EE8301 ELECTRICAL MACHINES I
AIM

To expose the students to the basic principles of Electro mechanical Energy
Conversion in Electrical Apparatus and the operation of Transformers and DC Machines.

OBJECTIVES:
+» To introduce techniques of magnetic-circuit analysis and introduce magnetic
materials

e To familiarize the constructional details, the principle of operation, prediction of
performance, the methods of testing the transformers and three phase transformer
connections.

e To study the working principles of electrical machines using the concepts of
electromechanical energy conversion principles and derive expressions for
generated voltage and torque developed in all Electrical Machines.

¢ To study the working principles of DC machines as Generator types,
determination of their no load / load characteristics, starting and methods of speed
control of motors.

® To estimate the various losses taking place in D.C. Motor and to study the
different testing methods to arrive at their performance.
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CHAPTER- 1
MAGNETIC CIRCUITS AND MAGNETIC MATERIALS

1.1 Introduction

The law of conservation of energy states that the energy cannot be related or
destroyed but it can be converted from one form to other. An electrical energy does not occur
naturally and also cannot be stored. Hence the efforts are made to generate it continuously to
meet the large demands. But to generate an electrical energy means to convert some other
form of energy into an electrical form, according to law of conservation of energy. A
commonly used method to generate an electrical energy is converting mechanical energy into
electrical with the help of a rotating device. Such a machine which converts the mechanical
energy into an electrical energy is called a generator. The input mechanical energy can be
achieved from steam turbines, steam engines or using potential energy of water to run
hydraulic turbines. Such a device which inputs a mechanical energy to a generator is called a
prime mover. While converting energy from mechanical to electrical form, some losses take
place. The losses are kept to minimum value by properly designing the machine. Practically
the efficiencies of large generators are above 90 %

1.2 Magnetic Circuits

In a magnetic circuit, the magnetic lines of force leaves the north poles passes through
the entire circuit and return the starting point. A magnetic circuit usually consist of materials
having high permeability such as iron , soft steel etc., These materials offer very small
opposition to the flow of magnetic flux . consider a coil of N turns would on an iron core

: Mean core
T S—— length /.
3 Cross-sectional
= ""_:4 ares A,
Winding. e e Magnetic core
N tuarms permeability

Ampere’s law

‘|-_H. dl = J-J.d:i H: magnetic field intensity vector, J : current density.
- s

C
j'B.da -0B : magnetic flux density vector. = magnetic flux density is conserved
s

BH = 44 44 : magnetic permeability of medium.

i, : permeability of free space 14, =410
i1, : relative permeability
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Fig 1.1 Anaogy beween dedric and maneic circuits.

maghetism plays an important role in elecricity. Electrical appliances like Generator,
Motor, Measuring instuments and Transformer are basal on the eledromagnetic
princple and aso the important componentsof Television, Radio and Aero plane are
working on the sane pinciple.

1.2.1 Magnetic Material
Magnetic maerials are classified based on the poperty called permeability as
1. Dia Magnetic Materials
2. Para Magnetic Materals
3. Ferro Magndtic Maternals

1. Dia Magnetic Materials

Themateials who® pameaility is below uniy are called Dia magnetic
mateials. They are repdled by magnet.

Ex. Lead, gold, coper, glass, mesury 2.

Para Magnetic Materials

The mateias with pemeability above unity are called Para magnetic materials. The
force of attraction by a magnet towards these mateials is low.

Ex.: Coppe Sulphate Oxygen, Hatinum, Aluminum.

3. Ferro Magnetic Materials

The mateials with pemeability thousnds of timesmore thanthat of paamagnetic
mateials are called Ferro magnetic mateials. They are very much attracted by the
magnet.

Ex. Iron, Colalt, Nickel.

Permanent M agnet

Permanent magnet means, the magnetic mateials which will retain the magnetic
propety at al | timespemanently. This type of magets is manugctured by auminum,
nickd, iron, mbdt sted¢ (ALNICO).



To makea permanent maget a coil is woundover a magnetic mateaia and DC suppy is
passed though the oil.

Electr o Magnet

Insukted wire wound on a bobbin in mary turns and layers in which current is
flowing and asoft iron pece placed in the bobbinis cdled decromagnet.

BINSTrerewant

-+ — Supply —l -

Figure 1.2
This is usal in al eectrical madines,transfamers, eectric bdls. It is also usal in a
madine use by dodors to pullout iron filing from eyes, etc.

1.2.2 Magnetic Effect By Eledric Current

If current passesthrough a condudor magnetic field is s up around the condudor.
The quantity of the magnetic field is propation to the current. The direction of the
magnetic field is found by right hand rule or max well's corksaew rule. Magnetic Flux
The magndtic flux in a magetic circuit is equal to the total numbe of lines existing on
the aosssection ofthemagnetic core a right argle to the diection oftheflux.

H=
Where,
() - total flux
N - numberof tums

I - current in ampeses

S - rductance

VI - pemesability of free space

Ho - relative permeability

a - maqetic pah aosssectiond areain m2

I - lengh of magnetic path in metres
1.3 Laws Governing Magnetic Cir cuits

1.3.1. Magnetic flux:

The magnetic lines offorce produced by amagnet is cdled magnetic flux. It is
denoted ly ¢ and its unt is Weber.

1.3.2. Magnetic field strength

This is dso krown & fidld intensiy, magneic intensity or magnetic field, and is
represented ty the ldgter H. Its unt is anpele turns pe mere.



1.3.3.Hux density

Thetotal numbe of lines of force per squae metre of the crosssectiond area of the
magnetic core is caled flux density, and is represented by the symbol B. Its Sl unit (in the
MKS system) is ¢sta (veber pe mere sqlare).

B=—
where
o-total flux in webers

A - area of thecore in square metres
B - flux density in weber/metre squae.

1.3.4 .Magneto-M otive Force

The amount of flux density seaup in the core is dependent upon five factors - the
current, number of turns,mateial of the magnetic core, length of core and the crosssectiond
area of the core. More current and the more turns of wire we use the greater will be the
magnetizing effect. We call this product of the turns and current the magneto motive force
(mmf), similar to the dectromotve force (ernf).

MMF = NI ampeee - turns
Where mmif is the maneto motive force in ampee turns
N is the numberof tums, A.

1.3.5.Magnetic Reluctance

In the magnetic circuit there is something andogousto electrica resigance, and is
caled reluctance, (symbol S). Thetota flux is inversdy propottiond to the reluctance and so
if we denote mmf ly ampele turns. ve can write

S=——

Where, S- reuctance
| - length of the mgnetic pah in metes

Lo- pemeability of free space |y - relative pemeability
a - crosssectiond area
1.3.6. Residual Magnetism

It is the mgnetism whth remains n amateia when the éfective magnetizing force
has been reduced to zro.

1.3.7. Magnetic Saturation

Thelimit beyond whid the strength of amagnet cannot be inceasal is aled
magnetic sdurdion.

1.3.8. lhd Rule

According to this rule thecurrent direction when looked from oneend of the coil



is in clock wise direction thenthatend is South Pole. If the current direction is in anti clock
wisedirection then thaend isNorth Pole.

1.3.9. Len’s Law

When an emf is induced in a drcuit dectromagneticall y thecurrent set up Bvays opposs
the moton orchange in current which poduces it.

1.3.10. Hectr o magnetic induction

Electromagnetic induction means hedectricity induced by the magnetic field
Faraday's Laws of Electro Magnetic Indudion

There are two laws of Faraday's laws d electromagnetic induction. They are,
1) Frst Law 2) SeondLaw

First Law
Whenever acondudor cuts the magetic flux lines an anf is induced in the condudor.
Second Law

The magnitudeof theinduced emf is equal to the ete of change of flux-linkages.
1.3.11. Feming's Right Hand Rule

This rule is usd to find out the direction of dynamically induced emf. According to the
rule hold out theright hand with the Index finger middle finger and thunb at the right angds
to each othes. If the index finger represents the direction of the lines of flux, the thumb
points in thedirection of motion then middle finger points n the diection ofinducel current.

f Prrection ol motion

of conductor

Direction ol
Faeld

Direction of
Induced M

Figure 1.3Fleming's Right Hand Rule

1.4 Hux Linkage Inductanceand Energy
1.4.1. Hux Linkage

When flux is changing with time and relative motion between the coils flux exist
baween boththe coils or condudors and emf induces in both coil and thetotal induced emf e
is gven &

e = 5(\ > B)-dl —J ?f; -ds

AY



1.4.2 Inductanceand Energy

A coil woundon a magnetic core, is usea frequently used in eledric circuits. The coil
may be representsdby an ided circuit elementcall ed inductance which is defined as the flux
linkage of the coil per ampeke of its circuit

Flux linkage A= ND
Inductance L = /\
i
¥ N _ NBA _ NuHA
- i i i
_ NuHA _ N?
HI/N l/wA

1.5. Satically And Dynamically I nduced Emf. Induced
electro motve forces ae of two types. The are,
i) Dynamically induced emf.

i) Staticdly inducel emf .
1.5.1 Satically Induced Emf

Staticdly Inducd emf is of two types. The are
1 .Sf induced emf
2. Mutudly inducel emf.
1.5.1.1 &If Inductuced emf

Sdf inductionis thatphenomenonwhere by a change in the current in a condudor induces an
emf in the condudor itsdf. i.e. when a conductor is given current, flux will be prodwed, and
if the current is changed theflux aso changes, as per Faraday's law when there is a change of
flux, an emf will be induced. This is called sdf induction. The induced emf will be always
opposte in direction to he gpplied enf. The opposingemf thus produoed is cdled the ounte
emf of sdf induction.

Uses of Selfinduction

.1. In thefluorescent tubes for stating purpose and to reduce the voltage
2. Inregulators, togive reduced voltage to the fans.

3. Inlightning arrester.

4. Inauto- transformes.

5. In snooth chole which is used in wigling plant.



1.5.1.2 Mutually Induced EMF

It is the electromagnetic inductionprodiwced by one circuit in the near by second circuits due
to the variable flux of the first circuit cutting the condudor of the second circuit, that means
when two coils or circuits are kept near to each otherand if current is given to onecircuit and
it is changed, the flux produwced dueto that current which is linking both the coils or circuits
cuts both the coils, an emf will be prodiwced in both the circuits. The produdion of emf in
second oil is die to thevariation of current in first coilknown & muuad indudion.

Uses:

1.1t is used ingnition coil which is used in mot car.
2. Itis dso ud in indudance furnace.

3. It is used dr the prinaple of transfamer

1.5.2 Dynanically induced EMF

Dynamically induced emf means an emf induced in a condudor when the condudor moves
across a magnetic field. The Figure shows when a conductor “A”with the length
“L” moves across a “B” whb/m2.

Figurel.4 Dynamically induced emf.

Flux density with “V” velocity, then the dynamically induced emf is induced in the
conducor. This induceal emf is utilized in the generator. The quantity of the emf can be
calculated usig theequaion

emf= Blv volt

1.6. Roperties of Magnetic Materials

1.6.1 Magnetic Hysteresis

It may be defined as the lagging of magnetization or Induction flux dengty (B) behind the
magnetizing force (H). It may aso be defined as a qudity of a magnetic subsénce dueto
which energy is disspdaed in it on thereversd of its magneism
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Fig 1.5 Magneic Hysteresis loop

1.6.2 HygeresisLoop

Let ustake a un magneized bar of iron AB and magnetize in by placing it within the
magnetizing field of a solenoid(H). The Field can beincreased or decreased by increasing or
decreasing current through it. Let "H' beincreased in stepfrom zero up to a certain maxmum
value and the correspording of induction flux density (B) is noted.If we plot the relation
between H and B, a curve like OA, as shownin Figure is obtaired. The mateaial becomes
magneticall y saturaedat H = OM and has, at thattime,a maximum flux density, establised
throudh it. If H is now decreased gradudly (by decreasing solenoidcurrent) flux density B
will not decreaseaong AO (as might be expected) but will decrease less rapidly along AC.
When it is Zero B is not zero, but has a definite value = OC. It meais that on removing the
magnetizing force H, theiron bar is not completely demagnetized. This value of B (=OC) is
called the esidual fluxdensity.

To demagnetize the iron bar we have to apply the magnetizing force H in
thereverse direction. When H is reversed by reversing current through the solenoid thenB is
reduced to Zero at point D where H - OD. This value of H required to wipe off residual
magnetismis known as coercive force and is a measureof the coercivity of mateials i.e. its
“teracity' with which it holdson to its maghetism. After the magnetization has been reduced
to zero value of H is further increased in the negdive i.e. reversedirection, theiron bar agan
reaches a stateof magnetic sauraion represented by point E. By taking H back fromits value
corresponding to negdive sauration (=OL) to its value for postive saturaion (=OM), a
similar curve EFGA is obtainal. If we agan start from G, the same curve GACDEFG is
obtaired once again. It is seen that B aways lags behind H the two never attain zero value
simultaneously. This lagging of B, behind H is given the name Hysteresis which literaly
means to lag behind. The closedLoop ACDEFGA, which is obtainal when iron bar is taken
through ore complete gycle of reversal of magndization, isknown & Hysteresisloop.

1.7. Iron or Core losss
Theselosses ocur in thearmaure of ad.c machineand ae dueto therotaion of
armaturein the magnetic field of the wles.

They are of two types

0] hysteesisloss

(i) (i) eddy current loss.

1.7.1. Hygeresisloss
Hysteaesislossoccursin the armaure of thed.c. madine sinceany given pat of the
armaure is subgcted to magnetic field reversals as it passesunde suaessive polesFigure
(1.36 shows an amaturerotding in two-pole nachine. Congler asmall



piece ab of the armaure When the piece ab is under N-pole, the magnetic lines passfrom a
to b. Half arevolution later, the sane piece of iron is unde S-pole and magnetic lines pass
from b to a so that magnéism in the iron is reversel. In orde to reverse continuousy the
molecular magnes in the armaure core, someamount of powe has to be spent which is
called hysteesisloss It is gven by Steinmetzformula. This fomulais Hysteesisloss

Pn= Bl 6mafo watts

where Bmax = Maximum flux density in amaturef =
Frequency of magnetic reversds

V = Volume ofarmaurein m>
h = Steinmetzhysteesis co-efficient

Figure 1.6 Hyderesisloss
In orde to reduce this lossin ad.c. machine, armature core is mack of sud mateials which
have alow value of Steinmetzhysteesis co-efficient e.g, siicon seel.

1.7.2 Eddy current loss

In addition to the voltages induced in the armature condudors, there are aso voltages
inducel in the armature core These voltages produe circulating currents in the armaure
core as shownin Figure (1.37). Theseare called eddy currents and power lossdueto their
flow is called eddy current loss The eddy current loss appears as heat which raisesthe
tempeature of themachine and
lowers its efficiency. If a continuoussolid iron core is usel, the resigance to eddy current
pah will besmalldueto large crosssectiond area of the core Conseuantly, the magnitude
of eddy current and hence eddy current losswill belarge. The magnitudeof eddy current can
be reduced by making core resigance as high as practical. The core resigance can be greatly
increased by constuding the core of thin, round iron shests caled laminations.The
laminaions are insulated from each otherwith a coaing of varnish. The insukting coding
has a high resiganae, so very little current flows from one laminaion to the other Also,
becauseeach laminationis very thin, the resigance to current flowing through the width of a
laminationis aso quite large Thus laminatirg a core increases the core resigane which
decreases theeddy current and hace the eddy current loss.

Eddy current loss, R = KeBZmafotZV watts
where,

Ke = Constnt

Bmax= Maximum flux density in Wbh/m2

f = Frequency of magnetic reversds in Hz

t = Thickness of laminatbn in m

V = Volume ofcorein m3
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Figure 1.7 Eddy current loss
It may be noted thaedd, current loss depnds upm the squie of lamination
thickness. For this reason lamination hickness shald be k@t as small apossble.

1.7.3 Mechanical losses

Theselosses ae dueto friction and wndage.

(i) friction loss e.g bearing friction, brush fiction dc.

(i) windagelossi.e., ar friction of rotatingarmature.

These losses depend upon the speed of the madine. But for a given speed, they are
precticaly constnt.

Note. Iron loses and meshanicd |osses tgether are called stay losses

Eddy current

When the armaure with condudors rotatesin the magetic field and cutsthe magnetic lines,
an emf will beinducel in the condudors. As thearmaureis macde of a metal and metd being
a condudor, emf will be induceal in that metd also and circulate the current called eddy
current. These current produces sone effects which can be utilized. This current are aso
called as Focault current. Methodsof Minimizing Eddy current always tendsto flow at the
right anglesto the direction oftheflux, if theresigance of the path is increased by laminating
the @res. The power losscan be reduced becausethe eddy current loss vaires & thesquae of
the thicknas of the Ieninations.

i \L‘ Varible Resistance
| i

Switch Hatery

Figure 1.8 Eddy current
1.8 AcOperation Of Magnetic Cir cuits

For establidiing a magnetic field, energy mustbe spent, though to energy is required
to maintainit. Take the example of the exciting coils of an electromagnet. The energy

suppledto it is spent in two ways, (i) Part of it goes to meet I°R lossand is lost once for all
(i) pat of it goesto create flux and is stored in the magqnetic field as potentialenergy, and is
similar to the potentialenergy of araisedweight, when amassM is raisedthrough a heght of
H, the potentialenergy storal in it is mgh. Work is donein raising this mass,but once raised
to acertain height. No further expenditure of energy is required to maintainit at thatpostion.
This medanicd potental energy can be recovered so can be electric energy storal in a
magqetic field. When current through an inductive coil is gradually changed from Zero to a
maxmum, valuethen &ery change



of it is oppose by the self-induceal emf. Produced dueto this change. Enegy is needed to
overcomethis oppostion. This energy is storal in the magheic field of the coil and is, later
on, recovered when tho field collapse

In mary applications and madines sud as transformer and a.c machines, the
magnetic circuits are excited by a.c suppy. In such an opeation, Indudance plays vital role
even in steady stae opeation thoudh in d.cit acts as a short circuit. In suc a casetheflux is
detemined by the a.c voltage applied and the frequency, thus the exciting current has to
adjustitsdf according to the fux so ha evey time B-H relationdhip is satified.

Consder acoil having N turns woundn iron ®re as shown in fy

The coil carries an dternating current i varying sinusodaly. Thus the lux produced by

the eciting current | is dso snusadally varying with time.

According to Faraday’s law as flux changes with respect to coli, the e.m.f getsinduced in the
coil given by,

e=N—=N —

Em = Maximum value= N

E=rmsviue =—=——

E=——=444N

But = AcBm

The sign of e.m.f induced must be determined according to len’s law, opposing the
changes in the flux. The current and flux are in phase as current prodwes flux
instantaneusly. Now inducad em.f is cosinedrm and thusleads heflux and arrent
by .this is called back em.f as it opposs the applied voltage. The resigance dropsis very
small and is ndgcte3d n mog of thedectromagndic devices

1.9. Transformer As A Magnetically Coupled Circuit

Primory Secondary
wancrg winding

D1z

ey
=
B
g

S Leakage
c'—'-—T"D flux

g
l
~
4



A two winding transfomer where R1 and R are the primary and sconday winding
resigance. The primay current i1 into the dotted tenind produces

Coreflux = ¢21
Leakageflux = ¢1
Totd flux =d1+¢21
1.10 Slved problems
Eg .No.1

A magnetic circuit with a sinde ar gap is $1own in Rg. 1.24.The core dimensiors ae:

Crosssectiond areaAc = 1.8 ><10'3 m2

Mean core length Ic =0.6m

Gap lergth g =2.3 x10° m
N = 83 turns

|, Core:

/ mean length /,
e area A,
permeability p

N turns

L Air gap

i
TA‘

Assume thathe coreis o infinite pemeability () and ngléd the eff ects of fringing fields at
the ar gap and leakage flux. (8 Cdculate therductane of the core

R and that ofthegap R . For acurrent ofi = 1.5A, caculate (b) the totalflux , (9 ¢
the 1ux linkages 1 of thecoil, and (d thecoil inductance L.

Solution:

g 23105
o M T 100 1810
C

6
R 101% 10 A/Wb

R OS'n(Eu—):IJ

c

N 8315 o
"R R TOL.10p 122¢10° Wb

c g

Né =1.016%1F Wb

L = 1.016-1C> _ 6.773mH
i 1.5

Eg .No.2

Consder the magnetic circuit of with the dimensionsof Problem 1.1. Assuming infinite core
permeability, calculate (a) the numberof turnsrequired to achieve an indudance of 12 mH
and (b theinductorcurrent which will resultin a oreflux density of 10 T.



| Core:
4 mean length 1.
o area A_,
permeability u
N wums
/, Il\" gap
< L4

4

Solution:
N2

L E 12:10° mH =» NI2¥10% 1.017 1Fx 11.47 > N =110 tirns

B B 10T — ,4-BA 18 10° Wb

c g gc

A _Ng 11018 16 o0

L L 12+10°

Eg .No.3

A squae voltage wave having a fundamental frequency of 60 Hz and equd postive and
negative half cycles of amplitude E is applied to a 1000turn winding suroundinga closed

iron coreof 1.25x 10°3m? crosssection. Neglect boththewinding resigance and any effects
of leakage flux.

(a) Sketch thevoltage the wnding flux linkage, and the coreflux as afundion
of time.

(b) Find the maxmum pemissble vdue of E if the maximum flux density is nd to

exceed 1.15T.
e & voltage
£ . T S
max; ] o\ J 0}
AR \
DmLf
£}
P LU
e(t)=yr = 4= lgt)dt = E= S = 4 P 4Nl 4NA B

E=4% 60<100(% 1.2810°x1.15= 345 V
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Eg.No.4
In the magnetic circuit of Fig. E1.3a, the relative permeability of the ferro-
magnetic material is 1200. Neglect magnetic leakage and fringing. All dimen-
sions are in centimeters, and the magnetic material has a square cross-

sectional area. Determine the air gap flux, the air gap flux density, and the
magnetic field intensity in the air gap.

Solution

The mean magnetic paths of the fluxes are shown by dashed lines in Fig.
El.3a. The equivalent magnetic circuit is shown in Fig. E1.3b.

F, = N,;I, =500 x 10 = 5000 At
e = 1200y = 1200 X 471077

_ Ibafc
gibnlc . [.LCAC

_ 3X52X%X10?
1200 X 471077 % 4 X 1074

= 2.58 X 10° At/Wb

—-I 2 50 l_’ 2 =——50— 2 I‘—
P 2 ————— e ——— — .
10A | i° To il
T
N, { 1 t Nz
500 turns T S0 : 0.5 ; 500 turns
T | |
i 1 | :
| £ : e d -
O ' g e ek i 4
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EE2251 ELECTRICAL MACHINES!I

From symmetry
Ricae = Rate
18
MoAg

R, =

_ 8 X 1073
47107 X2 %X 2 X 10~

= 9.94 X 10° At/Wb

gtbc( . l be(core)
core) —
A,

_ 51.5 X 1072
1200 X 4710 "x 4 x 10*

=0.82 X 10° At/Wb

The loop equations are
¢|(gtbafe + g{be - g{g) + ¢2(O.Rbe T @'8) -~ F|
q)l(glbc i g‘-g) > 4 (DZ(gtbcde + %be + %g) = FZ

®(13.34 X 10°) + ®,(10.76 X 10°) = 5000
®,(10.76 X 10°) + ®,(13.34 X 10°) = 5000

The air gap flux density is
b, _4.134 X 10"

B, = =1.034T
A, 4x10
The magnetic intensity in the air gap is
B
H,==2=_1034 _ 355 % 10¢At/m

o 4w10°7
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For the magnetic circuit of Fig. 1.9, N = 400 tumns.
Mean core length /. = 50 cm.

Air gap length /, = 1.0 mm

Cross-sectional area A, = A, = 15 ¢cm?

Relative permeability of core u, = 3000

i=10A

Find
(a) Flux and flux density in the air gap.
(b) Inductance of the coil.

Solution

(a) M-l L0~
oA, 3000 % 47 10 7 X% 15 % 104

= 88.42 X 10° AT/Wb

g 1 X 10
oA, 4m1077 X 15 x 104

= 530.515 X 10° At/Wb
N
R. + R,

_ 400 < 1.0
(88.42 + 530.515)10°

_® _0.6463x 10
A, 15% 10°

N 400°
R+ R, (88.42 + 530.515)7
= 258.52 X 10*H

R,

=0.4309T

B

b) ' £

A NO® 400x06463 x10°
or L='i-= ; = 1.0

=25852X10°H =

DOWNLOADED FROM STUCOR APP



CHAPTER- 2
TRANSFORMER

2.1  Principle Of Operation

A transfommer is a device that transfers electrical energy from one circuit to another
throudh inductively coupled condudor. A varying current in the first or primary winding
creates a varying magnetic flux in the transformer core, and thus a varying magnetic field
throudh the seconday winding. This varying magnetic field induces a varying electromoive
force EMF or vdtagein the seconday winding. This efect is alled muud indudion.

If aloadis conrectedto the secondary, an electric current will flow in the secondary
winding and eledrical energy will be transfared from the primary circuit throudh the
transformerto theload. In an ided trandormer, theinduced voltage in the seconday winding
is in propation to the primaity voltage , and is given by theratio of the numberof turnsin the
seconday to the number of tums in the pimary as follows:

By appropiate sdection of theratio of turns,a transfomerthusallows an aternaing
current (AC) voltage to be "steppé up' by making greater than, or "stepped down' by
makingless than .

2.1.1 Basic Rinciple
Condr uction

Figure 2.1 Laminated core transformer showing edge of laminations

Laminated stedl cores

Transfomer use at power or audio frequendes typicdly have cores made of high
permesbility Si steé. The ste¢ has pemeability mary timesthat of free and the core thus
saves to greatly reduce the magnetizing current and confine the flux to a path which closely
couplesthewindings. Ealy transfomer developers soonreali zed that cores constucted from
solid iron resulted in prohibitive eddy-current losses, and their designs mitigated this eff ect
with cores conssting of bundles ofinsulated iron wires. Later designs ondructed thecore by
staking layers of thin seel laminaions, aprinciple that ha remained in use. Each lamination
is insulated from its neighborsby a thin non-conduding layer of insulation. The universd
transfomer equation indicaes a minimum crosssectiond area for the core to avoid
sauration.

The effect of laminaionsis to confine eddy currents to highly elliptical paths that
endoselittle flux, and so reduce their magnitude Thinne laminaionsreduce losses, but are
more labotious and expensive to constuct. Thin laminationsare generally used on high
frequency transfamers, with sometypes of very thin steé laminationsable to opaate up to
10 kHz



Figure 2.2laminating the @re greatly r educes eddy-current losses

One comnon design of laminatel core is madefrom interleaved stadks of E-shaged steé
sheets capped with shaed pieces, leading to its name of "E-I transformer”. Such a design
tendsto exhibit morelosses, but is very economrca to manufacture The cut-core or C-core
type is madeby winding a steé strip arounda rectangular form and thenbondingthe layers
together. It is then at in two, forming

two C shaes, and the core assembledoy binding the two C halves together with a stedl
strap.[73] They have the advantage that theflux is dways oriented @ralle to the

metd grains, reducing reluctanc.

