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UNIT - |
ELECTROMECHANICAL ENERGY CONVERSION



Principles of Electromechanical Energy
Conversion

* Why do we study this?

— Electromechanical energy conversion theory is the
cornerstone for the analysis of electromechanical motion
devices.

— The theory allows us to express the electromagnetic force
or torque in terms of the device variables such as the
currents and the displacement of the mechanical system.

— Since numerous types of electromechanical devices are
used in motion systems, it is desirable to establish methods
of analysis which may be applied to a variety of
electromechanical devices rather than just electric
machines.



e Plan

— Establish analytically the relationships which can be
used to express the electromagnetic force or torque.

— Develop a general set of formulas which are applicable
to all electromechanical systems with a single
mechanical input.

— Detailed analysis of:
- Elementary electromagnet
 Elementary single-phase reluctance machine
 Windings in relative motion



Lumped Parameters vs. Distributed Parameters

* |If the physical size of a device is small compared to
the wavelength associated with the signal
propagation, the device may be considered lumped
and a lumped (network) model employed.

y "~ A= wavelength (distance/cycle)
A=_ < v=velocity of wave propagation
f _ (distance/second) f = signal frequency (Hz)

 Consider the electrical portion of an audio system:
— 20 to 20,000 Hz is the audio range

5 — 186,000 miles/second
20,000 cycles/second

= 9.3 miles/cycle




Conservative Force Field

« A force field acting on an object is called
conservative if the work done in moving the object
from one point to another is independent of the path
joining the two points. N aa

F=FIi+F J+Ek

jF-dr IS independent of path ifand only if VxF=0o0r F=V¢
C

F-dr isan exact differential
Fax+F,dy+Fdz=dd where ¢(X,Y,2)

(%, )ZD u X2.Y2.27)
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Energy Balance Relationships

 Electromechanical System

— Comprises
« Electric system

« Mechanical system
« Means whereby the electric and mechanical systems can interact

— Interactions can take place through any and all
electromagnetic and electrostatic fields which are common
to both systems, and energy is transferred as a result of
this interaction.

— Both electrostatic and electromagnetic coupling fields

may exist simultaneously and the system may have any
number of electric and mechanical subsystems.




e Electromechanical System in Simplified Form:
Electric “ Coupling “ Mechanical
System Field System

— Neglect electromagnetic radiation

— Assume that the electric system operates at a
frequency sufficiently low so that the electric system
may be considered as a lumped-parameter system

- Energy Distribution We= W+ W + Wes Wy,
=W_,+W,_ +W,

— W¢ = total energy supplied by the electric source (+)
— W,, = total energy supplied by the mechanical source (+)



—WeL= heat loss associated with the electric system,
excluding the coupling field losses, which occurs due to:

* the resistance of the current-carrying conductors

* the energy dissipated in the form of heat owing to hysteresis, eddy
currents, and dielectric losses external to the coupling field

—We= energy transferred to the coupling field by the electric
system

—Wms= energy stored in the moving member and the
compliances of the mechanical system

—WmL= energy loss of the mechanical system in the form of
heat due to friction

—Wm = energy transferred to the coupling field by the
mechanical system



e W.=W;+ W; =total energy transferred to the
coupling field
— W; = energy stored in the coupling field

— Wy = energy dissipated in the form of heat due to losses
within the coupling field (eddy current, hysteresis, or
dielectric losses)

- W, + Wy = (We — W, — W,
» Conservation of Energy f+ We = (We [~ Wis )+

(WM _WmL o WmS)
Wf +WfL:We +Wm

lTW(, TW/ 2 Wt
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}4—~ Electric system —+— Coupling field ——>%<— Mechanical system —



— The loss of energy in either the electric or the
mechanical systems (W, and W)

— The energies stored in the electric or magnetic fields
which are not in common to both systems (W.s)

— The energies stored in the mechanical system (W)
* |If the losses of the coupling field are neglected,
then the field is conservative and W;=W,+ W/, .

 Consider two examples of
elementary electromechanical
systems
— Magnetic coupling field
— Electric field as a means of transferring energy



v = voltage of electric source

f = externally-applied mechanical
force

f, = electromagnetic or
electrostatic force

r = resistance of the current-
carrying conductor

[]=inductance of a linear
(conservative)
electromagnetic system
which does not couple
the mechanical system

M = mass of moveable member

K = spring constant

D = damping coefficient

X, = zero force orequilibrium
position of the mechanical
system (f, =0, f=0)

¢

Electromechanical System with Magnetic Field
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di voltage equation that describes the

o dt electric systems; e: s the voltage drop
due to the coupling field
f=M a'x n D%Jr K(x=X%, )—f Newton’s Law of Motion
dt” dt i
W — j'(vi)dt M Since power is the time rate of
- =

. energy transfer, this is the total
W,, = j(f Ydx = j|(f ax t energy supplied by the electric
\dt )

and mechanical sources
di A

vere e L W f{i ) pre fleip

dt — eL+ WeS +We
W, = j(vi)dt




f= Mdz—)2(+D%+ K(Xx =X, )T,
t dt -
Wy, = [(f)dx = j|(f %)dt ) "

WM:MIK(:X) Dj(dX) dt+K_[(x Xo X — _[(f Yix

N

W, s Wi Wm

B B : total energy transferred to
Wi =W + W, = [(eiipit= [ (i mmp e ing field
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e These equations may be readily extended to
include an electromechanical system with any
number of electrical and mechanical inputs and
any number of ¢

W Wi

——————— et

W., W2
———% H—_—-

|
V
|
1

| . .
Coupling fields :
I I
I I
) | I
W, | | Wk

|
—

« We will consider devices with only one mechanical
Input, but with possibly multiple electric inputs. In all
cases, however, the multiple electric inputs have a
common coupling field.



J K
Wi =D Wi+ W,
i1 =]
J I
D W, = IZ eqi dt
i1 -1
K K
Zka = __[ Z fadXy
k-1 kel

W = jiefjijdt—jfedx
j=1

J
=1

N

* Total energy supplied to
the coupling field from the
electric inputs

* Total energy supplied to
the coupling field from the
mechanical inputs

*\With one mechanical input
and multiple electric
Inputs, the energy
supplied to the coupling
field, in both integral and
differential form



Energy in Coupling Field

« We need to derive an expression for the energy stored
In the coupling field before we can solve for the
electromagnetic force f..

« We will neglect all losses associated with the electric
or magnetic coupling field, whereupon the field is
assumed to be conservative and the energy stored
therein is a function of the state of the electrical and
mechanical variables and not the manner in which the
variables reached that state.

 This assumption Is not as restrictive as it might first
appear.




— Nearly all of the energy stored in the coupling field is
stored in the air gap of the electromechanical device. Air is
a conservative medium and all of the energy stored therein
can be returned to the electric or mechanical systems.

- We will take advantage of the conservative field
assumption in developing a mathematical expression
for the field energy. We will fix mathematically the
position of the mechanical system associated with the
coupling field and then excite the electric system with
the displacement of the mechanical system held fixed.



e During the excitation of the electric inputs, dx = 0,
hence, W,, is zero even though electromagnetic
and electrostatic forces occur.

» Therefore, with the displacement held fixed, the
energy stored in the coupling field during the
excitation of the electric inputs is equal to the energy
supplied to the coupling field by the electric inputs.

