan inductive load is given below. 

 

Figure 7.9 : Phasor Diagram 
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Figure 7.10 : Connection of Synchronous Motor with Connected Load 

 

 COMPARISON OF INDUCTION AND SYNCHRONOUS MOTOR: 

 
Sl. No.  Induction Motor Synchronous Motor 

1 It does not need dc excitation and is 

singly-excited machine 

It’s a doubly-excited machine and 

requires dc and ac both 

2 It possesses inherent starting torque Its requires external means for starting 

3 Its speed decreases with increase in 

load and never runs at NS 

It operates at synchronous speed 

4 Speed control is, therefore, possible Speed control is not possible 

5 It can supply only mechanical loads It can supply mechanical loads and can 

be used for improving system power 

factor 

6 It operates only at lagging P.F It can operate for both leading and 

lagging P.F. 

7 Its maximum torque is proportional 

to 

square of the supply voltage 

Its maximum torque is proportional to 

the supply voltage 

8 Induction motor with speeds above 

500 

RPM and rating below 120 KW are 

cheaper than synchronous motors 

Synchronous motors with speed below 

500 RPM and ratings more than 40 

KW or with medium speeds from 500- 

1000 rpm and ratings above about 500 

KW are costly, i.e. than induction 

Motor 
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