MAGNETISM NOTES
1.0 MAGNETISM

Is a group of phenomena or concepts associated wi

th the field of force that exists
around a magnet or a current carrying conductor.

A magnetic field

A magnetic field is a region of space in which any one of the following occurs:
(i)  Amagnetic dipole (a small bar magnet) experiences a force.
(i) A current carrying conductor experiences a force, or a movin

g charge
experiences a force.
(iii) Anem.f. is, induced across a moving conductor.
Definition:
A magnetic field is thus defined in short as, a field of force that exists around a

magnet or a current carrying conductor. ’

The magnetic properties of a magnetic body appear to originate at certain regions

in the magnet called “poles”. In a bar magnet these are near the ends of the
magnet.

Experiments show that:

(i)  Magnetic poles are of two types, north poles and south poles.

(i)  Like poles repel each other while the unlike poles attract each other.
(iii) Magnetic poles always seem to occur in equal and opposite pairs and
(iv) When no other magnet is near a freely suspended bar magnet, it rests in

such a position that its magnetic axis is approximately parallel to the
Earth’s magnetic North - South axis.

Magnetic field lines.

The direction of a magnetic field at a point - is taken to be the direction of force
on a north pole of magnetic dipole there under the influence of the field at that
point.

The path that such a pole would follow is called a magnetic field line or

(line of force)

Definition:

A magnetic field line - is the path or direction followed by the North Pole of a
magnetic needle or magnetic dipole or a very small bar magnet when placed at
that point in an electric field.

A magnetic field can therefore be represented by magnetic field lines so that,

(i)  The line (or the tangent to it if it is a curved path) gives the direction of the
magnetic field at that point.



(ii)  The number of lines per unit cross sectional area is an indication of the
strength of the field. i.e. the strength of the magnetic field is
proportional to the density of the field lines.

Direction of the Magnetic
magnefic field field lines
at point\Q

Fig. 1.0 (a)

The direction of the magnetic field is always directed away from the North pole of
a magnet towards the South Pole.

For the case of a compass needle placed in the magnetic field of a bar magnet, the
needle will be tangential to the magnetic field line at that point. The north pole of
the needle points from the N-pole of the bar magnet to the South Pole.

Representations of magnetic field patterns

1. Around a magnet.

| (a) Bar magnet.

Magnetic field
lines

‘ Fig. 1.0 (b)
The magnetic field around a bar magnet is non - uniform i.e. varies in
strength and direction from point to point.

(b) U-shaped (Horseshoe) magnet.

Magnetic
field lines

\

Fig. 1.0 (¢)



2. The Earth’s magnetic field

The following features represent the Earth'’s magnetic field pattern:

Geographic

Geographic axis—{ LN

a = angle of dip
0 = angle of declination (magnetic variance)

Fig. 1.0 (d)

To Geographic North

TQ Magnetic North Geographic

meridian

Magnetic———
meridian

By = Horizontal component
By = Vertical component
yB, B=Earth’s Resultant
magnetic field.

0 = Angle of declination
a = Angle of dip.

Fig. 1.0 (e)
Definitions associated with the Earth’s Magnetic field

(i) Magnetic Meridian: - is a vertical plane passing through the Earth’s
Magnetic North and South poles.

(i) Geographic Meridian: - is a vertical plane passing through the Earth’s
Geographic North and South directions.

(iii) Angle of declination or Magnetic variance: - is the angle between the
Earth’s magnetic meridian and the geographic meridian.

(iv) Angle of dip: - is the angle between the Earth’s resultant magnetic field



and the horizontal component of the earth’s magnetic fie
Or the angle between the horizontal- and the axis throug
freely suspended bar magnet when it sets.

(v) Magnetic Axis -isa vertical line th.rough the Centre of the
passing through the earth’s .magfletlc poles.

(vi) Geographic Axis - is a vertical line th.rough the Centre of the earth ang
passing through the earth’s Geographlf: north afnd south directiong

(vii) Magnetic Equator - is the la.rgest horizontal cu.'cle'where a freely
suspended bar magnet experience zero n.lagnetlc.dlp, | -

(viii) Geographic Equator - is the largest horizontal circle in 3 plane
the Centre of the earth perpendicular to the geographic meridia
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The relationship between, By, Bv, B and the angle of dip, o

At a particular location over the Earth’s surface, the Earth’s resultant
. magnetic field B is related the horizontal component, By the vertica]
component, By and the angle of dip, & by the following equation:

By = Horizontal component
By = Vertical component

B = Resultant magnetic field
a = Angle of dip.

Using Pythagoras theorem,
BZ=BH2+BVZ =B= BH2+BVZ (1)
_______ ¥ J »
By Angle of dip,a = tan™! (Irv) RPN | |
Fig. 1.0 (f) B

Example:

At a particular location over the earth'’s surface, the horizontal magnetic flux
density has a value of 3.0 x 10-4T and the angle of 52°.

Determine the;

()  Earth’s resultant magnetic field.

(ii)  Vertical component of the earth’s magnetic field.
Solution:

(i) cosa =E§ = The resutant field, B = B1_ _ 30x107* _ . g 1077
ii) tanq=2v N o s »
( “‘E;""Bv=3utana= 30x107*tan52°= 3.84x107'T



The Earth’s local magnetic field

This is a represe .
sentation of the earth’s ma
~dan S gnetic field pa rv
particular location over the earth’s surface periern as observed at

It's denoted or repr-

| presented by a uniform :
directed towards the earth’s ;eographic l\?(?::}:lel NS e
N

+

A A N A TL

Che magnetic field lines
Fig. 1.0 (g)

THE SUPERPOSITION OF THE MAGNETIC FIELDS
(a) Two Bar magnets placed with the adjacent poles being un-like poles.

Magnetic field lines

/

(b) Two Bar magnets placed with the adjacent poles being like poles
|

Neutral point

LN

S

Magnetic field lines
Fig. 1.1 (b)
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(¢) Two Bar magnets placed parallel and near each other with adjaceny

poles being unlike poles
Neutral point

Magnetic
/ field lines

GOHd@»
38

Fig. 1.1 ()
(d) A bar magnet placed in the Earth’s local magnetic field, with its Norg,
Pole facing the Geographic North

/
Magnetic—
field lines

Neutral

point

Fig. 1.1 (d)
(e) A bar magnet placed in the Earth’s local magnetic field with its South
Pole facing the Geographic North

r ¥ ] A +« A A N
Magnetic

field lines | Y} ‘I’
Neutral

point

Neutral
point

T/\ N

Fig. 1.1 (e)
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A neutral point - is a region of space in a magnetic field where two
magnetic fields have equal magnitudes but opposite in their directions i.e. the
resultant magnetic field is zero.

At such a point, the resultant force on a magnetic dipole or or a small freely
suspended bar magnet is zero.

1.2 THE RIGHT HAND GRIP RULE

Itis the rule used to predict the direction of a magnetic field when a current
is passed through a conductor or a wire in such a way that, if the right hand
is gripped, the Thumb represents the direction of the current provided,

While the four gripped, fingers will provide the direction of the magnetic

field around the current carrying conductor wire.

Thumb

(Current) +
I—

4 Gripped fingers -
(Magnetic field)

4 Gripped fingers)
Magnetic field
L direction

Fig. 1.2 (a)

It is also used to predict the direction of flow of a current if the direction of the
Magnetic field is provided.

Any straight conductor carrying a current, experiences a magnetic field around it.
The direction of a magnetic field around the conductor is given by the right hand
grip rule, which states that imagine a conductor to be griped in the right hand
with the thumb pointing in the direction of the current, the four gripped
fingers indicate the direction of the magnetic field around the conductor-

NB: The representations are interchanged or reversed when dealing with a coil
or solenoid, carrying a current.



|d patterns due to current - carrying conductgy, y

Magnetic fie
ga current vertically upwards

ght wire carryin

L—Current
Magnetic

field lines

{, AStrai

Fig. 1.2 (b) _
g a current upwards (out of the plane of the Paper

Current gut
of the plane
of the paper

(a) A Wire carryin

Magnetic
field lines
Fig. 1.2 (c)
(b)  AWire carrying a current downwards (into the plane of the paper)

Current jnto
the plane of
the paper

Magnetic
field lines

Fig. 1.2 (d)
2.  Magnetic fields due to two parallel wireg - '
(a) Inthe opposite directions rying currents

Current OUT

of the paper Current INTO

€ paper

Magneti
field lines

Fig. 1.2 (e)
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(b) In the same direction

(i) Current flowing OUT of the plane of the paper

Current flowing in each wire QUT of the
pne of the paper

field lines
Neutral point

Fig. 1.2 (f)

(ii) Current flowing INTO the plane of the paper.

Current flowing in each wire
INTO the plane of the paper

field lines

Neutral point
Fig. 1.2 (g)

NB: In each of the cases in (i) and (ii) above, there are more magnetic field
lines at the extreme outer positions of each wire than at the inner sections.
This implies the existence of a stronger magnetic field at the outer positions
and a weaker resultant field in the region between the wires. A resultant
magnetic force always acts towards the centre of the two wires (weaker field).

3. Magnetic field pattern due to a plane circular coil of N - turns

- Magnetic
field lines

L
I IT
- -

——E

Current out coil C t into the coil

Fig. 1.2 (h)



1.3

“12.

4. Magnetic field pattern around a Solenoid (a long coil)

‘ e r = @

3 e S

! I
L—{'\
Battery eostat
Fig. 1.2 (i)

NB:

When direct current is passed through a solenoid or a coil in the directjop,
indicated, in the figure 1.2 (i) the four gripped fingers of the right hanq
are used to indicate the direction of the several turns of the current
carrying wire constituting the coil. While on the other hand, the thumb
indicates the direction of the magnetic field B, at the centre of such a
coil, considered to be fairy uniform.

The “S and N symbols” - at the extreme ends, help to 1dentify the polarity
of the magnetic poles at the ends of the solenoid.

Assume you are looking at the cross - section on either side of the solenoid;
consider the direction of flow of the current, as clockwise or anti-clockwise,
The “letter S or N” whose end arrows agrees with the direction of current
i.e. same direction as that of the current through the coils of solenoid, is
the correct pole at that end of the solenoid.

Example, from the diagram in the figure 1.2 (), on the left hand side of
the solenoid, current direction is clockwise, so “letter S” agrees with the
current direction, hence the South Pole, S.

Likewise on the right hand side of the solenoid, current flows in the anti-
clockwise direction, and “letter, N” agrees with the current direction,
hence the North pole, N, is obtained at the right hand side of the solenoid.

MAGNETIC FLUX DENSITY, (MAGNETIC INDUCTION) B

Magnetic flux density (or magnetic induction) - Is the force exerted ona

conductor of length 1m carrying a current of 1A ina direction normal to the
magnetic field. Its Sl unitis a tesla (T).

A tesla - is the magnetic flux density across which, a conductor of length 1mand

arrying a current of 1A in a direction normal to the field experiences a magnetic
forceole ielT=1NAm)?
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Derivation for the force exerted on a current carrying wire or
(conductor)

Suppose a straight wire of length, L, having N free electrons each of charge e, has
a curret?t, I, flowing through it and is placed perpendicularly across a uniform
magnetic field of flux density B, the electrons attain an average drift velocity, v.

@ ® ® 8
l:f L ::

7 I
—<—@eeeeeeeeee—>j—<_

® ®f® ®

F
Fig. 1.3 (a)(i)
The magnetic force acting on each electron is given by;
Force on each electron, F1 = Bev, and the total force on N-free electrons,
F = NF, = NBev ButNe = Q (total charge on the conductor)

= BQv, But Q = It = F = BIt v, where, V =%
F =BIt x -
Hence, F = BIL
NB, suppose the conductor is at an angle 0 to the magnetic field, B

?7“/7 //

Fig. 1.3 (a)(ii)

/__V__

Force on each electron, F1= Bevsin 8
Total force on N-free electrons,
F = NF, = NBevsin® but, Q = Ne
= BQusin®, ButalsoQ =1t

— F = BItv sin 6, But, v =%
.. F = BIt X % X sin 6
Hence, F = BILsin©
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Derivation for the force exerted on an electron moving
a magnetic field, B, within a current - carrying wire (co

14,

ataspeed v, in
nductor)

Total force on a conductor of length, L, carrying a current I, across a magnetic
field of flux density B,is F = BIL but current flowing I = 2

~F=BIL= B (S'Z) L where Q = Ne, N = Total no.of free electron,

~F

N BNel L
= B (Te) L= but I=° (average drift velocity of electrons)

t

F
~ F = BNev But the force on each elctron, F, = N= Bev

Hence, the force on each elctron, F; = Bev

MAGNETIC FIELD, B, DUE TO CURRENT CARRYING WIRES (CONDUCTORS]

~
NB, The derivations for the expressions for the magnetic fields due to

current carrying conductors involves the use of The Biot - Savat Iqy
which is out of the context of our A’ level physics syllabus as of now,
However, learners are expected to memorize the expressions, and mqj,
use of them in various applications of the syllabus.

A straight wire carrying a current, |, in free space (Vacaum or Air)

At a perpendicular distance, d, from the straight wire carrying a current I, the
magnetic flux density, B, is given by,

_ Mol
B = 2nd
Straight wire (conductor)

carrying a current, |

vertically upwards + 1

B e

ossstae,,
.,

Magnetic ﬂeld——@ ........ X

Out of the plane !
of the paper

Fig. 1.4 (a)

NB: If the wire is surrounded by any other medium of permeability y, where

|
@—Magnetic field

B

into the plane
of the paper

u = ot where, u, = Relative permeability of the media.

The magnetic flux density, equals, B = i

Magnetic flux density, B, due to a current carrying wire varies inv

ul

_ Bolr I

with distance, d, as shown on the graph below.

2nd

ersely

|
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A graph of magnetic flux density with distance, and magneti
] C ﬂ d
against reciprocal of distance from the wire. it ux density

(i) Variation of B with d (ii) Variation of B with -

: i
£ 2

- =

- u m
§€ E§¢
Xy &2
s s g <

—
O Distance, d (m) 0 Dlstance,l (ln;>

Fig. 1.4 (b)(i) )

Fig. 1.4 (b)(ii)

NP: Graph (i) above shows that, as distance tends to zero, i.e. very close to the
wire, the' magnetlc flux density becomes infinitely large and as the distance
tends to infinity, the magnetic flux density tends to zero. While for graph (ii) B

. . 5 . 1
Increases with increase in the value, — .
d

Ampere’s law:

States that - the magnetic field due to a straight conductor is proportional to

the magnetic field produced and inversely is proportional to the perpendicular
distance from the wire. i.e. B « —“; 7
At the centre of a plane circular coil, of radius r, and of N - turns

each carrying a current, |, in free space (Vacuum or Air)

At the centre of a plane circular coil of radius r, and of N - turns of wire each

carrying a current I, the magnetic flux density, B, is given by,

uo N1

B = S (ii)

NB: We use the right hand grip rule to identify direction of the magnetic field
when that of current is known and vice versa. .

o . . Direction of the magnetic
_ . Direction of current in each turn of the coil A ——
Direction of the Direction of the the centre of the coil

magnetic field at th

tre of the coil magnetic field at the
centre

\ centre of the coil

N ] i
5 0
Current urrent
{ T
g:';ie[:lgtinto Current flowing into flowing out 0
the coil flowing out the coil. direction of - the coil.
' of the coil. flow of current

Fig. 1.4 (c)(i) in the coil. Fig. 1.4 (c)(ii)
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oil, (Solenoid) of Length, Land N - turns o,

At the centre ofalongc ,
each carrying a current, I, In free space

of (n - turns per metre),

(Vacuum or Air)

At the centre and along the axis of a long solenoid of n - turns per metre of wjy,

each carrying a current I, the magnetic flux density, B, is given by,
............................................ (iii)

B=u,nl= ‘u"LN’
NB: If a soft iron metal piece of permeability 1 is inserted into the solenoid, th,
magnetic field within the solenoid is given by the expression, B = punl = E_iﬂ
B =pu,pu,nl= EL”L—TH—I- v ee men ene e v ama sn wwin (B
Where, n = ﬁ:— is the relative permeability o f the soft iron.
- of a material is a measure of the conductivity of the

Relative permeability, pr
medium for magnetic field lines.

The greater the permeability of a material,
magnetic field lines and vice versa. Since the magnetic f1
measure of the magnetic field lines passing normally per unit area of the
material, thus it is also a measure of the magnetic permeability of the material,

Suppose the magnetic flux density in a vacuum or air is Bo, If tis air is replaced by
a material and the magnetic flux density in the material is B, then the ratio,

= = Hr is called the relative permeability of the material.
For a vacuum / air, . = 1, since % = 1 implying that relative permeability of a

the greater is its conductivity for the
ux density (B) isa

material is just a number or numerical value without units.
It is also observed that magnetic forces between two objects is much weaker

than the electrostatic force between the same objects.

B = Magnetic flux density at

the centre of the solenoid /

' s _«- By =Magnetic flux density at
the left hand side of the

~
- solenoid
_ &Y ‘
B, Bx Br = Magnetic flux density at
the right hand side of the
solenoid

Batt(,alry K Rheostat urrent, I, flowing
Closed switch through’tl;e solenoid.
Fig. 1.4 (d)
At,f the ends, L and R, along the axis of a long solenoid of n - turns per metre of
wire each carrying a current I, the magnetic flux density, B, and Bk, is the samé
Mo N1

2L

Ho NI

=B, =1
Bi=Bp=;mnn= 272 .. (v)

and given by, 1
B, = 2 (Hon 1) =
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A graph of magnetic flux density, B, with distance, x,

N from the ce
along solenoid, of n - turns per metre carrying a current | e
Magnetic flux
density, B
NI
B=p,nll= un_T

: <
lf)rloslt:l:;: ):.entre 0 ¥ : R Distancei
from the centre 0
Fig. 1.4 (¢) '

NB, T ' ;
he magnetic flux density at the centre of a solenoid is approximately

unifor i [
: df m, and. IS maximum at a value B = p,n I and this value progressively
educes as distance, x, from the centre O increases.

At the extreme positions L and R of the solenoid, the valué of the

magnetic flux density reduces to half the value at centre 0, on each side,
hence, BL=BR =%(‘uonl)

FLEMING’S LEFT HAND RULE: (OFTEN CALLED THE MOTOR RULE)
States that - Whenever a current carrying conductor is placed
perpendicularly across a magnetic field, it will experience a magnetic force
F = BIL, that acts in the direction of the Thumb of the left hand, while the
first and second. Fingers, placed perpendicular to each other and whose
plane is normal to the thumb, represent Magnetic Field, B and current I
respectively, as shown in the figure 1.5 (a)

Thumb

Forc
Directioel P First finger
| Magnetic

Field

Direction

SeCond finger
Current

direction

Fig. 1.5 (a)
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Force on a straight conductor currying current in a magnetic field

When a conductor carrying current is placed in ar.l extern.al magn(;tic field | 4
(produced by a permanent magnet for example), It experiences a force that wij
move it, if it m free to do so. This can be demonstratejd using the apparatus sh,
below. A metal rod is placed across metal rails that ¥le betw.een the poles of 3

horse shoe (U - shaped) magnet, as shown on the diagram in the figure 1.5(b)

U - shaped
magnet
I
Battery / ; B X
Switch F<
K / 7 A L

/ N ; ..h:' a

» opper rails F.

Fig. 1.5 (b)

When the switch K is closed, a current I is passed through the rod, XY in the
direction, X towards Y. By Flemings left hand rule, a magnetic force F = BIL acts on
the rod XY, acting from right to left, hence causing it to roll from the right hand
side along the raids towards the left hand side direction as shown. The directign

of force and hence the movement of the metal rod was predicted by Flemings left
hand rule.

Factors affecting the size of the force on a conductor

Simple experiments show that, the magnitude of the force (F) on a wire carryinga
current in a magnetic field depends on four basic factors as follows and the

magnitude of this force can be investigated by measuring the angle 8, of swing of
the wire as shown on the diagram that follows:

The magnetic field strength often called the magnetic flux density, B

The greater the magnetic field strength, the greater the force experienced by a
current carrying wire and F is proportional to B. i.e. (F < B)

The size of the current I, flowing through the wire (or conductor)

The greater the current flowing through the conductor the greater the force
exerted on the current carrying wire i.e. (F « I)

The length, L, of the conductor, within and across the magnetic fiel
The greater the length, L is the greater the force i.e. (F < L).
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The angle 0 of inclination of the conductor to the direction of the
magnetic field, B

Only the component of the magnetic field perpendicular to the current or vice
versa, produces the magnetic force on the conductor, but NOT the component
parallel to the current or magnetic field. It can be shown that i.e. (F < B sin 8)

Or (F o I sin 8) as shown on the diagram below. A conductor parallel to direction
of the magnetic field experiences no magnetic force.

The converse is thus true, i.e. maximum force is experienced by the conductor

when, 8 =T/, or 90° (i.e. The conductor is at right angles to the magnetic field)
and becomes zero when,d = 0°

Bsin 0 F
——> * £ o
B I B
-—
| L
—— } ~, R
_ < BsinBj} \\ -
I 0
<4 -
O ity 2= s
B cos 0 !
Fig. 1.5 (c)
Combining all the four factors given above, together.
F « BILsin®
or F = kBILsin @ where, k = constant, and experiments show that, k = 1
~ F=BILsin®
Explanations

The magnetic force experienced by an electron within the conductor is given by

F = Bev where v is the average drift velocity of the electrons.
Each electron interacts with one magnetic field line.

When the magnetic field strength is increased, the number of electrons interacting

with the field increases so the total force on the conductor as a whole therefore
increases.

From I = nevA, I < n, thus when the current flowing in the conductor increases, the
number of electrons increases, and since each experiences a force, F = Bev, so the
total force on the conductor as a whole therefore increases.

Increasing the length, L of the conductor within the magnetic field, implies
increasing the number of conducting electrons in the region of the magnetic field
and since each experiences a force, F = Bev, so the total force on the conductor as a
whole therefore increases.

When the conductor is parallel to the magnetic field Fleming’s left hand rule does
not hold so electrons do not experience a magnetic force. When the angle of tilt @ is



the field in
increased, the component of length L acros;mu n]: o
on the conductor increases reaching a max

sin90° = 1, from the expression,
other factors are kept constant

tic field
Why a conductor carrying a current across a magne :

experiences a magnetic force

-2,

creases, since LXF, the for,
when 68 = 90°since the

F =BILsin@ = F o«sinf whenall the

Magnetic south

pole\

Magnetic North
pole Magnetic field lines
-" > J > —
N—— 7~
e
q &

Direction of Current, I

flowing into the plane
of the paper

The wire then exp
downwards Form

eriences q resul

the region o

!

The wire carrying a current, produces a m
direction given by the right hand grip rule
The magnetic field of the wire interacts
provided by the pole pieces of the magnet.
 The two magnetic fields interq

>

Neutral point

S
——
—
—
e
——
— |

S

(Force exerted on the wire )
Fig. 1.5 (d)

agnetic field around itselfina

with the external magnetic field, B,

ct and reinforce each other above the wire

tant magnetic force F = BIL acting vertical)
f stronger magnetic field towards the region”
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Experiment to investigate some of the factors affecting the size of force
exerted on a wire PQ carrying a current across a magnetic field.

&8 A <+—Fixed Plastic or
wooden support

\‘ r
s P
td

4

SPP . B Direction of
Q’,-" deflection of

wire PQ

hick and stiff
copper wire

Fig. 1.5 (e)
Using the set up shown in the figure 1.5 (e), using length PQ = L, switch K is
closgd, and wire PQ kicks off to the right, and the maximum angle 0o of
deflection is noted. The switch is then opened and the wire PQ left to settle
down without movement.
Current I is increased using a rheostat Z, then switch K is closed, the new
deflection 01 is noted. It is observed that, 81 > 0,. This implies the magnetic
farce on wire PQ increases with increase in current flowing through the
wire.
Bar magnets of the same size are then added on each pole of the “C” shaped
magnet, and the experiment is repeated and the new deflection, 0. It is
observed that, 82 > 0,. This implies the magnetic force on wire PQ increases
with increase in the magnetic field strength, B, across the wire.
The length, L of wire PQ, is increased and the experiment is repeated and the
new deflection, 03 is noted. It is observed that, 83 > 8,. This implies the
magnetic force on wire PQ increases with increase in length L of the wire,
across the field. ’
The orientation,  of the wire PQ to the magnetic field, is reduced where
B < 90° and the experiment is repeated. The new deflection 0. is noted. It is
observed that, 04 < 0,. This implies magnetic force on wire PQ decreases
with decrease in angle B of inclination of the wire to the magnetic field.

MAGNETIC FORCES EXPERIENCED BY CURRENT CARRYING WIRES

When a current currying wire is placed across a magnetic field provided by

another current carrying wire, the two magnetic fields interact creating regions of
reinforced magnetic fields and reduced or cancelled out magnetic fields. This
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causes the wires to experience magnetic forces as demonstrated by the fOllOWing

set ups.

Two straight parallel wires W1 and W carrying currents I1 and I; in

the same direction 7

(i) Two wires carrying currents upwards (ii) Two wires carrying currents IJG!l'pendiculaﬂy
into the plane of the paper.

—Current
|

urrent I, Intg
_ theplane of the
paper

«—d—>  Currentl, Into the _ field lines
Fig. 1.6 (a)(i) Plaue ofthe paer Neuu‘:ilglpf ;n(;)(u)
Magnetic flux density at a perpendicular distance, d, at the position of wire 2 due
to wire W1 is given by B, = % NN ( )
Similarly, magnetic flux density at a perpendicular distance, d, at the position of
wire 1 due to wire W2 is given by B, = ZOTI; ST (1)

Thus, by Fleming'’s left hand rule, a magnetic force,
F, = B,1,L and substituting for B, from equation (ii) we obtain;

U, I
F, = By)I,L = ﬁ—; L where L is the length of each wire,

LILL
wF = (uoz—:”;—) acting towards Wy .............. ... (iii)

Likewise, by Fleming’s left hand rule, a magnetic force, on wire W,
F, = B;I,L and substituting for B, from equation (i) we obtain;

Ko Iy ;
F, = Bi,L = T d L where L is the length of each wire:
Holy I L .
vF, = (—m—) acting towards W, ........ .. . e (IV)
NB:  From equations (iii) and (iv), the two wires have the same magnitude of
\ — 1 .
force, ie. |F1| - |F2| =F= (EO—Z#) and is an attractive force

pulling the two wires together, towards each other.
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Two straight parallel wires W1 and W-, carrying currents I, and Iz in
opposite directions.

Current, I; urrent, I,
OUT of the INTO of the
pPaper

paper

Magnetic

field lines

Fig. 1.6 (b)

Magnetic flux density at a perpendicular distance, d, at the position of wire W
due to wire W1 is given by B, = 201

gl T e e e (D)
Similarly, magnetic flux density at a perpendicular distance, d, at the position of
| wire 1 due to wire Wz is given by B; = ;‘“HI; R ORI )

Thus, by Fleming’s left hand rule, a magnetic force, .
F, = B,I,L acting to the left of W, & sub. for B, from (ii), we obtain;

I
F, = B,LL = % I,L where L is the length of each wire.

I L
Fi= (N—OZI—Z—;—) acting away from W, i.e.to the left of Wy ........(iii)
T
Likewise, by Fleming's left hand rule, a magnetic force, on wire W,

F, = Bjl,L and substituting for B; from equation (i), we obtain;

F, = B,LL = go I; I,L where L is the length of each wire.
T

= (ftozi%li) acting to the Right of W, i.e away from W, .....(iv)
T

NB: From equations (iii) and (iv), the two wires have the same magnitude of force,
_p_ (Bolil2L
e Rl = 1Rl =F = (*523) |
and is a repulsive force pushing wires apart or away from each other.

¢ 3. The definition of an ampen’a

[t L
From the expression, F = (—%) when the two parallel wires above, each of
length, one metre, placed one metre apart in free space, and if each is to carry a
current of one ampere, then substituting, uo =47 x 10" Hm=1,1, =14

-7
12 =1A,d=1mandL=1mthen,F= (4nx102;1>;(;:1.0x1.0)=2'0x10_7N'

then an ampere is defined as follows,
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Definition ; .
An ampere - is the steady, (direct or constant) current which when flowing j,

each of the two straight and parallel wires of negligible cross _,sectlonal areq,
placed one metre apart in a vacuum, exert a force of 2.0 X 107"N per metre of gqq

other’s length. :
. Absolute measurement of current using a current balance

The method is called absolute, because its accuracy is derived from the |
measurements based on some of the basic quantities like length, L, mass M ang
probably time T that do not require calibration of the instrument used in the
measurement, using a slide wire potentiometer.

Method |
Diagram: of a simple current Balance.
Fixed—— Insujator Zero adiuster
insulating
frames
‘ 0 Rigid copper N =
re frame 3
T Scale pan
Mg

Q—lll
Rhestat Battery pig. 1.6 ()

The mode of operation:

* When switch K is open, the rigid rectangular copper wire frame PQRS is mad¢
horizontal by the help of the zero adjuster.

* “Switch K is then closed and a suitable current I is made to flow through wires
QR and VW in opposite directions and produce a downward deflection on QR |

* Small weights of are carefully added into the scale pan, until the wire frame
PQRS balances horizontally about pivots Pand S,
The total weight, Mg in scale pan is then noted.

The length, L of wire QR is then measureq using a metre rule and recorded
down,

2nd

=MN, and QR=L
* The value of the current, | js then calcylateq from the expression,
[ = 2nd mg
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Method I1

Diagram: of a simple current Balance.
Fixed insulating frame

Electrical
insulator

Zero
adjuster

" Pivot or
F=BIL knife edge
Rheostat

Mg

Z K Fig. 1.6 (c)(ii)

The apparatus is set up as shown on the diagram in figure 1.6(c)

e DCNE is a conducting copper wire frame such that AD = AE.

When switch K is open, i.e. with no current flowing in the circuit, the zero
~ screw (adjuster) is adjusted until the rigid, rectangular copper wire frame
CDEN balances horizontally.

e The switch, K, is then closed and the current flows through the two parallel
wires CD and GH in opposite directions, causing wire CD to be repelled
vertically downwards. ;s

¢ Small masses are carefully added into the scale pan until the horizontal
wire frame CDEN balances horizontally again.

e The total weight Mg, in the scale pan is noted, and recorded down.

e The length L of wire CD is measured using a metre rule and recorded down.

e The distance, d, of separation of the wires CD and GH is also measured
using a travelling microscope and recorded down.

e Now since practically the distance, AE = AD, and CD = L

e The value of the current I is calculated from the expression,

d
[ = il where, po = 4m X 107’ Hm™1
Ko L

NB: Other versions of current balances do exist but use the same concept for
their operations.

This knowledge can be used to determine the size of the magnetic flux density B,
provided by a given source of magnetic field. For example, the magnetic flux
density, B, between the pole pieces ofa U - shaped magnet can be determined, the
magnetic flux density at the centre of a plane circular coil and at the centre of a
solenoid can similarly be determined. '
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5. Magnetic flux density between the pole pieces ofal - s'haped magnet
| |

le—d; > d;
Strong magnet
B

Z
/
//W/////////////ﬁj//_///// 7777777777777/ 77 77777777777
gid Rectangular copper wire frame -

Fig. 1.6 (d)

J The experiment is set up as shown on the diagram in figure 1.6 (d)

J With switch K open, the rigid rectangular copper wire frame PQRT is made
horizontal using the zero adjuster. -

. Using a suitable setting of the rheostat Z, switch K is then closed, such that
a current I flows through the wire QR normal to the magnetic field, B, in
such a direction as to cause wire QR to move vertically downwards. The
setting of Z may be altered until wire QR registers a reasonable and
measurable downward force, F = BIL. ’

o Small weights are added into the scale pan until the wire frame PQRT
balances horizontally.

. The ammeter reading I is then noted.

o The total weight, Mg in the scale pan is also noted.

. The length L = QR of the part of the wire between the pole pieces of the
magnet, is measured using a metre rule and recorded down.

o Taking the distances RY = YT = NV as known values provided on the
instrument or that can be measured, the magnetic flux density, B is

* calculated from,

o BIL X RY = Mg X (YT + NV) where RY = d; and (YT + NV) =d,

» = B = (Md—‘ql’-;%) assuming d, = d,,then,B = (“"—‘I")
NB: In order to investigate effect of length, L on the force F exerted on the
wire carrying a current in a magnetic field, a number of equally strong U -
shaped magnets are placed in series so that the varying length, of the wire

is between the adjacent pole pieces of the magnets.
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Measurement of magnetic flux density at the centre of a plane
circular coil carrying a current
Diagram

Plane circula
coil

Practically PQ = NM Zero
dy _,l ad]uster

I

e
Rectangular—I ?
Copper wire -Scale pan
frame Z1 4 Mg
Insulatin | 7 ]

stands @

Z,

|

K;
Fig. 1.6 (e)

The experiment is set up as shown on the diagram in the figure 1.6 (e)

With switches Ki and Kz both open, the rigid rectangular copper wire frame

PQRS is made horizontal using the zero adjuster.

Using suitable settings of the rheostats Z; and Z, switches K and K are

then closed, such that a current I, flows through the wire QR normal to the

magnetic field, B, in such a direction as to cause wire QR to move vertically
downwards.

" The setting of Z; may be altered until wire QR registers a reasonable

downward force.
Small weights are then added into the scale pan until, the wire frame PQRS
again balances horizontally.
The ammeter reading I1 is then noted.
The total weight Mg in the scale pan is also noted.
The length L = QR of the part of the wire, at the centre of the coil is
measured using a metre rule and recorded down.
Taking the distances PQ = NM as known values provided onrthe instrument
or that are measured using a metre rule, the magnetic flux density, B at the
centre of the plane circular coil is calculated from,
BI,Lx PQ = Mg X NMwhere PQ = dy and NM = d,

_ Mg X dz)
kb ( d, I, L
NB: The same principles are used for measuring the magnetic flux density
at the centre of a long solenoid.
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(ii)

(iii)

(iv)

8.
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i ensity at the
Factors affecting the size of 91e magnetic flux density
centre of a plane circular coil

The factors include the following:
The number of turns, N, of the coil cany‘ing a cur;ent I.tu ok
Magnetic flux density increases with increase in the number of turns of the
coil. ie. B x N .
The current, I, flowing through the coil. | ‘
Magnetic flux density increases with increase in the current, I flowing
through the coil. i.e. B < I .
The radius r, of the plane circular coil.

Magnetic flux density increases with a decrease in the radius of the coil.

, ;
ie. B <=
,.

The magnetic permeability, u of the medium in thg region of the
coil.

Magnetic flux density increases with increase in the strength of the
magnetic permeabllity threading the plane of the coil. i.e. B < u

Varification of the factors affecting Magnetic flux density at the
Centre of a plane circular coil.

Variation of Magnetic flux density at the centre of a plane circular coil, with
the number of turns, N of the coil.

* Aplane circular coil of known number of turns N is connected to a d.c
source via a rheostat Z; and an ammeter, A,.

* When switches K and K are both open,
copper wire frame PQRS

Plane circul

the plane of the rigid rectangular
is made horizontal using a zero adjuster.

cofl Practically PQ = NM | Zero
dx adjuster
B k. . -
57 !1 O'E
v Recmngular——1 s
124 F Copper wire Scale pan
y frame g<
‘ Insulatin
@ stands
Z
! | ; K, Iy
K2

deflection on wire QR is registered.
* The ammeter reading I is noteq,

* Small weights are added into the scale Pan until the wire frame PQRS
balances horizontally. -
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=99
* Thelength L of wire QR is measured using a metre rule and the total weight
NI
Mg in the scale pan is noted. i.e. BI;L d; = Mg d;, where, B = 0”2

2r
BLLd,=Mgd, since,B =202 = =241 _, oy,
2r Holi1,L d;

* Keeping values of radius, r, of the coil, currents I; and I, all constant, thg
experiment is repeated using different increasing number of turns, N of
different samples of the coil of the same material of the wire each time
and in each case, the total weight Mg in the scale pan is noted.

* The results are tabulated in a suitable table including values of N and Mg.

* Agraph of N against Mg is then plotted and gives a straight line through the
origin.ie.= N « Mg and since, B x Mg = B « N
Hence, the magnetic flux density, B, at the centre of a plane
circular coil varies directly with the number of turns, N, of the coil.

() Variation of number of turns N, (ii) Variation of Magnetic flux density, B
with weight, Mg with number of turns N

n
=
—>

Number of turns, N
Magnetic flux
density, B (T)

(=]

> >
Weight, Mg (N) O  Number of turns, N

Fig. 1.6 (g) (i) Fig. 1.6 (g) (ii)
" = N « mg but,assuming, d, = d;, Mg = F = BL,L = mg « B

~» B o« N ie. magnetic flux density varies directly with the number of
turns of the coil.

Variation of Magnetic flux density at the centre of aplane circular coil, with
the Current, I, flowing through the coil.

e A plane circular coil of known number of turns N is connected to a d.c
source via a rheostat Z; and an ammeter, A; as shown in the figure 1.6 (h)

Plane circula

coil Practically PQ = NM | Zero
: \ d, d z_,‘ adjuster
B I, ',-"' :‘ OE
S i
l Rectangular—-1 % ‘: El
I F Copper wire H H ' Scale pan
{ frame ! 1t
Insulatin H
stands -
Az

K, I
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When switches K; and Kz are both open, the plane of the rigid rectangular
copper wire frame PQRS is made horizontal using the zero adjuster.
Switches K; and K are then closed and current I1 through wire QR is noted
on ammeter Aj. -

The current, I; through the coil is also adjusted using rheostat Z; until a
reasonable downward deflection on wire QR is registered.

The ammeter reading I is noted.

Small weights are then added into the scale pan until the wi?e frame PQRS
again balances horizontally.

The length L of wire QR is measured, using a metre rule and the total
weight Mg in the scale pan is noted.

Keeping values of currents I3, 1, d1, dz, L and N constant, the experiment is
repeated, using different increasing values of current, I flowing through
the coil each time and in each case, adjusted using rheostat, Z2, the total
weight Mg in the scale pan is noted each time.

The results are then tabulated in a suitable table including values of Iz and
Mg.

A graph of I; against Mg is then plotted and gives a straight line through the
origin.i.e. = I, « Mg and since, B x Mg = B « I

From the theory:B/,L d, = Mg d,, where, B = "JZN—rIZ
= ; _ HoN Iz _ 2rMgad,
BI,Ld, = Mgd, since,B = == I =  TRLL = [, x Mg

Since, uo 1, N, 13, L,d; and d, are all kept constant.

Since, I, «x Mgand B « Mg = B « I,

Hence, the magnetic flux density, B, at the centre of a plane
circular coil varies directly with the number of turns; N, of the coil

(i) Variation of current, I; flowingin (ii) Variation of Magnetic flux density, B

the coil with weight, Mg. with I; flowing in the coll.
=4 54
2 33
3 = g5
> . _——>
o Weight, Mg (N) o Current, Iz (A)
Fig. 1.6 ()(i) Fig. 1.6 ()(ii)

= [, « mg but,assuming, d, = d,, Mg = F = Bl,L = mg B
~ B « I, ie. magnetic flux density varies directly with the Iz flowing
through the coil. .
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Variation of Magnetic flux density, B, at the centre of a plane circular coil,

with the radius, r, of the coil

* Aplane circular coil of known number of turns N, is connected to a d.c
source via a rheostat Z; and an ammeter, Az as shown in figure 1.6 (j)

Practically PQ = NM |_ Zero
d adjuster
‘ 2

I O‘E
Rectangular—1
Copper wire Scale pan
frame

Insulatin

@ stands i F
| l = K, I
K> Fig. 1.6 (j)

e When switches K; and K: are both open, the plane of the rigid rectangular -
copper wire frame PQRS is made horizontal using the zero adjuster.

e Switches Ki and K; are then closed and current I1 through wire QR is noted
on ammeter Ax. Current through the coil is also adjusted using rheostat Z,
until a reasonable downward deflection on wire QR is registered.

e The ammeter reading I is noted.

e Small weights are added into the scale pan until the wire frame PQRS
balances horizontally again.

e The length L of wire QR is measured, using a metre rule and the total

; NI
weight Mg in the scale pan is noted. i.e B1,L d; = Mg d, where, B = ﬁozr_z

p __HoN I 1 2rMgd, 1
- BllLdz=MngSlTlC€,B—T=>r—m=)’r «Mg

® Keeping values of I3, Iz, di, d2, L and N all constant, the experiment
is repeated, using different samples of the coils of the same wire but of
different increasing radii, r, of the coil each time and in each case, the
sample coil is connected to the above circuit in figure 1.6(]).

e The total weight Mg in the scale pan is noted when the wire frame PQRS
balances horizontally.

1
o The results are then tabulated in a suitable table including values of, r, -
and Mg,

e A graph of 2 against Mg is then plotted and gives a straight line through the
r

. 1
origin. i.e.=>-,17 « Mg and since, B x Mg = B « =
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f Magnetic flux q
(i) Variationo —
(i) Variation of 1 with weight, Mg with ‘i
¥

\
1 1A
;(m L |

Magnetic flux
density, B(T) *

> % P
o Weight, Mg (N) Y Current,; (m-1)
Fig. 1.6 () (i) Fig. 1.6 (K)(ii)
=F = 1
=1« mg but, assuming, dy=dy, Mg =F = BI,L = mg o«
¢ 3
2B i ie magnetic flux density varies inversely with the radiys, ,
r

of the coil.

1.7 EXAMPLES & EXERCISES ON CURRENT CARRYING CONDUCTORS

1.

(a)

(b)

(a)
(b)

" Write down the expressions for the magnetic flux density due to each ope
of the following current - carrying conductors placed in air.
(i)  Ata perpendicular distance, d, due to a straight wire carrying a
current|, in air.
. (i) A plane circular coil of N - turns and of radius R, each carryinga
current L.
(iii) A long solenoid, of n - turns per metre carrying a current I.

Two straight and parallel wires W1 and W each of length 0.25 mare
- carrying currents of 2A and 5A respectively in the same direction and are
separated by a distance of 10.0 cm in air. Determine the;

(i) Position from W1 for which the resultant magnetic flux density is zero
(i)  Magnetic flux density mid-way between the wires.
* (iii)  Magnetic force exerted by W1 on W5

Solutions:
; — Mol p __ MoNI
(l) ~ 2nd (ll) = 32R (lll) B = [lonl
()
W, |
L Len-x) W
h Let the neutral axis be a distance, x from
! wire W1
ol
. B\ »By = F; mto the paper while
Y SO Y P )
% | Fr<et = 21:(0 10 out of the pap
1| The neutral . B - (B "0’1 [‘o’z
| axis (point) 17 5D = 2mx ~ 2m(0.10-%)

Fig. 1.7 (a)
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Bo (11 Iy 41t x 1077 [2 5
R = . A U i PO

2w \ x (0.10-x) 2 x  (0.10-x) but B i
47 X 1077 (2 5 ) 2x 1077 [2(0.10-x)-5
JEXI0 & =0 [ 10-x x] -

2® x  (0.10-x) = x (0.10-x) 0
-8

o, o e 4.0x 10

a0 x 10— = 2.86 X 1072m

Hence, the neutral point is 2.86 cm from wire Wi

(i)  Mid - way between the wires, x = (d — x) = x = & = %1

—2_,= 0.05m

N

' ol 4T X 1077 x 2.0 ! g
5 By 2‘;: = "M o5 = 8:0x 10 T, into the paper

. p. M2 _4rx1077x50 -5
and ~ B, = e o 2.0 X 107°T, out of the paper

Hence, the magnetic flux density mid-way the wires W; and W2is
“*B=(Bz— B1)=(2.0x10"5 -8.0x107¢) =1.20 x 10~-5T acting
perpendicularly out of the plane of the paper.

Bolil2L 4w x 10”7 x 2.0% 5.0x 0.25
iii) LetFy = B,I{L = =
(ith) 1 271 2 d 2m x(0.10)

~F1=5.0x10"°N acting from W, towards W,.

The figure 1.7 (b) shows two wires AB and CD each of length 5.0 cm and each

carrying of 10.0 A in the directions shown. A long conductor carrying a current
of 15.0A is placed parallel to the wire CD, 2.0 cm below it.

I A
3.0 cm
pesadl - 5
‘ 2.0 cm A long conductor
L P

Fig. 1.7 (b)(1)

(i)  Calculate the net force on the long wire.

(ii)  Sketch the magnetic field pattern between the long wire and wire CD
. after removing wire AB. Use the field pattern to define a rieutral point.

Solution:

NB: Two parallel wires carrying currents in opposite directions exert repulsive
forces on each other, but of equal magnitudes.
Two parallel wires carrying currents in same directions exert attractive forces

on each other, but of equal magnitudes as summarized by the diagram in figure
1.7 ()



d/’%___.;l’
posls) | 5 "
I4

r

@__—-pl-’
F<_’® I
I Where, the
R > F<———® force, F is
I f Iz given by,
' Mo I1 1L
@-—»F *——Ql 2 % d
2
h Fig. 1.7 (¢)
(i) .
4 10.0 A A
1 )
3.0 cm
10.0 A
c—% T,
2.0‘cm sz Along conductor—l

-
Ve, 15.0A

Fig. 1.7 (b) (ii}
Let F1 be the force on the long wire due to current flowing in the wire AB
Let F2 be the force on the long wire due to current flowing in the wire (D
HolilzL 4w x 1077 x 10.0 X 15.0 X 0.05
Fr==r7= 2m x (0.05)
* F1 = 3.0 X 107 N vertically downwards.
Polo3L 4w x 1077 x 10.0 x 15.0 X 0.05
O 2m x (0.02)
“F=75x 105N vertically upwards
Thus the resultant force,. F=F, — F, =(75-3.0)x 1075
~F=45x 10-5N vertically upwards
(i)  Since wire CD and the long wire car
magnetic field pattern has the shap
NB: Since the long wire carries a'm
long wire produces more magnetic
neutral point lies closer to wire CD

Ty currents in the same direction, the
e below.
uch bigger current than wire CD, the

field lines than wire CD, and the
than the long wire,

lines

Long wire
15.0 A
Carrying
current into
Fig. 1.7 (qy the paper
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The neutral point - is the region between the two wires where two magnetic
fields are equal in magnitudes but opposite in directions and the resultant
magnetic field is zero. '

Define the following terms:

(a)

(b)

(c)

(b)

)
(i)
@
(ii)

Magnetic variance.
Magnetic meridian

Define an ampere.

Three parallel wires P, Q and R each of length 0.8 m carrying
currents of 3.0 A, 6.0A and 8.0 A respectively, are arranged at the
corners of a triangle PQR of sides 5.0 cm, 12.0 cm and 13.0 cm as

shown in the figure 1.7 (e)
3A 13 cm 6A
P(x X
Q
5cm
12 cm
R
8A Fig. 1.7 (e)

Determine the resultant force experienced by wire Q.
Describe an experiment to measure current accurately.

()

Solutions

(i) Magnetic variance - is the angle between the Earth’s Magnetic and
Geographic meridians.

(i) Magnetic meridian - is a vertical plane in which a freely suspended

_ Bar magnet sets and contains the earth’s magnetic poles.
The ampere - is the steady or constant current which when flowing
through each of the two straight, parallel and infinitely long wires of
negligible cross-sectional area separated by a distance of 1m apart in
a vacuum exert a force of 2 X 10~7Nm™" on each wire.
- (ii) LetFr and Fr be the magnetic forces on the charge at Qdueto

charges at points P and R respectively.
NB: The triangle of charges is a right angled A.
+y




)

* the frame CDEF is restored.

" 36.

5
=— = = .6°
- S or cosf=- or tanf =75 o =226
§ing =32 o 13 = Gt
4mx107T XXX = 2,22 X 1075N

I =
Fp = Blglq = (%??E) laka =™ 2nx013 '
ol 4mx107X6X8X08 _ ¢ 40 x 105N
Fr = Blglq = (?on_a) ke = 2mX0:12

-5 x> =246 x 107°N
TFy=FRsin9=6.40><105><13 2.46

-5 }E — X -5
L E, = Fycosf — Fy = (640 x 1075 X 17) = 2:22 X 10°
~ F,=3.69 x10™°N ;
Resultant force, F = /F? + F}

= F =,/(3.69 x 1075)2 + (2.46 X 107°)?
. F=4.43%x1073N

-1 Q
2.46X1075 _
In the direction f = [tan (———) ] = 33.7°

3.69x1075
Hence, the resultant force is 4.43 X 10~°N at 33.7°
to the + X — direction.

Diagram of A current Balance.

Fixed insulating frame

upporting wire GH — Electrical

insulator
. N Zero ’

If v adjuster
0
- A
* "\ Pivot or E
: F=BIL knife edge cale pan
Rheostat -
4 K Mg

Fig. 1.7 (g)

The apparatus is set up as shown up as shown on the diagram in the
figure 1.7 (g).

- DCNE is a conducting wire frame such that AD = AE.

With no current flowing, i.e. when switchKis : juster)
VHIH le. open, the zero screw (adjuste!
is ad)us.ted until the frame CDEN balances horiI;ontally.

The switch is closed and the arm CD is repelled vertically downwards.

Masses are added into the scaje pan until the horizontal balance position of

The value of the current| is calculated from, | = /2“ Mgd ’
Where, 114 = 411 x 1077H m -1 ho L
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(a) Two parallel wires P and Q each of length 0.20 m carry currents of 10A and

1A respectively in opposite directions as shown on the diagram in the
figure 1.7 (h) (i)

Fig. 1.7 (h) (i)

The distance between the wires is 0.04 m. if both wires remain stationary
and the angle the plane makes with the horizontal is 30°, Calculate the
weight of wire Q.

(b) Awire of thickness 0.34 mm and of length 7.85 m is wound into a circular
coil of radius 0.05 m. If a current of 2A passes through the coil, find the;
(i) number of turns of the oil.

(if) value of the magnetic flux density at the centre of the coil.

(c)  Acoil of 50 turns and radius 4 cm is placed with its plane in the earth’s
magnetic meridian. A compass needle is placed at the centre of the coil.
When a current of 0.1 A passes through the coil, the compass needle
deflects through 40°. When the current is reversed, the needle deflects
through 43° in the opposite direction.

(i) Calculate the horizontal component of the earth’s magnetlc flux
density.

(ii) Calculate the earth’s resultant magnetic flux density at the location
where the angle of dip is 15°.
Solutions

(a)

Assuming wire P is fixed, The,
repulsive magnetic force F = BIL just
prevents the weight component Mg
sin 8 from moving it downwards. i.e.
Wsing =2

,w__“o_’L’L"
“W T 2ndsin 0

Amrx10~7x10x1x0.20
W= .
2mx0,04

~W=10x10"5 N
() () Oneloop or turn of the coil = circumference of a circle = 2mR

L _ 785
i.e. @mR)N = L (Length of the wire) ». N = (2MR)  2mx0.04

Fig. 1.7 () (if)

= N = 31.2 turns
s N = 31 turns.
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(i) Assuming the turns of the coil touch each other, it im[ilies 31 turpg,
the thickness, d, of each wire = total length, I ,of the coil.
e ugNI _ po¥I _ ol
d

.-.Nd=landusingB=#on1= ] Nd

o B = po I _ 4wx10~7x 2.0 —7.39 X 10—3 P

“ b= T T T034x107? )

gnetic field is along the magnetic

(c)  Horizontal component of Earth’s ma

meridian.
Bug=—""""7" #BR
6146 40°4 43°) _
S 040,043 0= (ax22) = (=) =415
7 | B _ poNI _ __HoNI
| 3// | Thus, tan 41.5° = By 2rBy = By = 3 anais
! -7
5y Camx 107X 50X 0.1 oo oSy
B. Bi=737004 x an4l5°
~By=8.88x10"°T
—Coil
l/ \\I Fig. 1.7 (i)
By

(b) At the location where angle of dip, a = 15° = cos 15° = i

B 8.88 x 1075 N
B= = =9.19 x 10™°T
cos 15° cos 15°

(@ (i) Define the Magnetic flux density.

(i)  Write does the expression for the force on a conductor of length L
carrying a current I when it is inclined at an angle 6 teo a uniform
magnetic field of flux density B. Use the expression, above to derive
an expression for the force experienced by one electron of charge, €.
and moving with an average drift velocity, v.

(b) The figure 1.6 (u) represents a simple current balance. When switch, Kis
. open the force required to balance the magnet is 0.20 N. When switch, Kis
closed and a current of 0.50A flows, a force of 0.22 N is required for
balance.
Pivot

Magnetﬁ A \é -
Scale pan

D




(c)

(b)

-39.

(1) Determine the polarity at the end of the magnet closest to the coil.

(i)  Calculate the weight required for the balance when a current 2A
flows through the coil.

In .the diagram in figure 1.7 (k)(i), a copper rod PQ of length 12.0 cm is

guided between a pair of parallel vertical metal rails with perfect electrical

contact. PQ is directly above wire WX fixed on a flat horizontal table and
parallel to PQ. '

N 3.6 A
o
P Q
3.6

d

% l 3.6 A w
TS 7777 -

Fig. 1.7 (k) (i)

Given that wire PQ has a mass per cm of 3.0 mg cm- 1and carries a current
of 3.6 A. )
Determine the distance, d, between the wires PQ and WX for which PQ
remains stationary at equilibrium.
Solution
(i) Magnetic flux density - is the force exerted of a 1 m long conductor
, carrying a current of 1 A in a direction normal to the field.
(i) F=BILsin®
Current flowing I = %

& F = BNe%sin 0
~F=BNevsin® but %: -
Force on one electron  F; = I-';-

F, = Bevsin6
(i) When switch K s closed, a current flows through the solenoid,
: in a clockwise direction while observing at the top.
This makes the top end of the coil a South pole, but since there is an
increase in the size of the force required to establish horizontal

equilibrium, it implies the lower end of the magnet a north pole
being attracted by the south pole of the top side of the solenoid.

