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UNIT 4
Electromagnetic Induction and Alternating
Currents

* |n this unit, the student is exposed to
— the phenomenon of electromagnetic induction

— the application of Lenz’s law to find the direction of
induced emf

— the concept of Eddy current and its uses

— the phenomenon of self-induction and mutual-
iInduction

— the various methods of producing induced emfs
— the construction and working of AC generators



— the principle of transformers and its role in long
distance power communication

— the notion of root mean square value of alternating
current

— the idea of phasors and phase relationships in
different AC circuits

— the insight about power in an AC circuit and wattless
current

— the understanding of energy conservation during LC
oscillations



UNIT 4
Electromagnetic Induction and AC - Syllabus

* Electromagnetic Induction

o Introduction

o Magnetic flux

o Faraday’s laws of induction — Experiments

o Lenz's law

o Fleming’s right hand rule

o Motional emf from Lorentz force

o Motional emf from Faraday’s law and Energy conservation
 Eddy currents

o Explanation

o Applications of Eddy currents



* Self-induction

o Introduction

o Physical significance of inductance

o Self-induction of a long solenoid

o Mutual induction

o Mutual Inductance of two long co-axial solenoids
 Methods of producing induced EMF

o By changing magnetic induction

o By changing area enclosed by the cail

o By changing the orientation of the coil with field
* AC generator

o Single-phase AC generator

o Three-phase AC generator




 Transformer

o Construction and working of Transformer

o Energy losses in a transformer

o Advantages of AC in long distance power transmission
* Alternating current

o Mean or average value of AC

o RMS value of AC

o Phasor and phasor diagram

o AC circuit with a resistor

o AC circuit with an inductor

o AC circuit with a capacitor

o Series RLC circuit

o Resonance in series RLC circuit




* Power in AC circuits

o Introduction

o Wattless current

o Power factor

o Advantages and disadvantages of AC over DC
* QOscillation in an LC circuit

o Energy conversion during LC oscillations

o Conservation of energy in LC oscillations

o Analogies between LC oscillations and simple harmonic
oscillations



4.1 Electromagnetic Induction

4.1.1 Introduction
« Magnetic effects of electric current
* lts converse effect

 |s it possible to produce an electric current with the
nelp of a magnetic field?

4.1.2 Magnetic flux

« the number of magnetic field lines passing through
that area normally

OR =J§. dA = BA cos 6 (4.1)
A




4.1.3 Faraday's Experiments on Electromagnetic
Induction - First Experiment

No motion Towards left Kept stationary
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4.1.3 Faraday's Experiments on Electromagnetic
Induction — Second Experiment

Increasing Decreasing
current current
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Electromagnetic Induction

 Whenever the magnetic flux linked with a closed caoill
changes, an emf is induced and hence an electric
current flows in the circuit.

 This current - an induced current and the emf - an
iInduced emf.

* This is known as electromagnetic induction.



Explanation of Faraday's first experiment

magnetic flux T
linked is less

magnetic flux
linked is more

Right deflection
(a)
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Explanation of Faraday’'s second experiment

No current
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Left deflection




Faraday's laws of Electromagnetic induction
* First law

Whenever magnetic flux linked with a closed
circuit changes, an emf is induced in the circuit.

e Second law

The magnitude of induced emf in a closed circuit
IS equal to the time rate of change of magnetic
flux linked with the circuit.

e _N dd,
dt

d(N®D,)
dt

(4.3)




4.1.4 Lenz's law

It states that the direction of the induced current is
such that it always opposes the cause responsible
for its production.

This is according to the law of conservation of
energy.

It says that effect always opposes the cause.
Causes:
o In terms of increase or decrease of magnetic flux
o In terms of movement of the magnets
Effect:
o Induction of emf or current
The direction of induced current is found out.



