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Foreword

It gives me great pleasure to write the foreword to the
book entitled, “Electrical Machine Design”.

Electrical machines play a vital role in domestic and
industrial fronts. Hence, it is essential that students of
electrical engineering have a strong grounding in
electrical machines. Conventional courses in electrical
machines are not adequate for the purpose of
understanding as they throw light on the construction,
principle, characteristics and testing. A deeper
understanding is possible only when they study the
design aspects and their influence on the performance of
the machines. It is thus necessary to have a course on
electrical machine design, suitable for study by
undergraduate students of electrical engineering.

This book is designed to meet the needs of a textbook
for a course in electrical machine design. It gives a
comprehensive design aspects of DC and AC machines
with an appropriate introduction to basic design
considerations and the magnetic circuits involved.
Introduction to the design and analysis of the machines
using the finite element analysis is also included as one
chapter, to enable the readers to have a much deeper
understanding. A design process always involves a long
iterative process and a designer is required to take
decisions in conflicting situations. The design procedure
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of all the machines is given as simple flowcharts for the
reader to understand the iterative nature of design
process. In addition to the worked examples, most
chapters include number of problems designed to test
the grasp of the subject. The readers will also appreciate
the pedagogical practices followed in this book.

This book is the outcome of the long experience of the
authors in teaching electrical machines and allied
courses. The authors have made a commendable effort to
present the contents in a clear and lucid form.

I hope this book will be well received by students,
teachers and practicing engineers.

Dr V. Kamaraj

Professor and Head

Department of Electrical and Electronics Engineering
SSN College of Engineering

Chennai
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Preface

Electric machines have become a part and parcel of our
day-to-day lives. They play an inevitable role, right from
a small toy to an electric power plant. Hence, the
knowledge of their operating characteristics and
performance is essential to Electrical Engineering
graduates. Also, it is important for them to learn the
design of these machines considering various technical
and economical aspects. Hence, this book is intended to
serve as a textbook for those who are interested in
learning the design of electrical machines.

The target audience also include academicians,
students of B.E./B.Tech. (Electrical and Electronics
Engineering, Electronics and Instrumentation
Engineering and Instrumentation and Control
Engineering) and industrial ...
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1

BASIC DESIGN CONSIDERATIONS OF
ELECTRICAL MACHINES

1.1 Principles of Design

An electric machine is an electromechanical device that
comprises the stationary and moving parts combined
together to generate, transform or utilize the
mechanical/electrical energy. Electric machines are used
in applications like transportation, aerospace, defence
and industrial automation industries. Electric motor-
driven systems that drive pumps, fan, blower systems
and air compression have become common in industries.
Good engineering design is the heart of all such
applications. Engineering design is the application of
science, technology and invention to produce machines
to perform specified tasks with optimum economy and
efficiency.

All the machines are made ...
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2
DESIGN OF MAGNETIC CIRCUITS

2.1 Introduction

All electrical machines use magnetic materials for
directing and shaping the magnetic field, which acts as a
medium for energy conversion. While most of the
rotating machines use ferromagnetic materials along
with air, the transformer uses ferromagnetic materials
only as the medium. The magnetic circuit acts as a
medium for conversion of electrical to electrical energy
in case of transformers, electrical to mechanical energy
in case of motors and mechanical to electrical energy in
case of generators. Hence, analysis of magnetic circuits is
essential for understanding the machines.

Magnetic circuit is defined by the path travelled by
magnetic flux. Magnetic flux traces a closed path,
returning back to its initial point, analogous to electric
current in an electric circuit. Magnetic flux is established
and maintained by a Magneto Motive Force (MMF), in
any magnetic material.

The significant terms used in the magnetic circuit
design are defined as follows.
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Magneto motive force (MMF): It is the force behind
the production of magnetic flux in the magnetic circuit.
It is represented by Ampere turn (AT).

Magnetic flux: It is the magnetic lines of force
established by MMF. It is represented by ¢. The unit is
Whb.

Magnetic field intensity: At any point, it is specified
by both direction and magnitude or magnetic field
strength. It is measured in amperes per metre (A/m).
The magnetic field intensity around a closed contour as
defined by ampere’s law is equal to total current passing
through any surface linking that contour and is given by
$ Hdl =3I.

Magnetic flux density (B): It is defined as the force
acting per unit current per unit length on a wire placed at
right angles to the magnetic field. Like H, B is also a
vector quantity and is measured in Tesla (T). Magnetic
flux density is related to magnetic field intensity by the
relation B=uH , where , where u is the permeability of
the magnetic material.

Reluctance: It is the property of a magnetic circuit that
opposes the flow of magnetic flux. It is the ratio of MMF
to magnetic flux. It is represented by S . The unit is
AT/Wb.

Permanence: It is the property of a magnetic circuit,
which allows the flow of magnetic flux. It is the ratio of
magnetic flux to MMF. It is also given by the reciprocal
of reluctance. It is represented by A . The unit is Wb/AT.
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The magnetic flux, MMF, reluctance and permeance
are related by the following relations:

AT=¢S
¢ = AAT

Further, magnetic circuits can be categorized into two
types, namely simple and composite magnetic circuits,
based on the number of magnetic materials used. A
simple magnetic circuit consists of single magnetic
material. A composite magnetic circuit consists of -
minimum of two different materials (either magnetic or
non-magnetic) of different magnetic properties. The
magnetic circuit equivalent of transformer, induction
motor, synchronous motor and dc motor are dealt in
detail in the forthcoming chapters. The following section
analyses the composite magnetic circuits with series and
parallel connections.

It should also be noted that the analysis based on
magnetic circuit theory is the most widely used. The
analysis can also be done based on magneto-static finite
element analysis. The magnetic model based on finite
element analysis is generally more accurate than the
model based on magnetic circuit theory, though at the
expense of complexity of programming.

2.1.1 Analysis of Series Composite Magnetic Circuit

Considering a series composite magnetic circuit as
shown in Fig. 2.1, it is assumed that there are three
different magnetic materials of different relative
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permeabilities present in the magnetic circuit along with

an air gap.

q

Fig. 2.1 | Series composite magnetic circuit

For the series composite magnetic circuit in Fig. 2.1,
Table 2.1 gives the required parameters to establish a
relation with the MMF, reluctance and magnetic flux.

Table. 2.1 | Parameters of series composite magnetic circuit

Part of circuit Flux Length | Cross-sectional | Magnetizing | Reluctance
area force
ABC 0 l 0= H, 5
D 0 L =1 H, 5,
DEF ) Ly 0y=0 Hy 5
FA 0 | 0,=1 H, S,

From the magnetic circuit represented in Fig. 2.1, it is
observed that the flux is constant; therefore, the total
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reluctance is equal to the sum of individual reluctances
of different parts.

Hence, total reluctance, S =S +S, +S3 +Sg.

We know that, generally

!
Reluctance, § = ;

Hoia

where [ is the length, u_is the permeability of free space,
pis the relative permeability and a is the cross-sectional
area.

Therefore, substituting the length, permeability and
cross-sectional area for different parts, we get

HOMAAL HOM282  ROR3A3 oMy gy

Total MMF in the circuit,

AT = Flux x reluctance

=¢S5 +95,+95; -|-qi>53 (2.1)
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oh _, oh , o . 9k

Hoty1@  HoMy202  HOMHp3A3 ﬂﬂ“}'gﬂg

B B B B
= —Lx} + —2—xlp + —2 xig-l——gxfg

HO M1 HOHr2 HOHr3 HO

o} :
‘*B==and =1 for air
[ a Hrg

The MMF can also be represented in terms of
magnetizing force and length as follows:

B
Total MMF=H, | + By, + H3 [3 + H,l, [ H=—}

It can be observed from Eq. (2.1) that it is similar to
that of emf equation in an equivalent electrical circuit.
Therefore, redrawing the series composite magnetic
circuit analogous to series electrical circuit with three
resistances as shown in Fig. 2.2, we define the electrical
analogy to magnetic circuit.
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Fig. 2.2 | Equivalent electrical circuit

From Fig. 2.2, it is observed that the total resistance of
the equivalent electric circuit is equal to the individual
sum of various resistance values,

lL.e., R= R +R, +R3 +Rg

Therefore,

Total emf, E= IR1 +IR2 +IR3 +IRg
= Current x Total resistance

Thus, by analogy with respect to electric circuit,

Total MMF in magnetic circuit = AT for series paths + AT for air gap

2.1.2 Analysis of Parallel Composite Magnetic Circuits

Considering a parallel composite magnetic circuit as
shown in Fig. 2.3, it is assumed that there are three
different magnetic materials of different relative
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permeabilities present in the magnetic circuit along with
an air gap.

V 0, U a, L
I" __________ "‘____'__'____'I' ___________ }""_____"___‘I
| i 9 :
: [ — | !
; : D .
\ q ! '
: ! n N :
: d | '
I \ D I
: ._ ; 1
: i Os '
! &, \ (,-")1 !
s R A e
W X L4

Fig. 2.3 | Parallel composite magnetic circuit

Table. 2.2 | Parameters of parallel composite magnetic circuit

Part of circuit Flux Length | Cross-sectional | Magnetizing | Reluctance
area force
Uzyx o l 0 H, 5
UVWY 6 ) 0 H, 5
UxX 0, L 1, H, 5,

For the considered parallel composite magnetic circuit
in Fig. 2.3, Table 2.2 gives the required parameters to
establish relation with the MMF, reluctance and
magnetic flux.

www. TechnicalBooksPDF.com



InTable 2.2,a =a_ = a=al"." Area of cross-section
is the same in all the parts of the magnetic circuit].

We know that the total flux in the circuit is given by

Os =01+ @9 (2.2)
MMF = @51 4 &.5; = 57 + &,5; (2.3)

Also, as B= uH and ¢ = Ba , we get

¢=pHa and 5= L

pa

The MMF can be represented in terms of magnetizing
force and length as

MMF=HIl +Hl =H Il +H]l
11 SS 22 SS

From Egs. (2.2) and (2.3), it can be observed that the
equation is similar to that of emf equation in an
equivalent electrical circuit. Therefore, redrawing the
parallel composite magnetic circuit analogous to parallel
electrical circuit with three resistances as shown in Fig.
2.3, we define the electrical analogy to magnetic circuit.
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.,
l, T l
W X
Fig. 2.4 | Equivalent electrical circuit
Table. 2.3 | Parameters of equivalent electrical circuit
Part of circuit Current Resistance
LZYX L R,
UVWX I, R,
Uux I R,

The parameters referring to the equivalent electric
circuit shown in Fig. 2.4 are tabulated in Table 2.3.

Total current in the circuit is given by I =1 +I,

The emf in the circuit is = IlR1 +ISRS = I2R2 +ISRS
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Thus, by analogy with electric circuit,

Total MMF required = AT for common section (UX) + AT for any one of the
parallel paths (VW or ZY)

In a parallel magnetic circuit, the total flux exists in a
common section of the magnetic circuit, which contains
the exciting coil. It divides into two parts, follows the
different paths and recombines at the other end of the
common section.

From the aforementioned analysis of series and
parallel composite magnetic circuits, Krichoff’s laws for
magnetic circuits can be stated as follows:

First Law: The total flux towards a node is equal to the
total flux away from the node in any magnetic circuit,
i.e., Y magnet flux = o.

Second Law: In any magnetic circuit, the sum of the
product of the magnetizing force in each part of the
magnetic circuit and the length of that part is equal to
the resultant MMF, i.e.,.

> MMF = Y(Reluctance x magnetic flux).

2.1.3 Comparison Between Magnetic Circuit and Electric Circuit

The comparison between magnetic circuit and electric
circuit is shown in Table 2.4.
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Table. 2.4 | Comparison of magnetic and electric circuits

S, Magnetic circuit Electric circuit

No.

1. | The closed path traced by magnetic fluxis | The closed path traced by electric current
known as magnetic circuit. is known as electric circuit.

2. | The driving force is magneto motive force | The driving force is electromotive force
(MMF)AT (emf)V.

3. | Magnetic flux is opposed by reluctance | Electric current is opposed by resistance

(R)At/Wb,

(RY).
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S, Magnetic circuit Electric circuit
No.

I ) . -
§5=— R=L where pis the resistivity
folt 0 a

1. .
where —— is the ]‘L‘]Elh\’]t}’

Hofy
4 MMF
‘ . , emf
Magnetic flux = ————Wb Electric current =— A
reluctance resistance
6. | Ohm's law is given by Ohm's law is given b}I
MMF= magnetic flux % reluctance emf = electric current ¥ resistance
7. | Kirchoff's laws are given by Kirchoff's laws are given by
Zmngnetic flux=0 and Eolectric current =0 and

EMMF:Z(r@lucmncg X magnectic flux) Eemf :Z(resistance X electric current)

8. | Permanence is given by Conductance is given by
| [
P=—Wb/At G=-0
R R
9. | Magnetic flux is established in acircuit | Electric current flows in a circuit, i.e,, due
and does not actually flow. to the movement of electrons.
10. | Energy is required to establish the Energy is required to maintain the flow of
magnetic flux, not to maintain it electric current

2.2 Determination of Reluctance and MMF of Air Gap

The study of magnetic circuits is important in the study
of electrical apparatus since their operation can be
characterized efficiently using magnetic circuits. So, the
reluctance and MMF determination form a crucial aspect
in analysis of any electric machine. The determination of
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reluctance and MMF of air gap requires prior knowledge
of the geometrical dimensions, in order to account for
the presence of slotting, ventilating ducts for cooling and
effect of saliency. Apart from the above factors, an effect
of ‘fringing’, which will be discussed in the following
sections, is to be considered.

Let us begin with a smooth armature surface
corresponding to dc machine as shown in Fig. 2.5(a) and

(b).

For the smooth armature surface shown in Fig. 2.5(b),
the reluctance of air gap with respect to one slot pitch is
given by

S, =—2 (2.4)
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Slot—p- |

Fig. 2.5 | (a) Simple dc machine. (b) Zoomed view of smooth armature

surface

where lg — length of air gap, u_— permeability of free

Tooth

(0

space, L — length of core and y_- slot points.

A slotted armature surface corresponding to dc
machine is shown in Fig. 2.6(a) and (b).
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s

Tooth

(o)

Fig. 2.6 | (a) Simple dc machine. (b) Zoomed view of slotted armature
surface

For the slotted armature shown in Fig. 2.6(b), the
reluctance of air gap with an assumption that all the flux
from the teeth links the pole surface inparallel without
any deviation, is given by

] I
S, = S =2 25
: HoL (,lf.q — W, ) Ho Ly %)

where w_ - slot width and w, — tooth width.

But practically, the flux from the teeth is under the
effect of ‘fringing’ wherein the flux at the both ends of
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teeth curves and links the pole surface as shown in Fig.
2.7. Hence, in order to account this fringing effect, Fig.
2.7 is redrawn as Fig. 2.8, with y_being the new
contracted slot pitch wherein the total flux is assumed to
be confined in linking the pole surface from armature in
parallel.

A
¥

Air gap 9

Slot Tooth

i i i
W W

I 1 1
i i i
r T 1
i i i
| | i
I S I 1 I
i i i
I I 1
i i i
1 1

1 1

Fig. 2.7 | Fringing of flux in slotted armature
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A
Y

| y'.. |.|

Ajr gap 9
Y

Tooth

Slot

w ' W |

Fig. 2.8 | Slotted armature with fringing of flux accounted for

Hence, the reluctance of air gap in this case is given by

!

S, =— 2.6
TIBTA =0
where s = 1, + fraction of w, =, + xw, (27)

Adding and subtracting ‘w’ to the RHS of Eq. (2.7), we
get

Yy =w, +xw_ +w_ —w
S t S S S

On simplifying the above equation, we get
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Y =w, +w_+xw_—w
S t S S S

=y, + (x— 1)wS [ w,+w = ys]

y;s =Y - (il x)ws =g Kc:-: Wy (2.8)

where K__is the Carter’s gap coefficient. It is determined
by an empirical formula,

Carter’s coefficient for parallel-sided open slots is
given by

w,
‘l — -
where Y > fg;

Carter’s coefficient for open and semi-closed slots with
respect to slot opening/gap length ratio is represented in
Fig. 2.9.
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Slot opening

Gap length

Fig. 2.9 | Carter’s coefficient for open and semi-closed slots

Substituting Eq. (2.8) in Eq. (2.6), we get

g J‘“’ 2.9
R .“{}L(H:: - K “-’;:J =)

Equation (2.9) gives the reluctance of air gap of slotted
armature with the effect of fringing accounted for.

We proceed to define a term ‘Gap contraction factor’,
‘Kgs’, which is the ratio of reluctance of air gap of slotted

armature to reluctance of air gap of smooth armature.
The gap contraction factor is given by

www. TechnicalBooksPDF.com



S, (slotted armature)
Ko (2.10)

s
8 5({ [smonth armature)

K, = SRALLASNE £ (2.11)

From Eq. (2.10), it is observed that the reluctance of
air gap of slotted armature is Kgs times the reluctance of
air gap of smooth armature. From Eq. (2.11), it is
observed that K is always greater than 1.

Proceeding further, the effect of ventilating ducts on
reluctance of air gap is analyzed. From Chapter 1, the
necessity of ventilating ducts is observed.

The ventilating ducts in radial direction causes flux
contraction in axial direction. Similar to that of fringing
effect shown in Fig. 2.10, there is a reduction in effective
axial length of machine and leads to increase in
reluctance of air gap.
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Core stack HH]|.||H HH|H||H

_________ % (g

Ducts, W, wide

Fig. 2.10 | Ventilating ducts in a machine

Contracted on net axial length,

L’=3wt+ndxwd0r3wl

Adding and subtracting n w  on the RHS of the above
equation, we get

w,—n

daq g

[
L—3wt+ndxwd+n d

:3wt+ndwd+ndxwd—ndwd

= L+(x—1)ndwd ["." gwt +n W, = L]
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= L—(1—X)ndwd

=L—-K nzgwy (2:12)

where K, is the Carter’s coefficient for ventilating ducts,
w, is the width of ducts and n is the number of ducts.

To calculate the effect of ventilating ducts on the air
gap MMF, we define a term ‘Gap contraction factor for
ventilating ducts’, ‘Kg L which is the ratio of reluctance of
air gap of smooth armature with ducts to reluctance of
air gap of smooth armature without ducts.

/

g
v oLy
Kgd = ]
&
po (L—Keangtog ) ys
= & (2.13)
L— chﬂdwd

Reluctance of air gap with ventilating ducts and slotted
armature is given by

f ¥
S, =—=
S L'yl

_ EH

g (L—Kegngwg ) (ys — Koy

Reluctance of air gap with ventilating ducts and
smooth armature is given by
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[
&
5:: = -
oLy

o lr‘.;“s-
HQ) [L - KL‘d”dw:f }.11"[:1

We define another term ‘Total gap contraction factor
for slots and ducts’, ‘K ’, which is the ratio of reluctance
of air gap of slotted armature with ducts to reluctance of
air gap of smooth armature without ducts.

ls

o (L — Kegngwg )(ys — Kesws )

K, =
& f:{
oLy
N Ly,
B (L—Kegngwg)(ys — Ky )
L Vs
— F){u—; = K."E:.’ X‘KL'QIII (2]4)

2.2.1 Contraction of Air Gap Area Per Pole (Effective Air Gap Area)

We know that the magnetic field intensity H and the
magnetic flux density B are related by permeability u of
the material:

B=uH
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For air, it = 471 x 10/, the air gap MMF per metre,

H = B_ 795774718

Jt

Hence, the MMF per metre for air gap can be approximated as 800,000 3 (2.15)

For smooth armature, with air gap length, lg,

MME, (AT ) gt = 800,000 B, (2.16)

smooth q

[*." MMF = MMF/m x air gap length]
Similarly, for slotted armature, with air gap length, lg,
MME, (AT )10 = 800,000 K, Bl (2.17)

where K is the total gap contraction factor.

)

Ag

Substituting B= in Eq. (2.17), we get

O

(AT‘\')&JHHL‘J = 800’ OUO K(«g A

l 2.18)

8

Rewriting Eq. (2.18), we get
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¢

AS
(ATSJSIGHEEI = 800" 000 g Eg
¢ / AE
= 800,000—-1 A, =— 2.19

From Eq. (2.19), it can be observed that air gap has

decreased (or contracted) to a value A .

Proceeding to determine the contracted air gap area
per pole, we get

Expressing Ag in terms of slot pitch, the number of
slots per pole and length of core and Kg from Eq. (2.14),
we get

Sx I
P Ys*& g

! - frf

L'y

Equation (2.20) describes the effective air gap area per
pole.
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From Egs. (2.16) and (2.17), it can be stated that the
effective air gap length has increased by the
multiplication of total gap contraction factor, ‘Kg’ with lg

in Eq. (2.17), compared to Eq. (2.16).

Another perspective can be drawn in terms of change
in air gap length, i.e., instead of stating that the air gap

for slotted armature area has decreased by K times air

gap area for smooth armature, the air gap length of
slotted armature has increased K times the air gap
length of smooth armature. In the above case, K can be
termed as ‘air gap expansion factor’.

2.2.2 Effect of Pole Saliency

The air gap length is not a fixed value over the pole pitch
for a salient pole machine. Therefore, to determine the
reluctance of air gap, the magnetic flux distribution is
required to be known.

The typical magnetic flux distribution of a salient pole
machine is represented in Fig. 2.11(a) and (b). The flux
distribution is approximated as a rectangle and is shown
in Fig. 2.11(c).

Therefore, for the flux distribution considered in Fig.
2.11 (¢),

MMF of air gap, ATg = flux x reluctance
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where flux = flux density x area = Bg X area

Effectiveair gap length

Reluctance =
Ho xarea

Kl

B 4r %107 % area
K:H,EH

=>ATQ:BQ><area>< >
‘ ‘ d7 =10 * xarea

= 800,000 BH Kﬁ: J’:H,

In order to provide a measure for the average and
maximum flux in salient pole machines, a term ‘Field
form factor’ is defined and given by the ratio of average
flux density over pole pitch to maximum flux density in
air gap.

Pole pitch

A
L 4

Pole arc

L
Y

_,._

I

]

E—

—

E———

———

]

E—

——

R

—

——

———

—

——
%

(a) | L, Armature surface
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Fig. 2.11 | (a) and (b) Magnetic flux distribution of a salient pole machine.
(c) Flux distribution approximation

The above expression can be approximated as

olearc
Krl’—p —_—4,
pole pitch

if the effect of fringing is neglected.

Problems on Magnetic Circuits
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Example 2.1: Determine the effective length of
air gap of a machine having a stator with
smooth surface and rotor with open slots
devoid of radial ducts, with tooth width, w, =
15 mm, slot width, w_ =13 mm, air gap length,

1
lg = 3 mm and Carter’s coefficient 14 ﬂ .
Ws
Solution: Given
Tooth width, w, = 15 mm
Slot width, w_= 13 mm
Air gap length, lg= 3 mm
, . ] .

Carter’s coefficient, K., = (1)

| 51,

T

W,

bl

Substituting w_and lg in the above equation, we get

1

= (0464

=53 0.4642
13
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To determine effective air gap length, it is required to
find gap contraction factor for slots, which is given by

Yq

Gap contraction factor, K, = ———
( Ys— Kc‘sws

In the above equation, slot pitch, y_is given by

=w +
yS wS w

=13+15= 28 mm
Substituting Y, kcs and w_in Eq. (2),
28

K,.=
87 28 -(0.4642%13)
— 1.2747

As the radial ducts are not present, gap contraction
factor for ducts, Kg =1

The total gap contraction factor (Kg) is given by

Kg =Kgs X Kgd= 1.2747 x 1

= 1.2747
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Effective air gap length, lgs =K1

99

Substituting K and lg in the above equation,

lgs =1.2747 x 3 = 3.8241 mm

Example 2.2: Determine the MMF of air gap
for an induction machine with the length of
air gap = 4 mm, slot pitch = 63 mm, slot
opening = 4.5 mm, pole arc = 180 mm, flux
per pole = 45 x 10 Wb length of core = 300
mm, number of ducts = 4, width of ducts = 8
mm and Carter’s coefficient being 0.2 for slot
opening/air gap length = 1.125 and 0.24 for
slot opening/air gap length = 2.

Solution: Given

length of air gap, lg = 4 mm,
slot pitch, y_= 63 mm,

slot opening, w = 4.5mm,
pole arc = 180 mm,

flux/pole = 45 mWhb,
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length of core, L = 300 mm,
number of ducts, n = 4,

duct width, w , =8 mm

. 0.2, for slot opening /air gap length =1.125
Carter’s coefficient = . .
0.24, for slot opening /air gap length =2

In order to determine the MMF of air gap, it is required
to find total gap contraction factor, Kg length of air gap
and flux density.

We know that

Gap contraction factor for slots,

slotopening 4.5

airgaplength 4
=1.125

Hence,
Carter’s coefficient, K _=0.2

Substituting y , K _and w_in Eq. (1), we get
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63

B 63-02x45
—1.0144

Also,

Gap contraction factor for ducts,

I
L— KL‘:f”:fwﬂ'

K:{:?’ -

And,

duct width 8

air gap length 4

Hence, Carter’s coefficient for ducts, K ,=0.24

Substituting L, K _, w_ and n in Eq. (2), we get

L
& L— Kc‘:f”:ﬁ“:!’
300
300-024x6x8
= 1.0399

Total gap contraction factor,
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K =K xK
g gs gd

=1.0144x1.0399= 1.0548

Flux density at pole centre,

B Flux/pole
g polearc xlength of core

B 45%107°
18[J><TU_3 ><3UU><HJ_3
— (0.8333 Wb /m?

MMF of air gap,

AT =800,000B K I
g 999

= AT, = 800,000%0.8333 x 10548 x 4x10™

=2812.687 A

Example 2.3: Determine an average air gap
flux density of an alternator, with rating 150
MVA, having number of poles = 10, length of
core = 1.6 m, diameter of core = 6 m, total
MMTF per pole is 18,000 A, MMF required for
air gap is 0.8 times of total MMF per pole,
field form factor = 0.65 m, slot width = 20
mm, slot pitch = 60 mm and length of air gap
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at the centre of pole = 25 mm. The type of
stator slots used is parallel-sided open slots.

Solution: Given

Power rating = 150 MVA

Number of poles = 10

Length of core, L = 1.6 m = 1.6 x 10’ mm
Diameter of core, D =6 m = 6 x 10’ mm
Total MMF per pole, AT = 18,000 A
MMF required for air gap, ATg = 0.8 AT
Field form factor, Kf = 0.65

Slot width, w_ =20 mm

Slot pitch, y = 60 mm

Duct width, w , =8 mm

Length of air gap, lg = 25 mm

Number of radial ventilating ducts, n . =40

Since the type of slator slots used is parallel-sided open
slots, Carter’s coefficient is given by
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2
Kes ==
[

tan ™! = —1-log J1 +y2
Y

W
—= for slots
IS’

where Y= "
=4 for ducts
21g
For slots,
= aeslle.
y 20, 2x25

Hence, Carter’s coefficient,

K. =2tan"! [}.4—01—4 log 14 0.4
w .

0.3805 — 0.0805

| radians

= 0.1909

In order to determine the average flux density, it is
required to find MMF of air gap, gap contraction for
slots, ducts and total gap contraction factor.

For ducts,
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Hence, Carter’s coefficient for ducts,

2
km’ -

il

tan~10.16 —ﬁlog V14016 ]

——
i

0.1586 —0.0343

radians

= 0.0791

Gap contraction factor for slots,

Kge = —2
.:I"|" -
Ys — Kestog

B 60
60 —0.1969% 20
— 1.0679

Gap contraction factor for ducts,

I
& L— K:'If”du}ef
B 1600
1600 —0.0791 x40 =8

=1.016

Total gap contraction factor,
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Kg = Kgs Kgd =1.0679 x 1.016

=1.0849

MMF required for air gap,

ATg =0.8AT

Substituting the value of AT in the above equation,

ATg = 0.8 x 18,000

=14,400 A
Also,
AT =800,000K B 1
g 999
AT,
=}__ BQ —_—
$ 800000K
14400

800000 % 1.0849% 25
= 6.6365%10"* Wh/mm?

—0.6636 Wb /m?
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Average flux density,

By =ks xB,
- B, =0.65 x 0.6636
= (4313 Wh/m?

Example 2.4: Determine the length of air gap
of dc machine having core length = 0.1 m, slot
pitch = 22 mm, slot width = 8 mm, with 2
ducts each 8 mm wide, flux density at centre
of pole = 0.65 Wb/mz, MMF/pole = 3500 AT
and MMF requied for iron = 780 AT. Assume
Carter’s coefficient for slots and ducts to 0.28.

Solution: Given,

Core length, L = 0.1m

Slot pitch, y =22 mm

Slot width, w =8 mm
Number of ducts, n = 2
Width of ducts, w ,= 8 mm
Flux density, Bg = 0.65 Wb/ m

MMF/pole = 3500 AT
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MMEF for iron = 780 AT

Carter’s coefficient = 0.28 (for slots and ducts)

In order to determine the air gap length, it is required to
find MMF of air gap and total gap contraction factor,
constituted by a gap contraction factor for slots and

ducts.

MMEF of air gap,

ATg = MMF/pole — MMF of iron

= 3500 — 780 = 2720 AT

Gap contraction factor for slots,

I.JF'
Kqﬁ = =
( ys — Ky

_ 22 11133

22 —(0.28x8)

Gap contraction factor for ducts,
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K

j—ﬂ
aod = i K _
- R gily

0.1x10°

C0.1x10% —(0.28%2x8)
— 1.0469

Total gap contraction factor,

K =K xK
g gs "~ gd

=1.1133 X 1.0469

=1.1655
We know that MMF of air gap

AT =800,000B K L
g 999
= Length of air gap,

AT,

o=
§  800,000xB,K,

Substituting the values of ATg, Bg and Kg in the above
equation, we get
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- 2720

£ 800,000%0.65x1.1655
— 4.488%10 °m
= 4.488 mm

2.3 Determination of MMF of Teeth

The accurate determination of MMF in teeth is an
arduous task due to the following reasons:

¢ Uniform values of flux density cannot be obtained in tapered teeth
with parallel-sided slots, as the area of the flux path uniformly varies
changing the flux density values along the portion of the teeth.

e The flux path can branch into slots in parallel to the teeth, creating
two paths for the flow of flux. This happens due to the operation of
machine in saturation region, making the permeability low in teeth
causing some amount of flux to flow through depths of the slots.

Graphical method

It is based on the construction of graph representing the
variation of MMF and flux density with respect to
distance from one end to the other end of the teeth (i.e.,
length of the teeth) as shown in Fig. 2.12(a)—(c). The
mean value of MMF is calculated by integrating H over
length of the teeth. Hence, the total MMF of teeth is
determined by multiplying the mean value of MMF and
length of the teeth (or depth of the slot).

Total MMF of the teeth,

At, = meanordinatexlength of the teeth(or depth of the slot)

=at xl =at xd
mean t mean S
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This method is applicable to all forms of teeth, with
and without taper.

B, . method
1/3
It is based on the assumption that the mean MMF of

whole tooth, is the MMF, ‘at’ corresponding to the flux
density at 1/3 tooth height from the narrow end.

P =ds

1

—=—
I

A
Flux density T

Y
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at

Distance from root

Fig. 2.12 | (a), (b) and (c) Graphical method

Total MMF of teeth,

Att= az‘l/3 X lt = atl/3 X dS

where at,, 1s the value of MMF/m for B, , which is the
flux den51ty at 1/3 tooth height from the narrow end.

It is a simple method, applicable to teeth with small
taper. It is also suited for operation under low saturation.

Simpson’s rule (three ordinate method)

This method is based on the formulation that the B-H
curve relating the flux density and the MMF is a
parabola. The total MMF of teeth is the mean value of
MMEF obtained at three points of the B-H curve, which
are equidistant as shown in Fig. 2.12, with respect to
ends of the teeth and centre of the teeth.

From Fig. 2.13, the mean value of MMF is given by
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_ab +4aty +aly

”fnwmw - 6

where at , at_ correspond to MMF at ends of the teeth
and at, corresponds to the mmf at the centre of the teeth.

It is used for teeth with small taper and other primitive
types.

.

at

at

at,

: Distance from root

dt =ds

P e
= o

Fig. 2.13 | Simpson’s rule
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Example 2.5: Determine the MMF of tapered
teeth of an electrical machine using Simpson’s

rule following the data: length of teeth = 20
mm, maximum width = 1.5 times the

minimzum width, mean flux density = 1.2
Wb/m . The B-at curve is given by

B(wh/m?)

11

12

13

14

15

16

17

at' (A/m)

208

27

265

366

633

1490

3670

1.8

1.61
14f
1.2

B (Wb/m?)
o
-

1000

Solution: Given

1500

2000
H (AT/m)

2500

Fig. 2.14 | B-at curve
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Length of teeth, [ = 30 mm
Maximum width = 1.5 minimum width
Mean following density = 1.2 Wb/ m’

By Simpson’s rule,

aty +4daty +aly

Ainean = 6h L (1)

we know that at, = 2274/m corresponding to B, =1.2
2
wh/m’

In order to determine ‘at’ mean, it is required to find at
and at, , which in turn depends on B, and B, dependent
2

on proportlonahty with tooth w1dths

We know that,
wy =1.5wy, (2)

Let w, ,w, and w, be the maximum, mean and

1 2

minimum tooth WIaths

wh + 1wty

Also, wh =
2

Substituting Eq. (2) in Eq. (3), we get
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1.54wt; +wiy
2

wty, =

N 2'5;”3 — 1.25wt5 4)

And,

Flux density at nay region of teeth,

B flux/teeth
'™ Sectional area of teeth

[where sectional area of teeth = net iron length x teeth
width]
Hence, from the above equation, it is observed that

1
X . i
teeth width

1 1 1
Hence, By, x—, By and B; o—

t{?fl E{?h oy

So, it can be stated that

B w B w

; t, A t
=2 gnd 2 =1
B wy, B 1wy

a
Fa
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Substituting the value of B, , Egs. (2), (4) in Eq. (5), we
3
get

By 125wy, 12w

K3

dan

1215 wy, E B 1.25w,
1.25
= if :'1.2><—_j:'1 Wb/m?
! 1.5
and B =12x125=15Wb/m’

From the B-at curve, the corresponding at, and at to B,
and B, are 190 AT/m and 633 AT/m.
3

1

Using Using at , at, and at_in Eq. (1), we get

190 + 4(227) + 633
mLn*wan = 6

= 2885 AT /m

The total MMF required = at _ _x length of teeth (1))
=288.5 x 0.03 = 8.655 A

Example 2.6: Determine theMMF of air gap

and teeth using Simpson’s rule and B £

3

method in a dc machine, having the following
length of core = 170 mm, diameter = 250 mm,
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number of slots = 26, type of slots-parallel,
depth of slot = 20 mm, width of slot = 5.5 mm,

number of ducts = 1, duct width = 12 mm, air

gap leng;th = 3.5 mm, maximum flux density =
1 Wb/m , insulation of stampings = 0.12 times

thickness of stampings and Carter’s

coefficient is 0.28 for slots and 0.35 for ducts.

The B-at curve is as follows:

0892/ 1.139 1.341 | 14957 | 1.503 | 1.625 | 1.6624 | 1.

B (Wb/ni) [0

H(AT/m) (0] 4870 {7236 | 1105 | 245.62 | 400 1809 | 2000 | -

___________
----------

B (Wb/m?)

—
[e]
F

0 2000 4000 6000 8000 10000
H (AT/m)

Fig. 2.15 | B-at curve

Solution: Given
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Length of core, L = 170 mm

Insulation of stampings = 0.12 thickness of stampings
Diameter of core, D = 250 mm

Number of slots, s = 26

Depth of slot, d =20 mm

Slot width, w_= 5.5 mm

Number of ducts, n =1

Duct width, w, = 12 mm

Air gap length, lg = 3.5 mm

Maximum flux density, Bg: 1 Wb/ m’

Insulation of stampings = 0.12 (thickness of stampings)

0.28 for slots

Carter’s coefficient = _
0.35 for ducts

In order to determine the MMF for air gap and teeth, it is
required to find the total gap contraction factor, flux
density for different parts of tooth using tooth widths,
slot pitch and diameter in each case.

Gap contraction factor for slots,
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Y
Ky =—">— 1
a Yo — Kt W

In the above equation, slot pitch (gap surface)

D

5

Ys =

Substituting the values for D and s in the above equation,
we get

™20 _ 209076 mm

Vs =
Substituting the values of y , K _and w_in Eq. (1), we get

30.2076
85 30.2076 — (0.28 % 5.5)
—1.0537

Similarly,

Gap contraction factor for ducts,

L
'L - JI(L‘E]!’”[}'l E{jff

Kg;f —

Substituting the values of L, K ,n, and w ,in the above
equation, we get
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P 170
& 170 -(035x1x 12)
—1.0253

We know that total gap contraction factor K =K K ,

Substituting the values of Kgs and Kg , in the above
equation, we get

Kg =1.0537%1.00253 =1.0803

We know that MMF of air gap,

AT =800,000B K [
g g99

Substituting the values of B ,K and lg in the above
equation, we get

-3
ATg = 800,000 x1%x1,0803x3.5%10

=3024.84 A

Proceeding to determine the MMF for teeth, we use By,

method and Simpson’s rule.
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B, » method:

3

In this method, it is required to determine the flux

density at % of tooth height, for which the calculations of

[

w,, Wy, - Dh, and B are to be done.
b 3 3 b
We know that
B
!* oy o)
By,
where w, =y -w,
1
Substituting the values of y_and w_in the above
equation, we get
w, = 30.2076—5.5= 24.776 mm
1
And
Wy =Y —Ws (3)
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where

,L"::l = (4)

and D =D—2><Ed5
3 3

Substituting the values of D and d_in the above equation,
we get

Substituting the values of D1 and sin Eq. (4), we get
3

~ w™x223.3333
26

= 26.9854 mm

Ys

1
3

Substituting the values of Ys\ and w in Eq. (3), we get
3 S
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wy, =26.9854 —5.5=21.4854 mm

-
3

B, is determined as follows:
1

o

B: —
! Lin}fl

where ¢, = Bg y L

L. =K (L—ndwd)

wt =ys_ws

Therefore,

-3 -3
¢t= 1x30.2076 x10 %x170%X10

=51352.3 3. mWb
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And L =K, (170x107° ~(1x12)x10°")

insulation of stampings

where Ki=08 [ — —==012
thickness of stampings
= L;=088(170 x 107 - 12 x 1079
=(.139

Andw, =y - w = 30.2076-5.5

-3
=24.7076xX10 m = 0.02470 m

Substituting the values of ¢, L. and w, in Eq. (5), we get

513621077

- —1.4957 Wb/m? (6)
0.1390 % .00247

b

Substituting the values of @ , w, and B, in Eq. (2), we
3 1 1

get
B,
v 0.02470
14957 214854 %107
= B, =1.7194 Wb/m”

From the following table, the corresponding MMF is
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at; = 4100 A/m
3

MMTF for teeth,

-3
AT = 4100><ds =4100x20%x10 = 824

Total MMF of air gap and teeth = 3024.84 + 82 = 3106.84 A

Simpson’s rule:
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aty =2000 AT/m

Top of teeth Centre portion of tooth Bottom of tooth
From £g. 6) Deentre O (Ds2) = D=y | Dygrom 0t (Ds3) = D—24;
B, = 14957 Wh/m’ = 250-20 =250-2(20)
corresponding =230 mm =210mm
at; =400 A/m

o= Deentre o = TDpottom
52 S Jsl S
230 _x210
26 26
=279 mm =25.3744 mm
Wy, =Yg, — 1l Wy, =Y, s
=27.791-551 =253744-55
=22.291 mm =19.8744 mm
B =B ot Bly = Bty x L
2 | EU;: E[Jfg
14957 T =14957x 124‘77;6
77791 9.8744
16624 Wo/m? = 18645 Wb/m”
Corresponding Corresponding

ity = 14000 AT/m

Therefore,
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Hfl + 4Hf2 + ﬂfg
Atmean = 6

400+ (4 x20000) + 14000

6
= 3733.3333 A/m

MME for teeth = 3733.3333 x d,

3
= 3733-3333 x 20 x 10-
= 74.6666 A

Total MMF of air gap and teeth = 3024.84 + 74.6666

=3099.5066 A

2.4 Real Flux Density and Apparent Flux Density

In case of high flux density in teeth, the MMF is quite
large and acts across the slots with slots positioned
parallel to teeth. Hence, this slot flux under saturation
conditions cannot be neglected or (omitted) in
calculation of flux density. This leads to two different
flux densities, namely real and apparent flux densities
represented in Fig. 2.16, where real flux density is less
than apparent flux density at all times.

www. TechnicalBooksPDF.com



Ideal condition Links and flows in

iron paths

A

Flux from stator to
rotor through airgap

Takes an alternative
path through slot

Practical condition

Fig. 2.16 | Real and apparent flux densities

The flux linking the slot and teeth under practical
conditions is represented in Fig. 2.17.

Ys

A
Y

Airgap | [

Tooth
Slot %0

3
Y
i,
Y

W :
1
1

Fig. 2.17 | Flux distribution in teeth and slot under practical conditions

The corresponding representation of real and apparent
flux density is as follows:
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The real flux density is defined as the ratio of actual
flux in tooth to the area of tooth.

Actual fluxin tooth
Real fluxdensity Boy = M (2.21)
Areaoftooth

The apparent flux density is defined as the ratio of total
flux in slot pitch to the area of tooth.

Apparent fluxdensity Bapp _ Total fluxinslot pitch

(2.22)
Areaoftooth

Proceeding to find the relation between real and
apparent flux densities, the following steps are followed.

We know that

Area of tooth (iron path),

A; = tooth width x net iron length = L;w, (2.23)

Area of air path, Aa = Total area — Area of iron (or tooth)
= [Core length x slot pitch] - Lw,

A,=L, — L, (2.24)
Total flux in slot pitch, f, = f; + f, (2.25)

where f, — flux in iron path, f — flux in air path.