* With dx = 0, the energy supplled from the electric

t
system is: W, :jzefjl jdt_j'fe%
j=1
W, = [Yegi
j=1



e For asingly excited electromagnetic system:

_d
e, =—
dt

W, = [(i)dh withdx=0

W, = [(i)dx

A

Area represents energy stored
in the field at the instant
when A =, and i = I

Graph

Stored energy and coenergy in
a magnetic field of a singly
excited electromagnetic
device

|
INN

W,

For a linear magnetic system:
Curve is a straight lineand

W, =W, = 1ai
2

W, = [(2)di
Area is called
coenergy

7\«i :WC+ Wf
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« The Zrelationship need not be linear, it need only be
single-valued, a property which is characteristic to a
conservative or lossless field.

* Also, since the coupling field is conservative, the
energy stored in the field with Z= Zand 1 = 1,1s
Independent of the excursion of the electrical and
mechanical variables before reaching this state.

« The displacement x defines completely the influence
of the mechanical system upon the coupling field;
however, since Zand i are related, only one is needed
In addition to x in order to describe the state of the
electromechanical system.



If 1 and x are selected as the independent variables, it
IS convenient to express the field energy and the flux

linkages as

A=xr(i,x)
i — ax(u_,x) dis ak(l,x)d
Ol OX
= 209 G with dx = 0
Ol Energy stored
Ml,x) (é, ) in the field of a
W, _j()dk J‘I di= fﬁ S singly excited

system



« The coenergy in terms of 1 and x may be evaluated as
W, (i,x)= [ (i, x)i = [ (& xpe

 For a linear electromagnetic system, the Zi plots are
straightline relationships. Thus, for the singly excited
magnetically linear system, r(i,x)=L(x)i, where
L(x) Is the inductance.
( ? : OA(1.X)
* Let’s evaluate W¢(1,X). d\= di withdx =0

Ol
da=L(x)di

W, (i X)= [, EL (< BE =2 L(x)i°



« The field energy Is a state function and the expression
describing the field energy in terms of the state
variables iIs valid regardless of the variations in the
system variables.

« W:expresses the field energy regardless of the
variations in L(x) and I. The fixing of the mechanical
system so as to obtain an expression for the field
energy Is a mathematical convenience and not a
restriction upon the result.

W, (i X)= [, EL (e = ZL(X)i”



e |n the case of a multiexcited electromagnetic system,
an expression for the field energy may be obtained
by evaluating the following relation with dx = O:

J -
=1

« Since the coupling field is considered conservative,
this expression may be evaluated independent of the
order in which the flux linkages or currents are
brought to their final values.

 Let’s consider a doubly excited electric system with
one mechanical input.
W (is, i, X)= [ [ 1Ry (i 15, X)+ 1,08, (iy, 15, X)] - withdx =0



* The result is:
N . oL (§0,x
Wi ('11'2’)():_"0&) 1(&2 )di"‘

2| - O (11,6, X) . Ok, (iy, &, X)
Jlo {'1 5?; -I-& ai ]d%

 The first integral results from the first step of the
evaluation with 1, as the variable of integration and
with 1, = 0 and di, = 0. The second integral comes
from the second step of the evaluation with i, equal to
Its final value (di; = 0) and i, as the variable of
Integration. The order of allowing the currents to
reach their final state is irrelevant.




e Let’s now evaluate the energy stored in a
magnetically linear electromechanical system with
two electrical inputs and one mechanical input.

Ay (ig,i5, %)=Ly (X)iy + Ly, (X)i,
Ay (iy,i5,X)= Ly (X)iy + Ly (X)i,
« The self-inductances L{;(x) and L,,(x) include the
leakage inductances.
« With the mechanical displacement held constant (dx
=00 da (i, %) = L (X)di, + L, (x)di,
di, (iy,i5, X)= Ly (X)diy + Ly, (x)di,



 Substitution into: a}\d (g

W, (i, %)= & T
i P, E, o ,(I,&, |
J‘Z{il 87\‘1&1’&.' X)+§)\ (é i X) d

0 o a
§ S

* Yields:

W, )= et ooz 15 07, oo

_ .. 1 -
2



* |t follows that the total field energy of a linear
electromagnetic system with J electric inputs may be
expressed as:

Wi (il’D s X) ZZLDQ Il

plql



Electromagnetic and Electrostatic Forces

o E lon: !
Energy Balance Equatio szjZefjijdt—ffedX
j=1

J

dW; = ) e dt—f,dx
le

f,dx =) ed dt—dw,
=1

 To obtain an expression for f,, it Is first necessary to
express W;and then take its total derivative. The total
differential of the field energy Is required here.




The force or torque in any electromechanical system
may be evaluated by employing: dW; =dW,+dW,,
We will derive the force equations for electro-
mechanical systems with one mechanical input and J
electrical inputs. )

For an electromagnetic system:  TedX= ;ijd%' —dW,
Select I;and x as Independent variables: \y, _yy. (i,x)

'aw('D 1 aw. (i B (D
de:ZJ:| f_[bx)dij + f(Ix)dx A=A "X)
=1 8|J GX
'ax.(ﬂi,x ] @xﬁ,x
dxj:il Jﬁi )din + Jax )dx
n=1 n




Elementary Electromagnet

» The system consists of:

— stationary core with a winding
of N turns

— block of magnetic material

IS free to slide relative to

the stationary member —N )

32



V=ri+d

—  voltage equation that describes the electric

system
A=N¢ ) flux linkages
=0 +0n . (the magnetizing flux is common to
¢, = leakage flux both stationary and rotating
¢ = magnetizing flux ) members)
0, = Nt A If the magnetic system is considered to be
R, . linear (saturation neglected), then, as iIn
_Ni the case of stationary coupled circuits, we
b = ﬂ ) can express the fluxes in terms of

reluctances.



UNIT — I
DC GENERATORS



Introduction

* \What are generators?

It is a machine that converts mechanical energy into
electrical energy.

35



Working Principle

® The energy conversion Is based on the principle of the
production of dynamically induced emf.

e \Whenever a conductor cuts magnetic flux, dynamically
induced emf 1s produced according to faraday’s law of
electromagnetic induction.

e This emf causes a current to flow iIf the conductor circuit 1s
closed.

® Hence two basic essential parts if an electrical generator are:

1. magnetic field

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



Simple loop generator

Consider a single turn loop ABCD
rotating clockwise in a uniform
magnetic

field with a constant speed as
shown in Fig. As the loop rotates,
the flux

linking the coil sides AB and CD
changes continuously. Hence the
e.m.f.

Induced in these coil sides also

changes but the e.m.f. induced in L 5
one coll side st ;
adds to that induced in the other. =" | /1 =« « !

| | S ([3 | £




Working of simple loop generator

(i) When the loop is in position no. 1 [See Fig. In above slide], the
generated e.m.f. Is zero because the coil sides (AB and CD) are
cutting no flux but are moving parallel to it

(i) When the loop is in position no. 2, the coil sides are moving at an
angle to the flux and, therefore, a low e.m.f. is generated as indicated
by point 2 in Fig. In above slide.

(il1)  When the loop is in position no. 3, the coil sides (AB and CD) are
at right angle to the flux and are, therefore, cutting the flux at a
maximum rate. Hence at this instant, the generated e.m.f. is maximum
as indicated by point 3 in Fig in above slide.

(iv) At position 4, the generated e.m.f. is less because the coil sides are
cutting the flux at an angle.

