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UNIT I
DC GENERATORS

Principle of Operation of a D.C. Generator

All the generators work on a principle of dynamically induced e.m.f. This principle
nothing but the Faraday’s law of electromagnetism 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 the 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 requires following basic components to exist,

i) The conductor or a coil

ii) The relative motion between conductor and flux.

In a particular 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 calleda prim mover. The commonly used
prim 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 role.

Figure: Single Loop Generator
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In the figure above, a single loop of conductor of rectangular shape is placed between two opposite poles
of magnet.

Let's us consider, the rectangular loop of conductor is ABCD which rotates inside the magnetic
field about its own axis ab. When the loop rotates from its vertical position to its horizontal position, it
cuts the flux lines of the field. As during this movement two sides, i.e. AB and CD of the loop cut the flux
lines there will be an emf induced in these both of the sides (AB and BC) of the loop.

7 Direction of
o, "Yro’r(]’rion

—g Direction of flux
e Direction of induced current

Figure: Single Loop Generator

The loop is closed there will be a current circulating through the loop. The direction of
the current can be determined by Flemming's right hand Rule. This rule says that if you stretch
thumb, index finger and middle finger of your right hand perpendicular to each other, then
thumbs indicates the direction of motion of the conductor, index finger indicates the direction
of magnetic field i.e. N - pole to S - pole, andmiddle finger indicates the direction of flow of
current through the conductor.

Now if we apply this right hand rule, we will see at this horizontal position of the loop,
current will flow from point A to B and on the other side of the loop current will flow from
point C to D.

,/—?FE_ Direction of
r - 'YroTclTior‘l

— Direction of flux
Figure: Single Loop Generator
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Now if we allow the loop to move further, it will come again to its vertical position, but now upper
side of the loop will be CD and lower side will be AB (just opposite of the previous vertical position). At
this position the tangential motion of the sides of the loop is parallel to the flux lines of the field. Hence
there will be no question of flux cutting and consequently there will be no current in the loop. If the loop
rotates further, it comes to again in horizontal position. But now, said AB side of the loop comes in front
of N pole and CD comes in front of S pole, i.e. just opposite to the previous horizontal position as shown
in the figure beside.

/“7‘3 Direction of
Ly "vro“rcn’rion

- Direction of flux
= Direction of induced current

Figure: Single Loop Generator

Here the tangential motion of the side of the loop is perpendicular to the flux lines, hence
rate of flux cutting is maximum here and according to Flemming's right hand Rule, at this
position current flows fromB to A and on other side from D to C. Now if the loop is continued
to rotate about its axis, every time the side AB comes in front of S pole, the current flows from
A to B and when it comes in front of N pole, the current flows from B to A. Similarly, every
time the side CD comes in front of S pole the current flows from C to D and when it comes in
front of N pole the current flows from D to C.

If we observe this phenomena in different way, it can be concluded, that each side of the
loop comes in front of N pole, the current will flow through that side in same direction i.e.
downward to the reference plane and similarly each side of the loop comes in front of S pole,
current through it flows in same direction i.e. upwards from reference plane. From this, we will
come to the topic of principle of DC generator. Now the loop is opened and connected it with a
split ring as shown in the figure below. Split ring are made out of a conducting cylinder which
cuts into two halves or segments insulated from each other. The external load terminals are
connected with two carbon brushes which are rest on these split slipring segments.
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Working Principle of DC Generator

Fig: Commutation action
It is seen that in the first half of the revolution current flows always along ABLMCD i.e.
brush no 1 in contact with segment a. In the next half revolution, in the figure the direction of
the induced current in thecoil is reversed. But at the same time the position of the segments a
and b are also reversed which results that brush no 1 comes in touch with the segment b.
Hence, the current in the load resistance again flows from L to M. The wave from of the
current through the load circuit is as shown in the figure. This current is unidirectional.

E.M.F
!

0 90° 180° 270° 360°

» 0
Fig: Output waveform of generator
This is basic working principle of DC generator, explained by single loop generator model.
The position of the brushes of DC generator is so arranged that the change over of the
segments a and b from one brush to other takes place when the plane of rotating coil is at right
angle to the plane of the lines of force.lt is so become in that position, the induced emf in the
coil is zero.

Construction of a DC Machine:

A DC generator can be used as a DC motor without any constructional changes and vice
versa is also possible. Thus, a DC generator or a DC motor can be broadly termed as a DC
machine. These basic constructional details are also valid for the construction of a DC
motor. Hence, let's call this point as construction of a DC machine instead of just
‘construction of a DC generator.
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Figure 1: constructional details of a simple 4-pole DC machine
The above figure shows constructional details of a simple 4-pole DC machine. A DC

machine consists of two basic parts; stator and rotor. Basic constructional parts of a DC
machine are described below.

1. Yoke: The outer frame of a dc machine is called as yoke. It is made up of cast iron or
steel. It not only provides mechanical strength to the whole assembly but also carries
the magnetic flux produced by the field winding.

2. Poles and pole shoes: Poles are joined to the yoke with the help of bolts or welding.
They carry field winding and pole shoes are fastened to them. Pole shoes serve two
purposes; (i) they supportfield coils and (ii) spread out the flux in air gap uniformly.

Laminated
Pole Core

Laminated
Pole Shoe

Figure 2: Pole Core and Poles Shoes representation
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3. Field winding: They are usually made of copper. Field coils are former wound and
placed on each pole and are connected in series. They are wound in such a way that,
when energized, they form alternate North and South poles.

4. Armature core: Armature core is the rotor of a dc machine. It is cylindrical in shape
with slots tocarry armature winding. The armature is built up of thin laminated circular
steel disks forreducing eddy current losses. It may be provided with air ducts for the
axial air flow for cooling purposes. Armature is keyed to the shaft.

A
!/’. V\! o:.’
=L A o
o N |
> \
&
“

Figure 3: Armature of DC machine

5. Armature winding: It is usually a former wound copper coil which rests in armature slots.
The armature conductors are insulated from each other and also from the armature core.
Armature winding can be wound by one of the two methods; lap winding or wave
winding. Double layer lap or wave windings are generally used. A double layer winding

means that each armature slot will carry two different coils.

Armature Colls

y

Figure 4: Armature Winding/coil of DC machine

6. Commutator and brushes: Physical connection to the armature winding is made
through a commutator-brush arrangement. The function of a commutator, in a dc
generator, is to collect the current generated in armature conductors. Whereas, in case
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of a dc motor, commutator helps in providing current to the armature conductors. A
commutator consists of a set of copper segments which are insulated from each other.
The number of segments is equal to the number of armature coils. Each segment is
connected to an armature coil and the commutator is keyed to the shaft. Brushes are
usually made from carbon or graphite. They rest on commutator segments and slide on
the segments when the commutator rotates keeping the physical contact to collect or

supplythe current.
< Copper
‘~ Segments

— s i
AC DC
l' I\N/\/\/
| l

1\
VY,

Figure 5: Commutator of DC machine
Armature Winding Terminology:

Now we are going to discuss about armature winding in details. Before going through this
section, we should understand some basic terms related to armature winding of DC generator.

Pole Pitch:

The pole pitch is defined as peripheral distance between centers of two adjacent poles in
DC machine. This distance is measured in term of armature slots or armature conductor come
between two adjacent pole centers. Pole Pitch is naturally equal to the total number of armature
slots divided by the number of poles in the machine.

Coil side:

Coil of dc machine is made up of one turn or multi turns of the conductor. If the coil is
made up of single turn or a single loop of conductor, it is called single turn coil. If the coil is
made up of more than one turn of a conductor, we refer it as a multi-turn coil. A single turn coil
will have one conductor per side of the coil whereas, in multi turns coil, there will be multiple
conductors per side of the coil. Whatever may be the number of conductors per side of the coil,
each coil side is placed inside one armature slot only. That means all conductors of one side of
a particular coil must be placed in one single slot only. Similarly, we place all conductors of
opposite side of the coil in another single armature slot.

Coil Span

Coil span is defined as the peripheral distance between two sides of a coil, measured in term of
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the number of armature slots between them. That means, after placing one side of the coil in a
particular slot, after how many conjugative slots, the other side of the same coil is placed on
the armature. This numberis known as coil span.

- ndicates Coil Span
Coill side -1
[N |~
,.)“, A Coll side - 2

o TR

L—

Coil side - 2 / Coll side - 2

Single tum coil Coil side -1 pulti tum coll

Coill side -1

Figure: Armature windings

If the coil span is equal to the pole pitch, then the armature winding is said to be full -
pitched. In this situation, two opposite sides of the coil lie under two opposite poles. Hence
emf induced in one side of the coil will be in 180° phase shift with emf induced in the other
side of the coil. Thus, the total terminal voltage of the coil will be nothing but the direct
arithmetic sum of these two emfs. If the coil span is less than the pole pitch, then the winding
is referred as fractional pitched. In this coil, there will be a phase difference between induced
emf in two sides, less than 1800. Hence resultant terminal voltage of the coil is vector sum of
these two emf’s and it is less than that of full-pitched coil.

Multi turn Full Pitched Coil Multi turm Short Pitched Coil

Pitch of Armature Winding

Energy Conver5|0n-l Commutator Segments
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Back Pitch (Ys)

A coil advances on the back of the armature. This advancement is measured in terms of
armature conductors and is called back pitch. It is equal to the number difference of the
conductor connected to a given segment of the commutator.

Front Pitch (Ye)

The number of armature conductors or elements spanned by a coil on the front is called
front pitch. Alternatively, we define the front-pitch as the distance between the second
conductor of the next coil which connects the front, i.e., commutator end of the armature. In
other words, it is the number differenceof the conductors connected together at the back end of
the armature. We are showing both front and backpitches for a lap, and a wave windings in the
figure below.

Resultant Pitch (Yr)

It is the distance between the beginning of one coil and the beginning of the next coil to
which it is connected. As a matter of precautions, we should keep in mind that all these pitches,
though normally stated concerning armature conductors, are also times of armature slots or
commutator bars.

Commutator Pitch (Yc)

Commutator pitch is defined as the distance between two commutator segments which two
ends of same armature coil are connected. We measure commutator pitch in term of
commutator bars or segment.

https://www.youtube.com/watch?v=U40r2ETVvmO&list=PLp6ek2hDcoNCANsWM2mw3qi0387BhfLyV&index=19

Single Layer Armature Winding

We place armature coil sides in the armature slots differently. In some arrangement, each one
side of an armature coil occupies a single slot. In other words, we place one coil side in each
armature slot. We referthis arrangement as single layer winding.

inding of hi

Based on type of winding connections we classified armature winding of a dc machine into
two types.These winding connections are same for DC generator & DC motor.

Types of Windings in DC Machine,

1. Lap winding.

2. Wave winding.

Lap winding of a DC Machine

In this type of winding the completing end of one coil is connected to a commutator segment
and to the start end of adjacent coil located under the same pole and similarly all coils are
connected. This type of winding is known as lap because the sides of successive coils overlap
each other.
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LAP winding

Lap winding may be simplex (single) or multiplex (duplex or triplex) winding. In simplex
lap winding the connection of the winding is that there are as many parallel paths as there are
number of poles.

Whereas for duplex, the number of parallel paths are equal to twice that of the number of
poles and for triplex it is thrice. For this reason, the lap winding is called multiple or parallel
winding. The solepurposes of such type of windings are,

(@) To increase the number of parallel paths enabling the armature current to increase i.e., for
high currentoutput.
(b) To improve commutation as the current per conductor decreases.

PN N
hhdd

(¥ 1= |¥ | L1 =1:1
Simplex lap winding Duplex lap winding

As the armature rotates, a voltage is generated in its coils. In the case of a generator, the
emf of rotation is called the Generated emf or Armature emf and is denoted as Er = Eg. In the
case of a motor, the emf of rotation is known as Back emf or Counter emf and represented as
Er = Eb. The expression for emf is same for both the operations. l.e., for Generator as well as
for Motor.

Energy Conversion-1 10
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Derivation of EMF Equation of a DC Machine — Generator and Motor
Let,

e P — Number of poles of the machine

e ¢ —Flux per pole in Weber.

e Z-—Total number of armature conductors.

e N -—Speed of armature in revolution per minute (r.p.m).

e A —Number of parallel paths in the armature winding.

In one revolution of the armature, the flux cut by one conductor is given as

Flux cut by one conductor = P wb.......(1)

Time taken to complete one revolution is given as

60

t= N seconds ........(2)

Therefore, the average induced e.m.f in one conductor will be

P
= — e (3
&= (3)
Putting the value of (t) from Equation (2) in the equation (3) we will get
Po PN
= = 8 conmnaifd
T 60/N 60 ° (*)

The number of conductors connected in series in each parallel path = Z/A.

Therefore, the average induced e.m.f across each parallel path or the armature terminals is given
by theequation shown below.

_PeN Z_PZeN
- 60 A 604 0° O

PZpn
E= e (5)
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Where n is the speed in revolution per second (r.p.s) and given as

N

n:a)‘

For a given machine, the number of poles and the number of conductors per parallel path
(Z/A) areconstant. Hence, the equation (5) can be written as

E = Kon
Where, K is a constant and given as
K PZ
A

Therefore, the average induced emf equation can also be written as
E &« @n or
E =K, N

Where K is another constant and hence induced emf equation can be written as
Where o is the angular velocity in radians/second is represented as

21N
60

(l) —
Thus, it is clear that the induced emf is directly proportional to the speed and flux per pole.
The polarity of induced emf depends upon the direction of the magnetic field and the direction
of rotation. If either of the two is reverse the polarity changes, but if two are reversed the
polarity remains unchanged.

This induced emf is a fundamental phenomenon for all the DC Machines whether they are
working as a generator or motor.

If the machine DC Machine is working as a Generator, the induced emf is given by the
equation shown below.

_ PZeN e
Energy Conversion-1 & 60 A w
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Where Eq is the Generated Emf

If the machine DC Machine is working as a Motor, the induced emf is given by the
equation shownbelow.

E, = Famh volts
60 A

In a motor, the induced emf is called Back Emf (Ey) because it acts opposite to the supply voltage.

T fD nerators — ratelv Exci n If Exci

The DC generator converts the electrical power into electrical power. The magnetic flux in
a DC machine is produced by the field coils carrying current. The circulating current in the
field winding produces a magnetic flux, and the phenomenon is known as Excitation. DC
Generator is classified according to the methods of their field excitation.

By excitation, the DC Generators are classified as Separately excited DC Generators and
Self- excited DC Generators. There is also Permanent magnet type DC generators. The self-
excited DC Generators are further classified as Shunt wound DC generators; Series wound DC
generators and Compound wound DC generators. The Compound Wound DC generators are
further divided as long shunt wound DC generators, and short shunt wound DC generators.

The field pole of the DC generator is stationary, and the armature conductor rotates. The
voltage generated in the armature conductor is of alternating nature, and this voltage is
converted into the direct voltage at the brushes with the help of the commutator.

The detailed description of the various types of generators is explained below

Ex@N or

E X pw
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Permanent Magnet type DC Generator

In this type of DC generator, there is no field winding is placed around the poles. The field
produced by the poles of these machines remains constant. Although these machines are very
compact but are used only in small sizes like dynamos in motorcycles, etc. The main
disadvantage of these machines is that the flux produced by the magnets deteriorates with the
passage of time which changes the characteristics of the machine.

Separately Excited DC Generator

A DC generator whose field winding or coil is energized by a separate or external DC
source is called a separately excited DC Generator. The flux produced by the poles depends
upon the field current with the unsaturated region of magnetic material of the poles. i.e. flux is
directly proportional to the field current. But in the saturated region, the flux remains constant.

The figure of self-excited DC Generator is shown below.

lf | IS
—_— e
-+ r 3
P
P
i
Field —
DC v S
Supply
= Armature
pr v

Separately Excited DC Generator
Here,
la= 1. where I, is the armature current and I is the

line current. Terminal voltage is given as

If the contact brush drop is known, then the equation (1) is written as
V : Eg Ve IaRa s 2Vb IIIIO(Z)
The power developed is given by the equation shown below.
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Power developed = Egl; ........(3)

Power output = VI = VI, ......(4)

Power output is given by the equation (4) shown above.

Self Excited DC Generator

Self-excited DC Generator is a device, in which the current to the field winding is supplied
by the generator itself. In self-excited DC generator, the field coils mat be connected in parallel
with the armature in the series, or it may be connected partly in series and partly in parallel
with the armature windings.

The self-excited DC Generator is further classified as

1. Shunt Wound Generator

2. Series Wound Generator

3. Compound Wound Generator
1. Shunt Wound Generator

In a shunt wound generator, the field winding is connected across the armature winding
forming a parallel or shunt circuit. Therefore, full terminal voltage is applied across it. A very
small field current Is,, flows through it because this winding has many turns of fine wire having
very high resistance Rshof the order of 100 ohms.

The connection diagram of shunt wound generator is shown below.

I<h

I
P S

¢
LOAD

Shunt
Field g Rsn

Armature

Shunt Wound DC Generator

Shunt field current is given as

i V
sh — Rsh

Where Rsh is the shunt field winding resistance.
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The current field ls, is practically constant at all loads. Therefore, the DC shunt machine is
considered to be a constant flux machine.

Armature current is given as

Ia e IL+ ISh

Terminal voltage is given by the equation shown below.

V=E,— LR,

g

If the brush contact drop is included, the equation of the terminal voltage becomes
V=E,— LLR,— 2w
Power developed = E,l,

Power output = VI,

1. Series Wound Generator

A series-wound generator the field coils are connected in series with the armature winding.
The series field winding carries the armature current. The series field winding consists of a few
turns of wire of thickwire of larger cross-sectional area and having low resistance usually of
the order of less than 1 ohm because the armature current has a very large value.

Its convectional diagram is shown below.

Series Wound DC Generator

Series field current is given as
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Rse is known as the series field winding

resistance. Terminal voltage is given as
Vi= Eg_ [,R; — LeRge
V=E,— I, Ry + Rg)
If the brush contact drop is included, the terminal voltage equation is written as
V=E,— I (R, + R.) —2V
Power developed = E,l,

Power output = VI; = VI,

The flux developed by the series field winding is directly proportional to the current flowing
through it. But it is only true before magnetic saturation after the saturation flux becomes
constant even if the currentflowing through it is increased.