From Eq. (2.25), we can state that fl — Actual flux in
tooth
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Using Eq. (2.25) in Eq. (2.22), we get

B _ 9% {-"jf + {-jﬂ _ P + {.-'::':T
“Aary T - -
TReA A A A,

o, 0
- Br{.‘a] + A_f I j - Bt'{.‘n] \

I I

Multiplying and dividing by A_for the second term in the
above equation, we get

0, A,
= Bt’ua] +—=x—=
Ai ‘41!

o, A,

=B _34+"tx—"
real ;"-'l” ;"-'l{-

A
— Eg!'{_"'ﬂ] + Hﬁ! * A—I:

[where B_— flux density in air =y H = p at_ ]

=B +B K
real

B
app a

A Ly.—L;w
[WheI'eK: i _ JII‘ [
{dl]- wa;

ratio of air area to iron

area]

Also,
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Bapp = Breal + By (K —1) (2.26)

where
Total
K —Foefe lotal area
Iron area
. Ly
B L,—w,
Hence,
Breal = BﬂPF‘ — B, (KS — ]) (2.27)

Substituting in the above equation, we get

Brva[ = Bﬂ}"‘}"‘ —‘H[}{If].“ﬂ] (K:; — 1) {228}

Example 2.7: Determine the permeability of
teeth of dc machine with length of core
(gross) = 350 mi, slot pitch = 20 mm, width
of the teeth = 10 mm, real flux density = 2.2 T,
apparent flux density = 2.5 T and stacking
factor = 0.85.

Solution: Given

Gross length of core, L= 350 mm
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Slot pitch, y = 20 mm

Width of the teeth, w, = 10 mm
Real flux density, B_ =2.2T
Apparent flux density, Bapp: 25T

Stacking factor, S = 0.85

In order to determine the permeability, it is required to
find MMF for which the calculation of K is required.

Bapp = Breal + By (Ks —1) (1)
where
B, = py xat (2)
®
and Li=5¢L (4)

Substituting Eq. (4) in Eq. (3), we get

Ly, Vs
= .= = —
- S.JFLH}JI \"}-ff{?r
= 20 = 22222
0.9x%10
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Substituting K _and B_in Eq.(1), we get

B =B

app real +y0at(2.2222—1)

B - Br‘m[

= 1.2222qf = —FP
Hp

Substituting the values for B B .. and y_in the above
equation, we get

25-22
af = .
1.2222 x 47 x 10"
=195330.0725 AT/m
Permeability of teeth,

B.I'E?:'Jl . 2.2
al  195330.0725

=11.2629x10-6 H/m

p=

=11.2629uH/m.

Example 2.8: Determine the apparent flux
density for a teeth of dc machine with length
of core = 400 mm, slot width = 11 mm, slot
pitch = 20 mm, number of ducts = 6, duct
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width = 8 mm, staclging factor = 0.85, real flux
density = 1.8 Wb/m and MMF = 80000 AT/m.

Solution: Given

Length of core, L = 400 mm

Slot width, w, = 11 mm

Slot pitch, y = 20 mm

Number of ducts, n ,=06

Duct width, w ;=8 mm

Stacking factor, S = 0.85

Real flux density, B_ = 1.8 Wb/ m

MMF, at= 80000 AT/m

In order to determine the apparent flux density, it is
required to find K, for which the net length of iron and
tooth width are to be found.

We know that

Net length of iron,

Ll. = Kl.(L - ndwd) = 0.85(400 - 6 x 8)
=209.2 mm
Tooth width, w, =y, - w =20-11=9mm
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Ly,

Also, K, =

Substituting the values of L, y , L, and w, in the above
equation, we get

¢ = 20020 = 2.9708

S 299.2x9
Apparent flux density,

Bapp - Breal + ‘uoat (Ks_ 1)

Substituting the values of B_ , u at and K_in the above
equation, we get

-7
Bapp =1.8+[(4mtx10 )><800(2)(2.9708—1)]
=1.9981 Wb/m

2.5 lron Loss Calculation

When a core of ferromagnetic material is subjected to a
changing magnetic field, as in the case of transformers,
induction motors and alternators, some of the power
transferred is lost in the core. These losses are called core
losses or iron losses. The two components of iron or core
loss are as follows:

1. Hysteresis loss
2. Eddy current loss
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2.5.1 Hysteresis Loss

The repeated (or cyclic) magnetization of ferromagnetic
material results in loss termed as hysteresis loss, which is
proportional to area of the hysteresis loop as represented
in Fig. 2.18 and the quality of the material.

d

Fig. 2.18 | Hysteresis loop of a ferromagnetic material
Hysteresis loss,
py = KAf (2.29)

where k— constant accounting for the quantities,A — area
of loop abcdef, f — frequency.

For the Steinmetz relationship,

Hysteresis loss,

pr =Ky f Bf;a (2.30)
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where B_— maximum flux density,K_— hysteresis

coefficient,K — Steinmetz coefficient, varies between 1.5
and 2.5 and f — frequency.

Hysteresis loss is expressed in W/ m’ or W/kg.

Hysteresis loss can be minimized in the following ways:

e Use of air core transformer reduces hysteresis loss, but increases
leakage flux.

e Use of soft magnetic materials such as silicon steel, steel alloys,
ferrite, etc., with low coercivity and remanent magnetic flux density
reduces hysteresis loss.

2.5.2 Eddy Current Loss

According to Faraday’s law of electromagnetic induction,
when an alternating magnetic field is applied to any
magnetic material, an emf is induced in the material. The
emf circulates currents in the material. These circu1a2ting
currents are called Eddy Currents, produces a loss (I R
loss) in the magnetic material known as an Eddy Current
Loss.

Eddy current losses can be minimized in the following
ways:

e Use of laminated cores
e Reduction of thickness of stampings

Consider a thin sheet as shown in Fig. 2.19, which
when subjected to a magnetic flux, causes flow of eddy
currents.
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Fig. 2.19 | Eddy currents in thin plates of laminations

The loss contributed by the eddy current is calculated as
follows.

Flux in the path abcda,
o=BxA (2.31)

where B= Bm sinwt

A = hx(y+y)= 2hy

Substituting the values of B and A in Eq. (2.31), we get

¢ =2B_h sinwt
my

Instantaneous emf induced in path abcda,
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o 0

ot
d ;
= E(ZB,th sin wt]
= 2B,,h, coswt
= e, coswt (2.32)
where e = 2Bmhy
RMS value of emf induced,
e
E=%
= \/EB,,?hyw (2.33)

Resistance of eddy current path,

R— p X length
area
_px(h+h+y+y+y+y)
B Ix dy
B px(2h+4y)
- Ixdy

 ldy
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Eddy current,

E
[.iqe = —
cddy R.

B \/EB,” hyw
N 2ph
[xdy

BJ‘H ._!.Jlr d,lflr"'b‘

J2p

Substituting w = 27 f in the above equation, we get

_ Buydylx2nf
eddy — \E’p

_ 2By ydyln f
Iy

I

(2.35)

Eddy current loss in the path abcda,

dP

eddy =IR
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2
B EB”:ZHE (dl"r)h EEWEIE ” 2ph

2

4B, 17 frhyPdy
- ;

Total eddy current loss,

Peddy :fdpedd}r

_w

y__
: 45:1:21?1'2)(2'& yzdy

P ldy

y=0 €

E

_ 4Bm2'iﬂ2f2h y3 i

p 3

B 48,”23?r2f2h o w®
p ]

i By lm” f2 hw?
eddy 60
We know that volume of plate,
V=Ixhxw

(2.36)

Hence, eddy current loss per unit volume is given by
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Bmzﬁz 2w’ 1

P.adqv = X
eddy 6p [iw
2 g 2
s T BHI f w
6p
= fszmz (2.37)
2.0
where k, = A

6p

2.5.3Total Iron or Core Loss

The total iron or core loss is given by the sum of
hysteresis and eddy current loss and is expressed as

Pi = Pi + Pe = K:’r fo\u + K{* fz BIZH [238}

2.5.4 Pulsation Loss

Apart from the hysteresis and eddy current loss, air gap
flux pulsations in electric machine cause losses termed as
pulsation loss. These losses are mainly present due to
slotted armature causing changes in reluctance, leading
to change in air gap flux changes. The losses are
pronounced in induction machines, where the air gap is
small compared to slot openings, leading to harmonic
fields with high frequencies.
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Example 2.9: Determine the specific iron loss
of alloy steel with the following data:
frequency = 60 Hz, maximum flux density =
2.5 Wb/mz, thickness of sheets = 0.3 mm,
resistivity = 0.2 uQm, density = 5 x 10’ kg/ m
and hysteresis loss/cycle = 300 J/ m’.

Solution: Given,

Frequency, f = 60 Hz

Maximum flux density, B_= 2.5 Wb/ m
Thickness of sheets, t = 0.3 mm= 0.3 x 10 'm
Resistivity, p = 0.2 x 10 Qm

Density = 5 x 10’ kg/rn3

Hysteresis loss/cycle = 300 J/ m’

We know that

Eddy current loss,
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Substituting the values of ¢, f, B and in the above
equation, we get

2

2 %602 %2.52%(0.3%x1073)
6x0.2x10°
=16654.9574 W

[ eddy =

Hysteresis loss,

Ph =300%x60 =1800 W

Total iron loss,

Pl = Pi +Ph =16654.9574+1800
=18454.9574 W

Protal
density

184549574
5x10°

=3.6909 W/kg

Specific iron loss =

16654.9574
5x10°

=3.3309 W/kg

Pedd}f(m W/kg)=

3000
5x%10°

P, (in W/kg) = =0.6 W/kg
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Example 2.10: Determine the hysteresis
coefficient for silicon steel with hysteresis
loss of 3 W/kg at a frequency of 60 Hz,
maximum flux density of 2 Wb/ m and
specific gravity of 7.55. Also determine the
hysteresis loss kg at a frequency of 30 Hz and
flux density of 1 Wb/ m . Use Steinmetz
coefficient as 1.6.

Solution: Given

Hysteresis loss = 3 W/kg

Frequency, f = 60 Hz

Maximum flux density, B =2 Wb/ m
Specific gravity = 7.55

=  Density = 7.55 x 10’ kg/m3

We know that

Hysteresis loss,

k
Ph = khf Bur

Hysteresis loss/kg,
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P, = ky, f BX, x7500

Substituting the values of P,, f, k and B  in the above
equation, we get

3 = kh x60x21 6 x7500

-6
= k,_=2.199x10

Hence, hysteresis loss/kg at 30 Hz, and flux density of is

1.6
Ph o= kthm x 7500

-6 1.6
=2.199x10 X30x1 x7500

= 0.494775 W/kg

Example 2.11: The total iron loss for a
synchronous is 300 W at 500 rpm and 200 W
at 400 rpm. Determine the total iron loss if
the thickness of laminations is increased by
50%, the maximum flux density decreased by
10% and the speed is at 250 rpm. Use
Steinmetz coefficient as 2.

Solution: Given

Total iron loss at 500 rpm, P_ =300 W
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Total iron loss at 400 rpm, P =200 W

We know that

Total iron loss,

Protal = P + Peddy (1)
whee B=hfB =k k=] Q)
F eddy — kef ZBHIZ 3)
Also,

We know that

Speed of machine,

12
N :—Df
P
PN
= il
f 120
P
= f=xN, where x=—
120

Using the value of fin Egs. (2) and (3), we get

P, =k, xNB2, = kI N (4)
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2

Paddy = kex*N?B,, = k(N* )

where kj, = k;,xB,, and k = keszmE are constants with B

and x are fixed.
Using Egs. (4) and (5) in Eq. (1), we get
Piotal = K;a N + kt{Nz (5a)

Substituting P, for different values of speed, we get

300 = kJ, (500) + k. (500)° (6)
200 = Kk}, (400) + k' (400) (7)

By solving Egs. (6) and (7), we get

ki =0.1
k. =0:1001
Proceeding to determine the total iron loss for 0.9 B_,
1.5t and speed of 1500 rpm and using kj, and k., in Eq.

(5a), we get
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P = 0.1x(250)%(0.9) +0.001x(250) x(0.9) x(1.5)
=134 1562 W

2.6 Magnetic Leakage

Not all flux flowing in a magnetic circuit is useful. Some
amount of flux does not link the components of the
magnetic circuit contributing towards the leakage flux,
which affects the performance of the machine. The
leakage flux of alternating nature can induce a voltage
termed as leakage reactance voltage. Table 2.5 describes
the effects of leakage flux in various machines.

Table. 2.5 | Effects of leakage flux in various machines

Type of machine Effect of leakage flux
DC machine Makes commutation difficult due to reactance voltage
Salient pole Modifies the field excitation demand

synchronous machine

Transformer o Affects the voltage regulation

o May cause circulating currents to flow in tank walls

o Causes forces to develop between windings in short circuit
conditions

[nduction machine | Causes force to develop between windings in short circuit conditions

Alternator Affects the voltage regulation

The leakage flux in armature of the rotating machines
can be classified into the following categories as shown
in Fig. 2.20.
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Tooth top

Skew Zigzag
Types of
leakage
flux Differential
Overhang or
harmonic
Slot Peripheral

Fig. 2.20 | Types of armature leakage flux

e Tooth top leakage flux

It passes from top of one teeth to another teeth’s top as
shown in Fig. 2.21. It is pronounced in dc and
synchronous machines, since the machines have a large
air gap.
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Flux

Airgap

Teeth

Fig. 2.21 | Tooth top leakage flux

o Zig-zag leakage flux

It passes from one teeth to another teeth in zig-zag
manner as shown in Fig. 2.22. Its existence is based on
relative to the positions of tooth tips of stator and rotor
and length of air gap.
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Fig. 2.22 | Zig-zag leakage flux

¢ Differential or harmonic or belt leakage flux

It is present due to dissimilarity in harmonic contents
of MMF of primary (stator) and secondary (rotor), where
spatial distributions between MMFs are not the same as
shown in Fig. 2.21. Though squirrel cage induction
machines are devoid of this flux, due to absence of
harmonic leakage flux, its contribution is significant in
other machines (Fig. 2.23).

e Peripheral leakage flux
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It flows in the air gap throughout the circumference. It
does not link any windings. It is insignificant in almost
all the machines.

¢ Slot leakage flux

It takes a path travelling from one teeth to another
teeth traversing the slot, linking the slice of conductor
beneath it coming back through iron as shown in Fig.
2.22. It is present in all machines both ac and dc (Fig.

2.24).

- @

Primary

wmdmg 8 OBO
R d ¢

Y ONNO

Air gap

Secondary ONC

wmdmgé 8 % g 8 é % %

— | =2 — | | —r!r—Ei’—r‘I{_

y—MMF
Unbalanced

(a) Similar mmf distribution (b) Dissimilar mmf distribution

Fig. 2.23 | Differential leakage flux for (a) similar and (b) dissimilar MMF
distribution
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Fig. 2.24 | (a) General representation of slot leakage flux, slot leakage flux
in (b) stator and (c) rotor

¢ Overhang leakage flux

It is present due to overhang region of armature
windings. It is a unique type of flux, present due to
grouping of overhang and vicinity of metal masses
(including core stiffness and end covers) as shown in Fig.
2.25.
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Fig. 2.25 | Overhang leakage flux

o Skew leakage flux

It is present in skewed slots of motors. It is unique to
induction machines in which rotors are skewed.

2.7 Estimation of Specific Permeance and Leakage Reactance

The following assumptions are made in estimation of
specific permeance and leakage reactance of slots:
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¢ Uniform distribution of current throughout the area of slot
conductors.

o The path of leakage flux through the slot and around the iron at the
bottom is straight.

e Determination of permeance is performed for air paths.

e The reluctance of iron is assumed to be zero.

The cross-section of non-conductor portion of the slot
with the leakage flux is shown in Fig. 2.26.

Fig. 2.26 | Leakage flux representation in non-conductor portion of the slot
From Fig. 2.26,
L — Depth of flux path
h — Height of flux path
y — Length of flux path

On considering a small length dx in the region as
shown in Fig. 2.26, the permeance of section is given by

Ldx
f;\ = jy —
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The total permeance of non-conductor portion of slot
is calculated by integrating the above equation and is
given by

The specific permeance, defined as the permeance per
unit length of slot (or armature) or depth of flux path is
given by

Aoy = 50 — o 1— (2.39)

where Z_— Total number of conductors per slot and Z_—

Number of conductors till height, x, from the bottom of
slot.

The flux (df)) in this region is given by

d¢x= MMF xpermeance

. Ldx
=177 pty ——
Y

Flux linkage linked with Z_conductors is given by
dZ = Zxd¢x
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) . Lidx
=4%Q4Mr—q
Y

= ﬂ[}ZELI: ﬂ
Yy

The total flux linkage in the conductor portion of slot is
calculated by integrating the above equation and is given
by

I
v = [z
0 -y

fi
Lo dx
=M::|U:f/~'_%l—
0 Y

Hence,

A

=y

Zs

Total fluxlinkage

effective flux =

Total number of conductors perslot

f

=mﬂkfygﬁ
Zo Y

The total permeance of conductor portion of slot is given
by
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B Effective flux

= Total MMF

i
oLl 2 dx
7 0 i

I.7.
h Zz zdr
=ﬁf[}f-f[,/—l] I—
o\os) Y

The specific permeance of conductor portion of a slot is
given by

T 2
Ao = 40 f [Q] dx (2.40)

0

2.7.1 Parallel-sided Slot

A parallel-sided slot is represented in Fig. 2.27.
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Fig. 2.27 | Parallel-sided slot

The specific permeance is calculated as shown in Table.
2.6.
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Table. 2.6 | Specific permeance calculation

Parameters | A (orA,)| ¥y |h| Z Derivation
X O
Conductor | A =), w, || —Z NEY |
portion I - j | | j v dx
1= 7 | . = hz 0.
IR
; h‘. ) \’3 hi
:%j:{zdx SRLUNES
hwg ', i, 13 1
fo lﬂ d
== }”0 —_—
/I-IZE[L; 3 3?()5
NUI‘I- )‘.\'H = }\2 TUI\. hz - h\ h_’
conductor b=l [ ﬁ: o [ ir
portion o s W
ﬂn[ I
=[x}y
0,
[}'2
===
i,
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Parameters | A_(orA)| y |h| Z Derivation
)\. :/\ﬂ i 0, = I h
o= | Bty . o g 'ti.
2 3= | = [
i W, T, w, + 0
2
2 | 2
- “]_ [y =p——
w0, +10, W, +10;
’\.\'ra= A«l 0, hl - h, i I,
v
)(._t:ﬂ[} —:l—[} dx
IR
T h,
=Ly ==
[U[] [U(]

From Table 2.6, the total specific permeance is given by

A =N +X+A3+N

h h 2h h
| 3 M
3wy Wy W,+ws W,

= Ho

2.7.2 Parallel-sided Slot with Double Layer Windings

A parallel-sided slot with double layer windings is
represented in Fig. 2.28.
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Fig. 2.28 | Parallel-sided slot with double layer windings

The specific permeance is calculated as shown in Table

2.7.
Table 2.7 | Specific permeance calculation
Parameters |\ (or\,)| ¥ | 7 Derivation
X, Y

Conductor A=) W, || =7, ; g
portion (A) Iy [y T d
A= f 7|
' w
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B, 3 o
o ff'lg‘ Iy
=—|—|= ,“[] _—
hlzwq 3 3?(15
T ¢ 2
Conductor A =M w, | hy| —Z A |
portion (B) Iy % .' o dx
A = f f
(U_\; hn ({]
Iy
X
h
3
_ o |X
byl 3 D
Hy ;"1'33 JrI:;
== iy —
h%w5 3 3w,
Non- Ao =N w, | h| - 3
conductor )y = dx f dx
portion m_\ ‘
(above ,'
conductor A) = m[llg’ = 1 2
i s
Aﬁtl = )\11 w, h-l - by f fh
dx _jo
{U w, 0
SR
0 = H .
W, m_,.
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Parameters |\ (orA)| y |h| Z Derivation
’\.\'n':}(.; ?{J‘“-I-?UQ hi“ B I; _ I
T» - f ( : 2110 f "
Tty w0
0 ) 0
2 : 2hs
W T, Wy + 1y
Asc! = /\ﬁ wﬂ h(} B Jll'r, { JIJ'h
a iy f,
% =if-(1f_—=_—fd-‘
) W, 0, \
0 o i
= =g
Wy i,

From Table 2.7, the total specific permeance is given by

.}-.5 =)‘.1—|—}-.2 -|—.}-.3 -|—:’h4 -|-}-.5 _I_}"é

h h h h 2h h
1 72 3 N 3 5 + 6
3wy, wy 3wy, w, w,+ws W,

= Ho

2.7.3 Tapered Slot

A tapered slot is represented in Fig. 2.29.
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Fig. 2.29 | Tapered slot

The specific permeance is calculated as shown in Table
2.8.

Table 2.8 | Specific permeance calculation

Parameters | A, (orA,)| ¥ hNZ. Derivation
I , 2
Conductor | A, =) W 05 I iZs N )
portion 2 hy ) j 7|yt
1= 1o 7. )

0
2

) h,
X
=1 f"z'd:f
W) + s I

I,

2 )
=g—— | X7dx
[ MZJ

(wy +w i
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2 Y
X e
(wy +10 )1 3 )
2 h}a‘
S |
(w07 +w, ) | 3
2!1}
=y
t 3(w; +ws)
i +"[] h1 Jlfq
Non- A, =N % hy | - - f dx ; 2 fh'
= = [_'
C(}nduftor 2= '['[]‘] + mz fo w_] _I_w2
portion ( ) 0
—}'j 2 [T]”:
—H) ’
(), +10) "
21’I2
= ,”
]m-, +10,
Aa=h Wy +10) 13 - 8 » ) I,
2 f\.'-;:ﬂnf —— =19 fdl'
S Wo Wy +10;
0 5 0
2 I 2!1"‘.‘
=H) T [x]{)" = -
(w9 +101) wo + 10y
A=A Wy hy - h"d | I
X
M= f == |
o 0
1 hy
=y —lly =g —
Wy @

From Table 2.8, the total specific permeance is given by

)(S :}hl-l-)\z +}-.3 +)~4

2h

2y

2hy Iy

_E_
i 3(wy +w;)

wy+wy W, +wy

www. TechnicalBooksPDF.com

W,




2.7.4 Circular Slot

A circular slot is represented in Fig. 2.30.

Fig. 2.30 | Circular slot

The specific permeance calculations are as follows.

From Fig. 2.29, it is observed that

sinf = 2 — 2:—”' (2.41)

(2.42)

Area of segment at height - — (200 — sin 20]

2
?
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Conductor portions producing flux in the strip

2
} (20 — sin 26 1
=2 7. = —[20—sin20) 7.
T ' 2T -
_ llﬂ_ sin 2f 7.
T 2 '
Flux in the strip, df, = MMFx permeance (2.43)
MME=Llg_ 2027y (2.44)
)
E
Permeance = iy (2.45)
y
From Eq. (2.41),
iy =2rsiné (2.46)

Differentiating Eq. (2.42) with respect to 0, we get
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i[4:::::»519]2i "
dé ael r
dé\r] dolr
= —smrﬁ'zﬁ—lE
r do
= si1m9=lﬁ
r do
= dy = rsinfdf (247)

Substituting Eqs. (2.47) and (2.46) in Eq. (2.45), we get

‘LE{]LJ"'SiI'l 0do
2rsind

Permeance =

Ldo
= pio— (2.48)

2

Substituting Eqs. (2.44) and (2.48) in Eq. (2.43), we get

ZSIZXpOLTLw

1
Ay = —

m

o sin 20

_sin 20
2

_ koLZl,
2w

0 d

Flux linkage in strip,
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dlpx = de xconductor portions producing flux in the strip

=;:0LZSIE 9_511129 dexle_sm% Z,
27 s
2 . 2
:;:,;]L/fg.f: H_SmZ()I 40
27

Total flux linkage in the conductor portion of the slot,

o= [,
w

2 a2
:j ;:{]LZS [. g Sin 20 10
D 2 |

2 . 12
:ff{].{_./(:&;: f{,}_amllt’} 40

_ poLZ2I i ﬁz+5mz 20 26sin 20
2

df

= 0.62319L7Z>1.,
Effective permeance of conductor portion,

Ae = —= = 0623 gL
1.7

=
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Specific permeance of conductor portion,

A
A = —=0.623
[ Ho

!

Specific permeance of slot opening,

dx I
M= o= -
y

0

Iy c

Total specific slot permeance,

As =Ac +A 1

T
W,

h
= 1p 0.623 + —
m;}[ -

2.7.5 T Bar Slot (Induction Motor)

(2.49)

AT bar slot is represented in Fig. 2.31. The specific

permeance calculations are as follows:
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Fig. 2.31 | T bar slot

The specific permeance calculation is shown in Table 2.9.
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Table 2.9 | Specific permeance calculation

Parameters

Agl0r )

Derivation

Conductor
portion (1)

/\sd = ’\1

hlﬂ-i-b

X a 2

h
h]a+b d

N = Hg
4; /A (3
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Parameters | A (orA,) | y | h Z, Derivation

\ y b, !
Conductor | Ay=X [w, | h il_/ﬁ AE b 7.+ "7
portion (b) fy a+b ) flhyath " ath | dy
2= Jl f . .
f_izq [] é.‘i {UU
ath
Iy P +ab+tt /3
ol (el e s
W (H-I-’)]
Non- A=hy [y - J:,\d 1!41\
conductor \ )
=iy | —=pg— |
portion i o Lo . W,
1
= _—[.1’][;"
L
II:;
=M=
iy

2.8 Magnetic Pull

Magnetic pull is the force exerted between two poles of
magnet, when separated by a distance as shown in Fig.
2.32.
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Fig. 2.32 | Magnetic force exerted between two poles

The force can be determined from change in magnetic
field energy stored in terms of energy density and
volume change and is given by
Change in magnetic field energy = Energy density x Volume change (250)

where

Change in magnetic field energy = Fdy = work done (when one pole is

moved by distance dy)
. o 1 5
Energy density = —BH = —ugH
2 2
1B
2 11y
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[, is used since it is a free space and relative
permeability of air, u_= 1]

Volume change = Ady

and F — force between two poles, dy — distance by which
one pole is moved, B — magnetic flux density, H —
magnetic field intensity and A — area of one pole.

Substituting the above values in Eq. (2.50), we get

7
1 B~
Fdy = —3—>< Ady
T
7
‘I i
> F :~B— (2.31)
21
F 1B
= _— = —
fl 2 ]H{]
YA
1B
= by=7— (2.52)
2 1ig

Thus from Eq. (2.52), it is observed that, force per unit
area or magnetic pull depends on magnetic flux density
of air gap which in turn depends on MMF of source of
excitation.

The MMF is given by
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AT =AT, + ATg

where AT, — MMF of iron and ATg — MMTF of air gap.

Generally, if there is no saturation in the portion of
iron, MMF AT is very small. Hence, MMF can be
approximated as AT= Tg.

Therefore, expressing magnetic flux density in terms of
MMF, we get

1 AT,
B= tf = | B=pgH, where H = ATI

&

where lg — length of air gap.

Substituting the value of B in Eq. (2.51), we get

o h2
r_1 jo AT, A
2 .lr‘,q ;I.[]
1 AT, 2
=T
&

The above expression gives magnetic force of
attraction existing between poles in terms of MMF of
source of excitation.

2.8.1 Radial Magnetic Forces
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In a rotating electrical machine, the magnetic force of
attraction exists between stator and rotor poles, about
the direction perpendicular to axis of shaft of rotor. This
force of attraction when considered for a two-pole
machine as shown in Fig. 2.32 is given by

where F, — force of attraction for stator and rotor poles
at the top, given by

F, — force of attraction for stator and rotor poles at the
bottom, given by

¥
P

)
. 1 A |”
Fy =Eﬂ-{}[‘%] A

Substituting the values of F . and F . in Eq. (2.53), it is
observed that

F=0 (2.54)

Equation (2.54) is valid for the following conditions:
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1. Rotor is symmetrical and concentric with respect to stator by being a
uniform cylinder.

2. Length of air gap is uniform at all places.

MMF of iron is negligible.

4. Flux distribution is uniform.

S

From Eq. (2.54), it can be stated that resultant
magnetic force of attraction is zero, resulting in zero or
nil radial magnetic pull on the rotor,

: F
sinceF=0 = P,=—=0
A
2.8.2 Radial Magnetic Forces and Unbalanced Magnetic Pull

In case of ac machine, magnetic flux density, B = B_ sin
6. Consider a small portion from Fig. 2.33, with area,

A—Lra
>
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Stator

Rotor

k i

Fig. 2.33 | Symmetrical machine with radial magnetic forces

The radial force, giving the force of attraction at top
stator and rotor poles, for this small element is given by

(B”,sinﬂjz DI

HD)

1 .
= — de)
2

1 .
— — B, sin?0DL do
4110

~ Y B DLsin?0d0
41

The vertical component of the above equation is given by
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Fr(vertical) = ﬁ B,,DLsin?0d6 xsin 6

-1 B DLsin%0d6 (2.55)
4p0

The resultant magnetic pull acting vertically is
determined by integrating the above equation over area
swept between 0 and 7.

T | iy
= Fr(vericl) = f %BmDLsm a0
0

1 ‘H
=—B,DLx
4o

lc:osgf}—costﬁrc
3 0

1
f sin’ xx = Ecos?’x —cosy+ C‘

Substituting C = 0 and 080 = i[cosﬁ' + 3::059) in the

above equation and substituting the limits of integration
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1 s
=—258,,DL
411

=lBH,DI_,KL{—LU—(—l}—[i{ﬂr)—i]l
4 12 12

1 1
%7 (cos 30 + 3cost)] — cost!

0

1 4 1
—— B,D L[—] — B, DL
411 310

Similarly, for bottom stator and rotor poles,
1 2
FH{\'L‘I'E[CH[} — W B, DL
The net resultant radial magnetic pull is given by
Equation (2.56) can be arrived at integrating Eq. (2.55)

over limits 0 to 271, covering whole machine with two
poles and is given by

2r

1 . -
f —B,,2DL sin®6d0 =0 (2.57)
o HHo

Equations (2.56) and (2.57) hold good for conditions
defined in the previous section.

In practical cases, manufacturing tolerances are
allowed in dimensions defining the machine. The
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manufacturing defects can be present causing a non-
uniform air gap to be present between a stator and a
rotor. In such cases, the resultant magnetic pull is not
zero and is given by difference between the magnetic
forces of attraction existing between the number of poles
involved in stator and rotor of machine. The resultant
unbalanced magnetic pull is determined as follows.

Consider an unsymmetrical electric machine as shown
in Fig. 2.34.

Stator

Air gap

Rotor

UMP 7

Fig. 2.34 | Unsymmetrical machine with unbalanced magnetic pull
It is observed that the length of air gap at the top of the

machine is larger than the length of air gap at the bottom
of the machine, i.e., (lgl > lg2)°
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The force of attraction at top stator and rotor poles is
given by

2 l

2
1 AT
Fr=2mo [—} A
&
The force of attraction at bottom stator and rotor poles
is given by

le

&2

Fp=—1p

_ 2
1 [AJ]A
2

The resultant magnetic pull or force is given by

F=Fr-Fg
2 2
1 AT 1 AT
=—ip|—| —<Ho|— (2.58)

2 ES] 2 !flf:
] (11

= —jip A7 | 5 ——5— (2.59)
2 E*’fﬁ; I3 ]

From Eq. (2.59), it is observed that F_ > F, since lg2 >
lgl. This resultant magnetic pull or force is called
unbalanced magnetic pull and in the above case it sets in
the downward direction.

Apart from non-uniformity in air gap, asymmetrical

magnetic circuit or placement of windings can result in
unbalanced magnetic pull.
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2.8.3 Determination of Unbalanced Magnetic Pull

Consider a rotating machine with diameter of rotor (D),
stack or core length (L) as shown in Fig. 2.35(a) and (b).

—> Stator

Normal rotor
I—)‘

- of-----+— Displayed rotor

4

g
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Fig. 2.35 | (a) and (b) Unbalanced magnetic pull in electric machine with
vertical rotor
displacement

From Fig 2.33(a) and (b), it is observed that the new
values of

Modified length of air gap in the vertical axis attop=1 +e
Modified length of air gap in the vertical axis at bottom = lg -e

where e is the displacement of rotor from its original
position in downward direction (or known as
eccentricity).

For the machine to be rotating, the length of air gap is
modified by angle g measured with respect to horizontal
axis.

Hence,

Modified length of air gap for top half of the rotor
along X — X',

[ =l +esinf
9, 9
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Modified length of air gap for bottom half of the rotor
along X — X',

[l =l —esinf
95 9

Also,

The magnetic pull is represented by P .

!

T

The pull per unit area is given by i X 3

glmodified)

= Pull per unit area along X — X’
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!2
= P,,|Change in 8

IZ
gimodified)
2 2
_p I S I
" fk, —esing fq +esinf
2_
:Hu"rg

1
_14’3 —f'sinﬂ]z lfx +esinf) 4

I% -I—EZ sinzH—FZIqﬁsinH— !3 +£’2511"|2f';’—2!q€5i1‘1t‘)

:F;H"IQZ T 7
‘ [IR —esin H] _J’K + fsinr‘)]
- 4l, esind ,
~ Puls T [ 1, > esinf]
g

Therefore, pull per unit area along X — X’ due to two
poles of rotor

_ 4P, esinf
Ly
Vertical component of pull per unit area

4pP,e . 1 4pP,e .
= 2 ginfxsinf = —1sin® 0

& B

www. TechnicalBooksPDF.com



3

Substituting P, = % B in the above equation, we get
Hp

Vertical component of pull per unit area

—4xP, % ;— sin20 = 4P, ;“— sinZ0

s Y
Therefore, the vertical component of pull

—4p e . 23 )
= ”,rbm X area

8

Substituting area = %L d6 in the above equation, as we

consider a small area defined by dg, the vertical
component of pull

=4P, ;;SEITZH X ngH

—2p fisinz(;* DLdo

m
¥
&

As the unbalanced magnetic pull is acting in the
downward direction,

Total pull,
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P = f 21”, ~sin2 0DLdo

" 1 —=cos?2
_ ] _
=21 " 5: DLI > df)

Sl nzt? ‘
0

PH

£ pL IE?—
£

DL —0-0+0]

8

PH

~ whP,eDL

Ly

1B%.
Substituting P, = =5 in the above equation, we get

Ho

_ 17B%DL
2 polg
2
S BRE e (2.60)
2 poly

As we know that area per pole,
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A=
2
2, ,
Hence, P= 2% A=2p, A
ﬂ[]"rg ‘rg
)
’ 1B~
:Eﬂpmi I P :_I_ (2.61)
f:‘: 2 ‘H{]

Equation (2.61) is valid for a two-pole machine. For a
machine with ‘P’ number of poles, Eq. (2.61) becomes
unbalanced magnetic pull

— Px2P, ?ﬂ

il
&

1t

B
For sinusoidal flux distribution, substitute B = E in Eq.

(2.62).

Therefore, unbalanced magnetic pull

2
=l[%] B T
ﬁ[)!g

2(2

www. TechnicalBooksPDF.com



2
_1B.e _p;

4 polg

(2.62)

2.8.4 Significance and Minimization of Unbalanced Magnetic
Pull

Table 2.10 provides the significant effects and prevention
methods of unbalanced magnetic pull.

Table. 2.10 | Significant effects and prevention methods of unbalanced
magnetic pull

Effect

Prevention method

Unbalanced magnetic pull is pronounced in
induction motors due to small air gap

o Decrease in stack length

o Use of high-quality ball bearings

o Use of stator winding with equalizer
connections

Effect

Prevention method

Unbalanced magnetic pull is significant for
certain combination of stator and rotor slots,
causing vibration and noise

Choice of slot numbers in stator and rotor
should properly made

Presence of homopolar flux in two-pole
machines leads to asymmetry in air gap

Use of stator winding with parallel paths and
equalizer connections

Review Questions

Multiple-choice Questions
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1. In DC machines, the total mmf produced by each pole is .
1. the mmf for pole and pole shoe
2. the mmf for air gap and teeth
3. the mmf for yoke and armature core
4. all the above
2. Carter’s coefficient for open slots is given by .

2 . 1
1. K =—|tan Ty——log ’l+‘1;2
'.rT v

2 tan”| y—ll(}g \/1;_2‘
Yy

2, Kg=—
m

7| _ 1 _
3. K = 5 tan I‘V_T;Iog y1 —|—‘1;r2

| B2

1
4. K = —|tan T~l).f+1—}rlru.=g y1 4—‘1;E

m

3. The mmf for air-gap in a salient pole machine is given by .
1. 80,000B K I
g 99
2. 800,000B K I
g gg
3. 800,000 BgKg
4. 800,000 Bgl
4. Simpson’s rule is also known as .
1. B, method
t1/3
2. two ordinate method
3. three ordinate method
4. graphical method
5. The real and apparent flux densities are related by Bapp =B .+
Ba (KS —1), where Ks is.
1. ratio of air area to iron area
2. ratio of iron area to air area
3. ratio of iron area to total area
4. ratio of total area to iron area
6. Hysteresis loss can be expressed gn .
1. Watts per cubic metre (W/m )
2. Watts per kilogram (W/kg)
3. Both (a) and (b)
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4. none of the above
. Hysteresis loss can be minimized using .

1. soft magnetic materials such as Si steel
2. air core transformers
3. both (a) and (b)
4. none of the above
. Pulsation losses in DC machines occur due to .

1. Slotted armature
2. Change in air gap flux
3. Both (a) and (b)
4. None of the above
. The leakage flux produced due to dissimilar mmf harmonics in
stator and rotor is .

1. belt leakage flux

2. harmonic flux

3. differential flux

4. all of the above
. The key assumptions made while estimating specific permeance
and leakage reactance of slots are .

1. the leakage flux traverses rectilinearly through the slot and

around the iron
2. reluctance of iron is zero
3. current is uniformly distributed throughout the area of slot
conductors

4. all of the above
. Total specific permeance of conventional parallel-sided slots is
given by .

L) b 21 hy
. g = [ —_ —_ s

s 3w, w, wyt+iw, wy
fi I 2h hy |

o }3 = 11 1 4+ 2 + 3 4+ B
3w, wy wy+ws, wy]
I h 20 Iy |

3 A = o[+ =2 ——2— 4
3w, Wy wy+w, W

h f 2hy I,
A = g | 2 3y
Sw,  wp+w,  w, Wy
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12. The total specific permeance of tapered slots is .

2. A:; =jf[]

3- )":: = [

4 A =g

2#’!-; 2:['1'2 Zh‘g ;I_-;
‘+
3(wy +w,) wy+wy wy+w Wy
20 2hy 2y hy
3(wy+w,) w+wy wyt+w W
20 2h, 2y, Iy |
3wy +ws) wo+wy  wy+wy  wy
2h 2h 2h;  2hy)
3(wy +ws) wy+wy wy+wy  wy |

13. Total specific permeance of circular slots is given by .

L As = jg
2. As = 10
3. As = J
4. As = H

0.632+
EUL, |

0.623 — -
EEL"

0623

w0,

0.623 + 1
W,

14. The equation for unbalanced magnetic pull (UMP) is given by .

2
< o
. l’[m{

2 pl,

w DL
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4.

1 Bhe

4 1ol

T DL

'l 8,2”4:

‘-L ﬂ”{‘-{

2 DL

~2 DL
2 puylg

15. In induction machines, UMP can be prevented

FEREDS
QT AN o0 00 A0 T o

[
o

PO XN AP PN~

by

DN R

using high-quality ball bearings

reducing the stack length

using stator winding with equalizer connections
all of the above

Answers

Short Type Questions

Difficulty level - Easy
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Define magneto motive force and magnetic flux.
Refer Section 2.1.

Define magnetic flux density.

Refer Section 2.1.

Define reluctance and permeance.

Refer Section 2.1.

. Define Kirchoff’s laws for magnetic circuits.

Refer Section 2.1.2.
Briefly compare magnetic and electric circuit.
Refer Table 2.4.

. Provide the expression for reluctance of airgap for smooth

armature surface with respect to one slot pitch.

Refer Section 2.2.

Provide the expression for reluctance of airgap for slotted
armature surface with respect to one slot pitch.

Refer Section 2.2.

Explain the effect of fringing with a diagram representing
fringing flux.

Refer Section 2.2 and Fig. 2.7.

Provide the expression for Carter’s coefficient for open and semi-
closed slots.

Refer Section 2.2.

Draw the graph representing Carter’s coefficient for open and
semi-closed slots with respect to slot opening/gap length ratio.
Refer Fig. 2.9.

Define gap contraction factor and air-gap expansion factor.
Refer Section 2.2 and 2.2.1.

Define gap contraction factor for ventilating ducts.

Refer Section 2.2.

Define total gap contraction factor for slots and ducts.

Refer Section 2.2.

Provide the expression that describes the effective airgap area per
pole.

Refer Section 2.2.1.

Define field form factor.

Refer Section 2.2.2.

Mention the reasons why accurate determination of mmf in teeth
is an arduous task.

Refer Section 2.3.

Mention the methods used to determine mmf of teeth.

Refer Section 2.3.

Explain about graphical method used to determine mmf of teeth.
Refer Section 2.3

Explain about B, /s method used to determine mmf of teeth.

Refer Section 2.3.
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20.

21.
22,
23.
24.
25.
26.
27.
28.
20.

30.

3L
32.
33-
34-
35.
36.
37

38.

39.

40.

Explain about Simpson’s rule (three-ordinate method) used to
determine mmf of teeth.

Refer Section 2.3.

Explain about real and apparent flux density.

Refer Section 2.4.

Define iron or core loss.

Refer Section 2.5.

Define hysteresis loss.

Refer Section 2.5.1.

How hysteresis loss can be minimized?

Refer Section 2.5.1.

Define eddy current loss.

Refer Section 2.5.2.

How eddy current loss can be minimized?

Refer Section 2.5.2.

Explain about pulsation loss.

Refer Section 2.5.4.

Explain about magnetic leakage.

Refer Section 2.6.

Provide the effects of leakage flux in various machines.
Refer Table 2.5.

Give the classification of leakage flux in armature of the rotating
machines.

Refer Fig. 2.18.

Explain about tooth top leakage flux.

Refer Section 2.6.

Explain about zig-zag leakage flux.

Refer Section 2.6.

Explain about differential or harmonic or belt leakage flux.
Refer Section 2.6.

Explain about peripheral leakage flux.

Refer Section 2.6.

Explain about slot leakage flux.

Refer Section 2.6.

Explain about overhang leakage flux.

Refer Section 2.6.

Explain about skew leakage flux.

Refer Section 2.6.

Provide the assumptions that are made in estimation of specific
permeance and leakage reactance of slots.

Refer Section 2.7.

Define specific permeance.

Refer Section 2.7.

Give the expression for total permeance of non-conductor portion
of slot.
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41.

42.

43.

44.

45.

5.

Refer Section 2.7.

Give the expression for total permeance of conductor portion of
slot.

Refer Section 2.7.

Define magnetic pull with a diagram.

Refer Section 2.8.

Define unbalanced magnetic pull and provide the expression to
determine it.

Refer Section 2.8.2.

