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Stati C F ie I dS (stationary charges, steady current)
Qt \ (

E-da=—t | Gauss’sla N —
§ . . W V-D=p,
it;]:: .dl=0 Conservative VxE=0
< > 4 . >
§]§ .da=0 No magnetic charge V:-B=0
§]§ .dl=pI | Ampere’sLaw VxH=J;
linear, homogeneous, isotropic V-E= Pe
D=gE=¢g¢eE=¢gE+P ) %o
V-P=-p,

B=pH=ppH=p, (H+M)
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Orsted’s Discovery

4/21/1820
Danmark

=3

compass
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§]§-d22u01t

André-Marie Ampeére
(1775-1836) France
S| unit for current

Hans Christian Orsted
(1777-1851) Danmark
cgs unit for B

Ampere’s Law, 9/18/1820,
after he learned about Orsted’s
discovery on 9/11/1820 !!
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Faraday’s Experiment :

With stationary magnet,
no current induced (1831)

Michael Faraday
(1791-1867) England
S| unit for capacitance

Joseph Henry
(1797-1878) USA
Sl unit for inductance
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Magnetic induction 344

(@) A stationary magnet does All these actions DO induce a current in the coil. What do they have in common?*

NOT induce a current in a coil. 2 i \
(b) Moving the magnet (c) Moving a second, current-carrying  (d) Varying the current in the second
toward or away from the coil  coil toward or away from the coil coil (by closing or opening a switch)

v

Meter Meter shows
shows zero induced current.

current.

*They cause the magnetic field through the coil to change.
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Faraday’s Law :
~ - do
V_ =¢E-dl=——— « :
emf § dt oppose the “change” of
O = IE da magnetic flux
® = [Bldx = B/x
0
E X
%) ‘ 90 _ gy v
U dt dt
[— Veunr|  Bfu
« R R

direction given by Lenz’'s Law
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Lenz’s Law (1834)

“Back emf” to oppose the “change” of magnetic flux

Heinrich Friedrich Emil Lenz
(1804-1865) Italy
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Example — moving magnet :

(a) Motion of magnet causes
decreasing upward flux
through

increasing downward flux
through

The induced magnetic field 1s upward to oppose the flux
change. To produce this induced field, the induced current
must be counterclockwise as seen from above the loop.

(b) Motion of magnet causes ~ (c) Motion of magnet causes

(d) Motion of magnet causes

decreasing downward flux increasing upward flux

through through
loop. loop.
v v

B. B

induced induced

The induced magnetic field is downward to oppose the
flux change. To produce this induced field, the induced
current must be clockwise as seen from above the loop.



AANN AN




e.g. magnet in a copper tube
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Eddy current - disc brake
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To reduce eddy current :
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transformer



Electrodynamics — Dr. Ray Kwok

Example — metal detector

(@) (b)

Pulse of
current

1,'
v

!

T~ Eddy
currents

A = Receiver | v%'

Transmitting coil

coil Eddy currents
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o060
Example — guitar pickup -
Metal — |
b PICk.up Permanent
string le\ S
N[S N B
Magnetized/ Y |
portion of
string | l
To amplifier
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Question

Find the direction of the current in the resistor R shown in Figure at
each the following steps: (a) at the instant the switch is closed, (b)
after the switch has been closed for several minutes, (c) when the
variable resistance r increases, (d) when the circuit containing R
moving to the right, away from the other circuit, and (e) at the instant

the switch is opened.

ANNANNANN AAAARAA

U G
S E/r )

NN NV NV N

i

Right, 0, Left, Left, Left
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Moving Conductor :

+ F. +F. =0 separate the charges
FB T B ® F; B 3 P g
‘ saturate when QqE + qﬁ xB=(0 inducedE
u ~ -
E=—uxB
s | \
— induced — =—uB
14

emf YV = —yB/ similar to Hall Effect

B T N 024 emfis “+” uxB
L\ ®
> induced currerff
I=|V/R[=B uR

direction agrees w/ Lenz’s Law
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Generalized Faraday’s Law s
V,_ . = §E : dz = dg — _J‘ﬁ_B -da changing B(t), stationary loop
) dt ot
V = §_B d7 _§ﬁ < B-d7/ fixed B, moving loop
emf — T
q
ijﬁ-dﬁ :j- B _ Vx(ixB)|-dd= I— da — §ux]§-dz
dt ot hw
v =90 = §lixB-d/ - j— da
emf dt
induced emf in a moving loop w.r.t. “stationary” B(t) loop

Einstein’s Relativity: — U
move the loop, Lorentz force (magnetic) [motional emf] magnet
move the magnet, induced emf — electric [transformer emf]
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Example — rotating loop 13
0 = ot uniform B
Vems = §ﬁ x B-d/ = 2(uBsin ot)h

= 2(% ooth sin Wt = ®BA sin ot

OR
d s ~
V. . =——1|B-da
G emf dtj
d .
= —a(BA cos wt) = ®BA sin ot

Direction of current (at this instance)??
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Group Exercise

Find the induced emf in a
rectangular loop rotating at
an angular velocity o in a
magnetic field B sinwt.

& the direction of induced
current?