2. Compound Wound Generator

In a Compound Wound Generator, there are two sets of the field winding on each pole. One of
them is connected in series having few turns of thick wire, and the other is connected in
parallel having many turns of fine wire with the armature windings. In other words, the
generator which has both shunt and series fields is called the compound wound generators.

If the magnetic flux produced by the series winding assists the flux produced by the shunt
winding, then the machine is said to be cumulative compounded. If the series field flux
opposes the shunt field flux, then the machine is called the differentially compounded.

It is connected in two ways. One is a long shunt compound generator, and another is a short
shunt compound generator. If the shunt field is connected in parallel with the armature alone
then the machineis called the short compound generator. In long shunt compound generator,
the shunt field is connected in series with the armature. The two types of generators are
discussed below in details.

Energy Conversion-1 17
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Long Shunt Compound Wound Generator

In a long shunt wound generator, the shunt field winding is parallel with both armature and
series field winding. The connection diagram of long shunt wound generator is shown below.

> Series

Field
o
<<
v |2

Long Shunt Compound Wound Generator

Shunt field current is given as

Series field current is given as

Terminal voltage is given as

V= Ezg— ILR; — IzeRse = Eg— I, (Ra+ Rse)

g

If the brush contact drop is included, the terminal voltage equation is written as

V=E,— I, (R, + Rg) —2V;

g

Power developed = E,I,

Power output = VI,

Short Shunt Compound Wound Generator

Ina Short Shunt Compound Wound Generator, the shunt field winding is connected in parallel

Energy Conversion-1 18
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with thearmature winding only. The connection diagram of short shunt wound generator is shown
below.

Vol il in_self exci nerator or Dc Shun ner

A self excited DC generator supplies its own field excitation . A self excited generator shown
in figure is known as a shunt generator because its field winding is connected in parallel with
the armature. Thus the armature voltage supplies the field current.

|i I = 0

<=

R

Figure - Equivalent circuit of a shunt dc generator

This generator will build up a desired terminal voltage. Assume that the generator in figure has
no load connected to it and armature is driven at a certain speed by a prime mover. we shall
study the condition under which the voltage buildup takes place. Due to this residual flux, a
small voltage Ear will be generated. It is given by

ar =K dJres W
This voltage is of the order of 1V or 2V . It causes a current If to flow in the field winding in
the generator. The field current is given by

|f:i
Ry

This field current produces a magneto motive force in the field winding, which increases the
flux. This increase in flux increases the generated voltage Ea. The increased armature voltage
Ea increases the terminal voltage V. with the increase in V, the field current If increases
further. This in turn increases ® and consequently Ea increases further. The process of the
voltage buildup continues. Figure shows the voltage buildup of a dc shunt generator.
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OCC Characteristics of DC generator

The effect of magnetic saturation in the pole faces limits the terminal voltage of the generator
to a steadystate value.

We have assumed that the generator is no load during the buildup process. The following
equationsdescribe the steady state operation.

V=Es-laRa=Ea-kRs

Since the field current If in a shunt generator is very small, the voltage drop If Ra can be
neglected, andV= Ea
The Ea versus If curve is the magnetization curve

shown in figureFor the field circuit V = If Rf
The straight line given by V = If Rf is called the field-resistance line.

The field resistance line is a plot of the voltage If Rf across the field circuit versus the field If.
The slop this line is equal to the resistance of the field circuit.

The no-load terminal voltage VO of thr generator. thus, the intersection point P of the
magnetization curveand the field resistance line gives the no-load terminal voltage VO(bP) and
the corresponding field current (Ob). Normally , in the shunt generator the voltage
buildup to the value given by the point P. at this point Ea = If Rf = V0.

If the field current corresponding to point P is increase further , there is no further increase in
the terminalvoltage.

The no-load voltage is adjusted by adding resistance in series with shunt field. This increase
slope of this line causing the operating point to shift at lower voltage

Energy Conversion-1 20
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The operating point are graphical solution of two simultaneous equation namely , the
magnetization curveand field resistance line . A graphical solution is preferred due to non-
linear nature of magnetizationcurve.

Self excited generator are designed to obtain no-load voltage from 50% to 125% of the rated
value while varying the added resistance in field circuit from maximum to zero value.

Critical Field Resistance:
Figure below shows the voltage buildup in the dc shunt generator for various resistances of the

field circuit.
Rz = Rc = Critical resistance
v + R2
R1
Maxl oo B e
ez ([ o= ko
Rz > Rz > R:
o >

Field current If

Fig: Determination of critical resistance
A decrease in the resistance of the field circuit reduces the slope of the field resistance line
result in higher voltage. If the speed remains constant, an increase in the resistance of field
circuit increases the slop of field resistance line, resulting in a lower voltage. If the field circuit
resistance is increased to Rc which is terminal as the critical resistance of the field, the field
resistance line becomes a tangent to the initial part of the magnetization curve. When the field
resistance is higher than this value, the generator fails to excite.
Critical Speed:
Figure shows the variation of no-load voltage with fixed Rf and variable speed of the armature.

v Filed resistance
line

N2 = nc = critical
speed

MR<n<m

Speed (n) —y

Fig: Determination of critical speed

The magnetization curve varies with the speed and its ordinate for any field current is
proportional to the speed of the generator. all the points on the magnetization curve are
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lowered, and the point of intersection of the magnetization curve and the field resistance line
moves downwards. at a particular speed, called the critical speed, the field resistance line
becomes tangential to the magnetization curve. below the critical speed the voltage will not
build up.
In Brief, the following condition must be satisfied for voltage buildup in a self-excited
generator.There must be sufficient residual flux in the field poles.
1. the field terminal should be connected such a way that the field current increases flux
in the direction of residual flux.
2. Thefield circuit resistance should be less than the critical field circuit resistance.
If there is a no residual flux in the field poles, Disconnected the field from the armature circuit
and apply a dc voltage to the field winding. this process is called Flashing the field. It will
induce some residual fluxin the field poles.
for Failur If Excite and Remedial M r

There may be one or more of the following reasons due which a self excited generator may
fail to buildup voltage.

1. No residual magnetism

The start of the buildup process needs some residual magnetism in the magnetic circuit of the
generator. If there is little or no residual magnetism. because of inactivity or jarring in
shipment, no voltage will be induced that can produce field current.

2. Reversal of Field Connections

The voltage induced owing to residual magnetism acts across the field and results in flow or
current in the field coils in such a direction as to produce magnetic flux in the same
direction as the residual flux.

Reversal of connections of the field winding destroys the residual magnetism which causes the
generator failure to build up voltage.

3. In case of dc series wound generators

The resistance in the load circuit may be more than its critical resistance, which may be due to

() open-circuit
(i) high resistance of load circuit
(iii) faulty contact between brushes and commutator and
(iv)  commutator surface dirty or greasy.
4. In case of shunt wound generator
(a) the resistance of the shunt field circuit may be greater than the critical resistance;
(b) the resistance in the load circuit may be lower than the critical resistance;
(©) the speed of rotation may not be equal to rated one.

Remedy
In case the generator is started up for the first time, it may be that no voltage will be built up

either because the poles have no residual magnetism or the poles have retained some residual
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magnetism but thefield winding connections are reversed so that the magnetism developed by
the field winding on start has destroyed the residual magnetism and the machine can not "build
up". In both the cases, the field coils must be connected to a dc source (a storage battery) for a
short while to magnetise the poles. The application of external source of direct current to the
field is called flashing of the field.

Armature Reaction in DC Machines

In a DC machine, two kinds of magnetic fluxes are present; ‘armature flux' and 'main field
flux'. The effect of armature flux on the main field flux is called as armature reaction.

MNA And GNA

EMF is induced in the armature conductors when they cut the magnetic field lines. There is an
axis (or, you may say, a plane) along which armature conductors move parallel to the flux
lines and, hence, theydo not cut the flux lines while on that plane. MNA (Magnetic Neutral
Axis) may be defined as the axis along which no emf is generated in the armature conductors
as they move parallel to the flux lines. Brushes are always placed along the MNA because
reversal of current in the armature conductors takes place along this axis.

GNA (Geometrical Neutral Axis) may be defined as the axis which is perpendicular to the
stator field axis.

Armature Reaction
The effect of armature reaction is well illustrated in the figure below.

Consider, no current is flowing in the armature conductors and only the field winding is
energized (as shown in the first figure of the above image). In this case, magnetic flux lines of
the field poles are uniform and symmetrical to the polar axis. The 'Magnetic Neutral Axis'
(M.N.A\) coincides with the 'Geometric Neutral Axis' (G.N.A.).

The second figure in the above image shows armature flux lines due to the armature current. Field poles
are de-energised
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GNA NMNA GNA, MNA

Armature Flux
Naun field flux

Diestortion of nuan hield flux due to armature flux - Amatare renchion

Fig: Armature reaction

Now, when a DC machine is running, both the fluxes (flux due to the armature conductors and
flux due tothe field winding) will be present at a time. The armature flux superimposes with the
main field flux and, hence, disturbs the main field flux (as shown in third figure the of
above image). This effect is calledas armature reaction in DC machines.

The Adverse Effects Of Armature Reaction:

1. Armature reaction weakens the main flux. In case of a dc generator, weakening of the main
flux reduces the generated voltage.

2. Armature reaction distorts the main flux, hence the position of M.N.A. gets shifted
(M.NL.A. is perpendicular to the flux lines of main field flux). Brushes should be placed on
the M.N.A., otherwise, it will lead to sparking at the surface of brushes. So, due to
armature reaction, it is hard to determine the exact position of the MNA

For a loaded dc generator, MNA will be shifted in the direction of the rotation. On the other
hand, for a loaded dc motor, MNA will be shifted in the direction opposite to that of the
rotation.

How To Reduce Armature Reaction?

Usually, no special efforts are taken for small machines (up to few kilowatts) to reduce the
armature reaction. But for large DC machines, compensating winding and interpoles are used
to get rid of the ill effects of armature reaction.
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Compensating winding: Now we know that the armature reaction is due to the presence
of armatureflux. Armature flux is produced due to the current flowing in armature conductors.
Now, if we place another winding in close proximity of the armature winding and if it carries
the same current but in the opposite direction as that of the armature current, then this will
nullify the armature field. Such an additional winding is called as compensating winding and it
is placed on the pole faces. Compensating winding is connected in series with the armature
winding in such a way that it carries the current in opposite direction.

Interpoles: Interpoles are the small auxiliary poles placed between the main field poles.
Winding on the interpoles is connected in series with the armature. Each interpole is
wound in such a way that its

magnetic polarity is same as that of the main pole ahead of it. Interpol's nullify the quadrature
axis armature flux.
Demagnetizing and Cross Magnetizing Conductors

The conductors which are responsible for producing demagnetizing and distortion effects are
shown in theFig.1.

Fig. 1 Conductors which are responsible for producing demagnetizing and distortion effects

The brushes are lying along the new position of MNA which is at angle 6 from GNA.
The

conductors in the region AOC = BOD = 26 at the top and bottom of the armature are carrying
current in such a direction as to send the flux in armature from right to left. Thus these
conductors are in direct opposition to main field and called demagnetizing armature
conductors.

The remaining armature conductors which are lying in the region AOD and BOC carry
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current in such a direction as to send the flux pointing vertically downwards i.e. at right angles
to the main field flux. Hence these conductors are called cross magnetizing armature
conductors which will cause distortion in main field flux.

These conductors are shown in the Fig. 2

Fig. 2 Conductors which are responsible for producing Cross magnetization ffects
Calculation of Demagnetizing and Cross Magnetizing Amp-Turns

Let Z =Total number of armature
conductors P = Number of
poles
I = Armature conductor current in Amperes
= 14/2 for simplex wave winding
= /P for simplex lap winding
Om = Forward lead of brush in mechanical degrees.

The conductors which are responsible for demagnetizing ampere-turns are lying in the
region spanning 4 Om degrees. The region is between angles AOC and BOD, as shown in the
Fig. 2.

Total number of armature conductors lying in angles AOC and BOD.

Since two conductors from one turn,
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Totalnumberofhnnsmﬁ\eseangles—% % z
20m
= 30 <2
g 20,
. Demagnetising amp-turns = —ﬁxlz

. Demagnetising amp-turns / pole = % x 1Z

Om
ApoeTPOIQ ZIX_36—O-

The conductor which are responsible fro cross magnetizing ampere turns are lying between
the angles AOD and BOC, as shown in the Fig.2.

Total armature-conductors / pole = Z/P

From above we have found an expression for demagnetizing conductors per pole.

Denugmt'm'ngconductors/polenln%'-

. Cross magnetising conductors/pole = %—Z %

1 26,
- Z[F‘W]

. Cross magnetising amp-conductors / pole = ZI [% _%]

Since two conductors from one turn,

e 1 1 20,
Cross magnetising amp-turmns / pole = 5 ZI[T’-W]

4 Z'[:P 360]

1 O
T, per pole = ZI [ZP 360]

If the brush shift angle is given in electrical degrees then it should be converted into mechanical
degrees by using the relation,

B electrical _ O clectrical _ 2 B ¢lectrical

Omechanical = Pair of poles = P/2 P
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Example :

A wave wound 4 pole d.c. generator with 480 armature conductors supplies a current of 144 A.
The brushes are given an actual lead of 10°. Calculate the demagnetizing and cross magnetizing
amp turns perpole.

Solution :
P =4, Z=480, l.,=144A
For wave wound,

I =1J/2=144/12=T72 A

Om = 10°
ATy /pole = ZI m
d 360
_ 480x72x10
B 360
= 960
- 1 _Om| _ 1 .10
AT‘_-KPUIE = ZI [l.-?.-ﬁ Em] = 480 = 72 [2)(4 360}
= 3360

s

In DC compound machine setup by armature current opposes magnetic field flux, this is known
as armature reaction. The armature reaction has two effects (i) Demagnetizing effect and (ii)
Cross magnetizing effect. Demagnetizing effect weakens the main field flux which in turn
decreases the induced

e.m.f (as E [1 @)). To overcome this effect a few extra turns/poles are added in series to
main field winding. This creates a series field which serves two purposes,

() It helps to neutralize the demagnetizing effect of armature reaction.

(ii) If wound for cumulative compounded machine the electrical performance will be improved.

ing winding:

All armature conductors placed under the main poles region produces e.m.f which is at right
angle (90°) to the main field e.m.f. This e.m.f causes distortion in main field flux. This is
known as cross magnetizing effect. To minimize the cross magnetizing effect compensating
winding is used. This compensating winding produces an m.m.f which opposes the m.m.f
produced by armature conductors.
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Commutating pele (interpole)

Commutating (interpole)
field winding

Armature with
armature winding

Shunt field Compensating field winding

winding located in main-pole shoes

Series field
winding

Section of a dc machine illustrating the arrangement of various field windings.

This objective is achieved by connecting compensating winding in series with armature
winding. In absence of compensating winding, cross magnetizing effect causes sparking at the
commutators and short circuiting the whole armature winding.

Let, Zc = Number of compensating
conductors/pole Za = Number of
active armature conductors/polela =
Armature current.

Zcla

=Za

(la/A

)

Whe

re,

la/A=Armature
current/conductorZc=

ZalA
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Compensating Winding Disadvantages

This winding neutralizes the cross magnetizing effect due to armature conductors only but not
due to interpolar region. This winding is used in large machine in which load is fluctuating.

Interpole

Cross magnetizing effect in inter polar region is by inter poles (also known as compoles (or)
commutating poles). These interpoles are small in size and placed in between the main poles of
yoke. Like compensating winding, inter poles are also connected in series with armature
winding such that the m.m.f produced by them opposes the m.m.f produced by armature
conductor in interpolar region. In generators, the inter pole polarity is same as that of main pole
ahead such that they induce an e.m.f which is known as commutating or reversing e.m.f. This
commutating e.m.f minimizes the reactance e.m.f and hence sparks or arcs are eliminated.

Interpole

Compensating

Interpole

Fig: Intepoles

Compensating winding and Interpoles are used for same purpose but the difference between
them is, inter poles produce e.m.f for neutralizing reactance e.m.f whereas compensating
winding produces an

m.m.f which opposes the m.m.f produced by conductors.

COMMUTATION:

The process of reversal of current in the short circuited armature coil is called ‘Commutation’.
This process of reversal takes place when coil is passing through the interpolar axis (g-axis),
the coil is short circuited through commutator segments. Commutation takes place
simultaneously for ‘P’ coils in a lap- wound machine and two coil sets of P/2 coils each in a
wave-wound machine.

The process of commutation of coil ‘B’ is shown below. In figure <1.29’ coil ‘B’ carries current
from left to right and is about to be short circuited in figure ‘1.30” brush has moved by 1/3 rd
of its width and the brush current supplied by the coil are as shown. In figure ‘1.31” coil ‘B’
carries no current as the brush is at the middle of the short circuit period and the brush current
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in supplied by coil C and coil A. In figure ‘1.32’ the coil B which was carrying current from
left to right carries current from right to left. In fig ‘1.33” spark is shown which is due to the
reactance voltage. As the coil is embedded in the armature slots, which has high permeability,
the coil posses appreciable amount of self inductance. The current is changed from +1 to —I. So
due to self inductance and variation in the current from +I to —I, a voltage is induced in the coil
which is given by L dI/dt. Fig ‘1.34” shows the variation of current plotted on the time axis.
Sparking can be avoided by the use of interpoles or commutating-poles.

Ampe

Figure 1.3 Figure *1.33% Figure *1.34'
METHODS OF IMPROVING COMMUTATION:

Methods of Improving Commutation: There are two practical ways of improving commutation
i.e. of making current reversal in the short-circuited coil as sparkless as possible. These
methods are known as

(i) resistance commutation and (ii) emf. commutation (which is done with the help of either brush
lead orinterpoles, usually the later).

Resistance Commutation: This method of improving commutation consists of replacing low-
resistance Cu brushes by comparatively high-resistance carbon brushes. When current | from
coil C reach the commutator segment b, it has two parallel paths open to it. The first part is
straight from bar ‘b’ to the brush and the other parallel path is via the short-circuited coil B to
bar ‘a’ and then to the brush. If the Cu brushes are used, then there is no inducement for the
current to follow the second longer path, it would preferably follow the first path. But when
carbon brushes having high resistance are used, then current I coming from C will prefer to
pass through the second path. The additional advantages of carbon brushes are that (i) they are
to some degree self lubricating and polish the commutator and (ii) should sparking occur, they
would damage the commutator less than when Cu brushes are used.
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But some of their minor disadvantages are: (i) Due to their high contact resistance (which is
beneficial to sparkless commutation) a loss of approximately 2 volt is caused. Hence, they are
not much suitable for small machines where this voltage forms an appreciable percentage loss.
(if) Owing to this large loss, the commutator has to be made somewhat larger than with Cu
brushes in order to dissipate heat efficiently without greater rise of temperature. (iii) because of
their lower current density (about 7-8 A/cm2 as compared to 25-30 A/cm2 for Cu brushes)
they need larger brush holders.