Provide the significant effects and prevention methods of
unbalanced magnetic pull.

Refer Table 2.6.

Mention the significant effects of unbalance magnetic pull and
different techniques used to minimize it.

Refer Table 2.10.

Difficulty level - Medium to hard

Define ohm’s law for magnetic circuit.

The mmf of a magnetic circuit is directly proportional to flux
established in it provided that no part of the magnetic circuit is
saturated. The constant of proportionality is the reluctance of the
magnetic circuit. i.e., mmf a flux and mmf = reluctance x flux.
Explain about magnetization curve.

Magnetization curve represents the relation between the flux
density (B) and magnetic field intensity (H) of a magnetic
material. It is used in estimation of mmf required for flux path in
the magnetic material and is provided by the manufacturers of
stampings or laminations.

. Explain about loss curve.

Loss curve represents the relation between iron loss and
magnetic field intensity (H). It is used in the estimation of iron
loss of the magnetic materials and it is provided by the
manufacturers of stampings or laminations.

. Why are B-H curves generally used in magnetic circuit

calculations?

It is difficult to express the relation of magnetic flux density (B)
and the magnetizing field intensity (H) or mmf/m (at) in terms of
mathematical equation as the relation is non-linear. Therefore, to
calculate the mmf per metre of flux path for a given flux density,
the B-H curve is used which is provided by the manufacturers of
stampings or laminations.

Plot the B-H curve for air. Give the value of H in terms of B.
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H

Fig. 2.36 | B-H curve for air

As air is a non-magnetic material, it has a constant value of
permeability (.. B-H curve for air will be a straight line passing
through the origin). The B and H of air is related by u, (e, B=
u,H), w};ere 11, is the permeability of free space and its value is
47 x 10- H/m.

. Mention the differences in permeability of non-magnetic and

magnetic materials.

In non-magnetic materials, the permeability is constant, whereas

in magnetic materials, it is not a constant value and depends on

the saturation of the magnetic material.

. Explain about magnetic circuit calculations.

The determination of flux density, reluctance and mmf for

different Sections of magnetic circuit is termed as magnetic

circuit calculation.

. Explain the process of determining mmf of a magnetic circuit.

1. The magnetic circuit is divided into different Sections
which can be connected in series or parallel.

2. Then the estimation of flux density, reluctance and mmf for
every Section of the magnetic circuit is done.

3. The summation of mmf of all Sections in series gives the
total mmf for the magnetic circuit connected in series and
the mmf of a particular branch of the circuit is the mmf of
all Sections connected in parallel in case of magnetic circuit
connected in parallel.

. Mention the reasons why procedure for accurate determination of

mmf in airgap cannot be generalized.

The following are the reasons for absence of generalized

procedure for accurate determination of mmf in airgap:
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1. The reluctance of the air-gap is altered or affected by the
slot opening, radial ventilating ducts and non-uniform air-
gaps.

2. The machines might have different type of slots, modifying
the flux passing through it.

3. Some machines are provided with ventilating ducts for
cooling purpose, which affects the flow of flux.

4. Hence, the calculations of reluctance of air-gap should be
carried out individually for each type of machine,
accommodating different criteria.

10. Mention the factors which modify the reluctance of air-gap.
The reluctance of air-gap is modified by

1. Slots

2. radial ventilating ducts

3. non-uniform air-gaps

11. Explain about ventilating ducts.
1. Ventilating ducts are small gaps of width (w P in between

the stacks of armature core as shown in Fig. 2.10.

2. They are provided for better cooling of the core when the

length of the core is greater than 0.1 metre.
12. Explain about Carter’s coefficient.

1. Carter’s coefficient is a parameter that can be used to
estimate the effective slot pitch in case of armature
employing open or semi-enclosed slots.

2. Itis expressed as function of the ratio of wO/ lg, where w, is

slot opening and lg is airgap length.
3. Carter’s coefficient is also used to estimate the effective

length of armature when ventilating ducts are employed.
4. In this case, it is expressed as a function of w dlg’ where w

is the width of duct.
13. Briefly explain the effect of salient poles on the airgap mmf.
1. The length of airgap is not constant over the whole pole
pitch in case of salient pole machines.
2. Hence, the effective airgap length is given by Kg lg, where

d

Kg is the gap contraction factor.

3. Also for calculating mmf, the maximum gap density Bg at
the centre of the pole is considered instead of average
airgap flux density.

4. Mmf for airgap in salient pole machine = 800,000 BgKglg

14. Describe about tapered teeth and tapered slot.
A tooth is called tapered teeth when the width of the tooth
gradually increases (or decreases) from tip of tooth to root of
tooth. A slot is called tapered slot when the width of the slot
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gradually increases (or decreases) from the top of slot to the
bottom of the slot.
15. Mention the way in which airgap length influences the design of
machines.
1. The total mmf to be produced by a pole is approximately
equal to mmf for airgap.
2. Hence, the design of field system of an electric machine
primarily depends on length of airgap.
16. Define leakage coefficient and explain its importance of leakage
coefficient in the design of magnetic circuits.
The leakage coefficient is defined as the ratio of total flux to
useful flux.

Total flux
Useful flux

Since the leakage flux affects the performance of transformers
and rotating machines (including excitation demand, regulation,
forces on the winding under short circuit conditions,
commutation, stray load losses and circulating currents in
transformer tank walls), leakage coefficient is used in the
estimation of leakage flux.

17. Mention the differences between fringing flux and leakage flux.

Leakage coefficient, C; =

| Fringing flux | Leakage flux
Itis & wseful flux It is not wseful (for energy transfer)
It flowws i the magnetic flus path linking | It flows inumwanted path, does not link
various parts of electric machine various parts of electric machine
| e frin:.;iné; Fligx ine reases Bhe slof I | e L'I.Il.q\.fl: of ||,'._'|k.::,1'_1,' iy is accounied l\:m

Feacbanee leakase reactance

18. Explain the ways to minimize the magnetic leakage.
1. Most of the leakage fluxes are flowing through airgap of the
machine.
2. If the airgap of the machine is kept as low as possible, there
leakage fluxes can be minimized.
3. The harmonic leakage can be minimized by balancing the
stator and rotor currents.
4. The slot leakage can be minimized if the width of the slot is
more than the width of tooth.
19. What are the factors that are affected by the leakage flux?
The leakage flux affects the following in electrical machines:
. Commutation in DC machines.
. Voltage regulation of generators and transformers
. Excitation demand of salient pole machines
. Leakage reactance
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20.

21.

22,

Nk ®Dd

5. Forces between the windings under short circuit condition
6. Stray load losses
7. Circulating currents in transformer tank walls
Briefly explain about slot leakage reactance.
The slot leakage reactance is the reactance accounted for slot
leakage flux. The slot leakage flux will produce a reactive voltage
drop which is equivalent to an inductive drop, hence the drop can
measured in terms of reactance.
Slot leakage reactance, X =2n fZ SL)\s
where, f — Frequency, Z - Conductors per slot, L — Length of
armature, As — Specific slot permeance.

Explain about reactance voltage. Is it a useful voltage in case of
electrical machines?

Reactance voltage is the voltage induced due to leakage flux. It is
not useful as the reactance voltage will affect commutation and
produce sparking in DC machines. The reactance voltage will
increase the regulation in case of transformers and rotating
machines.

Provide the equation for slot leakage reactance per phase in
polyphase machine.

Slot leakage reactance per phase,

X, = 2nf pgZILA,

87 f ToL)s
Pq

Or Xq

o

Long Type Questions

Perform the analysis of series and parallel composite magnetic
circuits and obtain the relation between mmf, flux and
reluctance.

Provide a comparison between magnetic and electric circuit.
Explain the methods used to determine the mmf of teeth.
Derive the relation between real and apparent flux density.
Obtain an expression for eddy current loss in laminations.
Explain about various types of armature leakage flux.

Derive an expression for determining the specific permeance of
conductor and non- conductor portion of slot.

Derive an expression for determining the total permeance for
parallel-sided slot.



10.

11.

12.

13.

Derive an expression for determining the total permeance for
parallel-sided slot with double layer winding.

Derive an expression for determining the total permeance for
tapered slot.

Derive an expression for determining the total permeance for
circular slot.

Derive an expression for determining the total permeance for T
bar slot.

Derive an expression for determining the total unbalanced
magnetic pull (UMP).

Problems

Determine the effective length of airgap of a machine having a
stator with smooth surface and rotor with open slots devoid of
radial ducts, with tooth width, w, = 13 mm, slot width, w = 11

mm, airgap length, [ g~ 2 mm and Carter’s coefficient

1
5. °
Tup
wﬁ

Determine average airgap flux density of an alternator, with
rating 200 MVA, having number of poles = 10, length of core =
1.5 m, diameter of core = 5 m, total mmf per pole is 17,000 A,
mmf required for airgap is 0.8 times of total mmf per pole, field
form factor = 0.65 m, slot width = 20 mm, slot pitch = 60 mm
and length of airgap at the centre of pole = 25 mm. The type of
stator slots used in parallel-sided open slots.

Determine the mmf of tapered teeth of an electrical machine
using Simpson’s rule following data: length of teeth = 25 mm,
maximum width = 1,7 times the minimum width, mean flux

density = 1.3 Wb/m . The B-at curve is given by

B (wb/m?) 1 1.1 1.2 1.3 14 1.5 1.6 1.7
“at’ (A m) 190 208 227 265 3bb 633 1490 3670

Determine the permeability of teeth of DC machine with length of
core (gross) = 350 mm, slot pitch = 25 mm, width of the teeth =
15 mm, real flux density = 2.2 T, apparent flux density = 2 T and
stacking factor = 0.85.

Determine the hysteresis coefficient for a silicon steel with
hysteresis loss of 4 W/kg at frequency of 50 Hz, maximum flux

o



density of 2.1 Wb/ m and specific gravity of 7.55. Also determine
the hyste2resis loss kg at frequency of 40 Hz and flux density of 1.

2 Wb/m . Use Steinmetz coefficient as 1.6.



3
DESIGN OF TRANSFORMER

3.1 Introduction

Transformers are static electromagnetic devices with two
or more windings and a common magnetic circuit. They
are one of the primary power apparatus used in the
power system network. The transformers change the AC
voltage and the associated current from one level to
another level, maintaining power balance between input
and output side, without change in frequency. Hence,
transformers perform AC energy transformation rather
than energy conversion from one or more primary side
circuit/s to one or more secondary side circuit/s.

The main parts of the transformer are as follows:

e Core
e Yoke
e Winding
When the MVA rating is high, in addition to the above
parts, transformer is equipped with

e Bushing
¢ Coolant conservator ...



3.23 Design of Tank with Tubes

Dissipating surface area of tank =S,
Dissipating surface area of tubes = xS,
Total loss dissipation in surface area of tank =12.5 StW/ °C
Total loss dissipation in surface area of and cooling tubes =(12.5+8.8 x)St

w/°C
Total loss dissipition by tubes due to convection =1.35 x 6.5 xSt
= 8.8xS, W/°C
Total surface area of walls of tank and tubes = St + xS ¢
=(1+x) St
... Total loss dissipation by in surface area of tank and cooling tubes
Total loss dissipation =
Total surface area of walls of tank and tubes
(125+88x)§

(14 )5y

Temperature rice with tubes,

Total loss
Specific heat dissipation x surface area
B+ I
(12.5+ 8.8x)5¢

() =

From the above equation, area of tubes can be found as
follows.

_ PB+PR
12.55; + 8.8x5,

= 1255, +88x 5, = At fe



Pi‘|'Pc

= 8.8 xS, = ~125 5,

Total area of tubes, x5; = 1 [P] +F

1255

Length of a tube = [,
Diameter of a tube= dt
Radius of a tube= r,

Area of a tube= ertlt

Total area of tubes
Area of a tube

Total number of tubes, n, =

o Ipi +he —~12*55t]

88md | 6

The dimensions of tank depends on the type and
capacity of transformer, voltage rating and electrical
clearance to be provided between the transformer and
the tank, clearance to accommodate the connections and
taps, clearance for base and oil above the transformer,
etc. The clearance between different parts depends on
rating of the transformer.

Let D = distance between adjacent limbs



D_ = external diameter of outer winding

C = width wise clearance between the outer winding and
the tank wall

C, = length wise clearance between the tank wall and the
outer winding

C, = height wise clearance between the tank wall and the
outer winding

The various clearance values for a typical transformer

of rating 1000 to 5000 kVA and 11 to 33 kV voltage
rating is given in Table 3.11.

Table. 3.11 | Clearance values for a typical transformer

Clearances C. C C

Values 40to80mm | 50to 125 mm | 400 to 600 mm

The height wise clearance includes the clearance of 50
to 60 mm at the base, clearance of 150 to 250 mm above
oil and space of about 200 to 250 mm for leads. Figure
3.38 shows the transformer main dimensions with tank
along with various clearances.

3.23.1 Flow Chart for Design of Cooling System

The design procedure for design of the cooling system is
given below as a flowchart in Fig. 3.39. This involves the



calculation of number of cooling tubes required and
suitably arranging them around the tank.

A
2
¥

—— ) —

A
=
¥

C1 -_1-_ I

L

Fig. 3.38 | Transformer main dimensions with tank along with clearances

Example 3.16: Design a cooling system for a 3
¢, delta/star core type oil immersed



transformer of rating 200 kVA, 6000/400V,
50 Hz. Allowable temperature rise for the
tank walls is 50°C. Dimensions of tank are 125
cm height, 100 cm length and 50 cm width,
Allowable losses is 5 kW. What will be
temperature rise without the cooling
arrangement?

Solution: Given

Transformer rating, Q and type = 200 kVA and 3¢
Voltage rating = 6600/400 V

Allowable temperature rise = 50°C

Allowable losses = 5 kW

Tank size = 1.25 x 1 x 0.5 m

We know that

Losses = 12.5 S, 0+ 8.78 A, 0

Read kVA rating, voltage ratio, type of the transformer,

core + copper loss = total loss, temperature rise limit, specific
heat dissipation due to radiation, convection, convection
improvisation percentage, tube dimension and limb, frame,

winding dimension




Tubes

Calculate dissipating
surface of plain tank

!

Determine total losses

'

Find x, the increase in dissipating
surface area, due to tubes
and specific loss dissipation

|

Determine area of tube

.

Determine total
dissipating area

Determine number of
tubes

!

Determine spacing
number of rows and
columns

¥

/ Print all values /

Fig. 3.39 | Flowchart for design of tank with tubes in transformer

Dissipating surface of tank, neglecting the top and
bottom surfaces is given by



S, =2H, (Lt + Wt) =2 x1.25 (1 + 0.5) = 3.75 m
5000 = (12.5)(3.75)(50) + (8.78) A, (50)
5000 =2343.75 + 439 At

= A =6.05m

Let the diameter of tube be 5 cm and the average height
of tube is 105 cm.

2
Dissipating area of each tube a, = 7idl = 71 (0.05)(1.05) = 0.1649m

Number of tubes = 60 =36
0.1647

If the tubes are placed 7 cm apart from centre to
centre, then the number of tubes on 100 cm side and 50
cm side are 12 and 6 as shown in Fig. 3.40.

Total tubes = (2 x12) + (2 x 6) = 36
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Fig. 3.40

2
Specific heat of dissipation in case of plain walled tank=12.5/W/m / °C

5000

12.5%5.75
=106.66°C

So, temperature rise in case of plain walled tank =

To have this temperature rise within 50°C, additional
surface is provided in are form of 36 tubes, to dissipate



heat.

Example 3.17: Design a suitable cooling
system for a 500 kVA, 6600/440 V 50 Hz, 3¢
transformer with a total full load loss of 7 kW.
The transformer main dimensions are 1 m in
height, 0.96 m in length and 0.47 m in
breadth. Use cooling tubes of diameter 50 mm
to limit the average temperature rise to 35°C.
Use clearance of 50, 14 and 13 cm on the
height, length and width sides.

Solution: Given

Transformer rating, Q and type = 500 kVA and 3¢
Voltage rating = 6600/440 V

Tank size = 1 x 0.96 x 0.47 m

Clearances = 50 x 14 x 13 cm

Diameter of cooling tube = 50 mm

Allowable temperature rise = 35°C

Total size of transformer including clearances on all
sides,



Hy x Ly x Wy = (100 4 50) x (96 +14) x (47 +13)
=150x110x 60 cm

Total dissipating surface neglecting top and bottom
surfaces

= 2[(Hy XLy )+ (Hy x W]
=2[(1.5x1.1)+(1.5%0.6)]
= 5.1 m?
Total losses = 12.55,60+ 8.8 A,6
7000 = (12.5)(5.1)(35) + (8.8)A, (35)

Area of tubes, A =15.6 m

Let the average height of each tube = 0.9 H = 0.9 x 150
=135 cm

Dissipating surface area of each tube,

a, = aDI

= (11)(0.05)(1,35)

=0.212m



A
Number of tubesrequired = i
(g

156

- 0g
—73.6~ 74

If the tubes are placed 7.5 cm apart, then the number
of tubes that can be placed along 110 cm and 60 cm side

110 60 :
are — and —, respectively.
7=h Fi

i.e., They are 15 and 8, respectively.

If 15 and 8 tubes are provided, then the total numbers
of tubes used are 2(15 + 8) = 46.

Since 74 tubes are to be used to dissipate the heat, an
additional row of 46 tubes can be used, which increases
the total number of tubes to 46 x 2 = 92 tubes that is
much more than 74.

Hence, we can select 13 tubes that can be provided on
110 cm and 6 tubes can be provided on 60 cm.

Total number of tubes = 2 [13 + 6] + 2 [13 + 6] = 76.



Hence, instead of 74 tubes, 76 can be used as shown in
Fig. 3.41.

Lo 60 om o

O — @Te

Fig. 3.41

Example 3.18: Design a cooling system for a
natural oil cooled transformer of rating 1200
KkVA, with its main dimensions as 0.6 x 1.5 X
1.8 m length, breadth and height, respectively.
The full load loss is 12 kW. Take loss
dissipation due to radiation and convection as
6 W/m2/°C and 6.5 W/m2/°C and 35%
improvement in convention is to be provided
by tubes. Allowable temperature rise is 40°C.



Use cooling tubes of 5 cm diameter and 1 m
length.

Solution: Given

Rating of transformer = 1200 kVA
Main dimensions = 0.6x1.5x1.8 m
Full load loss = 12 kW

Allowable temperature rise = 40°C
Improvement in convection = 35%

Loss glissipation due to 2yadiation and convection = 6
W/m /°C and 6.5 W/m /°C

Total heat dissipating surface = 2(H, Lo+ WH)
=2 x [(1.8 x 0.6) + (1.5 x 1.8)]
St =7.56 m
Loss dissipation due to radiation and convection = (6 + 6.5)St
= 12.5St

Heat dissipating area of tubes = A,

Given that 40% improvement in dissipation due to
convection is to be provided by tubes of area A..



Loss dissipated due to cooling tubes = 6.5x%xflt =8.77A;

Total losses dissipating area by tank and tubes = 12.5 S, +8.77A,
Total losses = 12.5St9 + 8.77At9
12 kKW = (12.5St + 8.77At)9

~ 12x1000
12.55, +8.77A,

B 12 %1000
(12.5)(7.56) + 8.77 A,

2
At =23.43m )
Total area of tubes, At = 23.f1§ m )
Area of each tube = a, = aDl = (m)(5%x10 )(1) = 0.157 m

A, 2343

== = 149
ap  0.157

Total number of tubes =

Let 7.5 cm be the centre to centre distance between
cooling tubes.

Number of tubes on 150 cm and 60 cm sides are @ and
o0 respectively
7.5 '

So, 20 and 8 tubes can be placed.

Number of tubes in each row = 2(20 + 8) = 56



If two rows of tubes are placed, total number of tubes
will be 2 x 56 = 112

Since we have calculated only 150 tubes, the placement
of tubes can be 20, 16, 20 its widthwise and 8, 4, 8 along
lengthwise as shown in Fig. 3.42.

Hence, the total will be 2 (20 + 8) +2(16 + 4) + 2(20 + 8)
=56 + 40 + 56 = 152 tubes.
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Fig. 3.42

Example 3.19: A 3¢, 10 MVA, 33/6.6 kV 50 Hz,
transformer has the following values on
initial design. Length of transformer is 160
cm, height of transformer is 250 cm and the
width is 78.5 cm. Use clearances of 50 cm, 11.5
cm and 11.5 cm, respectively, on the height,
width and length for designing the tank. Total



iron loss is 25 kW and the copper loss is 100
kW.

Calculate the temperature rise of transformer
without cooling tubes. Calculate the number
of tubes to limit the temperature rise to 50°C.
Also, comment on the choice of cooling

system and whether the cooling tubes are
advisable in a practical case.

Solution: Given

Transformer rating, Q and type = 10 MVA and 3¢
Total copper loss = 100 kW

Voltage rating = 33,000/6600 V

Allowable temperature rise = 50°C

Total iron loss = 25 kW

Tank size = 1.60 x 2.50 x 0.785 m

Clearances = 50 x 11.5 x 11.5 cm

We know that

Tank size = Transformer size + clearances
Height x width x length of tank = (H + 50) x (W + 11.5) x (L + 90)
Htx thLt=3oox90x25ocm
Heat dissipeting surface area of tank, S,=2H (L, +W)



=2 x 3(2.5+,0.9)
=20.4m

Without cooling tubes,

Total losses =12.55,0
125x10° =(12.5)(20.4)6

3
0— 125x10 — 490°C
(12‘5)(20.4)

The temperature rise without cooling tubes is 490°C.
To limit this to 50°C, the dissipating surface area has to
be increased by providing cooling tubes. Let A be the
area of all cooling tubes.

125 kW =12.5 5,60 +8.78 A0
125x10° = (12.5)(20.4)(50)+(8.78)(A; ) (50)
A, =255.694 m?

Let the average height of tube is 0.9 H, = 0.9 x 300 =
270 cm and the diameter of each tube is 5 cm.

2
Dissipating area of each tube = DIl = (;1)(0.05)(2.7) = 0.424 m
Clearances = 50 x 14 x 13 cm

3.24 Mechanical Forces

Mechanical forces are present in transformer due to
leakage flux interaction, near the windings carrying
current.



The forces can be classified into axial forces and radial

forces, based on resolving the leakage flux component
direction.

The leakage flux is represented in Fig. 3.43(a). The
axial leakage field and radial leakage field are
represented in Fig. 3.43(b) and 3.43(c), respectively.
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Fig. 3.43 | (a) Leakage flux; (b) Axial leakage field; (c) Radial leakage field




Generally, Fleming’s left hand rule is used to determine
the direction of forces. The cause and effect of the axial
and radial forces are represented in Table 3.12.

Table. 3.12 | Cause and effect of the axial and radial forces

Feature\Type Axial forces Radial forces
Nature of occurrence | o Due to interaction of radial o Due to interaction of axial
(cause) component of leakage flux component of leakage flux
Effect o Compression caused in windings " Compression in inner

can become tensile if an winding. Tensile force in
asymmetry exists in axial magnetic outer wincling
field

The magnitude of force acting on a conductor is
proportional to the current flow in it and magnetic field
intensity due to current in neighbouring conductors.
Generally, as the magnetic field is proportional to the
current, force is proportional to the square of current.
The effect of large mechanical forces can be reduced by
bracing (reinforcing) of windings.

3.25 Computer-aided Design of Transformer

Manual calculations are done for the design of
transformer so far. The design of the transformer starts
from the output equation based on the specifications and
other parameters of the transformer. The different
variables and parameters are interrelated and they have
a non-linear relationship with the performance of the
machine. Taking all these in to consideration, the design



has to be done to give best performance. For a particular
application, several sets of design need to be carried out
to find the optimum one. Hence, many iterations and
parameter changes have to be done. They can be easily
done with the help of digital computers. Hence,
computers have become an integral part of the design
process of electrical machines. Sample computer
programmes for the design of transformers are given in
the following sections.

Example Program 1: Determine the main
dimensions of a 350 kVA, 3¢, 50 Hz Y/A,
11000/3300V, core-type distribution
transformer. Assume distance between core
centres as twice the width of core.

Solution:

Matlab program

disp(‘DESIGN OF OVERALL DIMENSION OF
TRANSFORMER\N" ) ;

disp(‘Enter the following values: ‘)
KVA=input(‘KVA rating: ‘);

disp(‘voltage per turn calculation give k :\nl1 0.75-
0.85 for 1phase core\n2 0.45 for 3phase core\n3 1-
1.2 for 1phase shell\n4 1.3 for 3phase\n’ );



k=input(‘k: *);
Et=k*sqrt(KVA);

f=input(‘Line frequency: ’);
m=input (‘Number of phases: ’);
Bm=input (‘Flux density: ‘);
Ki=input(‘Stacking factor: ‘);

disp(‘The values of peak flux per pole, net iron
area and Gross iron area calculated are’);

PHIm=Et/(4.44*f);
Ai=PHlIm/Bm%net iron area;
Am:Ai/Ki %gross core section area;

c=input(‘Enter the type of
core:\nl)Square\n2)Stepped\n3)3-Stepped\ n4)4-
Stepped \n');

switch ¢
case 1
ct=0.45;

d=sqrt(Ai/ct) % dia od circumsribing circle

a=sqrt(0.5)*d %width of the largest stamping

case 2
ct=0.56;

d=sqrt(Ai/ct)



a=0.85*d %dimensions

b=0.53*d
case 3
ct=0.6;

d=sqrt(Ai/ct)
a=0.42*d %dimensions
b=0.7*d

c=0.9*d

case 4
ct=0.62;

d=sqrt(Ai/ct)
a=0.36*d %dimensions
b=0.36*d

c=0.78*d

r=0.92*d

end;

disp(‘WINDOW DESIGN OF TRANSFORMER\n")
KV=input(‘Primary winding voltage: ‘),
deltap=input(‘Primary current density: ‘);
Kw=input(‘Enter window space factor: ‘)
Aw=(KVA*1000)/(3.33*Bm*f*Kw*deltap*Ai) %window area

ratiohw=input(‘Ratio - height to width of window in
the range of 2-4: ‘); %Range 2-4

disp(‘The window width and window height are’);



Ww=sqrt(Aw/ratiohw) %window width

Hw=Ww*ratiohw%window height

disp(‘YOKE DESIGN OF TRANSFORMER\n")
ratioyl=input(‘ratio - area of yoke to limbs: ‘*);
Dy=input(‘Depth of yoke: *);

disp(‘The flux density in yoke,yoke area, gross yoke
area and height of yoke are calculated as’);

FDy=Bm/ratioyl%flux density in yoke
Ay=ratioyl*(PH1m/Bm) %yoke area

Agy=Ay/Ki %gross area of yoke
Hy=Agy/Dy%height of yoke

disp( ‘OVERALL DIMENSION OF TRANSFORMER\n")

disp(‘The distance betwn core centers,height, width
and depth of transformers are obtained as’);

D=d+Ww%dist between adjacent core centres
H=Hw+2*Hy%height of frame
W=2*D+Dy%width of frame

Df=Dy%depth of frame

C program



#include<stdio.h>
#include<math.h>

int main() {

printf(“DESIGN OF OVERALL DIMENSION OF TRANSFORMER\Nn");

printf(“Enter the following values: \n”);
printf(“KVA rating: “);

double KVA;

scanf (“%1f"”,&KVA);

double k;

printf(“voltage per turn calculation give k :\nl
0.75-0.85 for 1phase core\n2 0.45 for 3phase core\n3
1-1.2 for 1phase shell\n4 1.3 for 3phase\n”);

scanf (“%1f",&k);

double Et=k*sqrt(KVA);

double f;

printf(“\nLine frequency: “);
scanf (“%1f”,&f);

double m;

printf(“\nNumber of phases: “);
scanf (“%1f”,&m);

doubleBm;



printf(“\nFlux density: “);
scanf (“%1f"”,&Bm);

double Ki;

printf(“\nStacking factor: “);
scanf (“%1f"”,8Ki);

printf(“\nThe values of peak flux per pole, net iron
area and Gross

iron area calculated are “);
doublePHlm=Et/(4.44*f);
printf(“\n%lf”,PHlm);

double Ai=PH1m/Bm; //net iron area
printf(“\n%lf”,Ai);

doubleAm:Ai/Ki; //gross core section area
printf(“\n%lf”,A);

printf(“\nEnter the type of
core:\nl)Square\n2)Stepped\n3)3-Stepped\n4)4-Stepped
\n");

int core;
scanf (“%d"”,&core);
double d,a,b,c,ct,r;

switch (core)



case 1:

ct=0.45;

d=sqrt(Ai/ct); // dia of circumsribing circle

a=sqrt(0.5)*d; //width of the largest stamping

break;

case 2:

ct=0.56;

d=sqrt(Ai/ct);
a=0.85*d; //dimensions

b=0.53*d;

break;

case 3:

ct=0.6;

d=sqrt(Ai/ct);
a=0.42*d; //dimensions
b=0.7*d;

c=0.9%*d;

break;

case 4.

ct=0.62;

d=sqrt(Ai/ct);
a=0.36*d; //dimensions

b=0.36%*d;



c=0.78*d;

r=0.92*d;

break;
default:

printf(“invalid”);

printf(“WINDOW DESIGN OF TRANSFORMER\n");
double KV;

printf(“\nPrimary winding voltage: “);
scanf (“%1f"”,&KV);

doubledeltap;

printf(“\nPrimary current density: “);
scanf (“%1f"”,&deltap);

double Kw;

printf(“\nEnter Window space factor: “);
scanf (“%1f", &Kw);

double Aw=(KVA*1000)/(3.33*Bm*f*Kw*deltap*Ai);
//window area

doubleratiohw;

printf(“\nRatio - height to width of window in the
range of 2-4: “);



scanf (“%1f"”,&ratiohw);
doublewWw=sqrt(Aw/ratiohw); //window width
doubleHw=Ww*ratiohw; //window height

printf(“\nThe window width and window height are
%1f, %1f",Ww,Hw);

printf(“YOKE DESIGN OF TRANSFORMER\n”);
doubleratioyl;

printf(“\nratio - area of yoke to limb: *“);
scanf (“%1f"”,&ratioyl);

doubleDy;

printf(“\nDepth of yoke: “);

scanf (“%1f",&Dy);

doubleFDy=Bm/ratioyl; //flux density in yoke
double Ay=ratioyl*(PH1lm/Bm); //yoke area
doubleAgy=Ay/Ki; //gross area of yoke
doubleHy=Agy/Dy; //height of yoke

printf(“\nThe flux density in yoke,yoke area, gross
yoke area and height of yoke are calculated as %l1f,
%1f, %1f, %1f \n”,FDy, Ay, Agy, Hy);

printf(“OVERALL DIMENSION OF TRANSFORMER\n");

double D=d+Ww; //dist between adjacent core centres



double H=Hw+2*Hy; //height of frame
double W=2*D+Dy; //width of frame
doubleDf=Dy; //depth of frame

printf(“The distance betwn core centers, height,
width and depth of transformers are obtained as %l1f,
%1f, %1f, %1f \n”,D,H,W,Df);

return 0;

Example Program 2: Computer program for
overall design of transformer

Solution:

Matlab program

disp(‘CORE DESIGN OF TRANSFORMER\n’);
disp(‘Enter the following values: ‘)
KVA=input(‘KVA rating: ‘);

disp(‘voltage per turn calculation give k :\nl1 0.75-
0.85 for 1phase core\n2 0.45 for 3phase core\n3 1-
1.2 for 1phase shell\n4 1.3 for 3phase\n’ );

k=input(‘k: *);



Et=k*sqrt(KVA);

f=input(‘Line frequency: ‘);
m=input( ‘Number of phases: ‘);
Bm=input(‘Flux density: *);
Ki=input(‘Stacking factor: ’);

disp(‘The values of peak flux per pole, net iron
area and Gross iron area calculated are’);

PHIm=Et/(4.44*f);
Ai=PH1lm/Bm%net iron area;
Am:Ai/Ki %gross core section area;

c=input(‘Enter the type of
core:\nl)Square\n2)Stepped\n3)3-Stepped\ n4)4-
Stepped \n’");

switch ¢
case 1
ct=0.45;

d=sqrt(Ai/ct) % dia od circumsribing circle

a=sqrt(0.5)*d %width of the largest stamping

case 2
ct=0.56;

d=sqrt(Ai/ct)
a=0.85*d %dimensions

b=0.53*d



case 3
ct=0.6;

d=sqrt(Ai/ct)
a=0.42*d %dimensions
b=0.7*d

c=0.9*d

case 4
ct=0.62;

d=sqrt(Ai/ct)
a=0.36*d %dimensions
b=0.36*d

c=0.78*d

r=0.92*d

end;

disp(‘WINDOW DESIGN OF TRANSFORMER\n")
KV=input(‘Primary winding voltage: ‘),
deltap=input(‘Primary current density: *);
Kw=input(‘Enter window space factor: ‘)
Aw=(KVA*1000)/(3.33*Bm*f*Kw*deltap*Ai) %window area

ratiohw=input(‘Ratio - height to width of window in
the range of 2-4: ‘); %Range 2-4

disp(‘The window width and window height are’);

Ww=sqrt(Aw/ratiohw) %window width



Hw=Ww*ratiohw%window height

disp(‘YOKE DESIGN OF TRANSFORMER\n’)
ratioyl=input(‘ratio - area of yoke to limbs: ‘*);
Dy=input(‘Depth of yoke: ’);

disp(‘The flux density in yoke,yoke area, gross yoke
area and height of yoke are calculated as’);

FDy=Bm/ratioyl%flux density in yoke
Ay=ratioyl*(PH1lm/Bm) %yoke area

Agy=Ay/Ki %gross area of yoke
Hy=Agy/Dy%height of yoke

disp(‘OVERALL DIMENSION OF TRANSFORMER\nNn')

disp(‘The distance betwn core centers,height, width
and depth of transformers are obtained as’);

D=d+Ww%dist between adjacent core centres
H=Hw+2*Hy%height of frame

W=2*D+Dy%width of frame

Df=Dy%depth of frame

disp(‘LOW VOLTAGE WINDING DESIGN OF TRANSFORMER\Nn');
V1s=input(‘Secondary line voltage: ‘);

cl=input(‘Type of connection:
\nl.Star\n2.Delta:\n");



switch c1

case 1

Vsp=V1ls/sqrt(3) %secondary phase voltage - star
case 2;

Vsp=Vls;%secondary phase voltage - delta

end;

disp(‘The no of turns per phase and current per
phase of LV winding are’);

Ts=round(Vsp/Et) %no of turns per phase
Isp=(KVA*1000)/(3*Vsp) %secondary current per phase
delta=input(‘Enter secondary current density: /)
disp(‘The area of conductor of LV winding is’);
as=Isp/delta %area of secondary conductor

disp(‘Let us choose copper rectangular conductors
and paper insulation for these conductors.’);

x=input(‘Width of conductor along height of
window(mm): “);

y=input(‘Width of conductor along width of
window(mm): “);

z=input(‘Increase in dimensions because of
insulation(mm): “);

X1=Xx+z



yl=y+z%dimension with covering
ly=input(‘Number of layers: ‘);

disp(‘Using helical winding: ‘)
Tsl=round((Ts/ly)+1) %turns along axial length
Lcs=Ts1*x1 %axial length of 1lv winding
cls=(Hw*1000-Lcs)/2 %clearance

if(cls<6)

disp(‘clearance is <6. Min limit not satisfied’)

end;

cly=input(‘Enter thickness of pressboard
cylinders(mm): “);

bs=2*1y*yl+cly %radial depth of 1lv winding

lvi=input(‘Enter thickness of insulation between Lv
winding and core(mm): ‘)

disp(‘The inside , outside, mean dia of LV winding
and ita mean length of turn are’);

Id1l=d*160600+2*1vi %inside diameter
0d1=Idl+2*bs%outside diameter

Mdl=(Idl+0dl)/2 %Mean diameter



Mlt=pi*Mdl%Mean length of turn

disp(‘HIGH VOLTAGE WINDING DESIGN OF
TRANSFORMER\N' ) ;

V1p=input(‘primary line voltage: ‘);

cl=input(‘Type of connection:
\nl.Star\n2.Delta:\n");

switch c1

case 1

Vpp=V1lp/sqrt(3) %primary phase voltage - star
case 2;

Vpp=Vlp;%primary phase voltage - delta

end;

disp(‘The no of turns per phase and current per
phase of LV winding are’);

Tp=round(Ts*(Vpp/Vsp)) %no of turns
Ipp=(KVA*1000)/(3*Vpp) %primary current per phase
delta=input(‘primary current density: ‘)
disp(‘Let us choose copper round conductors\n’)

disp(‘The area of conductor of HV winding,Dia of
conductor, Total copper area in window and window
space factor are’);

ap=Ipp/delta %area of primary conductor



dp=sqrt((4*ap)/pi) %diamater of conductor
Acw=2*(ap*Tp+as*Ts) %Total copper area in window
Kw=Acw/ (Aw*10000) %window space factor

ca=input(‘Number of coils in HV winding: *);
%volt/coil should not exceed 1500V

ta=input(‘Number of turns in each coil of HV
winding: ‘);

tec=Tp-ca*ta %Number of turns in end coil
ly=input( ‘Number of layers of normal coil: ‘);
tly=input(‘Turns per layer of normal coil: ‘);
Mxvly=2*tly*(V1lp/Tp) %Max voltage between layers
sci=input(‘Size of conductor with insulation: *);
adn=tly*sci%axial depth of normal coil
lye=input(‘Number of layers of end coil: ‘);
tlye=input(‘Turns per layer of end coil: *);
ade=tlye*sci%axial depth of end coil

sp=input(‘Height of Spaces used between adjacent
coils: *);

Lcp=ca*adn+ade+ca*sp%axial length of HV winding

Cl=(Hw-Lcp)/2 %clearance



cly=input(‘Thickness of insultaion between layers:

")

bp=ly*sci+(ly-1)*cly%radial depth of HV coil
T=5+((0.9*V1p)/1000)

Idh=ca*adn+2*T %Inside diameter
0dh=Idh+2*ade%0Outside diameter
Mdh=(Idh+0dh)/2 %Mean diameter
disp(‘RESISTANCE DESIGN OF TRANSFORMER\Nn’);

Lmtp=(pi*Mdh)/1000 %length of mean turn in HV
winding

rop=input(‘Resistivity of material in HV winding:

)i
disp(‘The Resistane of conductor of LV winding is’);
Rp=(Tp*Lmtp*rop)/ap%resistance in HV side

Lmts=(pi*Mdl)/1000 %length of mean turn in Lv
winding

ros=input(‘Resistivity of material in LV winding:

")

disp(‘The Resistane of conductor of HV winding,
Resistance referred to HV side and Per unit
resistance are’);

Rs=(Ts*Lmts*ros)/as %resistance in HV side

Ref=Rp+(((Tp*Tp)/(Ts*Ts))*Rs) %Resistanereffered to
primary



ep=(Ipp*Ref)/Vlp%per unit resistance
disp(‘LEAKAGE REACTANCE DESIGN OF TRANSFORMER\n’);
Dm=(0d1+0dh)/2 %Mean diameter of windings
Lmt=(pi*Dm)/1000 %Length of mean turn of winding
Lc=(Lcp+Lcs)/2 %Mean axial length of winding

disp(‘The leakage Reatance referred to HV side and
Per unit impedance are’);

Xp=(2*pi*f*4*pi*10e-7*Tp*Tp*Lmt* (T+
(bp+bs)/3))/Lc%Leakage reactance

epx=(Ipp*Xp)/Vpp%per unit leakage reactance

epi=sqrt((ep*ep)+(epx*epx)) %per unit impedance

C program
#include<stdio.h>

#include<math.h>

int main()

const double pi=3.14;

printf (“DESIGN OF OVERALL DIMENSION OF
TRANSFORMER\N") ;

printf(“Enter the following values: \n");

printf(“KVA rating: “);



double KVA;
scanf (“%1f"”,&KVA);
double k;

printf(“voltage per turn calculation give k :\nl
0.75-0.85 for 1phase core\n2 0.45 for 3phase core\n3
1-1.2 for 1phase shell\n4 1.3 for 3phase\n”);

scanf (“%1f"”,&k);

double Et=k*sqrt(KVA);

double f;

printf(“\nLine frequency: “);
scanf (“%1f”,&f);

double m;

printf(“\nNumber of phases: “);
scanf (“%1f"”,&m);

doubleBm;

printf(“\nFlux density: “);
scanf (“%1f"”,&Bm);

double Ki;

printf(“\nStacking factor: “);

scanf (“%1f",&K1i);



printf(“\nThe values of peak flux per pole, net iron
area and Gross iron area calculated are “);

doublePHlm=Et/(4.44*f);

printf(“\n%lf”, PH1lm);

double Ai=PHlm/Bm; //net iron area
printf(“\n%lf”,Ai);

doubleAm=Ai/Ki; //gross core section area
printf(“\n%lf”,A );

printf(“\nEnter the type of
core:\nl)Square\n2)Stepped\n3)3-Stepped\n4)4-Stepped
\n");

int core;
scanf (“%d"”,&core);
double d,a,b,c,ct,r;

switch (core)

case 1:
ct=0.45;

d=sqrt(Ai/ct); // dia of circumsribing circle

a=sqrt(0.5)*d; //width of the largest stamping

break;

case 2:



ct=0.56;

d=sqrt(Ai/ct);
a=0.85*d; //dimensions

b=0.53*d;

break;
case 3:
ct=0.6;

d=sqrt(Ai/ct);
a=0.42*d; //dimensions
b=0.7*d;

c=0.9%*d;

break;
case 4:
ct=0.62;

d=sqrt(Ai/ct);
a=0.36*d; //dimensions
b=0.36*d;

c=0.78*d;

r=0.92*d;

break;
default:

printf(“invalid”);

printf(“WINDOW DESIGN OF

TRANSFORMER\N"") ;



double KV;

printf(“\nPrimary winding voltage: “);
scanf (“%1f"”,&KV) ;

doubledeltap;

printf(“\nPrimary current density: “);
scanf (“%1f"”,&deltap);

double Kw;

printf(“\nEnter Window space factor: “);
scanf (“%1f",&Kw) ;

double Aw=(KVA*1000)/(3.33*Bm*f*Kw*deltap*Ai);
//window area

doubleratiohw;

printf(“\nRatio - height to width of window in the
range of 2-4: “);

scanf (“%1f"”,&ratiohw);
doublewWw=sqrt(Aw/ratiohw); //window width
doubleHw=Ww*ratiohw; //window height

printf(“\nThe window width and window height are
%1f, %1f",Ww,Hw);

printf(“YOKE DESIGN OF TRANSFORMER\Nn");

doubleratioyl;



printf(“\nratio - area of yoke to limb: *“);
scanf (“%1f"”,&ratioyl);

doubleDy;

printf(“\nDepth of yoke: “);

scanf (“%1f"”,&Dy) ;

doubleFDy=Bm/ratioyl; //flux density in yoke
double Ay=ratioyl*(PHlm/Bm); //yoke area
doubleAgy=Ay/Ki; //gross area of yoke
doubleHy=Agy/Dy; //height of yoke

printf(“\nThe flux density in yoke,yoke area, gross
yoke area and height of yoke are calculated as %l1f,
%1f, %1f, %1f \n”,FDy, Ay, Agy, Hy);

printf(“OVERALL DIMENSION OF TRANSFORMER\Nn");
double D=d+Ww; //dist between adjacent core centres
double H=Hw+2*Hy; //height of frame

double W=2*D+Dy; //width of frame

doubleDf=Dy; //depth of frame

printf(“The distance betwn core centers, height,
width and depth of transformers are obtained as %1f,
%1f, %1f, %1f \n”,D,H,W,Df);

printf(“\nLOW VOLTAGE WINDING DESIGN OF
TRANSFORMER\N") ;



doubleVls;

printf(“\nSecondary line voltage: “);
scanf(“%1f",&V1s);

int c1;

printf(“\nType of connection: \nl.Star\n2.Delta:\n
“);

scanf (“%d"”,&cl);
doubleVsp;

switch (c1)

case 1:

