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Ways to Induce EMF

——N—(BA 5 % N\
g th( cosd) , (/\>>>
Quantities which can vary with time: ' : ) <
« Magnitude of B e.g. Falling Magnet o § % -

* Area A enclosed by the loop
« Angle 6 between B and loop normal——»

@, =B-A=BA

®,=B-A=0
Conducting rod pulled along two conducting rails in a
uniform magnetic field B at constant velocity v
B, 1. Direction of induced
S e current?
x x x/ftlx x 2. Direction of resultant
force?
R§>< %2 3. Magnitude of EMF?
v % x |x Yx 4. Magnitude of current?
g % & 5. Power externally Will be discussed in detail
X1y X X .
supplied to move at during recitation
constant v? 2



From last lecture — Example of calculation

Rotating conducting bar in magnetic field

B, ° A conducting bar of length € rotates with a constant angular
N speed w about a pivot at one end. A uniform magnetic field
\,f B is directed perpendicular 1o the plane of rowtion, as
Y ANy shown in Figure . Find the motional emf induced
YAy Vi between the ends of the bar.
e {
N / Let dq be charge within element dr
AN 4 In equilibrium:
-

F, =F, = dqdE = dqvB
BX vV dE parallel to the bar and across dE
FBl £ v =owr — dE = wrB
For uniform E - field = |AV| = Ed
dV =dEdr = wBrdr
| 12
AV =B [ rdr =—wB
0 2

Hydroelectric Power



Falling magnet slows down as it approaches a copper ring immersed
in liquid Nitrogen

Why ? and what is the use of liquid Nitrogen ? 4



Jumping Ring

movie

An aluminum ring jJumps into the air when the
solenoid beneath it is energized



EDDY CURRENTS

What happens if | have no wires to define current path

FIGURE 34.9 Puiling & loop of wire out of in a metal sheet. Two whirlpools of current circulate.

FIGURE 34.10 Eddy currents.

(a)
Wire | (a) Eddy currents are induced when (b) The magnetic force on the eddy
y . W) 1 . 1 = ] © M
ire loop a metal sheet 1s pulled through currents is opposite in direction to |
N / a magnetic field ™\ 7
—1 ‘.\ r"

et = \:‘3)/' Fou L= 22y

O lorce st
pull the loop when

€ WIres are .lllf‘\i\i\‘
et Metal sheet

the magnetic field

(b)
L Jl.mm current Power dissipated in moving the metal slab
X results in braking the motion of the slab

2
Pd,-ss =I'R Can | reduce the
> ) .f: . . ?
5 A pulling force is [=¢/R braking action”

needed to balance

the magnenuc torce

Gulhviuiutvd 2

current JF31L$S - E; /Ale
Induced current in complete loop 6
Causes retarding force on wire



FIGURE 34.11 Magnetic braking systems
are an application of eddy currents.

['he electromagnets are part
of the moving train car

Current is as shown.

Eddy Current Braking

The magnet induces currents in the metal that
dissipate the energy through Joule heating:

M 1. Currentis induced
counter-clockwise (out
from center)

covsccces 2. Force is opposing motion

: - (creates slowing torque)
XX '. o.
XX] -, .

EETE

Eddy Current Braking

The magnet induces currents in the metal that
dissipate the energy through Joule heating:

(M 1. Currentis induced
clockwise (out from
center)

2. Force is opposing motion
(creates slowing torque)

- 3. EMF proportional to o

*eenee 4. 2
Focl
R



Faraday’s Law — New Physics

Induced curr ent B 1s increasing.

( (?m

'#

I \ ’.-
. |
B0 Solenoid
dt dt

B=0 outside the infinite solenoid. Faraday’s law states that a current will flow in the hoop if
the B-field is changing in solenoid. How do the charges in the hoop ‘know’ the flux is
changing? There MUST be something causing the charges to move, and it is NOT directly
related to the B-field like motional emf since the charges are initially stationary in the loop.