A steé corés permanence means thatit retainsa staticmagnetic field when powe is
removed.When power is thenreapplied, the residud field will causea high inrushuntil the
effect of the remaining magietism is reduced, usudly after a few cycles of the applied
aternding current. Over current protection devices sud as fuses mustbe sdected to allow
this harmless inrush to pass. On transfamers connected to long, overhead powe
transmison lines, induced currents dueto geomagneic disturbances during solarstormscan
causesdauration ofthe ©re and opeation of transforme protection devices.

Distribution transfomers can achieve low no-load losses by using cores made with low-loss
high-permeability silicon ste¢ or amorphous(noncrystalline) metd alloy. The higher initial
costof the core mateia is offsd over thelife of the transfomer by its lower losses at light
load.

Solid cores

Powdeed iron cores are usel in circuits sud as switchhrmode powea supples tha
opeaate abovemains fequendes and up to dew tens of kilohetz. Thesematernals

combine high magneticpermeancehigh bulk ekctrica resistivity. For frequencies
extending  beyondthe VHFband, cores maddrom non-condudive
magnetic ceramic mateials cdled ferrites are comnon. Sme radio-frequency

transformers also have movablecores (somdimescalled 'slugs) which allow adjusiment of
the coupling codficient (and bandwidth) of tuned radio-frequency circuits.



Toroidal cores

Figure 2.3 Snall toroidal core transformer

Toroidal transfomers are built around a ring-shaed core, which, depending on
opeating frequency, is madefrom a long strip of silicon ste¢ or pem aloy wourd into a
coil, powdeed iron, or ferrite. A strip constuction ensures that the grain boundaies are
optimally aligned, improving the transfomer's efficiency by reducing the cores reluctance.

The closedring shge eliminaesair ggpsinherent in the constucion of an E-I core! "8 The
crosssection of the ring is usudly squae or rectangular, but more expensive cores with
circular crosssections are also available. The primaly and secondary coils are often wound
concentrically to cover the entire surface of the core This minimizes the lengh of wire
needed, and also provides saeening to minimize the core's magnetic field from generating
elecromagnetic.

Toroidal transfamers are more efficient than the cheaper laminaed E-I types for a
similar powe levd. Other advantages compared to E-1 types, include smaller size (about
hdf), lower weight (about hdf), less metanicd hum (making them supeior in audio
amplifiers), lower exterior magnetic field (about metent), low off-load lcsses haking them
more efficient in standbycircuits), singe-bolt mouning, and greater choice of shaes. The
main disadvatages are higher costand limited powe capacity (see "Classfication” above).
Becauseof the lack of aresidualgegp in the magetic pah, toroidd transformers also tendto
exhibit higher inrush arrent, compaked to laminaed E-| types.

Ferrite toroidd cores are useal at higher frequencies, typically between a few tensof
kilohetz to hundeds of megdertz, to reduce losss, physical size, and weight of a switchel-
modepowe suppl. A drawback of toroidd trandormer constudion is the higher labor cost
of winding. This is becauseit is necessay to pass the entire length of a coil winding through
the core aperture each time a singe turn is added to the coil. As a consequence, toroidd
transfomers are uncoommon aboveatings ofafew kVA. Small distribuion transfomers may
achieve some of the bendits of a toroidd core by splitting it and forcing it open, then
inseting abobbincontaning primay and seondary windings.

Air cores

A physicd core is not an absolte requisite and a fundioning tranformer can be
prodwed simply by placing the windings near each other, an arrangement termed an "air-
coré' transfamer. Theair which compriseshe magnetic circuit is essentialy losdess,and so

an air-core transfaome eliminateslossdueto hysteresisin the core mateia.[*Y The leakage
inductance is inevitably high, resulting in very poor regulation, and so sud designs are
unsutablefor usein power distribuion. They have



however very high bandwidth, and are frequently employed in radio-frequency applications,
for which a saisfactory coupling coefficient is maintainel by carefully overlapping the
primary and seconday windings. They're also used for resorant transfamers sud as Tesla
coilswhere they can achieve reasondly low loss in gite of thehigh leakage inductance.

Windings

Figure 2.4 Windings are usually arranged concentrically to minimize flux leakage.

The conduding mateial useal for the windings depends uponthe application, butin
al cases theindividual turnsmustbe electricall y insulated from each othe to ensurethatthe
current travels throughout every turn.For small powe and signd transformers, in which
currents ae low and thepotential diference between adjacent turns ae thee.
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Figure 2.5 Winding shapes

Cut view through trandormer windings. White: insulator. Geen spral: Grain orienteal

silicon steé Black: Primary winding madeof oxygen-free copper. Red: Seconday

winding. Top left: Toroidd transformer. Right: C-core but E-core would be similar. The
bladk windings are madeof film. Top: Equdly low capecitance between all ends of both
windings. Since most cores are at least moderately condudive they aso need insulation.
Bottom: Lowest capacitance for one end of the seconday winding needed for low-power
high-voltage transfomers. Bottom left: Redudion of leakage would lead to increase of
capeacitance.
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Large power trandormers usemultiple-stranded condudorsas well, sinceeven at low
powe frequendes nonuniform distribution of current would othemvise exist in high-current
windings. Each strand is individually insulated, and the strandsare arranged sothatat certain
points in the winding, or throughout the whole winding, each portion occupies different
relative postionsin the complete condictor. The transposiion equdi zes the current flowing
in each strend of the conductor, and reduces eddy current losss in the winding itsdf. The
stranded conductor is also more flexible than a solid condudor of similar size, aiding
manubcture.

For signd transfamers, the windings may be arranged in a way to minimize leakage
indudane and stray capacitance to improve high-frequency responseThis can be doneby
splitting up each il into sections, ad tho® sections pbced in layers between the gctions of
the othe winding. This is known & astaded type or inteteaved winding.

Power transfomers often have internd connectionsor tapsat intermediate points on
the winding, usudly on the highe voltage winding side, for voltage regulation control
purpases. Such taps are normdly manudly opeated, autometic on-load tap changers being
resaved, for cost and reliability consderations, to highe power rated or speialized
transformels suppying transmisson ordistribution drcuits or @rtain utlization loads sut &s
furnace transfamers. Audio-frequency transfamers, usal for the distribution of audio to
public addressloudgpeakers, have tapsto all ow adjusimentof impedance to each speaker. A
center is often usal in the output stage of an audio powe amplifier in a pushpull circuit.
Modulation transformers in AM transmiters are very similar.Cetain transformers have the
windings protected by epoxy resin. By impregnating the transfomer with epoxy unde a
vacuum, one can replace air spaces within the windings with epoxy, thus seding the
windings and hdping to prevent the possble formation of coronaand absorptionof dirt or
water. This prodwes transfomers more suted to damp or dirty environments, but at
increased manuécturing cost.

Cooling

Figure 2.6 Cooling



Cutaway view of oil-filled powea transformer. The consevator (reservoir) at top
provides oil-to-atmosphee isolation. Tank walls' cooling fins provide required heat
disgpation balace.

Thoudh it is not uncommon for oil-filled transfamers to have today been in opaation
for ove fifty years high tempeature damages winding insulation, the acceptedrule of thumb
being that transfomer life expectangy is haved for every 8 degree C increasein opeaating
tempeature. At the lower end of the powe rating range dry and liquid-immersa
transformers are often self-cooled by naturd convection and radiation heat disgpation. As
powe ratings increase transformers are often cooled by sud otha means as forced-air
cooling, force-oil cooling, water-cooling, or a comhinations of these The dialectic coolant
useal in mary outdoorutility and indudrial sevice transformers is transforme oil that both
cools and insulates the windings. Transformer oil is a highly refined minera oil that
inheently hdps thermdly stabilze winding condudor insulation, typically paper, within
acceptableinsulation tempeiature rating limitations However, the heat removal problem is
centrd to al eledrica appaatus sud thatin the case of high value trandormer asts, this
often translates in a need to monitor, model,forecast and manaye oil and winding condwctor
insulation tempeature conditions unde varying, possbly difficult, powe loadingconditons.
Indoa liquidHfilled transfomers are required by building regulationsin many jurisdictionsto
either use a nonflammable liquid or to be locaed in fire-resigant rooms. Air-cooled dry
transformers are preferred for indoor applications even at capacity ratings where oil-cooled
constuction would be moreeconomrtal, becausetheir costis offsd by the reduaed building
constuction @st.

The oil-filled tank often has radiators through which the oil circulates by naturd
convection. Sme brge transfomers anploy eleciric-opeaatedfans a punps forforced-air or
forced-oil cooling or heat exchanger-based water-cooling. Oil-filled transformers undego
prolonged drying processes to ensurethatthe transfomeris completely free of water before
the cooling oil is introduced. This hdps prevent electrical breakdown under load. Oil-filled
transfomers may be equipped with Buchholz relays, which deted gas evolved during
internd arcing and rapidly de-energize the trandormer to avert catastrophicfail ure Oil-filled
transformers may fail, rupture and burn, causing powea outages and losses. Installatons of
oil-filled transfomers usudly includefire protection meaures sich as wall s, ol contanment,
and fire-suppession sprinkler systems.

Insulation drying

Constuction of oil-filled transfomers requires that the insulation covering the
windings bethorowghly dried before theoil is introdueed. There are severa diff erent methods
of drying. Common for al is thatthey are carried out in vacuum environment. The vacuum
makes it difficult to transer energy (hesat) to theinsubtion. For this there are severa diff erent
methods.The traditional drying is doneby circulating hot air over the active pat and cycle
this with periods of hot-air vacuum (HAV) drying. More common for larger transfomers is
to useevaporated solvert which condenses on the colder active pat. The bendfit is that the
entire proaess can be carried out at lower pressue and without influence of added oxygen.
This proess s mmnonly called vgpor-phasedrying (VPD).

For distribution transformels, which are smallerand have a smallerinsulation weight,
resigance heating can be usal. This is a methodwhere current is injected in the windings to
heat theinsuktion. Thebendfit is that he heating can becontrolled



very well and it is energy efficient. The methodis called low-frequency heating (LFH) since
the current is injected at a much lower frequency than the nomind of the grid, which is
normdly 50 or 60 Hz. A lower frequency reduaes the effect of the inductance in the
transformer, so the voltage needed to inducethe current can be reduced. The LFH drying
method isdso usd for service of older transfomers.

Terminals

Very small transformers will have wire leads connected directly to the ends of the
coils, and broudht outto the baseof the unit for circuit connections.Larger transformeirs may
have heavy bolted teminds, busbars or high-voltage insulated bushngs madeof polymers
or porcelain. A large bushing can be a complex strudure sinceit mustprovide careful control
of theeledric field gradientwithout letting the tansfomerleak oil.

2.1.2 An deal Transformer
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Figure 2.7 Basic principle of Operation

An ided transformer. The seconday current arises from the action of the seconday
EMF on the (ot stown) load impedace. The transfomeris basd on two
prindples: first, thatan eledric current can prodwce a magnetic field (electromagnetism) and
second thata changing magnetic field within a coil of wire induaes a voltage acrossthe ends
of the coil (electromagnetic induction) Changing the current in the primary coil changes the
magetic flux that is developed. The changing magetic flux induces a voltage in the
seconday coil.

An ided transformer is shownin the adjacent figure Current passing throudh the
primary coil createsa maqetic field. The primary and seconday coils are wrapped arounda
core of very high magnetic, sud as iron, so that mostof the magheic flux passesthrough
both the primay and seconday coils. If aloadis connested to the seconday winding, the
load current and voltage will be in the directions indicated, given the primary current and
voltage in thedirections ndicaed ach will beadternaing current in prectice).

2.1.3 Induction Law

The voltage inducel across the seonday coill may be caculated
from Faraday's law of indudion,
which sgtes tha



where Vs is the instantareousvoltage, Ns is the numberof turnsin the seconday coil and ®
is the magqnetic flux throudh one turn of the coil. If the turns of the coil are oriented
perpendiculaly to the magetic field lines, the flux is the prodwct of the magetic flux
density B and the area A throudh which it cuts. The area is constnt, being equd to the cross
sectiond area of the transformer core, whereas the magnetic field varies with time according
to the excitation of the primary. Since the same magetic flux passe through both the
primary and seconday coils in an ided transformer, the instantaneus voltage acrossthe
primary winding equds

d®
1‘/;) = .L?\rp_.
dt
Taking theratio of the two equéions fa Vsand Vp gives the lasic equaion for steppimg up or
steppingdown thevoltage

V. N,

vV, N,

Np/Ns is known as the turns ratio, and is the primary funcdiond characteristic of any
transformer. In the case of stepup transfaomers, this may sometmes be statel as the
reciprocal, Ns/Np. Turnsratio is commonly expressedas an irredudble fraction or ratio: for

example, a trandormer with primary and secondary windings of, respectively, 100 and 150
turns issad to have aturns rdio of 23 raherthan 0.667 or100:150.

An elementary transfamer consets of a soft iron or silicon sted core and two
windings, placed on it. The windings are insulated from both the core and each othea. The
core is built up of thin soft iron or low reluctane to the magnetic flux. The winding
connected to the magnetic flux. The winding connected to the supply main is caled the
primary and the wnding connected to the lad drcuit is cdled the seondary.

Although in the actual construdion the two windings are usudly woundone over the
other, for the s&ke of simplicity, the figures for anayzing trandormer theory show the
windings on oppoge side of thecore, as showrnbdow Smple Transfomer .

When primary winding is connected to an ac supply mains,current flows throug it.
Since this winding links with an iron core, so current flowing through this winding prodwces
an dternating flux in the core Since this flux is aternaing and links with the seconday
winding aso, © induce an enf in the seconday winding.

Thefrequency of induced emf in seconday winding is the same as that of the flux or
that of the s suppl voltage. The induced emf in the secondary winding enablesit to ddiver
current to an extemd load connected acrossit. Thusthe energy is transfamedfrom primary
winding to the seconday winding by means of electro-magnetic inductionwithout anychange
in frequency. The flux of theiron core links not only with the secondary winding but also
with the primary winding, so prodces seltinducel enf in the primary winding:

This inducel in the primary winding opposes the applied voltage and therefore
sometmesit is known as back emf of the primary. In fact the induced emf in the primary
winding limits the primary current in much the same way that the back emf in a dc motor
limits the armature current.



Transformation ratio.

The ratio of seconday voltage to primary voltage is known as the voltage
transfomation rdio and is designated by letterK. i.e. Voltage trandormation ratio.
Curr ent ratio.

The ratio of seconday current to primay current is known as current ratio and is
reciprocal of voltage transformation raio in an idal transfomer.
2.2 Fguivalent Circuit

The eledtrical circuit for any electrical enginesring device can be drawvn if
theguaions desaibing its behavior are known. The equivalent circuit for
eledromagneticdevice is a combinaion of resigances, inductances, capacitances, voltages
etc. In thequivalent circuit, (R14X1) and (R2+jX2) are the leadkage impedaces of the
primary andseonday windings respectively. The primary current 11 conssts of two
components.Oneompment, 11" is the load componentand the secondis no-load current 1o
which iscomposeaf Ic and Im. The current Ic is in phasewith E1 and the product of these
twogves core loss Ro represents the core loss and is called core-loss resigane. The
currentim is represented by a reactane Xo and is caled mageizing reactance. The
transfomemagnetization curveis assuned linear, sincethe effect of higher orde harmonics
can’t berepresented in the equivalent circuit. In transformer analysis, it is usual to transfer
theseonday quantities to pimary side orprimay quantities to £condary side.
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(b) Exact equivalent circuit
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(c) Equivalent circuit in general form
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Figure 2.8 Equivalent Circuit

2.3 Transformer Losses

1. Primary coppe loss

2. Seconday coppe loss

3. Iron los

4. Dieledric loss

5. Stray load loss

Theseare explainad in sequence below.

Primary and seondary coppe losse takeplace in the espective winding resiganes dueto
the 1ow of the arrent in them. Theprimary and sconday resigances differ from theird.c.
values dueo skn effect and the tenpemturerise of thewindings. While the average
tempeature rise can beapproxmately used, the &in effect is hader to get andyticaly. The
short drcuit test gves the véue of Re taking into account he skin efect.

Theiron losses containtwo components Hysteesislossand Eddy current loss The
Hysteaesis loss is a function of the mateial usel for the core.Ph = KhB1.6f For consant
voltage and consent frequency opeaation this can be taken to be consent. The eddy current
lossin the core arises becauseof theinduced emf in the steeé laminationsheets and the eddies
of current formed dueto it. This agan prodiwcesapowe lossPe in the lamindion.wheet is
the thickness of the steé laminationuseal. As the laminationthicknessis much smallerthan
the depth of penetration of the field, the eddy current loss can be reduced by redudng the
thickness d the laminaton. Resent day laminatins ae of 0.25 mmthickness and ie capable
of operation & 2 Tesla.

Thesereduce the eddy current losses in the core This lossalso remainsconstnt dueto
constnt voltage and frequency of opeaation. The sum of hysteresis and eddy current losses
can be obtainal by the open circuit test. Thedielectric losses takeplace in theinsulation of the
transformerdue to thelarge electric stress.In the caseof low voltage trangorme's this can be
neglected. For consant voltage opeaation this can be assuned to be a consent. The stray load
losses arise out of the leakage fluxes of the transformer. These leakage fluxes link the
metdlic strudurd pats, tank etc. and prodice eddy current losses in them. Thusthey take
place ’all round’ the transformer instead of a definite place , hence the name ’stray’. Also the
leakage flux is directly propationd to the load current unlike the mutual flux which is
proportional to the applied voltage. Hence this loss is called ’stray load’ loss.Ths can aso be
estimatal expeimentally.

It can be modela@ by anotherresiganc in the series branch in the equivdent circuit.
Thestray loadlosses are very low in air-cored transformers dueto the absence of the metdlic
tank. Thus, the different losses fall in to two categories Consaent losses (manly voltage
dependant) and Variable losses (current dependant). The expression for the efficiency of the
transfomer operating at a fractiond load x of its rating, at a load powe factor of 2, can be
written as losses and Pvar the variable losses at full load.For a given powe factor an
expression for in terms of the variable x is thus obtainel. Bydiff erentiating with respect to x
and equating the same to zero, the conditon formaxmum efficiency is obtainel. The
maxmum efficiency it can be easily deduced thatthismaimum value increases with increase
in powe factor and is zero at zero powe factor of the load. It may be consdered a good
prectice to sdect the operating load point to be at the maximum efficiency point Thusif a
transfomeris on

consent and variablelosses.ldwever, in the
moden transfomers the iron losses are so low
thatit is practicallyimpossble to reduce the full
load coppe losses to that value. Such a design

full load, for most pat of the time
thenthe max can be made to occur
tion of



the hdp of an example bdow.Two
100 kVA transfomers And B are
taken. Both transfomers have total
full loadlosses to be 2 kW. The
break up of thislossis chosen to be
different for the two
transfomers.Transfaomer A: iron
loss1 kW, and coppe lossis 1 kW.
The maxmum efficiency  of
98.04%occurs at full load at unity
powe factor.Transfamer B: Iron
loss =0.3 kW and full load coppe
loss =1.7 kW. This aso has a full
load of 98.0%84. Its maxmum
occurs a a fractiond load of
g0.31.7 = 0.42. The maxmum
efficiency at unity power factor
being at the correspondng point the
transformer A has an efficiency of
Transfomer A uses iron of more
loss per kg at a given flux density,
but transfomer B uses lesse
quantity of copper and works at
higher current densiy.

When the primay of a
transformer is conrected to the
soure of an ac suppy and the
seonday is open circuited, the
transfomeris sad to beonnoload.
Which will create alternaing flux.
No-load current, also known as
excitation or exciting current has
two componentsthe magetizing
component Im and the energy
componente.
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overcome the hystekesis and eddy current losses
occurring in the corein addition to small amount
of coppe losses occurring in the primary only
(no coppe lossoccursin the seconday, because
it carries no current, beng open circuited.) From
vector diagram shavn in éoveit is obviousthat

1. Induced emfs in pimary and se&onday

windings, and lag the nain flux by and are in

phasewith eah other

2. Applied voltageto pimary and leals he main
flux by and isin phaseoppostion to

3. Seconday voltage is in phaseand equal to
sincethere is novoltage dropin seonday.

4.is in phaewith and so lag
5. is in phaewith the applied voltage .

6. Input pover on ro load =  cos whee
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Transformer onLoad

Thetransfome is sad to beloadal, when its seconday circuit is completed through
an impedance or load. The magitude and phase of seconday current (i.e. current flowing
through secondary) with respect to seondary terminds dep@ds upontte characteristic of the
loadi.e. current will bein phase lag behind and lead the temind voltage respectively when
the load is norrinductive, inductive and capacitive. The net flux passing through the core
remainsalmost consant from no-loadto full loadirrespective of load conditions and so core
losses ramain dmost corstant fom neload to il load.

Seconday windings Resiganc and Leakage Reactane In actual practice, both of the
primary and have got same ohmic resigane causing voltage dropsand coppe losss in the
windings. In actual practice, the total flux created does not link both of the primary and
seconday windings but is divided into three componentsnamely the main or mutud flux
linking both of the primary and seconday windings, primary leakage flux linking with
primary winding only and seonday leakage flux linking with seconday winding only.

The primary leakage flux is prodwed by primary ampele-turnsand is proportiond to
primary current, numbe of primary turns being fixed. The primary leakage flux is in phase
with and produces self inducedemf is in phase with and prodices sdf inducedemf E given as
2f in the primary winding. The sdf inducedemf divided by the primary current gives the
reactance of primary and is denotd by .

ie. E=2fn

2.4 Transformer Tests
1 .Open-circuit or no-load test

2.Short circuit or impedance test

2.4.1 Open-circuit or No-load Test.

In this test seconday (usudly high voltage) winding is left open, al metaing
instruments (ammeter, voltmete and wattmete) are connected on primay side and normd
rated voltaye is appled to the pimary (low voltage) winding, as illustrated bdow
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Figure2.10 Open Circuit

Iron loss = Input powea on no-load WO watts (wattmete reading) No-load current = O
ampeles (ammeter reading) Angle of lag, = /lo le = and Im = o - Caution: Since no load
current 10 is very small, therefore, pressue coils of watt mete and the volt mete shout be
connected such that the current taken by them shoutl not flow throudh the current taken by
them shou not flow throudp thecurrent coil of thewatt mete.

2.4.2 $ort-circuit or Impedance Test.

This testis peformed to determinethefull-load coppe lossand equivalent resigane
and reactarnce referred to seconday side. In this test,the terminds of the seconday (usudly
the low voltage) winding are shortcircuited, all metes (ammeter, voltmeter and wattmete)
are connected on primary side and a low voltage, usudly 5 to 10 % of norma rated primary
voltage at norma frequency is aplied to the primay, as shown in f§ bdow.

The applied voltage to the primary, say Vs’ is gradually increased till the ammeter A
indicates the full load current of the sidein which it is conneted. The reading Ws of the
wattmete givestotal copper loss (ion losses beng negligible dueto very low applied voltage
resulting in very smell flux linking with the core) at full load.Le the anmeter reading be Is.
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Figure 2.11%ort Circuit

Equivdent impedence referred to primary= Commercial Efficiency and Allday
Efficiency (&) Commercia Efficiency. Commercial efficiency is defined as theratio of powe
outputto powe inputin kilowatts.(b) All -day Efficiency. Theall day efficiency is defined as
the ratio of outputin kwh to the input in kwh during the whole day. Transformers usel for
distribution are connected for the whole day to the line but loadea intermittently. Thusthe
core losses occur for the whole day but coppe losses occur only when the transfomer is
ddivering theload current. Hence if thetransformeris not usel to suppl theload current for
the whole day al day efficiency will be lessthan commercia efficiency. The efficiency
(commercia efficiency) will be maxmum when variable losses (copper losseskre equal to
constnt losses (iron or core losss).son is for inductive load and sign is for capacitive load
Transfomer efficiency, Where x is the ratio of seconday current 12 and rated full load
seconday current.



2.5 Hficiency

Transfomers which are connected to the power supples and loads and are in
opeaation are required to handle load current and powe as per the requirementsof the load.
An unloadel transfomer draws only the magnetization current on the primary side, the
seonday current bang zero. As the load is increasal the primary and seconday currents
increase as per the load requirements. The volt ampees and wattage handled by the
transfomer aso increases. Due to the presence of no load losses and I12R losss in the
windings certain amountof dedtrical enegy gets disgpated as het inside hetransfomer.

This gives rise to the concept of efficiengy. Efficiency of a power equipment is
defined at any load as the ratio of the powe output to the powe input Putting in the form of
an expresson, while the efficiency tells us the fraction of the input powe ddivered to the
load, the deficiency focuses our attention on losses taking place inside transfomer. As a
matter of fact the losses heat up madine. The tempeature rise decides the rating of the
equipment. Thetempeature rise of the madineis a funcion of heat generated the strudural
configuration, method of cooling and type of loading (or duty cycle of load) The pesk
tempeature attained directly aff ects thelife of the insulationsof the madiine for any classof
insulation.

Theseaspects are briefly mentionedunde section loadtest. Thelosses thattakeplace
inside the madine expressedas a fraction of the input is sometmestermed as deficiency.
Except in the caseof an ided madine, a certain fraction of the input power gets lostinside
the madine while handling the powe. Thusthe value for the efficiency is always lessthan
one In the case of a.c. madinesthe rating is expressedin terms of apparent power. It is
nothing but the prodwct of the applied voltage and the current drawn. The actual powe
ddivered is a finction of the pover factor at which this arrent is dravn.

As thereactive powe shuttles between the sour@ and the load and has a zero average
value over a cycle of the suppl wave it does not have any direct effect ontheefficiency. The
reactive power however increases the current handled by the madine and the losses resulting
fromit. Therefore thelosses thattakeplace inside a transfomerat any given load play avita
role in detemining the efficiency. The losses taking place inside a transformer can be
enumestedas bdow:

1. Primary coppe loss

2. Seconday coppe loss

3. Iron los

4. Dieledric loss

5. Stray load loss

Theseare explainad in sequence below.

Primary and seconday coppe losss take place in the respective winding resiganesdueto
the flow of the current in them.The primary and seconday resigances differ from their d.c.
values due to skin effect and the tempeature rise of the windings. While the average
tempeature rise can be approxmately used, the skin effect is harder to get andytically. The
short circuit test gives the value of Re taking into account the skin effect. The iron losses
contain two componentsHysteesis loss and Eddy current loss The Hysteresis loss is a
function of the mateial useal for the corePh = KhB1.6f For constent voltage and constant
frequency operation this can be taken to be constnt. The eddy current lossin the core arises
becauseof the induced emf in the steé laminationsheets and the eddiesof current formed
dueto it. This again producesapower lossPe in the lamination.Where t is the thickness of
the steé laminationuseal. As the lamination thickness is much smaller than the depth of
pendration of thefield, the eddy current losscan bereduaed by reducing the thicknessof the
lamination.Present day laminaionsare of 0.25 mm thicknessand are capable of opeaation at
2 Tesla.



Thesereduce the eddy current losses in the core This lossalso remainsconstnt dueto
constént voltage and frequency of opeaation. The sumof hystelesis and eddy current losses
can beobtainal by the open circuit test. Thedielectric losses takeplace in theinsulation of the
transformerdue to thelarge electric stress.In the caseof low voltage trandormes this can be
neglected. For consnt voltage opeaation this can be assuned to be a constent. Thestray load
losses arise out of the leakage fluxes of the transfomer. These leakage fluxes link the
metdlic strudurd parts, tank etc. and prodwce eddy current losses in them. Thusthey take
place ’all round’ the transformer instead of a definite place, hence the name ’stray’. Also the
leakage flux is directly propationd to the load current unlike the mutual flux which is
propationd to the gplied voltage.