-] X | ~o
A B i
Yl+x Vi-x
.\
a™\ /b 5

Fig: Resistance Commutation

EMF Commutation: In this method, arrangement is made to neutralize the reactance voltage
by producing a reversing emf in the short-circuited coil under commutation. This reversing
emf, as the name shows, is an emf in opposition to the reactance voltage and if its value is
made equal to the latter, it will completely wipe it off, thereby producing quick reversal of
current in the short-circuited coil which will result in sparkless commutation. The reversing
emf may be produced in two ways: (i) either by giving the brushes a forward lead sufficient
enough to bring the short-circuited coil under the influence of next pole of opposite polarity or
(ii) by using Interpoles. The first method was used in the early machines but has now been
abandoned due to many other difficulties it brings along with.

Interpoles of Compoles: These are small poles fixed to the yoke and spaced in between the
main poles. They are wound with comparatively few heavy gauge Cu wire turns and are
connected in series with the armature so that they carry full armature current. Their polarity, in
the case of a generator, is the same as that of the main pole ahead in the direction of rotation.
The function of interpoles is two-fold: (i) As their polarity is the same as that of the main pole
ahead, they induce an emf in the coil (under commutation) which helps the reversal of current.
The emf induced by the compoles is known as commutating or reversing emf. The
commutating emf neutralizes the reactance emf thereby making commutation sparkless. With
interpoles, sparkless commutation can be obtained up to 20 to 30% overload with fixed brush
position. In fact, interpoles raise sparking limit of a machine to almost the same value as
heating limit. Hence, for a given output, an interpole machine can be made smaller and,
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therefore, cheaper than a non-interpolar machine. As interpoles carry armature current, their
commutating emf is proportional to the armature current. This ensures automatic
neutralization of reactance voltage which is also due to armature current. (ii) Another function
of the interpoles is to neutralize the cross-magnetising effect of armature reaction. Hence,
brushes are not to be shifted from the original position.

-
Main N
~ Poles —
R . —
N P v s
< 5 T (=13
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: ' = , S
S 3 S =
—o - R +
8 2 S
~ g =
NIN [ ¥R

“— Interpoles

Fig: Interpoles of Compoles

OF as before, represents the mmf due to main poles. OA represents the crossmagnetising mmf
due to armature. BC which represents mmf due to interpoles, is obviously in opposition to OA,
hence they cancel each other out. This cancellation of crossmagnetisation is automatic and for
all loads because both are produced by the same armature current. The distinction between the
interpoles and compensating windings should be clearly understood. Both are connected in
series and thier m.m.fs. are such as to neutralize armature reaction. But compoles additionally
supply mmf for counteracting the reactance voltage induced in the coil undergoing
commutation. Moreover, the action of the compoles is localized; they have negligible effect on
the armature reaction occurring on the remainder of the armature periphery.

Characteristics of DC Generators

Generally, following three characteristics of DC generators are taken into considerations: (i)
Open Circuit Characteristic (O.C.C.), (ii) Internal or Total Characteristic and (iii)
External Characteristic. These characteristics of DC generators are explained below.

1. Open Circuit Characteristic (O.C.C.) (Ed/ly)

Open circuit characteristic is also known as magnetic characteristic or no-load saturation
characteristic. This characteristic shows the relation between generated emf at no load (Eo) and
the field current (Is) at a given fixed speed. The O.C.C. curve is just the magnetization
curve and it is practically similar for all type of generators. The data for O.C.C. curve is
obtained by operating the generator at no load and keeping a constant speed. Field current is
gradually increased and the corresponding terminal voltage is recorded. The connection
arrangement to obtain O.C.C. curve is as shown in the figure below. For shunt or series
excited generators, the field winding is disconnected from the machine and connected across an
external supply.
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Fig: Circuit for OCC

Now, from the emf equation of dc generator, we know that Eg = k¢. Hence, the generated emf
should be directly proportional to field flux (and hence, also directly proportional to the field
current). However, even when the field current is zero, some amount of emf is generated
(represented by OA in the figure below). This initially induced emf is due to the fact that there
exists some residual magnetism in the field poles. Due to the residual magnetism, a small initial
emf is induced in the armature. This initially induced emf aids the existing residual flux, and
hence, increasing the overall field flux. This consequentlyincreases the induced emf. Thus,
0O.C.C. follows a straight line. However, as the flux density increases,the poles get saturated
and the ¢ becomes practically constant. Thus, even we increase the If further, ¢ remains
constant and hence, Eg also remains constant. Hence, the O.C.C. curve looks like the B-H
characteristic.

Increase in
speed (N)

No load voltage (E)

p

0 Field Current (1)
Open Circuit Characteristic (0.C.C.)

The above figure shows a typical no-load saturation curve or open circuit characteristics for all
types of DC generators.

2. Internal or Total Characteristic (E/l.)

An internal characteristic curve shows the relation between the on-load generated emf (Eg) and
the armature current (la). The on-load generated emf Eg is always less than EO due to the
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armature reaction. Eg can be determined by subtracting the drop due to demagnetizing effect of
armature reaction from no- load voltage EO. Therefore, internal characteristic curve lies below
the O.C.C. curve.

3. External Characteristic (V/1.)

An external characteristic curve shows the relation between terminal voltage (V) and the
load current(IL). Terminal voltage V is less than the generated emf Eg due to voltage drop in
the armature circuit. Therefore, external characteristic curve lies below the internal
characteristic curve. External characteristics are very important to determine the suitability of
a generator for a given purpose. Therefore, this type of characteristic is sometimes also called
as performance characteristic or load characteristic.

Internal and  external characteristic curves are shown below for each type
generator.

Characteristics of Separately Excited DC Generator:

A

Armature Reaction
Dro
I P

?
[ Ohmie

Voltage Drop

D
Internal

Characteristic

External
Characteristic

No-load voltage (E,)
Generated Voltage (Eg|
Terminal Voltage (V)

>
(@] rd
Load Current (I}

Characteristics of separately excited DC generator

If there is no armature reaction and armature voltage drop, the voltage will remain constant for
any load current. Thus, the straight line AB in above figure represents the no-load voltage vs.
load current IL. Due to the demagnetizing effect of armature reaction, the on-load generated
emf is less than the no-load voltage. The curve AC represents the on-load generated emf Eg .

Characteristics of DC Shunt Generator

To determine the internal and external load characteristics of a DC shunt generator the machine
is allowedto build up its voltage before applying any external load. To build up voltage of a
shunt generator, the generator is driven at the rated speed by a prime mover. Initial voltage is
induced due to residual magnetism in the field poles. The generator builds up its voltage as
explained by the O.C.C. curve. When the generator has built up the voltage, it is gradually
loaded with resistive load and readings are taken at suitable intervals. Connection arrangement
is as shown in the figure below.
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Fig: Circuit for External characteristics of shunt generator

Unlike, separately excited DC generator, here, IL#la. For a shunt generator, la=IL+If. Hence,
the internal characteristic can be easily transmitted to Eg vs. IL by subtracting the correct value

of Iffrom la.
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Characteristics of DC shunt generator

During a normal running condition, when load resistance is decreased, the load current
increases. But, as we go on decreasing the load resistance, terminal voltage also falls. So, load
resistance can be decreased up to a certain limit, after which the terminal voltage drastically
decreases due to excessive armature reaction at very high armature current and increased 12R
losses. Hence, beyond this limit any further decrease in load resistance results in decreasing
load current. Consequently, the external characteristic curve turns back as shown by dotted line
in the above figure.

Characteristics of DC Series Generator
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Characteristics of DC series generator

The curve AB in above figure identical to open circuit characteristic (O.C.C.) curve. This is
because in DC series generators field winding is connected in series with armature and load.
Hence, here load currentis similar to field current (i.e. IL=If). The curve OC and OD represent
internal and external characteristic respectively. In a DC series generator, terminal voltage
increases with the load current. This is because, asthe load current increases, field current also
increases. However, beyond a certain limit, terminal voltage starts decreasing with increase in
load. This is due to excessive demagnetizing effects of the armature reaction.

Characteristics Of DC Compound Generator

B
Over compund
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External characteristic of DC compound generator

The above figure shows the external characteristics of DC compound generators. If series
winding amp- turns are adjusted so that, increase in load current causes increase in terminal
voltage then the generator iscalled to be over compounded. The external characteristic for over
compounded generator is shown by thecurve AB in above figure.

If series winding amp-turns are adjusted so that, the terminal voltage remains constant even the
load current is increased, then the generator is called to be flat compounded. The external
characteristic for a flat compounded generator is shown by the curve AC.
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If the series winding has lesser number of turns than that would be required to be flat
compounded, then the generator is called to be under compounded. The external characteristics
for an under compounded generator are shown by the curve AD.

Parallel Operation of D.C. Generators:

Here this explains you the parallel operation of dc generators and load sharing among them for
the continuous power supply. In a DC power plant, power is usually supplied from several
generators of small ratings connected in parallel instead of from one large generator. This is
due to the following reasons:

(i) Continuity of service:

If a single large generator is used in the power plant, then in case of its breakdown, the whole
plant willbe shut down. However, if power is supplied from a number of small units operating
in parallel, then in case of failure of one unit, the continuity of supply can be maintained by
other healthy units.

(i) Efficiency:

Generators run most efficiently when loaded to their rated capacity. Electric power costs less
per kWh when the generator producing it is efficiently loaded. Therefore, when load demand
on power plant decreases, one or more generators can be shut down and the remaining units can
be efficiently loaded.

(iii) Maintenance and repair:

Generators generally require routine-maintenance and repair. Therefore, if generators are
operated in parallel, the routine or emergency operations can be performed by isolating the
affected generator while the load is being supplied by other units. This leads to both safety and
economy.

(iv) Increasing plant capacity:

In the modern world of increasing population, the use of electricity is continuously increasing.
When added capacity is required, the new unit can be simply paralleled with the old units. In
many situations, a single unit of desired large capacity may not be available. In that case, a
number of smaller units can be operated in parallel to meet the load requirement. Generally, a
single large unit is more expensive.

(v) Non-availability of single large unit:

In many situations, a single unit of desired large capacity may not be available. In that case, a
number of smaller units can be operated in parallel to meet the load requirement. Generally, a
single large unit is more expensive.
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Connecting Shunt Generators in Parallel:

The generators in a power plant are connected in parallel through bus-bars. The bus-bars are
heavy thick copper bars and they act as +ve and -ve terminals. The positive terminals of the
generators are connected to the +ve side of bus-bars and negative terminals to the negative side
of bus-bars.

Fig. (3.15) shows shunt generator 1 connected to the bus-bars and supplying load.
When the load on the power plant increases beyond the capacity of this generator, the second
shunt generator 2 is connected in parallel with the first to meet the increased load demand. The
procedure for paralleling generator 2 with generator 1 is as under:
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Fig. (3.15)
(i) The prime mover of generator 2 is brought up to the rated speed. Now switch S4 in the
field circuit of the generator 2 is closed.

(ii) Next circuit breaker CB-2 is closed and the excitation of generator 2 is adjusted till it
generates a voltage equal to the bus-bars voltage.This is indicated by voltmeter V2.

(iii) Now the generator 2 is ready to be paralleled with generator 1. The main switch S3 is
closed, thus putting generator 2 in parallel with generator 1. Note that generator 2 is not
supplying any load becauseit's generated e.m.f. is equal to bus-bars voltage.The generator is
said to be “floating” (i.e., not supplying any load) on the bus-bars.

(iv) If generator 2 is to deliver any current, then it's generated voltage E should be greater than

the bus- bars voltage V. In that case, the current supplied by it is | = (E - V)/Ra where Ra is the
resistance of the armature circuit. By increasing the field current (and hence induced e.m.f. E),
the generator 2 can be madeto supply the proper amount of load.
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(v) The load may be shifted from one shunt generator to another merely by adjusting the field
excitation. Thus if generator 1 is to be shut down, the whole load can be shifted onto generator
2 provided it has the capacity to supply that load. In that case, reduce the current supplied by
generator 1 to zero (This will be indicated by ammeter Al) open C.B.-1 and then open the main
switch S1.

L haring of tw nerators:

The load sharing between shunt generators in parallel can be easily regulated because of their
drooping characteristics.The load may be shifted from one generator to another merely by
adjusting the field excitation.Let us discuss the load sharing of two generators which have
unequal no-load voltages.

Let E1, E2 = no-load voltages of the two
generators R1, R2 = their armature

resistances

Thus the current output of the generators depends upon the values of E1 and E3.These values may
bechanged by field rheostats. The common terminal voltage (or bus-bars voltage) will depend upon

(i) the e.m.f.s of individual generators and
(ii) the total load current supplied.

It is generally desired to keep the bus bars voltage constant. This can be achieved by adjusting the
fieldexcitations of the generators operating in parallel.

Compound Generators in Parallel:

Under-compounded generators also operate satisfactorily in parallel but over compounded
generators will not operate satisfactorily unless their series fields are paralleled. This is
achieved by connecting two negative brushes together as shown in Fig. (3.16) (i). The
conductor used to connect these brushes is generally called equaliser bar. Suppose that an
attempt is made to operate the two generators in Fig. (3.16)

(ii) in parallel without an equalizer bar. If, for any reason, the current supplied by generator 1
increases slightly, the current in its series field will increase and raise the generated voltage.

This will cause generator 1 to take more load. Since total load supplied to the system is
constant, the current in generator 2 must decrease and as a result, its series field is weakened.
Since this effect is cumulative, the generator 1 will take the entire load and drive generator 2 as
a motor. Under such conditions, the current in the two machines will be in the direction shown
in Fig. (3.16) (ii). After machine 2 changes from a generator to a motor, the current in the
shunt field will remain in the same direction, but the current in the armature and series field
will reverse.

Thus the magnetising action, of the series field opposes that of the shunt field. As the
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current takenby the machine 2 increases, the demagnetizing action of series field becomes
greater and the resultantfield becomes weaker. The resultant field will finally become zero and
at that time machine 2 will short circuit machine 1, opening the breaker of either or both

machines.
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Fig: Parallel operation of compound generators

When the equalizer bar is used, a stabilizing action exists? And neither machine tends
to take the entire load. To consider this, suppose that current delivered by generator 1 increase.
The increased current will not only pass through the series field of generator 1 but also through
the equalizer bar and series field of generator 2.Therefore, the voltage of both the machines
increases and the generator 2 will take a part ofthe load.

PARALLEL OPERATION OF DC SERIES GENERATOR

The interesting thing about the parallel operation of DC series generator is that DC series
generators are not usually employed for supply of power. Instead DC series motors are
arranged in parallel to operate as DC series generators during Electric Braking.

e Series generators are rarely used in industry for supplying loads. Some applications
like electric braking may employ them and operate two or more series generates in
parallel.

e The excitation of the machine | increase, increasing the load current delivered.
As the total current is | the current supplied by machine Il reduces, so also its
excitation and induced emf.
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Fig: Parallel operation of Series generators

o Thus machine | takes greater and greater fraction of the load current with machine 11
shedding its load. Ultimately the current of machine Il becomes negative and it also
loads the first machine.

o Virtually there is a short circuit of the two sources, the whole process is thus highly
unstable. Oneremedy is for a problem as this is to make the two fields immune to the
circulating current between the machines.

o With the equalizer present, a momentary disturbance does not put the two machines out of
action.

e A tendency to supply a larger current by a machine strengthens the field of the next
machine and increases its induced emf . This brings in stable conditions for operation
rapidly.

Use of Equalizer Bars:

Here comes the use of equalizer bars in the parallel operation of DC series generators. The
possibility of reversal of either machine can be prevented by preventing the flow of circulating
current produced due to inequalities of induced emfs of the machines through the series field
winding.

e This Aim can be achieved by connecting a heavy copper bar of negligible resistance
across the two machines as shown in the figure.

o Now the circulating current does not affect the field winding, but it get confined to the
armature and the equalizing bars.

Cross connection of Field windings:

If the field coils are cross-connected when the series motors are connected in parallel, then any
increase in the current of the armature of generator 1, the increased current flows occurs
through the field coil of generator 2. This increases the electromotive force of generator, which
opposes the change in load sharingtrying to stabilize the operation of the two generators at the
original operating condition itself. Thus it will give more positive and better operation than
equalizer connection.
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UNIT I
DC MOTORS AND TESTING

WORKING PRINCIPLE OF A DC MOTOR

The DC motor is the device which converts the direct current into the mechanical work. It
works on the principle of Lorentz Law, which states that “the current carrying conductor placed
in a magnetic and electric field experience a force”. And that force is called the Lorentz force.
The Fleming left-hand rule gives the direction of the force.

Fleming Left Hand Rule

If the thumb, middle finger and the index fin ger of the left hand are displaced
from each other by an angleof 90°, the middle finger represents the direction of the magnetic
field. The index finger represents the direction of the current, and the thumb shows the
direction of forces acting on the conductor.

Force

Magnetic Field

>

=

Current

Fig: Flemings
left hand ruleThe formula calculates the magnitude of

the force,

F = BII newton

Before understanding the working of DC motor first, we have to know about their construction.
The armature and stator are the two main parts of the DC motor. The armature is the rotating
part, and the stator is their stationary part. The armature coil is connected to the DC supply.

The armature coil consists the commutators and brushes. The commutators convert the AC
induces in the armature into DC and brushes transfer the current from rotating part of the
motor to the stationaryexternal load. The armature is placed between the north and south pole
of the permanent or electromagnet.
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For simplicity, consider that the armature has only one coil which is placed between the
magnetic field shown below in the figure A. When the DC supply is given to the armature coil
the current starts flowing through it. This current develops their own field around the coil.
Figure B shows the field induces around the coil.

MNA

Figure A Figure B

Fig: magnetic field induces around the coil.

By the interaction of the fields (produces by the coil and the magnet), resultant field develops
across the conductor. The resultant field tends to regain its original position, i.e. in the axis of
the main field. The field exerts the force at the ends of the conductor, and thus the coil starts
rotating.