Wherever there is voltage (emf), there is an E-field. A time varying B-field evidently causes
an E-field (even outside the solenoid) which push the charge in the hoop. However, the E-

field still exists even outside the hoop!



E-field driving the current in hoop — induced E-field

((((((((((((?(\(

Radial E has to be zero everywhere:

If we reverse current, we expect E radial to change direction. However, we
must end up with the above picture if we reverse current AND flip the
solenoid over 180 degrees. Therefore, E radial must be zero.

-
-

E

/ S

"
Solenoid |

Since charge flows circumferentially, there must be a tangential component of E-field
pushing the charge around the ring. This E-field exists even without the ring.



INDUCED FIELDS

g e A changing magnetic field creates
(a) st TN an induced electric field.
X X X X R :
. 74 E: — " ‘-‘-7 S
Induced A % e e .
current \ e '
X X X X! X
o T "
\ X X X X/ \
y / X
V\ Y, WX S
. E E ’ s g
X /X X X ¥ >/ >, K *
Conducting loop” ~-- e
Region of Induced -
Region of increasing B increasing B electric field E

« COULOMB E FIELD CREATED BY POSITIVE AND NEGATIVE CHARGES - ES
* NON-COULOMB E FIELD CREATED BY A CHANGING B - EM

INDUCED FIELDS NON-CONSERVATIVE



CONSERVATIVE FORCES

Potential energy Uy
B

AU=mgAy for all paths

!
S
Il
-
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I
o
I
o

Uphill balanced by downhill

N

E=mgh A conservative force can be thought of as a force that

Coulomb Force conserves energy. Suppose a particle starts at point A,

and there is a constant force F acting on it. Then the

V X E — O particle is moved around by other forces, and eventually

ends up at A again. Though the particle may still be

= moving, at that instant when it passes point A again, it

¢ E . d:g' = O has traveled a closed path. If the net work done by F at

this point is 0, then F passes the closed path test. Any

- force that passes the closed path test for all possible
E = _V(I) closed paths is classified as a conservative force.

Is friction a conservative force?



NON-CONSERVATIVE FORCES

5 /)</ N X D¢ X _>)§ .
Coulomb case Induced / XE E/< \>
A L B current \/\( \
X X X X\\
\ I ] B
XX )x X AW =qu§
E \<\ i Lo —X 7/
\ E E P Z
AWAB = q(I)BA = QEL \5<\ & o " /X/
— AWAB Conducting loop”™ ~ - -

(I)BA - = EL
q

Region of increasing B

Work done by the induced field E as charge g moves around the circle is

W ctosed curve =4 ¢ E-ds

c= Wclosed curve _ ¢ E . drs; E
q
Best form of I dq)enclosed d D It [6))
Faraday’s law Eﬁ E-ds=- Jr =- 7 # B-dA enclosed
¢ A
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INDUCED FIELD IN FREE SPACE

FIGURE 34.34 The induced electric field circulates around the changing magnetic field

Inside a solenoid.

(a) The current through the
solenoid 1s increasing.,

bob 4
1l |
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|

current

<l
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|
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| | |
|

B increasing

For practical problems

hield lines.

(b) The induced electric field
circulates around the magnetic

B S . -
B increasing

A

(¢) Top view into the solenoid.
B is coming out of the page.

_Integration

©ocurve

| o S

> .

easier to calculate absolute

value of E and then use

Lenz or other rule

>

;indllccd E

- __)

Induced E

r<R

What about
outside the coil?




HOW TO FIND THE DIRECTION OF
AND EMF

OPTION 1: FARADAY WITH ABSOLUTE SIGN + LENZ’s LAW
The direction of | is such as to oppose the change in the flux

_|z.d4, 5, dB
dt dt

|
dt

E

OPTION 2: EMF OPPOSES CHANGE IN & -> OPPOSITE TO THE
SIGN OF dB/dt.

dd_
dt

8=¢E'd§=—



FIGURE 34.35 Maxwell hypothesized the
existence of induced magnetic fields.

