Magnetic Circuits

3.1 Introduction

All of us are familiar with a magnet. It is a piece of solid body which possesses a
property of attracting iron pieces and pieces of some other metals. This is called a natural
magnet . While as per the discovery of Scientist Oersted we can have an electromagnet.
Scientist Oersted stated that any current carrying conductor is always surrounded by a
magnetic field. The property of such current is called magnetic effect of an electric
current. Natural magnet or an electromagnet, both have close relation with electromotive
force (em.f), mechanical force experienced by conductor, eiectric current etc. To
understand this relationship it is necessary to study the fundamental concepts of magnetic
circuits. In this chapter we shall study laws of magnetism, magnetic field due to current
carrying conductor, magnetomotive force, simple series and parallel magnetic circuits .

3.2 Magnet and its Properties

As stated earlier, magnet is a picce of solid body which possesses property of
attracting iron and some other metal pieces.
. o When such a magnet is rolled into iron pieces it will be observed that iron pieces
cling to it as shown in Fig. 3.1

Iron pieces accumulate The maximum iron pieces accumulate at

more at the ends the two ends of the magnet while very few
\M accumulate at the centre of the magnet.

' The points at which the iron pieces

Fig. 3.1 Natural magnet accumulate maximum are called Poles of the

String magnet while imaginary line joining these poles

is called Axis of the magnet.

ii) When such magnet is suspended freely
by a piece of silk fibre, it turns and always
adjusts itself in the direction of North and
Fig. 3.2 Freely suspended South of the earth.

3-1)



Basic Electrical Engineering 3-2 Magnetic Circuits

The pole which adjusts itself in the direction of North is called North seeking or
North (N) pole, while the pole which points in the direction of South is called South
seeking or South (5) pole. Such freely suspended magnet is shown in the Fig. 3.2

This is the property due to which it is used in the compass needle which is used by
navigators to find the directions.

iii) When a magnet is placed near an iron or steel piece, its property of attraction gets
transferred to iron or steel piece. Such transfer of property of attraction is also possible by
actually rubbing the pole of magnet on an iron or steel piece. Such property is called
magnetic induction.

Magnetic Induction : The phenomenon due to which a magnet can induce magnetism
in a (iron or steel) piece of magnetic material placed near it without actual physical contact
is called magnetic induction.

iv) An ordinary piece of magnetic material when brought near to any pole N or 5 gets
attracted towards the pole. But if another magnet is brought near the magnet such that
two like poles (N' and 'N' or 'S’ and 'S'), it shows a repulsion in between them while if
two unlike poles are brought near, 1t shows a force of atlrachon

\,Key Poirlt Lﬂae poles repel awck aﬂm’ and the un!‘ﬂm pol'es attrack each ur}:er
; is the sure test of :Mgﬂéf:.sm as ordinary prkce of rmgnelrc ‘material
t'wnys shows. attraction fowards bom the poles.

Let us see the molecular theory behind this magnetism.

3.3 Molecular Theory of Magnetization

Not only magnetized but materials like

s s N iron, steel are also complete magnets

/ \ /SN\ according to molecular theory. All materials

I = ¥ consist of small magnets internally called

S\ / N molecular magnets. In  unmagnetised

N B materials such magnets arrange themselves in
Fig. 3.3 Molecular magnets in closed loops as shown in the Fig. 3.3

unmagnetised material So at any joint, effective strength at a

point is zero, due to presence of two unlike

Molecular poles. Such poles cancel each other’s effect.

- But if magnetized material is considered or

§  unmagnetized material subjected to

magnetizing force is considered, then such

small molecular magnets arrange themselves

- f flay in the direction of magnetizing force, as
Fig. 3.4 Magnetised piece of material hown 4 the Fig, 3.4
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Unlike poles of these small magnets in the middle are touching each other and hence
neutralizing the effect.

But on one end 'N' poles of such magnets exist without neutralizing effect. Similarly
on other end 'S' poles of such magnets exist. Thus one end behaves as 'N' pole while other
as 'S' pole. So most of the iron particles get attracted towards end and not in the middle.

From this theory, we can note down the following points :

1) When magnetizing force is applied, immediately it is not possible to have alignment
of all such small magnets, exactly horizontal as shown in the Fig. 3.4. There is always
some limiting magnetizing force exists for which all such magnets align exactly in
horizontal position .

Key Paint: Though magiictizing force is increased beyond certain value, there is no
chence for further alignment of molecular magnets hence further miagnetization is not
possible. Such condition of phenomenon is called Saturation.

2) If the magnet is broken at any
point, each piece behaves like an
independent magnet with two poles to
each, ‘N’ and ‘S'.

3) The piece of soft iron gets
magnetized more rapidly than hard steel.
This is because alignment of molecular
magnets in soft iron takes place quickly
for less magnetizing force than in hard
steel.

Fig. 3.5 Breaking of magnet

4) If unmagnetised piece is subjected to alternating magnetizing force ie. changing
magnetizing force, then heat is produced. This is because molecular magnets try to change
themselves as per change in magnetizing force. So due to molecular friction heat is
generated.

5) If a magnet is heated and allowed to cool, it demagnetizes. This is because heat sets
molecular magnets into motion so that the molecules again form a closed loop,
neutralizing the magnetism.

6) Retentivity : When a soft iron piece is magnetized by external magnetizing force
due to magnetic induction, it loses its magnetism immediately if such force is removed. As
against this hard steel continues to show magnetism though such force is removed. It
retains magnetism for some time.

Key Polnt Thie ;foaxr of .rv'!r.-.'. : m:: sw aﬁtr the magne!fzmg ﬁ;rce is

i .fit nbsenm»af ma;gntuzmg fl:rrw dzpeﬁds on |
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3.4 Laws of Magnetism
There are two fundamental laws of magnetism which are as follows :

This is already mentioned in the properties of magnet.

Law 2: This law is experimentally
‘as Conlomb’s Law.

The force ( F ) exerted by one pole on the other pole is,
a) directly proportional to the product of the pole strengths,
b) inversely proportional to the square of the distance between them, and
c) nature of medium surrounding the poles.
Mathematically this law can be expressed as,
F o M12Mz

where M; and M, are pole strengths of the poles while d is distance between the
poles.

KM; M,

F = =

where K depends on the nature of the surroundings and called permeability.

3.5 Magnetic Field

We have seen that magnet has its influence on the surrounding medium. ‘The region
around a magnet within which the influence of the magnet can be experienced is called
magnetic field. Existence of such field can be experienced with the help of compass
needle, iron or pieces of metals or by bringing another magnet in vicinity of a magnet.

3.5.1 Magnetic Lir-'s of ®nrce

The magnetic fiela of magnet is represented by imaginary lines around it which are
called magnetic lines r force. Note that these lines have no physical existence, these are
purely imaginary and were introduced by Michael Faraday to get the visualization of
distribution of such lines of force.

3.5.2 Direction of Magnetic Field
The direction of magnetic field can be obtained by conducting small experiment.

Let us place a permanent magnet on table and cover it with a sheet of cardboard.
Sprinkle steel or iron fillings uniformly over the sheet. Slight tapping of cardboard causes
fillings to adjust themselves in a particular pattern as shown in the Fig. 3.6



Basic Electrical Engineering 3-5 Magnetic Circuits

Cardboard sheet fron filings

Fig. 3.6 Magnetic lines of force
The shape of this pattern projects a mental picture of the magnetic field present
around a magnet.
A line of force can be defined as,

Consider the isolated N pole (we cannot separate the pole but imagine to explain line
of force) and it is allowed to move freely, in a magnetic field. Then path along which it
moves is called line of force. Its shape is as shown in the Fig. 3.6 and direction always
from N-pole towards S-pole.

The direcion of lines of force can be
understood with the help of small compass
needle. If magnet is placed with compass needles
around it, then needles will take positions as
shown in the Fig.3.7. The tangent drawn at any
point, of the dotted curve shown, gives direction
of resultant force at that point. The N poles are all
Fig. 3.7 Compass needle experiment pointing along the dotted line shown,from N- pole

to its S-pole.

The lines of force for a bar magnet and U-shaped magnet are shown in the Fig. 3.8.

Lines

e N\

Fig. 3.8 (a) Bar magnet Fig. 3.8 (b) U-shaped magnet
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Attraction between the unlike poles and repulsion between the like poles of two
magnets can be easily understood from the direction of magnetic lines of force. This is
shown in the Fig. 3.9 (a) and (b).

Repulsion

= <Gmmmmm Aftraction

Lines of force
Lines of force

Fig. 3.9 (a) Force of attraction Fig. 3.9 (b) Force of repuision

3.5.3 Properties of Lines of Force
Though the lines of force are imaginary, with the help of them various magnetic
effects can be explained very conveniently. Let us see the various properties of these lines
of force.
1) Lines of force are always originating on a N-pole and
l_Extml to terminating on a S-pole, external to the magnet.
i 2) Each line forms a closed loop as shown in the
Flg 3.10.

Fig. 3.10 Lines of force complm
the closed path

' Hnes of;'ndmzo'___ _

3) Lines of force never intersect each other.

4) The lines of force, are like stretched rubberbands and always try to contract in
length.

5) The lines of force, which are parallel and travelling in the same direction repel each

other.
6) Magnetic lines of force always prefer a path offering least opposition.
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3.6 Magnetic Flux ( ¢ )

The total number of lines of force existing in a particular magnetic field is called
magnetic flux. Lines of force can be called lines of magnetic flux. The unit of flux is
weber and flux is denoted by symbol (§§ . The unit weber is denoted as Wb.

3.7 Pole Strength

We have seen earlier that force between the poles depends on the pole strengths. As
we are now familiar with flux, we can have idea of pole strength. Every pole has a
capacity to radiate or accept certain number of magnetic lines of force i.e. magnetic flux
which is called its strength. Pole strength is measurable quantity assigned to poles which
depends on the force between the poles. If two poles are exerting equal force on one other,
they are said to have equal pole strengths.

Unit of pole strength is weber as pole strength is directly related to flux ie. lines of

EIyienf:afI pai'e at a'd:slnmce qf 1 metre in free space npencncas fa af

15x2

So when we say Unit N-pole, it means a pole is having a pole strength of 1 weber.

3.8 Magnetic Flux Density ( B )

It can be defined as ‘The flux per unit area (a) in a plane at right angles to the flux is
known as ‘flux density’. Mathematically,

It is shown in the Fig. 3.11.

C Plane at right
segrt?;:a] angles lo lines of force

areaa

Magnetic
lines of
Flux force i.e.
density flux ¢
B=2
E]

Fig. 3.11 Concept of magnetic flux density
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3.9 Magnetic Field Strength ( H )

This gives quantitative measure of strongness or weakness of the magnetic field. Note
that pole strength and magnetic field strength are different. This can be defined as ‘The
force experienced by a unit N-pole (i.e. N pole with 1 Wb of pole strength ) when placed
at any point in a magnetic field is known as magnetic field strength at that point.

