PHY 192- PHYSICS 111 5. Electromagnetic Induction
Physics for Electrical Engineering

5. Electromagnetic Induction
5.1.Magnetic Flux

5.1.1. Definition

Magnetic flux, is a measure of quantity of magnetism, taking account of the
strength and the extent of a magnetic field. The flux through an element of area
perpendicular to the direction of magnetic field is given by the product of the
magnetic field density and the area element.

Conversely, the magnetic flux can also be taken as the product of the perpendicular
component of the magnetic filed density and the area element.

More generally, magnetic flux is defined by a scalar product of the magnetic field
density and the area element vector.

The SI unit of magnetic flux is the weber, and the unit of magnetic flux density is
the weber per square meter, or tesla.
' Magnetic field density, B

Area element perpendicular to B
Acosd

Actual Area element, A, passed by B

Fluz,¢=B A
=BAcos 8
where 0 iz the angle between B and the normal wector to the area

Perpendicular component
of Magnetic fleld density, B cos 8

A

Ilagnetic field density, B

Actual Area element, A, passed by B

Fluz,¢$=BA
=Broz 0 A
where 8 iz the angle between B and the normal vector to the area
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5.1.2. Flux Linkage

For a coil of N turns, the flux linking the coil is @=N¢=NBA cos 0
Although the actual area of the coil is A, flux linkage in effect looks at
the coil as having an area NA. Thus a larger amount of flux can be
obtained using the effects of flux linkage when the region of magnetic
field is small.

Area of magnetic field refion, A,

Area of coil, &,

Fluz, =B . A,
not B. Ay as magnetic field

denzity does not fill the whale
area A,

Magnetic filed region

Coil of M turns, each turn
of area, &

Coil of single turn, area MNA

Both coil have the same flus due to flux linkage.
Adwantage of fhaz linkage - can be use to obtain
the same amount of flux when the magnetic field
region is stmall

5.2.Electomagnetic Induction

Electromagnetic induction is the production of “voltage” or more accurately
electromotive force across a conductor from a magnetic field.

5.3.Faraday’s and Lenz’s Law of Electromagnetic Induction
5.3.1. Faraday’s Law of Electromagnetic Induction

The Faraday’s Law of Electromagnetic Induction states that
The magnitude of the electromotive force induced is directly proportional to
the time rate of change of flux.

In mathematical form this can be written as,
€ o< do/dt
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extending to a coil it can be written as
€ o< dP/dt

or
€ o< Nd¢/dt

5.3.2. Lenz’s Law of Electromagnetic Induction

The Lenz’s Law of Electromagnetic Induction states that
The direction of the induced electromagnetic force is such that is opposes the
action which produces it.

The Lenz’s Law of Electromagnetic Induction arises from the need to
conserve energy. The electrical energy produced from electromagnetic
induction is normally due to the conversion of mechanical energy to electrical
energy.

Combining both laws give us,

€ = - Ndo¢/dt

where the negative sign determines the direction of the induce e.m.f.
with respect to the changing flux.

5.3.3. Using Faraday’s and Lenz’s Law of Electromagnetic Induction
€ = - Nd¢/dt is the tme dependent e.m.f.
The average e.m.f. is given by
€ = - NAQ/At
In common usage the magnitude of the e.m.f. is obtain from
€ = NAY/At =N (0 - ¢;)/(t; — t;)
while the direction of the e.m.f. is determined by observation.

As ¢=BA cos 0, then several cases can be explored where one variable
changes while the other remain constant.
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Case 1. Changing B field

o =MBA cos 8 $=MBt cos B

€ = AD/At = (Ds - P)/(tr— ;)
or

€ = NAQ/At =N (¢r - ¢;)/(t; — t)
or

€=NA cos 0 (Bf- B)/(t;—t;)

The direction of the induced e.m.f. is determined by
Initial magnetic fisld density

Eli _'._
By . Final magnetic field density
By
> Final - Initial magnetic field
-t
B+-B)  -B
=B¢- By
EEm— Resultant of Final - Initial magnetic field
Be+(- By
=B-By
< Magnetic fleld due to induced em f usinf Lenz's law
B;+(- By
=B;- B