Vsp=V1ls/sqrt(3); //secondary phase voltage - star
break;

case 2:

Vsp=Vls;//secondary phase voltage - delta

break;

doubleTs=round(Vsp/Et); //no of turns per phase

printf(“\nThe no of turns per phase and current per
phase of LV winding are: %1f”,Ts);



doubleIsp=(KVA*1000)/(3*Vsp); //secondary current
per phase

double deltas;

printf(“\nEnter secondary current density: “);
scanf (“%1f"”,&deltas);

double as=Isp/deltas; //area of secondary conductor

printf(“\nThe area of conductor of LV winding 1is
%1f",as);

printf(“\nLet us choose copper rectangular
conductors and paper insulation for these
conductors.”);

double x;

printf(“\nwidth of conductor along height of
window(mm): “);

scanf (“%1f",&x);
double vy;

printf(“\nwWwidth of conductor along width of
window(mm): “);

scanf (“%1f",&y);
double z;

printf(“\nIncrease in dimensions because of
insulation(mm): “);

scanf (“%1f",&z);



double x1=x+z;

double yl=y+z; //dimension with covering
doublely;

printf(“\nNumber of layers: “);

scanf (“%1f"”,&ly);

printf(“\nUsing helical winding: “);

double Tsi=round((Ts/ly)+1); //turns along axial
length

doublelLcs=Ts1*x1; //axial length of lv winding
doublecls=(Hw*1000-Lcs)/2; //clearance

if(cls<6)

printf(“\nclearance is <6. Min limit not
satisfied”);

doublecly;

printf(“\nEnter thickness of presshboard
cylinders(mm): “);

scanf (“%1f"”,&cly);
doublebs=2*1y*yi1+cly; //radial depth of lv winding

double 1lvi;



printf(“\nEnter thickness of insulation between Lv
winding and core(mm): “);

scanf (“%1f"”,&lvi);

printf(“\nThe inside , outside, mean dia of LV
winding and its mean length of turn are”);

doubleIdl=d*1000+2*1vi; //inside diameter
doubleOdl=Id1l+2*bs; //outside diameter
doubleMdl=(Id1+0dl)/2; //Mean diameter
doubleMlt=pi*Mdl; //Mean length of turn

printf(“\nThe inside , outside, mean dia of LV
winding and its mean length of turn are %1f, %lf,
%1f, %1f”,Idl,0dl,Mdl,M1t);

printf(“\nHIGH VOLTAGE WINDING DESIGN OF
TRANSFORMER\N") ;

doubleVlp;

printf(“\nprimary line voltage: “);
scanf (“%1f”,&Vlp);

int c2;

printf(“\nType of connection:
\nl.Star\n2.Delta:\n");

scanf (“%d"”, &c2);
doubleVpp;

switch (c2)



case 1:

Vpp=V1lp/sqrt(3); //primary phase voltage - star
break;

case 2:

Vpp=Vlp;//primary phase voltage - delta

break;

default:

printf(“\ninvalid”);

printf(“\nThe no of turns per phase and current per
phase of LV winding are”);

doubleTp=round(Ts*(Vpp/Vsp)); //no of turns

doubleIpp=(KVA*1000)/(3*Vpp); //primary current per
phase

printf(“\nThe no of turns per phase and current per
phase of LV winding are %1f, %1f”,Tp,Ipp);

printf(“\nLet us choose copper round conductors\n”);
doubleap=Ipp/deltap; //area of primary conductor

doubledp=sqrt((4*ap)/pi); //diamater of conductor



doubleAcw=2*(ap*Tp+as*Ts); //Total copper area in
window

double Kwil=Acw/(Aw*10000); //window space factor

printf(“\nThe area of conductor of HV winding,Dia of
conductor, Total copper area in window and window
space factor are %1f, %1f, %l1f, %1f”,ap,dp,Acw,Kwl);

doubleca, ta;

printf(“\nNumber of coils in HV winding: “);
//volt/coil should not exceed 1500V

scanf (“%1f"”,&ca);

printf(“\nNumber of turns in each coil of HV
winding: “);

scanf (“%1f"”,&ta);

doubletec=Tp-ca*ta; //Number of turns in end coil
doublelys, tly;

printf(“\nNumber of layers of normal coil: “);
scanf (“%1f"”,&lys);

printf(“\nTurns per layer of normal coil: “);
scanf (“%1f"”,&tly);

doubleMxvly=2*tly*(V1lp/Tp); //Max voltage between
layers

doublesci, lye, tlye;

printf(“\nSize of conductor with insulation: “);



scanf (“%1f"”,&sci);

doubleadn=tly*sci; //axial depth of normal coil
printf(“\nNumber of layers of end coil: “);
scanf (“%1f"”,&lye);

printf(“\nTurns per layer of end coil: “);
scanf (“%1f"”,&tlye);

doubleade=tlye*sci; //axial depth of end coil
double sp;

sp=printf(“\nHeight of Spaces used between adjacent
coils: “);

scanf (“%1f"”,&sp);

doublelLcp=ca*adn+ade+ca*sp; //axial length of HV
winding

double Cl=(Hw-Lcp)/2; //clearance
doubleclyt;

printf(“\nThickness of insultaion between layers:

“);
scanf (“%1f"”,&clyt);

doublebp=lys*sci+(lys-1)*clyt; //radial depth of HV
coil

double T=5+((0.9*V1p)/1000);



doubleIdh=ca*adn+2*T; //Inside diameter
doubleOdh=Idh+2*ade; //Outside diameter
doubleMdh=(Idh+0dh)/2; //Mean diameter

printf(“\nThe radial depth, inner diameter, outer
diameter, mean diameter of the high are %1f, %lf,
%1f, %1f”,bp,Idh,0dh,Mdh);

printf (“\nRESISTANCE DESIGN OF TRANSFORMER\n");

doubleLmtp=(pi*Mdh)/1000; //length of mean turn in
HV winding

doublerop;
printf(“\nResistivity of material in HV winding: “);
scanf(“%1f"”,&rop);

printf(“\nThe Resistance of conductor of LV winding
is");

doubleRp=(Tp*Lmtp*rop)/ap; //resistance in LV side

doubleLmts=(pi*Mdl)/1000; //length of mean turn in
LV winding doubleros;

printf(“\nResistivity of material in LV winding: “);
scanf(“%1f"”,&ros);
doubleRs=(Ts*Lmts*ros)/as; //resistance in HV side

double Ref=Rp+(((Tp*Tp)/(Ts*Ts))*Rs); //Resistance
referred to primary

double ep=(Ipp*Ref)/V1lp; //per unit resistance



printf(“\nThe Resistance of conductor of HV winding,
Resistance referred to HV side and Per unit
resistance are %1f, %l1f, %1f”,Rs,Ref,ep);

printf (“\nLEAKAGE REACTANCE DESIGN OF
TRANSFORMER\N") ;

doubleDm=(0d1+0dh)/2; //Mean diameter of windings

doubleLmt=(pi*Dm)/1000; //Length of mean turn of
winding

doubleLc=(Lcp+tLcs)/2; //Mean axial length of winding

doubleXp=(2*pi*f*4*pi*10e-7*Tp*Tp*Lmt*(T+
(bpt+bs)/3))/Lc; //Leakage reactance

doubleepx=(Ipp*Xp)/Vpp; //per unit leakage reactance

double epi=sqrt((ep*ep)+(epx*epx)); //per unit
impedance

printf(“\nThe leakage Reactance referred to HV side
and Per unit impedance are %1f, %1f"”,6epx,epi);

return 0;

Example Program 3: Computer program for
design of cooling system of transformer with
total loss specified



Solution:

Matlab program

KVA=input(‘KVA rating: ‘);

P=input(‘allowable losses: ‘);

t=input(‘allowable temperature rise: ’);
l1=input(‘length of tank (including clearance): ‘);
w=input(‘width of tank (including clearance): ‘);
h=input(‘height of tank (including clearance): ‘);
ht=input(‘average height of tube: *);
dt=input(‘diameter of tube: *);

St=2*h*(1l+w) %dissipating surface area of tank

At=(P-(12.5*St*t))/(8.78*t) %total heat dissipating
area of tubes

at=pi*dt*ht%area of each tube
Nt=round(At/at) %number of tubes
C program
#include<stdio.h>
#include<math.h>

int main()



const double pi=3.14;
doubleKVA,P,t,1,w,h, ht,dt;

KVA=printf(“\nKVA rating: “);

printf(“\n\enter the following parameters: “);
KVA=printf(“\nKVA rating: “);

scanf (“%1f"”,&KVA);

P=printf(“\nallowable losses: “);

scanf (“%1f",&P);

t=printf(“\nallowable temperature rise: “);
scanf (“%1f",&t);

1=printf(“\nlength of tank (including clearance):
“);

scanf(“%1f"”,&l);
w=printf(“\nwidth of tank (including clearance): “);
scanf (“%1f", &w);

h=printf(“\nheight of tank (including clearance):

“);
scanf (“%1f"”,&h);
ht=printf(“\naverage height of tube: “);

scanf (“%1f"”,&ht);



dt=printf(“\ndiameter of tube: “);
scanf (“%1f"”,&dt);

double St=2*h*(1+w); //dissipating surface area of
tank

printf(“\ndissipating surface area of tank 1is
%1f",St);

double At=(P-(12.5*St*t))/(8.78*t); //total heat
dissipating area of tubes

printf(“\ntotal heat dissipating area of tubes is
%1f",At);

double at=pi*dt*ht; //area of each tube
printf(“\nArea of each tube is %1f”,at);
doubleNt=round(At/at); //number of tubes
printf(“\nTotal number of tubes is %1f”,Nt);

return 0;

Review Questions

Multiple-choice Questions

1. Magnetic material used in large transformer is
1. cast steel
2
3
4

cold-rolled grain-oriented steel
either (b) or (c¢)
2. type of cylindrical windings using circular conductors
are employed in transformers.

. hot-rolled silicon steel



10.

Multi-layered
double layered
triple layered
. single layered
The main disadvantage of cylindrical winding is
1. high copper loss
2. poor mechanical strength
3. more eddy current loss
4. none of the above
Helical windings are used in transformers.
1. distribution
2. power
3. shell-type
4. none of these
Disc windings are primarily used in capacity
transformers.
1. low
2. medium
3. high
4. any of these

PPN

. Yokes with rectangular cross-section are used for

transformers.
1. small
2. medium
3. large
4. any of these
Power transformers have ratings above kVA.
1. 50
2. 100
3. 250
4. 500
Cold-rolled grain-oriented steel has in comparison to
hot-rolled silicon steel.
1. better finish
2. improved space factor
3. much better magnetic properties
4. all of the above
Typical value of window space factor is
1. 0.5
2. 0.6
3. 0.1

4. 0.3
The reason for using multi-step core is used in a transformer is to

1. increase the efficiency



11.

12.

13.

14.

15.

16.

17.

18.

2. decrease the cost of core material

3. decrease the cost of copper

4. increase the output
Tappings of a transformer are provided

1. at the middle of h.v. side

2. at the neutral end of h.v. side

3. at the phase end of h.v. side

4. at the phase end of Lv. side
For transformer laminations, which type of silicon steel is
preferred?

1. cold rolled

2. hot rolled

3. grain-oriented

4. any of these
The primary and secondary windings are interlaced in a
transformer for

1. reduced cost

2. uniform heating

3. easiness of coil making

4. reduced leakage reactance
Helical winding with rectangular strip conductors is generally
used for

1. h.v. coils

2. both Lv. and h.v. coils

3. Lv. coils

4. none of the above
The cross-over coils in transformers are generally used for

1. h.v. winding

2. l.v. winding

3. both Lv. and h.v. winding

4. none of the above
The cylindrical winding in transformers is generally not used
beyond

1. 6.6 kV

2. 3.3kV

3. 66 kV

4. 33kV
The percentage of silicon in the transformer core steel is

1. 2t03%
2. 3t04%
3. 4to5%
4. 5to0 6%
The transformer core laminations have thickness in the range of



1.

20.

21.

22,

23.

24.

25.

. 3.5to 5 mm

2 to 3 mm
0.35 to 0.5 mm
0.035 to 0.05 mm
The core laminations are prepared using for large
capacity power transformers.

1. cold-rolled grain-oriented silicon steel

2. cold-rolled silicon steel

3. hot-rolled silicon steel

4. any one of the above
The core section in a large capacity power transformer is

AW N R

square
rectangular
multi-stepped
. Any of the above
Tap changer is normally provided on transformer.
1. distribution
2. step up
3. instrument
4. high voltage
A three-phase power transformer is generally of type.
1. berry
2. core
3. shell
4. toroidal
In comparison with power transformer, a distribution
transformer has .
1. low percentage impedance and high copper iron loss ratio
2. high percentage impedance and high copper iron loss ratio
3. high percentage impedance and low copper iron loss ratio
4. low percentage impedance and low copper iron loss ratio
What are the effects of making limb section lower than the yoke
section?
1. economy in copper usage
2. decreased iron losses
3. decreased magnetizing current
4. all of the above
Circular coils are preferred in transformers because of
1. of its superior mechanical stability under short circuit
conditions
2. it becomes wasteful to employ rectangular coils
. both (a) and (b) above
4. it is easier to make circular coils.

PPN

w



26.

27.

28.

29.

30.

31.

32.

33

The reason for single-phase shell-type distribution transformer to
have sandwich type winding is

1. to reduce the leakage reactance

2. to save copper

3. to improve the voltage regulation

4. both (a) and (c) above.
What is the effect of increase in the height of the window in
comparison to the width in a transformer?

1. cost of copper will be reduced

2. voltage regulation will decrease

3. efficiency will decrease due to increase in copper losses

4. both (a) and (b)

causes hum in a transformer.

Magnetostriction
Vibrations developed by laminations depending upon the
tightness of clampings

3. Cushions and paddings

4. all of the above
Humming noise in a transformer can be decreased by

1. using lower flux densities

2. tightening the clampings of laminations

3. using suitable cushions, padding and oil barriers

4. all of the above
If all the dimensions of a transformer is doubled, its iron loss will
be compared to iron loss with the original dimensions.

1. half

2. double

3. four times

4. 8times
Tot2al copper area accommodated in the window of gross area 300
cm of a particular tr%nsformer is 0.48 times, the net area of iron
in the core of 200 cm . Then, the window space factor is

N

1. 0.72
2. 0.28
3. 0.32

4. 0.48 )
If the net iron area of a three stepped core is 240 cm , then the
diameter of the circumscribing circle is

1. 25cm

2. 18 cm

3. 20 cm

4. 15cm

to reduce hysteresis lossin a transformer.
1. Core may be laminated
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2. Silicon steel may be used as the core material.
3. Core may be constructed with any permanent magnet
material such as alnico
4. Core may be impregnated with varnish.
Which of the following relation must be satisfied if a transformer
having constant flux and constant current density is designed for
minimum cost?
1. iron loss = copper loss
2. weight of iron = weight of copper
3. weight of iron/weight of copper = specific cost of
copper/specific cost of iron
4. weight of iron/weight of copper = specific cost of
iron/specific cost of copper
The criteria for a transformer to be designed for the minimum
volume is .
1. iron loss = copper loss
2. volume of iron = volume of copper
3. weight of iron = weight of copper
4. the volume of iron is minimum
Choice of higher core flux density in a transformer leads to

increased overall size

reduced magnetizing current

reduced iron losses

. reduction in overall cost

ith rise in voltage, the window space factor of a transformer

2-'>Q°!°t-*

decreases

increases

remains constant

decreases or increases depending upon whether it is a
distribution or power transformer

If the total area occupied by the insulating material in the window
of a transformer is 72%, then the window space factor is

@D R

1. 0.28

2. 0.72

3. 0.32

4. 0.25 )
If the gross area of window is 750 cm for a particular
transformer, then the approximate height of the window is

1. 25cm
2. 75cm
3. 50 cm
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4. 30 cm
If for a single phase, 6600/400V, core-type transformer, the
e.m.f.per turn is 6 V, then the number of turns in h.v. winding is

1106

1122

1100

. 1089

If for a single phase, 6600/400V, core-type transformer, the
e.m.f. per turn is 6 V, then the number of turns in Lv. winding is

i alb o A

1. 65

2. 66

3. 67

4. 68
If for a single phase, 6600/400V, core-type transformer, the
e.m.f. per turn is 6 V, then the number of turns in h.v. winding
with + 5% tapping is

1. 1064

2. 1178

3. 1068

4. 1072
If for a three phase, 11000/440V, delta/star, core-type
transformer, e.m.f. per turn is 10.8V, then the number of turns
per phase in L.v. winding is

1. 23

2. 23

3. 24

4. 40
If for a three phase, 11000/440V, delta/star, core-type
transformer, e.m.f. is per turn is 10.8V, then the number of turns
per phase in h.v. winding is

1. 1018

2. 600

3. 1000

4. 1038
If for a three phase, 11000/440V, delta/star, core-type
transformer, e.m.f. is per turn is 10.8V, then the number of turns
per phase in h.v. winding with — 5% tapping is

1. 1050

2. 1092

3. 1080

4. 1070
Eddy currents are reduced in high silicon steel as it provides
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1. increases resistivity
2. reduces resistivity
3. short circuits

4. none of the above
In order to reduce the eddy current losses within the conductor,
the thickness of the rectangular conductor selected for Lv. and
h.v. winding should not be greater than

1. 2 mm

2. 2.5 mm

3. 3mm

4. 3.5 mm
Stacking factor will be minimum for typeofcore.

1. four-stepped

2. three-stepped

3. square

4. cruciform
The usual values of current densities for medium and large power
transformers are .

-

1. 1.5t02.6 A/mm )

2. 2.4t03.4 A/mzm

3. 1.5t02 A/mm2

4. 1t02.6 A/mm
If a 200/400V transformer has a secondary winding resistance of
0.5Q, the total resistance referred to primary is

1. 0.125Q

2. 0.5

3. 1Q

4. 20
If the frequency of supply voltage to the primary of a two-winding
transformer is doubled, then the induced emf is

1. unaltered

2. doubled

3. halved

4. none of these
Leakage reactance of a transformer is

1. directly proportional to number of turns

2. directly proportional to square of number of turns

3. inversely proportional to number of turns

4. inversely proportional to square of number of turns
Large value of flux density can be adopted while designing

. distribution transformer
welding transformer
large capacity power transformer
current transformer.

Bw P e
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Lower value of window space factor will be adopted in design of

1. 400 kVA, 11/0.4 kV, distribution transformer

2. 20,000 kVA, 66/11 kV, power transformer

3. 20,000 kVA, 33/11 kV, power transformer

4. 100 kVA, 11/0.4 kV, distribution transformer
Larger value of current density can be adopted for transformer
employing cooling.

1. oil-forced water forced

2. oil-natural air forced

3. oil-immersed self-cooled

4. any of the above
While designing a transformer if increased window height is
adopted, it may result into

1. poor voltage regulation

2. reduced leakage reactance

3. increased leakage reactance

4. both (a) and (b) above
If the thickness of laminations is t, then the eddy current losses
are pé{oportional to

1. t2

2.t

3

3.t

4. t
If wider window is adopted in designing a transformer, it may
result in to .

1. reduced leakage reactance

2. good voltage regulation

3. increased leakage reactance

4. both (b) and (c) above
In the design of a transformer, the usual value of the ratio of
window height to window width used is

1.5

2. 3

3.2

4. 4
In a transformer, the emf per turn is determined, in terms of its
kVA output rating (Q) from the relation

1. Et=KQ
2. Et= K\/?92
3. Et=kQ

4. Et=k/Q

An iron cored transformer is working at a maximum flux density
of 0.8 Wb/m . Its core is replaced by silicon steel core, working at

L2}
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a maximum flux density of 1.2 Wb/m . If the total flux is to
remain the same, what is the reduction in volume expressed as of
the original volume? The frequency and voltage per turn are the
same in both the cases.

1. 33%

2. 9%

3. 22%

4. 11%
If the total losses of a transformer during its design is 500 W at
50% full load, then the total copper losses of the same
transformer at 1.25 times full load will be

1. 500 W

2. 625 W

3. 1250 W

4. 3125 W
Typical value of no load current expressed as percentage of full
load current in transformer is

1. 10%

2. 15%

3. 3%

4. 8%
In a transformer, iron losses and full load copper losses are 900
and 1600 W, respectively. The ratio of load for maximum
efficiency in terms of full load is

1. 0.56

2. 0.85

3. 0.75

4. 1.0

Magnetic couplings are present closer in a transformer to ensure

. high efficiency
. good regulation
. good regulation and high efficiency
. good regulation and high power factor
The useful flux in a transformer links
1. only Lv.turns
2. only h.v. turns
3. both Lv. and h.v. turns
4. none of the above
Under which of the following conditions, the hysteresis loss in a
transformer remains unaffected?
1. When both frequency and flux density are increased by 10%
2. When flux density is increased by 10%
3. When thickness of lamination is increased by 10%
4. When frequency is increased by 10%

A WN R



68

69

70

73

. Maintaining the same thickness but selecting a higher silicon
content core material for a transformer reduces eddy current loss
due to .

1. decrease in resistivity

2.
3.
4.

increase in resistivity
decrease in malleability
both (a) and (b) above

. In order to have minimum copper loss in the transformer
windings,

1.
2.

3.
4.

the primary and secondary currents should be equal

the current densities in primary and secondary windings
must be the same

copper losses should be equal to iron losses

none of the above

. Transformer core is laminated to decrease

1.
2,
3.
4.

stray loss

eddy current loss
copper loss
hysteresis loss

. In transformers, with rise in supply frequency,

1.
2.
3.
4.

copper loss remains unaffected but efficiency increases.
copper loss decreases but efficiency increases

copper loss increases but efficiency decreases

both copper loss and efficiency remain unaffected

. In transformers, with increase in supply frequency, the iron
losses

1.
2,
3.
4.

decreases
increases

remain unaffected
becomes zero

. Under which situation(s), a transformer can be slightly over
loaded?

1.

A w
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1.
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if the ambient temperature is much below the designed
value
if the supply frequency is increased

. both (a) and (b) above

none of the above
transformer is designed for good all day efficiency.
Distribution transformer
Current transformer
High voltage transformer
Power transformer

echanical forces in a transformer are developed due to

interaction of current flowing in the winding and leakage
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flux around it
2. vibrations
3. gap between laminations
4. none of these
The overload capacity in a transformer depends on
1. supply frequency
2. core size
3. both (a) and (b)
4. none of these
In transformer, use of higher leakage reactance is
permitted.
1. current transformer
2. instrument transformer
3. distribution transformer
4. power transformer
In a transformer having a higher leakage reactance leads to an
advantage of
1. reducing the magnetizing current
2. improving the voltage regulation
3. limiting the inrush current during a short circuit
4. none of the above
The leakage reactance of a transformer depends on
1. configuration of the winding
2. number of turns
3. frequency
4. all the above
The leakage reactance of a transformer is
1. proportional to square of number of turns
2. directly proportional to number of turns
3. inversely proportional to number of turns
4. proportional to inverse square of number of turns
Addition of cooling tubes to the transformer tank improves heat
dissipation capacity because of
1. additional dissipation by convection
2. additional dissipation by radiation
3. additional cooling surface
4. all the above
A conservator tank along with the main tank of a transformer is
mostly adopted .
1. to prevent formation of sludge in the main tank
2. to improve the cooling
3. to keep the oil in reserve
4. to facilitate the periodical check up of the oil
can be adopted for transformer cooling.
1. Animal oil
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2. Vegetable oil
3. Mineral oil
4. Any oil
Heat dissipation by means of radiation in oil immersed
transformers with cooling tubes is
1. about 6.0 W/12n /°C
2. about 2 W/m 1°C
3. about 10 W/m2/°C
4. about 50 W/m /°C
The heat dissipation capacity of transformer exceeding 50 kVA
rating is increased by providing
1. fins
tubes
radiator tanks
corrugations
. all of these
il used in cooling of transformer should have
1. low viscosity
2. low dielectric strength
3. low flash point
4. none of the above
Transformer oil should be devoid of
1. sulphur
2. moisture
3. acids
4. all the above
Transformer oil should possess
1. high flash point
2. high dielectric strength
3. high viscosity
4. both (a) and (b) above
How much heat can be dissipated by natural means from the
plain walled te21nk of a transformer?
. 8.78W/m /°C
. 3.72 Wém /°C
. 6W/m /°C
12.5 W/m /°C
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Difficulty level - Easy

. What are the major components of a transformer?

Refer Section 3.1.

. What are the functions of various parts of transformer?

Refer Table 3.1.
Explain the classification of transformers.
Refer Sections 3.1.1to 3.1.4.

. Compare core and shell-type transformer.

Refer Table 3.2.

Compare three-phase transformer bank and three-phase
transformer.

Refer Table 3.3.

. Mention the reasons for the use of tertiary winding in

transformer.

Refer Section 3.1.4.

Mention the specifications of transformer.

Refer Section 3.2.

What are the steps involved in the design of transformer?
Refer Section 3.3.

Give the output equation of single phase core-type and shell-type
transformer.

Refer Sections 3.3.2 and 3.3.3.

Give the output equation of three phase core-type and shell-type
transformer.

Refer Sections 3.3.5 and 3.3.6.

Provide the expression for volt per turn of winding.

Refer Section 3.4.

What are the values of ‘K’ for various types of transformers?
Refer Table 3.4.

Explain about choice of flux density in a transformer.

Refer Section 3.5.

What are the values of flux densities for various types of
transformers?

Refer Table 3.5.

Explain about choice of current density in a transformer.
Refer Section 3.6.

What are the values of current densities for various types of
transformers?

Refer Table 3.6.

What are the types of laminations used in core and shell-type
transformers?

Refer Fig. 3.17.

What are types of cores used in transformer?

Refer Fig. 3.18.
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Define stacking factor.

Refer Section 3.7.

Provide the ratios of net and gross area to area of circumscribing
circle for different types of cores.

Refer Table 3.7.

Explain about design of yoke.

Refer Section 3.8.

Provide the expression for area of window.

Refer Section 3.9.

Give the expressions for overall dimensions of single phase core
and shell-type transformers.

Refer Sections 3.10.1 and 3.10.3.

Give the expressions for overall dimensions of three phase core
and shell-type transformers.

Refer Sections 3.10.2 and 3.10.4.

What are the different types of windings used in transformer?
Refer Fig. 3.28.

Explain about the choice of windings for different types of
transformer.

Refer Table 3.8.

Provide the expression for resistance of winding.

Refer Section 3.12.

Provide the expression for reactance of winding.

Refer Section 3.13.

Give the expression for no load current in transformer.

Refer Section 3.15.

Provide the expression for magnetizing volt-ampere in a
transformer.

Refer Page 3.63.

Provide the alternate expression for magnetizing current in a
transformer.

Refer Page 3.63.

Mention the different losses in a transformer.

Refer Section 3.16.

Provide a brief summary on effects of variation of frequency on
core loss, voltage, leakage reactance and resistance of
transformer.

Refer Table 3.9.

Provide the condition for obtaining minimum volume of
transformer.

Refer Section 3.18.

Provide the condition for obtaining minimum weight of
transformer.

Refer Section 3.18.

Provide the condition for obtaining minimum losses of
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transformer.

Refer Section 3.18.

What are the various types of cooling methods for a transformer?
Refer Fig. 3.36.

Mention the heat transfer methods in various regions of
transformer.

Refer Table 3.10.

Mention the typical clearance values used in providing cooling
arrangements of a transformer.

Refer Table 3.11.

Explain about the cause and effect of axial and radial force in a
transformer.

Refer Table 3.12.

Difficulty level - Medium to hard

What are the magnetic materials used for the magnetic frame?
1. Hot-rolled silicon steel;
2. Cold-rolled grain-oriented silicon steel.

. Which magnetic material used for the magnetic frame has better

magnetic properties?
Cold-rolled grain-oriented silicon steel.

. Mention the reason for using five limb construction for three

phase core-type transformer.

Five limb construction is used so as to reduce the height of the
assembled transformer and thereby to overcome the
transportation limitations.

. What are the effective requirements of a properly designed core

of a transformer?
The key requirements of a properly designed core include that of
having minimum iron losses and no load current.
What are the essential properties of transformer steel?
The transformer steel should exhibit
1. high permeability
2. high resistivity
3. low coercive force
Provide the limiting values of flux density used with hot-rolled
steel and cold-rolled grain-oriented steel.
1. hot-rolled steel — 1.4 Tesla
2. cold-rolled grain-oriented steel — 1.7 Tesla
Why transformers employ stepped core?
The following are the reasons for employing stepped core:
1. Low voltage and high voltage coils are circular, providing
better utilization of space
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2. For reducing the mean length of low voltage and high
voltage turns, resulting in saving of copper material.
Mention the merits of using comparatively higher flux density in
the core.
1. Decrease in core and yoke cross-sectional area for same
output.
2. Reduction in mean length of low voltage and high voltage
turns resulting in saving of copper material.
3. Reduced overall size and weight of the transformer.
4. Decrease in overall cost of the transformer.

. Why low voltage and high voltage windings employ circular coils?

1. To attain better mechanical strength.
2. To lessen the mean length of low voltage and high voltage
turns, leading to copper saving.
Mention the types of windings generally used for low voltage
winding.
1. Helical winding.
2. Cylindrical winding with rectangular conductors.
What are the types of winding that are generally used for high
voltage winding?
1. Cylindrical winding with circular conductor.
2. Continuous disc type winding.
3. Cross-over winding.
Mention the demerits of sandwich winding.
1. Difficulty in manufacturing due to requirement of high
labour.
2. Less stability under short circuit conditions.
3. Difficulty in insulating different coils from each other and
from the yoke.
Why are stranded conductors used for the winding in
transformer?
Stranded conductors are used for the winding in transformer to
reduce the eddy current losses within the conductor.
Mention the insulating materials that are used in transformers.
Press board
Porcelain
Cable paper
Insulating varnish
Varnished silk
Bakelite
7. Transformer oil
What are the essential properties of insulating materials used in
transformer?
1. Sufficient mechanical strength to withstand the stresses.
2. High dielectric strength to prevent break down.

SR S
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3. Good oil absorbing capability.

Mention the reason for using different current densities in low

voltage (l.v.) and high voltage (h.v.) windings.

L.v. winding is an inner winding, placed on the core, in which

cooling is less compared to h.v. winding, which is the outer

winding.Thus, Lv. winding should be designed with a

comparatively lesser current density than the h.v. winding.

Why stranded conductors are required to be transposed?

It is essential to transpose the stranded conductors, to equalize

the reactance of the strands.

Define interleaved winding.

Interleaved winding is a type of winding in which lLv. and h.v.

coils are arranged alternately one over the other along the height

of the limb.

What is the necessity for providing tappings in a transformer?
1. To maintain practically constant voltage at consumer’s end,
2. To control active and reactive power over a transmission

line interconnecting two generating stations,
3. To provide voltage regulation.

Provide the percentage tappings, generally employed in

transformers.

2.5% and 5%

Mention the advantages of providing tapping in h.v. winding.

1. Precise voltage regulation, because of presence of larger
number of turns.

2. Ease of providing tappings, as the h.v. winding is an outer
winding.

3. Relatively lower current is interrupted, while the taps are
changed.

What are the different methods of changing the tappings in a

transformer?

1. On load tap changing
2. Off load tap changing

What are the properties required to be attained in designing the

windings of transformer?

1. Improved electrical performance characteristics
2. Sufficient mechanical strength
3. Proper ventilation

In which type of transformer leakage reactance can be varied over

a wide range?

Shell-type transformer with sandwich winding.

Why power transformers are designed to have maximum

efficiency at or near fullload whereas distribution transformers

are designed to have maximum efficiency at loads quite lower
than the full load?
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Power transformers are designed to have maximum efficiency at
or near full load whereas distribution transformers are designed
to have maximum efficiency at loads quite lower than the full
load, since power transformers are allowed to work at or near full
load and switched off during light load hours, but distribution
transformers are required to work all the time including light
load hours.
Why circular coils are always preferred over rectangular coils for
winding a transformer?
Circular coils have the following advantage over rectangular coils:
1. Higher mechanical stability under short circuit conditions,
due to the presence of radial forces and there is no
tendency for the coil to change its shape due to mechanical
forces
2. Proper utilization of space
3. Ease of winding
Why is the area of yoke of a transformer usually kept 15—20%
more than that of core?
By maintaining the area of yoke 15—20% more than the area of
core, the yoke flux density is reduced, and hence reducing the
iron losses in the yoke portion.
Why are mittred joints preferred in transformer core?
The mittred joints make the flux lines to flow along the direction
of grain orientation, thereby reducing the iron loss and the no
load current.
Why l.v. winding is placed first on the core and then h.v. winding
in case of a coretype transformer?
By placing l.v. winding near the core, the insulation thickness
reduces resulting into ease in insulation. It further reduces the
length of mean turn of conducting material.
What are the types of transformer according to service
conditions?
1. Distribution transformer
2. Power transformer
Why sandwiched winding is preferred for a distribution
transformer?
Sandwich winding is preferred to reduce the leakage reactance in
order to have a good voltage regulation.
In case of a power transformer, a higher leakage reactance is not
considered a disadvantage — Justify.
Since higher leakage reactance can limit the rush of current
during a short circuit, a power transformer of a higher leakage
reactance is not considered a disadvantage.
Why a stepped core is used in transformer?
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Stepped core is used to approximate the core section near to a
circle, therefore reduces the length of mean turn leading to
reduction in the amount of copper.

Justify the use of cross-over coils for winding h.v. side of a
transformer.

The h.v. winding has larger number of turns, which when
employed with a cross-over winding can be easily divided into a
number of coils depending upon the voltage rating. Insulation
spacers can then separate every coil, which assists in free
circulation of oil.

Mention the reason for use of stranded conductors instead of a
single conductor of large cross-section.

Stranded conductors are preferred due to reduction in eddy
current loss, compared to a single conductor of large cross-
section.

Why stepping is not employed in yoke?

Stepping is required in portions where winding is present. As
yoke portions do not carry any winding, it is not stepped.

Why an elaborate clamping and tightening arrangement is
required in transformer core?

Clamping and tightening arrangement is required to overcome
the large amount of mechanical forces developed during short
circuit conditions.

What is the range of efficiency of a commercially available
transformer?

The efficiency of a commercially available transformer will be in
the range of 94% to 99%.

Define a transformer bank.

A transformer bank consists of three independent single phase
transformers with their primary and secondary windings
connected either in star or in delta.

How does the design of distribution transformer differ from the
design of a power transformer?

1. The distribution transformers are designed in such a way
that copper loss will be higher than iron loss, whereas in
power transformers the copper loss will be lesser than the
iron loss.

2. The distribution transformers are designed to have the
maximum efficiency at a load much lesser than full load,
whereas the power transformers are designed to have
maximum efficiency at or near full load.

3. The leakage reactance is kept low in a distribution
transformer to have better regulation, whereas in power
transformers the leakage reactance is kept high to limit the
short circuit current.
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What is the necessity of using sheet steel stampings in the
construction of electrical machines?
The stampings reduce the eddy current losses as the stampings
are insulated by a thin coating of varnish; hence when the
stampings are stacked to form a core, the resistance for the eddy
current is very high. (This is due to very small area of crosssection
of laminations.)
How the insulation is provided in the laminations of core?
1. In laminations made of hot-rolled silicon steel, a thin
coating of kaolin or varnish is applied to insulate them.
2. In laminations of cold-rolled silicon steel, a phosphate-
based coating is applied to insulate them.
3. In high capacity transformers, above 10 MVA rating in
addition to phosphate coating, a coating of kaolin or
varnish is applied.
Mention the merits of three-phase transformers over single-
phase transformers.
Three-phase transformers have the following advantages
compared to single-phase transformers.
1. Less weight
2. Less cost
What are the types of winding commonly employed for LV
winding?
1. Helical winding
2. Cylindrical winding with rectangular conductors
What are the disadvantages of using higher flux density in design
of core of transformer?
1. Increased magnetizing current and iron losses.
2. Higher temperature-rise of transformer.
3. Lower efficiency, because of higher no load losses.
4. Saturation of magnetic material.
Why the cross-section of core is taken less than yoke?
The cross-section of yoke is larger than core so as to reduce flux
density by limiting the no load current and thereby reducing iron
losses.
Describe the placement of low voltage and high voltage winding
in a single phase coretype transformer.
On each core, half the number of low voltage and half the
number of high voltage turns are placed.
The low voltage winding is first placed on the core and then the
high voltage winding is placed over the low voltage winding.
What is the reason to not use large number of steps in a stepped
core?
Even though, the large number of steps reduces the amount of
copper used, it increases the labour charge which may make
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implementation costlier.
Why window space factor is lesser for higher voltage rating
transformers?
As the voltage rating increases, larger space is required for
insulation and clearances; hence, the window space factor is
lower.
Mention the effect on leakage reactance in the construction of
narrower window transformer.
In a transformer with narrow window, the limbs are placed closer
thereby the leakage flux is reduced resulting in the reduction of
leakage reactance.
Explain the requirement of estimation of Ampere Turn in the
design of transformer.
Ampere Turn is estimated to determine the magnetizing current
for the transformer.
Mention the reason to add the Ampere Turn required by joints in
the estimation of the total A.T. required for transformer.
As a high portion of the total Ampere Turn links the joints, it is
necessary to add it to the total Ampere Turn.
Define window space factor.
The window space factor is defined as the ratio of copper area in
the window to the total area of window.
Mention the advantages of stepped cores.
For same cross-sectional area, the stepped cores will have lesser
diameter of circumscribing circle when compared to square cores.
This causes reduction in length of mean turn of the winding with
subsequent reduction in costs, i.e., volume of copper and copper
loss.
Define copper space factor.
The copper space factor is the ratio of conductor area and window
area in case of transformers.
(In case of rotating machines, it is the ratio of conductor area and
slot area.)
Mention the factors to be considered in choosing the type of
winding for a core-type transformer.

1. Current density

2. Impedance

3. Temperature rise

4. Surge voltage

5. Short circuit current
Mention the reason for use of delta connection of tertiary winding
in a transformer.
The unbalance in phase voltage during unsymmetrical faults in
primary or secondary of transformer is compensated by the
circulating currents flowing in the closed delta connection.
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. How the tank dimensions are fixed based on overall dimensions
of transformer frame?

1. The dimensions of the tank are decided by the dimensions
of the transformer frame and clearance required on all the
sides.

2. The clearance on the side depends on voltage and power
rating of the winding.

3. The clearance at the top depends on the oil height above
the assembled transformer and the space for mounting the
terminals and tap changing gear.

4. The clearance at the bottom depends on the space required
for mounting the transformer frame inside the tank.

. Define leg spacing.
Leg spacing is the distance between the centres of two adjacent
limbs of a transformer.
It is denoted by D.
What are the factors affecting the choice of flux density of core in
a transformer?
1. Core area,
2. Core loss and
3. Magnetizing current
Where does the iron loss take place in a transformer?
1. Magnetic core
2. Yoke
Where does the copper loss take place in a transformer?
1. High voltage winding
2. Low voltage winding
What is the percentage no load current of transformers?
3 to 5% — small transformer
1to 3% — medium transformer
0.5 to 1% — large transformer
Mention the nominal efficiency of transformer.
97 to 98% — small transformer
98 t0 99% — medium transformer
98.5t0 99.4% — large transformer
Why the efficiency of a transformer is very high?
1. Mechanical losses are zero (absent), which forms great part
of total losses.
2. Iron losses are comparatively less due to use of better
magnetic material in magnetic frame.
Why working flux density is on the lower side for distribution
transformers?
By maintaining the flux density on the lower side, the iron losses
are reduced thereby improving the all day efficiency which is very
important in case of a distribution transformer.
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What is the effect of variation of frequency on eddy current loss in
transformer core if the voltage is maintained constant?
The eddy current loss will not change with the effect of variation
of frequency in transformer core with the voltage is maintained
constant.
How the leakage reactance is affected with the variation of
frequency?
The leakage reactance variation is linear with the change in
frequency.
Mention the relation of output and losses in a transformer with
variation in linear dimensions.
1. The output increases as the fourth power with linear
dimensions.
2. The loss increases as the third power with linear
dimensions.
How the leakage reactance of a transformer can be reduced?
By interleaving the high voltage and low voltage winding, leakage
reactance of a transformer can be reduced.
Mention the cause of noise in transformer.
The causes of noise in the transformer are
1. Magnetostriction effect
2. Loosening of stampings
3. Mechanical forces produced during operation
What are the main functions of cooling medium in transformers?
1. Transfer of heat by convection from the heated surface to
the tank surface.
2. Creation of good level of insulation between various
conducting parts.
How much heat is dissipated by radiatjon and convection?
Heat dissipated by radiation — 6 W/m / °G
Heat dissipated by convection — 6.5 W/m /°C
Why elaborate cooling arrangement is required for large
transformers whereas natural cooling is sufficient for small
transformers?
The losses are high in large transformers, requiring elaborate
cooling arrangement to limit the temperature rise. As losses are
less in small transformers, natural cooling is sufficient.
Why conservator tank has to be necessarily used along with the
main tank in a transformer cooling system?
In order to avoid the contact of air and moisture with the oil of
the main tank and to keep it free from sludge formation,
conservator tank has to be necessarily used along with the main
tank in a transformer cooling system.
Mention the reason for using breather along with the conservator
tank.
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The reason for using breather along with the conservator tank is
that it is required to allow the air of the conservator to be driven
out or drawn in, for the oil level raise or fall depending upon the
load on the transformer.
Mention the factors to be considered for selecting the cooling
method of a transformer.
The factors are

1. kVA rating

2. Size

3. Application

4. The site condition where it will be installed
Why transformer oil is used as a cooling medium?
By using transformer oil as a coolant, the heat dissipation by
convection is 10 times more than the convection due to air which
is given by the Valu%s of Specific heat dissipation by convection
due to air= 8 W/m -°C
Specigic heat dissipation by convection due to oil = 80 to 100
W/m -°C
Why cooling tubes are provided in a transformer?
Cooling tubes are provided in a transformer to increase the heat
dissipating area of the tank as the cooling tubes will improve the
circulation of oil. The circulation of oil is due to more effective
pressure heads produced by columns of oil in tubes. The
improvement in cooling is accounted by taking the specific heat
dissipation due to convection as 35% more than that without
tubes.
Explain about simple cooling and mixed cooling of transformer.
In simple cooling, the transformer is cooled by a particular
method of cooling. In mixed cooling, the transformer is provided
with two or more cooling methods and at a particular point of
time, a single cooling method is employed depending on the
amount of heat to be removed.
Why in mine applications transformers, oil cooling should not be
used?
The oil used for transformer cooling is inflammable (i.e., can
easily set on fire), which can cause leakage of cooling oil leading
to fire accidents in mines.
What is breather?
The breather is a device fitted in transformer for breathing. In
small oil cooled transformers, some air-gap is provided between
the oil level and tank top surface.
When the oil is heated, it expands and air is expelled out of
transformer to the atmosphere through breather. When the oil is
cooled, it shrinks and air is drawn from the atmosphere into the
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transformer through breather. This action of transformer is called
breathing.