It is denoted by H and its unit is newtons per weber i.e. (N/Wb) or amperes per
mefre (A/m.) or ampere turns per metre (AT/m). The mathematical expression for
calculating magnetic field strength is,

tmp Example 3.1 : A pole having strength of 0.5x10~2 Wb is placed in a magnetic field at
a distance of 25 cm from another pole. It is experiencing a force of 0.5 N. Assume constant
of medium ——1—--——- . Determine,
36n2 x10~7
a) magnetic field strength at the point.  b) the strength of other pole.
c) distance at which force experienced will be doubled.

Solution : The given values are,

M; = 0.5x1073 Wh, d=25cm = 025m, F=05 N
K = [——1—) =2814773
36m2 x10~7
(a) Magnetic field strength,
H = Newton _ Force experienced _ 0.5
Wb Pole strength  05x10-2
=1000 N / Wb.
b} According to Coulomb's law,
F = KM;M,
d2
05 = 0.5x1073 x28144.773x M,

(0.25)%
M, = 2.22x10"% Wb ... pole strength of other pole



Basic Electrical Engineerirlg- 3-9 Magnetic Circuits

o) F=1N
28144.773x 0.5x10-3 x2.22x10-3
d2
2 d = 0.1767 m = 17.67 cm
At a distance of 17.67 em from another pole, the first pole will experience a force 1 N.

1=

ey Point: When poles
| increases. -

:_I:rvugﬁt_ nearer and nearer, fm‘e_. expenmced by them

¥

3.10 Magnetic Effect of an Electric Current (Electromagnets)

When a coil or a conductor carries a current, it produces the magnetic flux around it.
Then it starts behaving as a magnet. Such a current carrying coil or conductor is called an
electromagnet. This is due to magnetic effect of an electric current.

If such a coil is wound around a piece of magnetic material like iron or steel and
carries current then piece of material around which the coil is wound, starts behaving as a
magnet, which is called an electromagnet.

The flux produced and the flux density can be controlled by controlling the magnitude
the current.

The direction and shape of the magnetic field around the coil or conductor depends on
the direction of current and shape of the conductor through which it is passing. The
magnetic field produced can be experienced with the help of iron fillings or compass
needle.

Let us study two different types of electromagnets,
1) Electromagnet due to straight current carrying conductor
2) Electromagnet due to circular current carrying coil

3.10.1 Magnetic Field due to Straight Conductor

When a straight conductor carries a current, it produces a magnetic field all along its
length. The lines of force are in the form of concentric circles in
the planes right angles to the conductor. This can be
demonstrated by a small experiment.

force (flux) Consider a straight conductor carrying a current, passing
y through a sheet of cardboard as shown in the Fig. 3.12. Sprinkle
” Sheetof iron fillings on the cardboard. Small tapping on the cardboard
cardboard  cayges the iron filling to set themselves, in the concentric circular
pattern. The direction of the magnetic flux can be determined by
placing compass needle near the conductor. This direction
depends on the direction of the current passing through the
1 conductor. For the current direction shown in the Fig. 3.12 ie.
from top to bottom the direction of flux is clockwise around the

Fig. 3.12 Magnetic field .gnductor.

due to a straight
conductor
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Conventionally such current carrying conductor is represented by small circle, (top
view of conductor shown in the Fig. 3.12). Then current through such conductor will either
come out of paper or will go into the plane of the paper.

 Key Point: When mm'n!-‘
 observer, it is represented by a ‘cross’,

i er, L. atw
L ;ugidezbe le indicating the g:mductors

The cross indicates rear view of feathered end of an arrow.

; _of the paper. :s represeﬂted by a ‘dot’ inside the circle.

The dot indicates front view i.e. tip of an arrow. This is shown in the Fig. 3.13.
J

=Q =®

- Cross Dot
I {I (Going away) (Coming
- from cbserver towards)
observer
(a) Current into the paper (b) Current out of the paper

Fig. 3.13 Cross and Dot convention
3.10.1.1 Rules to Determine Direction of Flux Around Conductor

1) Right Hand Thumb Rule : It states that, hold the current carrying conductor in the

right hand such that the thumb pointing in the direction of current and parallel to the

conductor, then curled fingers point

I in the direction of the magnetic

“current field or flux around it. The Fig. 3.14

Thumb explains the rule.

~, curr:r?::til:legcﬂon Let us apply this rule to the

Curled B8 Right conductor passing through card

fingers indicate hand sheet considered earlier. This can
direstion. of be explained by the Fig. 3.15.

Fig. 3.14 Right hand thumb rule

|

Flux
around
conductor

Fig. 3.15 Direction of magnstic lines by Right hand thumb rule
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Conventionally it is shown as in the Fig. 3.16.

(a) Clockwise (b) Anticlockwise
Fig. 3.16 Representation of direction of flux
2) Corkscrew Rule : Imagine a right handed screw to be along the conductor carrying
current with its axis parallel to the conductor and tip pointing in the direction of the
current flow.
Then the direction of the magnetic field is given by the direction in which the screw
must be turned so as to advance in the direction of the current.

This is shown in the Fig. 3.17.

Screw Screw
l Direction of l Direction of
( rotation |.e. ( j rotation i.e.
flux flux
Advancement (=
direction diacton
of cument of current
(a) Clockwise rotation (b) Anticlockwise rotation

Fig. 3.17 Corkscrew rule
3.10.2 Magnetic Field due to Circular Conductor l.e. Solenoid

Coll or A solenoid is an arrang t in which long conductor
L_condumr Core is wound with number of turns close together to form a
coil. The axial length of conductor is much more than the
diameter of tumns. The part or element around which the
. . conductor is wound is called as core of the solenoid. Core
1 1 may be air or may be some magnetic material. Solenoid

Fig. 3.18(a) Solenoid with a steel or iron core in shown in Fig. 3.18(a).
‘When such conductor is excited by the supply so that
it carries a current then it produces a magnetic field which acts through the coil along its
axis and also around the solenoid. Instead of using a straight core to wound the
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Flux lines

Solencid

Battery

Fig. 3.18(b) Flux around a solenoid

conductor, a circular core also can be used
to wound the conductor. In such case the
resulting solenoid is called Toroid. Use of
magnetic material for the core produces
strong magnet. This is because current
carrying conductor produces its own flux. In
addition to this, the core behaves like a
magnet due to magnetic induction,
producing its own flux. The direction of two
fluxes is same . due to which resultant
magnetic field becomes more strong.

The pattern of the flux around the solenoid is shown in the Fig. 3.18(b).

The rules to determine the direction of flux and poles of the magnet formed:

1) The right hand thumb rule :

Hold the solenoid in the right hand such that curled fingers point in the direction of
the current through the curled conductor, then the outstretched thumb along the axis of
the solenoid point to the North pole of the solenoid or point the direction of flux lines

inside the core.

Cuﬂa?dﬂngc;.af
(B

——p Stretched
N thumb N direction

Right
hand

Fig. 3.19 (a) Direction of flux around a solenoid

This is shown in Fig. 3.19 (a) and (b).

- Curled
finger
current
Stretched Cllss
thumb
N

direction  Right hand

Fig. 3.19 (b) Direction of flux around a solenoid
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In case of toroid, the core is‘;hrcu]&r and hence using right hand thumb rule, the
direction of flux in the core, due to current carrying conductor can be determined. This is
shown in the Fig. 3.20(a) and (b). In the Fig. 3.20 (a), corresponding to direction of
winding, the flux set in the core is anticlockwise while in the Fig. 3.20 (b) due to direction
of winding, the direction of flux set in the core is clockwise. The winding is also called
magnetising winding or magnetising coil as it magnetises the core.

Magnetising
- Magnetising
Supp -0 winding
|
y+ . Flux
direction
in core
Flux
Thurnb
Curled pornhng flux
finger (I] Right hand
in dirachon
of current
Fig. 3.20

2) Corkscrew rule : If axis of the screw is placed along the axis of the solenoid and if
screw is turned in the direction of the current, then it travels towards the N-pole or in the
direction of the magnetic field inside the solenoid.

3) End rule : If solenoid is observed from any one end then its polarity can be decided
by noting direction of the current.

Consider solenoid shown in the Fig. 3.21.

If it is seen from the end A, current will
appear to flow in clockwise direction, so that
end behaves as S-pole of the magnet. While as
seen from the end B, current appears to flow in
anticlockwise direction then that end which is
B, behaves as N-pole of the magnet.

End A End B
@ @ Generally right hand thumb rule is used to
Clodise Anti-cckwise determine direction of flux and nature of the
poles formed. Using such concept of an
Fig. 3.21 End rule electromagnet, various magnetic circuits can be

obtained.

3.11 Nature of Magnetic Field of Long Straight Conductor

We have seen that any current carrying conductor produces magnetic field around it
and behaves like a permanent magnet with its field around.
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-

Consider a conductor carrying ‘current I

Flux

C:f’ . amperes of length ' * meters. Consider point P
. : in the vicinity of such conductor. There will
| R :‘ be influence of magnetic field on point P
uctor . [ which can be quantified by magnetic field
\ n‘l 1P screngfh. H at point P. This is <‘ie.ﬁnitely
4(&{ proportional to current I and inversely
P e {Npo  proportional to distance of point P from the

A // ' conductor.
,," E The magnitude of such magnetic field
: strength 'H' can be calculated by using the

Fig. 3.22 (a) Field strength due to

expression

1 . .
H= m(smu] +sin ;)

The proof of this is out of the scope of this book.
For infinitely long conductor ie. length 1 ' is very very large then o and o tend

to 307

H = o [sin 90+sin 90] =

1
H=m A/m

21

4nd

This unit of magnetic field strength A/m is mentioned earlier when field strength is

defined.

Group of N H If such 'N' conductors are grouped together
canductors / to form 'a coil or a cable then field strength
() — tF due to current I passing through each
i i conductor of the group can also be calculated
! ' by using same expression. The only change
| ' will be the field strength calculated above will

i i get multiplied by 'N".
—— So magnetic field strength at a point 'd’
Fig. 3.22(b) metres away from centre of such group of 'N'

conductors each carrying current I amperes is
NI

where AT/m means ampere turns per metre.
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3.11.1 Magnetic Field Strength due to a Long Solenoid

Similar to the case of long straight conductor, we can decide field strength along the
axis of a long solenoid. Such field strength depends on the number of turns of the
conductor around the core and magnitude of current I passing through the conductor. If 'I'
is the length of the solenoid in metres then H can be determined by the expression :

H = ?AT/m

Key Point: The expression is applicable for solencids swhich'are veriy very long but
i practice the expression is used for all types of solenoids. :

mmp Example 3.2 1 A current of 2 amp is flowing through each of the conductors in a coil
containing 15 such conductors. If a point pole of unit strength is placed at a perpendicular
distance of 10 cm from the coil, determine the field intensity at that point.