Using right hand grip rile
direction of induced em. £ is clocksarise,
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Case 2. Changing Area

- - . . - - - -
B out
- - . . - - - -
- - . . - - - -
— =
- - . . - - - .
- - . . - - - -
- - . o - - - -

Area of coil due to sliding wire, rails and connector (resistor in this case)

- - . o - - - -
E out
- - . . - - - -
‘E‘- ™ i . - - - ™
.‘f
L - - - - (] - - -
- - - ]
T. ™ f f ™ ™
- - . . - - - -
R RS »
vAL

Final area of coil

Change in area of coil

& = NAO/AL =N (0 - 0,)/(tr — 1)
€=NB cos 0 (Ar- A)/(tr—t;)
But (A¢- A;) = LvAt = Lv(ts— t;)

therefore,

€ =NB cos 0 Lv(ty— t)/tg — t;)
€=NBcos 6 Lv

€ =NBLv cos 0

Variations of the changing area is i) a single moving wire in the
magnetic field, ii) the sliding wire imakes an angle with the rails.

The direction of e.m.f. in the sliding/moving wire can be determined in several
ways.

mohdnoormohdali



PHY 192- PHYSICS 111 5. Electromagnetic Induction
Physics for Electrical Engineering

Method 1. Force on charges (Electrodynamics)

B out
- - . . . . - -
. - . . . . . .
- - . . . . - -
Or—
. - . . . . . .
. - . . . . . .
- - . . . . - -
The positive charge iz mowving to the right in a magnetic field.
Using Flerning's Left Hand, a force F iz produced, acting
ot the charge in the downward direction. The e £/ induced
F current points dowrwards.
F
- B
W

Method 2. Induced Forced produced by Induced E.m.f / current

B out
- . -
- . -
Induced force produced - - -

by induced em. £/ current

- oV in direction of applied Force
-

according to Lenz's Law a force iz produced by

F (induce) the induced e £ to oppose the applied force on the wire,
The direction of the induced current is obtain from using
Fleming's Left hand rule. The direction of the induced
et f. f current is dowtswards.

[induced
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Method 3. Flux change in coil.

B out
™ ™ - » - . - ™
- - * o . . - -
- - * o . . - -
—..V
™ ™ . . - . - ™
- - b . - . - -
- - * o . . - -

When the wire moves, flux changes in the col (increase/decrease).

Induce em. £, will oppose thiz change. Induce em. £ will (subtract/add)
tnagnetic ficld density inside the coll. Ditection of mduced cutrent can now
he determined.

— 7 — ¥

Area decrease, flux decrease Atrea increase, flux increase

Case 3. Changing angle between magnetic field strength and coil.

11

I

Mormal vector parallel to B Mormal wector parallel and B at an angle

€ = NAQ/At =N (¢r - ¢)/(ts — t)
0;=BA cos 6;

0=BA cos 6

€ =N (BA cos 0 - BA cos 6,)/(tf—t;)
€ =N BA (cos 05 - cos 0,)/(tg —t;)

The direction of induced e.m.f. is obtained as follows.
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If the flux in the coil decreases as the coil is turned as in the above
figure, then induced e.m.f. will produced a magnetic field to add to the “lost *
flux. In this case the direction of the e.m.f. will be counterclockwise.

Another approach is using the force perspective. A force is applied to
produce a torque to turn the coil. An induced force is produced to oppose this
applied torque. The induced force is acting upwards on the top part of the coil
(and downwards on the bottom part of the coil). Using Fleming’s Left Hand
rule, this force is produced bi an induced e.m.f./ current counterclockwise in
the coil.

5.4.EMF of a coil rotating in a uniform magnetic field
For a coil rotating with a constant angular speed, ®, in a magnetic field, the
instantaneous e.m.f. can be obtain as follows.

&(t) = - Ndo/dt

€(t) =- N d(BA cos 0)/dt

€(t) = - NBA d(cos 0)/dt

But cos 0 = cos ot where 6 = ot
Then d6 = w dt

Using chain rule

€(t) =- NBA (d(cos 6)/ d0).( do/dt)
€(t) =- NBA (-sin 0 ).( ®)

€(t) = NBAwsin 6

€(t) = NBAwm sin ot is the time variation of the e.m.f. where the maximum (peak)
e.m.f. is NBAw =¢,

5.5.Alternating Current and Direct Current Generators
Alternating current generator has the same structure as the alternating current
motor, while the direct current generator has the same structure as the direct
current motor. The slip rings / carbon brushes and split ring / carbon brushes
commutator setup are to ensure that the induced currents produced are
alternating and direct respectively for the generators.