Why silica gel is used in breather of transformer?

The silica gel absorbs the moisture when the air is drawn from
atmosphere into the transformer, while cooing is employed.
What is conservator in a transformer?

A conservator is a small cylindrical drum fitted just above the
transformer main tank. It is used to allow the expansion and
contraction of oil without contact with surrounding atmosphere.
When conservator is fitted in a transformer, the tank is fully filled
with oil and the conservator is half filled with oil.

What are the functions of transformer oil?

Transformer oil behaves as a cooling medium and provides
considerable level of insulation.

Why oil immersed transformers employ bushings?

Bushings make necessary connections to external circuit with
windings.

Why bracing is employed in case of large transformers?

Bracing is required to take care of the large amount of mechanical
forces developed during short circuit conditions.

Long Type Questions

Explain the constructional features of the transformer.
Derive the output equation of 14 core-type and shell-type
transformers.

Derive the output equation of 3¢ core-type and shell-type
transformers.

. Obtain the expression for ratio of gross core area to

circumscribing circle’s area for (a) square core and (b) stepped
core.

Derive the expression for magnetizing current of 14 transformer.
Derive the expression for magnetizing volt ampere and
magnetizing current of 3¢ transformer.

Explain about the types of losses in transformer.

What are the effects of frequency in parameters of transformer?
Obtain the expression for optimum design of transformer based
on minimum cost, minimum volume, minimum weight and
maximum efficiency.

Explain the various methods of cooling of transformer.

Obtain the expression for design of cooling tank with tubes and
give the various clearance values.



Problems

. Determine the main dimensions of a 300 kVA, 3¢, 50 Hz Y/A,
11,000/3300 V, core-type distribution transformer. Assume
distance between core centres as twice the width of core.

. A three-phase, 50 Hz oil-cooled core-type transformer has the
following dimensions. Distance between core centres = 0.25 m,
height of window = 0.30 m, diameter of circumgcribing circle =
0.14 m. The flux density2in the core = 1.1 Wb/m , current density
in conductor = 2 A/mm . Assume a window space factor of 0.2
and core area factor of 0.56. The core is two stepped. Estimate
the kVA rating of transformer.

. Find the dimensions of the core and yoke of a single-phase core-
type transformer of rating 200 kVA, 50 Hz. Given the volt per
turn as 15 V, maximum flux density as 1.1 Wb/m , the window
space factor as 0.3 and current density as 2.6 A/mm . Design a
square core with distance between the adjacent limbs equal to
1.45 times the width of the transformer. Assume a stacking factor
of 0.8 and flux density in the yoke is 80% flux density in the core.
. Find the no load current of a 250/100 V, 2 kVA, 50 Hz single-
phase transformer with the following data. Cross-sectional area of
core = 25 cm , effective magnetic core length = 0.45 m, weight of
core = 8 kg, maximum flux density = 1.5 T, magnetizing mmf =
250 AT/m and specific core loss = 1.9 W/kg.

. Design a suitable cooling system for a 400 kVA, 6000/400V 50
Hz, 3¢ transformer with a total full load loss of 6 kW. The
transformer tank is 1 m in height, 0.96 m in length and 0.47 m in
breadth. Use cooling tubes of diameter 50 mm to limit the
average temperature rise to 37°C. Use clearance of 50, 14 and 13
cm on the height, length and width sides.

. A 34,15 MVA, 30/6.6 kV 50 Hz, transformer has the following
values on initial design. Length of transformer is 160 cm, height
of transformer is 250 cm and the width is 78.5 cm. Use clearances
of 50 cm, 11.5 cm and 11.5 cm, respectively, on the height, width
and length for designing the tank. Total iron loss is 20 kW and
110 kW is the copper loss. Calculate the temperature rise of
transformer without cooling tubes. Calculate the number of tubes
to limit the temperature rise to 55°C.
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Design of Three-phase Induction Motor

4.1 Introduction

Three-phase induction motor is an important class of
electric motor, which finds its application in various
industrial and agricultural sectors. More than 80% of
industrial motors are induction motors.

A three-phase induction motor essentially consists of
two parts, namely the stator and the rotor. The fixed
stator core carries three-phase balanced stator winding
placed in the stator slots. Two different types of rotors
are usually used in induction motors. They are as
follows:

1. Cage rotor that resembles the cage of a squirrel usually referred as
squirrel cage rotor and

2. A rotor that carries three-phase winding placed in rotor slots, the ends
of which are connected to slip-rings placed ...
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DESIGN OF SINGLE-PHASE INDUCTION
MOTOR

5.1 Introduction

Single-phase induction motors are extensively used for
domestic, office and agricultural applications such as
fans, mixers, refrigerators, washing machines, machine
tools, etc. These motors are generally available in
fractional horse power ranges. These motors have no
inherent starting torque and so are equipped with some
starting mechanisms. Depending upon the starting
mechanism, there are many types of single-phase
induction motors available in the market. They also have
a poor power factor and efficiency compared to their
three-phase counterparts. For the same frame size, the
power output of single-phase induction motor is only
50% of that of three-phase induction motor.

5.2 Construction

Single-phase induction motors do not have inherent
starting torque. Hence, based on the various methods
used for starting them, they are classified as shown in
Fig. 5.1.The various parts of 14 induction motor used in
ceiling fan application are shown in Fig. 5.2.



The classification of single-phase induction motors are
detailed as follows.

5.2.1 Split Phase Motors

These motors are provided with an auxiliary winding in
addition to the main winding in the stator. The main
winding is also called the running winding as it is
available in the circuit during running conditions apart
from the time of starting. The auxiliary winding is
termed as starting winding as it is primarily meant for
starting the motor and is removed from the circuit with
the help of a centrifugal switch after the motor has
started. Both the main and auxiliary windings are
connected in parallel and are in space quadrature. The
necessary starting torque is obtained by producing a two-
phase revolving field which in turn is obtained by
supplying two currents to the two windings displaced
from each other preferably by 9o°.
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Fig. 5.1 Classification of 14 induction motor




Fig. 5.2 Cross-sectional view of 14 induction motor and its parts

Resistance split phase motors

If the phase displacement is provided either by a series
resistor or by a starting winding with a high resistance,
then the motor is called resistance start induction motor
or simply resistance split phase motor. Such motors have
a starting torque of amount 1.5 to 2 times the full load
value. The starting winding is removed by a centrifugal
switch after the motor attains 75% of rated speed.

Capacitor split phase motors

If the phase displacement between the two currents in
the main and auxiliary winding are produced by
connecting a capacitor in series with the starting
winding, then the motor is called capacitor split phase
motor. A greater degree of phase displacement is
obtained by the capacitor. This is the most widely used



type of single-phase induction motor. Depending upon
the type and purpose of the capacitor used, the capacitor
motors are further classified as follows.

1. Capacitor start motors: The capacitor along with the starting
winding is open circuited by the centrifugal switch after the
motor attains 75% of rated speed.

2. Capacitor run motors: The capacitor is left in the circuit even
under running conditions to improve the power factor. This
motor is also called permanent capacitor motor.

3. Two-value capacitor motors: When two different capacitors
are used, one for starting and the other for running, then they are
called capacitor start-capacitor run motors or simply two-value
capacitor motors.

5.2.2 Shaded Pole Motors

The main winding is a concentrated winding placed on
the salient poles of the stator. A part of the salient pole is
shaded by a short-circuited copper ring. This
arrangement provides a phase displacement of 20° to
30° between fluxes in the shaded and the unshaded part
of the pole. This produces a starting torque which is very
low in magnitude. Loads up to 100 W, which demand
low starting torque, use this type of motor.

5.2.3 Repulsion Motors

The rotor of this motor carries a commutator winding
instead of a cage winding and hence is started as a
repulsion motor. The centrifugal switch short circuits the
commutator segments when the motor reaches nearly
75% of the rated speed, making the commutating
winding, a cage winding. Hence, the motor continues to
run as an induction motor. This type of motor has a very
good starting torque.



5.3 Design Considerations

Single-phase induction motors are built in fractional
horsepower ratings. Design of such small rating motors
need a special attention.

The major design considerations of a single-phase
induction motor are as follows:

Pull out torque
Starting torque
Operation at different voltages
Cooling aspects

General purpose split phase motors are used in fans,
blowers, machine tools, etc. They have approximately
110—220% starting torque and 200-250% pull out
torque. In applications such as washing machines, split
phase high torque motors are used with 200-300%
starting and 250-350% pull out torque.

Capacitor start motors are built for above 300%
starting and pull out torques. They are used in
compressors, pumps, air conditioning equipment, etc.
Motors used for refrigeration applications are generally
sealed and so their cooling aspects must be given a
careful consideration.

5.4 Specifications

The specifications for a single-phase induction motor are
given as follows:

Rated power
Speed

Slip on full load
Voltage



Frequency

Pull out torque
Starting torque
Power factor
Type of motor

5.5 Constructional Features

Since split phase motors are widely used, construction
and design features of these motors are alone discussed.
The construction of a single-phase induction motor is
essentially similar to that of three-phase induction
motors, with stator and rotor as major parts.

Stator

Cold rolled steel punching is used as stator core for
better stacking factor and to reduce the losses. Semi-
closed tapered slots with parallel-sided teeth are used.
The slots house both the main and the auxiliary
windings. More slot space is given to the main winding
compared to that of the auxiliary winding.

Stator winding

Concentric windings are generally used in single-phase
induction motors as shown in Fig. 5.3. The two windings
of the stator, namely the main and auxiliary windings,
are generally single layered and the main winding is
placed at the bottom of the slots. About 70% of slots are
for main winding and 30% of slots are for auxiliary
windings. Few slots may have both the windings.

There are usually three or more coils per pole. The
arrangement of winding is governed largely by the



necessity of minimizing harmonic fluxes, which give rise
to noise and non-uniform torque. In smaller machines,
the harmonics may be further reduced by having
different number of conductors in each slot. This type of
arrangement is called ‘grading’ and gives rise to a net
mmf wave of nearly sinusoidal shape.

( \
( \
T 4 \ a
E
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Fig 5.3| Stator winding in a single-phase induction motor

These windings are generally single-layered concentric
ones. The spacial distribution of the main and auxiliary
winding has 90° displacement. Enamelled copper
conductors are used for both the windings and class B
insulation is mostly used.

The winding arrangement is shown in Fig. 5.3 has nine
slots per pole with four coils per pole.

Coils (1—9), coils (2—8), coils (3—7) and coils (4—6)
have a span of 8, 6, 4 and 2 slots, respectively.



To have a sinusoidal flux distribution, the numbers of
turns required for each coil are calculated as shown in
Table 5.1.

Table 5.1 | Calculation of number of turns

Coil Pitch factor % of Turns/pole
1-9 | sin[@x90|=0985 | 2 _ 346
9 ) 2.836
2-8 sin EXQU =(0.866 %: 30.6
9 ) 2.836
37 | sin|[2x90|=0643 | 28 _ 207
L9 ) 2.836
46 | sin|2x90|=0302 | $3%2_ 1519
L9 ) 2.836
Total = 2.836 Total = 100

The distribution factor or winding factor

kw = 0.342 x 12.10 + 0.643 x 22.7 + 0.866 x 30.6 + 0.985 x 34.6 =79.3
% Turnsin T4-6 + T3—7+ T2-8 + T1—9 = 0.793

The usual value of k_lies between 0.75 and 0.86.

Rotor



The rotor is essentially a squirrel cage rotor with skewed
slots.

5.6 Design of Single-phase Induction Motor

The design of the single-phase induction motor involves
the steps elaborated in the further sections.

5.6.1 Output Equation

In order to estimate the main dimensions of the stator,
the output equation relating the volume of active
material, speed and rating is to be derived.

Let,

¢ — flux/pole (Wb)

B_ — specific magnetic loading (Wb/ m)2

k — winding factor

ac — specific electric loading (amp turns)
f—frequency (Hz)

n_— synchronous speed (rps)

T - number of turns of main winding

n — efficiency at full load

cos ¢— full load power factor



p — number of poles
V — rated voltage (V)
T - pole pitch (m)

I — full load current in main winding (A)

Output power (kVA) = VI x 10~

Also V=444k foT,
¢ = Bav EL
P
=l
f==

Substituting Eqs. (5.3) and (5.4) in Eq. (5.2), we get

D

V =444k, [M] e o
2 P

Substituting Eq. (5.5) in Eq. (5.1), we get

BL’I V @ L

‘U

kVA =444k, [”—2}’] T %107

We know that

(1)

02

(5.3)

(5.4)

(5.5)



ac=£‘ﬂi - T,I,I=EWD
D 2

(57
Substituting Eq. (5.7) in Eq. (5.6), we get

ngp acrD

wA=sak, | |B, TOp %1073

P

kVA =1117%k,, Byyacx 10~ DL

P kVA=C,DLi 58)

2 -3
where Co =1.1171 kWBaVacx 10

If the rating is given in hp, then the kVA can be
obtained using the following equation:

hp x0.746
NXCOSP

kVA =

Substituting Eq. (5.8) in the above equation, we get

_ hpx0.746
77C0S ¢

C,D*Ln

(09)



The speed, kVA or hp and number of poles are
specified for the motor. The efficiency and power factor
(p.f.) could be taken suitably from Table 5.2.

Table 5.2 | Rating vs full load efficiency vs p.f.

Rating in | Full load efficiency p.f.

w (%)

40 38 0.45
100 50 0.5
200 60 0.6
400 68 0.65
750 72 0.67

1000 75 0.7

The value of C 1 cos ¢ for calculation of DL may also
be directly read from Table 5.3.

Table 5.3 | Cncos ¢

Watts/rps 3.6 72 T2 18
C,1cos ¢ 9.5 12 150 18

5.6.2 Choice of Specific Loadings

The factors to be considered for the choice of B and ac
are similar to that of three-phase induction motors.

a



The usual range of B_ is 0.32—0.56 Wb/ m’ and the
range of ac is 5000—16000 ac/m.

5.6.3 Separation of D and L

From Eq. (5.9), we know that

hp<0.746
Co X Hg X1 X COS ¢

D*L =

To separate D and L from D2L, the L / T ratio can be
used, which varies from 0.6 to 2 depending on the
diameter size available in standard stamping tables.

5.6.4 Design of Stator

After the choice of main dimensions, to design the stator,
the number of turns of main winding, cross-sectional
area of conductor, the number, size and shape of stator
slots, the depth of stator core, the winding resistance are
to be obtained.

Number of terms of main winding

We know that, induced emf, E= 4.44 f¢ k T _

Taking E = 0.95 V and k_ = 0.75 to 0.85 for main

wDL
winding, and ¢ = B,, —— , we get



E

Number of turns, In= (5.10)
444fok,,
— [
Number of turns in series per pole = — (5.11)
Area of cross-section of conductor
74

We know that, kva= X076 _ o,
X COS ¢

Hence, current in the main winding,

74
_ hp % 0.746 (5.12)
V xnxcoso

I
Also, current density, 6, = . which ranges from 3 to 4
m

A/ mm’

[
Therefore, area of cross-section, 4y = —

m
Substituting Eq. (5.12) in the above equation, we get

_ hpx0.746
V xnxcos¢x by,

(5.13)

I':Il'['l



Number of stator slots

A larger number of stator slots reduce the leakage
reactance by receiving the zig-zag leakage. This increases
the power output, overload capacity and gives a better
efficiency and power factor. A larger number of slots
reduce the field harmonics too. However, the space
factor for slots becomes poor and so there is always an
upper limit of stator slot, decided by the size of
lamination.

Lower number of stator slots reduces the cost of
winding and gives a better space factor, but would result
in wider slots with excessive copper in each slot.

The number of stator slots per pole is usually between
9 and 12, and the number of stator slots should be
divisible by the number of poles for the winding to be
balanced.

Size of stator slots

The stator slots have to accommodate main and auxiliary
windings. The slots do not have the same number of
conductors, as some contain both running and auxiliary
winding. The cross-sectional area of auxiliary winding is
small. So the main winding coil with the largest number
of terms will determine the size of the slot. Semi-
enclosed tapered slots are usually used with a space
factor of 0.35—0.40.

If Z_is the total number of conductors per slot and d  is
the diameter of insulated conductor,



Area required for insulated conductor = Zg gdlz

T )
7T
Minimum slot area required = 044 (5.14)

where 0.4 is the slot space factor assumed.

The slot area provided in the punching should be more
than the minimum given by Eq. (5.14).

Flux density in stator teeth

This should be generally in the range of 1.4—1.7 Wb/ m .

Flux density in stator teeth, By = _ (5.15)

where S_is the number of stator slots, L. = 0.95 L is the
stacking length and W,_is the width of stator teeth.

Flux density in stator core

This should not exceed 1.5 Wb/ m .

o O
Flux d tator core, B=—"— 5.16
ux density in stator core & Nl (9.16)

Since, ¢_— flux in core and d__ — depth of stator core.



Length of mean turn

The length of mean turn of each coil per pole is

8.4(D+dy)
5

X slots span + 2L (5.17)

Here, d__is the depth of stator slot.

The length of mean turn of different coils is to be
estimated using Eq. (5.17) and the length of mean turn of
main winding.

Pl T1 + pLnppTo + -
= 5.18
e Total turns [ )

Resistance of main winding

The resistance of the main winding is calculated as

Main winding resistance = Phanin X (5.19)

I
where L is calculated from Eq. (5.18).
Length of air gap
The design consideration for the change of air gap length
of single-phase induction motor is similar to that of

three-phase induction motor. It is given by the following
empirical relation:



B 0.007 x rotor diameter

Air gap length, ly = J,
P

5.6.5 Design of Rotor

520

Number of rotor slots

The number of stator slots is fixed by the winding
arrangement, number of poles, etc. So, the number of
rotor slots must be adjusted to meet the above
requirement.

For motors with more than two poles, for quieter
operation, the number of rotor slots must be divisible by
the number of pair of poles and the difference between
the stator slots and the rotor slots must be more than the
number of poles. Another rule is that the number of rotor
slots should be equal to the number of stator slots plus
twice the number of poles. There are many other
combinations to get a satisfactory design. The number of
rotor slots differs from the number of stator slots by 20%
or more.

Area of rotor bar

For copper conductors in stator and rotor, the ratio of
copper in rotor and stator ranges from 0.5 to 0.8 and this
ratio changes to 1 to 1.8 for aluminium conductors in
stator and rotor.

A,

A “|1to1.6  for aluminum conductors

0.5 to 0.8 for copper conductors



where A = 2T a_is the total stator copper section for
main winding

A =S a is the total rotor copper section
Sr is the total number of rotor bars
a, is the area of each bar

Area of end ring

We know that, end ring current,

I, = (5.21)
where I , is the rotor bar current.

le
Oe

Area of cross-section of end ring, 2, =

Substituting Eq. (5.21) in the above equation, we get
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Rotor resistance

The value of rotor resistance should be as low as possible
to reduce rotor copper losses and to maintain high
efficiency, high full load speed and minimum
temperature rise. The starting torque requirements are
to be taken in to considerations to decide the minimum
value of rotor resistance. A higher starting torque
requires higher value of rotor resistance. A significant
parameterisr’ /X .

For commercial fractional kilowatt machines, the value
of r’ /X 1isgivenin Table 5.4.

Table 5.4 |’ /X,  for different motors

Type of motor R
Split phase 0.45 to 0.55
Capacitor start | 0.451t00.8




Here, r’_ refers to the rotor resistance referred to
main winding. X, is the sum of leakage reactance of
main winding and rotor in terms of main winding. For
motors of larger horse power ratings, the above ratio is
usually lower than specified values.

Flux density in rotor teeth

As the rotor frequency is very low, the rotor teeth and
core densities are relatively higher than that of the stator.
But if very high values are selected, a larger magnetizing
current leading to poor power factor will be obtained.
Hence, the rotor teeth and core densities are usually
taken slightly higher than that of the stator.

Flux density in rotor teeth, B, = _ (5.2)

ixLi x Wi,
4
where W 1s the width of rotor teeth.

" o
Fluxd tor core, B,=—— 5.3
ux density in rotor core D (6.23)

where d_ is the depth of rotor core.

5.6.6 Magnetic Circuit Calculations

Air gap mmf

MME for air gap, ATy =800,000B,4oK. Ly (5.24)



where Bg o =1.57B_

For the single phase induction motor, due to
saturation in stator teeth, the flux density distribution is
a flat topped one and so value of flux density is calculated
at 60" from interpolar axis, which is 1.57 B_.

Iron loss

The iron loss that occurs mostly in stator teeth and core
is found by calculating their flux densities and weights.
Then, from the specific loss curves, the iron loss can be
calculated for teeth and core. This loss at fundamental
frequency can be multiplied by 1.75 to 2.2 to obtain the
effect of harmonic frequencies also.

Friction and windage loss

The friction and windage loss depends on the type of the
bearing used and the peripheral speed. For sleeve
bearings, it is usually 4—8% of the output whereas for
ball bearings, the losses are more to an extent of 500W.

5.6.7 Calculation of Resistance and Leakage Reactance

For the determination of the performance of single-
phase induction motor, the rotor resistance, main
winding resistance and leakage reactance are to be
calculated. Table 5.5 gives the formulas to calculate all
the above.



Table 5.5 | Resistance and reactance calculation

Parameter Formulas Details
: : Tl o 4 :
Resistance of main | 7, = 0,021 This is the hot resistance
winding (1, ) g calculated at 75°C
Tm Lmtm : 0
e = 0.017 221 Cold resistance at 20°C
am
i f | 2 Lb 2 DS ' h l TR T :
Resistance of rotor | 1y = 8T ke T +==King| | King i the multiplication
(%) o Tpa, factor for non-uniform
distribution of current
Stator slot leakage | X =16nf (Tml(wm]2 %)\SSCX Zy,Zy, Iy, .. are number
reactance (X 5 of conductors in different
where slots. There are 2p groups
) ) 0f Z,, Zy, Zy, ... conductors
[Zl t 13 +) IS |pershot
C= FRT—X=
(Zl +Zz +23 +) me 4p
/ 21
Rotorslotleakage | X, =16mf (T, Ky S_A"’r
reactance in terms of r
stator (X,)
Parameter Formulas Details
2L S
Total slot leakage X =16nf (ToKym) T Cods +S—)sr
reactance in terms of 3 ;

stator ( X, = X +X;)

Zig-ag leakage
reactance (X, )

2 L
X, =167f (TKym) S_’\z

s

A, - specific permeance
for zig-zag leakage




e 2 ]

2 L,

Overhang leakage | X, =16mf (T, Ky ) ——
6.45p
reactance (X))
[?T(D-I— ds | xaverage coil span in slots
X
Skew leakage A= %K] 6 - rotor bar skew angle
L = L& rotorslot pitch
Sy
for which bars are skewed
K= Ron =R - stator
om
slot skewed leakage factor
~(.95
X, - magnetizing reactance
. 2 P’OLTp .
Magnetizing reactance | Xy, =167 (T, Ky )" ——— Ty = pole pitch
(X,) 101K, pE;

K, - air gap contraction
=]

factor

F; - saturation factor

Total leakage reactance
(Xim)

X]m=Xs+X2+Xﬂ+Xsk

. X
Open circuit reactance | X, =X, + Zlm
referred to main :
winding ( Xop )

5.7 Performance Calculation

The running performance of the single-phase induction
motor can be calculated by two methods as shown in Fig.

5.4.




5.7.1 Equivalent Circuit Method

The equivalent circuit is determined using double field
revolving theory for any slip ‘s’ shown in Fig. 5.5. Hence,
the iron loss resistance is omitted and iron loss can be
treated together with friction and windage loss. This can
be subtracted from the gross output to obtain the net
output.

Equivalent circuit
(Double field
revolving theory)

Performance \
calculation ’ w

Veinott's method
(Analytical method)

b A

Fig.5.4 | Performance calculation methods



NJ's
0009,
NER

mib

}b
g I
X, ; 22 —s)
s X,
4

Fig.5.5 | Equivalent circuit for single-phase induction motor using double
field revolving theory

rF
Forward torque =17 LGl syn Watts
5

!
Backward torque = I? rm syn Watts

2(2-5)
! [ 2 2

e I
Gross motor torque = ré“ f 5 . ]syﬂ Watts
s 2-8

Net motor torque = Gross torque - (iron, friction and windage loss)

5.7.2 Analytical Method (Veinott’s Method)

The standard method suggested by C.G. Veinott is given
below.



Step 1: It is required to specify the specification details
as shown in Table 5.6.

Table 5.6 | Specification details

Hp
Line voltage
Speed

Step 2: The following motor constants as given in Table
5.7 are to be calculated.



Table 5.7 | Motor constants

b {2 Core loss
Xom Friction and windage loss
R = (2~ Kt
o o (zrsm"'r]{m)?’:m
rm o=
Xom
F
Kj F3=(Imrlfm) =
om
'sm Fy= ZImr]:'m
X]m
!
_;;rm Fs = (Imr;nl) Ky
om
¥
[ = e Fe = 21Ff:rn
Tl B =VK,
Fs =(B)" fm
coreloss
="y

Step 3: Determination of the following values listed in
Table 5.8.



Table 5.8 | Determination of parameters

speed (inrpm)
B synchronousspeed (inrpm)




\ I

F

(1-¢)k-F

Primary copper loss = B

Secondary copper loss of main winding = 137/,

Secondary copper loss of starting winding = 2

core loss

Core loss of main winding =

[(1-c2)P8-F6)><c2

u? + w2

2 2
core loss ((]_C )FS_FG)XC

2 u2+w2

Input="L3r,,, + I3, + et +




Core loss

+friction and windage loss of main winding

o e

U2+ w?

core loss
Output=

+friction and windage loss ofmain winding

Speed (inrpm)=¢xsynchronous speed (in rpm)

Torque(in Nm) = @ x%

2 speed(intpm)

Efficiency = Otpre
Input

Power factor = M
Vi

Percentage of full load

Pull out torque by Veinott’s relation,

]p345 92 R/ ) "
115 Rot¥m

—]27[

Xom =X
where R, =1, 47, and K, ==on_~In

om

Problem on Design of Single-phase Induction Motor

Example 5.1: Design a 450 W, 230V, 50 Hz, 4
pole, 1430 rpm single-phase capacitor start
induction motor. Take the following
constraints for the design.

1. Power factor must not be less than 0.65.




2. Full load efficiency must not be less than 0.6.

3. The starting torque at rated voltage must not be less
than 85% of full load torque and the corresponding
current must not be more than 5 times the full load
current.

4. The pull out torque must be about 150% of full load
torque.

Solution: Given
Power output = 450 W
Voltage, V=230V
Frequency, f = 50 Hz
Number of poles, p = 4
Speed, N = 1430 rpm

Synchronous speed, N_= 1500 rpm

Synchronous speed (in rps) = % IR v

45(0)
Watts / rps= — =18
/ D o

From Table 5.3, the value of Co ncos¢ =15.5

We know that



kW
C, 17COS ¢ ng

D% =

Substituting the known values in the above equation, we
get

DL=—9% _116x10°3 (1)
15.5%25
S Do
If we take 7 D

Substituting p = 4 in the above equation, we get

E g
0.785D

5 L= 0785D 2)
Substituting Eq. (2) in Eq. (1), we get

0.785D° =1.16x10™°

N D? =1477x10™°
= D=31477x10"2 =0.113 m

Substituting the value of D in Eq. (2), we get



L =0.0881m

Converting D and L values from ‘m’ to ‘inches’, we get

D=0.113m=4.4 inch
L = 0.0881m=3.0 inch

Selecting the nearest standard frame size available for ‘D’
as shown in Fig. 5.6, we get

D= 3.5inch = 8.9 cm= 0.089 m

Substituting the above value of ‘D’ in Eq. (2), we get

L =12.45 cm= 0.01245 m
7D w89
4

Pole pitch = 7 cm

Net iron length,L. = 0.95L =11.82 cm

Peripheral velocity, v = zDn_= 7x0.089%x25=7 m/s



Fig. 5.6 Standard frame size

This is well within the limits.

The selected stamping has 28 stator slots with the width
of stator slot as 0.1425 inch.

The width of stator tooth, W =0.142" = 0.362 cm

Let us assume a flux density of 1.1 Wb/ m_ for stator
teeth, then



Flux per pole, ¢, = By [Eﬁ] Wis X L;
p
28 -3
=11x ilis 0.00362x0.1182 = 3.294 10" Wb

For the given frame size, the outer diameter of stamping
is 5.435 inch.

Outer diameter of stator lamination,

D =5.43 inch =13.81 cm

Depth of stator core, d. = %EDU —(D +2dss)]

= %[13.81 —(8.9+291)]=1cm

The stator slot is represented in Fig. 5.7.

Checking for flux density in stator core,

bin 3.294x1073

B — = —1.39 Wb/m?
C 20 xL;  2x1x1072x0.1182

This is within the limits.



0.38 inch

-~
L

Riinch
64
0.533 inch
T
R—inch
32
I =— (.04 inch
0.065 inch = . =
0.26 inch

Fig. 5.7 Stator slot

Stator winding
Let us assume a winding factor of 0.85.
Stator induced emf, E= 0.95 V = 0.95 x 230 =219 V

Number of turns in main winding,

E
Ty =
4.44f ko

Substituting the known values in the above equation, we
get



T 219

M 444%50%3.294%1073 x0.85

219
_—— 2
0.621 %

Turns inseries per pole = L}
4
-2 _g
-

Number of stator slots per pole = ? =7

Winding arrangement

Selecting 3 coils per pole for main winding, for
sinusoidal distribution of flux, different number of turns
in each coil is to be used. They are calculated as follows.

Coil Span

3-5 | sin of 1/2 coil span = sin %KQU =(0.4338

2-6 | sinof 1/2 coil span = sin|=x90|=0.7818

1-7 | sin of 1/2 coil span = sin|=x90|=0.9749

Total = 2.1905

% turns in each coil



Coil % turns

35 | 04338 100=19.80
2.1905

2-6 0.7818 %100 = 35.69
2.1905

1-7 | 99789 100 = 4451
2.1905

Number of turns in each coil

Coil Number turns
3— 0.198 x 88 =18
2— 0.3569 x 88 = 32
1-7 0.445 x 88 = 40
Total = 90
Check

Number of turns of main winding = 9ox number of poles

= 360

The winding factor is calculated as follows.

Winding factor =

18x0.4178 4 32x0.7818 + 40 x0.974

90

_ 7.5564+25.01+28.96

90

=0.7947 = 0.8



Conductor size

746  Power(inW)
Vncosé  Vncose

Main winding current, I = hip x

i 450
~ 230%0.65%0.6

= =501A

Assuming a current density of 4 A/ mm’

Conductor area of main winding,

Ay = L —1.254 mm?
4

Diameter of bare conductor = +/1.254 x E = 1.425 mm

T

Seeing the nearest wire size available in standard, let us
take the bare conductor diameter as 0.95 mm.

Area of main winding conductor,

™ 2 2
B = 1(0.95) = (0.708 mm
Diameter of insulated conductor = 1.298 mm

Check for slot space factor

The largest number of turns per coil is 40.



Space occupied by 40 conductors

= 40x % x(1.298)* =52.27 mm?

2
Average area of slot used = 110 mm

From stamping size,

Slot space factor = % = 0.475

This is below 0.5, and so it will be easy to accommodate
the winding in the slot.

Length of mean turn of winding

4(D
Loyt = i S+ ) x slots spanned + 2L
5
Ly for coil (3-5) = 8'4(8'2; 145) 2+ (2x1245)
=31.11cm
4(89+1.4
Ly for coil (2-6)= B89 5)><4+(2><12.45)

= 3732 cmi



Lt forcoil (1-7) = 8'4(82;1'45) X6+ (2x12.45)

=43.53 cm

Length of mean turn of main winding

18x31.11432x37.32 4+ 40x 43.53
90

Lmt E— K2+(2X1245)
=102.54 cm

Resistance of main winding

fsm (hot) = 0.021x 608;;6[;254 =18.49Q at 75°C temperature

o (cold) = 0.017 w —14.96Q) at 20°C temperature

Rotor design

Length of ai ] 0.007 x rotor diameter
ength of air gap, /g = (
P

_ 0.007%8.9
V4

= 0.03115

Let us take approximately 0.3 mm as the length of air
gap.



Rotor outer diameter of stamping = 8.9 cm

lg is taken as 0.3 mm

So, rotor diameter, D_= 8.9 — 2 (0.03) = 8.84 cm
Rotor slots

The number of rotor slots must be divisible by the
number of poles and the number of rotor slots (S ) differ
from the number of stator slots by 2D or more. Hence, S,
= 20, 36, 44 can be chosen for quieter operation.

Let us choose Sr = 20.

The closed type rectangular slots shown in Fig. 5.8
may be chosen.

So, area of rotor slot = 0.3 x 0.146 inch = 0.0438 sq.
inches = 0.28 cm

Allowing for rounding of corners and clearances,

2

a, =24 mm

b

Total rotor copper sectional area,

2
Ar = 20%24 = 480 mm



0.042 inch

0.3 inch

4 N
y B
R—inch
16
N \s/ |
© 0.146inch

FIGURE 5.8 | Rotor slot

Total area of conductors in main winding,

A =2T a_=2x360%x0.708
m m m 2
= 509 mm

A, 480
Ratio, “Eus 00— 048
O 7 509

Area of end ring



Al 032x480
&, |

2

=38.4 mm

Area of each end ring, , (Taking 6, =)

Taking depth of end ring as 8 mm and thickness as 4.8
mm, outer diameter of end ring as 8.7 cm,

Inner area of end ring = 7.1 cm

Mean diameter of end ring = 7.9 cm

Gap contraction factor

For stator,
slot opening  0.065inch
gaplength 0.3
_165mm ..
0.3
Stator slot pitch Y, = Aol =0.9985 cm

From standard charts,

Carters’ coefficient for semi-enclosed slots for the ratio of
5.5 1S 0.64.



YES

k —
= Yoo —KesWos
B 0.9985
0.9985 —0.64 x0.165

=1.118

Rotor

Though rotor slots are closed, the leakage permeance
cannot be taken as infinite. To accommodate saturation
effects, let us consider rotor slot to have an opening of 1
mm.

Hence, Wor = 1mm

rotor slot opening 1

=3.33
gap length 0.3

Ratio,

K = 0.48 (from standard chart)



_ wx8.84

Y. =1.3885
U
=11

“ Ysr B Kcr Wor

B 1.3885
1.3885—-0.48x0.1

= ].06

kg = kgsr XKgss
= 1.{:'36){ i % | 18
=1.158

Rotor resistance

Let us assume that the rotor bar is skewed by 1 slot pitch
equal to 1.3885 cm.

Length of rotor bar,
L, =12+ Y2 =412.45 +138852
=12.52 cm

Rotor resistance referred to main winding

LI::- E De

rlp pzﬂe

22
I]:,m (hot) = 8l Kym P




-2 s
i 3602 NU-BZ «0.021 12.52x10 2x7.9x10

+
20%x24 Tx42 %384
- 13934,59|2,6 10~ +8.18x10‘5]

=4.77Q at 75°C

i (cOld) = oo x4.77 = 3.8682 at 20°C.
0.021

Reactances
1. Slot leakage reactance

The parameters defining the stator slot is shown in Fig.
5.9.




i
-

—laeon

=

Fig. 5.9 Parameters of stator slot

The specific slot permeance for a slot shown in Fig. 5.9 is

b d 26
p—-—-
Az € e+m

A =

(3)

Comparing Table 5.10 and Fig. 5.9, we get

a = 0.26 inch
a,=0.38 inch

b = 0.533 inch



c=0
d = 0.04 inch

e = 0.065 inch

a 026

= ——=10.684
a7 0.38
E — @ = 1.402
a, 038

Corresponding to the above ratios, the value of ¢ can
be taken from the graph shown in Fig. 5.10.
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Fig. 5.10 ¢ vs a / a,



From the graph, it is observed that ¢ = 0.47
Substituting the known values in Eq. (3), we get

Slot leakage reactance,

0.04
— 0.47(1:402) + 222 | =197
Ass ( H 0.065

For rotor slot, the parameters defining slot is shown in
Fig. 5.11.

-I'—Wa—l-

Fig. 5.11 | Parameters of rotor slot

Slot leakage reactance for rotor slot shown in Fig. 5.11,



o hy
+_
3, W,

-

Comparing Table 5.11 and Fig. 5.11, we get
h =0.3inch
W =0.146 inch
h4 = 0.042 inch
W =1mm =0.03937 inch

Substituting the known values in Eq. (4), we get

03 0.042

= —1.752
A 3%0.146 " 0.03937

Slot leakage reactance in terms of main winding,

7 I
X5 = 16?Tfﬁ~'50 (kawm) S_
5

S
)‘ss +S_r)\;r]cx

i s s A N

> *
(Zl + ZZ +ZS )2 kgvm 4P

where Cy, =

Substituting the known values in the above equation,

given by

(4)

()



Z =18;Z = 32; Z3 =40; k__=0.8;5=28; p = 4; we get

2 2 2
c 18743274407 1 x%:&%

902 0.82

Substituting the determined value of C_and other known
values in Eq. (5), we get

X, =16xmx50x4mx10” x(360x08) x% X107 [1.27+ 2—31.752]0.995

= 3.158 x 10 x (82944) X 4.446 x 10 (3.722) X 0.995
= 4.335%2
2, Zig-zag leakage reactance

Zig-zag leakage reactance,

2 L

X, = 161Tf-“0 (kawm) S A, (6)
5
Wl W 4143
where = 7 (7)
Rl ysslse

The values required for the above equation are given by

WS = 0.998 — 0.165 = 0.8329 cm

t

W, _=1.3885-0.1=1.2885cm

t



Y, =0.9985cm
y,.=1.385cm
lg = 0.3 mm = 0.03 cm

Substituting the above values in Eq. (7) we get

}\Z =5.07

Substituting the value of Az and the other known values
in Eq. (6), we get

> 12.45x%1072
o

X, =16mx50x 47 x10~7 x(360x0.8) x5.07

= 5.90()
3. Over hang leakage reactance

Over hang reactance,

2 1
Xo =167 f s (Trnkwm) mx
-]

|7(D+dgs ) average coil span in slots|



6+442

where average coil span = = 4 as per the coil

span selected
Substituting the known values in the above equation, we

get

X, =16xmx50x 47 X107 (360x [J+8)2 m[w (0.089+0.146)x4]

=1.0723()
4. Magnetizing reactance

Magnetizing reactance,

Lt p

2
Xy =167 f 1o (Toakyom - ————
m o \“m"wm 1UfgkgPF5

where F_ = saturation factor = 1.25

Substituting the known values in Eq. (9), we get

3 167 %50 ><4?r><10_? [360}(0.8)2 x12.45%7 x 10_2
10%0.03x1072 x1.158 x4 x1.25

m

= 131.44{)

5. Skew leakage reactance



Skew leakage reactance,

X =Xm 7=k (10)

The angle of skew when bars are skewed through one slot
pitch is given by

The rotor punching has 20 slots and

Hai== T ><I><5—5 radians
SuiP 5,

& = T x1x i 0.628 radians
28/4 20

Substituting the known values in Eq. (10), we get

0.6282

Xg =131.44x %0.95 = 4.100

6. Total leakage reactance referred to main
winding

Total leakage reactance referred to main winding,

X1 =X +X +X +X
m S 2 o) sk

Substituting the determined reactances in the previous
steps in the above equation, we get



le =4.335 + 5.90 + 4.10
=14 81 Q)

!

7. Ratio rm , open circuit reactance and leakage
Im
factor
!
Ratio, fm _ 29 _ 0105
X 1481
Open circuit reactance,
X
XO]TI = X[’ﬂ + %
= 1314442581
2
=138.84
leakage factors,
B = Xom — Xlm
A
Xnm
~138.84—-14.81

=089 Kk =k =0945

138.84

Core losses



Using 42 quality silicon steel, with 0.5 mm stamping
thickness,

Weight of stator teeth is given by

Weight =S x d_x 0.95 x L x W, _x density of steel
S _£8 ts —o

3
Weight = 28x1.46 x 10 x 0.95 x 0.0881 x 0.365 X 10 X 7.67 X 10
=0.957kg

Average flux density in teeth = 1.3 Wb/ m’

Maximum flux density in teeth

~ 1.3% —2.04 Wb/m?

Corresponding loss for 1 kg from curve = 7.8 W

Iron loss in stator teeth = Weight of stator teeth x loss
for 1 kg

=0.957 x 7.8 =7.47W
Mean diameter of stator core =D —d =13.81—-1
=12.81 cm

Weight of_gtator core = . ,
x12.81x10 X0.95%0.0881x1x10 x7.67%x10

=258 kg

Flux density in core = 1.39 Wb/ m’

Corresponding loss/kg from curve = 4 W



Iron loss in stator core = Weight of stator core x loss
for 1 kg

=258 x4=11.4W

Total iron loss = Iron loss in stator teeth + Iron loss in
stator core

=7.47 + 11.4
=18.87 W

This is due to fundamental frequency flux alone.