Hence thislossis called ’stray load’ loss.This can also be estimated experimentally. It
can be modelal by another resigance in the series branch in the equivalent circuit. The stray
load losses are very low in air-cored transfomers due to the absence of the metdlic tank.
Thus, the different losses fall in to two categories Consant losses (mainly voltage dependant)
and Variable losses (current dependant). The expresson for the efficiency of the transfomer
opeaating at a fractiond load x of its rating, at a load powe factor of 2 can be written as
losses and Pvar the variable losses at full load. For a given power factor an expresson for _
in tems of the variable x is thusobtainel. By differentiating _ with respect to x and equaing
thesameto zero, the condition for maxmum efficiency is obtainal. The maximum efficiency
it can be easily deduced tha this Maximum value increases with increasein powe factor and
is zero at zero powe factor of the load. It may be consdered a good practice to sded the
opeating load pont to beat the maxmum eficiency point

Thusif atransfomer is on full load, for mostpart of the time thenthe max can be
madeto occur at full load by prope sdection of consent and variablelosgs.However, in the
moden trangormers the iron losses are solow that it is practically impossble to reduce the
full load copper losses to that value. Such a design wasteslot of copper. This point is
illustratedwith the hdp of an example bdow. Two 100kVA transfaomers A and B are taken.
Both transfomers have total full loadlossesto be 2 kW. Thebreakup of this lossis chosen to
be different for the two transfomers. Transfamer A: iron loss 1 kW, and coppe lossis 1
kW. The maxmum efficiency of 98.04%wccurs at full load at unity powe factor.
Trandormer B: Iron loss=0.3 kW and ful load coppe loss 4.7 kW. This also ha afull load
of 98.04% Its maxmum occurs at a fractiond load of q0.31.7= 0.42. The maxmum
efficiency at unity power factor being at the correspondng point the transformer A has an
efficiency of Transormer A uses iron of more loss per kg at a given flux density, but
transformerB uses lesse quantity of copper and works & higher current densiy.

% Efficiency = —— x100



All day dficiency

Large capacity transfamers usal in powa systems are classified broadly into Power

transformers and Distribution transformers. The forme variety is seen in generating stations
and large subségtions. Distribution transfoirmels are seen at the distribution subsétions. The
basic difference between the two types arises from the fact that the powe transfomers are
switchel in or out of the circuit dependingupontheloadto be handledby them.Thusat 50%
load on the stationonly 50% of the transformers need to be connected in the circuit. On the
other hand a distribution transformer is never switched off. It has to remain in the circuit

irrespective of the load connected. In sud cases the consent loss of the transfomer
continues to be disgpated. Hence the concept of energy based efficiency is defined for sud

transformers. It is called ’all day’ efficiency. The all day efficiency is thus the ratio of the

energy outputof the transfomer over a day to the correspondng energy input Oneday is

taken as duration of time over which the load patern repeats itsdf. This assunption,
however, is far from beng true The power outputvaries from zero to full load dependingon
therequirementof the use and the loadlosses vary as the square of the fractiond loads.The
no4oad losss or constent losses occur throughaut the 24 hours. Thus, the comparson of

loadson diff erent days becomesdifficult. Even the loadfactor, which is given by theratio of

the average load to etedload, dos notgive sdisfactory results. Thecalculation of theall day
efficiency is illustrated bdow with an example. The graph of load on the transfomer,

expressedas a fraction of the full loadis plotted against time. In an actud situaion the load

on the transformer continuousy changes. This has been presented by a steppé curve for

convenience. For the same load factor diff erent average losscan bethere depending uponthe
valuesof xi and ti. Hence a better option would be to keep the constnt losss very low to
keep the all day efficiency high. Variable losss are related to load and are associged with

revenue earned. The constantlosson the otherhand has to be incurred to makethe sevice
avail able. The concept of al day efficiency may therefore be moreuseful for compaing two

transformers subgcted to the same load cycle. The concept of minimizing the lost energy

comesinto effect right from the time of procurement of the transformer. The constent losses
and variable losss are capitalized and added to the mateial cost of the transformerin order

to sded the mostcompetitve ong which gives minimum costtakinginitial costand running
cost put togethe. Obviously the iron losses are capitalized morein the processto give an

eff ect to the maximization of energy efficiency. If theload cycle is knownat this stege, it can
also be inorpomted in @mputtion ofthe bat ransfomer.

2.6 VoltageRegulation

With theincrease in load on the transfommer, there is a change in its temind voltage.
The voltage falls if the load powe factor is lagging. It increases if power is leading. The
change in secondary temind voltage from full loadto no load, expressedas a percentage of
full load voltage is called the pecentage voltage regulation ofthe tansfamer

% Regulation E V/V x 100.
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2.6.1 Circuit Diagram
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Figure 2.2Load Test
2.6.2 Procedure:

« Connett thecircuit diagram as shown inif (a)
« Apply full load and note down thereadings o wattmeter, voltmete and anmete.

» Decreasethe load and nde down the eadings.
» Calculate dficiency and regulation.

2.6.3 Obsavation Table
W VI [l2 |n

2.6.4 Calculation
n=V2Il2/Wi*100
% Reg=E-V*100/V



2.6.5 Discussbn

By calculating the voltage regulation the figure of meit which deermines the
voltage characteristics of a transformer can be determined. Also the transfomer efficiency
can’t be determined with high precision since the losses are of order of only 1 to 4%. The
best and accurate methodof detemmining the efficiency of atransformerwould beto compue
losses from open tcuit and short acuit test ad then déemine theefficiency.

2.7 Auto Transformer
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Figure2.13Autotransformer - Physical Arrangement

Theprimary and secondary windings of atwo winding transfomer have induced emf in them
due to a common mutua flux and hence are in phase The currents drawn by thes two
windings are out of phase by 180c. This prompted the use of a part of the primary as
seonday. This is equivalent to fusing the seconday turns into primay turns. The fused
section need to have a crosssectional area of the conductor to carry (12—11) ampere! This
ingenious thouwght led to the invention of an auto transformer. Fig. 28 shows the physical
arrangementof an auto transfomer. Totd numbe of turnsbetween A and C are T1. At point
B aconnectionis taken. Section AB has T2 turns.As thevolts per turn, which is propationd
to theflux in the madine, is the same for the whole winding,

V1:V2=T1:T2({6)

For simplifying andysis the mageizing current of the transfomer is neglected. When the
seconday winding delivers aloadcurrent of |2 ampeke the

demagnetizing ampere turnsis 12T2. Thiswill be counteed by a current I1 flowing from the
soure through the T1 tums such thia

11T1=12T2(77)
A current of 11 ampere flows through the winding between B and C . The current in the
winding between A and B is (I2 — I1) ampere. The cross section of the wire to be selected for
AB is propationd to this current assuning a constantcurrent density for the whole winding.
Thus some amount of mateial saszing can be achieved compaed to a two winding
transfomer. The magnetic circuit is assuned to be identicd and hence there is no saving in
the same. To quantify the saving the total quantity of coppe usal in an auto transfomer is
expressed a afraction ofthat usd in a two vinding trandformer as,
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copper in auto trans former (Ty - To), + T5(1, - 1)
copper in two winding trans former - LI, + T 1,
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This means that an auto transformer requires the use of lesse quantity of copper
given by theratio of tums. Thisratio theefore denotes thesavings in copgr. As the spce for
the second winding need not be there, the window spae can be lessfor an auto transfomer,
giving somesaving in the laminationweight also. Thelarger theratio of the voltages, smaller
is the savings. As T2 approaches T1 the savings become significant. Thus auto transfomers
become ided choice for close ratio transformations. The savings in matenal is obtaine,
however, at a pice. Theeledrical isolation betwen primay and sconday

2.8 Three-phaseautotransformer connection

2.8.1 Dsaign, Vector group

A three-phasetransformer consetsof the interconnection of three single-phasetrangormers
in Y= or D — connettion. This transfomer connects two three-phase systems of different
voltages (according to the voltage ratio). This arrangementis mainly usel in the USA — in
Europe only for high power applications (>200 MVA) because of transportdion problems.
The combination in one singe three-phase unit instead ofthree sinde-phase units is usua
elsewhere. The technicd implementation is very simple. Three single-phase transfomers,
connectedto three phasesystemson primary and seconday side,are to be spaially arranged.
A complete gycle of themeasuring loop apund hethree iron cores results in = 0i u and:
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Figure 2.14 Three-phaseassenbly



2.8.2 Three-Leg Transformer
The magndic return pahs of the three cores can be dropped, which results in the
usud type of three-phasetransfomers.

v

o
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Figure2.15 $atial arrangement
Oneprimary and one seconday winding of a phaseis arranged on any leg Five-leg
transfomers are used for high powe applications(low oveall heght).
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Figure2.16 Three-legtr ansformer
Primary and seondary winding can be connected n Y- — connetion|,_acording to

Requirements.The additiond oppotunity of asocall ed zigzag conrection can beused onthe
seconday side. The seoaration of the windings into two parts and their application on two
different cores characterize this type of connection. This wiring is particulady suitable for
singe-phaseloads.Significant disadvantage is the additional ppe expenseon thesconday
side inceased aout afactor 2/3compeed to Y-or D

— conneetion. A conversion from lineto-line quantities to phase quantities and the usaye of
sinde-phase ecdand phasor diagram is reasondle for the caculation of the opeationd
behavior of balanced loaded three-phasetransfomers.

The methodof symmetrical componentgsee 2.6) is suted for calculationsin case of
unbdanced load conditions. In a paald connetion of two three-phase transformers the
transfomationratio as well as the phase angle multiplier of the according vector groupneeds
to be algpted.



Examples for vector groups (bagd on VDE regulations):

phase angle | vector phasor diagram ecd ratio
multiplier | group | primary side |secondary side| primary side | secondary side
U u
, Wy
0 Yv0 R
J L]
W
6 Yv6 e
. w,
\ 3y
5 Yd5 "
Vias
W |
Yz5 V3w,

Figure2.17 Table showng phasor diagrams and ecd according to vector group and
multip lier
With:
- uppe case lettera vector groupon grimary side
- lower case lettera vector groupon sconday side
-Y, y astarconrection
- D, d addta conrection (?)
- Z &Zigzag conrection
Themultiplier gives thenumberof multples of 30°, déning the total plaseshift, of
which the low voltage (seconday side) lags behind the highe voltage (sane
orientation of eference arrow assuned).
Mnemonic: clok
¢ higher voltage: 12 o’clock
* lower voltage: nunmber of multiplier (on the ¢ock)

2.9 Parallel Operation Of Transformers

By paalel opeaation we mean two or more transformers are conrected to the sane
supply busbars on the primary side and to a common bus ba/load on the seconday side.
Such requirementis frequently encounteed in practice. The reasonsthat necesstate parall el
opeaation ae as follows.
1. Nonavail ability of a single large transfomer to meet the total load requirement.
2. The powea demandmight have increased over a time necesstating augmentéion of the
capeacity. More transfamers onnected in paall el will then bepressed intsavice.



3. To ensureimprove reli ability. Even if oneof the transformers gets into a gult or is take
out for mainenance/repair the load @n continued to be seviced.

4. To reduce the spae capacity. If many smallersize transformers are usel one madine can
beusd as spae. If only onelarge madineis feeding theload,a spae of similar rating has to
be avail able. The problem of spaes becomesmoreacute with fewer madiinesin savice a a
locdtion.

5. When transportdéion problems limit installation of large transformers at site, it may be
easierto transportsmalle ones to site and work them in parallel. Fig. 37 shows the physical
arrangement of two sinde phase trandormers working in paralel on the primay side.
Transfomer A and Transformer B are connected to input voltage busbars. After ascertaining
the polaities they are connected to outputload bus bars. Certain conditons have to be met
before two or more transformers are conrected in paadlel and shae a comnon load
sdisfectorily. They are,

1. Thevoltageratio mug be thesame.

2. The pe unit impedace of each machine on its om basemustbethe sane.

3. Thepolarity mustbethesame, so thathere is nocirculating current between the
transfomers.

4. The phasesajuence mustbethe sae and no plase difference mustexist between the
voltages o the two transformers.
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Figure 2.18PARALLEL OPERATION OF TRANSFORMERS

Where,
V1=Load bus valage
V2=Supply voltage

These conditions are examinead fir st with reference to singe phase transfomers and
then the three phase cases are discussd. Same voltage ratio generally the turnsratio and
voltage ratio are taken to be the same. If theratio is large there can be consderable error in
the voltages even if theturnsratios are the sane. When the primaries are connected to same
busbas, if the secondaries do not showthe same voltage, parall eling them would resultin a
circulating current between the secondaries. Reflected circulating current will bethere onthe
primary sideaso. Thuseven without connecting a load consderable current can bedravn by
the transfomers and they prodwce copper losses.In two identical transformers with
percentage impedance of 5 percent, a no-load voltage difference of onepercent will resultin
acirculating current of 10 percent of full load current. This circulating current gets added to
the loa aurrent when theload isconnestedresuliing in uneq@ shaing of the loal. In sut



cases the combined full load of the two transformers can never be met without one
transformer getting overloaded.

Per unit impedance Transfomers of different ratings may be required to opeate in
paale. If they have to shae the total loadin propation to their ratings the larger madine
has to drav morecurrent. The voltage drop acrosseach madiine has to be the sane by virtue
of their conrection at the input and the outputends. Thusthe larger machineshave smalle
impedance and smallermadinesmusthave larger ohmic impedance. Thusthe impedances
mustbein theinverseratios of theratings. As the voltage dropsmustbethe sanethe pe unit
impedance of each trandormer on its own base must be equd. In addition if active and
reactive powers arerequired to be shaed in propation to the ratings the impedance angles
also mustbe the same. Thuswe have the requirementthat per unit resigance and per unit
reactance of both the transformas must be the same for prope load shaing. Polarity of
connection The polarity of connection in the case of singe phasetransformers can be either
saneor opposte. Insidetheloop formedby thetwo secondaies theresulting voltage mustbe
zero.

If wrong polaiity is chosan the two voltages get added and shortcircuit results. In the
caseof polyphase banksit is possble to have permanent phaseerror between the phases with
subsantial circulating current. Such transformer banks mustnot be connected in pardlel. The
turn’s ratios in such groups can be adjusted to give very close voltage ratios but phase errors
cannot be compensted. Phase error of 0.6 degree gives rise to one percent difference in
voltage. Hence poly phase transfamers belonging to the same vector group alone mustbe
taken for paralleling. Transformers having —30degree angle can be paralleled to that having
+30 angle by reversing the phase sequeance of both primary and secondary teminds of oneof
the tansfomers.

This way onecan overcome the problem of the phaseangle error. Phase sequence the
phase sequence of opeaation becomesrelevant only in the case of poly phase systems. The
poly phase banks bdonging to sane vector group can be connectedin parallel. A transfomer
with +30> phase angle however can be paralleled with the one with —30- phase angle; the
phase sauance is reversed for one of themboth a primary and seconday teminds. If the
phase sequances are not the sane thenthe two transformels cannot be connected in paralel
even if they bdong to sane vetor group.

The phase seguence can be found out by the use of a phase sequence indicator.
Performance of two or moresingle phasetransformas working in parallel can be compued
usingtheir equivalent circuit. In the case of poly phase banks also the approzach is identicd
and the singde phase equivalent circuit of the sane can be usel. Basicdly two cases arise in
theseproblems. Case A: when the voltage ratio of the two transfomers is the same and Case
B: when the votageratios ae not he sane. Theseare discussd now in sequence.

2.10 Tap Changing
Regulating the voltage of a transfomer is a requirementthat often arises in a powe
application orpowe system. In an goplication it may be nesded
1. To suppy adesired voltage to theload.
2. To counterthe voltaye drops duego loads.
3. To counterthe input suply voltage changes on bad.
On apowe system the transformers are additionally required to peform the task of
regulation of &tive and reactive power flows.
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Figure 19 Tap changing and Buck Boost arangement

The voltage control is performead by changing the turnsratio. This is done by provision of
tapsin thewinding. Thevolts per turn avail able in large trandormers is quite high and hence
achange of even oneturn ontheLV siderepresents a large percentage changein the voltage.
Also the LV currents are normdly too large to take out the tapping from the windings. LV
winding bang the innerwinding in acore type transfomeradds b thedifficulty of taking out
of thetaps.Hence irrespective of the end usefor which tappingis putto, tapsare provided on
the HV winding. Provision of tapsto control voltage is called tap changing. In the case of
powe systemsyoltage levels are sometmeschanged by injecting a suitable voltagein seaies
with theline

This may be called budk-boostarrangement. In addition to the magitude phase of
theinjectedvoltage may bevaried in power systems. Thetap changing arrangementand buck
boostarrangementwith phaseshift are shownin Fig. 42. Tap changing can be eff ected when
a) thetransfomers is on no- loadand b) theloadis still remainsconnectedto thetransformer.
Theseare call ed off loadtap changing and on load tap changing. The Off load tapschanging
relatively costsless.The tap postionsare changed when the transfomer is taken out of the
circuit and reconrected. The on-load tap changer on the other hand tries to change the taps
without the interuption of theload airrent.

In view of this requirement it normdly costsmore A few schemesof on-load tap
changing are now discussed.Reactor methodThe diagram of conrections is shownin Fig.
43. This nethod emplgs an auxiliary reactor to assig tap changing. The switches forthe gps
and that across the reactor(S) are conrected as shown. The reactor has a center tapped
winding on a magnetic core Thetwo endsof thereactor are connectedto thetwo busbars to
which tapping switches of odd/eve&n numbeed taps are conrected. When only one tap is
connected to the reactor the shortingswitch S is closedminimizing the drop in the reactor.
Thereactor can aso be worked with both endsconnectedto two suaessive taps.In thatcase
the switch ’S” must be kept open. The reactor limits the circulating current between the taps
in sud a situaion. Thus a four steptappe winding can be usal for getting seven step
voltage on the secondary(see the tdle of switching).

Switches dosed
1,S
1,2
2,S
2,3
3,S
3,4
4,S
45

49

3

N[OOI IWIN|IFP|H




L9 [5S |

Reactor methodthe diagram of conrectionsis shownin Fig. 43. This method
employs an auxiliary reactor to assst tap changing. The switches for the taps and that across
the eactor(S) are conrected & shown.Thereactor has a centertapped winding ona magnetic
core Thetwo endsof the reactor are connected to thetwo busbars to which tappingswitches
of odd/eve& numbeed taps are conrected. When only one tapis connected to the reactor the
shorting switch S is closed minimizing the drop in the reactor. The reactor can also be
worked with both ends connected to two successive taps. In that case the switch ’S’ must be
kept open.Thereactor limits the circulating current betwen the gps in swch asituaion. Thus
a four steptappel winding can be usel for getting seven stepvoltage on the seconday (see
the tdle of switching). The advantage of this ype of tap changer is

1. Load need not be witched.

2. More steps than f#s ae obtaineal.

3. Switches need not nterupt load current as adternate pah is dways proviced.

The major objedion to this scheme seams to be that the reactor is in the circuit aways
generating extra loss Paralel winding, transforme method In orde to maintain the
continuity of supply the primary winding is split into two parallél circuits each circuit having
the taps. &

Two circuit breakers A and B are used in thetwo circuits. Initially tap 1aand 1b are
closed and the trandormer is enegized with full primary voltage. To change the tap the
circuit breaker A is opened momentaiily and tapis movedfrom 1ato 2a Then circuit bresker
A is closed.When the circuit A is opened whole of the primary current of the transfomer
flows through thecircuit B. A smalldifference in the numberof turnsbetween the two circuit
exists. This produces a circulating current between them. Next, circuit breaker B is opened
momentaiily, thetapis changed from 1b to 2b and the bresker is closed.In this postion the
two circuits are similar and ther is no circulating current. The circulating current is
controlled by careful sdection ofthe lekage reactance.

Gengdly, pardl€ circuits are needed in primary and seconday to carry the large
current in a big transfamer. Provision of taps switches and circuit breakers are to be
additionally provided to achievetap changing in thesemadines. Series booser methodin
this case a separate transformer is used to buck/boostthe voltage of the main transfamer.
The main transformer need not be having a tapped arrangement. This arrangement can be
addel to an existing systemalso. It shows the boosterarrangementfor a single phase supply.
The reverse switch reverses the polaity of the injected voltage and hence a boostis
convated into a budk and vice versa. The powe rating of this transfamer need be a small
fraction of the main trandormerasit is required to handle only the powe associaedwith the
injected voltae.

The advantage of this type of tap changer are The major objedion to this scheme
seems to be that the reactor is in the circuit always generating extra loss Parallel winding,
transformer methodin order to maintainthe continuity of suppl the primary winding is split
into two paal e circuits each circuit having the taps.Two circuit breskers A and B are usel
in thetwo drcuits. Initially tap Jaand 1b ae closed and the tensfomer is energized with full
primary voltage To change the tap the circuit breaker A is opened momentaiily and tap is
movedfrom lato 2a Then circuit breaker A is closed.When the circuit A is opened whole
of the primary current of the transfomer flows through the circuit B. A small difference in
the numberof turns between the two circuits exists. This prodwces a circulating current
between them. Next, circuit breaker B is opened momentaiily, the tapis changed froml1bto
2b and



the bresker is closed.In this postion the two circuits are similar and there is no circulating
current. The circulating current is controlled by careful sdection of the leakage reactance.
Gengadly, pardld circuits are needed in primary and secondary to carry the large currentin a
big transdormer. Provision of taps switches and circuit breakers are to be additionally
providal to achieve tap changing in thesemadines. Series booser method in this case a
separate transfamer is usal to bud/boog the voltage of the main transformer. The main
transformerneed not behaving a tappel arrangement.

This arrangement can be added to an existing system also. It shavs the booser
arrangement for a singe phase suppl. The reversa switch reverses the polaity of the
injected voltage and hence a boostis convated into a budk and vice versa The powe rating
of this transfomer need be a smallfraction of the maintransfomer asit is required to handle
only the powea associded with the injected voltage One precaution to be taken with this
arrangement is that the winding must output side. In smallg ratings this is highly cost
effective. Two winding arrangements are aso possble. The two winding arrangemert
provides eledrical isolation. Not be open circuited. If it gets open circuited the core (B in fig)
gets highly sauraed.

In spite of the small ratings and low voltages and flexibility, this methodof voltage
control costsmore mainly due to the additiond floor space it needs. The methodsof voltage
regulation discussd so far basicdly use the principle of tap changing and hence the voltage
change takes place in stgps. Applicationslike a.c. and D.C. motor speed control, il lumination
control by dimmers, electro-chemistry and voltage stabilzers need continuous control of
voltage. This can be obtained with the help of moving coil voltage regulatos. Moving coil
voltage regulator showsthe physical arrangemert of one sud transformer. a, b are the two
Brimary windings woundon along cae, wound inthe oppos# sense Thus the lux produced

y each winding takes a pah through the air to link the winding. These fluxes link their
secondaies a2 and b2. A short circuited moving coil s is wound on the sane limb and is
capable of beng hdd at any desired postion. This moving coil alters theindudancss of the
two primaries. The shaing of the total applied voltage thus becomes different and also the
induced emf in the secondaries &

and b2.

Thetotal secondary voltage in the present casevaries from 10 percent to 20 percent
of the input in a continuous manner. The turn’s ratios of al: a2 and bl: b2 are 4.86 and 10.6
respectively. 5 4.86+ 95 10.6= 10% when s is in the top postion. In the bottom postion it
becomes95 4.86+ 5 10.6 = 20% By selecting prope ratios for the secondaies a2 and b2
onecan get the desired voltage variation. Sliding contact regulators thesehave two winding
or auto transformer like constudion. The winding from which the output is taken is bared
and a sliding contac tapsthe voltage The minimum stepsize of voltage changeobtaindle is
the voltage acrossa single turn. The condudor is chosen on the basis of the maxmum load
current on the output side In smaller ratings this is highly cost effective. Two winding
arrangementsare also possble. The two winding arrangement provides electrical isolation
also.



2.11 ODLVED PROBLEMS
Example 1:

A soure which can be represented by a voltage sour@ of 8 V rmsin saies with an internal
resistance of 2 kQ is connected to a 50-Q load resistance through an ideal transformer.
Calculate the value of turnsratio for which maxmum powe is suppled to the load and the
corresponding load powea? Using MAT LAB, plot thethe power in milliwatts suppled to the
load & afunction ofthe tansfomer ratio, cvering ratios from 1.0 b 10.0.

Solution:

For maximum powe transfe, the load resigane (referred to the primary) mustbe equd to
the souce resiganc.

2

R M} R_n?R2000 . n. (2000 6.3
SN 5t 50
The primary current:
Vv . ) VAR
I . Power supliedtotheload P _RI R__._ . _._  8mW
1 2R load L1 s w2 4R
2 2 Y
| Vs Vs P _RI?_n?R _Vs
For agenera turns etio n: a R R=R Bn°R load L1 4" R
Example 2

A 460/:2400V trandormer has a series leakage reactance of 37.2 Q as referred to
the high-voltage side. A load connected to the low-voltage sideis obseved to be absorbirg
25 kW, unity power factor, and the voltage is measural to be 450 V. Calculate the
corresponding voltage and powe factor as measured a the high-voltage terminds.

Solution:
Secondary current:
|J
) V"’ad 200 _ o555 = Primary curent Iy =—29 x 555610.65 A
load 45C 240(
; 240
Vi j37211 Vo Va_ . 45(.2347.8V
Primary voltage 460

Vi j37.211 V2 j37.2 10.65 2347.8 2347.8 j396.18 2381.0 9.58V

Power factor at pri mary terminals: c0s(9.58) =0.9861 laggig



Example 3:

Theresiganas and leskage reactances of a30-kVA, 60-Hz, 2400V:240-V distibution
transfomerare

R1=0.66QQ R2=0.0068 Q
X1 =7.£Q Xi2=0.0780 Q

where subgript 1 denotes the 2400V winding and subsdpt 2 denotes the240-V winding.
Each quantity is referred to its own sile of thetransformer.

a. Draw theequivalent circuit referred to (i) thehigh- and (ii) thelow-voltage sides.
Label theimpedances nuneiically.

b. Consde thetrandormerto ddiver itsratedkV A to aloadon the low-voltage side
with 230 V acrossthe load. (i) Find the high-side termind voltage for a load
powe factor of 0.85laggng. (i) Find the high-side termind voltage for a load
powe factor of 0.85 kading.

c. Consde a ratedkVA load connected at the low-voltage temminds operating at
240V. Use MAT LAB to plot the high-side termind voltage as a function of the
powe-factor angle as the load power factor varies from 0.6 leading through unity
powe factor to 0.6 pf lggng.