Figure C
Fig: Field produced due to poles alone

Let the field produces by the main field be Fr, and this field rotates in the clockwise direction.
When the current flows in the coil, they produce their own magnetic field says F.. The field F,
tries to come in the direction of the main field. Thereby, the torque act on the armature coil.
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Fig: Field produced due to conductors alone

The actual DC motor consists a large number of armature coils. The speed of the motor is
directly proportional to the number of coils used in the motor. These coils are kept under the
impact of the magnetic field.

The one end of the conductors are kept under the influence of north pole, and the other end is
kept under the influence of the South pole. The current enters into the armature coil through the
north pole and move outwards through the south pole. When the coil moves from one brush to
another, at the same time the polarity of the coil also changes. Thus, the direction of the
force or torque acting on the coil remainssame.

The torque induces in the coil become zero when the armature coil is perpendicular to the main
field. The zero torque means the motor stops rotating. For solving this problem, the number of
armature coil is used in the rotor. So if one of their coils is perpendicular to the field, then
the other coils induce the torque.And the rotor moves continuously.

Also, for obtaining the continuous torque, the arrangement is kept in such a way that whenever
the coils cut the magnetic neutral axis of the magnet the direction of current in the coils
become reversed. This can be done with the help of the commutator.

Back Emf and its Significance in DC Motor

When a dc voltage V is applied across the motor terminals, the armature starts rotating due to
the torque developed in it.

As the armature rotates, armature conductors cut the pole magnetic field, therefore, as per law
ofelectromagnetic induction, an emf called back emf is induced in them.

The back emf (also called counter emf) is given by
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where, P=number of poles

of dc motor®= flux per

pole

Z=total number of armature
conductorsN=armature

speed

A=number of parallel paths in armature winding

As all other parameters are constant, therefore, Epra N

As per Lenz's law, "the induced emf always opposes the cause of its
production”. Here, the cause of generation of back emf is the rotation
of armature. Rotation of armature is due to armature torque. Torque
is dueto armature current and armature current is due to supply dc
voltage V. Therefore, the ultimate cause of production of Ey, is the supply voltage V.

Significance of back emf in dc motor

(1) As the back emf opposes supply voltage V, therefore, supply voltage has to force current
through the armature against the back emf, to keep armature rotating. The electric work done in
overcoming and causing the current to flow against the back emf is converted into mechanical
energy developed in the armature.

It follows, therefore, that energy conversion in a dc motor is only possible due to the
production of backemf.

Mechanical power developed in the armature = Ebla

(2) Back emf makes dc motor a self-regulating motor i.e Eb makes motor to adjust la
automatically as perthe load torque requirement. Lets see how.

From the motor figure,

V and Ra are fixed, therefore, armature current la dpends on back emf, which in turn depends
on speed ofthe motor.

(@) when the motor is running at no-load, small torque ( Ta=Kla ) is required by the motor to
overcome friction and windage. Therefore, a small current is drawn by the motor armature and
the back emf is almost equal to the supply voltage.

(b) If the motor is suddenly loaded, the load torque beomes greater than the armature torque
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and the motor starts to slow down. As motor speed decreases, back emf decreases and
therefore, armature currentstarts increasing. With increasing la , armature torque increases and
at some point it becomes equal to the load torque. At that moment, motor stops slowing down
and keeps running at this new speed.

(c) If the load on the motor is suddenly reduced, the driving torque becomes more than the
load torque and the motor starts accelerating. As the motor speed increases, back emf increases
and therefore, armature current decreases. Due to this reducing armature current, armature
developed torque decreases and at some point becomes equal to the load torque. That point
onwards, motor will stop accelerating and will start rotating uniformly at this new slightly
increased speed.

So, this shows how important is back emf in dc motor. Without back emf, the electromagnetic
energyconversion would not have been possible at the first place.

Power Equation of a D.C. Motor

The voltage equation of a d.c. motor is given by,

V=Eup+ I, Ra Multiplying both sides of the above
equation by I, we get,
la = Ep la + 1, R, This equation is called power

equation of a d.c. motor.

VI.= Net electrical power input to the armature measured in watts.

I 2R = Power loss due the resistance of the armature called armature copper loss.

a a

So difference between Vl,and 1,°R,i.e. input - losses gives the output of the armature.
So Epla 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.

Condition for Maximum Power

For a motor from power equation it is
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known that,Pr,= Gross mechanical
power developed = Eyla
=Vla- I;’Ra
For maximum Py, dPm/dla=0
0=V-2l.Ra
l.=VI/2Ra i.e.
1.Ra=V/2
Substituting in voltage equation,
V = Ep+ I,Ra = Ep+ (V/2)
Eb=V/2. i Condition for maximum power

Key Point : This is practically impossible to achieve as for this, current required is much more
than itsnormal rated value. Large heat will be produced and efficiency of motor will be less than 50
%.

TORQUE EQUATION OF A DC MOTOR

When a DC machine is loaded either as a motor or as a generator, the rotor conductors carry
current. These conductors lie in the magnetic field of the air gap. Thus, each conductor
experiences a force. The conductors lie near the surface of the rotor at a common radius from
its centre. Hence, a torque is produced around the circumference of the rotor, and the rotor
starts rotating.

When the machine operates as a generator at a constant speed, this torque is equal and opposite
to that provided by the prime mover. When the machine is operating as a motor, the torque is
transferred to the shaft of the rotor and drives the mechanical load. The expression is same for
the generator and motor.

When the current carrying current is placed in the magnetic field, a force is exerted or it which
exerts turning moment or torque F x r. This torque is produced due to the electromagnetic
effect, hence is called Electromagnetic torque. The torque which is produced in the
armature is not fully used at theshaft for doing the useful work. Some part of it where lost
due to mechanical losses. The torque which is used for doing useful work in known as the shaft
torque.

Since,
V = Ep ¥+ IR, .owee (1)

Multiplying the equation (1) by I. we get
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YV, = Bl ¥ 2R, cwweslZ)
Where,
VI, is the electrical power input to
a a the armature.1? R is the copper loss
in the armature.
We know that,

Total electrical power supplied to the armature = Mechanical power developed by the
armature +losses due to armature resistance

Now, the mechanical power developed by the armature is Pm.
P, = Fpl, . (3)
Also, the mechanical power rotating armature can be given regarding torque T and speed n.
P, = oT =2nnT .....(4)

Where n is in revolution per seconds (rps) and T is in

Newton-Meter.Hence,

2nnT = Eyl; or

- EbIa

T =
2Tn

But,

_ QINP
P 60A

Where N is the speed in revolution per minute (rpm) and

N

nza
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Therefore,
@ZnP
B =
] A
So, the torque equation is given as
ZP
Pt g
2mA

For a particular DC Motor, the number of poles (P) and the number of conductors per parallel
path (Z/A) are constant.

T = Kol,
Where,
e 7P
~ Gk, 9

T« @l ......(5)

Thus, from the above equation (5) it is clear that the torque produced in the armature is directly
proportional to the flux per pole and the armature current. Moreover, the direction of
electromagnetic torque developed in the armature depends upon the current in armature
conductors. If either of the two is reversed the direction of torque produced is reversed and
hence the direction of rotation. But when both are reversed, and direction of torque does not
change.

Shaft Torque

In a DC Motor whole of the electromagnetic torque (T) developed in the armature is not
available on the shaft. A part of it is lost to overcome the iron and mechanical (friction and
windage) losses. Therefore, shaft torque (Tsh) is somewhat less than the torque developed in the
armature.

Definition: Thus, in the case of DC motors, the actual torque available at the shaft for doing
useful mechanical work is known as Shaft Torque. It is so called because it is available on the
shaft of the motor. It is represented by the symbol Ts. The output of the motor is given
by the equation shownbelow where Ts, is the shaft torque in r.p.s and the N is the rotation of
the motor in r.p.m. The shaft torqueis expressed as

Output = Ty, X 2N
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_ Outputs inwatts

N—-—minr.p.s

sho ™ 2N
_ Outputs in watts N ;
sh = 2nN/ —minr.p.m
60
7 60Qutput _ 9 550utput - .
Sh=-— N minr.p.s

The difference between the armature torque and the shaft torque ( Ta— T ) is known as the
lost torqueand is due to the formation of the torque.

Brake Horse Power (B.H.P)

In the case of the motor, the mechanical power available at the shaft is known as Brake Horse
Power. If Tsh is the shaft torque in Newton Meter and N is the speed in r.p.m then,

2N Ty,
Useful output power = 0Ty, = %0 watts
OutputinB.H.p = o lsh 1
utput nB.H.P = o5 mses o (D)

The output brake horsepower is given by the equation (1) shown above.

IYPES OF DC MOTOR

A Direct Current Motor, DC is named according to the connection of the field winding with the
armature. Mainly there are two types of DC Motors. First, one is Separately Excited DC Motor
and Self-excited DC Motor. The self-excited motors are further classified as Shunt wound or
shunt motor, Series wound or series motor and Compound wound or compound motor.

The dc motor converts the electrical power into mechanical power is known as dc motor. The
construction of the dc motor and generator are same. But the dc motor has the wide range of
speed and good speed regulation which in electric traction.The working principle of the dc
motor is based on the principle that the current carrying conductor is placed in the magnetic
field and a mechanical force experience by it.

The DC motor is generally used in the location where require protective enclosure, for
example, drip- proof, the fireproof, etc. according to the requirements. The detailed description
of the various types of the motor is given below.
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Separately Excited DC Motor

As the name signifies, the field coils or field windings are energized by a separate DC source
as shown in the circuit diagram shown below.

Is -
e Py
+ = Y
-+
Field =
DC v |3
Supply
“| Armature
-  /

Separately Excited DC Motor

Self Excited DC Motor

As the name implies self-excited, hence, in this type of motor, the current in the windings is
supplied by the machine or motor itself. Self-excited DC Motor is further divided into shunt
wound, and series woundmotor. They are explained below in detail.

Shunt Wound Motor

This is the most common types of DC Motor. Here the field winding is connected in parallel
with the armature as shown in the figure below.

3

Y'Y

~

<
LOAD

| Armature

Shunt Wound DC Motor
The current, voltage and power equations for a shunt motor are written
as follows.By applying KCL at the junction A in the above figure.

The sum of the incoming currents at A = Sum of the outgoing currents at A.
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Where,
I is the input line current
la is the armature current

Ish is the shunt field current
Equation (1) is the current equation.

The voltage equations are written by using Kirchhoff’s voltage law (KVL) for the field winding
circuit.

V == IShRSh sis sEs s (2)

For armature winding circuit the equation will be given as

The power equation is given as

Power input = mechanical power developed + losses in the armature + loss in the field.

VI= P+ 2R, + I3 Rgp vvnn(4)
VI = P, + I2R, + VI,
P, =VI-VIg — I2R, =V (- Iy) — I2R,

P =Vl — IgRa = (V= LR)L

Multiplying equation (3) by la we get the following equations.
Viz = Blid BRuuwnis (6)

VI, = P+ 2R, e 7

Where,

VI, is the electrical power supplied to the armature of the motor.
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Series Wound Motor

In the series motor, the field winding is connected in series with the armature winding. The
connectiondiagram is shown below.

Series
Field

LOAD

Series Wound Motor

By applying the KCL in the above figure
I=1e =1,

Where,
lse is the series field current

The voltage equation can be obtained by applying KVL in the above figure

V=E+I(R,+ Rg) e eu (8)

The power equation is obtained by multiplying equation (8) by | we get

VI =EIl+1%2 (R, + Rgo) vor v one (9)

Power input = mechanical power developed + losses in the armature + losses in the field
VE= P FPRLE PRy sneens (10)

Comparing the equation (9) and (10), we will get the equation shown below.
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Compound Wound Motor

A DC Motor having both shunt and series field windings is called a Compound Motor. The
connection diagram of the compound motor is shown below.

Shunt
Field

<
LOAD l[

Compound Motor

The compound motor is further subdivided as Cumulative Compound Motor and Differential
Compound Motor. In cumulative compound motor the flux produced by both the windings is
in the samedirection, i.e.

Pr = @sn t Pse

In differential compound motor, the flux produced by the series field windings is opposite to
the flux produced by the shunt field winding, i.e.

Pr = Psn = Pse

The positive and negative sign indicates that direction of the flux produced in the field windings.
CHARACTERISTICS OF DC MOTORS
Generally, three characteristic curves are considered important for DC motors which are,

M Torque vs. armature current,
(i) (ii) Speed vs. armature current and
(iii) (iii) Speed vs. torque.

These are explained below for each type of DC motor. These characteristics are determined
by keepingthe following two relations in mind.
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Taox p.Jaand N < Ep/p

These above equations can be studied at - emf and torque equation of dc machine. For a DC
motor, magnitude of the back emf is given by the same emf equation of a dc generator i.e. Eb =
PPNZ / 60A. Fora machine, P, Z and A are constant, therefore, N a Eb/¢

Characteristics Of DC
Series Motors Torque Vs.
Armature Current (Ta-la)

This characteristic is also known as electrical characteristic. We know that torque is directly
proportional to the product of armature current and field flux, Ta a ¢.Ia. In DC series motors,
field winding is connected in series with the armature, i.e. la = If. Therefore, before magnetic
saturation of the field, flux ¢is directly proportional to la. Hence, before magnetic saturation Ta
a Ta2. Therefore, the Ta-la curve is parabola for smaller values of la.

After magnetic saturation of the field poles, flux ¢ is independent of armature current la.
Therefore, the torque varies proportionally to la only, T a la.Therefore, after magnetic
saturation, Ta-la curve becomes astraight line.

The shaft torque (Tsh) is less than armature torque (Ta) due to stray losses. Hence, the curve
Tsh vs la liesslightly lower.

In DC series motors, (prior to magnetic saturation) torque increases as the square of armature
current, these motors are used where high starting torque is required.

Speed Vs. Armature Current (N-1a)

We know the relation, N a Eb/¢
For small load current (and hence for small armature current) change in back emf Eb is small
and it may be neglected. Hence, for small currents speed is inversely proportional to ¢. As we
know, flux is directly proportional to la, speed is inversely proportional to la. Therefore,
when armature current is very smallthe speed becomes dangerously high. That is why a series
motor should never be started without some mechanical load.

But, at heavy loads, armature current la is large. And hence, speed is low which results in
decreased back emf Eb. Due to decreased Eb, more armature current is allowed.

Speed Vs. Torque (N-Ta)

This characteristic is also called as mechanical characteristic. From the above two
characteristics of DC series motor, it can be found that when speed is high, torque is low and
vice versa.
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-
Speed (N}
Speed (N}

Armature current (la) Armature Current (la) Torgue (Ta)

Characteristics of DC series motor

Characteristics Of DC

Shunt Motors Torque Vs.

Armature Current (Ta-la)

In case of DC shunt motors, we can assume the field flux ¢ to be constant. Though at heavy
loads, ¢ decreases in a small amount due to increased armature reaction. As we are neglecting
the change in the flux ¢, we can say that torque is proportional to armature current. Hence, the
Ta-la characteristic for a dc shunt motor will be a straight line through the origin.

Since heavy starting load needs heavy starting current, shunt motor should never be started on
a heavy load.
Speed Vs. Armature Current (N-1a)

As flux ¢ is assumed to be constant, we can say N a Eb. But, as back emf is also almost
constant, the speed should remain constant. But practically, ¢ as well as Eb decreases with
increase in load. Back emf Eb decreases slightly more than ¢, therefore, the speed decreases
slightly. Generally, the speed decreases only by 5 to 15% of full load speed. Therefore, a shunt
motor can be assumed as a constant speed motor. In speed vs. armature current characteristic in
the following figure, the straight horizontal line represents the ideal characteristic and the
actual characteristic is shown by the dotted line.

Ta
Tsh

// == - _ _ __ \

Torque
N

~
Speed (N)

Armature current (1a)

Speed (N)

Armature Current (la)

Torque (Ta)

Characteristics of DC shunt motor
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Characteristics Of DC Compound Motor

DC compound motors have both series as well as shunt winding. In a compound motor, if
series andshunt windings are connected such that series flux is in direction as that of the shunt
flux then the motor issaid to be cumulatively compounded. And if the series flux is opposite to
the direction of the shunt flux, then the motor is said to be differentially compounded.
Characteristics of both these compound motors areexplained below.

(a) Cumulative compound motor

Cumulative compound motors are used where series characteristics are required but the load
is likely tobe removed completely. Series winding takes care of the heavy load, whereas the
shunt winding prevents the motor from running at dangerously high speed when the load is
suddenly removed. These motors have generally employed a flywheel, where sudden and
temporary loads are applied like in rolling mills.

(b) Differential compound motor

Since in differential field motors, series flux opposes shunt flux, the total flux decreases with
increase in load. Due to this, the speed remains almost constant or even it may increase slightly

with increase in load (N o< Ep/¢). Differential compound motors are not commonly used, but
they find limited applications in
experimental and research work.

Differential compound j e
\ Rated speed /
z
el
! R 8 Rated speed
g er Q
) vy
'—.
\ r Differential compound
Armature Current (ia) Armature current (la)

Characteristics of DC compound motor

SPEED CONTROIL OF DC MOTOR:

The dc motor converts the mechanical power into dc electrical power. One of the most
important features of the dc motor is that their speed can easily be control according to the
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requirement by using simple methods. Such type of control is impossible in an AC motor.

The concept of the speed regulation is different from the speed control. In speed regulation, the
speed of the motor changes naturally whereas in dc motor the speed of the motor changes
manually by the operator or by some automatic control device. The speed of the DC Motor is
given by the relation shown below.

The equation (1) that the speed is dependent upon the supply voltage V, the armature circuit
resistance R, and the field flux ¢, which is produced by the field current.

V- LR,
N= g e (1)

For controlling the speed of DC Motor, the variation in voltage, armature resistance and field
flux is taken into consideration. There are three general methods of speed control of a DC
Motor. They are as follows.

1. Variation of resistance in the armature circuit.This method is called Armature
Resistance orRheostatic control.

2. Variation in field flux.This method is known as Field Flux Control.

3. Variation in applied voltage. This method is also known as Armature Voltage Control.

The detailed discussion of the various method of controlling the speed is given below.