Total iron loss due to other frequency = 2 x iron loss due
to fundamental frequency flux

Total core loss = 2 x 18.87 = 37.74 W

Friction and windage loss is assumed to be 10 W.
Venoitt’s method

Step 1: It is required to specify the performance
measures as shown in Table 5.9.

Table 5.9 | Performance measures

Hp 0.6032 hp
Line voltage 230V
Speed 1430 rpm

Step 2: It is required to specify the motor constants as
shown in Table 5.10.



Table 5.10 | Motor constants

Xim 14.810
Xom 138.840)
Fam 4.48Q)
e 4.779)
K| 0.945
Tsm 0.302

Xim
/i 0.034
X om




I .= ¥ 1.656 A
XDI‘[‘[
(8, 7.899 W
Core loss 3774 W
Friction and 10 W
windage loss
F = (2 - K?)r;m 5.28
2 3 ! !
E _ (2o ; fim )1 0.466
Om
rlf
B =(Iem) — 0.268
O
Ey =21 15.798
Fs = (Imtm) K 7.464
F =Fr . 265.74
B = VK, 217.35
Fs=(F Y 225339.6
i PO 0.0820
2V

Step 3: Determination of the following values listed in
Table 5.11.



Table 5.11 | Determination of parameters

o speed (in 1]:>rn') 0.9534
synchronousspeed (inrpm)
¢? 0.9088
1-¢? 0.09115
(1 —cz]rr’m 04347
R 5.28
U=(1-c?)rim +F 5.71
(1 —czjxlm 1.349
B 0.466
W=(1-6*) X —F 0.883
u?+w2 6.489
(1-2)v 20.96
Es 0.208
M=(1-¢|V-F 20.692
RU 0.468
N=M+FRU 21.16




N2 +F} 26.40
N2+ Ff
AT bl 4.07
u? +w?
(1 _C?!) E 19.85
J(l— 2)F + B2 21.21
J(l ~2)F + B2
I, = g7
Ju? + w2
cks 7.116
T 1.096
u?+w2
(1 —cszs 20,539.70
5 265.74
(1— cz)Ps - 20,273.96
Primary copper loss = Ilzrrm 74.575
Secondary copper loss of main winding = 31/, 51
Secondary copper loss of starting winding = I%r,fm 18.32
Core loss of main winding = gore loss 18.87
((1 ~ )k - Fﬁ)xcz 437.57

u? + w2

& i = rnre lnea




Input=I{t, + 5 + 3t +— "2'“”” 600.335

(1) B — s )x<*
" ST Ty

core loss

+ friction and windage 28.87
loss of main winding

. ((1 - CZ)Fg - .Ff,)xr:2

408.7
u?+w*
= loss + friction and windage
loss of main winding
Speed (in rpm) = ¢ x synchronous speed (in rpm) 1430
Torque (inNim) = x— THPUt 268
2m  speed(inrpm)
Efficiency = SWPut 68.1%
Input
Input
Powerfactor = b 0.64
VI
Percentage of full load 134%
Pull out torque by Veinott's relation, 2.86 Nm
Z 2
% 345-92(R,, / X
TPD=1.27[ ]E (Rn / Xim) K,
115) f Ry + Xim
where R =t +1,, and K, = Xom = Xim
Xom

Design of auxiliary winding



The auxiliary winding is also concentric type and is
arranged in quadrature with main winding. The design
procedure is as follows.

The auxiliary winding is designed generally for
maximum torque/ampere of starting current. Let us
assume, due to skin effect the motor resistance is
increased by 18%.

So, the total resistance of main winding,

R =r_ +118r’ at20°C
m sm rm
=13.65 + 1.18 (3.86) = 8.17 Q)

Total impedance, Z,, = 1“&’% + Xlz;n

— V/8.172 +14.812 = 1691

Locked rotor current in main winding,

LA S 7 B
Z 1691

The starting current is not to exceed 5 times the full load
current.

We know that, I i j0ad = 200 =334 A

230x0.6x0.65




Therefore, starting current, I =5 x 3.34 A =16.72 A

I, 16.72

And’ t' , — :11-23
O T 13.60
X
N By
Auxiliary winding reactance, [ L. ] 1
I-St'['l
_ 14_*281 — 28.920)
1.23° -1
X, 28.92
H kz _ . = 1.95
et T X, 1481

= k=+195=1.39

Also, Tk =1.396 x 360 x 0.8 = 402.170

Skein type of winding may be selected, which has inside
coil as many as skein and twice that of skein for outside.

Let Tpa be the number of sums per pole for the
auxiliary winding.



= Tpa _ 1
P
T, 1
So, there are %ﬂ turns inside the coil and %ﬂ turns
P P

outside the coil.

The winding factor is

Qutside coil - sin

7 2
~90 ]: 100X Tpq =0.666 Ty,

1

Inside coil - sin g%“] = U'gngpa =03 Ty,

= Total = 0.666 Tpa +0.3 Tpa = 0.966]"13&
So, winding factor for auxiliary winding, k = 0.960.
Turns in series (auxiliary winding),

T, = 402.170 — 416
0.966

Turns in series/ pole,TPal = % =104



Turns in inner coil = % =34

Turns in outer coil = %xlﬂé =70

(8.9+1.45)

L. for outer coil = 8.4 X7 +2x12.45

= 46.63 cm

(8.9 +1.45)

L, for inner coil = 8.4 x5+42x12.45

= 40.42 cm

46.63x70 +40.42 %34
Lmta = 104

_ 3222.1+1374.45
N 104

= 44.59 ecm

Resistance of auxiliary winding,



I
a7 ]
R. — Ism

a 2
Ism

~ 8.17+16.91(1.23)

T 128)=1
28.969

T 0512

fia = R =K1
=56.5—1.39%(4.77)
=56.5-9.216
=472

= 56.5Q

Conductor area for auxiliary winding,

B PTaLmta
g, =4

rSE]

~0.017(360)(4419)
N 472

= 0.050752 mm?

Diameter of bare conductor = ﬁi x0.0572 = 0.26 mm
m

The impedance of auxiliary winding under locked motor,




Zy = R2 4 X2 =565 428902
= /192.25 +836.356
— 6347 0)

Auxiliary winding rotor current (under locked rotor),

LAY}
Z, 6347
Current density = e P 6335 A/mm’
a, 00572
T = l Pkcl-l‘rrn.l V2 Rale - Rm Xla
5
o f N
_ 1 4xL39X089x4T7 230" (365X1481)-(817x2892)| 4
I 50 (1691) (8347
=269 Nim

Starting torque  2.069

, = =772
Full load torque  2.68

Ratio

Design of starting winding for capacitor start
motor

The parameters of main and auxiliary winding are



R =8170Q;R =56.50; X _=14.81Q; X =28.92Q; k=
1.39

The capacitive reactance,

56.5(8.17)

16.91414.81

= 2892+ £o.00 = 43.47Q
3172

Capacitance,
B 106 10°
2nfC 2wx50x43.47
6
— 10 =222 uF
13656.2

Starting torque,

1 pKCrrrrm VE Rale - Rm (Xla o Xc)

T, =
2
2w f (R xR+ (X X))

Substituting the known values in the above equation, we
get



T, = 1 4%1.39x0.89%x4.77 2302 x
27 50
(56.5)(14.81)—8.17(28.92— 43.47)
(8172 +1481%)(56.5° + (8.92—43.4)°
=3.03 Nm
Impedance,

7= \/Rf. s i N

= 5652 +(28.92— 43.41)"

= J3192.25+211.70 =58.34Q

Locked rotor current of auxiliary winding,

) R
58.34
Current density in aux winding = ﬁ =68 A/ mm?
0.0572

Starting current



Review Questions

Short Type Questions

. Provide the classification of single-phase induction motor.
Refer Fig. 5.1.

. Explain briefly about split phase single-phase induction motor.
Refer Section 5.2.1.

. Explain briefly about shaded pole single-phase induction motor.
Refer Section 5.2.2.

. Explain briefly about repulsion single-phase induction motor.
Refer Section 5.2.3.

. Explain the major design considerations of single-phase
induction motor.

Refer Section 5.3.

. Provide the specifications of single-phase induction motor.
Refer Section 5.4.

. Provide the choice of specific electric and magnetic loading of
single-phase induction motor.

Refer Section 5.6.2.

. What are the methods used in performance calculation of single-
phase induction motor.

Refer Section Fig.5.4.

. Draw the equivalent circuit of single-phase induction motor.
Refer Fig. 5.5.

Long Type Questions

. Derive the output equation of single-phase induction motor.

. Explain the design of stator and rotor of single-phase induction
motor.

. Explain about equivalent circuit method in performance
calculation of single-phase induction motor.

. Explain about Veinott’s method in performance calculation of
single-phase induction motor.



6
DESIGN OF SYNCHRONOUS MACHINE

6.1 Introduction

Synchronous machines are AC machines having the field
circuit excited by external DC source and the armature
circuit with three phase balanced winding exited by an
AC source. The armature circuit forms the stator of the
synchronous machine and the field circuit constitutes the
rotor of the machine. However, for low power
synchronous machines, the arrangement similar to DC
machine can also be used with the field on the stator side
and the armature on the rotor side.

6.2 Types of Synchronous Machine

Synchronous machines, in general, are classified as
shown in Fig. 6.1.



Synchronous

generators
Synchronous
machine
Synchronous
Synchronous compensators

motors

Fig. 6.1 | Classification ...



E
DC MACHINE

7.1 Introduction

DC machines were widely used in power generation and
distribution in earlier days. DC machines can
conveniently work both in generating mode and in
motoring mode. DC generators were the prime source of
supply both to industries and to domestic consumers
during Edison’s period. All electric networks were based
on DC in those days. However, the AC systems due to
their flexibility, lower cost of generation and
transmission and higher efficiency, replaced the DC
systems and now AC systems are almost universally
used.

However, DC machines are used in many applications
like aircrafts, ships, wind mills, etc. as DC machines are
capable of acting both as a motor and as a generator. In
generating mode, the machine is driven by a prime
mover and the mechanical power supplied is converted
as electrical power. In motoring mode, the machine is
powered electrically and drives a mechanical load.

7.2 Construction

The DC machine has three main parts, namely



o Field or excitation system, represented in Fig. 7.1(a)
e Armature, represented in Fig. 7.1(b)
e Commutator, represented in Fig. 7.1(b)

7.2.1 Field or Excitation System

The field system is stationary in DC machines and the
field winding is wound on salient poles. The field system
produces the magnetization required for the machine
and is called as the stator of the machine.

The stator of a DC machine consists of

Yoke or frame
Main poles
Interpoles
Field winding

» Commutator

Armature core

Fig. 7.1 | Construction of DC machine: (a) Field or excitation system; (b)
Armature and commutator



Yoke or frame

Yoke or frame is the part of the magnetic circuit of the
DC machine. It also provides mechanical support to the
machine. The yoke need not be laminated as the field
system is stationary.

Main poles

Main poles are designed to produce the main magnetic
flux. It consists of pole core and pole shoe. The pole shoe
has dual functionality, i.e., it

1. Supports the field coils
2. Spreads the flux in airgap

As the cross-section of pole shoe is increased, it
reduces the reluctance of the magnetic path. The
complete pole is built of laminations of sheet steel and is
bolted together. They are bolted through the yoke in to
the pole body.

Interpoles

Interpoles are provided to improve commutation and
thus they ensure sparkless operation of the machine.
They are made of laminated low carbon steel in case of
large machines. Solid low carbon steel poles are used in
case of small machines. They are tapered or parallel
sided. To avoid magnetic saturation at the root, they are
tapered to have sufficient sectional area.

Field winding



It is of two types: main field winding and interpole
winding.

Main field winding

The main field winding consists of field coils wound with
round copper wires for small and medium size machines.
Rectangular conductors are used for large size machines.
They are form wound for the correct dimension. The
former is removed and the wound coil is placed over the
pole body. The field winding can be wound with both
series and shunt coils. The series field coil has a larger
cross-section and is placed below the shunt coil.

Interpole winding

Similar to main field winding, the interpole winding is
also made of round or square strip wire in case of smaller
machines and are made of rectangular strips in case of
larger machines.

7.2.2 Rotor

The rotor of a DC machine consists of the following;:

Armature core
Armature winding
Commutator

Brush arrangement
Bearings

Armature core

The armature core houses the armature conductors and
provides low reluctance path to the magnetic flux.
Armature core is made of silicon steel stampings of about



0.35—0.5 mm thick. These stampings are insulated from
each other by a thin coating of varnish.

Slots are cut or punched on the outer periphery of
circular core stampings. Radial ventilation spacers are
provided in between the core dividing it in to packets, to
achieve better cooling.

Armature winding

The armature windings are generally form wound. The
conductors are insulated from each other and are placed
in slots. These armature slots are lined with a thin
insulating material called latheroide paper. Normally,
two-layered windings are used. The two coil sides of a
coil are placed approximately one pole pitch away, i.e., if
one coil side is placed on the top of a slot, the other coil
side is placed at the top of a slot at a distance of one pole
pitch. Lap winding is used for low voltage, high current
machines with number of parallel paths equal to number
of poles. For high voltage, low current machines, wave
winding is used with number of parallel paths equal to
two.

Commutator

The commutator facilitates collection of current from
armature conductors. It rectifies the AC current induced
in the armature conductors in to DC current for the
external load circuit. It is a cylindrical structure placed at
one end of the armature. It is built up of wedgeshaped
segments of high conductivity hard drawn copper. These
copper bars or segments are insulated from each other
by a thin layer of mica or micanite. The copper segments



are connected to armature conductors by means of a
copper lug or riser.

Brush arrangement

The brushes used for collection of current are made of
natural graphite, hard carbon, electro graphite or metal
graphite. They are placed in brush holders. The box type
holders are the most widely used ones. The number of
brush holders will be equal to number of poles. The
holder is mounted on a spindle and the brush slides in a
rectangular slot in the holder. It is present on the
commutator by a spring whose tension can be adjusted
by a small level. At the top of the brush, a flexible copper
pig tail is mounted. This conveys the current collected by
the brush to the holder. There may be several brushes
per spindle depending on the magnitude of current.

Bearings

Ball bearings are used on either end of small machines.
For larger machines, roller bearings are used generally at
the driving end and ball bearings are used at the non-
driving end. When silent running is warranted, sleeve
bearings are used.

7.2.3 Specifications of DC Machine

The major specifications of DC machines are given as
follows.

Output: kW (for generators); hp (for motors)
Rated speed: rpm

Voltage: V

Type: series, shunt, compound, separately excited

Duty type

ARG I S



Excitation volts: V

Insulation type

Temperature rise: °C

Full load current: A

Pull out torque: Nm (for motors)

©SY X3 >

7.3 Output Equation

The output of a DC machine has to be related to its main
dimensions.

Power developed by the armature in kW,

P, =ExI,x107° (7.1)

where P_— armature power developed, E— generated
emf, I — armature current.

We know that

Generated emf, = M = ¢>E n (7.2)
60n a

where p — number of poles, ¢ — flux per pole, Z — number

N .
of armature conductors, n = i speed in rps.

Substituting Eq. (7.2) in Eq. (7.1), we get



P, (in kW) = ¢ £ Znx1,x1073
i

= (p9)| 2 x Z|xnx1073
i
= P, (in kW) = (p)(L,Z)xnx10° (73)

.- Current per parallel path, Lo _ I,
a

The specific magnetic loading,

pe
B, =——
= xDL
Hence, p =By, DL (74)
- : : LZ
The specific electric loading, gc = =—
wD
I.Z=mDac (7.5)

Substituting Egs. (7.4) and (7.5) in Eq. (7.3), we get

-3
P (in kW) = (B._nDL)(actD)xnx10
a 2 av =3 2
=(r Bavacxlo )xD Ln

o



= P (inkW)=CD'Ln

where C_ = (yrzBaVacx 10_3) is referred as the output
coefficient of a DC machine.

7.3.1 Estimation of Power, P_

The output equation P_(in kW) = COD2Ln relates the
power developed by the armature of a DC machine to its
main dimensions D and L. But for DC generators and
motors, the power output, P, is alone specified as the
main specifications. Now, let us relate P_with P for
motors and generators.

e For motor
Power developed by armature,

P = output power (P) + rotational losses

where rotational losses include friction, windage and iron losses.
¢ For generator
Power developed by armature,

P, = input power — rotational losses

_ Output power (P)

— —rotational losses
Efficiency ()

For large machines, the rotational losses are very
small. Thus, the difference between P_and P is very

small. So, the rotational losses could be neglected.
Hence,

Pa = P for motors



P, = — for generators.
n

For small machines, the rotational losses constitute
considerable percent of output power and thus could not

be neglected. Let us assume the friction, windage and
iron loss is equal to 1/3 of total loss in the machine.

i.e., Rotational loss = %Total loss

Total loss = Input power — Output power
Al e 1__"3']
n Ui

Rotational loss (including friction, windage and iron
loss)

= &ip
3

1—1}]
n

Also, for small motors, we know that



P, = output power (P) + rotational losses

P, =— — rotational losses
n
E.lp 1—_ﬂ]
n 3 |7
= [H_ﬂ]
37

7.4 Choice of Specific Loadings of DC Machine

The value of the output coefficient depends on B, and

ac. Therefore, it is necessary to consider all factors
influencing B_ and ac.

7.4.1 Choice of Specific Magnetic Loading (B_ )

The various factors affecting the choice of B_ are given in
Fig. 7.2.

e Frequency
The iron loss in the machine is proportional to frequency and B, .

Higher frequency will result in increased iron losses in the armature
core and teeth. So, for machines having higher frequency, one should



not choose higher value of B, ,to keep teeth flux density within
permissible limit.

Teeth flux
density

Voltage

Fig. 7.2 | Factors influencing choice of specific magnetic loading

e Teeth flux density
With higher values of flux density, the flux density of teeth at its
minimum gection also increases. Generally, this should be kept within
2.2 Wb/m . Values above this will increase iron loss. Higher ampere
turns are also required to pass flux through teeth. This may increase
the copper loss. Hence, higher values of B should not be chosen.

e Voltage
For machines of high voltage rating, more space is required for
insulation. So, for the given diameter of machine, less space will be
available for iron, leading to narrower teeth. If a higher value of B, is
chosen, then the teeth flux density may go above permissible limit

increasing the losses and decreasing efficiency.
e Size



With the higher values of B, ., the tooth flux density increases. To

avoid magnetic saturation, the width of tooth has to be increased. This
increases the diameter of the armature. With increased diameter, the
volume and size will also increase.

The suitable value of B usually ranges from 0.45 to 0.75
Wb/m .

7.4.2 Choice of Specific Electric Loading (ac)

The various factors affecting the choice of specific
electric loading ac are given in Fig. 7.3.

¢ Temperature rise
High value of ac, increases the copper loss and hence heat produced
will be more. High value of ac means either the diameter is less or
more copper is used. When the diameter is less, heat dissipation may
be poor due to reduced surface area. When more copper is used, the
overall insulation thickness will be more, leading to poor dissipation.



Temperature

rise

Reactance
voltage

Armature

reaction Voltage

Fig. 7.3 | Factors influencing choice of specific electric loading

Speed

For high-speed machines, as the ventilation is more, more losses
could easily be dissipated. Hence, high-speed machines can use higher
value of ac.

Voltage

High voltage rating machines require more space for insulation. Thus,
the space available for iron and copper is less. Because of the
limitation imposed by flux density in teeth, it may not be possible to
reduce the space for iron, so the space for copper is reduced. In such
cases, lower value of ‘ac’ has to be used.

Size

Large size machines have larger space for iron and copper. Hence,
higher value of ‘ac’ could be used.

Armature reaction



With higher values of ‘ac’, the armature current increases, increasing
the armature mmf. The armature reaction, which is the distortion of
field mmf due to armature mmf also increases. So, higher values of ac
should not be chosen. To compensate for the distortion, field ampere
turns are increased, which increases the cost of copper.

¢ Reactance voltage
It is the voltage drop due to leakage reactance of armature winding.
The reactance voltage increases due to higher ‘ac’, as higher ‘ac’
increases armature current and hence the drop is caused. When
reactance voltage is increased, commutation is delayed.

The value of ‘ac’ usually varies from 15,000 to 50,000
A/m.
7.5 Choice of Number of Poles

The number of poles of an AC machine is fixed by

frequency and speed, by the relation P = % In DC

machines, any number of poles can be used. However,
only a small range of number of poles is economically
suitable. The factors that govern the choice of number of
poles are listed in Fig. 7.4.



Distortion of Weight of
field iron parts

Choice of
number of
Flash over poles
between
brushes

Weight of
copper

Length of
commutator

Fig. 7.4 | Factors that govern the choice of number of poles

. Frequency

The frequency of flux reversal is given by f = PN/120 when number of
poles increases, the frequency becomes high, increasing core losses.
Usually, 25 to 30 Hz is satisfactory.

. Weight of iron parts

Yoke

For a two-pole machine, with ¢ as flux per pole, the yoke carries half
the flux/pole. If the number of poles increases to 4, the flux in yoke
changes to ¢/4. So, if the number of poles are doubled, yoke flux
reduces to half. By keeping yoke flux density the same, the weight of
iron in yoke decreases proportionately, as the yoke area decreases.
The distribution of flux in the yoke and armature core for a two-pole
and four-pole DC machine is given in Fig. 7.5(a) and (b), respectively.
Armature core



The flux per pole divides in to two parallel paths in the armature core.

For a two-pole machine, the flux in armature core is ¢/2 whereas for a
four-pole machine, it is ¢/4.

PR

~ Armature core

= Field pole

= Shaft

4
2

> Armature core

w

Field pole
Shaft

Y




(b)

Fig. 7.5 | Distribution of flux in the yoke and armature core for (a) a two-
pole DC machine and
(b) a four-pole DC machine

Hence, increasing the number of poles not only
decreases the armature flux but also increases the
frequency of flux reversals in the armature core. The
increase in frequency increases the core losses. Let us
compare a two-pole machine with a four-pole machine in
the aspect of losses. The comparison between the two-
pole and four-pole machines with respect to eddy current
and hysteresis loss is shown in Table 7.1.

From Table 7.1, it can be inferred that, for the same
hysteresis loss, the armature core area, and hence the
weight of iron in armature core can be reduced by
increasing the number of poles.

o Field magnets
For a given field ampere turns, the ampere turns developed by each
field coil will decrease with the increase in the number of poles.
Reduced ampere turns per pole means reduced height of the pole for
the same depth of field winding. Reduction in height lowers the
amount of iron and reduces the overall diameter of the machine.



Table 7.1 | Comparison between the two-pole and four-pole machines with
respect
to eddy current and hysteresis loss

Two-pole machine Four-pole machine
(i) Eddy current ) 7.9
loss Pf] xB°fy Pez xB°fy
2 2
0| 2 o | .2
“loa; h alin f2
& &
X — fi X——f)
4A 16A;
2
¢ 2
x——|(2
16A%( fl)
2
0" 2
(X‘_
41"1% fl
Since fy =2f;, when Aj =4,
=P =k,
ii) Hysteresis loss
( ) 4 Ph, D{Blléfl Phg O(BllﬁfZ
1.6 1.6
0 0
O{'ZAl] f 0:4A2] fa
16 14416 16 14116
Al; I
x|—| |= <|—| |=| 2
Al f 4| i f
Since fy =2f;, when A; =4,
= P, is lower than B,




1. c¢.Weight of copper

e Armature copper
The armature ampere conductors are independent of number of poles.
The total weight of active copper does not vary with the number of
poles. But the inactive copper, i.e., the copper at the overhang
decreases as the number of poles increases, i.e., overall length of
copper and overall length of machine reduce as shown in Fig. 7.6 for
two-pole and four-pole DC machines.

o Field copper
Since field ampere turns are fixed, with the increase in the number of
poles, the field ampere turns/pole reduces and the area of cross-
section of turns/pole reduces.

T2 — Pole pitch of a

2 pole machine

e Ty —3 T4 — Pole pitch of a
4 pole machine

ab — active length of ol

L
- T2 = l
sepnlessisrsmsenlsres _Y_. bed, bfg — Overhang (inactive copper)
Fig. 7.6 | Armature winding of two-pole and four-pole DC machines

1. d. Length of commutator
For a lap wound machine with p = 2 as shown in Fig. 7.7(a),

I

Current per path in armature = —

2

Current per brush arm = I
For a lap wound machine with p = 4 as shown in Fig. 7.7(b),



I

Current per path in armature = —

4

Current per brush arm = —

From the above equations, it is observed that the current per brush
arm decreases with the increase in p. The area of brush will also
decrease. Since the thickness of brush is decided by the number of
commutator segments, the length of brush arm and therefore the
length of commutator decrease with the increase in the number of
poles.

. e. Labour

opZn

We know that, emf induced, F =

a
Zn . : :
= F ox — as p¢ is constant for any given DC machine.
a
Zn

And E o¢c — for lap wound machine [*." p = a]

P

For a constant emf, with the increase in the number of poles, the
number of armature conductors is proportionately increased. For
larger number of poles, larger armature coils are to be wound,
insulated and soldered to commutator; so labour charges will
increase. For larger values of number of poles, more number of field
coils are to be wound, which further increases the labour.

. f. Flash over between brushes

The number of brush arms will increase with the increase in the
number of poles. For the same diameter of DC machine, the distance
between adjacent brush arm reduces increasing the possibility of
flash over.

A l\)l-—.




» Brush

» Armature core
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> Field pole

[ I
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» Brush

> Armature core

> Field pole
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(b)

Fig. 7.7 | Brush arrangement for (a) two-pole and (b) four-pole DC
machines



1. g. Distortion of field

acmD
We know that, armature ampere turns per pole = .

P

With smaller number of poles, armature ampere turns per pole
increases and because of armature reaction, the field is more
distorted. Also sparking of brushes will be more.

From the above listed factors, the advantages and disadvantages of
having higher number of poles are described as follows.

Advantages:

Weight of iron is reduced

Cost of copper in filed and armature is reduced
Overall diameter and length are reduced
Length of commutator is reduced

Distortion in the field is less

Disadvantages:

Iron loss is more

Flashover between brush arm increases
Cost of material increases

Cost of labour increases

Hence, the choice of number of poles has to be
judiciously made considering all the above factors.

7.5.1 Guidelines for the Selection of Poles

n
1. Keep the frequency of flux reversal, f = P— as 25 to 50 Hz.

[
2. Current per parallel path Iz — — must be limited to 200 A.

a

3. Current/brush I =2l mmf must be limited to 400 A.



4. Armature mmf/pole

Ag:z
p 2p

I,Z acxwD acnD ac

= — T, must be

2P

limited to 12,500 AT, where 1 is the ratio of pole arc to pole pitch.

Table 7.2 gives the values of AT/pole for various ratings

of DC machine.

Table. 7.2 | Values of AT/pole for various ratings of DC machine

Output rating (kW) AT, /pole
Up to 100 < 5000 AT
100 to 500 5000 to 7500 AT
500 to 1500 7500 to 10,000 AT
Above 1500 < 12,500 AT

7.6 Limitations of D and L

The following factors affecting choice of D and L.

Factors affecting ‘D’:

Peripheral speed, v = 7Dn

With increase in diameter ‘D’, peripheral speed and
centrifugal force increase. To provide mechanical
stability, peripheral velocity should not be greater than

30 m/s.



Factors affecting ‘L’:

1. Commutation: The emf induced per conductor is higher for a
DC machine with longer length. This increases the voltage
between adjacent commutator segments leading to bad
commutation. So, voltage between commutator segments should
not exceed 20 V on open circuit.

2. Cost: The ratio of inactive copper to active copper is less for
larger ‘I’ making the DC machine less costly.

3. Cooling: The temperature rise in the middle portion of a longer
length DC machine will be high and is difficult to ventilate.

7.6.1 Limiting Values of Core Length (L)

As mentioned earlier, when diameter is large, core length
is small. Overhang copper is more and so volume, weight
and cost of copper are higher.

We know that, emf induced in a conductor,

ez =B, Lv, (7.6)

where B_ — Average flux density, V_— Peripheral velocity
of armature.

Limiting value of emf in conductor = 2, (7.7)
[l

where T — Turns/coil, N — Number of coils between

1 for simplex lap winding

adjacent segments = {1 : o
> for simplex wave winding



From Egs. (7.6) and (7.7), we get

7.5
TN,

BayLv, =

75
TCNCBEWUEI

78)

Let us take simplex lap winding with single turn coil, i.e.,
T =1, N =1.

From Eq. (7.6), with v =30m/s and B _=0.75 Wb/m2 ,
Emf induced in the conductor, e =7.5V
Substituting the above values in Eq. (7.8), we get

Limiting value of core length,

70

1x1x0.75x30

7.6.2 Limiting Value of Armature Diameter (D)

We know that, power output,

P=EIL, x107° (7.9)

And emf,



Z
E = ey (emf/conductors)x —(number of conductors/path)
a

Substituting the above equation in Eq. (7.9), we get

P=¢,|2|I, x1073
L (1
:Ez I—a EX].GHB‘
L
-3 i3
=e,mDacx10 ac=——
D
p_ Px107*
wace,

Assuming ac = 30,000,e_ =10V for a DC machine with
power output P =1000 kW

1000x10~2

Limiting value of diameter, D = =
mx30,000x10

7.7 Separation of Dand L

To separate D and L obtained from the output equation,
a suitable relation between D and L is necessary. This is
achieved by the following selection criteria.

1. Pole proportions
The pole proportions be selected such that minimum copper for a
given field ampere turns per pole is met. Pole body should be
selected to give minimum mean turn of copper. So circular poles



can be selected, but it requires solid casting. Poles are normally
laminated as shown in Fig. 7.8. Generally, square poles which
give minimum peripheral length could be selected.

We know that,  pole length = core length = L

And  pole arc = width of pole shoe = Wps

Pole pitch = % =T

polearc ~ Wps

= — (for square poles) must

Generally, - =
pole pitch 7 T

be in the range of 0.55-1.1.

Pole width (W)

Pole length =
Core length =L

Pole arc (Wm)

Fig. 7.8 | Laminated field pole

. Ventilating ducts

If the length of core is greater than 12—14 cm, radial ventilating
ducts are provided for every 7—8 c¢m of core length. The width of
duct is 0.8-1 cm.

We know that, total core length = L

And gross iron length, Lg =L-nw,



where n, — number of ducts, w , — width of ducts.

d d

Iron length, L. = k L
i s°g

where kS — stacking factor = 0.85 to 0.9.

Problems on Main Dimensions of DC Machine

Example 7.1: A 10 kW, 500V, 4-pole, 1500
rpm DC shunt generator has the average flux
density in the air gap as 1.2 Wb/ m’ and the
specific electric loading is 20,000 A/m. Find
the main dimensions of the machine if it has
to be designed with square pole face. Assume
the ratio of pole arc to pole pitch as 0.6 and
full load efficiency as 80%.

Solution: Given
P=10kW
Voltage =500 V
N = 1500 rpm
B =12 Wb/m2
ac = 20,000 A/m

n=0.8



£=0.6

For a DC generator,

Power developed by armature, P, = P IZ%;‘
5 p =10 2598111 6o 1w
3x0.8

Output coefficient,

2 -3
C =1 B acx10
) (] av -

3
=7 X 1.2 X 20,000 x10 =236.8

Speed in rps, n = % = 251ps

P, 1166

lume. D?L =
Volume, Con_ 2368x25

=1.96x10"° m? (1)



For a square pole face, £ =0.6
T

wD
Substituting 7 = — in the above equation, we get

L
.1 R 7
P
= L:U.BX?:MHD

Substituting Eq. (2) in Eq. (1), we get

2 -3
D x0.471D =1.9 x 10

S 1.96x10~°
0.47

=0.16 m

Substituting the above value in Eq. (2), we get

L=0471x0.16=0.075 m

D=0.1é6m
L=0.075m




Example 7.2: Compute the main dimensions
of a DC generators rated for 50 kW, number
of poles are 4 and it runs at 600 rpm. Full
load terminal voltage is 220 volts. Maximum
gap flux density is 0.83 Wb/ m and specific
electric loading is 30,000 A/m. Full load
armature voltage drop is 3 percent of rated
terminal voltage. Field current is 1% of full
load current. Ratio of pole arc to pole pitch is
0.67 with a square pole face. Find also the
number of slots and conductors.

Solution: Given

P =50kW
pP=4
N =600 rpm

Bg = 0.83 Wb/m2
ac = 30,000 A/m

Armature voltage drop =1 R = 3% of 220V

£ = 0.67
i

If= 1% ofIL



The equivalent circuit of shunt generator is represented
in Fig. 7.9.

v

220 V

Y

Fig. 7.9 | Equivalent circuit of shunt generator

For a shunt generator,

I =I+1

a -3
Power developed by Armature = EI , X 10

where

Emf, E=V+ IR =V + Armature drop

=220 + 0.03 x 220 = 226.6 V

3
Full load current, I == M =227 A
220

Field current, I, = 0.01 x 227 =2.27 A



Therefore, armature current, I =1, + I, =227 + 2.27 =
220.27 A

Hence, power developed by armature,

-3 -3
Pa = EIé1 X 10 =226.6 x 229.2710

= 51.95 kW

Speed in rps, n = % =10 rps

We knorw that P, =C,D
where output coefficient, G =1rzBav acx10™

Average flux density, B, = B, x form factor = 0.83 x
0.7

2
=0.581 Wb/ m

Substituting the values of B, and ac in Eq. (2), we get

2 -3
CO =1 x0.581x30,000x10 =172

Substituting the values of C,n and P in Eq. (1), we get



D2 — Py . 5195

= = =0.0302
Con 172x10

Given :Ti =0.67
T

7D
Substituting 7 =— in the above equation, we get

L
7D _ 67
P
. L=0.67x?=0.526D

Substituting Eq. (4) in Eq. (3), we get

3
0.526D = 0.0302

3 _ 0.0302
0.526

0302

Y 0.526

Substituting the value of D in Eq. (4), we get

L =0.526 x D =0.526 x 0.385 = 0.202m



D=0.385m

L=0202m
We know that
Emf, E = M
60A

Therefore, the number of armature conductors,

_ 60EA  60x226.6x A
opN dpx600

Z

Let us assume lap winding with A = p

Therefore, Eq. (5) can be rewritten as

7 60x226.6
P> 600
Also, we know that B,;, = p—f‘ﬁ
TDL

7B,y DL
p

Therefore, ¢ =

(5)

(6)



Substituting the values of B_, D, L and p in the above
equation, we get

~ 7x0.581x0.385x0.202
4

=0.035 Wb

¢

Substituting the value of ¢ in Eqn. (6), we get

 _ 60x226.6

— = 647.4 ~ 648 conductors
0.035 %600

Example 7.3: Find suitable values of diameter
and length of armature core for a 100 kW, 250
V, 750 rpm DC generator. Apply suitable
checks.

Solution: Given
P =100 kW
Voltage = 250V
N =750 rpm

Let us assumen =09,B _=0.5 Wb/m2 and ac = 25, 000
A/m

We know that



P, =C,D*Ln

We know that

2 -3
C =1 B acx10
20 av

=7 X 0.5 X 25,000 x10

-3

=123.37
3n 3x0.9
=107.4 kW

Speed in rps, n = % =125rps

Substituting C , P, and n in Eq. (1), we get

2
107.4 =123.37 x D L x 12.5

R L

15015

(1)

o S

2

To separate D and L, it is necessary to find the number of

poles

1. The frequency is to be within 25-50 Hz.

Forp:4,,f=%=25 Hz

p=6,f=37.5Hz

For p = 6, frequency is neither low nor high. So let us choose p = 6.

2. The current per brush arm must be within 200 A.



P 100x10°

Armature current, Ia = =—""" —400A

|74 250
For p = 4current/brush arm = Ziiid =200 A
Forp = 6current /brush arm = il =13333 A

Let us choose p = 6. Though p = 4 can also be chosen,
since the current/arm is near the limit, let us choose p =
6.

LetE = 0.67
i

wD
Substituting 7 = — in the above equation, we get

L
p
3 PRALLLUP o)

Substituting Eq. (3) in Eq. (2), we get

3
0.52D = 0.0696



= D=3 /% =(.58323 m
0.3508

D =0.58323 m
L=0.2046 m

Peripheral speed, v, = 1Dn = 7 x 0.58323 x 12.5 = 23
m/s

This is well within the permissible limit of 30 m/s.
Hence, the value of D&L determined are correct.

Example 7.4: The diameter and length of a
1200 kW, 500 volts, 300 rpm, DC machine is
1.45 m and 0.35 m, respectively. Calculate the
mean emf per conductor, total flux and the
number of conductors connected in series.
Armature drop is 6.5 volts at full load and
maximum flux density in the air gap is 1.01
Wb/ m .

Solution: Given
P =1200 kW

Voltage = 500V



N =300 rpm
D=145m

L =0.36m

IR =6.5 volts
Bg =1.01 Wb /m2

We know that

B =B x form factor = 1.01 x 0.7
av g 2
= 0.707 Wb/m

Speed in rps, n = %D- = 5rps

Mean emf/conductor =B, Lv. =B__ LaDn["." v_.=xDn]
av a av a

=0.707 X 0.36 X T X 1.45 X 5=5.79 V
Total flux = B, 7DL = 0.707 x 7T x 1.45 X 0.36 = 1.15 Wb

Induced emf on full load,

E=V+ IaRa1 =500 + 6.5 = 506.5V

Induced emf on load

Number of conductors in series = :
Emf induced /conductor

5065

= =88
5.79

Example 7.5: A 500 kW, 375 rpm DC
generator has B, = 0.6 Wb/m and specific



electric loading is 35,000 ampere conductors
per metre. The ratio of pole arc to pole pitch is
0.66. Armature is lap connected. Find the
main dimensions of the machine if the
maximum value of voltage between adjacent
commutator segments is not to exceed 30 V
and the peripheral speed is not to exceed 30
m/s. Assume the maximum value of gap flux
density at full load is 13 times that of no load
and full load efficiency = 0.91.

Solution: Given
P =500 kW
N =375 rpm

B_=0.6 Wb/m

E = 0.66
o
1 =0.91

Neglecting rotational losses,

P :£=@:550kw
n

2 0.91

We know that



Speed in rps = % = 6.25 1ps

Output coefficient, C = JTQBaVaC x10

= n2 X 0.6 X 35,000 x 1073 =207.5
Also, 1 L B ()
Con 207.5%6.25

To separate D and L, a relation between D&L is required.

We know that 1{'- = 0. 66
T

D
Substituting 7=——in the above equation, we get

To choose p, f must be between 25 and 50 Hz.

Forp=4,f=%=12.5HZ



p=6,f=18.5 Hz
p=8,f=25Hz

p =10, f=31.25 Hz
p=12,f=37.5Hz

Let us choose p =12, f= 37.5 Hz

Therefore, on substituting the value of p in Eq. (2), we
get

j o 0.6?% —0175D (3)

Substituting Eq. (3) in Eq. (2), we get

0.175D° = 0.423

D=3——==1342m

Substituting the value of D in Eq. (3), we get

L=0.234m
Check

Peripheral velocity must be within 30 m/s.

Peripheral velocity, v = zDn = 7 x 1.342 x 6.25= 26 m/s



This is well within limits.

Maximum flux density on no load = B 05, 09 Wb/m? [ = L ]
T

v 066

Maximum flux density on load, B_=13 x 0.9 = 1.17
Wb/m

Maximum voltage between adjacent commutator
segments at full load

=2B Lv
m a
= 2X1.17xX0.234x26 =14.2 V

This is also well within limits. Hence, the value of D&L
determined is correct.
7.8 Estimation of Length of Air Gap

The estimation of air gap is discussed in the following
section.

7.8.1 Factors Affecting Air Gap Length

The length of air gap is influenced by the following
factors.

Armature mmf



When the armature ampere turns per pole is greater than
the field mmf, there will be trouble due to field distortion
as the armature reaction effect will be more. So, field
mmf must be made larger than the armature mmf. For
higher field mmf, the length of air gap has to be large to
consume the same.

Unbalanced magnetic pull

In machines without interpoles, the air gap has to be
large to prevent distortion of field. But in machines with
commutating poles, there is no demagnetizing effect of
armature reaction, the length of airgap can be reduced to
30—-50%.

Cooling
Ventilation is better in machines having larger air gap.

7.8.2 Estimation of /g

The following two methods are adopted to estimate the
length of air gap.

Method 1

The air gap length, lg, may be estimated by the following
empirical formula:

For machines with p < 8, air gap length,

D
le =(0.04 to 0.04?);



For machines with p > 8, air gap length,
D

le = (0.048 to 0.053)—

P

where p — number of poles, D — diameter of machine.
Method 2

The length of air gap can also be estimated from air gap
mmf by the following procedure.

acwD  ac
Armature mmf, AT, =——=—7

2 p 2

Air gap mmf, ATg = 0.5 t0 0.7AT = 800, OOOBg kg kgd

(The value of 0.5 or 0.7 is made based on the choice of
salient pole machine with slots and ducts on one side
and/or salient poles on the other side)

3 I (05t007)AT,acxD  (05t00.7)AT, acTp
g — —
29800, 0008, k, koq  2x800000 By k, kyg

D
p

Ol

where kg , kg , — Carter’s gap and duct coefficients.

7.9 Design of Armature

The design of armature involves the determination of the
parameters as shown in Fig. 7.10.



Number of
aramature
conductors

Armature of
winding

Number of
armature
coils

Number of
armature
slots

Design of
armature
conductor

Slot
dimensions

Depth of
armature
core

Armature
resistance

Fig. 7.10 | Steps for design of armature



1. Number of armature conductors

The number of armature conductors is estimated by the
following two methods.

Method 1
We know that

Mean emf induced in a conductor, e =B Lv
where v_= zDN is the peripheral speed.

The generated emf in armature E=V + [ R (for
generators)

AndE=V - IR (for motors)

where V'is the terminal voltage and I R is the armature
voltage drop.

Assume I R =2102.5% of V for machines with 500V
rating and more and

IR =51t010% of V for small machines with 250 V
rating.

E
Number of conductors in series, Z, = —
EZ

For simplex lap winding, since the number of paths =
number of poles, Z represents the total number of



armature conductors/pole.

For simplex wave winding, Z_represents half the total
number of conductors on the armature as number of

poles = 2

Method 2

We know that,

Emf, E= =
60A a

opZN  ¢pZn [ N

Ea
= Number of armature conductors, Z = ﬁ
Also, we know that
e , ) I
specific electric loading, ac = --—
D
acwD

= Number of armature conductors, Z =
Z

From slot capacity, Z, = —




= Number of armature conductors, Z = Z S
where S — number of armature slots.

