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D.C. Generators

1.1 Introduction

The study of the electrical engineering, basically involves the analysis of the energy
transfer from one form to another. An electrical machine, deals with the energy transfer
either from mechanical to electrical form or from electrical to mechanical form. This
process is called electromechanical energy conversion.

An electrical machine which converts mechanical energy into an electrical energy is
called an electric generator. While an elecirical machine which converts an electrical
energy into the mechanical energy is called an electrical motor.

Such electrical machines may be related to an electrical energy of an alternating type
called a.c. machines or may be related to an electrical energy of direct type called d.c.
machines.

The d.c. machines are classified as d.c. generators and d.c. motors. The construction of
2 d.c. machine basically remains same whether it is a generator or a motor, In this chapter
constructional features of a d.c. machine, working principle and types of d.c. generator are
discussed. But before beginning the study of the d.c. machines, it is necessary to revise the
basic concepts of magnetism and electromagnetism.

1.2 Revision of Magnetism

Magnetism is a property by virtue of which a piece of solid body attracts iron pieces
and pieces of some other metals. Such a piece of solid body is called a natural magnet.
The two ends of a magnet are called its poles. When such a magnet is suspended freely
by a piece of a silk fiber, it turns and adjusts itself in the direction of North and South of
the earth. The end adjusting itself in the direction of North is called N pole while other is
called S pole. When such two magnets are brought near each other, their behaviour is
governed by some laws called laws of magnetism.

(-1
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1.2.1 Laws of Magnetism
Law 1 : It states that 'like' magnetic poles repel and 'unlike’ poles attract each other.

When the two magnets are brought near each other, such that two like poles ie. N
and N or S and S are facing each other, then the two magnets experience a force of
repulsion. As against this, if two unlike poles i.e. N and 5 or 5 and N are facing towards
each other, then they experience a force of attraction and try to attract each other.

Law 2 : This law is experimentally proved by Scientist Coulomb and hence also known

as Coulomb's Law.

The force (F) exerted by one pole on the other pole is,

1. Directly proportional to the product of the pole strengths.

2. Inversely proportional to the square of the distance between them and

3. Dependent on the nature of medium surrounding the poles.

Mathematically this law can be expressed as,
M, M,

d2

where M, and M, are the pole strengths of the poles while 'd’ is the distance between

the two poles.

F e

_KM M,

F 2

where K is constant which depends on the nature of the surrounding.

1.2.2 Magnetic Field and Flux

The region around a magnet within which the influence of the magnet can be
experienced is called its magnetic field. The presence of magnetic field is represented by
imaginary lines around a magnet. These are called magnetic lines of force.

The total number of lines of force existing in a particular magnetic field is called
magnetic flux, denoted by a symbol '¢. It is measured in a unit weber.

|1 weber = 10° tines of force. |

Key Point : The lines of force never intersect each other and are like stretched rubber
bands and always try to contract in length.

These properties of lines of force play an important role in the understanding of the
working principle of the d.c. machines.

The lines of flux have a fixed direction. These flux lines start at N-pole and terminate
at 5-pole, external to the magnet. While the direction of flux lines is from S-pole to N-pole,
internal to the magnet. The distribution and direction of such flux lines for a bar magnet
is shown in the Fig. 1.1.
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m—— Fiux lines

N |[=——— Bar magnet

Fig. 1.1 Direction of the flux lines
These lines always form a closed loop and never intersect each other.

1.3 Revision of Electromagnetism

When a conductor carries a current, it creates a magnetic field around it. The direction
of such magnetic field depends on the direction of the current passing through the
conductor. So electric current and magnetism are very closely related to each other. This
relationship plays an important role in the d.c. machines.

Let us see in brief, the rule to determine the direction of the flux produced by a
current carrying conductor.

1.3.1 Right Hand Thumb Rule

It states that "Hold the current carrying conductor in the right hand such that the
thumb is pointing in the direction of current and parallel to the conductor, then curled
fingers point in the direction of the magnetic field or flux around it”".

The Fig. 1.2 explains the rule.

Right
hand

Thumb —= Current
Curled fingers —= Flux

Fig. 1.2 Right hand thumb rule

Conventionally, such conductors are observed, assuming them to be placed
perpendicular to the plane of the paper. So current moving away from the observer is
denoted by a 'cross' while current coming towards the observer is denoted by a ‘dot". If
now right hand is adjusted in such a way, that the thumb is pointing in the direction of
current denoted as 'cross’ ie. going into the paper, then curled fingers indicate the
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Flux Flux
Conductor Conductor
(a) Current maving away from observer (b) Current moving towards observer
Fig. 1.3

direction of flux as clockwise, as shown in the Fig. 1.3 (a). While if thumb of right hand is
adjusted in the direction of current shown as 'dot' i.e. coming out of paper, then curled
fingers indicate the direction of flux as anticlockwise as shown in the Fig. 1.3 (b).

1.3.2 Magnetic Field due to Circular Conductor

Consider an arrangement in which a long conductor
is wound with number of turns on a core, close together
to form a coil. This is called a solenoid as shown in the
Fig. 1.4. When such a conductor carries a current, the
magnetic field gets produced around the core.

Identifying the direction of flux and hence
identifying the two ends of the core as N pole or S pole
is important in understanding the principle of d.c. machine. The right hand thumb rule
can be modified for such case as stated below,

The right hand thumb rule : Hold the solencid in the right hand such that curled
fingers point in the direction of the current through the curled conductor, then the
outstretched thumb along the axis of the solenoid points to the North pole of the solenoid
or points in the direction of flux lines inside the core.

This is represented in the Fig. 1.5.

Conductor Core

Fig. 1.4 Solenoid

Key Point : The direction of
flux can be reversed either by
changing direction of current
through the conductor by
reversing the polarities of the

T 1 supply or by changing the
& [ direction of winding of the
it conductors around the core.

Fig. 1.5 Direction- of flux around circular conductor

With this background, let us start the detail study of a d.c. generator.
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1.4 Principle of Operation of a D.C. Generator

All the generators work on a principle of dynamically induced e.m.f. This principle is
nothing but the Faraday's law of electromagnetic induction . It states that, "Whenever the
number of magnetic lines of force i.e. flux linking with a conductor or a coil changes, an
electromotive force is set up In-that conductor or coil.” The change in flux associated with
the conductor can exist only when there exists a relative motion between a conductor and
the flux. The relative motion can be achieved by rotating conductor with respect to flux or
by rotating flux with respect to a conductor. So a voltage gets generated in a conductor, as
long as there exists a relative motion between conductor and the flux.

Such an induced e.m.f. which is due to physical movement of coil or conductor with
respect to flux or movement of flux with respect to coil or conductor is called dynamically
induced e.m.f.

Key Point : So a generating action ires following basic components to exist, i) The

1 J

conductor or a coil ii) The flux iii) The relative motion between conductor and flux.

In a practical generator, the conductors are rotated to cut the magnetic flux, keeping
flux stationary. To have a large voltage as the output, the number of conductors are
connected together in a specific manner, to form a winding. This winding is called
armature winding of a d.c. machine. The part on which this winding is kept is called
armature of a d.c. machine. To have the rotation of conductors, the conductors placed on
the armature are rotated with the help of some external device. Such an external device is
called a prime mover. The commonly used prime movers are diesel engines, steam
engines, steam turbines, water turbines etc. The necessary magnetic flux is produced by
current carrying winding which is called field winding. The direction of the induced e.m.f.
can be obtained by using Fleming's right hand rule.

1.5 Fleming's Right Hand Rule

If three fingers of a right hand, namely

Mation of Lines of thumb, index finger and middle finger are
wndu;mr/ﬂux outstretched so that everyone of them is at
right angles with the remaining two, and if

in this position index finger is made to
point in. the direction of lines of flux,
thumb in the direction of the relative
motion of the conductor with respect to

Direction flux then the outstretched middle finger
offiux gives the direction of the em.f. induced in
the conductor. Visually the rule can be

Dim(rme 0; ;-mvf- represented as shown in the Fig. 1.6,

- This rule mainly gives direction of
Fig. 1.6 Fleming's right hand rule current which induced e.m.f. in conductor
will set up when closed path is provided to it.
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Verify the direction of the current through conductor in the four cases shown in the
Fig. 1.7 by using Fleming’s right hand rule.

Relative motion Relative motion
of conductas- of conductor

Relative motion Relative motion
of conductor of conductor

(c) Current going in (d) Current coming out
Fig. 1.7 Fleming's right hand rule
Key Point : [t can be observed from the Fig. 1.7 that if the direction of relative motion of
conductor is reversed keeping flux direction same or if flux direction is reversed keeping
direction of relative motion of conductor same then the direction of induced e.m.f. and hence
direction of current it sets up in an external circuit gets reversed.

The magnitude of the induced e.m.f. is given by,

where I = Active length of conductor in m.

v = Relative velocity component of conductor in m/s in
the direction perpendicular to direction of the flux.

The active length means the length of conductor which is under the influence of
magnetic field. In all the cases above, direction of motion of conductor is perpendicular to
the plane of the flux.

But if it is not perpendicular then the component of velocity which is perpendicular to
the plane of the flux, is only responsible for inducing em.f. in the conductor. This is
shown in the Fig. 1.8 (a). In this Fig. 1.8 (a), though the velocity is v, its component v*
which is perpendicular to the flux lines is only responsible for the induced e.m.f.

If the plane of the rotation of conductor is parallel to the plane of the flux, there will
not be any cutting of flux and hence there cannot be any induced e.m.f. in the conductor.
This is shown in the Fig. 1.8 (b).
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soeie Pl
v
----- ——

Pl Component of H Zero
- velocity effactive ] ;
P for induced e.m . H induced e.m.f.
L}
(a) (b)
Fig. 1.8

Key Point: So to have an induced em.f. in the conductor not only the relative motion
between the conducior and the flux is necessary but plane of rotation and plane of flux
should not be parallel to each other.

If angle between the plane of rotation and the plane of the flux is '@ as measured from’
the axis of the plane of flux then the induced e.m.f. is given by,

E =B I (v sin) volts

Where v sin® is the component of velocity which is perpendicular to the plane of flux
and hence responsible for the induced e.m.f. This is shown in the Fig. 1.9.

Plane of motion 6= glnu
(@} E e v 8in@ (b) Maximum E (C)E=0
Fig. 1.9

From the equation of the induced e.m.f, it can be seen that the basic nature of the
induced e.m.f. in a d.c. generator is purely sinusoidal i.e. alternating. To have d.c. voltage,
a device is used in a d.c. generator to convert the alternating e.m.f. to unidirectional em.f.
This device is called commutator. An alternator is a machine which produces an
alternating e.m.f. is without a commutator. So an alternator with a commutator is the basic
d.c. generator. Practically there is a difference between the construction of an alternator
and a d.c. generator though the basic principle of working is same.
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1.6 Single Turn Alternator

It consists of a permanent magnet with two poles. A single tumn rectangular coil is
kept in the vicinity of the permanent magnet. The coil is made up of conducting material
like copper or aluminjum.

The coil is made up of the two conductors namely a-b and c-d. Such two conductors
are connected at one end to form a coil as shown in the Fig. 1.10.

—~— Connection
a c
Conductor 1\ e Conductor 2
b d
To To
¢ G

Flg. 1.10 Single turn coll

The remaining two ends are to be connected to the rings mounted on the shaft, called
slip rings C; and C,. Slip rings also rotate along with armature of a machine. The two
brushes P and Q are resting on the slip rings, just making a contact with slip rings. The
brushes P and Q are stationary. The slip ring and brush assembly is required to collect the
emf. induced in the rotating coil and make it available to the stationary external
resistance. The overall construction is shown in the Fig. 1.11.

Fig. 1.11 Single turn alternator
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The coil is rotated in an anticlockwise direction. While rotating, the conductors ab and
cd cut the lines of flux of the permanent magnet. Due to Faraday’s law of electromagnetic
induction, em.f. gets induced in the conductors. This e.m.f. drives a current through
resistance R connected across the brushes P and Q. The magnitude of the induced e.m.f.
depends on the position of the coil in the magnetic field. Let us see the relation between
magnitude of the induced emf. and various positions of the coil. Consider different
instants and positions.

Instant 1 : Let the initial position of the coil be as shown in the Fig. 1.11. The plane of
the coil is perpendicular to the direction of the magnetic field. The instantaneous
component of velocity of conductors ab and cd, is parallel to the magnetic field as shown
and there cannot be the cutting of the flux lines by the conductors. Hence no e.m.f. will be
generated in the conductors ab and ¢d and no current will flow through the external
resistance R. This position can be represented by considering the front view of the Fig, 1.11
as shown in the Fig. 1.12 (a).

vcos 8

[=S

(d) 90° < 8 < 180° (e) 8 =180° () 180° < 8 < 270°
Fig. 1.12 The different instants of induced e.m.f.

Instant 2 : When the coil is rotated in anticlockwise direction through some angle 8,
then the velocity will have two components vsin@ perpendicular to flux lines and vsing
parallel to the flux lines. Due to vsin® component, there will be cutting of the flux and
proportionally there will be as induced e.m.f. in the conductor ab and cd. This e.m.f. will
drive a current through the external resistance R. This is shown in the Fig. 1.12 (b).
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Instant 3 : As angle '# inc the comy it of velocity acting perpendicular to flux
lines increases, hence induced e.m.f. also increases. At @ = 90° the plane of the coil is
parallel to the plane of the magnetic field while the component of velocity cutting the lines
of flux is at its maximum. So induced e.m.f. in this position, is at its maximum wvalue. This
is shown in the Fig. 1.12 (c).

So as 8 increases from 0° to 90° e.m.f. induced in the conductors increases gradually
from 0 to maximum value. The current through external resistance R also varies according
to the induced e.m.f.

Instant 4 : As the coil continues to rotate further from 0 = 90° to 1807, the component of
velocity, perpendicular to magnetic field starts decreasing hence gradually decreasing the
magnitude of the induced e.m.f. This is shown in the Fig. 1.12 (d).

Instant 5 : In this position, the velocity component is fully parallel to the lines of flux
similar to the instant 1. Hence there is no cutting of flux and hence no induced emf. in
both the conductors. Hence current through external circuit is also zero.

Instant 6 :  As the coil rotates beyond 0 = 180° the conductor ab uptill now cutting flux
lines in one particular direction reverses the direction of cutting the flux lines. Similar is
the behaviour of conductor cd. So direction of induced e.m.f. in conductor ab is opposite
to the direction of induced em.tf. in it for the rotation of 8=0° to 1B0° Similarly the
direction of induced e.m.f. in conductor cd also reverses. This change in direction of
induced e.m.f. occurs because the direction of rotation of conductors ab and cd reverses
with respect to the field as 0 varies from 180° to 360°. This process continues as coil rotates
further. At 6 = 270° again the induced e.m.f. achieves ils maximum value but the direction
of this em.f. in both the conductors is opposite to the previous maximum position i.e.
0 = 90°. From 0 = 270° to 360°, induced e.m.f. decreases without change in direction and at
0 = 360°, coil achieves the starting position with zero induced e.m.f.

Key Point: In general the variations in the
Induced magnitude of the induced em.f. in a single
emdf. conductor are allernating in nature as 6
vop - varies from O° to 360°

It completes positive half cycle when
0 varies from 0° to 180° while it
completes negative half cycle when 0
varies from 180° to 360°. One such cycle
e of an alternating induced e.m.f. is shown

m in the Fig. 1.13.

It is clear from the above discussion
that the induced e.m.f. in a conductor is
an alternating in nature. This is true in
induced e.m.f. case of dc generator too. In de

generator, such alternating induced ean.f.

4
20°1 2700 f360°

Fig. 1.13 Graphical representation of the
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is required to be rectified to get unidirectional d.c. em.f. This is possible by replacing slip
rings by a device called commutator.

Key Point : A commutator converts internally generated alternating emf. to an
unidirectional eom.f. In an alternator, such a commutator is absent as an alternator is meant

for producing an alternating e.m.f.
The action of commutator is discussed later.
Let us discuss now the construction of a practical D.C. generator, including the

function, choice of material and the method of construction of each part.
1.7 Construction of a Practical D.C. Machine

As stated earlier, whether a machine is d.c. generator or a motor the construction
basically remains the same as shown in the Fig. 1.14.

]
)
I
!
e - Yoke
. ’
_++“=———inter polar axis

#

Field windi

Commutator

Fig. 1.14 A cross-section of typical d.c. machine
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It consists of the following parts :

1.7.1 Yoke

a) Functions :

1. It serves the purpose of outermost cover of the d.c. machine. So that the insulating
materials get protected from harmful atmospheric elements like moisture, dust and various
gases like 50, , acidic fumes ete.

2. It provides mechanical support to the poles.

3. It forms a part of the magnetic circuit. It provides a path of low reluctance for

magnetic flux. The low reluctance path is important to avoid wastage of power to provide
same flux. Large current and hence the power is necessary if the path has high reluctance,
to produce the same flux.
b) Choice of material : To provide low reluctance path, it must be made up of some
magnetic material. It is prepared by using cast iron because it is cheapest. For large
machines rolled steel, cast steel, silicon steel is used which provides high permeability i.e.
low reluctance and gives good mechanical strength.

1.7.2 Poles
Each pole is divided into two parts namely, I) Pole core and II) Pole shoe.
This is shown in the Fig. 1.15.
7
Fole
core

Pole
shoe
Fig. 1.15 Pole structure
a) Functions of pole core and pole shoe :
1. Pole core basically carries a field winding which is necessary to produce the flux.
2. It directs the flux produced through air gap to armature core, to the next pole.

3. Pole shoe enlarges the area of armature core to come across the flux, which is
necessary to produce larger induced e.m.f. To achieve this, pole shoe has been
. given a particular shape.

b) Choice of material : It is made up of magnetic material like cast iron or cast steel.

As it requires a definite shape and size, laminated construction is used. The laminations
of required size and shape are stamped together to get a pole which is then bolted to the
yoke.
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1.7.3 Field Winding (F1 - F2)
The field winding is wound on the pole core with a definite direction.

a) Functions : To carry current due to which pole core, on which the field winding
is placed behaves as an electromagnet, producing necessary flux.

As it helps in producing the magnetic field i.e. exciting the pole as an electromagnet it
is called Field winding or Exciting winding.

b) Choice of material : It has to carry current hence obviously made up of some
conducting material. So aluminium or copper is the choice. But field coils are required to
take any type of shape and bend about pole core and copper has good pliability i.e. it can
bend easily. So copper is the proper choice.

Key Point : Field winding is divided into various coils called field coils. These are
connected in series with each other and wound in such a direction around pole cores, such
that alternate ‘N' and ‘S’ poles are formed.

By using right hand thumb rule for current carrying circular conductor, it can be easily
determined that how a particular core is going to behave as ‘N’ or ‘S’ for a particular
winding direction around it. The direction of winding and flux can be observed in the
Fig. 1.10.

1.7.4 Armature

1t is further divided into two parts namely,

I} Armature core and IT) Armature winding
I) Armature core : Armature core is cylindrical in shape mounted on the shaft. It
consists of slots on its periphery and the air ducts to permit the air flow through
armature which serves cooling purpose.

a) Functions :
1. Armature core provides house for armature winding i.e. armature conductors.
2. To provide a path of low reluctance to the magnetic flux produced by the field

b) Choice of material : As it has to provide a low reluctance path to the flux, it is made
up of magnetic material like cast iron or cast steel.

It is made up of laminated construction to keep

) eddy current loss as low as possible. A single circular

dAutt lamination used for the construction of the armature
Sot ‘ core is shown in the Fig. 1.16.

H) Armature winding : Armature winding is

Shat nothing but the interconnection of the armature

. conductors, placed in the slots provided on the

Fig. 1.16 Single circular ) v

tamination of armature core armature core periphery. When the armature is

Tooth
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rotated, in case of generator, magnetic flux gets cut by armature conductors and em.f.
gets induced in them.
a) Functions :
1. Generation of em.f. takes place in the armature winding in case of generators.
2. To carry the current supplied in case of d.c. motors.
3. To do the useful work in the external circuit.
b) Choice of material : As armature winding carries entire current which depends on

external load, it has to be made up of conducting material, which is copper.

Armature winding is generally former wound. The conductors are placed in the
armature slots which are lined with tough insulating material.

1.7.5 Commutator

We have seen earlier that the basic nature of e.m.f. induced in the armature conductors
is alternating. This needs rectification in case of d.c. generator, which is possible by a
device called commutator.
a) Functions :

1. To facilitate the collection of current from the armature conductors.
2 To convert internally developed alternating e.m.f. to unidirectional ( d.c.) em.E
3. To produce unidirectional torque in case of motors.

b) Choice of material : As it collects current from armature, it is also made up of
copper segments.

It is cylindrical in shape and is made up of wedge shaped segments of hard drawn,
high conductivity copper. These segments are insulated from each other by thin layer of
mica. Each commutator segment is connected to the armature conductor by means of
copper lug or strip. This connection is shown in the Fig. 1.17.

Cannection between
conductor and commutator

Fig. 1.17 Commutator
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1.7.6 Brushes and Brush Gear

Brushes are stationary and resting on the surface of the commutator.

a) Function : To collect current from commutator and make it available to the
stationary external circuit.

b} Choice of material : Brushes are normally made up of soft material like carbon.

Brushes are rectangular in shape. They are housed in brush holders, which are usually
of box type. The brushes are made to press on the commutator surface by means of a
spring, whose tension can be adjusted with the help of lever. A flexible copper conductor

called pig tail is used to connect the brush to the external circuit. To avoid wear and tear
of commutator, the brushes are made up of soft material like carbon.

1.7.7 Bearings
Ball-bearings are usually used as they are more reliable. For heavy duty machines,
roller bearings are preferred.

1.8 Types of Armature Winding

We have seen that there are number of armature conductors, which are connected in
specific manner as per the requirement, which is called armature winding. According to
the way of connecting the conductors, armature winding has basically two types namely,

a) Lap winding b) Wave winding

1.8.1 Lap Winding

In this case, if connection is started from
conductor in slot 1 then connections overlap
each other as winding proceeds, till starting
point is reached again.

Developed view of part of the armature
winding in lap fashion is shown in the
Fig. 118,

As seen from the Fig. 118, there is
overlapping of coils while proceeding.

Key Point : Due to such connection, the total mumber of conductors get divided into
‘P’ mumber of parallel paths, where P = number of poles in the machine.

Large number of parallel paths indicate high current capacity of machine hence lap
winding is preferred for high current rating generators.

Fig. 1.18 Lap winding
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1.8.2 Wave Winding

The number of parallel paths in which armature conductors are divided due to lap or
wave fashion of connection is denoted as A. So A = P for lap connection and A = 2 for

wave

Flg. 1.19 Wave winding

el

into fwo

In this type of connection, winding
avoiding
overlapping. 1t travels like a progressive
wave hence called wave winding. To get

an idea of wave winding a part of
armature winding in wave fashion is

always  travels  ahead

shown in the Fig. 1.19.

Both coils starting from slot 1 and
slot 2 are progressing in wave fashion.
Key Point : Due to this type of connection, the total muanber of conductors get divided
ys, irrespective of number of poles of the

paths

machine. As number q’ parallel paths are less, it is preferrable for low current, high voltage

capacity generators.

connection.

1.8.3 Comparison of Lap and Wave Type Winding

Sr.
No

Lap winding

Wave winding

1.

Number of parallel paths (A} = poles (P)

Number of parallel paths (A) = 2 (always)

Number of brush sets required is equal
to number of poles.

Number of brush sets required is always
equal to two.

Preferable for high current, low voitage
capacity generators.

Preferable for high voltage, low cumrent
capacity generators.

N lly used for g of capacity
more than 500 A.

Preferred for of c less

than 500 A.

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

Let P = Number of poles of the generator
¢ = Flux produced by each pole in webers (Wb)
N = Speed of armature in r.p.m.
Z = Total number of armature conductors
A =

Number of parallel paths in which the ‘Z’

number of conductors are divided
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So A = P  for lap type of winding
A = 2  for wave type of winding

Now emf. gets induced in the conductor according to Faraday's law of
electromagnetic induction. Hence average value of em.f. induced in each armature
conductor is,

L =4

= Rate of cutting the ﬂux:%

Now consider one revolution of conductor. In one revolution, conductor will cut total

flux produced by all the poles i.e. ¢ x P. While time required to complete one revolution is
60

N seconds as speed is N r.p.m.