Right hand thumb rule

Direction of magnetic field
of a straight conductor

Direction of magnetic field
of a circular loop

“',,,,,%}',’,’,) « Direction of magnetic field

of solenoid

Current
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Lenz’s law - First lllustration

No Current

X X X XAX

=
X = B (Lr, inwards)

X X

®—> _B:,,d (Lr, outwards)

If flux increases,
opposite direction

X X
X X X X
X X
X X X X
X X
C -

X —> 1_3:,,(, (_Lr, inwards)

If flux decreases,
same direction



Find out the direction of the induced currents in the 3
closed loops given below using Lenz's law.

(i) Anti-Clockwise

X X X X X

< % " (ii) Clockwise




Lenz’s law - First lllustration

EXAMPLE 4.7

The magnetic flux passes perpendicular
to the plane of the circuit and is directed
into the paper. If the magnetic flux varies
with respect to time as per the following
relation: &, = (2" +3t* + 8t +5)mWb, what
is the magnitude of the induced emf in the
loop when t = 3 s? Find out the direction of
current through the circuit.

X X
X X
X X

_d(Ne,)

(@) =T

—_ d 3 2 -3
'E(z' +3t +8f+5)x10

= (6:2 +61+ 8) x10~*

Att=3s,

e=|(6x9)+(6x3)+8|x10"

=80x10°'V =80mV

(ii) Astime passes, the magnetic flux linked
with the loop increases. According
to Lenz’s law, the direction of the
induced current should be in a way so
as to oppose the flux increase. So, the
induced current flows in such a way to
produce a magnetic field opposite to
the given field. This magnetic field is
perpendicularly outwards. Therefore,
the induced current flows in anti-
clockwise direction.



No motion

L enz’s law - Second
lllustration

"eay

Attraction between
coil and magnet

Repulsion between !
coil and magnet




Lenz’s law - Second lllustration

The magnet's
motion
creates a
magnetic
dipole that
OppOSES
the motion.




4.1.5 Fleming’s right hand rule

N

Direction of
force

Current
Direction </ &

of field S 4 _---" -:N . i

&

Direction
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4.1.6 Motional emf from Lorentz force

_)
B (_Lr, inwards)

X X X

X X
X X

B x

ie., E,|=|F,|

}—e (Gxé)‘=\-eé

vBsin90° = E

vB=E

V =El
V =vBI
Motional emf is
¢ = Bly




4.1.7 Motional emf from Faraday’s law and Energy
conservation

_)
B (Lr, Inwards) E

: Motional
= % >i emf

D, :fB-d;l. — BAcos©
A

€
Here 6=0" and cos0" =1 E
= BA B

@, = Blx (4.8) ?



Energy conservation

—

= The applied force F must be equal to

—

E in order to just move the loop with a

constant velocity v

The rate of
doing
work or power

The rate at which
thermal energy is
dissipated or power



EXAMPLE 4.9

A copper rod of length [ rotates about one
of its ends with an angular velocity w in a
magnetic field B as shown in the figure.
The plane of rotation is perpendicular to
the field. Find the emf induced between
the two ends of the rod.
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Solution

Consider a small element of length dx at
a distance x from the centre of the circle
described by the rod. As this element
moves perpendicular to the field with a
linear velocity v =xwm, the emf developed
in the element dx is

‘ de = Bvdx = B(xm)dx

This rod is made up of many such elements,
moving perpendicular to the field. The emf
developed across two ends is

AL

X

ezde:'ZhB(oxdx — Bw 2

0

£ =—1'B(,012
2
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4.2 Eddy currents

Metal plate

Eddy currents

K



Eddy currents - Demonstration




I. Induction stove

Cooking Zone

Coil High frequency
Alternating magnetic field



Ii. Eddy current brake

| Figure4.15 (a) Linear Eddy current brake Figure 4.15(b) Circular Eddy current brake




lii. Eddy current testing

Coil’s
magnetic field

Coil Eddy current’s

magnetic field

—

Eddy

currents

AW

lllll

Conductive
material

| Figure 4.16 Eddy current testing



Iv. Electromagnetic damping

Soft iron
cylinder

Figure 4.17 Electromagnetic damping




4.3 Self-induction

4.3.1 Introduction

* Inductor is a device used to store energy in a
magnetic field when an electric current flows
through it.