Solution:
(a) .
(i) referred to he HV side 068  j78 068 i78
240: 2400 \ Y'Y Y v
+ Z'H +
Vi 5C VH
(ii) referred to helLV side 000640078 00068 10075 24020
+ Z|: +
\ - . VH
(b) Using the eguivalent circuit referred to he HV side, Vi 2300 V

53



| 30000

Load current: oad  53q 93.6%A  whee?is he ] ange("6 0 for leading pf).
Referred to the HV side
lh ~9.38 ¢ A = Vy=V[+Zul=230( 0+(L36+ j15.§9.38 ¢

VH 2300 +127568cos” —146.3288% + j(146.328cog’ +12.7568sin ¢ )

pf=0.85leding ¢ 31.79 = Vu= 2233.76 j131.%2237.6/3.36 V
pf=0.85lgygng 4--31.79 = Vh= 2387.9+ j117.66-239083-2.82" V

Example 4:

A sinde-phaseloadis suppied throudh a 35-kV feeder whoseimpedance is 95 + j360Q and
a 35-kV:2400V transfamer whoseequivalent impedace is (0.23 + j1.27) Q referred to its
low-voltage side. Thdoad is 160 kW at 0.89 kading power factor and 234 V.

a. Comput the voltag at the high-voltage terminds of thetransfarmer.
b. Compue thevoltage at the sending end of thefeeder.
Comput the pover and reactive power input at tle sending end othefeeder.

Solution:

feeder 35:24
S 2 o

+ Zf = 954360 A \ . ‘

send H —

(8 Equivdent drcuit for the transformerand load:

Zep02se f2n
. — V+
V'y load
y i P o e | s [ | 2133% 01(:9 7633
7~ cos! 0.89= 27.1%lealing 5 | ot = 76.83°27.3° A

TheHV side volege referred to helLV side

vz 1o :
Hw wm VL (0.23]1.27(7683 27.13)2340 231.2 | 94.9V

35
Vi =XV = 3375 138KV = Vi |=33.734 W



(b) Load current referred to the HV side

[ 2.4 ’
load ~ feed 35 76.83727.13 5.B83 2713 A

V Zl |V ‘. ¥ M 'y - e
sed ffed W (9571360 5.2683 2713" 33711384 33.286  j3.3kV

Vews | =33.45 KV

Example 5:

Thefollowing daa were obtaine for a 20-kVA, 60-Hz, 2400:240V distribution transformer
testal & 60 Hz

Voltage, Current, Power,

Vv A w
With high-voltage winding open-circuited 24C 1.038 122
With low-voltage terminals short-circuited 61.: 8.33 257

a. Comput the dficiency at full-load arrent and theaed temind voltage at 0.8 powe
factor.

b. Assumethat the load powe factor is varied while the load current and seconday
termind voltage are held consent. Usea phasordiagram to deeminetheload powe
factor for which theregulation isgreatest. What is this regulation?

Solution:

(8) Rated wrrent on heHV side =20 kVA /2400 = 833 A. Therefore, total power loss
at full load arrent:

PL= 122+ 257 =379 W. Load power at full load,0.8 pf=0.8 x20 kW= 16 kW.
Therefore, inputpowe =16 +0.379 =16.379 kW—  efficiency = (16 / 16.379 % 100%=
97.7 %

Z R X
(b) The equivalent impedance of the transfamer: . H” eq HE T eqn
P Z V
R St 257 _ eq st 61.3
e H — 37 || T~ — 736
12 833 « 833
X Z YR ) 6.36
eq, H eq, H eq H

Let load current and voltagereferred to he HV side V|H VO Iy |



VV 7] Z| v Vo Z
| |and(1 (}'1*052

s H+ e H -V+| I:q |/ r()-‘r«-‘z)rv + L d e H
(V +Va cos)+ jVq sine
|\/| \/(V 4V cos,, )r v SNy = J\/‘+ 2W cgs,l‘d

V|V | JV+2W cosy+V, -V 2V cos,, 2
Regulation S|V = Y, “ SNy tvye 1
Therefore, regulation s maxmum when cosx is maximum
X
cos 1= a=0+¢,= 0= O=-¢,=~tan’ eqH‘ 59.81
R .
eqH
Maximum regulation:
Vg~ 7.36¢ 8.33-61.31V
v 61.31
d
@~ 0 Vs =V+Vg = Regulation=—=——=0.026 = 2.6%
When V  240(

Example 6:

A three-phase generator step-up transfamer is rated 26-kV:345kV, 850 MVA and has a
seaies impedance of 0.0085 + j0.087 per unit on this base It is connested to a 26-kV, 800
MVA generator, which can be represented as a voltage source in seaies with a reactance of
j1.57 pe unit on he generator base

(&) Convet thepe unit generator reactarnce to the stgp-up transformer base.

(b) Theunitis supplying 700MW a 345 kV and 0.95 powefactor lagging to the system
at thetransformer high-voltage terminals.

0] Calculate thetrandformerlow-sidevoltage and thegenerator internd voltage
behind its reactance in kV.

(i) Find the generator outputpowe in MW and the pwer factor.

Solution:

w (850

(@) On the tensfomer base @ 157 | go¢) 1668pu
(b) Per-unit equivalent circuit:

ZG= j1.668 Ze=0.0035+ j0.087

+ +

Ec , VL VH

56



) Transfomer low-side votageand generator internal voltage

V. 345kv, V _ -
- el 26KV, VApase 850 MVA
\I/H 1.0<0 pu. | VA
[ =20 jA= 1233KA  bee = ——- J_85° KA- 1.4225 KA
V3 3457095 Vo V37345

Iis] 1233 see8pu.  le= 0.8668 ~18.2 pu
S| Tagpg BOORORU e D <P
or  p- 1% emmspu o i - P 0825 e

gsc o Ty 7 ras

HpuCOS

Lt~ +"(0.0035%j 0.087)l s~ 1.0264" j0.071 pu.”1.0289 “3.94
> M.|=1.0289 pu. = 26.75kV

Ec-VL+ (j1668)l s= 1478 j1.4442 pu.= 2.0664744.34 pu. |Ec|= 26 2.0664-53.73kV

(i) Gengator outputpowe (at its terminas)

6 Vils™ 10289 3.940.8668° 18.2 0.82617j0.3361 pu.
Pc~0.8261% 850 702.19 MW

power fadtor _ cos(tan® 03361 ) 0.9263 lagging
0.8261



CHAPTER- 3

ELECTROMECHANICAL ENERGY CONVERSION AND CONCEPTSIN
ROTATING MACHINES

3.1 Energy In Magnetic Systems

It is often necessary in today's compuer controled indudrial sdting to convat an
eledrical signd into a medanical action. To accomplish this, the energy in the electrica
signd mustbe converted to medanicd energy. A variety of devices exist that can convet
eledrical energy into medanica energy using a magetic field. One sudh device, often
referred to as a reluctance madine, prodices a translationalforce whenever the electrical
signd is applied. There are several variations of thereluctance madine but all opeaate onthe
sane baic dectromechanicd principles.

The prindples of electromeanica energy conversion are investgaed. The motivation for
this investigation is to showhow the governing equéaionsof an electromechanicd device can
be derived from a magnetic circuit andysis An expression for the medanica force will be
derived in terms ofthe nmegnetic system paametes.

3.1.1Hecdr omechanical-Ener gy-Conversion Principles
The éectromechanicd-energy-conversion process takes place through the medium of the
electric or magnetic field of the convesion device of which the strudures depend on their
respective functions.
Transduers: microphae, pickup, sasor, loudspaker
Force produdng devices: sokenoid, relay, dectromagnet
Continuous eergy convasion guipment: motor, generator
This chapter is devoted to the prindples of electromechanical energy conveasion and the
andysis of the devices accomplishing this function. Emphais is placed on the analysis of
systemsthatusemagnetic fields as the conversion medium.Theconcepts and tedhniquescan
be applied to a wide range of engineering situaions involving elecdromechanical energy
conveasionBasal on the energy method,we are to develop expressons for forces and
torques in megnetic-field-based dectromechanical systems.

3.1.2 Forces ard Torques in Magnetic Field Systems
The Lorentz Force Law givesthe force on a paticle of charge in the presence of eectric and
magnetic fields.

F: newtons,: coulombs; voltsimete, qEB telsas, : neters/sscondIn a
puredectric-field system, F=qE
In pue magnetic-field systems, Eq*(v* B)



ELECTRICAL MACHINESI

Figure 3.1Right-hand rule for F=q*(v*B)

For situations whee large numbers of charged paticles ae in motion =J*V most

eledromechanical-energy-conveasion devices mntain magpetic mateial.

Forces act directly on the magnetic mateia of thesedevices which are constuced of rigid,
nonddorming strudures. The performance of thes devices is typically determined by the net
force, or torque acting on the moving component.lt is rarely necessay to calculate the
details of the internal force distribution.Just as a compass needle tries to align with the earth’s
magqnetic field, the two sds of fields associged with the rotor and the stator of rotaing
madinely attempt to align, and torqueis associd@ed with their displacement from alignment.
In a motor, the stator maqnetic field rotates ahead of that of the rotor, pulling on it and
performing work.For a generator, therotor does the vork on the stéor.

3.2 The Field Energy

Based on the prindple of consevation of energy: energy is ndthe created nor
destroyed; it is meely changed in fom.
3.2.1 Eergy Balance

Fig. 3.3(8): a magnetic-fi eld-based eleciromechanical-energy-convesion device. A
losdess magetic-energy-storage system wih two temminas
Thededric temind hastwo temind varables: (voltage), (current).
The medanica termind has two ermind variables: (force), (postion)
Thelossmedanismis sparated from the energy-storage medanism
— Electrical losses: ohimo losses.
— Mechanical losses: fiction, windaye.
A simple force-prodicing device with a sirgle il forming theeledric termind, and a
movableplungersaving as the mehanical terminal.

- | —

+O—1 losslessmagnetic [ 2
At energy storage v

B C—— Sy stem —o—

Electrical : Mechanical

terminal terminal

Figure 3.2 Shematic Magnetic field
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Figure 3.3 Smple force producing device
The interaction between the electric and medanicd teminds, i.e. the electromechanical
energy conveasion, occurs through the medium of the magnetic stored energy. Equetion (3.9)
permits us to solve for the force simply as a function of the flux A and the mechanical terminal
postion x.Equdions (3.7)and (39) form the basis for the aergy method.

Consder the electromechanicd systemswhosepredominant energy-storage mechanismis in
magnetic fields. For motor ation, wecan accountfor the aergy trander.
Energy input Mechanical |

[ crease cnerg nergy
[ Increasen energy | ( Energy

+| stored im magnetic | +| converted

| field

form electric energy

| sources output into heat

The ability to identify alosskssenergy-starage systemis the esserme of the energy method.This
is donemathenaticaly as pat of the modelingprocess. For the losdessmagneti c-energy-storage
system ofFig. 3.3@), rearranging (3.9)in form of (3.10 gives
Odwelec=0mech+did
Here E is the voltage induced in the eectric terminds by the changing magnetic stored
energy. It is through this reaction voltage that the extemd €lectric circuit supples powe to the
coupling magndic field and hence to the mechanical outputtemminads. The basic energy-conversion
processis oneinvolving the coupling field and its action and reaction on the electric and medanical
systems.
dwelec=eidt=Cmech+dfld
3.3 The Co Enrergy

The magnetic storal energy is a statdunction, déermined uniquey by thevalues ofthe
independent sete vaiables A and x

Coenergy: Here the force can be obtaired directly as a function of the current. The selection
of energy or coenergy asthe stée fundion ispurdy a matter of convenierce.

For amagndicall y-linear system, he energy and coenergy (densities) are numeically equd:

Wild+W’fld=Mi



A — i relationship

Energy
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\ Coenergy <\
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Figure 3.4 Graphical interpretation of energy and coenergy in a snglyexcitedsystem.
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Figure 3.5change of energy with A held constant
Ly
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0 I

Figure 3.6change of coenergy with i held constant.

The force acts in a direction to decrease the magnéic field storel energy at consent
flux or to increasethe coenergy at constnt current. In a singly-excited device, the force acts
to increase the inductance by pulling on membes so as to reduce the reluctance of the
magqetic pah linking thewinding.



3.4 Force In A Singly Excited Magnetic Field System

3.4.1 Model& A nalysis

The conversion of electrical energy to mechanical energy follows the law of consevation of
energy. In general, the law of consevation of energy states thatenergy is nather created nor
destroyed. Equetion (1) desaibes the process of electromechanical energy convesion for a

differential time interval dt, wheae dW e is thechange in electrica energy, dWn is the change

in medanica energy, and dWr is the change in magnetic field energy. Energy losses in the
form of heat are neglected.

dWe = dWm + dWr (1)
If the electrical energy is hdd constent, the dWe temm is zero for Equdion (1). The
differential medanical energy, in the form of work, is the force multiplied by the diff erential
distance moved.The force dueto the magneic field energy is shownin Equdion (2). The
negative sign implies thattheforce is in a direction to decreasethe reluctance by making the
air gap snller.

_ T dWy
£ =

dx 2) (
An expresson for the energy stored in the magetic field can be found in tems of the
magetic system paemeters. Thisexpresson isthen substuted into Equaion
(2) for Ws to get an expresgon for the force. This derivation is shownin Appendix A. The
result is Equaion (3), in temms of the current, i, the constnt for the permeability of free

spae, mo, the crosssectiond area of theair gap, Ag, the numberof turns,N, and the air gap
distance, X .

ifpgh NP

2% 3)(

To verify this relationdhip in the lab, it is convenient to have an expresson for the current
necessay to hold some constént force. In a design, the dimensiors and force are often
known. So, the use of the reluctance madine needs to know how much current to suppl.
Rearranging terms in Equéon (3 yields Equatio (4).

{ Do
oL Eis 2x2
Fied) 4)(

m
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3.4.2 &ample Calculations
For thesimple manetic system offFigure 1, thecurrent necessay to sispend the amaure
can becalculated usig Equéion (4.

Iraraovable — o |
part )
7 - ~ | Movable
R el
f f ’ —— £
A4 3 H
q
i N i D
\ -1 ~
0 g

Figure 3.7.Hectr omechanical systen.

For an air gap lergth of 0.12 mm an ar gap aoss setiond area of 1092 mm 2, and a230
turn il the arrent required to just sispend the 12.5 ngton amature is

(12 5newton) - 2+ (0.00012m)>
@ 2107 By . 4 092-1073m 2y 2307
mn

i(0.12mm) = = 100méA

5] 3.4.3Deivation of Magnetic Field Energy and Magnetic Force

Let Wt betheenergy stored in a manéic field.

Wf=je'ldt
_ &
dt where | is flux linkeges, = N-®=L-i
dn . . % LN %
We=[—dt = fidh=f=dA==—"=—1*"L(x
' [T S L 2

L(x) is the indutane as afundion oftheair gap length, x.

2 : SRT2
Ly =2 o N2 g Ag N
i X X
“0 'Ag
where Ag is the area of the air gap.
The magnetic force is

1o dL _ PeoAglt
2 dx 252

E =




3.5 Force In A Multip ly Excited Magnetic Field System
For continuous eergy conversion devices like

Alternaors, synchronaus motors etc., multiply excited mageic systems are usel. In
prectice ,doubly excited systems @&e very much inuse
h

— T'ng
+ O] -

— o0——{ Lossless magnetic
2 encrgy storage ¢
+ O——-i system

Electric Mechanical
: terminal
terminals e

Figure 3.8.Hectr omechanical systen.

TheFigure 3.8 showsdoubly excited magnetic system.This systemhas two indepadent
soures of excitations.Onesoure is connested to coil on statorwhile other is connested to
coil on rdor.

Let i1 = Current due to sourel

i2 = Current due to soure?2
= Flux linkages dueto i1
= Flux linkages dueto i2

= Angular disgacement of rotor

Tf = Torquedeveloped
Dueto two souces, there are two sds of three independent variables
i.e. (, yor(izj2, )
Casel Independent Variables , i.e. ij2,

From the esier andysisit is krnown,
Tf =——————— ....Currents are Variables =~ ........... (1)
While the feld eneqgy is,
Wi( )= + . ()
Now let L11 = Self inductance of stator

L22 = Sdf inductance of  rotor

L12=L21 = Mutua indudane beween sttor and rotor



=Liu1i1+Lazi2

And =L12i1+ L22i2

Solve gqudion (3 and

(4) to express i and izinterms of

are independent
Multiply equation (3 by L12 and equation (4 by L11,
Li2 :L11L12i1+L2 1212
and Li1  =Lulaiziit+Lil2i2

Subtracting the two

Li2 -L1 :L212i2 -L11L221i2

= [L2 12 - Lul27i2

Notethat n@gative sign is absorbel in ddining.

Similarly i1 can be expressed intems ofand

Usingin equation (2),

wi( )=
Integrating the tems we get ,

(7)

rotor.

as,

and &and

variables

The sdf and mutid inductanees o the coils ae dependent on hieangular postion ofthe



Case:2 Independent Variables i,j2, i.e., b and i2 are consants.

Thetorquedeveloped @n beexpressed a,

Tf=—— (8)
The  co-eneqgyisgven by,
= + e, (9)
Using =L11i1+L12i2

and =Li12i1+L22i2

= +
=— +—
(10)
Forcein a doubly exdted systam :
F=
Where are consents which ae the stator ad rotor current respectively
F=— — +— ]



3.6 Mmf Of Distributed Windings
3.6.1 Alternating Field Distribution

Spatia field distribution and zerocrossing remain the sane, whereasthe field strength
amount changes periodicaly with current frequency.This kind of field is called alternating
field.

B(at) / nt=0
bw((}.,‘l.') . /I\ ) - ot = /3
b (0.T) 7 s 2n
6] s g

Figured4.5Alternating field distribution

Figure4.6Sator, two pole-pairs
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FiQure4.7mmf for two pole-pair stator



The fundamentl wave of the squae-wave fundion (Figure 131 etc.) can be
detemined byFourier analysis. Thisresults inan infinite count ofsingle waves of odd adind
numbes andanti-propational decreasing amplitude with ordinay numbes. The amplitudes
offundanenta waves and harmonics show propationd dependency to the current,
zerocrossing remain the same. Theseare called standingwave. The existence of harmonics
isto be attributed to the spaiadistribuions of the windings.The generating current is ofpure
sinusidal form, notcataininghamonics. it neessaily needs b bedistinguishel beween

* wave spatotemposl behaviour,
« osdllation: puretime dpendent behaior

) _ §'=1: fundamental wave
" - /\
R
.K,

g=2. 3. harmonic wave

g'=3: 5. hammonic wave
Figure4.8 Fundamental wave, 3rd and 5th harmonics
3.6.2 Rotting field
Rotatingfields appear as spdiadistributed fields of consent form andamount, revolving with
angularspesd wl:
bp‘

Figure4.9progressive wave

A sinuidal aternaing field can be split up into two sinuidal rotaing fields. Ther
peskvalue is of hdf the value as of the according aternating field, ther angular speds
areoppostely signed
3.6.3 Three-phasewinding
Most simple arangementof athree-phase stator onset of:
icore stack compo®d of lamindgions with approxmately 0,5 mm thickness, mutud
insulation for areduction of eddy currents
2. Thenumberof pde pairs is p=1 in Fg.138.In caseof p>1, theconfiguréion repeats p-
times dongthe ercumference.
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Figure4.10 Thrée-phasestator, rotational angle

3.6.4 Deermination of slot mmf for different moments (temporal)
e quantity of slot nmf is gplied ove thecircumference angle.

» lineintegrals provide eveloped mmf, dpendent on he circumference angle. tota

o mmfis shaed like a starcasestepfunction, beng constent betwen the slots. At sbt
edges, with dots assuned as beng narrow, the total mmchanges about wice the
amountof theslot mmf,the air gap field results from the total mmf

3.7 Magretic Fields In Rotating Machines
3.7.1 Winding factor

If wwindings per phaseare not placed in two opposingslots, but are moreover spread
overmore thanoneslot (zonewinding) and return condudors are returned unde an electric
angle smalkr than < 18C, the dfective numberof windings gpears sméler than it is in real

u
™\

Figure 4.11Three-phasewinding, chording
This means is utilized for a supresson of harmonics, which cause parasitic torques and
losses,influeneng prope fundion of amechine..Actually there is nomadinewith q
|. Only zoning and chording enable disregarding harmonics.
Rotating Magnetic Field

A symmetric rotating magnetic fieldcan be produced with as few as three coils. The
three coils will have to be driven by a symmetric 3-phase AC sine current system,thuseach
phasewill beshitted 120degrees in phasefrom the othes. For the purppse



of this example, the mgndic field is take to be helinear function ofthecoil's airrent.

Figure 4.1Xoils

Sine wave current in each of the coils prodwces sine varying magnetic field on the
rotaion axis. Magndic fields add as vectors. Vector sumof the magetic field vectors of the
stator oils produes asinge rotating vector of resulting rotating magnetic field.

Theresult of addingthree 120-degrees phasead sinewaves on the axis of the motor is a
singe rotaing vector. The rotor has a consant magetic field. The N pole of the rotor will
move toward the S pole of the magnetic field of the stator,and vice versa This magneto-
medanical attraction creates a force which will drive rotor to follow the rotating magnetic
field in asynchronaus manne.

A permanent magnet in uch afield will rotate soas to naintain its aligiment with the
extemd field. This effect was utilized in early aternating current electric motors. A rotaing
magetic field can be constuded using two orthogonal coils with a 90 degree phase
difference in their AC currents. However, in prectice sud a system would be suppled
through athrea-wire arrangement with unejud currents.

This inequdity would causeseious problansin the standadization of the condudor
size. In order to overcome this, three-phase systemsare used where the three currents are
equd in magitude and have a 120 degree phase difference. Three similar coils having
mutud geometical angles of 120 degrees will create the rotaing magnetic field in this case
The ability of the three phase systemto create the rotaing field utilized in electric motorsis
oneof themain reasonswhy three phasesystemsdominae in the vorld dectric powe supply
systems.
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Figure 4.13Caoil

Rotating magnetic fields are also usel in induction motors. Because magnds degrade with
time, induction motors use shortcircuited rotors (instea of a magnet) which follow the
rotating magnetic field of a multicoiled stator.In thesemotors, the shortcircuited turnsof the
rotor develop eddy currents in the rotating field of statorwhich in turn move the rotor by
Lorentz force. These types of motors are not usudly synchronous, but instead necessaily
involve a degree of 'slip’ in order that the current may be produced due to the relative
movemaet of the feld and the otor.

The single coil of a sinde phaseinductionmotor does not prodice a rotatiing magnetic field,
but a pulsting 3-pmotor runs from 1-¢ power, but does not start.

no-start 1-¢ molor

3-¢ motor, 1-¢ powered
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Figure 4.14 3ngle PhaseStator Produces a Non Rotating Pulsating Magnetic Field

Anothe view is that the sinde coil excited by a singe phase current produces two
counterrotaing magnetic field phasor, coincidingtwice per revolution at 0o (Figure above-a)
and 1800 (figure €). When the phasor rotae to 900 and -900they cancel in figure b. At 450
and -45o0 (figure c) they are partially additive along the +x axis and cancel adong they axis.
An andogoussituaion exists in figure d. The sumof thesetwo phasoris a phasor stationay
in spae, but altenating polaity in time. Thus, nostating torqueis developed.

However, if the rotor is rotated forward at a bit lessthan the synchronows sped, It
will develop maximum torqueat 10% slip with respect to the forward rotating phasor. Less
torquewill be developedaboveor bdow 10% slip. The rotor will se2 200%- 10% slip with
respect to the counterrotating magnetic field phasor. Little torque(see torquevs. slip curve)
otherthan adoublefrequency ripple is deelopedfrom the counterrotaing phaor.

Thus,the singe phasecoil will develop torque once therotoris stated. If therotoris
statedin the reverse direction, it will develop a similar large torgue as it nears the speed of
the backward rotating phasor. Single phase induction motors have a coppe or aluminum
squirel cage embeddd in a cylinde of steé laminations, typicd of paly-phase induction
motors.

3.7.2 Distibution factor
All w/p windings pe pole and phaeare distributed ove g slots Any of the

w/pq
conducors pe slot iow aspdia displa@ment of
u
-
o |
T"-, 5 .V"""o o
y LW S w S
pa B9 pq z
oy

......

Figure 4.15 Sator, distribution factor
Theresulting numberof windings wrespe phaseis compued by geometic addition of all g
patial windings w/pq. Thevertices d all q phaa's pe phase, beng displaced by
N (electrically), form a circle. The total angle per phase adds up to g | /N.
Purpose The purposeof utilizing zonewindingis to aim
e slotmmf fundanenta waves alding up
e hamonics ompensang each othe, as they suppseto do.



3.7.3 Rtch factor
If windings are not implementel as dametral winding, but as borded winding, return-

| line conductor are not displaced by an entire pole pitch | p (equal to 18
electrical). but only bv an angle s p. being 1807 {(el.). Mentioned stepping &' |
1 only he utilized for entire slot pitches ' N = 2 /N, In practice thewindings ae

distributed ove two layers. Line condudorsare placed into the bottomlayer, whereas
return conduwctors ae integrated into hetop layer. Tha arrangement @mgies with a
supeposition of two windingsystems of hiwed rumberof windings, beng displaced
by an angle [ /S (mech.).
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Figure 4.16 Three phasewinding, chording
I'his leads to an electrical displacement of 'S = p[/S. Both fractional winding systems
add up
to theresuling numberof windings.
3.8 Rotating Mmf Waves
The prindple of operation of theinduction nachineis basd on thegeneration of arotaing

magnetic field. Let us inderstand this ideabdter.

Consider a cosine wave from 0 to 360°. This sine wave is plotted with unit amplitude.

« Now alow the amplitude of the sine wave to vary with respect to time in a simisoidd
fashionwith a frequency of 50HzLet the maximum value of the amplitudeis, say, 10 units.
This waveform is apulsding sine vave.

Now consider a second sine wave, which is displaced by 120° from the first (lagging).

+ and allow its amplitude to vary in a similar manner, but with a 120-time lag.Similarly
consider a third sine wave, which is at 240- lag.

« and allow its amplitude to change as well with a 240° time lag. Now we have three
pulsatng sine waves.Let us seavha happens if we sumup the vlues ofthesethree sine
waves & every angle.

The result really speaks about Tesla’s genius. What we get is a constant amplitude travelling

sine vave!
In athree phaseinduction madine, thee are three ses of windings,phaeA winding, phase
B and phaseC windings. Theseare excited by abdanced three-phasevoltage supp}.

This would result in a bdanced three phase current. Note that they have a 120> time lag
between them.Rurther, in an inductionmadine, the windings are not al locaedin the sane
place.They are distributed in the machine 120° away from each other (more about this in the



section on dternators). The correct terminology would beto say that the windings havetheir
axes separated in space by 120e. This is the reason for using the phase A, B and Csince waves
separated in space as well by 120°. When currents flow through the coils, they generate
mmfs. Since mmf is propottiond to current, these waveforms also represent the mmf
generated by the coils and the total mmf.Furthe, dueto magetic mateial in the madine
(iron), these mmfs generate magnetic flux,which is propationd to the mmf (we may assune
thatiron is infinitely permedle and nontlinear effects sud as hysteisis are neglected) Thus
the waveforms seen above would aso represent the flux generated within the madiine. The
net result as we have seen is a travelling flux wave. The x-axis would represent the space
angle in the madiine as onetravels aroundthe air ggp. The first pulsatng waveform seen
earlier would thenrepresent the a-phaseflux, the second represents the b-phaseflux and the
third represents the c-phaseThis may be better visualized in a polar plot. The angles of the
polarplot represent the space angle in the madine, i.e., ange as onetravels aroundthe stator
boreof themachine.