38



Types of generators

« Separately excited generators
 Self excited generators

(1) shunt wound

(2) series wound

(3) compound wound

39



Separately excited generators

® In separately excited generators
,the fill flux is derived from a
separately power source
Independent of the generator
itself .

e |ts field current is supplied by a
separately external dc voltage
source .

40



CHARATERISTIC OF A SEPARATELY
EXCITED DC GENERATOR

« For DC generator , the output quantities are
Its terminal voltage and line current . The
terminal voltage is Saturation

« Since the internal generated voltage E, Is A
Independent of 1,, the terminal characteristic
of the separately excited generator is a
straight line.

* When the load is supplied by the generator is
increased, I, (and therefore 1,) increase. As
the armature current increase, the IARA drop
Increase, so the terminal voltage of the
generator falls.

Open circult
characterislics

0l

=l

41



Characteristic of a separately
excited generators

® This terminal characteristic is not always entirely accurate. In
the generators without compensating windings, an increase in
|, causes an increase in the armature reaction, and armature
reaction causes flux weakening. This flux weakening causes a
decrease in E, = K®J w which further decreases the terminal
voltage of the generator.

Voltage

Load
saturation
curves

o Load current I, Amp
(I = 1,for separately excited)

42



Self excited generators

e Self excited generators are
those whose field magnets are
energised by the current
produced by the generators
themselves . Due to residual
magnetism there is always
present some flux in the poles .

When the armature is rotated
some emf and hence some
Induced current iIs produced
which is partly or fully passed
through the field coils thereby
strengthening the residual pole
flux .

Shunt
field

Armature Q

Voltage
regulator

self-excited generator

43



Shunt wound

DC generator that supplies its own field current by having

its field connected directly across the terminals of the
machine.

-
o SHUNT
A FIELD
Eg ~
»
-

Shunt Wound Generator
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Voltage Buildup in A Shunt
Generator

Assume the DC generator has no load connected to it and
that the prime mover starts to turn the shaft of the generator.
The voltage buildup in a DC generator depends on the
presence of a residual flux in the poles of the generator.

45



« This voltage, E, (a volt of two appears at terminal of
generators), and it causes a current I to flow in the field coils.
This field current produces a magnetomotive force in the
poles, which increases the flux in them.

« OTE,T, then V; increase and cause further increase I:-T,
which further increasing the flux ®T and so on.

« The final operating voltage is determined by intersection of
the field resistance line and saturation curve. This voltage
buildup process is depicted in the next slide



Conditions for build-up of a shunt
generator

There must be some residual magnetism in the generator poles.

For the given direction of rotation, the shunt field coils should
be correctly connected to the armature.

If excited on open circuit, its shunt field resistance should be
less than the critical resistance.

47



Series generator

* In aseries generator, the field flux is produced by connecting
the field circuit in series with the armature of the generator.

SERIES
FIELD

o
TO GENERATOR

LOAD ~*— asyTpUT

CIRCUIT
ARMATURE ’Q




Characteristics of series generator

e The magnetization curve of a series DC generator looks very
much like the magnetization curve of any other generator. At
no load, however, there is no field current, so V+ is reduced to
a very small level given by the residual flux in the machine.

e As the load increases, the field current rises, so E, rises
rapidly. The 1, (R, + Rg) drop goes up too, but at the first the
Increase in E, goes up more rapidly than the 1,(R, + Rg) drop
rises, so V- increases. After a while, the machine approaches
saturation, and E, becomes almost constant. At that point, the
resistive drop is the predominant effect, and V starts to fall.

49



Characteristics of series

generator

E,and Vy, V ]

—
|

” p | I (R,+ Ry) drop

o ,1_ "—13-11'
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Compound wound generator

e The compound generator prevents the terminal voltage of a dc
generator from decreasing with increasing load.

e A compound generator is similar to a shunt generator except
that it has additional field coils connected in series with the
armature.

e This series field coils are composed of a few turns of heavy
wire big enough to carry the armature current.

e The total resistance of the series colils Is therefore small.

51



e \When the generator runs at no load the current in the
series coll Is zero.

® The shunt coils however carry exciting current I, ;which
produces field flux, just as In a standard self excited
shunt generator.

e As the generator is loaded the terminal voltage tends to
drop but load current I, now flows through the series
field colls.

e The mmf developed by this coil act in the same direction
as the mmf of the shunt field.

e Consequently the field flux under load rise above its
original no load value which rise the value of EO if the
series coils are properly designed the terminal voltage
remains practically constant from no load to full load.



Emf equation of generator

Notations for equations

f = flux/pole in Wb

Z = total number of armature conductors

P = number of poles

A = number of parallel paths = 2 ... for wave winding
= P ... for lap winding

N = speed of armature in r.p.m

Eg = e.m.f of the generator = e.m.f /parallel path

53



Derivation of equation

Flux cut by one conductor in one revolution of the armature,
dd = P® webers

Time taken to complete one revolution,
dt = 60/N second

e.m.f generated/conductor =d®d/dt = pd®N/60 volts

Emf of generated,
E—cms PET parallel
=(emf/conductor)*no, of conductor in series per parallel path
=P®NZ/60A

therefore Eg= PONZ/60A

54



UNIT - I
DC MOTORS



The simplest DC machine

The simplest DC rotating
machine consists of a single loop
of wire rotating about a fixed
axis. The magnetic field is
supplied by the North and South
poles of the magnet.

Rotor is the rotating part;
Stator is the stationary part.

’ A
o
c
- +
|
€dc ( [ €ha

—+ -_—
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The simplest DC machine

We notice that the rotor lies in a slot curved N S
In a ferromagnetic stator core, which,
together with the rotor core, provides a
constant-width air gap between the rotor and
stator.

The reluctance of air is much larger than the
reluctance of core. Therefore, the magnetic
flux must take the shortest path through the
air gap.

1]

-

[T

L

As a consequence, the magnetic flux is perpendicular to the rotor surface
everywhere under the pole faces.

Since the air gap is uniform, the reluctance is constant everywhere under the pole
faces. Therefore, magnetic flux density is also constant everywhere under the pole
faces.



The simplest DC machine

If a rotor of a DC machine is rotated, a voltage will be induced...
The loop shown has sides ab and cd perpendicular to the figure plane, bc and

da are parallel to it.
The total voltage will be a sum of voltages induced on each segment of the

loop.

|
Cc | | 1 €ha
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The simplest DC machine

1) ab: In this segment, the velocity of the wire is tangential to the path of
rotation. Under the pole face, velocity v is perpendicular to the magnetic field B,
and the vector product v x B points into the page. Therefore, the voltage is

2) bc: In this segment, vector product v X B is perpendicular to I. Therefore, the
voltage is zero.

3) cd: In this segment, the velocity of the wire is tangential to the path of
rotation. Under the pole face, velocity v is perpendicular to the magnetic flux
density B, and the vector product v x B points out of the page. Therefore, the
voltage Is

4) da: In this segment, vector product v x B is perpendicular to I. Therefore, the
voltage Is zero.



The simplest DC machine

Assuming that the flux density B is constant everywhere in the air gap under the
pole faces, the total flux under each pole is

The voltage generated in any real machine depends on the following factors:

1. The flux inside the machine;
2. The rotation speed of the machine;
3. A constant representing the construction of the machine.



The simplest DC machine

Getting DC voltage out of a rotating
loop

A voltage out of the loop is alternatively a
constant positive value and a constant
negative value.