(i) WhenKisopen, weight of the magnet = weight in the pan = 0.20 N
When K is closed, a current flows through the coil and a magnetic
force created is proportional to square of current flowingie. F B

— F=k? » 020+ kI =022..ccue. (D) when, I1 = 0.50 A
—» k = 0.08 NA? thus when the current becomes, I = 2.0 A
= 0.20 + k122 = ' ves 4es Was aee 333 0ve ave ans ses ter sea e (li)

. F'= 020+ 0.08x 2.0%=020+032=052N



(c)

(b)

F
3.6 A
—
o - Q o
| 1
3.6 AA %
W = mg
l 3.6 A -
x'/7777/ S IA S //////}’777777777‘/
F'  Fig. 1.7 (K)(ii)
wo =L m _ =g i
At equilibrium, F = mg, where, F = ;+m1— and — = 3.0 X 10~Skgem-1
~mass of PQ, m = 3.0 X 10°kgem™ x 12 cm = 3.6 X 10~ 5kg
et e gl JR _ kol’L
Thus at equilibrium, s = Mg = d -

The current flowing in the two wires WX and PQ in. opposite d.irecﬁons
causes each wire to experience a repulsive magnetic force'a. This force acts
against the weight of wire PQ. When the twg fc?rces equa}lze, the .\/vire p
stops rising or falling, thus horizontal equilibrium of PQ is establisheq

2 ~7 % (3.6)* X 0.12 -
d=f b X0 X (G = 881x 10™*m
2mmg 2w X 3.6X1075 x 9.81

~d=8.81x 10*m

~ The figure 1.7 (1) (i) shows two parallel wires P and Q of infinite length

Carrying currents of 30 Aand 2 A respectively and are separated by a

distance of 10.0 cm apart.
Wire P Wire Q

l
X .
30 10 cm 2ZA
Fig. 1.7 (1)(i)
(i)  Determine the resultant magnetic field midway between the
wires.

(i)  Atwhat distance from wire q is the resultant magnetic flux

density zero?
The figure 1.7 (m)(i) shows a beam of electrons directed into a region of
uniform magnetic field of flux density 0.80 T, perpendicularly out of the

. plane. The electrons enter the magnetic field with a speed of 2.0 x

10°ms~ at 45°.Where necessary, use (i =176 x 1011 ¢ kg'l)

0] (0] B@® [0)

0] 0] 0]

0] (0} [0)

Fig. 1.7 (m)(i)



(a)

(c)

(i)
(ii)

Explain the motion of the electrons while inside and out of the
magnetic field.

Calculate the radius of the circular path described.

Solutions

(1)

(ii)

Let Bp and Bq be magnetic flux densities due to wires P and Q
respectively.

te—0.05 cm—>+—0.05 cm—
Wire P— Bp ® +—Wire Q
30A +

® Bo Y24

le———————— 10 cmMm———*

Fig. 1'.7 (m)(ii)

_ Holq
and BQ - “Tem

Mid-way between the wires, d = 0.05 m and B = Be + Be
_ Mo _ 4mx 1077 _ 3
B=22(lp+1g) = 500 (30 +2) =896x 10°T

21 X 0.05
Let the neutral point be a distance, y, from wire Q to the right.

I
szuop

Wire P

‘Wire Q
30A PR -

I- 10 cm > y—>
Fig. 1.7 (n)(iii) '

I Kol :
p =__FoF and By = 23 sinceB=0
21(0.10 + y) 2wy

=>Bp—Bq=OOI'Bp=Bq
) Holp  _ Holg 10
" 2m(0.10 +y) 2my 0.10+y)

5y =(0.10+y) = y= 2.5 x107°m
When electrons enter the region of uniform magnetic field, by

2
Yy

-Ltl-

Fleming’s left hand rule the electrons (charged particles) experience
a magnetic force, F = Bev,andasa result of changing velocity, the
electrons experience an acceleration that acts towards the centre of

mv?

a circular path, as provided by the centripetal force, F =

Where, m is the mass of an electron and v is the velocity of the
electron within the magnetic field, of flux density, B.

When the electrons get out of the region of uniform magnetic field,
the magnetic force ceases to exist and so they continue to move in a

straight line along the tangent to the final path of the charged

particle while in the region of uniform magnetic field as shown on

the diagram in figure 1.6 (x)(ii)
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(ii) Method I

Fig. 1.7 (m)(ii)

2 mv :
In the region of magnetic field, Bev = m—rv- DI = (0)

PN = rsin45° and also NQ = rsin45° = PQ = 2rsin45°.... (i)
*- substituting (i) into (ii)

= PQ = 2rsin45° = 2 (:—:) sin 45° = 2 (ﬁ) sin 45°

2.0x10° .
=2 X X sin 45°
PQ=2 (0.80 x 1.76 x 1011 )

Hence,PQ =2.01x 10~5m

Alternative Method II

Vo=vsin 45° ,_Q_ 2 Q.0

Fig. 1.7 (m) (i)

Suppose, Vois the velocity of the electron normal to the magpetic fieldat?, |
 Since the electron emerges out of the uniform magnetic ﬁeld, and is not

moving towards P again, it’s assume to emerge normal to the magnetic field
again at Q, a distance 2r away from P,

mV,? . o) 2
= BeV, = r—° but,V, = vsin45° — Be(v sin 45°) = m(v sin 45°)
' r

m v sin 45° vsin 45° ( 2.0 108 s
ESEaa L - 0x10 "
i - i 9 oo 10
= 5(3) 0.80 X 1.76 x 10 ) X sin45° = 1.00 X

“PQ=2r=2 x 1.00 x 1075

=2.00 x 10 5m
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Figure 1.7 (n)(i) shows three identical stra

of infinite length arranged along the x - ax
5A respectively as shown.

ight and parallel wires Wi, W2, and W3
is and carrying currents of 5A, 2A and

P
,.I'Y‘-.‘
s i ‘\‘
O i O
Q- gi 3
o/ i G
<+ k3
.o"" b w i ““\
w1® 3.0cm 2@ 3.0 cm @ws
5A ZA 5A

Fig. 1.7 (n) (i)
(i)  Determine the resultant magnetic flux density at point P.

(i) A fourth wire of mass 4 mg and of length 0.250 m carrying a current of 4.5A
into the plane of the paper is placed at point P, g

Deduce the acceleration of this wire from the result of (i) above.
Solution

(i)  Magnetic flux density, B, at a point D, a perpendicular distance d, from a

I
given straight wire in air is given by, B = 2%1 ;
-7
B, =t I AR XA 2.0 X 107°T, from P towards W
2nd 27 x(0.05)

_ Mol _ 4mx1077x2.0

27 2nh T 2m x(0.04)

B, = ‘;023 = 4"2210(:02)5'0 = 2.0 X 10°T,away from P along W, P
T .

= 1.0 x 107°T, to the left of P

Let angle, PW; W, = angle PW,W, = 6 where, tan § =§

=> 6 = 53.1° Now resolving magnetic flux density in two perpendicular
directions. .

NB: The direction of the magnetic flux density due to each current
carrying wire at point P is obtained by drawing a tangent the path or loop
of the magnetic field line at that point. '

Fig. 1.7 (n) i)
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ZBX = B, cosf + Bycos§ — B, = [(B; + B3) cos 6 — B,] -
-5] _ -5
By = [(2.0+2.0) x 10 cos 53.1° ~ L0 X 107°] =140 x 1075

ZBy = B3 sinf — B, sinf = (B; — B,) sin 6

B, =[(20-20) x105sin531°| =0 T

* The resultant, B, = /Bx2+ B,? = /(1.40 X 10-5)2+ 2

* The resultant magnetic flux density atP, Bp = 1,40 x 10"5 T
Acting towards the negative x - direction.

(i) From Newton’s 24 law,F = ma, where F = BIL

F BIL 1.40 X 1075 X 4.5 X 0.250
= a=—-—=

b =5
m mo 4.0 X 10—6 =3.94ms )

Acceleration of of the wire = 3.94 ms™2 vertically upwards.

Exercises

1. Along straight wire carries a current of 50.0 A. An electron, of charge 1.6 x 10 -1
Ctravelling at 1.0x 10 7ms -1is 5.0 cm from the wire at that instant. Determine
the force (both in magnitude and direction) acting on the electron,

(i)  Ifthe electron’s velocity is directed towards the wire. Ans: [3.20x10-16]
parallel to the wire in the same direction with the current. )
(ii) - Ifthe electron’s velocity is in the same direction as that of the current.

Ans: [3.20x10- 16] Perpendicular to the wire away from the wire.

2. Two long parallel wires X and Y each carries a current of 10 A and are 5 cm apart.
Calculate the;

(i)  Magnetic flux density at the Position of wire Y due to the currentin X.

Ans:[4.00 x 10 -5 T]
Ans:[4.00 x 10 -+Nm-1]

rrents of the same
n free Space. The two wires are
an expression for the magnetic force

(i)  Force per metre on wire Y.

3. (@)  Two parallel wires each oflength, L, carry cu
magnitude, I, in opposite directions i
~ separated by a distance, d. Derjve

(b)  The diagram figure 1.7
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+—2.0 cm—»{«——3.0 cn—» “

Fig. 1.7 (o)
Calculate the resultant force exerted on wire Q.

Ans:[F =1.167 x 10-4N (to the right)

4. Describe how a simple current balance is used to investigate the effect of the

number of turns of a coil, on the magnetic flux density at the centre of the same
plane circular coil.

5. The figure 1.7 (p) shows four straight infinitely long parallel wires A, B, C,and D
carrying currents of 10 A, 4.5 A, 5 A, and 1 A respectively. Wires A, B, and C are
fixed wires in a horizontal plane, while D is free to move and is suspended in free
space. The separations of the wires are as indicated on the diagram.

1A
D
/Q\
/ : M
S \"s-\o
N4 ' \
%>/ | &
/ 2 \
/ I \
4.0 cm 40cm
A --=== B ————- Oc¢
10A 45A Fig. 1.7 (p) 54

Determine the resultant force per metre on wire D.
Ans:[F = 2.41 x 10 -5Nm-1, Direction, § = 48.4° to the +X - direction ]

6. Two long insulated wires lie in the same horizontal plane. A current of 20.0 A
flows towards the north inside wire A while a current of 10.0 A flows towards the

east in wire B as shown in the figure 1.7 (q)

l" Wire A ;
b Vertical—
5.0 cm| 20.0 A LN
l ' - Wire B W : :
/ 10.0A ;7 '
Fig. 1.7 (q)

What is the magnitude and direction of the magnetic field at a point that is 5.00

cm above the point P, where the wires cross?
Ans:[ 8.94x10-5T, in direction, $26.6°E]
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11.

12,
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and diameter 11 cm has its plane vertical and parallg|
| of four turns  Earth, Determine the resultant magnetic fluy
| when a current of 0.35 A flows through it. (Tqk,
rth’s magnetic flux density to be 1.6 x 10-sT)
Ans: [1.12 x 103N]
ast — west direction on a wooden table, Wha
f the wire, and in what direction, in order to

just make the wire rise from the surface? Assume electrical connections to the
wire make no appreciable restraint. (Density of the metal =1.0 x10 4kgm-3,
resistivity of the metal = 2.0 x 10-2Qm, Horizontal component of the Earth’s
magnetic field = 1.8 x 10 -5 T, Earth’s gravitational field strength, g = 9.81 Nkg-1)
Ans: [ 1.09 x 103V]
A long solenoid with 3000 turns per metre carries a current of 4.0A. A horizontal
wire X 4.0 cm long is in the middle of the solenoid perpendicular to its axis and
also carrying a current of 4.0A.
(i)  Determine the force experienced by wire X. Ans:[2.41 x 10-3N]
(i)  Suggest a design for a current balance based on this principle.

A circular coi
to the magnetic meridian of th

density at the centre of the coi
the horizontal component of the Ea

A metal wire 10 m long lies in the E
p.d. has to applied across the ends 0

Four long and parallel wires are arranged at the corners of a square of side
0.10 m. All the four wires carry the same magnitude of current I =10.0 Ain
the directions indicated in the figure 1.7 (r)

(i) Find the magnetic flux
density at the centre of
the square.

Ans: [80 uT to the right.]

(ii) Find the magnetic flux

density at the mid point, T
of side PS of
the square.

Ans: [0.11 mT to the right.]

Fig. 1.7 ()

A rectangular coil of 20 turns and dimensions 4 cm by 2 cm is suspended

with its plane and longer side vertica] in a horizontal field of 2.0 x 10-2T.I
- acurrent of 2A flows in the coil, calc

couple initially on the cof] when its

() Parallel o the field, 10 -4Nm|

(i)  Inclined at 60° to the field. ﬁnsg;g : 10-+ N
ns:[3.

¢ 0 turns and dimension®
radial magnetic field of 0.4 T. The coil is
ethathas 3 restoring couple of 2.0 x 10~ Nm

ulate the torque or monient of the
plane s,

A moving coil instrumep
_ thas a rectangy]
of 5cmby 2 ¢m Situated in 3 S

suspended by a torsjop wir
0 per degree of twist, Calculate the:
i Deflection of i ‘
(i)  Sensitivi of the coil whep 5 current of 40 pA 0087
1tivity of the instrument Rt -Ans.[ .

Ans:[2.0° mA]



1.3,

14.

15.

.

A flat circular coil of wire of 20 turns and of radius 10.0 cm is placed with
its plane vertical and at 45° to the magnetic meridian. Assuming that
horizontal component of the earth’s magnetic flu density = 2.0 x 10 -8,
l.lo = 4‘7[ X 10_7 Hm-l.

Calculate the current in the coil, if a compass needle, free to move in a
horizontal plane, points in the East - West direction, when placed at the
centre of the coil. Ans:[0.23 A]

A rectangular loop of wire PQRS, carrying a current I;= 2.0 mA, is next to a
very long wire XY carrying a current Iz = 8.0 A as shown on the diagram in
the figure 1.7 (s)
- e e
—— == -

5.(-)_11cmt v

2.0 mA
=
Q t =S
X 2.0 cm
¥ - Y
8.0 A

Fig. 1.7 (s)

() Whatis the magnitude and direction of the magnetic force on each of the
four sides of the rectangular loop of wire, due to the long wire’s magnetic

- field? '

(b) Calculate the net magnetic force on the rectangular loop due to the long
wire’s magnetic field. [Hint: The long wire does not produce a uniform
magnetic field.]

(@) Answers

SIDE CURRENT | MAGNETICFIELD | pIRECTION OF THE FORCE
DIRECTION DIRECTION
RS Right Out of the page Attracted to the long wire.
.- PQ Left Out of the page Repelled by the long wire.
QR Up Out of the page | 1° the Right.
SP Down Out of the page | 10 the left.

(b) - Ans:[1.00 x 10 -8N] away from the long wire.

The diagram in figure 1.7 (t) shows a rigid conducting wire PQ connected to a 6.0
V battery through a 6.0 V, 3.0 W lamp. The circuit is standing on the top pan of a
balance. A uniform horizontal magnetic field of strength 50 mT acts at right
angles to the plane of the wire loop into the plane of the paper. The balance reads
153.86 g.



16.

17.

18.
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Magnetie~ @ ® ® & ® ® ®é—é_
field 3: § »
area I N gid wire
—————————————— ) X ’ loop
60V + Lamp
60V,3.0W

Balance Pan |

Fig. 1.7 (t)

Calculate the;
(a) Force exerted on the conducting wire PQ by the magnetic field.
Ans: [1.28 x 10-3 N

New balance reading if the direction of the magnetic field is reversed.
Ans: [1.51 N|

A straight stiff wire of length 1.0 m and mass 25.0 g is suspended in a magnetic

field of flux density, B = 0.75 T. The wire is connected to a d.c. source.
BRIV R R ®
& L A A
PRI IR
BIRPRIRIIRI IR Q®
W -l-—Suspension
I - Ty ‘

1.0 m —

®!®®®®®®®®®®!®
Fig. 1.7 (u)

Determine the magnitude and direction of the current that must flow in the
suspension wire so that the tension in the supporting wires is zero:

Ans: [0.327 4]
A light power line 125 m long is held horizontally between two pylons and carry?
current of 2500 A towards the south. The Earth’s magnetic field at that locationis
0.52 mT towards the north at an angle of dip of 62°. Determine the magnetic force
experienced by the wire, Ans: [0.140 N due East]
A square loop of wire of side 0.60 m carries 3 current of 9.0 A as shown in the
Figure 1.7 (v). When there is no applied magnetic field, the plane of the loop is
horizontal and non - conducting nonmagnetic spring of force constant,

k=550 Nm-1is un-stretched, A Horizontal magnetic field of magnitude 1.3 TIs
now applied.

Fig. 1 7 run
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20.

21.

22.
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At what angle 0 is wire loop’s new equilibrium

' . position? Assuming the spring
remains vertical because 0 is small,

. . Ans: [4.9°]
An electron revolves in a circular orbit of radius 2.0 x 10 -0 m at a-frequency of
6.8 x 10 1> Hz. Calculate the magnetic flux density at the centre of the coil.

' . Ans: [2.43 x 105T]
A wire of length 7.85 m is wound into a circular coil of radius 0.05 m. If a current

Of'zl A passes through the coil, find the magnetic flux density at the centre of the
coil. ,

Ans: [6.28 x 10-4T)
A current of 3.25 A flow through a long solenoid f 400 turns and length 40.0 cm.
Determine the magnitude of the force exerted on a particle of charge 15.0uC
moving at 1.0 x 10 3 ms-1through the centre of the solenoid at an angle of 11.5°
relative to the axis of the solenoid. Ans: [122 x 10-5N]

Figure 1.7 (w) shows two parallel conductors A and B, each carrying a current of
2.0 A into the plane of the paper.

Fig. 1.7 (w)

(i)  Find the resultant magnetic flux density at point, C.
Ans: [1.66 x 10-¢T at an angle 8 = 0.04° below +x - direction]
(i) Draw the magnetic field pattern due to currents through A and B.
. Ans: [See the magnetic field pattern on Fig. 1.2 (g)] '

THE HALL EFFECT (Named after Edwin Herbert hall 1855 - 1938)

Whenever a current carrying conductor is placed or positioned a cross a magnetic
field, the majority charge carriers get urged by the field towards one side of the
conductor in a direction predicted by Fleming's left hand rule. As a result a large
p.d. is set across the sides of the conductor. This p.d. is called the Hall p.d.

X
E [ H ) | albna, o
' : f t = thickness of
I S/ ) ) @R 1 d the conductor
+ X X s 'S t ¥) d = width or -
g kil ol £ g breadth of
\ v Y Y Q Y 7/ the conductor

Fig. 1.8 (a)



(a)
(b)

(a)
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field of flux density B are applied to

The conducting slab at right angles to each other as shown in tt!e diagram ip
figure 1.8 (a), the magnetic field urges the majority charge carriers (electrons]
ding to Fleming's left hand rule, leaving an equal
magnitude of positive charge on the opposite face PQRS. B

A magnetic force F = Bev, acts on conduction electrons as they drift along the
and eventually drift off in the direction from face PQRS to face

When current | and a magnetic

conductor

FGHE.
As the process continues, face PQRS acquires excess positive charge while face

EFGH acquires excess negative charge. .
When maximum separation of charge has occurred so that no more net flow of
charge occurs across oppositely charged faces, a large voltage or a p.d

develops across the faces PQRS and EFGH.
This voltage is called a hall voltage, Vi and the effect is called the hall effect.

Derivation of the expression for the Hall Voltage, Vn

From the above setup, when there is no net flow of charge across opposite
charged faces PQRS and EFGH, the magnetic force on the electrons, equals the

electric force on the same electron, due to a strong electric field intensity

I

across the charged faces.i.e. Bev = Ee ,but E = Ydﬂ ,and v = =_

Bl V,
Bv=E=>m=§ butA=(dxt) = VH=

Bld
n(dxt) e

B
s Vy = ot S the expression for the Hall voltage.

Example

Describe an experiment to measure magnetic flux density between the pole
pieces of a U - shaped magnet. ‘

An electric current of 1.0 A passed through the smallest face of a
rectangular metal slab of thickness 1mm, placed with its largest face
normal to a uniform magnetic field of 0.80T, causes a p.d of 0.48 mV to be
set up across the slab when electron, of charge 1.6 x 10-19C; is un-

deflected. Determine the number of electrons per cubic metre of the
conductor.

Solution:
Measurement of Magnetic Flux Density, B, using a Hall- Probe

The Hall Probe - Is one of the applications of the Hall effect.
This device has a small wafer of Germanjum semiconductor mounted alo®®

a narrow handle, so that it can b
} e conveni petic
field being examined, veniently used to probe the mag




(b)
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Q

L
FT+EL2 L+ 24+

Fig. 1.8 (b)

A small current I, measured by a suitable ammeter, A or mill-ammeter,
mA is passed between two opposite faces of the semi-conductor by closing
switch K and adjusting the rheostat R to a suitable value of the current .

The semiconductor being placed with the largest face PSXW. perpendicular
to a uniform magnetic field of flux density B has its electrons experiencing
a magnetic force Fm = Bev acting down towards the lower face XUVW and
positive charges left on the upper face PQRS.
The opposite charges continue moving to the opposite faces until no more
charges can move across the faces. '
A maximum steady p.d. Vx called the Hall voltage is then set up across the
opposite charged faces PQRS and UVWX. This p.d. called the Hall voltage is
then measured using a high impedance voltmeter, V.
At the same time when the p.d. Vy registered by the voltmeter, V is steady
and maximum, the ammeter reading, 1 is noted.
Using a known value, “net” provided by the manufacturer of the semi-
conductor wafer, the magnetic flux density, B, is calculated from the

BI

expression, Vy; = —

Vy (net)
— 7 the magnetic flux density B is determined when

n,e,t,l,and Vy are all known values.

. Bl

Using the equation, Vy = £ ==
08Xx1.0

(1.6 X 10719x 1.0 x10~3x 0.48x10~3)

& n = 1.042 X 10° perm® Is the number of charge carriers per unit
volume.

From which, B =

BI
VH et

= n=

ELECTROMAGNETIC BLOOD FLOW METER

This is yet another interesting application of the Hall effect similar to

experiment of ] ] Thompson’s set up used in the determination of the charge - to -
mass ratio of an electron, where an electron is accelerated into the velocity



selector region. The electric and magnetic fields in the velocity selector e

adjusted until the electron passes through
Diagram

2O

- 52.

the region un-deflected.

—Blood Artery

QR

5%

R ®

B

BR300 K® @B

Fig. 1.8 (c)

field.

the flow direction of blood in the arte

side of the artery according to Flemin
ions move in the opposite direction o
This separation of the charge with th
negative charge on the opposite side
resulting in the generation of a stron
Electric force is then exerted on the
to that of the magnetic force.

When the magnetic force on the ions

g

where v =

T attach

| i N the region, the speed of the blood flow, v, is
calculated from ., v=Yu 1

/ B v+ e sl (I0) the fons in the
blood are primarily sodium, Na+ ions,

19 Exercises

1. The diagram in figure 1.9 (

a) shows arec
leads attached to metal end faces,

Electromagnetic flowmeter measures the speed
major artery during cardio-vascular surgery.
Blood contains ions; the motion of the ions

In an electromagnetic flow meter, a ma

The magnetic force exerted by the fiel

fthe artery,

€ positive charge on one side and
Creates a large p.d. across the artery,

moving jons in the opposite direction

= electri

B
average speed of the ion

of blood flow througha

can be affected by a magnetic

gnetic field is applied perpendicular |
ry.

d on the positive ions is towards one
g's left hand rule, while the negative

electric field, E.

E

tangular piece of semiconductor with
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Fig. 1.9 (a)

(i) If the resistance of the specimen is approximately 100 Q, show that the
resistivity of the material of the material is about 0.050 2 m.

(i) Suppose a uniform magnetic field of flux density 0.5 T is applied vertically
and perpendicularly to the largest area, determine the hall voltage Vu ifa
current of 40 mA, flows across the opposite smaller faces.

2. The current in a strip of copper is given by I = nevA where, A is the cross
sectional area, of the strip and n is the number of free electrons per unit volume.
If d is the thickness of the strip and b is the breadth;
(i) Expressevin termsof I,a,b and d.
(ii) Show that the hall voltage, Vy = :T'd ,when a field B is applied.
(iii) - Calculate the hall voltage, given that B = 1.0T,I = 6.0 A,n = 7.5 x 10%,
d=1mmande = 1.6x107%C. Ans:[5.00 x 10-7V]

3. The concentration of free electrons in silver is 5.85 x 1028 per m3. A strip of silver
of thickness 0.050 mm and width 20.0 mm is placed in a magnetic field of 0.80 T.
A current of 10.0 A is sent down along the strip as shown on the figure 1.9 (b).

Strip of
Silver

Wl=10.0A

Fig. 1.9 (b)

Determine the,

(i)  Drift velocity of the electrons.
(i) Hall voltage measured by the moving coil meter.
(iii)  Side of the voltmeter thatisata higher potential.

An electromagnetic flowmeter is used is to be used to measure the blood speed. A
magnetic field of 0.115 T is applied across an artery of inner diameter 3.80 mm.
The Hall voltage is measured to be 88.0 pV. What is the average speed of the

blood flowing in the artery? Ans:[20.14 cm s-1]

5. (@) A circular coil of 10 turns and radius 5.0 cm caries a current of 1.0 A. Find
the magnetic flux density at the centre of the coil. Ans:[1.26 x 10-4T)
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(b) A copper wire of cross sectional area 1.5 mmz. carries a current c?f 5.04
The wire is placed perpendicular to a magnetic field of flux densnty 021 I
the density of the electrons in the wire is 102° m-3. Calculate the force oy
each electron. Ans:[6.67 x 10-24
6. The diagram in the figure 1.9 (c) shows a cuboid of a conductor of length |,
breadth, b and thickness, t, placed with its largest face PQVW perpendicular
horizorital component of the Earth’s magnetic field of flux density By, A curr
Is passed through it as shown in figure 1.9 (c)

o the
ent, |

Fig. 1.9 (c)

(i) Account for the occurrence of a large potential difference across faces PQRS
and UVWT and derive an expression for this voltage in terms of By, b and

the average velocity of the charge carriers, v. Ans: |Vy = By ’]

—_—

L net
(ii) Ifthe Earth’s magnetic field at the location of the conductor is

2.0 x 10-4T, the angle of dip is 60°, the breadth of the conductor is

5 cm and the mean speed of the electrons is 4.0 x 10-2ms-1 .Calculate the

potential difference across faces PQRS and UVWT.Ans: [ v, =
7. The figure 1.9 (d) shows a model used to

electromagnetic flow meter used to meas
artery.

3.46 x1077V]

demonstrate the workiné principle of an
ure the rate of flow of blood through an

D ——Soft iron
A metal piece
To voltmeter . N

cross-sectional area of the artery
electrodes is 1.4 x 10-3yy
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Write down an expression for the force on an ion in the blood which is moving at
right angles to the field. Define your symbols used. Which electrode is positive?
Anion has a charge of 1.6 x 10-19C . Determine the force on the ion due to the
electric field between X and Y. Ans: [6:86 x 10-20N]
Given that the p.d. of 600 pV is developed when the electric and magnetic forces
on an ion are equal and opposite, calculate the;
() Speed of the blood through the artery. Ans: [0.214 m s-1]
(if) Volume of blood flowing through each section of the artery per second.

' Ans: [3.21 x 10-7m3]

Magnetic Torque on a coil carrying a current in a magnetic field
Definition Magnetic Torque is the product of the magnitude of one of the forces

constituting a couple and the distance between the lines of actions of the forces.
SIunit: is newton metre (Nm)

Derivation for the Torque experienced by a rectangular coil.

The Plane of the coil making an angle 6 with the magnetic field, B

Consider a rectangular coil of wire of N - turns each carrying a current I in an
external uniform magnetic filed of flux density B, with the plane of the coil inclined
at an angle 6 to the magnetic field as shown in the figure 2.0 (a).

(i) Side view (ii) Top or Plan viewi

Y
——Normal F
/L >R > * /

> ~ b > { > b Z
~ ~N
> f\/ 95 ail\‘ [}] J e
% . F v , \\\ |
B \I\ F' Y g B r-beose-
L T — le-b sin o =
B A |
|
> L B —>— —>
% - P |
Yl
Fig. 2.0 (a)(i) Fig. 2.0 (a)(ii)

When current, I, flows through the coil, in the direction shown on the diagram, each
side of the conductor experiences magnetic force, F, given by.

Force on side PQ,F = NBIL(into the plane of the paper) ... ... ........ (1)

Force on side RS,F' = NBI b sin 8 (vertically downwards) ... ..... (ii)
Force on side RS,F = NBIL(Out of the plane of the paper) ... .......(iii)
Force on side SP,F' = NBI b sin 8 (vertically upwards) ... ... ......... (iv)

The two forces on sides QR and SP are equal in magnitude but are in opposite
directions and so they cancel out due to the rigidity of the coil.
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Side PQ experiences force NBIL perpendicularly into the page, while QR
experiences force NBIL perpendicularly out of the page.
The two forces constitute a couple whose turning moment or torque

T'=F Xbcos@ orT=F X bsina . —
T=NBIL X bcos@ = NBILbcos8 or T = NBIL X b sina but (be)

= 4
“T=NBIAcos® or T = NABIsina is the Torque on the coil.

Torque - is the product of the magnitude of one of the forces constituting 5
couple and the distance between the lines of the actions of the forces,
SI unit - is newton metre (Nm)

(b) The Plane of the coil being parallel to the magnetic field, B, directiop,

Consider a rectangular coil of wire of N - turns each carrying a currept I'in g
external uniform magnetic filed of flux density B, with the plane of the coil paralle)
to the magnetic field as shown in the figure 2.0 (b)

(1) Side view Y (ii) Top or Plan view
' l ——Normal to the l;
/

: plane of the coil l
&> e ——

T “’——i\}‘—hﬁ
| I B
s > ..

Maximum Torque, Tmax = BINA
Is experienced by the coil,
Fig. 2.0 (b)(i) Fig. 2.0 (b)(ii)
When current, I, flows through the coil, in the direction shown on the diagram, each
side of the conductor experiences Magnetic force, F, given by.

Force on side PQ,F = NBIL(into the plane of the paper) .............(0)
Force onside QR,F' = NBj b sin 0° = ( ,Sincesin0° =0 . . .:....(ii)
Force on side RS, F = NBIL(Out of the plane of the paper) ... ... ... (iii)
Force onside SP,F' = npj iy 0°= 0, since, sin ¢° = ¢ (iv)




i

=B .
~T=NBIA or T = NABI isthe Torque on the coil. .

NB: This gives the maximum torque the same coil can experience under the
conditions given or indicated.

Angle of Rotation of the coil placed Parallel to the magnetic Field

When the current passed through the coil causes the coil to experiénce a
deflection torque, T = BINA, the coil rotates through an angle 6’, until stopped by
the restoring torque, T’, provided by a pair of hair springs, where, T’= k 0’

At equilibrium, T=T’

The Plane rectangular coil being placed in a radial magnetic field, B

As opposed to a uniform magnetic field, B, in a radial magnetic field, the plane of
the coil is parallel the magnetic field at all positions of the coil in the magnetic field,

hence maximum torque is experienced by the coil each time a current flows in the
coil.

Top or Plan view of the Coil
Ne"al [a¥al

When current, I, flows through the coil, in the direction shown on the diagram, only
the vertical sides of the conductor experiences magnetic force, F, given by.

Force on side PQ,F = NBIL(perpendicularly INTO the plane of the coil)
Force on side QR,F' = NBI b sin0° = 0, sincesin0° =

Force on side RS,F = NBIL(perpendicularly OUT of the plane of the coil)
Force on side SP,F' = NBI b sin 0° = 0,since,sin0° =0

The two forces on sides QR and SP are each zero, since current flows in each side
in the same direction as that of the magnetic field, thus Fleming’s left hand rule
doesn’t apply on the sides QR and SP of the rigid rectangular coil.

Side PQ experiences force NBIL perpendicularly into the page, while QR

experiences force NBIL perpendicularly out of the page. _

The two forces constitute a couple whose turning moment or torque

T=FXborT=NBILxXb=NBIILXDb), but (Lxb) = A

~T=NBIA or T = NABI istheTorque on the coil.

NB, The torque here is maximum for all positions of the coil in the magnetic
field.
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The Plane of the coil being perpendicular to th; magpeﬁc field, B,
Consider a rectangular coil of wire of N - turns each carrying a current | ng

external uniform magnetic filed of flux density B, with the plane of the o
perpendicular to the magnetic field as shown below.

(i) Side View (if) Top or plan View
Y| r _ o _
= " R
x
~q|([ " - . "
B_ ‘V > B: 4 >
- F
s . . .
> L g . 'B
- Q
. 5o = -
vl
Fig. 2.0 (d) (i) Fig. 2.0 (d)(i)

When current, I, flows through the coil, in the direction shown on the diagram, ALl
the sides of the coil experience magnetic forces, F, given by. |
Force on side PQ,F = NBIL (towards side RS in the plane of the coil)
Force on side QR,F' = NBIb (towards side SP in the plane of the coil)
Force on side RS,F = NBIL (towards side PQ in the plane of the coil)
Force on side SP,F' = NBIb (towards side QR in the plane of the coil)

The two forces on sides PQ and RS each of magnitude F = NBIL eancel out each
other since they act in opposite directions of the rigid colil.

Similarly, the two forces on sides QR and SP each of magnitude F’ = NBIb also
cancel out each other since they act in opposite directions of the rigid coil
Since none of the pairs of forces acting on the coil, constitutes a couple, thereis
NO turning moment of a couple or torque generated and so the tor(}ue is zero.
T=0

NB: The torque here is minimum i, ZERO torque when the plane of the coili
normal to the magnetic field direction.

that property which determines;
The magnitude of the magnetic torq
angle to the given magnetic field,
The angle at which the coil
ey mately comes to rest In the magnetic field.

Electromagnetic (magnetic

acting on a coil whose plane) i!:oment ~Is numerically the magnetic torqé
density one tesla, parallelto a uniform magnetic field of fl*
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Electromagnetic moment - is a vector quantity whose magnitude is, m = IAN
and whose direction is along the normal to plane of the coil such that it agrees
with the direction of advance of Maxwell’s Right Handed Advancing Screw Rule. Or
it is provided by the direction of the magne Id at the cen coil in the

Right Hand Grip Rule in relation to the direction of flow of current in the coil
(ii) Top or Plan view of the coil

(i) Side view of the coil
—Colil of N turns

Coil of N turns and area A F
i A and area A
—l— ——
Q Current R B

\direction in Normal >

the coil to the
plane of g—>m = IAN
the coil T .
!
F

——
S ™ m=IAN
Is the magnetic ——

moment of the coil.
—

Fig. 2.0 (e) (i) Fig. 2.0 (e) (i)

From the equation for magnetic torque, T = BANIcos @ or T = BANI sina
Where, 8 = Angle between the plane of the coil and the magnetic field.

and, a = Angle that the normal to the plane of the coil makes with the field(B),
Thus, T =Bmcos8 or T=Bmsina

The SI-unit of the magnetic moment (m) is ampere metre squared (Am?)
NB: - The magnetic torque on the current - carrying coil acts so as to align the
electromagnetic moment, m, with the direction of the magnetic field, B.

Restoring torque on a current - carrying coil

When a coil with its plane placed at an angle 6 to the magnetic field direction, it
experiences a deflection torqueT = BANIcos 0 ...................(J)

that twists the suspension wire through an angle  as it turns.

The suspension wire in turn, then provides a restoring torque,

T' = kf8, where k is a proportionality constant ... ... .......... (ii)
k = torsion suspension constant of the torsion wire (Nmrad)

When the coil stops turning or rotating in a magnetic field, the deflection torque
equals the restoring torque. i.e. from (i) and (ii) above,

BANI cos 0 = k B where 6 is expressed in degrees while B is in Nm rad ~!

B = is the angle turned by the coil due to the deflection torque.
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Examples & Exercises on magnetic torque on a coil

A small circular coil of 10 turns and mean radius 2.5 cm is mounted at the ceny,
of a long solenoid of 750 turns per metre with its axis at right angles to the aXis f
the solenoid. If a current in the solenoid is 2.0 A. Calculate the initial torque g e
circular coil when a current of 1.0 A flows through it. °

Solution:

/——A long solenoid I
BB -Q-Q-8-8-0-8-&-8

"L astvotthesolencid .
?—e}-e-e-e-e- -0-6-6-6-6
Is Fig. 2.1 (a)

The plane of the coil is parallel to the magnetic field at the centre of the solenoid

givenby, B = ponl = 4m x 1077 x 750 x 2.0 = 1.88 x 103 T

The initial magnetic torque experienced by the circular coil is given by,

T = BANI cos 0° = BANIsin90° = BAN]

T= 188 x 1073 x m(0.025)? x 10 x 1.0

~T= 188 x 1075 Nm

A small rectangular coil of 10 turns and dimensions 4 cm x 2 cm is suspended
inside a long solenoid of 1000 turns per metre so that its plane lies along the axis
of the solenoid as shown in the figure 2.1 (b) below. The coil is connected in series
with the solenoid. When a current of 2.0 A js passed through the solenoid, the col
deflects through 30°. Calculate the torsion constant of the suspension.

Solenoid—

"“’l\ - U Y _ U U
/ .
A . 4

Fig. 2.1 (b) 20A

Solution:
The plane of the rectangular coj js paralle] to the magnetic field at the centré o

the solenoid 18, B = gonl = 47 x 107 % 1000 % 2.0 = 2 53 x 1077
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The ipitial magnetic torque experienced by the circular coil is given b

T = BANIcos0° = BANI sin90° = BANI since 6 = 0° anigil‘(’xeil 9}(,)'°
T= 251X 10732 x (0.02 x 0.04) x 10 x 2.0

“T=4.02 x 10°5 Nm

When the coil turns through angle, f = 30° = (L X 30°) radians
The restoring torqueT’' = k B e

But the deflection torque = restoring torque
“T=T' = 4.02 X 10°=kx%

0 k_(6x4.02 X 1075
T

>= 7.68 X 10> Nmrad ~1

A flat ci.rcular coil X of 30 turns and mean diameter 30 cm is fixed in a

vertical plane and carries a current of 3.0 A. Another coil Y of 2 cm x 2 cm and
having 200 turns is suspended in a vertical plane, at the centre of the circular coil.
Initially the planes of the two coils coincide. Determine the torque on coil Y when
a current of 2.0 A is passed through it.

Solution:
Nyl
Coil X provided a uniform magnetic field to coil Y, where B,, = = 2 ; .

4 x 1077 %30 % 3.0 ;
— = 3.77X 107 *°T
2 xX0.15

But the planes of the two coils, coincide = the magnetic field Bx is normal to
the plane of coil Y, = 6 =90° and g = 0°

Ty = B, AyNyly cos 90° = ByAyNyly sin0° =0 B'se cos 90° = sin0° = 0
Ty = 3.77 X 10™* x (0.02 x 0.02) x 200 X 2.0 cos 90°, but cos 90° = 0
~ Ty = 0 Nm i.e.the coilY does not experience a turning ef fect.
A rectangular coil of sides 2 cm by 4 cm having 10 turns and carrying a

current of 2.0 A is freely pivoted at the centre of a large plane circular

coil of 200 turns and of radius 8 cm, carrying a current of 5.0 A.
If the planes of the coils are initially at an angle of 30° to each ot?ler.
Determine the torsion constant of the suspension wire supporting the

coil, when it has turned through 45°.

X

rectangular
Solution
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E Cy areaA;=4x2=8cm?=8.0x10-*m?,
130°, Ni =10 turns

\ T G C; area Az =mr¢=3.14 x (0.08)? =2.01 x 10-2
m?, N2 = 200 turns
[=5.0 A, 61=30°,6.=60° B =30°== radian
7% 200 XS
600 B BZ #UNI = 4 x 107 7,85 X 10_3 T
—> — 2 % 0.08
60° T= BANI cos0 = kp
Cy o 8 X 785 X 1073 x 8.0 x 10~ X 10 X 2 cos 60°
- T
\
o\
1307, k=120 x 10~ Nm rad !
] by
Fig. 2.1 (c)
Exercises
1. A flat coil of 50 turns and of mean diameter 40 cm is in a fixed vertical

plane and has a current of 5 A flowing through it. A small coil, 1.0 cm
square and having 120 turns, is suspended at the centre of a circular coil in
a vertical plane at an angle of 30° to that of the larger coil. Calculate the
magnetic torque experienced by the small coil when it carries a current of 2
mA. Ans: [9.42 x 10~° Nm]

A fixed vertical circular coil has a diameter of 15.0 cm and 120 turns. At the

centre of the coil is a small coil of radius 2.0 cm and 100 turns. Pivoted
through the centre so that it can rotate about a horizontal axis which lies
along the diameter of the larger coil. A rider of mas 0.05 g must be moved
13.0 cm from the axis of the small coil along an arm fixed to the small coil
to keep the plane of the latter horizontal when the same current is passed
through both coils. Determine the value of this current.

Ans: [0.734 A]
A coil of radius 7.5 cm and 500 turns is suspended vertically with the plane

~ of the coil in the east - west direction. If the horizontal component at the

centre of the coil is 1.8 x 10-5T, what current must be passed through the
coil to just neutralize this field? Explain why there are two possible
answers. Ans: [4.30 x107%4]
At a distance of 5.0 cm from a vertical wire carrying a current in air, the

- resultant magnetic field is zero as a result of the Earth’s horizontal

component of magnetic field of 1.8 x 10-5T. Calculate the current flowing
through the wire. Ans: [4.5 A]

A circular coil of 100 turns and mean radius 10.0 cm is set up with its plané
vertical and at right angles to the magnetic meridian. A short magnetic
needle suspended at its centre makes 8 oscillations per minute when
slightly deflected. How many oscillations per minute will the needle make
when a current of 0.5 A flows in the coil. If the horizontal compcment of the
Earth’s magnetic field is
2.0 x 10->T. Explain clearly why there are two possible answers.

Ans: [7.88 and 8.27 vibrations per minute}
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2.2 THE MOVING COIL INSTRUMENTS

r [

The moving coil galvanometer

This is one of the instruments that uses the principle of the deflection
magnetic torque for it operation.

The structure of a moving coil galvanometer

A moving coil galvanometer has a rectangular coil of fine insulated copper
wire wound on an aluminium frame (to provide electromagnetic damping,
due to eddy currents). ]

The colil is mounted over a soft iron cylinder, (to boost or enhance the
magnetic field in the air gaps) and held between the concave pole pieces of a
strong permanent magnet (to provide a radial magnetic field to the coil, and
to ensure maximum deflection torque or turning moment).

The coil is freely suspended by a torsion wire over jewelled bearing, (to
minimise friction at the contacts and support points for free movement of the
coil).

The suspension torsion wire is also supported by a pair of oppositely coiled
hair springs (to provide the restoring torque to the coil and also act as input
and outlet terminals to current in the coil)

Attached to the suspension system is an aluminium pointer that moves over
the scale when current passes through the coil, and shows a deflection on the

 linear scale that is proportional to input current flowing through the coil.

The Diagram
Pointe
Torsion
¢ Linear
fon wire
suspens scale
Rectangular coil
of copper wire

Soft iron

frame > ¢|:ylinder
= S

Strong
permanent
magnet

bearing Fig. 2.2 (a)

Mode of operation (Working principle) of a moving coil galvanometer
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| placed in a radial magnetic field via the by,
springs S1 and Sz and causes the coil to experience a couple of forces Causing 3
deflection torque, T = BANT ..o oo vervis s see e oo (i) which causes the cojlt,
rotate together with the pointer that moves over the scale through an angle g,
The rotation of the coil and pointer due to the deflection torque is eventually
stopped by the restoring torque, T' = K f oo coceeeeee (i) providefi by the pair of

hairsprings S1 and Sz.
At equilibrium, from (i) and (ii) deflection torque equals restoring torque

Current, |, is passed through the coi

iee T=T = BANI = K ....ccccccocvivn s s N (11)
Hence, I = (—L)p PR | ;)
. BAN
Where, k = The torsion or sensitivity constant of the galvanometer.

A = Area of the plane of the coil.

B = Magnetic field strength in the air gap.

N = Number of turns of the coil would on aluminium metal frame.

B = the angle turned by the coil and the pointer over the scale.
From equation (i) above, k, A, B, and N are all constant for a given meter so,
current I is directly proportional to the deflection B, i.e.1 « B.
Hence, the instrument has a linear scale.

SENSITIVITY OF A MOVING COIL GALVANOMETER

This is a measure of the extent to which the instrument responds to the passage

of current of varying magnitudes through it. There are two types of sensitivity
namely:

(i) Current sensitivity, §; =

B
I
(ii) Voltage sensitivity, S, = % . (&

Current sensitivity,% = (B‘J)
The current sensitivity, S, of a galvanometer - is defined as the deflection pé’
unitcurrent.i.e. §; = % »- )

Units: Cu-t;rent Sensitivity - is usually expressed in mm per microampere
(mm pA =%) owing to the small values of currents involved, and usually read 014
linear scale of the instrument graduated i millimetres (mm)

However other units can be used depending on both the calibration and the

adaptation of the instrument to the given value of current its meant to measu®
E.g It can be expressed in mm per ma i.e.(mmma -1y
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Voltage sensitivity, 5, = £ = % = (%)
R

The voltage sensitivity, Sy, of a galvanometer - is defined as the deflection per

unitvoltage. i.e. S, = g

<

Where B is the deflection produced on the graduated scale, and V is the potential
difference (p.d.) across the galvanometer

Units: Voltage Sensitivity - is usually expressed in mm per microvolt

(mm vy —1) owing to the small values of voltages involved, across the instrument
and usually read on a linear scaje of the instrument graduated in millimetres

However, other units can be used depending on both the calibration and the
adaptation of the instrument to the given value of the voltage it is meant to
measure, '

E.g. It can be expressed in millimetres per millivolt i.e. (mm my =1

Factors affecting the sensitivity of a moving coil meter

From the expressions of current sensitivity §; = g and Sy = -g.voltage

sensitivity, current and voltage sensitivities are higher when the values of B, A
and N must be large and the value of k must be small as follows:

() Alarge magnetic flux density, B - is achieved using a narrow air gap and
using a strong permanent magnet (typically B = 0.4 T), which also
overshadows the external influence of stray magnetic fields like the Earth’s
magnetic field (i.e. B~ 4.0 x 10 -3T).

(ii) A large number of turns, N of the coil - makes the instrument more
sensitive, however this number, N should not compromise the size of the
magnetic air gap. i.e. N - should make the coll still fit in the air gap.

(iii) Alarge area A of the Plane of the coil - leads to increase in the sensitivity
of the instrument. However a compromise with the other factors must be
resolved. A coil with an extremely large area, may swing about its
equilibrium deflected position for a longer time before a reading can be
taken.

(iv) A smallvalue of the sensitivity constant, k - leads to increase in the
sensitivity of the instrument. Thus, a suspension wire of low rigidity value
or of low torsion constant, is required. However too weak a wire will again
increase the time the swing about its equilibrium deflected position for a
longer time before a reading can be taken.

(v) A smallvalue of resistance, R - of the coil especlally for the sensitivity of the

voltmeter. A small resistance of the instrument allows a large current to flow

through the coil hence setting up a large p.d. across the instrument.
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Conversions of a moving coil galvanometer to other meters

When choosing a galvanometer, the resistance of the rest of the circuit has tq be
considered. Thus moving-coil galvanometers can be adapted for use as
ammeters and voltmeters by the addition of shunts and multipliers respectivel,
Moving coil galvanometers can also be modified to measure alternating
currents and voltages if an appropriate value of a rectifier is placed in series
with the coil.

(i) Conversion of a galvanometer into an ammeter .
In order to convert an ordinary moving coil galvanometer into an ammeter, a
very low value resistance called a shunt resistor is connected across the coil
of the instrument. The value or choice of the resistor depends on the maximum
deflections of both the galvanometer and the ammeter and on the resistance of
the coil of the instrument, so that the p.d. across the coil equals the p.d. across
the shunt as shown on the diagram in figure 2.2 (b)
An Ammeter

Shunt

Fig. 2.2 (b) )
If 1 is the total current to be measured, Ic is the current through the coil (fsd)
of the instrument, then the rest (Is= I - I¢) is the current that passes through
the shunt resistor, Rs.

The p.d.across the coil = The p.d. across the shunt
i.e. I. X R, = Is X Rs fromwhich R is calculated using,

R
5 Res= IeXRe) is the value of the shunt to be used.
) Is

(ii) Conversion of a galvanometer into a voltmeter.
In order to convert an ordinary moving coil galvanometer into a voltmeter.
very High value resistance called a Multiplier resistor is connected in series
with the coil of the instrument. The value or choice of the resistor depends %"
the maximum deflections of both the galvanometer and the voltmeter and on
the resistance of the coil of the instrument, so that the p.d. across the coil plus
the p.d. across the multiplier equals the p.d. across the entire voltmeter a5
shown on the diagram in the figure 2.2 (c)



(iii)

A voltmeter

Multiplier | Coil

— v —
Fig. 2.2 ()

IfV is the total p.d. to be measured, (fs d), Vcis the p.d. across the coil and Vy

is the p.d. across the multiplier resistor, Ru. The same current, I flows
through the two resistors, Rc and Ry.

The p.d.across the instrument = The p.d.across the coil plus
the p.d.across the Multiplier.i.e. V = V. +Vy

t.e. V.= Ic(R¢ + Ry) from which , Ry, is calculated.
. ‘

“ Ry = [(I—) =R ] Is the value of the Multiplier to be used.
c 2

A multi-meter that measures both current and voltage

In order to convert an ordinary moving coil galvanometer into both a
voltmeter, and an Ammeter, a very High value resistance called a Multiplier
resistance is connected in series with the coil of the instrument and a low
value resistance called a Shunt is connected across the coil, then
appropriate switches are incorporated accordingly. The value or choice of a
given resistor depends on the maximum deflections of both the galvanometer
and the voltmeter or ammeter and on the resistance of the coilof the
in.s;trument, so that the p.d. across the coil plus the p.d. across the multiplier
equals the p.d. across the entire voltmeter or the p.d. across the coil equals the
p.d across the shunt as shown on the diagram below.

A multimeter

\) Fsd
Y
I R I
Coil Multiplier

R g
—V—>—Vy—>
\

Fig. 2.2 (d)
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ove multi-meter to be used as an ammeter, a suitable vy,

b
In order for the a d switches K1 and Kz are closed, th,

of a shunt is connected across the coil an

value of the desired resistance Rs is then calculated. .
On the other hand, in order to convert the multi-meter into a voltmeter, ap
multiplier is connected in series with the coil, and

appropriate value of the
the value of the desired resistance Ry s

with both switches K1 and Kz open,

calculated. . ’
Conversion of a galvanometer into a Ballistic galvanometer

A Ballistic galvanometer (B.G) is a special type of moving coil galvanometer
used to measure charge by measuring an “electric blow” due to current flow
into the coil. If a galvanometer is to be used ballistically, two major conditions
need to be fulfilled. '

e All the charge being measured should be delivered to the instrument before
Its coil has moved appreciably. This motion of the coil, is as a result of the
momentary current that flows.

e The damping of the motion of the coil should be as small as possible, by
winding the coil on a non - conducting frame so that the only
electromagnetic damping present should be that due to induced current
which flows through both the coil and the external circuit. This current
however, should be kept minimal by including a large resistance in the circuit
50 as to reduce the associated damping.

* When charge passes through the instrument, its coil is deflected througha
maximum angle 6m and then oscillates with a decreasing amplitude about its
initial (zero) position.

* The maximum angular deflection, 6 is o the charge, Q, delivered

ie.byp, xQ = 0, =kQ
where, k is a constant of proportionality known as the charge sensitivity of
the mstrument expressed in radians per coulomb rad. C-1

Amplltude decreasing
_ exponentially
N
y fT Wrabls

- VM-

by the decaying amplityge.

Converting a moving coil into 3 ballistic galvanometer involves

(a) Increasing the number of turns N

of i . or 10
increase on the inertia of the Gl the coil thys making the coil heavié

Replacing th i
(b) Replacing the aluminum Metal frame oy which the coil is wound o0 with
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an Insulating frame, to minimize electromagnetic damping, due to eddy
currents.

(c) Replacing a rigid suspension torsion wire with a fine but flexible wire of

low rigidity modulus or of a low torsion constant to increase on the period
of oscillation of the coil.

(d) Replacing the aluminium pointer with a beam of light that acts as a

(1)
(if)

(i)

(i)

- L.e.Sy of coil 2: Sy of coil 1

pointer of negligible inertia, producing a spot of light on the scale which
gives an instant response. L

Examples

If a coil of a moving coil galvanometer having 10 turns and resistance of
4.0 Q is removed and replaced by a second coil of 100 turns and of
resistance 160 (. Calculate the factor by which the;

Current sensitivity changes and

Voltage sensitivity changes, assuming that all the other features remain
unchanged in both cases.

Solution

Current sensitivity,

§ = (%) For coil,1,=> N, = 10 turns,R, = 4.0 Q

and For coil,2,= N, = 100 turns,R, = 160 Q

. Ao 12 coil 1 SD2 _ (BAN2\ . (BAN:) _ N,
=~ Sensitivity of coil 2: coil 1 (51)1—( = ) : (—k ) o

G0z My D 100 _ o

CH A )1 10

Thus the current sensitivity changes by factor 10

Similarly, voltage sensitivity of coil 2 to that of coil 1

(Sv)2 _ (BANZ) = (BANl) =’& X &

(Sv)1 - Rz k R k Rz Ny
w1 \Rk/) T \ Rk 160~ 10 4 ;
Thus the voltage sensitivity changes by factor 7 or 0.25

" A galvanometer having a coil of 2.0 Q has a full scale deflection of 2.0 mA.

Determine the value of the most appropriate resistance needed to enable it
measure a current of 5.0 A.

Solution
A shunt is connected across the galvanometer and its value Rsis obtained.
' An Ammeter
5.0 A
\ao ‘]ll'“{" ’f.s.d:ZmA
5A D.002A 2. 5A
- - Coll_ I 1490g4
4.998 AY =

L Xs I
Shunt

Fig. 2.2 (f)
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The p.d.across the coil = The p.d. acrc?ss the shunt :
i.e. I. xR, = Is XRs from which ,Rs 1S calculated using,

" Rg = (I—C-X—RZ) is the value of the shunt to be used.
s R = =

0.002 X 2.0 ~4
. _ (0002x20) _g 00 x 10"
s Ry == ( 4.998 ) 8.0

3. A moving coil galvanometer has a resistance of 25 Q2 and gives a full scale

division when carrying a current 4.4 HA.
(@) What current will give a full scale deflection when the galvanometer is

shunted by a 0.10 Q resistance?