Armature Resistance Control of DC Motor
Shunt Motor

The connection diagram of a shunt motor of the armature resistance control method is shown
below. In this method, a variable resistor R is put in the armature circuit. The variation in the
variable resistance does not effect the flux as the field is directly connected to the supply
mains.

t+e

Rsh

AAANS

Fig: Connection diagram of a shunt motor of the armature resistance control
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method. The speed current characteristic of the shunt motor is shown below.

Normal

—_—

With Series Resistor

Speed N

Armature Current ——

Fig: Speed current characteristic of the shunt motor

ries Motor:

Now, let us consider a connection diagram of speed control of the DC Series motor by the
armature resistance control method.

Fig: Diagram of speed control of the DC Series motor

By varying the armature circuit resistance, the current and flux both are affected. The voltage

drop in the variable resistance reduces the applied voltage to the armature, and as a result, the
speed of the motor is reduced.

The speed—current characteristic of a series motor is shown in the figure below.

Normal

Speed N

With Series Resistor

Armature Current —
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Fig: Speed—current characteristic of a series motor

When the value of variable resistance Re is increased, the motor runs at a lower speed. Since
the variable resistance carries full armature current, it must be designed to carry continuously
the full armaturecurrent.

Disadvantages of Armature Resistance Control Method
» Alarge amount of power is wasted in the external resistance Re.

= Armature resistance control is restricted to keep the speed below the
normal speed of the motor and increase in the speed above normal
level is not possibleby this method.

= For a given value of variable resistance, the speed reduction is not
constant but varies with the motor load.

»  This speed control method is used only for small motors.
Field Flux Control Meth f DC Motor

Flux is produced by the field current. Thus, the speed control by this method is achieved by
control of the field current.

Shunt Motor

In a Shunt Motor, the variable resistor Rc is connected in series with the shunt field windings
as shown in the figure below. This resistor Rc is known as a Shunt Field Regulator.

+
R, R,
Vv

3 Ran
3

Fig: Shunt Field
RegulatorThe shunt field current is given by the

equation shown below.

Vv
lsn = R 7R
The connection of RC in the field reduces the field current, and hence the flux is also reduced.
This reduction in flux increases the speed, and thus, the motor runs at speed higher than the
normal speed. Therefore, this method is used to give motor speed above normal or to correct
the fall of speed because ofthe load.
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The speed-torque curve for shunt motor is shown below.

2
RC Increasing

Speed N
=

Torque ———m

Fig: speed-torque curve for shunt motor
ries Motor

In a series motor, the variation in field current is done by any one method, i.e. either by a
diverter or by a tapped field control.

By Using a Diverter:

A variable resistance Rq is connected in parallel with the series field windings as shown in the
figure below.

Fig: Diverter is connected in parallel with the series field windings

The parallel resistor is called a Diverter. A portion of the main current is diverted through a
variable resistance Rq. Thus, the function of a diverter is to reduce the current flowing through
the field winding. The reduction in field current reduces the amount of flux and as a result the
speed of the motor increases.

Tapped Field Control:

The second method used in a series motor for the variation in field current is by tapped field
control. The connection diagram is shown below.

. Hf}i‘—% .{

v

, ~ 9

Fig: Tapped Field Control
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Here the ampere turns are varied by varying the number of field turns. This type of
arrangement is used inan electric traction system. The speed of the motor is controlled by the
variation of the field flux. The speed-torque characteristic of a series motor is shown below.

Increasing

Speed N
Ry

Fig: Speed-torque characteristic

Advantages of Field Flux Control
The following are the advantages of the field flux control method.

*  This method is easy and convenient.

» As the shunt field is very small, the power loss in the shunt field is also
small.

The flux cannot usually be increased beyond its normal values because of the saturation of the
iron. Therefore, speed control by flux is limited to the weakening of the field, which gives an
increase in speed.This method is applicable over only to a limited range because if the field is
weakened too much, there isa loss of stability.

Armature Voltage Control of DC Motor

In armature voltage control method the speed control is achieved by varying the applied
voltage in the armature winding of the motor. This speed control method is also known as
Ward Leonard Method, which is discussed in detail under the topic Ward Leonard Method or
Armature Voltage Control.

Ward Leonard Method Of Speed Control Or Armature Voltage Control

Ward Leonard Method of speed control is achieved by varying the applied voltage to the
armature. Thismethod was introduced in 1891. The connection diagram of the Ward Leonard
method of speed control ofa DC shunt motor is shown in the figure below.
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3 Phase AC

DC
Supply

Generator DC Motor

AC Motor

e mmm—————l

<+ Motor Generator (M -G )
SET

— e DC Drive——
Motor

In the above system, M is the main DC motor whose speed is to be controlled, and G is a
separately excited DC generator.The generator G is driven by a 3 phase driving motor which
may be an induction motor or a synchronous motor. The combination of AC driving motor
and the DC generator is calledthe Motor-Generator (M-G) set.

The voltage of the generator is changed by changing the generator field current. This voltage
when directly applied to the armature of the main DC motor, the speed of the motor M
changes. The motor fieldcurrent s, is kept constant so that the motor field flux ¢m also remains

constant. While the speed of the motor is controlled, the motor armature current la is kept equal
to its rated value.

The generated field current It is varied such that the armature voltage Vichanges from zero to

its rated value. The speed will change from zero to the base speed. Since the speed control is
carried out with the

rated current la and with the constant motor field flux, a constant torque is directly proportional
to the armature current, and field flux up to rated speed is obtained. The product of torque

and speed is knownas power, and it is proportional to speed. Thus, with the increase in power,
speed increases automatically.

The Torque and Power Characteristic is shown in the figure below.
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Hence, with the armature voltage control method, constant torque and variable power drive is
obtained from speed below the base speed. The Field flux control method is used when the
speed is above the base speed. In this mode of operation, the armature current is maintained
constant at its rated value, and the generator voltage Vt is kept constant.

The motor field current is decreased and as a result, the motor field flux also decreases.This
means that the field is weakened to obtain the higher speed. Since Vtla and Ela remain
constant, the electromagnetic torque is directly proportional to the field flux ¢m and the
armature current la. Thus, if the field flux of the motor is decreased the torque decreases.
Therefore, the torque decreases, as the speed increases. Thus, in the field control mode,
constant power and variable torque are obtained for speeds above the base speed. When the
speed control over a wide range is required, a combination of armature voltage control and
field flux control is used. This combination permits the ratio of maximum to minimum speed
available speeds to be 20 to 40. For closed loop control, this range can be extended up to 200.
The driving motor can be an induction or synchronous motor. An induction motor operates at a
lagging power factor. The synchronous motor may be operated at a leading power factor by
over-excitation of its field. Leading reactive power is generated by over excited synchronous
motor. It compensates for the lagging reactive power taken by other inductive loads. Thus, the
power factor is improved.

A Slip ring induction motor is used as p prime mover when the load is heavy and intermittent.
A flywheel is mounted on the shaft of the motor. This scheme is known as Ward Leonard-
llgener scheme. It prevents heavy fluctuations in supply current.

When the Synchronous motor is acting as a driving motor, the fluctuations cannot be reduced
by mounting a flywheel on its shaft, because the synchronous motor always operates at a
constant speed. In another form of Ward Leonard drive, non-electrical prime movers can also
be used to drive the DC generator.

Advantages of Ward Leonard Drives

The main advantages of the Ward Leonard drive are as follows:-
e Smooth speed control of DC motor over a wide range in both the direction is possible.
e It has an inherent braking capacity.
e The lagging reactive volt-amperes are compensated by using an overexcited
synchronous motoras the drive and thus, the overall power factor improves.
e When the load is intermittent as in rolling mills, the drive motor is an induction
motor with aflywheel mounted to smooth out the intermittent loading to a low value.

Drawbacks of Classical Ward Leonard System

The Ward Leonard system with rotating Motor Generator sets has following drawbacks.
e The Initial cost of the system is high as there is a motor generator set installed, of the
same ratingas that of the main DC motor.
e Larger size and weight.
e Requires large floor area
e Costly foundation
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o Maintenance of the system is frequent.
e Higher losses.

o Lower efficiency.

e The drive produces more noise.

Applications of Ward Leonard Drives

The Ward Leonard drives are used where a smooth speed control of the DC motors over a
wide range inboth the directions is required. Some of the examples are as follows:-

e Rolling mills

o Elevators

e Cranes

o Paper mills

o Diesel-electric locomotives

¢ Mine hoists

Solid State Control or Static Ward Leonard System

Now a days Static Ward Leonard system is mostly used. In this system, the rotating motor-
generator (M- G) set is replaced by a solid state converter to control the speed of the DC
motor. Controlled Rectifiersand choppers are used as a converter.

In the case of an AC supply, controlled rectifiers are used to convert fixed AC supply voltage
into a variable AC supply voltage. In the case of DC supply, choppers are used to obtain
variable DC voltage from the fixed DC voltage.

STARTING OF DC MOTORS

A starter is a device to start and accelerate a motor. A controller is a device to start the
motor, controland reverse the speed of the DC motor and stop the motor. While starting the DC
motor, it draws the heavy current which damages the motor. The starter reduces the heavy
current and protects the system from damage.

Need of Starters for DC Motors

The dc motor has no back EMF. At the starting of the motor, the armature current is controlled
by the resistance of the circuit. The resistance of the armature is low, and when the full voltage
is applied at the standstill condition of the motor, the armature current becomes very high
which damage the parts of the motor.

Because of the high armature current, the additional resistance is placed in the armature circuit
at starting. The starting resistance of the machine is cut out of the circuit when the machine
gains it speeds. The armature current of a motor is given by

V—E
Ia == R— (1)
a
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Thus, la depends upon E and R, if V is kept constant. When the motor is first
switched ON, the armature is stationary. Hence, the back EMF Ey, is also zero. The
initial starting armature currentlss is given by the equation shown below.

ks = R ()

Since, the armature resistance of a motor is very small, generally less than one ohm.
Therefore, the starting armature current l.,s would be very large. For example — if a
motor with the armatureresistance of 0.5 ohms is connected directly to a 230 V supply,
then by putting the values in the equation (2) we will get.

Vv 230
Ias — R_a — ﬁ = 460 Ampere

This large current would damage the brushes, commutator and windings.

As the motor speed increases, the back EMF increases and the difference (V — E) go on
decreasing. This results in a gradual decrease of armature current until the motor attains
its stable speed and the corresponding back EMF. Under this condition, the armature
current reaches its desired value. Thus, it is found that the back EMF helps the
armature resistance in limiting the current through the armature.

Since at the time of starting the DC Motor, the starting current is very large. At the
time of starting of all DC Motors, except for very small motors, an extra resistance
must be connected in series with the armature. This extra resistance is added so that a
safe value of the motor is maintained and to limit the starting current until the motor
has attained its stable speed.

The series resistance is divided into sections which are cut out one by one, as the speed
of the motor rises and the back EMF builds up. The extra resistance is cut out when the
speed of the motor builds up to its normal value.

3POINT STARTER

3 Point Starter is a device whose main function is starting and maintaining the speed
of the DC shunt motor. The 3 point starter connects the resistance in series with the
circuit which reduces the high starting current and hence protects the machines from
damage. Mainly there are three main points or terminals in 3 point starter of DC motor.
They are as follows
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o L isknown as Line terminal, which is connected to the positive supply.
o A'is known as the armature terminal and is connected to the armature windings.
o ForZis known as the field terminal and is connected to the field terminal windings.

The 3 Point DC Shunt Motor Starter is shown in the figure below

Starting
resislance

Soft inon piece

Starter handie

[ BT Fo A®

A J
. Lever '_I'rian-g_ula:
o ° iron piaca
v I Fy Ay
D.C
o0 F,? Ay

3 point Starter

It consists of a graded resistance R to limit the starting current. The handle H is kept in
the OFF position by a spring S. The handle H is manually moved, for starting the
motor and when it makes contact with resistance stud one the motor is said to be in the
START position. In this initial start position, the field winding of the motor receives
the full supply voltage, and the armature current is limited to a certain safe value by the
resistance (R = Ry + R2 + Rz + Ra).

Working of 3 Point Starter

The starter handle is now moved from stud to stud, and this builds up the speed of the
motor until it reaches the RUN position. The Studs are the contact point of the
resistance. In the RUN position, three main points are considered. They are as follows.

o The motor attains the full speed.
o The supply is direct across both the windings of the motor.
o The resistance R is completely cut out.
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The handle H is held in RUN position by an electromagnet energised by a no volt trip
coil (NVC). This no volt trip coil is connected in series with the field winding of the
motor. In the event of switching OFF, or when the supply voltage falls below a
predetermined value, or the complete failure of supply while the motor is running,
NVC is energised. The handle is released and pulled back to the OFF position by the
action of the spring. The current to the motor is cut off, and the motor is not restarted
without a resistance R in the armature circuit. The no voltage coil also provides
protection against an open circuit in the field windings.

The No Voltage Coil (NVC) is called NO-VOLT or UNDERVOLTAGE protection
of the motor. Without this protection, the supply voltage might be restored with the
handle in the RUN position. The full line voltage is directly applied to the armature. As
a result, a large amount of current is generated.

The other protective device incorporated in the starter is the overload protection. The
Over Load Trip Coil (OLC) and the No Voltage Coil (NVC) provide the overload
protection of the motor. The overload coil is made up of a small electromagnet, which
carries the armature current. The magnetic pull of the Overload trip coil is insufficient
to attract the strip P, for the normal values of the armature current

When the motor is overloaded, that is the armature current exceeds the normal rated
value, P is attracted by the electromagnet of the OLC and closes the contact aa thus, the
No Voltage Coil is short-circuited, shown in the figure of 3 Point Starter. As a result,
the handle H is released, whichreturns to the OFF position, and the motor supply is cut
off.

To stop the motor, the starter handle should never be pulled back as this would result in
burning the starter contacts. Thus, to stop the motor, the main switch of the motor
should be opened.

Drawbacks of a 3 Point Starter
The following drawbacks of a 3 point starter are as follows:-

o The 3 point starter suffers from a serious drawback for motors with a large
variation ofspeed by adjustment of the field rheostat.

o To increase the speed of the motor, the field resistance should be increased.
Therefore,the current through the shunt field is reduced.

o The field current may become very low because of the addition of high
resistance toobtain a high speed.
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o A very low field current will make the holding electromagnet too weak to
overcome theforce exerted by the spring.

o The holding magnet may release the arm of the starter during the normal
operation of themotor and thus, disconnect the motor from the line. This is not a
desirable action.

Hence, to overcome this difficulty, the 4 Point Starter is used.
4 POINT STARTER

A 4 Point Starter is almost similar in functional characteristics like 3 Point Starter. In
the absence of back EMF, the 4 Point Starter acts as a current limiting device while
starting of the DC motor.4 Point Starter also acts a protecting device.

The basic difference in 4 Point Starter as compared to 3 Point Starter is that in this a
holding coil is removed from the shunt field circuit. This coil after removing is
connected across the line in series with a current limiting resistance R. The studs are
the contact points of the resistance represented by 1, 2, 3, 4, 5 in the figure below. The
schematic connection diagram of a 4 Point Starter is shown below.

Field

oy da
¥ Sv Armature
RE ?é

Fig: 4 Point Starter

The above arrangement forms three parallel circuits. They are as
follows:-

« Armature, starting the resistance and the shunt field winding.
« A variable resistance and the shunt field winding.
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« Holding coil and the current limiting resistance.

With the above three arrangements of the circuit, there will be no effect on the current
through the holding coil if there is any variation in speed of the motor or any change
in field current ofthe motor. This is because the two circuits are independent of each
other.

The only limitation or the drawback of the 4 point starter is that it cannot limit or
control the high current speed of the motor. If the field winding of the motor gets
opened under the running condition, the field current automatically reduces to zero.
But as some of the residual flux is still present in the motor, and we know that the flux
is directly proportional to the speed of the motor. Therefore, the speed of the motor
increases drastically, which is dangerous and thus protection is not possible. This
sudden increase in the speed of the motor is known as High-Speed Action of the
Motor.

Nowadays automatic push button starters are also used. In the automatic starters, the
ON push button is pressed to connect the current limiting starting resistors in series
with the armature circuit. As soon as the full line voltage is available to the armature
circuit, this resistor is gradually disconnected by an automatic controlling arrangement.

The circuit is disconnected when the OFF button is pressed. Automatic starter circuits
have been developed using electromagnetic contactors and time delay relays. The main
advantage of the automatic starter is that it enables even the inexperienced operator to
start and stop the motor without any difficulty.

L ESIN DC MACHINE

The losses that occur in a DC Machine is divided into five basic categories. The
various losses are Electrical or Copper losses (I1°R losses), Core losses or Iron losses,
Brush losses, Mechanical losses, Stray load losses. These losses are explained below in
detail.

Losses in

DC
Machine
H f i \ { | \
Electrical Corelosses Bt Stray
or Copper orlron Brush losses —— load
losses losses Losses
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Fig: Classification of losses in DC machnes

Electrical or Copper Losses in dc machine

These losses are also known as Winding losses as the copper loss occurs because of
the resistance of the windings. The ohmic loss is produced by the current flowing in the
windings. The windings that are present in addition to the armature windings are the
field windings, interpoles and compensating windings.

Armature copper losses = 1.°R. where I, is armature current, and Ra is the armature
resistance. These losses are about 30 percent of the total full load losses.

In shunt machine, the Copper loss in the shunt field is 1%Rsh, Where ls, is the current in
the shunt field, and Rsn is the resistance of the shunt field windings. The shunt
regulating resistance is included in Rsp.

In a series machine, the copper loss in the series windings is 1%eRse, Where, ls is the
current through the series field windings, and Rse is the resistance of the series field
windings.

In a Compound machine, both the shunt and the series field losses occur. These losses
are almost20 percent of the full load losses.

Copper losses in the interpole windings are written as 1,°Ri where R; is the resistance of
the interpole windings.

Copper loss in the compensating windings if any is 1.R. where R¢ is the resistance of
compensating windings.

Magnetic Losses or Core Losses or Iron Losses in dc machine

The core losses are the hysteresis and eddy current losses. These losses are considered
almost constant as the machines are usually operated at constant flux density and
constant speed. These losses are about 20 percent of the full load losses.

Brush Losses in dc machine

Brush losses are the losses taking place between the commutator and the carbon
brushes. It is the power loss at the brush contact point. The brush drop depends upon
the brush contact voltage drop and the armature current la. It is given by the equation
shown below.
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The voltage drop occurring over a large range of armature currents, across a set of
brushes is approximately constant If the value of brush voltage drop is not given than it
is usually assumed to be about 2 volts. Thus, the brush drop loss is taken as 2l..