One possible way to convert an alternating
voltage to a constant voltage is by adding a

commutator segment/brush circuitry to the
end of the loop.Every time the voltage of
the loop switches direction, contacts switch
connection.




The simplest DC machine

segments

brushes —




Commutation in a simple 4-loop DC

machine
At a certain time instance, when @t @ oW O @ @ W
=09, the 1, 2, 3’, and 4’ ends of the W
loops are under the north pole face 3o laz|[ 0 Plzel (B k2| P2
and the 1’, 2°, 3, and 4 ends of the S N S N
loops are under the south pole face. Pole |

The voltage in each of 1, 2, 3’, and W
4’ ends is given by

Commutator — a b c d a b c

segments
Brushes -~ | | | |

The voltage in each of 1°, 2’, 3, and 4 ends is

(5.16.2)

If the induced voltage on any side of a loop is (5.16.1), the total voltage at the
brushes of the DC machine is

(5.16.3)



Commutation in a simple 4-loop DC
machine

We notice that there are two parallel paths for current through the
machine! The existence of two or more parallel paths for rotor current is
a common feature of all commutation schemes.

Back side of
coil 1

Back side of /-1-
coil 4




Commutation in a simple 4-loop DC
machine

If the machine keeps rotating, at wt = 459, loops 1 and 3 have rotated into the gap
between poles, so the voltage across each of them is zero. At the same time, the
brushes short out the commutator segments ab and cd.

This is ok since
the voltage across
loops 1 and 3 is
zero and only
loops 2 and 4 are
under the pole
faces. Therefore,
the total terminal
voltage is

(5.18.1)



Commutation in a simple 4-loop DC
machine

At ot = 900, the loop ends 1’, 2, 3, and 4’ are under
the north pole face, and the loop ends 1, 2’, 3’, and
4 are under the south pole face. The voltages are
built up out of page for the ends under the north
pole face and into the page for the ends under the
south pole face. Four voltage-carrying ends in each
parallel path through the machine lead to the
terminal voltage of

(5.16.3)

We notice that the voltages in loops 1 and 3 have
reversed compared to wt = 0°. However, the loops’
connections have also reversed, making the total
voltage being of the same polarity.




Commutation in a simple 4-loop DC
machine

When the voltage reverses in a loop, the connections of the loop are also switched
to keep the polarity of the terminal voltage the same.

The terminal voltage of this 4-loop DC E (volts)
machine is still not constant over time, [
although it is a better approximation to a de

constant DC level than what is produced
by a single rotating loop. 3
2e -

Increasing the number of loops on the
rotor, we improve our approximation to
perfect DC voltage. L |

el

Commutator segments are usually made out of copper bars and the brushes are

made of a mixture containing graphite to minimize friction between segments and
brushes.

wf
0° 45° 90° 135° 180°  225° 270° 315°  360°



Example of a commutator...




Problems with commutation in real
DC machines

1. Armature reaction

If the magnetic field windings of a DC machine are connected to the power
source and the rotor is turned by an external means, a voltage will be
Induced in the conductors of the rotor. This voltage is rectified and can be
supplied to external loads. However, if a load is connected, a current will
flow through the armature winding. This current produces its own magnetic
field that distorts the original magnetic field from the machine’s poles. This
distortion of the machine’s flux as the load increases is called armature
reaction and can cause two problems:

1) neutral-plane shift: The magnetic neutral plane is the plane within the
machine where the velocity of the rotor wires is exactly parallel to the
magnetic flux lines, so that the induced voltage in the conductors in the

plane is exactly zero.



Problems with commutation in real

Magnetic neutral plane

DC machines

A two-pole DC machine: initially, the pole flux is
uniformly distributed and the magnetic neutral plane is
vertical.

The effect of the air gap on the pole flux.

When the load is connected, a current — flowing
through the rotor — will generate a magnetic field from
the rotor windings.



Problems with commutation in real
DC machines

This rotor magnetic field will affect the original
magnetic field from the poles. In some places
Pole field under the poles, both fields will sum together, in
S other places, they will subtract from each other

Arm;“tture
field

Therefore, the net magnetic field will not be
uniform and the neutral plane will be shifted.

In general, the neutral plane shifts in the direction
of motion for a generator and opposite to the
direction of motion for a motor. The amount of the
shift depends on the load of the machine.




Problems with commutation in real
DC machines

The commutator must short out the commutator segments right at the
moment when the voltage across them is zero. The neutral-plane shift may
cause the brushes short out commutator segments with a non-zero voltage
across them. This leads to arcing and sparkling at the brushes!

L AW -
gasma zuuinyd
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Problems with commutation in real
DC machines

2) Flux weakening.

Most machines operate at flux densities
near the saturation point.

At the locations on the pole surfaces
where the rotor mmf adds to the pole
mmf, only a small increase in flux occurs
(due to saturation).

However, at the locations on the pole
surfaces where the rotor mmf subtracts
from the pole mmf, there is a large
decrease in flux.

Therefore, the total average flux under
the entire pole face decreases.

¢ (Wb)
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Ady
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lT F (A-turns)

Pole mmf \

— armature  Pole mmf  Pole mmf + armature mmf
mmf

A¢; = flux increase under reinforced sections of poles

Ad, = flux decrease under subtracting sections of poles



Problems with commutation in real
DC machines

Stator

In generators, flux weakening
reduces the voltage supplied by a
generator.

Field
windings

In motors, flux weakening leads to
Increase of the motor speed.

— Motion of generator

F(Atums)p . 7 Motion of motor Increase of speed may increase

- - the load, which, in turns, results in
_ \ ,. more flux weakening. Some shunt

:\R \ / DC motors may reach runaway
[ magnetomorive force conditions this way...

WA;?‘[:;)? — "’\l:—-/——b:;: Saturation at pole tips
B T~ $(Wh)
N | Jf Observe a considerable decrease in
) N the region where two mmfs are
N it \j subtracted and a saturation...




Problems with commutation in real

DC machines

2. L di/dt voltages

This problem occurs in
commutator segments being
shorten by brushes and is called
sometimes an inductive kick.

Assuming that the current in the
brush is 400 A, the current in
each path is 200 A. When a
commutator segment is shorted
out, the current flow through that
segment must reverse.

Assuming that the machine is
running at 800 rpm and has 50
commutator segments, each
segment moves under the brush
and clears it again in 0.0015 s.

1 400 A

Direction of
commutator motion

-
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200 A 200 A 200 A

Direction of
commutator motion

——

I4UOA

[

d

I l
o b b
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Solutions to the problems with
commutation

1. Commutating poles or interpoles

To avoid sparkling at the brushes while the machine’s load changes, instead of
adjusting the brushes’ position, it is possible to introduce small poles (commutating
poles or interpoles) between the main ones to make the voltage in the commutating
wires to be zero. Such poles are located directly over the conductors being
commutated and provide the flux that can exactly cancel the voltage in the coill
undergoing commutation. Interpoles do not change the operation of the machine
since they are so small that only affect few
conductors being commutated. Flux
weakening is unaffected.

Interpole windings are connected in series
with the rotor windings. As the load increases
and the rotor current increases, the magnitude
of neutral-plane shift and the size of Ldi/dt
effects increase too increasing the voltage in
the conductors undergoing commutation.




Solutions to the problems with
commutation

However, the interpole flux increases too producing a larger voltage in the
conductors that opposes the voltage due to neutral-plane shift. Therefore,
both voltages cancel each other over a wide range of loads. This approach
works for both DC motors and generators.

