Date : Page :

Electromagnetic. Induction

The Core ILdea
A chanyt'nﬁ maﬁneﬁc Feld fhrouyh a circurt

produces an EMF and (iF cdosed) a current.
Mayneﬁkm produces electricity v

Historical note | -
Faraday (UK, 183/ and Herre Henry (USA)

t'ndependenﬂy discovered EMI .in the same year.

Faraday _3ave the famous experiments ’ Henry

studied self - induction in coils.

corl
| ] I ol ) el 1 )

push

] Fo I e Y (W

!‘{9. mm(r'nﬂ maﬂner -7 current in coil -7 G dedlects

Topics ahead .

motional EMF

Lenz's law 3

Flux  * Faraa’ay's law ;
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Faraday 's Experiment -

' Setup : magnet o+ ol + &
| Bar magnet moves. foward; or away from a

- coil connected to a 9aluan0mef’er.

N - turn coil
| T I TR A e

S S S A R Y Y Oy I 5|

S
Fff maﬁnef pushed in. = G shows deFection

Observations

@ /Maynef still ; & shows zero (ro I).
.' @ Push in : & defects (say? r{ghf.

_' @ Poll out : G deflects (say? le++.

Faster motion -2 Ia?er deFlection.
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Faraday's Experiment - IL

Setup  :  primary &  secondary coils

Pﬂ}nary coil P 7 carries curr.enf' from a cell.
Secondary corl S : connected to a 9aluan0mefer.
Move P toward / away from S - \ju.ﬁ' like the

magret in expt - L.

e
NIz e s ]

1™ Ly
i

i

~

_—.—._,_._.—._.é-
e rm:w./:'mﬂr b

?'.:9. relative motiorn of F and S5 induces EMF in §

Observation

Same effect as expt - I : G deflects whenever

P mouves relative to S.

Mo motion st .{feady v e 7 & reads zero.

Inkerence o+ what matiers is the CHAMEE in

maﬂneﬁc Flux fhmuﬁh S , not the cause.
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Faraday's Experiment - IIL

Setup - stationary coils + «ey

Mow both coils are sfah'obary f but the current
in P s chanﬁed by opem'ny / clos:}_f:ﬂ a Key K.

or by f}n.ferhhy a resistor.

E ' K

p : s
||||||_'“|“-¥---1 0 [ [l iy i e e

B2 N R B B B ] =2 1 1 O )

=

Bol

f:{g. osing or opening K=alters— v F

Observation

G deflects only at the instants K is ‘osed or
opered . Sf'eady Lom B =7 & reads zero,

Interence : Houx f‘hrouyh S chanyes Only when

e S & chanﬂes. -7  EMF induced in S.

This is mutval induction (covered later).
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Magnetic Flux
|
_| Mumber of mﬂﬂngh‘c Feld lines \pas.s:'nﬁ f'hrouyh

a 9fven area A /s called maﬂneﬁc Flux.

dille = B d A =8 dd o0 © e thta

| (D_g = Co )3 / d A c- ST : weber (Wb)
| =W =k T m

| Dim. [ il T A j

~ Sign and special cases

 theta = O ( B perp surface plane ) : phi = BA
| f"bef'a = 90 C 8 in plane of area ) 7 phi = O

phi s scalar but .S{'gnecf (.S{gn of cos thetal.

| Fg Hux through a coil in vniform B
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Faraday's Law of Induction

.l Statement - *
Whenever mayneﬁc Aoux  linked with a circoit
chénﬂes , an EMF s induced ; maﬂnf'fude eguals
rate of change of Flux.

m
f

= d CDB / d F <-sign = Lenz's law

M
f

AL, d (DB / C{ ¥ c-for & - turn .co."."

Ways to change Hux

|@ Change B (uary current in primary)
;@ Cha”ﬁf A (Szueeze or open Ioop)

g @ Cha”je theta (rotate the coil)

Induced current and char:qe
'f,dzE/Af?Z(//ft’)d@/df'

| iy

l g = (Dg ol (total induced charﬁe)

| (independent of how Fast Hux changes)
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Lenz's Law

Statement
Direction of the induced EMF and current is

alway s such that i+ OPPOSES the chanje in Hux
that produced it.