P N
e = ‘:j =¢P il
N
This is the e.n.f. induced in one conductor. Now the conductors in one parallel palh
are always in series. There are total Z conductors with A parallel paths, hence % number
of conductors are always in series and e.m.f. remains same across all the parallel paths.
~. Total em.f. can be expressed as,

E = ¢P—x5 volts

A
This is nothing but the e.m.f. equation of a d.c. generator.
_ ¢PNZ .
So E= A e.m.f. equation
E = M?ITZ for lap type as A =P
E=$;:Z for wave typeas A =2

mp Example 1.1 : A 4 pole, lap wound, d.c. generator has a useful flux of 0.07 Wb per
pole. Calculate the generated e.m.f. when it is rotated at a speed of 900 r.p.m. with the he!p
of prime mover. Armature ists of 440 ber of conductors. Also calculate the g k
emf. if lap wound armature is replaced by wave wound armature.

Solution : P =4 Z=440 ¢6=007Wb and N =900rpm.

¢PNZ
50A

E =

i) For lap wound, A =P=4

ONZ  0.07x900x440
E="G =" -2V
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i) For wave wound A=2

OPNZ _ 0.07x900x4x 440
120 120

ko E = =924V

1.10 Winding Terminologies

a) Conductor : It is the actual armature
conductor which is under the influence of
the magnetic field, placed in the armature
slot.

Conductor 1 Conductorz b) Turn @ The two conduclors placed in
different slots when connected together,
forms a turn. While describing armature

1 tumn— winding the number of turmns may be
specified from which, the number of
Fig. 1.20 Single tum conductors can be decided.

Z = 2x Number of turns.

c) Coil : For simplicity of connections, the turns are grouped together to form a coil. If
coil contains only one turn it is called single turn coil while coil more than one turn is
called multiturn coil.

LA

(a) Single furn (b) Doubla turn (c) Multiturn

Fig. 1.21 Armature coils

Hence if number of coils, along with number of turns per coil are specified, it is
possible to determine the total number of turns and hence total number of armature
conductors “Z’ required to calculate generated e.m.f.

iy Example 1.2 : A 4 pole, lap wound, d.c. generators has 42 coils with 8 turns per coils. It
is driven at 1120 rp.m. If useful flux per pole is 21 mWb, calculate the generated e.m.f.
Find the speed at which it is to be driven to generate the same e.m.f as calculated above,
with wave wound armature.
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Solution :P=4  ¢=21 mWb = 2110 Wb N = 1120 r.p.m.
Coils = 42 and turns / coil = 8
Total turns = coils X turns / coil =42x 8 = 336
Z = 2xtotal turns = 2 x 336 = 672
i) For lap wound, A =P
ONZ _ 21x1072 x1120%672

E = i ] =263424 V
ii) For wave wound, A = 2
and E = 26344V
GPNZ
E = 120
211073 x4x Nx 672
263424 = Sy
N = 560 rp.m.

1.11 Single Layer and Double Layer Winding

Basically there are two physical types of the windings. These are i) Single layer
winding ii) Double layer winding. The sequential arrangement of coils around the
armature is different for both these types of windings.

1.11.1 Single Layer Winding

In this type of winding, the complete slot is containing only one coil side of a coil.
This type of winding is not normally used for machines having commutators. It is shown
inthe Fig. 1.22.

In single layer windings permit the use of semi
enclosed and closed types of slots. Also the coils can
be pushed through the slots from one end of the core
and are connected during the process of windings at
the other end. Here the insulation can be properly
applied and consolidated which is advantageous in
large output machines with high voltage.

=Skt The single layer windings used in high voltage
machines use small groups of concentrically placed
coils. The interlinking between these coils is in such a
way so as to minimize the space taken up outside the
slot and in the overhang connections.

Flg. 1.22 Single layer winding
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1.11.2 Double Layer Winding )

It is shown in the Fig. 1.23. It consists of identical coils with one coilside of each coil
in top half of the slot and the other coilside in bottom half of another slot which is nearly
one pole pitch away.

In the Fig. 1.23 (a) there are two coilsides per slot while in (b) there are eight coilsides
per slot. Each layer may contain more than one coil side if large number of coils are
required. For placing double layer windings, usually open slots are used.

. o[l
AV |,

Fig. 1.23 Double layer winding
Advantages of double layer winding

Bottom
coilside

(a)

The double layer winding has following advantages,
1) It provides neat arrangement as all coils are identical.

2) Greater flexibility can be achieved with double layer winding as coil span can be
easily selected.

1.12 Closed and Open Windings
Armature windings are classifed into two different types namely i) Closed type
winding ii) Open type winding.

1.12.1 Closed Type Winding

In this type of winding, a closed path is formed around the armature. The starting
point of the winding is reached again after passing through all the turns. The current
passing through closed type of winding is through brushes placed on commutator. The
commutator segments are connected to various armature coils.
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The armature current gets divided into different parallel paths. The current flowing
through the coil changes continuously but from brush side the winding view remains same
and polarity is maintained which is in effect due to use of commutator segments.

The closed tvpe of winding is normally used in a.c. and d.c. commutator machines.
This type of winding is usually double layer._

1.12.2 Open Type Winding

In case of a.c. machines, commutator is not used and hence closed winding is not
required to be used. In such cases open type winding is used. The armature is left open at
one or more points.

The ends of each section of the winding can be brought at the terminals to do the
required type of interconnection externally. The open type of winding is preferred over
closed type as it gives better flexibility in design and freedom of connections.

These type of windings are either single layer type or double layer type and are
mainly used in induction machines and synchrenous machines.

1.13 Action of Commutator

It is seen that, the emf. induced in the
conductors is always sinusoidal and commutator
converts this sinusoidal em.f. to unidirectional em.f.
Let us see, how it happens.

For simplicity of understanding the commutator
action, consider commutator in its simplest form.
Commutator is divided into number of copper
segments insulated from each other. In its simplest
form, it is assumed to be divided into two segments,
Fig. 1.24 Split ring each is nothing but the half of the entire commutator
drum, separated by insulating material. So in its
simplest form it is a ring with two halves separated
by insulation as shown in the Fig. 1.24.

Such a ring is called split ring. The brushes P and
Q are stationary and pressed on the surface of split
ring. Split ring is mounted on the shaft and rotates as
armature rotates. :

Insulating material

Consider a single turn generator with conductors
(1) and (2). These armature conductors are connected
to the two segments of split ring. The external
resistance R is connected across brushes P and Q.

Fig. 1.25 Action of split ring
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Under instant 1, the current flowing through
resistance R is flowing from left to right as shown
in the Fig. 1.25. This is by assuming the direction
of current through conductor (1) downwards
which is under N pole and through conductor (2)
upwards which is under 5 pole, at the instant
considered. At this instant brush P behaves as

positive and brush Q as negative.

After a next half revolution, we have seen that
direction of em.f in the individual conductors
reverses. Hence conductor (1) now will carry a
current which will be upwards and due to half
revolution it will be under S pole. Similarly
Fig. 1.26 conductor (2) individually will carry a current
downwards now, and will be under N pole as

shown in the Fig. 1.26

Now split ring i.e. commutator is mounted on shaft and rotates with armature. So
when conductors will reverse their positions, the split ring sections will also reverse their
positions as shown in the Fig. 1.26. But brushes P and Q are stationary and tapping the
current from the commutator segments which are in contact with them.

Hence under instant 2, segment B will be in contact with brush P and segment A will
be in contact with brush Q. Due to this, current through resistance R maintains its
direction from left to right as shown in the Fig. 1.26. Brush P remains positive and Q
remains as negative.

The Fig. 1.27 shows the waveforms of current in the individual conductor and current
in external resistance R. Effectively one brush always taps those conductors carrying
current in one particular direction and other brush always taps those conductors carrying
a current which is in 180° opposite direction to the conductors under brush one. So one
brush remains always positive and other always negative, and the load current is
unidirectional.

Current in. ' Current output
conductor in resistance R

AN
:

Fig. 1.27 Waveforms of current

(=]

180 0 180° 360° 2]
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Key Point: In the limiting case, mumber of segments of a commutator is equal to number
of armature coils in a practical generator. Due to this, commutating action is very fast and
almost straightline i.e. pure d.c. can be obtained across the load.

In a practical d.c. generator, the small poles in addition to the main poles, fixed to the
yoke in between the main poles are used to improve the commutation. These poles are
called interpoles.

1.14 Symbolic Representation of D.C. Generator

F, The armature is denoted by a circle with two
brushes. Mechanically it is connected to another
device called prime mover. The two ends of
armature are denoted as A; - A, The field
winding is shown near armature and the two ends
are denoted as F; - F,. The representation of field
vary little bit, depending on the type of generator.

. The symbolic representation is shown in the
Fy Fig. 1.28. Many times an arrow (T) is indicated near
Fig. 1.28 Symbolic representation armature. This arrow denotes the direction of

f D.C. generator current which induced ean.f. will set up, when
connected to an external load.
Key Polnt: Every practical generator needs a prime
mover to rofate its armature. Hence to avoid complexity of the diagram, prime mover need
not be included in the symbolic representation of generator.

1.15 Types of Generators

The magnetic field required for the operation of a d.c. generator is produced by an
electromagnet. This electromagnet carries a field winding which produces required
magnetic flux when current is passed through it.

Key Point: The field winding is also called exciting winding and current carried by the
field winding is called an exciting current.
Thus supplying current to the field winding is called excitation and the way of
supplying the exciting current is called method of excitation.
There are two methods of excitation used for d.c. generators,
1. Separate excitation
2. Self excitation
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Depending on the method of excitation used, the d.c. generators are classified as,

1. Separately excited generator
2. Self excited generator

In separately excited g tor, a separate external d.c. supply is used to provide

exciting current through the field winding.

The d.c. generator produces d.c. voltage. If this generated voltage itself is used to
excite the field winding of the same d.c. generator, it is called self excited generator. The
d.c. voltage is produced in the armature winding of a d.c. generator, which is used to
excite the field winding of the same generator. Depending on how electrically the armature
winding is connected to the field winding, the self excited d.c. generators are classified as,

a) Shunt generators b) Series generators c) Compound generators.
In shunt the two windings, field and armature are in parallel while in series type the

two windings are in series. In compound type the part of the ficld winding is in parallel
while other part in series with the armature winding,.

The compound generators are further classified as long shunt and short shunt
compound generators. The overall classification of d.c. generators is shown in the Fig. 1.29.

D.C. Generators
Self excilted Separately excited
I + +
J l Fy Ay
—
Series Compound F, Ay
s, * | B -
S,
A - !
A Long shunt Short shunt
2
- Sy +
S;
F! q‘ —
Fs Ay

Fig. 1.29 Types of d.c. generators
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1.16 Separately Excited Generator

When the field winding is supplied from external, separate d.c. supply ie. excitation of
field winding is separate then the generator is called separately excited generator.
Schematic representation of this type is shown in the Fig. 1.30.

=1,

+
D.C. supply ° LoAD] (v )Terminal

Fig. 1.30 Separately excited generator

The field winding of this type of generator has large number of turns of thin wire. So
length of such winding is more with less cross-sectional area. So resistance of this field
winding is high in order to limit the field current.

1.16.1 Voltage and Current Relations

The field winding is excited separately, so the field current depends on supply voltage
and resistance of the field winding.

For armature side, we can see that it is supplying a load, demanding a load current of
I; at a voltage of V; which is called terminal voltage.

Now L =5

The internally induced e.m.f. E is supplying the voltage of the load hence terminal
voltage V, is a part of E. But E is not equal to V; while supplying a load. This is because
when armature current I, flows through armature winding, due to armature winding
resistance R, ohms, there is a voltage drop across armature winding equal to L, R, volts.
The induced e.m.f. has to supply this drop, along with the terminal voltage V,. To keep I,
R, drop to minimum, the resistance R, is designed to be very very small. In addition to
this drop, there is some voltage drop at the contacts of the brush called brush contact
drop. But this drop is negligible and hence generally neglected. So in all, induced em.f. E
has three components namely,

i) Terminal voltage V, ii) Armature resistance drop I, R, iii) Brush contact drop
Vbrush

So voltage equation for separately excited generator can be written as,
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l E = Vi+ LRy + Viruan I

_ ¢PNZ
Where E = A

Generally V.., is neglected as is negligible compared to other voltages.

1.17 Self Excited Generator

When the field winding is supplied from the armature of the generator itself then it is
said to be self excited generator. Now without generated e.m.f., field cannot be excited in
such generator and without excitation there cannot be generated em.f. So one may
obviously wonder, how this type of generator works. The answer to this is residual
magnetism possessed by the field poles, under normal condition.

Practically though the generator is not working, without any current through field
winding, the field poles possess some magnetic flux. This is called residual flux and the
property is called residual magnetism. Thus when the generator is started, due to such
residual flux, it develops a small e.m.f. which now drives a small current through the field
winding. This tends to increase the flux produced. This inturn increases the induced e.m.f.
This further increases the field current and the flux. The process is cumulative and
continues till the generator develops rated voltage across its armature. This is voltage
building process in self excited generators. '

Based on how field winding is connected to the armature to derive its excitation, this
type is further divided into following three types :

i) Shunt generator ii) Series generator iii) Compound generator

Let us see the connection diagrams and voltage, current relations for these types of
generators.

1.18 Shunt Generator
: When the field winding is
I connected in parallel with the
armature and the combination
I across the load then the
Fy . generator is called shunt
g @@ Vi generator.
Fa A - The field winding has large
number of turns of thin wire
so it has high resistance. Let
Ry, be the resistance of the
Fig. 1.31 Shunt generator field winding.
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1.18.1 Voltage and Current Relations
From the Fig. 1.31, we can write

Now voltage across load is V; which is same across field winding as both are in
parallel with each other.

-V

Ran

While induced e.m.f. E, still requires to supply voltage drop IR, and brush contact
drop.

K E = Vr*'laRa*'meh]
_ 9PNZ
where E="%a

In practice, brush contact drop can be neglected.

1.19 Series Generator

When the field winding is connected in series
with the armature winding while supplying the
load then the generator is called series generator. It
is shown in the Fig. 1.32.

Field winding, in this case is denoted as S; and
S,. The resistance of series field winding is very
small and hence naturally it has less number of
turns of thick cross-section wire as shown in the
Fig. 1.32.

Let R,, be the resistance of the series field
Fig. 1.32 Series generator windi

1.19.1 Voltage and Current Relations
As all armature, field and load are in series they carry the same current.

where I, = Current through series field winding.

Now in addition to drop LR, , induced e.m.f. has to supply voltage drop across series
field winding too. This is I, Ry, i.e. R, as I, = I So voltage equation can be written as,

| E= Vi + LR+ LR, + Vo |




Electrical Technology 1-28 D.C. Generators

E = Vi+ 1 (Ry + Rge) + Virush
_ ¢PNZ
Where E = A

1.20 Compound Generator

In this type, the part of the field winding is connected in parallel with armature and
part in series with the armature. Both series and shunt field windings are mounted on the
same poles. Depending upon the connection of shunt and series field winding, compound
generator is further classified as : i} Long shunt compound generator, ii) Short shunt
compound generator.

1.20.1 Long Shunt Compound Generator

In this type, shunt field winding is connected across the series combination of
armature and series field winding as shown in the Fig. 1.33.

Voltage and current relations are as follows :

From the Fig. 1.33, [,= L,

ond

len
FI +
| mm
F, y
I

Fig. 1.33 Long shunt compound generator
Voltage across shunt field winding is V, .

Where R, = Resistance of shunt field winding
And voltage equation is,

| E = Vi+LR +L R+ Vi |

Where R,, = Resistance of series field winding
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1.20.2 Short Shunt Compound Generator

In this type, shunt field winding is
connected, only across the armature,
excluding series field winding as shown in
the Fig. 1.34.

Voltage and current relations are as
follows :

For the Fig. 134, I, =L, + Iy
and ISE=II.

The drop across shunt field winding is
drop across the armature only and not the
total V,, in this case. So drop across shunt

Fig. 1.34 Short shunt compound generator field winding is E -1, R,.

E-L,R
s S
Now the voltage equationis E= Vi + L R, + LR, + Vg
Now le= I
E=V,+LR +Ip R+ Vi g

Neglecting Vpp,q We can wrile,

E =

Vi+LR +L Ry

E-LR, = V;+IL R,
_ i+ R,

L

Ry

Any of the two above expressions of L can be used, depending on the q

known while solving the problems.

1.20.3 Cumulative and Differential Compound Generator

It is mentioned earlier that -the two windings, shunt and series field are wound on the
same poles. Depending on the direction of winding on the pole, two fluxes produced by
shunt and series field may help or may oppose each other. This fact decides whether
generator is cumulative or differential compound. If the two fluxes help each other as
shown in Fig. 1.35 the generator is called cumulative compound generator.
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Where ¢sn = Flux produced by shunt.

¢ge = Flux produced by series, field windings.

Ifthetwowmdmgsarewotmdmsuchadnechonthattheﬂuxﬁpmduoedbymm
oppose each other then the generator is called differential p 8 tor. This is
shown in the Fig. 1.36.

Where ¢ = Flux produced by shunt field winding.
050 = Flux produced by series field winding.

]
Pse [ 0o
o Series —= ° y pe——Series
9 P Shunt 4 Shunt
d P < .
- %‘ ™ P osh
—

Fig. 1.35 Cumulative compound generator  Fig. 1.36 Differential compound generator

wmb Example 1.3 : A d.c. shunt generator has shunt field winding resistance of 100 . It is
supplying a load of 5 kW at a voltage of 250 V. If its armature resistance is 0.22 £, calculate
the induced e.m.f. of generator.

Solution : Consider shunt generator as shown in the Fig. 1.37.

I I = I +1g
Ly I 1, = %:
Ren Ry | ere) A Now Vo= 250V
and Ry = 100Q
I, = % - 254
Fig. 1.37 Load power = 5 kW.

P = VyxI
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P 5x10°
= = = 2
o= g2 =204
I, = I +1, =20+25=225A
Now E = V,+I, R, (neglect V,, )

E = 250+ 225%022= 25495V
This is the induced e.m.f. to supply the given load.

lmp Example 1.4 : A 250V, 10kW, separately excited generator has an induced em.f. of
255V at full load. If the brush drop is 2V per brush, calculate the armature resistance of
the generator.

Solution : Consider separately excited generator as shown in the Fig. 1.38.

+ o

‘ . )

pe. g Re  [[OAD] V=250V

Fig. 1.38

Note that 250 V, 10kW generator means the full load capacity of generator is to
supply 10 kW load at a terminal voltage V; = 250 V.

V, = 250VandP=10kW

and P = Vt XIL
3
I, = 1“;5100 =40 A
I, = I, =40A ... As separately excited
Now E = V,+I, R, + Vi

Now there are two brushes and brush drop is 2 V/brush.
Vst = 2%2=4V
E = 250+40xR, +4
But E = 255V on full load
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255 = 250+ 40R, +4
R

a

0.025 Q

]

iy Example 1.5 : A d.c. series generator has armature resistance of 0.5 Q and series field
resistance of 0.03 Q. It drives a load of 50 A. If it has 6 turns/coil and total 540 coils on
the armature and is driven at 1500 r.p.m., caleulate the terminal voltage at the load. Assume
4 poles, lap type winding, flux per pole as 2 mWb and total brush drop as 2 V.

Solution : Consider the series generator as shown in Fig. 1.39

; Ree
I'. (W‘
n I
J|’
Ral [0aD] Vi
Fig. 1.39
R, = 059, R, =0030
Vo = 2V
N = 1500 r.p.m.

Total coils are 540 with 6 turns/coil.
Total turns = 540 % 6 = 3240
= Total conductors Z = 2 x turns

= 2% 3240 = 6480
_ ¢PNZ
E=%a
-.Forlap type, A = P
and ¢ = 2mWb=2x10"3 Wb

_ 2x10 =3 x 1500 x 6480
60

324V

E = Vy +1, (R, +Ry) + Viguss .. Total Vi, given
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Where I, =1 =50A
324 = V, +50 (0.5 + 0.03) + 2
V, = 2955V

hmp Example 1.6 : A short shunt compound d.c. generator supplies a current of 75A at a
voltage of 225 V. Calculate the generated voltage if the resistance of armature, shunt field
and series field windings are 0.04 Q , 90 Q and 0.02 Q respectively.

Solution : Consider a short shunt generator as shown in the Fig. 1.40.

R, =0040Q, Ry =908, R, =002Q

Vi = 25V
I = 75 A
I = Iy + 14

V,
1
Now E = Vy+I,R, +I Ry

and drop across armature terminals is,
E-1,R, = V, + I R,
225 4+ 75 % 0.02 = 2265V

Fig. 1.40
1 =E_I3RHEVI+ILR'M
sh Ra Ran
226.5
=5 = 25167 A
I, = I + 1, = 75+25167 = 775167 A

E= V,+I,R, +I R
225 + 77.5167 x 0.04 + 75 x 0.02 = 229.6 V

1.21 Characteristics of D.C. Generators
The d.c. generators have following characteristics in general,
1) Magnetization characteristics 2) Load characteristics

1.21.1 Magnetization Characteristics

This characteristics is the graph of generated no load voltage E against the field
current I; , when speed of generator is maintained constant. As it is plotted without load
with open output terminals it is also called No load characteristics or Open circuit
characteristics.
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E, Vs I; is magnetization characteristics

where E, = No load induced e.m.f.
But for generator,
_ 4PNZ
E = %a
PNZ
E « ¢ th A constant
= 0=
: Thus induced em.f. increases
E,in volts directly as I; increases. But after
certain I; core gets saturated and flux
Constant ¢ also remains constant though I
Ratod voltace | N increases. Hence after saturation,
atod VOIBER Lemoe e d Open ircut voltage also remains constant.
; characterisfcs oy Point: Thus characteristics is linear
! till saturation and after that bends such
i that voltage remains constant though I
! increases.
Linear 1
region | The characteristics is shown in the
0 I Field current in A Fig. 1.41 (a).
Now the induced emdf also
Fig. 1.41(a) Magnetization characteristics varies with speed.

In valts
& forN =N,
forN=N,
for N =N,
N3>No>N,
[} LinA

Fig. 1.41(b)

Actually, E«N ¢

So if magnetization characteristics for
various speeds are plotted we will get
family of parallel characteristics as
shown in the Fig. 1.41(b). For lower
speeds, generated voltages are less so
characteristics for lower speeds are
below the characteristics for higher
speeds.
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1.21.2 Load Characteristics
These are further divided into two categories,
1) External characteristics
2) Internal characteristics
The external characteristics is the graph of the terminal voltage V, against load current
I
The internal characteristics is the graph of the generated induced e.m.f. E against the
armature current L.
Key Point: While plotting both the characteristics, the speed N of the generator is
maintained constant.

Note : In most of the cases, the shunt field current is very small as compared with
load current §;. Hence in practice, the internal characteristics shows the graph of induced
e.m.f. E against load current I, instead of I, , neglecting L.

1.22 Characteristics of Separately Excited D.C. Generators
The characteristics of separately excited d.c. generator are divided into two types,
1) Magnetization and 2) Load characteristics

1.22.1 Magnetization or Open Circuit Characteristics
The arrangement to obtain this characteristics is shown in the Fig. 1.42.

I

(

Rheostat
as potential divider

Fig. 1.42 Obtaining O.C.C. of separately excited generator
The rheostat as a potential divider is used to control the field current and the flux. It is
varied from zero and is measured on ammeter connected.

_ ¢PNZ

E 60 A
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ED

As I is varied, then ¢ changes

Saturation and hence induced em.f E; also
Volts A Constant varies. It is measured on voltmeter

connected across armature. No

load is connected to machine,

hence characteristics are also called
1 no load characteristics which is
Open circuit graph of E_ against field current
characteristics as shown in the Fig. 143 As i:
increases, flux ¢ increases and E;
increases. After point A, saturation
occurs when ¢ becomes constant
Amp and hence E, saturates.
Fig. 1.43 Open circuit characteristics

Increasing

y,

[s]

1.22.2 Load Saturation Curve

This is the graph of terminal voltage V; against field current I When generator is
loaded, armature current I, flows and armature reaction exists. Due to this, terminal
voltage V, is less than the no load rated voltage. On no load, current I, is zero and
armature reaction is absent. Hence less number of ampere turns are required to produce
rated voltage E,.