Mechanical Losses in dc machine

The losses that take place because of the mechanical effects of the machines are known
as mechanical losses. Mechanical losses are divided into bearing friction loss and
windage loss. The losses occurring in the moving parts of the machine and the air
present in the machine is known as Windage losses. These losses are very small.

Stray Losses in dc machine

These losses are the miscellaneous type of losses. The following factors are considered
in stray load losses.

o The distortion of flux because of armature reaction.
« Short circuit currents in the coil, undergoing commutation.

These losses are very difficult to determine. Therefore, it is necessary to assign the
reasonable value of the stray loss. For most machines, stray losses are taken by
convention to be one percentof the full load output power.

EFFICIENCY OF D ENERATOR

Efficiency is simply defined as the ratio of output power to the input power. Let R =
total resistance of the armature circuit (including the brush contact resistance, at
series winding resistance, inter-pole winding resistance and compensating winding
resistance). The efficiency ofDC generator is explained below in the line diagram.

Copper Loss +
I°,R,; + Brush

Generator Contact Loss Armature terminal
t power
D:D > > > OUtpUt
.f “v ‘ Power
In.put rom Electromagnetic
Prime mover Power Series Field loss + shunt
Field loss

Fig: Power flow diagram

e | isthe output current
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o s is the current through the shunt field
o lais the armature current = | + Is,
o Vs the terminal voltage.

Total copper loss in the armature circuit = 1,2Rat

Power loss in the shunt circuit = Vs, (this includes the loss in the shunt regulating
resistance).Mechanical losses = friction loss of bearings + friction loss at a
commutator + windage loss. Core losses = hysteresis loss + eddy current loss
Stray loss = mechanical loss + core loss

The sum of the shunt field copper loss and stray losses may be considered as a
combined fixed(constant) loss that does not vary with the load current I.

Therefore, the constant losses (in shunt and compound generators) = stray loss +
shunt fieldcopper losses.

Total Losses = IZR_; + pwx + Vspl,

SWINBURNE’S TEST

Swinburne’s Test is an indirect method of testing of DC machines. In this method the losses are
measuredseparately and the efficiency at any desired load is predetermined. Machines are tested
for finding out

losses, efficiency and temperature rise. For small machines direct loading test is performed.
For large shunt machines, indirect methods are used like Swinburne’s or Hopkinson’s test.

The machine is running as a motor at rated voltage and speed. The connection diagram for DC
shunt machine is shown in the figure below.

-+

DC
Supply

: +l<_|.
@ Armature

Fig: Swinburne’s Test
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Let

V be the supply voltage

lo is the no-load current

Isn is the shunt field current

Therefore, no load armature current is given by the equation shown below.

lio= 1y — Isy

No-load input = Vlo
The no-load power input to the machine supplies the following, as given below.
e lronloss in the core
e Friction losses in the bearings and commutators.
e Windage loss
e Armature copper loss at no load.

When the machine is loaded, the temperature of the armature winding and the field winding
increases due to I°R losses. For calculating I°R losses hot resistances should be used. A
stationary measurement of resistances at room temperature of t degree Celsius is made by
passing current through the armature and then field from a low voltage DC supply. Then the
heated resistance, allowing a temperature rise of 50°C is found. The equations are as follows:-

Ry = Ro (1 + apty)
Ruzesee = Ro [1+ ag (t; + 507)]
Where, oy is the temperature coefficient of

resistance at 0°CTherefore,

1+ a4 (t; + 50°)
1+ agt;

Russoe = Ry

Stray loss = iron loss + friction loss + windage loss = input at no load — field copper loss — no
loadarmature copper loss

= Vly — pf— Pao = Ps
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Also, constant losses
P = no load input — no load armature copper loss
Pc = Ps + Pr

If the constant losses of the machine are known, its efficiency at any other load can be
determined asfollows.

Let | be the load current at which efficiency
is required.Efficiency when the machine is

running as a Motor.

Motor input = VI
Armature copper loss = 12R, = (1— I;)? R,

Constant losses = p,

Therefore, total losses is given as
Total losses = (I— I,)? R, + p.
The efficiency of the motor is given below.

input — losses

U = input

iy V= (I_ Ish)2 Ra + Pc

Efficiency when the machine is running as a Generator

Generator output = VI
Armature current = I, =1+ I,
Armature copper loss = (I + Ig,)? R,

Constant losses = p,
Therefore, total losses is given as
Total losses = (I+ Ig,)? R, + p.

The efficiency of the generator is given below.
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output

e = output + losses

VI
U= Vit 0+15)2R, + p.

Advantages of Swinburne’s Test:
The main advantages of the Swinburne’s test are as follows:-

e The power required to test a large machine is small. Thus, this method is an
economical and convenient method of testing of DC machines.

e Asthe constant loss is known the efficiency can be predetermined at any load.

Disadvantages of Swinburne’s Test:

e Change in iron loss is not considered at full load from no load. Due to armature
reaction flux is distorted at full load and, as a result, iron loss is increased.

e As the Swinburne’s test is performed at no load. Commutation on full load cannot be
determined whether it is satisfactory or not and whether the temperature rise is within
the specified limits or not.

Limitations of Swinburne’s Test:

e Machines having a constant flux are only eligible for Swinburne’s test. For examples —
shunt machines and level compound generators.

e Series machines cannot run on light loads, and the value of speed and flux varies
greatly. Thus, the Swinburne’s Test are not applicable for series machines

BRAKE TEST ON DC SHUNT MOTOR:

Brake test is a method of finding efficiency of dc motors. We took dc shunt motor as
running machine. Brake test also called as direct loading test of testing the motor because
loading will be applied directly on shaft of the motor by means of a belt and pulley
arrangement.

Test Requirements:

1. DC shunt motor
2. Water-cooled pulley
3. Spring balance
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Procedure of Brake Test on DC Shunt Motor:
1. By adjusting the handle of the pulley take different readings of the spring balance.
2. The tension in the belt can be adjusted using the handle. The tension in kg can be
obtained fromthe spring balance readings.
3. Adjusting the load step by step till full load, number of readings can be obtained. By
increasing theload is slowly, adjust to get rated load current.
4. The power developed gets wasted against the friction between belt and shaft. Due to
the brakingaction of belt the test is called brake test.
5. The speed can be measured by tachometer. Thus all the motor characteristics can be plotted.

ICS A =— Handle

Belt
end
pulley

(a) Experimental setup (b) Belt and pulley arrangemaent
Calculation of Brake Test on DC Shunt Motor
Let R (or) r= Radius of
pulley in metersN =
Speed in R.P.M.
W1 = spring balance reading on tight
side in kgW?2 = spring balance
reading on slack side in kg

So, net pull on the belt due to friction at the pulley is the difference between the two spring
balancereadings.

Net pull on the rope = (W - S) kg = (W - S) X 9.81 newtons....... Q)
As radius R and speed N are known, the shaft torque developed can be

obtained as,Tsh=Netpull XR=(W-S) X9.81 XR (2
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Now let, V = Voltage applied in volts

I = Total line current drawn in amps.
As we know V and | are input parameters of dc motors in

brake test.Then,

Pin=V.l Watts......(3)
We have output and input. Then why late go and find the efficiency of dc
shunt motor.Efficiency (n)=Output/Input [No units]

From equation (2) & (3)

2nNT, 2nNx(W-8)x9.8lxr

60 60 G

Output power =

Advantages of Brake Test on DC Shunt Motor:
1. Actual efficiency of the motor under working conditions can be found out.
2. Brake test is simple and easy to perform.

3. Itis not only for dc shunt motor, also can be performed on any type of D.C.
motor.

Disadvantages of Brake Test on DC Shunt Motor:
1. In brake test due the belt friction lot of heat will be generated and hence there is large
dissipationof energy.
2. Cooling arrangement is necessary to minimize the heat. Mostly in our laboratories we
use water ascooling liquid.
3. Convenient only for small rated machines due to limitations regarding heat
dissipationarrangements.
4. Power developed gets wasted hence brake test method is little expensive.
5. The efficiency observed is on lower side.

HOPKINSON’S TEST

Hopkinson’s Test is also known as Regenerative Test, Back to Back test and Heat Run Test. In
Hopkinson Test, two identical shunt machines are required which are coupled both
mechanically and electrically in parallel. One is acting as a motor and another one as a
generator. The input to the motor is given by the supply mains.

The mechanical output of motor drives the generator, and the electrical output of the generator
is used in supplying the input to the motor. Thus, the output of each machine acts as an input to
the other machine. When both the machines are running on the full load, the supply input is
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equal to the total losses of the machines. Hence, the power input from the supply is very small.
The Circuit Diagram of the Hopkinson’s Test is shown in the figure below.

Supply is given and with the help of a starter, the machine M starts and work as a motor. The
switch S is kept open. The field current of M is adjusted with the help of rheostat field Rwm,
which enables the motor to run at rated speed. Machine G acts as a generator. Since the
generator is mechanically coupled to the motor, it runs at the rated speed of the motor.

Switch S

%RM

Calculation of the Efficiency of the Machine by Hopkinson’s Test

e Power input from the supply = VI, = total losses of both the machines

e Armature copper loss of the motoran=12 R

« Field copper loss of the motorsm= 1%, R

o Armature copper loss of the generators= o> R

o Field copper loss of the generator =gg= IZshg R
The constant losses Pc like iron, friction and windage losses are assumed to be equal and is
written asgiven below.
Constant losses of both the machines = Power drawn from the supply — Armature and shunt
copper lossesof both the machines.

lDC — VIL b (Igrn Ra == Iszhm I{Shm =+ Igg Ra 7= Iszhg Rshg)

Assuming that the constant losses known as stray losses are divided equally between the two
machines.Total stray loss per machine = ¥ Pc
Efficiency of the Generator

o Output = Vg

e Constant losses for generator is given as Pc/2
o Armature copper loss = 1%4 Ra

o Field copper loss = I%ng Reng
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The Efficiency of the generator is given by the equation shown below

B Output
e = Output + Losses
Vi,
ng = 5 - i
Vlag + 125 Ry + g Ring + 7P

Efficiency of the Motor

Input = VI, = V(I,., + Lyym)

o Constant losses of the motor is given as Pc/2
e Armature copper loss,mn=12 R
e Field copper lossni 2y R
The Efficiency of the motor is given by the equation shown below

Output  Input — losses

= Input Input
P
\ (Iam + Ishm) r (_2_C + IaZm Ra * Ighm Rshm)
Mm =

\Y (Iam + Ishm)

Advantages of Hopkinson’s Test
The main advantages of using Hopkinson’s test are as follows:-

e This method is very economical.

e Thetemperature rise and the commutation conditions can be checked under rated load
conditions.

o Stray losses are considered, as both the machines are operated under rated load conditions.
o Large machines can be tested at rated load without consuming much power from the supply.
o Efficiency at different loads can be determined.

Disadvantage of Hopkinson’s Test
The main disadvantage of this method is the necessity of two practically identical machines
forperforming the Hopkinson’s test. Hence, this test is suitable for large DC machines.

FIELD’S TEST:

This is one of the methods of testing the D.C. series motors. Unlike shunt motors, the
series motor cannot be tested by the methods which area available for shunt motors as it is
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impossible to run the motor on no-load. It may run at dangerously high speed on no load. In
case of small series motors brake test maybe employed.

The series motors are usually tested in pairs. The field test is applied to two similar series
motors which are coupled mechanically. The connection diagram for the test is shown in the
Fig. 1.

RETARDATION TEST OR RUNNING DOWN TEST

This method is generally employed to shunt generators and shunt motors. From this
method we can get stary losses. Thus if armature and shunt copper losses at any given load
current are known then efficiency of a machine can be easily estimated.

The machine whose test is to be taken is run at a speed which is slightly above its normal
speed. The supply to the motor is cut off while the field is kept excited. The armature
consequently slows down and its kinetic energy is used in supplying the rotational or stray
losses which includes iron, friction and winding loss.

Rotational losses, W = Rate of change of kinetic energy

- (hm’)=lwd—“’
dt |2 dt

Starting
resistance

Separalely D.C.

excited
field Supply

D.C.
Supply

Load
resistance Ry

Fig. 2 Retardation test

Angular velocity, ® = (2 TN)/60

w_[2nNd2rtN__12rcN 21ty dN
~ 60 dt(ﬁO ) (60 w]dt

2
60 ~dt

Ervegy mern e
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Thus, to find the rotational losses, the moment of inertia | and dN/dt must
be known.These quantities can be found as follows;

Determination of dN/dt
The voltmeter V1 which is connected across the armature will read the back e.m.f. of the
motor. We know that back e.m.f. is proportional to speed so that voltmeter is calibrated to read
the speed directly.

When motor is cut off from the supply, the speed decrease in speed is noted with the help
of stop watch. A curve showing variation between time and speed which is obtained from
voltmeter which is suitably calibrated is shown in the Fig. 3.

' A

Speed c

Time —=

At any point C corresponding to normal speed, a tangent AB is drawn. Then

dN _ OA(inr.p.m.)
dt OB (in seconds)

The value obtained from above can be substituted in the expression for W which
can give therotational looses.

Determination of moment of inertia (1):
Method 1: Using Flywheel

The armature supply is cut off and time required for definite change in speed is noted to
draw the corresponding curve as we have drawn in previous case. This curve is drawn
considering only armature ofthe machine. Now a flywheel with known moment of the inertia
say is |1 keyed onto the shaft and the same curve is drawn again. The slowing down time will
be extended as combined moment of inertia ofthe two is increased.

For any given speed (dN/dt;) and (dN/dt;) are determined same as previous case. It can be
seen that the losses in both the cases are almost same as addition of flywheel will not make
much difference to the losses.

In the first case where flywheel is not there then,

2
w = [2*) I n 9N
60 dt,
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Adding the flywheel to the motor armature in second case we get,

2\ dN
w=[== I) N
(50] Ll dt,
dN dN
IN— = (I+],)) N —
dt, w¥h) dt,
141,  (dN/dt,)
I (dN7 dt,)
dN] /(dN
I = |(I+]4) — _—
[(+l)dt2 (dt,]
dN / dt, dt,
lx =le-———
(dN / dt,)=(dN / dt;) dt, ~dt,
t
Gy g
-t

Method 2: without using Flywheel

In this method time is noted for the machine to slow down by say 5 % considering
the armaturealone. The a retarding torque either mechanical or electrical is applied. Preferably
electrical retarding torque is applied and time required to slow down by 5% is noted again.
The method by which electrical

torque can be provided is shown in the Fig. 1 in which the switch S after disconnecting from
the supply is thrown to terminals 1'2'. The machine then gets connected to a non-inductive load
resistance R.. The power drawn by this resistance will acts as a retarding torque on the
armature which will make it slow more quickly.

The additional loss in the resistance will be equal to product of ammeter reading and the
average reading of the voltmeter (for a fall of 5% of voltmeter reading, the time is noted.) The
ammeter reading is also changing so its average reading is taken. Thus the additional losses is
I (Ra + R). Let t; be the time when armature is considered alone and t, be the time when
armature is connected across a load resistance, V be average voltage across R and |, be the
average current and W' is additional retarding electricaltorque supplied by motor.

2

w = [(2%) i 9N

60 dt,

2n ) dN

W+W =[] INE
60 dt,

If dN i.e. change in speed is same in two cases then
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w 1/dt; dt, t,
(wa')tz—wt]
Wih-5 = Wt

W = 2

t =t

Here dN/dt; is rate of change in speed without extra load whereas dN/dt; is rate change in
speed withextra electrical load which provides retarding torque.

SINGLE PHASE TRANSFORMERS

WORKINGPRINCIPLEOFATRANSFORMER:

The basic principle on which the transformer works is Faraday’s Law of Electromagnetic
Induction or mutual induction between the two coils. The working of the transformer is
explained below. The transformer consists of two separate windings placed over the laminated
silicon steel core.

The winding to which AC supply is connected is called primary winding and to which load is
connectedis called secondary winding as shown in the figure below. It works on the alternating
current only because an alternating flux is required for mutual induction between the two
windings.

Fig: Simple Transformer

When the AC supply is given to the primary winding with a voltage of Vi, an alternating flux ¢
sets up in the core of the transformer, which links with the secondary winding and as a result of
it, an emf is induced in it called Mutually Induced emf. The direction of this induced emf is
opposite to the applied voltage V1, this is because of the Lenz’s law shown in the figure below
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Fig: Transformer Symbol

Physically, there is no electrical connection between the two windings, but they are
magnetically connected. Therefore, the electrical power is transferred from the primary circuit
to the secondary circuit through mutual inductance. The induced emf in the primary and
secondary windings depends upon the rate of change of flux linkage that is (N d¢/dt).

d¢/dt is the change of flux and is same for both the primary and secondary windings. The
induced emfE; in the primary winding is proportional to the number of turns N1 of the primary
windings (E: o« Ni). Similarly induced emf in the secondary winding is proportional to the
number of turns on the secondary side. (E2 o Ny).

Transformer on DC supply:

As discussed above, the transformer works on AC supply, and it cannot work not DC supply. If
the rated DC voltage is applied across the primary winding, a constant magnitude flux will set
up in the core of the transformer and hence there will not be any self-induced emf generation,
as for the linkage of flux with the secondary winding there must be an alternating flux required
and not a constant flux.

According to Ohm’s Law

DC applied voltage
Resistance of primary winding

Primary Current =

The resistance of the primary winding is very low, and the primary current is high. So this
current is muchhigher than the rated full load primary winding current. Hence, as a result, the
amount of heat produced will be greater and therefore, eddy current loss (I1?R) loss will be
more. Because of this, the insulations of the primary windings will get burnt, and the
transformer will be damaged.

Turn Ratio:
It is defined as the ratio of primary to secondary turns.

. N
Turn ratio = —
N,
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If N2 > N the transformer is called Step up transformer
If N2 < N the transformer is called Step down transformer

Transformation Ratio:
The transformation ratio is defined as the ratio of the secondary voltage to the primary voltage.
It isdenoted by K.
N,
E, N

As (Ez oo Noand E1 Nl)

Ideal Transformer:

Definition: The transformer which is free from all types of losses is known as an ideal
transformer. It is animaginary transformer which has no core loss, no ohmic resistance and no
leakage flux. The ideal transformer has the following important characteristic.