2. Armature winding

e Simplex lap winding is used for machines with current rating greater

than 400 A as current in each path = — of full load current.

P

e Simplex wave winding is used for machines with current rating less
than about 400 A. Here, check has to be made to find whether the
voltage between adjacent commutator segments is within 30 V. If
multiplex windings are used, equalizer rings are necessary, making
machine costlier.

3. Number of armature coils

Total number of conductors, Z = pxZ_for simplex lap
winding

Z = 2xZ _for simplex wave winding

for single turn coil

NN

Number of armature coils = - Z
T for multi-turn coil

C

where Tc is the number of turns in one coil.

Number of commutator segments = number of coils

Voltage induced between adjacent commutator segments
at no load,



E_ = volt induced/conductor x number of conductors between adjacent

commutator segments
=e, x2X Number of turns between adjacent commutator segments

= e_x 2 x Number of turns/coil x number of coils between segments on no
load

= Ec = 2ezTch

Substituting e = B_Lv_in the above equation, we get

E =2B Lv. TN
c av "a ¢ ¢

Maximum voltage induced between adjacent
commutator segments on no load,

cm

E =2BLv TN [."B_=B onnoload]
0 g ac¢ c av g

Maximum voltage induced between adjacent
commutator segments on load,

E_ = 2><1.3BgLvaTCNC

[ Bg on load = 1.3 times Bg on no load]

cml



Bav

= Eemi = 26B,L0, TN, l B, =2
i

Substituting y = 0.68 in the above equation, we get

= E 1= 4'BaVLvaT‘ch

cm

Substituting v_= zzDn in the above equation, we get

Ecml=4B LaD T N
av n c C

Substituting B.,,, = po
& av = DL

in the above equation, we get

¢
B il ﬁ LeDn T, N,
=4ponT. N,

=4p£nTch b ¢P—Z” =>~¢=E]
Zpn a Zpn

Ea
=4E-TC N.

Ea
Ecml = 4ﬁTch

L
2xnumber of coils(C)

. Number of turns/coil, T, = Sl 2CTJ



2Ea
= Ecml = ? N c

And minimum number of armature coils,

2EaN
Cinin = E—C
cml

For lap winding,

We know that a = p. Choosing N =1and E_ =30V
Minimum number of coils,
2EaN
A i
min Ecml
_ 2xExpx1 Ep
30 15
For wave winding,
We know that a = 2. Choosing N =p/2and E_ =30V

Minimum number of coils,



2EaN,

EC]TI[
_2XEx2xp/2

30

C]'I'Ii]'l —

_Ep
15

Hence, the minimum number of coils remains the
same irrespective of whether the machine is lap wound
or wave wound.

We know that
Ecml - 4'BaVLva Tc Nc
Ecml = 4eZTC NC [ e, = B Lv ]
Substituting E__ = 30 V in the above equation, we get

30=4ezTch
o 30 _ 75
ST AT N, TN,

4. Number of armature slots

The factors affecting the choice of number of armature
slots are shown in Fig. 7.11.



Flux
pulsations

Fig. 7.11 | Factors affecting the choice of number of armature slots

Flux pulsations

Flux pulsations give rise to eddy current losses in pole
shoes and produce magnetic noise. These pulsations are
produced due to change in air gap flux because of change
in air gap reluctance due to slots, pole faces, etc.

To avoid flux pulsations, the following selections are to
be made.

e Number of slots per pole = integer + —

e Number of slots per pole per pole shoe = integer + —

In actual design, it may not be possible to fulfill both the
above conditions. So in such cases, the number of slots
per pole should be an integer with slots/pole equal to

integer + 1
5



Cost

The cost of punching the slots, cost of slot insulation
increases with the increase in number of slots.

Cooling

For larger number of slots, number of conductors/slot
will be lesser and hence better ventilation is provided.

Tooth width

The slot pitch reduces with larger number of slots. The
tooth width will also be lesser. The flux density at the
minimum section of tooth increases increasing the iron

loss. Also, it is difficult to support the teeth at the
ventilating ducts without obstructing the ventilation.

The choice of slot pitch, 7, = E, should be in the
s

range of 2 and 4 cm.
Commutation

Large number of slots and smaller number of conductors
per slot are better from commutation point of view.

For better commutation, number of slots per pole
should be chosen in the range of 9 and 16.

The overall guideline for selection of number of
armature slots is given in Table 7.3.



Table. 7.3 | Overall guideline for selection of number of armature slots

. No. Parameter Guiding value
1 D 2todem
Slot pitch, =
S
2| Slot loading I, Z (Z - number of conductors perslot) | < 1500
3. | For good commutation: slots/pole 9to16
4, | Toreduce flux pulsations: slots/pole Integer +%
5. |Slots/pole arc Integer
6. | Number of conductors/slot, Z, = E Even number
. Number of conductors/slot
7. | Number of turns/coil = — / Even integer
Number of coil sides per slot
8. | Forlap winding, number of slots, § Multiple of pole pair
9. | For wave winding, number of slots, § Should not be a multiple
of pole pair
10. | Current density 45t07 A/mm?
1. | Pitch of commutator segment 4to9 mm

5. Dimensions of armature conductor

Armature current, I, =

P, x10°
E




I =1 +I for generators

Ia1 = IL -1 ] for motors

Conductor current, [, = -2
a

Area of cross-section of conductor,

A= ;—Z (6, is the current density)
£

The values of current density are given in Table.7.4.

Table. 7.4 | Current density

$.No. | Machine Current density, d, (A/mm?)
1. | Large machines with very good ventilation 45
2. | Large machine with normal ventilation 5
3. | Fairly high-speed fan ventilated machine 6to7

E121amel—coated round wires of cross-section up to 10
mm are used for small machines. Rectangular or square
conductors are used with cotton or enamel covering for
cross-section abo;re 10 mm . The cross-sectional area is
limited to 50 mm , because of eddy loss in conductors. If
it exceeds 50 mm , laminated conductors (or) stranded
conductors are to be used. When the frequency is less



than 25 Hz, the depth of single conductor is limited to 19
mm.

6. Slot dimensions
Cross-section of slot represented in Fig. 7.12 is given by
A= wsxdS

where w_and d_are the width and depth of slot,
respectively.

The slot dimensions should be so chosen that the

required number of conductors can be accommodated
with sufficient insulation.

W

]

Fig. 7.12 | Armature slot
7. Depth of armature core

The armature core is represented in Fig. 7.13.

flux/pole
2

Flux in the armature core =

Flux density in armature core,



o ¢/2 _¢/2

.=
area of armature core  d.L;

Fig. 7.13 | Armature core
where d_— depth of armature core, L, — core length.

Flux dgnsity in armature core can vary between 1 and 1.4
Wb/m .

Assuming suitable value of B, dC, can be determined.

Inner diameter of armature core,



D, = D—2(dS +dc )
where d_— depth of slot, D — armature diameter.
8. Determination of armature resistance
We know that

Length of mean turn of armature winding (in m),

L= 2L+2.3Tp +5dS

where L. — core length, T — slot pitch, d_— depth of slot.

. 1
Resistance of each conductor = —2 Lt
& A,
where A - area of armature core.
: 17 pL
Resistance of each parallel path = —— Prmt
28 Ay
1j1 Z 5L
Total resistance of armature winding = —|—— Prmt

al2a A,

7.10 Design of Commutator and Brushes

The segments of commutators are made of hard drawn
copper and are separated from each other by thin strips
of mica or micanite. The diameter of commutator is
between 0.6 and 0.8 times that of armature diameter



with the peripheral speed of about 15 m/s. The distance
between the brush spindles may be taken as 25—-30 cm
for a 500 V machine. The number of commutator
segments is equal to the number of coils. The length of
commutator is decided by the space required for
brushes, number of brushes per arm, area required to
dissipate heat generated by commutator losses.

Total number of commutator segments = number of
coils

=C=lﬁ
2

where u — number of coil sides/slot, S — number of slots.

The minimum number of segments to give a voltage of 15
V between segments at no load,

Ep

min — E

where E — emf induced in armature, p — number of
poles.

Length of commutator (in mm),
Lc = nb(wb +cp )+ec

where n, — number of brushes, w, — width of brush, c, —
clearance between brushes, chosen in the range of 3—5
mm, ¢ — clearance for staggering the brushes and
clearance at ends, chosen in the range of 15—40 mm.



7.10.1 Brush Dimensions

The number of brush arms in a machine is equal to the
number of poles. There may be more than one brush in a
brush arm, as decided by the maximum current. The
collection of brushes in one arm is called brush spindle
and they have same polarity.

27

Current carried by each brush arm, I}, =

Current density in brush, 6 =6to15A/ cm

21
Total brush contact area per arm, Ap =—=

pop

where w, ,t are the width and thickness of brush. The
brush thickness should not cover more than 2 to 3
commutator segments as shown in Fig. 7.14. Otherwise,
number of coils undergoing commutation will be

excessive.



Fig. 7.14 | Brush arrangement over commutator

7.10.2 Commutator Losses and Temperature Rise

The losses in commutator are due to brush friction loss
and brush contact loss.

Brush friction loss, P, =uP A vc><981><10_5

where u — coefficient of friction, ranges from 0.12 to 0.3,
P - brush pressure on commutator, ranges from 100 to

150 g/ cm , A, — contact area of all brushes cm2 v —
peripheral speed of commutator in m/s = 2D n.

Brush contact loss, P, .= voltage drop per brush setxarmature current
=VbIa



120 x loss in chmz
14-0.1 v,

Temperature rise =

This should be below 40-50°C.

Problems on Armature Design of DC Machine with
Commutator

Example 7.6: A 300 kW, 500 V, 500 rpm, 6-
pole DC generator has average flux density
over pole as 0.67 Wb/ m and specific electric
loading as 25,000 A/m. The ratio of core
length to pole pitch is 0.75. Estimate suitable
dimensions of core diameter, length, number
of armature conductors, number of slots and

number of commutator segments.

Solution: Given
P =300 kW
Voltage = 500 V
p=06
B_=0.67Wb/m

ac = 25000 A/m



N = 500 rpm

L

ail = 0.75

Main dimensions

Speed in rps, n = % =8.33 rps

2 -3 2
P =1 B acxi0 D Ln
a av

Substituting the values of P , B_, ac and n in the above
equation, we get

2 -3 2
300 =71 x0.67%x25,000x10 D Lx8.33

) 300
= Dl=— 3
7 x0.67x25000%10™ x8.33 1
300 0
=—=(217
1377.08
Given £ = 0.75
T

wD
Substituting 7 =——in the above equation, we get



5= 0.75
P
5 1=3PXTXD o s0m 0

Substituting Eq. (2) in Eq. (1), we get

3
0.392D =0.217

0217
0.392

= D=3,/w=0.821m
0.392

Substituting the value of D in Eq. (2), we get

D° =

L=0.321m
Check
Checking for peripheral velocity

v, = stDn = 1x0.821%x8.33
=21.48 m/s

This is well within the permissible limit of 30 m/s.

Armature winding



P, 300x10°

Armature current, J =
500

=600 A

With wave winding, current per parallel path = ? =

300 A. This exceeds the limit of 200 A/path. Therefore,

simplex wave winding cannot be used for this machine.
600

With lap winding, current per path, I _ ? = % =100

A. This is well within the limit of 200 A/path. So, a
simplex lap winding can be used for the machine.

Armature conductors

Average emf induced per conductor,

e =B _Lv
Z av a
= 0.67x0.321x21.48 = 4.61V

Number of conductors per path,

z. =% _ 10845
161

Taking Z_to be 110
Total number of conductors, Z = Z xa =110x6 = 660

Z = 600 is fixed temporarily



Number of slots

7D
1. Slot pitch, ? will vary from 2.5 to 3.5 cm

D
So, number of slots, S = ( Slot ;)TitCh) YS will vary from 035215
wD
to
0.035

i.e., S will vary from 66 to 92.

2. For better commutation, = will vary from 9 to 16.

P

So, number of slots = px9 to px16
For p = 6, number of slots = 54 to 96
Hence, slots could be taken in the range of 66 to 92.

3. For lap winding, the number of slots should be a multiple of pole pair
(3 in this case). Hence, the number of slots, S, can be 66, 69, 72, 75,
78, 81, 84, 87 and 90.

4. To reduce flux pulsations, number of slots/pole=integer+ —

So, we can have slots as follows.



S E Integer + 1
p 2

66 11 X

69 11.5 v

72 12 X

70 125 v

78 13 X

81 13.5 v

84 14 X

87 14.5 v

90 15 X

So, the slots of 69, 75, 81 and 87 can be chosen.

Also, number of slots/pole shoe = increase + — or integer. But, both

the conditions cannot be satisfied.

s s _S.L
Poleshoe p T

69 8.625

Fis 9.5375

81 10.125

87 10.875

Let us choose 81, where slots/pole shoe is nearly an integer, i.e., S =

81.

5. Number of conductors per slot should be an even integer.



660 _
81

Let us take this to the nearest integer, i.e., Zs ~ 8
So, Z = 8x91= 648

revised ~
. Slot loading I Z should be within 1500 A.
I Z =(100)(8)= 800 A
This is within the limit of 1500 A.
. Pitch of commutator segment
Number of commutator segments = number of coils

2@2324
2

8.1

So, number of conductors/slot, Zs —

Assuming commutator diameter = 0.7D = 0.7x0.821= 0.5747 m
Pitch of commutator segment
B 7 x commutator diameter
~ Number of commutatorsegments

_ wx0.5747

324
= J.0m

This is well within the limit of 4 to 9 mm.

Example 7.7: Determine the main dimensions
and number of armature conductors winding
type and slots of a 50 kW, 115 V, 1000 rpm, 4-
pole DC shunt generator. The ratio of pole arc
to pole pitch is 0.7 and the ratio of arm length
to pole arc is 1.1. The field current is 10 A and
the voltage drop in the armature circuit is 4 V.
Assume specific loadings as 0.5 Wb/ m and
26,000 A/m.



Solution: Given
Power, P = 50 kW
Voltage = 115 V
pP=4

B _=0.5 Wb/m2

ac = 26,000 A/m

=t

polearc

polearc _ o
T

N = 1000 rpm

If =10 A
IR =4V
3
Load current, I = 2 = M =434 A
|74 115

Armature current of shunt generator,



Ia = IL +If =434+10 = 444 A

Induced emf, E=V+I R =115+4 =119 V

Power deyeloped in armature, P = EI x 10 =(119)
(444)x10 S = 52.83 kW

N 1000

Speed in rps, § = — = —— = 16.66 rps
P P 60 60 P
We know that
2 -3 2
Pa =7 B&IV acx10 D Ln
Hence,
D’L=— fa ;
By acx107 xn

52.83 b

=— 3 =0.0247
7 x0.5%x26,000x10 x16.66

Also, L=11polearc

And pole arc =077

Substituting Eq. (3) in Eq. (2), we get

L =(0.1)(0.71)= 0.77T



wD
Substituting 7T=——-in the above equation, we get

7D 0.77xwxD
p

L=077 —0.604D (4)

Substituting Eq. (4) in Eq. (1), we get

3
0.604D = 0.0247

0.0247

= g W T
0,604
= D =10.0409 = 0344 m

Substituting value of D in Eq. (4), we get

L=0.208m
Winding

Armature current, I = 444 A

For wave winding, current/path = % =222 A



This is greater than the limiting value of 200 A. So wave

winding cannot be chosen.

For lap winding, current/path = % =111A

This is within the limit of 200 A.
So lap winding is chosen.

Armature conductors

Since average emf is known, let us consider total

armature conductors from emf equation.

Emf, E = g — PpLn
60a a

Z—E— 119x4
B opn ~ hxdx1666

To find ¢, letus use B_,

We know that B, = Nad
wDL

_ By wDL

P



Substituting the values of B D, L and p in the above
equation, we get

0.5xmx0.344 % 0.208
4
¢ =0.028 Wb

=

Substituting the value of in Eq. (5), we get

119x 4

0.0284 x4 x16.66

Number of armature slots

1. The slot pitch must be in the range of 2.5 to 3.5 cm.
So, the number of armature slots must be between

S D
(Slot pitch)Y;

_?r><.344 to mx.344
~0.025 0.035

i.e.,S=43to 30
2. For lap winding, S/p must be multiple of pole pair (here it is 2).
So, the number of slots, S can be 30, 32, 34, 36, 38, 40 and 42.
3. To reduce flux pulsations,

S5 . 1
number of slots/pole, — = INteger + E
P

So, we can have slots as follows.



5y E Integer + 1
P 2

30 7.0 X

32 8 v

34 8.5 X

36 9 v

38 9.5 X

40 10 v

42 10.5 X

So, number of slots can be 30, 34, 28 and 42.

4. Also, number of slots/pole shoe = integer +— (or) integer. But both

can be satisfied

S S S SWL
; Poleshoe - ; P

30 £ b.775

34 8.5 6.545

28 9.5 7,315

42 10.5 8.085

Let us choose S = 42, as slot/pole shoe is nearly an integer.
Hence, S = 42,
5. Number of conductors/slot = even integer

Z 255
o = = — =
S 42
Let us take this as integer 6.
So, revised number of armature conductors = 6 x number of slots

Zrevised =42x6 =252

6.07



6. Slot loading IZ, should be less than 1500 A
IZZs =(111)-(6)= 666 A
This is well within limits.
7. Number of commutator segments,

Bt
>

Minimum number of commutator segments,
Co. Ep _ 119x 4 ~

b = 32
min = 3¢ 15

For coil side/slotu=2,C = % w2xd2 =42

u:4,C=%}{2}<42=42

Choose the number of coils such that conductor/slot is divisible by
coil side per slot. Here, 6 is divisible by 2. So, number of coils = 42,
number of commutator segments = 42.

Example 7.8: Obtain the main dimensions and
design the armature of a 25 hp, 500V, 600
rpm, 4-pole DC series motor with an
efficiency of 85%. Take B, = 0.6 Wb/m2 and

ac =17, 000 A/m and£ as 0.67.
T

Solution: Given

=25 hp

output .



Voltage = 500V

N =600 rpm
pP=4
n =0.85

B _=0.6 Wb/m2

ac =17,000 A/m

E=o.67

T

POutput (in kW) = 25%x746 =18.65 kW

Speed in rps, n = % =10 rps

We know that

2 -3 2
P =1 B acxio D Ln
a av

Py

Therefore, DL = 5 —
7B,y acx10™ " n

Substituting the values of P , B_, ac and n in the above
equation, we get



D’L = . Liis ——=0.0185 (1)
7 x0.6x17,000x10™ x10

Also, £ — .67
T

. D . :
Substituting 7=——in the above equation, we get

L
@ p— U -6?
4
3 L:0.67x?:0,5269 Q)

Substituting Eq. (2) in Eq. (1), we get

p3 = 0018 _ 4 0351
0526

i D= 300351 = 0327 m

Substituting the value of D in Eq. (2), we get

L=0.172m



Design of armature

3
Power input, P, = E = 18'%5;510 =21.94 kW

n

Px10°  21.94x10°
v 500

=43.88 A

Line current, I =

In series motor, I =1 =43.88 A

Since armature current is less than 200 A, wave winding
is preferred.

DL
Flux/pole, ¢ = By ?TT

_ 0.6x7x0.327 x0.172
4
= 0.02Wb

We know that induced emf,

E_ ¢pZN B ppZn
 60a a

3)

where



E=V+IR, =500+ 1%(V), accounting for IR, drop as R, is not specified
=500+5= 505V

Substituting the values of ¢, p, n, a and rewriting Eq. (3),
we get

(B 5Bx2
g 002x4x10

Slot pitch must lie between 2.5 and 3.5 cm.

Therefore, number of slots, S, must lie between

7D d mD

dan
2.5%x1072 3.5%1072

i.e.,M and M ,which is from 41 to 29.3.

0.025 0.035

Let us take it as 41 to 30.

For wave winding, the slots/pole should not be a
multiple of pole pair (here 2)

So, we have to select odd numbers as number of slots.

So, S can be 31, 33, 35, 37, 39 and 41.

To reduce flux pulsations, to avoid dummy coils,



slot/pole arc = integer+ —

S E Slots per pole arc=slots per pole x }J%
31 275 5.19
33 | 825 552 v
35 | 875 5.86
37 | 925 6.19
39 9.75 6.53 v/
41 | 10.25 6.86

Since slot/pole arc = integer+ % 5.5 or 6.5 and

corresponding S of 33 or 39 can be chosen.

LetS =33

1262

Therefore, conductors/slot = =5 =38.2 = 38

Number of coils, C = % uS




_Ep  505x4

= — ~ 134
mimn 15 15

Minimum number of coils, C

Number of coils foru=2,C = %x2><33 =33
1
u=4,C=E><4x33=66
1
u=6,C=E>{6><33=99
u=8,C:%x8x33:132

u= 10,C:%x10><33=165

For u =10, C =165 is greater than C__ which is 134.
So number of coils is chosen as 165.

Problems on Design of Commutator and Brushes



Example 7.9: Design suitable commutator and
brushes for an 850 kW, 440 V, 10-pole, 300
rpm DC machine. The armature diameter is
150 cm with 450 coils. The commutator is to
be designed with commutator diameter equal
to 0.6 times armature diameter. The
peripheral speed of commutator must be
greater than 16 m/s, with commutator pitch <
7 mm. Take the current density in brushes to
be equal to 6.5 A/ cm with brush current
greater than 65 A. The brush drop is 2 V, and
brush/pressure is 1250 kg/ m .

Solution: Given
Power, P = 850 kW

Voltage = 440V

p =10

N = 300 rpm
D =150 cm
c =450

D =0.6D

v =16m/s

6, =6.5 A/cm2



I >65A

IR =2V

P =1250 kg/m2 =125 g/cm2
We know that

Commutator diameter, D =0.6D (armature diameter)

= D,=0.6x150=90cm
Peripheral speed of commutator, v =7Dn
=?r><90><@=1413.7 cm/'s N
60 - _}
=14.137 m/s 60

Number of commutator segments = number of coils =
450

Pitch of commutator segment

7 xcommutator diameter

~ Number of commutator segments

= pR 0y = 6.28 mm
450

This is less than the given limit of 7 mm.



_ 850x1000

Armature current, [, = — = — T =1931.8 A

il
V
If lap wound armature is chosen,

21, 2x1931.8
p 10

= 386.36 A

Current/brush arm =

If the brush current is 65 A (as per the limit specified in
the problem),

Number of brushes per brush arm,

Current/brush arm _386.36
Brush current 65

Hp =

= 5.944%6

Let us take n = 6.

So, new brush current,

B Current/brush arm _386.36

[
2 1y, 6

=64.39 A

I .
And, contact area/brush = b= 523 =9.90 cm?
O 6.5



The brush should not cover more than three commutator
segments.

So,

Brush thickness = 3 x commutator pitch
3 % 6.28 =18.84 mm
~ 20mm

Taking brush thickness as 20 mm, i.e., 2 cm,
9.90

A
Brush width, wy, = b =2 —495em
th 2

Take 0.5 cm as clearance between brushes (c, ), 4 cm for
staggering of brushes and end clearance(c),

length of commutator, lC = nb(w]D +c, )+c

= 6(4.95+0.5)+4 = 36.7 cm

Brush contact loss,

Ph =2x ] =2x1931.8 =3863.6 W
(& a 2

Contact area of one brush = wy b, =4.95 x 9.9 cm

Contact area of stall rusher in one spindle,



A, = Contact area of one brush x n

b 5 b
=0.9x6 = 50.4 cm

Brush friction loss,
-5
be = ,uPbAva x981x10 W

Taking u = 0.25, substituting the values of P A and v
in the above equation, we get
-5
Pb = 0.25%X125%1413.7x59.4x981x10
f
=24713.48 W

Total commutator loss = Ph + Pb
(¢ f

= 3863.6+24713.48 = 28577.08 W

Cooling surface of commutator = zzDd_

2
= 1x90x36.7 = 10376.68 cm
=1.03m

Temperature rise of commutator

28577.08

120 ————
D= 10376.68 _ 136.91°C formula
1+(0.1x14.137)

Example 7.10: A 25 hp, 4-pole, 300 volts, 1000
rpm wave wound DC machine has its
armature diameter as 25 cm, number of
armature slots = 41, with 4 coil side/slot,

-~



current density in brush = 6 A/cm” and
turns/coil = 2. Design a suitable commutator
brush assembly.

Solution: Given

Power = 25 hp = 25x746
=18.65 kW

pP=4

Voltage = 300V

N = 1000 rpm

Da =25 Ccm

S=41

Coil sides/slot = 4

6, =64/ cm

T =2

(¢

Number of conductors/slot = Number of coil sides/slotx2 = 4x2=8

Total number of conductors,

Z = Number of slots(S)xnumber of conductors/slot
= 41x8=328



Number of coils = E X 1
2 Turns/coil (T)
_328 1_o
2 2

For a wave winding, number of coils should not be a
multiple of pole pair. In this case, number of pole pairs is
2 (which is a multiple of pole pair).

So, let us take one coil to be a dummy one and number
of active coils = 81.

Commutator diameter,

D_ = 0.7x Armature diameter
= 0.7x25 = 17.5 cm

Peripheral speed,

B =D o = 7D, = X 17 5% 000 102
60

=9.16m/s

This is within limit of 20 m/s.



D

C
number of segments

D,
number of coils
wx17.5

81
= (0.678 cm

Commutator pitch =

Assuming brushes cover three segments,

Thickness of brush,
ty =3 X Commutator pitch = 3 x 0.678
=2.0362 cm
Armature current,
18.65x 1000

 _P/m_ 08

8 V 300

=777 A [assuming 7= 0.8 ]
Area of brush,
= 21 _ 25T — 1295 cmz
Q{Sb 2x6

reason for 2 and a



Let the width of each brush be 1.6 cm.

Number of brushes,

Ay, 12.95

= =39>4
fp Xwy,  2.0362x1.6

”b =

Take 0.5 cm as clearance between brushes (cb ), 4 cm
for staggering of brushes and end clearance(c),

Length of commutator,

lC = nb(wb + cb) +c
=4(1.6 + 0.5) + 4 = 12.4 cm

Example 7.11: A 350 kW, 400 V, 8-pole, 600
rpm DC generator has commutator diameter
as 63 cm, number of segments as 304, current
density in brushes as 5 A/ cm and current per
brush as 50 A. Assume brushes occupy three
segments. Determine the axial length of
commutator.

Solution: Given
Power = 350 kW

D =63

Cc



Voltage = 400V

C=304
p=38
d, =5A/ cm
Ib = 50A
3
Armature current, I, = B — M =875 A
=R 400
Let us assume lap wound machine.
Current per brush arm = ZIE[ = slils =218.75 A
P

Since limit of current per brush, I =50A

Number of brushes/arm,

_ Current per brush arm

n
8 Current per brush

_ 218.75 — 43755

So, new brush current,



I Current/brush arm
b ey

Hi

= .2185—75 _ 4375 A

This is safe brush current.

Number of coils = number of commutator segments
=304

Pitch of commutator segment =

wD,
Number of commutator segments

= o =(0.651 cm

304

As brush thickness covers three segments,

So,  brush thickness = 3x0.651=1.95 cm

| 43.7
Areaofbrush, Ap=-2= LN 8.75 cm?
5 5
A :
Brush width, 1wy, = kP 55 =44 cm

fy  1.95



Take 0.5 cm as clearance between brushes (c, ), 4 cm for
staggering of brushes and end clearance(c),

length of commutator,

lC = nb(wb+cb)+c

= 5(4.4+0.5)+4
= 28.5cm

7.11 Design of Field System of DC Machine

This section describes about the type, height and area of
poles along with the design of field winding.

7.11.1 Design of Pole

The poles are laminated and are bolted to the frame.

The flux in the pole body = useful flux per pole x leakage coefficient

where the values of leakage coefficient for different
ratings of machine is given in Table 7.5.



Table. 7.5 | Leakage coefficient for different ratings of DC machine

Output of DC machine | Leakage coefficient

(kW)

50 13256 1.2

100 1.11 to 1.22

200 1.10 to 1.20

500 1.09 to 1.18

1000 1.08 to 1.16

2000 1.06 to 1.12

Flux density in pozle body can be assumed to be between
1.5 and 1.7 Wb/m for laminated poles.

t;f’)
So, area of pole body, AP = B—P
P
Gross area, 4, = P_ where 0.95 is the stacking

Poess 0,95
factor.
To avoid magnetic centreing and to allow end play, the

length of pole is made less than the length of armature by
10—15 mm.

LP =L - (0.001 10 0.015)



Ap ¢
Width of pole body, W, =

__%
PTL Bl

To find the height pole, the field mmf to be provided
by the pole at full load has to be determined. This is
calculated from magnetization curve of machine.

The height of pole is decided based on (i) sufficient
space for series, shunt or both coils and (ii) cooling
surface for dissipating the losses.

Let us take cylindrical coils and neglecting the cooling
surfaces of top and bottom.

Cooling surface area = 2I.__h
mt f

where L — length of mean turns of field winding, h_ -
height of field winding.

Let P_be permissible loss/unit area of cooling surface.
= Total permissible loss= P xtotal cooling surface area

Copper space factor for field coil,

_ Net copper area (without insulation)

T =
"™ Gross copper area (with insulation)

If d_ is the depth of filed coil,



Gross copper volume of field coil = L. df hf

Net copper volume of filed coil,

Vo=0p L dchy

Power lost in each field coil = g,

2 2 PLnt

= 0f 0f
g

I
6f = —f=}‘ If = 5f(lf and Rf = PLmt
af &

2
= Of ag pLyy

2 -
=0fpopde Ly | ap = opdghy]
Power lost in each field coil

=6 pVy [ V. =osdihgLyy]

We know that

Permissible loss/unit height = Power required per unit height of coil



)
= P X Wy = 65 pV,, = 6 pogdheL g

> 28, = 6 poydl
2P
= et
pogd;
2P
= 5f = &
poydy

Let bee the number of turns of field coil.

dghgoy

Ampere turns of each field coil, IT; = &« ;f = drorqedghy
e 2P 2P
AT [unit height = 6ogd; = |—=—o¢d; | 6= |—
pogd; potdy
- 2P
= AT [ unit height = S

p

Taking p = ox10 Qm and P in W/ m’ and d.inm,



AT /unit height (in m) = 1[:]‘51 P, oy dg

0.4 forsmallround wires
¢ =10.6 forlarge round wires
0.75 for large conductors with square section

d,is in the range of 0.04-0.05 m
P_should be near 700 W/ m

To find the net height of field coil, we need, field amp
turns/pole(AT)

AT |1 to 1.3 for machines without interpoles
AT,  |0.6 to 1 for machines with interpoles

AT;

Height of field coil =
S O e e T AT per unit height

7.11.2 Design of Shunt Field Winding

The shunt field winding is designed generally to produce
rated voltage at no load in shunt and compound
machines whereas the series field winding is designed to
maintain rated voltage at all loads.

The general design procedure for the design of shunt
field winding is given below:

1. Find the total height available on pole for both the field windings



5.

. For compound machine, height of shunt field winding, h

using, height of field coil
AT
by = P
AT per unit height

Jn
80% h > height of series field winding, h o =20% h n For shunt
machine,h, =h

fsn S

. Number of shunt field coils = Number of poles. Assuming 15—

20% of rated voltage is lost in field regulator, voltage across each
shunt field coil,

0.8t00.85V
B ,
P
where V is the rated voltage and all shunt field coils are connected

in series.
Calculate the length of mean turn,

L .= 2(LP + bP )+4df.
We know that, Resistance of each field coil,
E i PLHNT_(
Iy  a

Ry =

ﬂmeTf N ﬂmeTf I f
5 3

= Area of field coil, i1 =

L, AT E
Pl e d
Ly Iy

and T.I [~ field ampere turns.

Choose suitable conductor sections depending on the size of
machine and also select suitable thickness of insulation.

6. Number of conductors/turns (depthwise),



df

4= depth of one insulated conductor

And number of conductors/turns (heightwise),

flf

e height of oneinsulated conductor

Adjust N d and N , to be whole numbers.
7. Tf= N, xN, . For this Tfand a find

PLo T E
W MY S |

f =R,

R
Y Ry

I
8. Check for current density, & = —f—— <25A/ mm2 :

&
2
If air ducts are provided, § fs 3.5A/mm .
9. Find IT
fr 2

If1 r Tf = given value, then calculate copper loss, I fR

ElseIf I ’ Tf < given value, increase d.else if fo > given value,
decrease df and goto step 4.

(ljind cooling surface S = 2Lm , (h f+ d f) and temperature rise (in

C),

0— 120 x loss in ‘:,r‘ur’,/ncm2
140.1 9,

(o}
and if 8 < 40 C, design of field winding procedure is complete.
Else increase surface are by increasing df and go to step 4.

7.11.3 Design of Series Field Winding

The series field winding has ampere turns per pole as
10—20% of armature ampere turns on full load.



AT =101t020%AT
se a

Area of cross-section of conductor of series field winding,

i

HSE
se

where 6  — current density in series field winding.

Problems on Design of Field Winding

Example 7.12: Design a suitable field winding
and find out the section, number of turns and
rate of dissipation of heat of a 6-pole DC shunt
machine, rated for 450 V. The poles are
rectangular ones of dimensions (10 x 18) cm.
The available winding cross-section is (10 x
1.8) cm. Use round conductors with resistivity
equal to 0.02 Q/m/ mm . The insulation
thickness is 0.01 mm. A voltage drop of 30 V
occurs in the field regulator. Take the field AT
per pole as 6500.



Solution: Given

Voltage = 450V

p=06

AT, = 6500 AT/pole

Lp =180 mm

d.=18 mm

bp =100 mm

Vdmp =30V

p = 0.02 Q/m/mm2

Voltage across the shunt field winding

=V- Vdro =450—-30=420V

Number of shunt ﬁe]id coils = Number of poles = 6

Voltage across each field coil

__Voltage across the shunt field winding

Number of shunt field coils

2@:70\;
6

Length of mean turn



Lmt = 2(Lp + bp) + 4df
=2(180 + 100) + 4x18
=632 mm = 0.63 m

Area of cross-section of field conductor,

— ATeplny
¢ = fFmt
E¢
_ 6500x0.02x0.63 117 mmz
70
We know that
7 (Diameter of 4::41:1+1r1dl;uctu::nr)2
df =

4

= Diameter of conductor — ’ﬁ
iy

_ ,4}: 1.17 = 1 I
s

Diameter of conductor with insulation = 1.22 + 0.01 =
1.23 mm = 0.123 cm

Number of turns in a height of 10 cm = % =813 ~81



Number of turns in a depth of 1.8 cm = % =1dh 215

Total number of turns/pole,
Tf= 81x15 = 1215

Field current,

o _ LTy _ 6500
T T 1915

Losses in field coil = VeI = 70%5.349 = 374.48 watts

=5349 A

Dissipating surface area including the two end surface,

S = 2Lmthf +2Lmtdf = 2Lmt (hf + glf)

=2x63.2(10 +1.8)=1491.52 cm
Since losses in field coil = 374.48 watts

Therefore,
o Losses in field coil
Dissipation = ——— . .
Dissipating surface area including the two end surface
- 0.25 watts /cm”
1491.52

Example 7.13: Design a shunt field coil which
has to develop an mmf of 7500 AT and can
dissipate 780 W/ m . Assume round wire of
resistivity 0.021 Q/m/ mm having a mean



length of turn as 1.40 m and depth as 40 mm.

The diameter of the insulated wire is 0.15 mm
greater than that of bare wire. Assume a drop
of 50 V in the coil.

Solution: Given

ATf = 750AT

d. = 40 mm = 0.04 m
Dissipation = 780 W/ m
Lrnt =1.4m

E =50V

p = 0.021 Q/m/mm2

Area of cross-section of field conductor,

_ ATgpLy

A E
f

_7500x0.021x1.4
50
-6 2

=4.41x10 m

=441 mm2

We know that



« (Diameter of »::vz:mc:lu-::ta::»r)2
4

A =

= Diameter of conductor,

d:\jmf :\/4><4.41 _aE

il m

Diameter of insulated conductor,

2
d1 = 2.36+0.15 = 2.516 mm

d Z
Space factor, ¢ = 0,?5[d—]

1

7.
e ﬂﬁs[ﬁ] 06598
2.516
Total winding area, A =d xh.=0.04h,

Total conductor area = s¢ x A,, = 0.6598x0.04 hy = 0.0263 Iy

Also, we know that

Total conductor area = a;T; = 4.41 ><10'6Tf

(1)



Equating Egs. (1) and (2), we get

002630 x10°

5 T =596x10° o)

Total dissipating surface area (including all sides, top,
bottom),

S=2L . hf +2L df
= 2Lmt(hf+ dﬂ
=2X1.4 (hf + 0.04) = 2.8hf + 0.112

Also, we know that

Loss
Total dissipating surface area

Dissipation (in W/m?) = 780 =

2
= 780 = — XS
2.8h +0.112

= I2R; =780(2.8h; +0.112)

E2
= =L — 218415 +87.36

Re

L L4

Substituting Ry = Prmt-f in the above equation, we get

g



2

= Loss = L. 2184 h¢ +87.36
PLntTt

Substituting the values of p, L _ , E, and a, in the above
equation, we get

502 x4.41x107°

: — 21841 +87.36
0.021x107° x1.4xT;
6
03P _ o1gdi; +87.36
Ty
0.375%10°
2184 he +87.36

Substituting Eq. (3) in the above equation, we get

0.375%10°

5.96x10° e =
2184 Iy +87.36

Simplifying and rewriting the above equation, we get

13.016 x 10® h? +520665.6 hf —0.375%10° =0

Solving the above equation, we get

h,=0.150 m



Substituting the value of h_in Eq. (3), we get

3
7}=596xu)x015)=894

2 2
Loss = Ef o S
= Re  pLyntT}
_ 0375x10°
T
~ 0375x10°
894
= 419.4 watts
| 4194
Field current, Iy = :3 =
=8.38A

Example 7.14: A rectangular filed coil has to
produce 7000 AT when dissipating 200 watts
at 55°C. The inner dimensions of coil are 0.25
X 0.12 X 0.14 m. The dissipation is 35

watts/m “°C from the outer surface alone
neglecting the top and bottom surfaces of coil.
Ambient temperature is 25°C. Calculate the
space factor, thickness of coil and current
density. Assume resistivity as 0.02 /m/ mm .



Solution: Given

AT, =IT =7000 AT

Loss = 200 watts at 550C

Inner dimensions of coil
h.=0.14m

Width, bp =0.12m

Length, Lp = 0.25m

Heat dissipation = 35 watts/ m C
p = 0.021 W/rn/mm2

Ambient temperature = 25 C

We know that

Length of inner turn, L (or) L = 2(Lp +bp)+4df

Substituting the values of L and bp in the above
equation, we get

L = 2(0.25+0.12)+4d; = 0.74+ 4d, (1)

Also,

Length of outer turn, L = L. +4d = 0.74+8d,



Temperature rise = actual temperature — ambient temperature
= 55—-25=30°C
Loss dissipated/unit surface = temperature risexheat dissipation
= 30x35=1050 W/m2

From the given data, we know that

Permissible loss = 200 W

Hence,

Permissible loss
Loss dissipated /unit surface
200
1050

Outer area required (excluding ends) =

=0.190 m?

Also,  Outer area (excluding ends)= Loth

Substituting the values of outer area (excluding ends), L,
and h_in the above equation, we get

0.190 = (0.74 + 84¢) x 0.14
= 0.190 = 0.1036 +1.12d;
d¢ =0.07714 m=77.14 mm

Substituting the value of d, in Eq. (1), we get



L =074+ 4df
= 0.74 + 4(0.0688)
=1.0485m

We know that

Copper loss in field winding = I?R;

Substituting the value for cooper loss and expression for
resistance of field winding, we get

200 = I? PLniTf
ag

Simplifying the above equation, we get

ag

Substituting the values of p, L_ and I, T, in the above
equation, we get

= 200=i—fx0.021x1.0485x7000
f
= L] 1301 A/mm? = Current density (&)

g

-6
Total area of conductors =Tf agx10



I
'5f ag 5f
AT
"L x107¢ [T = ATy
&

Substituting the values of AT, and 6, in the above
equation, we get

Total area of conductors = % x10‘6 = (.00538 m?2

Total winding area, A =h.d =0.14x0.077 = 0.0107
m

Space factor,

Total :
& = otal conductor area _ 0.00538 — 05008

Total windingarea  0.0107

7.12 Design of Interpoles

The current in the armature winding of a DC machine
changes its direction as the conductor changes its
position alternatively under opposite poles. The
commutator converts the alternating current into
unidirectional current. The current is collected by
brushes that cover 2 to 3 segments of commutator.
Brushes short circuit the coils in which current reversal
takes place, from +I_to —I or vice versa. This change of



current is opposed by the self-induced emf in the coil
called reactive voltage.

In the coil undergoing commutation, to reverse the
current, a reverse emf has to be developed which is
sufficient to overcome the reactance voltage. This reverse
emf is provided by interpoles or compoles located
between two consecutive main poles. These poles carry a
winding called compensating winding connected in
series with the armature and are excited to provide a
field of required strength and polarity. Generating
machines will have interpoles of polarity same as that of
the main pole ahead and a motoring machine will have
the polarity of interpole same as that of main pole behind
in the direction of rotation.

So, the ampere turns required from interpoles must be
sufficient enough to neutralize armature reaction and to
overcome reactance voltage due to commutation.

Mmf due to armature reaction without compensating
winding,

A']:’l = E
2p

Mmf due to armature reaction with compensating
winding,

IEZ[ ~_polearc ]

A"E’l =—11 :
2p pole pitch



Mmfin the air gap at interpoles = 800,OOOBgi kgi lgi ,
where lgi= 1.5 to 1.75lg

Mmf required for interpoles,

AT. =800,000B .k .l .+ AT
1p gl g1 gl a

The width of interpoles = distance through which the
armature moves during commutation

Wi = [brush thickness + (N’ —1) pitch of commutator segment] + %
C

where N — Number of coil sides/layer in the slot, D_—
Diameter of armature, Dc — Diameter of commutator.

The reactance voltage can be calculated by calculating
the permeance of slot, tooth top and overhang.

Permeance coefficient of slot,

hi  h 2h h
)‘S — 3. 2 g 3 + 4
Bwg wg Ws+W, W,

Permeance coefficient of tooth top,

w5

6 Igi




Permeance coefficient of overhang,

Ao = L—f 0.23log1g -'Lbi+n.0?