(b) . How can the above instrument be converted to a voltmeter having a range
of (0-3.00V)
Solution

Q) R, = 250 I, =44%x107°A ’
- The p.d.across the coil = The p.d.across the shunt
i.e. I. xR, = Is X Rg from which I is calculated using,

s g = (IC—:%) is the value of the shunted current.
-6
= (BPEE) =110 X 10734

~ Total current, I = (I, + I,) = (44 %x 1076+ 1.10 x 1073)
~ Total current, ] = 1.1044 x 10734

(b) R, = 25Q, I, =44x 107°4
A voltmeter

4.4 pA D

Y
y
N
B
M
B

) ‘_VM

~—— v=30v — ]

Fig, 2.2 (®)

If V is the total p.d. to be measured, (fs d), V¢ is the p.d. across the coll and V¥

is the p.d. across the multiplier res;
rresistor, R
through the two resistors, R, ang b M. The same current: I, flows

The p.d.across the instry
ment =T
the p.d.across the Multiplier. ; , hep.d. across the coil plus

' - V=V+v
i.e. V.= I.(Rc + Ry) from Which ,R,, is zalw7ated
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v ;
xRy = [(E) = Rc] Is the value of the Multiplier to be used.

Ry = () - 25| = 68.18 Mo

= Ry =6.818 x 107 Q is the multiplier connected in series with the meter.

2.3 Exercises

1. A moving coil galvanometer has a resistance of 2.0 Q and gives a full scale

division when carrying a current 5.0 mA. .
(i) ~ What current will give a full scale deflection when the galvanometer is
shunted by a 2.0 mQ resistance? Ans: [5.01 A]
(i) How can the above instrument be converted to a voltmeter to measure up
to a voltage of 15.00V. Ans: [Use of multiplier of 2,998 0]
The diagram below is of a multi-meter, having a coil of 0.2 Q and full scale
deflection of 10 mA. Two resistances R1 and Rz are connected to the circuit
via switches Ki and Kz as shown in the figure 2.3 (@)

2.

fsd 299.80Q

Fig. 2.3 (a)
Determine the reading of the instrument when switch

(i) Kiis closed and switch Kzis also closed. Ans: [1.0 A]
(ii) Kiis open and switch Kz is also open. Ans: [3.0 V]

3. A moving coil galvanometer meant to measure large current of 10.00 Ahas a
current of 100pA passed through the galvanometer to give a full scale
deflection.

Determine the size of the most appropriate resistance suitablé for the task.
Ans: [1.0 mQ]

4. Arectangular coil 10 cm x 2.0 cm consisting of 100 turns is suspended
vertically from the middle of the short side in a radial magnetic field of flux
density, 0.02 T and supplied with a current from a 25 V d.c. supply. If the

|V resistance of the coil is 100 Q, calculate the deflecting torque on the :
suspension. Ans: [1.0 X 1073 Nm]

5. A voltmeter has a switch that enables voltages to be measured with a
maximum of 25.0V or 10.0 V. For a range of voltages up to 25.0 V, the switch
connects to a resistor of 9850 Q in series with a galvanometer. For the range



"N,
of voltages to 10.0 V, the switch connects a resistor of magnityde 385 2
series with the galvanometer. Find the;

(i) Coil resistance of the galvanometer and Ans: [15 0]
(i) The galvanometer current that causes a full-scale deﬂection.A_ns: [2.50 m] |

The Moving Coil Loud Speaker

The moving coil loud speaker is a device that converts electrical energy int,
sound energy. It uses the principles of positioning of a current carrying coj|
of .an insulated metal wire placed in a strong radial magneticfield, together
with Fleming'’s left hand rule for its operation.
Diagram / Structure:

(i) Side View of a Loudspeaker (i) Plan/Front View of a Loudspeaker

Corrugations on the paper cone

“for easy vibrations One turn of

wire in the
coil.

Cylindrical
.-—————H— —————————— N gnets

Magnetic force
on the coil.

insulated

of current in the
NP copper wire. s
Wires from
amplifier Fig. 2.3 (b)

- Mode of operation of a moving coil loud speaker: (wa it works)

v A varying Current from the amplifier as provided by a given source (59‘
signal vibrator, microphone, radio or record player), is fed into the coil Vi
the leads (terminals) of the loud speaker. ; '

e The coil is wound on a cylindrical insulating paper that leaves a small " ;
gap between the coil and the cylindrical South pole of a permanent magne
that provides a radial magnetic field from the north pole radially int0 the
south pole.

N The coil that is attached to the rigid paper cone, perpendicular to the
magnetic field, experiences; a magnetic force, F, (By Fleming's Left Han
Rule) that moves the coil outward and hence pushing a large mass of al
attached to the cone out wards, j.e. (F = BIL,

where L is total the length of the wire in the coil) .

5 When the current in the coi], say drops to zero, the springy corrugatio”

the paper cone, pull back the coj] tg jts equilibrium central positio™



. The process repeats itself by moving the coil in and out of the cylindrical
magnet, depending on the direction of flow of current through the coil, and
its magnitude.

. As the current changes magnitude and direction, the coil vibrates back and

forth setting the neighbouring air molecules adjacent to the cone into

vibration at the same frequency as of the source.

The air movement to and from causes the vibration of the eardrum of the

listener at the same frequency, hence, producing sound in the ear.

NB, Even if the coil is not a straight wire, the magnetic fleld direction is such that
the magnetic force on every part of the coil is in the same direction (in or out)

Magnetic Flux (¢)

Definition: Magnetic flux - is the product of the magnitude of magnetic flux
density and the area it links perpendicularly i.e. = B x A = BA

Suppose the magnetic field lines are incident onto the plane of the coil at an
angle 6 as shown on the diagram below.

/

Bcos0——>

Plane of the
coil of area A

Magnetic flux, ¢ =BA cos 0
Fig. 2.3 (¢)

SI unit is weber (Wb)
Definition

The weber is the magnetlc flux that passes normally through an
. area of 1m2 when the magnetic flux density linking the coil is 1T.
Magnetic Flux Linkage N¢ = NAB or NAB cos 0

Definition

Magnetic flux linkage is the product of total magnetic flux density and the
total area it links perpendicularly.

Suppose a coil has N turns each of area A being threaded normally by a
magnetic field of flux density, B, tesla. Magnetic Flux Linkage N¢ = NAB

If the plane of N turns of the coil make an angle 6 with the magnetic field, as
- shown on the diagram below, then
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N turns of the coil—# I 1‘
e !'Bsino
B cos 0 e __ -
4‘D""’9 Bcos0——>
| Plane of the

coil of area A

Magnetic flux linkage , N = NBA cos 0
Fig. 2.3 (d)

Magnetic Flux Linkage N¢ = NAB cos 6

NAB (1—cos @
Magnetic Flux - charge relationship [Q = ( - = )]

Suppose a coil of wire of N - turns each having a plane of area, A, has its free
ends joined together to form a continuous loop of wire via a calibrated Ballistic |
galvanometer, BG. Let the plane of the coil initially be normal to a uniform
magnetic field of flux density, B and after a short while, the coil if flipped about
an axis parallel to the plane of the coil, through an angle 8 as shown below.

(i) Plane of the coil normal to B (ii) Plane of the coil at an angle 6 to B
=

(7 =Connecting wire of
A ‘ negligible resistance

Ballisl:ic galvanometer
Fig.2.3 (e)

e Whenever the magnetic flux linking the plane of the coil changes, wth time, a1

e.m.f. gets induced in the coil in acordance with the laws of electrmagnetic
induction.

When the coil is flipped about an axis through its centre parallel to its

Yo ¥

plane,the em.f. induced E = — d(No where E = |R
~ IR = —d(:tm =1I= NRd‘(f:) but current, | = %2
%*%% fyde= -3 ap “
~Q= —_(Q)Z ®1) but B, = BAcos8 and @, = BA
= Induced charge,0 = -2 (cos9-1)............ (1)
Special Cases

(i)  When the coil is turned throy

h 90° lmu"
threading of the plane of the cg from initial position of maX

oil, 8 = 90° and from (i) above, it imP I
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Induced charge,Q = % since cos90° =0

(ii) When the coil is turned through 180° from initial position of

maximum threading of the plane of the coil, 8 = 180° and from (i)
above, it implies

Induced charge,Q = “;:M since cos180° = —1 ... ........ ({ii)

(ili) When the coil is turned through 60° from initial position of maximum
~ threading of the plane of the coil, 8 = 60° and from (i) above, it implies

Induced charge,Q = % since cos 60° = % s 00 s s

(iv) When the coil is turned through 120° from initial position of

maximum threading of the plane of the coil, 8 = 120° and from (i)
above, it implies

Induced charge,Q = % since cos120° = —2 (v)

(v)  Generall when the coil is turned through any angle 6, from initial
position of maximum threading of the plane of the coil, to the final
position when the plane of the coil makes an angle, 6 from (i) above, it
implies Induced charge,Q = % (1—cos@)............ (vi

(vi) When the ends of the coil are connected to a calibrated Ballistic
galvonometer, where the total resistance of the coil, the galvanometer

and the circuit equals R, a deflection, $ on the B.G is proportional to
the charge, Q set in motion.

NBA
Induced charge,Q = T(l =~cos@)=kB..........(vii)

Applications of the Magnetic Flux - Charge relationship
The search coil

is a small flat coil of fine insulated wire made of a large number of turns. Those used
in schools usually have between 500 to 2000 turns withan average diameter of
0.5 cm.

It is mounted on an insulating handle with the leads enclosed inside the insulating
handle.

Measurement of Magnetic flux density B, due to a straight wire
carrying a current in air

Whenever a straight wire is connected to a d.c source and a circuit in switched on, a
rapidly changing current flowing in the wire during the closing or opening up of the
switch causes an e.m.f. to be induced in a closed coil of wire smartly placed in the
region of changing magnetic field.

The charge set in motion in the closed loop of the coil is directly proportional to the
deflection it causes on a B.G. connected in series with the small plane circular coil
(searh coil).



Procedure

e A search coil of known geometry

are of the plane, A) is connected in series with a calibrated ballistic

galvanometer of known sensitivity constant, k. | |
e The experiment is then set up as shown on the diagram in the figure 2.3 (f

X |

NB:

. noted.

- expression, B = ——

- K1 while switch K; is eft op

(i.e. Known number of turns N, and knoyy,

Ballistic
galvanometer .

Fig. 2.3 (f)

The seach coil connected in series with the B.G. is placed with its plane
parallel to the test wire WX.

Using a suitable setting of the rheostat Z, switch K is closed and the
maximum deflection, 8; on the scale of the B.G. is noted.

After a short while when the B.G. registers a steady zero deflection, while
using the same setting of rheostat, Z, the switch K is opened.

The maximum deflection 82 on the B.G. scale in the opposite direction s

The average deflection, 8 = (61'; 92) is then calculated.

The magnetic flux density, at a specified perpendicular distance, d, from

the straight wire, WX carrying a current, I, is then calculated from the
Rk® -

e en iy gD

Where, R = Total resistance of the search coil + Ballistic galvanometer.
N = Number of turns of the search coil.

A = Area of the plane of the search coil.
K= Sensitivity constant of the B.G. expressed in (C rad-!)
In case the B.G. does not have

known capacitance, Csis char
as shown on the diagram in t

a known value of, k, a standard capacitor of |
ged by connecting it across a known pd.Vs

he figure 2.3 (g), charge it, by closing Wit
en.



-77-
Vs

.Cs TT\

I L Kq
LR K
P K,
Fig. 2.3 (g)

After a short while, when the capacitor has charged fully, switch Ki is
opened and K: is then closed. The capacitor then discharges through the
B,G. and the maximum deflection, Om is noted, from which the sensitivity

- N V Ty
constant, Kk, is determined from, k = C; 2t o s st (D)
- .

Substituting (ii) into (i), the magnetic flux density at a distance, d, from a
straight wire, carrying a current, I, is calculated from:

B = (%3£%) (oo it it oo sy )

1. Measurement of Magnetic flux density B, at the centre of a plane

circular coil of N1 turns, area Ay, carrying a current, I, in air
Procedure

A search coil of known geometry (i.e. Known number of turns N, and

. known are of the plane, A) is connected in series with a calibrated ballistic
galvanometer of known sensitivity constant, k.

The experiment is then set up as shown on the diagram in the figure 2.3 (h)
Large plane
Circular coil

Battery| K ;
Fig. 2.3 (h)

e The seach coil C2 connected in series with the B.G. is placed at the centre of
the large plane circular coil C1 with their planes coinciding (parallel).

e - Using a suitable setting of the rheostat Z, switch K is closed and the
maximum deflection, 81 on the scale of the B.G. is noted.

e After a short while when the B.G. registers a steady zero deflection, while
using the same setting of rheostat, Z, the switch K is opened.

The maximum deflection 6z on the B.G. scale in the opposite-direction is
noted.
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0;\ .
» The average deflection, 8 = (E;—z) is then calculated.

 The magnetic flux density, at the centre of the large plane circular coil Cy,
and carrying a current, , is then calculated from the expression,

Rk@ P

B = m—... soe as0 sve sse ses ves a0

Where, R = Total resistance of the search coil + Ballistic galvanometer.

N = Number of turns of the search coil.
A = Area of the plane of the search colil.
K = Sensitivity constant of the B.G. expressed in (Crad-1)

In case the B.G. does not have a known value of; k, a standard capacitor of
known capacitance, Cs is charged by connecting it across a known p.d. Vs,
and then discharge it through the B.G, with the maximum deflection, 8m

V.
noted. Then from, Cs Vs = k0,, = k = % 0 s L)

m

Then substituting (ii) into (i), the magnetic flux denssity B at the centre of a
large plane circular coil C; is calculated from equation (iii) below.

B = (1L5) (B—"’n) SRR G N ¢ |/

Measurement of Magnetic flux density B, at the centre of a long
Solenoid of n turns per metre, carrying a current, Is in air
Procedure

e A search coil of known geometry (i.e. Known number of turns N, and
known are of the plane, A) is connected in series with a calibrated ballistic

galvanometer (B.G) of known sensitivity constant, k.
o The small search coil is the mounted on a cylindrical manila tube and
- carefully slid onto it and placed at the centre of the solenoid along its axis,
so that the plane of the search coil is normal to the axis of the solenoid.
* The experiment is then set up as shown on the diagram in the figure 2.3(i).

Long Solenoid

(({WK// 777 AN
\ LV I
NN 27

Rheostat

Battery Ammeter
Fig. 2.3 (i)

e Usingasuitable setting of the rheostat Z, switch K is closed and the
maximum deflection, 8; on the scale of the B.G. is noted

’ Aft?r a short While, i.e. when the B.G. r egisters a steady zero deflection,
while using the same setting of r heostat, Z, the switch K is opened
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« The maximum deflection 8 on the B.G. scale in the opposite direction is
noted. »

¢ The average deflection, 6 = (@zﬁ) is then calculated.

o The magnetic flux density, at the centre of the solenoid, carrying a current,

I, is then calculated from the expression,

Rk©6

Where, R = Total resistance of the search coil + Ballistic galvanometer.
N = Number of turns of the search coil.
A = Area of the plane of the search coil.
_ K = Sensitivity constant of the B.G. expressed in (C rad-1)
NB: In case the B.G. does not have a known value of; k, a standard capacitor of
known capacitance, Cs is charged by connecting it across a known p.d. Vs,
and then discharge it through the B.G, with the maximum deflection, Om

noted. Then from, CsVg=ko, > k= LR, (i)

Om
Then substituting (ii) into (i), the magnetic flux denssity B at the centre of a
solenoid is calculated from equation (iii) below.

_ (RCsVs\( 0 »

B = (——NA )(Gm) .....(i‘u)

3. Magnetic flux density between the pole pieces of a U - shaped
magnet

e A search coil of known geometry (i.e. known number of turns N, and known
are of the plane, A) is connected in series with a calibrated ballistic
~ galvanometer (B.G) of known sensitivity constant, k.
e The small search coil is then placed with its plane initially, normal to the
magnetic field lines between the poles of the magnet.
e The experiment is then set up as shown on the diagram in the figure 2.3 (j)

Magnetic Search
field lines oil
trong permanent
> 1
s 4
Direction )l ; 2
of the coil BGg) 1
- Ballistic l)
Serr 7 N "rGalvanomete
DN {BG) ,
Fig. 2.3 (J) ‘

e Starting with the plane of the coil normal to the magnetic field between the
pole pieces of the magnet, the coil is smartly pulled completely out of the
magnetic field (i.e. without changing the orientation of the plane of the
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search coil) and the maximum deflection, 01 on the scale of the B.G. is
noted.

After a short while, i.e. when the B.G. registers a steady zero deflection, th,
experiment can be repeated.

e The new maximum deflection 82 on the B.G. scale then is noted.

RYAW
¢ The average deflection, 6 = (—112-1) is then calculated.

The magnetic flux density, between the poles of the magnet, is then
calculated from the expression,
B = 22

NA

Where, R = Total resistance of the search coil + Ballistic galvanometer.
N = Number of turns of the search coil.

A = Area of the plane of the search coil.

K = Sensitivity constant of the B.G. expressed in (Crad-1)
In case the B.G. does not have a known value of, k, a standard capacitor of
known capacitance, Cs is charged by connecting it across a known p.d. Vs,
and then discharge it through the B.G, with the maximum deflection, 6
noted. Then from, Cs Vg = k9,, = k = Sl R i &

Then substituting (ii) into (i), the magnetic flux denssity B at the centreofa
solenoid is calculated from equation (iii) below.

B = Riy‘:‘) (a:)

DPSHPT—— {1 )
Measurement of the Earth’s magnetic field using an Earth
Inductor

An Earth inductor is a device thqt can be used to measure both the horizontal

component and the vertical coponent of the Earth’s magnetic together with the

angle of dip at any paticular location oyer the Earth’s surface
The Structure

of a small plane circul ' etry
. : ar coil of known geom
fr‘;""ecjfdhm Sflr. les with a callibrated ballistjc galvanometer Oj’rknown constant
e search coll is freely pivoted qt the centre of q n ' me F1 "
rotatable about pivots P; anq p on - conducting fra

2 drill ) . 3
conducting frame F; as shown in th e;‘;g::‘;‘; ';kC;re bulky and less flexible non



* Movable insulating fram
g Locking key Turning: :

knob
F, A
-~ ==/ P}
[ rr—a_ i
Py Search |
coil ;‘ Fixed
in insulating
frame
]
Connecting
wires
BG Ballistic
Galvanometer
Fig. 2.3 (k)

The instrument can be adapted to measure
(i)  The Horizontal component By of the Earth’s magnetic field.
(i)  The Vertical component By of the Earth’s magnetic fleld.
. (iii) TheAngleofdip, a.
(a) Measurement of the Horizontal component By, of the Earth’s magnetic
field. s

e “ A'search coil of known geometry (i.e. known number of turns, N and area A)
is connected in series with a ballistic galvanometer (B.G) of known
sensitivity, k, and its plane is made to coincide with that of the movable
frame, F1.

o . With the help of a compass needle or a freely suspended bar magnet that
has set, the planes of the search coil and F1 are placed perpendicular to the
magnetic meridian and vertical so as to be threaded normally by the
horizontal component Bn as shown in the figure 2.3 (1).

ovable frame Turning

Fy ' Kknob

| 5

= 15,
Seal'ch coil
F2
} Fixed
Small compass lnsﬁ ul:tlng
needle BG Ballistic
Galvanometer
Fig. 2.3 (1)

e The frame Fi together with the search coil, are quickly turned through 180°
he maximum deflection 810n the scale of the BG is noted.

and t
e The coil is taken back to its original position and left for a short while for

the pointer of the BG to return to the zero position.
e The coil is again turned through 180° in the opposite direction, and the
maximum deflection 62in the opposite side of the scale of the BG is noted.



8%

* The average deflection, 6, = (94’;—02) is then calculated.

e The horizontal component of the Earth’s magnetic flux density, By, is the,

NB:

(b)

calculated from the expression,

_ Rk, .
Bh = T e et e RS TR e i nin. i f (’l)

Where, R = Total resistance of the search coil + Ballistic galvanometer,

N = Number of turns of the search coil.

A = Area of the plane of the search coil.

K = Sensitivity constant of the B.G. expressed in (C rad -1)
In case the B.G. does not have a known value of, k, a standard capacitor of
known capacitance, Cs is charged by connecting it across a known p.d. Vs,
and then discharge it through the B.G, with the maximum deflection, 6,

noted. Then from, Cs Vs = k0s = k = %ﬁ s s wo i ()

" Then substituting (ii) into (i), the magnetic flux denssity B at the centre ofa

solenoid is calculated from equation (iii) below.
__ (RCs Vs 0_;, o
By = (—ZNA )(Om) s P b 3 B e s s )

Measurement of the Vertical component By of the Earth's magnetic
field.

A search coil of known geometry (i.e. known number of turns, N and area
A) is connected in series with a ballistic galvanometer (B.G) of known
sensitivity, k, and its plane is made to coincide with that of the movable
frame, F1.

The planes of the search coil and frame F; are placed horizontally so that

they are threaded normally by the vertical component By of the Earth's
magnetic field, as shown in the figure 2.3 (m)
Movable insulating frame

Locking key gzzlng
4
= o
F Fixed
2| jnsulating
frame
Il
Connecting—y
wires )\
@ Ballistic
Galvanometer

Fig. 2.3 (m) ) a
The frame F1 together with the search coil, are quickly turned through 180
and the maximum deflection 8, on the scale of the BG is noted.

The coil is taken back to its original position and left for a short whilé: for
the pointer of the BG to return to the Zero position.

- The coil is again turned through 180° in the opposite direction, and the

maximum deflection 82 in the opposite side of the scale of the BG IS not?



e The average deflection, 8, = (91’;

)

=83 -

) is then calculated.

o The vertical component of the Earth’s magnetic flux density, By, is then
calculated from the expression,

R koy
g e e e e s e s s e s

v:

@

Where, R = Total resistance of the search coil + Ballistic galvanometer.
N = Number of turns of the search coil.

A = Area of the plane of the search coil.

K = Sensitivity constant of the B.G. expressed in (Crad-1)

NB: _ In case the B.G. does not have a known value of; k, a standard capacitor of
known capacitance, Cs is charged by connecting it across a known p.d. Vs,
and then discharge it through the B.G, with the maximum deflection, 6m

noted. Then from, Cs Vg = k8s = k = L (i)

0s

Then substituting (ii) into (i), the magnetic flux denssity B at the centre of a
solenoid is calculated from equation (iii) below.

By = (%i) (Z—:'n) R S ———

ORI (113

(c) Measurement of the angle of dip of the Earth’s magnetic field

e A search coil of known geometry is connected in series with a ballistic
galvanometer (BG) and its plane is made to coincide with that of the

movable frame, F1.
Bu

q

Movable frame Turning

F1

c)

f

1
L—Search
coil

‘ knob

F2

18

é Ballistic

Galvanometer
Fig. 2.3 (n)

The two planes are then aligned and perpendicular to the mégnetic
meridian with the help of a compass needle.
The movable frame is then used to rotate the search coil through 180°

about a horizontal axis.

The maximum deflection 6n on the scale of the BG is noted. -

The planes of the search coll and the movable frame are now made
horizontal so as to be threaded by the Earth’s vertical magnetic field, Bv.
The movable frame is then used to rotate the search coil through 180°

about a horizontal axis.

The maximum deflection Oy on the

scale of the BG is noted. —
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* The angle of dip a, is then calculated from the expresseion
t _5h_6 = a=tan_1(—")
ana = B, o, On

Examples :
A plane circular coil of 20 turns each of mean radius 5.0 cm is placed op a
flat horizontal surface in the Earth’s magnetic field of flux density 55uT at
an angle of dip of 60°. Determine the magnetic flux linkage of the coil,
Solution:

B sin 60°

«-—-

Cofl ;

Fig. 2.3 (o)

N =20turns, r=5.0 cm, B =55 UT=55x10-6T, angle of dip o = 60°
® =NAB sin 60° '
20 x 1 (0.05)2 x 55 x 10-6 x sin 60°

= 748 x10-Wb
A plane circular coil of 20 turns and area 3.0 x 10-7m2 is placed in a
horizontal magnetic field of flux density 0.02 T so that the magnetic flux is
normal to all the turns. The coil has a resistance of 10 Q and is connected toa

ballistic galvanometer of resistance 400 . Calculate the amount of charge sent
through the galvanometer;

()  When the plane of the coil js rotated at 90°
(ii) - When the coil is completely reversed,

to the horizontal.

Solution:
N =20turns, A= 3,0 x 10-7mz2

»B=2.0x10-2T, R= (10 +40)=500
(i)  Angle turned by the coil to the

horizontal, g = 9(°
Using, Induced charge, ) = NAB _ 20x 30x 10~ » 2.0 x 1072

5
“Q=2.40% 10" ¢ o 2.4nC o

. Induced charge, Q = 2V4B = 2X20x3.0x 10~7 x 2.0 x 10-2
- L

0=4.80x 109 ¢ 4.8nC »
3. A(Circular coil of 50 tyrpg and radiys ( 5
Smi fcul
to the earth’s magnetic meridian, |t S Placed with its plane p erpend

0.8 rads.
Calculate the,
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Horizontal component of the earth’s magnetic field.

(i) P.dacross the solenoid of 2000 turns and resistance 5 Q that produces the

(1)

NB: In case the B.G. does not have

same magnetic flux density as that calculated in (i) above.
Solution: '

N=50turns, A=7.85x10-1m2 By=? R=100 ), k=5.7x103rad C-1
Angle turned by the coil to the horizontal, 8 = 180° and B = 0.8 rad
- Using, Induced charge, Q = ZN: 5= kp

2X50x 7.85x1071x B

e 3
= 0.8x5.7 x10
~Bp= 5.81 x10°T
(i) = Using B = pgnl, wherel = % = g ,n=2000 and

B=B,= 581 x103T

- uonxzz B, =V = R XBh _ 5x5.8—1x103
R Ho 7 411077 x 2000

wP.d,V= 116 x107V
A search coil has 40 turns of wire and cross sectional area 5 cm?2. The coil is
connected to a ballistic galvanometer and then placed with its plane
perpendicular to a uniform magnetic field of flux density B. When the coil is
smartly withdrawn from the field, the galvanometer gives a deflection of 240
divisions. When a capacitor of 4 uF is charged to 20V and then discharged
through the circuit, the galvanometer deflection is 180 divisions. Find the value
of B, if the total resistance of the circuit is 20 Q.
Solution

N = 40 turns,
Angle turned by the coil to the horizontal, 6 = 90° and

A=50x10-4m2Bu=? R=20Q,k=? Cs =4 yF, Vs =20V

Deflection on the B.G B, = 240 divisions and when the Capacitor is discharged

through the BG, B, = 180 divisions

B BEBL e e (0)
NA =
Where, R = Total resistance of the search coil + Ballistic galvanometer.

N = Number of turns of the search coil.

A = Area of the plane of the search coil.
k = Sensitivity constant of the B.G. expressed in (Crad-1)

a known value of; k, a standard capacitor of

known capacitance, Cs is charged by connecting it across a k,nowrx p,de. Vs,
' i i h the B.G, with the maximum deflection, Om
and then discharge it throug o "

noted. Then from, Cs Vs = kg, = k= B,




-86.

Then substituting (i) into (i), the magnetic flux denssity B at the centre of q
solenoid is calculated from equation (ifi) below.

B= (Rl ("—1) bkt ng e D)

NA B,
~6 X 240
B= 20x4Xx10 X 20 =0107T
40 X 5.0 X 10~%x 180

“Bp= 107 x1071T
2.4 THE TANGENT GALVANOMETER (T.G)

This is an instrument used for measuring a horizontal magnetic field placed
perpendicular to the Earth’s horizontal component of the magnetic field, Bp.

It can be used for measuring the horizontal component of the Earth’s magnetic
field, Bn when a current is passed through the coil of the tangent galvanometer of
known geometry, (i.e. known number of turns, N and known radius r, or area A of
the plane of the coil). Since the two magnetic fields are perpendicular
(Tangential) to each other, the compass needle (Two pointed end aluminium
pointers) respond to both fields and provide the resultant of these fields.

B2 = (Bp)2+ (Bc)?
B = [(Bn)2+ (Bo)?]
Is the resultant
magnetic field

Fig. 2.4 (a)
The Structure of a Tangent Galvanometer:
The tangent galvanometer consists of a deflection magnetometer

mounted at the centre and along the vertical diameter of a large coil of
known geometry as shown on the diagram in the figure 2.4 (b)

o—Vertical coil
N -turns
of wire Symbol
Tangent galvanometer

T |

|

T, T ‘

To the terminals of the 2

T, coll,

Fig. 2.4 (b)

The Deflection Magnetometer

Consists of a freely suspended or pj
pivoted
compass needle on a verticq| axis insidesma" bar magnet or magnetic

an Aluminium frame having a 1
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circular scale, over which the double pointed aluminium pointers slide over

or move adjacent to.
The scale is graduated in degrees ranging from 0° to 90° at the centre and

similar graduations on the opposite end of the magnetometer. .
"~ The Deflection Magnetometer

Aluminium
pointer

Plane mirror—\—\ _/ Small magnet
at the N
background
Fig. 2.4 (¢)
The pointer can rotate over the circular scale. The deflection magnetometer is
used to compare two magnetic flux densities, one of which being the
horizontal component of the Earth’s magnetic flux density, Bn.
The two fields Bn and any other horizontal flux density B are arranged at right
angles to each other. The compass needle then sets itself, at an angle say 0 to
the original direction when it was in the field Bn alone.
The needle finally points in the direction of the resultant of Bn and B.
The angles of deflection 81 and 8; of the needle on the scale are measured and

the average deflection, 6 = (21:;02) is then determined, from which
The ratio, 5— — tan @ is obtained and used to determine, B or By
h

(@) Measurement of Horizontal component of Earth’s magnetic Flux
density Bs, Using a Tangent galvanometer (TG).
e A coil of known geometry (i.e. known number of turns, N and known
radius, r), containing a deflection magnetometer is placed with its plane
in a magnetic meridian i.e. facing the Earth’s magnetic North - South

poles.
Reversing B
—( A) ;
Ammeter _ _T_l g Tangent
Galvanometer
ol
a
Fig. 2.4 (d)

e When switch K is open, the reversing switch contacts, T1 and T2 are connected

to contacts x and y respectively of the circuit and the pointers of the

magnetometer are then set at the 0° - 0° scale positions.
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i - 838.
Using a suitable setting of the rheostat, Z, the switch K is closed, and the
deflections, 81 and 0 of the pointers on the tangent galvanometer (T.G) are
noted.
The steady current reading, I of the ammeter is also noted. '
Keeping the switch K, closed, and using the same setting of the rheostat, 7 5 in
the first case, the reversing switch contacts are interchanged, so as to reverse
the direction of flow of current in the coil ie. T1and Tzare now connected to
contacts y and x respectively of the circuit and the new deflections, 9, and 0,
of the pointers on the tangent galvanometer (T.G) are noted.

01+60,+63+6,) . ’
The average deflection, 8 = ( — z 2 ‘) is then determined.
B¢

Bp
BoNI | ) .
is then calculated using known values of:
2rtanf

B,
tan @

From, tan 8 = = B, =

N = Number of turns of the coil.
r = Radius of each of the turns of the coil

Ho = 4mx10-7H m -1 (Permeability of free space) and
I = the current flowing through the coil.

NB, The use of the reversing switch (RS) is to improve on the accuracy
of the results by enabling a second set of deflections to be obtained by
reversing the direction of flow of current in the coil, hence reversing the
deflections of the pointers as well,

The experiment however can be carried out using only one set of values
in the absence of the reversing switch as may be observed in the next
experiment.

Measurement of the magnetic flux density, B¢ at the centre of a ol
using a Tangent galvanometer (TG).

A coil containing a deflection magnetometer is placed with its plane i?
the magnetic meridian i.e. facing the Earth’s magnetic North - South
poles.

When switch K is open, the coil contact terminals, Ty and T are connected ¥
the circuit and the pointers of the magnetometer are then set at the 0° - 0°
scale positions.

Using a suitable setting of the rheostat, Z, the switch K is closed, and the

deflections, 81 and 02 of the pointers on the tangent galvanometer (T G) aré
noted.
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Rheostat

Tangen
Galvanometer

Battery I | | =
Fig.2.4 (e)

* The average deflection, § = (91 ; 52 ) is then determined.

From the expression, tan § = Be

= BC = BhtanG

~ B, = By, tan 6, the magnetic flux density at the centre of the coil,
is then calculated using known values

of the horizontal component of
the Earth’s magnetic field, B, at that location.

NB, Inorderto determine any other uniform horizontal magnetic field, B, the

plane of the coil is placed in the magnetic meridian, the pointers of the

- magnetometer set at the 0° - 0° positions, and the test uniform magnetic
field is arranged so as to be perpendicular to the plane of the coil.
The deflections 61 and 0 are then noted and the average, deflection

8 = (MTGZ) is then determined.

. :
- From the expression, tan 8 = 5 = B = Bjtané

~» B = Bp, tan 0, the magnetic flux density at the centre of the coil, is

then calculated using known values of the horizontal component of the
Earth’s magnetic field, By at that location.

Variation of Magnetic Flux Density at the centre of a circular coil
with current flowing through it using a search coil.

1) Method]I

The method here employs the fact that whenever a changing magnetic flux
threads the plane of a search coil, an e.m.f. is induced across the coil and
the induced current flows through the C.R.0. is proportional to the e.m.f.
generated.
Procedure:

e A search coil of known geometry is connected to Y - plates of a cathode ray
oscilloscope whose time base is switched off. |

* The search coil is then placed at the centre of a large circular coil whose free
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ends are connected to a calibrated vibrating signal generator, in such a way
that the planes of the two colls coinclde as shown on the dlagram,

A frequency, f of the A.C Is selected from the signal generator, then both the
signal generator and the C.R.0. are switched on, so that a current passes
through the clrcular coll,

With the time base of the C.R.0. switched off, the length, L, of the vertical line
trace Is displayed on the screen of the C.R.0 and it is noted.

The experiment Is repeated for alternating current of different rms values
from a signal generator, each Is passed through the circular coll,

The length, L of the vertical line trace displayed on the screen of the C.R.0 In

cach case Is noted,

Generator

of P

Fig. 2.4 (f)

The results are then tabulated In a suitable table, including values of lyms and L.
A graph of L against, Iims Is then plotted and gives a straight line through the
origin. This Implies, L « I,,, but since, L < B |

Hence, magnetic flux density at the centre of the coll, B o I, Is directly

proportional to the current flowing through it

Method Il _
The method here also employs the fact that, whenever a changing

magnetic flux threads the plane of a search coil, an e.m.f, is induced across
the coll and the induced current flows through the ballistic galvanometer
that is proportional to the e.m.f. generated.

Procedure

A search coll of known geometry s connected In series with a ballistic
galvanometer.

The search coll Is then placed at the centre of a large circular coll whose free
ends are connected to a callbrated ballistic galvanometer, in such a way that
the planes of the two colls colncide as shown on the diagram,
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Ballistic_
Galvanometer

Switch K, is closed and current flowing through the circular coil is adjusted to
a suitable value using rheostat Z.

The maximum deflection 81 on the scale of the BG is noted, together with
current I on the ammeter.
The switch K is opened and the maximum deflection 0 of the BG in the

opposite direction is noted

The average deflection 0 is noted, where, 8 = (—01 ; %2 )

The experiment is repeated a number of times using different settings of Z,
each time average deflection 8 and the corresponding current Iare noted.

The results are then tabulated, in a suitable table of results including values of,
01,02,0and L.

A graph of 0 against I is then plotted and gives a straight line through the
origin.= 0 «<1I -

Since, B x0 and® xI = B «I
Hence, Magnetic flux density varies directly with current through the coil.

Method III (using a tangent galvanometer)

A coil containing a deflection magnetometer has its plane made to lie in
the magnetic meridian i.e. facing the Earth’s magnetic North - South
poles.

When switch K is open, the coil contact terminals, T1 and T2 are connected to
the circuit and the pointers of the magnetometer are then set at the 0° - 0°
positions.

Switch K is then closed and using a suitable setting of the rheostat, Z, a suitable
current, I, as measured on the ammeter A, is passed through the coil and
deflections, 81 and 02 of the pointers on the tangent galvanometer (T.G) are

noted., then switch K is opened



Rheostat

® )
Liﬁt?;h"—o K

Fig. 2.4 (h)

Tangen
Galvanometer

= (9—1%6—2) is then determined, from which tay g
s

. Bc
also determined From the expression, tan 0 = r

The average deflection, 0

= B; = Bptang

The experiment is repeated using different settings of Z and different currep,
flowing through the coil. In each case, the average deflection, 6 on the TG js

obtained.
The results are tabulated in a suitable table, including values of, 1, 82, 6, tap g

and L.
A graph of, tan 6 against 1is then plotted and gives a straight line through the

origin.= tan @ «1I
Since, tan@® « B, andtan® <1 = B, xI

Hence, Magnetic flux density varies directly with current through the coil

2.5 Examples & Exercises

1.

A large plane circular coil of mean radius 5 cm and having 20 turns connected
to a d.c. source, has a small compass needle suspended at its centre along ts
vertical diameter and lying along the horizontal diameter of the coil. Whena
current of 2A is passed through the coil, the needle deflects through 41°.
When the current in the coil is reversed, it deflects through 39°. Find the
horizontal component of the Earth’s magnetic field.

Solution:
r=50cm=0.05m, N=20turns, 12204, 01=41°0:=39
- Average deflection,8 = 61t 62 — 400
" B N
Using tangent galvanometer, tan & = —= = B NI
Bp 2r Bp
_ _MoNI _ 4m X1077x 20 X2.0
h ™= 2rtan 2 X 0.05 X tan 40°

# By, =599x10-4T

2. Acircular coil of 10 turns and diameter 12.0 cm caries a current . The coil s
placed with its plane in the magnetic meridian. A small compass needle plac
the centre of the coil makes 30 oscillations per minute about a vertical axis

S



- 93 -
when the current is switched off, it makes 15 oscillations per minute. If the

horizontal component of the Earth’ i
magnitude of current, 1. S magnetic field is 2.0 x 10 -5 T. Calculate the

assume the square of the fre , AR s o
E]ux densityl. quency f oscillation is proportional to the magnetic

Solution:

Using the set up of the tangent galvanometer as shown in figure 2.4 (i) below,

B2 = (By)2+ (BJ)?
B = v/[(Br)2+ (BJ)?]

Is the resultant

magnetic field
Fig. 2.4 (i)
N=10,d=12.0cm=r = 6.0 cm, B = kf,%> = (ﬂ)z — 0502
5 60
B, = k 2 - EE- = 0. 2 L — 92 2 =
h f2 60 0.25° = Br o.zs) s

#B= 4B, = Bc= JBZ — By = J(4Bh)2 — By’ = BpV3

But,B, = L‘gl’ T e 2rBp V3 _ 2% 0.06 X 2.0 X107° X V3

T HoN 4x10~7 x 10
~1=3.31x10"14 \
A capacitor of capacitance 2000 pF is fully charged to 10 V. When the capacitor is
discharged through a ballistic galvanometer, the galvanometer gives a maximum
deflection of 20 divisions. A coil of 25 turns, each of radius 10 cm is placed with its
plane perpendicular to a uniform magnetic field. The coil is connected in series
with the ballistic galvanometer. When the coil is rotated through 180°, the
galvanometer gives a throw of 15 divisions. Calculate the magnetic flux density, if
the total resistance in the circuit is 3 Q.

Solution: -
C=2000 pF = 2.0 x 10-3F, Om =20 div. N=25 turns, r=0.10 m, 6s = 15 div.

R=3Q,Vs=10V

. Rkog CVs
— 2% wherek = —
Using B = -, o,

% 2.0 X103 x 10 X 15
RCVsOs _ 2 15 _ 00286 T
2ZNAO, 2 % 25 X 1 X (0.10)* X 20

“B=2.86 x10°T

A circular coil of 5 turns of mean diameter 10.0 cm is mounted with its plane
vertical and along the magnetic meridian. A small compass needle is mounted on
a vertical axis at the centre of the coil. When a current of 0.50 A is passed through

= B =
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2.6

- A coil of 50 turns and area 10 -2mzis placed with its plane norm

"9,

0 n the currentin t
the coil, the compass needle deflects fseag” 6;9.°w(:};culate the horizo:t(:E TO
reversed, the compass needle deflects through 59°. .

i~ field i sity.
component of the earth’s magnetic field intensity

il ig

Solution ~ a4
N =5turns,d = 100cm =1 =005m1[= 0.50 4,

61°+59°\ _ o
6, = 61%,0, = 59° = 0 = (L) = 60
B¢ oms ﬂONl

tand 2rtané

B it
Now using, tan 8 = B—C- = Bp =
h

B, — _HoNI _ 4mX 1077 x5x0.50 _ 1.814 X 10-5T
" 2rtane 2 X 0.05 X tan 60°
~B=1814 x107°T e |
B  1814X i .
NB, Magnetic field intensity, h = ety e 14.44 Am!
-~ Magnetic field intensity,h = 14.44 Am™!

Exercises

What current must be passed through a flat circular coil of 10 turns and radius 5.0
¢m in order to produce a magnetic flux density of 2.0 x 10 -4T at its centre?
(Mo=4mx10-7"Hm-1) Ans: (1.59 A)
al to the magnetic
field between the pole pieces of a powerful magnet. The coil has a resistance of 5
) and is connected to a ballistic galvanometer of 35 ). When the coil is removed
completely from the field, a deflection of 120 divisions is registered on the
galvanometer. Calculate the magnetic flux density if the sensitivity of the
galvanometer is 15 divisions per micro coulomb. Ans: [6.'40 x 10-*T]
A steady current of 2 A flows in a long air cored solenoid. A small narrow coil of

50 turns and area 10-3m2is placed in the middle of the solenoid and coaxial with

it and connected to a ballistic galvanometer, When the current in the solenoid is
reversed, a charge of 10 pC circulates in

of the galvanometer and the coilis 5 Q.

(i) Magnetic flux density at the middle (¢ -37]
entr : . [10
(ii)  Inductance of the solenoid if it ( ©) of the solenoid. Ans: [

Ans: [6.0 x 10-°H]

ELECTROMAGNETS & some of their 3

Pplications
An electromagnet consists of a coj

: IS passe
becomes magnetized and tempor d throy
broken, the magnetic core loses jts

Magnetispy,




I ppiuant
& | f
Fig. 2.6 (a) Fig. 2.6 (b)

ACTION OF AN ELECTROMAGNET

When currents pass thru the coil, a strong but temporary magnetism is
induced on the soft magnetic material. The magnetism is lost when current is
switched off and again produced when current is switched on, repeating the
process a number of times depending on its designed purpose.

FACTORS AFFECTING THE STRENGTH OF ELECTROMAGNETS
- Current in the coil

- Number of turns in the coil

Nature of the magnetic material i.e. soft iron.

APPLICATIONS OF ELECTROMAGNETS

Some of the applications of electromagnets include some of the following
examples:
¢ Solenoid switch in car doors.
e An Electric Bell operation.
e Electromagnetic brakes.
e Car ignition induction coils.
e Ac. Transformers.
e Magnetic relay switches.
¢ Moving coil loud speakers.
e Telephone receiver.
¢ Electromagnetic metal separators
e Operation of electric guitars.
Induction ammeters.

The structure and mode of operation of an Electric Bell
e stru

« 98 »
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Battery

Fig. 2-6 (©

), a current I flows through the circuit

losed :
n(c t magnetized as shown op

When switch K is ushed i
. n metal pieces to ge

causing the parallel softiro
the diagram in the figure 2.6 (¢)
A soft iron metal piece T, then gets attracted by the electromagnet and gets
pulled towards the magnet.
The hammer then hits or strikes the gong G, an
At the same time the contact point N, att-ached t. .
with the spring, thus cutting off current in the circul |

then lose their magnetism, thereby

The soft iron parallel metal pieces .
forcing the steel bar and the spring X to pull back the metal T and

reconnect the circuit.
So long as K s still on (depressed), the proces

d hence sound is produceq,
o spring X, loses contact

s repeats itself.

ELECTROMAGNETIC INDUCTION

Definition
Electromagnetic induction
in a coil, conductor whenever thereisre

- is the production or generation of an induced emf
lative change of magnetic flux linked with

it.(i.e. coil, or conductor).
This e.m.f. can be produced in any one of the following ways

(1)

(ii)
(iii)

(iv)

A closed loop of wire or coil has its plane changed within the magnetic field
or removed completely out of the region of the magnetic field.

A straight conductor is made to move across a magnetic field.

A changing current is passed through a coil, or the coil is moved ina
magnetic field.

A changing current is passed through a primary coil placed co-axially with
a secondary coil, the magnetic flux linking the secondary coil causes an

~ e.m.f. to be induced in the secondary coil.

v)
(vi)

A metal disc is span or rotated in a magnetic field with its plane
perpendicular to the magnetic field.

A coil of metal e.g. copper wire is rotated in a magnetic field.




97 .
LAWS OF ELECTROMAGNETIC INDUCTION

There are two laws namely,
1. Faraday's law
2. Lenz’s law.

States that - The magnitude of the e.m.f. induced in a coil or across the ends of a

conductor is directly proportional the rate of change magnetic flux linkage or to
the rate of cutting of the magnetic flux.

d(N®) d(N®
i.e.|E| x 5 = |E|=k (dt ) experiments show that,k =1
d(N®) }
Bl = S e D)
LENZ'S LAW

States that - The direction of the induced e.m.f.in a coil or closed circuit acts in
such a way as to oppose the change of the magnetic flux that causing it.

Or it can also be stated as - the direction of the induced e.m.f. is such that the
induced current that it causes to flow ina closed circuit, opposes the change of

flux, which is producing it.

NB: the two laws above when combined can be expressed as Newman’s Equation.

. dN®)
ie. E = = e e e

The minus sign (-) in equation (ii) above accounts for Lenz’s law. .

For example, if the magnetic flux linking the plane of a coil in a closed circuit, is
due to an approaching North pole of a bar magnet. The induced e.m.f. causes an
induced current to flow in such a way as to make the near end of the coil being
approached by the North pole of the bar magnet, also a North pole, so as to

oppose the incoming north pole.

. ver e s. (i0) i.e.Newman's equation.

Approaching oil of known
Bar magnet sense of winding
—>>

N
)

Induced
current
G
Centre zero
galvanometer
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Experimental verification of the laws of electromagnetic
induction

Experiments to verify Faraday’'s Law

(a)

Method | (Movement of a metal rod across a magnetic field)

The apparatus is set up as shown in the figure 2.7 (b), where PQ is a COpper
metal frame that is free to rotate round the cylindrical magnet. X, Y are
metal slip contacts connecting the centre zero galvanometer G, via rheostg;
Z to the metal frame PQ.

When the copper rod is rotated say clockwise, it cuts the magnetic flux
lines, and by Flemings Right Hand Rule, an e.m.f. is induced across the ends
P and Q of the copper rod. )

Since the circuit is closed by the slip contacts X and Y via the centre zero
Galvanometer, G, an induced current, I, flows in the circuit in a clockwise
direction, causing G to deflect to the left (direction of flow of current).

The galvanometer G, then gives a deflection, 6, that is proportional to
current, I, which also depends of the e.m.f. induced across PQ.

The induced e.m.f. on the other hand depends on the rate of cutting of the

magnetic flux linked with the copper rod, PQ, which also depends on the

dd

rate of rotation of the wheel, W.i.e.0 « l,and |  E, E « f,while f < ==

Thus, when 8 « f,and 6 x I = I « f,Hence, E « %this then leads

to the verification of Faraday’s law.

slip contacts

.@ Stop

clock
Procedure/ Mode of operation (How it works)

The experiment is set up as shown on the diagram in the figure 2.7 (b)
Using a suitable setting of the rheostat, Z, wheel W, is rotated say clockwise
at a constant angular speed, w, until the centre zero galvanometer G
registers a steady reading, @ on its scale.

galvanometer

Fig. 2.7 (b)
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The number of r
revolutions i ]“VOlutinns' n, is noted and the time, t, taken for th
§ 15 also, noted on a stop clock or st ‘ 'h orthese.
op watch.

The frequency, [ = -

. ' is cal

wheel. W. t culated for a given speed of rotation of the
The experiment i '

. p ent is repeated, for several other different steady speeds

rotation of th :
helr correspzr:(\;}ileel;jw, an.d in each case, the frequencies f, together with
A graph of @ agai ng 'Ezﬂectlons @ are recorded in a suitable table of results.
_ . gainst f is then plotted and a straight line through the origin
is obtained. This shows that 8 o f

but @ « I,while,] < (emf,E) and so i? x f
Hence, E o whe a® »
’ re —-is the rate of change of magnetic flux linkage,

dt
thus Faraday’s law is verified.

Method II (The Magnet - Coil experiment)

Verification of Faraday’s law
e The principle behind this method is that, when a changing magnetic flux threads a

plane of coil say normally, an em.f. gets induced in the coil.
The rate at which the magnetic flux linking the coil changes, depends on the

velocity of the bar magnet towards or away from the coil.

When the circuit connected to the coil is closed or completed via a-centre zero

galvdnometer, G, the induced e.m.f. causes an induced current to flow in the
as to produce a magnetic pole at the end of the coil

circuit in such a direction
near the adjacent end of the magnet, which opposes the magnetic flux that has

(b)

caused It.
o The flow of the curren

G, to givea deflection,

turn is proportional to the induce
dd

——

(emf,E) and so vV X
dl « E whilev

t through the circuit causes the centre zero galvanometer,
6, that is proportional to the current I, flowing which in
demf 6 « I, while,I <

ae® ©do
si — xf =EX—
o Thussince, 8 « 1an o — but v « 6 Eox—

i oil of known
A:;‘;r:f::gl::f sense of winding
—r
L Axis __
Induced
et
Rpiass current

Centre Z€ro
galvanometer

Fig. 2.7 (¢
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Procedure/ Mode of operation (How it works)or Description of the
experiment

The experiment is set up as shown on the diagram in the figure 2.7 (c)

With the magnet M, stationary relative to the coil L, the centre zero
galvanometer G, shows no deflection.

The magnet is now moved towards coil L, with a fairly low speed, v1 and the
corresponding deflection 81 of G is noted. .

M is pulled back to its original position and the pointer of G allowed to settle,
M is now moved towards L at a faster speed, vz, and the deflection 0,

is noted.

02 is then found to be greater than 01 (i.e. 82 >01) but the speed of motion of the
magnet is proportional to the rate of change of magnetic flux linking the coil,
The deflection 8 is also proportional to the current, flowing in the circuit, which
in turn is proportional to the e.m.f. E, induced inthe coil. i.e. 8 « [andl xE

do . ’ .
Hence, E < —- where gd% is the rate of change of magnetic flux linkage.

Thus, Faraday’s law is verified.

Method III (Coil - Coil experiment or Transformer effect)

Verification of Faraday’s law

. The principle behind the operation of the system Is that, when a rapidly
changing current supplied by the signal generator is passed through the
solenoid, an e.m.f. called back em.f.is induced in it, due to changing magnetic
flux threading its turns. »

This magnetic flux from the primary also links the nearby secondary coil and
the rate of change of the magnetic flux linkage is proportional to the em.f
induced in the secondary coil.

An induced current, flows in the secondary circuit connected to the Y - plates
of a C.R.0. whose time - base is switched off and produces a line trace on the
screen, whose length L, is proportional to the root mean square value of the

a.c. input to the signal generator.
do do
. de od do
Since f < and E « I wherel x L = E « —¢

Hence, Faraday’s law is verified.

Connecting— ignal Generator
wires
! ""l!

Ricw DO "™ rAY
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rocedure/ Mode of o
prperiment peration (How it works) or Description of the

« A signal generator is co . ' -
copper wire wound on a sr:)rl]:(i:rtsg ctc())r:.he PRSI S0k IR Aol ey Kmaiahed

« Ashort secondary coil wound tightly on and in the middle portion of the primary
coil, is connected to the Y-plates of the C.R.0 whose time base is switched off.

» The generator is set at a particular frequency, f and switched on.

 The length, L, of the vertical line trace on the C.R.0 screen is then noted.

 The experiment is repeated with other different settings of frequency, f, and the
corresponding values of length L, of the line trace are recorded in a table.

» Agraph of L against fis plotted and gives a straight line through the origin.

L

e Thisimpliesthat, L o f,but, L < E (induced in the coil) while f o %t—
: do
~= E x — Hence, Faraday’s law is verified.

2. Experiment to verify Lenz’s Law (Discovered by Emil Lenz the Russian
Physicist in 1834)

Procedure:

e A centre zero galvanometer G, a switch K, resistor R and source of e.m.f,, B,
are connected in series to ascertain the direction of deflection of the
galvanometer, G for a given direction of flow of current as shown in the

figure 2.7 (e)

B K
Battery ||| /

R
J,}\G
Centre zero galvanometer
Fig. 2.7 (e)
e direction of deflection of the centre zero

. Switch K is closed and th

galvanometer is noted.
e  The source of em.f, aswitchK and a resistor R are then reptaced by a coil

ense of winding as shown in the figure 2.7 (f)
|

of knowns
/) Direction of
il L movement of
:):? lgnown the Bar magnet
«—_—
sense of
winding N Bar magnet
|
Centre z€r0 G Fig. 2.7 (f)

galvanometer
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A bar magnet with its North pole closer to the coil is moved towards the
coil, and the centre zero galvanometer G is seen to deflect in one direction
(to the right).

When the magnet is withdrawn and pulled away from the coil, the
galvanometer G deflects in the opposite direction (to the left).

When the bar magnet is moved towards the coil, the increasing magnetic
flux threading and linking the plane of the coil causes an e.m.f. to be
induced in the coil.

An induced current I flows in such a direction to make the end of the coil
nearer the approaching magnet, a north pole also opposing the
approaching north pole of the bar magnet.

When the magnet recedes (is withdrawing), the reducing magnetic flux
threading the coil, induces an induced e.m.f. which acts in such a direction
as to cause an induced current I to flow in the closed circuit in such a way
as to make the end of the coil ‘a south pole attracting the receding north

pole. |
Thus, in every action of the magnet the coil responds in a way as crate

activity that opposes the action that caused it, hence Lenz’s law.