Solution : T=2A, N=15d =10cm = 0.1 m.

_ NI 15%2

= 5 =TT S 47.74 AT/m

iy Example 3.3 : A solenoid of 100 cm is wound on a brass tube. If the current threugh the
coil is 0.5 A, calculate the number of turns necessary over the solenoid to produce a field
strength of 500 AT/m at the center of the coil.
Solution : The field strength on the axis of a long solenoid is given by
NI

H = TA’I’/m

I = Length of coil = 100 em = 1 m , N = Number of turns
I = Current =05 A

500 = Nx0.5
1
N = 1000

So 1000 turns on solenoid are necessary to produce the required field strength.

3.12 Force on a Current Carrying Conductor in a Magnetic Field

We have already mentioned that magnetic effects of eleciric current are very useful in
analysing various practical applications like generatots, motors etc. One of such important
effects is force experienced by a current carrying conducto. in a magnetic field.

Let a straight conductor, carrying a current is placed in a -1agnetic field as shown in
the Fig. 3.23 (a).
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The magnetic field in which it is placed has a flux pattern as shown in the

Fig. 3.23 (a).
: L_MTWI

Current carrying
conducior

(a) Flux due to magnet (b) Flux due to current carrying conductor
Fig. 3.23 Current carrying luctor in a tic field

Now current carrying conductor also produces its own magnetic field around it.
Assuming current direction away from observer i.e. into the paper, the direction of its flux
can be determined by right hand thumb rule. This is clockwise as shown in the
Fig. 3.23 (b). [For simplicity, flux only due to current carrying conductor is shown in the
Fig. 3.23 (b).]

Now there is presence of two magnetic fields namely due to permanent magnet and
due to current carrying conductor. These two fluxes interact with each other. Such
interaction is shown in the Fig. 3.24 (a).

This interaction as seen is in such a way that on one side of the conductor the two
lines help each other, while on other side the two try to cancel each other. This means on
left hand side of the conductor shown in the Fig. 3.24 the two fluxes are in the same
direction and hence assisting each other . As against this, on the right hand side of the
conductor the two fluxes are in opposite direction hence trying to cancel each other. Due
to such interaction on one side of the conductor, there is accumulation of flux lines
(gathering of the flux lines) while on the other side there is weakening of the flux lines.

The resultant flux pattern around the conductor is shown in the Fig. 3.24 (b).

(a) Presence of the two fluxes {b) Resultant flux pattern
Fig. 3.24 Interaction of the two flux lines
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According to properties of the flux lines, these flux lines will try to shorten themselves.
While doing so, flux lines which are gathered will exert force on the conductor. So
conductor experiences a mechanical force from high flux lines area towards low flux lines
area i.e. from left to right for a conductor shown in the Fig. 3.24.

Key Point: Thus we can conclude that current carrying conductor placed in the
magn:tu: ﬁe!d,-apeﬂmces a mechanical force, due to interaction of fwo

This is the basic principle on which D.C. electric motors work and hence also called
motoring action.

3.12.1 Fleming's Left Hand Rule

The direcion of the force
experienced by the current carrying
conductor placed in magnetic field
can be determined by a rule called
‘Fleming's Left Hand Rule'. The
rule states that, ‘Outstretch the
three fingers of the left hand
namely the first finger, middle

Direction of
\ motion

{motion) Left finger and thumb such that they

hand \ S e mutually perpendicular to each

Firét et ®' other. Now point the first finger in

finger the direction of magnetic field and

{fux) the middle finger in the direction

Middle of the current then the thumb
finger (current) gives the directon of the force

experienced by the conductor'.

Fig. 3.25 Fleming's ieft hand rule . .
The rule is explained in the

diagrammatic form in the Fig. 3.25.

Apply the rule to crosscheck the direction of force experienced by a single conductor,
placed in the magnetic field, shown in the Fig. 3.26 (a), (b), (c) and (d).

(d)

Fig. 3.26 Direction of force experienced by conductor
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3.12.2 Magnitude of Force Experienced by the Conductor

The magnitude of the force experienced by the conductor depends on the following
factors,

1) Flux density (B) of the magnetic field in which the conductor is placed measured
in Wb/m? i.e. Tesla.

2) Magnitude of the current I passing through the conductor in Amperes.
3) Active length 'l ' of the conductor in metres.

The active length of the conductor is that part of the conductor which is actually
under the influence of magnetic field.

If the conductor is at right angles to the magnetic field as shown in Fig. 327 (a) then
force F is given by,

_F = Bl Newtons.

=

Magnahc field Magnetic field Magnetic field
(b) (e}
Fig. 3.27 Force on a current carrying conductor

But if the conductor is not exactly at right angles, but inclined at angle 6 degrees with
respect to axis of magnetic field as shown in the Fig. 3.27 (b) then force F is given by,
F = Bllsin B Newtons
As shown in the Fig. 3.27 (c), if conductor is kept along the lines of magnetic field
then 0 = O“and.assm()" 0, the force experienced bytheconductorlsa]sozem

: Key Foint ch dtrec!m nf such force can be reversed. either by changing the
- direction of current or by ‘chmgmg the direction of Hu.' ﬁux lines in which it is kept,
. If both are reversed, the direction of force remains same. !

mmp Example 3.4 : Calculate the force experienced by the conductor of 20 cm long, carrying
50 amperes, placed at right angles to the lines of force of flux density 10x10~3 W’

Solution : The force experienced is given by,
F
B
!

Bllsin 6 where sin(f) = 1 as =90 degrees
Flux density = 10x10-3 Wb/ m?2
Active length =20 cm = 0.2 m

LI}
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I = current =50 A

F = 10x1073x50x02 =01 N

3.13 Force between Twe Parallel Current Carrying Conductors

The force between two parallel current carrying conductors depends on the directions
of these two currents. We have seen that whenever there is interaction of two fluxes, the
force gets generated. In this case each current carrying conductor produces its own flux
around it. So when such two conductors are placed nearby, due to interaction of two
fluxes there exists a force between them.

3.13.1 Direction of Both the Currents Same

Consider two parallel conductors A and B which are carrying current in the same
direction as shown in the Fig. 3.28 (a).

Force of
—— -—=—— gaftraction

{a) Current carrying conductors {b) Flux pattern
Fig. 3.28 Force of attraction

Then the direction of the two radial fields around them can be decided by right hand
thumb rule. When such two conductors are placed parallel to each other and nearby the
two fields interact. In space between the conductors, the two fluxes are in opposite
direction and cancel each other's effect and get neutralised while in space outside the
conductors two fields help or assist each other, producing high flux area around the
conductors. The resultant flux pattern is shown in the Fig. 3.28 (b).

As flux lines outside try to shorten as per their property, they exert force on the
conduciors. Hence conductors experience a force of attraction in between them.

3.13.2 Directions of Two Currents Opposite to Each Other

Consider the conductors A and B which are carrying currents in the directions
opposite to each other. Then the directions of the two radial fields can be shown in the
Fig. 3.29 (a)

When such two conductors are placed nearby, parallel to each other then these two
fields interact with each other. Now in space between the conductors two fluxes assist each
other producing high flux zone. While surrounding the conductors, two fluxes oppose
each other and cancel each other. The resultant flux pattern is shown in the Fig. 3.29 (b).
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P -9)©E-

—— i
Force of repulsion

(a) Current carrying conductors (b) Flux pattern
Fig. 3.29 Force of repulsion
As flux lines within the space try to shorten as per their property and due to this they

exert force on the conductors in directions opposite to each other. Due to this conductors
experience a force of repulsion in between them.

3.13.3 Magnitude of Force between Two Parallel Conductors

We have seen that two current carrying conductors when placed nearby, parallel to
each other experience a force. The direction of such a force depends on the directions of
the flow of currents. Let us derive expression for its magnitude which requires the
understanding of the permeability.

Let the two parallel conductors be 'A' and 'B' carrying currents I} and I, amperes |
respectively, placed in vacuum.

Now the magnetic field strength at a point 'd’ metres from the axis of the current
carrying conductor is given by

1
H = Trd AT/m or A/m

where [ is current through the conductor.

Now let distance between the centres of the conductors be t' metres. So magnetic field
strength due to conductor A at a centre of B which is T metres away is

_
H_Z'n:r

Now let conductors are placed in vacuum then
B = Ho H

. Flux density due to conductor A at center of B is

_ kolx 2
B = 2nr Wh/m

Now force experienced by conductor B is
F = BI!
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when 1 is current through conductor B = I,

F = R ) Newtons.
2nr

Now po = 4mx10~7 for vacuum

4nx1077 Iy Iy %1

F= 2nr

F = 2x107 I 12% Newtons

Similarly due to magnetic field of B conductor A also experiences a force of same
magnitude but in opposite direction.

iy Example 3.5 : Two long parallel conductors carry currents of 70 A and 120 A in
opposite directions. The perpendicular distance between the conductors is 15 cm. Calculate
the force per metre which one conductor will exert on the other. Also calculate the field
strength at a point which is 60 mm from conductor A and 90 mm from conductor B.
Solution : ; =70 A, 1; =120 A, R=15cm =015 m.
Force per metre is required i.e. / = Im

F

|

2x107 I I 1 = 2x107 x70x120x =

0.0112 N/m

n

——

Flux

Paint
P

At point
P in between,
Hisin
same direction

Fig. 3.30

Now magnetic field strength at a point 60 mm away from A is given by
I 70

— = —————— = 18568 A/m
2nd 2 ex(60%102)

I'Iﬁ =
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Magnetic field strength at a point 90 mm away from conductor B is given by
I

120
Fii, S =— 2 21220 A/m
B 7 2nd T 2mx(90x1073)

Key Point: Since the currents int the two conductors are in opposite direction, at a
point in between the two, magnetic field sfrengths will be in same direction, as
shown.

Resultant magnetic field strength at a point 60 mm from A and 90 mm from B is
H = Hy + Hg= 18568 + 212.20 = 397.88 A/m

3.13.4 Unit of Ampere
If the current through each conductor is 1 A while the distance between their centers
is 1 m and length [ of each conductor which is under the influence of flux density B is 1 m
then,
L= L=1A andl=r=1m

F = leﬂ‘?xlxlx%zzmﬂ“? N.

In such a case, force experienced by each conductor is 2%10-7 N. From this, unit of
ampere can be defined.

