Chapter 34: Electromagnetic
Induction

A time changing magnetic field induces an electric field.

This electric field does not satisty Coulombs Law



Faraday’s Discovery

A current 1n a coil 1s induced if the magnetic field through
the coil 1s changing in time.

The current can be induced two different ways:

1. By changing the size, orientation or location of the coil
in a steady magnetic field.

2. By changing in time the strength of the magnetic field
while keeping the coil fixed.

d

Both cases can be described by the same law: EMF = E(D

The “electromotive force” equals the rate of change of magnetic
flux.



2. The loop needs to
generate an upward-
pointing magnetic
field to oppose the
change in flux.

v
induced

| | \ _/2/ Induced
j ll \ "'.‘. current
B

1. The flux through 3. By the.right—hand rule,

# Current meter

—

the loop increases a ccw current is needed
downward as the to induce an upward-
magnet approaches. pointing magnetic

field.
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The current can be induced two different ways:

1. By changing the size, orientation or location of the coil
in a steady magnetic field.

The electromotive force comes from the LLorenz force.
Motional EMF

2. By changing in time the strength of the magnetic field
while keeping the coil fixed.

In case #2 the electromotive force comes from an electric
field. This requires saying that electric fields can appear
that do not satisfy Coulomb’s Law!



Two ways to create an induced current

= Fﬂ :{E}:
1. A motional emf due to magnetic :-c % M
forces on moving charge carriers. L (L ﬁ? =
= oy
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2. An induced electric field due to a P x
changing magnetic field. H “ 3
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Motional EMF

X X X Bi
F, B into page
X X X

¥

X X X

L] e

X X VX

X X X
X X X

Chm;g_c carriers in the wire experience an
upward force of magnitude F; = gvB. Being
free to move, positive charges flow upward
(or, if you prefer, negative charges downward).

=5

The charge separation creates an electric field in
the conductor. E increases as more charge flows.
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The chafgc flow continues until the downward
electric force F. is large enough to balance the
upward magnetic force F,. Then the net force

on a charge is zero and the current ceases.



(a) Magnetic forces separate the charges and
cause a potential difference between the
ends. This 1s a motional emf.

b
[ — X S X % B’ A
X X X
X . K X
E | p— AV =vIB
X XV X
X X b 4
0 — X Z » !\\X X \/
Electric field

inside the moving
conductor
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A square conductor moves through a
uniform magnetic field. Which of the
figures shows the correct charge
distribution on the conductor?
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A square conductor moves through a
uniform magnetic field. Which of the
figures shows the correct charge
distribution on the conductor?

................
................

B out of page



Resistor R _

|. The charge carriers in the wire
are pushed upward by the
magnetic force. Positive end

of wire

Moving wire
’¢d+ _I_/ g

How much current
flows?

How much power is
dissipated in R?

Where does this
power come from?

X X X X = X X X
X X X X = X X X
I

X X . X X = X X X
B - |/ [

X X X X = X X X

y/

X X X X Jﬁ X X X
F. v.’

X X

% ></>< X X A X

Conducting rail. Fixed  + ~ Negative end
to table and doesn’t move. % of wire
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2. The charge carriers flow
around the conducting loop
as an induced current.
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Potential difference on moving conductor

. Vo
& - S g0 AV=V, -V
WA A
L I"-“'bnbhm

Current that flows: I =

bottom

:—7 E-ds =vIB

bottom

AV _ VB We assume that this current

R 1s too small to change B
Power supplied to the resistor P, ., =IAV
Force on moving rail duetoB  F,,, =1l XB
Push needed to keep rail moving ﬁpull — Il xB



The induced current flows
through the moving wire.

X X X Xi XX

X Xi X X

The magﬁetic force on
the current-carrying
wire 1s opposite the motion.

A pulling force to the right must
balance the magnetic force to keep
the wire moving at constant speed.
This force does work on the wire.
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Power needed to keep rail moving

V- ﬁpull — [(ZVB> =IAV = Pdissipated

el e g Work done by agent doing
rough the moving wire.
< x x xixrx < x x  the pulling winds up as heat
X X X X >< N < x x | 1n the resistor
X X X X >.<.’ X X X _X
« e B Al x| What happens when R — 0?
X X X X X X X X X
X ><§.>< Xl X ><;>< g [:AVZVZB s 00

The magn.etic force on R R

the current-carrying
wire 1s opposite the motion.