The interpoles must be of the same polarity as the next upcoming main
pole in a generator,

The interpoles must be of the same polarity as the previous main pole in a
motor.

The use of interpoles is very common because they correct the sparkling
problems of DC machines at a low cost. However, since interpoles do
nothing with the flux distribution under the pole faces, flux-weakening
problem is still present.



Solutions to the problems with
commutation

2. Compensating windings

The flux weakening problem can be very severe for large DC motors.
Therefore, compensating windings can be placed in slots carved in the
faces of the poles parallel to the rotor conductors. These windings are
connected in series with the rotor windings, so when the load changes in
the rotor, the current in the compensating winding changes too...



Solutions to the problems with
commutation

Rotor (armature) flux — — - Flux from compensating windings

Rotor
Pole and
flux . comp.

fluxes

Neutral plane not shifted
— with load

O
R O
® Js
Sum of these three fluxes equals to the @
original pole flux.
&L O
O



Solutions to the problems with
commutation

The mmf due to the compensating
windings is equal and opposite to
the mmf of the rotor. These two
mmfs cancel each other, such that
the flux in the machine is
unchanged.

The main disadvantage of
compensating windings is that
they are expensive since they
must be machined into the
faces of the poles. Also, any
motor with compensative
windings must have interpoles
to cancel L di/dt effects.
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Solutions to the problems with
commutation

A stator of a
six-pole DC
machine with
interpoles and
compensating
windings.

pole

interpole




The losses in DC machines

2. Brush (drop) losses — the power lost across the contact potential at the
brushes of the machine.

Where |, is the armature current and Vg is the brush voltage drop. The voltage
drop across the set of brushes is approximately constant over a large range of
armature currents and it is usually assumed to be about 2 V.

Other losses are exactly the same as in AC machines...



The losses in DC machines

3. Core losses — hysteresis losses and eddy current losses. They vary as B2
(square of flux density) and as n'-> (speed of rotation of the magnetic field).

4. Mechanical losses - losses associated with mechanical effects: friction
(friction of the bearings) and windage (friction between the moving parts of the
machine and the air inside the casing). These losses vary as the cube of rotation
speed n3,

5. Stray (Miscellaneous) losses — losses that cannot be classified in any of the
previous categories. They are usually due to inaccuracies in modeling. For many
machines, stray losses are assumed as 1% of full load.



The power-flow diagram

On of the most convenient technique to account for power losses in a
machine is the power-flow diagram.

Fora DC : \
motor: :
:
|
|

I
| U /
I
: Stray
Mechanical

losses
lCore losses
.
12 R losses 0sses

P

out - Tapp wm

Electrical power is input to the machine, and the electrical and brush losses must be
subtracted. The remaining power is ideally converted from electrical to mechanical

form at the point labeled as P, .



Equivalent circuit of a DC motor

R Vbrush R A

The armature circuit (the entire ad, Fi L AAA
rotor structure) is represented by W: ’ |

an ideal voltage source E, and a Rp

resistor R,. A battery V¢, In the

opposite to a current flow in the

machine direction indicates brush

voltage drop. Fy

The field coils producing the
magnetic flux are represented by Vbrush R,
inductor L- and resistor R. The 5 1 A

resistor R, represents an

external variable resistor Rp/g/
(sometimes lumped together with

the field coil resistance) used to E,

control the amount of current in Lg
the field circuit.




Magnetization curve of a DC machine

The internal generated voltage E, is directly proportional to the flux in the machine
and the speed of its rotation.
The field current in a DC machine produces a field mmf < = NI, which produces
a flux in the machine according to the magnetization curve.
$(Wb) _ Exl = Kool
or in terms
of internal
voltage vs.
field
current for 0=,
a glven n=n, (constant)

speed. §
F(A-turns) I [: “R“g]

To get the maximum possible power per weight out of the machine, most motors
and generators are operating near the saturation point on the magnetization curve.
Therefore, when operating at full load, often a large increase in current I may be
needed for small increases in the generated voltage E,.



Motor types: Separately excited and
Shunt DC motors

Ry I I R, a Iy
AMN—+ AW — T os
Sometimes L 4 IFI X
!g;ﬁg— and togetier and o
called R called Ry R
E, Vr E, ) Vr
L
".F=;—i ©- 0 —
Vp= Eq + LR, Ip= Z_T
F
Ip=1y Vp=Ey+ R,
I =1 +1Ip
S el ted DC motor- Shunt DC motor:
(?.pﬁjra.e y.te.XC' © ied ]Eno or- a field circuit gets its power from the
a field circurtis suppflied from a armature terminals of the motor.
separate constant voltage power

source.

(5.45.1)



Shunt motor: terminal characteristic

A terminal characteristic of a machine is a plot of the machine’s output
guantities vs. each other.

For a motor, the output quantities are shaft torque and speed. Therefore, the
terminal characteristic of a motor is its output torque vs. speed.

If the load on the shaft increases, the load torque 7,4 will exceed the induced
torque 7,4, and the motor will slow down. Slowing down the motor will decrease
its internal generated voltage (since E, = Kgw), so the armature current
increases (I, = (V1 — EA)/R,). As the armature current increases, the induced
torque in the motor increases (since 7,4 = Kdl,), and the induced torque will
equal the load torque at a lower speed w.




Shunt motor: terminal characteristic

Assuming that the terminal voltage and other terms are constant, the motor’s
speed vary linearly with torque.

Wy

\ \\ With AR

Tind

Tind

However, if a motor has an armature reaction, flux-weakening reduces the flux
when torque increases. Therefore, the motor’s speed will increase. If a shunt (or
separately excited) motor has compensating windings, and the motor’s speed
and armature current are known for any value of load, it's possible to calculate

the speed for any other value of load.



Shunt motor: Nonlinear analysis

The flux ¢ and, therefore the internal generated voltage E, of a DC machine are
nonlinear functions of its mmf and must be determined based on the magnetization
curve. Two main contributors to the mmf are its field current and the armature
reaction (if present).

Since the magnetization curve is a plot of the generated voltage vs. field current,
the effect of changing the field current can be determined directly from the
magnetization curve.

If a machine has armature reaction, its flux will reduce with increase in load. The
total mmf in this case will be

It is customary to define an equivalent field current that would produce the same
output voltage as the net (total) mmf in the machine:



Shunt motor: Speed control

There are two methods to control the speed of a shunt DC motor:

1)
2)
3)
4)
5)

6)
7)

8)
9)

1. Adjusting the field resistance Rg (and thus the field flux)
2. Adjusting the terminal voltage applied to the armature

1. Adjusting the field resistance

Increasing field resistance R decreases the field current (I = V{/Rp);
Decreasing field current |- decreases the flux ¢;

Decreasing flux decreases the internal generated voltage (E, = K¢w);
Decreasing E, increases the armature current (I, = (V1 — EA)/R,);

Changes in armature current dominate over changes in flux; therefore,
increasing |, increases the induced torque (7,4 = Kdl,);

Increased induced torque is now larger than the load torque 7,4 and, therefore,
the speed w increases;

Increasing speed increases the internal generated voltage E,;

Increasing E, decreases the armature current |,...

Decreasing |, decreases the induced torque until 7,4 = 7,4 at & higher speed w.



Shunt motor: Speed control

The effect of increasing the field
resistance within a normal load
range: from no load to full load.