1. Theresistance of their primary and secondary winding becomes zero.

2. The core of the ideal transformer has infinite permeability. The infinite permeable
means lessmagnetising current requires for magnetising their core.

3. The leakage flux of the transformer becomes zero, i.e. the whole of the flux induces in
the core ofthe transformer links with their primary and secondary winding.

4. The ideal transformer has 100 percent efficiency, i.e., the transformer is free from
hysteresisand eddy current loss.

The above mention properties are not possible in the practical transformer. In an ideal
transformer, thereis no power loss. Therefore, the output power is equal to the input power.

E,I, cosqp = E;1; cosp or E,;I, = Ej 14

OR
E:
B &

Since E; oo N2 and E; oo Ny, also E; is similar to V1 and E; is similar to
V, Therefore, transformation ratio will be given by the equation shown
below

V2 E2 N2 Il K
vi E Ny I,
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The primary and the secondary currents are inversely proportional to their respective turns.

Behaviour of Ideal Transformer:

Consider the ideal transformer shown in the figure below. The voltage source Viis applied
across the primary winding of the transformer. Their secondary winding is kept open. The N
and N2 are thenumbers of turns of their primary and secondary winding.

The current I, is the magnetizing current flows through the primary winding of the
transformer. The magnetizing current produces the flux ¢m in the core of the transformer. As
the permeability of the core isinfinite, the flux of the core link with both the primary and
secondary winding of the transformer.

| |
(EE =T
i N1 N2 P E2
= =
|

Fig: Ideal Trasfomer
The flux link with the primary winding induces the emf E; because of self-induction. The
direction of the induced emf is inversely proportional to the applied voltage V1. The emf E;
induces in the secondary winding of the transformer because of mutual induction.\

Phasor Diagram of Ideal Transformer:

The phasor diagram of the ideal transformer is shown in the figure below. As the coil of the
primary transformer is purely inductive the magnetising current induces in the transformer lag
90° by the input voltage V1. The E; and E; are the emf induced in the primary and secondary
winding of the transformer. The direction of the induces emf inversely proportional to the

Vi

\90“ i

E2

ém

E1l

applied voltage
Phasor Diagram of an Ideal Transformer

Point to Remember

The input energy of the transformer is equal to their output energy. The power loss in
the idealtransformer becomes zero.
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EMF EQUATION OF A TRANSFORMER:

When a sinusoidal voltage is applied to the primary winding of a transformer, alternating flux
¢m sets upin the iron core of the transformer. This sinusoidal flux links with both primary and

secondary winding.

The function of flux is a sine function. The rate of change of flux with respect to time is
derivedmathematically.

The derivation of EMF Equation of the transformer is shown below. Let
e ¢mbe the maximum value of flux in Weber
o T bethe supply frequency in Hz
e Nz is the number of turns in the primary winding
e Ngzis the number of turns in the
secondary winding® is the flux per turn in

11/]

|<-— 1/2F

|

Weber

Fig: Flux waveform
As shown in the above figure that the flux changes from + ¢m to — éom in half a cycle of

1/2f seconds.By Faraday’s Law
Let E; is the emf induced in the primary winding

dys
E]_ = —"(F ......... (1)
Where ¥ = N1
d
Therefore, E; = —N; d—(:- P

Since ¢ is due to AC supply ¢ = om Sinwt
d :
E; =—N; T (@ Sinwt)

E; = —N; wom, Coswt

E; = Nywe,, Sin(wt—1/2) ..........(3)

So the induced emf lags flux by
90 degrees.Maximum valve of
emf

Energy Conversion-1 89



90

E;max = Nyw@,, v ov e . (4)
But w = 2xf
E;max = 2nfN; @ o voeoor - (B)
Root mean square RMS value is
Elmax
E; = o swwies (O
1 \/2 ( )

Putting the value of Exmax in equation (6) we get

E; = V21fN; @y coveeens(7)
Putting the value of = = 3.14 in the equation (7) we will get the value of E; as
El - 444fN1 (00 TP (8)

Similarly
E2 = \/ZT[sz Om

Or

E2 - 4.4‘4‘sz (.Pm ......... (9)
Now, equating the equation (8) and (9) we get
E2 4’44sz Om

E, 4.44fN, o,

Or
B _ Na_y
E; Ny

The above equation is called the turn ratio where K is known as transformation ratio.
The equation (8) and (9) can also be written as shown below using the relation
(dm= Bm X Aj) where A is the iron area and B is the maximum value of flux density.

E, = 4.44N,fBA; Volts and E, =4.44N,fB_A, Volts

For a sinusoidal wave
R. M. S value

— = Form factor = 1.11
Average value

Magnetic Leakage flux:
In a transformer it is observed that, all the flux linked with primary winding does not get linked

with secondary winding. A small part of the flux completes its path through air rather than
through the core (asshown in the fig at right), and this small part of flux is called as leakage
flux or magnetic leakage in transformers. This leakage flux does not link with both the
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windings, and hence it does not contribute to transfer of energy from primary winding to
secondary winding. But, it produces self induced emf in each winding. Hence, leakage flux

produces an effect equivalent to an inductive coil in series with each winding. And due to this
there will be leakage reactance.

Main Flux

Laminated Core

Fig: Magnetic Leakage flux
(To minimize this leakage reactance, primary and secondary windings are not placed on

separate legs,refer the diagram of core type and shell type transformer from construction
of transformer.)

Practical Transformer with Resistance and Leakage Reactance

In the following figure, leakage reactance and resistance of the primary winding as well as
secondary winding are taken out, representing a practical transformer.

Fig; Practical Transformer with Resistance And Leakage

ReactanceWhere, R; and R; = resistance of primary and secondary winding

respectively
X1 and X; = leakage reactance of primary and secondary

winding resp.Z; and Z, = Primary impedance and secondary
impedance resp.

Z1= R1+jX1 ...and Z, = R2+jX2.

The impedance in each winding lead to some voltage drop in each winding. Considering this
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voltage dropthe voltage equation of transformer can be given as —

Vi=Ei + |1(R1 + le) -------- primary side
V2 =Ez- I2(R2 + jXz )--------- secondary side

where, V1 = supply voltage of primary winding

V., = terminal voltage of secondary winding

Ei1and E; = induced emf in primary and secondary winding respectively.

Resistance and Reactance of the Transformer:

The Resistance of the transformer is defined as the internal resistance of both primary and
secondary windings. In an actual transformer, the primary and the secondary windings have
some resistance represented by R1 and R2 and the reactances by X1 and X2. Let K be the
transformation ratio. To make the calculations easy the resistances and reactances can be
transferred to either side that means either all the primary terms are referred to the secondary
side, or all the secondary terms are referred to the primary side.

The resistive and the reactive drops in the primary and secondary side are represented as follows

Resistive drop in the secondary side = 12R2
Reactive drop in the secondary side = 12X2
Resistive drop in the primary side = 11R1
Reactive drop in the primary side = 11X1

Primary Side Referred to Secondary Side

Since the transformation ratio is K, primary resistive and reactive drop as referred to secondary
side will be K times, i.e., K 11R1 and K 11X1 respectively. If 11 is substituted equal to KI2 then
we have primary resistive and reactive drop referred to secondary side equal to K?I2R1 and

KR, KX, R, Xz

Y e AAN Y

Va

o»Q0FrF

K212X1 respectively.

The Total resistive drop in a transformer

KZIle + Isz = Iz (Kle = Rz)
Total reactive drop in a transformer

K?L,X; + LX, = I, (K3X; + X,)
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The term

2
(K?R; + Ry) And (K°X; + X5) _ _
represent the equivalent resistance and reactance
of the

transformer referred to the secondary side.

TRANSFORMER ON NO-LOAD NDITION:

When the transformer is operating at no load, the secondary winding is open circuited, which
means there is no load on the secondary side of the transformer and, therefore, current in the
secondary will be zero, while primary winding carries a small current I, called no load current
which is 2 to 10% of the rated current. This current is responsible for supplying the iron losses
(hysteresis and eddy current losses) in thecore and a very small amount of copper losses in the
primary winding. The angle of lag depends upon the losses in the transformer. The power

factor is very low and varies from 0.1 to 0.|15.,A, i
0 |

-

*;;n;;;:v;;er
Fig: Transformer is operating

at no loadThe no load current consists of two components
e Reactive or magnetizing component In
(It is in quadrature with the applied voltage V. It produces flux in the core and does
not consumeany power)
e Active or power component |y, also known as working component
(It is in phase with the applied voltage Vi. It supplies the iron losses and a small
amount ofprimary copper 10ss)

The following steps are given below to draw the phasor diagram

1. The function of the magnetizing component is to produce the magnetizing flux, and
thus, it willbe in phase with the flux.

2. Induced emf in the primary and the secondary winding lags the flux ¢ by 90 degrees.

3. The primary copper loss is neglected, and secondary current losses are zero as I, = 0.
Therefore, the current 1o lags behind the voltage vector V1 by an angle ¢o called no-
load power factor angleshown in the phasor diagram above.

4. The applied voltage V1 is drawn equal and opposite to the induced emf E; because the
differencebetween the two, at no load, is negligible.

5. Active component Iy, is drawn in phase with the applied voltage V..

6. The phasor sum of magnetizing current I, and the working current l,, gives the no load
current lo.

Vi
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Fig: Phasor diagram drawn

Working component I, = I,Cos@,

No load current I = JIZ + I3
Magnetizing component I, = I; Sing,

I
Power factor Cos @y = Il
(4]

No load power input B, = V;I,Cosgq

TRANSFORMERONLOADCONDITION:

When the transformer is on loaded condition, the secondary of the transformer is connected to
load. The load can be resistive, inductive or capacitive. The current I, flows through the
secondary winding of the transformer. The magnitude of the secondary current depends on the
terminal voltage V, and the load impedance. The phase angle between the secondary current
and voltage depends on the nature of the load.

Operationofthe Transformeron LoadCondition

The Operation of the Transformer on Load Condition is explained below

e When secondary of the transformer is kept open, it draws the no-load current from the main
supply. The no-load current induces the magneto motive force Nolo and this force set up the
flux @ in the core of the transformer. The circuit of the transformer at no load condition is
shown in the figure below.

e When the load is connected to the secondary of the transformer, the I2current flows through
theirsecondary winding. The secondary current induces the magnetomotive force N2I2 on the
secondary winding of the transformer. This force set up the flux @2 in the transformer core.
The flux @2 oppose the flux ¢, according to Lenz’s law
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Fig: Operation of the Transformer on Load Condition

e As the flux @2 opposes the flux ¢, the resultant flux of the transformer decreases and this flux
reduces the induces EMF E1. Thus, the strength of the V1 is more than E1 and an
additional primary currentl’l drawn from the main supply. The additional current is used for
restoring the original value of the flux in the core of the transformer so that the V1 = E1. The
primary current I’1 is in phase opposition with the secondary current 12. Thus, it is called the
primary counter balancing current.

NOW, N1l1’ = Nalo

N,
Therefure,

e The phasor difference between V1 and 11 gives the power factor angle ¢1 of the primary side
of the transformer.

e The power factor of the secondary side depends upon the type of load connected to the transformer.

o If the load is inductive as shown in the above phasor diagram, the power factor will be lagging,
and if the load is capacitive, the power factor will be leading.The total primary current 11 is the
vector sum of the current 10 and I1°. i.e

PhasorDiagramofTransformeroninductivel.oad:
The phasor diagram of the actual transformer when it is loaded inductively is shown below
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Vi

Primary Counter
balancing current

Il’

2R,

Phasor Diagram of the Transformer on Inductive Load

Stepstodrawthephasordiagram

e Take flux ¢ a reference

e Induces emf E; and Ezlags the flux by 90 degrees.

e The component of the applied voltage to the primary equal and opposite to induced emf in
the primarywinding. E; is represented by V;’.

e Current lo lags the voltage V1’ by 90 degrees.

The power factor of the load is lagging. Therefore current I, is drawn
lagging E> by an angle ¢

e Theresistance and the leakage reactance of the windings result in a voltage drop, and hence
secondaryterminal voltage V- is the phasor difference of E-and voltage drop.
V, = E; — voltage drops
I2Rz is in phase with |2 and 12X is in quadrature with .
e Thetotal current flowing in the primary winding is the phasor sum of 11” and 10.
e Primary applied voltage V1 is the phasor sum of V1’ and the voltage drop in the primary winding.
e Current I1” is drawn equal and opposite to
the current 12V1 = V1’ + voltage drop
11R1 is in phase with I; and 11X is in quadrature with I,.
e The phasor difference between V1 and 11 gives the power factor angle ¢1 of the primary
side of thetransformer.
e The power factor of the secondary side depends upon the type of load connected to the transformer.
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o Ifthe load is inductive as shown in the above phasor diagram, the power factor will be
lagging, and if theload is capacitive, the power factor will be leading. Where I1R1 is
the resistive drop in the primary windings
12X2 is the reactive drop in the secondary winding

Phasor Diagram of Transformer on Capacitive Load

The Transformer on Capacitive load (leading power factor load) is shown below in
the phasordiagram.

I,R
2Rz LX,

Phasor Diagram of the Transformer on Capacitive Load
Steps to draw the phasor diagram at capacitive load

e Take flux ¢ a reference

e Induces emf E1 and E2 lags the flux by 90 degrees.

e The component of the applied voltage to the primary equal and opposite to induced emf in
the primarywinding. E1 is represented by V1°.

e The power factor of the load is leading. Therefore current 12 is drawn leading E2

o Theresistance and the leakage reactance of the windings result in a voltage drop, and hence
secondaryterminal voltage V2 is the phasor difference of E2and voltage drop.
V> = E> — voltage drops
I2R> is in phase with |2 and 12Xz is in quadrature with .

e Current I1” is drawn equal and opposite to the current 12

e Thetotal current 11 flowing in the primary winding is the phasor sum of 11” and 10.
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e Primary applied voltage V1 is the phasor sum of V1’ and the voltage drop in the primary winding.
V1=V’ +voltage drop
11R1 is in phase with |1 and 10X is in quadrature with I1.

e The phasor difference between V1 and 11 gives the power factor angle ¢1 of the primary
side of thetransformer.

e The power factor of the secondary side depends upon the type of load connected to the transformer.

EQUIVALENTCIRCUITOFATRANSFORMER:

The equivalent circuit diagram of any device can be quite helpful in predetermination of the
behaviour of the device under the various condition of operation. It is simply the circuit
representation of the equation describing the performance of the device.

The simplified equivalent circuit of a transformer is drawn by representing all the parameters
of the transformer either on the secondary side or on the primary side. The equivalent circuit
diagram of the transformer is shown below

Rl Xl RZ X2
w'A'A vy AMN—""""
I, ] l

w In | | 1

E V,| 0

Vl RO xo El 2 2 3
|

L. | ‘ D
\

Fig: Equivalent circuit diagram of a transformer
Let the equivalent circuit of a transformer having the transformation ratio K = E2/E4

The induced emf E; is equal to the primary applied voltage V1 less primary voltage drop.This
voltage causes current lo no load current in the primary winding of the transformer. The value
of no-load current is very small, and thus, it is neglected. Hence, I1 = I1’. The no load current is
further divided into two components called magnetizing current (Im) and working current (1y).

These two components of no-load current are due to the current drawn by a noninductive
resistanceRoand pure reactance X, having voltage E; or (V1— primary voltage drop).

The secondary current I, is

L L=
LER™ X

The terminal voltage V- across the load is equal to the induced emf E;in the secondary
winding lessvoltage drop in the secondary winding.
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Equivalent Circuit when all the Quantities are referred to Primary side:

In this case to draw the equivalent circuit of the transformer all the quantities are to be referred
to theprimary as shown in the figure below

'1 Rl X,
== =AWy

Fig: Circuit Diagram of Transformer when all the Secondary Quantities are Referred to

Primary SideThe following are the values of resistance and reactance given below
Secondary resistance referred to primary side is given as

RL.— &
2 K2
The equivalent resistance referred to primary side is given as
i !
Rep = Ry + Ry
Secondary reactance referred to primary side is given as
2= K2
The equivalent reactance referred to primary side is given as
s !
Xep = Xy + X}

Equivalent Circuit when all the Quantities are referred to Secondary side:
The equivalent circuit diagram of the transformer is shown below when all the quantities are
referred to thesecondary side.

Fig: Circuit Diagram of Transformer When All the Primary Quantities are Referred to Secondary Side

The following are the values of resistance and reactance
given belowPrimary resistance referred to secondary side
is given as
Energy Conversion-1 Q9
= KZR1
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The equivalent resistance referred to secondary side is given as
RES — RZ + R’l
Primary reactance referred to secondary side is given as
Xi= K%,
The equivalent reactance referred to secondary side is given as
Xeq = Xy + Xj

No load current lo is hardly 3 to 5% of full load rated current, the parallel branch consisting of
resistanceR, and reactance X, can be omitted without introducing any appreciable error in the
behavior of the transformer under the loaded condition.

Further simplification of the equivalent circuit of the transformer can be done by neglecting
the parallelbranch consisting Ro and Xo. The simplified circuit diagram of the transformer is
shown below

Req xeq |2

—_—W— —s

I

V]_ VZ

. |

Fig: Simplified Equivalent Circuit Diagram of a Transformer

VOLTAGEREGUILATIONOFATRANSFORMER:

Definition: The voltage regulation is defined as the change in the magnitude of receiving and
sending the voltage of the transformer. The voltage regulation determines the ability of the
transformer to provide the constant voltage for variable loads.

When the transformer is loaded with continuous supply voltage, the terminal voltage of the
transformer varies. The variation of voltage depends on the load and its power factor.
Mathematically, the voltage regulation is represented as
; Ez - Vz
Voltage Regulation = 5

2

: E, -V,

% Voltage Regulation = —g X 100

Where,
E» — secondary terminal voltage at no load

V, — secondary terminal voltage at full load
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voltage regulation by considering the primary terminal voltage of the transformer is expressed as,

? Vi—Ey
% Voltage Regulation = v X 100
1

Let us understand the voltage regulation by taking an example explained below
For Capacitive load:

E, = I,Ry,Cosp, — [,X,Sing, +V,
OR
E; =V, = LLRg2C0s@; — [,Xp,Sing,
OR

E, — V. 15
2___2.x100 = x 100 Cos@, — % x 100 Sing,

EZ 2 2

IZROZ

ALLDAYEFFICIENCYOFATRANSFORMER:

Definition: All day efficiency means the power consumed by the transformer throughout the
day. It is defined as the ratio of output power to the input power in kWh or Wh of the
transformer over 24 hours.