These ampere-turns are equal to OB as shown in the Fig. 1.44. On load, to produce
same voltage more field ampere-turns are required due to demagnelising effect of
armature reaction. These are equal to BC as shown in the Fig. 1.44. Similarly there is drop
I, R, across armature resistance. Hence terminal voltage V = E - I, R,. This graph OR is
also shown in the Fig. 1.44. The triangle PQR is called drop reaction triangle. Thus OP is
no load saturation curve, OQ is the graph of generated voltage on load and OR is the
graph of terminal voltage on load.

Voltage E,(No load)
v b
______________ 2 E(Load)
HEY
| \\ 1,R,drop
! R Vi (Full load)
A Load g
saturation !
curves :
]
:'
]
1
H |
1 1
[+] B c I

Field ampere - turns
Fig. 1.44 Load saturation curves
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1.22.3 Internal and External Characteristics

Let E, be the no load rated voltage which drops to E due to armature reaction on load
and further drops to V; due to armature resistance drop I, R, on load.

The graph of V, against load current I; is called external characteristics while the
graph of E against load current I is called internal characteristics. These are shown in the
Fig. 145 for separately excited d.c. generator. The graphs are to be plotted for constant
field current. In case of separately excited d.c. generator induced e.m.f. is totally dependent
on flux ¢ ie. field curent I Hence to have control over the field current, in case of
separately excited d.c. generators field regulator is necessary.

Voltage
volts No load
o loa
Fo Armature
reaction drop
E
Armature
Load resistance drop
saluration Vi
curves

o] Load cument I, Amp
(I,= L for separately excited)

Fig. 1.45 Load characteristics
1.23 Load Characteristics of D.C. Shunt Generator

1, I, I, Consider the d.c. shunt generator
shown in the Fig. 146. The internal
” R"’E [om] characteristics is EVsl, while the
? external characteristics is V, against I.
Let us see the nature of these two

” characteristics.

Fig.1.46
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1.23.1 Internal Characteristics

E,
Drop due
No load
o \im opdue

Ideally the induced em.f. is not
dependent on the load current I} or
armature current I,. But as load current
increases, the armature current I,
increases to supply load demand. As [,

Fig. 1.47 Internal characteristics

conductors. This reduces the induced e.m.f.

0 L inA

armature flux increases.
Key Point: The effect of flux produced by
armature on the main flux produced by the

field winding is called an armature
reaction.

inc

Due to the armature reaction, main
flux pattern gets distorted. Hence lesser
flux gets linked with the armature

Key Point: Thus the armature reaction decreases the generated e.m.f.

This is shown in the Fig. 147

1.23.2 External Characteristics

For d.c. shunt generator we know that,

E = V, +I,R, neglecting other drops. So
as load current IL increases, I, increases.
Thus the drop I, R, increases and terminal
voltage V, =E—I R, decreases. But the value
of armature resistance is very small, the drop
in terminal voltage as I, changes from no load
to full load is very small. This is shown in the
Fig. 1.48. Hence d.c. shunt generator is called
constant voltage generator.

Why shunt generator load characteristics turns back when overloaded?

Vi
E Very small
Nnﬁﬁ Drooping nature 1R, drop
0 Igin A
Fig. 1.48 {a) External characteristics
Vi
in volts

E

l

Due to
drastic reduction
in Vy

r

o

1
1
i
I

a P

Fig. 1.48 (b) External characteristics

Consider the external characteristics
of d.c. shunt generator as shown in the
Fig. 148 (b). From E; to point p, the
load resistance decreases hence load
current increases and due to IR, and
armature reaction, the voltage decreases
by small amount. Hence characteristics
is drooping in nature.

Iy in Amp
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But if the load resistance is reduced beyond point p i.e load I is increased beyond P
then it increases momentarily. This is very large current and generator gets overloaded.
Due to such a large current the armature reaction is severe and drop IR, is also large due
to which the voltage V, drastically reduces. This causes the current to decreases from P to
Q, rather than increasing. Thus on the curve pqr, the voltage goes on reducing rapidly and
at point r becomes zero. Thus beyond point p, if the generator is loaded, the load
characteristics turns back till the generator gets short circuited and the curve meets x axis
at point r where voltage is zero. At this point, small E is present due to residual
magnetism.

Key Point: In portion E, to p, the effect of decrease in load resistance dominates the effect
of change in V, as change in V, is very small. While in portion 'pqr’, the drastic reduction
in V, dominates the effect of decrease in load resistance hence curve turns back, reducing the
load current.

1.24 Load Characteristics of D.C. Series Generator

Consider a series generator shown in the Fig. 1.49.
In case of series generator,

As load current increases, I, increases.

The flux ¢ is directly proportional to L. So

Vi flux also increases. The induced en.. E is
proportional to flux hence induced em.f.

also increases. Thus the characteristics of E

against ie. internal characteristics is of
increasing nature. As I, increases, armature

Fig. 1.49 reaction increases but its

Voltage in volis effect is negligible
i st compared to increase in E.

g“c:’il:nm Interal characteristics (E) But for high load current,
DS e S ocurs and T

case, due to the armature
External characteristics (V) reaction E starts decreasing

du,ﬁ{ as shown by dotted line in
idual .

e the Fig. 1.50.

[ =1L = Iy inA Now as Iy = I,

increases, thus the drop L,

Fig. 1.50 Characteristics of d.c. series generator (R, + Ry,) increases.

Vi=E-L (R, + Ry)
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Thus the external characteristics is also of rising nature as E increases but it will be
below internal characteristics due to drop I, (R, +R_,). This is shown in the Fig. 1.50.

In self excited series generator, open circuit characteristics cannot be obtained. In open
circuit, [, = I; = 0 hence induced e.m.f. is zero. Thus open circuit characteristics is possible
only by separately exciting the field winding. It is also shown in the Fig. 1.50.

In practice when there is no load Iy = 0, then there exists certain induced e.m.f. due to
residual flux retained by the field winding.
Key Point: Hence for zero load current, there is a voltage present and the internal and
external characteristics do not pass through origin as shown in the Fig. 1.50.

1.25 Load Characteristics of D.C. Compound Generator

The characteristics depends on whether generator is cumulatively compound or
differentially compound generator. In cumulatively compound, ¢ = ¢, + ¢,.. As load
current increases, I, increases hence I, also increases producing more flux. Thus induced
em.f. increases and terminal voltage also increases. But as I, increases, the various voltage
drops and armature reaction drop also increases. Hence there is drop in the terminal
voltage.

If drop in V, due to
increasing 1) is more dominating
than increase in V, due to
increase in flux then generator is
called under compounded and its
characteristics is dropping in E,(noload value) T TT T - Flator lovel
nature, as shown in the Fig. 1.51. }g":,:,undid compunded

If drop in V| due to armature i
reaction and other drops is much
less than increase in V, due to
increase in flux then. generator is Full load
called over compounded and its
characteristics is rising in nature, Fig. 1.51 Characteristics of compound generator
as shown in the Fig. 151. If the
effects of the two are such that on full load current V; is same as no load induced em.f.
ie. the effects are neutralising each other on full load then generator is called flat
compounded or level compounded. Its characteristics is shown in the Fig. 1.51.

In differentially compound, ¢ = 0y, ~ 0, The net flux is difference between the two.
As I increases, ¢, is almost constant but ¢, increases rapidly. Hence the resultant flux
¢ reduces. Hence the induced em.f. E and hence the terminal voltage also decreases
drasticaily. There is drop due to armature resistance, series field resistance, armature
reaction due to which terminal voltage drops further. Thus we get the characteristics of
such differentially compound generator as shown in the Fig. 1.51.

W, terminal voitage in volts

Differentially
compounded

I inA
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1.26 Voltage Building in Self Excited Generator

For every generator which is used as a self excited generator there must exist some
residual magnetic flux. When armature rotates, conductors cut this small residual flux to
produce the em.f. E. This em.f. drives small current through field winding. Thus field
current I; now produces more flux which is greater than residual flux. Hence more e.m.f.
gets induced. This further drives more current through field to produce more flux. This
process is cumulative and continues till rated voltage gets build up. This is shown in the
Fig. 1.52

Induced e.m.f.
E,
in volts )
F---oo-=--o== Rated voliage
E; Magnetization characteristics
E| -
i
Bl
Due to E, H
residual flux ~ "7 o
v
Lot LinA
00y g Iy

Fig. 1.52 Veltage building in self excited generator

1.26.1 Causes of Failure to Excite Self Excited Generator

The causes of failure, the method of detection and the corresponding remedy are given
in the Table 1.1.

Sr. No. Cause Method of detection Remedy
1. Absence of residual Zero reading on voltmeter Operate the generator as
magnetism due to ageing. after rotating armature. separately excited first and
lhan as a self excited.
2. Wirong field Voltmet ding Interchange the field
connections. Due w this, decreases rather than connections.
flux gets | i ing as g is
opposite dlruchon tn started.
residual flux. So residual
flux cancels the main flux.
3 Field resistance is more Volimeter shows zero Reduce the resistance of
than the critical resistance. | reading. field circult using proper
field divertor.
4. Generator is driven in This wipes out the residual | Drive the generator in
opposite direction. fiux and fails to excite. proper direction.

Table 1.1
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1.27 Critical Field Resistance in D.C. Shunt Generator

Consider the magnelization characteristics of a d.c. shunt generator shown in the
Fig. 153

Momal field resistance ine

Line of
E, of Egin vols gUeefe (- (soeRar
F -
i+ ’
s - * If Ry, is increased, slope
i ¢ v
Normal ‘;" ‘.': Lo increases, maximum generated
excitation voltage d voltage decreases. (point B
B S tage {peint 8)
‘Aline tangent o | L O..6. a8 namal speed!
y -
initial part of O.C. Ca A co=al s
L/ /,‘ z * DE = AE Rg =gp= Crilical fieid resistance
Y Qc.C
Critical voltage Egf /‘ at critical speed
tangent to OA

T Tpin A

Fig. 1.53 Concept of critical resistance

The Fig. 1.53 shows that generator voltage builds in step till point A. This point is
intersection of field resistance line with the open circuit characteristics (0.C.C.). The
voltage corresponding to point A is the maximum voltage it can generate. If the slope of
field resistance line is reduced by decreasing the field resistance, the maximum voltage
generator can build will be higher than that corresponding to point A. Similarly if the
slope of field resistance line is increased by increasing the field resistance, the maximum
voltage generator can build will be less than that corresponding to point A ie
corresponding to point B.

If now the slope of the field resistance line is increased in such a way that it becomes
tangential to the lower part of the open circuit characteristics. The voltage corresponding
to I:hJs point is E.. This voliage is just sufficient to drive the current through field

we so that cumulative process of building the voltage starts. This value of field
resistance is called the critical resistance denoted as R, of the shunt field circuit at given
speed.

Key Point : If field circuit resistance is more than R at start then induced emf. fail to

drive current through field circuit and generator fails to excite at given speed.

Thus we can define critical resistance as that resistance of the field circuit at a given speed
at which generator just excites and starts voltage building while beyond this value generator fails
to excite.

The critical resistance is the slope of the critical resistance line.
AE DE

Rc—a—lf--c-ﬁ_lanﬂ

Similar to the critical resistance there is a concept of critical speed N-. We know that
E o« N. As speed decreases the induced e.n.f. decreases and we get O.C.C. below the
0.C.C. at normal speed. If we go on reducing the speed, at a particular speed we will get
Q.C.C. just tangential to normal field resistance line.
Key Point : This speed at which the machine just excites for the given field circuit
resistance is called the critical speed of a shunt generator denoted as N.
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1.27.1 Practical Determination of R
Generally data for plotting the open circuit characteristics is gwen Plot the
characteristics on the graph paper to the scale.
Draw the tangent, to the initial part of this O.C.C. then the slope of this line is the
critical resistance for the speed at which the data is given.
Key Point: If speed changes, then the O.C.C. changes hence the value of R changes.

Now if R is asked at speed N,, while data for O.C.C. is given at N. It is known
that,

o
Ea _ Ny
Ez N
N
_ N,
B = 1] Ea

Key Point: Generate the data for O.C.C. at new speed and repeat the procedure to obtain R .

iy Example 1.7 : The data for open circuit characteristics of a d.c. shunt generator driven at
rated speed is given as,
Iy A 05 1.0 1.5 2.0 25 30 35

E, v 60 120 138 145 149 151 152

If resistance of field circuit is adjusted to 53 Q calculate the open circuit voltage and load
current when the terminal voltage is 100 V. Neglect the armature reaction and assume
R, =01 Q Use graph paper.

Soluﬁnn Draw the open circuit characteristics on the graph paper from the given data.

e - Saie
L x-axis: 1unit=05A
—IE volts) -axs : 1 unil =20 V
gl Yila) — T T
LI
’{ 0.C.C
_—— 1
} /
¥
_._Iu 1’ ,
- 201/A :
T T
0 05 152 (251 3 135 e
I=1.88A ]
Sl ITTL=3A
[
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Draw the line corresponding to R, =53 Q. To draw this line, consider an equation of
line y = mx which passes through origin.
Nowy=E, x=I; and m =slope = R
E, = Ry I4
One point on this line is { 0,0).
For second point on line consider I; = 3 A say, then
E, = Ry x3=53x3=159V
So second point is ( 3, 159).

Draw the line on graph paper passing through (0, 0) and (3, 159), till it intersects
0O.CC. at P, as shown. The induced e.m.f. corresponding to point P is 150 V.

Thus machine has open circuit voltage of 150 V. The terminal voltage V, = 100 V. For
a shunt generator,

Iy = :—;‘=1§=1.886?R=If
and’ E, = V, + LR,
From graph, E, = M43Viorl, =1 =18867 A
143 = 100+ I, x 0.1
I, = 430 A
Now I, = I +14 ... For shunt generator

I =1I,-I; =430~ 18867 = 428.1133 A
This is the load current when V; = 100 V.

1.27.2 Critical Speed N
It is known that as speed changes, the open circuit characteristics also changes,
similarly for different shunt field resistances, the corresponding lines are also different.
Key Point : The speed for which the given field resistance acts as critical resistance is
called the critical speed, denoted as N-.
Thus if the line is drawn representing given Ry, then O.C.C. drawn for such a speed
to which this line is tangential to the initial portion, is nothing but the critical speed N..
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Graphically critical speed can be obtained for gmzﬂ Rsh mmps arg, 07 s
%71, Drawn O.C.C. for given'speed N|. R '

2. Draw a line tangential to this 0.C.C. say OA.

3. ]Z)'ﬁ\\'\ufal].l.l'l;ere;:vreasenh.ngtl'l.-.egwenRsll sayOP
*"4. Select any field current say point R,

5. Draw vertical line from R to intersect OA at S and OP at T.

6. Then the critical speed N is, #to)

. . RT,_ Ne .
While i Nli Ne =N g

Egin volis P

0CCatN .

Line for
given Ry,

ZN, % BT
------------- occ. No=Nyxgs

Iyin Amp = 4 wwwon brol

Fig. 1.55 Debmlne drﬁul speed

1.28 Applications of Various Types of Generators
Separately excited gsn.ratnn

"As ‘a ‘separate sipply is reqmred exutg field, the use s restricted. tnsmspecul
applications like eledm-platlng, elecho-reﬂmng of mawrlals etd

Shunt generators :
Cnmmorﬂyusedmbatter)‘&a:gngandurdmaryhghh{gmm

Cumnwnlyusedasbwstasmdx.feedm,asammntcunuﬂgmmbmqfor
weldmggenmwrandmlamps )

—
ST
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Cumulatively compound generators :

These are used for domestic lighting purposes and to transmit energy over long
distance.
Differential compound generators :

The use of this type of generators is very rare and it is used for special application like
electric arc welding. ’

Examples with Solutions

mmp Example 1.8 : The armature of a 4 pole, lap wound d.c. shunt generator has 40 coils
with 8 turns per coil. Its shunt field resistance is 70 Q and armature resistance of 0.03 Q.
If the flux per pole is 0.05 Wb, find the speed of the machine when supplying 100 kW at
a terminal voltage of 250 V.

Solution : P =4, ¢=0.05Wb
Total turns = Coils x Turns/coil
= 40x8=320
2 Total conductors Z = 2 x number of turns
= 2x320
= 640
Load power P = 100kW

= VxI
100x10® = 250xI_ asV, =250 V
I, = 400 A
. Consider d.c. shunt generator as shown in
DA the Fig. 1.56
a I 1 _-\';_
s TR

sh

3
g0
o

]

5l

<
38

=3333 A

L =L+ 1,
400 + 3.333
403333 A

3
B
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Now E=V+[ R,
= 250 + 403.333 = 0.03
= 2621V
OPNZ o
and E = A (A=P=4aslap)
0.05x 4% Nx 640
2621 = — g
N = 491437 r.p.m.

Imp Example 1.9 : A long shunt d.c. compound generator drives 20 lamps, all are connected
in parallel. Terminal voltage is 550 V' with each lamp resistance as 500 Q . If Ry, = 25Q,
R, = 0.06 Q and R, = 0.04 Q, calculate the armature current and the generated e.m.f.

Solution : Consider the arrangement as shown in the Fig. 1.57.

Tsn

Rse

V, =550 V

500 550 vV

Fig. 1.58

Such 20 lamps are used as a load.

I

20x1

famp

Fig. 1.57

As all lamps are in parallel, the voltage
across all of them is same which is terminal
voltage of generator V, = 550 V. Consider only
one lamp as shown in the Fig. 1.58,

So current drawn by each lamp is
1= L:@:‘IJA
=Wx11=22A
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Y 55 =24

IL+I:.I:=""’"A

Electrical Technology
Now Iy T
sh

11

E

Vi +I, Ry + 1 Ry = 550 + 44 % 0.06 + 44 x 0.04

5544 V

ymp Example 110 : A 4 pole, lap wound 750 r.vm. dic. shunt generator has an armature
resistance of 0.4 Q and field resistance of 206" Q. The armature has 720 conductors and
the flux per pole is 30 mWhb. If the load resistance 1’5 15 Q, determine the terminal voltage.

Solution : Consider the generator as shown in the Fig. 1.59.

Now Vi

Lo
1 I
>
SR v,
Fon R) T S1sq
Fig. 1.59
4, A=P=4
750 r.p.m.

30 mWb = 30x 10 ™3 Wb, Z =720

QPNZ
60 A

30x 10 ~3 x 4x 750 x 720

60x 4

270V

Vi + I, Ry

I x R iel =

2
R'ill

L
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I, = I +1y
= g
Substituting in voltage equation,
E = Vl+[:—1 % R,
270 = v,+[%+%]o.4

270 = 10286V,
V, = 2624757 V

P Example 1.11 : A 20 kW, 200 V shunt gemmi;or has av armature resistance of 0.05 Q

and a shunt field resistance of 200 Q. Calculate the power diveloped in the armature when it
delivers rated output. [May-2004 (Set-1), Dec.-2004 (Set-1)]
Solution : The generator is shown in the Fig. 1.60
I +
L Iy,
I P=20 kW
y Run
a0\ [Coad]
0.059
Fig. 1.60
I, = Ig+1;
V, = 200V
P = Vt IL
20%10% = 2001,
I = 100A
V, 200
and Iy = E =550 1A

I, = I+ =101 A
Now E = V, + R, =200 + 101 x 0.05 = 202.05 V
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Thus the power developed in the armature is
P, = ExI, =20505x101

= 20.71005 kW

mmp Example 1.12 : The open circitt characteristic of a shunt generator at 800 r.p.m. gives :

Field cument (A) 0 0.5 1.0 2.0 3.0 4.0 5.0

Induced e.m.f. (V) 10 50.0 100.0 175.0 220.0 245.0 262.0

Find graphically the critical resistance of shunt field circuit. If the field circuit resistance is
changed to 75 Q, what will be the critical speed for the machine to build up?
[May-2004 (Set-4)]
Solution : From the given data, draw the open circuit characteristics, (O.C.C)) on the
graph, to the scale as shown in the Fig. 1.61

Pl Tangent Scale T I
" E,Volis to Initial part 1+ X-axis : 1 Unit= 0.5 A1
- of 0.CC. |_1'v.axis: 1 Unit= 30V —0.C.C
L / ol 2t 800
o710 , s }.__HIJnE ;osrn . rem
| : pd i
) ‘ / Y LP| e
2407 7 e
) i / Pl
'y
i / {/
50 / J &3
0 / LA
- 150 / — =
; 7, e
I = 0cC. -
120 [/ =" at NC = 586,67 _|
4 - rp.m.
AJETT A “ to which OP is |
,f.’ )“ / I’ ial
-l a
| y/474P
[ 4
i~ -
€0 7
¥
BRD/4
/
A B |
Al
0 1 2 | R | 3 4 [ :‘ ™
] T
| L]l I it
Fig. 1.61

Draw the tangent to the inital part of this 0.C.C.
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The slope of this tangent line i.e. tan 8 is the critical resistance R of the shunt field
resistance.

CD _ 54
AB‘E‘NSQ

R = Critical field resistance = 108 Q at 800 r.p.m.

it

Slope of tangent line

Now draw a line for Ry, = 75 Q so slope of the line is 75 and hence the equation is,

E, = Ry 1, =751,

E, = 75x3=25Vatl; =3A

So plotting the point P(3,225) and joining to origin we get line correspondmg to
Ry, =75, which is line OP.
Take any covenient point R on x axis say at I; = 2.5 A. Draw vertical till it intersects
critical R(- line and R, = 75 Q line at points S and T respectively.
RT _ Ng. 198 N

Then T © B 770 " 500

N = 586.67 r.p.m. ...Critical speed for Ry, =75Q
Inmp Example 1.13 : A 4 pole, long shunt, lap wound generator supplies 25 kW at a terminal
voltage of 500 V. The armature resistance is 0.03 Q, series field resistance is 0.04 Q and

shunt field resistance is 200 ©. The brush drop may be taken as 1 V. Determine the e.m.f.
generated. [Dec.-2003 (Set-2)]

Solution : The generator is shown in the Fig. 1.62

Ian I
R . * Vhrush =1V
0.04 Q . P=4lapie A=P
PL=25kW
Ren b v, - dL P, = load power = VI,
200 @ soov L==2
R, » 25%10% = 500% I,
0.03 Q
I, =50A
V, i R
Fig. 1.62 Same voltage V, is across Ry,
Vi _ 500
Iy = i:;—-z-ﬁﬁ—z.SA

I, = I +1y =50+25=525A
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i Same [, flows through R,
E = Vl +IaRl +InRse+vbmsh

= 500 + 525 0.03 + 525 % 0.04 + 1x 2 ...2 brushes
= 505675V . § Sl y ...Generated e.m.f.
i Example 1.14 2 The magnetization curve of a d.c. shunt generator running:at 1000 r.p.m.
is as follows:
Field Amperes : (A)025 0.5 10 15 20 25 3.0
EMF Volts  : (V) 36.0/72.0 1380 1880 2250 2500 270.0
Find (i) The value of field resistance to give 240 V on no-load (i) The speed at which the
* generator just fails to build up. [Dec.-2003 (Set-3)]

‘Solution : Construct the open circuit charactenstws to th.e scale on the graph paper, as

shown in the Fig. 1.63. ' ’ .
Pl

" E,in Volts
; Far2d0V

b 1 no load
270

Scale
X-axis : 1 Unit=0.5A
.- Y-axis : 1 Unit =30V

o] Tos| 1 [ 4] 2 F25] 3 [as] &

LT PP PPl

2.25A
for 240V

Fig. 1.63
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i) On no load, E; = 240 V. Draw horizontal line from 240 V, to intersect O.C.C. at A.
Then corresponding I; on x-axis is 2.25 A. The slope of line OA is corresponding R,
= A0
Ry = 395 106.67
ii) Draw a line OP tangential to the O.C.C. at Ny = 1000 r.p.m. SelectI,= 1 A i.e. point
R. Draw vertical from R to intersect OP at S and OA at T. Thus the speed at which the
generator just fails to build up is its critical speed N..

RT _ N
BN

RT 105
N = gg*Nj =155 % 1000 = 660.38 rp.m.

mmp Example 1.15 : The armature of 6 pole d.c. generator has a wave winding containing
664 conductors. Calculate the generated e.m.f. when flux per pole is 0.06 weber and the
speed is 250 r.p.m. At what speed must the armature be driven to generate an e.nf. of
250 V if the flux per pole is reduced to 0.058 weber ?
[June-2003 (Set-1), Dec.-2004 (Set-2), March-2006(Set-1)]

Solution : P = 6, wave so A =2, Z = 664, ¢=0.06 Wb, N; = 250 r.p.m.