« This plot showsthe pulsating wave at the zero degree axes. The amplitudeis maxmumat
zero degree axes and is zero at 90° axis. Positive parts of the waveform are shown in red
while negative in blue. Note that the waveform is pulsating at the 0—180° axis and red and
blue alternae in any given side.This correspond to the sinewave current changing polaiity.
Note thatthe maximum amplitude of the sinewave is reached only along the 0—180¢ axis. At
all otherangles, the amplitudedoes not reach a maxmumof this value. It however reaches a
maximum value which is less than that of the peak occuring at the 0 — 180- axis. More
exactly, the maxmum reached at any space ange would be equd to cosimesthe pesk at the
0 — 180- axis. Further, at any space angle ,the time variation is sinusoidal with the frequency
and phase lag being that of the excitation, and amplitude beng that corresponding to the
spae angle.

« This plot showsthe pulsating waveforms of all three cosines Notethatthe firstis pulsathg
about the 0 — 180¢ axis, the second about thel120°— 300-axis and the thirdat 240— 360°axis.

« This plot showsthe travelling wave in a circular tragjectory. Note that while individual
pulsatng waves have maximum amplitude of 10, the resultant has amplitude of 15. If f1 is
the amplitude of the flux waveform in each phaselt is worthwhile pondeing over the
following points.

1. wha is theinterpretation ofthe pulséing plots of theanimation?If one wants b know

the ‘a’ phase flux at a particular angle for all instants of time, how can it be obtained?

2. What will thistime vaiation look [ke? It is obvously periodic. Wha will bethe
amplitudeand frequency?

3.8.1 Voliageinduction caused by influence of rotating field

Voltagein three-phase windings revolving at variable speed, induced by a rotaing field is
subject to computgtion in the following:

Spatial integration of the air gap field results in the flux linkage of a coil. Indued voltage
ensues by derivation of theflux linkage with respect to time. Using the definiti on of slip and
a trander onto three-phase windings, induced voltages in statorand rotor can be discusgd.
Thefollowing consderations ae madeonly regarding the undamentd wave



3.8.2 Hux linkage

The air gap field is created in the three-phase winding of the stator, characterized by the
numberof windingswl and aurrent 11:

First of dl, only one single rotor coil with nunber of windings w2 and arbitrary
position angle of twistis taken into account. Flux linkage of the rotor coil results
from sgtial integetion o the air gap flux density over onepole pitch.

&
P

Figured.17 Three phasewinding
3.8.3 Induced voltage slp
Induced voltage in arotor coil of arbitrary angle of twist a(t), which is flowed through ly the

air gap flux density, compues from variation of the flux linkage with time.Desaibed
variation of flux linkage can be causel by both variation of currents iu(t), iv(t), iw(t) with
time,inside the exciting three-phasewinding and also by rotary motion a(t) of the coil along
the ar gap drcumference.

V4
rotor 7~ ) /

Figure4.18 Rotor position, rotation angle

e Some apets regarding induced voltage dependeancies ae listed béow: the
amplitudeof theinducel voltage is propationd to the line fequency of the
statorad to heaccording slip.

* frequency of indued voltageis equéto sip frequency

» a rotor staadsill (s=1), frequency of theinduced voltage is equl to line
frequency.

o whenrotding (s 1) voltace of different freanencv is induced by the
fundamentd wave of thestator wndings.



e no voliageis induced into the pbtor & synchronaus sped (s=0).

e phasedisplacementof voltages to beinduced into the rotor is only dependent
fromthespéal postion of the coil, representedby the (elec.) angle p Ra .Isa
rotor also equippedwith athree-phasewinding, insteal of a single coil similar
to thestator arangementwith phase beng
displaced by a mechanical angle a number of slots per pole and phase
greaterthan 1 @> 1) and the resultine number of windines w272 then
follows for theinducel voltage of singe rotor phases.

3.9 TorqueIn Ac And Dc Machines

As fulfilled previous considestions,only the fundamenta waves of the eff ects causal
by the ar gegp field are taken into accountRotatingnmf, causeal in stator windings,
isrevolving. An according rotating mmf is evoked in the rotor windings. Initially no
assunptions are madefor the numberof pole pairs, angular frequency and phaseangle of
rotaing magneio-motive forces of stator and rotor.With appliance of Ampere’s law, the
resulting air gap field calculatesfrom supeimposhng ofboth rotating magneo-motive forces
of staor and raor
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Figure 4.19space vector representation for [Jtime vector representation

A time-variant shusodd torquewith aveage value equd to zero gopears which is
called osdllation torque Only if angular frequencies of theexciting currents agree,
whichmeans I=12=land therefore sneed of rotation of stator and rotor
rotaing field agree (a equa numbe of pole @irs), atime-constnt torquederives for
e -motive farces isporpatienddocheir éhplitedesand the sinevalue i the endosedangle.

1M = maxmum fore= —
2. M~ 0Ofor =0
Magneto-motive force reflects the geometical sum of statorand raor mn¥, which complies
with the resulting ar ggp field.Displacement letween Ul und I1 isU1lis orientaed in
repres¢hexdilection.dftbe-bRewmxisl(nieal) whereas 10 is orientated in direction ofthe—Im-axis
(imaginary), for complex
coordinde presentation.
Torqueln Ac Machines



Effective torqueexerted on the shdt derives from transmited air-gap power divided
by synchronous speed. Neglecting statorcopper lossesthe absorbel active powe is equal to
theair-gap powver.

X lcos ¢

Figure 4.20 §nchronous machine phasor diagram

Thetorqueequdion (8.28) solely applies for stationay opeation with IF = constand
n = nl.If the load increases slowly, torque and angular displacement increases also, until
breskdowntoque is reached & V, and the nachine falls outof ste
— means standsti in motoropeation and running away in generator mode High pulsathg
torques and current peaksoaur as a conse&juence of this. In this case machinesneed to be
disconneted from the mainsmmediatdy. Overload capability, theratio of breekdowntorque
and nomnd torque only depends on nodad-shot-circuit-ratio KC and powe factor.

Figured.21 Range ofoperation

The higher dm/dv, he higher appears theback-leading torqueMsyn dter load
impulse. Thelower | 1. the more stabile the point of opaation.
M,

M

Figure 4.22 §nchronizing torque



3.10 OLVED PROBLEMS
Example 1:

An actuatorwith arotaing vane is shown in kg. 3.26. You m§ assune that the

permeability of boththe core and the vane are infinite ( pn ). The-total air-gap lengh is 2g and
shae of the vane is sud that the effective area of the air ggp can be assumedto be of the
form

2
(‘}\l 4
Ag=to 1| —

(valid only in therange |’| 'T/ 6). The actuatordimensionsareg = 0.8 mm Ag = 6.0
mmz, and N = 650 turns.
(a) Assuning the il to be carrying current i, write an expression for themagnetic

storal energy in the actuator as afunction ofangle 6 for LEES 6.
s Pivot
Alr g.lp\ Vane
Core ¢ | £
s=ss=as=ss
"
N-tumn coil
/i
) (a) (h)
Figure 1 Actuatorwith rotatingvane (a) Sideview. (b) End view
Solution
. . g Ni
a Flux density in theair-gap: Bg = 29
: . 1 Bg?
Magnetic energy density 5%
‘o
1B oN 22 4 P
Wi —— XV Vag 20Ag — Wi A 1 — !
2 0 4g *J7 |
(b) _
2w W
W o_lLe)iz - L@)——"_N® A [ &
a2 K 29 b T )
Example 2:

As shownin Fig. 2, an N-turn (N = 100) electromaget is to be usel to lift a slabof
iron of massM. The surface roughness of the iron is sud that when the iron and the

eleciromagnet are in contact, there is a minimum air gap of gmin = 0.18 mm in each leg. The
elecdromagnet crosssectiond area Ac = 32 cm2 and ooil resiganeis 2.8

Q. Calculate theminimum coil votage which mug be usel to lift a slab ofmass 95 kg
aganst the orce of gravity. Neglect the reluctance of theiron.
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Solution

. N2A 1 dL N2A
0 f i 2 Ay c i2

U

L(9) ° —it—=
coil inductance 29 w 2 dg 49

T T
|"10| = Mge ge=9.8ms? :acdertiondie b gavity = | na|=931N

i 2gmn || n| 2-0.18x10°% 931 _
mo N AT a5 4, 107, 32107 03B A
v "R =

Example :3

An indudor is madeup of a 525-turn coil on a core of 14-cm? crosssectiond area
and gap length 0.16 mm. The colil is conrected directly to a 120-V 60-Hz voltage source.
Neglect the coil resigance and leakage inductance. Assumng the coil reluctance to be
negligible, calculate the time-averaged force acting on the core tendirng to closethe air gap.
How would thi force vary if the air-gap length were doubled?

Solution

g w2 dg 2 - g°
Since coil resigane and leakage inductance are negli gible, thecurrent in the oll
can bewritten &

v
i (t) Imcost wherln ~—E
f L 12L f . 1%L V2L vV 2
fid — r_codmt = [ fM)s——rC e s
29 29 v 2¢ 29 p ZHON?A
f
()= 120° ,=-104.48 N

2 2 7 a
2(120°7) 525" A* 1( *14* 10

The average force is indgpendent of the ar-gap length g.



Example 5
Two windings, one mouned on a stator and the other on a rotor, have sdf- and mutud
inductances of

L11=45H Loo=25H L12=2.809 H

where 6 is the angle between the axes of the windings. The resiganees of the windings may
be neglected. Winding 2 is shortcircuited, and the current in winding 1 as a function of time
isi| =10 sh wt A.

a. Derive an expresson for the numercal value in newton-metes of the instantameoustorque
on the otor in &rms ofthe angle 6.

b. Comput the time-averaged torquein newton-meters when ¢ = 45°.

c. If the otor is allowel to move, wil it rotae continuousy or will it tend to comeo rest?If
the ldter, & wha vaue o g ?

T _ii AU _ 2.8ii siny
(a) fld 12 g 12
Winding 2 shortcircuited
L

e v. 0 ~Li sLi -0~ i-__%i_-_112icosy
2 2 2 211 222 2 L221 1 )
T 2.8iising — _3.14“dngcosy — .. 314sin “ (,t) sin gcosy

fid 12 1

(b) Time-averaged torqie
-"T \ N A= > "'T‘il:— ii = —
o fdf 157sh cos 45 \ o fid 157 /2 \ J2 ) 785 Nm
Note:  (sin(t). 1 1=Co%2® gy 1
\ J I_ 0 2 2
(c) Therotorwill not rotate becausethe average torque with respect to 6 is zero. It will
come to est when

sin, s 5 Isin@y) - 0 . »_ =L
2 2
Example 6:

A loudgpesker is made of a magnetic core of infinite pemeability and circular
symmetry, as shownin Figs. 3.37aand b. The air-gap length g is muchlessthantheradiusrg
of the centrd core. The voice coil is constained to move only in the x direction and is
attached to the speker cong which is not shownin the figure A consent radial magnetic
field is pioducd in thear ggp by adirect curent in coil 1, i
= 11. An audio-frequency signd i2 = 12 cos(w?) is then applied to the voice coil. Assumethe
voice coil to be of negligible thicknessand compogd of N2 turnsuniformly distributed over
its haght h. Also asune that is displa@ment issud that

it remainsin the ar gap (0 X<l _h).

(a) Calculate theforce on the voicecoil, using theLorentz Force Law (Eq. 3.J).
(b) Caculate thesdf-inductance of each coil.
(c) Caculate themutud indudance between the oils. (Hnt: Assune that airrent is
applied to hevoice
coil, and clculate the fux linkages of coil 1. Notethat thesdlux linkages vary with the
displacementx.

(d) Calculate theforce onthe voi@ coil from the coenergy Wﬂd :



DOWNLOADED FROM STUCOR APP

Solution
_ B H M
Niis =Hr19 = r=m0 re-
(a) Radial magnetic field intensity: 9
Lorentz force (directed ypward):
FNi | B

222 14 wherel2 = 2o is thelengh of oneturn of coil 2.
F2eNiB  _2T0sNiNo

0 22 r,l 12
9

(b) Self-inductances:
Lo N Z]A: -
L11 g Ag - Z‘T I’ol
To find the sdf-inductance of coil 2, apply Ampere’s law to coil 2 at height z

H g -l ﬂ] Ni = total curent endosed bypah C a height z

r2 h 22
0 0z<X
B _ [Z-X} NI
XD e _‘ gh a2 X—‘Z%( ﬁ
N |
o 22 X+hSZ<|
g

(c) We can find theinductance of asection of coil 2 of length dzand thenintegrate with
respect to z. At aheight z

4
L22(2) 2I() 2(2) N2 Br2(u)2rodu 2z x
2 z
where N2 N2 z iste nunberof turnsof cal 2inthesection z
N | N |
B (u)du > 2% (u x)du _° %% luz ux
. gh . gh 2 .
2
L (2) 20 W 122 oxg
2 gh 2 2
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CHAPTER -4
DC GENERATORS

4.1 inciples OfD.C. Machines
D.C. madinesare the electro medanical energy conveters which work fromaD.C.
soure and generate mechanicd powe or convert medanical powe into aD.C. powe.

4.2. Congruction of d.c. Machines

A D.C. madine @nsstsmainly of two pat thestationay pat called sttor and
the otating part called rotor The stator onssts of main poles udeto produe
magnetic flux ,commutatingpoles orinterpoles in ketween the nain poles to avad
spaking at the Commutator but in the case of small madines sometmes the
interpoles ae avoided and findly the frame a yoke which forms the suppding
strudure of themachine. Therotor consit of an armatuse a cylindrical metallic body
or corewith dots in it to place amaurewindings or bas,aCommutatorand brush
gears The magnetic flux pah in amotor orgenerator is 10w bdow and itis cdled the
magnetic strudure of generator or motor.
The majorpats can beidentified &s,
. Frame
. Yoke
. PolesInstitute of Techndogy Madras
. Armatue
. Comnutatorand bush ger
. Comnutatingpoles
. Compensang winding
. Othe mechanicd parts

O~NO O WNPE

Typical Line
of mognetic
flux

Figure.5.1D.C Machines
4.2.1 Fame
Frame is the stationay part of a madine on which the man polesand Comnutator
polesare bolted and it forms the supportirg structure by connecting the frame to the bed
plate The ring shged body portion of the frame which makes the magnetic pah for the
magnetic fluxes from the main poles ad interspoles iscalled frames.

4.2.2 Yoke.
Yoke was madeup of cast iron but now it is replaced by cast ste¢.This is because
cast iron is séuraed by aflux density of 0.8 Web/sg.nwhere as sturdion



with cast iron steé is about 1.5 Web/sq.mSo for the same magnetic flux density the cross
section area needed for cast steé is lessthancast iron hence the weight of the madiinetoo If
we usecast iron there may be chances of blow holesin it while casting.so now rolled steds
are developed and thesehave consstentmagnetic and metanical propeties.

4.2.3 Bnd Shields or Bearings

If the armature diameder does not exceed 35 to 45 cm thenin addition to polesend
shieldsor frame head with bearing are attached to the framelf the armatue diameer is
greater than 1m pedestrd type bearings are mouned on the madine bed plate outsde the
frame.These bearings could be bdl or roller type but generaly plain pedestrd bearings are
employed.If thediameer of thearmaureis large a brushholderyoke is generaly fix ed to the
frame.
4.2.4 Main poles

Solid polesof fabricated stee with separate/integra pole shaes are fastenel to the
frame by means of bolts. Pole shoes are generally laminatal. Sometinres pole body and pole
shoe are formed from the same laminations.The pole shoe are shaped so as to have a
slightly increased air gap at thetips. Inter-polesare smalladditional poles locatedin between
the man poles. Thesecan besoid, or laninaed justas the man poles.

These are also fastered to the yoke by bolts. Sometines the yoke may be slotted to
receive thesepoles.The inter polescould be of tapered section or of uniform crosssection.
These are also called as commutating polesor com poles. The width of the tip of the com
pole @n beabout a otor slot pitch.

{*) Lecd ()

Terminals _
Field T Shunt pole Field winding
Rheostot
fue shoe
"4' interpole
-
% ) : Commutator
Frame
Armoture
conductors
———n

Figure.5.2Parts of D.C Machine

4.2.5 Amature
The armaure is where the moving condudors are locaed. The armaure is
constucted by staking laminated shets of slicon seel. Thickness of ths lamination



is kept low to reduce eddy current losses. As the laminaionscarry aternaing flux the choice
of suitable mateial, insulation coaing on the laminations staking it etc are to be donemore
carefully. The core is divided into packets to facilitate ventilation. The winding cannot be
placed on the surface of the rotor due to the mechanicd forces coming on the same. Open
paale sided equally spaced slots ae normdly punched in therotor lamingions.

These slots housethe armatue winding. Large sized madines employ a spideron
which the laminationsare staded in segments.End plates are suitably shaped so as to save
as "Winding supporters’. Armature construction process must ensure provision of sufficient
axial and radial duds to facilitate easy removal of heat from the armaure winding. Field
windings: In the case of wound field madines (as aganst pemanentmagne excited
madiines)the field winding takes the form of a concentric coil woundaround the mainpoles.
Thesecarry the excitation current and produce the mainfield in the machine Thusthe poles
are created dectromaynetically.

Two types of windings are generally employed. In shuntwinding large numberof
turnsof small section coppe condudor isof Technology Madras usal. The resiganc of such
winding would be an order of magnitudelarger than the armature winding resigane. In the
caseof saies winding a few turnsof heavy crosssection condudor is usal. Theresiganc of
sudh windings is low and is compagble to armaure resigane. Some machinesmay have
both hewindings on thepoles. Thdotal ampee turns equired to establisthe neessay flux
unde thepoles is ckulated rom the mgnetic circuit calculations.

Thetotal mmf required is divided equdly between north and sout polesas the poles
are produced in pairs. The mmf required to be shaed between shuntand series windings are
apportionedas per the design requirements.As thesework on the sane magnetic systemthey
are in the form of concentric coils. Mmf ’per pole’ is normally used in thesecalculations.
Armatue winding as mentioned earlier, if the armature coils ae wound onthe suface of

Thearmaure, sud constuction beeomes mehanically weak.

The condwctors may fly away when the armature stats rotating. Hence the armature
windings are in general pre-formed, taped and lowered into the open slots on thearmature In
the caseof small madines, they can be hand wound. The coils are prevented from fl ying out
dueto the centrifugal forces by means of bands of ste¢ wire on the surface of the rotor in
small groves cut into it. In the case of large madinesslot wedges are additionally use to
restran the coils from flying away.

The end portion of the windings are taped at the free end andboundto the winding
carrier ring of the armature at the Commutator end. The armaure must be dynamically
bdanaad to reduce the centrifugd forces at the operating speeds. Compensting winding One
may find a ba winding housel in the slots on the pole shoes. This is mostly foundin D.C.
mechines of very large rating. Such winding is called compensang winding. In smaller
madines, thg may beabsent.

4.2.6 Conmutator

Comnutator is the key element which mack the D.C. madine of the present day
possble. It conssts of coppea saments tightly fastened together with mica/micanite
insulating separators on an insulated base The whole Commutator forms a rigid and solid
assemby of insulated coppe stripsand can rotae at high spesds. Each Commutatorsegment
is provided with a ’riser’ where the endsof the armatuee coils get connected. The surface of
the Commutatoris madined and surface is macke concentric with the shaft and the current
collecting brushes rest on the sane. Undea-cutting the mica insulators tha are beween thee
Commutatorsegments hae



to be doneperiodicall y to avoid fouling of the suface of the Commutatorby mica when the
Commutatorgets worn ait.

Some ddails of the constuction of the Commutator Brush and brush holdes:
Brushes rest on the suiface of the Commutator. Normally electro-graphite is used as brush
mateial. The actual compostion of the brush depends on the peiphera sped of the
Commutator and the working voltage The hardness of the grgphite brush is sdected to be
lower thanthat of the Commutator When the brushwears out the graphite works as a solid
lubricant reducing frictiond coefficient. More numberof relatively smalle width brushe are
preferred in place of large broal brushes.

The brushholders provide slots for the brushe to be placed. The connection Brush
holderwith a Brushand Positioning of the brushon the Commutatorfrom the brushis taken
out by means of flexible pigtail. The brushe are kept pressedon the Commutator with the
hdp of springs. This is to ensureprope contact between the brushes and the Commutator
even under high speeds of opeaation. Jumping of brushe mustbe avoided to ensue arc free
current collection and tokeep the bushcontad drop low.

Otha medanicd pats End coves, fan and shdt bearings form other important
medanical pats. End covers are completely sdid or have opening for ventilation. They
supportthe bearings which are on the shdt. Propa machining is to be ensural for easy
assemby. Fans can be extemd or internd. In most madines the fan is on the non
Commutator end sudking the air from the Commutator end and throwing the same out.
Adequae quantity of ha air removal hes to le ensured.

Bearings Small madines employ bdl bearings at both ends. For larger madines
roller bearings are useal espezially at the driving end. The bearings are mountd pressfit on
the shdt. They are housd inside the end shieldin sud a manne thatit is not necessay to
remove thebearings from the shdt for dismanting.

4.3 Lap Winding :

This type of winding is useal in dc generators designed for high-current applications.
Thewindings are connectedto providesevera paale pahsfor current in the armaure For
this reason, lap-wound armatures used in dc geneators require several pars of polesand
brushs.

In lap winding, the finishing end of one coil is connected to a commutator segment
and to the stating end of the adjacent coil situaed unde the sane pole an soon.till al the
coils have been conrected. Thistype of winding derives its name from the fact it doublesor
lapsback with its suaeding coils.Following points regarding simplex lap winding shout be
noted:

1. Theback and front pitches ae oddand of opposie sign.But they can't be eud. They
differ by 2 orsome muttiple theeof.

Both YB and YF shpuld be nerly equd to apolepitch.

Theaverage pitch YA =(YB + YF)/2.It equds pde pitch =Z/P.

Commutatorpitch YC ==1.

Resultant pitch YR is even, beng thearithmetical difference of two odd numbess i.e
YR =YB - YF.

The numberof slotsfor a 2-layer winding is equato the numberof coils. The number
of comnutatorsegmentsis also he sane.

abrwn
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7. Thenumberof paald pathsin the armaure = mP where 'm’ is the multiplicity of the
winding and 'P' the number of poles.Taking the first condition, we have YB = YF +
2m whee m=1fo simplex lap and m =2 6r dyplex winding etc.

8. IfYB>YFieYB =YF + 2, thenwe get a progressie or right-handed windingi.e a
winding which progresses in the clockwise direction as seen from the comuttor
end.In this aseYC = +1.

9. If YB < size="1">F i.e YB = YF - 2,thenwe get a retrogressie or left-handed
winding i.e one which advances in the anti-clockwise direction when seen from the
commutatorsideln this aseYC =-1.

10.Hence, it is obviousthat or
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4.4 WaveWinding

This type of winding is useal in dc generators employed in high-voltage applications.
Noticethatthe two endsof each coil are connected to comnutatorsegmerts separated by the
distance between poles. This configuration al ows the seies addition of the voltagesin all the
windings beween brudhes. This type of winding only requires one par of brushe. In
practice, a practical generator may have severa
pars to improve commutation. When the end connections of the coils are spread apart as
shownin Figure a wave or seies winding is formed. In a wave winding there are only two
pahs regardless of the numberof poles. Therefore, this type winding requires only two
brushe but can use as mary brushe as poles Because the winding progressesin one
direction roundthe armaturein a seies of 'waves' it is know as wave winding.If, after passing
once roundthe armature,the winding fall sin aslotto theleft of its stating point thenwinding
is said to beretrogressive.lf, however, it falls onedot to theright, then it is progessive.



1. YF areodd and o the sane siqn.

2. Back andfrontpitches are nearly equal to the pole pitch and may be equd or differ by
2, in which @seg they are respectively one moreor oneless than theverage pitch.

3. Resultant pitch YR = YF + YB.

4. Commutatorpitch, YC =YA (in lap winding YC =1 ). Also YC = (No.df
commutatorbas £1 )/ No.of par of poles.

5. Theaverage pitch which mustbean integer is given by YA =(Z £ 2)/P= (No.of
commutatorbas = 1)/No.of par of poles.

6. Thenumberof coils i.e NC can befound from the relation NC= (PYA £ 2)/2.

7. Itis obviousfrom 5 thatfor a wave winding, the numberof armature conductors with
2 either added or subtacted must be a multiple of the number of poles of the
generator. This restriction eliminatesmary even numbes which are unsutable for this
winding.

8. Thenumberof armaure padld paths =2m where 'm' is the multiplicity of the
winding.

4.5 EMF Equation

Consde a D.C generator whose field coil is excited to prodiwce a flux density
distribution along the air gap and the armaure is driven by a prime moverat consent sped
as shown in figre



Length of machine =1L
(perpendicular to the screen)
Area under each pole = aDL/p

. ¥ Thus, B,y = ¢
* o 7DL/p
nD/p
“s.pole pitche’
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Let us assune a p polar d.c geneator is driven (by a prime move) a n rps. The
excitation of the stator field is such that it produces a ¢ Wb flux per pole. Also let z be
the total numberof armaure condwctors and a be the numberof parale pathsin the
armaure circuit. In genea, as discussd in the earlier section the magnitude of the
voltage from one condudor to anotheris likely to very since flux density distribution
is trapezoidal in naure Theefore, total average voltage across the brushe is
calculated on the basis of average flux density Bav. If D and L are therotor diamder
and the lengh of the madinein meteas thenarea unde each poleis . Hence average
flux density in thegap isgiven by

Average flux density B, = - f
y 4
(%)L
_  9p
m DL
Induced voltage in a single conductor = Balv
Number of conductors present in each parallel path = =
a
If v 1s the tangential velocity then.v =  7Dn
Therefore. total voltage appearing across the brushes = —B_ Lv
a
5 EPP Lz Dn
ar
Thus voltage induced across the armature. E4 = —¢n

4.6 Armature reaction

In aunloade& d.c machine armaure current is vanishingly smalland the flux per pole
is decided by thefield current alone. The uniform distribution of thelines of force get
upsé when armaure too carries current dueto loading In one hdf of the pole, flux
lines ae concentrated and in the otherhdf they are



rarefied. Quditatively one can argue thatduring loading condition flux per pole will
remain same as in no load opeation becausethe increase of flux in onehdf will be
bdanced by the decrease in the flux in the othe hdf. Sinceit is the flux per pole
which decides the emf generated and the torqueprodiced by the madine, seemingy
there will be no effect felt sofar as the performance of the madiineis concerned due
to armature reaction. This in fact is dmog true when the madine is lightly or
modeetely loadel

Rotation

,New M.N.k_

T

However at rated armaure current theincrease of flux in onehdf of the poleis rather
less than théecreasein the otherhalf due to presence of saturation. In othe words thee will
be a net decreasein flux per pole during sufficient loadingof the madine. Thiswill have a
direct bearing on the emf as well as torque developed affecting the peformance of the
madine.

Apart from this, dueto distortion in the flux distribution, there will be same amount
of flux present along the g-axis (brush axis) of the madine. This causes commutation
difficult. In the following sections we try to explain armaure reaction in somewat detail
consdering motor and generator modeseparately.

