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Electromagnetic Induction

In the DC motor, a force was produced using cur-
rent and magnetic field. In electromagnetic in-
duction, the reverse question is asked: can cur-
rent/voltage be produced using motion/force
and magnetic field?

An induced e.m.f. appears when the magnetic flux
linkage through a circuit changes.

with coil

-
Case Situation Voltmeter reading

1 Magnet  stationary 0
outside the coll

2 Magnet moving to- positive pulse
wards the coil

3 Magnet stationary in- 0
side the coil

4 Magnet being pulled negative pulse
out of the caoll

5 Increasing number of  larger induced e.m.f.
turns of coil

6 Increasing strength of  larger induced e.m.f.
magnet

7 Increasing speed of larger induced e.m.f.
motion

8 Field lines interacting magnetic flux linkage

1. Stationary 2. Moving in
*
[ff;;:t Eigﬁ
ov +2mV
3. Stationary inside 4. Moving out
>
ov —-2mV

Important pattern

No induced e.m.f. is produced merely by the pres-
ence of a magnet. The e.m.f. is produced only when
the magnetic flux linkage changes.
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Magnetic flux linkage, Faraday’s law and Lenz’s law

From cases 1 to 4

To induce e.m.f. in a conductor, a change in the
interaction of magnetic field lines with the coil
is needed.
E x N, E x AD, & x @
At
Therefore
. NA®D
At
& J

field lines interacting with coll

magnetic flux linkage

Magnetic flux linkage

Magnetic flux linkage means magnetic field lines in-
teracting with the coil.

where N is the number of turns.

Faraday’s law of electromagnetic induction

The e.m.f. induced in a conductor is directly propor-
tional to the rate of change of magnetic flux linkage.

_ A(N®)
&= At
For calculus form:
_d(N®)
€= dt

Lenz’s law

The induced e.m.f. is in such a direction that it op-
poses the change which produces it.

A(ND)
At

£=—

The negative sign gives the opposition predicted by
Lenz’s law.

}

® = BA (when field is normal to the area), N® += NBA

Approaching magnet causes a change
in magnetic flux linkage
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Lenz’s law and conservation of energy

Why this agrees with conservation of energy

> N S
Lenz’s law also relates to the law of conservation of
energy:
Energy is neither created nor destroyed; it is converted from on

Induced current creates a field

U @RS 1S ER e, For electrical energy to be produced, the magnet must

lose kinetic energy. The opposition faced by the mag-
net achieves this goal. Hence work must be done
continuously to keep the coil moving relative to the
magnet.

Physical meaning of the minus sign

d(N®D)

dt
The sign does not make the e.m.f. “negative en-
ergy”. It tells the direction of the induced e.m.f.
and current: the induced current makes a mag-

netic field that resists the change in flux linkage.
N J

< No free energy
| Nofreeenergy |

If the induced current helped the change, the magnet
would accelerate and produce more electrical energy
without any external work. Lenz’s law prevents this
by making the induced effect oppose the cause.

E=—

When the magnet withdraws,
the induced field opposes withdrawal.
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Dropping a small magnet through a long coil

Magnet enters Inside coil Magnet exits
sV
> =2
D=
*g_’ -
=2 ¢\*07
1>
= m . )
Flux linkage increases; Equal interaction of field with Flux Iinkag@iecreases;
hence e.m.f. is induced. both sides gives no change in e.m.f. is inddced again,
magnetic flux linkage. with opposite sign.

Lenz force during the drop

As the magnet enters the coll, it experiences repulsion: the magnet slows down upon entrance. Repulsion increases
as it approaches closer. As the magnet exits the coil, it experiences attraction in the opposite direction: the magnet
may speed up, but the attractive force decreases as its distance from the coil increases.
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Induced e.m.f. graph for a falling magnet

v | V/Vnagnet slows down Interpreting the graph

upon entrance as it ) )
» Apulse is produced on entry because flux link-

experienices repulsion
KL age changes.
t/s * No e.m.f. is produced while flux linkage is not

changing appreciably.

» A pulse of the opposite sign is produced on exit
because the direction of change of flux linkage
reverses.

magnef speeds up
on exitjas the attractive
-V force changes

» The narrower/larger pulse can correspond to
faster motion and a greater rate of change of

flux linkage.
N\ J
Rate matters
_|A(N®)

Greater speed, stronger magnet, or more turns
means a larger induced e.m.f. because the rate of
change of flux linkage is larger.
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Exam-style example: oscillating magnet and coil

E a

helical spring

magnet

coil
Fig. 5.1

A bar magnet is suspended vertically from the free end of
a helical spring. One pole of the magnet is situated in a
coil. The coil is connected in series with a high-resistance
voltmeter. The magnet is displaced vertically and then
released.

(a) Faraday’s law

The e.m.f. induced in the conductor is directly propor-
tional to the rate of change of magnetic flux linkage:

A(ND)

E x ~

e

From the graph

The voltmeter reading alternates between posi-
tive and negative values because the direction of
motion of the magnet is reversed after every half
oscillation.