E = 9, PZN; _ 0.06x6x 664x 250
1 = =

60A 60x2
= 498V ...Generated e.m.f.
‘New flux ¢, = 0.058 Wb and E, = 250 V
27 Te0A
_ 0.058x6x664x N,
0 = 60x2
N, = 129.83 r.p.m. ...New speed
sy Example 1.16 : A short shunt compound delivers a load curvent of 30 A at

220 V and has armature, series field and slmnlﬁeld resistances or 0.05 Q, 0.03 Q and
200  respectively. Calculate the induced em.f. and the armature current. Allow 1.0 V per
brush for contact drop. [June-2003 (Set-3)]
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Solution :1, =30 A, V, =220V, R, = 0050, R,, = 0030, Ry, =200Q.

Vg = Drop across shunt field
= E-LR, - Vi
Also  Vyp = V,+I; R,

2209 = E-1L,R, -2

g
-
n
|

I = Iy +1 =11045+ 30 = 31045 A

E = 220.9+3L1045%0.05+2 = 224.4552 V

iy Example 1.17 : The magnetization characteristics of a shunt generator at 1,000 r.p.m. is
as follows :

OC Volts (A) 62.5 1075 | 1550 | 1865 | 231.0 | 2560 | 275.0 | 2875

Fleld Amperes [\ 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0

Estimate the no-load terminal voltage of the machine when run at 800 r.p.m. with

30 ohms field circuit resistance. [June-2003 (Set-4), Dec.-2003 (Set-3)]
Solution : The table is given for N, = 1000 r.p.m. while E; required for N, = 800 r.p.m,
50 obtain new table for O.C.C. using E=N.

EE_N
E N
N, 800
Ez=~ﬂ-1- E-l:mXEl:&sE]
0.C. Volts 50 86 124 157.2 1848 204.8 220 230
I Amp. 1.0 20 ag 40 5.0 6.0 7.0 8.0

Obtain the O.C.C. with new table to the scale on the graph paper as shown in the
Fig. 1.65
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i ] E Sl'.'.alel T 7 |‘|
" E, InVols ' X-axis:1Unit=1A |
Y-axis : 1 Unit =30V —
et
e S S s T2 S
for 800 r.p.m at Ny = 800 r.p.m. ...
—210 ‘)
| %%
i
B 1|8»G ] Line corresponding
| to Ry, = 300 —
—1|5€-
!
120 /
|
P
T/
i /
—30 1(
o 1 2 3 4 5 6 7 8 i"nimf
HENEEEEENEEN .. L1

Fig. 1.65
Now R, = 30 £, so equation of corresponding line is E; = R, I
Soatl; =3 A, E; = 30x3=90V. So two points are (0,0) and (3, 90). Line joining these
two points is line for Ry = 30 Q, which intersects O.C.C. at A as shown. The
corresponding E; = OR = 234 V from graph is the no load voltage of machine at
800 r.p.m.

Iy Example 1.18 : A 6 pole, wave wound d.c. generator, running at a speed of 300 r.p.m.
generates an induced em.f. of 535 volts. Calculate the flux/pole, if it has 650 conductors.

[Jan.-2003 (Set-1)]
Solution : P =6, wave so A =2, N =300 r.p.m, E=535V, Z = 650
_ ¢PNZ
For generator, E = A
_ 96x300x 650
583 = 60x2
¢ = 54872 mWb ...Flux per pole
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hesp Example 1.19 : The armature of a 6 pole d.c. generator having 650 conductors generates
an induced e.mf. of 536.25 volts when running at a speed of 300 r.p.m., the flux per pole
being 55 mWb. What is the type of the simplex winding used? [Jan.-2003 (Set-2)]

Solution : P = 6, Z = 650, E = 536.25 V, N = 300 r.p.m., ¢ = 55 mWb

¢PNZ
For generator E = Z0A
55%1072 x 6x 300x 650
60x A

536.25

A =2
As A = 2, the simplex winding used is of wave type.
iy Example 1.20 : A certain wave-wound d.c. generator, running at a speed of 300 rp.m. is
to generate an induced e.m.f. of about 535 volls, the flux/pole being 0.055 Wb. Determine

the number of poles if the number of conductors is 650.
[Jan.-2003 (Set-3), Nov.-2006 (Set-4)]

Solution : N = 300 rp.m., E =535 V, ¢ = 0.055 Wb, Z = 650, A = 2 as wave

_ ¢PNZ
For generator, E = A

0.055x Px 300x 650
535 = 60x2
P = 5986 =6 ...Number of poles
inmp Example 1.21 : A 6 pole, wave ldc. g tor has 650 conductors the flux per pole
is 0.05 Wb. Calculate the speed at which it is to be driven to generate an e.m.f. of 550 voits.
[Jan.-2003 (Set-4)]
Solution : P = 6, A = 2 as wave, Z = 650, ¢= 0.05 Wb, E=550 V
_ $PNZ
for Generator, E oA
0.05x 6> Nx 650
%0 = 60x2
N = 338.461 r.p.m. ...5peed
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Example 1.22 : A shunt generator running at a speed of 1000 r.p.m. gave: the following
magnetization curve ;

EMF, V: 95 179 | 224 | 251 272 | 281

Field Current, A : 1.0 20 3.0 4.0 5.0 6.0

If the field circuit resistance is 60 Q, determine
i) The voltage to which the machine will build up running at the same speed.
ii) The value of the field regulating resistance if the machine is to build up fo 130 V,
when its field coils are grouped into two parallel circuits and generator is run at

500 r.p.m.

[Dec.-2005 (Set

=21

Solution : Draw the open circuit characteristics on the graph paper from the given data.

Bl |

T

L1 E]

Ry, =60 Q line i
E, volts i | Scale
: 7 On X - axis : 1 unit= 1A
lI Ony -axis : 1 unit =30V |
30 E
| Al occ.
270
L 200 ’gf
240
i }3/
210 7
i
e A
REREY
150 === 0.C.C. for N, = 500 r.p.m —
; G
T30V A {{’ B (=
120 4 T
AV Y
[V/

60 1— i —

L1 30 I, 43A = =

i | T

| 0 1| 23 4C 7 3 I amper

! ] | Ll
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Draw the line corresponding to Ry =60 Q . For this, consider an equation of line
y = mx, passing through the origin.

Y=Eo X

E

(1]

Consider I; = 3 A,

= If
Ry I

=60x3 = 180V

EO

Thus this line passes through origin and (3, 180) point.
This line intersects O.C.C. at point P as shown in the Fig. 1.66. The induced e.nf.
corresponding to point P is 260 V.
i) Thus the voltage to which the machine will build up running at the same speed is

260 V.

ii) Now generator runs at N, = 500 r.p.m.

N> 500 Ey
E; = N_1=Eol=msnl=_§_
B V) 47.5 B88.5 112 1255 138 140.5
I; (A) 1 2 3 4 5 8

Draw new O.C.C. for N,
130 V from A to meet new O.C.C. at B. Draw vertical line from B to meet I; axis at C. The
corresponding current is 4.3 A.

This is the current through each parallel path.
43x 2 = B6 A
130

I (total) =

.

= 1 Gomd

= 500 r.p.m. from above readings: Draw horizontal line of

%5 = 151162 Q mﬂa gmu

While Ry = 30130 = 15Q
The original 60 Q@ R, is divided into two groups ie. each

of 30 Q and then connected in parallel.
-. Field regulating resistance = 151162 - 15 = 0.1162Q

Fig. 1.67
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1mp Example 1.23 : The wave connected armature of a four pole d.c. generator is required to
generate an e f. of 520 V when driven at 600 r.p.m. Calculate the flux per pole required if
the armature has 144 slots with two coil sides per slot, each coil consisting of 3 turns.
[Nov.-2008 (Set-2)]

Solution : P =4, Eg =520 V, N = 600 r.p.m., Wave ie. A = 2, Slots = 144

For each coil, there is one coil side
ilwith 3 lums in one slot and other coil side in
another slot. Such two coil sides exist
in each slot as shown. Such an
3 arrangement i’ called double layer
t@:’""“ winding. So each slot has two coil sides
Slot Coil side 2 and each coil side has 3 conductors as
3 conductors 6 condductors perslol  each coil has 3 turns. So there are 6
per coil side conductors per slot and such 144 slots
exist.
Fig. 1.68
Z = 144x6 = 864
PNZ . x4 600x 864
e

¢ = 003Wb = 30 mWb

1y Example 1.24 : A 4 pole generator has 48 slots and 8 conductors per slot. The useful flux
pal':ls;’pﬂmm.aﬂdspndlsmrpm Find the generated e.m.f., if the machine is wave
wnnecmi [Nov.-2008 (Set-4)]

Solution : P = 4, ¢ = 30 mWb, wave ie. A = 2, N = 800 r.p.m. 48 slots, 8 conductors per
slot

Z = Slots x Conductors / Slot = 48 x 8 = 384
_ OPNZ _ 30x1073x4x800x 384 _
EE = WA - W03 3072V

imsp Example 1.25 : A separately excited d.c. generator has no load voltage of 120 V at a field
current of 2 A , when driven at 1500 r.p.m. Assuming that it is operating on the siraight
line portion of its saturation curve, calculate :
i) Generated voltage when the field current is increased fo 2.5 A.

ii) Generated voltage when the speed is reduced to 1400 rp.m. and the field current is
increased to 2.84 A. [ May-2008 ( Set-3)]
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Solution : For a separately excited d.c. generators,

E, = N¢ = NI .y o< Iy (Field current)
i) Ip; = 25 A, speed is constant.
Bgt _ 1 i
- = 1., and Eu=120V for Iy =2 A (Given)
g2 12
m 2
Eg 25
Ep = 150V
ii) I = 284 A, N3 =1400 rpm.
Fa Ny gm0, 2
By Ny I By, 1400 28
Ep = 1594V

sy Example 1.26 : A series generator having combined armature and field resistance of
04 Q, is running at 1000 r.p.m. and delivering 5.5 kW at a terminal voltage of 110 V. If
the speed is raised to 1500 r.p.m. and load is adjusted to 10 kW, find the new current and

terminal voltage. A the machine is working on the straight line portion of the
magnetization characteristics. [May-2008 (Set-1, 2)]
Solution : Nj = 1000 rp.m., Vi = 110, P; = 55 kW, R,+R,, = 04 Q
P, 55x103 . .
= 5= = S~ = 0A = I ...Series machine

Esl = Va+I3 (R, +R.) =110-I-5|]{0.4)=13I]V

Eg o« N¢=NI, @ o<1, for series
% = -::—:—x% where N,= 1500 r.p.m. (1)
Ep = Vg+lp®,+ Ry @)

and L, = % where P, = 10 kW given «{3)

Using equation (3) in equation (2),

10x10 3 x0.4 4000
Ep = Vp+ v =V'2'Vn
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Using equation (3) and (4) in equation (1),

130 _ looo 50
40001 1500 T19x103
Vo tv—
12 Via
130V, .
— = 3333x107 V,,
V2, +4000

V7 +4000 = 390000 ie. V3 = 35000

Vi = 187.0828 V ..New terminal voltage
3
I, = llg;.(::la= 534522 A ..New current

hmp Example 1.27 : A 4 pole generator having wave wound armature winding has 48 slots
with 20 conductors in each slot. What will be the voltage generated in the machine when

driven at 1500 r.p.m. assuming flux per pole to be 7 mWb ? [Nov.-2008 (Set-2)]
Solution : P = 4, 48 slots, 20 conductors/slots, N= 1500 r.p.m., ¢ = 7 mWb
A =2 ...Wave wound
Z = Slots x [Conductors/Slot] = 48 x 20 = 960
E = ¢PNZ _ 7%1072 % 4x 1500% 960
[ 60A 60x2

= 336V ... Voltage generated

Imp Example 1.28 : A 4 pole machine running at 1000 r.p.m. has an armature with 90 slots
having 6 conductors per slot. The flux per pole is 6 x 1072 Wh. Delermine the induced
emn.f. as a d.c. generator if the coils are lap connected. If the current per conductor is 50 A,
determine the electrical power output of the machine. [Nov.-2004 (Set-3) , Nov.-2003 (Set-4)]
Solution : P = 4, N = 1000 r.p.m., Slots = 90, 6 conductors/slot,

¢ = 6x10’2Wh,A=Pas].apmrmmted,

Z = Slots x [Conductors/slot] = 90 x 6 = 540
_ 9PNZ _ 60x1072x4x1000x540 _
B = @A = axa - WV
A =PFP=4 ...Parallel paths

Current per conductor means current per parallel path is 50 A as all the conductors in
a parallel path are in series.

I = [ Current/ Conductor] x Parallel path = 50 x 4 = 200 A
Electrical output = Esxl=54ﬂx200=1uskw



Electrical Technology 1-62 D.C. Generators

1.
2.

w

SN A

10.

11.

12,

13.

14.

15.

Review Questions

Explain with a neat sketch, the construction of a d.c. machine.

Which part of a d.c. machine is laminated ? Why 7

What is the basic nature of the induced emf. in a d.c. generator 7 What is the function of a
commutator? !
What is the difference between lap type and wave type of armature winding 7

Derive from first principles an expression for the em.f. of ¢ d.c generator.

. State the different types of d.c. generators and state the applications of each type.
. In a particular d.c. machine, if P = 8, Z = 400, N = 300 rp.m. and ¢ = 100 mWh, calculate

generated e.m.f. if winding is connected in (i) Lap fashion (i) Wave fashion.
(Ans. : (i) 200 V (ii) 800 V)

. A 110 V, d.c. shunt generator delivers a load of 50 A. The armature resistance is 0.2 Q and field

resistance is 55 L. The generalor is driven at 1800 rp.m. It has 6 poles with 360 conductors
connected in lap fashion. Calculate
i) The no load voltage (ii} The flux per pole. (Ans. : (i) 1204 V (ii) 0.011 Wb)

. A long shunt ! delivers a load current of 50 A at 500 V. It has armature, series

¥ &

field and shunt field resistance of 0.05 £2, 0.03 2 and 250 £2 respectively. Calculate the generated
em.f. (Ans.: 50416 V)
A d.c. machine has 8 poles, lap connected armature with 960 conductors and flux per pole is
40 mWb. It is driven at 400 r.p.m. Calculate the generated e.m.f. If now lap comnected armature
is replaced by wave connected, calculate the speed at which it should be driven to generate 400 V.
(Ans. : 250 V, 156 r.p.m.)
A 4 pole, 100 V de. shunt generator with lap ted having field and armature
resistances of 50 Q and 0.1 Q respectively, supplied 60, 100 V, 40 W lamps. All lamps are
connected in parallel. Calculate the total armature current and generated e.m.f. Assume brush drop
to be 1 Vifbrush. (Ans.:26 A, 104.6 V)
A short shunt compound d.c. g tor supplied 7.5 kW at 230 V. The shunt field, series field and
armature resistances are 100 Q, 0.3 Q and 0.4 Q respectively. Calculate the induced e.m.f. and the
load resistance. (Ans.:253.8V,70)
A shunt generator delivers 450 A at 230 V and resistances of shunt field and armature windings
are 50 € and 0.03 Q respectively. Calculate the generated e.m.f. (Ans. : 243.638 V)
A 20 kW short shunt compound generator works on full load with terminal voltage of 250 V.
Assume Ry = 0.05Q, Ry, = 0.025 Q and Ry, = 100 £, calculate the generated eam.f.
(Ans. : 256,126 V)
A long shunt compound g tor delivers 50 A load at 500 V. Find induced emf. and the
armature current. Assume R, = 0.05 Q, Ry, = 0.03 Q and Ry, = 250 Q and brush drop of
1 V/brush. If flux per pole is 25 mWb with 250 number of armature conductors. Calculate speed of
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18.
13,

21.
22,

i

17

If same generator is connected as short shunt type, to supply same load at same voltage, at what
speed it should be driven. {Ans. : 506.16 V, 52 A, 1619.71 r.p.m.,, 161952 r.p.m.)
. A separately excited gemerator with a speed of 1200 rp.m., supplies a load of 200 A at 125 V.
What wll be ils new armature current if speed fs changed to 1000 r.p.m. keeping field excitation
constant. Assurme Ry = 0.04 £ and total brush drop of 2 V. Assume load resistance constani.

Drets and explin magretizaion chaacieistics of 5
Which are the load characteristics of a generator ?

Draw and explain load characteristics of d.c. shunt generator.

. Driw and explain load ch ics of d.c. séries g

Draw and explain load characteristics of d.c. compound generator.
Explain the procedure of voltage building in self excited generator.

. State the possible causes of failure of excilation of self excited g

How to find critical field resistance and critical speed for a generator?
Drew and explain the of separately excited d.c. generat

(Ans. : 166.16 A)

www.EngineeringEBooksPdf.com

jmm[m]



(1-864)

. . Urheberrechtlich geschiitztes Maleria
www.EngineeringEBooksPdf.com



D.C. Motors

2.1 Introduction

In the last chapter we have discussed about the generators. Now let us see in detail,
the various aspects of d.c. motors. A motor is a device which converts an electrical energy
into the mechanical energy. The energy conversion process is exactly opposite to that
involved in a d.c. generator. In a generator the input mechanical energy is supplied by a
prime mover while in a d.c. motor, input electrical energy is supplied by a d.c. supply.
The construction of a d.c. machine is same whether it is a motor or a generator, as
discussed in the last chapter.

2.2 Principle of Operaﬁﬁn of a D.C. Motor

The principle of operation of a d.c. motor can be stated in a single statement as “when
a current carrying conductor is placed in a magnetic field; it experiences a mechanical
force’. In a practical d.c. motor, field winding produces a required magnetic field while
armature conductors play a role of a current carrying conductors and hence armature
conductors experience a force. As conductors are placed in the slots which are on the
periphery, the individual force experienced by the conductors acts as a twisting or turning
force on the armature which is called a torque. The torque is the product of force and the
radius at which this force acts. So overall armature experiences a torque and starts
rotating. Let us study this motoring action in detail.

Consider a single conductor placed in a magnetic field as shown in the Fig. 2.1 (a).
The magnetic field is produced by a permanent magnet but in a practical d.c. motor it is
produced by the field winding when it carries a current.

Flux by
conductor
Current carmying
conductor
(a) Conductor in a magnetic field (b} Flux produced by t carrying d
Fig. 2.1

2-1)
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Now this conductor is excited by a separate supply so that it carries a current in a
particular direction. Consider that it carries a current away from an observer as shown in
the Fig. 2.1 (b). Any current carrying conductor produces its own magnetic field around it,
hence this conductor also produces its own flux, around. The direction of this flux can be
determined by right hand thumb rule. For direction of current considered, the direction of
flux around a conductor is clockwise. For simplicity of understanding, the main flux
produced by the permanent magnet is not shown in the Fig. 2.1 (b).

Now there are two fluxes present,
1. The flux produced by the permanent magnet called main flux.
2. The flux produced by the current carrying conductor.

These are shown in the Fig. 2.2 (a). From this, it is clear that on one side of the
conductor, both the fluxes are in the same direction. In this case, on the left of the
conductor there is gathering of the flux lines as two fluxes help each other. As against this,
on the right of the conductor, the two fluxes are in opposite direction and hence try to
cancel each other. Due to this, the density of the flux lines in this area gets weakened. So
on the left, there exists high flux density area while on the right of the conductor there
exists low flux density area as shown in the Fig. 2.2 (b).

Cancellation
Addition ——— x
r Gatharing / Direction of force
of flux .
] Weakening
i of flux
(a) interaction of two fluxes (b) Force experienced by the conductor
Fig. 2.2

This flux distribution around the conductor acts like a stretched rubber band under
tension. This exerts a mechanical force on the conductor which acts from high flux density
area towards low flux density area, i.e. from left to right for the case considered as shown
in the Fig. 2.2 (b).

[ ——

Fleld
winding

v N

b

Armature

4=

Fig. 2.3 Torque exerted on armature
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Key Point : In the practical d.c. motor, the permanent magnet is replaced by a field
inding which produces the required flux called main flux and all the armature conductors,

mounted on the periphery of the armature drum, get subjected to the mechanical force. Due
to this, overall armature experiences a twisting force called torque and armature of the motor
starts rotating.

2.3 Direction of Rotation of Motor
The magnitude of the force experienced by the conductor in a motor is given by,

F = BII Newtons (N)

B

Flux density due to the flux produced by

the field winding. .

I = Active length of the conductor.

I Magnitude of the current passing through the conductor.

The direction of such force ie. the direction of rotation of a motor can be determined
by Fleming's left hand' rule. So Fleming's right hand rule is to determine direction of
induced em.f. ie. for generating action while Fleming's left hand rule is to determine
direction of force experienced i.e. for motoring action.

2.3.1 Fleming's Left Hand Rule
The rule states that, 'Outstretch the three fingers of the left hand namely the first
finger, middle finger and thumb such that they are mutually perpendicular to each other.
Now point the first finger in the direction of magnetic field and the middle finger in the
direction of the current then the thumb gives the direction of the force experienced by the
conductor'.
The Fleming's left hand rule can be diagramatically shown as in the Fig. 2.4.
Direction of
mation

Lines of
Left \
hand
Direction of
current

Fig. 2.4 Fleming's left hand rule
Apply the rule to crosscheck the direction of force experienced by a single conductor,
placed in the magnetic field, shown in the Fig. 2.5 (a), (b), (c) and (d).
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Fig. 2.5 Direction of force experienced by conductor
It can be seen from the Fig. 2.5 that if the direction of the main field in which current
carrying conductor is placed, is reversed, force experienced by the conductor reverses its
direction. Similarly keeping main flux direction unchanged, the direction of current passing
through the conductor is reversed, the force experienced by the conductor reverses its
direcion. However if both the directions are reversed, the direction of the force
experienced remains the same.
Key Point : So in a practical molor, to reverse its direction of rotation, either
direction of main field produced by the field winding is reversed or direction of the
current passing through the armature is reversed.

The direction of the main field can be reversed by changing the direction of current
passing through the field winding, which is possible by interchanging the polarities of
supply which is given to the field winding. In short, to have a motoring action two fluxes
must exist, the interaction of which produces a torque.

2.4 Significance of Back E.M.F.

It is seen in the generating action, that when a conductor cuts the lines of flux, e.m.f.
gets induced in the conductor. The question is obvious that in a d.c. motor, after a
motoring action, armature starts rotating and armature conductors cut the main flux. So is
there a generating action existing in a motor ? The answer to this question is "Yes'.

After a motoring action, there exists a generating action. There is an induced em.f. in
the rotating armature conductors according to Faraday's law of electromagnetic induction.
This induced e.m.f. in the armature always acts in the opposite direction of the supply
voltage. This is according to the Lenz's law which states that the direction of the induced
em.f. is always so as to oppose the cause producing it. In a d.c. motor, electrical input i.e.
the supply voltage is the cause and hence this induced e.m.f. opposes the supply voltage.
This em.f. tries to set up a current through the armature which is in the opposite
direction to that, which supply voltage is forcing through the conductor.

So as this em.f always opposes the supply voltage, it is called back e.m.f. and
denoted as Ey,. Though it is denoted as Ej, basically it gets generated by the generating
action which we have seen earlier in case of generators. So its magnitude can be
determined by the e.m.f. equation which is derived earlier. So,

OPNZ

A volts
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(a) Back e.m.f. in a d.c. motor Fig. 2.6 (b) Equivalent circuit

This e.m.f. is shown schematically in the Fig. 2.6 (a). So if V is supply voltage in volts
and R, is the value of the armature resistance, the equivalent electric circuit can be shown
as in the Fig. 2.6 (b).

2.4.1 Voltage Equation of a D.C. Motor
In case of a generator, generated e.m.f. has to supply armature resistance drop and

remaining part is available across the load as a terminal voltage. But in case of d.c. motor,
supply voltage V has to overcome back em.f. E,, which is opposing V and also various
drops as armature resistance drop I, R,, brush drop etc. Infact the electrical work done in
overcoming the back em.f. gets converted into the mechanical energy developed in the

armature, Hence the voltage equation of a d.c. motor can be written as,
vV = Eb+IaR=+bmshdmp‘

Neglecting the brush drop, the generalised voltage equation is,
V = B +LR,

The back e.m.f. is always less than supply voltage (E, < V). But R, is very small hence
under normal running conditions, the difference between back em.f. and supply voltage is
very small. The net voltage across the armature is the difference between the supply
voltage and back e.nf. which decides the armature current. Hence from the voltage
equation we can write,

Key Point : Voltage equation gets changed a little bit depending upon the type of the
motor, which is discussed later.

mp Example 2.1 : A 220 V, d.c. motor has an armature resistance of 0.75 Q. It is drawing
an armature current of 30 A, driving a certain load. Calculate the induced em.f. in the
motor under this condition.