Self — induction

« If flux linked with the coil is changed by changing
the current, an emf is induced in that same coil.
This phenomenon is known as self-induction.

« The emfinduced is called self-induced emf.



Physical significance
L plays same role as

mass and MI. pmmmm
 Thus, inductance of the
CO” Opposes any m.re asing current

change in current and
tries to maintain the
original state.

pm“ommm

il
Decreasing current

(b)

Figure 4.20 Induced emf € opposes the
changing current i




4.3.3 Mutual induction

 When an electric current passing through a coll

changes with time, an emf is induced in the
neighbouring coill.

* This is mutual induction
 Emfis mutually induced emf



4.3.4 Mutual inductance between two long co-axial
solenoids

Solenoid 1 Solenoid 2
of Nj turns of N turns
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Let i be the current flowing through The flux linkage of solenoid 2 with total
solenoid 1, then the magnetic field produced ~ turns N, is
inside it is

|— N,®, = (n]l)(uni)A, since N, =n,l
B, =u, n i
| N,®,, = (unm,A,Di, (4.20)

As the field lines of B, are passing
through the area bounded by solenoid 2, From equation (4.19),
the magnetic flux is linked with each turn of N,®, = M, i,

(4.21)
solenoid 2 due to solenoid 1 and is given by

- Comparing the equations (4.20) and
D, = f B.dA=BA, since =0° (4.21),

AZ
_ ([J nlil)Az ‘ le = p.onlnzAzl (422)|




The magnetic field produced by the
solenoid 2 when carrying a current i, is

B, = u.ny,

s magnetic field B, is uniform 1
e solenoid 2 but outside the solenoid
it is almost zero. Therefore for solenoid 1,
the area A, is the effective area over which
he magnetic field B, is present; not area
Then the magnetic flux @, linked wj
is

‘ 2= [ B,-dA=B,A, = (un;i,)A, \
4

The flux linkage of solenoid 1 with total
turns N, is
N®, =(nl)(u ni,)A, since N,=n|]

qu)lz = (l'lon]nZAzl)iz

since N® ,=M,,i,

FAEZEOE T T ML N R R D R ER BB AW

Jgemr;;e’iwwmmﬂzz;mmwy
VA A AAALAALALASAA L

M, i, = (“o"]"zAzl)iz
Therefore, we get

M, =pnnAl (4.23)

From equation (4.22) and (4.23), we can
write

‘ M,=M, =M (4.24)\

In general, the mutual inductance
between two long co-axial solenoids is given

by
‘ M=punnA,l (4.25)\



4.4. Methods of producing induced emf

Induced emf can be produced by changing magnetic flux
in any of the following ways.

» By changing the magnetic field B
* By changing the area A of the coil and

* By changing the relative orientation 6 of the caoil
with magnetic field




4.4.4 Induction of emf by changing relative
orientation of the coil with the magnetic field

—> e
B _ B
7~
4 A g
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1"(D cos Ot
m
) 0=t =
> >
D o,
- Axis >
- - of rotation
Axis of rotation o —— Q)
> 4 (Dm sin(Dt

Figure 4.25(a) Top view of the coil with its
plane perpendicular to the magnetic field

77 X CHANGE N

D, =] G, =] cosot

Figure 4.25(b) The coil has rotated
through an angle 6 = ot




d d
£E= —I(N(DB) - —E(N(bm COs (Dt)

=—N® (—sinot)o

= NO® msinmf

When the coil is rotated through 90°
from initial position, sin wt = 1. Then the
maximum value of induced emf is

e =NO o

€ = NBA® since ® = BA

Therefore, the value of induced emf at
that instant is then given by

e=¢, sinot (4.28)
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| Figure 4.26 Variation of induced emf as a function of wt




4.5 AC generator

4.5.1 Introduction

* AC generator or alternator is an energy
conversion device.

* |t converts mechanical energy used to rotate the
coll or field magnet into electrical energy.