(That's where the minus sign in Faraday's law
v,
comes from .) '

Why 7
Conservation of energy: I+ the induced current

AILDED the chanye , the sy stem would ya;'n energy
for free  ( perpetval motion violation 7 ). i

N %3
i mowhj in | BT A R | ] O =) moving quf
N IS = A RS
E J
8 B S =11
g I ()

F{g. induced pole opposes the mafncf"s motion

Conseguence
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Lenz's Law - Applications

(1) Falling ~ magret through a copper

pipe falls slower than a ron - maynef

induced eddy currents oppose its motion.

l@ Elecf‘romayneﬁc brakes in trains .

rotating wheel -7 Flux change -7 eddy i

opposes motion -7 slows the train.

i@ Energy  meter induction motor.
| .

|

|

1 Strike -th h
| @ v rovg

A Lenz 's law

were 'ﬂ'ﬂw opposite , energy conservation

would be wviolated.

Direction recipe

7. Find the direction of B inside the coil.

Decide i+ phi s fncreaﬂ}oﬁ or decreasmy.

v
3. Induced B must oppose the change.
9

ﬁ{ghf‘ - hand 9n}3 rule

Sign convention check

IFd) / dt 7 O , thn E < O

=0

current Sense.

i.e. EMF tries to drive ‘wrremf' that reduces Hux.
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| Lenz's Law & Energy Cbnservation

- Push a bar maﬁnef’ intfo a coil

Flux f'hmuyh coil increases (B into facel.
Induced I creates a Held oppos:by the increase.
Coil's rear face becormes a N - pole.

o= N pair -7 repulsion on the maﬁnet

q o WwoN

You DO work ayat'nsf' this force -7 it appears

s elec;"ﬂ'cal enerjy in the coil {7 2./ /o-.{SeS 7.

: W = (heaf‘ n ﬁ) <- energy balance
| ‘;;’OU < - 1o ’C’?Q enf’y?’ ?

- IF Lenz's law were reversed (impossiole)

Then induced pole would be S . attracting  the
| incoming  magret. Magret accelerates ‘3”3‘:97’ of

the system grows - com-radicﬁ'ny conservation.

. Sources of induced EMF

e :| @ Tirme - t/afyfny 8 {frans%rmers).
I @ Conductor mowia\g n sfea_dy 5

| (motional E/MF ; yenerafors).

Both vnifed by Farao’ay's law on Hux H’;rouyh the loop.
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| Motional EMF

|| Consider a straight conduchby rod of length |
moufn‘? with uelocffy v perpendf'cular to a
- unidorm B (rod B mutvally perpendicular).

| O n S a o

&

i © ® ® ® ® O ©

| & lout)

" Lorentz - force derivation

‘| Free electrons in the rod +eel a +Force

|| Pz w g g g8 ] along the rod.

|

|

. They drilk -z charge separation -7 E inside rod ;
| in steady state eE = eB :

| £ = B 7 <- motional EMF
i : <-across rod

| Direction g by r{ghf - hand rule on v x B
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Motional EMF - Flux View

Same setup as before.  As the rod moves right

the area encld:ed by the loop Increases

/-’(f‘)zf.x(f')
(Ds(f')zglx

Apply Faraday's law

E- - J0 o LBl =B

f

Maynf'fude = 6 | v (matches Lorentz view).

Induced current and power

Loop resistance e
LB / Ko Do / e
Force on the rod 2 £l g D s tB

Mechanical power input : P = F v = Bel” v )0

—

= = F I =ty

mech o’:lss;):afeo’ < - conservation

(work done- aﬁm'nsf .maﬂneﬁc force -7 Joule heat.)
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Power , Force & Eguiliorivm

-

Force needed to Keep v constant

FZBIIZBZIZ_u/ﬁ

ext

Without F__ext maﬂne.ﬁ'c force decelerates rod.
-"‘

Energy. book - eeping

ngr.z Fexﬁ = _52 12 uz / r°
| K= Br) LR

a’aks:j:af'ed' =

P__ext = P_d:'ss:paf'ed .-7 /00 9/a conversion.

IF F__ext removed

mdu/df'z-gzlzu//?
Velocty decays exponentially

v ( + ) - e—f/_fav

Total charge 5z
9 = Sum Ide(//f?).wmd(DZ(D/ﬁ

(depends only on net Hux change | not its rate.)

Total mechanical erergy spent = KE lost =  heat.
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Worked - Example :  Motional EMF

Prob!em ¥ A rod of lenyf'h O.5 m slides on

smooth rails in a uniform B = 0.9 T (perpendicular
to plare) with v = $ m/s. Circoit resistance R = 2 ohm.
Find (8 ) BME , Cb )2 I , € c ) F_mr . (S /

—

(a) EMF

!