Whenever an induced current flows in a loop of wire (coil), it always flows
in such a direction as to counteract the change of flux that is producing

it.(Due to the external field)

If the external magnetic flux causing it is increasing, it acts in such a
direction as to create a counter magnetic field in the opposite direction to
counteract the increasing magnetic flux.)

If however, the external magnetic flux causing it is decreasing, or
reducing, it acts in such a direction as to enhance or increase the decaying
external magnetic field in the same direction to reinforce the decreasing
magnetic flux.)

These two can be illustrated by diagrams in figures (i) and (ii) below,
where the direction of the loop depicts the direction of induced current in
the coil or loop of wire due to the induced e.m.f.
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(1) Incre asing Externa) Magnetic fielq

(1) De reasing External magnetic field

Induced
current

Induced

. current
direction in direction in
| the wire loop Y - the wire loop
[ | T
c‘:!l‘::ll::l(t::; th(jﬁfald due to induced Direction of the field due to induced
ncelling out B) current I (Enhancing B)
Fig.2.7 (g) (i)

| Fig. 2.7 (g)(ii)
Anti - clockwise current loop

When an increasing

magnetic flux links the plane of the wire loop, an em.f. is
induced in the loop i

n such a way that the induced current that it causes to flow

generates a magnetic flux that tends to oppose (i.e. reduces) the increasing external
flux. The net magnetic field in the loop of wire is the resultant of the two magnetic
fields, but since the external field is larger than the induced field, there would be a
net reduction of the field in the loop. From F = BIL = | = LL =] %
= Areduction in the magnetic field causes induced current to increase
With increase in the magnetic flux linkage to the loop of wire, hence increase in

the deflection of the galvanometer when connected in series with the loop or coil.

Clockwise current loop

When a decreasing or reducing magnetic flux links the plane of the wire loop, or
coil, an e.m.f. is induced in the loop in such a way that the induce.d current that it
causes to flow generates a magnetic flux that tenc{s to increase (i.e. enhance) l.:he
decreasing or decaying external magnetic flux i.'e. it compensates for the reduc1ng
flux. The net magnetic field in the loop of wire is the resultant of the two magnetic
fields, thus it tends to temporally increase but cannot.replace completf:ly ltlhel lost
external field, and this however then tends to reduce induced current in the loop.

_ F _—..—;Iocl
FromF = BIL = 1= 3 B

— A temporary increase in the magnetic. field in th‘f loo?ﬂc‘auses
induced current to reduce, hence a decrease _m the fieﬂectlon (? e ’
. ected in series with the coil or wire loop.. With a further
PTADPELer S EORY ;- flux linkage, the induced current reduces further, as the
de:rea(sje in thztr;::af?;?jtlccannot sustain the decaying magnetic flux indefinitely.
induced magn



'S LAW
CURRENT BRAKING DUE TO LENZ’S LA

rtically towards @ solenoid carrying alarge

n its speed of fall.
current, will experience a braking for Cf’:; tg: i(;::eii?\i;eld stfength and flyy
As the ring is falling towards the solenol ’Sing alarge induced current to floy

linked with the ring will be increasing Cal.l dpe
round the loop as shown on the diagram in the figur

vl I,H—’Soﬁ iron rod

oft iron ring

A fairly light metal ring falling ve

Current induced in
the ring

The coil and the ring
repel each other

Current on the

solenoid from above.
Magnetic field due to

the solenoid

Induced current on
ring from below

Fig. 2.7 (h)

Lenz’s law shows that, the current induced in the ring circulates in such a
direction that allows the magnetic field of the current to compensate for the

change in the magnetic flux. =~ '
The ring acts like a small coil, magnetized with the opposite pole facing

downwards and so it is repelled by a like (similar) pole at the top of the solenoig
due to the current flowing through the solenoid. This is demonstrated on the
diagram by the South Pole with arrows at end of letter “S” surrounded by a loop
with arrows pointing in the same direction as that on the letter, “S”.
NB: If the same experiment was carried out using a superconducting ring, it is
possible for the ring to float or hover just above the solenoid. This is because the
currents induced in super conductors are always large enough to completely
cancel out the magnetic flux crossing their surface. (This is known as Meissner
effect). The repulsive force on the ring then equals the weight of the ring.
In ordinary metal rings, the induced e.m.f s, are generally small, the eddy currents
induced in them along low resistance paths may be very large and act in such a
ety et eing oo s K e TO .
The only disadvantage or draw back h : 1net1C o Lt het
iy citones TR St ere is that as the motion slows down, the
aller, and the braking effect is reduced, hence

automobiles use this alongside other braking mechanisms like hydraulic brakes.
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Lenz’s law and the conservation of Energy (Explanation) |

|n an experiment to verify Lenz’s law, a bar magnet in mechanically pushed
rowards the plane of the coil in a closed circuit.

an em.f. is induced in the coil that causes a current induced in the circuit to flow
in such a way as to create a similar like pole (N - pole) at the adjacént near end of
the coil. The like poles then repel each other, hence work has to be done in order
to overcome the repulsion of the like poles.

The mechanical energy then is converted to electrical energy in the circuit with
some of it being expended in form of heat at the coil and the connecting wires,
while the rest of the energy does mechanical work to cause a deflection torque on
the coil, observed as a deflection of the pointer of the galvanometer.

— Mechanical energy — Electrical energy — (Heat + Mechanical energy)

(i) Magnet moves towards the coil (ii) Magnet moves aWay from

Induced magnetic ! 5
Approaching flux T d - Nthe ;:onl
N-pole _ - eceding N-pole Coil
Bt v s e A > __s,, N_.v"'lnduced
= : free s 2B — t
| WrLT . > _.::_magne (o
e & = ) . l"A A" “
Increasing Decreasing ux
magnetic flux magnetic flux
Centre zero G Centre zero G
galvanometer galvanometer
Fig. 2.7 () (i) Fig. 2.7 (i) (ii)

When the magnet is pulled away from the coil, the reducing magnetic flux linked
with the coil, induces an e.m.f. in the coil that causes an induced current to flow in
such a direction as to make the adjacent end of the coil, unlike pole (South Pole)
attracting back the receding North Pole.

Work has to be done again to push the bar magnet backwards against the
magnetic attraction by the South Pole on the coil. Hence, electrical energy causes
mechanical energy to expend in moving the magnet against the force of attraction.
Thus, there is a continuous interchange of energy between mechanical and
electrical energy in the system- ;

Hence, whenever a magnet is moved along the axis of a coil in a closed circuit,
work is always done against the force of either repulsion or attraction.

Lenz's law is therefore the law of conservation of energy that applies to

electromagnetic induction.

FLEMING’S RIGHT HAND (DYNAMO) RULE

The direction of an induced currentina conductor can always be fou_nd using Lenz'’s
law, however if the current is being induced due to the motion of a straight



~ 10,

’s Ri and Rule common]
conductor , it is more convenient to use Fleming's Right H y

referred to as the Dynamo rule.

r, the second finger
Fleming's Right Hand Rule - states that, if the first finge ger ang

t angles to each ot
the thumb ofth right hand are he¥ Comf(;rtt:: z:gtr::%it:: Fielgd and the thullvll:l
The First finger pointing in the direction 0 e o
poienti:; intﬁz d‘i)rectiof of Motion, then the seCond finger points IT‘ the directig,

of the induced current.

F = Field (for the First finger)
C = Current induced in the conductor (for the gngmd_ﬁll.ﬂﬁI)

M = Motion of the conductor across the magnetic field (for the M)

—-— Motion

Induced L :
Current B V2 §
Cond finge
Fig, 2.8 (a) seCond finger

METHODS OF GENERATING AN INDUCED E.M.F.

E.m.f produced when a straight meta] rod is m

ove etic
v d across a magn
(a) Method |

° Consider a straight conductor of Je

l-lgth, L, moved with a velécity v, across?
. si
magnetic flu, electrons moye s % B, tesla, as the conductor cuts the
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i ®
Uniform

magnetic field
® ® ® B ®

-
®
:
’

Fig. 2.8 (b)

N Suppose the metal conductor moves from PQ to P’'Q’, a displacemen
area swept outbytherodA = L X x
. Magnetic fluxcut, @ = BA = BLx

t x, the

. The magnitude of induced e.m.f., |E| = % — d—(fTLx-z = BL (%’ti = BLv

d
Where E’—:— = v (rate of change of displacement with time)

° Thus induced e.m.f,, E = BLv

Method II (Induced e.m.f. due to force on moving electrons inside
a wire)
o Consider a conductor of length L, being moved across a unifo

field of flux density, B, with a velocity, v.
e When the wire (conductor) is moved vertically downwards
perpendicularly across a magnetic field, B, electron of charge - € moves

down at the same speed, V.

o At the same time there isan eq

_ charge in the conventional dire

hand rule, (or the Hall effect), a magneti
from side W towards X.

e Ifthewireisnotina closed

conductor leaving an equiva

end W of the wire.
gative charge at X, will oppose any further

e After some time, the né
movement of electrons along the wire WX and so the drifting of charges

rm magnetic

uivalent upward movement of positive

ction of current I. Applying Fleming’s left
c force, F = Bev acts on the electron

circuit, electrons pile up on side X of the
lent quantity of positive charge at the opposite

stops. _
e The opposite charges of the same magnitude, sets up a large p.d. E, known

as induced e.m.f. across the metal conductor (wire), PQ when the electric

force on the stationary electron equals the magnetic force on the same

electron.
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Straight conductor

Conventio

Current X .

direction - e

——— -

A T——

N o B

e
+ &°° Je€

——17{ —
Fig. 2.8 (©)
i.e. Fx= E, = Bev=Ege

where E, = % is the electric field intensity in XW

Bv=EO=€- — E = BLv
Thus induced electromotive fo'rce across, wire WX, E = BLv

NB:

e The ends WX of the moving wire
positive terminal while X is the negative terminal.
e  When the ends of the conductor are connected via a resistor R and a centre zerg

galvanometer, G, or ammeter, an induced current, i, flows from Wvia G to X
then back to W, in the direction indicated causing, G, to deflect to the right.
When Fleming’s right hand rule is applied to the motion of the wire across a
magnetic field, the polarity of the ends of the wire (e.m.f) induced and the
direction of flow of the induced currenti, agrees with the above conventions,

and the induced e.m.f. is given by, E = BLv.

acts like a generator, with W acting as the

(c) Method IlI (Induced e.m.f. due to motion of a wire metalrod acrossa

magnetic field, B.

(Using the conservation of energy and Lenz's law) |
Consider a metal rod of length L, placed across a magnetic field of flux densily
B and moved perpendicularly across the field with a velocity, v.

@ ® o P ® B®
I - i m|
1 X
R Fm<— _— v
X L & —F. Q
. 1 .
® ® F P<'8 R ®
Fig. 2.8 (d)

e Work done by an external force, F,, against magnetic force, Fm,
ieW = F, X x ’
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e Mechanical power applied to move the metal rod PQP, =F, X % =FXY

By Flemings’ Right hand rule an induced current I flows from P towards Q

By Flemings’ Left hand rule, a magnetic force Fm = BIL acts in such a
direction as to oppose, the applied force causing motion of the rod PQ.

e Asthe speed of the rod increases, the induced e.m.fand consequently

Induced current increases, leading increase in Fr, until it equals Fa. The rod

then attains a constant speed v. i.e. Ff, = F,, = BIL, and mechanical power
is converted into electrical power.

o ieP,=P,= F,xv=EXI,ButF, = E, = BIL
~BILv = EI

Hence, induced e.m. f. E = BLv with end P at a higher positive
potential while Q is at a lower negative potential

NB, When the circuit has a resistance, R, induced e.m.f, E = IR where Il is

the induced current that flows round the closed part of the circuit.

29 Examples & Exercises on Electromagnetic induction

L

The diagrams (a) to (c) in figure 2.9 (a) show a metal rod PQ of length 8.0 cm
being moved in the plane of the paper at 3.0 m s -1through a magnetic field of
flux density

4.0 X 1072 T Which is directed into the paper.

(a)
(b)

(a) (b) (<)
@ ® ® @ ® ® @ ® ® ®

®l®
—

——-80cm
X | ®

(i)  Find the magnitude of the e.m.f. induced in the rod in each case.
(ii) When a resistor, R, of 0.2 Q is connected across the rod in (¢) how much

current flows through it.
Solution .
Induced em.f, E = BLv = 4.0%x 1074 x 0.08 x 3.0
~E=960x103V ‘
Since, the magnetic field, B, the motion of the rod PQ and the position of the
metal rod PQ itself are all perpendicular to each other, Fleming’s right hand
rule holds, so 60° has no effect on the e.m.f. induced on the metal rod.
Induced e.m.f., E = BLv = 40X 1072 x 0.08 x 3.0

~E=9.60x10"°V

®
®°\s}

[~

%

N

®@ ®
P

O ® ® ® ® ® ® ®(® 9Y® ®
Fig. 2.9 (a)

E
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(c) (i) Since, the magnetic field, B, the motion of the rod PQ and the position of tp,
metal rod PQ itself are NOT perpendicular to each other, Fleming's right
hand rule does not hold, so 30° has an effect on the e.m.f. induced on the

metal rod.
Component of velocity normal to the rod PQ, v, = v €OS 30° = 3.0 cos 3(°

Induced em.f., E = BLvcos30° = 4.0 X 1072 x 0.08 x 3.0 cos 30°
2E=28.31X% 1073V
(i) UsingE = BLvcos30° butE = IR = IR=BLvcos30° "
-2 o
sl = Bll;v _ 4.0x10 XO(.)028X3.OCOS30 — 416 X 10—2A
- Induced current,I = 4.16 x 107%A

2. A straight wire of length 20.0 cm and resistance 0.25 Q lies at right angles toa
magnetic field of flux density 0.40 T. The wire moves when a p.d. of 2.0 Vis
applied across its ends.

Calculate the;

(i) Initial force exerted on the wire.
(ii) Force on the wire when it moves at a speed of 15 m s-1.
(iii) Maximum speed attained by the wire.

Solution

@ ® @ @ BY® ® ® ® ® ® &
P Connecting wir
T T

®®®g_®®®®®®®1®
SRl

F= : i, .:Fl —*F Z.OV’

@ @ ® @ ® ®
1R=0.250 i@ o ®l®
Q

Conticch
@ ® ® ® ® ® énngﬁn%w'fe?—?@ 4
Fig. 2.9 (b)

(i)  From Fleming's left hand rule, F, -

= Bi\L, where, iy = L = F = B(E)L
2.0 R

= F; = 040 X (22) X 020 = 0,064 N

». The initial force,F, = 0.064 N

(ii)  Electrical power = Mechanical power
Vi, = F,v, where,V = i,R i,2
1 = Ll R = Fz v

i.2p 20 )2 0
1 2 X -25
L p p— o 0.25
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= F, =F; =>F1 =B(i1 _iz)L

0.064 = 040 [(Z%) - ;] x 0.20
Ny =724

S Bly = ihR =v= R 72x025

BL 0.40 x0.20
~ v = 22.5ms s the constant velocity attained by the rod.
When the wire begins to move, an e.m.f, is induced across it, given by the
expression, E = BLv but another force F, = Bi,L acts against the motion.

where i, is the induced current

In the figure 2.9 (c), a conducting rod PQ of length 2.0 cm restson a smooth
conducting frame to form a complete circuit of resistance 4.0 . When a force,
F, is applied, the rod moves at a constant velocity of 6.0m s -1 pérpendicular to
a uniform magnetic field of flux density 1.5 T.

R R B
P Smooth conductorj i

R VNP R R QA®
T > F I:R
@ ® VNP ® ® @ ® ® ® [®

—

le—Uul ()'7—>

Smooth conductor—1

RS VXX

Q
D
® ® ® ® @ F%.ZS(C)

(i) Explain why the rod moves with a constant velocity.
(ii) Calculate the magnitude of induced e.m.f. across the metal rod PQ.
(iii) Determine the magnitude of the force, F, and the current flowing through

the resistor R.
Solution

tal rod is PQ accelerates to the right along the rails, the
tic flux lines and an e.m.f. is induced across the ends P

at end P is positive while end Q is negative (By Fleming’s

e Assoon as the me
rod cuts the magne
and Q of the rod so th
Right Hand Rule).

e When the rod gains speed,
it increases, and a larger é-m

e Since the circuitis closed fro

the rate of cutting of the magnetic flux liked with

f. is induced across rod PQ.
m right hand side of the rails by the resistor R,

an induced current, 1, flows clockwise 1:.e. from Q towards P (By Fleming’s
Right Hand Rule), setting up @ magnetic force F = BIL.aCfm,q to the left
i he applied force F, on the metal rod.(B.y Fleming’s left hand rule)
Againskees to reduce the size of acceleration of the metal rod, since the
* T forc.e Sits:itjceod e.m.f,, increases the induced current and hence
increase In ’

the magnetic force acting to the left until it equals the applied
increases

force, F.
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t force on the metal rod PQ becomes Z€ro, _thus the rod

e Hence the resultan
velocity, v-

attains a constant or uniform terminal
1.5 % 2.0 X 102 x 6.0 =018V

(i) Induced emf, E = BLv =

~E=180x10"1V .
eed, applied force = magnetic force.

(ili) When the rod PQ attains a constant sp
_ (BLV

BIL = F where IR = BLv = 1= == =F ="

2
W F= (1.5 ><0.042) x 6.0 —1.35 X 10—3N

-1
Using E = IR = I = 2> = L80X10 _ 0,045 A o7 4.50 X 10724
4.  Anaeroplane of wing span 30 m flies horiz
What is the p.d across the tips of the wings,
Earth’s magnetic is 1.46 x 10-4T? [Angle of dip,

ontally at a speed of 1000 kmh-t
if the horizontal component of the
at the place is 70°]

Solution:
It's the vertical component is responsible for the e.m.f. induced, E, across the

wing tips is obtained from;
By _ 146x107*% _ 427X 10°4T

, B
B, = B sin 70° where,— =cos70° =B = =
v
B cos70° cos70°

Using,E = ByLv where B, = Bsin70°
— E =427 x10*x30Xx 1000x1909 — 3,56V
60 X 60

~.E=356V
An aircraft moving horizontally over the Earth’s surface from East to West ata

km h-1 generates an em.f. of 50 mV across the tips of its
0-5T downwards

velocity of 900
wings. If the magnetic flux density at that location is 2.0 x 1

and the angle of dip at that location is 60°.

Determine the length of the wings (i.e. wingspan) of the aircraft.

()
(i) Whichwingisata positive potential?
Solution:
. _ . __900x1000
(i) v=900kmh-1=v==—"—==250ms™!, emf. E=50mV =50 x10-*V

B
Aeroplane === M y-250ms!
N 60°
: Ne
I
va B=20x10"5T
Fig. 2.9 (d)

By =Bsin 60° =2.0 x 10-5sin 60° = 1.732 x 10-5T
Using E = By Lv where B, = B sin 60°
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= 50 X103 =173 X105 x I, x 250
50 x 10 ~3
1.732 x 10 ‘5x250

=L =11.55m
(i) Using Fleming’s Right hand rule, and applying it to the motion of the
aeroplane, with the First finger (Field) pointing downwards, the thuMb
(Motion) pointing to the west, then the seCond finger (E.m.f. or Induced
Current) will automatically point to the south signifying the direction of
Positive (+) charge. As seen on the diagram above.

6. In the figure 2.9 (e) below, X and Y are smooth conducting metal rails
connected to a source of e.m.f, Eo. CD is a metal rod of length L metres
placed horizontally on X and Y perpendicular to a uniform magnetic field of
flux density, B.

® @ ® ® ® ® ® ®

_[\/r = X
Es  ® ® ® Q| ® ®B®
el .

 ® ® ® e ® ®
Fig. 2.9 (e)(i)

(i)  Copy the diagram and indicate the force, F, acting on the rod CD.
(ii) Using the principle of conservation of energy, show that F = BIL, where I is

the current supplied by the source.

Solution:
(i) When rod CD is across a magnetic field, B, the current I supplied by the

source (Battery), it experiences a magnetic force, F = BIL as predicted by
Fleming's left hand rule, to the right, as shown on thefigure 2.9 (e)(ii)
R ® ® ® & C ® ® &
[ e ] e > X
N IH;——»F
o ® ® ® ® 8 ® ® B®
e .
D
 ® ® ©® X ® @ @
Fig. 2.9 (e)(ii)
(i) When rod CD moves to the right, and cuts the magnetic flux, an e.m.f.
E= ;Lv is induced across the rod CD, an since an induced current flows anti

clockwise againtst the current supplied by the battery. Suppose the net

tis| electrical power expended in the circuit, is EL
Z“"ening t'he terminal velocity attained by the rod CD is v, then mechanical
ssum

power, is Fuv.




“Tug,
Thus the mechanical power = Electrical power
= Fv=EIl butE=BLv = Fv=BLvli
~ F = BIL
7. A15.0 g conducting rod of length 1.3 m is free to slide downwards between
frictionless vertical rails. The rails are connected to an 8.0 () resistor, and the ]
entire apparatus is placed in a 0.45 T uniform magnetic field.
Assuming the rails have negligible resistance, determine the;
(i) Terminal velocity of the metal rod.
(i) Change in the gravitational potential energy per second when the rog
attains a terminal velocity.
(iii) Power dissipated in the resistor.

Solutions:

Solution for part (i):

0 0O BV\I/{\Q 0 0O
: Metal () L=130m,m=15.0g=00150kg
BE-r 7rails

© Ol O} O

B=0.45T,andR=8.0

E.m.f. induced across the metal
rod, E=BLv butE=1IR

+-1.30 m~ = IR=BLv
© O)|o OJ©F0 L, _BLv . i)
T R
At terminal velocity, BIL = mg
o ojo olo © o mgR (i)
: o = 2
Fig. 2.9 () (BL)
15.0x1073 X 9.81 X 8.0 _ g
e A (0.45x1.30)2 =3.44ms
(ii) Gravitational power,P = F X v =mg Xv
— P = 15.0x 1073 x 9.81 x 3.44 = 0.506 W
. P=506x10"1W
(iif) Power dissipated in the resistor, P = I?R = (?)2 p= G

R
45x1.30x3.44)? -
P=(04x80 ) = 0506 W
. P=506x10""W
Hence, the two values for power are the same implying there is
conservation of energy in the system. :
A metal rod XY of mass 0.2 kg, length 0.8 m and negligible resistancé roll

down PP’ and QQ’ inclined at 30° to the horizontal . The rails lie in a unif®
vertical magnetic f'”leld of fluc density 0.4 T. The ends PQ of the rails aré
connected toa resistance of 5 Q as shown in the figure 2.9 (g)

8.

M) Calculate the constant speed the rod attains.
(ii) Explain the occurance of the constant speed.
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Q
ST
A Y A
\\\ y, 3\0° .
x Q
30>
| P’
Fig.2.9(g)

Solution:
The component of the vertical magnetic field, B cos 30° is normal to the
plane of metal rails and B sin 30° down the plane of the rails.

The weight component, mg cos 30° of metal rod down the rails accelerates
the rod down the rails.

E.m.f. induced across metal rod XY, E = BLv cos 30° ... SRR |

When the metal rod attains a constant speed, v, weight component down
the rails equals the magnetic force BIL cos 30° up the plane.

l.e.BIL c0S 30° = mg Sin 30° ... ... e cee cee e cur eer eee e e e e e s s (D)
o d mg sin 30°
- From (ii), I e | (iii)
e R ks _ IR ,
From (i) E = IR = BLv cos 30° = v = T U))
mgR sin 30°

Substituting (iii) into (iv) g ( BL cos 30°)2

.2%X9.81 x5 Xsin30° e
pax>e = 6.387 x 103m 571
(0.4 X 0.8 X cos 30°)2

v= 6.39 x 103m s~ ! down the rails.

As soon as the metal rod is released from up the inclined plane, the
“weight

e Component, mg sin 30° accelerates the metal rod XY, down the slope, and

slope, since the incr

as it does so, the rod cuts the magnetic flux lines and an e.m.f. is induced
across the ends X and Y of the rod.

When the rod gains momentum down the slope, the rate of cutting of the
mégnetic flux liked with it increases, and a larger eem.f. is induced across rod

XY.

Since the circuit is closed from above the rails by the resistor .R, an induced
current, I, flows an ti-clockwise i.e. From X towards Y (B): Flerpmg‘s l.“ght
Hand Rule), setting up @ magnetic forceF = B.IL cos 30° (B cos 30°is

ormal to the plane of the rails or the slope) acting
upwards the slope against the downward mot.ion of the metal rod.

This force starts to reduce the size of acce.leratlon of the. metal rod down the
ease in induced e.m.f. increases the induced current and
magnetic force up the inclined plane until it equals the

component of B, n

hence increases the
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weight component mg sin 30° down the slope. Hence the resultant force 0
the metal rod XY becomes zero, thus the rod attains a constant or unifonnn
terminal velocity, v. ’
The diagram in the figure 2.9 (h) below shows a bar magnet attached to 5
spring whose other end is on a fixed support. Below the magnet is a circuijt

containing a coil, of known sense of winding, a centre zero galvanometer ¢ |
and a switch K.

9. (a)

Spring

Magnet

Coil
f o—
G

Fig. 2.9 (h) (i)
The magnet is slightly pulled down vertically, and then released to oscillate,
the switch K is later closed. State and explain what is observed when the
switch is,
(i) Open
(ii) Closed.

Solution:

(i) When switch Kis open, the magnet takes a longer time to stop oscillating
The changing magnetic flux linking the coil from the magnet, induces an
e.m.f. in the coil, but since the circuit is open, no induced current flows in
such a way as to make the coil a magnet that creates an opposite pole to
that of the approaching magnet (By Lenz’s law). Thus, no opposing

magnetic flux is created as to damp the motion of the magnet and hence no
deflection on the centre zero galvanometer is noted.

Spring
Magnet
) N Switch
Col lclosed
¢+ K

Centre zero
galvanometer

(i) When switch K is closed, the magnet takes a shorter time to stop
oscillating.
The changing magnetic flux linking the coil from the moving bar magne®
induces an e.m.f. in the coil but since the circuit is closed and complet® ’
induced current flows in such a way as to create a magnetic pole who®
magnetic flux opposes the flux due to the approaching or receedin®

Fig. 2.9 (h)(ii)
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F) of the coil. E.g. when a north pole
pole is also induced at the top of the coil and

magnet is receeding, a south i
R - g asouth pole trying to
€ magnet is induced at the top of the coil. Thus opposing magnetic

flux illati i
ux due to the oscillating magnet is induce at the top of the coil; hence, it

damps th i
" F he motu?n of th.e magnet while the galvanometer oscillates back
and forth about its equilibrium the zero position. '

pole of the bar magnet at the to
approaches the coil, a north
when the north pole of the

(b)  The diagram in Figure 2.9(i) shows a metal rod PQ of length 0.200m, mass

t;O r.ng and resistance 6.0 ( made to slide down thick frictionless rails
inclined at 10° to the horizontal and connected at the top with a wire of

negligible resistance, in a region of uniform downward vertical magnetic
field of flux density B = 0.80 T.

Fig. 2.9 (i)

(i) Explain what happens when the rod is released from the top.
(i) Calculate the terminal velocity of the metal rod.
* Solution
(i) ©=10°,Ilengthofrod PQ=L=0200m,R = 6.0Q, B=050T
When the rod PQ is released, it will accelerate down the plane and cuts
across a uniform magnetic, field, B cos 6, normally.
 An e.m.f. is induced across it, and an induced current I flows in the
direction P towards Q (By Fleming’s Right Hand Rule).
A magpnetic force F » = BIL cos 6 (By Fleming’s Left Hand Rule), then acts in
the opposite direction i.e. (Upwards),to the weight component Mg sin 8
As the rod PQ gains speed down the plane the rate of cutting magnetic flux
' increases, a larger e.m.f. gets induced across it and the induced current I,
increases. .
The magnetic force, F = BIL cos 8 increases until its_ value equals the weight
component down, i.e. Mg sin 6 i.e. BIL cos 6= I.Mg sin 6 Aa
Thus the rod PQ then attains a constant terminal velocity.

(i) E =BLvcos 10° butE=IR " | .
IR = BLvcos10° =V = e 10f but at terminal velocity,

Mg sin 10° = BIL c0S 10° = BIL = Mgtan10®
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il = Mg tan 10°
BL
_ MgR tan10° _ 40x1073x 9.81 X 6 X tan10°
(BL)2cos10°  (0.50 x 0.200)2 cos 10°

~ v =42.15ms™! down the slope.

Two metal rods moved across a uniform magnetic field

Consider two metal rods PQ and ST each of length 0.5 m are moving at 2.0 m s -1
and 5.0 m s - 1 have resistance of 1 Q and 2 Q respectively. The smooth paralle]
conductors are joined at the end with a resistor of 4 Q and a uniform downward
magnetic field of flux density 0.85 T threads the plane of the rails normally as
shown on the diagram in the figure 2.9 (j)(i)

R @ ® @ ® ® ® ® B ® ® @
Smooth conducto
P s }

B @ @ BII® @ ® ®LW®
> 2ms~! —>5ms"! |Rf, 9

P @ ® Q@ @ ® I® ®

@ @ ®

® @ ®

—

le—uI G'0—>

Q Smo;)rth conductor—T
R ® ® @ @ @ ® ® ® ® @ ® ®

Fig. 2.9 (j)(i)

Determine the;

(i) E.mfinduced in each rod.

(i)  Current passing through the resistor

(iii) Power dissipated in the 4Q resistor labelled R.

Solution

(i)  E.m.f.induced across rod PQ, E; = BLv, = 0.85 X 0.5 X 1072 x 2.0
~E;=85mV or 85x1073y
E.m.f. induced across rod ST, E; = BLv, = 0.85 x 0.5 x 1072 x 5.0
+» Ey=21.25mV or 2.125x 1072y
(ii) Consxdenng the two metal rods PQ and ST as sources of e.m. f E,, and 2 0f
mternal resistances, r1 and r1 respectlvely as shown in figure 2.9 () (ii)-

i@ i@%

——

Q
Fig. 2. 9 0) (i)



Using Kirchhoffg laws; at junction, s, g
Considering loop 1, E,-E, = ._21 PP = @
Considering loop 2. By w4 211 e RCTT RPN ¢ 1)
Equation (if) + (i) = E, = a1 +21--~ ...‘...(f'ii)
Substituting for I, fPom (1) i (m)l M v (1)
=5 =4+20-1)< g, ¢ _ 21y )
squatien [Sby)é] FW = 2B, 4By = 61421 + (61— 21, (1)
= [= 1t 82 _ (2x21.25 4 8.5)x10~3
. = T =3.64x 10734
* Current through 40, resistor,I = 3,64 x 10-34
(iii)  Electrical power dissipated in a resistor R P =]%R
= P =1°R = (3.64 x 107%)2 x 4.0 = 530 x 10-5 W’
~ Power dissipated in the 4 resistor,P =5.30 x 10-5 w
Exercises on motion of g conductor in a magnetic field
1. The length of a train axle is 3.0 m. The train is moving at 40 km h -1at 90° to a
magnetic field of 50 uT. What is the e.m.f. induced across the axle?
Ans: [1.67 mV]
2

. A conducting wire, 0.5 m long is movingat 40 m s - 1through a magnetic field

of 25 uT so that the wire is at 90° to the field lines. The induced current is 250

HA. What is the; )

(i) = Force required to maintain the constant speed? Ans: [3.125 x 10 - ° N]
(i) Work done per second by this force? Ans: [6.25 x 10-8W ]
(iii) Resistance of the wire? Ans: [1.0 Q]

3. An orbiting shuttle is travelling at 3100 m s - 1. It extends a 20 km long
conducting tether, so that the line of the tether is perpendicular to the Earth’s
sﬁrface_ A current of 5 A is measured in the tether and the power generated is
15 kW. Determine the average magnetic field strength along the length of the
- ' Ans: [4.84 x 10-5T]

ether. . :

4. A metal aircraft with a wing span of 40 m flies with a ground speed of

, 1000 km h - 1in the direction due east at a constant altitude in a region of the
northern hemisphere where the horizontal component of the Earth’s magnetic
field is 5 d the angle of dip is 71.6°. Find the potential difference in volts
:}.16 tx 1(_) ; E ea:veen the wing tips and state with reason which wing is at a

at exists Ans: [5.34 x 10-1T]
higher potential. the earth'’s surface
. ) . f644' m moves over

S. A Bgemg with a Wmfrsnpﬁtf :) in the Earth’s magnetic field of 100 uT at a location
h()}:"lzontallly atf‘;::))is 30°. Determine the magnitude of the p.d. generated
whose angle o :

: Ans: [0.814 V]
across the tips of the wings:
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~ 120
6. The diagram in figure 2.9 (k) shows an aeropla_nle_ oft;/lv;r;ga:f;:l r?;l(;m m.o b
horizontally to the north at a speed of 100 e 11: Ehetic fig)y
of flux density 5.0 x 10-5T at an angle of dip of 71"

Al

Fig. 2.9 (k)

(i) Calculate the magnitude of the e.m.f. induced across the tips of the
WingS. AnS: [9.4’6 X 10 -2 T}

(i)  Suppose the aircraft dives vertically downwards, what is the size of
e.m.f. generated across the wing tips. Ans: [3.26 x 10-27]

E.M.F. Induced in a rectangular loop of wire moved in a magnetic
field ]

Consider a rectangular loop of a wire of length, L and width (breadth) b, of total

resistance, R, placed in a uniform magnetic field of flux density, B, perpendicular
into the plane of the wire loop, as shown on figure 3.0

w

Rectangular Loop of wire moving into, through and out of the uniform magnetic field, of flux density, B
Fig. 3.0 (a)
When the loop is moved at a constant velocity, v, from the position O outside
the influence of a uniform magnetic field B, through position P partly in th

field, to position Q completely inside the field, to position R partly in the field
and finally to position S completely outside the magnetic field, the following
observations are made and explained. -

At position O of the wire loop, all portions of the wire are outside the fi€!d
Despite the motion of the loop WXYZ to the ri

so there is no e.m.f. induced in the loop. i.e. E
At position P of the wire loop,

. n
ght, no magnetic flux is cu**
=0

side YZ of the wire is outside the field. Despi®
the motion of the loop WXYZ to the right, no magnetic flux is cut by YZ and 5

there is no e.m.f. induced across YZ, However, side WX is moving inside the



(D)

(ii)

(iii) Therewasa chan

(iv) A graph ofcur

field and is cutting the magnetic fiy -121 -

thus drives induced current | anti
magnetic flux linkage to the wire |

At position -
De:pite the?nzt;i?:g?:: loop, all portions of the wire are inside the field.
, e loop WXYZ to the right, there i
magnetic flux cut and so there s no e.m.f influc’ed fr: i}:: ;’0 C’f_‘nge O{)the
" , -m.L oop.i.e. E= 0.

et vt i
N ‘ _ e o.op lfl opposite directions, so as

€ current [ in the loop in opposite directions, so that the net
current, Inee = (I - 1) = 0, hence the net em.f, E = 0 )
At position R of the wire loop, side WX of the wire has moved outside the field.
Despite the motion of the loop WXYZ to the right, no magnetic flux is cut by
WX and so there is no e.m.f. induced across WX. However, side YZ is still
moving within the field and is cutting the magnetic flux. Em.f, E = BLv is
induced across YZ, and thus drives induced current I, clockwise in the loop.
Generally, there is a reducing magnetic flux linked with the wire loop WXYZ as
it gets out of the magnetic filed.
At position S of the wire loop, all portions of the wire are outside the field,
again. Despite the motion of the loop WXYZ to the right, no magnetic flux is
cut by any section of the loop and so there is no e.m.f. induced in the loop.
ie. E=0

Notes
Sides XY and WZ do not cut the magnetic flux, at all the various positions
since they move parallel to the direction of the magnetic

d across the ends of sides XY and WZ

X. Em.f, E = BLy is induced across WX. It

-Clockwise, Generally there is increase in the
oop.

of the wire loop, g
field lines. Hence, no, e.m.f. is induce

ontinuous wire loop WXYZ. .
cht::sictions 0, Q and S, the magnetic flux is not changing, even though the

loop WXYZ of the wire is moving. In each case, a smal} displz:cement of the
loop, causes no magnetic flux change. i.e. The mange-tlc flux is zero at

ol 4 S, and nonzero but constantat position Q. Thus, for tht?s o
p: myte '(t)isrrlls O, Q and S of the loop, the induced e.m.f. is zero and so is the
three posl ’
induced current. 1.e. [=0. |
ge of magnetic
0 to position

flux, from position Q of the loop to position
; Hon P, since portion of the area threaded by

0
R, or from positl anged, with time. Ad = d2- d1=B(A2 - A1)

the magnetic flux ch p0 _ _p 42— 40

.= "% At _
flowing in the 100ps against time has the shape

ure 3.0 (b) below.

Thus induced e.m-
rent) l!

shown on the sketch in fig
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+ A Position
Position
1(A) I_L l Q Position
0 T >
t (s)
Position
o
i Position
R
Fig. 3.0 (b)

3.1 Examples & Exercises on motion of wire loops in a magnetic field

1. Asingle rectangular loop of wire with dimensions 35 cm by 75 cm is arrangeq
such that part of it is inside a region of uniform magnetic field of flux density
0.45 T and part of it is outside the field. The longer side of the loop is paralle]
to the magnetic field lines, while shorter side is normal to the magnetic field
lines. The total resistance of the loop is 0.230Q. Calculate the force required to

pull the loop from the field at a constant velocity of 3.4 m s - 1 perpendicular to
the field.

Solution

© O 0O O O OB=045T
Y 75 cm X

1 ® 6 6700 O
35°l © 00 010 0
=

Z

W
© 06 060 O O
Fig. 3.1 (a) :
When the loop is moved to the right, side WX cuts the magnetic flux, causing

an e.m.f. to be induced in the rod, whose magnitude is given by E = BLv
Where, E = 0.45 X 0.35%X3.4=5.355 x 101y

When the loop is at a constant velocity, = F v = E | where I =

E? (5.355 x 1071)? 5
F=—="—3ix025 = 3667 x 101N

- F=0.367 Ntotheright.

=|m

2. In the figure 3.1 (b), a horizontal square frame ABCD, of side d, moves Wlth:
velocity, v, parallel to sides AB and DC from a magnetic field free region © e
region of uniform magnetic field, of flux density By. The boundaries of th®
are parallel to the sides BC and AD of the frame, and the field is directed
normal into the plane of the paper.
write down expressions for, the electromotive force induced i the fram®
when;
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- B DR ® R ®
| A
PRI ® |
d \
J PR ®
- . c| 2®®® ® 0 ®
Fig. 3.1 (b) BRIV ®
(i)  Side BChas entered the field while AD has not.
(ii)

The whole frame is entirely within the magnetic field region.

(iii) Side BC has left the field but AD has not.

(iv) For each position in (i) to (iii) above, derive an expression for the
magnitude and direction of the current in the frame and the resultant

force acting on the frame due to the current. The total resistance of the

wire frame is R, and its self-inductance may be neglected.
Solutions

(i) E = Byvd Only side BC is cutting the flux, so e.m.f. is induced in it.
(i) E =0, Both side BC and AD are cutting the magnetic flux, in the same
sense, so e.m.f.s, are induced in it in opposite directions and so they
cancel out leaving the frame a net e.m.f. of zero.

E = Byv d Onlyside AD is cutting the flux, so e.m.f. is induced in it.

For case (i) By Fleming's right hand rule, induced current flows from, C
towards B and flows round the loop anti-clockwise. E.m.f. induced

E Bov d
acrossBC,E = Byvd, butE = IR == - = oV

R R
For case (ii) By Fleming's right hand rule, induced current flows from, C

towards B on side BC, while for side AD, induced current of the same
magnitude flows from, side, D towards A on side AD and the net current
in the metal frame becomes zero, i.e. I=0

For case (iii) By Fleming’s right hand rule, induced current flows from,

ds A and flows round the metal frame, clockwise. E.m.f. induced
D towar E—IR=>I=£=(M)
acrossAD, E = Bovd, butE = R B

In each case when em.f. is induced in the metal loop, since the loop
o with a constant velocity, v, mechanical power, P = F x v and this
o nsates for the electrical power dissipated in the resistance R of
compe

(iii)
(iv)-

- 2
P R. Thu Fv = 2p = — (Bovd R
the metal frame, I2R. S, I F = (._ ) X

v (Bo d)z
Thus, F =—F¢x

)(i) PQRSisa rectangular metal wire loop of dimensions,
In the figure 3.1 (; - 0.20 m, placed with its plane perpendicular to a
PQ=0.15m by ? field, B = 0.50 T occupying a total area of 0.50 m by
uniform “;agn:;i pQ =P'Q = 0.15 m, while sides QR = Q'R’ = Q"R” =

0.80 m. Sides F& =



0.20 m. Similarly distances RQ = RQ" = 0_}9_“_1_ Jp—-
g o o o o et o o o P TR !
iy | B e :
: p s P_____.._.|S' 5’-—--:——;
|
. ® ' ® | - F
Lo |o ® L& dow T
| — — ¥ I R’
= : & IQ@ ® R ®Q ® @? (629] :
| |
| , l )
I |
® | ® ® ® ® igh s
b T il it S h—-—-—"
| 0.10m! Fig. 3.1 (c) (@) ~0.10m '
(i) Find the change of magnetic flux linked with the loop as itis moved from
position PQRS to P’Q'R’S".
t when it moved from

(ii) Explain whether em.f. is induced in the loop or no

position PQRS to P’'Q'R’S’in 0.5 seconds.
(iii) Determine the magnitude of the e.m.f. induced in the loop as it is moved

from position P’Q'R’S’ to P”’Q”R”S” inatime of 0.25 seconds.

Solution

(i) Area of the plane,
Magnetic flux B = 0.50 T
- @;=BA =0.50x 0.03 =0.015Wb

PQRS, A = (L x W) = 0.20 x 0.15 = 0.03 m?-

When the coil is at P'QR’S’
“®,=BA =0.50x%0.03 = 0.015 Wb

Change of magnetic flux, AD =P -D;
W AP = &, - D, = 003-030=0 Wb

<l L O,
(ii) - Induced Em.f, === o= oV

Since the change of magnetic flux = 0
No e.m.f. is induced in the loop when it moves from PQRS to P'QR’S

|
|
|
R - SN B
R !Q'————- I I r
. e e s
® ® @ ® ® N g P
: ®| ®| R
! I
® I ® ® 1
__.l___—___?____®__ ®.'L ®=
v0.10m ' Fig. 3.1 (c) (i) 0_ =t
*0.10m °*

(iii) For theloop at P’Q'R’S’ area of the loop th .
Ay = 0.20 x 0.15 = 0.03 m? p threaded by magnetic field

. &, = BA = 050 x 0.03 = 0.015 wp
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- For the loop at P’Q'R’S’ area of the loo

p threaded b i
As=0.10 x 0.15 = 0.015 2 y magnetic field
: = BA = 0.50 x 0.015 = 0.0075 Wh
Ad e P ) -
~Induced Emf, |E| = = 217 %3 _ 0.015-0.0075 _
L ——— = 003V
Alternatively

When the loop is displaced to the right by a distance 0.10 m in a time of

0.25 s=> velocity, of the loop,v = == = 21

=—= —=040 mS—l
At 0.25
. E = BLv = 0.50 x 0.015 X 0.40 = 0.030V

Hence, induced em.f, E = 0.030V
Exercises

The figure 3.1 (d) shows a uniform magnetic field of 2.0 T, normal into the
plane of the paper. Loop Y is a rigid rectangular loop of wire-of dimensions,

50 mm x 100 mm and resistance 0.5 Q. It is pulled through the magnetic
field at a constant velocity of 2.0 cm s -1 as shown.

= Q .éa' ® ® '@'é_@TB&:,
2 ® ® R R ® @l
50 mm Y ——L-l-ZOt:mS‘

|®®®®®®®{

I
S. toomm X BRSO GSE <

Fig. 3.1 (d) :
It's leading edge enters the field at a time, t = 0 s. Determine the value in

each case and sketch graphs giving explanations, of how the following vary
with time from; t=0to t = 20s

(1) The magnetic flux linking the loop.

Ans: [0.01 Wh]
(i)  The induced e.m.f. around the loop. Ans: [0.5 mV]
(iii) The current in the loop. Neglect any effect of self - inductance

Ans: [4.0 mA]

2. - .

A closed wire loop in form of a square of side 4.0 cm is mounted with its plane
horizontal. The loop has a resistance of 2.0 x 10 -3 0, and negligible inductance.
The loop is situated in a magnetic field of flux density 0.70 T directed vertically

downwards. When the field is switched off, it decreases to zero at a uniform rate
in 0.80 s. What is the value of the;

(i)  Currentinduced in the loop?

Ans: [0.7 A}
(ii)  Energy dissipated in the loop during the change in the magnetic field?

Ans: [7.84 x 10 -4]]
(iii) Show on the diagram, the direction of the induced current. Justify your
statement.

3. Arectangular loop of wire of dimensions 8.0 cm by 5.0 cm having a total
resistance of 0.04 Q is placed with its plane normal to a uniform magnetic field of
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flux density 6.0 x 10 -3 T directed into the plane of the wire frame, and one 0f th
sides of the rectangular frame being of the field. Determine the velocity at Whicy
the frame must be moved in order to generate an e.m.f. of 1.5 mV in it, if;

()  Moved in a direction parallel to the 8.0 cm side. Ans: [5.00 ms- 1)
(ii)  Moved in a direction parallel to the 5.0 cm side. ~ Ans: [3.125ms-y
(iii) ~ Sketch the position of part of the coil in the field in each case the
and indicate the direction of the current flowing in it. )
Ans: [Anti-clockwise; 3.75x 10 -2 A]
- In the figure 3.1 (e), two conducting rod PQ and XY each of length 0.500 m rests
on a pair of smooth conducting metal rails having a resistor of resistance, R = 2
(), between them as shown. Rod PQ has a resistance of 0.1 Q while rod XY has
negligible resistance. When forces , F1and F; are respectively applied, to the rogs
PQ and Y each attains a constant velocity, perpendicular to a uniform magnetic
field of flux density 8.0 x 10-4 T.

® @ @ @ ® ® ® ® ® ®B® ® @ ®
Smooth conductor:
P w X —‘

magnitude

| S ——

®®®®I®® ® @ QI® ® ® ®

Fi «<——0.5m R

— |

—F,
®®®®l®®®®®®®®®®

e z Smooth conquctor——1
®®®®®®®®®®®®®®

Fig. 3.1 (e)

Determine the;

(i) Constant velocity attained by rod PQ if a p.d of 1.50 mV is generated across it.
Ans: [5.00 m s -1]
(ii) Constant velocity attained by rod XY if a p.d of 2.00 mV is generated across it.

Ans: [3.75m s -1]

(iii) Current flowing through rod PQ. ~  Ans: [35.0 mA, Anti-clockwise]
(iv) Current flowing through rod XY. Ans: [36.0 mA, Clockwise]
(v) Power dissipated in the resistor, R. Ans: [2.0 x 10 -6 W]

(vi) Determine the magnitudes of the forces, F; and F».

Ans: [1.40 x 10-5N; 1.44 x 10N
A closed loop in form of a square of side 4.0 cm is placed with its plane
perpendicular to a uniform magnetic field, which is increasing at a rate of
0.3 T s -*. The loop has negligible inductance, and resistance of 2.0 x 10 -*%
Calculate the current induced in the loop, and explain with the aid of a cle?"
diagram the relation between the direction of the induced current and the
direction of the magnetic field. Ans: [0.24 A)
A solid loop of wire of side 2.3 cm and electrica] resistance 79 (1 is near 2 loﬂgg
straight wire that carries a current of 6.8 A in the direction indicated. The Jon
wire and the loop both lie in the plane of the paper page.




(i)

(i)
(iii)
(iv)
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6.8A4 I

]
[e———9,0 cm$2.3 cm 1
] i

Fig. 3.1 (f)

If the loop is moving to the right at a constant speed of 45 cm s -1
Determine the; |

Induced e.m.f. in the loop.
Magnitude and direction of induced curre
Size of the force acting on the loop.

Electrical power dissipated in the loop an

which an external force, pulling the loop
loop constant.

Ans: [3.18 x 10 -8V

nt. Ans: [4.03 x 10-104; clockwise])
Ans: [2.85 x 10 -17N; to the left]
d show that it is equal to the rate at

does work in keeping the speed of the
Ans: [1.28 x 10 -17 W]

32 E.M.F.PRODUCED BY FARADAY'S DISC (HOMOPOLAR GENERATOR)
(@) MethodI

A Homopolar/disc generator consists of a copper disc, whict_l is rotated

- between the pole pieces of a strong magnet or within a uniform magnetic
field of flux density B.
As the disc is rotated in a clock-wise direction at a constant angular velocity
w, assuming the magnetic field B, is uniform over the radius, PQ of the disc.
The velocity at the axle P, is zero, while that at the rim Q is maximum and
'l:i:xs threwz;verage velocity of the one radius metal rod PQ,

1 o N
va=5(0+rw)_ 2

- side View of Faraday’s disc generator (ii) Alternative View of Faraday’s disc generator
G19ee ~—— Copper disc
>/ — ® ® ®_0® ® ® @
i r
> Axle ®
> i
> B ®
(]
I
Rim & s

3 SRR o
AR SRR
R U080

s Fig. 3.2 (-3)

cut the magnetic flux continuously, causing an induced
. = r
The radius PQ =T
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(b)
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e.m.f, E, given by, E = BLvwhere,L = r andv = v, = %‘”
Thus,E = BLv = Br (%) but,w = 2nf = E = Br (a'mf)

2
Hence, induced emf., E = B r’f

where,A = mr? is the area swept by rod PQ.
(i)  Suppose ri and r; are the radii of the axle and the rim respective]y
P and Q are the contacts at the axle and the rim of the disc '
respectively and B is the magnetic flux density of the field
perpendicular to the plane of the copper disc. )

The disc is treated like a wheel with many spokes each of radiusr,

In one revolution of the disc, all radii cut across the magnetic flux
between P and Q. the flux is given by:

¢ = BA = BX ﬂ'(rzz —T12)
If the disc makes f, revolutions in one second, then the rate of

cutting of the magnetic flux % = Bmw (Tzz —1r13)f

(i)

Alternative Method II

By Faraday’s law, the magnitude of e.m.f. induced in a conductor is directly
proportional to the rate of cutting of the magnetic flux linkage. i.e.

_ _a® _ __do _ _dB4)
E = = But®=BA = E =- e -
= E = —B‘Z(tA) but A= mr?

|E| = _‘Eﬁ;‘ti). — Bnr%f since the rate of change of area with time =1 ref
Thus induced em.f. |E| = Bm r?f or |[E| =BAf

Alternative method III (Derivation using the conservation of
energy)

The axle P and the rim Q of the metal (copper) disc is rotated in a uniform
magnetic field B, at an angular speed w, as shown on the diagram. When P
and Q are connected via a centre - zero galvanometer G., so that the total
resistance of the circuit is R, an induced current I flows from the axle P
towards the rim Q. '

The mechanical force, F, applied to keep the disc rotating against the
braking force due the magnetic field, does work at the expense of the
electrical energy dissipated in the circuit.

Thus, the mechanical power = Electrical power dissipated in the re istance
R i.e. Fxv,=EXI where

TW . 1
Vg = IS the average velocity between P and Q,
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w is the angular Speedand F = g |,

where L = r (radius of the disc)and « = 2nf
Trw

“BITX ==E] =pjrx “%:E#

~E =Brrif

Examples & Exercises on the Disc generator/Dynamo

A metal spoke in a wheel is 80.0 cm long. If the wheel makes 30 revolutions per
minute in a plane perpendicular to the Earth’s magnetic field where the flux

density is 5.0 x10-5T, Find the p.d generated between the rim and the axle.
Solution

_ — No. of revolutions e - o
ke frequency,f - Time in seconds E =05 Hz St don ik
Using E=Bmr’f =50%10"5 x 1 x (0.800)2 x 0.5
~E=5.03x10"5V

A copper disc having its central and outer parts of the axle of radii of 82.5 cm

and 80.0 cm respectively has its plane vertical in the Earth’s magnetic meridian.
The region has a magnetic field of flux density 2.0 x 10- 4T where the angle of dip

is 62°. The disc is span about its axle at 360 revolutions per minute. Determine
the e.m.f. induced between its axle and the rim.
Solution

Time in seconds 60

~f=6.0Hz B, =2.0%x107*sin62°=1.77 x 1074 T,

Using E = By, (nry® —mn?)f = Bpn(n? — ndf

E=177%10"* x  x [(0.825)% — (0.800)2] x 6.0
~E=1.36x10"*V

A copper disc of radius 10.0 cm is situated in a uniform magnetic field of flux

density 1.0 x 10 -5 T with its plane perpendicular to the field. The disc is rotated

about an axis through its centre parallel to the field at 3.0 x 103 revolutions per
minute,

. luti 360
rn = 0.825m, r, = 0.800 m,frequency,f _ No. of revolutions

()  Calculate the e.m.f. between the rim and the centre of the disc. .

(i)  Draw a circle to illustrate the disc. Show the direction of rotation as clockwise
and consider the field directed into the plane of the diagram.

(i) Explaining how you obtain your result, state the direction of the current

flowing in a stationary wire whose ends touch the rim and the centre of the
disc. —

Solution

: No. of revolutions _ 3.0x103
M r=010 m, frequency.f " Timeinseconds 60 50 Hz,

B=1.0 x10-5T. radius,r=10m=0.100m
Using E = B r?f = 1.0x107° xm x (0.100)? x 50
~E=1.57x10"5V




(ii)

(iii)
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When considering the direction of rotation of the disc, treata line drawn frop,
the centre, X to the rim, Y as one straight conductor, then take a tangent t,
the disc at the rim where the line that you have drawn ends.

Apply Fleming's right hand rule accordingly, with the thuMb pointing in the
direction of Motion, i.e. clockwise, the First finger pointing in the direction of
the magnetic Field. Then the convenient direction of the seCond finger
perpendicular to the first finger, indicates the direction of the induced
Current (Where the second finger is pointing, shows the positive terminal of
our induced e.m.f. or position of higher potential)

R ® ® ® ®,9 ® &
Direction of rotation
of the disc.