4.5.2 Principle
* Principle - Electromagnetic induction
* Magnitude of the induced emf - Faraday’s law
* |ts direction - Fleming's right hand rule



' Alternating emf is generated
by rotating a coil in a magnetic
field or by rotating a magnetic

field within a stationary coil.
The first method is used for small AC

generators while the second method is
employed for large AC generators. The
rotating-field method is the one which
is mostly used in power stations.




€ Voltage
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€ ,— A Phase output potential € ,— B Phase output potential ec— C Phase output potential

B Phase

B e e . AR

s Neutral ine

power

Rotor rotation to produce three-phase sine wave voltage B ENZ AW W WADE NG KyAC




4.5.3 Construction
* Two major parts:
« Stator — stationary
* Rotor — rotates inside the stator
 In any standard construction of commercial alternators,
» the armature winding — stator
* the field magnet — rotor



* Stator:
= Stationary part

= [t has three components namely, Stator frame,
Stator core and Armature winding

Stator core Armature slot

Stator frame ating

hole



Construction of AC generator (Not for examination)

Alternator consists of two major parts,

namely stator and rotor. (This box

is given for better understanding of 4
constructional details) -

i) Stator ) N~
Stator has three components, namely ~

stator frame, stator core and armature Rectangular loop

winding. Figure(b): Stator core with rectangular loop

Stator core

\ y Outlet— Stator winding
£ terminal
>
B Slot
0 %

Stator core

Figure(a): Stator core with empty slots Figure(c): Stator core with armature windings




Stator winding of a generator at a hydroelectric power
station
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* Rotor:
= |t rotates inside the stator
= [t contains magnetic field windings
= DC source — To magnetize the field windings
= Slip rings — Two ends of the winding are connected

= Two brushes - To maintain connection between DC
source and field windings

= 2 types of rotors
= Salient pole rotor and
» Cylindrical pole rotor.




* Salient pole rotor:

B .
Salient pole A xagﬁnigc axis of
: e fie

SUpEinss - | Brushes

Figure 4.30 Salient 2-pole rotor civate




 Cylindrical pole rotor:

—_—

B
A Field winding

)

[

Slots

Figure 4.31 Cross-sectional view of
cylindrical 2-pole rotor




Salient pole

Rotor contains magnetic field windings,
slip rings and brushes mounted on the
same shaft.

Salient pole Magnetic yoke

e
&

Figure(e): Salient 6-pole rotor with field
windings, slip rings and brushes

Figure(d): Salient 6-pole rotor Figure(f): Stator core and rotor




Salient Pole Type

IR
1, 1l




Rotor of a generator at a hydroelectric power station




Cylindrical rotor Cross sectional view









Cylindrical Rotor Type




4.5.4 Advantages of stationary armature-rotating field
alternator

* The current is drawn directly from fixed terminals on
the stator without the use of brush contacts.

* The insulation of stationary armature winding is
easier.

* The number of sliding contacts (slip rings) is
reduced. Moreover, the sliding contacts are used for
low-voltage DC Source.

« Armature windings can be constructed more rigidly
to prevent deformation due to any mechanical
stress.



4.5.

5 Single phase AC

generator

« Armature conductors are
connected In series so as
to form a single circuit

. T

.

NisS generates a single-

phase alternating emf

ence it is called single-

P

nase AC generator

Armature />-20

Conductors

source

Figure 4.32 Stator core with a
rectangular loop and 2-pole rotor



Working:

Initial
position

llllllllllllllllllllll

Figure 4.33 The loop PQRS and field
magnet in its initial position




| Figure 4.34 Variation of induced emf with respect to time angle




' Phase difference
If two alternating quantities of

same frequency do not pass
through a particular point, say zero
point, in the same direction at the same
instant, they are said to have a phase
difference. The angle between zero
points is the angle of phase difference.