4.7 Methods Of Excitation
Various methods obeitation ofthe feld windings ae
Separately-excited generators
s Self-excited generators: ries generators, shungenerators, @mpoundgenerators

o With sdf-excited generators, esidual magneismmustbe present in the mahine
iron to ¢t the self-excitation piocess sarted.

o Therdation between thestealy-stategenerated enfEaand thearmaure termind
voltageVaisVa=Ea-laRa
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100
Com

Voltage in percent of rated voltage

0 25 50 5 100
Load current in percent of rating

Figure.5.4 Load Curve

Typica stealy-statedc-motor speed-torquecharacteristics are shownin Figure.1.4,in
which it is assured that the motor teminds are suypplied from a onsent-voltage source.

In a motor the relation between the emfEageneratedin the armature and the armaure
termind voltage VaisVa=EatlaRa. The application of dc madineslie in the variety of
performance characteristics offered by the possibilities of shunt seies, and compound
excitation.

4.8 Canmutation And Interpoles

I n larger madinesthe commutation processwould involve too muchsparking, which
causes brushwear, noxious gases (ozone that promotecorrosion etc. In thesecases it is
comnon to use sgarate commutation interpoles. These are separate, usudly narrow or
seemingly vestigal pole pieces whidh carry armature current. They are arranged in swch away
that the fux from theinterpole drives current in the ommutated coil in the proper direction
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Remembe that the coil bang comnutatel is located physicdly between the active
polesand the interpoleis therefore in the right spotto influence commutaion. The interpole
is woundwith armaure current (it is in seies with the mainbrushe). It is easy to see thatthe
interpole must have a flux density propationd to the current to be comnutatel. Since the
spesd with which the coil mustbe comnutatel is propationd to rotaiond velocity and sois
the voltage inducel by the interpole if the right numbes of turns are put around the
interpole, commutation @n bemadeto be quite accuréate.

4.9 Generator Characteristics
The three mostimportant characternistics orcurves of aD.C generator are:
4.9.1.0@enCir cuitC haracteristic(O.C.C.)

This curve showsthe relation between the generated emf. at no-load (Eo) and thefield

current (If) at consent speed. It is aso knownas magnetic characteristic or no-load sguration
curve Its shage s practically the same for al geneators whether separately or sdf -excited.
The daafor O.C.C curve are obtainel experimentally by opeating the generator at no load
and consant sped and recording the diange in termind voltage as the feld aurrent is vaied.

4.9.2. Irternal or Total characteristic (E/l a)
This curve showsthe relation between the generated emf. On load (E) and the

armaure current (Ig). The emfE is lessthan EO due to the demagneiizing effect of armaure
reaction. Therefore, this curvewill lie bdow the open circuit characteristic (O.C.C.)It cannot
be obtaina directly by experiment. It is because a voltmeta cannotread the emf. Generated
on load due to the voltage drop in armaure resigane@. The internd characteristic can be
obtainal from externd chaacteristic if winding resiganes are known because armaure
reaction dfect is includel in boh characteristics.

4.9.3. External Characteristic (V/IL )

This curve showsthe relation between the terminal voltage (V) and load current (IL).
The temind voltage V will be lessthan E due to voltage drop in the armaure circuit.
Therefore, this curve will lie bdow the internd characteristic. This characteristic is very
important in detemining the suitability of a generator for a given purpcse. It can be obtainel
by making simultaneous.



4.9.4. Neload Saturation Characteristic (EO/If)

It is also known as magndic characteristic or open circuit Characteristic (O.C.Q.It
showsthe relation beween the no-load generated emf in armaure EO and the field or
exciting current Ifat a given fixed speed. It is just demagnetization curve for the mateial of
the eledromaynes.ts shape is practicaly the same for all generators whether separately-
excited or sdf-excited.

Figure 5.5Field Vs Armatur e Curve

A typicd no load sauration curveis shownin Figure.lt has generator output voltage
plotted ayanstfield current. Thelower straight line portion of the curve represents heair gap
becausethe magnetic parts are not sauraed. When the magnetic pats start to saurate, the
curve bendsover until complete sauraion is reached. Then the curve becomesa straight line
agan.

4.9.5.@parately-Excited Generator

TheNo-load saturdion curve of a separately excited generator will be as shownin the
aboveFigure. It is obviousthatwhen it is increased fromits initial small value, the flux and
hence generated emf .E.g. increase directly as current so long as the poles are unsaturated.
This is represented by straight portionin Figure But as the flux density increases, the poles
become saurated, so a greater increase If is required to prodice a given increase in voltage
than on thdower pat of the arve That is why the uppe pottion ofthecurve bends.

A

o Ir —
Figure 5.6 Open Circuit Characteristics

The O.C.Ccurve for sdf-excited generators whether shuntor seies wourd is shown
in above FigureDue to the residual magneism in the poles,someemf (=OA) is generated
even when If =0.Hence, the curve stats a little way up. The slight curvature at the lower end
is dueto magnetic inettialt is seen thatthefir st part of the curveis practically straght. Thisis
dueto fact that at low flux densities reluctance of iron path beng negligible,total reluctance
is given by the air ggo reluctance which is constant.H&cethe flux and conseuently, the
generated emfis directly propationd to the exciting current.However, at high flux densities,
where p is small,iron path reluctance becomes appreciable and straight relation between E
and If no longer holds goodIn otherwords,dter point B, sauration of pole stats.However,
the inital slope



of the curve is determined by air-ggp width.O.CC for higher speed would lie above this
curve and for lower speed,would lie bdow it.

Separately-excited Generator Let we consder a separately-excited generator giving its
rated no-load voltage of EO for a certain constnt field current.If there were no armature
reaction and armature voltage drop,then this voltage would have remainel consent as shown
in Figure by the horizontalline 1. But when the generator is loaded, the voltage fall s dueto
thesetwo causes, therebygiving slightly droppng characteristics.If we subtract from EO the
valuesof voltage dropsdueto armature reaction for diff erent loads, thenwe get the value of
E-the emf actually induced in the armaure under load conditions.Qurve 2 is plotted in this
way and isknown & theinternd characteristic.
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Figure.5.7Curr ent Vs Voltage

In this generator, because field windings are in seies with the armaure, they carry
full armature current la. As lais increaseal, flux and hence generated emf is also increased as
shownby the curve. Curve Oais the O.C.C The extra exciting current necessay to neutrdize
the weakening effect of armature reaction at full loadis given by the horizontal distance ab.
Hence, pointb is onthe ntemd characteristic.

4.9.6. External Characteristic (V/1)

It is also referred to as peformance characteristic or sometimes voltage-regulating
curve It givesrelation between the termind voltage V and the load current 1. This curve lies
bdow the internal characteristic becauseit takes in to account the voltage drop over the
armature circuit resigane.The values of V are obtainel by subtacting 1aRa from
correspondng valuesof E.Thischaracteristic is of great importance in judging the suitability
of agenerator for a particular purposelt may be obtainel in two ways

e By making simultaneous neasurenents wih asuitable voltmeter and an anmete on
aloadal generator or

e Graphicdly from theO.C.C provided the amature and fidd resigancaes are known
and dso if the demagnetizing effect or thearmature reaction isknown.
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Figure above showsthe extemd charactenstic curves for generators with various
types of excitation. If a generator, which is sgarately excited, is driven at constnt speed and
has a fixed field current, the output voltage will decrease with increased load current as
shown.This decrease is dueto the armaure resigane and armaure reaction effects. If the
field flux remaineal constént, the generated voltage would tend to remain constnt and the
outputvoltage would be equd to the generated voltage minusthe IR drop of the armature
circuit. However, the demagetizing componentof armature reactionstendsto decrease the
flux, thusadding an additional factor, which decreases the outputoltage



CHAPTER 5
DC MOTORS

5.1 D.C Motor Principle

A madine that converts d.c. powe into medanical powe is known as a d.cmotor.
Its operation is based on the prindple that when a current carrying condictor is placed in a
magnetic field, the condudor experiences a mecanicd force. The direction of this force is
given by Fleming’s left hand rule and magnitude is given by;

I 1Bl Inewtons
Basicaly, there is no construdiond diff erence between a d.c. motor and ad.c.generator. The
same d.c madine can be run & agenerator or mdor.
5.2 Working of D.C. Motor
When the teminds of the motor ge connected toan extemd soure of d.c.
suppl:
(1) the ield magnes ae excited developing aternate N and Spoles;
(i) the amaure condudorscarry currents.

All condudors unde N-pole carry currentsin one direction while all the condudors
unde S-pole carry currents in the opposte direction. Supposethe conduc¢ors unde N-pole
carry currents into the plane of the pgpe and thoseunde S-pole carry currents out of the
planeof the pgoer as shavn in Fig. Since each armatue condudor is carrying current and is
placd in the magnetic field, mechanical force acts onit.

Applying Fleming’s left hand rule, it is clear that force on each conductor is tending
to rotate the armatue in anticlockwise direction. All theseforces add together to prodice a
driving torquewhich sds the armature rotaing. When the condud¢or movesfrom oneside of
a brushto the other, the current in that condudor is reversed and at the same time it comes
unde the influence of next pde which is of opposte polaity. Consejuently, the direction of
force on the condudor remains he sane.
5.3 Types of D.C. Motors
Like generators, there are three types of d.c. motors characterized by the connections of field
winding in rdation o thearmaureviz.:
(i) Shuntwoundmotor in which thefield winding is connectedin parall el with the armature.
The current through the shuntfield winding is not the sane as the armature current. Shunt
field windings ae designed to produe the recessay m.mf. by means of arelatively large

numberof tums of wre having high resigance. Therefore, shuntfield current is rdatively
small compeed with thearmaure current.
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(i) Seriesswoundmotor in which the field winding is connected in series with the armaure
Therefore, seaies field winding carriesthe armaure current. Sincethe current passing through
a seies field winding is the sane as the armaure current, seies field windings must be
designed with muchfewer turnsthan shuntfield windings for the sane m.m.f. Theefore, a
seies field winding has a relatively small numbe of turnsof thick wire and, therefore, will
possess bw resiganc.

(i) Compoundwound motor which has two field windings; one connected in parallel with
the armaure and the other in seies with it. There are two types of compound motor
connections (like generators). When the shuntfield winding is directly connected acrossthe
armaureterminds it is @lled shortshuntconnection. When the

shuntwindingis $ conrected tha it shurs the saies cmmbinaion of amature and

saies field it IS caled long- shunt connection.
Iy Jen X =
T

L |

Short-shunt connection Long-shunt connection




5.4 Motor Characteristics
5.4.1 Torque/Speed Curves

In order to effectively design with D.C. motors, it is necessay to undestandtheir
characteristic curves. For every motor, there is a speific TorquédSpeed curve and Power
curve

& Stall torque, T,

Torque

No load speed, ®

Rotational Speed

Figure 5.13 $eed Vs Torque Curve
The graph above showsa torque/spee curve of a typicd D.C. motor. Note that torque is
inversdy propationd to the spesd of the output shdt. In other words, there is a tradeoff
between how much torque a motor delivers, and how fast the output shdt spins Motor
characteristics ae frequently given & twopoints on this gaph:
¢ Thestall brquerepresents the poinbn the gaph & which thetorqueis a
maxmum, bu the shdt is notrotating.
e Theno load sped, is hemaximum ouput speed of themotor (when no toqueis
applied to the outputshdt).

e Thelinear modelof a D.C. motor torquéspee curve is a very good approximation.
The torquéspeea curves shownbdow are actual curves for the green maxon motor
(pictured at right) used by studentdn 2.007.0neis a plot of empirical data, and the
otherwas plotted medianicdly using a device developed a MIT.

Figure 5.14Maxon Motor



Note that the characteristic torquéspee curve for this mator is quite linear. This is
generdly true as long as the curve represents the direct outpu of the motor, or a simple gear
reduced output If the speifications are given as two points, it is sde to assune a linear
curve

Torque-Speed for Maxon Geared Output
Ms-L255)

0.35 -
02 I

0.2

0.15 \

0.1 \\

0.05 \

0 100 200 300 400 500 600
RPN

Torqus(Hm)

Figure 5.15%eed Vs Torque Characteristics

Recall that earlier we defined powe as the product of torqueand angular velocity.
This correspondsto the area of a rectangle under the torque/speel curve with one corng
attheorigin and anothercorne at a point on the curve Dueto thelinear inverserelationship
between torqueand speed, the maximumpowe occurs at the point where Recall that earlier
we ddiined power as theprodiwct of torqueand angular velocity.

D.C. Motor Torque/Speed Curve

& Stall torque, T,

Torque

No load speed, o,

:4+— Low Power

Rotational Speed

Figure 5.16%eed Vs Torque Characteristics



D.C. Motor Torque/Speed Curve

Torque

G

Rotational Speed

Figure 5.17%eed Vs Torque Characteristics

This corresponds @ the aea of arectangle under thetorquéspee curve with one

corng at theorigin and aothercorner a a point m

, and

=15

D.C. Motor Torque/Speed Curve

Torque

& Stall torque, 1,

Low Power \\No load speed, o,

Rotational Speed

Figure 5.18%eed Vs Torque Characteristics

5.4.2 Power/Torque And Power/Speed Curves

Torque and Power vs. Speed
(Green Maxon Motor)
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Figures.19Power Vs Torque Curve



5.5 $eed Control Of Dc Shunt M otor
We know thd the speed of shunt mabr is gven by:

Where,Vais the voltage applied across thearmaure,
N is the rotor speed and ¢ is the flux perpole and is proportiond to thefield current If.
As explainad earlier, armatue current laisdeeded by the medanicd load present on the
shdt. Therefore, by varying Va and If we canvay n. For fixed suppl voltageand the motor
conneted as shuntwe can vary Vabycontrolling an extemd resigane connected in seies
with the armaure. If of course can bevaried by controlling extemd field residgance
Rfconnected with thefield circuit. Thusfor.shuntmotor we have essentiallytwo methodsfor
controlling speed, nanely by:
1. Varying Armatue Resigane
2. Varying Feld Resigane
5.5.1%eed Control by Varying Armatur e Resistance
Theinherent armature resigane Ra beng small, speed n versusarmaure current (1a)
characteristic will be astraight line with asmall negaive slope & shown irfigure.

Speed 1o =no load speed
1 n = full load speed

=
—

Iy
n

Speed

Armature cCurrent =————p T. Torque
a (rated)

Figure 5.2Q01) Speed Vs Armature Curr ent. (i) Speed Vs Torque Characteristics

Notethatfor shuntmotor voltage applied to thefield and armaure circuit are saneand equal
to the supply voltage V. However, as the motor is loaded, 1aRa drop increasesmakingspeed a
little lessthanthe no load spesd n0. For a well designed shuntmotor thisdropin sped is
smalland about 3 to 5% with respect to no load speed. This drop in speedfrom no loadto full
load conditon expressedas a pecentage of no load spead is caled theinheent spesd
regulation of the motor. It is for this reason, a d.c shuntmotor is sad to be practically a
constnt sped mobrsine sped drgps by a smallamountfromno bad to full load @nditon.

r,* lnherent armature resblance
Speed o, ~ no load speed
n » full lood speed

R, »r, i
oo = R, increasing

-
R o»rtr,

R . =r*r.

I, Armature current
{rated)

Figure 5.21%eed Vs Armatur e Current Characteristics



r. = inherent armature resistance
speed u, = 1o Joad speed
n ~ foll load speed

R, increasing

I, Torque
(rated)

Figure 5.22%eed Vs Torque Characteristics

From thesecharacteristic it can be explained how spesd control is achieved. Let
usasune that the load torque TL is constnt and field current is also kept consant.
Therefore,since steady state operation demands Te = TL, Te= klag too will remain constant;
which meanda will not change. SupposeRest = 0, thenat rated load torque opeaating point
will be at C andmobr speed will be n. If additional resigance rextl is introdued in the
armaure circuit, newsteady stateoperating speed will be n1 corresponding to the opeating
pointD.

This same load torqueis suppled at various speed. Variation of thesped is smodh
and speed will decrease smodhly if Restis increasad. Obviousl, this methodissuitable for
controlling speed below the base speed and for suppling consaent rated loadtoique which
ensures rated armature current always. Although, this methodprovides smodhwide range
speed control (from base speed down to zero speed), has a saious draw backsince energy
losstakes place in the extemd resigance Rest redudng theefficiency of themotor.

5.5.2 $eed Control by Varying Feld Curr ent
In this method field circuit resigane is varied to control the speed of a
d.cshunmotor. Let us ewrite .the baic equaionto undestand themethod

If flux ¢ will change, hence speed will vary. To change If an external resistance is
connested in series with the field windings. The field coil prodwces rated flux when no
extemd resiganc is connected and rated voltage is applied acrossfield coil. It shoul be
undestoodthatwe can only decreaseflux fromits rated value by adding extemd resigance.
Thusthe spesd of the motor will rise as we decreasethefield current and speed control above
the base speed will be achievel. Speed versusarmaure current characteristic is shownin
figure for two flux valu es ¢ and 1. Since @1<@, the no load speed no' for flux value @1 is
more than the no load speed no corresponding to o.

However, this method wil not be sudble for condant load togue.To make this pont
clea, let us assune thatthe load torqueis condant at rated value. So from the initial stealy
conditon, we have TL rated=Tal= k=la rated .If load torque remainsconsant and flux is
reduced to @1, new armature current in the steady state is obtained from kI al=TL rated .
Therefore new armaure current is butthis fractionis less tharl. Hence new armaure current
will begreater thantherated armature current and the motor will be overloaded. This method
therefore, will be suitable for a load whosetorquedemanddecreases with the rise in speed
keeping the output powr consent as shownn figure Obviousy this mettod isbased onflux
weakening of the main feld.



AL C, higher speed but less torgue
AL DY Jower speed but higher torque

Figure 5.23 $eed Vs Armature Curr ent Characteristics
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Figure 5.24Congant Torqu e and Power Operation 5.6
Starting Of Dc Motors
The sped of the machine has to beincreased from zero and brought to the opeating
speed. This is call ed stating of the motor. The operating speed itsdf shoul be varied as per
therequirementsof theload. This is call ed speed control. Finally, the runnng madine has to
be browght to rest, by decelerating the sane. This s clled braing.

At the instant of stating, rotor speed n = 0, hence stating armature current is
Ist=V/ra. Since, armature resigance is quite small, stating current may be quite high (many
timeslarger than the rated current). A large madine, characterized by large rotor inertia (J),
will pick up sped rather slowly. Thusthe levd of high stating current may be maintainel
for quite sometime so as to cause serious damageto the brush/@ommutator and to the
armaure winding. Also the sour@ shoutl be capable of suppling this burst of large current.
Theotherloadsalready connestedto the same souce, would experience adip in thetemmind
voltage, every time a D.C motor is attempted to stat with full voltage. This dip in supply
voltage is caused dueto sudde rise in voltage drop in the sour@'s internd resigance. The
duraion for which this drop in voltage will persist onee again depends on inettia of the
motor. Hence, for small D.C motors extra precaution may not be necessay duringstating as
large stating current will very quickly die down because of fast rise in the back emf.
However, for large motor, astateris to beuseal duing stating.

A simple stater to limit the stating current, a suitable extemd resigan® R is
connected in seaies, as shown in the figure, with the armature so that Ist=V/(R+ra) At the
time of stating, to have sufficient stating torque, field current is maxmized by keeping
extemd field resigan® Rf to zero value. As the motor picks up speed, the vaue of R is
gradudly decreased to zero so that during running no extemd resigane remainsin the
armature circuit. But each time onehas to restat the motor, the extemd armaure resigane
mustbe s to maxmum value by moving the jockey manudly. Now if the suppl goes off,
motor will cometo a stgp. All on a sudde, let us imagine, suppy is restored. This is then
nothing but full voltage stating. In other words, one shoutl be constntly alert to sd the
resigane to meximum value



whenever the motor comesto a stop. This is one major limitation of a simple rheostatic
stater.

R.. R..
{maximum at starting) (zero during running)

| . I
Visupply) Visupply)
Field resistance Field resistance
al minimum at minimum
(a) External armature resistance (b) External armature resistance
maximum at starting zero during running.

Figure 1.25 Sarting Using Exter nal Resigance5.7

Three Point Starter

A “3-point starter” is extensively used to start a D.C shunt motor. It not only
overcomesthe difficulty of a plain resigance stater, but aso provides additional protective
features sud as over load protection and no volt protection. The diagram of a 3-point stater
connected to a shuntmotor is shownin figure Althoud, the circuit looks a bit clumsy at a
first glance, the basic working prindple is sane as that of plain resiganc stater. The stater
is shownendosed within the dotted rectangular box having three terminds marked as A, L
and F for extemd connections. Termind A is connected to one armature termind Al of the
motor. Termind F is connected to one field termind F1 of the motor and temind L is
connected to one supply temind as shavn. F2 temmind of field coil is connected to A2
throudh an extemd variable field resigance and the common point connectedto supply (-ve).
The extemd armaures resigances consst of several resiganes connected in seies and are
shown in theform of an arc. Thejunctionsof the resisances are brought out as terminds and
marked. Just beneath the resiganaes, a continuouscoppe strip also in the form of an arc is
present.
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Figure 5.26Three Point Starter

There is a handle which can be movedin the clockwise direction against the spring
tension.The spring tenson keeps the handle in the OFF postion when no one attempts to
moveit. Now let ustrace the circuit from temrminal L (supply + ve). The wire from L passes
throuch a small electro magnet called OLRC, (the function of which we shdl discussalittle
later) and enters through the handle shownby dasheal lines. Near the end of the handle two
coppe strips ae firmly connected with the wre.

The furthest strip is shown circular shged and the other strip is shown to be
rectangular. When the handleis movedto theright, the circular strip of the handle will make
contads with resigance teminds 1, 2 etc. Progressively. On the othe hand, the rectangular
strip will make contect with the continuousarc coppe strip. The othe end of this strip is
broudht as temind F after going through an electromagnet coil (called NVRC). Termind F is
finally connected to moor field temind Fl.

Working principle

In the opeation of the stater, initialy the handle is in the OFF postion. Neither
armaure nor thefield of the motor gets suppl. Now the handle is moved to studnumberl.
In this postion armaure and al the resiganas in seaies gets connected to the suppy. Field
coil ges full suppl as the rectangular strip makes contad¢ with arc coppe strip. As the
madiine picks up speed handle is moved further to stud number2. In this postion the
extemd resigane in the armaure circuit is less as the first resigane is left out. Field
however, continues to get full voltage by virtue of the continuousarc strip. Continuingin this
way, dl resiganaswill beleft outwhen sud number12 (ON) is reached. In this posiion, the
eledromagnet (NVRC) will attract the soft iron pieee attached to the handle. Even if the
opeator removeshis hand from the handle, it will still remainin the ON postion as spring
restoring force will be bdanced by the force of attraction between NVRC and the soft iron
piece of the handle. The no volt release coil (NVRC) carries sane current as that of the field
coil. In case suppl voltage goes off, field coil current will decreaseto zero. Hence NVRC
will be de-energized and will not be able to exert any force on the soft iron pieae of the
handle. Retoringforce of the spring will bringthe handle bak in the OFF postion.

Thestater also provides over load protection for the motor. The otherelecromagnet,
OLRC overload release coil along with a softiron piece kept unde it, is used to achievethis.
The current flowing through OLRC is theline current IL drawn by the motor. As the motor is
loaddl, lahence IL increases. Therefore, IL is ameasureof loading of the motor. Supposewe
want that the motor shoutl not be over loaded beyond rated current. Now gap between the
electromagnet and the soft iron piece is so adjusted that for IL<Irated the iron piece will not
be pulled up. However, if [L<Irated force of attraction will be sufficient to pull up iron piece.
This upwad movementof the iron piea of OLRC is utilized to de-energize NVRC. To the
iron a coppe stripis attached. During over loading condition, this coppe strip will also move
up and put a shortcircuit beween two terminds B and C. Carefully note that B and C are
nothing but the two endsof the NVRC. In othe words, when over load occurs a shortcircuit
pah is created acrossthe NVRC. Hence NVRC will not carry any current now and gets
deenergized. The moment it gets deenergised,spring action will bring the handle in the OFF
postion therby discomecting the motor from the supply. Three point stater has one
disadvatege. If we want to run the madine at higher speed (abowve rated spesd) by field
weakening (i.e., by reducing field current), the strength of NVRC maget may become so
weak thatit will fail to hold the handlein the ON postion and the springaction will bring it
back in the OFF postion. Thuswe find that a false disconnetion of the motor takes place
even when there is neitber ove load na any sudden disrupton of suppy.



5.8 Four-Point Starter

Ry
R G- s Rs Parallel connection
Starting No vot coil of NVC and field
resistance $
1 7 emdnas wn ]
OFFN\%~"" RN /
Softiron piece R X
B &
rass arc V\~
Starter handie
Spring )
Over load
release r.1
[ L N F AQ |
2 Lever Trhnqulu
B iron piece 4
v ‘ F, 1
D.C. R
o—s Fy s

Figure 5.27Four point starter
Thefour-point stater eliminaesthe drawback of thethree-point stater. In addition to the
samethree points thatwere in use with the three-point stater, the otherside of theling L1, is
the fourth point brought to the stater when the arm is movedfrom the "Off" postion. The
coil of the holding magné is connected acrossthe line The holding maget and stating
resigors fundion identical as in hethres - point stater.

The possbility of accidentally opening the field circuit is quite remote. The four - point
stater provides the no-voltage protection to the motor. If the powe fails, the motor is
disconneted from the line.
5.9 Swinburne’s Test
o For a d.c shuntmotor change of speed from no load to full load is quite small.
Therefore, mechanical losscan be assuned to remain sane from no loadto full load.
Also if field current is hdd constnt duringloading the core losstoo can be assuned
to remain sane.
« In this test,the motor is run at rated speed unde no load condition at rated voltage.
The current drawn from the supply Lo and the field current It are recorded (figure
40.3) Now we note that:
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DOWNLOADED FROM STUCOR APP
ELECTRICAL MACHINES!I

Input power to the motor. P;,, = Vi
Cu loss in the field circuit P, = VIy
Power input to the armature. = VI - VIy
= Wlp-1I
= VIao
Cu loss in the armature circuit = I.,7,
Gross power developed by armature = VI, — 1.7,
- ( o= Ia()ra ,]aO
- EbOIaO
l“' lI .
+
I
Visupply)
nrps )
I, 1,
+
L
Visupply

Since the motor is opeating unde no load condition, ne medanica outpu powe is
zero. Hence the grosspower developedby the armatue mustsupply the corelossand
friction & windage losses of themotor. Therefore,

i +F crion =( V_Iaora ’IaO =£‘bOIaO

core

« Since both Pcore and Prriction for a shuntmotor remainsprectically consent from no
load to full load, thesumof theselosses iscall ed constant rotational loss.e.,

constant rotational 10ss. Pro; = Peore + Piction



« In the Swinbume's test, the constnt rotationd losscomprisng of core and friction
lossis estmated from the aboveequation.