L, — Free length of overhang

b — Periphery of one complete layer of winding

Total coefficient permeance, A=A +A + A

The effective leakage flux for a slot with Z conductors
caring I current

= mmf / slot x m x permeance coefficient x length

=IZZSH)LL

Since, there are 2 coils, total flux lining a coil = 2uALL Z

Interpoles are made of cart steel with no pole shoe.

 2uALLZ,
Liw;

Flux density in interpolar gap, By



AT;

Number of interpole turns, Ti} =
d

The current density in interpole winding is 2—4 A/ mm .

Average value of reactance voltage in a coil,

di
El‘av LE
= 2131022 [%zi—zl (7.10)
C C

where t — time of commutation.

If the thickness of brush is equal to one commutator
segment, then

'?TDL 1

. = =
¢ Cx TI'DLH Cn

Substituting the value of ¢_in Eq. (7.10), we get

5 E... = 2T¢LA2L,Cn

Rearranging the terms in the above equation, we get

= 2TCL)\IZ (2CTC)n



Substituting 2CT, = Z in the above equation and
multiplying and dividing by szD, we get

= ZTCLA’[IZZ 7Dn
D
Erav =2T. L) acv, [. v, =7Dn and ac = %]
T

7.13 Computer-aided Design of DC Machine

Sample computer programmes for the design of DC
machine are given in the following sections.

Example Program 1: Determination of main
dimensions of DC machine.

Solution:

Matlab program

%Main dimensions of dc machine
Pa=300; %KW rating
V=500; %voltage rating

P=6; %number of poles of the machine



Bav=0.67; %specific magnetic loading (Wb/mn2)
ac=25000; %specific electrical loading (A/m)
N=500; %speed of machine

Rap=0.75; %ratio of core length to pole pitch
ns=N/60; %speed in rps
Co=pi*pi*Bav*ac*(107-3); %output coefficient
D2L=Pa/(Co*ns); % volume= D*D*L

RLD=pi*Rap/P; %Value of L/D

D=(D2L/RLD)N(1/3) %Value of D

L=RLD*D %Value of L

va=pi*D*ns %Peripheral velocity

if va<=30

disp(‘Peripheral velocity is within permissible
limit of 30 m/s’)

else
disp(‘Va exceeds limit’)
end
Ia=Pa*(1013)/V %armature current
Iz=Ia/2 %current per parallel path

if Iz<200



disp(‘Simplex winding can be used’)
else

disp(‘Current limit of 200 A/path was
exceeded.Simplex winding cant be used’)

Iz=Ta/P %new current per path
if I1z<200
disp(‘Rather LAP winding can be used’)
end
end
Ez=Bav*L*va; %average induced emf/conductor

Zc=roundn(V/Ez,1) %armature conductors per path
rounded to nearest 10

disp(‘Total no. of conductors’)
Z=7Zc*P %Total no. of conductors

disp(‘Condn 1: Slot pitch varies from 2.5 to 3.5
cm..”)

Sminl=round(pi*D/0.035)
Smax1l=round(pi*D/0.025)

disp(‘Condn 2: ratio of no. of slots to pole varies
from 9 to 16..")

Smin2=P*9



Smax2=P*16

disp(‘Final Lower & Higher bounds of no. of slots..”)
Smin=max(Sminl, Smin2)

Smax=min(Smax1, Smax2)

disp(‘Condn 3: for lap winding no. of slots are a
multiple of pole pair(3)..")

Smin=ceil(Smin*2/P)*P/2; %recalibrating initial
value to multiple of P/2

A=Smin:3:Smax

disp(‘Cond 4: to reduce flux pulsations Slots/pole
must be equal to integer + 0.5")

B=A(A/P==floor (A/P)+0.5)

disp(‘These are the possible values of no. of
slots’)

disp(‘Slots per pole*Rap..”)
B=B*Rap/P
disp(‘Choosing S which is nearly an integer’)

C=B-floor(B); %finding element with min fractional
part

pos=find(C==min(C)); %position of optimal value in
array

S= B(pos)*P/Rap

disp(‘No. of conductors per slot..”)



Zps=Z/S

disp(‘As Zs must be an even integer, the revised no.
of conductors is..”)

Zps=round(Zps);
Zrev=S*Zps
Sload=Iz*Zps
if Sload<1500

disp(‘Slot loading is within the permissible
limit”")

end

disp(‘No. of commutator segments..”)

NC=Zrev/2 %no. of coils

disp(‘Pitch of commutator segments..”)
PC=0.7*D*pi/NC*(10173) %pitch of coils (in mm)
if 4<PC && PC<9

disp(‘Pitch of coils is well within the
permissible limits of(4,9)")

end

C program

#include<stdio.h>

#include<math.h>



int main()

//Main dimensions of dc machine
double const pi=3.14;
double Pa=300; //KW rating
double V=500; //voltage rating
double P=6; //number of poles of the machine

double Bav=0.67; //specific magnetic loading
(Wb/mA2)

double ac=25000; //specific electrical loading (A/m)
double N=500; //speed of machine

double Rap=0.75; //ratio of core length to pole
pitch

double ns=N/60; //speed in rps

double Co=(pi*pi*Bav*ac)/1000; //output coefficient
double D2L=Pa/(Co*ns); // volume= D*D*L

double RLD=pi*Rap/P; //Value of L/D

double D=cbrt(D2L/RLD); //Value of D

double L=RLD*D; //Value of L

printf(“\nThe values of D and L are %1f and
%1f"”,D,L);



double va=pi*D*ns; //Peripheral velocity
printf(“\nPeripheral velocity is %1f”,va);
if (va<=30)

printf(“\nPeripheral velocity is within
permissible limit of 30 m/s”);

else

printf(“\nvVa exceeds limit”);
double Ia=Pa*(1073)/V; //armature current
printf(“\narmature current = %1f”,Ia);
double Iz=Ia/2; //current per parallel path
printf(“\nCurrent per parallel path= %1f",I1z);
if (Iz<200)

printf(“\nSimplex winding can be used”);

else

printf(“\nCurrent limit of 200 A/path was
exceeded.Simplex winding cant be used”);

Iz=TIa/P; //new current per path
if (Iz<200)

printf(“\nRather LAP winding can be used”);



double Ez=Bav*L*va; //average induced emf/conductor
double X=V/Ez;

X=X/10;

X=round(X);

double Zc=X*10; //armature conductors per path
rounded to nearest 10

double zZ=Zc*P; //Total no. of conductors
printf(“\nTotal no. of conductors = %1f"”,Z);

printf(“\nCondn 1: Slot pitch varies from 2.5 to 3.5
cm..");

double Sminl=round(pi*D/0.035);
double Smaxl=round(pi*D/0.025);

printf(“\nCondn 2: ratio of no. of slots to pole
varies from 9 to 16..");

double Smin2=P*9;
double Smax2=P*16;
double Smin, Smax;
if (Smin1>Smin2)
Smin=Smini1;

else



Smin=Smin2;

if (Smaxl<Smax2)
Smax=Smax1,;

else

Smax=Smax2;

printf(“\nFinal Lower & Higher bounds of no. of
slots : %1f - %1f”,Smin, Smax);

double A,B[100],C[100];

printf(“\nCondn 3: for lap winding no. of slots are
a multiple of pole pair(3)..”);

Smin=ceil(Smin*2/P)*P/2; //recalibrating initial
value to multiple of P/2

printf(“\nCond 4: to reduce flux pulsations
Slots/pole must be equal to integer + 0.5");

printf(“\nThese are the possible values of no. of
slots”);

int j=0;

for (A=Smin; A<(Smax+1);A=A+3)

if (A/P==floor (A/P)+0.5)

B[J1=A;



printf(“\n%lf”,B[]j]);

j=j+1;

for(int i=0;i<j;i++)

B[1]=B[1]*Rap/P;

C[i]=B[i]-floor(B[1]); //finding element with min
fractional part

B[i]=B[i]*P/Rap;

i

printf(“\nChoosing S which 1is nearly an integer”);
int pos;

double min=C[0O];

for(int i1=0;i<j;i++)

{

if(C[i]<min)
pos=i;
min=C[i];

} //position of optimal value in array

double S=B[pos];



printf(“ \n Number of slots = %1f”,B[pos]);
double Zps=z/S;

printf(“\nNo. of conductors per slot= %1f",Zps);
Zps=round(Zps);

printf(“\nAs Zs must be an even integer, the revised
no. of conductors is= %1f"”,Zps);

double Zrev=S*Zps;

double Sload=Iz*Zps;

printf(“\nSlot loading = %1f”,Sload);
if (Sload<1500)

printf(“\nSlot loading is within the permissible
limit");

double NC=Zrev/2; //no. of coils

printf(“\nNo. of commutator segments : %1f”,NC);
double PC=0.7*D*pi/NC*1000; //pitch of coils (in mm)
printf(“\nPitch of commutator segments: %1f”,PC);

if (4<PC && PC<9)

printf(“\nPitch of coils is well within the
permissible limits of(4,9)");



Example Program 2: Design of field winding
of DC machine.

Solution:

Matlab program

%Field winding design of dc machine
Vrat=450; %voltage rating

Vdrop=30; %Drop in field regulator
ATf=6500; %Ampere Turns per pole
hf=100; %height of winding

df=18; %depth of winding

P=6; %number of poles of the machine
Lp=180; %length of pole

Bp=100; %breadth of pole

rho=0.02; %resistivity of conductors
1=0.01; %insulation thickness
V=Vrat-Vvdrop; %V across field winding
Ef=V/P; %V across each coil

Lmt=(2*(Lp+ Bp)+4*df)/(1073); %length of mean
turn(metres)



af=ATf*rho*Lmt/Ef; %cross-sectional area of field
conductor

Di=sqrt(4*af/pi); %diameter without insulation
D=Di+i; %total diameter (mm)

Nh=round(hf/D); %rounded no. of turns in height
Nd=round(df/D); %rounded no. of turns in depth
Tf=Nh*Nd; %Total turns per pole

If=ATf/Tf %Field current

Loss=Ef*If; %field coil losses

S=2*Lmt*(hf+df)*10; %Dissipating surface area(sq.
cm)

Dissipation=Loss/S %Dissipation in watts/sqg.cm

C program
#include<stdio.h>

#include<math.h>

int main()

//Field winding design of dc machine
const double pi=3.14;

const double Vrat=450; //voltage rating



const double vdrop=30; //Drop in field regulator
const double ATf=6500; //Ampere Turns per pole
const double hf=100; //height of winding

const double df=18; //depth of winding

const double P=6; //number of poles of the machine
const double Lp=180; //length of pole

const double Bp=100; //breadth of pole

const double rho=0.02; //resistivity of conductors
const double i=0.01; //insulation thickness

double V=Vrat-Vvdrop; //V across field winding
printf(“Vv across field winding = %1f \n”,V);
double Ef=V/P; //V across each coil

printf(“V across each coil = %1f \n”,Ef);

double Lmt=(2*(Lp+ Bp)+4*df)/(1000); //length of
mean turn(metres)

printf(“length of mean turn(metres) = %1f \n”,Lmt);

double af=ATf*rho*Lmt/Ef; //cross-sectional area of
field conductor

printf(“cross-sectional area of field conductor =
%1f \n”,af);



double Di=sqrt(4*af/pi); //diameter without
insulation

printf(“diameter without insulation = %1f \n”,Di);
double D=Di+i; //total diameter(mm)
printf(“total diameter(mm) = %1f \n”,D);

double Nh=round(hf/D); //rounded no. of turns in
height

printf(“rounded no. of turns in height = %1f
\n"”,Nh);

double Nd=round(df/D); //rounded no. of turns in
depth

printf(“rounded no. of turns in depth = %1f \n”,Nd);
double Tf=Nh*Nd; //Total turns per pole
printf(“Total turns per pole = %1f \n”,Tf);

double If=ATf/Tf; //Field current

printf(“Field current = %1f \n”,6If);

double Loss=Ef*If; //field coil losses

printf(“field coil losses = %1f \n”,Ef);

double S=2*Lmt*(hf+df)*10; //Dissipating surface
area(sqg. cm)

printf(“Dissipating surface area(sq. cm) = %1f
\n”,S);



double Dissipation=Loss/S; //Dissipation in
watts/sq.cm

printf(“Dissipation in watts/sq.cm = %lf
\n”,Dissipation);

return 0;

Review Questions

Multiple-choice Questions

1. is used in the construction of yoke of DC machine.

Aluminium

Cast steel

Phosphor-bronze

Brass

2. limits the output of a DC machine.
Commutator diameter

Peripheral velocity

Frequency of flux reversals

Temperature rise

Sl I

DN R

3. are used to connect commutator segments with

the armature conductors.
1. None of the above
2. Insulation pads
3. Copper lugs
4. Flexible wires
4. Dummy coils in a DC machine
1. provides mechanical balance for the rotor
2. increases the flux density
3. improves commutation
4. reduces eddy current loss

5. does not vary with load and flux density in a DC

machine.

1. Hysteresis loss
2. Windage loss
3. Eddy current
4. Copper loss

6. does not influence specific electric loading in DC



10.

11.

12.

13.

machine.

1. Magnetizing current

2. Machine size

3. Heating or temperature rise

4. Speed of machine

does not influence specific magnetic loading in DC

machine.

1. Maximum flux density in the iron parts of the machine

2. Iron losses

3. Armature reaction and commutation

4. All of these
The limiting factor for higher specific electric loading in DC
machine is due to

1. armature reaction

2. heat dissipation

3. commutation

4. all of these

. The yoke of a DC machine

1. must be made of non-magnetic material
2. should preferably be made of magnetic material but can be
of non-magnetic material
3. must be made of magnetic material
4. is partially made of magnetic material and partially made of
non-magnetic material
type of conductors are used in large DC machine
1. Rectangular
2. Triangular
3. Circular
4. None of these
The width of ventilating ducts usually varies from
1. 2to 3 mm
2. 4to5 mm
3. 8to 10 mm
4. 12 to 15 mm
DC machines designed with high current density causes increase
in
1. efficiency
2. temperature rise
3. copper losses
4. both (b) and (c)
Reactance voltage in DC machine varies with apart
from rate of change of current.
1. square root of turns on the coil
2. number of turns on the coil
3. square of turns on the coil




14.

15.

16.

17.

18.

19.

20.

21.

4. none of these
Lamination of poles is done in DC machine in order to

1. reduce iron weight
2. dissipate more
3. heat reduce armature reaction
4. reduce pulsation loss
The number of poles in DC machine is generally decided by

1. weight of copper
2. weight of iron parts
3. frequency of flux reversals
4. all of the above
Increase in the number of poles of DC machine will increase

overall size of the machine
weight of iron parts
frequency of flux reversals
. weight of copper
se of interpoles in DC machines reduces
1. sparking
2. temperature rise
3. iron loss
4. hunting
A lap wound DC generator has 400 conductors and 8 poles. The
voltage induced per conductor is 2 V. The machine generates a
voltage of
1. 400V
2. 200V
3. 100V
4. 600V
Poles of DC machines are usually laminated in order to

PP

(@

reduce iron weight

reduce armature reaction

dissipate more heat

reduce pulsation loss

are the conditions to be satisfied in the design of

S ® N R

DC machine.
1. the number of slots per pole should be at least 9
2. the number of slots per pole pair should be an odd integer
3. the number of slots per pole usually lies between 9 and 16
4. all the above

The mmf of an interpole is proportional to




22,

23.

24.

25.

26.

27.

28.

product of armature and field currents
field current

armature current

ratio of armature and field currents

W N R

In DC machine, the commutator diameter is chosen between
and times of armature diameter.

0.25,5
0.6, 0.8

1.2, 1.5

. 1.414, 1.732
the number of poles in a DC machine is increased, it reduces

i ol N S

I

1. overall diameter and length of the machine

2. length of commutator

3. weight of core and yoke

4. all the above
Increase in the number of poles of DC machine will decrease

1. length of commutator

2. frequency of flux reversals

3. labour charges

4. danger of flashover between brushes
The diameter of armature is chosen based on ina
DC machine.

1. peripheral speed

2. pole pitch

3. core length

4. both (a) and (b)
Larger core length is preferred in a DC machine as it

facilitates ventilation
results in bad commutation
reduces the cost of the machine
4. both (b) and (¢)
Air gap in a DC machine is compared to
induction machine.
1. very small
2. small
3. large
4. equal
In a DC machine, air gap at the pole tips is kept more than that of
the centre of the pole in order to reduce
1. effect of armature reaction

W N e
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30.

31

32.

33

34.

35

36.

2. losses in armature core
3. reactance voltage
4. noise of machine
Choice of large air gap in DC machine
1. reduces distortion effect
2. reduces pulsation losses
3. provides better ventilation
4. all the above
The air gap is in DC machines with smaller
diameters and lesser number of poles.
1. longer
2. smaller
3. either of the above
4. none of the above
Design of armature with higher air gap flux density will lead to

1. reduction in iron losses

2. reduction in weight

3. improved commutation

4. increased efficiency
In a duplex wave winding, the number of parallel paths for
current is

1. 2

2. 4

3. 8

4. 10
In the design of armature, use of lesser number of slots will lead
to

reduced output

noisy operation
improved commutation
all of these

DN R

in a DC machine if larger number of slots is used

in the armature.
1. Cooling is likely to be poor
2. Cost will increase
3. The flux pulsation will increase
4. Commutation will be poor
The armature winding resistance of a DC machine depends on

cross-section area of conductor
number of conductors
length of conductor
all the above
are used in reduction of armature reaction in a DC

Sl I
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38.

39.

40.

41.

42.

43.

machine.
1. Compensating windings
2. Interpoles
3. Both (a) and (b)
4. None of the above
The peripheral speed of armature should not normally exceed

1. 12m/s
2. 20m/s
3. 3o0m/s
4. 60m/s
Consider a DC machine with same values of ¢, Z and N. Which of
the following statements is correct?
1. Armature emf is more with wave winding than with lap
winding
2. armature emf is less with wave winding than with lap
winding
3. armature emf depends on whether the machine is running
as motor or generator
4. none of the above
The number of parallel paths for a four-pole duplex lap winding is

1. 2
2. 4
3. 8
4. 16
A DC machine with larger number of armature slots

will have poor commutation
will have poor flux pulsation
will cost be more
will have poor cooling
winding is used in DC machine with output current

more than 400 A.

1. Simplex wave

2. Duplex wave

3. Simplex lap

4. Duplex lap
The width of carbon brush in a DC machine should be equal to

DN R

. less than the width of one commutator segment

. the width of 1 to 2 commutator segments

. the width of 2 to 3 commutator segments

. the width of more than 3 commutator segments

type of brushes in DC motors is suitable for

A WN R
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45.

46.

47.

48.

49.

50.

rotation in any direction.
1. Trailing

2.
3.

Radial
Reaction

4. Any of the above
The major reason for wearing of brush in DC machine is due to

DN R

imperfect contact
severe sparking
rough commutator surface
either of the above
is used in brushes of DC machine.

1. Copper

2.

3. Aluminium
4.

Electro graphite

Brass

In the use of simplex DC wave winding, the number of brush
arms is made sometimes equal to the number of poles in order to

@D R

reduce the commutator length

equalize the number of coils in each parallel path
reduce armature reaction
avoid sparking during commutation

The commutator pitch in DC machine should not be less than

1
2,
3.
4.
Higher commutator peripheral speed causes
1.
2.
3.
4.

. 0.4 mm

4 mm
2 mm
8 mm

ventilation difficulties
commutation difficulties
both (a) and (b)

none of the above

Mica is used in the insulation of commutator segments because it

1
2
3.
4

. is mechanically strong

has very high specific weight
is cheaper
both (a) and (b)

Reactance voltage in a DC machine

1.
2.

3.

increases with increase in brush

increases linearly with increase in speed of machine
increases thickness in direct proportion with increase in
number of commutator segments
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52.

53

54.

55

56.

57

4. all of the above
commutation takes place by increasing the
current density at the leading edge and reducing the same at the
trailing edge.

1. Under

2. Linear

3. Over

4. None of the above
commutation takes place by decreasing the
current density at the leading edge and increasing the same at the
trailing edge.

1. Under

2. Linear

3. Over

4. None of the above
brushes are used in design of DC machine with
higher values of current density.

1. Metal graphite

2. Natural graphite

3. Hard carbon

4. Carbon
Brush friction loss depends on

1. brush pressure

2. peripheral speed of commutator

3. coefficient of friction between brush and commutator

4. all of the above
Staggering of brushes is done to

1. reduce brush contact loss

2. reduce armature reaction

3. avoid eating away of copper due to arcing

4. avoid ridges and to have even commutator surface
The field mmf is made that of armature mmf in
order to avoid excessive distortion of field flux due to armature
reaction in DC machine.

1. lesser than

2. equal to

3. much larger than

4. none of the above
A sinusoidal voltage of 10 Hz is applied to a field of a DC shunt
machine. The armature voltage wave

1. will be zero

2. will be of 10 x N Hz

3. will be of N/10 Hz

4. will be of 10 Hz




-lk.lk-hwwoowwwwwwwI\JNNNNNMNMNHHHHHHHHHH
MR OO ROXIOANPWNEREOO XNTNAPRLPWNROY OISR WM
000000 AT T T T T A0 0 AN AT O AN OO0 A0 NMO A0 Do DO oD

SO PN oYU L P

Answers



43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
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10.
11.

12.
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Short Type Questions

Difficulty level - Easy

. What are the parts of DC machine?

Refer Section 7.2.

What are the main parts of stator of DC machine?

Refer Section 7.2.1.

State the uses of yoke in a DC machine.

Refer Section 7.2.1.

Explain about the dual functionality of main poles of DC
machine.

Refer Section 7.2.1.

Explain the functionality of interpoles in DC machine.
Refer Section 7.2.1.

. What are the main parts of rotor of DC machine?

Refer Section 7.2.2.

What are the functions of pole shoes in DC machine?
Refer Section 7.2.1.

Explain the functionality of commutator in DC machine.
Refer Section 7.2.2.

. What are the materials used for brushes in DC machine?

Refer Section 7.2.2.

Explain the main purpose of interpoles in DC machine.
Refer Section 7.2.1.

Why tapering of interpoles is carried out in a DC machine?
Refer Page 7.2.

Provide the specifications of DC machine.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

20.

Refer Section 7.2.3.

Provide the output equation of DC machine.

Refer Section 7.3.

Give the relation between P and P for large DC motor and

generator.
Refer Section 7.3.1.
Give the relation between Pa and P for small DC motor and

generator.

Refer Section 7.3.1.

What are the factors influenced by choice of specific magnetic
loading in DC machine?

Refer Fig. 7.2.

Provide the values of specific magnetic loading for DC machine.
Refer Section 7.4.1.

What are the factors influenced by choice of specific electric
loading in three-phase induction motor?

Refer Fig. 7.3.

Explain about reactance voltage.

Refer Section 7.4.2.

Provide the values of specific electric loading for DC machine.
Refer Section 7.4.2.

Provide the factors governing the choice of number of poles of DC
machine.

Refer Fig. 7.4.

What is the effect of number of poles on the weight of copper,
frequency, weight of iron parts, length of commutator, labour,
flash over between brushes and distortion of field used in DC
machine?

Refer Section 7.5.

Determine the flux per pole in the section of armature core and
yoke, if the useful flux per pole is ¢.

What are the factors affecting the proportions (diameter and core
length) of the armature core in DC machine?

Refer Section 7.6

Compare the effect of eddy current loss and hysteresis loss in
two- and four-pole DC machine.

Refer Fig. 7.1.

Provide the advantages and disadvantages of having higher
number of poles in DC machine.

Refer Page 7.14.

Provide the guidelines for selection of poles in DC machine.
Refer Section 7.5.1.

Provide the factors affecting the choice of length in DC machine.
Refer Section 7.6.

Provide the expression to determine the limiting value of emf in a



30.

31.

32.

33

34.

35-

36.

37

38.

39.

40.

41.

42.

43.

44.

45.

conductor, length and diameter of DC machine.

Refer Sections 7.6.1 and 7.6.2.

Provide the choice of pole proportions and ventilating ducts
involved in the separation of diameter and length of DC machine.
Refer Section 7.7.

Discuss about the factors affecting the choice of airgap length in
DC machine.

Refer Section 7.8.1.

Explain about the estimation of length of airgap of DC machine.
Refer Section 7.8.2.

Explain the steps involved in the design of armature of DC
machine.

Refer Fig. 7.10.

What are the factors affecting the choice of number of armature
slots of DC machine?

Refer Fig. 7.11.

What is the typical range of commutator pitch for DC machine?
Refer Fig. 7.3.

Mention the procedure to determine the number of slots for lap
and wave winding.

Refer Fig. 7.3.

Provide the current density values used in D.C. machine.

Refer Fig. 7.4.

Mention the parameters governing the length of commutator.
Refer Section 7.10.

Mention the factors influencing the choice of diameter of
commutator.

Refer Section 7.10.

Provide the expression for total number of commutator
segments, minimum number of commutator segments required
to provide voltage of 15 V between segments at no load and length
of commutator of DC machine.

Refer Section 7.10.

Provide the expression for brush area and denote the location of
brush in commutator of DC machine.

Refer Section 7.10.1 and Fig. 7.14.

Mention the losses occurring in the commutator of DC machine.
Refer Section 7.10.2.

Provide the expression for brush friction loss and temperature
rise in DC machine.

Refer Section 7.10.2.

Explain about copper (coil) space factor.

Refer Section 7.11.1.

How the estimation of ampere turns of the series field coil is
performed?



46.

Refer Section 7.11.3.

What is the polarity and location of interpole with respect to main
pole in a DC motor and generator?

Refer Section 7.12.

Difficulty level - Medium to hard

Mention about the determination of main dimensions of
armature from D L.

In DC machine, the ratio of pole arc to pole pitch is in the range
of 0.68 and 0.7. Also, pole arc is not equal to the gross length of
armatuge. Hence, the relationship used to separate D and L from
the p D L by the following relation:

L =0.68 to U.??

How the connection of interpole winding is done with respect to
armature winding?

Interpole winding is connected in series with the armature
winding.

. Why laminating the yoke of a DC machine is not necessary

compared to armature?
1. As flux in the yoke of a DC machine is steady (since field
system is stationary), yoke of DC machine is not laminated.
2. But in case of armature, the flux is pulsating, so it is
laminated.
Mention the location and use of compensating winding in DC
machine.
Compensating winding is placed under the pole shoe of DC
machine that is used to prevent the distortion of the field flux
pattern due to armature reaction.
Discuss about “active copper” and “inactive copper” in the design
of DC machine.
Active copper describes the portion of copper coils lying in the
slots of armature and field pole as they determine the electric
loading of the machine.
Inactive copper describes the overhang portions of the copper
coils as they establish the connection between the conductors and
form coils.

. What are the components of the magnetic circuit of a DC

machine?
The magnetic circuit in DC machine consists of yoke, pole, pole
shoe, teeth and armature core.



7.

8.

10.

11.

What are the different losses in a DC machine?
The different losses in a DC machine are
1. Copper losses
1. Armature copper loss
2. Field copper loss
2. Iron or core losses
1. Hysteresis loss
2. Eddy current loss
3. Mechanical loss
1. Friction loss
2. Windage loss
What is slot loading?
Slot loading is the product of current in the armature conductor
and number of conductors per slot.
Slot loading = I, Z Amp conductor

. Mention the advantages and disadvantages of choice of less

number of poles for DC machine.
Advantages:

1. Reduction in frequency of flux reversals and iron losses

2. Reduction in flash over between brushes

3. Reduction in labour charges and cost of assembly

4. Reduction in number of commutator segment and brushes
Disadvantages:

1. Increase in weight of armature core and yoke

2. Rise in cost of armature and field conductors

3. Increase in overall length and diameter of machine

4. Increase in length of commutator

5. Increase in distortion of field form under load condition
Mention the advantages and disadvantages of choice of large
number of poles for DC machine.
Advantages:

1. Reduction in weight of armature core and yoke

2. Reduction in cost of armature and field conductors

3. Reduction in overall length and diameter of machine

4. Reduction in length of commutator

5. Reduction in distortion of field form under load condition
Disadvantages:

1. Rise in frequency of flux reversals and iron losses

2. Increase in flash over between brushes

3. Increase in labour charges and cost of assembly

4. Increase in number of commutator segment and brushes
What is square pole and square pole face and why it is preferred
in DC machine?
Square pole has the width of the pole body equal to the length of
the armature.



12.

13.

14.

15.

16.

17.

In case of square pole face, the pole arc is made equal to the
length of the armature.

It is preferred in DC machine as the length of the mean turn of
field winding is minimum. Hence, the copper requirement is
reduced.

What are the methods to reduce armature reaction in DC
machine?

The methods to reduce armature reaction are as follows:

1. Provision of interpoles

2. Use of compensating windings

3. Increase in airgap length

Mention the advantages of having large airgap length in DC
machine.

Reduced armature reaction

Reduced circulating currents

Lesser noise

Reduced pole face losses

Less distortion of field form

. Better cooling

What are the conditions in deciding the choice of number of slots
for a large DC machine?

1. Slot loading < 1500 ampere conductors.

2. The number of slots per pole > 9 in order to avoid sparking.

3. The slot pitch should lie between 25 and 35 mm.

How the choice of lower value of airgap flux density affects the
design of armature?

1. By the choice of lower value of flux density in airgap,
armature dimensions (diameter and length) are increased,
causing rise in cost due to increase in use of magnetic
material.

2. But, it also leads to reduction in armature iron losses.

Mention the need for slot insulation.

1. The conductors are placed on the slots in the armature.

2. As the armature rotates, the conductors may get damaged
due to vibrations.

3. This may cause short circuit in the conductors of armature
core.

4. Hence, slot insulation is provided.

Mention the effects due to use of slot with increased depth in DC
machine.
With increase in depth of slot, the following happens:

1. Increase in eddy current loss

2. Increase in specific permeance of slot

3. Increase in reactance voltage

4. Fabrication of lamination with narrow width at the roots of

AR S
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19.

teeth becomes difficult
Mention the factor that decides the minimum number of
armature coils in DC machine.
Maximum voltage between adjacent commutator segments
decides the minimum number of coils in DC machine.
Differentiate between stator winding of AC machine and
armature winding of DC machine.

Stator winding of AC machine

1. It carries AC current and
voltage

Armature winding of DC machine

1. It carries DC current and
voltage

1. It has open coils

1. It has closed coils

20. Distinguish between lap and wave windings used in DC machine.

21.

22,

23.

24.

Lap winding

1. The number of parallel paths =
number of poles

Wave winding

1. The number of parallel
paths = 2

1. Itis preferred for large currents

1. Itis preferred for large

voltages

Current through a
conductor is I a/ 2, where

I a is the armature current

1. Current through a conductor is I a/p, 1.

where Ia is the armature current and
p is the number of poles

Emf induced in both the
parallel paths will be
always equal

1. Emf induced in various parallel paths 1
may differ slightly due to asymmetry
in the magnetic circuit

It will have less number
of conductors with larger
area of cross-section

1. It will have large number of 1
conductors with smaller area of
cross-section

Define winding pitch.

The winding pitch is defined as the distance between the starts of
two consecutive coils measured in terms of coil sides.

Define back pitch.

Back pitch is defined as the distance between top and bottom coil
sides of a coil measured around the back of armature. The back
pitch is measured in terms of coil sides.

Define front pitch.

Front pitch is defined as the distance between two coil sides
connected to the same commutator segment. It is measured in
terms of coil sides.

Define commutator pitch.

Commutator pitch is defined as the distance between the two
commutator segments to which the two ends (start and finish) of



25.

26.

27.

28.

29.

30.

31.

a coil are connected. It is measured in terms of commutator
segment.

Which coil pitch is used to determine the width of the coil (coil
size or coil span) in armature winding in DC machine?

The back pitch (Yb) of the winding is used to determine the width

of the coil in armature winding of DC machine.
Explain about equalizer connection.

1. Inlap winding, due to difference in the induced emf in
various parallel paths, there may be circulating currents in
the brushes and winding.

2. The connections that are made to equalize the difference in
induced emf and to avoid circulating currents through
brushes are called equalizer connections.

3. The connections are made using copper conductors usually
in the form of rings.

Mention the reasons for absence of equalizer connections in wave
winding.

1. As there are two parallel paths in wave winding, the
conductors forming a parallel path will be distributed
equally under all the poles.

2. Therefore, both the parallel paths are equally affected by
the asymmetry in the magnetic circuit.

3. Hence, circulating current is absent in it which requires no
equalizer connections.

Discuss about dummy coils used in DC machine.

Dummy coils are the coils which are placed in armature slot for
mechanical balance but not connected electrically to the armature
winding.

Discuss about split coil used in DC machine.

1. Split coils are the coils which will have more than two coil
sides.

2. In this type of coils, all the top coil sides of a coil lie in one
slot and corresponding bottom coil sides are placed in two
different slots.

Mention the advantage use of fractional slot windings DC and AC
machine.

1. The use of fractional slot winding in DC machine avoids the
use of dummy coils in it.

2. The use of fractional slot winding in AC machine reduces
harmonics in the induced emf.

Mention the effect of distributing the conductor in the armature
of a DC machine.

The distribution of conductors in various armature slots leads to
effective utilization of flux distributed in the airgap and causes
rise in voltage rating of the machine.
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33

34.

35-

36.

37-

38.

39-

40.

What is the difference between simple lap and duplex lap
windings?
Simple lap winding forms single closed circuit and the number of
parallel circuits in the armature winding is equal to the number of
poles, whereas duplex lap winding forms two closed circuits and
the number of parallel paths in the winding is twice the number
of poles.
What is simplex and multiplex windings?
In simplex lap winding, the number of parallel paths is equal to
the number of poles and in simplex wave winding the number of
parallel paths is two. In multiplex windings, the number of
parallel paths will be multiples of simplex winding, i.e. in duplex
winding, the number of parallel paths will be double that of
simplex winding and in triplex winding the number of parallel
paths is thrice that of simplex winding and so on.
What is the number of parallel paths in a duplex wave winding?
The number of parallel path in duplex wave winding is 4,
irrespective of number of poles.
What is the minimum number of slots per pole used in the design
of DC machine to minimize sparking in the commutator
segments?
The minimum number of slots per pole should not be less than 9
so as to minimize sparking in the commutator segments.
What are the factors on which brush friction loss depends in DC
machine?
The factors on which brush friction loss depends in DC machine
are

1. Coefficient of friction between brush and commutator

2. Peripheral speed of commutator

3. Total contact area of all the brushes

4. Brush pressure on the commutator
Mention the location of commutator in DC machine.
Commutator is placed midway between the main poles of DC
machine.
What is the main reason of sparking at the brushes in DC
machine?
Presence of reactance voltage is the main cause for sparking at
the brushes in DC machine.
How interpoles in DC machine are used to achieve sparkless
commutation?
Design of interpoles is done in order to induce an emf'in the
short-circuited coil undergoing commutation to oppose and
neutralize the reactance voltage built in it, ensuring sparkless
commutation.
Why carbon instead of copper is used in the brushes of a DC



41.

42.

43.

44.

45.

46.

47.

machine?

By use of copper, wear and tear of brushes near the commutator
surface will be large, requiring repeated service and
replacements. Therefore, brushes in DC machine are made of
carbon.

Why are the brushes staggered in DC machine?

1. The brushes are staggered in DC machine so as to prevent
grooving and damage to the commutator.

2. Staggering of brushes is displaying the positive brush sets
in one direction and negative brush sets in the other
direction.

3. This ensures uniform wearing of commutator segments or
surface (and avoids steps between brush sets).

Why more number of brushes per spindle are used in DC
machine instead of single big brush?

1. Brushes in standard sizes of small widths are easy to
replace and maintain.

2. In case of high-speed machines, commutation becomes
difficult.

3. Hence, use of more brushes, small in size provides better
commutation.

Define commutation in DC machine.

The process of current transfer/reversal in a coil is called
commutation.

What are the different types of commutation used in DC
machine?

The different types of commutation used in DC machine are

1. Resistance commutation

2. Retarded commutation

3. Sinusoidal commutation

4. Accelerated commutation

State the conditions of electrical symmetry of commutator
windings.

1. In DC machine, electrical symmetry in armature windings
is achieved if the conductors are placed symmetrically with
regard to the field systems.

2. This condition can be achieved when the number of slots
and commutator segments is multiple of pairs of poles.

What is the reason for the use of mica strip between two adjacent
commutator segments?

Mica is placed in between two commutator segments in order to
insulate the segments from each other.

Mention the factors to be considered in the design of
commutator.

The factors to be considered in the design of commutator are
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49.

50.

51.

52.

53

Peripheral speed
Voltage between adjacent commutator segments

Number of coils in the armature

The number of brushes

5. Commutator losses
What type of copper is used in commutator segments of DC
machine?
The commutator segments are made of hard drawn copper or
silver copper (0.05% silver).
What is the relation between the armature diameter and
commutator diameter various ratings of DC machines?
Generally, the diameter of the commutator is chosen as 60-80%
of the armature diameter with the limiting factor being the
peripheral speed.
Typical choices of a commutator diameter for various voltage
ratings are

1. For 350—700 V machine, commutator diameter = 0.62 D

2. For 200-2500 V machine, commutator diameter = 0.68 D

3. For 100—125 V machine, commutator diameter = 0.75 D.

What is the typical range of commutator pitch for DC machine?
4 mm < Commutator pitch < 10 mm

Why is the commutator placed in the rotor of a DC machine?
Commutator facilitates collection of current from the armature
conductors, which is the rotating part of the DC machine. Hence,
it is placed in the rotor of the DC machine, where D = armature
diameter

Discuss about the design of number of brushes for a DC machine.

1. The number of brushes and its location are decided by the
type of winding.

2. For lap winding, the number of brushes is equal to the

number of poles.
For wave winding, the number of brushes is always two.

4. In each location, there may be more than one brush
mounted on a spindle, whenever the current per brush
location is more than 70 A.

5. Hence, the number of brushes in a spindle is selected such
that each brush does not carry more than 70 A.

Mention the advantages and disadvantages in design of the field
system in a DC machine for a larger ratio of field mmf to
armature mmf.

Advantages:

1. Field distortion due to armature reaction is reduced.

2. The flash over rate in brushes during sudden overloading is
minimized in case of generators.

3. Flash over can be minimized in wide speed range operation
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of motors.
Disadvantages:

1. Quantity of copper required for the field winding is
increased.

2. Winding space required is more, leading to increase in pole
height.

3. Increase in cost of field system.

54. Differentiate between series and shunt field windings of DC

machine.
Series field winding Shunt field winding
1. Itis designed to carry heavy 1. Itis designed to carry low
current current
1. It is made of thick conductors 1. It is made of thin conductors
1. It has lesser number of turns 1. It has larger number of turns

55. What is the length of mean turn of field coil? Provide the
expression for it.
Length of the turn in the centre of the field coil is called length of
mean turn. It can be calculated from the dimensions of the field
pole and the depth of field coil as shown in Fig. 7.15.

Length of mean turn, L_,
mt = 2(Lp + bp + 2df)

~
r-
Y

A

T

Fig. 7.15 | Length of mean turn of field coil

56. Mention the factors to be considered for the design of shunt field
coil.
The factors to be considered for the design of shunt field coil are
1. Current density in the field conductors
2. mmf per pole
3. Flux density
4. Loss dissipated from the surface of field coil
5. Resistance of the field coil
57. State the relationship between the number of armature coils and
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the number of commutator segments in a DC machine.
The relationship between the number of armature coils and the

7D,
C

number of commutator segments in a DC machine is {j —

where ﬁc Regular Commutator segment pitch

C = Number of coils
D, Regular Diameter of commutator

Long Type Questions

Derive the output equation of DC machine in terms of main
dimensions.

Describe about the factors influencing the choice of (a) specific
electric loading and (b) specific magnetic loading for DC
machine.

Describe about the factors influencing the choice of number of
poles for DC machine.

Explain about limiting values of armature diameter (D) and core
length (L) of DC machine. Also explain the separation of D and L.
Describe the estimation of length of airgap of DC machine.
Explain the design of armature of DC machine.

Explain the design of commutator and brushes of DC machine.
Describe the procedure for design of field system of DC machine.
Describe the procedure for design of interpoles of DC machine.

Problems

. A5kW, 400V, 4 pole, 1500 rpm DC shunt generator has the

average flux density in the airgap as 1.2 Wb/m and the specific
electric loading is 21,000 A/m. Find the main dimensions of the
machine if it has to be designed with square pole face. Assume
the ratio of pole arc to pole pitch as 0.6 and full load efficiency as
70%.

. The diameter and length of a 1100 kW, 400 volts, 300 rpm, DC

machine is 1.4 m and 0.3 m, respectively. Calculate the mean emf
per conductor, total flux and the number of conductors connected
in series. Armature drop is 7 V012tS at full load and max flux

density in the airgap is 1 Wb/m .

. A350kW, 400V, 500 rpm, 6 gole DC generator has average flux

density over pole as 0.6 Wb/m and specific electric loading as



25,000 A/m. The ratio of core length to pole pitch is 0.7. Estimate
suitable dimensions of core diameter, length, number of
armature conductors, number of slots and number of
commutator segments.

. Design suitable commutator and brushes for an 800 kW, 450V,
10 pole, 300 rpm DC machine. The armature diameter is 145 cm
with 450 coils. The commutator is to be designed with
commutator diameter equal to 0.6 times armature diameter. The
peripheral speed of commutator must be greater than 16 m/s,
with commutator pitch < 7 mm. Take the current density in
brushes to be equal to 6.5 A/cm  with brush current greater than
65 A. The brush drop is 2 V, and brush/pressure is 1200 kg/m .

. Design a suitable field winding and find out the section, number
of turns and rate of dissipation of heat of a six-pole DC shunt
machine, rated for 500 V. The poles are rectangular ones of
dimensions (10 x 18) cm. The available winding cross-section is
(10 x 1.8) em. Use round conductors with resistivity equal to 0.02
Q/m/mm . The insulation thickness is 0.01 mm. A voltage drop
of 25 V occurs in the field regulator. Take the field AT per pole as

7500.



8

COMPUTER-AIDED DESIGN AND ANALYSIS
OF ELECTRIC MOTORS

8.1 Introduction

The necessity of accurate models for design and analysis
of the electrical machines has promoted the use of
numerical models, based on Maxwell’s equations for
determining electric and magnetic fields. Determination
of analytical solution becomes difficult, due to complex
geometrical machine structures and the nonlinearities in
the magnetization curve of the motor steel laminations.
Hence, Finite Element Analysis (FEA) method, a
numerical technique, provides an alternative approach to
predict the performance of an electric machine. In FEA,
the entire field problem domain is divided into
elementary subdomains, which are called finite
elements, and the field equations are ...
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