4.5.5 Three phase AC

generator Coil 1
* Poly-phase generators — Initial
more than one coil ___ > s
* Two-phase generators —
2 coils and 2 emfs
Coil 3 Coil 2

* Three-phase generators
— 3 coils and 3 emfs

Figure 4.35 Construction of three-
phase AC generator



4.5.5 Three phase AC generator

Coil 1

Initial
e position
B
Coil 3 Coil 2

Figure 4.35 Construction of three-
phase AC generator



4.5.5 Three phase AC generator

Coil 1
DAL .
6/ Initial
e position
S B
ON1
5
Coil 3 Coil 2

Figure 4.35 Construction of three-
phase AC generator

€A

&) For coil 1, field magnet
is in initial position at t=0

» ot

For coil 2, field
magnet has to rotate
through 120°

t 12:0 t T T ) mt
SA
po o
Q“ B
— » ot
«— 20— , _
.+~ For coil 3, 240° rotation

'
* *
* *
-

of field magnet is required

The dotted lines represent emfs induced in previous cycle

Figure 4.36 Variation of emfs
€,, €, and &, with time angle.




Cross-sectional view of hydroelectric power station

storage
lake
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4.7 Alternating Currents

4.7.1 Introduction

* An alternating voltage is the voltage which changes
polarity at regular intervals of time and the direction
of the resulting alternating current also changes
accordingly.

: i
> <

}



Sinusoidal Alternating voltage:

+ If the waveform of alternating voltage is a sine
wave, then it is known as sinusoidal alternating

voltage.
\"A iA
V m I m

(0]

r
-V T e et e

~Im

Figure 4.40 (a) Sinusoidal alternating
voltage (b) Sinusoidal alternating current




Mean value of AC:

 the average of all values of current over a positive
half-cycle or negative half-cycle

in Area of the elementary strip = i df

Area of positive half-cycle

E j’ide =[ I sin6do

=1 [—cosG] [cosn cosO] =

m

O\/

Substituting this in equation (4.37),
we get (The base length of half-cycle is )
ZI

T

Area of positive half-cycle Average value of AC, I,
(or negative half-cycle)

Io= (4.3
Base length of half-cycle I,=0.6371, (4.38)




For example, if we consider n

currents in a half-cycle of AC,

namely i e [ then average
value is given by

I Sum of all currents over half-cycle

Number of currents

, _hthte

n




RMS value of AC:

 the square root of the mean of the squares of all
currents over one cycle

Area of one cycle

of squared wave
Lors = - (4.
Baselength of one cycle

iA l_ i2 8;@6)

oY




e

Area of the element = i°d0

- Substituting this in equation (4.39), we get
Area of one cycle of squared wave = f i*do I’ 1t
. Iyys =4y ——=-—  [Baselength of one
2 2 .

— - cycle is 2m |
= [Lsin6do =T, [sin’6de  (4.40)

0 0
) ]ZT S , I, =0.7071, (4.41)

m 2

. Thus we find that for a symmetrical

1—cos20 sinusoidal current rms value of current is
2 70.7 % of its peak value.

since sin’0 =
7 | 2K 2

-
0

ol {9_sm29
2

f

R
cos26d6
2

0

10

[Zn_sm2><21t —[O— smO]

=-2x2n=I'n [. sin0=sin4n=0]



RMS value of alternating
current is also called effective

value and is represented as |
i

[tis used to compare RMS current of AC
to an equivalent steady current.

RMS value is also defined as that value
of the steady current which when
flowing through a given circuit for a
given time produces the same amount
of heat as produced by the alternating
current when flowing through the
same circuit for the same time. The
effective value of an alternating voltage
is represented by V..




For example, if we consider n
currents in one cycle of AC,

} namely i, i, .. i, then RMS

value is given by

Sum of squares of all currents

over one cycle

I =
RS V Number of currents

-2 -2 -2
o A

e =
RMS ‘V -




Phasor:

A rotating vector to represent sinusoidal alternating
voltage (or current)

* A phasor is drawn in such a way that
o the length of the line segment =1/, (or [,,,)

o its angular velocity w = the angular frequency of
AC voltage (or current)

o the projection on any vertical axis gives
Instantaneous value

o the angle between the phasor and the axis of
reference (positive x-axis) indicates the phase of
the alternating voltage (or current).