Increase in the field resistance
increases the motor speed. Observe
also that the slope of the speed-torque
curve becomes steeper when field
resistance increases.

Rpy > Rp

Tind



Shunt motor: Speed control

m

The effect of increasing the field
resistance with over an entire load
range: from no-load to stall.

At very slow speeds (overloaded
motor), an increase in the field
resistance decreases the speed. In this
region, the increase in armature current
IS no longer large enough to
compensate for the decrease in flux.

TrL Tind

Some small DC motors used in control circuits may operate at speeds close to stall
conditions. For such motors, an increase in field resistance may have no effect (or

opposite to the expected effect) on the motor speed. The result of speed control by
field resistance is not predictable and, thus, this type of control is not very common.



Shunt motor: Speed control

2. Changing the armature voltage

This method implies changing the voltage applied to the armature of the
motor without changing the voltage applied to its field. Therefore, the
motor must be separately excited to use armature voltage control.

'\;:f\, ,ﬁ Variable _i
o— voltage —o- —0 +
Armature * \ controller 1 I \
voltage speed /§/RF
control
E, Va4 Vy
Lr

Vis constant
V, is variable



1)

2)
3)

4)
S)
6)

Increasing the armature voltage of a

Shunt motor: Speed control

Increasing the armature voltage V, increases the armature current (I, = (V, -
EA/RL);

Increasing armature current |, increases the induced torque 7,4 (5,4 = Kdl);
Increased induced torque 7,4 iS now larger than the load torque 7,4 and,
therefore, the speed w;

Increasing speed increases the internal generated voltage (E, = K¢w);
Increasing E, decreases the armature current |,...

Decreasing |, decreases the induced torque until 7,4 = 7,4 at & higher speed w.

wm

Var > Vay

separately excited DC motor does not Va2
change the slope of its torque-speed
characteristic. »

Al

Tind



Shunt motor: Speed control

If a motor is operated at its rated terminal voltage, power, and field current, it will be
running at the rated speed also called a base speed.

Field resistance control can be used for speeds above the base speed but not
below it. Trying to achieve speeds slower than the base speed by the field circuit
control, requires large field currents that may damage the field winding.

Since the armature voltage is limited to its rated value, no speeds exceeding the
base speed can be achieved safely while using the armature voltage control.

Therefore, armature voltage control can be used to achieve speeds below the base
speed, while the field resistance control can be used to achieve speeds above the
base speed.

Shunt and separately excited DC motors have excellent speed control
characteristic.



Shunt motor: Speed control

Maximum Maximum
'LCII'qllE T:]T'.a:l; pﬂ“'.er PI‘I]H"«.
|
T nax CONStanNt T 1y CONStaNt so

P constant

nmax

Poax = T

constant max @

P max

mMax
I -
V, control field control

field control
V), control

— — — — — = = = = =

n

n
n m
M hase M hase

Torque and power limits as functions of motor speed for a shunt (or separately
excited) DC motor.



Shunt motor: The effect of an open
field circuit

If the field circuit is left open on a shunt motor, its field resistance will be
Infinite. Infinite field resistance will cause a drastic flux drop and, therefore,
a drastic drop in the generated voltage. The armature current will be
Increased enormously increasing the motor speed.

A similar effect can be caused by armature reaction. If the armature
reaction is severe enough, an increase in load can weaken the flux
causing increasing the motor speed. An increasing motor speed increases
its load, which increases the armature reaction weakening the flux again.
This process continues until the motor overspeeds. This condition is called
runaway.



Motor types: The permanent-magnet DC
motor

A permanent magnet DC (PMDC) motor is a motor whose poles are
made out of permanent magnets.

Advantages:
1. Since no external field circuit is needed, there are no field circuit copper
losses;
2. Since no field windings are needed, these motors can be considerable
smaller. '

Disadvantages:

1. Since permanent magnets produces weaker flux
densities then externally supported shunt fields,
such motors have lower induced torque.

2. There is always a risk of demagnetization from
extensive heating or from armature reaction
effects (via armature mmf).




Motor types: The permanent-
magnet DC motor

Normally (for cores), a ferromagnetic
material is selected with small residual
flux B, and small coercive

magnetizing intensity H.

B (or¢)

Residual flux

density B \7

Coercive
Magnetizing
intensity H .

-

H (or &)

However, a maximally large residual
flux B, and large coercive
magnetizing intensity H. are desirable
for permanent magnets forming the
poles of PMDC motors...

H. (%)
H (or )




Motor types: The permanent-
magnet DC motor

A comparison of magnetization
curves of newly developed
permanent magnets with that of a
conventional ferromagnetic alloy
(Alnico 5) shows that magnets made
of such materials can produce the
same residual flux as the best
ferromagnetic cores.

Design of permanent-magnet DC
motors is quite similar to the design
of shunt motors, except that the flux
of a PMDC motor is fixed.
Therefore, the only method of speed
control available for PMDC motors
IS armature voltage control.
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Motor types: The series DC motor

A series DC motor is a DC motor whose field windings consists of a
relatively few turns connected in series with armature circuit.

o_
Iy =Ig =1

VT=EA +1A(RA +Rs)



Series motor: terminal characteristic

@y,

One serious disadvantage of
a series motor is that its
speed goes to infinity for a
zero torque.

In practice, however, torque
never goes to zero because
of the mechanical, core, and
stray losses. Still, if no other
loads are attached, the
motor will be running fast
enough to cause damage.

Wy

T

start

Tind

Steps must be taken to ensure that a series motor always has a load! Therefore,
it is not a good idea to connect such motors to loads by a belt or other mechanism

that could break.



Series motor: Speed control

The only way to control speed of a series DC motor Is by
changing its terminal voltage, since the motor speed is

directly proportional to its terminal voltage for any given
torque.



Motor types: Compounded DC motor

A compounded DC motor is a motor with both a shunt and a series field.

s Ry Rg Ls I

Current flowing into a dotted AMA—— A —
end of a coil (shunt or |
series) produces a positive e

mmt. ;. Long-shunt

. connection
If current flows into the

dotted ends of both coils, the

O +

e Cumulatively
compounded

® Differentially

resulting mmfs add to o compounded

produce a larger total mmf — BRI R . Ls

cumulative compounding. MWN—— ] MWN—""" o+
R.. F Iy

If current flows into the dotted end of “

one coil and out of the dotted end of v Rr Short-shunt v,

another coil, the resulting mmfs ! . connection

subtract — differential compounding. L

O —




Cumulatively compounded motors:
torque-speed characteristic

In a cumulatively compounded motor, there is a constant component of flux and a
component proportional to the armature current (and thus to the load). These motors
have a higher starting torque than shunt motors (whose flux is constant) but lower
than series motors (whose flux is proportional to the armature current).

The series field has a small effect at light loads — the motor behaves as a shunt
motor. The series flux becomes quite large at large loads — the motor acts like a
series motor.

Similar (to the previously discussed)
Cumulatively approach is used for nonlinear analysis of
compounded compounded motors.

n

(é;lmin)

. m
Series

_______________ Shunt

Cumulatively
compounded
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Differentially compounded motors:
torque-speed characteristic

Since the shunt mmf and series mmf subtract from each other in a differentially
compounded motor, increasing load increases the armature current |, and
decreases the flux. When flux decreases, the motor speed increases further
increasing the load. This results in an instability (much worse than one of a shunt
motor) making differentially compounded motors unusable for any applications.