* After knowing the value of Prot from the Swinbumés test,we can fairly estimatethe
efficiency of the motor at any loading condition. Let the motor be loaded sud that
new current drawn from the supply is I and the new armature current is I as shown
in figure 40.4. To stimate the dficiency of the loaded mobr we proceed as follows:

Input power to the motor. P, = VIg
Cu loss in the field circuit P, = VI
Power input to the armature, = VI - VI,
=  Wit=1)
= I’Ia
Cu loss in the armature circuit = 1.7,
Gross power developed by armature = VI, —I.r,
= (I’_Ia’; )Iﬂ
= E.,
Net mechanical output power. Puormecr = EJI,—F,,
o . EI —P
. efficiency of the loaded motor.n = ——2&_—rmf
2= Pner mech
P,

: The estimatal value of Prot obtained from Swinburne’s test can";ﬂso be used to
estimatethe efficiency of the shuntmachine opeating as a generator. In figure40.5is
shown to diver a

* Joad current I to a load resigor RL. In this case output powe beng known, it is
easierto add tle losses to estinatethe input nechanicd powe.

1, I, }

pm ch mput



ELECTRICAL MACHINESI

Output power of the generator, Poyy = VIp
Cu loss mn the field circuit P = Vir
Output power of the armature, = VL +VIy
= Vl,
Mechanical input power. Pymeen = VI, +1 si;, +P
o . VI
. Efficiency of the generator.n = L
in mech
= I/YI.
VI +I'r +P.

The biggest advantage of Swinbumes test is tha the shuntmachine is to be run as
motor unde no load condition requiring little power to be dravn from the supp;
basal on the no load reading, efficiency can be predicted for any load current.
However, this testis not sufficient if we want to know more about its performance
(effect of armature reaction, temperature rise, commutation etc.) when it is actually
loadeal. Obviousl the sdution is to load the madiine by connecting mechanicd load
directly on the shdt for motor or by conrecting loadingrheostatacrossthe temminds
for generator opaation. This athoudh soundssimple but difficult to implementin the
laboratory for high rating machines (say above 20 kW), Thus the labormtory must
have prope suppl to deliver such a large powe correspondng to the rating of the
madine. Seondly, oneshould havdoads b asob this powe.

5.10 Hopkinson’s test

This as an elegant method of testingd.c machines. Here it will be shownthat while
powe drawn from the supply only correspondsto no load losss of the machines,the
armaure physicdly carries any amount of current (which can be controlled with
ease. Such a scenario can be created using two similar medanicdly coupled shunt
madines. Electrically these two madinesare eventually conrected in parallel and
controlled in suc a way thatonemachine acts as a generator and the othe as motor.
In othe words two similar madinesare required to carry out this testingwhich is not
a bad propasition for manugcturer as large numbes of similar machines are
manubctured.
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Procedure

Connect the two similar (same rating) coupled madinesas shownin figure 40.6.
With switch S opened, the fir st machineis run as a shuntmotor at rated speed. It may
be noted that the second madiine is opaating as a seaately excited generator
becauseits field winding is excited and it is driven by the first madine. Now the
guestion is what will be the reading of the voltmete connected across the opened
switch S? The reading may be (i) either closeto twice supgy voltage or (ii) small
voltage. In fact the voltmete practicall y reads the difference of the induced voltages
in the armature of the machines.The upper armaure temind of the generator may
have either + ve or negative polaity. If it hgppensto be +ve, thenvoltmete reading
will besmallothewiseit will bedmost dauble thesuppl voltage

Since the god is to connect the two meachinesin parallel, we must first ensure
voltmete reading is small. In case we find voltmeter reading is high, we shoub
switch off the suppl, reverse the armature connection of the generator and stat
afresh. Now voltmete is foundto read small although timeis still not ripe enoudh to
close S for pardl eling the madines. Any attempt to closethe switch may result into
large circulating current as the armaure resigances are small. Now by adjusting the

field current Itg of the generator the voltmete reading may be adjustd to zero (Eg =
Ep) and Sis nav cdosed.Both the madinesare now connected in paell el

Loading the machines
After the madinesare suaessfully connectedin paal e, we go for loadingthe madines
i.e., increasing the armature currents. Just after paral €ling the ammeter reading A will be

close to Bro as Eg = Ep. Now if Ifg is increased (by decreasing

Rfg), then By becomesgreater than Ep and bdh lag and lam increasg Thus ly
increasing field current of generator (alternatively decreasing field current of motor) one
can makekEg > Ep so & to nake the seond nmachine act asgenerator

and fir st madine as motor. In practice, it is also required to control the field current of
the motorfm to maintain spee consent at ated \alue. Theinteresting

pointto be notd heaeis tha lag and lam do not rélect in the suppt side Ine. Thus

current drawn from suppy remainssmall (correspondingto losses of both the madines).
Theloadingis austaine by the output poweof the generator running



the motor ad viceversa Themadinescan beloaded to full load arrent without he
need of any loading arrangement

o Calculation of efficiency
Let field curents of themadines beare so aljusted that the seond mahineis ading as

generator with armature current lag and the first madine is ating as
motor with amature current Iam asshown in figire 40.7. Also & us assumthe arrent

dravn from the suppl be I1. Totd powe drawn from suppy is VI1 which

goes to sipply al the loses (nanely Cu los®s in amatue & field and otaiond losses)
of bath the madines

Power drawn from supply = VI
Field Cu loss formotor = VI,
Field Cu loss for generator = Vg
Armature Cu loss formotor = I7,.
< n 2
Armature Cu loss for generator = I_7,,
: i ag i = 7 7 2 . Loy 1)
..Rotational losses of both the machines = VI, —(VI, +VI +1, 1, +I 1 |

Since speed of both the madinesare same, it is reasondle to assune the rotationd
losses of boththe madiines are equd; which is strictly not correct as the field current

of the generator will bea bit morethanthefield current of the motor, Thus Once Prot

is estimatel for each madine we can proceed to calculate the efficiency of the
madines a follows,

VI, — W+ VI, + Lt + 1T, )
Rotational loss of each machine. P, = = L S

)

Efficiency of the motor

o As pointed out earlier, for efficiency calculation of motor, first calculate the input
powea and then subtact the lossesto get the output medanicd power as shown
bdow,

Total power input to the motor = power input to its field + power input to its armature
Pim VI fin +VI G

Losses of the motor = V7, +1 2l kP

am” am

Net mechanical output power Poum = B, —(V1,,+1 2y +P.)
P,

Aol = oumm

E

inm




EFFICIENCY OF GENERATOR

Losses of the generator = 77 g1 2y +P

ag'ag rot
N

Input power to the generator. Pye = P, +(VI, +1,7,. + P, )
P

oufg

E

mg

g =

Advantages of Hopkinson's Test

The meiits of this test are...
1. This test requires vay small powe compaed tofull-load pover of the motor-
generator coupled gstem Tha is wly it is eonamical.

2. Tempeiature rise and commutation can be obsaved and maintaine in the limit
becausethis test $ doneunde full load ©nditon.

3. Changein iron loss dueto flux distortion can be taken into account dueto the
advantage of its full load @nditon

Disadvantages of Hopkinsoris Test

The demeiits of thistestare

1. It is difficult to find two identicd machines neded for Hopkinsors test.

2. Both mechinescannotbe loadeal equally al the tine.

3. It is not possble to get separate iron losses for the two madinesthoudh they are
different because of thear excitations.

4. It is difficult to opeate the machinesat rated speed because field currents vary
widely.

39.8 Baking of d.c shuntmotor: basic idea

It is often necessay in mary applicationsto st a runningmotor rather quickly. We
know thatany moving or rotaing object acquires kinetic energy. Therefore, how fast
we can bring the objed to rest will depend essentially upon how quickly we can
extract its kinetic energy and makearrangementto disgpate that energy somevhee
else. If you stop pedaling your bicycle, it will eventually cometo a stop eventually
after moving quite some distance. The initia kinetic energy storal, in this case
disgpates as hedt in the friction of the road. However, to make the stoppng faster,
brake is applied with the hdp of rubbe brake shoes on the rim of the whedls. Thus
storal K.E now gets two ways of getting disgpaed, one a the wheel-brake shoe
interface (where most of the energy is disspatal) and the other at the road-tier
interface. This s agood method no doubt, buegular maintenace of brake shoe dwe
to wear and tear is necessry.

If a motor is simply disconneted from supply it will eventually come to stop no
doubt, but will takelonger time particulady for large motors having high rotaiond
inertia. Because here the storal energy has to disdpate mainly through bearing
friction and wind friction. The situaion can be improved, by forcing the motor to
opeaate as a generator during braking. The idea can be understoodremembeiing that
in motor mode elecdromagnetic torque acts aong the direction of rotaion while in
generator thedectromagndic torqueacts in



the opposte direction of rotaion. Thusby forcing the madiine to operate as generator
duringthe br&ing peiod, atorqueopposie to thedirection ofrotation will beimposel
on the shdt, thereby helping the madine to come to stop quickly. During breking
action, theinitial K.E stared in the rotor is either disgpated in an extema resigance or

fed back to the suppl or both.

39.8.1 Rheosttic braking

Consde a d.c shuntmotor operating from a d.c supply with the switch S connestedto
postion 1 as shownin figure 39.23.Sis a single pole doublethrow switch and can be

connected either to postion 1 or to postion 2. Oneend of an extemd resigane Ry is
connected to podion 2 ofthe swtch Sas shown.
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Figure 39.23: Machine operates as Figure 39.24: Machine operates as
motor generator during braking

Let with Sin postion 1, motor runsat n rpm, drawing an armature current lg and the
back emf is Ep = ke n. Note the polaity of Ep which, as usud for motor modein
oppostion with the suppy voltage. Also noe Te and n hae saneclock wisedirection.
Now if Sis suddaly thrown to postion 2 at t = 0, the armaure gets disconnected from
the suppl and teminaed by Rp with field coil remainsenergized from the suppl.
Since speed of the rotor can not change instantareously, the back emf value Ep is still
maintain& with same polarity prevailing at t = 0.. Thusat t = O+, armaure current will
be la = Ep/(ra + Rp) and with reversal direction compaed to direction prevailing
duringmotor modeat t

=0.

Obviously for t > 0, the macdine is operating as generatar dissipating power to Ry and now the
eledromagnetic torque Te must ad in the opposite diredion to that of n since Ia has changed diredion

but ¢ has not (recall Te < ¢ la). As time pas®s after switching, n deaeases reducing K.E ard as a

consequence both Ep and |a deaease. In other words value of braking torque will be highestat t = 0+,
ard it deaeases pogressvely ard becoming zero whenthe madine finally come to a stop.

39.8.2 Rugging or dynamic braking

This methodof braking can be undestood by referring to figures 39.25 and 39.26.

Here Sis adoublepole doublethrow switch. For usua motoring mode,Sis connected
to postions1 and 1'. Acrossteminds 2 and 2', a seies combinaion of an extemd
resigane Rp and suppl voltage with polaity as indicated is connected. However,
during motor mode this pat of the circuit remans inadive. To initiate breking, the
switch is hirown to po#tion 2 and 2'at

Ry



t = 0, thereby disconneting the armaure from the left hand suppl. Here at t = O+, the

armaurecurrent will bela = (Ep + V)/(ra + Rp) as Ep and theright hand sypply voltage
have additive polaities by virtue
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Figure 39.25: Machine operates as Figure 39.26: Machine operates as
motor generator during braking (plugging).

of the conrection. Here also |5 reverses direction prodwcing Te in opposie direction to

n. la decreases as Ep decreases with time as speed decreases. However, | can not
become zero at any time dueto presence of suppl V. So unlike rheostatic braking,
subséntial magitude of braking torque prevails. Hence stoppng of the motor is
expectedto be muchfaster thenrheostatt breaking. But wha happens, if S continuous
to bein postion 1'and 2' even after zero speed has been attained?The answer is rather
simple, the madiine will stat picking up spesd in the reversedirection opeating as a
motor. So care shoull be taken to disconnet the right hand suppl, the moment
armaure speed becomeszero.

39.8.3 R@enerative braking

« A madine opeaating as motor may go into regenerative braking mode if its sped
becomessuficiently high so as to makeback emf greater thanthe supgy voltagei.e.,
Ep > V. Obviously unde this condition the direction of 15 will reverseimposingtorque
which is opposte to the direction of rotaion. The situaion is explained in figures
39.27and 39.28.The nommal motor opeaation is shownin figure 39.27 where armature
motoring current | is drawn from the supply and as usua Ep < V. Since Ep = ko n1.

The question is how speed on its own become large enough to make Ep < V causing
regenerative braking. Such a situaion may occur in practice when the mecanicd load
itsdf becomesactive. Imagine the d.c motor is coupledto the wheal of locomotive
which is moving along a plain track without any gradient as shownin figure 39.27.
Machine is runningas a motor at a speed of n1 rpm. However, when the track has a
downward gradient, @mponent of gravitationd force dong the tack aso
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appears which will try to accelerate the motor and may increase its speed to n2 suc

thatEp = ko n2 > V. In sud a senario, direction of 15 reverses, feeding power back to

suppl. Regenerative braking here will not stopthe motor butwill hdp to arrestrise of
dangaously high sped.



5.11 OLVED PROBLEMS

1. A 10KW,240V dc shunt motor draws a line current of 5.2 ampswhile running at no
load of 1200pm from a 240V dc suppy. It has an armature resiganc of 0.25o0hms
and field resigane of 160 ohms. Estimatethe efficiency of motor when it ddivers

rated loal.
GIVEN DATA:
Output powe = 10KW Supply Voltage V = 240V
No-Load aurrent =5.2A No- Load Speed N =120 rpm
Armatue resigance= 0.25 QField resistance =160 Q
TO HND:
Efficiency of the motor & rated loal.
SOLUTION:
No-load input powe=V x W)
= 240x5.2
=1248 W

This neload input poweto meet all kinds of neload losses is aratue copper
lossand @mnsant loss

Shunt fidd curent=— = —

=15A
No-load amature current = =52 1.5=8.7A
Now no4oad amature coppe loss = = x 0.25
=34W

Constnt loss = 12483.4 =1244.6W

Rated arrent (Load) | L = —— =41.667 A
Full Load Armatue Current lg=1 | =41.667 1.t
= 40.16A
Full Load Armatue Copper loss = Ra x 0.25
= 403.3W
Motor Output = -Totd Loss
= 10000 -(12446 +403.3)
=8352W
% Efficiency = — = x100
=83.52%

Ans:n=98.40%
ELECTRONICS ENGINEERING




‘ddine

. In a brake test the efficiency load on the branch pulley was 40Kg, the effective

diameer of the pulley 73.5 cm and speed 15 rps. The motor takes 60A at 230V.
Calculate theoutputpower and dficiency at this load.

A 480 V, 20kW, shuntmotor of rows 2.5A, when runningat with light load
.Taking the armature resistance to be 0.6€,field resistance to be 800 € and brush
drops &2V and find full load dficiency.

| Ans : 1= 94.83%

GLOSSARY

. Magnetic Circuit: Thecircuit which praduces themagetic field is knownas

magqetic circuit.

. Stacking Factor: It is the atio bdween the nécross setiond areas of thecore to

the aoss setion ocupied by the manetic mateial.

. MMF:MMF is thework donein moving a unit magnetic pole one aroundthe

magnetic circulit.

. Magnetic field intensity: It is the MMF pe unit length.

. Sdf Inductance Theem.f indueed in a ©il dueto change of flux in the same coll is

known & selfinductance

. Mutual Inductance When two mils ae kept closed togethe, dueto the changein

flux in one oil , an enf is indued in the anothercoil

. Coupling Codficient: Theratio of mutudindudance to the squae root d the

prodict of two séf inductances.

. Multiply excited magnetic field systan: If the elecdromechanicd devices have

more than one set of exciting systemit is called multiply excited mageic field
system.

. Electr omechanical energy conversion: It occursthroudh the meium of the

magnetic storel energy

10.Critical field resigance theresidgane of the field drcuit which will cause the shunt

generator just © build upits enf a a speifi ed field.

11. Geometric neutral axis (GNA): GNA is theaxis which is stuaed geometically or

physicdly in the mid way between adjacent main poles.

12.Magnetic neutr al axis (MNA):MNA is the axis which passes throgh thezero

crossingof the resultant magnetic field waveform in the air gap.

13. Conservativesysem:lt is ddined as thecombinaion ofthe idal coil magneic

circuit and energy is interchanged between themsdves.

14.Chorded coils Thecoil spa is less han full pitched windingby an angle 180

degree.

d as the, gtio of the180degree to the pole pitch.



16. Slot pitch: It is the disince beween the twocoil sides ofthe sane omnutator
segments

17.Pole pitch: It is theratio of thetotal no. of amaure coils to hetotal no of poles.
18. Distributed windings: Windings which are spread ove anumler of slots aroundthe
air gap peaiphery.

19.Back pitch: It is ddined as the distince between two sides othe sanecoil is
expressed in ten socoils sdes and denoted ly Yp.

20.DC Generator: DC Generator convats mechanical enagy into dectrical energy.

21.Commutator: The Commutator convets the #ernaingemf into unidirectiond or
direct emf

22.DC Motor: D.C motor convets dedrica energy into medanicd energy.
23.Torque: Torqueis nahing but urning or twisting force about he axis.

24.Yoke: Protecting cover for thewholemadine

25.Interpoles To improveCommutation

26.Brushes: Collect curent from the Commutator

27.Self Excited: Feld winding suppied from the amature itsdf.

28. Separately Excited: Field windingsuppled fromthe sparate suppy

29.EMF: Electro Motive force

30.Back emf: In dc motor as the armature rotaesinside magnetic flux an emf is induced

in the armaure condwctor. This emf acts opposte to applied voltage known as back
emf.



TWO MARKS QUESTION WIT H ANSWER

CHAPTER |
MAGNETIC CIRCUIT SAND MAGNETIC MATERIAL 1.
Mention the ypes ofelectrical machines.

There are three basic otaing madines ypes, ramely a.

Thedcmadines

b. the poy phase synchronous nachine @c), and

c. Poly and sihgle phae indudion madine @c)and astationay madine,

namely Transfamer
2. State Ohm’s law for magnetic circuit.

It states tha the magneto motive force across thanagetic dement is equal to the
product of themagnetic flux throudh the mgnetic dement and thaeluctance of the
magnetic mateial. It isgiven by

MMF = Hux X Reludarce
3. Ddfine leakage flux

Theflux seup in the @ paths abund the mgnetic mateial is known a

leakage flux.

4. Ddine magnetic rductane
Theopposiion offered by the maynetic circuit for the manetic flux pah is
known & manetic reluctance. It is analogous b dectric resigance.

5. Draw thetypica normd magnetization aurve of ferromagnetic mateial.

6. What is finging?

In theair gap the magnetic flux fringes outinto neghboring ar paths dwe to the
reluctance of air gap which causes anon unifom flux density in thear ggp of amadine.
This efect is @l ed fringing effect.

7. Satestadking factor.

The stadking factor is defned @ the &#tio of thenet cross settond area of a magetic
coreto thegrosscross setiond area of themagnetic core Due to laminaion ne cross
sectiond are will bedways less thargrosscross gctiond area. Thaefore the vdue of
staking factor is always less than unyt

8.Mention sone magetic mateials
Alnicos chromium gsteels, coppe—nickel alloy, nickel, cobdt, tungsten and duminium.

9. Wha is magnetodriction?
When ferromagnetic materials are subjected to magnetizing mmf, these may
undego snall changes in dimengon; this phenomenon is known as magnetogriction.

10.Define gatically induced emf.
The coil remains stationary with respect to flux, butthe flux throudh it changes with
time. The emf induced isknown as datically induced emf.

11. Definedynamically induced emf.
Flux dengty distribution remains condant and gationary butthe coil move relative to
it. The emf induced is known as dynamically inducd emf.

120
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12. State Fleming’s right hand rule.

Extend thethumb, fore and middle finger of the right hand  that they are mutudly
perpendicular to each ahe. If the thunb represents the direction of movement of
condudor andtheforefinger the direction of magnetic flux, then the middle finger
represents thedirection of emf

13.State Fleming’s Left hand rule.

Extend the thumb, fore and middle finger of theright hand  that they aremutudly
perpendicular to each aher. If the forefinger represents the direction of flux and themiddle
finger thedirection of current, then the middle finger represents the direction of movement of
condudor.

14. What are thelosses called as core |0ss?

Hysteresis loss and eldy current |oss.
15.Define coercivity.

It is the measure of mmf which, when applied to the magnetic circuit would reduce its
flux dendty to zero, i.e., it damagnetizes the magnetic circuit.

UNIT Il
TRANSFORMERS

1. Mentionthe difference between core and shdl type trangormers.
In coretype, thewindings surround hecore consderably and in shdl typethe core
surround hewinding.

2. What is the purpog of laminating the corein atransformers ? (April —98) To
reduce eddy current loss.

3. Give theemf equaion ofatrandormer and cefine each term (April —99) Emf
indued in primary coil E1 = 4.44 fb mN1 volt
Emf inducd in secondary coil E2 = 4.44f® mN2 volt

® misthe maximum valueof flux in thecore
N1, N2 are the number of primary and secondary turns.

4. Does thetrandormer draw any current when sconday is open ? Why ?

Yes,it (primary) will draw the current from the main supply in orde to magnetise the
core and to supply iron and coppe losses on no load . There will not be any current in the
seconday snce secondary is open.

5. Define voltage regulation of atransformer (April —98)

When atrandormer is loaded with a condant primary voltage , the seconday voltage decreases
for lagging power factor load, and increases for leading pf load because of its internal resistance
and leakage reactance . The change in secondary termind voltage from no load to full load
expressed as a percentage of no load or full load voltage is termed as regulation .

% regulationdown = (0V2-V2) x 1000V2
% regulationup = (0\2-V2) x 100V 2
6. Full load copper lossin atrangormer is 1600 wetts. What will bethe loss a hdf load ?



If x istheratio of actual load to full load then coppe loss = x2(full load copper
loss).HereWc = (0.5p x 1600 = 400 watts

7. Definedl day efficiency of atrangormer .
It is the computed on he basis of energy consumed during a certain peaiod , usidly aday of 24
hrs

nal day = outputin KWh /inputin kWh for 24 hrs.

8. Why trandormers are rated in kVA ? (May 03)

Coppe loss of atrandormer dependson airrent andiron loss on wltage . Hence total
losses depend an Volt- Ampere and nd on the power factor. That is why therating of
trandormers are in kVA and notin kW.

9. What are the typical uses of auto trandormer ?
()To gve small bood to a distribution cable to correct for the voltage drop.
(ii)As induction motor Sarters.
(iii)As furnece trandormers
(iv)As interconrecting trangormers
(V)In control equipment for snge phase and 3 phae eective locomotives.

10. Wha are the applicationsof sep-up and gep-down trandormers?

Step-up randformers are used in generating sations Normally the generated voltage will
beether 11 kV or 22 kV.This voltage is sepped upto 110 kVor 220 kV or 40 kV and
trangmitted through transmission lines. (In shortit may becalled as sending end). Sep-down
trandormers are used in receiving gations The voltage are again gepped down to 11 kVor 22
kV and trangmitted throudh feeders. (In shortit may be called as receiving end). Further these 11
kV or 22kV aresteppead down to 3 phae 400 V by means of adistributon rangormer and nede
available at consumer premises. The trandormers used a generating stationsand receiving
stationsare called power trangormers.

11. How transformers are classified according to their condruction?
Or
Mention the difference between “CORE” and “SHELL” type transformers. Or

Wha are thetwo types of cores used ? Compare them.
Trandormers are classified according to their condruction as,

(i)Coretype (ii)Shdl type (iii)Spirakore type.
Spirakoretypeis alatest trandormer andis used in big transformers. In “core” type, the
windings(primary and secondary)surround the core and in “shell” type, the core surround the
windings.

12. Explain onthemateria used for corecongruction. (Oct02)

Thecoreis condructed of trandormer sheet steel laminaionsassembled to provide a
continuousmagnetic path with aminimum of air gap induded. The steel used is of high dlicon
content sometimes heat-treated to produe a high pemeability and alow hysteresis loss at the
usud opeating flux dendties. The eddy current loss is minimized by laminating the core, the
laminaionsbeng insulated from each ather by light coa of core-plate vanish or by an oxide
layer on the surface .the thickness of laminaionsvaries from 0.35 mm for afrequency of 59 Hz
and 0.5 nm for afrequency of 25 Hz.

13. When will aBucholz relay opegatein atrangdormer?



Bucholz rdy is a protective device in atrandormer. If the temperature of the coill
exceedsitslimit, Bucholz relay opeaatesand gves an darm.

14. How does change in frequency affect the operation d agiven trandormer?
With achange in frequency, iron loss, coppe loss, regulation, efficiency and heting varies
and thereby the Operation of the trandormer is affected

15. Wha is the ange by which noload current will lag theidea applied woltage?

In an idedl trandormer, there are no coppe loss and no creloss,(i.e. loss free core).The
no load current is only magnetizing current. Thereforethe no-load current lags behind byan
angle of 90°. However the windings possess resistance and leakage reactance and therefore the
no-load current lags the applied voltage dightly less than 90°

16. List the advantages of Sepped core arrangement in atrangormer.
(i) To reduce the spece effectively.
(ii) To obtin reduced length of mean turn ofthe windings.
(iii)To reduce I2R loss

17. Why are breathers used in tranformers?

Breathers are used to entrap the atmospheric moisture and thereby notallowing it to pass
on o the transformer oil. Also to pemit the dil indgde the tank to expand and contract as its
temperatureincreases and decreases. Also to avoid dedging of oil i.e. decomposition of oll.
Addition of 8 pats of water in 1000@0 reduces the inaulationsquantity of oil. Normally silica
gel isfilled in the breather having pink colour. This colour will be changed to white due to
continuoususe, which is an indication ofbad dlicagel, it isnomally heated and reused.

18. What isthefundion of trandormer oil in atranormer?

Nowadays ingead of naural mineral oil, synthetic oils known as ASKRELS (trade name)
are used. They are nonnflammable; under an dectric arc do notdecompose to produe
inflammable gases. PY ROCOLOR oil possesses high dielectric srength. Hence it can be said
tha trandormer oil provides, (i) good nsaulationand (ii) cooling.

19. A 1100400 V, 50 Hz single phase trandormer has 100 urnson the secondary
winding. Cdculate the number of turnson its primary.

We knowtha V1 /V2=k= N2/ N1

Subdituting in ébove equaion 4001100 = 100N1 N1

=100/400 x 1100

=275 urns
20. Wha are thefundionsof no-load current in a tranformer?
No-load aurrent prodices flux and suppliesiron loss and wpper loss on neload.

21. How will you trander the quantities from onecircuit to ancther circuitin a
trandormer?

1.Seconday to primary 2.Primary to seconday

Symbol Value Symbol Value

V2 Vo/k VL kV1l

2kl2 1L 11 /k

R2 Ro/k2 R k2R1

X2 X2/k2 XL’ kX1

ZL ZL/k2

22. Can the voltage regulation of atrangormer go to negative? If 0 unde what

condition?
Yes. If theload hes leading power factor.

23. Distinguish heaween power trangormer and distributon ransormer.



Power trangormers have very high power ratings in the order of MVA. They are used in
generating and receiving stations Sophisticated controls are required. Voltage ranges will be
very high. Distributontrandormers are used in consumer sde. Voltage levelswill be
medium.Power ranging will besmall in order of kVA. Complcated controls are not needed.