Phasor diagram:

o the diagram which shows various phasors and their
phase relations



Phasor diagram:

=

Vi Sin ot

Figure 4.43 Phasor diagram for an
alternating voltage v =V sin wt




Phasor diagram:

Vectorrotation

Ty, O rads’s

A = A, SIN(ot + ¢)

0°  240° 300° 360

30° 60° 90° 120° 150° 210° . 270° | 330°

-
Al

270°

Sinusoidal Waveform in

EVDEERNIE iy the Time Domain




Phasor diagram:
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Phasor diagram:

Vm sin mt

2n

Figure 4.44 Phasor diagram and wave diagram say that i leads v by ¢




4.7.3 AC circuit containing pure resistor

R
WWWWy

L= Vm sin ot

| Figure 4.45 AC circuit with resistance

The applied alternating voltage is
v=V_sinwt
The circuit current is

i =1 smwt



Figure 4.46 Phasor diagram and wave diagram for AC circuit with R

vA!
v

o 8 :
=
= g
@ | >
F R 2x ot

> 0 >




4.7.4 AC circuit containing only an inductor

L
(LiLerrenereney)

V= Vm sin mt

The applied alternating voltage is
v=V_sinwt

The circuit current Is

=1 sin(a)t—%)



Vm sin ot

- 21 ot

[y sin (ot-7%5)

-
-
-

Figure 4.48 Phasor diagram and wave diagram for AC circuit with L




4.7.5 AC circuit containing only a capacitor

C

v = V,,sin ot
The applied alternating voltage is
v=V_sinwt

The circuit current Is

=1 sin(a)t+%)



o)

Vi sin ot

-
-

[yfsin (@ t+75)

21

{-—
O

| Figure 4.50 Phasor diagram and wave diagram for AC circuit with C



ELI is an acronym which means that

EMF (voltage) leads the current in an
inductive circuit.



What is ICE?

v
—

ICE is an acronym which means
that the current leads the EMF (voltage)
current in a capacitive circuit.

It is easier to may remember
the results of AC circuits with the
mnemonic ‘ELI the ICE man’




4.7.6 Series RLC circuit

R L

C
(FATRBNR) I |=
:

<—VL—> <—\C—>

%

oy

v=V,,sin ot
The applied alternating voltage is
v=V_sinwt
The circuit current is

=1, sin(wt+¢)



Figure 4.52 Phasor diagram for a series
RLC - circuit when V > V.



E
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(a) (b)

Figure 4.53 Voltage and impedance
triangle when X, > X _

V,-V, X,—X
tang = —L—€ ==L

R




Table 4.1 Summary of results of AC circuits

Ph f
Type of Impedance Value of Impedance 45¢ ang.le ° Power factor
current with voltage
Resistance R 0° 1
Inductance X, =wL 90° lag
Capacitance 1 90° lead 0
&S A)c

R-L-C Between 0° and 90° lag Between 0 and 1

\/Rz + ((DL . %oc)z or lead




4.8 Power in AC circuits
4.8.1 Introduction

 the rate of consumption of electric energy in that
circuit.

* It is given by the product of the voltage and current.

 In an AC circuit, the voltage and current vary
continuously with time.

P=vi

=V 1 sinotsin(ot+ 0)
=V I sinwt|sinwtcosd — cosmtsino)|

P=V I [cosd)sinz it — sinf cos ®f sin (1)]



Py el N COS O

(4.62)

where V,, I, is called apparent power
and cos ¢ is power factor. The average power
of an AC circuit is also known as the true

power of the circuit.

Special Cases

(i)

(ii)

For a purely resistive circuit, the
phase angle between voltage and
current is zero and cos ¢ = 1.

Al =l ]

o YV rus ! rus

For a purely inductive or capacitive
- . . __:_ n
circuit, the phase angle is = /2 and

cos(£ 1) =0.

~P,

(i)

(iv)

For series RLC circuit, the phase

I, . cos@

Pav = VR.MS RMS

For series RLC circuit at resonance,
the phase angle is zero and cosg =1.