Key Point: A current, which when flowing through each of the two long paml‘l‘el'
straight conductors having finite length and negligible cross-section, separated from
each other by a distance of one meter in vacuum, producing a force 2x10-7 N per
meler length i between the conductors is called one ampere current.

3.14 Permeability

The flow of flux produced by the magnet not only depends on the magnetic field
strength but also on one important property of the magnetic material called permeability.
It is related to the medium in which magnet is placed. The force exerted by one magnetic
pole on other depends on the medium in which magnets are placed.

Key Point: The permeability is defined as the ability or ease with which the
magnetic material forces the magnetic flux through a given medium. :

For any magnetic material, there are two permeabilities,
i) Absolute permeability ii) Relative permeability.

3.14.1 Absolute Permeability ( 1 )

The magnetic field strength (H) decides the flux density (B) to be produced by the
magnet around it, in a given medium. The ratic of magnetic flux density B.in a particular
medium ( other than vacuum or air ) to the magnetic field strength H producing that flux
density is called absolute permeability of that medium.
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It is denoted by p and mathematically can be expressed as,

B
R
ie B = pH

The permeability is measured in units henries per metre denoted as H/m.

3.14.2 Permeability of Free Space or Vacuum ( up )

If the magnet is placed in a free space or vacuum or in air then the ratio of flux
density B and magnetic field strength H is called Permeability of free space or Vacuum or
air.

It is denoted as p, and measured in H/m. It denotes the ease with which the
magnetic flux permeates the free space or vacuum or air.

It is experimentally found that this py ie. ratic of B and H in vacuum remains
constant every where in the vacuum and its value is 47x10~7 H/m.

kg = %invacuum = 4xx10~7 H/m

Key Point : For a magnetic material, the absolute pen;lea:bffily jois ma"dm(sfdni.

 This is because B and H bears a nonliear relation in case of magnetic materials. If
magnetic field strength is incrensed, there is change in flux density B but rw!’ ;:mcﬂ'y
proportional to the increase m H.

The ratio B to H is constant only for free space, vacuum or air which is
pp =4mx10~7 H/m.

3.14.3 Relative Permeability ( pr)

Generally the permeability of different magnetic materials is defined relative to the
permeability of free space ( |Lg). The relative permeability is defined as the ratio of flux
density produced in a medium (other than free space) to the flux density produced in free
space, under the influence of same magnetic field strength and under identical conditions.

Thus if the magnetic field strength is H which is producing flux density B in the
medium while flux density B, in free space then the relative permeability is defined as,

He = 1 where H is same.
By

It is dimensionless and has no units.
| For free space, vacuum or air, t,= 1 |

According to definition of absolute permeability we can write for given H,

- .f_i in medium (1)
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B g
Hg = —I_‘l]— in free space (2)
A 18 B
Divi 1) and (2) , oL
ding (1) and (2) -5
B
but B_n =
p’ =
Ho Fe

L= porr H/m
'I‘he relah\re permeabﬂlty of me!als l:ke m:m, stee.l varies from 100 to IDODDO

For example if relative permeability of the iron is 1000 means it is 1000 times more
magnetic than the free space or air.

3.15 Magnetomotive Force ( M.M.F.or F )

The flow of electrons is current which is basically due to electromotive force (e.m.f).
Similarly the force behind the flow of flux or production of flux in a magnetic circuit is
called magnetomotive force (m.m.f.) The m.m.f. determines the magnetic field strength.

It is the driving force behind the magnetic circuit. It is given by the product of the
number of turns of the magnetizing coil and the current passing through it.

Mathematically it can be expressed as,

m.m.f. = NI ampere turns

where N = Number of turns of magnetising coil and [ = Current through
coil
Its unit is ampere turns (AT) or amperes (A).

It is also defined as the work done in joules on a unit magnetic pole in taking it once
round a closed magnetic circuit.

3.16 Reluctance (S)
In an electric circuit, current flow is opposed by the resistance of the material, similarly
there is opposition by the material to the flow of flux which is called reluctance

It is defined as the resistance offered by the material to the flow of magnetic flux
through it. It is denoted by ‘S'. It is directly proportional to the length of the magnetic
circuit while inversely proportional to the area of cross-section.
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S o % where'l" in 'm ' while 'a *in 'm?2"
s = X
a
where K = Constant of proportionality
= Reciprocal of absolute permeability of material = EI_
5 = i = ; A/ Wb
Kha Bolra

It is measured in amperes per weber ( A/Wb).

The reluctance can be also expressed as the ratio of magnetomotive force to the flux
produced.

m.m.f

ie. Reluctance

“fax
% AT /Wb or A/ Wb

3.17 Permeance
The of the 1 tic circuit is defined as the reciprocal of the reluctance.

It is defined as the property of the magnetic circuit due to which it allows flow of the
magnetic flux through it.

Permeance = m

It is measured in weber per amperes (Wh/A).

3.18 Magnetic Circuits

The magnetic circuit can be defined as, the closed path traced by the magnetic lines of
force ie. flux. Such a magnetic circuit is associated with different magnetic quantities as
mum.f, flux reluctance, permeability etc.

Consider simple magnetic circuit shown in the Fig. 3.31 (a). This circuit consists of an
iron core with cross-sectional area of ‘a' m® with a mean length of ‘I' m. (This is mean
length of the magnetic path which flux is going to trace)) A coil of N tumns is wound on
one of the sides of the square core which is excited by a supply. This supply drives a
current I through the coil. This current carrying coil produces the flux (¢ ) which completes
its path through the core as shown in the Fig. 3.31 (a).

This is analogous to simple electric circuit in which a supply ie em.f. of E volts
drives a current I which completes its path through a closed conductor having resistance
R. This analogous electrical circuit is shown in the Fig. 3.31 (b).
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Flux(o) ]

._......._...:...__._.I
P i
P
N |
itums
Ly
Area of cls
PUNUREPRRIR | .
am
Fig. 3.31 (a) Magnetic circuit Fig. 3.31 (b) Electrical equivalent
Let us derive relationship between m.m.f., flux and reluctance.
I = Current flowing through the coil.
= MNumber of turns.

Iron core

-
=
-

m
i
. |

N

¢ = Flux in webers.

B = Flux density in the core.

p = Absolute permeability of the magnetic material
1, = Relative permeability of the magnetic material

Magnetic field strength inside the solenoid is given by,

H = % AT/m (1)
Now flux density is, B = pH
B = M NL o m? (2

]

Now as area of cross-section is ‘a ' m? , total flux in core is,

¢=Ba=w Wh )
ie. ¢ = _._.b_.'l_l_.__.
1
RoHra
_ mmf _ F
? = Slucnes - 3
where NI = Magnetomotive force m.un.f. in AT
1
S = —
HoMra

= Reluctance offered by the magnetic path.
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This expression of the flux is very much similar to expression for current in electric
circuit.

e.m.f.

~ resistance

mmp Example 3.6 :  An iron ring of circular cross sectional area of 3.0 cm’® and mean diameter
of 20 cm is wound with 500 turns of wire and carries a current of 2.09 A to produce the
magnetic flux of 0.5 m Wb in the ring. Determine the permeability of the material,
(May - 2000)

Solution : The given values are :
a=3em?=3x10%m? d= 20em, N=500, 1=2A ¢ =05mWb

Now, |l = axd=nx20=628318cm = 0628318 m
s = [ 0.628313 _ 1.6667 x 109 a
HoBra  4mx 1077 x p, x 3 x 104 Hr b
_ mmf NI
f=—5"=3
NI _ 500 %2
§ = =207 -2x10° AT / Wb (2
¢ 05x 1073 X / @
Equating (1} and (2),
2% 105 = 1.6667 » 109
[T
p = 833.334

3.18.1 Series Magnetic Circuits

In practice magnetic circuit may be composed of various materials of different
permeabilities, of different lengths and of different cross-sectional areas. Such a circuit is
called composite magnetic circuitWhen such parts are connected one after the other the
circuit is called series magnetic circuit.

Consider a circular ring made up of different materials of lengths I;,/; and I3 and
with cross-sectional areas a; ,a, and a; with absolute permeabilities py pzand p3 as
shown in the Fig. 3.32.
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{Length of
magnetic I
material 2) | _L

material 3)

Fig. 3.32 A series magnetic circuit

magne
h material 1)

Let coil wound on ring has N
turms carrying a current of 1
amperes.

The total mumf available
is = NI AT

This will set the flux ‘¢ which is
same through all the three elements
of the circuit.

This is similar to three
resistances connected in series in
electrical circuit and connected to
emf. carrying same current T
through all of them.

Its analogous electric circuit can
be shown as in the Fig. 3.33.

Fig. 3.33 Equivalent electrical circuit

The total resistance of the electric circuit is Ry + Ry + Ry . Similarly the total reluctance

of the magnetic circuit is,

I

Total St = S;+52+5;3 =

Total m.m.f, NI

[

I3

+
Miay Hpaz H3aj

NI

Total ¢ = oul rehuctance =~ 51 - (8,48, ¥53)
NI = Sr¢ =(5;+5;2+53)¢
NI = S51¢+S30+53¢

(m.m.f)T = (m.m.£); +(m.m.f), +(m.m.f),
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The total m.m.f. also can be expressed as,
(m.m.f)T = Hjl; +Hal; +Hsl3
where HI=vB_1, H2=EZ_, Hy=-—2
K1 Hz2
So for a series magnetic circuit we can remember,

1) The magnetic flux through all the parts is same.
2) The equivalent reluctance is sum of the reluctance of different parts.
3) The resultant m.m.f. necessary is sum of the m.m.f.s in each individual part.

3.18.2 Series Circuit with Air Gap

Flux(8) The series magnetic circuit can also have a

short air gap.

possible because we
flux can  pass

‘Key Point: This
have seen. earlier
 through air glso.

pa?:fnf.?ﬂgn SIuch air gap is not possible in case of electric

rom ring oftength . 27929 circuit.
ron ring of length /.
' Consider a ring having mean length of iron

Fig. 3.34 A ring with an air gap part as 'l;* as shown in the Fig. 3.34.
Total mmf = NI AT

Total reluctance

where Sj = Reluctance of iron path

Sg = Reluctance of air gap

The cross-sectional area of air gap is assumed to be equal to area of the iron ring.

li I

S]-= +

pai Hpaj

m.m.f. NI

¢ = Reluctance St
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or Total mm.f. = m.m.f. for iron + m.m.f for air gap

]

[ NI Sip+Sg¢ AT for ring.

mmp Example 3.7 : An iron ring 8 cm. mean diameter is made up of round iron of diameter
1cm and permeability of 900, has an air gap of 2mm wide. It consists of winding with
400 turns carrying a current of 3.5A. Determine,

i) mm.f. i) total reluctance iii) the flux iv) flux density in ring (May - 98, Dec-99)
Solution : The ring and the winding is shown in the Fig. 3.35.