24. What is the purpose of providing ‘taps’ in trandormer and where these are provided? In
order to attain the required voltage, ‘taps’ are provided. Normally it will be
provided a low voltage sdes

25. Ave themethodof redudngiron lossin a Trandormer (Oct—98)
Theiron losses are minimized by usng high-grade core material like slicon geel having
very low hysteresis loop and by manufacturing the core in the form of laminaions

26. State thecondition for maximum efficiency (Oct— 97)
Coppe losses = Iron lossess

UNIT L1
ELECTROMECHANICAL ENERGY CONVERSION AND CONCEPT IN
ROTATING MACHINES
28. Wha is an dectromechanical system?
The system in which the electromechanical energy conversion takes palace via the
medium of a magnetic or electric field is called dectromechanical system.

29. Describe multiply excited magnetic field system.

The specialy designed transducers have the special requirement of produéng an
electrical sgnd propationd to forces or velodties of produéng force proportond to
electrical sgnd. Such transducers requires two ormore excitation clled as multiply excited
magnetic field system.

30. Define co energy.
Co energy is an enegy used for alinear system computation keeping current as congant.
It will notbe applied to the non Inear systems.

31. How energy is sored?
Energy can begtored of retrieved from the magnetic system by means of an exciting coil
connected to an dectric source.

32. Write the equation for mechanical force.
33. Write the equation that governs doubly excited magnetic field.
34. Definefield energy.
Theenergy drawn by virtue of change in the distance moved by the rotor in
electrical machinesin field configuration is known as field energy.

35. Draw the graphical reation between field energy and menergy

36. Definetheterm pole pitch
The distance between the centres of two adjacent pdesidcalled pde pitch, ore pole
pitchiis equal to 180 eectrical degrees. It is dso ddined as the nunber of dots per pole.

37. Define pitch factor
It is defined as theratio of resultant emf when ooil is short pitch to the resultant emf when il is
full pitched. It is dways less than onePitch factor is always termed as coil span (Kc) factor

ke = cos 0/2 where o = angle of short pitch

38. Define theterm breadth factor



The breadth factor is dso called dstribution factor o winding factor. The factor by
which thereis aredudionin theemf dueto distribution of coil is called dstribution factor
denoted as Ka.

39. Write down the advantages of short pitched coil.

(i) Thelength required for the end connection of coilsislessi.e., inactive length of
windingisless. So less coppe is required. Hence econonical.

(ii) Short pitching eliminated high frequency harmonics which distort the snuidal
nature of emf. Hence waveform of an indueed anf is motre sSnusida dueto short pitching.

(@iii)  Ashigh frequency hamonics get eiminaed, eddy current and hysteresis losses
which depend on fequency aso get minimized. This increases the efficiency.

40. Wha is distributed winding?
Id ‘x’ conductors per phase are distributed anongst the 3 dots per phase available under
pole, thewindingis called distributed winding.

41. Explain the following terms with respect to ratating eectrical machines.

a) Pole pitch

b) Chordngange.

Pole pitch: The distance between the centres of two adjacent polesis called pde
pitch.One pole pitch is equd to 180 éectrical degrees. It is dso ddined as the nunber of dots
per pole.

Chordng ange: It is ddfined as that angle by which the coil pitch departs from 180
electrical degrees.
UNIT IV
DC GENERATOR

41. Wite theexpressionsfor the synchronousspeed.
The speed of rotating magnetic field is called synchronousspeed.
43. Write themmf equaion of dc machine
Thefundamental comporent of mmf wave is given by
Where 0 = electrical angle measured from the magnetic axis of the coil which coinddes with
the postive peak of the fundamenta wave.

44. Wha is meant by eectromagnetic torque?

When the stator ad rotor windings of the machine both carry currents, they produee their
own magndic fieldsalongther respective axes which sinusiddly distributed dongtheair-gaps
Torqueresults from the tendency of these two fieldsto dign themselves.

45, State thetorgue equation for round robr machine.
Where P= No. poke
D = Average diameter of air gap
I= Axia length if air gap
wo = Permeability of free pace=4 x 107 H/mg
= air gap length
F1 = Peak value of snusoidd mmf stator wawe F2
= pe& value of Snuidd mmf rotor wawe
A = Ange baween F1 and 2 called torqueange

46. Definerotating magnetic field.

When abdanced three phase winding with phese distributed in ace so tha the
relative space angeis 120is’fed with bdanced 3 plase current, resultant mmf rotates in air gap
at speed.

47. Wha is prime mover?
The basic source of mechanical power, which diives the armature of the generator, is



48. Give the materials used in machine manufacturing Three
materials are used in machine manufacturing. (i)steel —
to condict magnetic flux
(ii)coppea — to condud electric current
(iii)Insulation

49. How will you dhange thedirection of rotation of ad.c motor?
Either the direction ofthemain field or the direction of current throuch the
armature condwctorsisto be reserved.

50. Wha is back emf in d.c motors ?

Asthe motor armaturerotates , the system of condudor come across aternate North and
South pole magnetic fields causgng an anf inducd in thecondudors The direction of the emf
indued in thecondudors. Thedirection of the emf induced is in the direction opposte to the
current .As this emf dways oppogs the flow of current in motor opeation it is called back emf.

51. Unda whatcondition the mechanical power developed in a dc motor will be
maximum?
Condiion for mechanical power developed to be maximumis Eb
=Ual/2
orla=Ua/ 2Ra

52. Wha is the fundion of a no-voltage release coil provided in adc motor garter? Aslongas
the supply voltage is on healthy condition the current throudh the NVR il produce enouch
magnetic force of atraction and reain the Sarter handle in the ON postionagaing spring
force. When the supply voltage fails or becomes lower than aprescribed valuethe
electromagnet may not have enoudh force and the handle will come back to OFF postion due
to gring force automatically. Thusano-voltage or unde voltage protectionsgiven to the
motor.

53. Namethetwo types of automatic Sarters used for dcmotors
e Back emf type garter
Time dday type Sarter
54. Enunerate the factorsonwhich the speed of adc motor depends N =
1/Ce (Ua-laRm)/d
The speed of dc motor dependson tree factors
» Flux in thear gap
» Resistance of thearmature circuit
» Voltage applied to thearmature

55. List the different methods of speed control employed for dc series motor(APR’04,AU) Field
» diverter method
» Regrouping of field coild\s
» Tapped field control
» Armature resistance control
» Armature voltage control for sngle motor
» Series paalel control for multiple identical motors

57. Name the different methods of eectrical breaking of dc motors
(i) Dynamic breking
(ii) Regenerating breking
(iii) Counte current braking or plugging

58. Undea whatcircumstances does a dc shurt generator fail to buid up?

» Absence of residual flux.

» |nitial flux st up bythefield winding may bein opposte direction to
residud flux



Shuntfiled arcuit resistance may be higher than its critical field
Resistance
o Load drcuit resistance may beless than its critical load resistance.

UNIT V
DC MOTOR
59. To what polarity theinterpoles excited in dc motors?
For motor opeation the polarity of the interpoles mus bethat of the previousmain pole
alongthedirection of rotation.

60. Name any four gplications of DC series motor.
Electric traction
Mixies
Hoists
Drilling machines

61.WWhy DC mobrsare na opaated to develop meximum power in practice?
The current obtained will be much higher than the rated current. The effiency of
opaation will be bd ow 50%.

62.Name the sarters used for sries motors
Face plate type.
Drum type controller.

63. Name Different types of Sarters.
1. Three point starter
2. Four pont Sarter.

64. Name the Protective devicesin adarter. 1,
No volt release
2. Overload Rdease.
65. Draw torque characteristics of shunt motor.(NOV’03,AU
66. What are themodificationin ward Leonad linger system?
1. Smaller motor and generator st
2. Addition offlywheel whose fundion is to reduce fluctudionsin the power
demand from the supgdy circuit.

67. What type of DC mobrsare suitable for varioustorqueopeaations?
1. DC series motor
2. DC aumulatively compound notor
24. Define speed regulation.
% Speed regulation= NL speed- FL speed x 100 £
Speed
68. Wha are the performance curves?
Output Vstorque
Output Vs current
Output Vs speed
Output Vs efficiency

69. To wha polarity are the interpoles excited in dc generators?
The pdarity of the interpaes mug be that of the next main poke dongthe direction of
rotation in the case of generator.

70. Why are carbon bushes prderred for dcmachines?

The high contact resistance carbon brusheséip the current in the coil undegoing
commutationto atain its full valuein the reverse direction & the end of commutation. The
carbon bushes dso lubricate and gve less wear and tear on cmmmutator surface.

Istype s of commutation?
Linear commutation



®
e Sinusidd commutation

72. Name thetwo methodsof improving commutation.
(i) Emf commutation.
(if)Resistance commutation

73. What is reactance emf in dcmachine?
The saf-indued emf in the coil undergoing commutation which oppses the
reversal of current is known as reactance emf.

74. Definetheterm commutation in dc machines.
The changes tha take place in winding e ements during the period of short circuit by a
brus is called commutation.

75. How and why the compensating winding in dcmachine excited?
Asthe compensation required is proportiond to the armature current the
compensating winding is excited by the armature current.



DOWNLOADED FROM STUCOR APP

BS.EJEB Tech. DEGREE EXAMINATION, APRIL/MAY 2010.
Fourth Semester
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(Regulation 2008)
Time: Three hours Masamum: 200 Marks
Answer All Questions
PART A — (10 = 2 = 20 Marks)
I Define Torque.
2. How iz emnf induced dyrnamically?
3. Sive the prndpie of ransformers.
4_What are the condcitions for parafei operation of transformers”
S_in a linear system prove that field energy and co-=nergy ar= egusl.
£_Write an expression for the stored ensrgy in the magnetic field.
7. What are the Dasic magnetic ficld effects that resuit in the production of
mechanical forces”
. What are the assumptons mace to determins the distribution of coil mm?
S_What iz armature reaction?
0. What are the metnoas | LD Fvwewew . eeecube. blogspot.c

PART B — [5 = 16 = 20 Marks)

£3. (=) Dizcuzs in detadl the foliowing:
(i} 8-5 remtionznip

(i) Leakaze o

(i) Fringing

{iv] Stacking factor. {4 x 2 = 16)

Or

(5] {i) Derve an expression for energy density in the magnetic fiela (&)
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{ii) Explain in detail “Eddy — curmrent loss”. {5}

{iii) The total core loss of a specimen of silicon steel is found to be

1500 W at 50 Hz. Keeping the flux density constant the loss

becomes 3000 W when the frequency is raised to 75 Hz. Calculate
separately the hysteresis and eddy current loss at each of thers
frequencies. (5}

12. {3) (i) Draw the equivalent circuit of single phase transformer and draw
the necessary phasor diagram under load ({8}

{1) Resistive

{2) Inductive

{3) Capacitive.

{ii) Explain in detail the tests required to obtain the equivalent circuit
parameters of transformer. (8)

Or

{b) {i} Explain in detail the various types of three phase transformer
connection. {10}

{ii) Prove that amount of copper saved in auto transformer is (1 —K)
times that of ordinary transformer. (6)

13. {3} (i) Derive an expression for mechanical force in terms of field energy.
(s)

{ii) Discuss the flow of energy in electromechanical devices in detail. (8)
Or

(b} {i} Derive an expression for torque in case of 3 multiply excited
magnetic field system. (8}

{i1) Two coupled coils have self and mutual inductance of

xL21 211 +=; xL21 122 +.=: xl:{21 2132 ==

over a certain range of linear
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displacement x. The first coil is excited by a constant current of 20A

and the second by a constant current of —10A. Find:

(1) Mechanical work done if x changes from 0.5 to 1 m.

(2) Energy supplied by each electrical source in part (a).

(3) Change in field energy. (8)

14. (a) Explain in detail the basic concept of a synchronous generator with a
neat diagram and the necessary space wave form. (16)

Or

(b) (i) Discuss the basic concept of emf generation in a DC machine in
detail. (8)

(i) What is MMF space wave of a single coil and in a distributed
winding? (8)

15. (a) (i) Explain armature reaction and commutation in detail. (8)

(ii) Draw the

(1) OCC characteristics of DC generator and (4)

(2) External characteristics of DC generator. (4)

Or

{b) {i) Explain in detail the various methods of speed control in DC motor.
(8)

(i) What are the various starting methods of DC motor? Explain any

one method. (8)
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10.

Answer ALL questions
PART A — (10 x 2 = 20 Marks)
Give the analogy between electric circuit and magnetic circuit.
Distinguish between statically and dynamically induced electromotive force.

What are the no load losses in a two winding transformer and state the
reasons for such losses.

Mention the conditions to be satisfied for parallel operation of two winding
transformers.

Draw the power low diagram for motor and generator operation.

In a magnetic circuit with a small air gap, in which part the maximum energy
is stored and why?

Explain the concept of electrical degree. How is the electrical angle of the
voltage in a rotor conductor related to the mechanical angle of the machines
shaft?

Why does curving the pole faces in a D.C. machine contribute to a smoother
D.C. output voltage from it?

State the conditions under which a D.C. shunt generator fails to excite.

What is the precaution to be taken during starting of a D.C. series motor?
Why?
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11. @ @
(a1)

b)) @
(1)

12. @ O

(1)

PART B — (5 = 16 = 80 Marks)

Define inductance of a coil. (4)
For the magnetic circuit shown in Fig. 11.a (i1) determine the
current required to establish a flux density of 0.5 T in the air gap.
(12)
f— 10cm: ——}
Ly
— 1
)TV 1em |
L]
8cm
- T &
N=1000 2 em
— A
Iron core:
thickness =2 cm
u core = 5000 py
Fig. 11 (a) ()
Or
http:/ fwww eeecube.blogspot.com material and the factors on
which it depends. (4)

Explain the operation of a magnetic circuit when A.C. current is
applied to the coil wound on iron core. Draw the B-H curve and
obtain an expression for hysteresis loss. (12)

Define “Voltage Regulation” of a two winding transformer and
explain its significance. (4)

A 100 KVA, 6600 V/ 330 V, 50 Hz single phase transformer took
10 A and 436 W at 100 V in a short circuit test, the figures referring
to the high voltage side. Calculate the voltage to be applied to the
high voltage side on full load at power factor 0.8 lagging when the
secondary terminal voltage is 330 V. 12)

Or
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(b) () Explain the reasons for ‘tap changing’ in transformers. State on
which winding the taps are provided and why? {4

(1) A transformer has its maximum efficiency of 0.98 at 15 kVA at
unity power factor. During the day 1t is loaded as follows :

12 Hours 2kW at power factor of 0.5

6 Hours 12kW at power factor of 0.8

4 Hours 18 kW at power factor of 0.9

2 Hours No load

Find the ‘All Day Efficiency’? (12)

13. (@ @ Derive an expression for the magnetic energy stored in a singly
excited electromagnetic relay. (8)

(i1) The relay cshown in Fig. Q.13.a (1) 1= made from infinitely
permeable magnetic material with a movable plunger also of
infinitely permeable material. The height of the plunger i much
greater than the air gap length (h == g). Calculate the magnetic
energy stored as a function of plunger position (0 = x = d) for
N=1000 turns, g=2.0mm, d=0. 5m, =01 mand I=10 A (8

x d
plunger
I g h H—®
A
g
Coil of Core it — =
N Turns

Fig. Q. 13. (a) ()
Or
(b) Two windings one mounted on the stator and the other mounted

on a rotor have self and mutual indy-+ S A-F X
L22=25H and L12= 2.8 cos 4H, where http:{ fwww . eeecube.blogspot.com
axes of the windings. The resistances of the windings may be neglected.
Winding 2 is short circuited and the current in Winding 1 as a function of

time i 1; = 10sin wt A. Derive an expression for the numerical value of

the instantaneous torque on the rotor in N-m in terms of the angle & . (16)
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15.

(b)

(@)

(b)

(1)

@

()

@

(1)

@
(1)

(xi1)

Prove that a three phase set of currents, each of equal magnitude
and differing in space by 120° applied to a three phase
winding spaced 120 electrical degrees apart around the surface of
the machine will produce a rotating magnetic field of constant
magnitude. (10)

Or

A D.C. machine has P number of poles with curved pole faces
having ‘Z’ number of conductors around the rotor armature of
radius T’ and the flux per pole is given as, ¢ . The rotor rotates at a
speed of ‘n’ rpm. Obtain the induced em.f of the D.C. machine
assuming a number of parallel paths. (8)

A 12 pole D.C. generator has a simplex wave wound armature
containing 144 coils of 10 turns each. The resistance of each turn is
0.011Q. Its flux per pole 1s 0.05 Wh and it is running at a speed of
200 rpm. Obtain the induced armature voltage and the effective
armature resistance. (8)

Draw the load characteristics of D.C. shunt and compound
(cumulative and differential) generators and explain. (6)

In a 110 V, compound generator the resistances of the armature
shunt and ceries field windings are 0.06Q, 250 and 0040
respectively. The ; ted at 55 W,
110 V. Find the http:/fwww . eeecube.blogspot.com RS £

when the machine is connected long shunt and short shunt. (10)

Or
Give the reasons for using ‘starters’ to start D.C. motors. (3)
Draw the circuit of any one type of starter and explain its operation.
(3)

A series motor of resistance 10 between terminals runs at 800 rpm
at 200 V with a current of 15 A Find the speed at which it will run
when connected in series with a 5 resistance and taking the same
current at the same supply voltage. (8)
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B.E./B.Tech. DEGREE EXAMINATION, NOVEMBER/DECEMBER 2011.
Fourth Semester
Electrical and Electronics Engineering
EE 2251 — ELECTRICAL MACHINES —1I
(Regulation 2008)
Time : Three hours Masximum : 100 marks
Answer ALL questions.

PART A — {10 x 2 = 20 marlks)
1.. Define statically and dynamically induced EMF.
2. What is Hysteresis loss and how can this loss be minimized?
3. Why is transformer rated in KVA?
4. Compare two winding transformer and auto transformer.

5. What are the advantages of analyzing energy conversion devises by field
energy concept?

6. Draw the general block diagram of electromechanical energy conversion

device.
7. What is back EMF in a D.C. motor?
8. Define winding factor.
9. What is armature reaction in DC machines?

10. Ezxplain why Swinburne’s test cannot be performed on DC series motor.
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11.

12:

13.

14.

15.

(@)

(b)

(2)

(b)

(b)

(a)

()

(b)

PART B — (5 x 16 = 80 marks)

Compare electric and magnetic circuit by their similarities and
dissimilarities. (16)
Or

A ring composed of three sections. The cross section area is 0.001 m?
for each section. The mean arc lengthare . =03 m, L,=02m L =
0.1 m. an air gap length of 0.1 mm is cut in the ring. g for sections
a, b and c are 5000, 1000 and 10000 respectively. Flux in the air gap
is 7.5 x 10* Wb. Find (i) mmf (ii) exciting current if the coil has 100
turns (iti) reluctance of the sections.

(i Explain clearly the causes of voltage drop in a power
transformer on load and develop the equivalent circuit for a

single phase transformer.
(1) Derive an expression for saving of copper when an auto
transformer is used. (&)

Or

A 3-phase step down transformer is connected to 6.6 KV mains and
takes 10 Amps. Calculate the secondary line voltage and line current
for the (i) A/A (#) ¥ /¥ (iii) A/Y and (iv] ¥/A connections. The ratio of
turns per phase is 12 and neglect no load losses. (16)

Obtain an expression for the mechanical force of field origin in a
typical attracted armature relay.

Or
Find an expression for the magnetic force developed in a doubly
excited magnetic systems. (16)
Derive an expression for emf generated in
{if Synchronous machine (8)
(j D.C machine. (8)
Or

A 3¢, 50 Hz, star connected alternator with two layer winding is
running at 600 rpm. It has 12 turns/ coil, 4 slots/pole/phase and a
coil pitch of 10 slots. If the flux per pole is 0.035 Wb sinusoidally
distributed, Find the phase and line emf induced. Assume that the
total turns/phase are series connected.

Explain the different methods of excitation and characteristics of a
DC motors with suitable diagrams.
Or

Explain the Ward-Leonard system of controlling the speed of a DC
shunt motor with help of neat diagram.

(10)

(16)

(16)

(16)
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B.E/B.Tech. DEGREE EXAMINATION, APRIL/MAY 2008.

Third Semester
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Instrumentation and Control Engineering)
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Time : Three hours Maximum : 100 marks

Answer ALL questions.
PART A — {10 % 2 = 20 marks)

1. What is a self excited d.c. machine?

2. State the advantages of Swinburne's test.

3.  What is a step up transformer?

4 Draw the no load phasor diagram of single phase transformer.
5.  Define slip of an induction motor,

6.  List out four applications of single phase induction motor.

7. State any two applications of stepper motor.

8.  Define voltage regulation of alternator.

9. What is the need of a sub-station in the power system?

10. What are the different types of cables generally used for 3-phase service?
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11. (a)
(b}
12. (a)
(b)
13. (a)
(b)

(i}
(i1)

(i)

(it)

PART B — (5 x 16 = 80 marks)

Discuss how a d.c. generator builds up em.f. (8

A 4 pole generator with wave wound armature has 51 slots each
having 24 conductors. The flux per pole is 0.01 weber. At what
speed must the armature rotate to give an induced e.m.l. of 250 V.
What will he the valtage doveloped, if the winding is lap connected
and the armature rotates at the same speed? (8}

Or

Draw and explain the characteristics of D.C. shunt and series
motors. (8)

A 400 V d.c. shunt motor takes 5 A at no load. Its armature
resistance (including brushes) 13 0.5 © and shunt field resistance 1s
200 Q. Estimate the efficiency when the motor takes 50 A on full
load. (8)

Explain how the efficiency of a transformer may be found from the open

circuit and short cireuit tests,

(1)

()

(1)
(i)

Or

Describe the constructional features of any one type of single phase
transformer. (8)

A 600 kVA single phase transformer has an efficiency of 94 % both
at full load and half load at unity power factor. Determine the
efficiency at 75% of full load at 0.9 power factor. (8)

Explain the principle of operation of 3 phase induction motor.  (8)

Explain any one method of speed control technique adopted for
speed control of a 3 phase induction motor. (8)

Or

Write a brief note on :

(1)
(ii)

Shaded pole induction motor

Capacitor starts and Run induction motor. (8 +8)
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14, (a)

15. (al

(b}

Describe the method of determining the regulation of an alternator by
synchronous impedance method.

Or

Explain using a diagram the construction and working of reluctance
motor.

Explain the working of Nuclear power generation plant with schematic
arrangement.

Or
Explain in detail about different types of insulators.
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B.E./B.Tech. DEGREE EXAMINATION, MAY/JUNE 2007,
Third Semester
(Regulation 2004)
Electrical and Electronics Engineering
EE 1202 — ELECTRICAL MACHINES -1

(Common to B.E. (Part Time) Second Semester Regulation ~ 2005)

Time : Three hours Maximum : 100 marks

10.

Answer ALL questions.
PART A — (10 x 2 = 20 marks)

Why do all practical energy conversion devices make use of the magnetic field
as a coupling medium rather than an electric field?

State the necessary conditions for production of steady torque by the
interaction of stator and rotor fields in an electric machine.

The series field winding has low resistance while the shunt field winding has
high resistance. Why?

What are the arrangements to be done for satisfactory parallel operation of DC
series generators?

Draw the mechanical characteristies of all types of DC motors in the same
diagram.

How does 4-point starter differ from 3-point starter?

Under what value of power factor a Transformer gives zero voltage regulation?
Why is the Auto-Transformer not used as Distribution Transformer?

At what load does the efficiency is maximum in DC shunt machines?

Why is the short-circuit test on a Transformer performed on HV (High voltage)
side?
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PART B — (6 x 16 = 80 marks)

11. (a) (i) Explain why distributed field winding is employed in cylindrical
rotor synchronous machine. (6)

(i) With neat sketch, explain the multiple-excited magnetic field
systems in electromechanical energy conversion system. Also obtain
the expression for field energy in the system. (10}

OR

(b) (i) Explain clearly how a rotating magnetic field is setup around the
3-phase AC winding having 120° (electrical) phase displacement
each when 3-phase balanced supply is given to it. (8)

(ii) Obtain the torque equation for round rotor machine having
p number of poles. State the assumptions made. (8)

12. (a) (i) Briefly explain the load characteristics of different types of
compound generators. (8)

(ii) A 4-pole, lap connected DC machine has 540 armature conductors.
If the flux per pole is 0.03 Wb and runs at 1500 rpm, determine the
emf generated. If this machine is driven as a shunt generator with
the same field flux and speed, calculate the terminal voltage when
it supplies a load resistance of 402 . Given armature resistance as
20 and shunt field circuit resistance as 450Q. Also find the load
current. (8)

Or

() () Two separately excited dc generators are connected in parallel.
Discuss in detail how they share a load. (8)

(ii) The brushes of a 400 kW, 500 V, 6-pole DC generator are given a
lead of 12" electrical. Caleulate (1) the demagnetising ampere-furns,
(2) the cross-magnetizing ampere-turns and (3) series turns
required to balance the demagnetising component. The machine has
1000 conductors and the leakage co-efficient is 1.4. (8)

138. (a) (i) Derive from the first principle an expression for the torque
developed in a DC motor, (8)

(ii) A 220 V DC shunt motor takes 5 A on no-load and runs at 750 rpm.
The resistances of the armature and shunt field windings are 0.2 Q
and 110 Q respectively. Calculate the speed when motor is loaded
and taking a current of 50 A. Assume that armature reaction
weakens the field by 3%. (8)

Or
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(b)

14. (a)
(b}
15. {(a)
(b)

A 220 V, DC shunt motor with an armature resistance of 0.4 Q and a
field resistance of 110 € drives a load, the torque of which remains
constant. The motor draws from the supply, a line current of 32 A when
the speed is 450 rpm. If the speed is to be raised to 700 rpm what change
must be effected in the value of the shunt field circuit resistance? Assume
that the magnetization characteristic of the motor is a straight line. (16)

(i) A 100 kVA, 6.6 kV/415 V single-phase Transformer has an effective
impedance of (3+j8) Q referred to HV side. Estimate the full-load
voltage regulation at 0.8 pf lagging and 0.8 pf leading. (10)

(ii) Explain the need for parallel operation of single-phase
Transformers Give the conditions to be satisfied for their successful
operation. (6)

Or

(i)  The emf per turn of a single-phase, 6.6 kV, 440 V 50 Hz transformer
is approximately 12 V. Calculate number of turns in the HV and LV
windings and the net cross-sectional area of the core for a
maximum flux density of 1.5 T. (6)

(ii) Explain the Open Delta connection to carry out 3-phase operation
with the help of two transformers. State the disadvantage also. (10)

The Hopkinson’s test on two identical shunt machines gave the following
results. Line voltage 230 V, line current excluding field current is 50 A,
motor armature current is 380 A; generator and motor field currents are
5 A and 4.2 A respectively; armature resistance of each machine is
0.025 Q. Calculate the efficiency of each machine at this load condition.

(16)

Or
(i) Show that the maximum efficiency in a transformer occurs when its
variable loss is equal to constant loss. (6)

(ii) Find the all-day efficiency of a 500 kVA distribution Transformer
whose iron loss and full-load copper loss are 1.5 kW and 6 kW
respectively. In a day, it is loaded as follows. (10)

Duration (H)) Output (Ps)in kW Power factor (cos ¢, )

6 400 0.8
10 300 0.76
4 100 0.8
4 0 -
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