® Qf

w

Copper disc

\ ® ®B

®

Instant velocity
of the rod XY. ve—

8 ® ® 87® ® ® ®
Fig. 3.3 (a)

9

As stated in (ii) above using Fleming'’s right hand rule to conductor XY. When
the magnetic flux density is perpendicularly into the page, and motion from
right to left. Point your first finger of the right hand towards the page and
the thumb pointing to the left, the direction of the second finger, is pointing
towards you i.e. pointing from X towards Y, with the tip of the finger atY
(Positive) while the beginning part of the second finger is at X (Negative).
Hence, the induced current, I, then flows round the wire in an anti-clockwisé
direction as indicated on the diagram above.

A circular aluminium disc, of radius 30 cm is mounted inside a long solenoid
of 2.0 x 103turns per metre carrying a current of 20.0 A such that its axis

coincides with that of the solenoid. If the disc is rotated about its axis at 40
revolutions per minute. What will be the e.m.f. induced?
Solution:

No. of revolutions 2.0x103
=0. m, frequenc = - i ol
r=0.30m, freq v f Time in seconds 60 33.3 Hz,

Magnetic flux density at the centre of the solenoid, is given by;

B = ponl = 4w x1077 X 2.0 X 10% X 20.0 = 5.03 x 10~2 T

Using E =Bmr?f =5.03%107% x 7 x (0.300)2 x 33.3

~E=474X 10! V is the em.f. induced between the centre and rim of e
aluminium disc.
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Exercises

-

A vertical metal disc of radius 0.2 m js rotated at 5 rev. s - 1 about its centre in a
horizontal uniform magnetic field of 0.1 T which is normal to the plane of the disc.
(i)  Find the em.f produced between the centre and top of the disc.

Ans: [6.28 x 107%y]

(i)  Explain the formula used and show the direction of the induced em.f.ina

sketch.
(i) What is the e.m.f. between the ends of the diameter of the disc. Ans: [0 V]

(i)  Acircular metal disc of radius R, rotates in an anticlockwise direction at an
angular speed, w, in a uniform magnetic field of flux density,'B directed into
the paper as shown in the figure 3.3 (b) with A and C being contact points.

® @ ® ® ® ® ® ®

® @ ® @ ® ® ® ®
Fig. 3.3 (b)
Derive an expression for the e.m.f. induced between A and C.
(ii) A copper disc of radius 10 cm is placed is placed in a uniform magnetic field
of flux density, 0.02 T, with its plane perpendicular to the field. If the disc is
" rotated about an axis parallel to the field through its centre at 3000
revolutions per minute. Calculate the e.m.f. that is generated between its
rim and the centre. Ans: [3.14 x 10-2V)]
(iii) Suppose the same disc in (ii) is rotated with its plane parallel to the field
_ about an axis perpendicular to the field through its centre at 3000
revolutions per minute. Calculate the e.m.f. that is generated between its
rim and the centre. Ans: [0V]
A circular and uniform metal disc of having a plane of area, 3.0 x 10 -4m2 is
rotated at an angular speed, w about an axis through its centre, parallel to a
uniform magnetic field of flux density 5.0 x 10-4T, in the direction, left to
right. An e.m.f. of 1.5 mVis then generated between the centre and the rim of
i ine the;
t(}il)e  Value of the angular speed, i el

\% i the disc.
i olutions per second made by

(iif) Ifthe discls rotating in an anti-clockwise direction, which part of the

i er potential? ]
disc is at : :sig;lelz or centre isata higher, (i.e. + ve) potential]
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A bicycle wheel with metal spokes each of length 31.0 cm and attacheq t,

axle of radius 33.0 cm and has its plane vertical in the Earth’s magnetic t

meridian. The region has a magnetic field of flux density 8.0 x 10-3T whg,

the angle of dip is 70°. The wheel is rotated about its axle at 3000 reVOlutioe

per minute. Determine the e.m.f. induced between its axle and the rim, :
Ans: [1.61 x 10-2V)]

A Westland Lynx helicopter has a rotor with four blades each 6.4 m long ang

hovers in an area where the vertical component of the Earth’s magnetic fig|

is 4.0 x 10 - ST. If, as the rotor rotates, the tips of the rotor blade move with,

speed of 200 m s - 1, calculate the induced e.m.f. between the

(i)  Tip of one blade and the axle. Ans: [25.6 mV]

(ii)  Tips of two diametrically opposite blades. Ans: [0 V]

(iii) Tips of two adjacent blades. Ans: [0 V]

6. Calculate the e.m.f. produced by a disc rotating at 20 revolutions per second
inside a solenoid of 1000 turns and length 0.2 m carrying a current of 2.0 A
The radii of the disc and axle are 2.0 cm and 0.25 cm respectively.
Ans: [124.4 pV]

3.4 ABSOLUTE DETERMINATION OF RESISTANCE (LORENTZ DISC EXPT))

The method is known as absolute method, because its accuracy is derived from
the measurements made basing on the physical or fundamental quantities of,
length (L), mass (M) and time (T) that are standard and need no calibration using
a potentiometer.

When the metal disc at the centre of the solenoid is rotated, when current is
flowi’ng' through the solenoid, the disc cuts the magnetic flux causing an e.m.f. to
be induced between the centre and the rim of the disc. The direction of rotation of
the disc is carefully chosen so that the p.d. set between the axle and the rim
should drive the induced current I, in the opposite direction through the resistor
R, opposing current I; flowing through the solenoid as provided by the battery’
When the two currents pass through the centre zero galvanometer, G, in opposite
directions, and the value of one of them adjusted steadily until G shows no
deflection. This implies induced em.f. E = B mr2f, across R, equals the p.d, v=IR
across the resistor R.

Procedure




(i)
(if)

" Alternatively, f = = =R
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Long Solenoid

= Driving shaft connected
to the motor
T —»To the motor

Direction
of rotation

Centre zero

galvanometer Battery K Fig. 3.4 (a)

The experiment is set up as shown on the diagram in the figure 3.4 (a)
The metal (copper) disc of a known measured radius, r, is placed at the

_ centre of a solenoid of, n, turns per metre, with the plane of the disc

perpendicular to the axis of the solenoid.

Switch, K is closed and the rheostat, Z, is adjusted to a suitable value, then
the copper disc is rotated via the shaft connected to an electric motor, inan
appropriate direction to reduce the value of current flowing through, G, to

- zero.

The speed of rotation of the motor, is adjusted until the centre - zero
galvanometer, G, shows no deflection.

The number of revolutions per second, f, made by the metal disc is noted

. from the revolution meter attached to the motor.

Using p.d. across, R, equals the induced e.m.f. IR = Brr*f where
B = ponl = IR = ponlm r*f

Hence, the resistance, R, is calculated from, R = uomrrz f.

ponriw _ pN72w !
2m 2 = Tas

where,

n= = is the number of turns per metre of the solenoid.
L

Thus, the absolute resistance, R, is determined from any of the equations

~ above.

Angular velocity @ = ETE can also be used, where T is the period of rotation

of the motor measured using a stroboscope.

Limitations of the Lorentz disc. Experiment or possible sources

of errors: o ’
The Lorentz disc experiment described is not all, that free from some

shortfalls due to the following reasons.
The eem.f. s generated between the axle and the rim are usually very small
and therefore are generally difficult to measure.

_ The friction generated at the contacts C1 and C2 may generafe thermo-

electric e.m.f. s in the system that may not be negligible when compared to
the induced e.m.f produced.
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(iii) The magnetic field at the centre of the solenoid has been assumed to be
uniform over the entire cross sectional area of the disc, and yet in reality
this may not be the case right from the axis to the rim of the disc.

(iv) In accuracies involved in the measurement of the radius of the metal dg

(v) Failure to maintain the rotation of the shaft and the disc to the axis of the
solenoid, this may lead to the wobbling rotation of the metal disc about its
axis.

(vi) The Earth’s magnetic field has not been taken into account in this

experiment, and yet it contributes to the resultant magnetic field at the
centre of the solenoid.
3.5 Exercises on the disc generator/dynamo

1. A copper disc of radius 10.0 cm is situated in a uniform magnetic field
provided at the centre of a long current carrying solenoid having 2500 turns
per metre with its plane perpendicular to the field. The disc is rotated about an
axis through its centre parallel to the field and to the axis of the solenoid. A
resistor of resistance R = 49.3 Q1 is connected to the circuit and the disc is
rotated at an appropriate direction until the centre - zero galvanometer
connected across the resistor, R, shows no deflection. Determine the number
of revolutions per second required to achieve no deflection in the
galvanometer. Ans: [50 Hz]

2. The figure 3.5 (a) shows a uniform copper disc of radius 8.0 cm placed inside a
solenoid of length 10.8 cm and radius 12.5 cm made up of 235.62 m of fine
insulated copper wire. While observing from the left hand side of the coil, the
disc is rotated clockwise at a frequency of 60 Hz so that zero net current flows
through the galvanometer, G.

®ORR®QD R —

eeoh > Tothe
i motor
P O O Q..
B G)Solgmis)
P Q
g R
Battery
Fig. 3.5 (a)
(i) =~ Redraw the diagram and indicate the polarity of the battery, S, and 1*°

disc.
(i) Determine the number of turns of the solenoid. Ans: [300 tur ns]
(iii) Whatis the em.f. induced between the axis and the rim of the dis®

when a current of 5.0 A flows through the solenoid? ~ Ans: [17-3 m
(iv) Determine the value of R, ' Ans (350 gl
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3. Asolenoid having 250 turns per metre and carrying a current of 0.050A lies
with its axis in the east - west direction. Well inside and at the centre of the
solenoid is a small compass needle pointing 37° west of north.

(i) Calculate the Earth’s horizontal magnetic field component, Bu

Ans: [2.08 x 10 -5 T]

(ii) Calculate the resultant magnetic field at the centre of the solenoid.

Ans: [2.61 x 10-5T]

(iii) 1fa uniform copper disc of radius 0.05 m replaces the compass needle,
sketch the position of the coil in the magnetic field and use it, to
determine the e.m.f. induced between the axis and the rim of the disc, if
its rotated at 3000 revolutions per minute. Ans: [6.17 x 10 -¢ V]

(iv) Determine the resistance of the resistor connected up in the circuit in

(iii) above for which the centre zero galvanometer G connected across
enables G to show a zero deflection. Ans: [1.23 x 10 -4 Q]

4. A horizontal metal disc of radius 10.0 cm is rotated at 1800 revolutions per
minute about a vertical axis through its centre, in the region where the Earth’s
magnetic induction is 5.4 x 10-°T and the angle of dip is 70°. A sensitive
galvanometer having a resistance of 0.15 Q has its terminals connected to the
axle and rim of the disc respectively. Assuming there is no friction at the
positions of contact and the disc has negligible resistance, determine the;

(i) E.m.f induced in the coil Ans: [4.78 x 10 -5 V]
(ii)  Current that would flow through the galvanometer. Ans: [3.19x10-+ A]
(iii) Power required to maintain the rotation of the disc.

Ans: [1.52x10-5W]
36  EM.F.PRODUCED DUE TO CHANGING MAGNETIC FLUX LINKAGE

Whenever the magnetic flux linked with the plane of a coil or any metal
conductor changes in whatever way or for whatever reason the flux
changes, an e.m.f. gets induced in the associated coil or conductor, in
accordance with the laws of electromagnetic induction.

i.e. From Faraday’s law, the magnitude of the em.f. induced, |E| = 2=22

dt t
Some of the instances associated with the changes in the magnetic flux

are, _ _ .
A conducting loop might be moving in a region where the magnetic field is

not constant.

. A conducting loop rotating ina magnetic field.
) A conducting loop 18 changing size or shape. |
. A conductor is placed in 2 region where the magnetic field is changing due

to changes in the current flowing through a coil of wire.
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Consider a plane circular coil of N - turns with its ends joined together t,

form a continuous and complete loop placed with its plane initially
perpendicular to a uniform magnetic field of flux density B. The coil is

turned through an angle 8 smartly so that its plane is finally at an angle 9,
the initial position, as shown on the diagram below.

(i) Plane of the coil normal to B (ii) Plane of the coil at an angle 6 to B

S5

7 ;
V—Ends of the coil joined

Fig. 3.6 (a)
The magnetic flux threading a plane of the coil of one turn, ¢ =BA,
The magnetic flux linking N - turns of the coil, is given by, N; = NBA

When the coil is flipped about an axis through its centre parallel to its
plane, the new magnetic flux linked with the coil, N, = NBAcos 6

inal flux link -
e The emf. induced E = — (f inal flux linkage —initial flux ltnkage)
time interval -
- E = _d(N¢z— N¢1) “#» _d(NBA cos6—NBA) _ NBA(1-cos6)
) - o dt bl At
NBA '
— Inducede.m.f.E= ——(1-c0s0)............. ()

Special Cases

When the coil is turned through 90° from initial position of maximum threading
of the plane of the coil, 8 = 90° and from (i) above, it implies

__ NBA _, S
Induced e.m.f.,E = —— since cos 90

=0 (i)

When the coil is turned through 180° from initial position of maximum

threading of the plane of the coil, 8 = 180° and from (i) above, it implies
2 NBA

Inducede.m.f. . E =

A¢ Since cos180° = —1 ... (iii)
When the coil is turned through 60° from initial position of maximum thr eadiné
of the plane of the coil, ® = 60° and from (i) above, it implies

_ NBA . 1
Induced eem.f.,E = 7= since cos60° =

When the coil is turned through 120° from initial position of maximum
threading of the plane Of;,}:s coil, 8 = 120° and from (i) above, it implies

. A
induced e.m.f., E = 7= since cos120° = — =




Generally when the coil is turned throu
: gh any angle o,
maximum threading of the plane of the . y angle 6, from initial position of

; oil, to the final position when the plane of
the coil makes an angle, 8 from (i) above, it implies P p

_ NBA
Inducede.m. f. E = y vt Sl T — (vi)

Examples

A plane circulr coil of 20 turns and of mean radius 5.0 ¢m is placed-with its plane
perpendicular to a uniform magnetic field of flux density 0.08 T. The coil is
smartly pulled completely out of the field in 0.25 s, while maintaining its direction
of orientation to the field. Determine the magnitude of e.m.f. nduced in the coil.
Solution:
N = 20 turns,r = 0.05m, A = r? = 1 x (0.05)? = 7.85 x 10~3m?

dN® _ NBA(1-0)
E=— —

dt At

~E=503x107%y

20 X 0.08 x 7 X (0.05)2
0.25

= E =

A circular coil of 100 turns and cross sectional area 0.2 m2 is plced& with its plane
perpendicular to a horizontal magnetic field of flux density 1.0 x 10 -2T. The coil
is rotated about a vertical axis so that it turns through 60° in 2 s. Calculate the,

(i)  Initial flux magnetic linkage through the coil.

(ii) E.m.f induced in the coil.

Solution

(i) N =100 turns, A =mnr?=0.2 m?,B=10x10"2T,t=2.0s
Initial magnetic flux, linkage, N®; = NBA =100 X 1.0 X 1072 x (0.2)
= Initial magnetic flux, linkage, N®, = 0.20 Wb
= dN® _ NBA(1-—cos 60°) N E = 0.20(1-0.50)
(W) s ff =g = At S 2.0
+» E=5.00x10"V
A coil of 100 turns and cross sectional area 2.0 x 10 -3m? is placed in a magnetic
field of 8.0 x 10 -3 T so that the flux threas all the turns normally. Calculate the
average e.m.f. induced in the coil if the field is reversed in 1/50 s.
- A= ¥ it
Initial flux, linkage, N®1 = NBA = 100 x1 200 xllé)_3 ‘;:0 ¥ 1
5 : b, = 1. X
S Initi etic flux, linkage, Ny
Firlwzllt;’alli;n?irllcagef—Nd’z — —NBA = —100 x 8.0 X 1073 x 2.0 x 1073
' x. linkage, N®; = —1.60 X 107° Wb

% Initial magnetic fl ’
final flux linkage —initial flux linkaye‘)
The em.f induced E = — time interval
i d[Nd1— (= Nzl _ NBA[1- (-1)] _ 2NBA

4 B = _d(N¢2-N¢__1) = -

T At At
dt



"1,
5% Ra (2 X1.60 x 10‘3) ~ 1.60 x 10-1V

0.02 g
NB: Reversing magnetic field in the coil, is equivalent to reversing the direcy;
of flow of current in the coil and is also equivalent to flipping the coil throug,,On
two right angles (i.e. 180°) when the magnetic field is steady or uniform,

A coil of 40 turns of wire and of radius 3.0 cm is placed between the poles of an
electromagnet. The magnetic field increases from 0 to 0.75 T at a constant rateip

atime interval of 225 s. What is the magnitude of the e.m.f. induced in the cojj ¢
the magnetic field is;

(i)  Perpendicular to the plane of the coil?

(i)  Making an angle of 30° with the plane of the coil?
Solution
() N = 40 turns,A = x (0.03)2 = 2.83 x 10~2 m?,t = 2255,B = 0.75T
" y e link
Using, Em.f. induced E = — (fmal flux lmk'age' initial flux lin age)
time interval
_ d(Nd,—Np,) _  40x283x1073(0.75-0)
~FE = B TR

225
=~ |E| =3.77 x 107*V '

NB: When the magnetic field increases at a constant rate, the magnetic flux
is also changing at constant rate and so the induced e.m.f. in the coil is
constant.
If the rate of change of the field were not constant, then the 0.377mV would
be the average e.m.f. during the time interval. The instanteneous e.m.f.
would sometimes be higher or lower than the average value.

(i) When the field is at 30° to the plane of the coil or (90°- 0°) = 60° to the
normal to the plane, B cos 60° is the component normal to the field.
Thus from, - E = — ANdz— Ngy) _ _NaBcos60°=0)

dt At
40 x 2.83 x 1073(0.75 cos 60° — 0)
L E= = 225

~ |E| =1.89 x 107*V

A circular conducting coil with a radius of 3.4 cm is placed in a uniform magnetlz
field of 0.880 T with the plane of the coil perpendicular to the magnetic field Th
coil is rotated through 180° about a vertical axis through its centre in 0.2 225
(i)  Whatis the average induced e.m.f. in the coil during the rotation?

(ii)  If the coil is made up of copper wire of diameter 0.90 mm, what is th®
average current that flows through the coil d ’

. uring the rotation?
(Electncal resistivity of copper = 1.67 x 10-30 %)
solution

] ; age)
(i) Using E.m.f. induced E = — (fi‘al flux linkage —initial flux linkéZ|

time interval -




sFE= _ ANz Noy) = — NBA(cos180°-1) Kanis
dt At

s Induced e.m. f. E = 2NBA .
f At Stnce cos180° = —1
ife - 2X1X0.880 x 1 x (3'4 X 10_2)2

0.222

~|E| =2.88 x 10-2y
(i)  Diameter of the copper wire, d = 0.90 mm, resistivity, p

| . =167%x10"%am
Using, Resistance,R = pi =9
A

21T 8pr _ 8x1.67X10°% x 3.4 x 10-2

2\ — R
(%) d? (0.90 x 10-3)2

» Resistance,R = 5.61 x 10~3(q

Now, induced e.m.f.E = IR = induced current,] = £

2.88 X 1072
| = —4—M— =
5.61x10-3 5134

~I=513A

6. A window frame of a house standing in the East - west direction is made up of
200 turns of fine copper wire joined at the free ends to make a complete and
continueous loop. The dimensions of the window are 1.2 m by 0.8 m. The window
is carefully opened about the hinges through an angle of 150° in 1.5 s. If the
Earth’s magnetic field at the location is 8.0 x 10-4T and the angle of dip is 60°,
determine the; )

(i) . Horizontal component of the Earth’s magnetic field at that location.

(i) E.m.f induced inthe window frame.

Solution

(i) Horizontal component, B;, = B cos 60° = 8.0 X 10~* X cos 60°
#B,=40x107"T

¥ E= (final flux linkage —initial flux linkage)
(i) Using Emf induced & = time interval
d(No2—- Nb1) _ _ (NBA cos 150°— NBA) - _ NBA(cos 150°-1)
-~ dt - At At

NBA X (1.886) . o &
- Inducede.m.f E=—7— since cos 150° = —0.866

200 X 4.0x107* x (1.2 X 0.8) X (1 + cos 150°)
= 1.5

- |E| =9.55 X 1072V

NB, When thewindow is completely shut (Closed), its plane is threaded

» pormally by the horizontal component of the Earth’s magnetic field.

When s being opened it “cuts” the magnetic flux threading its plane and
when opened through 150° the flux begins to reverse direction in the coil.
This change of the magnetic flux linked with the plane of the window (coil)

in the given time interval causes an e.m.f. to be induced in this window
frame or coil.
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Exercises on magnetic flux change with time

The magnetic flux passing through a coil of 80 turns is reduced quickly byt
steadily from 2.0 mWb to 0.5 mWhb in a time interval of 4.0 s, Detertmine the
magnitude of the e.m.f. induced in the coil. Ans: [3.00 x 10-2
A flat circular coil of 100 turns and mean radius 5.0 cm lying on a horizontg]
surface is turned over in 0.20 s. Calculate the mean e.m.f. induced in the coil, if the
vertical component of the Earth’s magnetic flux density is 4.0 x 10-5T,

Ans: [3.14 x 10-1
A flat circular coil of area 4.5 cm? having 200 turns of wire of total resistance 20 ()
lies with plane perpendicular to a uniform magnetic field B = 0.60 T. If the cojl i
turned through 90° in 0.50 s, what is the average induced e.m.f. and current in the
coil, if the external circuit resistance is zero. Ans: [1.08 x 10-1V,54 mA]
The figure 3.7 (a) shows a horse track at the beginning of a horse - race with a

horizontal wire of length 20 m being raised vertically through a height of 3.0 min
0.20s. '

Fig. 3.7 (a) " —.

Given that the horizontal component of the Earth’s magnetic field strength is
2.0 x 10 ->T. What is the average e.m.f. induced across the ends of the wire?

Ans: [6.0 mV]
A metal window frame 1.3 m high and 0.7 m wide is pivoted about a vertical edge

and faces due south in a region where the horizontal and vertica] components of
the earth’s magnetic field are 20 pT and 50 pT respectively. The window is
opened through an angle of 90° in a time of 0.80 s,

(i)  What is the change of magnetic flux associated with th

e opening of the
window?

Ans: [1.82 x 10-5Wb]
(i)  Calculate the average e.m.f. induced at the window. Ans: [22.75 pV]

(iii) State and explain the effect on the induceq e.m.f. on converting the windo¥
to a sliding mechanism for opening, Ans: [No change of flux, so e.m.£=0V]

A flat circular coil of 120 turns, each of area 0.070 m2, is placed with its axis
normal to a uniform magnetic field of 80 mT. The coi

. lis rotated about its vertical
diameter through 70° in 4.0 s. Determine the,
(i)  Change of the magnetic flux linked with the coil.  Ans:[5.82 x 10" whl
(i)  Average em.f. induced in the coi],

Ans: [145 x 10-V]




(i)  Determine the magnitude

magnetic field at this locg

) - tion. Ans: [1.75 x 10-5T)
(i) Ifthe same coil is transferred to 3 position where the Earth'’s resultant

magnetic flux density is 1.60 x 10 -+T and the angle of dip is 60°, what

would the em.f. induced in the coil be, if the time of rotation of the coil is
maintained as 0.08s ? Ans: [544 x 10-3V]

8. A flat circular coil of 150 turns, each of area 0.090 m?, is placed with its plane

making an angle of 30° to a uniform magnetic field of 800 uT. The coil is rotated
about its horizontal diameter until its plane makes an angle of 120° to the
magnetic field in 2.5 s. Determine the,

(iii) - Change of the magnetic flux linked with the coil.

Ans: [3.95 x 10-3Whb]
(iv) Average e.m.f. induced in the coil.

Ans: [1.58 x 10-3V]
The magnetic field between the poles of an electromagnet is 2.6 T. A coil of wire is

placed in this region so that the field is parallel to the axis of the coil. The coil has
electrical resistance of 25 Q, radius 1.8 cm, and length 12.0 cm. When the current
supply to the electromagnet is shut off, the total charge that flows through the coil
is 9.0 mC. Determine the number of turns of the coil. Ans: [1.76 x 108)

10.A bar magnet is initially far from a closed loop of wire. The magnet'is moved at a
constant speed along the axis of the loop as shown on the diagram in figure 3.7(b)

Coil
I ‘ ‘ Bar Magnet
............... 1

NS 1K Cl )

1 2 3
Fig. 3.7 (b) )
It moves't ds the loop proceedS to pass through it, and then continues until it
ves towar )

i i nd side of the loop. -
l(Si)far a;?; 01:1 tl::l ;;i};ttit\l; graph of the current in the loop as a function of the
etcha

- as viewed from the left. )
(i1) Explain the shape of the graph.

IN A MAGNETIC FIELD
OTATION OF A COIL
E.M.F. PRODUCED DUE TOR

C 1 il abcd of N - turns being rotated about an axis through
onsider a rectangular coll,
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the centre of its shorter sides ad and bc and perpendicular to a uniform Magnej,
field of flux density, B, at a constant angular speed w.

Plane of }he Coil
D)
/\

VRN
S\Iormal

Fig. 3.8 (a)

Initially at t = 0 s the plane of the coil is Normal to the magnetic field.
Magnetic flux linking the coil after a time t, & = BAN cos 8 where 6 = wt
E.m.f. induced in the coil because of its rotation,
i d(BAN cos 8) — _NAB d (cos wt)

dt dt
~ E = NABw sin wt

~ E = Egsin wt where Ey = NABw is the peak value of induced e.m.f.
Where, E is expressed in volts (V),

N = the number of turns of the coil,

A = the area of the plane of the coil, expressed in (m?)

B = the magnetic field strength (Flux density) in the region of the coil,
expressed in tesla (T)

w = the angular speed of the coil expressed in radians per second (rad.s)

E, = NABw, is the Peak or maximum value

or amplitude of induced e.m. f.that depends on the following factors:

(i)  The number of turns, N, of the coil, i.e. E x N

(i)  The area, A of the plane of the coil, i.e. E x A

(iii) The magnetic field strength, B, i.e. E < B

(iv) The angular speed, w =2nf,ie. E X w or E « f

(v) The position or angle 6 of inclination of the plane of the coil to the
magnetic field, as a function of time, e.g. E = Emgy = E) = NABw
When 6 = 90° i.e. when the plane of the coil has turned through 90° from i
initial position when the plane of the coil is normal to the field.
Hence, when the plane of the coil is normal to the magnetic field, the _
magnetic flux = NAB (a maximum), but the rate of cutting of the magnet’
flux is zero, implying the induced em.f. E = 0, '
However, when the magnetic flux linking the plane of the coil is zero (&

the plane of the coil is parallel to the filed), the rate of cutting of the
magnetic flux is zero. i.e. the induced e.m.f, is maximum.
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position of the coil in a magnetic field with time and the associated
graphs.

(i) Plane of the coil normal to B (i) Plane of the coil at an angle to B ~ (iii) The plane of the coil

E=0 parallel to B
5 0 < (E=Eysin wt)<E, E =Ey= NABw
= —>
Normal
R A
7=
| (1)}
o Axis of -
rotation
rotation

Fig. 3.8 (b)(i) Fig. 3.8 (b)(ii) Fig. 3.8 (b)(iii)

From the diagrams (i) to (iii) above, induced e.m.f. E = 0, when the plane of the
rotating coil is normal to the magnetic field. The induced e.m.f. begins to increase
when the rate of cutting of the magnetic flux increases, but when the magnitude of
the flux linked with the plane of the coil reduces to zero.

Graphs of induced e.m.f. and magnetic flux linkage with time.

E&¢4\

Mage'tic flux

A Graph of induced e.m.f. against angle, 0 = wt.

E(V) = E sin wt

”“f\ ﬁ X [
ZSEVEY b

'EO _____

m&um

Movement of a coil of wire towards a bar magnet or vice - versa

Consider a circular loop of wire moving towards a bar magnet at a constant
velocity, v. the loop passes around the magnet and continues away from it
to the side as shown in the figure 3.8 (e)
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Bar Magnet
b

Fig. 3.8 (e)

Each time the loop moves with respect to the magnet, the magnetic flux linkeq
with the loop changes causing an e.m.f. to be induced in the loop. Since the loop is
continuous, an induced current flows in it in such a direction as to produce a
magnetic flux that opposes or enhances that due to the bar magnet, when the flux
is increasing or decreasing respectively.

At position a, the loop is moving towards the magnet, so there is increasing
magnetic flux linking the loop. To oppose the increase, the current induced in the
loop makes the magnetic field lines act towards the left to oppose the increasing
flux due to the bar magnet. Hence, induced current flows anti clockwise as
observed from the left hand side.

At position b, the magnetic flux associated or linked with the loop is in the same
direction as in position a, but is decreasing in magnitude and so the current
induced in it reduces.

When the loop goes beyond the middle of the magnet, the direction of the
magnetic flux linked with the plane of the loop reverses due to the stronger
influence of the opposite pole i.e. North pole of the bar magnet. This magnetic flux
begihs to grow or increase as the coil approaches the other pole i.e. the North
Pole, reaching its maximum value as the loop just reaches the north pole of the
magnet. Thus from the middle of the magnet the current flowing in the loop also
reverses direction.

At positon c, the loop is now moving away from the North Pole of the magnet,
the magnetic flux is reducing. The e.m.f. induced in the loop now causes an
induced current in the loop to create a magnetic field that opposes the decreasing
magnetic flux i.e. it enhances or tries to maintain the decaying magnetic flux due
to the magnet. i.e. magnetic flux is acting from the left towards the right, thus
making the current in the loop flow in the clockwise direction as seen from the
left hand side or anti-clockwise as seen from the right hand side of the loop.

As the loop moves very far from the magnet the influence of the magnetic field 07
it seizes to exist and e.m.f. and current in the loop both become zero.

If the clockwise direction of flow of current through the loop is taken as
positive, a graph of induced current against time for motion of the loop With
respect to the stationary bar magnet has the shape shown in figure 3.8 (f)
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Fig. 3.8 (f)
9 EXAMPLES & EXERCISES ON MOTION OF A COIL IN A MAGNETIC FIELD:

1. Acoil of 500 turns and area 80 cm2 is rotated at 1200 revolutions per minute

about an axis perpendicular to its plane and magnetic flux density 0.25 T
Calculate the e.m.f. induced in the coil.

Solution:

Given information: N = 500 turns,A =80x 10~4m?2,B =0.25T

E = NABw sin wt but when,wt = 90°E = E, = BANw,and w = 2xf
~ Ey =500 X% 80 x 107 x 0.25 x (2 X 7 x 20) = 125.66 V
~Eg=1.26x102%V )

A rectangular coil of 50 turns is 15.0 cm wide and 30.0 cm long. If it is rotated
at a constant rate of 2000 revolutions per minute about an axis parallel to its
long side and at right angles to a uniform magnetic field of flux density 0.04 T.
Determine the peak value of the e.m.f. induced in the coil.

Solution:

Given information: N = 50 turns, A = (15.0 X 30.0) X 10~*m?, B = 0.04T
E = NABw sin wt but when,wt = 90°E = E; = BANw, and w = 2nf

2000
) =1885V

- Eg =50 %X 4.50 X 1072 x 0.04 X (2 X T X

~Eg=189x10'V

3. A flat circular coil with 2000 turns, each of radius 50 cm, is rotated at a
uniform rate of 600 revolutions per minute about its diameter at right angles
to a uniform magnetic field of flux density 5.0 x 10 -#T. Calculate the
amplitude of the amplitude of the induced e.m.f.

60

Solution: ) 14
Given that: N = 2000 turns, A = m(0.50)? = 7.85 x 107' m*, B
=80 %10™*T
E = NABw sin wt but when,wt =90°E = Eq = BANw,and o = 2nf

2000
0 ) = 1644V

s Eq = 2000 X 7.85 X 107! x 5.0 x107* X (2 X T X

~“Eyg=1.64x10%V
A coil of 100 turns and cross sectional area 2.0 x 10 -2m?2 lies in a magnetic
field of flux density 3.0 x 103 T and rotates uniformly at 100 revolutions per
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Second about an axis perpendicular to the magnetic field, as shown in the
figure 3.9 (a)

Fig. 3.9 (a)
Calculate the;

(i) E.m.f. induced when the plane of the oil makes an angle of 60° with B,

(i)  Amplitude of the induced e.m.f.

Solution: )

()  Given that: N = 100 turns,A=2.0x10"2m?,B = 3.0 X 10-3T
E = NABw sin wt but where, wt = (90° — 60°)and w = 2nf
“E=100%2.0x10"2x 3.0 x 10-3 x (2x7mx100)sin30° = 1.885V
~E=1.89y

(ii)  Amplitude is the peak value of the induced e.m.f, E, where,

Ey = NABw,and w = 2nf

“ Eg =100 x 2.0 x 1072 x 3.0 x 10~3 x (2xmx100) =377V
 Eo = 3.77V is the amplitude of the induced e.m.f

A currentl =10cos 1207t is passed through a solenoid of 1000 turns per

metre. A small circular coil of 500 turns of radiys 3.5 cm has an axis through
its centre being parallel to that of the solenoid.

()  Determine the peak value of the e.m f in
the current is flowing in the solenoid.
(i)  Sketch a graph of induced e.m.f. with time,

Solution

duced in the circular coil when

dN a
(l) E = —d_tq) — —d—t(BAN) = —,uonANdit(I)

d
E'= “HonAN 72 (10¢0s 120 ) = uonan x 10 » 1207 sin 120mt

*+ E = 1200 7 pu nAN sin 1207t is the e.m.f. induced in the coil
The amplitude, E = Ey , where, Ey = 12007 UonAN
= Ey = puonAN X 10 x 1207

“ Ey=4m x 1077 x 1000 x [

T X (0.035)2] x 500 x 12007
" Ey=9,12V

(ii)
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ﬁ = Eo sin wt
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Fig. 3.9 (b)
Exercises on rotation of a coil in a magnetic field

1. Arectangular coil of 200 turns and of dimensions 5 cm by 4 cm is placed
with its plane normal to a uniform magnetic field of flux density 0.008 T is
rotated about an axis through the centre of the shorter sides perpendicular

‘to the magnetic field at 420 revolutions per minute. Determine the peak
value of the e.m.f. induced in the coil. Ans: [1.41 x 10-1V]

2. A coil of 300 turns and with area of 0.05 m2 is rotated 20 times per second
in a magnetic field of flux density 0.2 T. Calculate the;

(i) Maximum e.m.f. induced in the coil. Ans: [3.77 x 102 V]
(ii) Torque required to maintain this rate of rotation if the current in the
coil is 0.8 A when the e.m.f. generated is a maximum. Ans: [2.4 Nm]

3. A current I = 10 cos 120 t is passed through a solenoid of 1000 turns per
metre. A small circular coil of 500 turns of radius 3.5 cm has an axis through

its centre being parallel to that of the solenoid. Determine the torque on the
coil.

4. A rectangular coil of 30.0 cm long and 20.0 cm wide has 25 turns. It rotates
at a uniform rate of 3000 revolutions per minute about an axis parallel to its

‘longer side and at right anglesto a uniform magnetic field of flux density
5.00 x 10 -2 T Find the;
(i) Frequency of rotation of the coil. Ans: [50 Hz]
(ii) Peak value of the e.m.f. induced in the coil. Ans: [23.6 V]
(iii) Describe with the aid of diagrams how you arrange for the rotating coil
to supply an external circuit with direct current and also alternating
current separately.

5. The em.f. generated by a simple-coil a.c. generator may be represented by

the equation E = Eo sin wt.
(i) Statethe meanings of each symbol employed in the above equation, and
give the associated units used in each symbol.
(ii) Draw diagrams showing the relative positions of the coil and the
magnetic field - whent=0,and - whenE = Ep
(iii) Discuss the factors that in practice determine the maximum current,
which may be generated by such a generator.
(iv) Deduce a formula for the torque on the coil at the moment when the

maximum current is flowing assuming the coil is rectangular and state
the units of any new symbols that you may employ.
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EDDY CURRENTS

Eddy currents are electromagnetic currents that are induced in a thick
metallic conductor when it is “cutting across” magnetic flux lines or whep
the conductor is placed in a changing magnetic flux linked with it. Le.
whenever a changing magnetic flux is linked with such a conductor, eddy
currents are induced in it and always flow along low resistance paths.
Eddy currents always flow in such a direction to oppose the changes
causing them to be produced.

Eddy currents are also due to (or result from) the induced e.m.f s caused by
changing magnetic flux or when a conductor is moved across a uniform
magnetic field.

Eddy currents always follow low resistance paths in metals and may be
large even if the associated e.m.f s induced in the conductor may be small
and they usually cause considerable heating and magnetic effects.

Explanation about the production of Eddy currents in a metal

When a thick metal block or plate is moved across a magnetic field, or
is placed in a changing magnetic field, @ magnetic force acts on the
conduction electrons. -

This force, displaces the electrons in a particular direction, in accordance
to Fleming'’s right hand rule or cause the displacement of opposite
charges, with the electrons pushed to one direction while the positive
charges left behind. ’

The positive charges begin to attract the electrons from another direction
causing movement of the electrons towards the positive charge.

This movement of electrons lead to a current loop called eddy current
that always flows along low resistance paths within the thick metal block
or plate. -

These eddy currents also flow in such a direction as to oppose the action
that caused them. (Lenz’s law)

The Heating Effect of Eddy currents

Experiments to demonstrate the heating effect of ed dy currents:
Induction furnace.

Diagram
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High frequen heating Coj
Pure single

Impure polycrystalline
material

Warm water

out of the coil,
Molten metal

Cold water

into the coil.
High frequency a.c, input.

Fig. 4.0 (a)
Mode of operation

* The metal pieces to be melted are fed i

nto the crucible surrounded by a
water-cooled high frequency a.c. coi as shown on the diagram.
When the system is switched on, the r

apidly changing magnetic flux caused
by high frequency alternating current flowing in the coil, induces large
eddy currents in the conducting parts of the material, causing them to melt
off. )
Insulators and any non-conducting materials (i.e. impurities) are not
affected by the eddy currents,

When the crucible is moved very slowly in through the coil, the impurities
tend to collect in the molten zone, which moves to one end of the crucible.,
* After cooling, this end is removed leaving, a very pure single crystal
sample.

This is a typical example employed in zone - refining of metals and semj —
conductors by eddy current heating.

The Induction cooking stove

In induction stove has a structure resembling an ordinary hot plate cooking
stove. However induction stove has an electromagnet just generates an
oscillating magnetic field just beneath the cooking surface as opposed to a
heating element or coil as is the case of a hot plate. '

Secondly the cooking surface of an induction stove does not feel hot when

touched except for the heat conducted to it by the metal pan heated by eddy
currents.

Diagram
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Insulating Handle

Metallic source pan-

Fig. 4.0 (b)

Mode of operation

An electro-magnet placed underneath the cooking surface is switched on,
creating a high alternating magnetic field.

e When a metallic pan (e.g. Aluminium pan) containing food to be cooked is
placed on the cooking surface of the stove, the induced e.m.f. causes induced

eddy currents to be spontaneously created and flow in small loops in
relation to Lenz’s law.

e The resistance of the metal pan causes the eddy currents to dissipate energy

in the pan in the I2R - mechanism, leading to the generation of heat in the
source pan, used to cook the food in it.

The magnetic Effect of Eddy currents

When a thick metal block is pulled across a uniform magnetic field, the
magnetic flux linked with it keeps on changing, and an em.fis generated
across the ends of the conductor and this set up induced current loops
within the material of the conductor, by Fleming’s Right hand Rule as
shown on the sketch diagram below. )

Conversely when the induced current, [, begins to flow in the thick
conductor, a magnetic force, F = BIL, will be generated acting in sucha

direction as to oppose to the mechanical force causing motion of the
conductor across the magnetic field

(By Fleming's Left Hand Rule), this force in turn will oppose motior, aft‘g

gradually reduces the velocity of the conductor (thus acting as brakes
tion).

?}?e cor)xductor's motion then becomes damped, it slows down and

eventually stops.

. . he
As soon as the conductor stops, eddy currents also seize to exist andt
opposing magnetic force disappears.
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I across

o He gnetic field
Uniform magnetic field, B ® ®
® ®. ® ®
R p  ®
Thick meta I’—h € ‘——.Q""
block »‘ lt
- < & ® : —p Applied
' ®
Maaggetic fonce Fm=BlLe - -: ° foree

y T e ,',“
Eddy current loop
@ ® ® @ @ ® ® ®
Fig. 4.0 (c)

Consider side PQ of the current loop PQRS, from Fleming's Right hand rule, the
magnetic Field B is into the plane of the paper, while the applied Force, F, acts to
the Right. The induced current I, will act or flow vertically upwards, because of
motion of electrons in the opposite direction (Clockwise direction) as shown in
the figure 4.0 (c).

Induced Eddy current
direction.
i
I
! Applied
Magnetic field, B

force F,
Into the paper.
Fig. 4.0 (d)(i)
Considering the same side PQ of the current loop, and the magnetic field

perpendicular and into the plane of the paper, a magnetic force Fm, acts in the

opposite direction, thus opposing the original motion causing damping of the
motion of the metal block.

Induced Eddy current

direition.

Opposing .
magnetic ¢ — — — — » Applied
Force, Fy Magnetic field, B force F,

Into the paper.
Fig. 4.0 (d)(ii)
Minimising / Reducing the effect of induced Eddy Currents
The effect above due to Eddy currents can be minimised by Laminating the

metal block with strips of the metal glued together with an insulator, thus
breaking down the original large induced current loop to negligible loops.
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One metal sheet separated from the
next by adhesive insulating glue

A Laminated metal bolc

Fig. 4.0 (e)

Laminating the metal block involves sli.éi'ng it into tiny and thin metal sheets and

then joining them together using adhesive insulating glue to separate the metal
sheets.

This brakes the originally large and energetic eddy current loops to tiny loops,
this increases the resistance of the metal and eventually reducing the net or
resultant eddy currents flowing in the metal block.

Experiments to demonstrate the damping effects of Eddy currents

(a) Motion of a solid and a slotted metal block across a magnetic

(1)

field

When a metal conductor is made to cut across a magnetic field, the
magnetic flux linked with it changes leading to the creation of eddy currents
that get induced in it and the magnetic field acts on these induced currents in

such a direction as to create a magnetic force to oppose the motion of the
conductor.

Procedure

In figures 4.0 (f) (i) & (ii), a slotted metal piece and a non-slotted metal
Piece respectively, are set into free swinging motion at the same time
between the pole pieces of similar strong permanent magnets.

The insulating string supporting the metal block is set to swing by
displacing each metal block through a small angle 6 and its left to swing freely
in the region between the pole pieces of the strong magnet.

The metal blocks A and B are displaced either simultaneously or one ata
time, and at the same time the stopwatch or stop clock is started.

The time it takes the respective blocks, t1 and t; to stop swinging are noted
on each of the stopwatches or stop clocks.

It is observed that the time taken, t1, taken by the slotted metal piece, Ato
stop swinging is much longer than that of the solid or the un—slotted metal
piece, B.i.e. t1> 2. (

Implying large eddy currents are induced in the solid metal block B, caused 2

magnetic force that acts in a direction that opposes motion of the solid met2!
block each time,




(i) Using a laminated or
slotted metal block
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(ii) Using a solid or
Un - slotted metal block

”

Fig. 4.0 () (i)

Fig. 4.0 (f)(ii)

While the slotted metal block has negligible induced eddy currents loops in it
that create a high resistance to current flow therefore minimizing the
magnetic force opposing the applied force causing the swinging.

This greatly minimizes the damping thus having almost no resistive effect on
its motion.

(i) Spinning of a metal cylinder between the pole pieces of a strong magnet

An experiment having almost a similar principle to that in (i) above can also
be adopted to demonstrate the damping effect of eddy currents, as shown on
the diagram in the figure 4.0 (g) (i) & (ii)

(i) Solid copper coins joined
by glue to make a cylinder.

(ii) Solid copper cylinder
| 2Spinning
direction

Thread suspension

| .

N

IHIERREENERI

opper coin

li
pieces separated Copper cylinder

by glue. Stop cloc
Fig. 4.0 (g) (i) Fig. 4.0 (g)(ii) '

Procedure

In figures (i) & (ii) above, a slotted metal piece (copper coins) and a non-
slotted metal Piece (copper cylinder) respectively, are set into free rotation
motion about a vertical axis of the insulating thread in each case at the
same time between the pole pieces of strong permanent magnets.

The insulating string supporting the metal block is spun clockwise to rotate



(b)

154,
it freely in the region between the pole pieces of the strong magnet, 3y at
the same time, the stopwatch or stop clock is started.

The metal blocks A and B are displaced either simultaneously or one atg

time, and the time it takes the respective blocks, t1 and tz to stop spip
are noted on the stopwatch or stop clock.

[tis observed that the time taken, t1, by the slotted metal cylinder, A to sto

Swinging is much bigger than that of the solid or the un—slotped meta]
cylinder, B.ie. t1 > ts.

Hing

Implying large eddy currents are induced in the solid metal cylinder, B,

Caused a magnetic force that acts in a direction that opposes spinning
motion of the solid metal cylinder.

While the slotted metal pieces has negligible induced eddy currents loops
in it that create a high resistance to current flow therefore minimizing the
magnetic force opposing the applied spinning force causing the rotation,
This greatly minimizes the damping thus having almost no resistive effect
on its spinning motion.

Electromagnetic brake in Auto-mobiles e.g. Trains

Large auto-mobiles like trains and Lifting cranes, employ electromagnetic
brakes in addition to Hydraulic brakes in bringing motion of the system to
a stop, with the help of electromagnets.

Mode of operation

The system is set up as shown on the diagram in the figure 4.0 (0
During motion of the train, the wheel W keeps rotating between the soft
iron metal pieces labelled N and S of an electromagnet.
When the Captain of the train applies the hydraulic brake by pressing down
the brake pedal, a current flows from the battery through the coil, causing
the soft iron metal piece to get magnetized Creating a strong electromagnet
as shown.

Diagram:
A—-Connectlng wires

1

Coil

oft Iron
Metal piece

pring
ircular Metal Wheel Fig. 4.0 ®
A strong magnetic field is created between the . h pole
ol Nort
to the South Pole. bole pieces from

The wheel, W, begins to cut the Magnetic fluy |i onts
. . X li : urr
to quickly get induced in the wheg] nes, causing eddy ¢

W, and creat i fort
' ite directi ’ € an electro-magnet
that acts in an opposite directjop to oppos g ¢the
e the di i ion O
wheel W. rection of moti




(i)

(ii)
(iii)
(iv)
v)

Electr‘omagnetic damping in Moving coil instruments
The coil of a moving coil galvanometer is wound on an aluminium metal

former ?r frame to aid in the creation of eddy currents whenever the coil
rotates in a magnetic field.

Coil wound on

Aluminium metal fra Soft jron cylinder

Concave urrent in
Pole piece e il
of a strong frorfx lehy
magnet to right
Deflectio ngec;‘i’:ce
force dufe to of a strong
current in magnet
the coil 2

Retarding force Axis of rotation

Due to eddy currents

Fig. 4.0 (g)

* When a current, I, is passed through the coil of N - turns, wound on an
aluminium frame, whose plane of area, A is parallel to a radial magnetic
field, of flux density, B, the coil experiences a maximum deflection torque,
T = BINA, causing it to rotate clock wise.

e As the coil rotates it moves together with an aluminium frame on which its
wound, eddy currents are induced in the aluminium metal frame in the
opposite direction to the applied current. >

¢ By Fleming’s left hand rule, a magnetic force, Fm then acts on the aluminium
metal frame, exerting this force in the opposite direction to the deflecting
force and as a result, the motion of the coil gets critically damped, and this
prevents oscillation of the coil and the pointer s it moves over the scale.

Advantages of Eddy Currents/Their industrial uses

The following are a summary of some of the advantages or applications of
Eddy Currents

Electromagnetic damping in moving coil instruments e.g. moving coil
galvanometers, voltmeters, ammeters e.t.c:

Electromagnetic Brakes in Large Automobiles, such as lifting cranes.
Detection of cracks in metals. |

Sorting metallic objects from solid waste, such as in zone refining.
Heating in Induction Furnaces.



(vi)

(vii

(vii
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eir operation.

Used in telephone booths that use coins for th ) :
doors that use “smart cards” for

) Used to control opening and closing of electric . '
their operation, when swiped over special electronic devices.
i) Used in automated vending machines using coins.

(ix) Used in the damping mechanism of the arms of very sensitive weighing scales,

(x)

Used in the operation of speedometers of motorbikes and vehicles.

(xi) Used in Ground Fault Interrupter (GFI) used in electric outlets like Bathrooms.

(1)

(if)
(iii)

Disadvantages /limitations caused by Eddy Currents

Eddy currents do present problems in some of the following areas and
usually lead to energy dissipation in form of heat, hence lowering the
efficiency of such machines.

Transformers - where they are produced in the soft iron core, thus producing
heat that reduces the efficiency of the transformer. ’

The Ballistic galvanometer - where they cause undesirable damping.

Electric motors - where energy is dissipated as heat in the I2R mechanism in
the armature windings. This would cause damage to the insulation of the
windings these may then burn up because of excess heating.

Other applications of Electromagnetic induction and Eddy currents

Separating metals from non - metals used in Car scrap yards

(@) Magnetic materials separated from non - magnetic materials.
Diagram

L
Non-magnetic °°° c=
roller g Q
Ferrous L =
Metal
Non —
Magnetic roller e ko

Fig. 4.0 (h) metal

o Electromagnetic metal separator, used in car scrap yards is one the most
important industrial applications of electromagnetic induction
e Crushed pieces of say a scrap car sent for recycling, are passed along a

. conveyor belt passed over a d.c, electromagnet at the end of the belt
inform of a roller.

e The ferrous (magnetic) metal scrap pieces get attracted on to the belt as

it passes over the final roller and are scooped off from underneath the
belt onto a special container containing the ferrous metal



(b) Metallic materials separated from

-157 -

* Onthe other hand, the remainder of all the non - ferrous (Non -

magnetic) metal scrap pieces such as rubber
amount of aluminium fly over un
hopper meant to collect the non

, plastics, and a large
der the influence of gravity into the
-ferrous scrap.

Aluminium and other metals can further be separated from the other
solid waste by passing them over another conveyor belt having an
electromagnet at the base s shown on the diagram in the figure 4.0 (f)

non - metallic materials

Diagram
The non-ferrous
Loading

Non-magnetic {
roller Non-maghnetic

roller
A.C. Electﬁ'omagnet

Fig. 4.0 (i)

p
p Q
E pzﬂV

on-metals

- From the process in (a) above, the Non-ferrous scrap, can further be
separated into metallic scrap and non-metal scrap when it is loaded into a
conveyor belt having a strong electromagnet underneath it.

When metallic scrap passes over the high frequency a.c. electro-magnet, the
rapidly changing magnetic flux threads the metallic pieces, inducing eddy

' currents into each piece. E.g in the aluminium metal scrap.

The eddy currents get induced in such a direction that a magnetic repulsive
force, is exerted on each of the metal pieces and it throws these metal
pieces off the belt in one specific direction while, the other non-metal
continue along the belt into a hopper at the end of the conveyor belt.

2. Operation of a Mechanical speedometer of a vehicle or Motorcycle

The car speedometer is a device or gauge that helps the driver to
at which his/her car is moving and the mileage covered in relatio
journey, by displaying this information on the dial or scale on th

know the speed
n to the whole
e dash board,

There are two types of speedometers namely;

(i)

The electronic or digital speedometers - that uses e]

sensors to pass on the speed transmission from the driy
the dial (scale) equipped with LED displays, where som
information can be displayed like; Navigation range, Bl
information display etc.

ectronic motion-
eshaft of the car to
e other navigation
ue -tooth audio



(i)

. speed as that of the shaft and the car.
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The Analog or Mechanical speedometers - that ?ass on the ?peed
transmission from the driveshaft of the car to the dial (scale) via a long
twisted steel cable called the speedometer cable.
Some automobiles have a combination of the Digital and the Analog speeq
display dials that are greatl chronized.
Thepdi:gram iflhthe ﬁgugze 4.(}), (sj})’r;hows a simplified model of the Analog o
Mechanical car speedometer, which operates on the principle of eddy
currents.

Diagram: of A Mechanical (Analog) speedometer

Speed cup Horse-shoe or
Pointer . 0[Copper disc)| y - shaped Magnet

Dial o Speedometex:
(Scale /N cable Connection
Hair To the
spri Driving sh
pripg nwgg s—aﬁ
o = > — _ _.
Spindle—| Clockwise rotation
2/ of the cable &
Anti - clockwise magnet
rotation of the disc ‘Axis of rotation
Fig. 4.0 (§)

Mode of Operation (How it works)

When the driver presses the foot on the accelerator paddle to increase the
speed of the car, the speed of rotation of the drive shaft increases. As a
result, the speed of the drive cable connected to it also increases in the
Same proportion, causing the U - shaped magnet to rotate at the same

As the magnet spins about the axis at the s
magnetic flux links the freely pivoted copp
magnet in any way but attached to a hairs
field due to rotation of the magnet, cause
induced in the speed cup or metal (copp
magnet field that opposes what led to th

The copper disc as a result begins to spin about the same axis but in the
opposite direction (Anti-clockwise) but

in a controlled manner that is
proportional to speed of the vehicle due to the help of the control
hairspring, .

The hairspring restrains the speed cu
movements and allows a contro]]

peed of the shaft, a changing

er disc that is not attached to the
pring. This changing magnetic

s eddy currents to quickly get

er) disc and create a counter
eir creation,
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- The pointer then moves
disc which is directly pr
NB: Ina bicycle sp

the wheel, wh
pole of the m
wheel.

over the dial (scale) and shows the speed of the
Oportional to the speed of the vehicle.
eedometer, a small bar magnet is attached to the spokes of

ile a coil is fixed to the frame of the bicycle, so that the north
agnet moves past the coil once in every revolution of the

As the magnet moves past the coll, a pulse of current is induced in the coil.
The in-built computer then measures the time between the current pulses
Qisplayed on a calibrated screen and computes the bicycle’s speed.