Diameter of ring d = 8 cm,
length of iron = nd - length of air gap
i = mx(8x10-2)-2x10-3

= 0.2493 m.

2 mm Air gap : Key'Poirlt While calenlating iron length,
Fig. 3.35 do nol forget fo sublrack l'eugﬂt of air gap
JSrom total mean !engﬁz
Iz = Length of air gap

2mm =2x103 m

diameter of iron = 1cm
i i e I 232
area of cross section i= Ed = E(lx]ﬂ )
a = 7.853x105 m’

Area of cross section of air gap and ring is to be assumed same.

i) Total mm.f. produced = NI = 400x3.5
= 1400 AT (ampere turns)
i) Total reluctance S = S; +5;
I .
S = 1 .G =900
LT S

0.2493
4mx10-7 x900%7.853x 1075

= 2806947.615 AT/ Wb

1
Ss = ﬁ; as Jr= 1 for air
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2x1073 6
S = ———=————— =202667x10% AT /Wb
4nx10~7 x7.853%x10-9
Sp = 2806947.615+202667x10¢ = 23.0737x10% AT/ Wb

mmf _ NI _ 1400
reluctance St 230737 x106

ii) ¢

= 6.067x10-5 Wb

-5
& SO _ 07725 Wb/ m?
a  7853x10°%

iv) Flux density

3.18.3 Parallel Magnetic Circuits
In case of electric crcuits, resistances can be connected in parallel. Current through
each of such resistances is different while voltage across all of them is same. Similarly
different reluctances may be in parallel in case of magnetic circuits. A magnetic circuit
which has more than one path for the flux is known as a parallel magnetic circuit.
Consider a magnetic circuit shown in the Fig. 3.36 (a). At point A the total flux ¢,
divides into two parts ¢; and ¢;.

The fluxes ¢; and ¢, have their paths completed through ABCD and AFED
respectively.

This is similar to division of current in case of parallel connection of two resistances in
an electric circuit. The analogous electric circuit is shown in the Fig. 3.36 (b).

&, Centrallmb ¢,
f I

[] A ]
Limb 1 T — Limb 2

B ras

Fi L =1 Flux(d;) >
Llll'.‘t‘ G : > R:
a. k- b ag -
L
o] 1 P
c D
(a) Magnetic circuit (b) Equivalent electrical circult

Fig. 3.36 A parallel magnetic circuit
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The mean length of path ABCD = m
The mean length of the path AFED = 5 m
The mean length of the path AD = l.m
The reluctance of the path ABCD = §;
The reluctance of path AFED = 5
The reluctance of path AD = S,
The total m.m.f. produced = NI AT
f m.m.f.
U = ——
reluctance
m.m.f. = ¢xS
For path ABCDA, NI = ¢51+ ¢Sc
For path AFEDA, NI = 57 + $5:
hy V! <
hes G = —, =2 and S.= —-
where Uy 2Ty M S
Generally a; = ap = a, = Area of cross-section
For parallel circuit,
m.m. L required  m.m. [ required by
Total mn.f. = by central limb  any ene of outer limbs
NI = (NDap + (NDagcp or (NDaren
NI = ¢Sc +[¢151 or ¢;52]

As in the electric circuit e.m.f. across parallel branches is same, in the magnetic circuit

the m.m.f. across parallel branches is same.

Thus same m.m.f. produces different fluxes in the two parallel branches. For such

parallel branches,

Hence while calculating total m.m.f, the mm.f. of only one of the two parallel

branches must be considered.

3.18.4 Parallel Magnetic Circuit with Air Gap
Consider a parallel magnetic circuit with air gap in the central limb as shown in the”

Fig. 3.37.
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Flux ¢; Flux ¢,
i —r
ot

Total flux & S air gap i

Mean length 9 . Mean length
i P e ~— I,
L=
[ SR —
1
c D

Fig. 3.37 Parallel circuit with air gap
The analysis of this circuit is exactly similar to the parallel circuit discussed above. The
only change is the analysis of central limb. The central limb is series combination of iron
path and air gap. The central limb is made up of,

path GD = iron path = I,
path GA = airgap =1[;
The total flux produced is ¢. It gets divided at A into ¢; and ¢;.
9= 01+
The reluctance of central limb is now,

Sc = Si+5; = Ii+ s
Hac Hpac

I !
. z Hence mm.f. of central limb is now,

Ry [m.m.£)ap = m.m.£)gp +m.m.£)ca |
R,g I gn, Hence the total m.m.f. can be expressed as,
R [ND 1ot = ND G +(ND G +(NDape o (ND ase |

1 Thus the electrical equivalent circuit for such case
= becomes as shown in the Fig. 3.38.
L Similarly there may be air gaps in the side limbs
Fig. 3.38 Elac‘:mc?tl equivalent p¢ the method of analysis remains the same.

reul
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mmp Example 3.8 : The magnetic circuit shown in Fig. 3.39 is constructed of wrought iron.
The cross-section of the centre limb is 8 cm? and of each other limb, 5 cm?. If the coil on
centre limb is wound with 1000 turns, calculate the exciting current required to set up a
flux of 1.2 mWb in the centre limb. Width of each air gap is 1 mm. Points on the B/H
curve of wrought iron are as follows -

Solution : Given;

B (in Tesla)

12

1.35

15

H (in AT/m)

625

1100

2000

I_/ |
i 1
C—H
ife I L %
=B i
"
2
o—1 10 cm
‘/

o
......................... 5'-‘
D
25 em 25¢m

Fig. 3.39

le = length of central limb = 10 em = 0.1 m

ac = Bam? =8x10"% m?2, ¢ =12mWb = 12x10-3 Wb
Length of iron path of side limb = 25 cm

0.25 m (on each side)

h

n

aj = 5 cm?=5x10"*% m?

This is the example of parallel magnetic circuit.
The flux in central limb 1.2 mWb gets divided into two equal paths as shown in

Fig. 3.39.

Flux in side limbs= 2

2

ie. - ¢;j =06 mWb

Iy = Length of air gap = 1 mm = 1x10"3 m

(May - 2002)
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Flux density in central limb is,

éc _12x10-3

B, = =
< ac 8x10-*

=15 Tesla

Flux density in air gap is,

. -3
By = ¢_l=%.]£__:1,2 Wb/ m? ie.Tesla
aj  5x10-4
Flux density in side limb is,
-3
B; = ‘L‘:%:lQ Wb/ m2 ie.Tesla
aj  5x10-4
Roop oA ,?!_ 2 The equivalent circuit in electrical form is
F VWYY Wy B shown in Fig. 3.40 (a).
1 Applying KVL to loop ABCD,
1 I
BS X E-IR¢-% Rg-= Ri =0
RS Re Ele 2Ryl
> -

w2 : E v2 E=IRC+%R3+-[2-R5

‘|' Similarly applying Kirchhoff's mmf law to

E ) € the loop, o
Fig. 3.40 mmf = He lc +Hg lg +Hi L4
where
Hcl. = mum.f. required by central limb
Hg [y = m.m.f. required by air gap
H; ; = m.m.f. required by iron path on any one side
1) Central limb

Be = 15 Tesla
From B-H table given, corresponding, H. = 2000
Hclo = 200001 = 200 AT
1) Side limb

Bi 1.2 Tesla
From B-H table, given corresponding H; = 625
Hili = 625x025= 15625 AT
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M) The air gap

Bg = Mo Hyg
Bg 12
H = e —
& 7 o 4mx1077
Hy = 95492965 AT
Hgly = 95492965 x (1x 10-2)

Hgly = 9549296 AT
Total mun.f, required = Hcle+ Hj li+Hg Ig
NI = 200+15625+954.9296
NI = 131117 AT

131117 _ 131137

Current I = o oFturms — 1000

I =131 A

mmp Example 3.9 : A cast steel structure is made of a rod of square section 2.5 cm x 2.5 cm
as shown in the Fig. 3.41. What is the current that should be passed in a 500 turn coil on
the left limb so that a flux of 2.5 mWb is made to pass in the right limb. Assume
permeability as 750 and neglect leakage.

- 40om __, ___A0em ___,
'

1
1
[ | | -t=25mWb
N=500 4% o 11
L 1
L — ,' P :
]

Fig. 3.41
Solution : This is parallel magnetic circuit. Its” electrical equivalent is shown in the
Fig. 3.41 (a).
The total flux produced gets distributed into two parts having reluctances S; and S,.
51 = Reluctance of centre limb
Sz = Reluctance of right side
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6 o b _ 25x% 102 g1 A c
DT HoHrar  4mx107 x750x25x25% 104 g i 1 L
= &)
= 424413 x 103 AT/Wb 0 J*
R 3R
6 o b 40x10-2 2 2

2 T HoRcrar  4nx1077 x750x2.5% 2.5%10-
R
8 S,
Fig. 3.41 (a)
mmf. = ¢ S51=¢: 52
And é = 25mWb .. given
-3 3
o = 8252 25x102x679061x103 _
51 424.413% 103

b = ¢+6; =25+ 4=65mWb

Total m.m.f. required is sum of the m.m.f. required for AEFB and that for either
central or side limb.

Sapre = S2=679.061x 103 AT/Wb
. mun.f. for AEFB = Sppppx¢ = 679.061x 103 x 6.5x 103
= 4413.8965 AT
Total mm.f. = 4413.8965+¢; 51 _
= 4413.8965+4% 10-3 x 424.413x 103 = 6111.548 AT

But NI = total mm.f.
6111.548
I = 00 - 12223 A

3.19 Kirchhoff's Laws for Magnetic Circuit

Similar to the electrical circuit Kirchhoff's Laws can be used to analyse complex
magnetic circuit. The laws can be stated as below :

3.19.1 Kirchho*f's Flux Law
The total m ignetic flux arriving at any junction in a magnetic circuit is equal to the
total magnetic |ux leaving that junction.
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P

The law infact is used earlier to analyse parallel magnetic circuit at a junction A shown
in the Fig.3.36 (a), where

b= d1+02

3.19.2 Kirchhoff's M.M.F. Law

The resultant m.m.f. around a closed magnetic circuit is equal to the algebraic sum of
the products of the flux and the reluctance of each part of the closed circuit ie. for a
closed magnetic circuit.

EmAm 24)5
As & %5 = fluxx reluctance = m.m.f.
MMF. also can be calculated as Hx! where H is field strength and 'I’ is mean length

m.m.f. = HI

Alternatively the same law can be stated as :

The resultant m.n.f. around any closed loop of a magnetic circuit is equal to the
algebraic sum of the products of the magnetic field strength and the length of each part of
the circuit i.e. for a closed magnetic circuit

Y mmf = YHI

3.20 Comparison of Magnetic and Electric Circuits
Similarities between electric and magnetic circuits are listed below :

Sr. No. Electric Circuit : Magnetic Circuit

1. Path traced by the curmrent is called Fath traced by the magnetic flux is
elactric circuit. defined as magnetic circuit.

