Lecture-2

Ampere’s circuit law, Maxwell’s equation, application
of ampere’s law, magnetic flux density- Maxwell’s
equation, Maxwell’s equation for static fields,
magnetic scalar and vector potential.



What is Electromagnetics?

What is the basis of electromagnetics 7 CHARGE

Electromagnetics is the study of CHARGES

7\

at rest in motion

The subject electromagnetics may be divided into 3 branches:

Electrostatics : charges are at rest (no time-variation)

Magnetostatics : charges are in steady-motion (no time-variation)

Electrodynamics : charges are in_time-varying motion

(give rise to waves that propagate and carry
energy and information)
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Fundamental Laws of Electromagnetics

Maxwell’s Equations

— |

special | Electro-statics | | Magneto-statics Electromagnetic Waves
Cases (Only E-field) (Only H-field) (Both E & H-fields, coupled)
5.
Statics: — =10
cr

Dimension << Wavelength ()
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E-Static vs M-Static

Attribute Electrostatics Magnetostatics
Sources Stationary charges Steady currents
Constitutive gand o

parameter (s)

1L

Equations

Differential form

Integral form

V-D=p,;, VxE=10
fD-ds=0 ;$E-A1=0
S C

V-B=0:VxH=1]
§B-ds=0 ;$H-dl=1
S c

Potential =-VV B=VxA
Energy density w, =% £E’ W, = ¥ uH°
Force on charge ¢q F.=¢qE F,=quxB
Circuit element (s) C and R L
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The Story of E and B

= Stationary charges cause electric fields (Coulombs Law,
Gauss’ Law).

" Moving charges or currents cause magnetic fields
(Biot-Savart Law). Therefore, electric fields produce
magnetic fields.

= Question: Can changing magnetic fields cause electric
fields?



Maxwell equations :

-

rot H = J+%—)> Time-independent case : ( rt ) Ifw

drot E :—ﬂ—B > (F ) law of inductima T
at

divD=p - ( ) law

divB=0 - ( | law for magnetism ( - )
(D=¢E
\B=uH

|J =cE ( )

Flectromagnetic wave :

propagation speed :

in a vacuum, v = (M
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Induced emf and Faraday’s Law

Magnetic Induction

We have found that an electric current can give rise to
a magnetic field...

I wonder if a magnetic field can somehow give rise to
an electric current...



It is observed experimentally that changes in
magnetic flux induce an emf in a conductor.

>

» B

An electric current is induced if there is a closed circuit
(e.g., loop of wire) in the changing magnetic flux.

/'I

A constant magnetic flux does not induce an emf—it
takes a changing magnetic flux.
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Note that “"change” may or may not not require
observable (to you) motion.

o A Magepichna oy dtlowegigh dolme pfofrwé;eor

a loop of wire may be moved through a
magnetic field (as suggested in the previous
slide). These involve observable motion.

I —— ‘ﬂ>_
I P -
— v | region of
move magnet toward coil | magnetic._
this part of the
loop is closest to change@iga of loop
youreyes inside magnetic field

N<®>s

rotate coil in
magnetic field




Ch?ﬁl@“fg h%féd I

changing B

o A«charhginginyrcentent arleolpop wilwigeres
rise to a changing magnetic field (predicted
by Ampere’s law )A\wipicleG@inmiluce a current
in another nearby loop of wire.

In the this case, nothing observable (to your eye) is
moving, although, of course microscopically, electrons
are in motion.

Induced emf is produced by a changing magnetic flux. ‘
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We can quantify the induced emf described
qualitatively in the last few slides by using magnetic
flux.

Experimentally, if the flux through N loops of wire
changes by d®g in a time dt, the induced emf is

dd, Faraday’s Law of

€ =-N at Magnetic Induction

Faraday’s law of induction is one of the fundamental
laws of electricity and magnetism.

I wonder why the — sign...



do.. Faraday’s Law of
Ilfthe-d\d]uéxtﬁon ".",a?,'le.ﬂf,
- Induction

D, = I B-dA is the magnetic flux.

This is sometimes shown as another version of

gda SH@N We'll use this
..

In a future lecture, wéjﬂ.@ -pater lecture.




Example: move a magnet towards a coil of wire.