S Py =V I

RMS 7 RMS



4.8.2 Wattless current

\'%

RMS

> » X
I

RMS

Figure 4.55 V,, leads Ik by ¢

RMS
Ipscosd
¢
> »X
\__‘\) lm
\.\
'.\\'.
N,
Lysing

Figure 4.56 The componentsof I

(i)

(ii)

The component of current ( I, cosd)
which is in phase with the voltage
is called active component. The
power consumed by this current
=Voulauscosd. So that it is also
known as ‘Wattful’ current.

The other component (I,sind)

which has a phase angle of %

with the voltage is called reactive
component. The power consumed
is zero. So that it is also known as
‘Wattless' current.



4.8.3 Power factor

The power factor of a circuit is defined
in one of the following ways:

(i)  Power factor = cos ¢ = cosine of the

angle of lead or lag

R Resist
(ii) Power factor = —= e
Impedance

VIcosd
VI

(iii) Power factor =

True power

Apparent power




Some examples for power factors:

(i)  Power factor = cos 0° = 1 for a pure
resistive circuit because the phase
angle ¢ between voltage and current
is zero.

(ii)  Power factor =cos(:t %):o for a

purely inductive or capacitive circuit
because the phase angle ¢ between

voltage and current is ::%.

(iii) Power factor lies between 0 and 1 for
a circuit having R, L and Cin varying
proportions.




4.9 LC oscillations

. i
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Wholly electrical
energy
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Wholly electrical (e)
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=
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(h) Wholly magnetic

energy

Figure 4.57 LC oscillations




4.9.2 Conservation of energy in LC oscillations

2 1 1
I _o+lip_1;p
Total energy, U =U, . +U, = - SRS - 0+2LI"' zLI'"
2C " 2 :
—£>< —=| since I =Q o= Q,
Let us consider 3 different stages of LC 2 (LC o dILe
oscillations and calculate the total energy of Q?
== (4.64)
the system. 2C
Case (i) When the charge in the capacitor, The total energy is wholly magnetic.

q=Q, and the current through the

. o Case (iii) When charge = ¢; current = i,
inductor, 7 = 0, the total energy is given by

the total energy is

Q, Q, S
=== )=——x (4.63) _q9 1.,
2C 2C T A
The total energy is wholly electrical. Since q=Q coswt, i= _99 _ 9 wsino.
m dt m

The negative sign in current indicates that
the charge in the capacitor decreases with
time.

Case (ii) When charge =0 ; current = 7 _,
the total energy is



Q? cos’ ot . Lo’*Q? sin® ot
- 2C 2

U

Qf, cos’ ot . LQf, sin’ ot

. 1
since ®°> = —
@

2C NHE
2
= i(cos2 ot + sin’ cot)
2
= o (4.65)
2C

From above three cases, it is clear that the
total energy of the system remains constant.



4.9.3 Analogies between LC oscillations and simple
harmonic oscillations

Qualitative Treatment:

Table 4.3 Energy in two oscillatory systems

LC oscillator Spring-mass system

Element Energy Element Energy

2

Capacitor  Electrical Energy = %(é)q Spring  Potential energy = %k x*

|
dq. Mass  gipetic energy = —mv’ v= dx

dt 2 dt

Inductor  nraonetic energy = %Li2 =




Analogies between LC
oscillations and simple

harmonic oscillations

Table 4.4 Analogies between

electrical and mechanical quantities

Electrical system  Mechanical system
Charge g Displacement x
Current i = ] Velocity v= ax

dt dt

Inductance L

Mass m

Reciprocal :
of capacitance =

Force constant k

Electrical energy

Potential energy

O

Magnetic energy Kinetic energy

- %Li : - lmv2
Electromagnetic Mechanical energy
energy E=Lixt sl

v-L(L) Lo
ZNE Z

2



Quantitative Treatment:

The electromagnetic energy of the LC system is given
by

U =1Li2 +l 1 g” = constant
2 2\ C

Differentiating U with respect to time,

av _ lL Zzﬂ +L zqdq -0
dt 2 dt) 2C dt

. 2
d’q 1 =4 —Land di _d’q
2t i dr di

The general solution of equation is of the form

q(t)=0, cos(wt+¢)