2. E.MF. is the driving force in electric M.M.F. is the driving force in the magnetic
circuit, the unit is volts. circuit , the unit of which is ampere tums.

3 There is current I in the electric circuit There is flux ¢ in the magnetic circuit
measured in amperes. measured in webers.

4, The flow of electrons decides the cument The number of magnetic lines of force
in conductor. decides the flux.

5. Resistance oppose the flow of the curent. | Rel is opg i by magnalic path
Unit is ohm. to the flux. Unit is ampere tum/weber.
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5. R=p- Directly proportional to [. s= I-!al-lrﬂ Directly proportional to 1.
| to ‘a’. Depends on
ly proportional to p = pgjty.
nature of material. Inwrsnly proportional to area 7.
7. _ emf = _mmf
The curent 1= The fx &= s

The current density & = ;[ Aim?

The fiux density B = ;‘ Wi m?

Conductivity Is reciprocal of the
istivity,

Conductance =

-

Permeance s reciprocal of the
reluctance.

Pen'rmnau:—slc

10.

Kirchhoff's current and voitage law is
applicable to the electric circuit.

Kirchhoffs m.m.f. law and flux law is
applicable to the magnetic circuit.

There are few dissimilarities between the two which are listed below :

Sr. No. Electric Circuit Magnetic Circuit

1. In the electric circuit the current actually Due to mm.f. flux gets established and
flows L.e. there is movement of electrons. | does not flow in the sense in which

current flows.

2. There are many materials which can be There is no magnetic insulator as flux can
used as insulators Le. air, PV.C., pass through all the materials, even
synthetic resin etc, from which current can | through the air as well,
not pass.

3. Energy must be supplied to the electric Energy is required to create the magnetic
circuit to maintain the flow of current. flux, but is not required to maintain it.

4. The resi and the The reluctance, permeance and
indeoendsnl of wmmt density {6) under permeability are dependent on the flux
constant b But may chang density.
dus to the lnmpmmlm.

5. Electric lines of flux are not closed. They | Magnetic lines of flux are closed lines.
start from positive charge and’end on They flow from N pole fo S pole extemally
negative charge. while S pole to N pole internally.

6. There is continuous consumption of Energy is required to create the magnetic

electrical anergy.

3.21 Magnetic Leakage and Fringing

Most of the applications which are using magnetic effects of an electric current, are
using flux in air gap for their operation. Such devices are generators, motors, measuring
instruments like ammeter, voltmeter etc. Such devices consist of magnetic circuit with an
air gap and flux in air gap is used to produce the required effect.
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Such flux which is available in air gap and is utilised to produce the desired effect is
called useful flux denoted by ¢y .

It is expected that whatever is the flux produced by the magnetizing coil, it should
complete its path through the iron and air gap. So all the flux will be available in air gap.
In actual practice it is not possible to have entire flux available in air gap. This is because,
we have already seen that there is no perfect insulator for the flux. So part of the flux
oomp]ehes its path through the air or medium in which coil and magnehc circuit is p]aoed

Kay Po!nt Such ﬂm: whrd: Imix tmd completes its

_._Ll-l:;ﬂ;ﬂ flux The Fig. 342 shows the useful and
9 leakage flux.

Leakage flux
Fig. 3.42 Leakage and useful flux

3.21.1 Leakage Coefficient or Hopkinson's Coefficient

The ratio of the total flux (pr) to the useful flux (¢ ,) is defined as the leakage
coefficient of Hopkinson's coefficient or leakage factor of that magnetic circuit.

It is denoted by A.

A = total flux _ ¢7
T useful flux  y

The value of ‘X’ is always greater than 1 as ¢t is always more than ¢,. It generally
varies between 1.1 and 1.25. Ideally its value should be 1.

3.21.2 Magnetic Fringing

When flux enters into the air gap, it passes through the air gap in terms of parallel
flux lines. There exists a force of repulsion between the magnetic lines of force which are
parallel and having same direction. Due to this repulsive force there is tendency of the
magnetic flux to bulge out (spread out) at the edge of the air gap. This tendency of flux to
bulge out at the edges of the air gap is called magnetic fringing.
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It has following two effects :

1) It increases the effective cross-sectional area
of the air gap.

2) It reduces the flux density in the air gap.

So leakage, fringing and reluctance, in
practice should be as small as pnssible.

) - choosing good magnetic material and
Fig. 3.43 Magnetic fringing - making the air gap a5 narrow as

_ possible.

mmp Example 3.10 : A cast iron ring of 40 cm mean length and circular cross section of 5 cm
diameter is wound with a coil. The coil carries a current of 3 A and produces a flux of
3mWb in the air gap. The length of the air gap is 2 mm. The relative permeability of the
cast iron is 800. The leakage coefficient is 1.2. Calculate number of turns of the coil.

Solution : Given,/, = 40cm =04 m, lg=2x10'3 m
L = I~ lgp=04-2x10-3 = 0398 m
I=3A, ¢=2x10"3 Wb, i, =800, A=12

o
A= S . Leakage coefficient
1 %5
N =4 Alreep 12=_9%1
2x10-3
1
a=19.63X10 " m’ or = 2.4x10-3 Wb
Ring Now reluctance of iron path §; =
Fig. 3.44 HoMra
a = 7d? =1x57 =19.6349 cm” = 19.634 x 10” *n?
S = 0.398 = 201629.16 AT/Whb
47x10-7 x 800x19.63x10~4
_ mmf. _ NI
or = reluctance ~ 5;
NI
-3 -
24x107" = 5767516

NI for iron path = 483. 909 AT
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.|l

Reluctance of air gap 5

2x10-3
B 4mx10-7 x19.634 x 10-4

= B10608.86 AT/Wb

m.m.Ff.
Now ¢ = 5
NI
-3 o
210 §10608.56
NI for air gap = 16212177 AT

Total m.m.f. required = (NI)y,, + (NI).,,W NI = 483.909 + 1621.2177
NI = 2105.1267 ie. N x 3 = 2105.1267
N = 701.7 =702 turns.

Examples with Solutions

hmp Example 3.11: An iron ring has circular cross-section 4 cm in radius and the average
circumference of 100 cm. The ring is uniformly wound with a coil of 700 turns. Calculate,

i) Current required to produce a flux of 2 mWb in the ring, if relative permeability of
the iron is 900.
i) If a saw cut of Imm wide is made in the ring, calculate the current which will give
same flux as in part (i). Neglect leakage and fringing. (Dec. - 2001, May - 2003, May-2006)
Solution : Given, =100 cm=1m, N =700, ¢=2 mWb =2x10-2 Wb, p, = 900
i) Radiusr = 4cm

a = nr? = mx(4)? = 50.2654 cm® = 50.2654 x 10”4 m?

6 = m.mf NI
= Treluctance S
1
d S =
an HoHra
¢ = NIpgit .2
B I

700xIx 4 7x10~7 x900x50.2654x 10~
1

2x10~3 =
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I = 05025 A

i) Air gap of 1 mm is cut in the ring. So length of iron = 100 cm — 1 mm

L = 999 cm
. Length of air gap [; =1 mm
. =1x10-3 m.
= Air gap Reluctance S = S; + 5B
1 =|-10:-;»ra+1:%
[=l+1y as for air gap i, = 1
Fig. 3.45
s - 99.9x10-2 . 1x10-3

T 4mx1077 x900x5026x10-F 47X 107 x5026x10- 4

S = 1757481 + 158331.62 = 334079.72 AT/Wb
_ NI, _3_ 7001
¢ =5 le 207 mmm

I = 09545 A

s Example 3.12 :  An iron ring has a mean diameter of 20 cm and a uniform circular cross
section of 2.5232 cm diameter with a small brass piece fitted of 1 mm length. Three coils are
wound on the ring as shown in the Fig. 3.46 and carry identical d.c. current of 2 A. If the
relative permeability of iron is 800, estimate :- i) the magnetic flux produced in air-gap,
ii} self-inductance of the arrang t. ifi) net m.m.f. in the ring. (May - 2001)

Fig. 3.46
Solution : From the various values given,

a = g{d)z=g(2.5232]2=5m2=5x10"m2
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and I

Net m.m.f.

iy Example 3.13 :

X dy oy = X 20 = 62.8318 cm = 0.6283 m
Ip-lg = 06283 - 1% 107° = 06273 m
1mm=1x10"’m

800 and I=2A

ki Iy
S =
St B " pokra +I-'-oﬂ
0.6273 1x10-3

47x107 x 800x5x103  4mx10~7 x5x104

1247973.698 + 1591549.431 = 2839523.129 AT/Wb

Ny I; + N, + N3 I, ... all produce flux in same direction
2 (500 + 125 + 125] = 1500 AT wly=lp =I5 =2A

mm.f 1500 _ -
reluctance ~ 2830503125 ~ -202x107 Wb

N2 (500+125+125)% _
S T Tammmag - 018 H

A magnetic circuit is excited by three coils as shown in the Fig. 3.47.