Solution : V =200 V, I, = 30 A, R, = 0.75 Q are the given values.
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B +L R,
220 = E, +30x075
& E, = 197.5 volts
This is the induced e.m.f. called back e.m.f. in a motor.
1mp Example 2.2 : A 4 pole, d.c. motor has lap ted armature winding. The flux per pole
is 30 mWb. The number of armature conductors is 250. When connected to 230 V dec.
supply it draws an armature current of 40 A. Calculate the back e.m.f. and the speed with
which motor is running. Assume armature resistance is 0.6 .
Solution : P=4, A=P=4aslap, V=230V, Z=250
¢ = 30 mWb = 30 x 10~ Wb
= 40A
By +L R,
E, + 40x 06
206 V
_ $PNZ
T 60A

-3

206 = 30x10™ x4 Nx 250
60x4

N = 1648 r.p.m.

For a motor, v

From voltage equation,

1]

:F“:F’Q-c.r-
[

2.4.2 Back E.M.F. as a Regulating Mechanism

Due to the presence of back emf. the d.c. motor becomes a regulating machine ie.
motor adjusts itself to draw the armature current just enough to satisfy the load demand.
The basic principle of this fact is that the back e.m.f. is proportional to speed, By, =< N.

When load is suddenly put on to the motor, motor tries to slow down. So speed of the
motor reduces due to which back emf. also decreases. So the net voltage across the
‘armature (V - Ep) increases and motor draws more armature current. As F = B ] ], due to
increased current, force experienced by the conductors and hence the torque on the
armature increases. The increase in the torque is just sufficient to satisfy increased load
demand. The motor speed stops decreasing when the armature current is just enough to
produce torque demanded by the new load.

When'1oad"on the motor is decreased, the speed of the motor tries to increase, Hence
back en.f. increases. This causes (V — Ep) to reduce which eventually reduces the current
drawn by the armature. The motor speed stops increasing when the armature current is
just enough to produce the less torque required by the new load.

Key Point : So back e.mf. regulates the flow of armature current and it automatically
alters the armature current to meet the load requirement. This is the practical significance of
the back e.m.f.
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2.5 Power Equation of a D.C. Motor
The voltage equation of a d.c. motor is given by,

V = E,+LR,
Multiplying both sides of the above equation by I, we get,
VI, = B,L+1 R,

This equation is called p equation of a d.c. motor.
VI, = Net electrical power input to the armature measured in watts.
I2R, = Power loss due to the resistance of the armature called armature copper loss.

So difference between VL and I2R, i.e. input - losses gives the output of the armature.

So Ey, I, is called electrical equivalent of gross mechanical power developed by
the armature. This is denoted as P,
. Power input to the armature — Armature copper loss = Gross mechanical power
developed in the armature.

2.5.1 Condition for Maximum Power
For a motor from power equation it is known that,
P, = Gross mechanical power developed = E, I,

= vi, - IR,
dP
For maximum P, ’Hl_m =0
m a
0 = V-2I, R,
\'s . v
la = ZRl Le IIRI =‘-5
Substituting in voltage equation,
v
V= E+L R, =E+5
v . " e
By = % ... Condition for maximum power

Key Point : This is practically impossible to achieve as for this Ey, current required is
much more than its normal rated value. Large heat will be produced and efficiency of motor
will be less than 50 %,
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2.6 Torque Equation of a D.C. Motor

e . It is seen that the turning or twisting force
Rotation about an axis is called torque. Consider a wheel

of radius R meters acted upon by a

E circumferential force F newtons as shown in the

Fig. 2.7 Fig. 2.7.
The wheel is rotating at a speed of N r.p.m.
Then angular speed of the wheel is,
2aN
0= rad/sec

So workdone in one revolution is,
W = F x distance travelled in one revolution

= Fx2rR  joules

_ _ Workdone
And P = Power developed = ~Tme
_ _ Px2mR FXZER=(FXR))-:[2:ON]

Time for Ttev (60
)
P = Txo watts
Where T = Torquein N -m
® = Angular speed in rad/sec.
Let T, be the gross torque developed by the armature of the motor. It is also called
armature torque. The gross mechanical power developed in the armature is E,, I, as seen
from the power equation. So if speed of the motor is N r.p.m. then,

Power in armature = Armature torque x o

2aN

B L = T, &0
but By, in a motor is given by,
_ ¢PNZ
B = oA

¢PNZ . _ . 21N

wa < = Taxg

1 PZ
T = mokxg

T, = 015901, 52 Nom

This is the torque equation of a d.c. motor.
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mmp Example 2.3 : A 4 pole d.c. motor takes a 50 A armature current, The armature has lap
connected 480 conductors. The flux per pole is 20 mWb. Calculate the gross torque developed
by the armature of the motor.
Solution :P =4, A=P =4, Z =480
¢ = 20mWb =20x 10" Wb, [, =50 A .
4x 480
4

PZ
Now T, = 0159x 0T, —— = 0159 x 20 x 10 x 50 x

76.394 N-m

2.6.1 Types of Torque in the Motor

Basically the torque is developed in the armature and hence gross torque produced is
denoted as T,.

The mechanical power developed in the armature is transmitted to the load through
the shaft of the motor. It is impossible to transmit the entire power developed by the
armature to the load. This is because while transmitting the power through the shaft, there
is a power loss due to the friction, windage and the iron loss. The torque required to
overcome these losses is called lost torque, denoted as T;. These losses are also called stray
losses.

The torque which is available at the shaft for
doing the useful work is known as load torque or
shaft torque denoted as Tg,.

E T,=T;+ Ty
The shaft torque magnitude is always less than

Armature
ngﬂﬂ the armature torque, (Ty, < T,).
G::nneraiad The speed of the motor remains same all along
rque

the shaft say N r.p.m. Then the product of shaft

torque Ty, and the angular speed ® rad/sec is

Fig. 2.8 Types of torque called power available at the shaft i.e. net output

of the motor. The maximum power a motor can

deliver to the load safely is called output rating of a motor. Generally it is expressed in
HLP. It is called H.P. rating of a motor.

[Netontputo‘fmoior=Pm‘= T *x ©

2.6.2 No Load Condition of a Motor

On no load, the load requirement is absent. Sa Ty, = 0. This does not mean that motor
is at hault. The motor can rotate at a speed say Nj r.p.m. on no load. The motor draws an
armature current of L.
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where Ey is back e.m.f. on no load, proportional to speed Ny,
Now armature torque T, for a motor is,
- Ty o= 9L
As flux is present and armature current is present, hence T, i.e. armature torque exists
on no load.
Now T, = T+ Ty
but on no load, Ty, = 0

T‘a=Tf

So on no load, motor keeps on rotating at a speed of N r.p.m. drawing an armature
current of Lj This is just enough to produce a torque T,; which satisfies the friction,
windage and iron losses of the motor. On no load, speed of the motor is large hence Ey, is
also large hence (V - Eyg) is very small hence armature current L is also small. So motor
draws less current on no load and takes more and more current as motor load increases.

So on no load,

Torque developed = Torque required to overcome friction, windage, iron losses.

Power developed (Eyg % Ipg) = Friction, windage and, iron losses

where Epy = Back enf. on no load.
and Ty = Armature current drawn on no load.

mgmmponmtofsunyhmiaﬂwlmispmcﬁcaﬂymmdwbemmﬂwugh
the load on the motor is changed from zero to the full capacity of the motor. So Ty is
practically assumed constant for all load conditions.

mmp Example 2.4 : A 4 pole, lap wound d.c. motor has 540 conductors, Its speed is found fo
be 1000 r.p.m. when it is made to run light. The flux per pole is 25 mWb. It is connected to
230 V d.c. supply. The armature resistance is 0.8 Q. Calculate.
i) Induced e.m.f. i) Armature current iii) Stray losses iv) Lost torque.

Solution :P=4, A=P=4
Running light means it is on no load.
Ny = 1000 rp.m.
Z = 540 and ¢=25x 10° Wb
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_ OPNGZ  25x1073 x4x1000x540

B = “ga = 60%4 =5V

i} Induced em.f,, Eyy = 225V
ii) From voltage equation, V = Ey, + L, R,

V = Eo+loF,
230 = 225+ Lx 0.8 St
Iy = 625A '

iii) On no load, power developed is fully the power required to overcome stray losses.
Stray losses = Epy Ly = 225 x 6.25 = 140625 W

W) Lost torque T @ - 2ZRN, - 2mx1000

2.7 Types of D.C. Motors

Similar to the d.c. generators, the d.c. motors are classified depéhding upon the way of
connecting the field winding with the armature winding. The different types of d.c. motors
are shunt motors, series motors and compound motors. The comppund motors are further
classified as short shunt compound and long shunt compound motors. Let us see the
connection diagrams and different voltage and current relations of these types of motors.

2.8 D.C. Shunt Motor

In this type, the field winding is connected across the armature winding and the
combination is connected across the supply, as shown in the Fig. 2.9.

Let Ry, be the resistance of shunt field winding.

R, be the resistance of armature winding.

The value of R, is very small while Ry, is quite large. Hence shunt field winding has
more number of tums with less cross-sectional area.

Fig. 2.9 D.C. shunt motor
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2.8.1 Voltage and Current Relationship
The voltage across armature and field winding is same equal to the supply voltage V.
The total current drawn from the supply is denoted as line current Ij.

I = L+l
v
Ish=q
and V = Bp+ L R+ Vo

Virush 15 generally neglected.
Now flux produced by the field winding is proportional to the current passing through

itie Ig.

Key Point : As long as supply vollage is constant, which is generally so in practice, the
flux produced is constant. Hence d.c. shunt motor is called constant flux motor.
2.9 D.C. Series Motor

In this type of motor, the series field winding is connected in series with the armature
and the supply, as shown in the Fig. 2.10.

Fig. 2.10 D.C. series motor

Let R, be the resistance of the series field winding. The value of R, is very small and
it is made of small number of turns having large cross-sectional area.

2.9.1 Voltage and Current Relationship
Let I; be the total current drawn from the supply.

0 L= L=,
and V= B, +L R+ R+ Vi
V = By + 1, Ry + Ree) + Virusn
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Supply voltage has to overcome the drop across series field winding in addition to E,
and drop across armature winding.
Koy Point: In series motor, entire armature current is passing through the series field
winding. So flux produced is proportional to the armature current.

210 D.C. Compound Motor

The compound motor consists of part of the field winding connected in series and part
of the field winding connected in parallel with armature. It is further classified as long
shunt compound and short shunt compound motor.

2.10.1 Long Shunt Compound Motor

In this type, the shunt field winding is connected across the combination of armature
and the series field winding as shown in the Fig. 2.11.

Fig. 2.11 Long shunt compound motor

Let R, be the resistance of series field and Ry be the resistance of shunt field
winding. The total current drawn from supply is I},

So I = Le+la
But L = L
I = L+l
And I,h=%
And V = Eg+ LR + L R+ Vo
But as e = I,
V = E,+ L, (R, + Re) + Viruah
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2.10.2 Short Shunt Compound Motor

In this type, the shunt field is connected purely in parallel with armature and the
series field is connected in series with this combination shown in the Fig. 2.12.

Fig. 2.12 Short shunt compound motor

I = le
The entire line current is passing through the series field winding.
and I = L+ 1,

Now the drop across the shunt field winding is to be calculated from the voltage
equation.

S0 Vo= Byt LRy + LR, + Vi,
but le = Ip

V = B, +I R + L Ry + Vi
. Drop across shunt field winding is,

= V-I R =Ep + L Ry + Vprush

V-1 Ry _ Ey+1y Ry + Vi
R Ron

Lh =

Apart from these two, compound motor can be classified into two more types,

i) Cumulatively compound motors and ii) Differential compound motors.
Key Point : If the two field windings are wound in such a manner that the fluxes
produced by the two always help each other, the motor is called cumulatively compound. If
the fluxes produced by the two field windings are trying to cancel each other ie. they are in
opposite direction, the motor is called differential compound.

A long shunt compound motor can be of cumulative or differential type. Similarly
short shunt compound motor can be cumulative or differential type.
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2.11 Torque and Speed Equations

Before analyzing the various characteristics of motors, let us revise the torque and
speed equations as applied to various types of motors.

A

This is because, 0.159 1—2 is a constant for a given motor.

Now ¢ is the flux produced by the field winding and is proportional to the current
passing through the field winding.
$ o I
But for various types of motors, current through the field winding is different.
Accordingly torque equation must be modified.
For a d.c. shunt motor, I, is constant as long as supply voltage is constant. Hence ¢
flux is also constant.

T « I for shunt motors

For a d.c. series motor, [, is same as [,. Hence flux ¢ is pmporhonalm the armature
current L.

T o« Loo12 for series motors.

Similarly as E, = 1’;‘0[12’ we can write the speed equation as,
B, < ¢N

B
)

N e

But v

E,+LLR,  neglecting brush drop.

o E, = V-LR,
*. Speed equation becomes,

N « Y-liRa

So for shunt motor as flux ¢ is constant,

N « V-LR,
While for series motor, flux ¢ is proportional to L,

V-LR, -1,R,.

a

N e

‘
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These relations play an important role in understanding the various characteristics of
different types of motors.

2.11.1 Speed Regulation

The speed regulation for a d.c. motor is defined as the ratio of change in speed
corresponding to no load and full load condition to speed corresponding to full load.

Mathematically it is expressed as,

%spudmglﬂaﬁm=ﬁm % 100
Nt 1oad

2.12 D.C. Motor Characteristics

The performance of a d.c. motor under various conditions can be judged by the
following characteristics.

i) Torque - armature current characteristics (T Vs I,) :

The graph showing the relationship between the torque and the armature current is
called a torque-armature cuwrrent characteristicc. These are also called electrical
characteristics.

ii) Speed - armature current characteristics (N Vs I,) :

The graph showing the relationship between the speed and armature current

iii) Speed - torque characteristics (N Vs T ) :

The graph showing the relationship between the speed and the torque of the motor is
called speed-torque characteristics of the motor. These are also called mechanical
characteristics.

The nature of these characteristics can easily be obtained by using speed and torque
equations derived in section 2.11. These characteristics play a very important role in
selecting a type of motor for a particular application.

2.13 Characteristics of D.C. Shunt Motor

i) Torque - armature current characteristics

Forade motor T = $I

For a constant values of Ry, and supply voltage V, 1 is also constant and hence flux
is also constant.

Ty = I
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The equation represents a straight line, passing
through the origin, as shown in the Fig. 2.13. Torque
increases linearily with armature current. It is seen
earlier that armature current is decided by the load.
So as load increases, armature current increases,
increasing the torque developed linearly.

Fig. 243 T Vs I, for shunt motor oW if shaft torque is plotted against armature

current, it is known that shaft torque is less than the

armature torque and the difference between the two is loss torque T; as shown. On no

load Ty, = 0 but armature torque is present which is just enough to overcome stray losses

shown as T,j. The current required is I3 on no lead to produce T,y and hence Ty, graph
has an intercept of I; on the current axis.

To generate high starting torque, this type of motor requires a large value of armature
current at start. This may damage the motor hence d.c. shunt motors can develop
moderate starting torque and hence suitable for such applications where starting torque
requirement is moderate.

ii) Speed - armature current characteristics

From the speed equation we get,
V-I,R,

N

« V-LR, as ¢ is constant.

So as load increases, the armature current
increases and hence drop L, R, also increases.
Hence for constant supply voltage, V - I, R,
decreases and hence speed reduces. But as R, is very
I small, for change in I from no load to full load, drop
Fig. 214 N Vs 1, for shunt motor la R; is very small and hence drop in speed is also
not significant from no load to full load.
So the characteristics is slightly droping as shown in the Fig. 2.14.
But for all practical purposes these type of motors are considered to be a constant
speed motors.
iii) Speed - torque characteristics

N These characteristics can be derived from the
Ny -@fﬂw_&"& above two characteristics. This graph is similar to
speed-armature current characteristics as torque is
proportional to the armature current. This curve
shows that the speed almost remains constant

o T though torque changes from no load to full load
Fig. 215 N Vs T for shunt motor Conditions. This is shown in the Fig. 2.15.
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214 Chlractgristics of D.C. Series Motor
i) Torque - armature current characteristics

In case of series motor the series field winding is carrying the entire armature current.
So flux produced is proportional to the armature current.

o = I

Hence Tauolawlg

Thus torque in case of series motor is proportional to the square of the armatu.re
current. This relation is parabolic in nature as shown in the Fig. 2.16.

N

Iy

Fig. 218 T Vs I, for series motor Fig. 217 N Vs 1, for series motor

As load increases, armature current increases and torque produced increases
proportional to the square of the armature current upto a certain limit.

As the entire I, passes through the series field, there is a property of an electromagnet
called saturation, may occur. Saturation means though the current through the winding
increases, the flux produced remains constant. Hence after saturation the characteristics
take the shape of straight line as flux becomes constant, as shown. The difference between
T, and Ty, is loss torque Ty which is also shown in the Fig. 2.16.

At start as T o< 12, these types of motors can produce high torque for small amount of
armature current hence the series motors are suitable for the applications which demand
high starting torque.

ii) Speed - armature current characteristics

From the speed equation we get,

E
N == b
¢

Ve -
oc #“R* as ¢ =< L, in case of series motor
a

Now the values of R, and Ry, are so small that the effect of change in I, on speed
overrides the effect of change in V - I, R, — I, R, on the speed.
Hence in the speed equation, E, = V and can be assumed constant. So speed equation
reduces to,
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N« L

So speed-armature current characteristics is rectangular hyperbola type as shown in the
Fig. 2.17.

iii) Speed - torque characteristics

In case of series motors, T o 12 and Nuli
a

Hence we can write, ﬁ»

Thus as torque increases when load
N increases, the speed decreases. On no load,
torque is very less and hence speed
increases to dangerously high value. Thus
the nature of the speed-torque characteristics
is similar to the nature of the
T speed-armature current characteristics.
The speed-torque characteristics of a
Fig. 218 N Vs T for series motor series motor is shown in the Flg, 2.18.

2,15 Why Series Motor is Never Started on No Load 7

It is seen earlier that motor armature current is decided by the load. On light load or
no load, the armature current drawn by the motor is very small.

In case of a d.c. series motor, ¢, and
on no load as I, is small hence flux produced is also very small.
According to speed equation,

N e %’ as E, is almost constant.

So on very light load or no load as flux is very small, the motor tries to run at
dangerously high speed which may damage the motor mechanically. This can be seen
from the speed-armature current and the speed-torque characteristics that on low armature
current and low torque condition motor shows a tendency to rotate with dangerously high
speed.

This is the reason why series motor should never be started on light loads or no load
conditions. For this reason it is not selected for belt drives as breaking or slipping of belt
causes to throw the entire load off on the motor and made to run motor with no load
which is dangerous.
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2.16 Characteristics of D.C. Compound Motor

Compound motor characteristics basically depends on the fact whether the motor is
cumulatively compound or differential compound. All the characteristics of the compound
motor are the combination of the shunt and series characteristic.

Cumulative compound motor is capable of developing large amount of torque at low
speeds just like series motor. However it is not having a disadvantage of series motor even
at light or no load. The shunt field winding produces the definite flux and series flux
helps the shunt field flux to increase the total flux level.

So cumulative compound motor can run at a reasonable speed and will not run with
dangerously high speed like series motor, on light or no load condition.

In differential compound motor, as two fluxes oppose each other, the resultant flux
decreases as load increases, thus the machine runs at a higher speed with increase in the
load. This property is dangerous as on full load, the motor may try to run with
dangerously high speed. So differential compound motor is generally not used in practice.

The various characteristics of both the types of compound motors cumulative and the
differential are shown in the Fig. 2.19 (a), (b} and (c).

Differential

T} series N
Cumulative

- Shunt

Differential

@Tvsl, (b)NvsI, (c)NvsT

Fig. 2.19 Characteristics of d.c. compound motor

The exact shape of these characteristics depends on the relative contribution of series
and shunt field windings. If the shunt field winding is more dominant then the
characteristics take the shape of the shunt motor characteristics. While if the series field
winding is more dominant then the characteristics take the shape of the series
characteristics.

2.17 Applications of D.C. Motors

Instead of just stating the applications, the behaviour of the various characteristics like
speed, starting torque etc., which makes the motor more suitable for the applications, is
also stated in the Table 2.1.
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Type of motor Characteristics Applications
Shunt Speed is fairly constant and 1) Blowers and fans
medium starting torgue. 2) Centrifugal and reciprocating pumps
3) Lathe machines
4) Machine tools
5) Milling machines
. 6) Drilling machines.
Serles ﬁ‘l‘; ms:'? torque. No load 1) Cranes
dangerous. 2) Hoists, Elevators
Variable speed 3) Trolleys
4) Conveyors
5) Electric locomotives.
Cumulative h stal torque. No load 1) Rolling mill
compound ﬁﬂiﬂuﬂq:gdlum. 2; pmi. :
3) Shears
4) Heavy planers
5) Elevators.
Dll'l‘hranﬂll;. Speed increases as load Not suitable for any practical appli
Table 2.1

iy Example 2.5 : A 4 pole, 250 V, d.c. series motor has a wave connected armature with 200
conductors. The flux per pole is 25 mWb when motor is drawing 60 A from the supply.
Armature resistance is 0.15 Q while series field winding resistance is 0.2 Q . Calculate the
speed under this condition.

Solution : P =4Z=20

A = 2,0=25x10"Wb

I, =1, =60A
R, = 015Q
R = 020

vV = Eb+llRl+I: Rse

250 = E, + 60 (0.15 + 0.2)

Ey= 29V

$¢PNZ
60 A

Now E, =

25x 10~ x 4 Nix 200

“a = 60x 2

N = 1374 rp.m.

Fig. 2.20
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mmp Example 2.6 : A 250 V, dc. shunt motor takes a line current of 20 A. Resistance of
shunt field winding is 200 Q and resistance of the armature is 0.3 Q. Find the armature
current and the back e.m.f.

Solution :V=250V,IL=20A
R, = 03Q, R, =200Q

Lo, I = I -1y
Iy Isn =20-125
R, E V=250V = 18754
Rsh
Now V =E +L R,

E, = V-1, R,

= 250 - 1875 % 03
Fig. 2.21 — 244375 V

iy Example 2.7 : A d.c. shunt motor runs at a speed of 1000 r.p.m. on no load taking a
current of 6 A from the supply, when connected to 220 V d.c. supply. Its full load current is
50 A. Calcuiate its speed on full load. Assume R; = 0.3 Q and R, = 110 Q.

Solution : Let no load, speed be N, = 1000 r.p.m.

Iy = Line current on no load = 6 A

w = Iu)"'lsh

A\ 220
W TRy TTom A
LLEn S (Y Iy =l -1, =6-2=4A
R, V=220V ~ Back emf on ro load E; can be determined
from the voltage equation.
V=E,+1, R,

20=E,, +4x03

Fig. 222 Ey = 2188 V
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On full load condition, supply voltage is constant and hence,

vV 220 .
Isb = g—m—zﬁ (rema.mssame}
Now I = Lpp+ly
50 = 1, pp +2
IaF.L. = 48A
and Vo= EppL *LirL Re

20 = E,., +48x03

EppL = 2056 V
From the speed equation,

E
-
But ¢ is constant as I, is constant for both the load conditions.
No _ Ew
Nee  EprL
New = Ny -2F _1000x 2958 _ 03067 rpum.
. Ey 3188

1y Example 2.8 : A d.c. series motor is running with a speed of 800 r.p.m. while taking a
current of 20 A from the supply. If the load is changed such that the current drawn by the
motor is increased to 50.A, calculate the speed of the motor on new load. The armature and
series field winding resistances are 0.2 Q and 0.3 Q respectively. Assume the flux produced
is proportional lo the current. Assume supply voltage as 250 V.