11

T 07 1.33Hz.

T=0.75s, fo =

7114
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Resonance of the magnet-coil system

Why the graph has positive and negative val-

ues

As the magnet oscillates, the direction of motion
changes after every half oscillation. This reverses
the direction of change of magnetic flux linkage
through the coil. By Lenz’s law, the induced e.m.f.
also reverses sign.

Frequency calculation

0.7, fo 1.3f

Sketch requirement

T=0.75s

) =

When an alternating supply is connected to the coil,
maximum amplitude occurs when the driving fre-
quency equals the natural frequency of the magnet-
spring system. Thus the amplitude-frequency curve
peaks at f = fj.
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Magnetic flux density and flux linkage in a solenoid

Definition of the tesla

One tesla is the magnetic flux density when a wire
of length 1 m, carrying a current of 1 A normal to the
magnetic field, experiences a force of 1 N.

F
B=—
IL
solenoid

area = 28 cm?

coil C, 160 turns

For a long solenoid,
B = ponl.

Given n = 1.5 x 10°m~", I = 3.5A, and po = 47 x
10-"Hm™1,

B = (47 x 1077)(1.5 x 10*)(3.5) = 6.6 x 1073 T.
Area:
A=28cm? =28 x 107 =28 x 107> m?.

N® = NBA = 160(6.6 x 1073)(2.8 x 1073)

| N® ~ 2.96 x 1073 Wb. |
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Average e.m.f. when current is reversed

Faraday’s law

A(NOD)
At
The magnitude of the average induced e.m.f. is

£——

(N®); — (N®):

1= |

Ve

Worked example

If the flux linkage changes from
+2.6 x 107* Wb

to
—2.6 x 1072Wb

in 0.80s, then
A(N®) = —2.6x1073—(4+2.6x1073) = —5.2x 1073 W

5.2 x 1073

|E| = =6.5x1073V.

0.80

-

10/14

b.

NO
A
42.6 x 10-3 reversal of
magnetic field
> time
—2.6 x 1073
<>
0.80s

Sign convention

The sign of the induced e.m.f. depends on the cho-
sen direction of the coil and flux. Exam calculations
often ask for the magnitude unless a sign is explicitly
required.
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Switching current on and off: induced e.m.f. pulse

current switched off "

current switched on

What happens

When current in the solenoid is switched on, mag-
netic flux linkage through coil C changes from zero
to a value, so an e.m.f. pulse is induced. When

the current becomes steady, A(N®)/At = 0, so < Al
no e.m.f. is induced. When switched off, the flux AL
linkage decreases to zero and an opposite pulse

for a fixed solenoid-coil geometry, because B o« I

is produced. and N® x B
\ ~ :
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Solenoid question: flux linkage and mean e.m.f.

coil C: 85 turns

diameter 3.2¢cm

Show flux linkage

Diameter d = 3.2cm = 3.2 x 1072 m, so

d 2
A=n <§> =7m(1.6 x 107%)%.

B =31x10"%],
then for I = 2.8 A,

B=868x1073T.

N® = NBA = 85(8.68x10%)mr(1.6x107%)? ~ 6.0x1
& J

Mean e.m.f. when current is reversed

If current is reversed, flux linkage changes from

+6.0x107*Wb to —6.0x 10"*Wb.

A(N®) =1.2 x 1073 Whb.
In0.30s,

1.2 x 1073
€] = 122107 o <1073V =[20mV]

0.30

Reasoning shortcut

Because N® « I, the sign of the flux linkage reverses
when the current is reversed. The change is therefore
twice the initial magnitude.

4 Wb.
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Induced e.m.f. from a changing current waveform

(&

31I/A
2 £+

| Tol2l0l4 06 08 1

—3 F

Since N® « I,

AT
Thus the induced e.m.f. is constant wherever the
current graph has a constant gradient, zero wher-
ever the current is constant, and changes sign
when the gradient changes sign.

9 L&/mV

t/s
03 06 09 1.1 14 17 2

Y

If Al is positive, £ is negative. If Al is negative, & is
positive. If AT =0, £ = 0.
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Final practice summary

Common calculation chain What must be retained in answers

1. State Faraday’s law using “rate of change of mag-

A(N®) netic flux linkage”.
B—®=BA—-N®=NBA —&=—
At 2. State Lenz’s law using “opposes the change pro-
For a solenoid where B o I, ducing it”".

3. Use the correct number of turns N when comput-
AT . .
NO x I, & x R ing flux linkage.
\ J 4. Convert cm? to m?.

If a graph of N is given 5. When current reverses, flux linkage changes from

. . . +N® to —N®, so total change is 2N ®.
* Gradient of N®-time graph gives A(N®)/At.

* Induced e.m.f. is the negative of this gradient.

» A horizontal section gives zero e.m.f.

* A steeper section gives larger magnitude e.m.f.

N®

t

N
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