Mathematically, it is represented as

output in kWh
input in kWh

All day efficiency, a1 gay = (for 24 hours)
All day efficiency of the transformer depends on their load cycle. The load cycle of the
transformer meansthe repetitions of load on it for a specific period.

The ordinary or commercial efficiency of a transformer define as the ratio of the output power
to the inputpower.

output power output power

Il = E—

input power output power + losses

What is the need of All Day Efficiency?

Some transformer efficiency cannot be judged by simple commercial efficiency as the load on
certain transformer fluctuates throughout the day. For example, the distribution transformers
are energised for 24 hours, but they deliver very light loads for the major portion of the day,
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and they do not supply rated or full load, and most of the time the distribution transformer has
50 to 75% load on it.

As we know, there are various losses in the transformer such as iron and copper loss. The iron
loss takes place in the core of the transformer. Thus, the iron or core loss occurs for the whole
day in the distributiontransformer. The second type of loss known as copper loss takes place in
the windings of the transformer also known as the variable loss. It occurs only when the
transformers are in the loaded condition.

Hence, the performance of such transformers cannot be judged by the commercial or ordinary
efficiency, but the efficiency is calculated or judged by All Day Efficiency also known as
operational efficiency or energy efficiency which is computed by energy consumed during 24
hours.

POLARITYTESTOFTRANSFORMER:

Polarity means the direction of the induced voltages in the primary and the secondary winding
of the transformer. If the two transformers are connected in parallel, then the polarity should
be known for the

proper connection of the transformer. There are two types of polarity one is Additive,
and another is Subtractive.

Additive Polarity: In additive polarity the same terminals of the primary and the secondary
windings of the transformer are connected

Subtractive Polarity: In subtractive polarity different terminals of the primary and secondary
side of the transformer are connected.

Explanationwith Connection Diagram:

Each of the terminals of the primary as well as the secondary winding of a transformer is
alternatively positive and negative with respect to each other as shown in the figure below. Let
A: and A; be the positive and negative terminal respectively of the transformer primary and ai,
a, are the positive and negative terminal of the secondary side of the transformer.

If A; is connected to a; and A is connected to a, that means similar terminals of the
transformer are connected, then the polarity is said to be additive. If A; is connected to a, and
A; to a3, that means the opposite terminals are connected to each other, and thus the voltmeter
will read the subtractive polarity.

A, di
4 “\ - \ I ®
Autotransformer) \)
supply _< _</ ('7'
1 >
1 phase ) @ > Vv
supply —\/3-_ D ﬁ\ & CD
|| >
e =4 {
\
) AZ ‘/} dz
- — ”
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Fig: Polarity test

It is essential to know the relative polarities at any instant of the primary and the secondary
terminals for making the correct connections if the transformers are to be connected in parallel
or they are used in a three phase circuit.

In the primary side, the terminals are marked as A; and A. and from the secondary side the
terminals are named as a; and a,. The terminal A; is connected to one end of the secondary
winding, and a voltmeter is connected between A; and the other end of the secondary winding.

When the voltmeter reads the difference that is (Vi — V), the transformer is said to be
connected with opposite polarity know as Subtractive polarity and when the voltmeter reads
(V1 + V), the transformer is said to have additive polarity.

StepstoPerformPolarityTest:
e Connect the circuit as shown in the above circuit diagram figure and set the

autotransformer to zeroposition.
e Switch on the single phase supply

RESISTANCE MEASUREMENT:

This test is a verification that proper sizes of conductors have been used and that the
joints have been made properly. Since this test is indicative in nature, there is no tolerance
applicable to the measured resistances. Resistances of the windings are measured by using
'Resistance Bridge'.

This test also serves two other important testing functions:

(a) The measured resistance is used for obtaining 1> R, which is used in the 'Load loss' test.
(b) Measurements of cold resistance and hot resistance are used for calculation of
temperature rise ofwindings during the Temperature Rise Test.

The measurement of resistance is done at room temperature but corrected to a reference
temperaturewhich is 20 degrees higher than the temperature class of the unit. For example : the
reference temperatureis 75 °C for 55 °C rise oil-filled units, or is 85 °C for 65 °C rise units.
For dry type transformers the typical rises are 80°C, 115 °C and 150 °C.
OPENCIRCUITANDSHORTCIRCUITTESTONTRANSFORMER

The open circuit and short circuit test are performed for determining the parameter of the
transformer like their efficiency, voltage regulation, circuit constant etc. These tests are
performed without the actual loading and because of this reason the very less power is required
for the test. The open circuit and the short circuit test gives the very accurate result as
compared to the full load test.

OpenCircuit Test:

The purpose of the open circuit test is to determine the no-load current and losses of the
transformer because of which their no-load parameter are determined. This test is performed
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on the primary winding of the transformer. The wattmeter, ammeter and the voltage are
connected to their primary winding. The nominal rated voltage is supplied to their primary
winding with the help of the ac source.

LV Winding HV Winding

Fig: Circuit Diagram of Open Circuit Test on Transformer

The secondary winding of the transformer is kept open and the voltmeter is connected to their
terminal. This voltmeter measures the secondary induced voltage. As the secondary of the
transformer is open the no-load current flows through the primary winding.

The value of no-load current is very small as compared to the full rated current. The copper
loss occurs only on the primary winding of the transformer because the secondary winding is
open. The reading of the wattmeter only represents the core and iron losses. The core loss of
the transformer is same for all types of loads.

Calculationofopencircuittest:

Let,

Wy —
wattmeter
readingVi—
voltmeter
reading lo —
ammeter
reading

Then the iron loss of the transformer Pi= Wy and

Wo = V1|0COS(P0 .............. (1)

The no-load power factor is

Wo

Cosgp = g
10
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Working component I is
.
S

Putting the value of Wy from the equation (1) in equation (2) you will get the value of
workingcomponent as

.(2)

Iy = [;Cosg,

Magnetizing component is

Im = ﬂlg_ Igv

No load parameters are

given belowEquivalent

Vl
Ro excjting resistance is
w

Equivalent exciting reactance is

V.
XO:_l

I

The iron losses measured by the open circuit test are used for calculating the efficiency of the
transformer.

ShortCircuitTest:
The short circuit test is performed for determining the below mention parameter of the transformer.

o It determines the copper loss occur on the full load. The copper loss is used for finding the
efficiency of the transformer.

e The equivalent resistance, impedance, and leakage reactance are known by the short circuit test.
The short circuit test is performed on the secondary or high voltage winding of the
transformer. The measuring instrument like wattmeter, voltmeter and ammeter are
connected to the High voltage winding of the transformer. Their primary winding is short
circuited by the help of thick strip or ammeter which is connected to their terminal.

The low voltage source is connected across the secondary winding because of which the full

load current flows from both the secondary and the primary winding of the transformer. The
full load current is measured by the ammeter connected across their secondary winding.
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The circuit diagram of the short circuit test is shown below

Autotransformer

S

HV Winding LV Winding

Fig: Circuit Diagram of Short Circuit Test on Transformer

The low voltage source is applied across the secondary winding which is approximately 5 to
10% of the normal rated voltage. The flux is set up in the core of the transformer. The
magnitude of the flux is small as compared to the normal flux.

The iron loss of the transformer depends on the flux. It is less occur in the short circuit test
because of the low value of flux. The reading of the wattmeter only determines the copper loss
occur on their windings. The voltmeter measures the voltage applied to their high voltage
winding.

CalculationofShortCircuitTest

Let,

WWattmeter reading

Va5 — Voltmeter reading

lsc— ammeter reading

Then the full load copper loss of the transformer is given by

E, = LLRy,Cos0, + [,Xy,Sing, +V,
OR

E, =V, = LRy;Cos@, + [,Xy,Sing,
OR

E, -V,

IZROZ IZXOZ

x 100 = x 100 Cosq@, +

x 100 Sine,
Ey 2 2
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BACK-TO-BACKTEST(SUMPNER’STEST) ON TRANSFORMER

Definition: The full load test on a small transformer is very convenient, but on the large
transformer, it is very difficult. The maximum temperature rise in a large transformer is
determined by the full load test. This test is called, back-to-back test, regenerative test or
Sumpner’s test.

The suitable load which absorbs the full load power of a large transformer will not easily be
available. Hence a large amount of energy will be wasted. The back-to-back test determines the
maximum temperature rise in a transformer, and hence the load is chosen according to the
capability of thetransformer.

BacktoBackTest Circuit:

The two identical transformers are used for the back to back test. Consider the Tnand Ty, are
the primary windings of the transformer connected parallel to each other. The nominal rated
voltage and frequency is supplied to their primary winding. The voltmeter and ammeter are
connected on their primary side for the measurement of the input voltage and current.

The secondary winding of the transformer is connected in series with the each other but with
opposite polarity. The voltmeter V; is connected to the terminal of the secondary winding for
the measurement of the voltage.

The series opposition of the secondary winding is determined by connecting there any two
terminals; the voltmeter is connected across their remaining terminals. If it is connected in
series opposition, the voltmeter gives the zero reading. The open terminal is used for
measuring the parameter of the transformer.

2P, =2P;
21y
o A —0
AC J = Wy
supply at /V-I"\
rated votlage \‘J/
o O

Regulating
Transformer

/ Tn 2P
A

ar

Back-to-back test on two identical single-phase transformers

The above figure shows that the terminal B and C are connected to each other, and the voltage
is measured across the terminal A and D.

Finding Losses with Sumpner's Test on Transformer

The secondaries of the transformer are so connected that their potentials are in opposition to
each other. This would so if VAB = VCD and A is joined to C whilst B is joined to D. In that
case, there would be no secondary current flowing around the loop formed by the two
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secondaries. T is an auxiliary low-voltage transformer [Regulation Transformer].which can be
adjusted to give a variable voltage and hence current in the secondary loop circuit. By proper
adjustment of T, full-load secondary current 12 can be made to flow as shown. It is seen, that 12
flows from D to C and then from A to B. Flow of 11 is confined to the loop FEJLGHMF and it
does not pass through W1. Hence, W1lcontinues to read the core loss and W2 measures
full-load Cu loss (or at any other load current value 12). Obviously, the power taken in is twice

the losses of a single

transformer.

i.e. copper loss per transformer PCu = W2/2.
i.e. iron loss per transformer Pi = W1/2.

From results of sumpner's test, the full load efficiency of each transformer can be given as

% full load efficiency output
of each transformer

X 100

1 2
output +T + 3

Advantages of Sumpner's Test

1. Low power is required to conduct this test. Because no external load is connecting
2. Full load copper losses and iron losses of both transformers determined.

3. Increase in transformer temperature can be found.

DeterminationofTemperatureRise

The temperature rise of the transformer is determined by measuring the temperature of
their oil after every particular interval of time. The transformer is operating back to back for
the long time which increases their oil temperature. By measuring the temperature of their oil
the withstand capacity of the transformer under high temperature is determined.

DeterminationoflronLoss

The wattmeter W1 measures the power loss which is equal to the iron loss of the transformer.
For determining the iron loss, the primary circuit of the transformer is kept closed. Because of
the primary closed circuit, no current flows through the secondary windings of the transformer.
The secondary winding behaves like an open circuit. The wattmeter is connected to their
secondary terminal for the measurement of iron loss.

DeterminationofCopperL.oss

The copper loss of the transformer is determined when the full load current flows through their
primary and secondary windings. The additional regulating transformer is used for exciting the
secondary windings. The full load current flows from the secondary to the primary
winding. The wattmeter W, measures the full load copper loss of the two transformers.

PARALLEL OPERATION OF TRANSFORMERS
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Sometimes, it becomes necessary to connect more than one transformer’s in parallel, for
example, for supplying excess load of the rating of existing transformer. If two or more
transformers are connected to a same supply on the primary side and to a same load on the
secondary side, then it is called as parallel operation of transformers.

Necessity of Parallel Operation of Transformers:
Why parallel operation of transformers is needed?

* Increased Load: When load is increased and it exceeds the capacity of existing
transformer, another transformer may be connected in parallel with the existing
transformer to supply theincreased load.

= Non-availability of large transformer: If a large transformer is not available which
can meet thetotal requirement of load, two or more small transformers can be
connected in parallel to increase the capacity.

* Increased reliability: If multiple transformers are running in parallel, and a fault
occurs in onetransformer, then the other parallel transformers still continue to serve
the load. And the faulty transformer can be taken out for the maintenance.

* Transportation is easier for small transformers: If installation site is located far
away, thentransportation of smaller units is easier and may be economical.

Conditions for parallel operation of Transformers:

There are various conditions that must fulfill for the successful operation of transformers as follows.
1. The line voltage ratio of two transformers must be equal.
2. The per unit impedance of each transformer should be equal and they should have

same ratio ofequivalent leakage reactance to the equal resistance(X/R).

The transformers should have same secondary winding polarity.

The Transformers should have same phase sequence (Three phase transformer)

5. The transformers should have the zero relative phase replacement between the

secondary linevoltages.(Three phase transformers)

Hw

1) The line voltage ratios of the two transformers must be equal

This condition is used to avoid the inequality EMF induction at the two secondary windings. If
the two transformers connected in parallel have slightly different voltage ratios, then due the
inequality of inducedemfs in the secondary voltages, a circulating current will flow in a loop
format in the secondary windings. This current is greater than the no load current and will
be quite high due to less leakage impedance

during load. When the secondary windings are loaded, this circulating current will tend to
unequal loading on two transformers and one transformer may be over loaded and another may
be less loaded.

2) Equal per unit leakage impedance

If the ratings or line voltages are equal their per unit leakage impedance’s should be equal in
order to haveequal load sharing of the both transformers. If the ratings are unequal then the
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transformer which has less rating will draw more current and it leads to unequal load sharing. It
may also lead to mismatch in line voltages due to voltage drops. In other words, for unequal
ratings, the numerical values of their impedance’s should be in inverse proportional to their
ratings to have current in them in line with their ratings.

A difference in the ratio of the reactance value to the resistance value of the impedance results
in different phase angles of the currents carried by the two parallel transformers. Due to this
phase angle difference between voltage and current, one transformer may be working on high
power factor and another transformer may be working on lower factor. Hence real power
sharing is not proportional between the two transformers.

3) The transformers should have same secondary winding polarity

The transformers should be properly connected with regards to their polarity. If they are
connected within correct polarities then the two emf’s induced in the secondary winding which
are in parallel, will act together and produce a short circuit between the two of them. Total
loss of power supply and highdamage to the transformers.

4) The Transformers should have same phase sequence

In case of three winding transformers in-addition to the above conditions the phase sequence of
line voltages of the both transformers must be identical for parallel operation. If the phase
sequence is not correct in every voltage cycle each pair of phases will get shorted

5) The transformers should have zero relative phase displacement between the secondary
linevoltages

This condition indicates that the two secondary line voltages should have zero phase displacement
whichavoids UN-intended short circuit between the phases of two windings.

There are four groups which in to which the three phase windings connections are classified:
= Group 1: Zero phase displacement (Yy0,Dd0,Dz0)

= Group2: 180° Phase displacement (Yy6,Dd6,Dz6)
= Group3: -30° Phase displacement (Ys1,Dy1,Yz1)
= Group4: +30° Phase displacement(Yd11,Dy11,Yz11)

The letters Y,D and z represents the Star, Delta and zigzag type winding connections. In
order to have zero phase displacement of secondary side line voltages, the transformers
belonging to the same group can be paralleled. For example with Ydl and Dyl can be
paralleled. The transformers of groups 1 and 2 can be paralleled with their own group where as
the transformers of group 3 and 4 can be paralleled by revering the phase sequence of one of
them. For example a transformer with Yd11 connection of group 4 can be paralleled with that
having Dyl connection by reversing the phase sequence of both primary and secondary
terminals of the Dyl transformer.

AUTOTRANSFORMER

A Transformer, in which a part of the winding is common to both the Primary and
Secondary circuit, is called an Auto Transformer. It shall be noted that in Two Winding
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Transformer, Primary and Secondary windings are electrically isolated but in Auto
Transformer, the two windings are not electrically isolated.

Why do we need to go for Auto Transformer?
We have some advantages of auto-transformer over normal two winding transformers.

1. Autotransformers usually smaller in size, because one winding is eliminated.
2. As size is small cost also low(so cheap in cost)

3. As the winding is same so leakage reactance will be less.

4. Increased KVA rating.

PRINCIPLE OF OPERATION OF AUTOTRANSFORMER:

The principle of operation of the transformer is the same as the one of the common
transformer, and then the relation between input and output voltages and input and output
currents and the ratio of number of turns between the primary and the secondary winding is the
same.

The currents of the primary and secondary windings are flowing on the opposite directions, so
the total current flowing through the common part of the winding is equal to the difference

between the current on the low-voltage winding and the current on the high-voltage winding.

A simplified diagram of a Step-down Auto Transformer is shown in figure below.

—_
‘ /\r‘x
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S ¥
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Fig: Auto transformer
As shown in the figure above, N; and N are the number of turns between winding AB and AC
respectively. If a voltage Viis applied across AB, an exciting current will start flowing through
the full winding. Therefore, voltage per turn in winding AB is V1/Niand hence voltage across
CBis (Vl/Nl)Nz.
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As the load current is l.and the current taken from the source is 11,
neglecting lossesIinput Power = Output Power
V111Cos@B1=V2l2C0SDa ... (1)

Assuming internal impedance drop and losses to be negligible, power factor for primary and
secondary will be almost same.

Cos@d: = Cosd:

Therefore from

equation (1),V1l1

= Val,

So,

V2! V1= 11/ 1, = N2/ Ny =k(say)

In our case of Step down Auto Transformer, k<1

Again, since the direction of flow of load current is in the opposite to the current flowing in the
Primary because of Lenze’s Law, hence the current flowing in winding BC = (Io-11)

lecg=(l2— 1)

Now the primary MMF = lac (N1-Ny)
=11 (Ni— Np)

= Nili— N2ly

But N/ No= 12/ Iy

S0, N1l1= Nal>

Therefore,

Now the primary MMF = Nalo— Nal1

= (I 1) N2
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= lcg N2 = Secondary MMF

Thus we see that in Auto Transformer, Transformer action take place between winding AC and BC. Thus
VA of winding AC will be transferred to winding BC by Transformer action
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