Calculate the flux produced in the air gap. The material used for core is iron having relative
permeability of 800. The length of the magnetic circuit is 100 cm with an air gap of 2 mm

in it. The core has uniform cross-section of 6 cm?. (Dec. - 2002)
L=6A
[
IERERE]
\'l o b
o—i-i|
IL=5A e -1
Ny =100 T = Airgap
paa
I RMERN)
Lo derdery e ek
l 1,:1,11
Ny = 00
Fig. 3.47

Solution : Given, N; =600, [ =6A, N;=100, ,=5A

Ny = 80 I3=1A, k=10an=1m
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b= lp-lg=1m-2x10" =098 m

Iy = 2x10-3 m, L= 800,a=6cm®=6x10" % m?
Now total reluctance S = §; + 5,
5 = - 0.9% = 1654548263 AT/Wb
BoHra  47x10-7 x 800x 6% 104
Iy 2x10-3
S, = B - X7 2652582385 AT/Wb
& Moa  4mx10-7 x6x1074 !
S = 4307130.648 AT/Whb.
T] Let us find the direction of flux due to various
! coils using right hand thumb rule.
s -
vvvvv As shown in the Fig. 3.47(a) m.um.f of coil (1)
. % and (2) are in same direction while m.m.f. of coil
o-‘—‘ (3) is in opposite direction.
: _=—Airgap .. Net mm.f= (N; L) + (N; L) - (N3 L)
° = (600 % 6) + (100 = 5) — (1 = BOO)
NI = 3300 AT
A . _ _ mmf _ NI _ 3300
1;1 v 0= roluctance ~ 5~ 1307130648
Fig. 3.47 (a) + Flux in air gap ¢ = 0.7661 mWb

inmp Example 3.14 : A magnetic circuit consists of two materials as shown in Fig. 3.48. The
core has uniform cross-section of 6 en?. The core carries a winding with 300 turns. The
current in the coil is 3 A. Calculate the flux produced in the air gap if the length of the air
gap is Imm. Relative permeability of material A is 1000 and that for B is 1500. The length
of the magnetic circuit for A is 80 cm and for B it is 50 cm.
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Solution : I =80 cm = 0.8 m, I[g=50cm=05m
a = 6cmz=6x1(]'4m2, !s =1mm=1x10"m

N = 900, 1=3A4, (i), =1000, (u,)g= 1500

The total reluctance § = 5,+ S+ 5
In 0.8
S, = = = 1061033 AT/Wb
A7 Molraa  4mx10-7 x1000x6%10-4
Sp = —8 05 = 442097 AT/Wb

Hor)pa  4mx10~7 x1500x6x10~1

s - I 1x10-3

= —__ =1326291.2 AT/Wb
B Hpa  47x10-7 x6x10-1

S = 28942212 AT/Wb

m.m.f. NI
The flux ¢ = o nee =
_ 3% 900 _ 4 _
o = m—?ﬁ-ﬂxlﬁ_ Wb = 09542 mWb

Ny Example 3.15 : A ring of cast steel has an external diameter of 24 cm and internal
diameter of 18 cm. The area of cross-section is 3 cm % 3 cm. Inside and across the ring an
ordinary steel bar 18cmx3 cm x 0.4 cm is fitted with negligible air gap. Calculate the
m.m.f. required to produce a flux density of 1 Wh/m? in the other half ABD. Neglect
leakage. The B-H curves are given below in table form. Refer the Fig. 3.49.

For cast steel ring

B Whim? 1 1193 | 14 186
H AT/m 900 | soo | 17s0 | 2000
For steel strip
B Whim® 14 145 | 15 16
D H AT/m 1200 | 1650 | 1700 | 2000
Fig. 3.49
18+24
Solution : Mean diameter of ring = -2lam

2
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Mean circumference = 7D = nx21 = 65.9732 em
= 0.659734 m.
Length of path AED = Length of path ABD

0.659734
2

For required flux density of 1 Wb/m? in path ABD, referring to corresponding B-H
curve, value of H is 900 AT/m.

m.m.f. for path ABD = Hx[ =900 x 0.32986

= 032986 m

= 296874 AT
Now the circuit is parallel magnetic circuit,
the corresponding equivalent electric circuit is
-1 shown in the Fig. 3.49(a)
The m.m.f. across path ACD is same as

across path ABD as both paths are parallel to
each other, across the path DEA which is

tv supplying m.m.f.
-{- s mmf across ACD = 296.874 AT
E

D . m.m.f

AAAA
AAAN

H for path ACD = 7
Fig. 3.49 (a) ACD

296874 _
ol T

The corresponding B = 1.45 from B-H curve given for the steel strip,
Flux through path ACD
Cross sectional area of steel = 3 x 0.4 = 1.2 em? = 12 10”* m?
Oach = 145x1.2x 107 % = 174 x 107* Wb
Similarly flux through path ABD u-Bxa
Cross sectional area of ABC = 3x 3 =9 cm? = 9x 107 * m?
1x9%107% =9x10* Wb

i

Bxa

il

$ABD
<. Total flux supplied by path AED = ¢acp + 9asD
1.74x 1074 + 9% 1074 = 1.074x 1073 Wb.

QAED
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. Flux density for path AED, B = %TED
-3
B = O7X1077 1933 Wh/m?
9x10-4

The corresponding 'H' value required, from the table given is 1200.
m.m.f. for path AED = Hx ! =1200x 0.32986 = 395.832 AT

Total m.m.f. reql.u.red = mmf forpaﬂ\AED+mmffmpatthDmABD

Total mm.f = 395.832 + 296.874 = 692.706 AT

iy Example 3.16 : A soft iron ring of 20 cm mean diameter and circular cross-section of
4cm diameter is wound with a magnetising coil. A current of 5 A flowing in the coil
produces flux of 2.5 mWDb in the air gap which is 2.2 mm wide. Taking relative permeability
to be 1000 at this flux density and allowing for a leakage coefficient of 1.2, find the number
of the turns on the coil. (Dec. - 97)

Solution : dpeyn =20 cm, d =4 cm, I =5 A, ¢g= 25 mWb, I, = 22 mm, A =12
mean length | = MXdmean= 1¢20x10-2 = 06283 m
Cross section diameter

4cm

a= E’Edz = %x(&]z = 12566 cm® = 12.566 x10-4 m?

I, = length of air gap =22 mm =22x 107> m
l; = length of iron path =1 - [, = 0.6261 m

Now 1-%:%1&12 =53~;%-3
¢ = 3% 107 Wb.
The total reluctance of the magnetic circuit,
5 =5+ Ss
Now 5 = k. 0.6261 =396494.15 AT/Wh

Holra  4mx10-7 %1000%12.566x 104

g 22%10-3
B " poa  4mx1077 x12.566%104

£

= 1393207.4 AT/Wb
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m.m.f. NI

Now ¢ = Teluctance - Si+Sg
_ m.m.f.forair gap , _3 _ m.m.f for air gap
¢S = Sg ie 2.5x10 = W

m.m.f. for air gap = 3483.01

m.m.f. for iron i

_ -3 _ mm.f. foriron
0= TR e 310

T 39649415
mamn.f. foriron = 1189.4825
Hence the total m.m.f. can be obtained as :
Total = m.m.f. for air gap + m.m.f. for iron
m.m.f. = 3483.01 + 1189.48 = 4672.501 AT/Wb

Now mmf = NxI ie. 4672501 =Nx5
4672.501

N = ————=9345
5

Hence the number of turns on the coil required is approximately 935.

Imsp Example 3.17 :  An iron ring, cross sectional area of 5 en? and mean length of 100 cm,
has an air gap of 2 mm cut in it. Three separate coils having 100, 200 and 300 turns are
wound on the ring and carry currents of 1 A, 2.5 A and 3 A respectively such that they
produce additive fluxes in the ring. Relative permeability of the ring material is 1000.
Calculate the flux in the air gap. (Dec. - 98)

Solution : a=5cm?=5x10"4 m’ ly =100 cm = 1m, I, =2 mm = 2x10~3 m

L = IT—IS=1—2x10‘3 =0998 m
Total reluctance S = §; + 5

I 0.998
S,1 =

= = 1588366.332 AT/Wb
Hohra  4nx10-7 x1000x5x10~+

Iy 2x10-3 ;
5 = B =—— = 3183098.862 AT/Wb
& Mpa  4mx10-7 x5x10~4 /

S = 1588366.332 + 3183098.862 = 4771465.194 AT/Wb
Net mm.f. = Njlj + Nylp + Njly =100 % 1 +200 x 2.5 + 300 x 3 = 1500 AT
All m.m.f:s help each other as they produce additive fluxes in the ring.
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o = m.mf _ 1500
reluctance  4771465.194

= (.0003143 Wb

= 0.3143 mWb

iy Example 3.18 : The Fig. 3.50 shows a magnetic circuit with two similar branches and an
exciting coil of 1500 turns on central limb. The flux density in the air gap is 1 Whjm® and
leakage coefficient 1.2. Defermine exciting current through the coil. Assume relative
permeability of the iron constant equal to 600.

i

T .
i H-
Bi=—25cm

Fig. 3.50

Jal-

Solution : Flux density in air gap By = 1 Wb/m?
a=3x4=12em?=12x10"*m?
% = Bgxa =1x12x10"% =12x10~* Wh.

= E = L =12
* % 12x10-4 ’
o1 = bgide = 1.2 x12x10-4

bside = 144107 Wb
As the circuit is parallel magnetic circuit,
ol = Psidel + Pige 2 = 2% 144 x 107
= 2.88% 1073 (as sides are similar)
Section 1] Central limb

I = 19ecm=019m
a = 12x10~% m?
Ie 0.19

= Holra  4mx10-7 x600%12x10-4

209996.11 AT/Wb
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Section Il] One side limb
L = 25+25=50cm=05m
a = 12x107*m?

LN 05
T MoRed  4nax10-7 x600x12x10-4

= 552621.33 AT/Wb
Section HI] Air gap
I = 1lem=00lm

4
a = 12x10-9m?
B 7 Moa  4mx107 x12x10-4

= 6631456 AT/Wb
m.m.f. for central limb = 0y XS = 2.88 x10~3 % 20999611
= 604.78 AT
m.m.f. for one side limb = ¢440.%S; = 1.44 x10~ 3 x 552621.33
= 795774 AT
mun.f. for air gap = ¢, x Sg = 12 107 * x 6631456
= 7957.7472 AT
~Total mm.f. = m.m.f. for central limb + m.m.f. for one side + m.m.f. for air gap
NI 604.78 + 795.774 + 7957.7452
1500 I = 9358.3107
I = 62388 A

immp Example 3.19 : A magnetic circuit has the mean length of flux path of 20 cm, and cross
sectional area of 1cm?, Relative permeability of its material is 2400. Find the m.m.f. required
to produce a flux density of 2tesla in it. If an airgap of 1mm is introduced in it, find the
m.m.f. required for the air gap as a fraction of the total m.m.f. to maintain the same flux
© density. (Dec. - 2003)
Solution : [; =20em, a=1cm2, p,=2400, B=2T

g 20%102
HoMra 4mx1077 x2400x1x10~4
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= 663.145%10% AT/Wb
6 = Bxa=2x1x10* Wb

Now 0= m.m.f

]
mmf. = ¢x5=2x10"1x663.145x103 = 132.6291 AT
Now Is = 1 mm is introduced in it.
i = 20an-1mm =019 m
14

S = =659.829%x103 AT/Wb
HoHra
}
and Sg = Miaﬂ,%ﬂxmﬁ AT/Wb o e =1 for air
6 = Bxa=2x10"! Wb ... same as B is same
(M6 pan = SiX$=1319658 AT
and (m‘m.f}'myp = Sgx¢=1591.5494 AT

Total mm.f = 1723.5152 AT
(m.m‘f)atrpp = 0.9234 times total m.m.f
sy Example 3.20 : A coil is wound uniformly with 300 turns over a steel of relative

permiability 900, having a mean circumference of 40 mm and corss-sectional area of 50 mm?,
If a current of 5 A is passed through the coil, find

iy mam.f. i) reluctance of the ring and  iii) flux {Cec. - 2004)
Solution : Given: N =300, p, = 900, /=40 mm = 40 x 10"%m,
a=50mm*=50x10°%m? 1=5A

i) mm.f = NI=300x5=1500 AT
-3
i) S = 1. 40x10 =70.7355%10% AT/Wb
WoMra  4mx10~7 x900x50x10~6

This is reluctance of the ring.