Solution : For load 1, N, =800 rp.m, I; =1, =20 A

For load 2, b = [,=50A
R, = 02Q, R, =03Q,

From voltage equation V=E +1 R, +1_ R,

but I = I, =l =20A

250 = Ey, +20 (0.2 + 03)
- Ey = 240 V
and V = By, +I, R, +1, Ry,
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Fig. 2.23

2.18 Necessity of Starter

All the d.c. motors are basically self starting motors. Whenever the armature and the
field winding of a d.c. motor receives supply, motoring action takes place. So d.c. motors
do not require any additional device to start it. The device to be used as a starter conveys

a wrong meaning.

250 = E, + 50 (02 + 0.3)

s Eyp =225V
From the speed equation,
E
N « -2
7%
Now I3 S B
N Ew, %
b Epm 9
N By lp
Ny By Iy
225 2
m:~<5n=3(l€|r,p.m.

Key Paint : So starter is not required to start a d.c. motor but it enables us to start
the motor in a desired, safe way.

Now at the starting instant the speed of the motor is zero, (N = 0). As speed is zero,

. there cannot be any back e.m.f. as E, = N and N is zero at start.

E, at start = 0
The voltage equation of a d.c. motor is,
V= E+LR,
So at start, V =LR,
v
L=z

as By, =0

... At start

Key Point : Generally motor is switched on with normal voltage and as armature

resistance is very small, the armature current at start is very high.

! Consider a motor having full load input power as 8000 watts. The motor rated voltage
be 250 V and armature resistance is 0.5 .

Then at start, B}, = 0 and motor is operated at 250 V supply, so

1

a

v

= VB0 _cooa

R

a

0.5

While its full load current can be calculated as,
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I _ Power input on full load
Full load ™ Supply voltage

- 8000 _
=gy = 32A

So at start, motor is showing a tendency to draw an armature current which is
15 to 20 times more than the full load current.

Such high current drawn by the armature at start is highly objectionable for the

following reasons :

1. In a constant voltage system, such high inrush of current may cause tremendous
line voltage fluctuations. This may affect the performance of the other equipments
connected to the same line.

2. Such excessively high armature current, blows out the fuses.

3. If motor fails to start due to some problems with the field winding, then a large
armature current flowing for a longer time may burn the insulation of the
armature winding.

4. As the starting armature current is 10 to 15 times more than the full load current,
the torque developed which is proportional to the I, will also be 10 to 15 times,
assuming shunt motor operation. So due to such high torque, the shaft and other
accessories are thus be subjected to large mechanical stresses. These stresses may
cause permanent mechanical damage to the motor.

+

r
!

Fig. 2.24 Basic arrangement of a starter

To restrict this high starting armature current, a variable resistance is connected in
series with the armature at start. This resistance is called starter or a starting resistance. So
starter is basically a current limiting device. In the beginning the entire resistance is in the
series with the armature and then gradually cut-off as motor gathers speed, producing the
back e.m.f. The basic arrangement is shown in the Fig. 2.24.

In addition to the starting resistance, there are some protective devices provided in a
starter. There are two types of starters used for d.c. shunt motors.

a) Three point starter

b) Four point starter

Let us see the details of three point starter.
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2.19 Three Point Starter
The Fig. 2.25 shows this type of starter.

ﬂar[ng No volt coil
resistance o

Soft iron piece =TT e

Starter handle a

Spring

Lever Triangular
fron piece Ay

2 Fy Ay

Fig. 2.25 Three point starter

The starter is basically a variable resistance, divided into number of sections. The
contact points of these sections are called studs and brought out separately shown as OFF,
1,2, ... upto RUN. There are three main points of this starter :

1.'L’ — Line terminal to be connected to positive of supply.

2.*A’ = To be connected to the armature winding.

3.’F — To be connected to the field winding.

Point ‘L’ is further connected to an electromagnet called Overload Release (OLR). The
second end of ‘OLR’ is connected to a point where handle of the starter is pivoted. This
handle is free to move from its other side against the force of the spring. This spring
brings back the handle to the OFF position under the influence of its own force. Another
parallel path is derived from the stud ‘1’, given to the another electromagnet called No
Volt Coil (NVC). The NVC is further connected to terminal ‘F’. The starting resistance is
entirely in series with the armature. The OLR and NVC are the two protecting devices of
the starter.
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Operation : Initially the handle is in the OFF position. The d.c. supply to the motor is
switched on. Then handle is slowly moved against the spring force to make a contact with
stud No. 1. At this point, field winding gets supply through the parallel path provided to
starting resistance, through NVC. While entire starting resistance comes in series with the
armature and armature current which is high at start, gets limited. As the handle is moved
further, it goes on making contact with studs 2, 3, 4 etc., cutting out the starting resistance
gradually from the armature circuit. Finally when the starter handle is in 'RUN’ position,
the entire starting resistance gets removed from the armature circuit and motor starts
operating with normal speed. The handle is moved manually, and the obvious question is
how handle will remain in the ‘/RUN’ position, as long as motor is running ?

Let us see the action of NVC which will give the answer to this question along with -
some other functions of NVC.

2.19.1 Functions of No Volt Coil
1. The supply to the field winding is derived through NVC. So when field current
flows, it magnetises the NVC. When the handle is in the 'RUN’ position, soft iron
piece connected to the handle gets attracted by the magnetic force produced by
NVC. Design of NVC is such that it holds the handle in ‘RUN’ position against the
force of the spring as long as supply to the motor is proper. Thus NVC holds the
handle in the ‘RUN’ position and hence also called hold on coil.

2. Whenever there is supply failure or if field circuit is broken, the current through
NVC gets affected. It looses its magnetism and hence not in a position to keep the
soft iron piece on the handle, attracted. Under the spring force, handle comes back
to OFF position, switching off the motor. So due to the combination of NVC and
the spring, the starter handle always comes back to OFF position whenever there is
any supply problem. The entire starting resistance comes back in series with the
armature when attempt is made to start the motor everytime. This prevents the
damage of the motor caused due to accidental starting.

3. NVC performs the similar action under low voltage conditions and protects the
motor from such dangerous supply conditions as well.

2.19.2 Action of Over Load Release

The current through the motor is taken through the OLR, an electromagnet. Under
overload condition, high current is drawn by the motor from the supply which passes
through OLR. Below this magnet, there is an arm which is fixed at its fulcrum and
normally resting in horizontal position. Under overloading, high current though OLR
produces enough force of attraction to attract the arm upwards. Normally magnet is so



Electrical Technology 2-28 D.C. Motors

designed that up to a full load value of current, the force of attraction produced is just
enough to balance the gravitational force of the arm and hence not lifting it up. At the end
of this arm, there is a triangular iron piece fitted. When the arm is pulled upwards the
triangular piece touches to the two points which are connected to the two ends of NVC.
This shorts the NVC and voltage across NVC becomes zero due to which NVC looses its
magnetism. So under the spring force, handle comes back to the OFF position,
disconnecting the motor from the supply. Thus motor géts saved from the overload
conditions.

In this starter, it can be observed that as handle is moved from different studs one by
one, the part of the starting resistance which gets removed from the armature circuit, gets
added to the field circuit. As the value of starting resistance is very small as compared to
the field winding resistance, this hardly affects the field winding performance. But this
addition of the resistance in the field circuit can be avoided by providing a brass arc or
copper arc connected just below the stud, the end of which is connected to NVC, as shown
in the Fig. 2.26.

et Fo _A® ]

Fig. 2.26 Three point starter with brass arc
The handle moves over this arc, supplying the field current directly bypassing the
starting resistance. When such an arc is provided, the connection used earlier to supply
field winding, is removed.

2.19.3 Disadvantage

In this starter, the NVC and the field winding are in series. So while controlling the
speed of the motor above rated, field current is reduced by adding an extra resistance in
series with-the field winding. Due to this, the current through NVC also reduces. Due to
this, magnetism produced by NVC also red This may rel the handle from its RUN
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position switching off the motor. To avoid the dependency of NVC and the field wmd.i.n&
four point starter is used, in which NVC and the field winding are connected in parallel.

2.19.4 Calculation of Steps of Starter Resistance

In the operation of starter, the step is changed whenever the current falls to definite
lower value. The design of starter is based on

1. The lower current limit is specified.

2. The number of section is specified.

Wlmﬂwlowucmmtisspedﬁad,numbuofm_qeselec&dmmwmﬂltb?
given upper-and lower current values. While if number of sections is fixed, the lower
current limit is calculated accordingly. Another important aspect of the shunt motor-starter
is that the resistances in the various sections existing between the studs form the
geometrical series with a common factor as the ratio of lower current to upper current
limit. Consider the shunt motor starter having three sections as shown in the Fig. 227

Handle

Ry

Ry

Fig. 2.27 Design of starter resistance

When point P of handle n'mkm contact with stud 1, the armature current increases to
the value,

v :
I, = R, AtE =0 (1)
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At the same time field is established so motor starts.

Key Point : Many times I, is limited to 1.5 times the full load current of the motor ie.
assuming 50 % overload at start.

Armature current
I, {2 © & Uncer limi
pper limit
ON @
oNeNE]
I 5 3 P Lower limit
Speed My
Pttt
Ny ,’/
oy
e B
4 1
I ] 1
i 1 1
A . Time

Fig. 2.28 Change in |, and speed while starter resistance is changed

As motor starts, Ey, is developed and I, reduces. Let I, be the lower limit of armature
current to which it falls, due to E,,, as shown in the Fig. 2.28

This change is shown by the curve a.b. At b the current achieved is given by,
V-Ey

e
where E;;; = Back em.f. corresponding to speed N, achieved at 'b".

when I, is achieved, handle is moved to stud 2 hence instantly the current increases to

1, as back e.m.f. remains same as developed for N;.

V-E,,
L = X -(3)

AtEy ' -2

I

This graph is shown as b to c in the Fig. 2.28, Taking ratio of equations (3) and (2)
I, '
LK )
When handle is held at stud 2, then speed picks up from N, to N, and back em.f.
changes from Ey, to E,;. So current decreases from c to d.
Lo V-Ey
2= Rz

!ﬂ|_=d

AtEy, .5)
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by,

V-Ey,

I, =
1 R3

Taking ratio of equetion (6) to (5)
Il — RZ

I, Ry

At this point, handle is moved to stud 3 and current jumps tD'I‘_ again which is given

8

D)

Similarly current changes to I, when handle is held at stud 3 when speed changes to

N;.

V-Epy
I = g

At Ey

(8

At this point, handle is moved to stud 4 and current jumps back to I, given by,

V-Eyy
L = %

a

taking ratio of equations (9) to (8),
L_Rs

I, R,

From equations (4), (7) and (10) we can write,

L _R_R

I, R Ry
Ry = KR,

= =Kk
R, = KR, =K*R,

= =K3
R, = KR, =K

Thus for n studs, there are (n-1) sections and resistances are calculated as,

= Kgn-1
R, =K"1R,

{ LY R
L) R

..(9)

..(10)

When number of sections are specified then I; limit is given and we can calculate the

R, as,

| <

R; =

-
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As n is given and R, is known we can calculate K from,

& = Kn-1

Once K is known and R, is known, all other resistances can be obtained.

ump Example 2.9 : A 230 V shunt motor has an armature resistance of 0.2 Q. The starting
armature current must not exceed 50 A. If the number of sections are 5, calculate the values
of resistance steps to be used in the starter.
[May-2004 (set -1) , Dec.-2003, 2004, Nov.-2005 (set-3)]
Solution : V=230 V,R, =02Q,1, =50 A
Key Point : Number of sections are 5 hence there are 6 studs ie. n = 6.

_vV_B0_
R, = L% =460
Rl n-1
Now E = K
46
0z = ¥

1
K = 18721 =-L
h
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= 0701 Q

Ry
= _3
R"__I_-(_

R,
Ry = & =037440

Resistance of first section = R;-R, = 21429 Q
Resistance of second section = R,-R; = 146 Q
Resistance of third section = R,-R, = 0.6115Q
Resistance of fourth secion = R,-R; = 0.3266 0
Resistance of fifth section =% Ry-R, = 0.1744 ©

2.20 Four Point Starter

The basic difference between three point and four point starter is the connection of
NVC. In three point, NVC is in series with the field winding while in four point starter
NVC is connected independently across the supply through the fourth terminal called 'N'
in addition to the 'L', 'F' and 'A".

Hence any change in the field current does not affect the performance of the NVC.
Thus it is ensured that NVC always produce a force which is enough to hold the handle
in 'RUN' position, against force of the spring, under all the operating conditions. Such a
current is adjusted through NVC with the help of fixed resistance R connected in series
with the NVC using fourth point ‘N' as shown in Fig. 2.30.

Ry Ry Ry

R R Parallel connection
Starting : 5 No voit col of NVC and field
resistance
3 4 5
1 -3
OFF - “'-._.‘
Softiron piece R
Brass arc
Starter handie
Spring
Over load
release
I PL Ng  F®
. Lever Triangular
o o fron piece
\" &
D.C. RS
'o—a <

Fig. 2.30 Four point starter
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2.20.1 Disadvantage
The only limitation of the four point starter is, it does not provide high speed
protection to the motor. If under running condition, field gets opened, the field current

mduneswwo.sutmereissomeraidualﬂupresentandl\lu% the motor tries to run

with dangerously high speed. This is called high speeding action of the motor. In three
point starter as NVC is in series with the field, under such field failure, NVC releases
handle to the OFF position. But in four point starter NVC is connected directly across the
supply and its current is maintained irrespective of the current through the field winding.
Hence it always maintains handle in the RUN position, as long as supply is there. And
thus it does not protect the motor from field failure conditions which result into the high
speeding of the motor.

2.21 D.C. Series Motor Starter

Three point and four point starters are used for d.c. shunt motors. In case of series
motors, field and armature are in series and hence starting resistance is inserted in series
with the field and armature. Such a starter used to limit the starting current in case of d.c.
series motors is called two point starter. The basic construction of two point starter is
similar to that of three point starter except the fact that it has only two terminals namely
Line (L) and Field (F). The F terminal is one end of the series combination of field and the
armature winding, The starter is shown in the Fig. 2.31.

R, [Fa Ry
R,
R : No volt coil
resistance 3
1 5 Run
OFF T
Soft iron piece P S~
Starter handle — -
Spring
Over
release

Fig. 2.31
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The action of the starter is similar to that of three point starter. The handle of the
starter is in OFF position. When it is moved to ON, motor gets the supply and the entire
starting resistance is in series with the armature and field. It limits the starting current.
The current through no volt coil energises it and when handle reaches to RUN position,
the no volt coil holds the handle by attracting the soft iron piece on the handle, Hence the
no volt coil is also called hold on coil.

The main problem in case of d.c. series motor is its overspeeding action when the load
is less. This can be prevented using two point starter. The no volt coil is designed in such
-a way that it hold the handle in RUN position only when it carries sufficient current, for
which motor can run safely. If there is loss of load then current drawn by the motor
decreases, due to which no volt coil looses its required magnetism and releases the handle.
Under spring force, handle comes back to OFF position, protecting the motor from
overspeeding. Similarly if there is any supply problem such that voltage decreases
suddenly then also no volt coil releases the handle and protects the motor from adverse
supply conditions.

The overload condition can be prevented using overload release. When motor draws
excessively high current due to overload, then current through overload magnet increases.
This energises the magnet upto such an extent that it attracts the lever below it. When
lever is lifted upwards, the triangular piece attached to it touches the two points, which
are the two ends of no volt coil. Thus no volt coil gets shorted, loosing its magnetism and
releasing the handle back to OFF position. This protects the motor from overloading
conditions.

Key Point : The starter has two points L connected to line i.e. supply and F connected to
series field of the moter. Hence it is called two point starter.

2.22 Losses in a D.C. Machine

The various losses in a d.c. machine whether it is a motor or a generator are classified
into three groups as : '

1. Copper losses

2. Iron or core losses

3. Mechanical losses.
2.22.1 Copper Losses

The copper losses arc the losses taking place due to the current flowing in a winding.
There are basically two windings in a d.c. machine namely armature winding and feld
winding. The copper losses are proportional to the square of the current flowing through
these windings. Thus the various copper losses can be given by,

Armature copper loss = 12 R,
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where R, = Armature winding resistance
I, = Armature current

|Shu.rttﬁelt:[u':oplmrlass—Ii I

where Ry, = Shunt field winding resistance
and Iy = Shunt field current

ISeries field copper loss = 1%, Ry, I
where Ry = Series field winding resistance
and I, = Series field current

In a compound d.c. machine, both shunt and series field copper losses are present. In
addition to the copper losses, there exists brush contact resistance drop. But this drop is
usually included ini the armature copper loss.

2.22.2 Iron or Core Losses

These losses are also called magnetic losses. These losses include hysteresis loss and
eddy current loss. |

The hysteresis loss is proportional to the frequency and the maximum flux density B,
in the air gap and is given by,

Hysteresis loss = 1 BL® f V watts

n

where v
f = Frequency of magnetic reversals

This loss is basically due to reversal of magnetisation of the armature core.

The eddy current loss exists due to eddy currents. When armature core rotates, it cuts

the magnetic flux and emm.f. gets induced in the core. This induced e.m.f. sets up eddy
currents which cause the power loss. This loss is given by,

Steinmetz hystersis coefficient

Volume of core in m®

Eddy current loss = K B2 £2 t? V watts

where K = Constant
t = Thickness of each lamination
V = Volume of core
f = Frequency of magnetic reversals
The hysteresis loss is minimised by selecting the core material having low hysteresis

coefficient. While eddy current loss is minimised by selecting the laminated construction
for the core.

These losses are almost constant for the d.c. machines.
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i2.22.3 Mechanical Losses

These losses consist of friction and.windage losses. Some power is required to
overcome mechanical friction and wind resistance at the shaft. This loss is nothing but the
friction and windage loss. The mechanical losses are also constant for a d.c. machine.

The magnetic and mechanical losses together are called stray losses. For the shunt and
compound d.c. machines where field current is constant, field copper losses are also
constant. Thus stray losses along with' constant field copper losses are called constant
losses. While the armature current is dependent on the load and thus armature copper
losses are called variable losses.

Thus for a d.c. machine,
Total losses = Constant losses + Variable losses

The power flow and energy transformation diagrams at various stages, which takes
place in a d.c. machine are represented diagrammatically in Fig. 2.32 (a) and (b).

Mech. power
= deve
input Power lopad r Pout
drlvlng machine - E,l. watt = VIwatt

Iron and
friction losses

(a) Generator

Electrical Power developed
power Inpm {mechanical)in Motor
to motor =V armature = output Pout
Ey, watt in watts

Copper losses Iron &
friction losses

Fig. 2.32 (b} Motor
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2.23 Efficiency of a D.C. Machine
For a d.c. machine, its overall efficiency is given by,

Total output
%N = Foulnput < 1
Let Py = Total output of a machine
Py, = Total input of a machine
P, = Variable losses
P; = Constant losses
then Ph'l= Puut+Pﬂl+Pl
= Pout = Pout
%N = P, xlm—wxlm
P,
%N = —amt 100
=P +P,+F,

2.23.1 Condition for Maximum Efficiency
In case of a d.c. generator the output is given by,

Paul = Vi \
P, = Variable losses =12 R, =12 R,
I =1 ... Neglecting shunt field current
%N = VI x100 = ] * 100 '
VI+I2R, +P, 1o R, B
vV Vi

The efficiency is maximum, when the denominator is minimum. According to
maxima-minima theorem,

Thus for the maximum efficiency, the condition is,
| Variable losses = Constant losses
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Let us study now the various methods of testing the d.c. motors from the losses and
efficiency point of view.
2.24 Testing of D.C. Motors

The efficiency of a d.c. motor is given by,

Power output _ Power input —Losses

Etfi Y = Powerinput Power input

The various losses taking place in a d.c. motor and effidency can be calculated by
carrying out testing of d.c. motors. There are different methods of testing d.c. motors.
These methods are broadly classified as :

i) Direct method of testing

ii) Indirect method of testing

Now let us study direct method of testing d.c. motors.

2.24.1 Direct Method of Testing
In this method the d.c. motor which is to be tested is actually loaded and input and
output are measured. The efficiency is given by
Output
Input

Generally this method is employed to small motors. The motor is loaded by means of
a brake applied to the water cooled pulleys.

The main drawback of this method is that the accuracy in determining the mechanical
power output of the motor is limited. Alternately it is difficult to provide full load for the
large capacity motor.

2.24.2 Indirect Method of Testing

In these methods the motor is not loaded directly but the losses and efficiency at
different loads can be estimated. Out of the different methods available for testing of d.c.
motors, Swinburne's test and Hopkinson's test are commonly used in practice on
shunt-motors. Since series motors canmot be started without load, the no load tests cannot
be performed on d.c. series motors.

Efficiency, n =

2.25 Swinburne's Test or No Load Test

This is indirect method of testing d.c. motors in which flux remains practically constant
Le. spedially in case of shunt and compound motors. Without actually loading the motor
the losses and hence efficiency at different loads can be found out.
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The motor is run on no load at its rated voltage. At the starting some resistance is
connected in series with the armature which is cut when motor attains sufficient speed.
Now the speed of the motor is adjusted to the rated speed with the help of shunt field
theostat as shown in the Fig. 2.33.

Fig. 2.33

The no load armature current I, is measured by ammeter A, whereas the shunt
current is measured by ammeter A,.

If V is the supply voltage then motor input at no load will be,
|Puwerinputat mload:V(I.d-Iﬂ‘)waﬂnl

There will be Cu loss in the field winding which will be given as,
[Fle]dmpperluss:\i'xl‘il '
Let R, be the resistance of armature,

IArmahuecopperloss: IivR.

Thus the stray losses which includes iron, friction and windage losses can be obtained
as, . i
Stray losses = Input at no load ~ Field copper losses
- No load armature copper losses
Stray losses = V (I, + Ig) —(V xIg) - (@2 R,) =W,

In the field and armature windings there will be copper loss due to flow of current
which will increase the temperature of the field and armature winding when the motor is
loaded. This increase in temperature will affect their resistances.

Thus the new value of field resistance R}, and that of armature R, can be found by
considering that rise in temperature as about 40 °C.
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If 0, = Resistance temperature co efficient of copper at room temperature

—R,(1+alx44])|
At room temperature the shunt field winding resistance will be,
v
Ry = 1
sh
| Ra=Ra (vaxn |
Vv

Now shunt winding current, Iy = T
sh

[Newﬁeldcoppzrloss = IZxR,, |

Nawifwawmttnﬁndﬂmeefﬁcimcyoflhemowratsay%ﬂifuliload.ltmbe

calculated as follows,
Let Igy = Full load current of motor
Wpg = Field copper loss
W = Stray losses

[.oadnmmtat%thﬁdlload = IFTL‘
: 1 IEL
Motormputatzﬂufu]lload = Vx-S watts.
Armahn'ecunmtat%ﬂtfu]lload.l’l = Lo -1,
2
Amahuecopperlossak thfullload = I,2R, =[I-F-j4£—l'm] ‘R,
Mnm:ouiputat%thﬁ.ﬂ]load = Moborinputatlmload—[m

- (el ) (e - w

[vxln] 2R, -Wp-W

_ Output _ Input—Losses
Efficiency at 7 L th full load, N = o - Tt

1
[\’>< EL )—I‘2 =W W

n= [FL
VXT
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‘Dﬁaisﬂneefﬁdmcyofmmrwhm&\zlmdmmotmis%hafﬂ:ﬂlmdwhdim

be found without loading the motor. The efficencies at other loads can be calculated
similarly.

2.251 Advantages

1. Since constant losses are known, the efficiency can be estimated at any load.

2. The method is convenient and economical as less power is required for testing
even a large motor ie. only no load power is to be supplied.

3. The motor is not required to be loaded ie. only test to be carried out is the no
load test.

2.25.2 Disadvantages

1. In this method, the iron losses are assumed to be constant which is not the true case
as they change from no load to full load. Due to armature reaction at full load there will
be distortion in flux which will increase the iron loss.

2. The only test which is carried out is the no load test. Hence it is difficult to know
whether there will be satisfactory commutation at full load.

3. We have assumed that there is rise in temperature of 40°C at full load which cannot
be checked actually as we are not actually loading the motor.

4. As it is a no load test it cannot be performed on a series motor.

imep Example 210 : A 440 V dc. shunt motor takes a no load current of 25 A. The
resistance of the shunt field and the armature are 550 S and 1.2 S respectively. The full
load line current is 32 A. Find the full load output and the efficiency of the motor.