A changing magnetic field creates

an induced electric field

Rc;__'mn of Induced =
increasing B electric field £

A changing electric field creates
an induced lm_:'m‘lic field.

/;
M/-ﬂ\
(s H,

/
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»1

Region of Induced .
increasing E magnetic field B

ENTER MAXWELL

FIGURE 34.36 A self-sustaining
electromagnetic wave.

Direction of propagation
at speed v

em wave




GENERATORS - TRANSFORMERS-
DETECTORS

nerator.

T
Slip rings = N /. >
l o
2T
2.8\ 24
l' _1 Bm/s"ilcs7 E ! l
o @, =BAcost = BAcos ot
dd d .
&=—-N—2L=—-NAB—(cos wt) = NABwsin ot
® = ABcosO = ABcoswt dt dt
dd :
g, =—N—"=NABwsinwt

dt



GENERATORS - TRANSFORMERS-
DETECTORS

Step-up transformer

Transformer

p p
Secondary df
Primary : :
N. : P d(I)B
V, 4 >1 p d ~] Vs 8 — N
P A turns 111 . s s d
(Input) Sy p b (output) t
SHIHE p :
Ned
Ng <
ed
turns : g ' N
9 S —
Laminated g N

iron core

Ng > N,: step-up transformer

N < N,: step-down transformer

P21- 26

A

FIGURE 34.38 A transformer.

Iron core

Primary coil \
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Secondary coil
N, turns
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, b
‘, COs wt b o ; —
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I N magenetic neia

follows the iron cor

FIGURE 34.39 A metal detector.

Induced current ~==-ee. ... Receiver coil

due to eddy currents L%

/ Induced current due

to the transmitter cot

Transmitter coil

Eddy currents in the metal
réeduce the induced current

in the recever conl

V. cosar

\

Load



Transmission of Electric Power

High voltage
transmission line

Step-down Step-down

transformer transformer
(substation)
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Example: Transmission lines

An average of 120 kW of electric power is sent from
a power plant. The transmission lines have a total
resistance of 0.40 Q. Calculate the power loss if the
power is sent at (a) 240 V, and (b) 24,000 V.

;_P_12x10T
Vo 24x10°TV 83% loss!!
P, = I*R = (500.4)* (0.40C2) = 100k

(a)

5
(b) I:£:12><10W
Vo 24x10'V
P, =I’R=(5.04)"(0.40Q) = 10W

=5.04 0.0083% loss

19



Current, Voltage & Power

Battery ¢
' _||+ ’I?SuppliedzlAVzlg
¢ AV =+€ b
i 7 2

ReSIStor_> ])dissipated — [ AV — ]2R — AV
¢ /\M J R
2 AV = —IR b

itor/ do ¢
CapaClto—>r Ijabsorbed — ]AV — EF

+011-9 '/
p : _d Q" dU

AV =— 0/C dr2C  dt



INDUCTORS VS. CAPACITORS

Capacitors
;l"l?aergzg?gi:jgcii of two conductors / +0 /
-2 ML
A parallel-plate capacitor has
A

Filling the space between the plates with a dielectric of dielectric
constant k increases the capacitance to C = kC,

The energy stored in a capacitor is uc = 5 C(AVc)?

This energy is stored in the electric field at density ug = y€,E>.



Back emf and inductors

(a) l [ ’b')' 11ncrcasmg (c) l

(a) Steady current, magnetic field is to the left

(b) Current increasing, magnetic field increasing to the left. Lenz’s law states that an
emf is set-up to oppose this increasing flux, thus creating a voltage that opposes
the increasing current.

m}

Idec I'C'lSll’lg

Considering case (b) for the case of argument, the back emf from Faraday’s Law (we do
not assume an infinite solenoid here!)

dt



Inductors

' m\‘ I

Define the Self Inductance L as the
proportionality constant in

AV, =LY
dt

Units ?