.m.f.
S - m. m.
iii) 3

o = mmf__ 150 _ 2057 mwb .. Flux
E 707355x103
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immp. Example 3.21 : An iron ring has its mean length of flux path as 60 cm and its
cross-sectional areas as 15 cm’. Its relative permeability is 500. Find the current required to
be passed, through a coil of 300 turns wound uniformly arcund it, to produce a flux density
of 1.2 tesla. What would be the flux density with the same current, if the iron ring is
replaced by air-core 7 (May - 2005)
Solution : Given:!=60 cm =60 x 1072m,a=15can’=15x 107  m?, p, = 500
N=300,B=12T,1=?
! 60x10-2

Case 1: s = = = 636.6197 x 10° AT/Wb
s Holra  4nx107 x500x15%10— * !

B g je. p=Bxa=12x15x107%=18 x 107 Wb

Lm.f. NI

N g o m-mib 1

o ? e
6366197 x 10° = —01
18x10-3

- I = 38197 A ... Current required
Case 2 : Ring replaced by air core for whichpir = 1 hence p =
-2
§ = L o 60x107 51043008 x 105 AT/Wb

Hod  4mx10-7 x15x10~4
1 is same as calculated above ie. I = 3.8197 A
mm.f = NI =300 x 3.8197 = 114591 AT

o = m.m.f - 114591 =36 x 10'6 Wb
5 318.3098x 106
-f
B = 3230007 545107 Tor Wh/im? ... New flux density
a  15%x10-1

mmp Example 3.22 : A conductor of length 10 cm carrying 5 A is placed in a uniform
magnetic field of flux density 1.25 tesla. Find the force acting on the conductor, if it is
placed (i) along the lines of magnetic flux, (ii} perpendicular to the lines of flux, and (ii) at

30° to the flux. (May - 2005)
Solution : [=10em=10x10"2m, [=5A, B=125T
Case 1 : Along lines of magnetic flux
8 = Angle between conductor and axis of magnetic field J l
=0
~F=BllLsinB=125x5x10x10"2sin0°=0N 1=5

Fig. 3.51
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Case 2 : Perpendicular to lines of flux ie. 6= 90°

F = BlLsin90=BIL=125x5x10x 1072 =0625 N
Case 3 : At 30° to the flux ie. &= 30"

F = B.ll.sin30°=1.25x5xlﬂxlﬂ'zx%=l13125N.

imp Example 3.23 : A ring shaped core is made up of two parts of same material. Part one is
a magnetic path of length 25 cm and with cross sectional area 4 cm?, whereas part two is of
length 10 cm and cross sectional area of 6 cm?. The flux density in part two is 1.5 Tesla. If
the current through the coil, wound over core, is 0.5 Amp., calculate the number of turns of
coil. Assume 1, is 1000 for material.
Solution : The arrangement is shown in the
Fig. 3.52.

1,12
Hokray MHoHraz

25x10-2 10%10-2
4nx10-7 x1000x4x10-4  4nx10-7 x1000% 6x10-4

5 = Sg+5]1 =

= 629988.3164 AT/Wb

6 = m.m.f _ NI
=785 7%
Nx05
-4
90 = FoEsTE
N = 1133975 = 1134 ... Number of turns

mmp Example 3.24 : The mean diameter of steel ring is 40 cm and flux density of 0.9 Whjin®
is produced by 3500 Aturnsfmeter. If the cross-section of the ring is 15 cm’® and number of
turns 440, calculate:
i) the exciting current i) the self inductance in henry and i) exciting current and
inductance when air gap of 1 cm is cut in the ring. [Dee-2006]
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Solution : d_,, = 40 cm, B = 0.9 Wb/m%, H = 3500 AT/m, a = 15 cm?, N = 440
It = mxdmean = x40 = 1256637 cm

B = popurH=pH

_B_ 09 _ »
M = 5 = 3ap = 2571410
It
5t ° qa
-2
Sp = —087XI077___ _ 35579%10° AT/Wb

2.5714x10-4 x15x10-4

mmf. = NI=HxIp=23500x 125.6637 x 1077 = 4398.2295 AT
4398.2295 _ 43982295

i) I= N —40 =999=10 A
2 2
ii) L= N2__ @07 ooseaH
St 32579x106
iif) Now air gap /g = 1 cm is cut.
i = Iy -Ig = 1246637 cm
L Ig
= +5, =Ly =
St 5 B pa pga
_ 1246637x10-2 1x10-2

25714x10-4 x15x10-%  4rx10-7 x15x10-4

= 3232x106 +5.3051x105 = 8.5371x106 AT/Wb
6 = Bxa =09x15x10-4 = 1.35x10~3 Wb

m.m.f
Now o= Reluctance
.m.f
135%10-2 = —mb
8.5371x106

m.m.f = NI =11525.085
115251494

1= - = 26,1935 A
N2 (440)2
and L=5-—==—ow—o = H
St 85371x106
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mmep Example 3.25 : An iron ring of mean length 50 cm has air gap of Tmm and a winding of
200 turns. If the relative permeability of iron is 300, find the flux density when a current of

1 amp flows through the coil. [Dec.-2007]
Solution : The total m.m.f. is,
L=50cm~1 mm.f. = NI =200 x1
=200 AT
The total reluctance is,
Sp=5;+ Ss'
= iron path + air gap
!/
=_h % cefr = 1 for air
HoMra Hpa
W, =300 _1 0499 1x10-3
2| 4ax1077 x 300 4nx10-7
Fig. 3.53 21194133
- a
_ _mmf NI _ 200
= Teluctance ~ 87 [ 21194133
a
o _ 200 _ o .
T % 91945 0.0943 but 3 = B = flux density

B = 0.0943 Wb/m®

mmp Example 3.26 : A ring has diameter of 21 em and a cross-sectional area of 10 cm’. The
ring is made up of semi-circular sections of cast iron and cast steel with each joint having a
reluctance eqwi' to an air gap of 0.2 mm. Find the Amp-Turns required to produce a flux of
8 x 100 * Wb. The relative permeabilities of cast steel and cast iron are 800 and 166
respectively. [May-2008]

Solution : The arrangement is shown 2
in the Fig. 3.54. a=10cm _ Castiron

At each joint there is an air gap.
This is a series magnetic cirucit.

The total reactance is,

ST=simn+sshee1+sg+sg

d = 21 cm = total diameter of ring

Cast steel
My =800

Fig. 3.54
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. Total circumference = tx d = 65973445 cm = 0.655734 m
Total air gap length = 2 x [, = 0.4 mm =04x10%m

nd-2/
lion = —5 % = 0.329667 M = lyeq
S = Isteel 4—-—--——----'ii""|1 +2xiq-—
HoHria Hole2a Mpa
_ 1 0.329667 + 0.329667 + 2% 0.2x10-3
47107 %10x10—4 | 800 166 1
= 2226601.156 AT/Wb
and 0 = 8x 107 wp = b
St

mmf = éxSy=8x 10™ % x 2226601.156 = 1781.281 AT

Review Questions

1. State and explain the lows of magnetism.
2. What is magnetic field and magnetic lines of force? State the propertics of lines of force.
3. Define and state the units of following parameters:
i) magnetic flux if) magnetic pole strength
iii) magnetic flux density  iv) magnetic field strength
v) absolute permeability  vi) relative permenbility
vii) mam.f. vifi) reluctance
4. Derive the relation between m.m.f, reluctance and the flux.
5. State and explain the following rules:
i) Right hand thumb rule
ii) Fleming's left hand rule
iii) Fleming's right hand rule
iv) Lenz's law .
v) Kirchhoff's laws for magnetic circuits
6. Explain the proceduce to analyse following circuit, with suitable example :
i) Series magnetic circuit
i} Series magnetic circuit with air gap
iii) Parallel magnetic circuit
7. What is an electromagnet ? What is solenoid?
8. Point out the analogy bet electric and magnetic circuits.
9. Explain the magnetic leakage and magnetic fringing.
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13.

4.

15.

16.

17.

18.

0. Define leakage cocfficient  *
11.
12.

Explain how current carrying conductor when placed in a magnetic field experiences a force.
A steel ring of 180 cn mean diameter has a cross sectional area of 250 mm?. Flux developed in the
ring 15 500 p Wb when a 4000 turns coil carries certain current. Find
i) m.m.f. required i) reluctance i} current in the coil
Given that the relative permeability of the steel is 1100.

(Ans. : B181.72 AT, 1.6363 %107, .045 A)
A coil is wound uniformly with 300 turns over a steel ring of relative permeability 900, having
mean circumference of 40 mm and cross-sectional area of 50 mm?2. If a current of 25 A is passed
through the coil, determine
i) mmf. i) reluctance of ring  and
iif) flux (Ans. : 7500 AT, 707355.3 AT/Wb, 0.0106 Wb)
Find the number of ampere turns required to produce a flux of 0.44 milli-weber in an iron ring of
100 cm mean circumference and 4 cm? in cross-section. B Vs . fest for the iron gives the
following result :

B in Whim? 08 1.0 11 1.2 1.4

Hr 2300 2000 1800 1600 1000

If a saw cut of 2 mm wide is made in the above ring, how many extra ampere turns are required
to maintain same flux ? (Ans. : 486307 AT, 1744 AT)
An iron ring of 20 cm mean diameter and 10 cm® cross-section is magnetised by a coil of 500
turns. The current through the coil is 8 A. The relative permeability of iron is 500. Find the flux
density inside the ring . (Ans. : 4 Whim®)
An iron ring of 100 cm mean circumference is made from round iron of cross-section 10cm?, it
relative permeability is 800, If it is wound with 300 turns, what current is required to produce a
flux of 111073 Wb ? (Ans. 3.647 A)
A coil of 300 turns and of resistance 10 0 is wound wniformly over a steel ring of mean
circumference 30 em, and cross-sectional area 9 cm?, It is connected to a supply at 20 V d.c. If the
relative permeability of the ring is 1500, find : (i) the magnetising force ; (i) the reluctance ;
(iii) the m.m.f. ; and (iv) the flux.

(Ans. : 600 AT, 176838.82 AT/Wb, 2000 AT/m, 3.3929 mWb)
A coil is wound uniformly with 300 turns over a steel ring of relative permeability 900 having a
mean circumference of 400 mm and cross-sectional area of 500 mn:2. If a current of 25 A is passed
through the coil find
i) mom.f. i) reluctance and i) flux (Ans. : 7500 AT, 707355.3 AT/Wb, 10.6 mWb)

4 Qoo