Note that the induced direct current produced from a simple direct current
generator is not of a constant value but varies with the angle the coil makes
with the magnetic field vector.

The instantaneous e.m.f. of the alternating current generator is
€(t) = NBA® sin ot

while that for a simple direct current generator is

€(t) = NBA® | sin ot |
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EIF

Vo

E.WNLF for an A C. generator

0 130 360 540 720
E.LLF for an D.C generator

5.6.Self induction and self inductance
Every complete circuit is in effect a coil. When the current changes in the
circuit the magnetic field in the ‘coil” changes. Thus by induction an induced
current will be produced in the circuit. The induced current will oppose the
change in current in the circuit. Thus the change in current values will be
slower.

Wires can be wound into coils or a solenoid forms to generate greater induced
currents. The generation of induced current when the current in the circuit
changes is called self inductance. The measure of the ability to generate a
larger induced current / e.m.f. by the coils / solenoids (normally called
inductors) is their inductance.

€L =- Nd¢/dt = - L di/dt

Ndd/dt = L di/dt

Thus the inductance, L = N¢/I

The unit of inductance is Henry (H).
1 H=1 weber / ampere

5.7.Back EMF
Back e.m.f. is produced in electric motors. When current is supplied to a
motor, torque is produced, and the coil turns in the magnetic field. As the coil
turns the flux in the coil changes, which induced an e.m.f. in the coil.
Therefore a motor is a also a generator at the same time.
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------------------------------------------------------

Iotor Ilotor
A A——] —A—]
Cdil resistance Back e f . R V back e £
L & L B!
I I
Input waoltage W

Using Kirchoff's Law

1;-.'ir _IR_Vhaﬂ': emf = D
or
1;-.'ir = IR_ + themf

As the e.m.f. of a coil is &(t) = NBA® sin ot , the average e.m.f. (or back
e.m.f. in the case of a motor) is proportional to the angular speed ®. The
magnitude of the average back e.m.f. is <€ >= 2NBAw/%

Note: There is only 1 current in the coil, it is not possible to separate supply
current and induced current. The back e.m.f. can not be directly measured. The
voltage across the terminals of the motor will always be the input voltage. The
voltage drop across the coil due to the resistance can be calculated if the
current and the coil resistance is known. Thus back e.m.f. can be calculated in
practice.

5.8.Transformers
Transformers operate using the principle of electromagnetic induction. A
simple transformer has two coils of the same area, thus the flux in the coil is
the same for both coils. The changing flux is provided when an alternating
current source is used. The supplied e.m.f. , €, can be written as
€; =- Nid¢/dt while the induced e.m.f. is

& =- de(I)/dt

Rewritnig both give

d(I)/dt =-£1/N;

d¢/dt =-&/N,

Therefore

€1/N; = €/N, which is normally written as
Vi/N; = V2/N,

or

Vi/ Vo =Ni/N,

5.8.1. Efficiency
Efficiency of a transformer is defined as
(Output Power / Input Power) x 100%.
When Output power equals Input power the transformer is 100%
efficient. All energy is taken from the primary coil across to the
secondary coil.
10
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In practise transformers are rarely 100% efficient. Transformers lose
energy in the form of

i) joule heating of the coils due to the resistance of the windings,

ii) flux loss between the primary and secondary coil,

iii) Eddy currents when an iron core is used,

iv) magnetic hysterisis of the iron core.

To reduce energy/power loss

i) the resistance of the windings have to be low — use low resistance
wire, large diameter, shorter windings,

ii) the coils must be as close as possible to one another,

iii) laminated iron core is used to reduce eddy current,

iv) materials of low hysterisis can be used.

The efficiency of a transformer can also be witten as
(Output Power / Input Power) x 100% = Efficiency

Py 1009 = Egciency

p input

M x100% = Efficiency

iLi
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