- Inductance

Biot Savart — B < [

dr
dt

Epack| &

For infinite solenoid



Inductance of a solenoid

The inductance of a solenoid having N
turns, length / and cross-section area A is

d MONZA Depends only
L = 0 — T-m2 /A=Henry =H  On geometry

solenoid ] ]
(b) The induced current is Induced current Induced field
opposite the solenoid current. \ /
- The induced magnetic field

opposes the change in flux.

A A

o

v T
> - +
g . AV,
Decreasing
T + _ current _-
AV, : .

Increasing " The induced current carries
current positive charge carriers to the right.
The induced current carries positive The potential difference is opposite
charge carriers to the left and establishes that of Figure 34.40.

a potential difference across the inductor.



L

INDUCTOR VOLTAGE

D,  weN’A

solenoid —
1

dd

m

dt

AV,

AV,

[

dl
dt

—IR

dl

_L ==

dt

FIGURE 34.42 The potential difference
across a resistor and an inductor.

Resistor

The potential
always decreases.

Inductor
lz
+
. _ g dl
AVL L dr

The potential decreases if

the current is increasing.

The potential increases if
the current is decreasing.

Induced current  Induced field

/

A A

- +
. AV r,
Decreasing

current

The induced current carries
positive charge carriers to the right.
The potential difference is opposite
that of Figure 34.40.

(b) The induced current is
opposite the solenoid current.

The induced magnetic field
opposes the change in flux.

Increasing -
current -
The induced current carries positive

charge carriers to the left and establishes
ial difference across the inductor.




ENERGY STORAGE IN INDUCTOR

2
WHERE? 5 = lgoEZ U, = B
2 2u,
0’ 1
U ==_ _ L
rye U.= > LI
WHY? dU dl
P=—2%=]AV, =-IL—
dt ' d SHOWTHAT

Uy =Lftdi= 31" U, = (AD(B/2u,)



FIGURE 34.44 An LC circuit.

Switch closes at t = 0.

0

+ 4 +|+++
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Maximum capacitor charge is like
a fully stretched spring.

The current continues until
the initial capacitor charge

is restored.

Max v

T T

LC CIRCUIT

The capacitor discharges
until the current is a maximum.

D

N

Now the discharge goes in
the opposite direction.

Wesl

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Add

W]

Maximum current is like the block
having maximum speed.

The current can’t stop. It continues
until the capacitor is fully recharged
with the opposite polarization.

AV.+AV, =0

Q_,9_,

C dt

w=+1/LC
o) = O, cos(wr)

[ =wQ sm(wt)=1__ sin(wt)



ENERGY STORAGE OSCILLATION

Maximum capacitor charge is like
a fully stretched spring.

The current continues until
the initial capacitor charge

is restored.

M B
Max /
Max v
——
W
T T T

The capacitor discharges

until the current is a maximum.

Now the discharge goes in
the opposite direction.

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

Max /

W

Max v

W

Maximum current is like the block
having maximum speed.

The current can’t stop. It continues
until the capacitor is fully recharged
with the opposite polarization.

Capacitor
charge Q

© 0 o
O T ;

_QO -

Inductor | | :
current [ 1 I I

| | |

[max N I !
| | |

| | |

| | |

| | |

0 . |

| | |

| | |

| | |

| | |

—Imax N | | |

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



The current in an LC circuit

The current in an LC circuit where the initial
charge on the capacitor is Q, is

dQ

I = B = wQysinwt = [, Sinwt

The oscillation frequency is given by

1
W =|T=
L.



Current /

The switch moves fromatobatr=0.
y I() =

The current has decreased to
37% of its initial value att = 7.

a < 1000

The current has

b
+__ decreased to 13% of its
)V_____ 100 O 2 mH 0.501, : initial \"ul:uc att = 271.
0371, +-==~-= :
O3 e e :
| |
O 1 1 1 t
(R O - . A Aere T 2T 31-

=1 exp[-t/(L/R))

*
This is the circuit with the switch
in position b. The inductor prevents
the current from stopping instantly.