A pulling force to the right must At some pOint
balance the magnetic force to keep o, -
we can 't 12Nn0re

the wire moving at constant speed.
This force does work on the wire. B due tO I
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Is there an induced current in this circuit? If
so, what is its direction?

A.No
B. Yes, clockwise
C. Yes, counterclockwise



> > >
> y o >
> —_ > P

Is there an induced current in this circuit? If
so, what is its direction?

v/ A.No

B. Yes, clockwise
C. Yes, counterclockwise



Magnetic Flux
©=[B-dA
S

v Some surface

Remember for a closed surface P =0

(a) Current J6op B . dA _ 0
{ — Closed surface
N/ ]\ Open surface

Whether it’s a current loop or a permanent magnet,
the magnetic field emerges from the north pole.

Magnetic flux measures how much magnetic field passes
through a given surface



(a) Direction of airflow

/ Tilt angle
> \
»
> 6 = 90°

Fan

Imagine holding a rectangular loop of wire in
front of a fan. Start with the loop face-on to the
direction of airflow, then tilt the loop as shown
until it 1s horizontal.
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(b) Loop seen from the side

6 = 90°

6 =0°
Tilt angle 6

(¢) Loop seen facing the fan “ These lengths
a -+ are the same.

® © o | ® e , ©

b ® ) & "3 e ) @

bcos6
@ ® @ @ @ @
A= ab A s = abcost
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Rectangular surface in a constant magnetic field. Flux depends on
orientation of surface relative to direction of B

Reclangte ot- ara. A=ab

Suppose the rectangle is oriented do that B and dA
are parallel



Suppose I tilt the rectangle by an angle 0

" Fewer field lines pass
b = jB -dA = |B| Acos6 through rectangle
S

Suppose angle is 90° -

e L o L L LR L L] T e e e e e o e o e, —_




A suggestive relation

S S——
X X X X X X X
(x x X x} X X X
\ 2
X B W K X X*Xl o
#V —

X ><B>< X X X X AV:%OP—\/,?Ottom:—fE-ﬁ:VlB
W X X X M X X bottom
L\ [ -
X/ X X X XX X
< > \
this length is vt A = vt
Define A to be out of page, d = jﬁ - dA = —|1§|A = —|1§|lvt

S
B 1s into page

do
AV =——=v[B
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Example of non-uniform B - Flux near a current carrying wire
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Eddy currents

(a)

(b)

Induced current

N o
Fmag '/ ’ 7
V48R Y
\_// j
S V" A pulling force is

Wire loop

No force 1s needed to
pull the loop when
the wires are outside
the magnetic field.

needed to balance
the magnetic force
on the induced
current.



Flux near a pole piece




(a) Eddy currents are induced when
a metal sheet 1s pulled through
a magnetic field.

Metal sheet S V

on Addison-Wesley.



(b) The magnetic force on the eddy
currents is opposite in direction to .

L4
L 4
L
L
L

N

S v
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A square loop of copper
wire is pulled through a
region of magnetic field.

Rank in order, from A.F,=F>F =F,
strongest to weakest, the B. F,>F =F;>F,
pulling forces F,, I\, F C. F,.>F,>F,>F,
and F; that must be D. F,>F,>F,=F,
applied to keep the loop E. F,>F.>F,>F,

moving at constant speed.



A square loop of copper
wire is pulled through a
region of magnetic field.
Rank in order, from
strongest to weakest, the
pulling forces F,, F,, F
and F; that must be
applied to keep the loop

moving at constant speed.

i |
|
|
( ] i ..| offe olle offe
‘—D |
L J F L I errolle eollerefle !
‘7. e © ® e
|

V'A. F,=F,>F,=F,
B. F,.>F,=F,>F,
C. F,>F,>F,>F,
D. F,>F,>F,=F,
E. F,>F >F >F,



Lenz’s Law
In a loop through which there is a change in magnetic flux, and
EMF is induced that tends to resist the change in flux

[. The charge carriers in the wire
are pushed upward by the

magnetic force. | Positive end
: of wire
.°°'.,';‘+ 4 /Moving wire
X X X X X ] X X X y
. . . XX X X X X X X
What 1s the direction of the I 1
. g % B W X R R O»
magnetic field made by the B - |/
current I? SEEONESE"  IRalaNNS
XPl X X X X J X X X
F.' “h
A. Into the page X ></ XX XRE X XX
N \
Out of the page Conducting rail. Fixed % Negative end

to table and doesn’t move. % of wire

2. The charge carriers flow
around the conducting loop
as an induced current.
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A current-carrying wire is pulled away from a
conducting loop in the direction shown. As the
wire is moving, is there a cw current around the
loop, a ccw current or no current?