Magnet with North
pole facing the coil

A\ attached to
M the frame
of the
bicycle

® . Y 2 Tylne
Direction of rotation ; g
of the wheel of the bicycle
Fig. 4.0 (k)

3. The Electric Guitar

An electric guitar is one of the instruments that has revolutionized-the
entertainment industry.

The strings of an electric guitar are made of ferromagnetic metals that vibrate
back and forth transmitting energy into the hollow wooden body of the guitar
making it (and the air inside) resonate and eventually amplifying the sound,

An electric guitar converts electrical energy into sound energy and does this
following about six stages or involving six different parts, as summarized on the
diagram below, with each wire having the same type of setup adjacent to it.
Diagram showing the essential parts of An Electric Guitar

Magnetic field lines —-‘\Q Ferfomag.netic metal
-~ N~~~ Guitar wire (string)
[2IIC et Ty e I ———
RIREE |11 I Loud
~— A
g spegker
Pickup coi Amplifier

Vs
Permanent - _§ound
Magne “ i ) waves
\ >

Fig. 4.0 (1) X
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Mode of Operation (How it works)

A ferromagnetic string (wire) placed near the PiCkUP-S (magnet - coil)
causes the wire to get induced magnetism with the 51de.of the wire near th,
magnet, picking up opposite pole to that of the magnet. i.e. part of the wira
near the North Pole of the magnet becomes South Pole while the extreme
upper side attains the same pole as of the permanent magnet (i.e. South
Pole).

When a guitar string is plucked, the string movements creates a region of
changing magnetic field of its own and, induces tinny electric currents in
the pickup coil, creating an electrical signal in it which is then passed on to
the next chamber. 3

The electrical signal passes through the tone and volume circuits to the
output jack and through a cable into the amplifier.

The amplifier then boosts the electric current signals from the pickups
producing a larger current that is big enough to cause movement of the coil
attached to the paper cone of the loudspeaker.

The loud speaker then turns electric current into sound energy as received
by the ear of the listener or observer.

The Ground Fault Interrupter (GFI)

A ground fault interrupter (GFI) is a device commonly used in a.c. electric
outlets such as bathrooms, laundry points, kitchens and other places where
the risk of electric shock is high.

It consists of a ferromagnetic ring having a coil wrapped at one of its
positions and two electric wires, the live wire and the neutral wire running
through the middle of the ferromagnetic ring, so that their distances from the
ring are balanced.

The two wires carry alternating current of high frequency say from 50 Hz up
to 120 Hz in two opposite directions each time. They set up magnetic fields
on the opposite sides of the soft iron ring acting in two opposite directions as
to cancel out each other each time the same magnitude of current flows in
the two wires in opposite directions.

Diagram: of The Ground Fault Interrupter (GFI)

Ferromagnetic (soft iron) ring

circuit
breaker Fig. 4.0 (m)
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Mode of Operation (How it works)

Using the set shown above, if a person having wet hands accidentally
comes into contact with the electric circuit, the person provides a very low
resistance path to the current making the current to flow through the '
person to the ground, instead of flowing through the return neutral wire.
This causes an imbalance in the current through the two wires, i.e. the two
currents through the live and neutral wires are now different.
The magnetic fields linking the iron ring by the two wires are now different
and hence do not cancel out to deny the ring an induced e.m.f. A net or
resultant magnetic flux links the ring at the frequency of the-source,
causing an induced e.m.f. to be generated across the coil.
The induced e.m.f. causes a small induced current to flow to the circuit
breaker and trips the circuit breaker, hence it disconnects the current flow
to the point of the accident where the person made contact with the live
- circuit wire.
The moving coil microphone (or The telephone mouth piece)

A moving coil microphone works less in the reverse way a moving coil loud
speaker works where sound energy is converted into electrical energy then
finally back to amplified sound. :

There are a number of different types of microphones, the common of which
include,
(i) The moving coil microphone This is a versatile type and one of the most
common type that is ideal for general-purpose use and quite resilient to
' fough handling. It works on the principle that, when a coil of wire moves in

a magnetic field, a current s induced in it that is proportional to the rate of
cutting of the magnetic flux.
The Diagram of a moving coil microphone

-------

-----------------------
------------

t
.
0l
o?

current
Fig. 4.0 (n)
Mode of Operation (How it works)

e Using the set shown above, a thin metal diaphragm attached to a coil is hit by
sound waves setting it into vibration.
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The coil together with the diaphragm as a response to the sound Wave

the coil to move back and forth (backwards and forwards) past the pe
magnet.

IManept

The magnetic flux linked with the vibrating coil changes, causing an induceq
e.m.f. in the coil resulting into an induced electrical current that flows in the
coil and is then channeled via the microphone cable to the amplifier.

The amplifier then magnifies the electrical output and feeds into the loyq

speaker where the electrical energy is converted back into sound output at the
receiver’s ear.

Other types of microphones include

(if)  The moving ribbon microphone

Is the type that uses a thin corrugated and light aluminium fpil Instead of 3
moving coil for its operation. When sound waves strike the aluminium fo],
it moves in a magnetic field provided by a permanent magnet and current
is induced in it that {s proportional to the speed of movement of the foij).

The current is fed into the amplifier and finally to the output loud speaker.
(ii) The condenser (Capacitor type) microphone -

Has one of the plates of a parallel

output via the amplifier,
The Solenoid Car Door Lock
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The Solenoid Lock
N IDor Frame Connecting wire

I FSolenoid S! C - tinto | -
,.@ O® BRRIRRR tl‘lle"s.f)ll]enzi:

—Spring
006/600000000
7] ; Solenoi
Tl Current out of
f’ , the solenoid
Soft iron bolt Fig, 4.0 (0)

Mode of Operation (How it works)

Using the set shown above, a current from the system is fed into the
solenoid.

The current flowing through the solenoid creates a magnetic field in and
around the solenoid that magnetizes the soft iron bolt, in the same sense as
the solenoid.

- The magnetic pole at the end of the iron bolt is opposite to that at the near

end of the solenoid. Consequently, the iron bolt gets drawn into the
solenoid with the magnetic force of attraction between un-like poles of two
bar magnets and compresses the spring against the force of the spring,
which then stores energy as elastic potential energy.

" This now allows the iron bolt to be sucked into the solenoid axis, thus

enabling the door to open.

When the current is switched off or is cut off by any means, the solenoid
loses its magnetism and the iron bold also loses its magnetic attractive

. force by the solenoid, consequently, the stored elastic potential energy in

the spring forces the iron bolt out of the solenoid and the door locks again.
NB:

The central locking system of car doors operates on the solenoid lock
mechanism via a lever system.

" Some central locking system in vehicles are operated depending on the

speed of the car like in the case of the operation of a car speedometer.
When a vehicle attains a certain threshold speed from take-off, the induced
eddy currents in a smooth circular copper disc, energized a given solenoid
coil, that switches on a magnetic relay switch that triggers the operation of
the solenoid lock designed in the reverse sense to that above and closes
simultaneously all the doors of the car centrally.

When the speed of the car falls below the critical speed e.g. below

10 km hr-1 the induced current falls below the value required to energize

the solenoid to operate the relay that switches on the solenoid lock.

Electromagnetic Relay Switch
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This is a switch operated by an electro-magnet. It is useful if we want one

circuit to control the switching action of another or other circuits, more
especially if the current operating the second circuit is larger. .
Electromagnetic Relay Switch
Springy

Insujator vzl
Da f Secondary switch

Z _mm
Ed ? ivot
G- & e e
ey W
B R RA A A ASATA ACA A A AAA-A Al ‘/Direction

A oft iron core
A, B, C, D and E - are electrical contacts

Fig. 4.0 (p)

When contacts A and B are connected to the primary circuit, and its switch is
closed, current flows through the coil causing the soft iron core to get
magnetized and attracts the L - shaped soft iron armature. This rocks the
pivot, causing the left end of the L - shaped iron armature to move upwards
about the pivot.
The springy metal strip attached to contact E, is pushed upwards towards
that connected to D and the contacts at C are made or connected.
This acts as the second switch to the secondary circuit, i.e. the relay switch is
energized, triggering a fairly large current to flow in the secondary circuit.
Magnetic relays are commonly used in,
¢ Car ignition circuits involving the starter motor. -
e Automatic electronic operated doors.
e Operation of fog lamps of a car, wind screen wipers, heated rear

windscreens of a car, etc.
e Controlling the switching actions of security lights in homes and streets.
e The operation of electric bells. ;
e Switching power on the national grid.
o The operation push switch buttons in a lift relay circuit.
* The operation of auxiliary secondary transformers in power stations.
The advantage of the relay switch is that, operator or person controlling the

system, is electrically isolated or detached from the potentially dangerous
large current circuit.

NB, Minor modifications in the relay circuit above cap be made, that would also

llow th(.e current in the main secondary circuit to be switched off rather tha!
to be switched on, when a current flows through the coil
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ADIRECT CURRENT (D.C) ELECTRIC MOTOR

An electric motor is a device that converts electrical energy to mechanical energy.
It converts electrical energy to the rotational energy that can be used to do work
for example in electric blenders, motors of grinding mills, electric shaving machines,
rotating wheels in radio cassettes, C.D disc players, motors in lifting cranes and most
of the moving parts in machines are triggered by electric motors.
It works on the principle of magnetic torque created on the rectangular coil
placed across a strong magnetic field in relation to Fleming’s Left Hand Rule.
The structure: i
The d.c. motor - consists of a rectangular coil abcd of fine insulated copper wire
that rotates freely about an axis at the centre of the coil and between the concave
pole pieces of a strong permanent magnet.
The free ends of the coil are each, connected to the flat circular halves of a split
brass ring, known as commutators, C1 and C.
Placed in contact with and pressing on the commutators by springy metal strips
are the small metal blocks called the carbon brushes, B; and B; that link the
ends of the coil via the commutators to the source of e.m.f. or Battery, and the
switch, K and in series with a starting variable resistor, R. -
Diagram/Structure:
The Direct Current (D.Cf Electric Motor.

|
|
W Axis of rotation :' A Slmphﬁi‘d version
0
/

p Cy, G- Commutators_ (Half of one slip ring)

Batter}f K RHeostat  Bi, B2~ carbon brushes !

)
' |
K* Battery Starting

Fig. 4.1 (a)(ii) resistance

C2

|
:' A d.c. motor
- ? '
= .,’ l
i/ Strong permanent E (:)
magnet ! b L ¢
(N ;
R - is the starting resistance in a motor : —: S
\ N, S - Concave pole pieces of a strong magnet i |
bed - rectangul il of i ' a g
a gular coil of insulated wire I B I B
| | 2
|
|
|
|
|
|
!



NB: The commutators - help the swap

NB:

(1)
(i)
(iif)

The current I flowing
The magnetic field strength, B. i.e. speed xB
i.e. speed xN

The number of turns N 0
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wing in the coi
contacts with Carbon brushes B1 and B2 and current stops flo _g oil

shortly.
y the current - direction every half turn. It

1 4 ing tangled. :
also stops the wires being tang jon by its original

However, the coil gets carried over pas
momentum.

After the vertical position, con
(i.e. C1 makes contact with Bz, whi
current reverses direction of flowint
in the original direction.
The process then repeats its
the coil, thus enabling the coi
intended for.
Factors affecting
are:

¢ this vertical posit

established but interchanged,

contact with B1), and the
ntinues to rotate

tact isre-

le C2 makes
he coil but the coil co

ent cycles or rotations of

elf for all the subsequ
d do mechanical work its

| to pick up speed an

the speed of rotation of the armature of the motor

through the coils of the motor. i. €. speed oI

f the coil used on armature,

Applications of Direct Currents:

Direct current has some applications that may not be applicable to
alternating currents, and these include some of the following:

Electro-plating during electrolysis process.

Charging car batteries and any other batteries.

Used in operations of radios and other electronic devices.

Operation of thermocouple meters.

Operation of moving coil instruments.
Calibration of moving coil instruments using potentiometers.

Back e.m.f. In an electric motor

Back e.m.f. in an electric mo

becaus

tor - is the e.m.f. induced in the coil of the motor
e of the changes in the magnetic flux linked with the coil due to rotation

of the coil in a magnetic field and thereby cutting the magnetic flux.
The back e.m.f., E», opposes the source of e.m.f. E, that caused it to be

produced. Since the circuit s closed, the induced e.m.f. called back e.m.f. Ev

opposes the current supplied by the source, E, through the coil, because the
back e.m.f. produces an induced current flowing in a direction to oppose the

current supplied by the battery.
NB: The back e.m.f, in a coil acts like a small cell connected in series with the

coil, but in opposite direction to the main cell (source of e.m.f) that is
driving the current in the whole circuit, as shown in the figure 4.1 (b)



NB:
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Resistance of
the wires

Fig. 4.1 (b)

Suppose, E is the e.m.f. of the source (Battery), r, the armature resistance, R

is any external resistance, e.g, starting resistance, of a motor and Ej is the

back e.m.f. generated in the motor when its coil starts rotatingin a
magnetic field. -

Sincg the back e.m.f. depends on the rate of cutting of the magnetic flux, it
implies, the back e.m.f. increases with increase in the speed of rotation

of the coil, and consequently the current flowing through the armature
windings becomes small.

When switch K is just closed, the current I supplied by the bélttery, E isata
maximum value, I g, = (

BE r) and the back e.m.f. Ey is zero since the
coil is not rotating.
However, the back e.m.f. induced in the coil opposes the current flow as
soon as the switch is closed, and the current slowly reduces in the circuit
until it reaches its minimum value, as the back e.m.f. increases to a given
maximum value as shown in the graph in the figure 4.1 (c)

Current—A

&Back Ef-——-——-—--—————

emf, Imax

Coil (inductor)

Swifthjust closed
nge of current is large, thus large back e.m.f

—>

0 Fig. 4.1 (¢) Tg3)

The rotating part of the motor is called the armature (or the rotor) of the
motor.

In practice, the armature consists of several equally spaced coils wound on
a soft iron core and connected to a commutator that has a corresponding
number of sections.

The several coils provide the motor with a constant torque so that its
motion is not jerky but instead smooth. :

The concave pole pieces of the magnet together with the soft iron core
provide a radial magnetic field and also to make the torque constanF,

The laminated core with the thin iron sheets separated with insulating
varnish minimizes the heating up of the core caused by eddy currents.



-168.

Suppose V and Ey are the magnitudes of the applied voltage and back emf
that opposes the applied voltage respectively, while I and R is the tota]
drmature resistance, then all the above are related by the equation;

V= Ey= TRy oo e ()

Where

Ey is proportional to the speed of rotation of the armature.
i.e.Ey X @ = E, =kow or Ep = kyf oo ... ... (i)

where, w = 2ntf is the angular speed, and f = frequency of rotation.
Practically, E, = |NABw sin wt| and for maximume.m.f.,;sinwt =1
= NAB =k, (a constant)when N, A and B are all kept constant.
When a motor is loaded, its speed of rotation falls or reduces to some new
steady value say w;. This is because a loaded motor has to exert a torque in
order to perform mechanical work, and this causes its speed of rotation to
reduce and this therefore requires a larger current to be drawn from the
source, and more power is also supplied to the motor.

Multiplying equation (i) by 1, and rearranging gives

IV =IEp+ PRy oo vee e v aee e et e e e v vaen (i)

Where, IV = power supplied to the motor (Power input) -

IE, = mechanical power output fron the motor (Useful Power)

Or the rate at which the motor is performing mechanical work.

and [? R, = rate at which energy is dissipated as heat in the coils.
Or the power dissipated as heat in the windings (Wasted power)

The efficiency (n) of an electric motor

The efficiency, ) of a motor is defined by the equation;
' Mechanical power obtained (Output)
Power supplied by the source (Power input)

Efficiency,n = X 100

IE,
= —X100
= e
E,
chaas = —XxX100

="y

NB: The efficiency is usually high, when the coil resistance is small. As a
consequence, practical motors have coil resistances of less than 1.0 0.

The use of the starting Resistance, R, in an electric motor

When the motor is just switched on, the back e.m.f. is initially zero, i.e.

Eb = 0, the whole supply voltage, V, would be across the coil of the motor.

This would set up a very large current across the coil, since the resistance
of the armature (coil windings), r, is quite negligible the current supplied
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by the source could easily burn off the coil. Because Ep=0,and Ris
missing,

=z ‘When,r - 0,1 - oo (current tends to ®),since £p = 0

So, in order to limit the current, I, flowing through the coils at the start, 2
variable starting resistance R, (rheostat) is incorporated in series with the
coils.

Thus at the start of the motor, the armature current, la is given by the

equation;
V-
Iy == +3 where E, = 0 and resistance, R, has a fairly large value.

= At the start of the motor,I, <1 (whenRis shorted out), This then
ensures the current flowing through the coil is small enough not to destroy or
V—Ep
R+T
armature or rotor of the motor is running at its full operating speed, the
rheostat (Starting resistance) has its value, gradually reduced to zero. At
such a time when the motor has full operating speed, the back e.m.f. would

to burn off the coils or windings of the motor. I, = By the time the

" be having its value very close to that of the operating supply voltage but

NB:
@

(i)

(i)

(iv)

slightly less than the supply p.d., V. This then limits the current [, flowing
through the coils, to a small value.

Basing on the above facts,

" A d.c. motor running at its full speed, should not be stopped abruptly

when it is still connected to the supply. This is because the back e.m.f.
abruptly drops to zero, making a large current to flow through the coil
instantly and thus burning off the coils of the motor.

Industrial motors are usually fitted with either two switches, a starting
switch that places a large value resistance in series with the armature coils
and a running switch that shorts out the resistor when the motor has
gained nearly its maximum speed, or an automated variable resistance
(Rheostat) that gradually goes off with increase in speed of the motor.
The armature current should never drop to zero, to maintain the
deflection torque on the coil necessary to enable the motor to do
mechanical work, relevant for its mode of operation.

Whenever a motor is loaded, the angular speed w reduces, thereby
reducing the back em.f. of the motor, but the turning moment (or Torque,
T) of the motor increases, i.e. larger power is required to turn the motor,
thus, the current flowing through the coil then increases. Hence, a large
current is drawn from the source, this may burn off the coll of the motor
and it increases the power consumption.
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The back e.m.f. Ep in the armature of the motor is directly proportional to
the rate of cutting of the magnetic flux, and therefore to the angular speed,
w of the motor. i.e E, = kw, where k is a constant of proportionality
FromV — E, =rl, = I,V — I,E, = r (I,)? The rate at which the motor
works in order to overcome the back e.m.f. is I1,E, and this is equal to rate at
which the motor is performing mechanical work given by,(T + T)w, where
To is @ constant torque used to overcome friction within the motor. Thus
I,Ep = (T + To)w, where, T = BINA is the maximum torque on the coil.
If the frictional forces in the motor are negligible, then, I,E;, = Tw and

from the above equations,V — E, =rl, =,V —kw =rl, but I, = (T:T")

Thus back e.m.f. can be expressed as, E,, = {V = [(T—:TL)] T} = {V = E] "}

Series wound and shunt wound motors
In large electric motors, the magnetic field is usually provided by an

electromagnets as may be opposed to permanent magnets. The coils that
provide the magnetic fields that thread the plane of the armature are
known as field coils.

Series wound motors

These are motors where the field coils are connected in series with the
armature coil windings.

Field coil
I

Ry
Armatire coil

:* Emf =
Supply p.d.

Fig. 4.1 (d)
The characteristics that these type of motors have are,

(i)  The same current flows from the source to both the armature and
the field coils.

(ii)  The field coils are usually few and made up of thick copper wires of
low resistance.

(iii)  Different p.ds are set up across the armature and field coils hence
they experience different powers.

(iv) They have a large starting torques at low speeds, since both the
current and the magnetic field due to the series field coils are large.

(v)  They are high speed motors; however their speeds vary considerabl)
with the load input. i.e. They are very sensitive when loaded.
Implying there is great variation in speeds with different loads.
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They are suitable for use in electric fans, lifting cranes, power units
of electric locomotives (trains), winches and for high-speed motors

used in grinding wheels, blenders where speed control is not very
important.

Shunt - wound motors

These are motors where the field coils are connected in pat;aIIeI with the
armature coils (windings).

current |

. R, Field coil
r
Supply + L~ Armature coil Vi
L 2 Emf -]
Supply p.d.
Fig. 4.1 (e)

The characteristics these type of motors have are;

Q)
(if)
(iii)
(iv)
v)
(vi)

(vii)

The armature and field coils have the same p.d. across them.

The field coils are usually many and of fine copper wire so as the
limit the current flowing through them, so as to allow a larger
current to flow through the shunt.

Different currents l.and Is flow through the armature and field coils
respectively.

They have a lower starting torque at low speeds when compared to
the series wound motors, '

There is very small variation in the speed of the motor when the
load on it is varied and the speeds can easily be controlled.

A shunt wound motor keeps nearly a steady speed, because if the
load is increased, the speed of the motor falls a little, the back e.m.f.
also falls in equivalent proportion to the speed, and the current
rises, thus enabling the motor to develop more power to overcome
the increased load. This is not the case with a series wound motor.
Shunt wound motors are commonly used in practical applications
where speed regulation is very Important such as in record players,
C.D players, compact cassette radio players, curving tool machines

say in wood workshops.

Factors affecting the efficiency of an electric motor

Practical electric motors may

not attain an efficiency of 100% due to some

of the following factors.
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(i)  Eddy currents Power loss
The changing magnetic flux in the core causes eddy currents to be induced

in it and they cause the heating up of the core of the motor in the I2R -
mechanism leading reduction of efficiency of the motor.
Remedy: This defect is minimized by using a laminated core e.g. a
Laminated soft iron core which breaks down originally large eddy current
loops into tiny loops rendering eddy currents negligible.

(ii) Resistance of the armature windings
The insulated wires used for making the armature coils have some
resistance that cause heat dissipation in the motor windings'in the I2R -
mechanism thus leading to the reduction of efficiency of the motor.
Remedy: This defect is minimized by using insulated thick copper wires of
low resistance for making the armature coil windings.

(iif) Hysteresis power loss
The constantly changing magnetic flux in the core of the rotor creates
internal friction in the core as magnetic dipoles keep changing directions
with that of the magnetic field. This causes increase in the internal energy
of the atoms leading energy dissipation in form of heat in the core of the
motor.
Remedy: This defect is minimized by using magnetic materials of low
hysteresis loss for making the core of the motor such as soft iron, perm
alloy and mumetal.

4.2 EXAMPLES & EXERCISES ON EDDY CURRENTS & MOTORS ~

15 The diagram in the figure 4.2 (a) shows an arrangement by which a
laboratory balance is critically damped. The aluminium beam supporting
the pan moves in magnetic field of two powerful magnets.

Aluminium
beam

Fig. 4.2 (a)
(i)  Explain how damping is caused.
(i) ~ What change would occur in the performance of the balance if the
magnets were replaced with much weaker ones?
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Solution

When the balance pan is loaded, the aluminium metal beam moves in and
out of the magnetic field between the two pole pieces of the magnet. As the
beam cuts the magnetic flux, induced e.m.f in the beam causes eddy currents
to flow in a direction as the oppose the changes in magnetic flux, thereby
creating a magnetic force that opposes the force causing motion of the beam
across the magnetic field. This makes the beam to come to rest much sooner

than it would in the absence of the magnetic field, i.c. the motion of the
metal beam is damped.

Alternatively
The damping of the motion of the beam can be explained in terms of energy

-conservation.

When an object is placed into the balance pan, the potential energy of the
object is converted into the kinetic energy of the aluminium metal beam.

As the metal beam moves in and out of the magnetic field, eddy currents get
induced into the beam, causing energy dissipation in the beam in form of
heat, in the I2R - mechanism.

The kinetic energy of the beam then reduces causing it to come to rest much

sooner than it would otherwise have done in the absence of the magnetic
field.

-Effect of speed of the metal beam in the magnetic field on the damping

force.

If the aluminium metal beam is moving faster, between the pole pieces of
the magnet, the rate of cutting of the magnetic flux would increase. By
Faraday’s law, states that, the magnitude of the induced e.m.f. in the beam is
proportional the rate of change of the magnetic flux linked with it. This also
leads to the increase on the eddy currents induced in the metal beam. Since,
the damping force, depends on the eddy currents, this would cause the
damping force to increase, or to become larger.

_Hence, the bigger the speed of the metal beam in the magnetic field, the

larger the damping effect is experiences.
From Faraday’s law; the magnitude of the induced e.m.f. in the beam is

proportional the rate of change of the magnetic flux linked with it.

d® _ d(BA)

Symbolically; |E| = — ==~ = E « B, itimplies, induced e.m.f. increases

with increase in the magnetic field strength and vice versa.

Thus, when a much weaker magnet is used, the induced e.m.f, in the metal
beam is small and so are the induced eddy currents.

Since the damping force is proportional the size of eddy currents, the
motion of the beam would be lightly damped, thus making the balance to
take a much longer time to come to rest at the zero balance position.
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2. Asmall bar magnet is attached to a spring as shown in the figure 4.2 (b)

Sprin

.......

Fig. 4.2 (b)

Switch K is closed and the magnet is displaced downwards slightly and
released to oscillate vertically.
Explain;

(i)
(if)

(1)

(i)

The observations made.

Why the magnet takes long to come to rest when switch, K is opened.
Solution

When switch, K, is closed, the circuit is completed, and when the
magnet is displaced and allowed to oscillate vertically, the
galvanometer pointer starts to deflect back and forth in opposite
directions about the zero position, however, but with a higher
degree of damping of the oscillations.

As the North Pole of the magnet approaches the coil, the magnetic
flux linkage to the coil increases, causing an e.m.f. to be induced in
the coil. Since the circuit is closed, an induced current flows in the
direction of induced e.m.f. i.e. the top part of the coil becomes a north
pole so as to oppose the increasing flux. This causes the pointer to
deflect to the right.

As the North Pole of the magnet withdraws (recedes), the reducing
magnetic flux linked with the coil causes an e.m.f, to be induced in it
in such a way as to make the top end of the coil a south pole. Thus,
this makes the galvanometer to deflect in the opposite direction (to
the left) because of induced current flowing in the new direction of
the induced e.m.f. .

When the switch K is opened, there is no closed circuit, and so there
is no flow of induced current. The coil does not produce the opposing
magnetic field and flux that oppose the movement of the bar magnet,
hence there is no damping to the motion of the magnet, causing the
oscillations to take a much longer time to die out or tg stop.
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0] Define the term back e.m.f. in an electric motor.

(if)  Ad.c. motor having a coil of resistance 2 () is connected a cross a
240V steady voltage supply. When the coil rotates at 120 revolutions
per minute, it draws a current of 5.0A from the supply. Find the back
e.m.f. and the frequency of rotation of the coil when the current of
8.0 A is drawn from the supply.

Solution

(i) Bfack e.m.f. - Is the induced p.d or e.m.f. set up across the armature or coil

0

- the motor when it's rotated in a magnetic field and acts in such a direction
as to oppose the applied voltage across the motor windings.

() V=240V r=20 [;=50A f=2"=2Hz
Using V—Ep=Ir,E, =V—Ir =E,, =240—50x2=230V
ButEp =ko =Kf By = Kf, = k'= Z0=115v

= Epz = 240 —8.0 X 2 = 224V, is the back e.m.f.when1=8.0A
E 2
h=B2=2_ 1 o5y,
John is using a cordless electric weed trimmer with a d.c. motor to cut the
long weeds in his backyard. The trimmer generates a back e.m.f. of 18.0 V
when it is connected to an e.m.f. of 24.0 V d.c. The total electrical resistance
of the motor is 8.0 Q.
() . How much current flows through the motor when its running steadily?
(if)  Suppose the string of the trimmer suddenly is wrapped around a pole in
the ground causing the spinning of the rotor of the motor to stop. What
current now flows through the motor and what advice would you give to
John?
Solution
(i) Using, V—Eb = IlR = [1 - V;Bb

411 =0.75 A is the current that flows through the motor.

(ii)  When the motor suddenly stops rotating, the back e.m.f. becomes zero, i.e.

V-0
Eb=0,fromV—Eb = I]_R = Il — P

R
= I} =222=3.004 ,

" +11 =3.00 A isthe currentthat flows through the motor.
This is a very large current!! and if left to flow through the motor for a
fairly longer time it burns off the coil .
Thus, John is advised to quickly turn off the power supply tp the motor.
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(1)
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An electric lawn — mower has an armature of 0.5 . When running freely
and connected to a 240 V supply, the motor takes 3.0 A, but When the
mower is on full load when cutting through long grass, the current rises to
50 A. Calculate the;

Back e.m.f. on each case.

Electrical efficiency in the second case.

Solution

For the first case, with no load, FromV — E,; =[41R = Ep1 =V —=[R
= Ep; =240-3.0x05=2385V

Ebl = 2385V

When a load is applied to the mower, a current I = 50 A is drawn from it,
= Epp=V-IR

= Ep; =240 —50 X 0.5 = 215.0V

Mechanical power obtained (Output) % 100

Eff ictency,n = Power supplied by the source (Power input) )
1 E),
“n= ==X
n= 37 X100
- X100
"= 240
~1=89.6%

A shunt - wound motor is connected to a 240 V d.c. supply. With no load
exerted on the motor, it rotates at 15 Hz and the armature current is 2.5 A.
When the motor is loaded its rate of rotation falls to 5 Hz and the armature
current rises to 25 A. What is the resistance of the armature?

Solution

Back e.m.f. is proportional to the frequency of rotation of the armature.
ie. E, = kf where kis a constant of proportionality
Using, V — E, = IR, = when current is 2.5 A

= 240 — 15k = 2.5R, ST TR b wmwi (L)
When the motor is Ioaded the currentIz 25 A

= 240 — 5k = 25R; e vee it vt et e e e e v (i)
Equation (ii) x 3 - Equation (i)

= 720 — 240 =75R; —2.5R, . vvcor v oo s (i)
~ 480 = 72.5R,

“Ry=6.62Q

(a) Give the importance of back e.m.f. in a motor.
(b) A shuntwound d.c electric motor takes a current of 10 A from a 200
volts mains. The shunt field coils have a resistance of 40 Q, and the

armature has a resistance of 0.5 (. Find the back e.m.fand the electrical
energy converted into mechanical work per second.
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Solution
Importance of back e.m.f. in a motor

o It provides the necessary mechanical power of the motor required to do
work.

o It minimizes heat generated in a coil, by allowing only a small current to
flow through the armature winding when the motor is working, since too
- much heat may burn the coil of the motor windings.

Since a shunt, is always connected in parallel to the armature coil, they
have the same p.d. E = 200 V of the supply battery.

Source of em.f. E

200V
Armature ‘ I

Field coils

 10A

Shunt

_ Fig. 4.2 (c)
Current in the shunt field coils, I = RE = % =504
S
Armature current, I, = (10 — 5) = 5.0 A.

P.d across the armature

Y, =1,R;, =5.0x05=25V

~ Backe.m.f,Ep = (E —V,) = (200 —2.5) = 197.5V
Energy per second in the armature,
P =[IE — (I,°R, + I°R)]
= {(10 x 200) — [(5.0% x 0.5) + (5.0 x 40)]}
. Power expended, P = 987.5 watts.
Alternatively
Since mechanical power, P, = I,E, = (5.0 X 197.5) = 987.5 W
(@) What are eddy currents?

. (b) The figure 4.2 (d) shows a flattened aluminium bottle top supported

on light cotton threads at the top of a solenoid made of copper wire
and connected to a d.c. source of em.f.

Fig.4.2 (d)

When Switch K is just closed momentarily then shortly opened, the bottle

top immediately jumps up and falls down again, on the threads.
Fvnlain thece ohecervations.



(a)

(b)

-178.
Solution

Eddy currents - are currents induced in a thick metal conductor whenever
the magnetic flux linked with it changes.

Eddy currents flow in such a direction as to oppose the changes that caused
them. —

When switch, K, is just closed, a rapidly increasing current flows through
the solenoid in a clockwise direction.

A rapidly changing magnetic flux is created inside and at around the
solenoid, which in turn thread the bottle top. This induced esm.f. in the
bottle top and eddy currents get induced in the bottle top in such a way
that the lower surface of the bottle top has the same polarity as the top part
of the coil (i.e. South pole). The two like poles (south poles) then repel each
other. This causes the bottle top to jump off.

When the switch is opened, current is cut off from the coil and no Eddy
currents are induced in the bottle top, so it falls back down to the threads
on top of the coil due to the influence only its own weight.

Exercises on Electric motors

A small electric motor with permanent magnets to produce the magnetic
field is connected to a 12 V supply of negligible internal resistance. With no
load the motor rotates with a frequency of 10 Hz and the armature current
is 2 A. If the armature resistance is 1.5 Q. Calculate the rate of rotation
when a load that causes a current of 5 A to flow in the armature.

Ans: [5.0 Hz]
A motor having an armature resistance of 4.0 () is connected to a 240 V
supply. When the motor is on a light load, the motor speed is 200
revolutions per minute, while the armature current is 5.0 A. When the
motor is put on full load, the armature current increases to 20.0 A.
Determine the;

D Back e.m.f. in each case. Ans: [220V and 160 V respectively].
(if)  Speed of the motor when under full load. Ans: [145 rev. min-1]

The armature coil of an electric motor has 100 turns and is of length 0.12 m

as shown in the figure 4.2 (e). The coil rotates between the pole pieces of
a U - shaped magnet, where the magnetic flux density is 0.18 T.

Unliform
magnetic field

Fig. 4.2 (e)
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(a) (i)  Calculate the force acting on each side of the coil when the
current flowing through the coil is 0.8 A.
(i)  Discuss how the force on each side of the coil changes during
one complete rotation of the coil.,
(b) Explain why the force acting on each side of the coil has its maximum

turning effect when the plane of the coil s parallel to the lines of

force of the magnetic field.

(©) If the coil is rotated at 1200 revolutions per minute, what is the
maximum value of the e.m.f, generated in it?

(d) What factors determine the value of the e.m.f. generated in the coil.

A d.c. motor is connected to a 240V supply. When no load is connected to
the motor and is rotating at 3000 revolutions per minute, an armature of
resistance 0.2 Q draws a current of 5.0 A is drawn from the s:upply. When
the load is connected. When a load is connected to the armature a current
of 7.5 A is drawn from the mains supply. Determine the back e.m.f. of the
loaded motor and its speed of rotation. Ans: [238.5V & 2994 rev. min-1
respectively]. .

A d.c. motor has coils with a resistance of 16.0 Q and is connected to an

e.m.f. of 120 V. When the motor is operated at full speed, the back e.m.f. is
72V.What is

(i) The current in the motor at the start of its rotation. Ans: [7.5 A]
(i) The current when the motor is operated at its full speed.

Ans: [3.0 A]
(iii)  Ifthe motor is drawing a current of 4.0 A and its not operated at full
(iv)  speed, what is the back e.m.f. at that speed and time? Ans: [56 V]

ELECTRIC GENERATORS

A generator - is an electrical device that converts mechanical energy into
electrical energy. It uses the principle of rotation of a coil of metal wire in a
magnetic field, and tapping the output of the induced e.m.f. acrdss the open
ends of the coil.

There are essentially two types of generators namely:

(i) The Direct Current (D.C) generators (Dynamos)
(ii) The Alternating Current (A.C) generators (Alternators)

The Direct Current (D.C) generator (Dynamo)

The structure of a simple d.c. generator
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ctangular coil abcd of fine insulated

tre of the coil and
copper wire that rotates freely about an axis at the cen

ent magnet.
between the concave pole pieces of 2 Stroné pertr}?arf;at circflar halves of a
The free ends of the coil are each, connected to the

split brass ring, known as commutators, C1 and Cz. T
Placed in contact with and pressing on Hieea a3 2hat link the ends of the
strips are the small blocks called the carbon brushes,

‘ oss which i
coil via the commutators to the output terminals, P and Q across chis
connected the load, R.

The Direct Current (D.C) Generator (Dynamo). -
Axis of rotation

C7)——— Clockwise direction of rotation

The d.c. generator - consists ofare

Strong permanent
magnet

R - is the load (Electrical Appliance)

N, S - Concave pole pieces of a strong magnet
G G Y1  abcd - rectangular coil of insulated wire

Cy, C2 - Commutators (Half of one slip ring)

t=—"_ E ="
+ B,, B; - carbon brushes

Load

Fig. 4.2 (a)
The mode of operation (How it works)

Using the set up shown on the diagram, the coil abcd is mechanically rotated
in the clockwise direction by pulling side ab upwards and pushing the
opposite side, cd downwards, it cuts the magnetic flux lines causing an e.m.f.
to be induced in the coil.

An induced current I (By Flemings’s Right Hand Rule), flows through the
circuit in a clockwise direction. So that current flows out of the carbon brush
B: to terminal P, and then across the load R in the direction PQ.

When the coil has turned through 90° (i.e. when it reaches its vertical
position), the rate of cutting of the magnetic flux reduces to zero, hence the
induced e.m.f. reduces to zero and so does the induced current flowing in the
circuit.

The commutators €1 and Cz now lose contact with the carbon brushes By and
Bz respectively.

When the inertia and the momentum of the coil carries it past the vertical
position, contacts between the commutators and the carbon brushes are re-

established but interchanged i.e. C; and Cz make con .
o t
brushes Bz and By respectively. act with the carbon

The rate of cutting the magnetic flux by the coll now begins to increase past
the vertical position however the direction of cutting of the flux by sides ab

]



and cd reverses, hence, the induced e
directions. ' ' L,

current generator.

e The direction of rotation of the coil also is maintaine :
complete revolutionof h e o s A1l clock-wise o oe
subsequent revolut_lons of the coil enabling the motor to attain aogt ; .
and conyerts electrical energy to mechanical ener th rod i
ritachanical work gy, thus enabling it to do

o Agraph of induced e.m.f. (or induced current) with time for a numb
revoll-ltions of the coil has the shape shown below together Mtl}lxnt?h ot
associated p?siﬁons of the coil in the magnetic ﬁe’l'd with respeét toiim
A graph of induced e.m.f. against time (with corresponding i

positions of the rotating coil in the magnetic field)
E(V) E = Eo |sin wt| = NABw |sin 6t]

The A.C. generator (Alternator)

The structure of a simple a.c. generator
e An a.c. generator - consists of a rectangular coil abcd, of fine insulated
copper wire that rotates freely about an axis at the centre of the coil, and
between the concave pole pieces of a strong permanent magnet.
e The free ends of the coil are each, connected to flat circular brass rings,
known as Slip rings, S1 and Sz.

e Placed in contact with the slip rings and pressing on them, by springy metal

etal conducting blocks called the carbon brushes,

strips, are the small m
s, Pand

that link the ends of the coil via the slip rings to the output terminal
Q across which is connected the load, R.
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The A.C. Generator (The Alternator)
Axis of / ClOCkwise
7 7 rotation

a strong magnet

— pole pieces of
N,S-po=P il of insulated wire

abcd - rectangular co
S,, Sz — Brass slip rings
B,, B2 - carbon brushes

Fig. 4.2 (c)
The mode of operation (How it works)
When the coil is mechanically rotated in a clockwise
directions of the arrows, its sides ab and cd cut the magne

e.m.f. to be induced across the ends of the coil.
An induced current, I, flows from position a to b on the left hand side and c to

d on the right hand side (By Fleming’s Right Hand Rule) and out of the coil
from Bz and flows across the load, R, in the direction P towards’ Q.

When the coil reaches its vertical position (i.e. after 90° turn or quarter turn),
no magnetic flux is cut by the coil and so the induced e.m.f. and induced
current decay to zero.

When the coil rolls past the vertical position, the rate of cutting of the
magnetic flux begins to increase again and an e.m.f. and induced current also
begin to increase.

After half a revolution of the coil, (i.e. after 180° turn or half-turn), the current
reverses direction in the coil i.e. flowing from d to c on the left and b to a on
the right hand side of the coil abcd.

The current also reverses direction through the load i.e. ﬂowiné from terminal
Q towards terminal P.

The process repeats itself periodically at the frequency of the source, making
a current to keep on alternating in the load hence a.c. output voltage is
generated across the load terminals having an output shown below together
with the positions of the coil in the magnetic field with time, t.

A graph of induced e.m.f. against time (with corresponding
positions of the rotating coil in the magnetic field)

direction as shown by the
tic flux causing an
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Note the following,

Most practical generators use field coils to provide the magnetic field as

opposed to the use of permanent magnets, with the shunt wound generators
producing a fairly steady current output compared to a series wound
generator.

nm
When, t = ” wheren =0,1,2,3, ., the coil is horizontal, and the

magnetic flux linked with its plane is zero. i.e. ® = 0 but E = Ey = NABw.
When the coil is vertical, the magnetic flux linked with its plane is maximum,

i.e. ® =NAB but E = 0 thus no e.m. f.is induced in the coil, since the rate
of cutting of the magnetic flux would have reduced to zero.

Every time the coil passes through the vertical position

When the coil is horizontal, the induced e.m.f, is maximum, because the rate of
cutting of the magnetic flux by the coil is maximum, E,,,,, = Ey, = NABw

Factors affecting the efficiency of an electric Generator

Just like electric motors, practical electric generators are not 100% efficient due
to some of the following factors:

(1)

(ii)

Eddy currents Power loss

The changing magnetic flux in the core causes eddy currents to be induced in it
and they cause the heating up of the core of the generator in the IR -
mechanism leading reduction of efficiency of the generators.

Remedy: This defect is minimized by using a laminated core e.g. a Laminated
soft iron core which breaks down originally large eddy current loops into tiny
loops rendering eddy currents negligible.

Resistance of the armature windings

The insulated wires used for making the armature coils have some resistance
that cause heat dissipation in the generators windings in the I2R— mechanism
thus leading to the reduction of efficiency of the generators.

Remedy: This defect is minimized by using insulated thick copper wires of
low resistance for making the armature coil windings.
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(iii) Hysteresis power loss
The constantly changing magnetic flux in the core of the generator creates
internal friction in the core as magnetic dipoles keep changing directions with
that of the magnetic field. This causes increase in the internal energy of the
atoms leading energy dissipation in form of heatin the core of the generator,
Remedy: This defect is minimized by using magnetic materials of low
hysteresis loss for making the core of the motor such as soft iron, perm alloy

and mumetal.

The bicycle dynamo

This is a device that uses the same principle of a generator to convert
mechanical energy to electrical energy and finally light energy from the
headlamp of the bicycle. However it slightly differs from the other in that
instead of rotating a rectangular coil of wire in a stationary magnetic field, the
magnet is rotated inside the magnetic field of stationary coils.

Its mode of operation is dependent on motion of the bicycle, since its driving

wheel leans against the bicycle tyre.

Diagram:
The Bicycle Dynamo
Driving wheel
(Rubber)

Axle
Softiron

Insulating = : ylindrical

Suspende s :g magnet (Rotor)
Metal case

To bicycle .

Head lamp = Output terminals

Fig. 4.2 (e)

Mode of operation (How it works)

. The gear lever of the dynamo is turned on, so that the driving wheel makes
contact with the tyre by leaning on the tyre of the bicycle.

N When the bicycle is pedaled, the tyre rotates the driving wheel of the
dynamo. As a result the cylindrical magnet connected to the driving wheel
via the shaft axle, rotates.

. A changing magnetic field and flux (at a rate proportional to speed of the
wheel or bicycle), links the soft iron and the coil of the dynamo and this
causes an e.m.f. to be induced across the terminals of the dynamo.

. When the circuit is completed via the bulb of the head lamp, an induced
current flows through the connecting wires and lights up the lamp.
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Examples on generators

The output voltage E, in volts of a simple a.c. generator varies with time in

seconds according to the equation, E = 300sin 314 t.

Calculate the;

(i)  Frequency of the output voltage generated.

(i) Minimum time for the output of the generator to rise to 150 V in
each cycle of the operation.

Solution: \

(i)  From the generation equation of a.c. output, E = E, sin wt, relate it

to the given equation, E = 300sin 314t
= w = 314 = 2nf

= frequency, f = ;:4: =49.97 =50Hz

(i) Using, E =300sin314t

= 150 = 300sin 314t
150

300
4

. 1 (1
314t = sin 1(5) ==
~Time,t =1.67 x1073s
A simple generator has a 300 turn rectangular coil of dimensions 20 mm by
35 mm the coil rotates in a uniform magnetic field of flux density 0.25 T.
* How many revolutions per second must the coil make in order to produce a
peak output of 12.0 V?
Solution:
Epnax = NABw = 2nfNAB

E 12.0
. =2nfNAB = f = o _
Emax fN f 2nNAB 2rx300x(20%35)%10-6x0.25

~ The frequency,f = 36.4 Hz

A generator having 100 turns is rotated in a uniform magnetic field of flux
density 0.2 T at 20 revolutions per minute. Given that, the coil has an area
of 2.5 cmz2, ‘

(i) Determine the maximum e.m.f. obtained from the device.

(i)  Sketch using the same axes, graphs of induced e.m.f. with time and
the magnetic flux linked with the coil with time for at least two
revolutions.

* Solution

(i) Epmax = NABw = 2nfNAB

Epax = 2fNAB = Epgy = 21 X g X 100 X 2.5 X 1074 x 0.2

~ The maximume.m.f, E, ., =1.05x 1072V

= sin314t =

(i)



(i)

(if)
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Graphs of E and ¢ against time for 4 revolutions of the coil,
E(V) & ¢(T)

E = Eq sin wt Magnetic flux, ¢

o i P A% ; !
-Eo{--==- D, WX ®  WN 0 W) /
Q

At positions 0 and R - The coil is vertical & Perpendicular to the mag.netic field
At positions P and Q - The coil is horizontal & Parallel to the magnetic field

Fig. 4.2 (f)

A bicycle generator (Dynamo) is made up of a circular coil of radius 1.8 cm
and has 150 turns. The magnetic field in the region of the coil is 0.20 T.
When the generator supplies an e.m.f. of amplitude 4.2 V to the light bulb,
the bulb consumes an average power of 6.0 W and a maximum
instantaneous power of 12.0 W.

What is the;

(1) Rotational speed of the armature of the generator in revolutions per

minute (rpm)?

(i)  Average torque and maximum instantaneous torque that must be

applied by the bicycle tire to the generator, assumingthe generator
is an ideal type?

(iif)  If the radius of the tire is 32 ¢m and the radius of the shaft of the

generator where it contacts the tire is 1.0 ¢m, at what linear speed
must the bicycle move to supply an em.f, of amplitude 4.2 v?

Solution

E.m.f.is a function of time,i.e.E = NABw|sin wt| and this

e.m.f. has a maximum value when, |sin wt| = 1 thus the amplitude
is, NABw ’

Emax = NABw = 2nfNAB ,where N = 150 4 = 2, = 2nf

f = Lmax 4.2

= — =
2nNAB ~ 2mx150xm(0.018)2x020 — 2189 Hz (or rev. s )
L
But 1 second = o5 inute

~ f =21.89 x 60 = 1313 rev. min-1

- : pr— P .
Using maximum power, P, ,, = maximax = Iy, = Pmex _ 120

Bmax 42
= Imax = 2.86 A, now using magnetic torque, 7 = NAB] sin o

where,a = angle between the normg] to the plane of the coil & field,B
At the position where the e.m f is maximum, |sin al =1

Then,; Tmis = NABIL,,. = 150 x 1t(0.018)2 x 0.20 x 2.86
“ Tmax = 8.73 X 1072 N
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Alternatively

Assuming that, the generator is an ideal type, the torque applied to the
crank, must do work at the same rate as that the electrical energy is

generated. i.e. P = A— and since for a small angular displacement, A8, the

work done by a couple of forces, W = torque X A6 = A0
740

=SS
_ Paye _ 60 6.0 -2
The average torque, T4, = T e 4.36 X107 Nm
) P ’ .
The maximum torque, Tpg, = —2 = 1 = 129 =8.72x10"2Nm

w 2nf 2mx21.89
(iii) The tangential speed of the tire where it touches the generator shaft is the
same, since the shaft rolls without slipping on the tire. Since the generator
(Dynamo) is almost outside the edge of the tire, the tangential speed at the
outer radius of the tire is approximately the same.
The tangential speed of the generator shaft is Vign = Tw = 2 fr
Vean = TW —27tfr = 2w X 21.89 X 0.010 = 1.375 ms™1
% Vean = 1.375ms™

SELF INDUCTION

Self-induction - is the production or appearance of an induced e.m.fin a coil
when a changing current flows in the same coil.

Explanation:

When a changing current flows in a coil, this result of changing magnetic flux
linking the same coil, this produces an induced electric field that gives rise to
an induced e.m.f. in the coil.

By Lenz’s law, the e.m.f induced in a given coil opposes the change of magnetic
flux that has caused it (if changing current flows in the coil, the induced
current opposes the current that caused it), this type of induceq e.m.f within
the same coll, is called Back e.m.f because of its tendency to oppose external
e.m.f.

NB: When a coil, solenoid, toroid or other circuit element is used in a circuit
primarily for its self - inductance effects, it's often referred as an inductor.
Self - inductance denoted by “L” is often shortened to inductanee.

Self-inductance (L)

The measure of the ability of a coil to give rise to back e.m.f. is called the self-
inductance L of the coil and is defined by the equation below. -

L == % ,where, L = self inductance of a coil in henries (H)
dt

E = the back e.m. f induced in the coil in volts (V)
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di | |
E) = therate of change of current in the coil.

Definition of self - inductance

Self-Inductance, L - is the ratio of the back e.m.finduced in the coil, to the rate
of change of current flowing in the same coll.

SI unit: of inductance is a henry (H)

Definition of: (henry H)

A henry - is the inductance of a coil (or circuit) in which an e.m.f. of one volt is

induced, in it when the current flowing in it changes at a rate of one ampere per
second. ie. 1H=1VsA-1.

Alternatively

Self-inductance L, can be obtained from the fact that, Magnetic flux linkage
through the coil is directly proportional to the current I flowing through the coil.
i.e.N¢ a1, this=> N¢ = LI, whereL = a constant. ;

Therefore = L = (NT¢)
Self-inductance, L - is the magnetic flux linkage per unit current (or per ampere)

NB: The back e.m.f. in a coil acts like a small cell connected in series with the coil,
but in opposite direction to the main cell (source of e.m.f) that is driving the

current in the circuit, when the current is increasing, and acts in the opposite
sense when the current is reducing or decreasing.

=

-
Ep| Back e.m.f, E, acts like a
| cell connected in
| opposition to the batte
Coi o
l? l: (Source of e.m.f))

—— — —
I_—_—_ l

Resistance
_ o ofthe wires

External resistance
Fig. 4.3 (a)

When switch K is closed, the current, I supplied by the battery

E steadily
increases from zero, until it stabilises at some maximum value, ] .. J
1]

; , nax. . REe
However, the coil opposes the increase in current as soon as the switch is

closed,
and thus the current grows slowly in the circuyit until it reaches its maximum
value, as shown in the graph in the figure 4.3 (b)




NB:

NB:

| thusB = o
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Current, I (A

I max 1

Coil (inductor)

Switch just closed
The rate of change of current is large, thus large
back e.m.f
0 : =
Fig. 4.3 (b) Time (s)

Inductors in a circuit behave like current stabilizers. i.e. it tries to maintain
the status quo. When the current is constant, there is no induced e.m.f. to
the extent that we can ignore the resistance, r, of its windings. The

_inductor acts like short circuit. When the current is changing, the induced

e.m.f. is o this rate of change of current. Consider two inductors (a) and (b)
shown in the figure below.

Polarity of (It opposes N Polarity of (It opposes the
+ backemf— increaseinl) = backemf + decreaseinl)
lncreasmg current Decreasmg current
lnductor\ Inductor [, ——>
| Swntch ]ust Switch ]ust
closed Source opened Source
of e.m.f. of e.m.f.
(a) (b)
Fig. 4.3 (c)(i) Fig. 4.3 (c)(ii)

The current through each of the inductors in (a) and (b) above flows to the

right i.e. clockwise.
In (a), the current is increasing and thus, induced e.m.f. in the inductor

" “tries” to prevent the increase.

In (b), the current is decreasing and thus, induced e.m.f. in the inductor
“tries” to prevent the decrease. i.e. It tries to enhance the decaying

current.

Self-Inductance, L, of a long coil (Solenoid)
Consider a long, air-cored solenoid of length I, cross-sectional area A,

having N turns and carrying current I. The flux density B is almost constant

over A and neglecting the ends, is given by: B = yynl,wheren 5
NI
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The magnetic flux linkage N¢ = BAN

u,NI MgAN 2]
= () an = =5 —
causing a magnetic flux-linkage change,
_ _ diNg)
d(N$) then by Faraday’s law, the induced e.m.f, B

o aPIRE i TN )
| dt

If, L, is the inductance of the solenoid, then from the defining equation, we
get, -

If current changes by dl in time dt

E = =L e (00)
Comparing these two equations, (i) and (i) above, it follows that:

2
I‘o"?N or L = pon?Al ..o (fi0)

In terms of volume,V = Al, ofthe coil; L = pon?V (Lv)

L, depends only on the geometry of the solenoid.

NB: If the coil above has an Iron-core along its axis, of permeability,u, or
relative permeability u,, where, # = oM, , such a coil would have a much
greater inductance, but the value would vary depending on the current in
the solenoid.

2 2
AN® _ pou ANT
sL= BT = o = pop n?Al = pop,n?v

=

Experiment to illustrate the effect of back-e.m.f. in a coil

. —_—
K\' Ey
Rheostat
coll =%
E_—_
Battery)| Bulb L Cx Bulb L,
Fig. 4.3 (d)

e Initially, switch K is closed and the current is allowed to flow in the system

until bulb L, attains full brightness. Rheostat R, is then adjusted until the
brightness of the two bulbs L; and L; becomes the same.
¢ The switch K, is then opened.

* Using the set up shown above, switch K, is closed, bulb L; is seen to attain full
brightness almost instantly, while bulb L, has its brightness gra—dually

increasing from zero to full brightness after a reasonable length of time.
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« When the switch is just switched off, bulb L goes off almost instantly, while L;
has its brightness decreasing gradually until it finally goes off with time.

Explanation

« Bulb Lz connected in series with a resistor R, glows on instantly when K is just
switched on and suddenly goes off when K is just switched off because it has
negligible back e.m.f. to changing current.