In addition to that, these motors are not
easy to start... The motor typically

remains still or turns very slowly

consuming enormously high armature
current.

Stability problems and huge starting
armature current lead to these motors
being never used intentionally.

— Tind



Cumulatively compounded motors:
speed control

The same two techniques that have been discussed for a shunt motor
are also available for speed control of a cumulatively compounded
motor.

1. Adjusting the field resistance Rg;
2. Adjusting the armature voltage V,.

The details of these methods are very similar to already discussed for
shunt DC motors.



DC motor starters

In order for DC motors to function properly, they must have some
special control and protection equipment associated with them. The
purposes of this equipment are:

1. To protect the motor against damage due to short
circuits in the equipment;

2. To protect the motor against damage from long-term
overloads;

3. To protect the motor against damage from excessive
starting currents;

4. To provide a convenient manner in which to control the
operating speed of the motor.



DC motor problems on starting

At starting conditions, the motor is not turning, therefore the internal
generated voltage E, = OV. Since the internal resistance of a normal DC
motor is very low (3-6 % pu), a very high current flows.

For instance, for a 50 hp, 250 V DC motor with armature resistance R, of 0.06 Q
and a full-load current about 200 A, the starting current is

This current is over 20 times the motor’s rated full-load current and may severely
damage the motor.

A solution to the problem of excessive starting current is to insert a starting
resistor in series with the armature to limit the current until E, can build up to limit
the armature current. However, this resistor must be removed from the circuit as
the motor speed is high since otherwise such resistor would cause losses and
would decrease the motor’s torque-speed characteristic.



DC motor problems on starting

In practice, a starting resistor is made up of a series of resistors that can be
successively removed from the circuit as the motor speeds up.

A shunt motor with an extra 0.05 Q Ritart

starting resistor that can be cut out

of the circuit in segments by Ra
closing the 1A, 2A, and 3A A 24 34 -
contacts.

Therefore, two considerations are
needed to be taken into account:
Select the values and the number
of resistor segments needed to

limit the starting current to desired

ranges; Design a control circuit shutting the resistor bypass contacts at the proper

time to remove particular parts of the resistor from the circuit.



DC motor starting circuits

Several different schemes can be used to short contacts and cut out the sections
of a starting resistor. Some devices commonly used in motor-control circuits are

Fuses:
protects
against short
circuits

Time delay
relay similar to
ordinary relay
except for
having
adjustable
time delay.

Spring-type push button switches /|

|

21

—0 O

Normally open

1l
1

Normally closed

NI
I

Normally Normally

open

closed

l Relay: a
main coil
.
T ﬁé and a
‘ number of
contacts
Normally Normally
open closed
Overload: a
heater coil
7—15 OL contact and norma”y
closed
contacts




DC motor starting circuits

—O +
—_—

A common DC motor starting circuit:

A series of time delay relays shut contacts
removing each section of the starting resistor at i i
approximately correct times.

__@ W\' Y
EA
Notice that the relay 1TD is energized at the ._|M X M|_
same time as the motor starts — contacts of 1TD oL
will shut a part of the starting resistor after some EF‘ ﬂm LUALE Eﬂ
time. At the same instance, relay 2TD is J_ -
energized and so on... T;JQJ_; O
FL OL

Observe also 4 fuses protecting different parts of S !
the circuit and the overload in series with the M

armature winding. ST W



DC motor starting circuits

Another type of motor starter:

A series of relays sense the value of armature
voltage E, and cut out the starting resistors as it

riches certain values.

This starter type is more robust to different loads.

FL is the field loss relay: if the field is lost for any
reason, power to the M relay will be turned off.

Iy
700 A

Armature
currentin a
DC motor
during
starting.

350 A

1A ZA 3A




DC motor efficiency calculations

To estimate the efficiency of a DC motor, the following losses must be determined:

Copper losses;
Brush drop losses;
Mechanical losses;
Core losses;

Stray losses.

abkwnhE

To find the copper losses, we need to know the currents in the motor and two
resistances. In practice, the armature resistance can be found by blocking the rotor
and a small DC voltage to the armature terminals: such that the armature current
will equal to its rated value. The ratio of the applied voltage to the armature current
IS approximately R,.

The field resistance is determined by supplying the full-rated field voltage to the
field circuit and measuring the resulting field current. The field voltage to field
current ratio equals to the field resistance.



DC motor efficiency calculations

Brush drop losses are frequently lumped together with copper losses. If
treated separately, brush drop losses are a product of the brush voltage
drop Vgp and the armature current 1,.

The core and mechanical losses are usually determined together. If a
motor is running freely at no load and at the rated speed, the current 1, is
very small and the armature copper losses are negligible. Therefore, if the
field copper losses are subtracted from the input power of the motor, the
remainder will be the mechanical and core losses. These two losses are
also called the no-load rotational losses. As long as the motor’s speed
remains approximately the same, the no-load rotational losses are a good
estimate of mechanical and core losses in the machine under load.
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Single-Phase Transformers



Single-Phase Transformers

Objectives:

 Discuss the different types of transformers.
 List transformer symbols and formulas.
 Discuss polarity markings.



Single-Phase Transformers

e Atransformer is a magnetically operated machine.
e All values of a transformer are proportional to its turns ratio.



Single-Phase Transformers

/\/ Primary Secondary Load

e The primary winding is connected to the incoming power

supply.
e The secondary winding is connected to the driven load.
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Single-Phase Transformers

/\_/ Primary Secondary Load

e Thisis an isolation transformer. The secondary winding is
physically and electrically isolated from the primary winding.
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Single-Phase Transformers

= 3

e The two windings of an isolation transformer are linked together
by the magnetic field.
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Single-Phase Transformers

/ "*‘ a

« The isolation transformer greatly reduces voltage spikes.
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Single-Phase Transformers

e Basic construction of an isolation transformer.
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Single-Phase Transformers

Each set of windings (primary and secondary) is formed from
loops of wire wrapped around the core.

Each loop of wire is called a turn.

The ratio of the primary and secondary voltages is determined by
the ratio of the number of turns in the primary and secondary
windings.

The volts-per-turn ratio iIs the same on both the primary and
secondary windings.



Single-Phase Transformers

Transformer Symbols

N, = number of turns in the primary
N. = number of turns in the secondary
E; oItage of the primary

E. = voltage of the secondary

l, = current in the primary

| =currentin the secondary



Single-Phase Transformers

Transformer Formulas

E./ E< =N,/ Ng
Ep X N = Ec X Np
Ep X 1o =Ec x|

Np X 1o =N¢ X ¢



Single-Phase Transformers

e The distribution transformer is a
common type of isolation
transformer. This transformer
changes the high voltage from the
power company to the common
240/120 V.

- 7200 Vpe -




Single-Phase Transformers

e The control transformer is another common type of isolation
transformer. This transformer reduces high voltage to the value
needed by control circuits.



Single-Phase Transformers

H2 <) X1

e Polarity dots are placed on transformer schematics to indicate
points that have the same polarity at the same time.



Single-Phase Transformers

Review:

1. All values of voltage, current, and impedance in a
transformer are proportional to the turns ratio.

2. The primary winding of a transformer is connected to the
source voltage.

3. The secondary winding is connected to the load.

4.  An isolation transformer has its primary and secondary
voltage electrically and mechanically separated.

5. Isolation transformers help filter voltage and current
spikes.

6. Polarity dots are often added to schematic diagrams to
Indicate transformer polarity.



Transformer Regulation

» Loading changes the output voltage of a transformer.