A. There 1s no current around the loop.
B. There 1s a clockwise current around the loop.
C. There 1s a counterclockwise current around the loop.



J<— D

'

A current-carrying wire is pulled away from a
conducting loop in the direction shown. As the
wire is moving, is there a cw current around the
loop, a ccw current or no current?

A. There 1s no current around the loop.
V B. There is a clockwise current around the loop.
C. There 1s a counterclockwise current around the loop.



A conducting loop is
halfway into a magnetic
field. Suppose the
magnetic field begins to
increase rapidly in
strength. What happens
to the loop?

A. The loop 1s pulled to the left, into the magnetic field.

B. The loop 1s pushed to the right, out of the magnetic field.
C. The loop i1s pushed upward, toward the top of the page.
D. The loop 1s pushed downward, toward the bottom of the

page.

E. The tension 1s the wires increases but the loop does not

move.




A conducting loop is St 25 o e 0aes 5 & Pt
haltway into a magnetic
field. Suppose the

!
|
! |
|
magnetic field beginsto ' g |
increase rapidly in : X XX X :
strength. What happens | .
to the loop? IR,

A. The loop 1s pulled to the left, into the magnetic field.
‘/ B. The loop is pushed to the right, out of the magnetic field.
C. The loop i1s pushed upward, toward the top of the page.
D. The loop 1s pushed downward, toward the bottom of the
page.
E. The tension 1s the wires increases but the loop does not
move.
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A Transformer
iron core (not a permanent magnet)

Questions:

What will be the direction of B in the gap?

If I hold I fixed, what will be the current in the loop?

It I increase I, what will be the direction of current in the loop?
It I decrease I what will be the direction of current in the loop?



What will be the
direction of B 1n

the gap? —_

Answer: Down

Primary makes B - up in core, returns through gap.

If I hold Ip fixed what will be the current in the loop?

Answer: Zer, flux through loop is not changing



If I increase Ip from one positive value to a larger positive
value what will be the direction of the current in the loop?




What if I lower Ip but don’t make i1t negative. What will be the
direction of current in the loop?

Bl AT, Tt st 1 ot VHRRLT et L T WIS R P TR e Mt O It . VERIR e R memm e mraggm e teye e tmm o= L T A ETLAELETIE N

‘31 ri 5 ‘h i CLClLW. ﬁu}

eatericm e i s e st e o e st e o e rpecme s it oot g e £ e o 6
d'E"CH.EEE-
.:u-g {,ﬂ. iy

._J‘

B duwe +o [
e AU = . - 1 - o O .
e e e e e e e e oo e st

I Liows E.S J&ﬂm ﬂﬂd‘-l“?*‘“’i Ciﬂﬂ-ﬁ-éﬂ-e-.

........... e e e e < et A >+t e o b e ot 1s 22+t s e et

e Flu

o mmm mar rmms s mhom T mmy mE e e — e e e e e m o mmm x ek Cvr s ek aes s b P ke PR s ™ DT e B e e e T T T e W ek My T iV metdmmt— e 5o e m e o —— ] T Tk



Two ways to create an induced current

= Fﬂ :{E}:
1. A motional emf due to magnetic :-c % M
forces on moving charge carriers. L (L ﬁ? =
= oy
b ¥
= X

LA K x M Tk,

2. An induced electric field due to a P x
changing magnetic field. H “ 3

4 w M
L 1
X = ¥

E «

L
- oMW om W
-

Sk i

Increasing B



34.6 Induced Electric Field

Time changing magnetic fields induce electric fields

A e R et e

T TR T T T T T AT

But, the wire 1s not moving, v=0



(a)

Induced \

Conducting loop”

Region of increasing B
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There 1s an electric

wire.