Bulb L1 however takes time to glow to maximum brightness, and to go off,

when the switch K is respectively switched on and off. This is because an

inductor has a high back e.m.f. to changing current. -

Thus when the switch K, is just switched on, the increasing current through

the coil causes changing magnetic flux in the coil, creating an induced

e.m.f. called back e.m.f. in the coil which in turn causes an induced current to

flow in such a direction as to oppose the current supplied by the source. This

then tends to suppress the supplied current, thus little current flows through
bulb L, at that instant. As the supplied current attains fairly steady or constant
value, the back e.m.f. and hence induced current reduces until it eventually
becomes zero when supplied current becomes constant at its maximum value.

The bulb L1 then attains maximum brightness.

« Similarly, when the switch is just switched off, there is rapid decrease of
current in the circuit, a back e.m.f. is again induced in the coil creating to an
induced current that opposes the decreasing current through it. The net
current flowing in the circuit therefore keeps the bulb L1 glowing for some
time before finally going off. (See the graph below).

Current, I (A)\

Lax -

Switch just closed

The rate of change of current is large, thus large
back e.m.f iy
0 Fig. 4.3 (e) Time (s)

|4 v
NB: Resistance, R = P resistance of the coil (dissipative opposition to the

flow of current)

E
- Inductance, L = — 77—
(#/4e)
Energy stored in an inductor

Whenever a switch is closed or opened in a circuit containing a coil, work dW Is
done in driving a charge q, throughout the circuit against back e.m.f. given by:
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W -192.

—V 8q where, & =IdtandV = —F the back e.m.f,
oW =

—E (1 &) where, E = _| Z—i

. dl
oW = ;4
T (1 &)

For the current to buijld up from 1 =

0, to a maximum steady value, | = Iy, the
total work done, _

Y |
S fl:odw
W= Lflrg
. 1
W = ELIOZ

Thus, this also equals the energy stored in an inductor.
This expression is likened to the energy stored in a capacitor, e. E = %CV2

MUTUAL INDUCTION (THE TRANSFORMER EFFECT)

Definition

Mutual induction - is the process of generating of an induced e.m.fin the
neighbouring secondary coil caused by changing magnetic flux linking it from the

secondary coil placed coaxially with a primary coil, when q changing current is
passed through the primary coil and the coils are magnetically linked.
The transformer effect (Mutual induction) -
Primary

Cojl 1 seczﬁd;"y
-~ e
e
Rheosta - T -
Adjustable |} [ j—a o— (A )—
power supply I.—k\ Centre zero\__(;
galvanometer

—— Magnetic field due to current flowing in coil 1
— —~<— Magnetic field due to induced e.m.f. produced in coil 2

Fig. 4.4 (a)

* When switch Kis closed and the rheostat, Z, is adjusted, or when the d.c.
source is replaced by an a.c. source, a changing current I; flows through the
primary coil 1 instantaneously in a clockwise direction, a changing magnetic
flux ¢ is generated in and around coil 1, and magnetically linkg up the turns
of coil 2.

¢ Aninduced em.f is generated in coil 2, this then causes an induced current, Iz

to flow in the secondary circuit in such a way as to make the end of coil 2 next
to coil 1 have the same polarity as that of the adjacent end of coil 1. i.e.

(North pole)
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e Aninduced current I, then flows in the secon
to oppose that in coil A, j.e. anti-clockwise, t
galvanometer to deflect to the right.
« A magnetic flux linkage, between the two coils Ny ¢y,
the nearby coil 2, where N2, is proportional to the
i.e.Ny¢,, < Iy where

dary coil 2 in such a direction as
his causes the centre zero

has then been Created, in
current flowing in coi) 1.

q’_ﬂ stands for total flux through coil 2 due to the fleld produced by coil 1
¢ The constant of Proportionality, is called the mutual inductance, M, thus

N2by= M1,
Mutual inductance, M
Definition

Mutual inductance, M - [s the ratio of the electromotive force induced in a
neighbouring secondary coil or circuit due to the corresponding change of current
flowing in the primary cofl or circuit magnetically liked with it.

Mutual inductance, M - Is also the electromotive force induced ina neighbouring
secondary coil, magnetically liked with the primary when the current flowing in

the primary coil or circuit is changing at a rate of one ampere per second(1 A s-1)
Alternatively:

Mutual inductance, M can be defined as the proportionality between the e.m.f.
generated in coil 2 due to the change of current flowing in coil 1, which produced
it.

i.e. N2(l)21 = MI]_

= N2z :
=M = R R R TR ¢ )

NB: The mutual inductance, M, is found to be the same for the two coils,
regardless of whether we consider the magnetic flux linkage through coil 2
due to changing current flowing through coil 1 or vice versa.

N; §2q " Ny b1z (i)
T L,

— M=

The mutual inductance, M, depends on the following factors:

e The shape and size of the two coils (Le. cross - sectional area A) i.e. M « A
* The magnetic field strength, B, generated by the changing current in coil 1.
* The number of turns of each of the two colls. i.e.M x N

* Thedistance of separation between the two coils. i.e. M d

* The nature of the magnetic core that links the two coils. i.e. M % p

: . 1
* Thesize of the changing current flowing in the primary coil. i.e. M « =
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that links one coil to another depends very
he two coils. If one coil is positioned very

4] distance apart is small, then nearly all
st coil will interact with the coil turns of
f and therefore producing a large

The size of mutual inductance, M,
much on the relative positioning of t
close to the other coil, that their physic
of the magnetic flux generated by the fir
the second coil inducing a relatively large e.m.

mutual inductance value, M. _
Likewise, if the two coils are farther apart from each other or at different angles of

inclinations of their axes, the amount of induced magnetic flux from the first coil
into the second coil, will be weaker producing a much smaller induced e.m.f in the
second coil and therefore a much smaller mutual inductance value. Thus, the
effect of mutual inductance is very much dependent upon the relative positions or
spacing, d of the two coils and this is demonstrated in the figure below.

Mutual Inductance, M, between two Coils

Mutually coupled coils.

(i) Two coils arranged in series (ii) Two coils arranged in parallel (Adjacent coils)
W

Distance Coil 1 \\ “

|

7— |,— between coils
I

_ | o e = &8 B
o —— e —
© ——— — | o ———

()
/ “\ il /
\ "Distance ,l I \\
' betweencofls! | \

N; - turns / '-|

Fig 4.4 (b) /
The mutual inductance, M that exists between the two coils can be greatly
increased by positioning them on a common soft iron core or by increasing the
number of turns of any one of the coils as would be found in an a.c. transformer.
If the two coils are tightly wound one on top of the other over a common soft iron
core unity coupling is said to exist between them as any losses due to the leakage of
the magnetic flux will be extremely small or negligible if any.
Then assuming a perfect magnetic flux linkage between the two coils, the mutual
inductance, M, that exists between the two coils can be given as.

M = HourN1N2A

l
Where,
U= foly IS permeability of magnetic core.

U is the permeability of free space (4w x 107F "1 m1)
[, is the relative permeability of the soft iron core

N is in the number of coil turns
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Ais in the cross — sectional area in m?

| is the length of coil in metres

Mutual Induction between two coils linked magnetically:

Softiron cylinder

....

......

T ERRET T

I Cross-sectional
..... y | Area

vvvvvv

Ti¢e—V,— T,| T#<—V,—=4T,
Spacing

Fig. 4.4 (c)

Here, the current I1 flowing in coil one, L1 sets up a magnetic field around itself
with some of these magnetic field lines passing through coil two, Lz giving us
mutual inductance M12. Coil one has a current of I1 and N1 turns while, coil two
has Nz turns. Therefore, the mutual inductance, M12 of coil two that exists with
respect to coil one depends on their position with respect to each other and is
given as: :
Nz 4)12 NzNilloI‘rA

T Lk
Likewise, the magnetic flux linking coil one, @4 when a current, I2 flows around
coil two, L, is exactly the same as the magnetic flux linking coil two, ®4, when
the same current flows around coil one Ly above, then the mutual inductance of
coil one with respect of coil two is defined as M,,. This mutual inductance is true
irrespective of the size, number of turns, relative position or orientation of the two
coils. Because of this, we can write the mutual inductance, M, between the two
coilsas: Mqz = Mzq = M N Ry
I hope that, we remember that the self—inductamz:e of each individual coil is given
L, = BN g, = HECES

l
l . _ .
Mutual inductance, M, that exists between the two coils, can be expressed in

terms of the self-inductance of each coil. ‘ Y
Then, by cross-multiplying the two equations above, the mutual inductance, M, 1s

obtained and given by the expression below. |

i.e. M= L,L, = The mutual inductance,M = [L,L," (henries)
e. M2= L, .

This gives us a final and more common expression for the mutual inductance

between two coils. However, the above equation assumes Zero magnetic.ﬂux h
leakage between the two coils. 1.e- ALL the magnetic flux from one coil links the

second adjacent or neighbouring coil

as;
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Applications of mutual induction
Mutual induction is applicable in some of the following:

1. Aninduction coil.
2. An a.c. transformer.
3. Verification of Faraday’s law.

An induction coil

This is a device, which is used as a basis of many ignition systems for vehicles,
motorcycles and many automobiles.

It uses the principle of mutual induction, where the mutual inductance
between two coils to produce a high voltage in the secondary coil.

A primary coil consisting of a small number (hundreds) of turns of thick
insulated copper wire is wound round a bundle of soft iron rods which are
insulated from each other using adhesive non-conducting glue. (Laminated
iron strips).

A secondary coil of insulated copper wire consisting more number of turns
than the primary coil, (thousands of turns) is tightly wound on top of the
primary coil with fewer turns as shown on the diagram below.

A capacitor connected across the make and break switch contacts helps to
eliminate sparking at the contacts and to make the magnetic field to die away
much faster than it would in the absence of the capacitor, hence making the
rate of generation of induced secondary e.m.f. much faster.

0 Large secondary
voltage across Primary coil with few
turns of the wire

the spark plugs Soft iron armature

| 4

“— Small voltage across
the primary coil.

|| |p

LA L

Battery
Fig. 4.4 (d)

The mode of operation (How it works)

K Switch

Using the set up shown, switch K, is closed and causes a current to flow in
the primary circuit, and magnetizes the soft iron core, which attracts the
soft iron armature piece causing the circuit to break up at the platinum
contacts.

The magnetic field at the soft iron rods dies off (it gets demagnetized), the

springy metal piece pulls back the soft iro i
, n metal piece whi uses
the platinum contacts to be re-joined P hich then caus

completed again causing a current to
process then repeats itself,

(made) and the primary circuit is
flow in the primary coil and the
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pidly (i.e. several times per second),
king the primary and Secondary coils
in the primary and consequently
condary coil maintained across a

Since the above process occurs Very ra
the rapidly changing magnetic field lin
each time, produces a large back e.m.f,
very high or large voltage across the se
narrow air gap at the spark plugs.

A capacitor, C, connected across the make and break platinum contacts,
reduces the sparking at the contacts and also Causes the magnetic field to
die away much more rapidly than it would if the capacitor were absent.
As aresult, the induced voltage in the second

ary coil is much greater when
the circuit is broken than when it is made.

The secondary current therefore pulsates, but it is always in the same
direction.

Sparks of several centi-metres in length may be obtained through air at
Atmospheric pressure in small coils as those used in ignition circuits of

~ automobiles and in larger coils as of those used originally to-power X-ray

tubes.

When the voltages produced by the induction coil vary with time, the
graphs shown in the figure below are obtained. Note the rapid decrease in

the primary voltage at the break and the corresponding high value of the
e.m.f. induced in the secondary.

Graphs of Primary and Secondary voltages across the coils against time.

em.f. (V)4 ApondaTy Secondary Secondary
Primary Primary Primary ||
g T A N - Y Time g)
Fig. 4.4 (e)
THE A.C. TRANSFORMER

Transformers are devices that make use of the principle of mutual
induction to "step up” or "step down" a.c. voltages.

" Transformers consist of essentially two coils namely the primary coil

(connected across a varying source of e.m.f.) and the secondary coil (where

the output load or devices are connected.

The two coils need not to have physical contact between them, but they are
i roxy.

;?laf::iit;ctz:l:ntl?;ice);};oper magnetic flux linkage, the two. insulated coils

usually of copper wire, are either wound tightly on opposite limbs of a

magnetically soft-core material such as; mumetal or soft iron or the
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secondary coil is wound on top of the primary coil, which is in contact with
the magnetic core. —

Transformers aid in the high-voltage electric power transmission on the
National grid, which makes long-distance transmission economically
practical.

In home wiring applications, a transformer will step down the voltage in an
electric circuit from say, 240 volts to around 6, 9,12 volts etc. for use in the

device, such as electric doorbells, thermostats and low-voltage lighting
systems, etc.

Diagram/Structure:

THE A.C. TRANSFORMER
(a) With the primary and secondary coils linked via the magnetic core

Laminated Soft Iron core
Fig. 4.5 (a)

The alternative design of an a.c. Transformer:

(b) Transformer with secondary coil wound on top of the primary coil

: Secondary Output
e ' . ﬁ Vs terminals
Supply h g
Lamlnated Soft Secondary coil wound. ‘
coll Iron core g::u“’p of the primary {
Fig. 4.5 (b)

The mode of operation of an a.c. Transformer

An alternating voltage connected to the primary coil produces an
alternating current in it.

This sets up an alternating or changing magnetic flux in the core that

links up with the secondary coil and thus induces an alternating e.m.f, Vs in
the secondary coil.

The changing magnetic flux linking the secondary coil causes‘ an e.m.fto be
induced in the secondary coil given by;

dcb Bty
Vo = — s g »Where B,A .. . (D)

The changing current in the primary coil, causes a changing magnetic flux
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to link the primary coil itself due to self-induction, in the primary coil a

back e.m.f, Ej, is induced in the same coil, given by;E, = —N, ‘;—f ,
However, if the primary coil has negligible resistance, the applied voltage
V, is equal to the back em.f.i.e. E, = — v,
do .
E.m.f.induced in the Secondary _Vs —_ N s . o
s Thus, Voltage applied to the primary Vp Ny ¢ (turns ratlo) (lli)

The negative sign shows that the primary and secondary voltages are
usually 180° out of phase i.e. Anti-phase. i.e. If say half cycle of the

primary input voltage is a crest, then corresponding half cycle of the
secondary output would be a trough and vice versa.

WhenNs > N, =V, > Vp and the transformer is called a step - up

Transformer and steps the voltage up to a higher value.
When, on the other hand, N < Np =< V;D

, and the transformer is
called a step down transformer and steps the voltage down to a lower
value.

'Types and Symbols used for A.C. Transformers:

(a) Step up transformer (b) Step down transformer

Where number of turns in the Where number of turns in the

primary coil is less than those of  primary is greater than those of
secondary coil. i.e. Np < Ng secondary coil. i.e. Np > Ns

Fig. 4.5 (c)

Why High voltage is used in EHT pPower transmission on the National
grid instead of High Current

*  The'cables that transmit power, have resistance and therefore power is lost due

to production of heat in the cables as current flows through them.

Power loss is given by, P = I2R. To reduce power loss, current supplied must be
small.

* Nowpower,P = [V =]= 5, hence for current to be small, voltage must be
high.
Alternatively

Transmission at high voltage reduces power loss.
Power supplied P=1V = 1 =§

Hénce, when voltage, V is high, the current, I is small
Thus the power loss Pg = I2R is minimal, hence conserving power.

—
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Therefore, when the transmission current, | is small, the power loss, Po along
the transmission power lines or cables is small.

Efficiency of an a.c. transformer

An ideal transformer is one considered to be100percentage efficient, with

no energy or power losses in it. .
In such a transformer, the power output in the secondary circuit is equal to

the power input (or Power generated) in the primary circuit

i.e. Power output = power input (power generated) -
Thus when there no power or energy losses in a transformer,/sVs = IpVp

However if Power output is not equal to the power input (power
generated), then the transformer is not 100% efficient due to a number of

factors as seen shortly. i
Hence, the Power output, [V, = (proper fraction) of IpVp and thus the
transformer is less than 100% efficient.

Definition
Efficiency 1 - is the ratio of the power output to the power input of the

transformer.
Power OQutput _ IsVs

Efﬂciencyn = Power Input - IpVp
output IV
% Ef ficiency = (%—) X 100 = (I:V:) X 190

NB: Numerical calculations involving transformers always involve
the r.m.s. values of current and voltages i.e. Irms and Vims

Power and Energy Losses in a Transformer

In Practical transformers, power output (IsVs) is always less than the power
input (I,Vp), due to some of the following factors:

Eddy currents Power loss:

The changing magnetic flux in the core causes eddy currents to be induced
in it and they cause the heating up ofthe core in the I2R - mechanism
leading reduction of efficiency.

Remedy: This defect is minimized by using a Laminated core e.g,
Laminated soft iron core that breaks down eddy current loops rendering
eddy currents negligible.

Resistance of the windings:

The coils used for making the primary and second coils have some

resistance that cause heat dissipation in the transformer in the I2R -
mechanism leading to loss of efficiency.



-201-
Remedy: This defect i mi
LIS Minimize
resistance for making the zed by using thick copper wires of low

Primary and dings.
(iif) Hysteresis power Jogg J econdary coil winding

The constantly changing current in t
magnetic flux in the core Creates int
dipoles keep changing directiop wit
increase in the interng] ener
form of heat in the core,

he primary circuit causing changing
ernal friction in the core as magnetic

h that of the magnetic field. This causes
8y of the atoms leading energy dissipation in

mumetal.
(iv) Magnetic flux leakage

S.orliletlmf.is notall the magnetic flux generated in the primary circuit may
link up with the Secondary circuit, some may be lost on its way. This

reduces the efficiency of the transformer

Remedy: This defect is minimized b
transformer with no ajr ga
interleaved magnetic Jam;

y using well designed core of the

Ps between the laminations using “E - Shaped”
nations of the core.

Alternatively this defect is also minimized by winding the secondary coil
on top of the primary coi al] of which using insulated copper wires.

Why much current is drawn from the source when a load is
connected to the secondary coil of a transformer

Whenever, a load (Resistance) is connected across the secondary coil of a
transformer, a current begins to flow in the secondary circuit and windings.
The current flow is in such a direction as to reduce or oppose the magnetic flux
in the core linking the secondary coil, since Vs and Vp are antiphase (i.e. 180°
out of phase). .

The reduction in the magnetic flux linkage, causes a reduction in the back e.m.f.
in the primary coil, hence the current drawn from the supply increases, in
order to compensate for the drop or reduction in the value of back e.m.f.

Transmission of power on the national grid at high voltage & at
smaller currents

* The national grid - is a network of transmission lines which connect power
stations to the electricity consumers, via a number of step up and step down
transformers, pylons and wire lines.

* Since power is a product of voltage and current, a given amount of power can
be transmitted and delivered either at high voltage and low current through
the grid, or at low voltage and high current.
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emselves have some elemical
and lost along these Powey

. 'On
: . transmlSSl  inate
However, since the a1 he ssipa B )
' ere, t .

R, some energy W! of heat energy,

, mechanism in form he Wires.

il nsumer along t

co ' roportional to the square of,

disthusP 8
hrough them.

resistance,
' . 2

lines in the I

lapse from the s

The amount of energy 45 current passes t
current in the transmission cables

- nower is at hi h voltage wit
Thus, the most effective WaY to transmit PO erl g ge with Joy,
us, the

e power lines.
current to minimize power waste along the p Ia—
nence for curren » Voltage

—

];IowpowerP =v=1=y

o R )
LS f high voltage transmission 15 that, lower currept
Another advantage O ¢ effective as opposed to thicker

, . ; pecome COS
requires thinner wires that hey would be very costly to

tand yett
cables that would carry larger curren .
install on top of larger dissipation and wastage of electrical energy or power

on the way. _ :
The excess weight of the cables also could lead to €asy snapping ?f the cables
under the influence of their own weight or probably large sagging and may
even pull down the pylons with their own weight.

The other disadvantage is the cost of building tall pylons to suspend the high
yoltage cables above the ground (or deep below the ground in high
protective casings) so as to protect against human life.

In order to compromise the thickness and weight of the cables, thinner, light
and cheaper multi - twisted strands of aluminium wires with a steel strand

at the centre of the aluminium cables.

Alternatively

Transmission at high voltage rather than at high current, reduces power

Losses inn the IR mechanism.

Power supplied, P=1V = 1I= =
v

Hence when the voltage, V is high, then the current, I, will be smaller.
Thus the power loss Po = I2R will be minimized since, current, I is low.
Therefore, when current, I, flowing in the transmission cables is small, the

power loss along these transmission cables, Py is also small.
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piagram representing of the power transmission on the National
Grid
25 KV to 400 kV '
400 kV 400 kV to 132 kV 132 kV to 33 kV

132 kV
25kV
000
J 33KV
'POWER - SUT . SDT SDT
ons
STATION iy 415V i 11 kV
il or — 33kVto11kV
vl2aov [T o | =[N
V- 1
aEs B >
(=] " vy
T‘S.I~Drl HH
H 1l D : : / (@) 0 o
Gy /Town___ SUT_ 11 kv to 415[yL—] Il
FFITH TS
240V 240 vrﬁrﬁ\ Light Industry < —
[m] SDT 12l SUT - Represents “Step Up Transformer”

Farm/ Avillage SDT - Represents “Step Down Transformer”

Homes Fig. 4.5 (d)

EXAMPLES & EXERCISES ON SELF/MUTUAL INDUCTION & TRANSFORMERS

. An a.c transformer of input voltage of 100 V is applied to the primary circuit
having 500 turns and 2400 turns in the secondary. With no load in-the secondary,
a negligible current flows in the primary circuit, but when a resistive load is
connected to the secondary, a current of 2.0 A flows in the primary circuit.

Calculate the;

(i)  Voltageinthe secondary
(i) = Current flowingin the secondary
(iii) State any assumptions thatyou have made.

Solution

Assuming there are no energy losses in the transformer.

Ns _ Y5 giventhat, N, = 2400, N, = 500 turns

—

(i) From, —— =
Vp

Np
_Ns __3"59.9><100 where, V, =100V, V. =2
Ve = 7\,'; X Vp =500 P g Lol
LV, =480V
= Ng IP
1 —— ey N
(i) From N, Is
7 = Np % Ip
s N
1 i _§_0_9- X 20
S 2400



(iii)

2. AnA.C transformer operates on 240

re:
The assumptions employed here; rmer, wh
The transformer is an ideal transto r : is wasted.
to all the power output. Hence no energy

ere all the power input is equal

V mains. It has 1200 turns in the Primary

il.
and gives a voltage of 18 V across the secondary co

(i)
(if)

(1)

(ii)

' dary.
Find the number of turns in the secon
If the Efficiency of the transformer is 90%. Calculate the current

flowing in the primary coil, if a load of resistance of 50 Q2 is connected across

the secondary.
Solution

Giventhath = 1200, ¥, = 240V,V; = 18V,N;, =?

X N Vs
Using == =
g Ny
Vs X Ny
NS =
Vo
_ 181200

240
~ Ng = 90 turns

Given Vs = 18 V while,I, =?and R = 500
FromV =R
Vs 18

9 , .
I = o= zA=0364 if transformer is ideal,
If the transformer is 90 % efficient ‘

I __ 100 st(%) 100 18X(£)

~ Current in the primary, I

90 Vp 90 X 240 — 0.03 A
»=0.034

Calculate the;
(1)  ratio of the Number of

! ‘ €condary tyrp

(11) I'M.S current suppljeq by the Secondary Ci:‘}:uit . 2 marks)

(i)  average power delivereq ¢, the lighting SYStem. EZ ma rks)
m

Solution



(i)
(ii)

(1)

rating connected across d.c. source via a switch K.
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ressions
(i)  When using the formulas generated above, the e;(p e
' and r
correspond to root mean square values of current I or I
mean square values of voltages, Vy or Vg

V, Vos
N Vv V, op- V. =2
i L = P =2 | =— and S
Using NV where V., " P =72 V2
&_\/'z'_vop_zdfo_zo

= Vo = = =
Ns  Tos oy, T g

V2

Thus the ratio of primary to secondary turns, N,:Ng = 20:1

» : 4
(i)  Using, I, = ﬁ = ﬁ =0.170A

s =1.70 x 1071 4

(iii)  The average power dissipation, P = I,,,,*R = (0.170) 2 x 50
“ Paverage = 1.445 W

The figure 4.6 (a) shows two electric bulbs A and B having the same power

bulb A is connected in

series with a pure inductor of self inductance L, while bulb B is connected

in series with a resistor of resistance R.

Fig. 4.6 (a)
Explain the following observations:

When switch K is closed, initially, bulb A lights dimly than bulb B.
After a short time, A lights brighter than B.

When the d.c. source is replaced by an a.c. source and switch K is closed,
Bulb A lights dimly while bulb B lights brightly.

Solution

When switch K is closed, initially, bulb A lights much mo
B. A changing or increasing current produces a changin
magnetic flux, linking the coil, L, thus it induces, a back
which then opposes the applied voltage and hence an Opposite current
flows through the coil and bulb, A, in the opposite direction.

Little (i.e. the net) current flows through bulb A, making it li—ght dimly
Compared to bulb B.

re dimly than bulb
g or an increasing
e.m.f. in the coil, L
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eady, after a short
When the current supplied by the ba.ttery b:c"z':'hfcs:il. hZ’n ce the back
while, no changing magnetic flux is mdud;i :I current to flow through
e.m.f. becomes zero, enabling a large applié ;
g::g : lights brighter than bulb B afterwards, b.ecause the C:Ziztat:;‘)“gh
it becomes steady, thus the back e.m.f. in the coil, L, become? oo
hence the net current through A increases, making bulb A lights brighter
than B, connected in series with a resistor R, that opposes current flow
through B continuously. .
When K is opened, both bulbs A and B flash for a short time and sto;?
lighting, with bulb A, dims down progressively for a slightly longer t1.me
than bulb, B. This is because, a back e.m.f. is induced in sucl{ a direction as
to support of the decaying or dying current, through bulb, A, and it drives
induced current in same direction as of the battery, hence the bulb, A, has
decaying light.

When, applied current reduces to zero, the Back e.m.f. and induced current
also progressively become zero and the bulb A goes off.

Replacing a d.c. source with an a.c. source an

d closing switch K, causes a
continuously Bulb A continuously li

ghts dimmer than B. A changing current
agnetic flux which then continuously

S placed near one open end of the solenoid
as shown in the figure 4.6 (b).

(1)
(ii)

Solenoid

IKALLAAA“‘

Determine the; Inthe circylay loop is 0.36 mA.
mutual inductance of the SO

resistance of the circular loop_ € Clrcular coil.

Solution
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Let subscript 1 represent the solenoid and 2 the coil
() FromE= -MZ andE = -N,%%2 = M|, = N0

o (N2d>) _ 3x%27 x10°5
XK P 0.550

~M =147 x10™* H -is the mutual inductance of the solenoid and the
circular coil.

(i) A changing current in the solenoid (1) inducesanem.f. E = —M % in the
loops of the coil, whose magnitude, is given by |[E| = M % butE = IR
- pih : _ (%I}) _ [147 x10™*x6.0
=IR=M . Resistance,R = [M X = [ .80 X103 ]

~ Resistance of the coil,R = 2.45 (
Note

The mutual inductance, determines the size of the e.m.f. induced in
the coil for a given rate at which current is changing in the solenoid.
The size of the current that flows in the coil depends on the electrical
resistance of the coil.
The coil with a higher resistance would have the same size of e.m.f.
induced in it, but with a small or low current flowing in it and vice
versa. '
6. (a) (i) Defineahenry as applied to mutual induction?

(i) Two coils A and B are placed close to each other with their planes
parallel. Coil Ais connected in series with a cell and switch K. Coi] B
is connected in series with a centre zero galvanometer, G, as shown

in the figure 4.6 (c)(i)
Coil A Coil B

A

B
—g— =
Fig. 4.6 (c)(i)
Explain what happens when switch K is momentarily closeq, and
later opened.

Solution

' - I inductance due to magnetic fly l'- k
i A henry is a mutua ar x linkage of two
(1) coils when an em.f. of 1V s induced in a neighbouring secondary coil
when the current flowing in the first primary coil is changing at the
rate of one ampere per second (1 4 s™1),

fii)
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* When switch K s closed, a rapidly increasing current flowing though
coil A, creates a changing magnetic flux that links up with coil B.

* This causes an e.m.f. to be induced in coil B, and since the circuit is
closed an induced current flows in coil B in such a direction as to
create a magnetic flux in coil B that opposes that linking it from coil
A. As a result, the pointer of the galvanometer G deflects in one
direction.

* When the current becomes steady, the pointer goes back to its

original zero position.
Coil A Coil B

A B

='l K
Fig. 4.6 (c)(ii)

= When switch Kis opened, arapidly decreasing current flowing though
coil A, creates a reducing magnetic flux that links up with coil B.

= This causes an e.m.f. to be induced in coil B, and since the circuit is
closed, an induced current flows in coil B in such a-direction as to
create a magnetic flux in coil B that enhances the decaying magnetic
flux linking it from coil A.

= Asaresult, the pointer of the galvanometer, G deflects in the opposite

direction to that in the first case when K was closed.

Exercises

1. A long air - cored solenoid has 1000 turns of wire per metre and cross -
sectional area of 8.0 cm2. A secondary coil of 2000 turns, is wound around it.S
centre and connected to a ballistic galvanometer, the total resistance of the coil
and the B.G. being 60 €. The sensitivity of the B.G. is 2.0 divisions per micro-
coulomb. If a current of 4.0 A in the primary were switched off, what would be

the deflection of the B.G? |
[Permeability of free space = 4 x 10 -7 Hm -1] Ans: [26.8 divisions]

. a
A transformer connected to an a.c supply of peak voltage 240V, is to supply
peak voltage of 9V to a mini lighting system of resistance 5 €.

calculate the,

‘ rk)
(i) The ratio of the primary to secondary turns. (1 m:r )
(i) The r.m.s current supplied by the secondary circuit. (2 ::arks)
(ifi) The average power delivered to the lighting system. (2

-
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(iv)  Explain why the voltage of the electricity generated at Owen Falls dam has
to be stepped up to about 132KV for transmission to very far places like
Parts of Western Uganda and then later stepped down for the general use.

(3 marks)
(v)  Give any two power losses in an a.c transformer and state how they are
minimized. (3 marks)

(vi) What is meant by the National Grid?

(vii) Explain why the voltage of the electricity generated at Owen Falls dam has
to be stepped up to about 132kV for transmission to very far places like
Parts of Western Uganda and then later stepped down for the general use.

(3 marks)
(viii) Give any two power losses in an a.c transformer and state how they are
minimized. - "~ (3 marks)

=END=
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ALTERNATING CURRENTS

Alternating current - is the current that reverses its direction of flow
periodically in one second or with time. The polarity of the voltage is also
reverses periodically with time in an alternating current source.

%

b
AC R |Load
Voltage nb

Mains __
+

i

Fig. 4.7 (a)

The number of times this current changes its direction in one second is
defined as the frequency of alternating current. '

In this current, the charged particles move from zero to maximum value in one
direction and fall to zero and goes for another cycle in the opposite direction
with the same values (in negative direction).

The values processed by alternating current in both directions are equal at all
instances.

Generally A.C. waveform is represented by a sinusoidal wave form and given
by equation, y = asin2nft

When one waveform having the same frequency and wavelength is compared
to another having the same reference point/position or when a position of one
point on the wave form is compared to another point on the same waveform,
one may lead or lag behind the other by a phase angle ¢. Such a relation may
be represented by the general equation, y = a sin (2nft + $)

where  is the phase angle between the points or waves.

Graphs of e.m.f. E, or Current, I flowing through an a.c. circuit against time
E(V)or
I(A)

+Eo

E = Eq sin wt Current |

“A " \ ! :‘: -_“ "'.. m l
u“‘ “" .“‘ 3 "" '.l‘ J ‘.n -“ ..- ’
-_“ \ ‘,l % \ '.: ! - .',c % ?wz t(s)
d 7 i W, w

Graphs show that, Current I is leading Voltage V by 90° or /2 radians
Fig. 4.7 (b)

When a source of em.f. has its polarity charging with time, it is known as an
alternating e.m.f. e.g. that produced by an A.C generator.




-213 -

Thus, the current that such an e.m.f. source causes to flow through a circuit

also changes its direction repeatedly with ti )
y with time and .
current (A.C). is called an alternating

Definition:

An alternating current or voltage is one whose

_ _ polarity varies periodicall
with time, both in magnitude and direction v P g
Waveforms that represent alternating currents include the following:

(a) Sinusoidal a.c. waveform

Graphs of em.f. E, or Current, I flowing through an a.c. circuit with time, t.
E(V) or
() A

+Eo-—-

o "\}/\3—\/_/\5_\/6_/\_ > 1
1o E A

Fig.4.7 (c)

(b) Square - wave A.C. wave form

E = E; sin ot Or Current,I=1,sin wt

A Graph of e.m.f. E, or Current, I flowing through an a.c. circuit with time, t.
~ E(V)or I(A)

E=Eysinwt (r Current,I=I,sinwt

+ Eo
0 T o 31 4n sd en| 7o —> t(s)
© 0| ® W w w w
~Es
v Fig. 4.7 (d)

(©)  Saw-tooth A.C. waveform

A Graph of e.m.f. E, or Current, I flowing through an a.c. circuit with time, t.
E(V) or 1(A)

A E=Eysinwt Qr Current,I=Iosinwt
+Eo g ] .

X S N e
w Fig. 4.7 (e)
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Other waveforms are considered as a combination of many waveforms of
either one of the above or a combination of more than one type of the

above waveforms.
The simplest and the most commonly applicable and important waveform

is a sinusoidal waveform.
A Graph of e.m.f. E, or Current, | flowing through an a.c. circuit with time, t.

E(V) or I(A)

A E=Esinot  Or Current,I=lsinwt
AN AT A
|
0 %
s N e N
-Bgd——--<"L- W w w W W
3'— Fig. 47 (f)

Why Alternating Current is considered to as the Sinusoidal.

An alternating current can be referred to as sinusoidal when its variations
with time can be represented by a sine wave.

Definitions of the terms used in alternating current:

(i)

(ii)

(iii)

(iv)

(v)

A cycle: - is one complete alternation (back and forth movement) of the
alternating current particles in the waveform.

Period T- is the time for one complete alternation or one cycle to be
completed by the vibrating particle.

It is expressed in seconds ().

Frequency f - is the number of complete cycles or alternations made by the
wave particle in one second.

S.I Unit of frequency is hertz (Hz).

Amplitude or Peak value of a.c. voltage or current, V, or I, - is the
maximum value of the alternating e.m.f. /voltage or current respectively

taken over one complete cycle. i.e. it is numerically equal to the distance
between the average value of a given a.c. wave form and its cres
represents the amplitude. -

Average or Mean value of alternating current or voltage
Is the average of all the instantaneous valyes of an alternatir;g current or
voltage taken over one complete cycle.i. e,y ] = (LL+12+13+. A+ In)

However, if current or voltage is taken as a continuous variab| Ffu ction f(t)
which is a function of time over one complete cycle, It's 3 e function

y verage value is
represented as; (f(Ohr = = f: f(t)dt where T = 2% ¢
@

t or trough. It

Examples
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(@) Suppose, I =Iysinwt — (I(t)) = i fOT I(t)dt where,T = %’

= (I()r = Io (ﬁ [y sinwt dt) =4 [(—%cos wt)];’
_hof 1 i _ hw 1 1 _
= ( wcosZn = cosO) —;’—n(—;x 1+;x 1)_ 0
(I =(Iysinwt)y =0 Similarly, (V(t))y = (Vo sinw t)y = 0
This is equivalent to finding the area under the graph of Io sin wt against
time, t, as a function of the angles in radians over one cycle.
Similarly, (Ip cos w t)r = (Vycosw t)y = 0
This is illustrated by the graphs in figure 4.7 (8)(i).
L i wt} A graph of I sin wt against time

S O

»Time (s)

_lo

Fig. 4.7 (g) (i)

T m

(b)  Suppose,V =Vycoswt = (V(t))r = % Jy v(t)at where,T = zw
2w
L I T s 3

= V)r="Vp (gw;r Jy cosw tdt) = -ﬂ[(— sin wt)]o

2n L\w
low (1 . 1 _lw(1l 1 —
=;—:(Zsm21t—-a—)sm0)— - (wxo wa) 0
“ (I(t))y = (Vo cos w t)r = 0 Similarly, (V(t))r = (Vycosw t); = 0

This is equivalent to finding the area under the graph of Vy cos wt

against time, t as a function of the angles in radians over one cycle.
Similarly, (I cos w t)7 = (Ip COS @ tir=0

This is illustrated by the graphs in figure 4.7 (g)(ii) below.

2 ? A graph of V( cos wt against time

84+ Vy Areas under the shaded parts are +ve

¥}

- i.e. area of A and area of D are positive

n:; § - —»Time (s)
T
= B 24,' C w  wAreasunder the un-shaded parts are - ve
a | | i.e. area of B and area of C are negative
am

'''''''' Fig. 4.7 (8)(ii) REBSABER I R
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T
()  Suppose, I2 = Iy’sinfwt = (I*(t)r = % fo I*(t)dt where,T =&
@

From the trigonometric identity, cos 2wt =1 —2 sin? wt

= sin’ wt = -;-(1 — cos 2wt)

» (sin? wt)y = (% (1 —cos2wt))r = % — %(cos 2wt)r where,
2n 1 E

= (cos2wt)r = (2“’—”]07 cosw tdt) = —z‘i (—Zsin wt)];’

m
w

=2 (_1lg ——t L k] =
- 21:( wstn = smO) = 2”( =X 0+wx0) 0

. 1 1 1 2 1
(sin® wt); = (; (1 —cos2wt))r = o 5(cos 2wt)r = (3 - 0) ==
= (sin® wt); = %
Similarly, (cos? wt); = %

NB: In case of examination purposes, we prefer that you just state, final
value of the mean value of a given quantity instead of deriving it from

1st principles.
Root mean square (rms) value of alternating current:
Definition

The root mean square value - of an alternating current (also called effective
value) - is the steady or direct current that converts electrical energy to other

forms of energy in a given resistance at the same rate as the alternating
current.
Alternatively:

The root mean square value of an A.C - is the value of steady current which

dissipates heat in a given resistor at the same rate as the a.c under the same
conditions.

Note that,

The Room Mean Square Value (rms) - is the square root of the mean of square

values of the current or voltage taken over one whole cycle of the a.c input,
ROOT MEAN SQUARE VALUE OF ALTERNATING VOLTAGE, (Vrms)
Is the steady voltage which applied across q given resistance, would cause

electrical energy to be converted to other form
. s (e.g. hea me
rate as the alternating voltage. g. heat energy) at the sa

Derivation of the relationship between Irms and I or V.. and Vo
rms

Consider two resistors of the same resistance, R, connected res ca to an a.c.
source and a d.c. source. The current in the d.c. circuit is then aI:; Vijb,untﬂ i
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pwllcm 'the same desired output (e.g. light or heating effect) in the same value
of the resistance, R, as in the case alternating current, then, this value of direct
current s termed as the root mean square value (Irms) of the alternating current.

Enel;g\' dissipation in R Energy dlssEpatlon inR
R

| L.

- ()
Rheostatd'c' ——— a.c. source
Fig. 4.8 (a)(i) Fig. 4.8 (a) (ii)

Suppose I = Iy sinwt is the instantaneous alternating current flowing
through a resistor of resistance R at any time for a time, t and produced the
same heating effect as the direct current, I

Instantaneous, alternating power expended, in the resistance, R

P = I?R= (I,sinwt)?R

P = Iy°Rsin® wt

The average power expended or dissipated in the resistor over one complete
cycle, (P)y = (2R sin? wt) = Iy*R(sin® wt)

But, (sin” wt)r =

N | =

10 2g) = R :
2Py =3 (Io%R) = == woevvevoe v e (D)
When the same output, due to the d.c. is achieved in the resistance, R, then the
d.c. power dissipated in the same resistance is given by

B T e S iRl (u)' | |
Since the same power outputis achieved in both circuits having the same value of

the resistance, R, the two power outputs are now equal.
= P,y = (P)r and this implies,

: 2 = [ But, I =1
ld2R= LR I, = 3 ug, . [1d rms

2

i dyms = 5= 0.707110
Alternatively

Si Iternating current and voltage in a resistor in a resistor, R, are in phase

nce alte i :

Gi hat current ]I = lo sinwt and voltage, V = VO sinwt

I V: ) taa ous alte':rnatlng power expended, in the resistance, R, in 1 cycle
nstantaneous,

P = 1v=(,sinwt)(Vosin® t)

P = [,V,sin®wt

The average power expende i

.2 =

cycle, (P)y = (loVoSIN wt) = oo

d or dissipated in the resistor over one complete
: 1
(sin? wt) But, (sin® wt)y = =
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1 14V,
(P)'r = 2(’0‘/0) = "0"2—0" but, Vo = IoR

2

Ig°R v
~(P)r = -07- or using, Iy =—
(P = L (iif)
ol T — 2 R SEN I ST FES FES SEE SEN AER FES wen S0 F

When the power output, due to the d.c. is achieved across the resistance, R, then the

d.c. power expended in the same resistance is given by
4
Vy ,
o Py = o e er eue ses c0s 200 000 vos sue 00 200 200 e (iv)

R

Since the same power output is achieved in both circuits having the same value of
the resistance, R, the two power outputs are now equal
= P4 = (P); and this implies,

2 2 ’ ’
) vV Vo 2 Vo
Vi

= % =07071V,

Graphs of sinwt,sin* wt and (sin? wt)

Notes (i)  Fromthe graphs in figure 4.8 (b), it can be seen that, all the values of
sinZ wt are all positive and lie between 0 and 1.
(i) The shaded areas above and below the dotted line are equal since a

sine curve (wave) is symmetrical about that line, thus the mean

value of sin? wt is therefore half.i.e. (sin? wt)r = -:-

(iii) This implies therefore, - Ioms = —; =0.70711,

(iv) Rootmean square values - can be treated like direct current (d.c)
values for finding the average power dissipated in a resistor. i.e.
- APYr = LrmsVrms = Lems R = 2 (IgVg) = 22 = 08

(v)  Thenumerical values of alternating currents anZ(‘; volta;es used and
often quoted are root mean square values, unless specifically quoted
as instantaneous or peak values, since they represent a steady values
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. An alternating current, ] =

having a coil of resistance 5,

02 g Sin 100nt is passed through an electric kettle
Determine the; '

(i) Peak value of the Current

(i)

Root mean Square valye of the current,

(iii) Frequency of the alternating current,

(iv) The power rating of the kettle.

(V) The maximum Power expended in the kettle,
Solutions

() © Compare] = 2.0 sin 1007t with

i — rnating
current,] =, singt = Iy sin 2nf ¢
= Peak value, Is=2.04
(i) Using, 1, = % =0.7071 1, = 0.7071 x 2.0

= Root mean Square value,I,,, = 1.4142 4
(iii) Comparing, 2nf to 100r = 2f =100
- Frequency, f = 50 Hz

Ig2R
(iv) Average power expended in the kettle, (P), = -02_ )
5 2.0)2x5.0
“(P)y = (—)2—" =10.0W
(v)  Maximum power, Prax = Iy*R, since maximum o fsin2wt =1

Prax = Ip’R = (2.0)* X 5.0

~ P =20.0W
An electricrt')lsz having a rating of 100 W is connected to an a.c voltage of
1 ine the; )
(aZ)O \' g':fs)éa?lit:;ﬁhe electric light bulb filament at normal operating

(b) tlfmt? era;ltllrsec.luare value and peak current through the filament.
oot me

f the filament lamp when cold and
size of the power o . :
9 C: mmetn thmsl jt::t closed in relation to the filament's average working
the switch i
power of 100 W.

! t r r = hen
a)l lS' he average power rating of the lamp =100 W, and w
Ince the

he d.c. supply, it would dissipate the same power output.
connected to the d.C.
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' 1% 2 ’

.t g = ‘g— = Reistaance,R = ¥4_ . p = (1202

P4 100

“R=144q

(b)  Using, average power, (P) = lLimsVims = 1 rms = V(i
rms
(C) . ’ - & e ﬂ e
rms = 5= =20 = 0833 4

Thus the peak value or the amplitude of the q. C,ly = Irms\/i

* Peak current, Iy =0833V2 = 1.184
(d) 2

From the expression for power, p = Yrms

=10 _p oc% when the p.d.
Is kept constant.

For metals, the resistance increases with increase in temperature of the
metal wire. Thus when the filament is cold when the switch is just

closed, its resistance is smaller and the average power dissipated in the

filament would be larger, than when the filament heats up, since both
are connected across the same p.d.

L9 MEASUREMENT OF ALTERNATING CURRENT

Unlike direct currents (d.c), whose deflection of the meter’s pointer depend on
the direction of flow of current through the instrument, the deflection of the
pointers of a.c. meters must not depend on the direction of the current
through the instrument but on either the repulsion or attraction of magnetic
iron rods or on the heating effect caused by the current, on a resistance wire
used in the set up.

This explains why a moving coil galvanometer pointer just vibrates about the

zero position when an alternating current is passed through it, and so cannot
be used for the measurement of alternating currents.

A.C. METERS (Alternating Current Measuring Instruments)

Instruments used for a.c. measurements include the following: _

1.
A
3.

4.

1.

Hot - wire ammeter
Thermocouple meter
Moving iron-meter
(a) Attraction type
(b) Repulsion type

Rectifier meter
The hot - wire ammeter

The structure / Labelled diagram of the hot wire ammeter: -
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g torque provided by a pair of hair springs
gh angle 6.

wen the pointer is deflected throu

The deflection, 0 is Proportional to the sag, and is therefore proportional to

the square of the average or mean current. i.e. 0 o (lz)
Hence, the instrument has a non-linear or square scale.

NB:

For convenience of taking readings on the scale, is calibrated to read I,
values where, I,.,,s ¢ sag. The graduations on the scale are crowded
together for small values r.m.s values of current but nearly equally spaced
for large values of current.

2. The thermocouple - meter :
The sthtructure 7/ Larl))elled diagram of the thermocouple meter.

vacuated bulb
|

Fine resistance
Q wire

I
X >

RP & RQ are
dissimilar wires

/
Connectin%

i Milliammeter

tals joined together at R so as
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to form a hot junction a long wire XY, carrying current I to be measured.

The arrangement is enclosed in an evacuated bulb so as to shield off the hot
Junction, R, from draughts. -

The instrument relies on the heating effect of current on a resistance wire Xy,
It therefore, measures root mean square values (r.m.s values) i.e. (d.c) and can
also be used for measuring alternating currents of high frequencies of several

maga-hertz because of its low inductance and capacitance compared with
other meters, this thus makes it very sensitive.

"he mode of Operation of a thermocouple meter

Current, I being measured is passed through the fine resistance wire XY and
warms it up.

Contact R at the centre of the bulb and shielded off from draughts acts as the
hot junction with junctions P and Q made up of two dissimilar wires acting as
cold junctions.

A temperature gradient is then set up between R, and the other two junctions
P and Q thus causing a thermo-electric e.m.f. to be produced that in turn
causes a thermo-electric current, (the root mean square current, Irms) to flow
through the mA or the pA connected in series with the set up already
calibrated to measure direct current.

A current through the meter causes a deflection, ® which is proportional to the
the root mean square current (Irms)

The thermocouple meter has high sensitivity because of its low inductance
and capacitance.

The moving Iron - ammeter (Attraction type

The structure/diagram of an attraction type of moving iron
ammeter.
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Direction of motion

/of the pointer on - linear scale

Sharp poirited
soft iron
metal piece

/OTZ
2xalS
<L wind
T1 ek Fig. 4.9 ()

The instrument consists of a specially shaped piece of soft iron metal with a

pointer attached to it and pivoted near the open end of a short coil (solenoid)
whose terminals T1 and T are connected to an a.c. source.

At the base of a specially designed soft iron metal piece is attached a pair of
hairsprings that provide the restoring couple of forces.

The air dash pot provides the necessary damping so that the movement of
the pointer is not erratic, but smooth.

The mode of operation of the thermocouple meter.

Current, I is fed into the coil via terminals T1 and T2, creating a magnetic
field at the centre of the coil with the ends of the coils being the North and
South poles depending on the direction of flow of current in the coil.

The sharp pointed soft iron metal piece pivoted along the axis of the coil, just
beyond the open end of the coil then gets attracted towards the coil, with a

magnetic force that is directly proportional to the square of the current, |
flowing through the coil.

The sharpest point of the Iron piece has the greatest attraction for magnetic
field at the open end of the coil.

This causes the pointer pivoted at the base of the metal piece to rotate about
the pivot and hence moves over the scale through an angle of deflection, 6.
The deflection, 0 is then proportional to the mean of the square current i.e.

@ « (I?). Hence the instrument has a non — linear scale.

NB, However, for the current to be read directly in amperes, the scale has to be
calibrated to measure the r.m.s values of the current.

Y The moving Iron Ammeter. (The repulsion type).
The structure / Labelled diagram of a moving Iron meter
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Non - Linear scale

ironrod

/

L Movable soft

T, iron rod
Terminals

Fig. 4.9 (d)

The instrument consists of two iron rods P and Q surrounded by a coil of
insulated copper wire carrying a current to be measured.

The coil and one of the soft iron rods, Q are fixed to the frame of the meter,

while the movable soft iron rod P, is attached to a pointer pivoted at the
centre, along the axis of the coil.

The other rod P is attached to an axle which also carries a pointer whose
motion alongside a non-linear scale is controlled by a pair of hair springs
provide the opposing restoring torque and control the rotation of the
pointer.

An air - dashpot attached to the pointer provides an additional air resistance
to the motion of the pointer, hence damping its motion.

The mode of operation of a repulsion type of moving iron meter.

Current, I is fed into the coil via terminals T; and T2, creating a magnetic field
at the centre of the coil.

The two soft iron rods P and Q get magnetized in the same sense irrespective
of the direction of flow of current in the coil and begin to repel each other

with an average force which is proportional to the square of the current
flowing through the coil.

The fixed soft iron rod Q repels rod P, Causing it to rotate about the pivot and
moves over the scale through an angle @, unti] it

is sto ' the restoring
torque due to the couple provided by a pair of hair spgﬁgg e
The deflection, 8 produced is proportionga] to the ave - v
current. R R

- 2 |
ie. 8 o (I ). Hence the instrument hqs anon — linear scale
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Advantages of moving iron meters over moving coil meters

(i)

(if)

(iif)

They can be used for measuring both alternating currents (A.C) and direct
currents (D.C) unlike the moving coil meters that can be used for measuring
only direct currents.

The A.C. meters are also more durable than the moving coil meters, because
they do not have delicate coils that can easily be blown off like those of
moving coil meters when a large current is passed through them i.e. when
overloaded.

They are also robust and cheaper to construct or manufacture and purchase,
Since it required a coil of fewer number of turns compared to moving coil
instrument a strong and permanent U - shaped magnet used in moving coil
meters is quite expensive to make or design.

The A.C. meters can be adapted to measure large currents and voltages even
at high frequencies for the case of a.c. by connecting appropriate shunts and
multipliers respectively to the meter.

Less friction error - this is very small in moving iron instruments because

their torque to weight ratio is high since their current carrying part
stationary and the moving parts are lighter in weight.

Disadvantage of moving iron - meters.

()

(ii)
(i)

(iv)

Like most A.C meters, moving iron meters have uneven or non - uniform

scales. Thus each current being measured has to be read directly from the

instrument itself, making it less accurate.

Errors introduced because of hysteresis frequency and stray magnetic

fields compromise the accuracy of the instrument. -

Waveform error. This is because the deflection torque is not directly

proportional to the square of current for all the current values as is the

case with moving coil meters, this causes the waveform errors.

Since moving iron instruments measure both A.C. and D.C. the calibrations
" of the A.C. and D.C are different because of the effect of inductance of the

meter and eddy currents in the meter which is used on A.C.

Differences between moving iron meters and moving coil meters.

M)

(ii)
(iif)

The moving iron instrument (MII) is used for measuring for-measuring
" both A.C. and D.C. whereas the moving coil instrument (MCI) is used for

measuring only D.C. .
The moving iron instrument (MII) has a non - uniform scale whereas the

moving coil instrument (MCI) has a uniform scale.
. The moving iron instrument (MII) is less accurate compared to the moving

coil instrument (MCI).



(iv)

v)

(vi)

(vii)

(viii)
(ix)

()
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The moving iron instrument (MII) can be used as an ammeter, voltmeter
and a wattmeter whereas the moving coil instrument (MCI) can be used as
an ammeter, a voltmeter, galvanometer and ohmmeter.

The moving iron instrument (MII) is free from hysteresis loss whereas the
moving coil instrument (MCI) present hysteresis loss as a possible energy
loss.

In moving iron instrument (MII) gravity or the spring provides the
controlling torque whereas in the moving coil instrument (MCI) only te
spring provides the controlling torque to the instrument.

The moving iron instrument (MII) the deflection of the pointer is
proportional to the square of the current whereas in the moving coil
instrument (MCI) is proportional to the current.

The moving iron instrument (MII) consume more power than the moving
coil instrument (MCI) that consume less power.

The moving iron instrument (MII) uses the soft iron pleces as a moving
element whereas the moving coil instrument (MCI) uses the coil as the
moving element.

The working principle of the (MII) is also dependent on air friction whereas

the working principle of a moving coil instrument (MCI) is dependent on
eddy currents damping.

The Rectifier Meter

A Rectifier - is a device used for converting alternating current to direct current.
It has a low resistance to the flow of current in one direction and a high resistance
to the flow of current in the reverse (or opposite) direction.

Thus, when a rectifier is connected to an a.c. supply, it allows pulses of varying
but direct current to pass it.

A moving coil meter is connected in series with a rectifier and a source of A.C as
shown in the figure 4.9 (e). "

The structure / Labelled diagram of the Rectifier meter

A.c

@ \l' current flow
5 ains@ C C Z ¥ through the

Step down

Transformer
VA

o S

Direction of

Q mA.

B D'-

D,
Fig 4.9 (o)
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When terminal A of the a.c. power input is positive with respect to B, the
diode (rectifier) D1 conducts current while Dz does not.

Current flows from A through diode D1, to P through the milliammeter
(mA) in the direction PQ to C and back to A. .

Current flows from A through Dy, to P through resistor the m4 to Q in the
direction PQ causing a deflection on the scale of the mA then a current
pulse flows to C and back to A.

The first half of the a.c input cycle is then rectified.