Solution : No load current I = 25 A,
No load input = V.I= 440x 2.5=1100 W
Iy = %=%=03A
In d.c. shunt motor, I=Iu+0
L =1-1,=25-08=17A
No load armature copper loss = 12 R, =(1.7)%x1.2
= 3.468 watls
Constant losses = No load input — No load armature Culoss
= 1100 - 3.468
= 1096532 W
Now, full load line current ie. I = 32 A
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=I5+,
L =1-14=32-08=312A
Full load armature copper loss = 12 -R, = (31.2)2x 1.2 = 1168.128 W

Total losse = Full load armature Cu loss + Constant losses
= 1168.128 + 1096.532 = 2264.66 W
Full load motor input = V- I = 440x 32 = 14080 W
Full load motor output = Input — Losses = 14080 — 2264.66 = 1181534 W
% efficiency at full load = m‘%xmﬁﬁgﬁm
= 8391
Efficiency of motor at full Joad = 83.91 %

imp  Example 211 ¢ The no load fest of a 45 kW, 230 V d.c. shunt motor gave the following
results :

Input current = 14 A
Field current = 2.55 A
Resistance of armature at 75 °C = 0.032 Q

Brushdrop =2V
Estimate the full load current and efficiency .
Solution : No load current 1 =14 A, Full load power output = 45 kW = 45000 W

No load power input = VI = 230x14 = 3220 W
In case of shunt motors, I = Ly, + I,
L=1-1;=14-255=1145A
No load armature copper loss = I2 R, = (11.45)? (0.032)
=419W
Loss due to brush drop = 2x 1145 =229 W
Constant losses = No load input — No load armature Cu loss — Loss due to brush drop
= 3220 -419-229 = 319291 W
Now let I, be the full load current in armature.
. Full load motor input current, I = L, + Ly = (I, + 255) A
Full load motor input = V-1=230 (I, + 255) W
Motor input = Motor output + Total losses

= Motor output + Constant'loss + Brush loss +
Armature Cu loss

I
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230 (I, + 2.55) = 45000 + 319281 + 2, +12 R,
= 45000 + 319291 + 2 I, + 12 (0.032)
2 003212 + 20, - 230 1, + 45000 + 319291 - (230) (255) = 0
0.03212 - 228 I, + 4760641 =0
12 — 71251, + 14877003 =0

L 712511](7125)2 —4(1487700.3)

2

L =21530A
Full load motor input current = 21530 + 2.55 = 217.85 A
Full load motor input = V -1 = (230) (217.85) = 501055 W

Full load motor efficiency = P x 100 = 20% x 100

= 89.81 %
Efficiency of motor at full load = 89.81 %

2.26 Factors Affecting the Speed of a D.C. Motor

According to the speed equation of a d.c. motor we can write,
E V-IR,
N e —B g 378
¢ ¢

The factors Z, P, A are constants for a d.c. motor.

But as the value of armature resistance R, and series field resistance R, is very small,
the drop LR, and L,/ (R, + R,,) i5 very small compared to applied voltage V. Hence

neglecting these voltage drops the speed equation can be modified as,

v
N =g asEp =V

Thus the factors affecting the speed of a d.c. motor are,
1. The flux ¢

2. The voltage across the armature
3. The applied voltage V
Depending upon these factors the various methods of speed control are,

1. Changing the flux ¢ by controlling the current through the field winding called

flux control methods.
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2. Changing the armature path resistance which in tumn changes the voltage applied
across the armature called rheostatic control.
3. Changing the applied voltage called voltage control method.
Before studying how these methods are used for various types of d.c. motors, let us

study the ratings of a d.c. motor. These ratings decide the range in which the speed of a
particular d.c. motor can be varied.

2.27 Ratings of a D.C. Motor

Towmewdnpu&mmmm,ﬂmmtpmsﬂﬂetomeaselhevollage
or currents beyond certain limit. These limits are called ratings of the motor.

The maximum voltage that can be applied to the motor, safely is called rated voltage
or normal voltage of the motor. While changing the applied voltage, one should not apply
the voltage more than the rated voltage of the motor.

Similarly maximum current that field winding can carry, safely is called rated field
current of the motor. Hence while changing the flux, one should not increase field current
beyond its rated value. This is important rating as far as shunt motor is concerned. In a
series motor, the entire armature current flows through the series field winding. The
armature current is decided by the load and it cannot be changed by changing the
resistance of the armature circuit. So the maximum current that armature winding can
carry safely is decided by the load called full load current or full load rating of the
motor. Motor should not be loaded more than its full load capacity indicated by its full
load armature current.

Exceeding the rating is dangerous from the motor point of view as due to high
currents, the heat produced, which is proportional to the square of the current is very
large. This may damage the windings electrically.

\4
N N o« —
ow ?
So for V = Vi ;.q and ¢ e I rated ie. when there is no external resistance in the

armature and field circuit and motor is excited by normal rated voltage, the speed
obtained is called rated speed or normal speed.

annd “I
{ rated

Key Point : Note that the rated or normal speed is not the maximum speed with which
motor can run safely but it is the speed when the electrical parameters controlling the speed
are at their rated values.

Pracﬁcaﬂyamomrspeedmb-ehumsedwappmﬁmatelymﬁmihmmlspeed
safely.
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Thus while controlling the speed, the voltage applied should not be more than rated
voltage of a motor, the field current should not be more than its rated value and the
current carried by armature should not be more than its full load value. All the ratings are
provided by the manufacturer in the form of name plate of a d.c. motor. Let us study now
the various methods as applied to different types of d.c. motors.

2.28 Speed Control of D.C. Shunt Motor
Qut of the three methods, let us study flux control method.

2.28.1 Flux Control

As indicated by the speed equation,
the speed is inversely proportional to the
flux. The flux is dependent on the current
throungh the shunt field winding. Thus
flux can be controlled by adding a
rheostat (variable resistance) in series
with the shunt field winding, as shown
in the Fig. 2.34
- At the beginning the rheostat R is
Fig. 2.34 Flux control of shunt motor kept at minimum indicated as start in the
Fig. 2.35. The supply voltage is at its
rated value. So current through shunt
field winding is also at its rated value.
Hence the speed is also rated speed also
called normal speed. Then the resistance
R is increased due to which shunt field

N,

Normal current 1y decreases, decreasing the flux

speed = Ly, produced. As N =< (1/¢), the speed of the
shrated {4} motor increases beyond its rated value.

Fig. 2.35 N Vs Iy, () for shunt motor Thus by this method, the speed

control above rated value is possible.
This is shown in the Fig. 2.35, by speed against field current curve. The curve shows the
inverse relation between N and ¢ as its nature is rectangular hyperbola.

It is mentioned that the rated values of electrical parameters should not be exceeded
but the speed which is mechanical parameter can be increased upto twice its rated value.
2.28.1.1 Advantages of Flux Control Method

1. It provides relatively smooth and easy control.
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2. Speed control above rated speed is possible.

3. As the field winding resistance is high, the field current is small. Hence power loss
(lalmm&wummmmvmmll.wmmmkaﬁmmﬂmdmmmiﬂl
and efficient.

4. As the field current is small, the size of the rheostat required is small.

2.28.1.2 Disadvantages of Flux Control Method

1. The speed control below normal rated speed is not possible as flux can be increased
only upto its rated value.

2. As flux reduces, speed increases. But high speed affects the commutation making
motor operation unstable. So there is limit to the maximum speed above normal, possible
by this method.

2.28.2 Armature Voltage Control Method or Rheostatic Control

The speed is directly proportional to the voltage applied across the armature. As the
supply voltage is normally constant, the voltage across the armature can be controlled by
adding a variable resistance in series with the armature as shown in the Fig. 2.36.

Ming Start

Below
Ay normal

Fig. 2.36 Rheostatic control of shunt motor Fig. 2.37 N Vs voltage across armature

The field winding is excited by the normal voltage hence I, is rated and constant in
this method. Initially the rheostat position is minimum and rated voltage gets applied
across the armature. So speed is also rated. For a given load, armature current is fixed. So
when extra resistance is added in the armature circuit, I, remains same and there is
voltage drop across the resistance added (I, R). Hence voltage across the armature
decreases, decreasing the speed below normal value. By varying this extra resistance,
various speeds below rated value can be obtained.

So for a constant load torque, the speed is directly proportional to the voltage across
the armature. The relationship between speed and voltage across the armature is shown in
the Fig. 2.37.
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2.28.2.1 Potential Divider Control

The main disadvantage of the above method is, the speed up to zero is not possible as
it requires a large rheostat in series with the armature which is practically impossible. If
speed control from zero to the rated speed is required, by rheostatic method then voltage
across the armature can be varied by connecting rheostat in a potential divider
arrangement as shown in the Fig. 2.38.

N
N Speed
Max ¢ rated below
F 1 2R normal
Sas
S potental P
F) 1 S divider
Ay Startg
0 v
T
Voltage
required to overcome inertia and friction
+1,R, drop
Fig. 2.38 Potential divider arrangement Fig. 239 N Vs V

When the variable rheostat position is at 'start’ point shown, voltage across the
armature is zero and hence speed is zero. As rheostat is moved towards 'maximum’' point
shown, the voltage across the armature increases, increasing the speed. At maximum point
the voltage is maximum ie. rated hence maximum speed possible is rated speed. The
relationship is shown in the Fig. 2.39.

When the voltage across the armature starts increasing, as long as motor does not
overcome inertial and frictional torque, the speed of the motor remains zero. The motor
requires some voltage to start hence the graph of voltage and the speed does not pass
through the origin as shown in the Fig. 2.39. .

2.28.2.2 Advantages of Rheostatic Control
1. Easy and smooth speed control below normal is possible.
2. In potential divider arrangement, rheostat can be used as a starter.

22823 Disadvantages of Rheostatic Control
1. As the entire armature current passes through the external resistance, there are
_ tremendous power losses.
2. As armature current is more than field current, rheostat required is of large size
and capacity.
3. Speed above rated is not possible by this method.
4. Due to large power losses, the method is expensive, wasteful and less efficient.
5. The method needs expensive heat dissipation arrangements.
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2.28.3 Applied Voltage Control

Multiple voltage control : In this technique the shunt field of the motor is permanently
connected to a fixed voltage supply,
2NV + while the armature is supplied with

g 4oV Imu various voltages by means of suitable

b ) 220V 1 switch gear arrangements.

L 1.,_1 The Fig. 2.40 shows a control of

pa— motor by two different working voltages
which can be applied to it with the
help of switchgear.

A - In large factories, various values of
! armature voltages and corresponding
Fig. 2.40 Muitiple voltage control arrangement can be used to obtain the

speed control.

Nauimlj .

J 1]

Fy Fp

2.28.3.1 Advantages of Applied Voltage Control
1. Gives wide range of speed control.
2. Speed control in both directions can be achieved very easily.
3. Uniform acceleration can be obtained.

2.28.3.2 Disadvantages of Applied Voltage Control
1. Arrangement is expensive as provision of various auxiliary equipments is
necessary.
2. Overall efficiency is low.

* General steps to solve problems on speed control :

1. Identify the method of speed control ie. in which winding of the motor, the
external resistance is to be inserted.

2. Use the torque equation, T « ¢ I, to determine the new armature current
according to the condition of the torque given. Load condition indicates the
condition of the torque.

S.UseE\espeedequaﬁoanETbtofindﬂwm\hwwnbucke.mf.urﬁeldmL

4. From the term calculated above and using voltage current relationship of the ]
motor, the value of extra resistance to be added, can be determined. The above
steps may vary little bit according to the nature of the problem but are always
the base of any speed control problem.
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iy Example 212 : A 250 V d.c. shunt motor has a shunt field resistance of 200 & and an
armature resistance of 0.3 1. For a given load, motor runs at 1500 r.p.m. drawing a current

of 22 A from the supply. qsmafmnsmmmmwmmm
find the new armature current and the speed. Assume load torque constant and

magnetisation curve to be linear.
Solution : The Fig. 2.41 shows the two conditions.

In_ +
La1 lan
@ f v
(a) Ny = 1500 r.p‘mA_ (b} Ny=7?

Fig. 2.41
The method is flux control method.

V=250V, R,=030, Ry=200Q

In first case, Iy=224A
vV _ 250 _
= e—=s==125A
Inh‘l Rsh 700
Ly ==L =22-125=2075 A
Now Toee pl=Iy I, (as ¢ “Ilh)
LY PR

As load torque is constant, T; = T,
Linl = IoLwe - (1)
v 250

Now L = s = morg = 07142 A

Substituting in equation (1),
125 % 2075 = I ;5% 07142
I, = 363125 A
Hence Ep = V-1 R, =250 - 20.75 x 0.3 = 243.775 V
and Eyy = V-1I, R, =250 - 363125 % 0.3 = 239.1062 V
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E E

Using speed equation N o« —2 o« b
[,

N By e

Ny By Ly

1500 _ 243.775 N 0.7142
N, — 239.1062 " 0.125
N, = 2575.03 r.p.m.

This shows that as flux ¢ decreases, the speed increases.

2.29 Speed Control of D.C. Series Motor

The flux produced by the winding depends on the m.m.f. i.e. magnetomotive force
which is the product of current and the number of turns of the winding through which
current is passing. So flux can be changed either by changing the current by adding a
resistance or by changing the number of turns of the winding. Let us study the various
methods based on this principle.

2.29.1 Flux Control
The various methods of flux control in a d.c. series motor are explained below :

2.29.1.1 Field Diverter Method

In this method the series field winding is shunted by a variable resistance (R,) known
as field diverter. The arrangement is shown in the Fig. 242 (a).

Speed
N
As Ryjs decreasing
- Without R,
. ] 0 Iy
(a) Field divertar {b) Speed-current characteristics
Fig. 2.42

Due to the parallel path of R,, by adjusting the value of R,, any amount of current can
be diverted through the diverter. Hence current through the field winding can be adjusted
as per the requirement. Due to this, the flux gets controlled and hence the speed of the
motor gets controlled.
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By this method the speed of the motor can be controlled above rated value. The speed
armature current characteristics with change in R, is shown in the Fig. 2.42 (b).

2.29.1.2 Armature Diverter Method

This method is used for the motor which
require constant load torque. An armature of the
motor is shunted with an external variable
resistance (R,) as shown in the Fig. 2.43. This
resistance R, is called armature diverter.

Any amount of armature current can be
diverted through the diverter. Due to this,
armature current reduces. But as T « ¢ I, and
load torque is constant, the flux is to be
increased. So motor reacts by drawing more
current from the supply. So current through field
winding increases, so flux increases and speed of

the speed below the normal value.

2.291.3 Tapped Field Method

In this method, flux change is achieved by
changing the number of tums of the feld
winding. The field winding is provided with the
taps as shown in the Fig. 2.44.

The selector switch 'S' is provided to select
the number of turns (taps) as per the
requirement. When the switch 'S’ is in position 1
the entire field winding is in the circuit and
motor runs with normal speed. As switch is
moved from position 1 to 2 and onwards, the
number of tums of the field winding in the
circuit decreases. Due to this m.m.f. required to
produce the flux, decreases. Due to this flux
Flg. 2.44 Tapped field produced decreases, increasing the speed of the

motor above rated value. The method is often
used in electric traction.

2.29.1.4 Series - parallel Connection of Fleld

In this method, the field coil is divided into various parts. These parts can then be
connected in series or parallel as per the requirement. The Fig. 245 (a) and (b) show the
two parts of field coil connected in series and parallel.
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(0}

Fig. 2.45 Series-parallel grouping of field coils
For the same torque, if the field coil is arranged in series or parallel, m.m.f. produced
by the coils changes, hence the flux produced also changes. Hence speed can be controlled.
Some fixed speeds only can be obtained by this method. In parallel grouping, the mun.f.
produced decreases, hence higher speed can be obtained by parallel grouping. The method
is generally used in case of fan motors.

2.29.2 Rheostatic Control

In this method, a variable resistance (R,) is inserted in series with the motor circuit. As
this resistance is inserted, the voltage drop across this resistance (I, R,) occurs. This
reduces the voltage across the armature, As speed is directly proportional to the voltage
across the armature, the speed reduces. The arrangement is shown in the Fig. 2.46 (a). As
entire current passes through R,, there is large power loss. The speed-armature current
characteristics with change in R, are shown in the Fig. 2.46 (b).

Iy \
R' Speed K Without R,
With R,
Rye

2 Current

(a) Fig. 246 (b)
2.29.3 Applied Voltage Control
In this method, a series motor is excited by the voltage obtained by a series generator
as shown in the Fig. 2.47.

V¥V
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Fig. 2.47 Variable voltage control
The generator is driven by a suitable prime mover. The voltage obtained from the
generator is controlled by a field divertor resistance connected across series field winding
of the generator.

As E; < ¢, the flux change is achieved, gives the variable voltage at the output
terminals. Due to the change in the supply voltage, the various speeds of the d.c. series
motor can be obtained.

Note : That all the advantages and disadvantages of various methods, discussed as
applied to shunt motor are equally applicable to speed control of series motor.

mep Example 2.13 : A 250 V, d. c. series motor takes 30 A when running at 800 rp.m.,
calculate the speed at which motor will run if field winding is shunted by a resistance
to the field winding resistance and the load torque is increased by 50 %. Armature
resistance is 0.15 Q and series field resistance is 0.1 Q. Assume the flux produced is
proportional to the field current.

Solution : The method is field diverter. The two conditions are shown in the
Fig. 2.48 (a) and (b).

R, lsez
=01Q Rye
2 \oo50y
(a) (b}
Fig. 2.48

<
]

250V, R,=015Q, R, =010
In first case, N; = 800 r.p.m.
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I = Iy=ly=30A

¢ = Le
According to torque equation, T o ¢L =L L
3o lela
T Lo 1o
Now T, = T, +05T, ... (Increased by 50 %)
Y T, =15T, 1)

Let us see the current distribution in a parallel circuit. Consider two resistances R) and
R, in parallel as shown in the Fig. 2.49.

T[r Then Ir =L+
I I _ R,
< 2 and b=l g3g;
RS 3R
= 1
I b =l g3%;
Applying this to the Fig. 2.48 (b),
Fig. 249 pplying 4 ®)
L =5
~ R, _ 0.1
bee = Lo X g3r_ =YX o0
Ly = 05L, - (2
Substituting equations (1) and (2) in torque equation,
—TI = —30 )(_3.9.
L5T,  051; I,
(1) = 2700
I = 519615 A
and I = 05I,=259807 A
Now Epy = V-TIy R, -I R, = 250 - 30 x 0.15 - 30 x 0.1
= 2425V
and By = V=-I,R, - L, R = 250 - 51.9615 x 0.15 ~ 25.9807 x 0.1
= 239607 V
E
Use speed equation, N e Tb

N _Ey L
Ep  La

L =
2
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B0 _ 2425 _25.9807
N, T 3.7
N; = 912.744 r.p.m.

mep Example 2.14 : A d.c. series motor runs at 500 rp.m. on 220 V supply drawing a
‘ current of 50 A. The total resistance of the machine is 0.15 £, calculate the value of the

extra resistance fo be ¢ ted in series with the motor circuit that will reduce the speed to
300 r.p.m. The load torque being then half of the previous value. Assume flux proportional
to the current.

Solution : The method is rheostatic control. The two conditions are shown in the
Fig. 250 (a), (b).

lp V=220V

(a) (b)
- Fig. 2.50
V = 220 V, the total resistance i.e R, + R, =0.15Q
Infirstcase, N; = 500rpm,li=I;=50A andT,=05T,
In this case, the series field current is same as armature current,
b= L=
T = 12

I (la
T, Iy
T, _(s0
03T, C |\T,

35.355 A

V-I; (R +R,)=220-50x015=2125V
V-1Ly (R, + Ry, + R, ) =220 - 35355 (015 + R)

£
£ & &
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Use speed equation, N o« —2 o2

500 212.5 x 35.355
300 [220-35.355(015+R,,}] 50

220 - 35355 (0.15 + R) = 90.1552
R, = 35250

2.30 Ward - Leonard System of Speed Control

When it is desired to have wide and very sensitive speed control then this system is
maore generally used. The system is as shown in the Fig. 2.51.

» [

!
B

Fig. 2.51

As shown in the Fig. 251 M, is the main motor whose speed control is required. The
field winding of this motor is permanently connected to d.c. supply whereas armature is
supplied with variable voltage so that motor can run at any desired speed. To provide this
variable voltage, motor generator set is used. It consists of either a.c. or d.c. motor directly
coupled to a generator. This motor runs at an approximately constant speed.

The output of generator G is fed to motor M,. The field circuit of this generator is
separately excited from the available d.c. supply through a reversing switch and a
potential divider so that its excitation can be varied from zero to maximum in both the
directions. Thus generator output voltage will be varied from zero to maximum value. By
reversing the direction of the field current of G with the help of reversing switch, polarity
dhmwvdmmnumdmmmmmammmlm
will be achieved.



Electrical Technology 2-58 D.C. Motors

As this method can give unlimited speed control in either directions, this system is
commonly employed for elevators, hoists and main drive in steel mills. Also this system is
ideal in applications where frequent starting, stopping and reversals are required. As the
generator voltage can be raised gradually from zero, the motor starts up smoothly without
any extra starting equipment. Although this system is advantageous as it is giving wide
range of speeds it requires two exira machines which involves high capital cost.

In modem days SCRs are used for obtaining variable d.c. voltage which will take
power from a.c. mains through a transformer. Though it is not less expensive, the
arrangement is neat and free from maintenance problems. It will give automatic control of
speed.

The modified Ward-Leonard system. is called Ward - Leonard - Iigner system in which
a flywheel is used in addition to motor generator set. It is used to reduce the fAuctuations
in power demand from the supply. When load on main motor is suddenly increased, the
driving motor M, from motor generator set slows down. Thus inertia of flywheel is used
to supply part of the overload. However when load is suddenly decreased from motor M,
then motor M, from set speeds up which allows energy to store in the flywheel.

Examples with Solutions

ey Example 2.15: A 250 V d.c. shunt motor has R, = 0.08 . When connected to 250 V
d.c. supply it develops back emn.f. of 242 V at 1500 r.p.m. Determine,
i) Armature current i) Armature current at start
iii) Back e.m.f. if armature current is changed to 120 A
iw) The speed of the machine if it is operated as a generator in order to deliver an armature

current of 87 A at 250 V.
Solution :

R,=0080Q,Ey, =282V, V=250V

i) V =Ey+IL;R,
250 = 242 + L, x 0.08
& I = 100A

ii) At start, N = Ohence E, =0

vV _ 250

iii) If = 120 A then

lsar) = R =08 =15 A
L2
Eyp = V-I, R, =250-120x 0.08 = 2404 V
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iv) Machine is running as a generator,

L=67A shown in the Fig. 2.52.
Let induced e.m.f. as a generator be Eg.
g [©RD] Vi =250V Eg = Vy + LR, = 250 + 87 x 0.08

= 256.96 V

In both cases as a motor or generator E <N ¢
As flux is constant, E « N

© . E, Na
“E, N,
Fig. 2.52 Fs 5
where N,, = Speed as a motor
Ng = Speed as a generator
242° _ 1500
25696 N

g

Np = 15927 r.p.m.

1P Example 2.6 : A 200 V d.c. series motor drives a load at a certain speed and takes a
current of 30 A. The resistance between its terminals is 1.5 Q. Find the extra resistance to
be added in series with the motor circuit to reduced the speed to 60 % of its original value.
Assmﬂmthemrqumﬁmdﬁpmpwmmmtkemkof&m

Solution: V=200V,L,=30A lz2
Resistance across terminals = R, +R, =150Q R,
- By =V-L R +Ry)
=200 -30x 15 =155 V Rea
N, = 06N, V=200V
N, 1
o = 5z Ry
N, T 06
Use torque equation,
T « ¢LI? dol ]
kel Fig. 2.53
2
h. LL'] m
T, [1,2
3 3
. T (NY (1
Also T = N? given, 5 - [N_,]' ﬁ] )

Equating equation (1) and (2),

i) -(2]

,..—..\
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Ip = 139427 A
By = V-Ly Ry + Re + R)
= 200139427 (1.5 + R,) - (3
UsespeedequaﬁmNu%lu% e el
N Byl
Ny Ebz Il]

Equating equations (3)

By = 892V

R, = 9.745Q

and (4), 43.22 = 200 - 13.9427 (15 + R))

. (@)

mmp Example 2.17 : A 230 V d.c. shunt motor takes a current of 30 A on a certain load. The
armature resistance is 1 K2 and the field circuit resistance is 230 €. Find the resistance to be
inserted in series with the armature to halve the speed if the load torque is constant.