Current in the circuit:

d d
i(1)= d(j " [qm cos(a)t+¢)}
= -0, wsin (ot + ¢)

i(t)=-1I,sin(wt+¢)
Angular frequency:
d’q
dt
L [—Qma)2 cos (wt + ¢)}

sl =0 o

— =—0, " cos(wt + @)

+%Qm cos(wt + @) =



Oscillations of electrical and magnetic energy:

The electrical energy of the LC system is

U, = %—%cos (ot +¢)
The magnetic energy is
U, :%Li2 zglni sin” (wt + @)
:£(Q;m2)sin2(mt+¢) a):%
2 LC
U, = %sin2 (ot + @)

Total energy is %
U=U,+U,=—""
E B 2C



Oscillations of electrical and magnetic energy:

2CIN T
N U
Bo E
£
o
a4
Up

Figure 4.58 'The variation of U and U,
as a function of time




2. A thin semi-circular conducting ring
(PQR) of radius r is falling with its
plane vertical in a horizontal magnetic
field B, as shown in the figure.

X X x Q x X %
X X
X x
X X
X X X X X X

The potential difference developed
across the ring when its speed v, is

(a) Zero

2
(b) BV and Pis at higher potential

(c) mrBvand R is at higher potential
(d) 2rBvand R is at higher potential



The current i flowing in a coil varies
with time as shown in the figure. The

variation of induced emf with time
would be (NEET - 2011)

Al

|

|

i Pt
0 T4 T2 314 T

A1 N/

g | ™ e T o e 12 314




9. Inan electrical circuit, R, L, Cand AC
voltage source are all connected in
series. When L is removed from the
circuit, the phase difference between
the voltage and current in the circuit is
%. Instead, if C is removed from the
circuit, the phase difference is again %
The power factor of the circuit is

() Y ®) V-
© 1 @3/

T2012)




11. In a series resonant RLC circuit, the
voltage across 100 () resistor is 40 V.
The resonant frequency w is 250 rad/s.
If the value of C is 4 uF, then the voltage
across L is

(a) 600V (b) 4000 V
(c) 400V (d)1V




12. An inductor 20 mH, a capacitor 50 uF
and a resistor 40 () are connected in
series across a source of emf v = 10 sin
340 t. The power loss in AC circuit is

(a) 0.76 W (b) 0.89 W
() 0.46 W (d) 0.67 W




14. In an oscillating LC circuit, the
maximum charge on the capacitor is Q.
The charge on the capacitor when the
energy is stored equally between the
electric and magnetic fields is

(a) 2

Q 9
5 (b) "G

(c)% (d)Q




5. A rectangular coil of area 6 cm? having
3500 turnsiskeptin a uniform magnetic
field of 0.4 T. Initially, the plane of the
coil is perpendicular to the field and is
then rotated through an angle of 180°.
If the resistance of the coil is 35 €, find
the amount of charge flowing through
the coil.

(Ans: 48 x 10° C)




14. A long solenoid having 400 turns per cm carries a current 2A.
A 100 turn coil of cross-sectional area 4 cm? is placed co-axially
inside the solenoid so that the coil is in the field produced by the
solenoid. Find the emf induced in the coll if the current through the
solenoid reverses its direction in 0.04 sec.




15. A 200 turn coil of radius 2 cm is placed
co-axially within a long solenoid of
3 cm radius. If the turn density of
the solenoid is 90 turns per cm, then
calculate mutual inductance of the coil.

(Ans: 2.84 mH)




19. The 300 turn primary of a transformer
has resistance 0.82 () and the resistance
of its secondary of 1200 turns is 6.2 Q.
Find the voltage across the primary if
the power output from the secondary
at 1600V is 32 kW. Calculate the
power losses in both coils when the
transformer efficiency is 80%.

(Ans: 8.2 kW and 2.48 kW)




Thank you !!!