During the change of current polarity when terminal A is negative with
respect to terminal positive terminal B, current drops to zero in the mA.
When B is positive with respect to A, diode D2 conducts current while D1
does not. Current flows from B through D2, to O to P, through the mA then
to Q in the direction PQ causing a deflection on the scale of the mA duetoa
current pulse in it and flows to C and back to B.

Hence, the second half cycle of the a.c input is now also rectified.

The process repeats itself several times per second for all the subsequent
cycles producing direct current flow through the mA of output shown

- below.

e ulsating current output.
'KDW T
0 > t(s)
Fig. 4.9 (f) ’

The output of the A.C input signal pulsates as it passes through the moving
coil meter, which however measures the average value of these pulses
known as root mean square current (Irms).

Rectifier instruments based on the moving coil meter, are more sensitive
than A.C meters and are used in multi-meters that measure both a.c and d.c
and have their corresponding ranges marked accordingly.

The scale of a rectifier meter is calibrated to read r.m.s values of currents
and p.d values directly with sinusoidal waveforms.

RECTIFICATION OF ALTERNATING CURRENT

Definition
Rectification - is a process of converted alternating current (A.C) into direct

current (D.C) using a rectifier (or Diode).

Rectifiers

Arectifier - is a devide that allows current to flow through it and the circuit to
which its connected in only one direction, known as the forward bias direction
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iea di ion called the reverse
and blocks it for the flow of current in the opposite directio
bias direction.

Symbols of the rectifier

' ard an
Figure 5.0 (a) shows rectifiers in two symbols connected in the forw d
reverse bias settings.

D;
1
+ -
D.C. Source D.C. Source
i rwa : (ii) Reverse bias
e ‘c::nnecl;i(:):las connection
(current flows) (Negligible or No

Fig. 5.0 (a) current flows)

There are two types of rectification namely

1. Full wave rectification
2. Half wave rectification.

Full wave rectification ]

Is the type of rectification where both halves of every a.c. input cycle are

converted to d.c. each time, using either a pair of rectifiers or two pairs of
rectifiers (4 rectifiers) arranged in a bridge network.

(a) The Full wave bridge Rectifier

This involves the setup of four rectifiers or dio

desin a brid
shown in figure 5.0 (b). ge network as
A
+
D4 .
D1
Ac
Malniqnb 'ﬁ F G e
D3 D2 Di':::‘;‘“; of _ voltage
il = Output
i R current termtil:mls
through R.
J

| Fig. 5.0 (b) ! =
e Using the set up shown in fig. 5.0

positive with respect to B, djog (b), When terminal A of the a.c input is
» Qlodes (l'ectiﬁers) D1 and D3 conduct current



(b)

are reverse biased.

Current I, flows from
resistor R i ) A.' to L, through D1, to F to G and passes through
n the direction GH then fromH t
and back to A, Th 0], to K, through D3 to E to B
- The first half of the a.c in ut cycle is th '

When terminal B is positi ' NS paiiipap
erantwhilals Positive with respect to A, rectifiers D, and Ds conducts

1and D3 do not conduct (i.e. they are reverse biased).
Cur‘rent ﬂ(?ws from the source (B) through D to F, then to H through
resistor R in the same direction as before, then from H to J to K through D4
to L to A and back to B.
Thus the second half cycle of the a.c input is also now rectified.
The process repeats itself several times per second for all the subsequent
cycles producing direct current flow through the load resistor R but with
pulsating output shown in figure 5.0(c) (ii) in comparison with the un
rectified a.c. voltage input in figure 5.0 (c)(i).

P.dA A.C. voltage input.

S e
(‘ruu

t(s)

¢
C

-]
o
-
= 2
-+
=
]
————
)
a
]
-
-
7]
~

I
sk S el
o et i :
P.d4 qusatiillg D.c.::. volt!a
: I |
I : | |
|

|
(i) _[D.pYD;DJD:D5D:D S

Fig. 5.0 (¢c)
c. output D1,D3 and D2,D4 on the diagram shows
ucting) pair of rectifiers (Diodes) at that moment.

NB: In the pulsating d-
the forward biased (cond
n using two Rectifiers (Diodes)

ificatio .
Full wave rectifica ode full wave rectifier

Diagram of the two di f
tre - tap step down transformer
in fi 0 (d) uses a cen
The set up in figure 5-
step down
Trans ormer D: o
I A Direction of
R | current flow
through R
A.c.
malns@ Q
N
B D2

Fig. 5.0 (d)
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When terminal A of the a.c. power input is positive with respect to Banq ¢

the diode (rectifier) D1 conducts current (i.e. its forward biased) while
rectifier D2 does not (i.e. it is reverse biased).

Current flows from A through diode Dy, to P the flows through the resistor
R (where it sets up a p.d. across) with the current flowing in the direction
PQ to C and back to A, as it completes the circuit. '

The first half-cycle of a complete a.c input cycle is then rectified.

During the second half cycle of the a.c. input, (i.e. during change over of
current from terminal A to terminal B), i.e. when B is positive with respect
to both A and C, diode (rectifier) D2 conducts current (i.e. its forward
biased) while rectifier D1 does not (i.e. it is reverse biased).

Current flows from B through diode D2 to N to O, to P and flows through

the resistor R again in the same direction PQ as before, then to C and back
to B, hence completing the circuit.

The process then repeats itself several times per second for all the

subsequent cycles, producing direct current flow through the resistor R
only in one direction, PQ, for every cycle of the a.c. input.

This is represented by a pulsating direct current (D.C) voltage output

across R as shown in figure 5.0(e) (ii) in comparison with the un rectified
a.c. voltage input in figure 5.0 (e)(i).

P.d A sinusoidal A.C. voltage input.

AW QWO
AR

- t(s)

q

d

A - ettt

—— - ——

[}

|

i

P.d f Pylsatin |
i

| |

|
[}
[}
|
[}
D.C. voltage oultput across R
| | l |
| | 1
(ii) D; Y D2 D1 { D2

Fig. 5.0 (e)

— t(s)

NB: Inthe pulsating d.c. output D1 and D; on the diagram shows the
forward biased (conducting) rectifier (Diode) at that moment.

Half wave rectification

Is the type of rectification where only one half of every a.c. input cycle is .
converted to d.c. each time, using only one of the two rectifiers arranged 1
as circuit, in figure 5.0 (g) while the second half is each time lost (Un
rectified).
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Direction of
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mains through R erminals
across, R
¥ —0
Fig. 5.0 (g)
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During the first half of the a.c. input, when terminal A of the a.c. input with
respect to B, the diode (rectifier) D conducts current through the resistor R

in the direction P towards Q. i.e. D is forward biased.

The first half cycle of the a.c input is then rectified, while the second half is

lost (un -rectified).

- During the change of current from terminal A to terminal B, current drops

to zero in the circuit and no current flows through R.

During the second half cycle of the a.c. input, when B is positive with
respect to A, the diode D does not conduct current in the circuit, since it is
reverse biased, so that second half cycle of the a.c. input is not rectified.
The process repeats itself at the frequency of the source for all the
subsequent cycles allowing current through R in the same direction PQ

for all the subsequent cycles.

This leads to the production of direct current flow through the resistor and
~ setting up a p.d. across R as illustrated on the diagram in figure 5.0 (h) in

relation to the A.C. input supply voltage.

P.d f A sinusoidal A.C. voltage input.

(i)

AT

[+

T o

]
]
]

]
olta#e ou
:

)

D.C.

P.d ﬁ P lsatin

A, E i,

NN <

28N S—
&

_C

_—
3
o
7

AL T
~

*t(s)

ai) o

NB:

Fig. 5.0 (h)
In the pulsating d.c. output, the diode (rectifier) D on the fig. 5.0 (h)

”t(s)

shows the forward biased connection (i.e. when D is conducting)
while the flattened portion corresponds to the reverse bias
connection for the (Diode) at that moment (i.e. when the diode does
not conduct current, for example when B is positive while A is

negative)
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(c) Action of a Capacitor on rectification (smoothing process)

A D +p
Q
+ — > .
A Direction of - C
ic current flow |R -T- :
mains through R ReserYOIr

- capacitor
g -Q

B .

Fig. 5.0 (8)

During the first half of the a.c. input, when terminal A of the a.c is positive

with respect to B, the diode (rectifier) D conducts current through the
resistor R in the direction P to Q.

At the same time the capacitor C, charges as indicated on the diagram.

The first half of the a.c input cycle is then rectified.

During the change of current from terminal A to terminal B, current drops

to zero in the circuit and the capacitor quickly discharges through R, to
maintain the current flow in the circuit.

During the second half cycle of the a.c. input, when B is posifive with

respect to A, the diode D1 does not conduct current in the circuit, so that
half of the a.c. input is not rectified

The process repeats itself several times per second for all the subsequent

cycles producing direct current flow through the resistor and a smoothed

output due to the presence of the capacitor with the output shown below
The “smoothing” action of a reservoir capacitor

» Capacitor ﬁverage smoothed

dischargin -C. voltage output
%T C il C r—Capacitor
=) Sy -l Wy - wooe —|Cj—discharging
E / \.‘.‘ ‘.,,' -.“‘ ",. -.““ y "Afo.\“\

B fzzzezgge t (S)
NB: P051_t10ns denoted by “C” correspond to capacitor charging
While between the “C s”, the capacitor is discharginggl
Fig. 5.0 (h)

5.1 A.C THROUGH A PURE RESISTOR

Suppose a sinusoidal voltage V =

Sin wt i :
resistance, R. § connected across a resistor of
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A.C. Through aresistor, R

I Y
 § V,f I

—O—

a.C. source

Fig. 5.1 (a)

o=

A smusmdal instantaneous current, I, flows through the resistor, where =

I == Sinwt and can be written as, I = I, sin wt

Vo Vrms

Where, Iy = ? = Resistance of the reistor,R = —==
0 rms

Since Vo = Vrmsv2 and Io = Irmsv2 = lo « Irms and Vo < Vrms

NB: For a resistor, the voltage acrossit, is V = V0 Sin @t v..oevevvevoerrererrenns (i)
While, the current flowing through it, is given by, I = [0 sin wt ................ (ii)
Where,Vo = peak voltage and lo = peak value of current.

From equations (i) and (ii) Current I and Voltage V are in Phase

in a resistor.
NB: In all a.c. circuits, currents and voltages vary in both magnitude and direction

as they pass through a given device and so are treated as vector quantities.

Vrms
Vo — ™S the resistance of a resistor is independent

From the equation, R = T

of the frequency of the supply source.
A graph of resistance, R of a resistor against frequency, f.

—>

Resistance, R (Q)

-
Frequency, f (Hz)

=)

Fig. 5.1 (b)
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Graphs of Current I and voltage, V against time for a resistor.

-
s

-
8
i __W_Rxx.._.g’_v t(s)

Fig. 5.1 (¢)

Phasor or vector diagrams

e Asinusoidal alternating quantity can be represented by a rotating vector in
the anticlockwise direction, known as a phasor diagram.

e Perpendicular to the time axis, shows the locus of the vector and for more than
one vector, the phase difference or phase angle ¢ between any two vectors
must be shown.

NB. From (i) and (ii) above, voltage V = Vo sin wt across a resistor and current
I = Io sin wt across the same resistor, are in a phase as shown in figure 5.1(b).

This can be represented by the phasor or vector diagram shown in the figure
5 [c)

Phasor diagram for a resistor

.........
-----
i A
.

N Y
7 g Vi 4
\ i,
\\__//

0
0
.
.. o
.. e
‘‘‘‘‘
----------

Current, I and voltage, V are in phase.
Fig. 5.1 (d)

A phasor - is a rotating vector diagram that represents the relationship
between at least two (i.e. two or more) sinusoidal varying vector quantities
having the same frequency but with different phases and whose magnitude
corresponds to the amplitude of the given quantity.

NB: The Phasors on the Phasor or vector diagram represent, either peak
values or r.m.s values of a given vector quantity. i

Power Absorbed in a pure resistor

The instantaneous power absorbed in a resistor

p =1V,but alsoV = IR,Implying P = I?’R = (I, sin wt) X (V(; sin wt)
p = I,V, sin* wt or P = I,%R sin? wt

Average power absorbed over one cycle is written as,
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(P)r = (I,°R sin? wt) = Io*R (sin? wt)
But, (sin® wt), = % obtained from; sin? wt = %(1 —cos2wt)

Where, the (cos 2wt); = 0, which is the same as area under the curve

Thus, average power expended in a resistor over one cycle, is glven by any one
of the following expressions or equations

1 Vol IV Vv
(P)T='7:IOZR=?;—= 0 0=IrmszR= rms

Note that the average of a cosine curve or wave over 1cycle=0

Cosine wave over 1 complete cycle

+1
The area under the
0 graph is the sum of
' the four quarters = 0
-1

Fig. 5.1 (e)

A graph of power absorbed in a resistor as a function of time.

Power Power absorbed in a resistor.,

P(W)?

A

4m ST - wt (rad)

Fig. 5.1 (N

Examples:

1. An alternating current, is represented by, I = 5.0 sin 200 7t where | isin
amperes while, t is the time in seconds. What is the:

(i)  Peakvalue of current.

(i) root mean square value of the current.

(i)  current flowing, 1/1200 s after the current changes direction.
(iv) power dissipated in the non - inductive resistance of 4 .
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Solution

(i) Comparel =5.0sin200nt to I =Ipsin2nft
=> Peak value, I =5.0A

" _lo_ 50
(ii) l,-ms-ﬁ— ﬁ—3.54A
_ . > . 1) _ (T
(i) I =5.0sin2007t = 5.0sin (200 X 1200) = 5.0sin (;)
I =5.0sin30° =2.54
(iv) Power,P = % x (5.0)2 x 40 = 50 W

2. Calculate the root mean square voltage across a resistance of 100 Q having
acurrent,I = 8.0sin100nt flows through it.

Solution:

. _Iy _Vo : _ Vo _Vrms\V2
Using, I,ps = 7 and Vyms = 7 Resistance,R = S »
v _IoXR _ 80X100 _pen cqy

rms — ﬁ ﬁ
A.C. THROUGH A PURE CAPACITOR

A pure capacitor is one of infinite dielectric resistance, thus direct current
cannot flow through a capacitor because of the insulating medium placed
between its plates. When both A.C and D.C are passed through a capacitor, only
A.C. appears to flow through it while D.C is blocked by the capacitor.

Explanations
(a) Why direct current does not flow through a capacitor

o When an uncharged capacitor is connected across a direct current (d.c)
source, the battery provides energy to remove electrons from one 0 £ the
plates of the capacitor and deposit them on the other plate. -

. Aninstantaneous current I then begins to flow through part of the circuit
and since the quantity of charge on each plate initially is low, the rate. of
charge transfer (current) is high, but lasts only for a short period of time.

« The momentary flow of current, is as a result of electrons being drawn
from plate A by the positive terminal of the battery, whilst at the samé
time, the electrons are being deposited to plate B by the action of the
negative terminal of the battery. [see fig. 5.2 ( a)]

o Astheplates acquire more charge of opposite signs, but of equal the
magnitudes, the rate of charge transfer reduces as the p.d. across
capacitor builds up.
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o When the capacitor is fully charged, the rate of charge transfer becomes
zero. i.e. the current stops flowing in the circuit stops, when the p.d. across
the plates of the capacitor equals the supply voltage or e.m.f.

+ -
| Direction of
A| electron flow
1 Capacitor during the
_l charging
r' l " process.
'y
I - represents a current
Battery pulse that flows for a
Fig. 5.2 (a) short while, then stops.

A sketch of a graph of current against time during the charging of a
capacitor using a d.c. source of e.m.f.

I (A)?
Imade — — — — — —

Charge, Q and Voltage
Vincreasing to a

maximum value
Current, I
Decaying
to zero
0 ’ Time (s);
Fig. 5.2 (b)

(b) Why alternating current appears to flow through a capacitor:

e When un charged capacitor is connected across an a.c. source, during the
first quarter cycle of the a.c. input, the capacitor charges until the p.d
between its places equals to the supply p.d. energy is drawn from the
source and stored in the electric field of the capacitor.

e In the second quarter cycle, the supply voltage decreases and the p.d across

 the plates of the capacitor drives charge in the opposite direction thus, the
capacitor discharges, through the source and the energy that it had stored
in the first quarter cycle is returned to the source.

e In the third quarter cycle, the capacitor again charges as in the first
quarter cycle but in the opposite direction and stores energy in its
electrostatic field between the plates of the capacitor.

e Inthe 4% quarter (last quarter) of the a.c. input cycle, when p.d across the
capacitor is maximum current b_ec0{nes zero and so the capacitor
discharges in an attempt to maintain flow of charge through circuit and so
it returns all the energy it had stored back to the source.

Hence, when a capacitor is connected acros§ ana.c. spurce, the capacitor
charges and discharges continuously, each time sending a pulse of current
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through part of the circuit between its plates. Since the frequency ofa.c.is
usually high, a continuous current appears to flow through the circuit,

() Why direct current does not flow through a capacitor:

The capacitor stores electric charges, and When uncharged capacitor ig
connected to voltage source, (battery), the flow of current almost instantly
enables transfer of charge from the source to the plates of the capacitor,
The current from the battery will charge the capacitor with zero voltage tq
the maximum voltage of the battery. )

When the capacitor attains the voltage of the source, or battery the pd
between the battery terminals and the plate of the capacitor becomes zero
and hence current stops flowing.

When the instantaneous current drops to zero, it stays this way indefinitely,
creating an impression that direct current flowing in the capacitor is zero.

Capacitive reactance, Xc

Definition
Capacitive reactance - is the non-resistive opposition to the flow of alternating
current (or changing current) through a capacitor.

SI unit is an ohm (Q)

Suppose a sinusoidal voltage V = V, sin wt is connected across a pure
capacitor of capacitance C.

A.C. Through a Capacitor, C

N
| =

4 V,f I

A.c. source
Fig. 5.2 (c¢)

The instantaneous charge Q, at any time, t, stored in the capacitor plates is
given by, Q = CV, Q = CV,sinwt
The instantaneous current I = rate of change of charge

|

= rate of change of charge with time

dQ

d
i = — =]=— 1 =
e T o (CV, sin wt) = wCVo coswt

I = wCV,coswt = | =1, coswt

Where,lg = wCV, = Peak value of the current

Reactance of the capacitor, X = — =

— ¥ Vo 1_ 1

Io wCVo wC 2nfC
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Since V, = VimsV2 and Iy = limsV2 = Xc = ‘1,—0 = ;,rms - 211'1fC
0 rms
STunit of X, is an ohm ()

From the expression for Capacitive reactance, Xc =

1 1
2nfc — Xc* 7

A graph of reactance against frequency for a capacitor across, a.c. circuit.

8 4

ol

@

=

g

@

-4

0 e —

F —-
Fig. 5.2 (@ requency, f (Hz)

The phase relationship between voltage, V = Vysinwt ... ... ... ...

and current J = Iycoswt orJ = Iy sin(wt + 90°) = Iy sin (

I | )
wt +3). .. (if)
From equations

(i) and (ii) above, it is observed that the current, I = I, cos wt
leads voltage v

=V, sin wt by’;' radians or by 90°

A-phasor diagram for current I and voltage relations in a capacitor.
A Phasor diagram for a capacitor

T
POTTL .a.
- .,
. -
- .
L .~
o .,

Current, I, leads voltage, V are in a capacitor by 90°
Fig. 5.2 (e)

Graphs of I and V against time for a capacitor in an a.c. circuit.

I =1p cos wt V=V, sin wt
/ =

Current, I, leads voltage, V by 90° or /2 radians
Fig. 5.2 (f)
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NB: Since charge induced on the plates of the capacitor during the Chargin
and discharging process due to a.c. is proportional to the p.d. generateq
across the plates, a graph of charge against time has the same shape anqg
phase with respect to current as that for voltage in figure 5.2 ().

Explanation why Current I, leads voltage, Vina capacitor

* When uncharged capacitor is connected across an a.c. source, the charge on

the plates of the capacitor is initially zero, thus the p.d. between the plates

is also zero. However the rate of charge transfer is high,
, @ y ; p p
ie. d—‘i = I (Maximum current flows in part of the circuit)

Phase difference between V and I in a capacitor.

? Current, 1
Al P _ Voltage, V
\
\
\B
MICTR
\
\
C R -
Current, I leads voltage, V by t/2 radians or 90°

Fig. 5.2 (g)

As the charge builds in each of the plates of the capacitor, the p.d between
the plates of the capacitor gradually increases from zero at 0 to the

maximum value at P. The rate of charge transfer gradually reduces from
maximum value at A to zero at B.

When the p.d between the plates of the capacitor is maximum, the e.m.f. of
the source would have dropped to zero. The capacitor then starts to
discharge (from P to Q) thus driving current through the source of e.m.f.in
the opposite direction (i.e. B to C).

When the capacitor has fully discharged, the e.m.f, of the source is at its
maximum value and begins to transfer charge to the plates of the
capacitor, but in the opposite direction (i.e. Q to R), and the current
flowing in the circuit drops from its maximum value to zero (i.e. Cto D)
In the 4 (i.e. last) quarter of the a.c. input cycle, the capacitor discharges
through the source of e.m.f. causing its charge and p.d. to reduce from

maximum value to zero (i.e. R to §). This then maintains current flow i? .
circuit (i.e. D to E) "

Thus as shown on the graph in figure 5.2 (g), the current, I, flowing in the
circuit leads voltage, V by % radians.
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Power absorbed by a pure capacitor "

:-‘or a pure capacitor, | = ], cos wt and V = Vo sin wt
nstantaneous power P = |y = lyVo sin wt cos wt

P = 1Vo(2 sin ot = -
- 01 0 wt cos wt) = 5 1oVo sin 2wt = 5 1oV sin2nft
<P)T = EI()V()( Sin zwt)'r

* The Average power over one cycle is zero.
Since, ( sin2wt), =0
(P)T =0
NB: (i)  The frequen : :
cy of power in a capacitor is twice th
- applied voltage. e frequency of the
ii The average pow ; ' _
Phr = 0 g€ power expended in a capacitor over one cycle is zero ie
Hence, a capacitor j .
Areuls P I'Is considered to be a wattles component in an a.c.

A graph of power absorbed in a capacitor as a function of time
Power ?
P (W) Power being absorbed in a capacitor.
Pyax= ¥ Vo] [Power absorbed over 1 complete cycle = 0

AWAWANAWAY
CQVAVAYAYAvie
Power being returned to the supply.

Fig. 5.2 (h)
Explanations as to why NO Power is absorbed by a capacitor

When a capacitor is connected across an a.c. source, during the first quarter
cycle of the a.c. input, the capacitor charges in one direction until the potential
difference (p.d) across its plates is equal to the supply p.d. Therefore, energy is
drawn from the source and stored in the electric field of the capacitor.

In the second quarter cycle, the supply voltage decreases and the p.d. across
the plates of the capacitor drives charge in the opposite direction, thus the
capacitor discharges, and the energy that it had stored in the first quarter of
the input cycle is returned to the source. _

In the third quarter of the input cycle, the capacitor again charges in the
opposite direction and stores energy in its electrostatic field in the plates of
the capacitor. Energy is again drawn from the source of em.f.

In the 4th quarter (last quarter) of a.c. input cycle, when p.d. a-cross the
capacitor plates is maximum, the current flowing in the circuit reduces z.ero -
d. e capacitor discharges through the battery in an attempt to maintain

and so, th
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flow of charge through circuit and so it returns all the energy it'had stored

back to the generator (source of e.m.f)
Hence, for each complete cycle of the a.c. input, the net energy and average

power stored and expended in the capacitor is zero.

A.C. THROUGH A PURE INDUCTOR

A pure inductor is a coil of wire having negligible resistance, (or a non-
dissipative component), but has appreciable self-inductance, L, and reactance,

Xc.
A non - inductive coil on the other hand is one with no opposition to the

passage of changing current through it.

However, in daily practice, inductive coils have both reactance and resistance,
and the total opposition that the two parts exert towards the passage of a.c.
through it is called impedance, denoted by, Z = vX?% + R?

Inductive reactance, X,
Definition:

Inductive reactance, Xy, - is the non-resistive (or non-dissipative) opposition
to the flow or passage of alternating current (or changing current) through an

inductor.

SI unit is an ohm (Q)

Suppose a sinusoidal current, / = I sin wt flows through a pure inductor of
self-inductance, L, connected across an a.c. voltage, V, of frequency, f.

A.C. Through an Inductor, L

\ 4 4
I | I=Iosin wt

A.c. source
Fig. 5.3 (a)
The instantaneous back e.m.f, E}, at any time, t, induced across the inductor is

given by E, = —L% and always opposes the applied voltage.

Where, I = I sin wt

[ E, = Ldl =-L 4 (I, sin wt) = —wLl, cos wt

bl BT TR T Thde e = .

But, E, = —V,since back e. m. f. opposes the applied voltage.

—V = —wlLl, coswt and V = [ywL coswt = V =V, coswt

Where, V, = IlywL is the Peak value of the applied voltage
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Reactance of the Inductor X =‘I'_°= ’01“"‘ = wl = anL
0 0
Since VO e rmsf and 10 = Irms\/—- - XL — ‘1,_0 - ‘;rms —_ znfL
0 rms

SIunit of Xi is an ohm ()
From the expression for Inductive reactance, X L=2nfL=X,« f
~ Inductive reactance, X, is directly proportional to frequency, f.

A graph of reactance against frequency for an inductor in a.c. circuit.

~ A
g

i: A straight line implies

] Inductive Reactance is
g directly proportional to
S the frequency

e

-0 >
Frequency, f (Hz)
Fig. 5.3 (b)
The phase relationship between current, I = Iy sin wt .. s ewaes bwew o Rl )

and voltage V=Vycoswt or V =V,sin(wt + 90°) = V, sin (wt + ) . (i)
From equations (i) and (ii) above, it is observed that the voltage,V = V, cos wt
leads Current, I = I, sin wt by = = radians or by 90°
A phasor diagram for voltage, V and current, I relations in an inductor.
A Phasor diagram for an inductor

Voltage, V leads cur;é'r'ff,"lﬂ;lre in an Inductor by 90°
Fig. 5.3 (¢)

Graphs of V and I against time for an inductor in an a.c. circuit.

I =]o sin wt
4 _~-V =Vp cos wt s

+Ip {- Hhal G k. r——
;\ \ /‘\\ ! m
! 1 ' ]
1

—— — ../_ -
\ /
| | ll
o 5 4 T\ 3nm 41 ) Sm! 67| 1 8 t(s)

‘\ M \ w w 3\___

S '% il it Aniuituil Nty A % 77

-v . RN - I N )

° Voltage, V, leads current, I by 90° or /2 radians

Fig. 5.3 (d)
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Explanation why voltage V, leads current, I in an inductor

* When an inductor is connected across an a.c. source and the circuit is
completed, (i.e. switch is closed), the rate of current flow in the circuit is
very high, this causes a large back e.m.f. to be induced in the inductor.

ieE=-L Z—’t =V (Maximum p.d across the inductor,when I = 0)

Phase difference between V and I in an inductor.

Voltage, V
K/ E Current, I
\

Voltage, V leads Current, I by t/2 radians or 90°
Fig. 5.3 (e)

This causes energy to be stored in the magnetic field of the inductor seen

from the graph in figure 5.3 (e) where voltage V is maximum initially at A
when the current I is zero at O.

e As the current flow in the coil (inductor) builds up gradually to a maximum

value (i.e. O to P), the rate of current flow, i.e. (% x Ep ) in the inductor

reduces gradually to zero and back e.m.f. induced in the coil also gradually
reduces from maximum value at A to the zero value at B. this shows that

the voltage V is leading the current I byg radians.

e When the rate of flow of current in the circuit becomes zero-at P, the back
e.m.f. also becomes zero at B. When the current flowing in the circuit
begins reducing, (i.e. from P to Q), the inductor liberates the energy
originally stored in its magnetic field to enhance the decaying magnetic
field in the coil and to maintain decaying current flowing in the circuit in
the same direction as before. The back e.m.f. begins to increase again in the
opposite direction causing energy to be stored in the magnetic field of the
inductor in the opposite direction (i.e. from B to C)

« The process then repeats itself when current reverses direction of flow in
the circuit as it did in the first half cycle of the a.c. input.

e Thus, as shown on the graph in figure 5.3 (e), the voltage, V, developed
across the inductor, leads the current, I, flowing in the circuit by-’zE radians.

Power absorbed by a pure inductor

For a pure inductor, V = Vycoswt and I = I, sin wt
Instantaneous power, P = IV = IV, sinwt cos wt
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P= %IOVO(Z sin wt cos wt) = %IOVO sin 2wt = %IOVO sin 2nft
(P)T = %loVo( sin zwt)r

* The Average power over one cycle is zero.

Since, ( sin2wt); =0

*(P)r=0

(i)  The frequency of power in an inductor is twice the frequency of the

applied voltage.

(ii) The average power expended in an inductor over one cycle is zero ie
(P)r =

Hence, an inductor is considered to be a wattles component in an a.c.
circuit.

A graph of power absorbed in an Inductor as a function of time.
Power

P (W) * Power being absorbed in an Inductor.

Power absorbed over 1 complete cycle =0
Puax= 2 loVo 7

ATIVA
R avAVAY VA

Power being returned to the supply.
Fig. 5.3 ()

tions as to why NO Power is absorbed by an inductor
Expland

he first quarter of the a.c. input cycle, the increasing current
: e
puringt

hrOUgh the inductor, causes a changing magnetic flux to link the
- . t
ﬂoWlng

coil (inductor), a large back e.m.f. is then induced in the

Jane of theusmg energy to be stored in the magnetic field of the inductor.
mductoflfl;asecond quarter of the a.c. input cycle, the current flowing
puring ‘ he inductor, and the magnetic flux linking the plane of the coil
through :E) gradually reduce to zero. The energy originally stored in the
etci)c field of the inductor is then liberated and given back to the source
aml;intai“ the decaying current in the circuit and magnetic flux linking the
to r.
ind:;s:gothe third quarter of the a.c. input cycle, the current flowing through
g;le inductor from the source again increases, but in the opposite direction,
causing an increase in the magnetic flux linkage to the coil (or inductor), a

jarge back e.m.f, to be induced in the inductor, and energy is stored in the
magnetic field of the inductor.

puring the last quarter of the a.c. input cycle, current and the magnetic flux
again decay to zero in the inductor, causing it to release an equivalent

amount of energy it had gained during the third quarter back to the source.
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Thus, after one complete cycle of every a.c. input, the inductor gains energy
twice and also loses an equal amount of energy twice thereby remaining

with no energy and power at the end of every cycle. Hence, it is considered
as a “wattles component.”

Graphs of voltages across a capacitor, an inductor and a resistor
against time.

Phase differences of p.ds across the components in the circuit.

v Voltage across
? inductor, Vy

-~

Voltage across a

capacitor, V¢
7N\

Voltage across a
resistor, Vg

-
0° Angle 0 (°)

7

Voltages, V. and V: are (mradians or 180°) out of ﬁhase

with each other, while Vg lags V, by t/2 radians and
leads V¢ by /2 radians.

Fig. 5.3 (g)
L R C - Series Circuits

When an inductor, L, a resistor, R and a capacitor, C are connected in series

with each other, the same current appears to flow through all of them,
and so it is regarded as the common vector to all the components.

Thus, when the vector or phasor diagrams are drawn to represent the

phase relationships of these components, the phase relationship between
current and voltages are put into consideration.

For a series combination of the vectors, current which is the common
vector is the current and is permanent and constitutes the reference vector
that lies in the positive X - direction. )

For a parallel combination of the vectors, voltage across all the components

is the common vector is the current and is permanent and constitutes the
reference vector that lies in the positive X - direction.

The numerical values of V and I used in the calculations are considered

mainly as root mean square (r.m.s) values, unless specifically stated, as
peak values or as instantaneous value of current or voltage involved.

The phase relationships between current and voltage are summarized by
an acronym “CIVIL” as follows:

CIV = For a capacitor, Current I, leads Voltage V, by 1t/2 radians or 90°
VIL = For an inductor, Voltage V, leads Current I, by 1t/2 radians or 90°

NB: In a resistor Current I and Voltage V are in phase.
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Thus the phase relationshi

p between V and I for a resistor is represented as
shown in figure 5.4 (a)

Electrical Component Phase relation between

voltage, V and current, |
(&) A Resistor

' Voltage, Vg and Current, I are in phase
(1':) A Capacitor I

C }—\Lr_ ¢ =r
| e Ve

Current, I, Leads voltage, V¢ by 90°

(©)  An Inductor

1 L I Vi
T TMN——
=190° ) |
T Vi > ¢ —
Voltage,V,, Leads Current, I by 90°
Fig. 5.4 (a)

CR - Series Circuit

Consider a resistor of resistance, R connected in series with a capacitor of
capacitance, C, both connected across an a.c. voltage, V at a frequency f.
A.C. through a Capacitor, Cand a resistor, R

C
i._vc_.a—vk—— V2 = Vg2 + V2
1

PG R A
N
A}soﬁce
Fig. 5.4 (b)

Treating the quantities as the vector quantities, we use Pythhgoras
theorem, to determine the resultant voltage, following the vector diagram.
V2 =V + VE

= (IX.)? + (IR)?

= I%(XZ + R?) -

V=] X% + R? where, X; = ﬁ

Impedance, Z = 7™ = /XC+R while, tancb—vn_ = (R)

Irms

*. The phase angle,d = tan™* (%) for which V is ahead of I

Impedance, Z

Is defined as the total opposition offered by a reactive and resistive circuit
that involves a capacitor or an inductor with any other component say a
" resistor to the passage of alternating current (a.c.) through it.

SI unit - is an ohm ()
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)
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Consider a resistor of resistance, R connected in series with an ind

uctor of
self-

inductance, L, both connected across an a.c. voltage, Vata frequency f
A.C. through an inductor, L and a resistor, R, arranged in series

L Vi
(T Vi—sle—Vp—s| VZaVpl+vy? |
|
vl
_ V2= (IR)? + (IXy)? |
—— g
A.c. source Vr

Fig. 5.4 (¢)

Treating the quantities as the vector quantities, we use Pythagoras

theorem, to determine the resultant voltage following the given vector
diagram. i.e.

V2 =VZ + V2
= (IX,)? + (IR)?

= I*(X{ + R?)
V =1\ X} + R? where, X, = 2nfL

= Impedance, Z = ‘;ﬂ = |X? + R?

rms

: _ﬂ=ﬁ=(ﬂ) =3 —1(ﬂ)
while, tan ¢ = v = 1R = ¢ = tan =

X
.. The phase angle,d = tan™ (FL) for which V is ahead of 1

L R C - Series Circuit |
Consider a resistor of resistance, R connected in series with an inductor of

self-inductance, L, and a capacitor of capacitance, C, all of which are
connected across an a.c. voltage, V at a frequency f.

A.C. through an inductor, L, a resistor, R, & a capacitor, C all arranged in series

L C| AVL
..-—-VL—->l<—VR Ve—>
l“ \ l
A q oo |
@ 90° Va ok i

A.c. source Equivalen

phasor or
YV, vector diagram

Fig. 5.4 (c)
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Treating the components as the vector quantities, we use Pythagoras
theorem, to determine the resultant voltage following the given vector
diagram. i.e.

V2 = (VL - Vc)z + VRZ
V2= (IX, = IX.)? + (IR)?

VZ = IZ(XL —— Xc)z + (IR)2

V= I\/(XL — X.)? + R2 where,X; = 2nfL and Xc = ?_nlfc

) 2 2
-~ Impedance, Z = @ =JR*+ (X, — X.)? = \/RZ + (anL -~
rms

2nfC

while, tan ¢ = (VL;RVC) a3 I(X;,;Xc) i [(XL;XC)] = ¢ = tan™? [(XL;XC)]

~ ~ The phase angle,$ = tan! [%%d] for which V is ahead of 1.

ﬁ_(’rms)k_ﬂ = —15
V UmZ Z ¢ = cos (z)

The Power Factor, (cos ¢) in A.C. circuit

Alternatively, cos ¢ =

The true, or actual power consumed in an a.c. circuit is only by the
resistive component, i.e. in R and any resistive part of the inductor if any.

Vrms) ® .
Py = (Irms) "R = Upms) (Vrms) COS § = =T~ cos2.... (i)
The apparent power, consumed in the circuit is as though all the

components of the circuit would consume power, thus the apparent power

Py = (Irms)Vims) oo v vve e v vee v (D) from equations (i) and (ii)
P, _ (Irms) (Vims) cos ¢ = cos §
Power factor, g = Tl rms) (Vyms)

Thus, power factor,= cos ¢
Where the phase angle ¢ is the angle by which the applied p.d. leads the
current, I, flowing in the circuit.

L R C - Resonance Series Circuit

Assuming the capacitor in the circuit in figure 5.4 (d) is a variable air

acitor, then its capacitive reactance can be varied by Varyil.lg the
(C::gacitan'ce C of the capacitor until its value equals the inductive
reactance, hence resonance occurs.



A sharp peak shows a small

value of R, and a large value

of Q (Quality factor)

A blunt peak and low value of Iax
shows a large value of R, and a
small value of Q (Quality factor)

Current, I.ms (A) ,31

|
|
|
|

(=}

>
fo Frequency, f (Hz)
Fig. 5.4 (e)

The Quality factor (Q - factor)

The peak values or the root mean square values of voltages across a
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resistor, a capacitor and an inductor, are vector quantities denoted by the

following respective expressions;

Ve =I1R,V; =1Xc.and V, = IX; and if X\ and Xc are much larger than, R,
then these values of V. and V¢ are much larger than the peak value of the

applied p.d, V = Vr.

Thus, the Q - factor (or Quality factor) of the circuit is defined by the

. vV vV vV X
expression, Q = £ =-¢ =L ==ZL

: 1
Vg oWy Vi B = PIORE Q « z tcanbe shown

that a circuit that has a high Q - factor gives rise to a sharp resonance.

Graphs of reactance, resistance and impedance against frequency

°

=

«

)

1%

:

® ~

z S

0 g

g 2

S 8

2% |

g 2 l

- | -
0 fo Frequency, f (Hz)

Fig. 5.4 (f)

From the graph in the figure 5.4 (f), at resonance, it is observed that:

. Resistance, R, is independent of the frequency, f.
> Capacitive reactance, Xc is inversely proportional to the frequency, f.
« Inductive reactance, Xu. is directly proportional to the frequency, f.

. Impedance, Z, has its lowest value being equal to R. i.e. at fo, Z = R.
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° Below the threshold frequency, fo, Xc > Xu.

. Above the threshold frequency, fo, Xi. > Xc

. At the threshold frequency, fo, Xc = Xu

. At the threshold frequency, fo, impedance, Z =R

. Below the value of the threshold frequency, fo, Impedance, Z of the
circuit decreases with increase in the frequency of the circuit.

. Above the value of the threshold frequency, fo, Impedance, Z of the
circuit increases with increase in the frequency of the circuit.

Oscillating Electrical Circuits

The oscillations of the current within an electrical circuit are of
fundamental importance in the generation of waveforms of a variety of
shapes for radios, T.Vs, oscilloscopes, signal generators etc.

One of the simplest circuits for producing these oscillations is a charged
capacitor and a pure inductor connected via a switch as shown in the figure
5.5 (a)

L
MRS s o [ )

C
P1| IP
K o I |
Fig. 5.5 (a)

When a charged capacitor is connected across a pure inductor of negligible
resistance, an alternating current flows through the circuit causing it to

oscillate at its natural resonant frequency, f, =

1
usin
. 2nVLC th cansing
electrical resonance to take place.

Explanations

A charged capacitor has energy stored in the electric field between its

oppositely charged plates.i.e. E = 1 ¥ ok 10
P E=sQv=c-cv2=-%

. _ 2 ¢
When the switch, K, is closed, the Capacitor C starts to discharge through

the inductor, setting up a current flowing in the circuit in the clockwise
direction.

An increasing current flowing in the coil (inductor) sets up a changing
mag“etic, flux in the inductor, which in turn causes a back e.m.f. to be
indlfced in the inductor hence, energy gets stored in the m;énetic field of
the mductor.. The induced back e.m f eventually opposes the current flow
through the inductor, thus making the capacitor to discharge slowly:
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. Below the threshold frequency, fo, Xc > Xt

. Above the threshold frequency, fo, X1 > Xc

. At the threshold frequency, fo, Xc = X1

. At the threshold frequency, fo, impedance, Z = R

. Below the value of the threshold frequency, fo, Impedance, Z of the
circuit decreases with increase in the frequency of the circuit.

. Above the value of the threshold frequency, fo, Impedance, Z of the
circuit increases with increase in the frequency of the circuit.

Oscillating Electrical Circuits

The oscillations of the current within an electrical circuit are of
fundamental importance in the generation of waveforms of a variety of
shapes for radios, T.Vs, oscilloscopes, signal generators etc.

One of the simplest circuits for producing these oscillations is a charged
capacitor and a pure inductor connected via a switch as shown in the figure
5.5 (a)

L
——— N ————

P1|CIP_2
+ 1=
Fig. 5.5 (a)

When a charged capacitor is connected across a pure inductor of negligible
resistance, an alternating current flows through the circuit causing it to

oscillate at its natural resonant frequency, fo =

1
mVic thus causing

electrical resonance to take place.

Explanations

A charged capacitor has energy stored in the electric field between its

oppositely charged plates. i.e.E = -;— QV = L eve e 1
2 2C
When the switch, K, is closed, the capacitor C starts to discharge through

the inductor, setting up a current flowing in the circuit in the clockwise
direction.

An increasing current flowing in the coil (inductor) sets up a changing
magnetic flux in the inductor, which in turn causes a back e.m.f. to be
induced in the inductor hence, energy gets stored in the magnetic field of
the inductor. The induced back e.m.f. eventually opposes the current flow
through the inductor, thus making the capacitor to discharge slowly.
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* When the capacitor is completely discharged, all the electrical energy
originally stored in the capacitor has now been transferred to the magnetic
field in the inductor, L.

* Atthe instant the capacitor energy is completely depleted, maximum
energy is in the inductor, L and the inductor in turn begins to liberate the
energy originally stored in its magnetic field. The rapidly reducing
magnetic field liberated in the inductor causes an e.m.f. to be induced in the
inductor L, that acts in such a way as to drive a current in the circuit in the
same direction as before i.e. in the clockwise direction, in an attempt to
maintain the decaying magnetic field and current in the circuit, until all the
energy stored in the inductor is depleted.

* The flow of current in the circuit in the clockwise direction, caused by the
liberated energy in the inductor causes the capacitor to charge again, in the
opposite sense to that in the first case, i.e. plate Pz becomes positive while
plate P1 becomes negative. Thus energy gets stored in the electric field of
the capacitor. ;

* The process then repeats itself, setting up an alternating current flowing in
the circuit, due to exchange of energy in the electrical circuit from electrical
or electrostatic potential energy to magnetic energy in the circuit.

: ] 1 . .
ek = % QV or % CV? in the capacitor to s L 1% in the inductor
NB: The amplitudes of oscillations decrease with time since some energy is
lost as other forms for example in the inductor and connecting wires as
heat, due to flow of current through them.

The simple Radio receiver

If a capacitor (or inductor) is variable, then the circuit may be tuned to
resonate at a particular frequency, called the resonant frequency, fo of the
circuit corresponding to transmission frequency of a particular radio or

T.V. station.
Resonance circuit for tuning a radio receiver.

Aerial
-0 »  To the receiver
z . ! For
Aerial =y~ ¢ Variableair . \;6cation
et L 7 capacitor -
o . transmission.

—  Earthing Fig. 5.5 (b)
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Mode of operation: (How it works)

Radio waves from the different transmitting radio or T.V. stations
induce e.m.fs of different frequencies at the aerial coil, which in turp
induce currents of the same frequencies in the inductor, L, by mutya]
induction and connected in series with the variable air capacitor, C.

By altering or tuning the variable air capacitor, C, the circuit is tuned to
resonate with the frequency of the desired signal.

At a particular frequency, it responds and stores a large amount of
energy that passes on to and fro between the electric field and the
magnetic fields of the inductor.

The currents due to unwanted signals are negligibly small in comparison

to the desired values. At resonance, the impedance whose valueZ=R, is

very small in comparison to X. and Xc hence making the Q - factor in the
circuit very high, thus making the circuit highly selective.

5.6 Worked out Examples & Exercises on Alternating Currents

1.

(a)

(d)

(a)

(i)  Why s alternating current considered as sinusoidal? (1 mark)
(ii)  Derive an expression for the average power dissipated in a resistor
when a sinusoidal current is passed through it. (3 marks)
(i)  Sketch using the same axes graphs of current and voltage against
time for a capacitor connected across a p.d. V = V, sin(2mft)(3 mks)
(ii)  Explain why current leads voltage in the capacitor. (2 marks)
(i)  Describe the structure and mode of operation of a thermocouple
meter. 4 (5 marks)
(ii)  State two advantages of a thermocouple meter over a moving coil
ammeter. (2 marks)
(i)  Define the term impedance. (1 mark)
(ii) A pure inductor of self-inductance 5.0 mH is connected in series with
a resistor of resistance 2.0  and both are across a 240V a.c mains of
frequency 50 Hz. Determine the impedance of the circuit. (3 marks)
Solution
(i)  Alternating current - has a periodic wave profile that resembles @
sine wave or sine curve.
(i) Suppose currentI = Iosin wt, flows through R, a.c. power in the

resistance R, is given by;
P =I2R
Pa = lo? sin? wt
Average a.c. power over one complete cycle
(P,) = I,%R(sin? wt)
But (sin® wt), = %
.
Hence, the average power, over 1 cycle, - (P) = % I, K

|
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(b) (i) Graphs of Current and Voltage against time for a capacitor.

? \ 4 Accept different amplitudes
+1, - ofland V

RPN ... L -
/

F o A A

|

| |

: X | -
F< '\5_" ,'E’_‘ \7z\ I8n] t(s)
£ W W, W/ w

Current, I, leads voltage, V by 90° or m/2 radians
Fig. 5.6 (a)

(if) The capacitor stores electric charges. .
When uncharged capacitor is connected to voltage source, the flow of
current almost instantly enables transfer of charge from the source to

the plates of the capacitor.
The current from the battery will charge the capacitor with zero voltage

to the maximum voltage of the battery. i
When the capacitor attains the voltage of the source, or battery the p.d

between the battery and the plate of the capacitor becomes zero and

hence current stops flowing.
Thus, current occurs first and leads the voltage in a capacitor by ”/2

radians.

() (i)  The structure and mode of operation of a thermocouple meter.
The Thermo-couple meter.

m‘vacuated bulb
: R . Y

X Eoias [
Fine resistance wire

P Q

RP & RQ are
dissimilar wires

.= :Milliammeter

Fig.5.6 (b)
Current I being measured is passed through the fine resistance wire XY and

warms it up. '
" Contact R at the centre of the bulb and shielded from draughts acts as the

hot junction with junctions P and Q of the two dissimilar wires acting as

cold junctions. .
e A temperature gradient between R, P and Q causes a thermo-electric e.m.f.

- to be produced and a thermo electric current Irms to flows th'rough the mA

or the pA already calibrated to measure direct current.
e A current through the meter causes a deflection @ which is proportional to

the Irms
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o-couple meter over a moving coil meter
rnating current and direct current
be used for measuring only direct

(ii) Advantages ofa therm
It can be used for measuring both alte
unlike the moving coil meter that can

current. , .
The meter is also more durable than the moving coil meter, because it

does not have a delicate coil that can easily be blown off like that of a

moving coil meter when a large current i-f' passed through it.
It's also cheaper to make and purchase, since a strong and pe}'manent.
U - shaped magnet used in moving coil meter 1s quite expensive to make.

(d) (i) Impedance-is the total opposition offered by a reactive circuit |
containing a capacitor and/or an inductor to the passage of changing |

current or a.c through it. |

(i) L=50mH=50x10"3H,R=2.0Q
V..o =240V, f =50H, L R

V2 = V2 + V2 S i 0
= (IX,)? + (IR)? ) bir
= [2(X? + R?) N

vV =1JX2+R? i

o f Fig.5.6

=~ Impedance, Z = ‘I/m‘ = ‘/Xf + R2 V,f Fig (C')
™ms

Where X, = 2nfL = 21 X 50 X 5.0 X 103 =1.571Q

Z = ,/(1.571)% + (2.0)2 =2.543 0
tan @ = 2k =Xk = 7L
VR IR R
= fan=1 (2212 - °
® =tan (32) = o = 381

i.e. Voltage, V, leads Current, I, by 38.1°.

(a) (1) Define the term root mean square value of alternating current.
(ii)  acoil of self inductance, 0.2 H is connected across an a.c. source of

voltage, V' = 4.0 sin 100 nt volts. Determine the peak voltage,
frequency of the source and the steady current flowing in the circuit:

(b) (i)
(ii)

Desc.ribe the structure and mode of operation of a repulsion tyP¢ of
moving iron ammeter.

State the advantages of a moving iron ammeter over a moving coil
ammeter.

Solution

(a) (i) Root mean s g
quare value - is the st  sinates
(heat) or energy in a given r eady current that dIsSIp

alternating current. esistor at the same rate as the




(b)

(if)
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(i) From,V = 40sin100ntandL=0.2H, X, = 1 V°\/_ = D £,
rms 2
f =50Hz,Peak voltage ,Vy = 4.0V

Vo 4.0 3 k
2MfLVZ 21 x50%02 v2 =450 x107%4

Vlpms =

(i)  The repulsion type of moving iron ammeter.

Non - linear scale

Movable soft
Ty T, iron rod

Terminals
Fig.5.6 (d) :
Current, I is fed into the coil via terminal T1 and T, creating a magnetic
field at the centre of the coil.
The two soft iron rods P and Q get magnetized in the same sense and begin
to repel each other with an average force which is proportional to the
- square of the current flowing through the coil. ’
The fixed rod Q repels rod P, causing rod P, to rotate about the pivot and
the pointer moves over the scale through an angle 6, until its stopped by
the restoring couple due to a pair of hair springs.
The deflection, 0 produced on the scale is proportional to the average of the
square current. i.e. 6 a (I)
Hence, the innstrument has a non — linear scale.

Advantages of a moving iron meter over a moving coil meter

Moving iron ammeter can be used for measuring both alternating current
and direct current unlike the moving coil meters that can be used for
measuring only direct current.

The moving iron meter is also more durable than the moving coil meter,
because it does not have a delicate coil that can easily be blown off or burn
off like that of a moving coil meter, that easily burns up or blows when a
large current is passed through it. i.e. moving iron meters can be used to
measure large currents unlike moving coil meters.

Moving iron meter is also much cheaper to make or purchase, since ithas a
strong and permanent U - shaped magnet used in moving coil meter is
quite expensive to make.



(b)

(©)

(d)

(a)

(b)
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(i)

Define the term frequency of alternating current.
(i)  Why is alternating current commonly referred to as sinusoidal?

Describe how full wave rectification of a.c. is achieved using only two
rectifiers.

(1)
(i)

Define the terms, resistance, reactance and impedance of an a.c
circuit.

A capacitor of capacitance, 16pF, a resistor of 300 Q and a pure
inductor, are connected across an a.c. source of 20 V and frequency,

50 Hz. If a current of 20 mA flows in the circuit, determine the self
inductance of the coil.

Explain why a capacitor does not absorb power from an a.c. circuit
Solution

(i)  Frequency refers to the number of complete cycles made by an
alternating Voltage per second.

(ii)  Root mean square value is the value of the steady voltage
which dissipates heat energy in a given resistor at the same rate as
the alternating voltage.

(ii)

It’s variation with time is represented by a sine curve

The full wave Rectifier meter -

Step down
Trans ormer
t A {: 0 P :

Direction of ‘
@ current flow !

mains N

Q

Fig.5.6 (e]

During the first half of the a.c. input when terminal A of the a.c is positive

with respect to B, diode (rectifier) Dy conducts current while D, does not.

Current flows from A through diode D, to P through the m1111 ammeter in
the direction PQ to C and back to A.

Current flows from A through Dy, to P through resistor the mA to Q in the

direction PQ causing a deflection on the scale of the mA then a current |
pulse flows to C and back to A.

The first half of the a.c input cycle is then rectified

During the change of current from terminal A to terminal B, current dropP
to zero in the mA

When B is positive with respect to A, diode D: conducts current while D 1r1
does not. Current flows from B through D, to O to P, through the mA e



(d)
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to Qin the direction PQ causing a deflection on the scale of the mA due to a
current pulse in it and flows to C and back to B,

Hence, the second half cycle of the a.c. input is now also rectified.

In both half cycles, current flows through R in the same direction QtoC.
The pointer of the mill-ammeter connected in series with R deflects as the
deflection is proportional to the average of the square of the current,

The process repeats itself several times per second for all the subsequent
cycles producing direct current flow through the mA of output shown in
figure 5.6 (f)

dc ulsating current output. -

Fig.5.6 (f)

(ii) It can measure both A.C and D.C unlike moving coil meters that can only
measure D.C. and not A.C.

It can measure large values of current unlike moving coil meters whose coil
burns up when overloaded.

It’s relatively cheaper to construct compared to the moving coil meter.

It’s also more durable i.e. long lasting since its coil is not as delicate as that of
a moving coil meter that easily burns up when overloaded.

()  Resistance is the dissipative opposition to the flow of current in a
conductor.
Reactance is the non-resistive (or non - dissipative) opposition to the flow
of current through a capacitor and an inductor. -
Impedance is the resultant opposition to the flow of current through both
reactive and resistive components connected together.

(if)  Impedance, Z = \/RZ + (X, — X,)?

174 1

2

20 =J3002+(2nX50XL— 2 )2

40x10-3 2rx50x16x10~6
~ L =1906H

During the first quarter cycle, the capacitor charges and energy I:S drawn from the
source and stored in the electric field of the capacitor when applied voltage
increases to a maximum value. :
During the second quarter cycle, applied voltage decreases, the capacitor discharges
and energy is returned to the source.
During the third quarter cycle, the capacitor charges in the opposite-direction as
applied voltage increases, again energy is stored in the electric field of the capacitor.
In the last quarter cycle, applied voltage decreases, the capacitor discharges and
energy returns to the source.
Thus in one cycle, there is a no net energy in the capacitor, hence a capacitor is a
wattles component.