E Bl o = (D8] (D))
= L0V

(b) Current

T o= e = O )2 DA,

(<) External force

F = B & I = . 09X0s)N0.5)

ext

= Q./ V4
(d) Power
Fiimiok e VB Y s el i o il
thécks 0 - R = 0o 9 = O 0k

Quick  sanity

Z%rdelf'axr'_/m .‘@ZBIIXZO.ZWEJ
=0 L R= D2/ 2 - weD/C

g Fux change ; does not depend on speed.
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Eddy Currents

-

Closed loops of induced current that Swirl
inside a SOLID metal slab when the Hux meuyh

it changes (Famday + Lenz applied !oca/!y).

F-_'g‘ eddy currents in a mefal slao

. OO0 ORI ORI OO T OTSRO)

@ ® ® ® @ @ @ @ @

Jovle heating

Eddy currents dissipate éne»:gy as heat
P = 2" R in the metal.

7o reduceAeddy losses laminate the metal
into thin sheets insuvlated from each other.’

(Each thin sheet has high R for Swirling T

Used in transformer cores , motor armatures.
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Edoﬁ/ Currents - Applications

b

| @ Elecf‘romayneh'c - braces (f'rm';as i dynamomef—ers)
Magnretic Houx changes -7  eddy I in
rof'aﬁny wheel =7 ref'ardt'nﬂ force.

: @ Induction  Furnace :
H{gh —--prezuency B.» a .coﬂ generates eddy

currents in metal placed in It -7 metal melfs.

| @ Enen:gy meters

Alominivm disc in B from current coils 7

eddy T -2 f'orzue -7 rotation count.

| @ Induction motors
/?of‘ah'nﬁ B sets up =edd~/ currents in the

rotor w7 f'orzue due to interaction.

@ Metal  detectors  : coil drives an AC Feld

metal nearby alters its inductance.
@ Speedomettrs (eddy in metal disc)

Disadvantages

Heaﬂnj losses in transformer cores , motors ef'::.

Counter i laminations h{gh - reS:'shi/ffy steels.
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Inductance - Intro

When a coil carries current | i+ produces its
own mayneﬁc Flux -7 ¥ T chanyes -7 -qu
changes -7 EMF is induced.

Flux It'n;'(aye N phi is proportional to L

<-L = self

c-‘J'no"uchz nee

|
=
=

NV phf

If two coils are nearby " Aux +From ore threads .
the other

AT
Units & dimensions : ;
| S& ot : henry £ ) e %4 s A = W
D ol A ]

Geometry only

L and M depend on the yec:mefry (size , Shape

number ot turns , core material) but AMOT on I.°

Compare with ¢ = Q / V for capacitors - geometry only.
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Self - Inductance

Definition

<- fux h‘nv(a‘ge

L::/V(D/'

=)

<-per ampere

Self - induced EMF (back EMF)

If r chényes

! E i L d J.._ / d + Lo minus i Lenz

- Inductor opposes any chanye in current.

- Acts like  electric inertia for circuits.
- Effects
@ Switch  on : L rises slowly , not instantly.

| @ Switch ofF - sudden breax =7 b{g bacKk

| E/MF -7 Sparb(f}:y at contacts.

_I @ S'f'eady DC : LI constant -7 no induced EMF .
inductor acts like an ordt'nary wire.

In AC , inductor offers reactamce X__L = ormega L.
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SelF - Inductance o_ﬁ a ..S'oleno:'d .

Long soleroid Ienﬂf'h /| , are@a A , n turns

per unit lngth , total turns M = n | | wrrent L.

Derivation

Enside oo Ui ) s on
Flux through one turn : (O =B A = I, nn T A
Linkage - N O = (o I)(}.IO n I A

Sl waT T

37 definition L = N phi ¥ i

L = ‘_' nz A , - ‘ <- for !anﬂ solenoid
(o}

 Eguivalent forms _
Lzﬁ_lo/l/'/i/l (use V = »n 1)

¥

If a mayneﬁc “material of relative permeabfﬁfy

u__r Hlls the 'co.re

L = “JO ‘_lr nZ A 1l <-fron core

c-huye L boost

More turns -7 L a8 cfoubh}ay N S o e e L
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Energy Stored in an Inductor