(b) The induced electric field
circulates around the magnetic

<
<

field lines.

A

A

A — .
A *B Increasing
A

¥

—
—

>
field even with no <<__
—-

Induced E

A

—~—

J

Induced E

|
y

J

:e-_.-——
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Faraday’s Law for Moving Loops

The area vector is
perpendicular to the
loop. Its magnitude

is the area of the loop.



Reasons Flux Through a Loop Can Change

“o=2L [B.4A .
dt L | Jw/

Area
. fl h “' YlvlvylY A
Location of loop can change — Yy A&
il Y
e = - No force is needed to
AP D ED. DL DS S pull the loop when
Ay = % % G o8 the wires are outside
] ] - B the magnetic field.
X x x_x x X x x| -
Shape of loop can change B — i
X X X X X X X X N
I I B
X X X X X X X X
X X/ X X = LI X X X

The angle 0 between

. . The magnetic
Orientation of loop can change __

flux through A and B is the angle
the loop is. at which the loop
® =A-B. has been tilted.

Magnetic field can change




Faraday’s Law for Moving Loops

Faraday’s Law for Stationary Loops

—>

E. dS::—j— dA

Area \

Only time derivative of B enters

loop



There 1s an electric

wire.

(b) The induced electric field
circulates around the magnetic

<
<

field lines.

A

A

A — .
A *B Increasing
A

¥

—
—

>
field even with no <<__
—-

Induced E

A

—~—

J

Induced E

|
y

J

:e-_.-——
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Faraday’s Law for Stationary Loops

CCW . Out of page (+z)

Only time derivative of B enters

Call component of E in 0 direction Ey(r,t)

E-dS=2nrE,(r,t)

loop

, 0B,
ot

Area

r 0B,
2 ot

Therefore: E (r,t)=




Is Lenz’s law satistied 77779

r 0B,

E (r,t)=——

2 ot

B, - out of page and increasing

An induced current would flow:

@ Clockwise

Counterclockwise



-

Top view



Inductance

1
L 0B
jE-dSz—Nﬂ'az <
. ot
Q:mM
[
1 2 2
I 1 1
V-V, = [E.ag= T A, &
) [ dt at
L:u0N2Ea2




Inductors
An inductor 1s a coil of wire
Any length of wire has inductance: but 1t’s usually negligible




Engineering Convention for Labeling Voltages and Currents

. . > Two terminal device
1. Pick one terminal ,
Resistor
and draw an arrow / )
20ing in. Capacitor
Inductor
2. Label the current L.
No f-ing minus signs
3. Label the Voltage at
that terminal V.. Ve =Rl
This 1s the potential V. =L dl. /dt
at that terminal L L
relative to the other Ic = C dVC ! dt

terminal.






Power and Energy to a two terminal device

If device 1s a resistor

V. =IR
P=I’R>0

At t=0 the switch is closed

Then V, = V,

Current I flows.

The power delivered to the device 1s
P=1YV

If device 1s an inductor

dl
V. =L—
dt

I LI’
P:ngx—d( XJ

dt dt\ 2



Energy stored in Inductor dl  d| LI’
P=IL—=
dt dt\ 2
t t 2 2
d | LI LI
U= _[ dt’P(t") = _[ dt’ — =| —
) ) ar\ 2 2
Where 1s the energy? B — u NI I 1,N*na’

Consider a solenoid

2 2
i = ( wa’l ) i = Volume x Energy Density
2 24,

Energy 1s stored in the magnetic field



How much energy is stored in the magnetic field of an MRI machine?




The potential at a is higher than the
potential at b. Which of the following
statements about the inductor current /
could be true?

A.l1s from b to a and 1s steady.

B. I1s from b to a and is increasing.
C. l1s from a to b and 1s steady.

D. I1s from a to b and is increasing.
E. /1is from a to b and is decreasing.



The potential at a is higher than the
potential at b. Which of the following
statements about the inductor current /
could be true?

A.l1s from b to a and 1s steady.