Definition of % Regulation

|\/no—load |_|\/Ioad |*1OO
| V

load |

V o.10a¢ =RMS Vvoltage across the load terminals without load
V 1,.q = RMS voltage across the load terminals with a specified load
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Maximum Transformer Regulation

Transformer

(a)

(b) Phasor diagram
FIGURE 2.14 Voltage regulation.

' 0 ' 0 0
V,=V,Z0 +1,280, .Zeqléﬁeql

Clearly V., is max imum when

1

g, +9eq1 = 0;0r 0, = —Heql
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Transformer Losses and Efficiency

*Transformer Losses
Core/lron Loss =V,2/ R
«Copper Loss = 1R+ 1, R,
Definition of % efficiency
V,I,Cos 6

- 2 *100
Losses +V2I2Cos 7

2
V.l Cos @

_ . : 22 . 2 * 100

V. IR, ,+ I, R, +1, R, +V,I,Cos @

2

V2I2Cos 6?2 100

2 2
V" IR, + 1, Ry, +V,1,Cos 0,

cos ¢, =load power factor



Maximum Transformer Efficiency

The efficiency varies as with respect to 2 independent quantities namely, current
and power factor

*Thus at any particular power factor, the efficiency is maximum if
core loss = copper loss . This can be obtained by differentiating the
expression of efficiency with respect to I, assuming power factor, and
all the voltages constant.

At any particular I, maximum efficiency happens at unity power factor.
This can be obtained by differentiating the expression of efficiency
with respect to power factor, and assuming I, and all the voltages
constant.

*Maximum efficiency happens when both these conditions are satisfied.
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Maximum efficiency point

100 | /\< of=1
\_,p& 0.8

pf=0.6

W

At this load current
core loss = copper loss

»
»

»
»

% full load current




Transformer Equivalent circuit (1)

Lm1

TX1
El

Re1

N1

LI2

12
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Transformer Equivalent circuit (2)

R

gﬁﬁ“

L1
w

11 INL

L

L2 2
————"h
*
R

M1

TH1

|
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Transformer Equivalent circuit (3)

W1

Lm1

HFI I]. L|FI

INL

R
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Transformer Equivalent circuit (4)

11 Fp e
Falia Vol Vol Foly | o
W INL 12 i
()
=L
Lmi Rz
% \
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PARTS OF TRANSFORMER

« Main tank

« Radiators

« Conservator

« Explosion vent
 Lifting lugs
 Air release plug
 Oill level indicator
« Tap changer

* Wheels

* Hv/lv bushings
 Filter valves
 Oil filling plug
* Drain plug

« Cable box













g«‘f‘
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Sumpner’s test or back to back test on set of
transformers

From this test Losses and Efficiency of the two transformers
can be determined 152




Parallel operation of transformers

+
O gy = T -0
1%
supply €21 Load

O e - T_c
+
@
€22

(a)

+ +
O —O
. o —
1
e
supply 21 ic" Load
= Sy |
O—9- O-
v e
@ ®
€22

<

(&)

FIGURE 2.9 Parallel operation of single-phase transformers. (a) Correct connec-
tion. (b) Wrong connection.

Wrong connections give circulating between the windings that

can destroy transformers.
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To connect the transformers in parallel the following conditions
must be satisfied

I. Transformers must be of same rating.

1. Transformers should have the same phase sequence.
11, voltage ratio must be same.

Iv. Per unit impedence of the transformers must be same.



UNIT-V
THREE PHASE TRANSFORMERS



Star (Y) connection

Line current is same as phase current
-Line-Line voltage is V3 phase-neutral voltage

-Power is given by V3V I  cos6 or 3V, I ,cose
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Delta (A) connection

Line-Line voltage Is same as phase voltage
-Line current is V3 phase current

-Power is given by V3V I  cos6 or 3V, I ,cose
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Typical three phase transformer
connections

F
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Other possible three phase transformer
Connections

* Y- Zigzag
*A- Zigzag
*Open Delta or V

oScottor T
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How are three phase transformers made?

» Either by having three single phase transformers connected as three
phase banks.

Or by having coils mounted on a single core with multiple limbs
*The bank configuration is better from repair perspective, whereas the

single three phase unit will cost less ,occupy less space, weighs less and
IS more efficient
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Phase-shift between line-line voltages In
transformers

Ven Van

FIGURE 2.18 Phase shift i
phase transformer.

n line-to-line voltages in a three-
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Vector grouping of transformers

» Depending upon the phase shift of line-neutral voltages between primary
and secondary; transformers are grouped. This is done for ease of paralleling.
Usually transformers between two different groups should not be paralleled.
*Group 1 :zero phase displacement (Yy0, Dd0,Dz0)

*Group 2 :180° phase displacement (Yy6, Dd6,Dz6)

«Group 3 : 30° lag phase displacement (Dy1, Yd1,Yz1)

«Group 4 : 30° lead phase displacement (Dy11, Yd11,Yz11)
(Y=Y; D= A, z=zigzag)
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Calculation involving 3-ph transformers

l 4 :\’1 ; g.\/:? al :

@
FIGURE 2.19 Three-phase transformer and equivalent circuit.
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An example involving 3-ph transformers

Feeder Transformer Feeder Load

3¢,
230V
27 kVA
0.9 PF
(lag)
VW
0.003 ;0.015 I,

(b)

Bl 09 F b [—258
O~ W\' Y'Y Y\ e

Vs V, = 133 /0°

o —0
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Open —delta or V connection

(a)

A A
Vcb‘
\\
Ic >
LY e

: cn

/ \ 2

V.

)
FIGURE 2.20 V connection.
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Open —delta or V connection

Power from winding ‘ab’
s P, =V, 1,c08(30°+¢)

Power from winding ‘bc’
IS P.,=V,,1.c0s(30°-9)

Therefore total power is
=2V,  1,c0s30°os ¢ or 57.7% of total power
from 3 phases
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Harmonics in 3-¢ Transformer
Banks

« In absence of neutral connection in a Y-Y transformers 3
harmonic current cannot flow

« This causes 3@ harmonic distortion in the phase voltages (both
primary and secondary) but not line-line voltages, as 3'@ harmonic
voltages get cancelled out in line-line connections

* Remedy is either of the following :
a) Neutral connections, b) Tertiary winding c¢) Use zigzag
secondary d) Use star-delta or delta-delta type of transformers.

The phenomenon is explained using a star-delta transformer.
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Harmonics in 3-¢ Transformer Banks

Pt —
i =
tea
3e N
Swppity —
cods = =
a ‘s
SWy

a2

F o3 Sin: Seoe

1

o = 2x \/ 3=

W@K —

RO O

By

FIGURE Harmonic current in three-phase transformer connec-
tiomns. (a) Y—A connection. () Waveforms of exciting currents.
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Autotransformer

V2

.%L R1§

\ .

Primary and secondary on the same winding. Therefore there is no
galvanic isolation.
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Features of Autotransformer

v" Lower leakage

v'Lower losses

v'Lower magnetizing current
v'Increase kVA rating

X No galvanic Isolation
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Three-Phase Transformers

AN
VAV RV

'I'vpical sine ﬂ-a'e

Typical distorted current Typical distorted voltage
wave due to harmonics wave due to harmonics

Sine wave distortion caused by harmonics.
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Thank You....