While current L builds up from O to its

final valve , the source does work against the

back EMF > this work (s stored in the Held.
Derivation
- Lnstantangous power : FP. = E I = L odilde
; Eneryy in Small step. "z dl = L ErdE
Total = Sum L F di -¥from O o & =
+
F
O =0) /@)L <- magnetic

C—Eneryy of coil

Energy densﬂy ( long solenoid) _
(== (/ZZ)(}JO P G / volume = A |

U = 82 / { 2 ‘—lo ) <- magnetic energy

<- per unit volume

Compare with capacitor
Capacitor - U = f2 eV e = //% gps O E’
Inductor U e e e Z}_IO

[ W

/

Both store energy in their respective Helds.
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‘ Combinations of Inductors

" Series  (no  mutval coupling)
( Same  dI/dt 'H'Jrouyh both ; baw EMFs add
|
|
|

/

£

X o S e S single L )
L e _L/ + LZ + _-09 l’!7’ ‘9 1

Parallel  (no mutval coupling)

Same EMF  across each ;  currents add : F

/ / LP = //L/ + / / [_2 - Ty <-L_p

With mutual couph'né lextra info)

| If two coils are linked (couphby coe-@_c = «)

| : %

| :

|| LS - L! + LZ _,_/_, 2 M <-+ aiding,

‘ <- - opposahﬁ
e

| >

|| M = « szrf‘( L/ Lz ) e e

| « = / =R _per_ﬁecf' couph]nﬁ (all fAux shared)
‘ X = 8 -7 no coup!t'nﬁ

| Used in transtormers (« 0.97 with iron corel.
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Motval Inductance

Definition

Flux throvgh coil 2 ffue to current L__/ in_ coll i’

| o
| M, (Dzz = M, &,
| M=~ 0, / L, I e

Induced EMF. in coil 2

—e d N / d 1 ; < - induced by

<= primary 's cha nge

m

| ﬁecc}orocify theorem

Vi = /U = <~ swap cotls -
! /2 £/ X <- same M

__ Factors atkecting M
@ Geometry of both coils (radivs Ienyf'h)

H_l @ Relative orientation (max whern coaxial)

@ Core i ﬁerromaﬁneht core boosts M.
| _
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M for Coaxial Soléno:'ds

\_-'Irmer solenoid (lenyfh /| , area A) with n__/ turns

per unit Ienﬂf'h placed inside outer solenoid
(same Ienﬁﬂu A s furns/lenyf'h).

outer 52 (n2 f’urns/."enﬁﬂ‘\)

inner Ly ("UT

Derivation

TaKe I/ n inner S/ 2

B "
Flux per turm of Sz : (D =08 A = L] L
Turns of 'Sz n /enyf'h / % AL ]

Toral linwage ="M, Dew I, n 0 A L&

hd

i <- coaxial pair
Vi }_lo m, Al

Same expression whether we drive S__/ or S__2 -

consistent with recprocs ( V7 SN o e e, SR ¢ S
procity

I
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| AC Generator - Princple

— Idea

A corl rotating (n a unitorm B unde::goe.s
continuous Flux change , hence continvoys E/MF.

This is the basis of euery power station ¥

| Construction 2

@ Armature c N - turn coil of area A wound

on a Soft iron core.

|@ Field maynef 1 sf'r'ony permanent or
electromagnet supplying B (constant).

@ Shp rings (2) + brushes : tawe output
! withovt f‘wish}:y the coil leads.

'@ Drive ; turbine (.Sf'eam { hydm i wind)
rotates armature at constant omeﬂa.

| -

omega .

F-:g schematic of a .Sr’nyfe - coil AC \‘9enerafor
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AC Generator - EMF : Derivation

At tHime + - the normal of the coil maKes anyle

theta = Ome;ga t  with 5]

Flox through ome turn . O = B A coslw 1
Total h].nb(aﬂe sl i A B A -cosfw t)
Apply Faraday's law

EZ-d(_/V’(D)/df
= A B A wosinl W)

E = E “ Sl.!’)( A ) ' <- sinusoidal
E = M B P <- pea (maximum)
& <- EMF
.
| l‘rezuencz _
omega = 2 pi + F = 0 Hz (Tndia / Evrope)

Ff =z o0 Hz (USA)

Useful peax /) RMS valves _
E . = Eo / Szrf'(Z) 4 E = ‘Eo / Szrf'(Z)

ren / rems
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AC Generator - .Ouf'puf Curve

- Features ; :

@ Sinusoidal okl E- 0D Sin omega 1
@ Peax ¢ BB =T A ormega.