B. I1s from b to a and is increasing.
C. [1s from a to b and 1s steady.

D. Iis from a to b and is increasing.
E. /1is from a to b and is decreasing.



What happens to the current in the inductor after I close the switch?

f
ot
Rr™

-
U & l: e e

e What happens
= ... ifIopen the
switch?
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Three categories of time behavior

1. Direct Current (DC) Voltages and currents are constants in time.
Example: batteries - circuits driven by batteries

2. Transients Voltages and currents change in time after a switch
1s opened or closed. Changes diminish 1in time and stop 1f you
wait long enough.

R V()

S(m

V,(t)=V,exp[—tR /L]

1
|
=<




Consider the series connection
of an inductor, a resistor and a
battery. Initially no current
flows through inductor and
resistor. At t=0 switch 1s
closed.What happens to
current?

Notice, I’ve gone
overboard and labeled

I every circuit element

voltage and current
according to the
engineering
convention.



A Word about Voltage and Current

Voltage 1s “across”.
Current 1s “through™.

Voltage is the potential
difference between the two
terminals.

Current is the amount of
charge per unit time flowing
through the device.

If you catch yourself saying:
“Voltage through..”.
or

“Current across...” .

You are probably confused.



#1(KCL) tells us
A. Ig+l+] =0
B. Ig=Ix=I;

C. Ig=-I, Ix=I;

Kirchhoff’s voltage and current
laws.

1. The sum of the currents
entering any node 1s zero.
(KCL)

2. The sum of the voltages
around any loop i1s zero. (KVL)

#2(KVL) tells us
A. Vg+Vi+V, =0
B. V+V;-V;=0
C. Vg=Vi=V,



KVL: V. + Vg-Vg = 0

L4
dt

¢

+RI-V,=0

Now I have cleaned things up
making use of
[p=-I, Ix=I, =L

Now use device laws:
Vi =RI
V, =L dI/dt

This 1s a differential
equation that determines
I(t). Need an 1nitial
condition I(0)=0



7 dl(t)

FRI(t)—-V, =0, 1(0)=0
i )=V (0)

This 1s a linear, ordinary, differential equation with constant
coefficients.

Linear: only first power of unknown dependent variable and its
derivatives appears. No I?, I3 etc.

Ordinary: only derivatives with respect to a single independent variable
- in this case t.

Constant coefficients: L and R are not functions of time.

Consequence: We can solve it!



7 dl(t)

FRI(H)—V, =0, 1(0)=0

dt

I(t) = (1 a2

T= (L / R)  Thisis called the “L over R”

 fime

Solution:

Let’s verily



What is the voltage across the resistor and the inductor?
V
It)=-2(1—¢""
o l1=e)

Ve=RIt)=V,(1-¢"")

e
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Initially I 1s small and Vy 1s
small.

All of Vg falls across the
inductor, V| =Vjy,.

Inductor acts like an open circuit.

Time asymptotically I stops
changing and V; is small.

All of Vy falls across the resistor,
Vi=Vg. [=Vg/R

Inductor acts like an short
circuit.



Now for a Mathematical Interlude

How to solve a linear, ordinary differential
equation with constant coefficients



The L-C circuit

KCL says:

A. 1=,

B. I+ =0

C. V=L dI,/dt

KVL says:

A. V=V,

B. V+V, =0
C. I.=CdV,/dt

What about initial conditions?

Must specity: I, (0) and V(0)




— 1. +1,=0
V()= L & What about initial conditions?
dt Must specity: I, (0) and V~(0)
[ —cdVO
dt
dl [
wCe i fig — dve | Vo
dt  dt 1 | 7.0 0
I 2
_'il_tc -¢ ddvz( -
5
V(0)=V.0
_}&_ V(t) (0) Vc( )
i L 1,0)=—1.0)=—-cY

dr |,



Let’s take a special case of no current initially flowing
through the inductor

Initial “foa Clove s ittt
chargeon . . .~ e e

“

V() V@) _ 0

dt> IC Solution
A: V(@)=V.(0)cos(wt)

V(0)=V.(0) w=1/JLC

10)=0=—c% B. V()=V,(0)sin(wr)
" dt |_,




Current through Inductor and Energy Stored

L k)= ~¢ o;"}‘\;*“" CwVs Strwt "‘[‘-f'foﬂwt
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Three ways to change the flux

1. A loop moves into or out of
a magnetic field.

2. The loop changes area or rotates.

3. The magnetic field through the
loop increases or decreases.
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