(Can you do this problem in
2 ways?)
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AC generator

External circuit

rotator Brushes

ﬁ’ \External &

dd

V .=—N—

emf dt

= NwBA sin ot

E

max

A
VARV,
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DC generator 3t

Commutator

Armature

(a) (b)
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Electromotor 022

To turn faster, should we

use thicker wire?
use more turns?
make bigger loop?
use stronger magnet

BN~
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Answer... (not counting friction)

O .
V= —NCL—t = NowBA sin ot
= NoBA
R
s =1{xB

T=rxF,=mxB torque
m = NIAn magnetic moment

=1l I = moment of inertia

R = pi resistivity

A'
m=pV =pA'l mass density

1. use thicker wire?
same.
e.g. half R, double mass, same o

2. use more turns?

same.

double N, double R, same I,

double mm, but double inertia, same a..

3. use bigger loop? (same N)

same.

bigger A, more ©

somewhat higher R, but still more I ~A/R~r
mm~A2/R~r3, inertia~r3, same a

4. use stronger magnet?

YES
more I, m, 1, o

e.g. flash lights
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Another important application
—telephony / loudspeaker

-. (?? before him)
Alexander Graham Bell
(1847 —1922) UK

(practical improvement)

Thomas Alva Edison
(1847 —1931) USA
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Ideal Transformer (AC)

® is confined in the core (L =«) V, = —NI(ZE
t

)

v, - N, 90

iron core dt

J|
R

]

+
"

primary
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Self-Inductance :

1 ¥ - el . 2 L R
Self-inductance: If the current / in the coil is o ww
changing, the changing flux through the coil !

\

induces an emf
Wﬂ back emf causes I lags V
il

S V=1Z=1I(R + joL) =1|Z|e/®

1 - | ———
i T

A —— I
( iy N oy ydo_d




T
gz

MNP

ideal:

* large N tightly wound
* no end effect

* uniform internal B

zero external B in the vicinity

Ampere’s Law:

NI

14
® = [B-da =u,nlA
[ — NO® Np nlA
I I

B

=, nl

=p n’lA
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Coaxial Cable

§]§-d_é=ptol
N “IA
B=-—"2
2nr¢
- bMIA
Od=|B-da= 0
j 2nr¢
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’
eSoNAtor (Lenz’s Law, later resonator...) o
Capacitor polarity reverses. )
‘ ( l Current direction rcvcraes.j
Capacitor fully charged; Capacitor fully Capacitor fully charged; Capacitor fully
zero current discharged; zZero current discharged;
Vin E| current maximal | =¥ | current maximal
O B ~Cn B [ ] O B8 +Q,, [ ] il
4+ 1 " x | ¥
" n Capacitor Capacitor | i Capacitor
—E_ — discharging; charging; 8 5 -B discharging;
+ T [ increasing I decreasing . [ mncreasing
" .
R

"’mll R Bm R T’m [mT

L0~

Circuit’s energy all Circuit’s energy all Circuit’s energy all Circuit’s energy all
stored in electric field stored in magnetic field stored in electric field stored 1in magnetic field
1 1 3
@tr=0andr=T (b)r=ET (c)r=5T (d)r=ET

(close switch at 1 = 0)

P

Capacitor charging; / decreasing
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Mutual-Inductance o :
M,, = =
I1

®,, is the flux through loop 2 due to the
B generated by loop 1

//—\

®,, = [B,-dd, = [VxA,-dd, = §A,-d7,

A(f): “OJ. J(i:') dV'= l""o§ I(I") dZv

more than 1 turn? 4m | T _f'| 4n | r _f'|

Mo fr
_N,d,, D, = Lde,-de,
I1 0 .dy

M12
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Transformer - Primary / Secondary coils

Cross-sectional area A

different cross-section? h.w.

Black coil: N, turns

same equations
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000
0000
Magnetic E HE
agnetic Energy t
For an inductor .. For coulpling circluits 1&2...
1 ¢B? W, =-1d,+-1,0,
W :_j_dv 2 2
2 b =D, +D,,
W :lle b, =D, +b,
2 1 1 1 1
1 W_ =5 — 1, +§Ilq)21 +512CD22 +512CI)12
W_=—1D
2 O, =L],
O, =L.I1,
O, =M,l, =Ml],
O, =M, 1, =M,
W_ = 1L12+1LIZ+MII
2 2
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Faraday’s Law - differential

vmfzﬁ.dz:_ijﬁ.da

jV xE-dd = —j (— -V x(ux B)) Stokes’ theorem

~ OB E is induced in moving medium
VxE=—-"=+Vx(ixB) B is measured in stationary frame
ot curl operates in moving frame

OB(T)
ot

5B(1‘) for stationary loop (rest frame)
ot or localized, RF EM wave (microscopic)

VxE(f") =-

+ V'X(ﬁ X B(f)) relativity, low f

VxE(T) = -
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Electrodynamics
{)E -da = & Gauss’s Law
80
ﬁE dl = — dﬂ Faraday’'s Law
< dt [
§]§ .da=0 No magnetic charge
{)]?3 4/ = w1l Ampere’s Law
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Electric Potential

R . 0B 0
static YXE — () dynamic VxE:—E:_a
define E=-VV B x

V x E+8—A =0

suchthat VxVV =( ot

. E+8—A =-VV
V-B=0 ot
defne B=VxA E=—VV—88—A
~ t
suchthat V-VxA =0
Need both V and A to find E !!!!!

VxA
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Group Exercise
Rectangular loop of 20 turns is placed at
1 m away from a long current-carrying
I, wire as shown.
N = 20 L,(t) = .2lcos(60t) .(A)_ |
I(t) 4 Resistivity of the wire in the loop is 4 QQ/m.
1

5m Find L,.

3m

Tm