Solution : The two conditions are shown in the Fig. 2.54 (a) and (b).

Ty Ia1 lgz
Isn L
V=230V gﬁm @a_ V=230V
Speed Ny Speed N, = 0.5 N,
(a) (0}
Fig. 254
I; = 0A
vV _20
Iy = m—=50 =1A
& = R, "0
Iy = Iyl =30-1=29A
Ey = V-I4R, =230-29x1=201V
Tecdl, I,

. §i8 constant
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T‘l - IaI - :
—_ = Al =1 ... As torque is constant
TZ lal
Ip =1y =?9-A 4
R, = External resistance in armature
Ey, = V_laz(Ra +R,)=Z§U—29(1+R,)
E
Now N “TP «E, . ¢ is constant
N, _Ey, _
N T B N, =05N,
2o
0.5 230-29(1+R,)
230-29(1+R,) = 1005
29(1+R,) = 1295
R, = 346550

mmp Example 2.18 : A dc. series motor developing 40 Nm torque is subjected fo the
conditions that make field flux to decrease by 30 % and armature current fo increase by
15 %. Calculate the new torque.

Solution : Let

Tl
L
T
b
Inl

= Initial torque = 40 Nm
= Initial flux
= New torque
= New flux
= Initial current
= New current
= 6,-0.3¢, =0.7¢,
= I,+0151,;=1.151,
« 9l
1
LSV I
07¢, 1151,

= 40x0.7x115 = 322 Nm

... Decrease by 30 %
... Increase by 15 %
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iy Example 2.19 : A 250 V d.c. shunt motor runs at 1000 r.p.m. on no load and takes 5 A.
The armature and shunt field resistances are 0.2 Q and 250 Q respectively. Calculate the

speed when loaded and taking a current of 50 A. Due to armature reaction: the field weakens

3 %.
by &

Solution : vV = 2}5|:Mf",l\1ﬂ=l(!x)r.p.l:l'l.,.l|:,=5A,.RI =020,Ry =250Q
-V _20_
Iy _f;_lw_lA
Ip =Ip-Ig =5-1=4A
Ep = V-I4R, =250-4x02=2492V
I, = 50 A onload
v
L —-ﬁ;——ll\
I, =1 -1, =50-1=49A

Key Point: Note that 1, remains same though flux weakens.

Ey; = V-I,R, =250 - 49x0.2 = 2402 V . On load
E
N N e —&
o %
No _ Ew, %
N, E, &
Now 0 = 0,-003¢, = 097 ¢, ... weakens by 3 %
1000 249.2
N_l = mxﬂS?

N, = 993.695 r.p.m.

b Example 2.20 : A 250 V dc. shunt motor takes 4 A when running unloaded. The
armature and field resistances are 0.3 Q and 250 Q respectively. Calculate the efficiency of
the motor when on full load it takes a current of 60 A.

Solution : No load current =I;5=4 A
v _250
Ry Tm A
Lo=Ip-Lp=4-1=3A

. No. load armature copper loss

12, R, =3%x0.3=27 W

No load input
Constant losses

n

V Iy = 250x 4 = 1000 W
No load input ~ No load armature copper loss

]
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= 1000 - 2.7 = 9973 W
On full load, I =60AandIg=1A
L =5 -L;=5 A
» Full load armature copper loss = I2 R, =592x0.3 = 10443 W
Total loss on full load = Censtant losses + 12 R, loss
= 9973 + 10443 = 20416 W
Total input on full load = V I, = 250 x 60

Py, = 15000 W
Pout = Pi, — Total loss = 15000 — 2041.6 = 129584 W
Pyt 12958.4
% = i %100 = 15000 x100 = 86.389 %

m

nmp Example 2.21 : A 400 volts shunt motor develops an oufput of 18.5 kW when taking
22.5 kW. Field resistance is 200 ohms and armature resistance is 0.4 ohms. What is the

efficiency and power input when output is 9 kW?
Solution : V=400V, (Pyy), = 185 kW, (P,), = 225 kW
Ry = 2000, R, =049, (P,,), =9 kW

(Pw); = VI
225x10° = 4001,
I, = 5625A

vV _ 400
o = g =7m-2A

Iy = I;-I;, =5625-2=5425A
Now the various losses in d.c. shunt motor are
12, R, = Armature copper loss = (54.25)” x 04 = 1177.225 W
12, Ry, = Shunt field copper loss = (2)? x200 = 800 W
(Pow); = 185 kW
(Piw)y = (Po); = Total losses = 12, R, +1%, Ry, + Stray and friction loss
Stray and friction loss = (P,), = (Poy), - 13 Ry 13 Ry
= 22.5%10% —18.5x10% -1177.225 - 800

2022.775 W
These losses in constant whatever may be the load condition.
Now in second case (By,), = 9 kW
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Hence gross mechanical power developed is
Py = (Pyy), *+ Stray and friction loss

9%x10% +2022.775

= 1102775 W
Now Fn = Eplyp
and Ep = V-IuR,
" By = (V-IaR,)I,
11022775 = (400-1, x04)1,,
0.4(1,5)% - 4001, +11022.775 = 0

400,/ (400)% — 4 0.4x11022.775
=

T 2x04
= 2836 A, 97163 A
Neglecting higher value, as output in second case is less than in first case.
- I, = 2836A

1L R, = (28.36)2x(04)= 321715 W
13 Ry = (22 x(200) I, is same.
= B0OW
(Pa); = (Bow), +1% R, +1% Ry, +(Stray and friction)
= 9% 10° + 321715 + 800+2022.775
= 12144491 W
12.144 kW
This is the power input when output is 9 kW.
% = Mxlﬂﬂ
(Pin)z
9x10?
= 13144497 % 100
74.107 %

]

1mp Example 2.22 : A 250 V d.c. shunt machine has line current of 80 A. It has armature
and field resistances of 0.1 Q and 125 Q respectively. calculate power developed in armature

when running as (i) Generator and (ii) Motor. [Dec.-2004, June-2003]
Solution : V=250V,1; =80 AR, =01Q,R, =125Q
For shunt machine,

vV _230
Iy = H_TE_ZA
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a) Far a generator,
I, =T, +I, =80+2=8A
E = V+I,R, =250 +82x01=2582V
P, = Power developed in armature = EI,
= 258.2x 82 = 21.1724 kW
b) For a motor
I, = L, +1,ie], =80-2=78A
E, = V-LR, =250 -78x0.1=2422V
P, = Power developed in armature = E,I,
= 2422 x 78 = 18.8916 kW
imp Example 2.23 : A 200 V d.c. series motor runs at 1000 r.p.m. when operating at its full
load current of 30 A. The motor resistance is 0.5 Q and the magnetic circuit can be assumed

unsaturated. What will be the speed if
i) The load torque is increased by 44 % and ii} the motor current is 20 A 7

[ch.—:ﬂD‘l,May-M]
Solution : The moter is shown in the Fig. 2.55.
L I =1 =30 A=(I,)p
0+ R, +R, =050
Ree 1 i} T; increased by 44 %
V=200V AT =Ty +04 Ty =144 Ty
Ra Npp, = 1000 r.p.m., N, = speed at T
Toc I, ol I, oI,?
= 2
Fig. 2.55 e [‘%)
1. [IE) el =36 A - New,
Eyp = V-l R, +Ry)=200-30x05=185V
And By = V-1, (R, +Ry)=200-36x05=182V
And N wB B By

o "L, 7T,

N E I
FL . bR, N1

N, Ey; L
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1000 _ 185 36

N T®mT®

N, = 819.82 rp.m. ...New speed
ii) Motor current I, =20 A =1,
and Ep = V=T, R, +Ry)=200-20x05=190V
N« '
N _ B lp
N, Ep L
1000 _ 185 20

N, T D
N, = 1540.54 r.p.m.
1mp Example 2.24 : A 200 V D.C. shunt machine has armature and field resistances 0.2 Q
and 200 Q respectively. The line current is 40 A. Find i) Output as generator

ii} Input as motor iii) Power developed in armature and iv) Copper losses in both the cases.
[May-2004, March-2006 (Set-2)]

Solution : The two diti of machine are shown in the Fig. 2.56
I

{a) Generator (b) Motor
Fig. 2.56
Case a: As a generator
Poyt = VxI =200x40=8kW
v 200

I, = I, +1, =40+1=41A

E =V +I,R, =200 +41x02=2082V
ExI, = 208.2x41 = 8.5362 kW
P, = Copper losses = I.7R, + ;2 R,

-
il

n

(412 % 0.2 + (1)? x 200 = 5362 W
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Case b : As a motor
P = VxI =200x40 =8 kW
v
o = =14
I, = I, -1, =40-1=39A
E, = V-I,R, =200-39x02=1922V
P, = EJ, = 1922x 39 = 7.4958 kW
Py, = L2R, +I,%R =39% %02+ (1)® x 200 = 5042 W

mp Example 2.25 : A 4-pole series motor has 944 wave-connected armature conductors. At a
certain ioad the flux per pole is 34.6 mWb and the total mechanical torque developed is
209 Nm. Calculate the line current taken by the motor and the speed at which it will run
with an applied voltage of 500 V. Total metor resistance is 3 L
[May-2004 (Set 2), June-2003 (Set-3)]

Solution : P =4, Z = 944, A = 2 as wave, ¢ = 34.6 mWb, T, = 209 Nm
v SDDVandRa+Rse=3!l

P
T, = 0159 91, 2

209 = 0.159x 346 x10™ x1, x‘i—xzﬁf
I, = 20122 A = Line current
E, = V-1, (R, +R,) =500 - 20,122 x 3 = 439.634 V
$PZN
But Eb = N
34.6%107 x 4x Nx 944
49634 = ——— o ——

N = 403.798 r.p.m.

mp Example 2.26 : A long shunt dynamo running at 1000 r.p.m. supplies 22 kW at a
terminal voltage 220 V the resistance of armature, shunt field and series field are 0.05, 110
and 0.06 ohms respectively. The overall efficiency at above load is 88 %. Find :

i) Copper loss ii) Iron and friction losses. [May-2004 (Set-3)]
Solution : P =22 kW, V, =220V, R, = 005Q, Ry, =110Q, R,, = 0.06 2
I = L = @ =2 A

sh T R, T 110



P
RS 100 A
— I, = I +I, =102A
Loas means [ =1,=102A
V=220V genermion P, = Power supplied to load
=22 kW
%n = 88 %
P('Ill
- [P‘,TM x100
3
. 088 = 22x10
22%10? + Losses

Total losses = Copper losses + Iron and friction losses
= 25000 - 22000 = 3 kW
Total copper losses = I,?R, +1,.2R,, +1,?Ry
= 102% x005+102? x 006 +2% x 110 = 158444 W

. Iron and friction losses = 3x10°% -15844 = 1415.56 W

insp Example 2.27 : A 460 V dc. series motor runs at 1000 r.p.m. taking a current of 40 A.
mmmwmmmdmpmmgmwiswﬁmww
is taking 30 A. Total resistance of the armature and field circuits is 08 Q. Assume flux is
proportional to the field current. [May-2004 (Set-3), May-2005 (Set-3, 4)]

Solution : V = 460 V, N, = 1000 rp.m, 1,, =40 A, 1, =30 A, R, +R,, = 080

Ey, = V-1,,(R, +R,) =460 -40x 08 = 428V

Ey = V-I,,(R, +R,) = 460 - 30 % 0.8 = 436 V

E, E, E
ot BBy .
Wi fmplegd i S
Ny By Ly
N! Eh2 Ill
1000 _ 428 30
@WwW

www.EngineeringEBooksPdf.com
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N, = 1358255 rp.m. ...New speed
And T o §l,eI,?

T, _ (la}_(40V.

ﬁ [g -(ﬁ]—l"ﬂ?
T, = 05625 T; = 56.25 % of T,.

'IhushnrquaredumboSﬁZS%afongmalquue.

T, - T.
% change in torque = 12 » 100
1
= Tl‘oTﬂx]m=43,75%
1

. Example 2.28 : A 400 V shunt generator has full load current of 200 A, its armature
resistance of 0.06 £, field resistance 100 ; the stray losses are 2000 W. Find the horse
power of its prime-mover when it is delivering full load and find the load for which the

efficiency of the generator is maximum. [Dec.-2003 (Set-1)]
Solution : V = 400 V, I, =200 A, R, = 0.06Q, R, = 100 Q, stray loss = 2 kW
v 400
Iy = E-ﬁ-zhk
I, = I, +I, =200+4=204 A ...As generator

Field cu loss = I, %R, =(4)?x100 =1600 W = constant
Constant loss = Field cu loss + Stray loss = 3600 W
P, = P, + Total losses
= Vx I + Armature copper losses + Constant loss
= (400x200) +I1,2R, + 3600 = 80000 + (204)2 % 0.06 + 3600
= B6096.96 W

This must be input to generator i.e. output of prime mover.

. 86096.96
Ihorse power rating = —=-r

= 117.059 h.P.
For maximum efficiency,
Armature copper losses = Constant losses

1,2R, = Stray losses + Field copper losses
1,2x006 = 2000 + (4)% x100 = 3600
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L = 3600
2 006

I = I, -1, =244948 -4 =240948 A
T}uslstheloadatw]m:h%nlsmmmum

=244948 A

1y Example 2.29 : A 220 V D.C. shunt motor with constant field drives a load whose torque
is proportional to the speed. When running at 1000 r.p.m. it takes 30 A. Find the speed at
wh:ch:iwﬂfmnxfaIﬂﬂmmusmu‘Mmseﬂﬁmmﬂsmimmmm

of armature may be neglected. [Dec.-2003 (Set-2)]
Solution :
1,;=30A laz
+ o— + o
y Lsn R,=10Q
lsn
20V ng Ry 2z20v Ru-g
J Neglected l
- o
N, = 1000 r.p.m. Na=7
Fig. 2.58
Ey =V-IR, =220-0=220V -.R, neglected
T e ¢1, I, while T « N (given)
TN
T, Lo N
N, 30
le = 1 *La = opp Nz = 0B N, (1)
- E, .
Also N iy 3ot E, ...Flux is constant
" N E
ﬁ:'- - E:—;and Ey =V-1;; Ry Ry =00
1000 220
N, = 220-1,x10 -2

Using equation (1) in (2),
1000(220-003N, x10] = 220 N,
20-03N, = 02N,
220

N, = 5= 423.076 r.p.m.
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iwmp Example 2.30 : 250 V D.C. shunt motor takes 41 A at full load. Resistances of motor
armature and shunt field windings are 0.1 Q and 250 Q respectively. Find the back e.m.f. on
full load. What will be its generated e.m.f, if working as generator and supplying 41 A to

load at terminal voltage of 250 V 7 [Dec.-2003, March-2006 (Set-3),
Nov.-2004 (Set-4)]
Solution : V=250 V,I; =41 A R, =018, R, =2500
vV _250
Iy, = 5—=5==1A
sh T R, 250

I, = I -l  =41-1=40A

E, = V-I,R, =250-40x01=246 V ...Back em.f.
As agenerator: V, = 250 V,I; =41 A
Vi
Iy, = ﬁ_lA
But I, = I+l =41+1=42A

B, = V, +,R, =250 + 42x 0.1 =2542 V

mmp Example 2.31 : Find the torque in N-m exerted by a 4-pole series motor whose armature I
has 1200 conductors connected up in a 2-circuit winding. The motor current is 10 A and
the flux per pole is 0.02 Wb. [June-2003 (Set-1), Nov.-2005 (Set-4)]

Solution : P = 4, Z = 1200, 2 circuit winding i.e. A =2, ¢=0.02 Wb, I, =10 A

4 % 1200

E 2

]

0.159 61, ~I;\Z- = 0159 x 0.02 x 10 x

= 7632 Nm

mmp Example 2.32: A 6-pole, 250 V series motor is wave connected. There are 240 slots and
each slot has 4 conductors. The flux per pole is 1.75 x 102 Wb when the motor is taking

80 A. The field resistance is 0.05 Q, the armature resistance is 0.1 Q and the iron and
frictional loss is 0.1 kW. Calculate i) Speed ii) Bhp and iii) Shaft torque.
[June-2003 (Set-2)]

Solution : P =6, V=250 V, 0= 1.75x 102 Wh, R, = 0.05Q, R, = 0.1Q
I, = 80 A and iron + friction loss = 0.1 kW
Z = Total slots x(conductors / slot) = 240 x 4 =960
E, = V-1, (R, +R,) =250-80x (0.05 + 0.1) =238 V

OPNZ

But Eh = S0A
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-2
238 = 1.75% 107 x 6 Nx 960 A =2 as wave
60x 2

238x120
i N=—=""""""  -28333 r.pm.
) 1.75 % 1072 x 6 x 960

ii) P, = VxI_ =250x80=20kW
Armature cu loss = I,2R, =(80)2x01 =640 W
Field cu loss = I,2R,, = (80)2x0.05=320 W
Total losses = 640 + 320 + (Iron + Friction)
= 640+320+0.1x10% = 1060 W

Py = Py, —Total losses = 18.940 kW
P, in W
bhp = —"“?‘3;15 = 25.75 bhp
i) 7. = Pou _ Pou _ 18940 x 10® x 60
1 sh T T TIaN T T 2nx 285.33
60
= 638.343 Nm ...Shaft torque

nmp Example 2.33 : The armature of a 6-pole, lap-wound d.c. shunt motor takes a current of
350 A at a speed of 400 r.pam. The fluxfpole is 75 mWb and the number of armature
conductors is 1200. Calculate the brake horsepower if 3 % of the torgue is lost in friction,

windage and iron losses. [Jan.-2003 (Set-1)]
Solution : P = 6, A = P as lap, I, = 350 A, N = 400 rp.m., ¢ = 75 mWhb, Z = 1200
T, = 0159 01, 22 = 0159 % 75 x 10 x 350 x ﬁgl.z_"q
= 5008.5 Nm
T = Ta-Tosr = Ta - B%T,)
20N
Pout = Ty X = 4858245% 2% = 2035016 kW
= 097 T, = 4858245 Nim
W ,
bhp = Tou MW 203506X10° _ 276684 bhp
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iy Example 2.34 : A series motor of resistance 1 olm between terminals runs at 1000 r.p.m.
at 250 V with a current of 20 A. Find the speed at which it will run when connected in
series with a 6 Q resistance and taking the same current at the same supply voltage.

[Dec.-2004 (Set-4)]

Solution : R, +R,, =1 N; = 1000r.p.m, V=250 V, I, =20 A
) Ey = V-I,(R, +R)=250-20x1=230V

Ly La2 =131
+c +¢
Re - Ree
250v
R, 250V Ra
- R
N, =1000 r.p.m. 60
Ny=?
Fig. 2.59
Ep = V-I,R, +R+R,)=250-20%6=130 V
E, E B _
N e Tu:ur .-‘I*---Ia
& = Ept 1_3_2. ~1.=1
N, Ep Iy a2 al
logo _ 230
N, ~ 1%

N, = 5652173 r.p.m.

i Example 2,35 : A 4 pole series wound fan motor draws an armature current of 50 Amps,
when running at 2000 rp.m. on a 230 V d.c. supply with four field coils connected in
series. The four field coils aré then reconnected in two parallel groups of two coils in series.
Assuming flux/pole to be proportional to the exciting current and load torque proportional to
the square of the speed. Find the new speed and armature current.

Solution : P = 4,1, = 50 A, N, = 2000 rp.m., V =230 V
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The field coil is divided into 4
groups each of say 'n' tums. In
first case, l.l'lecoil.sareil:lseri&sas
shown in the Fig. 2.60

So flux ¢, produced in this
case is proportional to total
ampere turns produced by field
coils.

) = Lyx(4n)=50x4n=200n e ()

Fig. 2.60

Now the coils are reconnected in two
parallel groups of two coils in series. This
is shown in the Fig. 2.61. As coil group
resistances are equal, the current L, will
split into two equal parts as L;/2. Now
¢, will be proportional to the total
ampere turns.

Fig. 2.61

0y o< [la—z-xZn-l-I-;g-xZn:IxZniaz . (2)

Dividing equation (1) and (2),
o _ _200n _ 100
6, 2nl, I,

Now T « ¢I,
T o 1
B I § RV 1
ol e e (4)
and T « N? ... Given
I (MY (5,
T N
NV 6 I :
T IR & RV T
[N;) gl e (6)
E
Now N o =2
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N, _ Ey

N, By

1

w®—=

$
0

But as resistances are not given, the drops across windings can be neglected, as
practically the drops are very small hence Ey; = Ep;.

N _%
N, 4

Substitute equation (7) in (6),

oY |l
[%] ? " (®

Using equation (3) in (8),

oY) | %0
o) ~ I,

1Lyt = 50x(100?
I, = 84.089 A ... New armature current
N Y g 1
Now =L = Ly al
[:] 0 Ip
NY _ N Ly
Ll = Exa ... From (7)
[2) N Ip

20007 50
N, T 84089
N, = 2378408 r.p.m. ... New speed of motor

mmp  Example 2.36 : A 20 kW, 250 V d.c. shunt generator has armature and field resistancse
of 004 Q and 200 Q respectively. Determine the total power developed when working i} As
generator delivering 20 kW oufput and ii) As a motor taking 20 kW input.
[March-2006 (Set-2), May-2004 (Set-4), Dec.-2004 (Set-2)]
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Solutlon : Case I: Working as a generator

I

f | Ton : T Pout = 20kW = VyxI
20x10°3
oI = =80A
Vv L 750
&g R, ng E‘“‘E 250 v
I’ = L—@—]ﬁ,\
J h T Ry 200
-------- TaL =1 = 8125A
Fig. 2.62 (a) L=h+k
E, = Vi+LR, = 250 + (81.25x0.04 ) = 25325V
Pgey = Byx I, = 25325x 8125 = 20.5765 kW
I . Case II : Working as a motor
" i l P = 20kW = V xIp
20x103
R, gRsn V=250V I = —55— =804
vV _250
= e =__=125A
l Ln R, ~ 200
Fig. 2.62 (b) L L=l -l = 7875A

E,=V-LR, = 250 - (7875x0.04 ) = 24685 V
Py = Epx I, =24685x 7875 = 19.4394 kW

imp Example 2.37 : A 250 V d.c. shunt motor has an armature resistance of 0.5 Q and field
resistance of 250 2. When delivering a load of constant torque at 600 r.p.m., the armature
current is 20 A. If it is desired to raise the speed from 600 r.p.m. to 800 r.p.m., what
resistance should be inserted in the shunt field circuit 7 Assume unsaturated magnetic

circuit, [May-2004 (Set-1)]
Solution :
I‘l\ iﬂ
+ +
Igny ]
Ry
R Ran V=250V Ra 1 V=250V
050 2500 050 sh2
(a) Ny =800 r.p.m. (b) Ny =800 r.p.m.

Fig. 2.63
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Ij = 20A,N; =600 rpm, R, = 050Q

' vV 250
Iy = §=_U=IA
T e 0L, “Ishla - **Ish
T _ Laalar
T = T._I'_.-_—1 « Ty =T, constant
2 sh2'a2
1x20 = Ig,l,, (1)
Now Ey = V-I, R, =250-20x0.5 =240V
Ey,, = V-I,R, =250-05I,,
’ E E
N e —b o B
] 1'sll
Ny Bglag 60 0l
Ny  Ep Ly 800 ~ [250-051_,] 1

From equation (1) , I, = 2 and using above,

ey
600 240  Tap
800 05%20] 1
[250— ==
sh2

320 13, -250 1, +10 = 0

Solving, Igo = 07389 A ... Neglecting lower value
A . _ 250 )
B“t, IshZ = w Le. 07389 = ﬁ_-l-—f{:
R, = 883407 Q ... Additional resistance in field

mp Example 2.38 : A series motor takes 20 A at 400 V fto drive a fan at 200 rp.m. Iis
resistance is 1 (1 If the torque required to drive the fan varies as the square of the speed,
find the necessary applied voltage and current to drive the fan at 300 r.p.m.
[Nov.-2006 (Set-3)]
Solution : V; = 400V, I; = 20 A, N; = 200 rp.m., N, = 300 r.p.m.
R, = R,+Ry, = 10, TeN?
T = ¢, =12 ° < I, for series

and T = N? ... Given