—_—

@ Direction reverses every hal¥ cyc/e.

@ Zero crossfnys when coil's normal 3.

AC obtained dt'recﬂy s DC needs a commutator.
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Worked Example - Self Inductance

T

Problem 5 A solenoid O.5 m lonﬂ A ) 2 area
oF cross - section ;has /000 turns, Find L ’ and

energy stored when I = 2 A.

Inductance :
no= M i = 1600 ) O "= 2000 turns/m

i = He n A
= (7 g x 10 ) (2000) (7 x 107) (O£

’7’p:‘x/0'7.‘7’x/06.2x10'?
10 xJ0" H = 10 ok

y!

Ener;qy stored
Ue=7/2) b & = U200 0)*

f

(L2i00 N9) = 2 % JO° T
=i Z mJ

Bawk EMF iF T changes uniformly

IF L drops from 2 A to- O in 0.0/ s

E = L dI/dt = ()02 ) 0.07)
=02

(Sonall +for a small inductor ; large For big L.)
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Wor«ed Example : Mytval Inductance

Problgm  : Two coaxial soleroids , O.9 m long
areg’ ¥ em - "2 \Doner has (800 turns  ouber 1200,
Find M and induced EMF in ouvter £ dI__7/dF

| in inner = /00 Als.

Motval inductance
n, = /500/09 = B750 [
n, = 1200/0.9 = 2000 /m

N
y!

Liiniin A ]
| {9 pi x 107) (B7sONZ000NE x 107)0.9)

y!

Y9 e O H
v 405 G mH

fl

Induced EMF in outer coil

Ez i d.f/df'
= 9. x IO 00)
B B & BT

Reciprocity check

I+ outer coil dni/_es the current |, same M = 9. mH

i.e. M;z = sz (theorem holds).

Add iron core -7 M boosted by factor uir
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Worked Example : AC Generator

Problem  : An AC gemerator has a 200 - turn coil
of area 0.0 m 2 in & uniborm B = 0.4 T , rotating
at  omega = /OO pi rad/s. |
Find ( a ) peax EMF | ( b ) RMS EMF |,
o) 'ﬁ’ezuemyﬁ,(‘d)EMF A ST s
(a) Peaxk EMF
E, = N~ B A omega

= (200)(0.72(0.08 (100 pi)

=;, /00 . pi 3/9./6 V

(o) RMS EMF - :

E = g szrrfz) = B/9.0/e| } 1919
222.2% V

!

(<) FreLuency
F = omega /(2 pil = JOOD bbb ) (2 pil = €0 He

() EMME af + = — ms

omega 't = (JOO pilis w0} = pi / 2 = 90
E= B, %in 9. = E 209V

(&) (&)

Mains voltage : 770~ 220 V  (India , RMS)

Peax 2L 4 what your Switch  Sees.
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Common Pitfalls + Quick MCQ  Tips

Conceptual checks

@ Induced E/MF arises from +lux CHAME

i

1 constant B and constant area -7  no EMF.

l@ Faster chanye of B = Ia::ger EMF y but 4
TOTAL CHARGE 9 depends only on nret Flux chanﬂe._

(3) Lenz ¢ induced eFRct always opposes

I the cavse - never aids it.

| :
!@ L, 1C all depend on 9eomefry only .

not on Iinstantaneous e s pyie e

i_ @ Inductor resists chanye in current
l. not the current itself. Like inertia.

| @ Enefgy in inductor = Y (e &)
energy den_s’fry =82 ) (2 a0k

Sg’qn reminders

Use r{ghf - harfsd ﬁﬂp rule for B anc{. Lenz's law
to Hx the direction of induced current.

e you ﬂe)" a ngyahixe answer ﬂ:}o the ,sense.
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S ummary - Ke’y Formulae

\

Flox & Faraday

=0 A s [ ST :  wewer (Wb)

g = (D / R (total induced (harye) e d
Lenz

sign of E opposes the change in Flux

Motional EMF

E = B iltv ¢+ I = B/l

/
FoamoB e R

u(t) = ¥ exp(—)“ / tau) tav = m~ / ’32{2

/

Inductance .

g e = oL di/dr .
L (soleroid) = |, ool ”
ez g e B Q1)

Motval induction

M= A0 ) T E, =« M dF/dt
M (coaxial)l = U, n, n, A I : M = « sqrt(l/ L2)

AC gererator

E = M B A4 omega Sin orega b S el T 2 / szrf-(
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