N=5turns A=0.002

dB
£ =-NA—
dt

£ = -5(0.002 mZ) 0.4 |=-0.004 V

S
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Ways to induce an emf:

4

e change the area of the loop in the field

A i
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Ways to induce an emf (continued):

e change the orientation of the loop in the field

—

-

6=90° 0=45° 0=0°

vV v vy vV VYV VY

X X X B X X X X XX X X X X
X x x (nward) x x X X MIx X X X X
X X X X X X X X X X X
X ¢ X X X X X X X X X X
X X X Flux X X X X X X X X
X )l X X decreasing X X X X X X X X
X X X X X X X X X
X X X X X X X X X X X
X X X X X X X X X X
X X X X X X X X X X X
Maximum flux Zero flux
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Example: a uniform (but time-varying) magnetic field passes
through a circular coil whose normal is parallel to the magnetic

field. The coil’s area is 102 m2 and it has a resistance of 1 mQ. B
varies with time as shown in the graph. Plot the current in the coil

€=_dCDB=_d BA)=_Ad_B s /A
dt dt dt
e=R= 1=t=-A® |
R R dt
ForO<t<3:" _ A o)

d_AB_.01  ,__AdB__(01).01_ .23,
dt At 3 R'dc  (.001) 3

Cdl—f=0:> IEOP 3 <t < 5:
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Example: a uniform (but time-varying) magnetic field passes
through a circular coil whose normal is parallel to the magnetic

field. The coil’s area is 102 m2 and it has a resistance of 1 mQ. B
varies with time as shown in the graph. Plot the current in the coil

For5<t <B:|[|"r}]’,; I(t)A
dB _ AB _ -.01
dt At 6 o1Th
A dB (.01) -.01
= I=-——=-
R dt (.001) 6 \l
=+.0167 A | >

-.0333
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Experimentally...

Lenz’s law—An induced emf always gives rise to a
current whose magnetic field opposes the change in

fux.®
N ——
- 4\

—V

+—V—_

If Lenz’s law were not true—if there were a + sign in
Faraday’s law—then a changing magnetic field would
produce a current, which would further increase the
magnetic field, further increasing the current, making
the magnetic field still bigger...



More on Lenz’s Law:

An induced current has a direction such that the magnetic field due to

the current opposes the change in the
magnetic flux that induces the current

Question: What is the direction of the current induced in the ring given
B increasing or decreasing?

B due to induced current

> —>
Decreasing B Decreasing B

Increasing B
>

.
Increasing B

B due to induced current (0 (d)
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do,

Faraday'sLaw € = -N pm

You can use Faraday’s Law to calculate the magnitude of
the emf (or whatever the problem wants). Then use
Lenz’s Law to figure out the direction of the induced

current (or the direction of whatever the problem

wants).

The direction of the induced emf is in the direction of the
current that flows in response to the flux change. We
usually ask you to calculate the magnitude of the
induced emf ( |e| ) and separately specify its direction.




Motional emf: an overview

An emf is induced in a conductor moving in a magnetic

field.
Your text introduces four ways of producing motional

emf. We will cover the first two in this lecture.

1. Flux change through a conducting loop produces an
emf: rotating loop.
B g=- dog Istart with thig

dt

_\\\\fa.\ _____

side view I
P = INBA® sin(ot)

€ = NBA wsin(wt)
_NBAw

vV vV v Vv VY

sin(a)t) Iderive these




2. Flux change through a conducting loop produces an
emf: expankding loop.

___doy
vV— dt :
B@f@ o ololo o start with thesq
oo o ololo M= L
ole o ololo |t
oo o o|ola, -
© © O OloIO ], € =Brv
x=vdt I = hd =m Iderive these
R R
P =F,-v=I/Bv

Pradeep Singla



Next time we will look at two more examples of

_ motional emf... _ ]
3. Conductor moving in a magnetic field experiences an

emf: magnetic foraenei charged particles.

R tart with thesq
B \"4
QOOOOO | Y S
oXoXoXoXo F=q(E+VxB)
©OO0000O | g=E¢ (Mr.Ed)
ONONONONO)
ONONONONOIM
Iderive thisI
e=DB/v




4. Flux change through a conducting loop produces an
emf: moving loop.

Istart with thi
) dd,
dt

E =

® ® Q
® ® Q
® ® Q
® ® Q

QIR
QIR

Iderive theseI

e =B/lv
=Bﬂ P=1I/Bv

ORI
RO
QI

I




Generators and Motors: a basic introduction

Take a loop of wire in a magnetic S %\ N
field and rotate it with an angular

speed .
@, =B-A =BA cos(0)
»B
I': > Choose 0,=0. Then
""""""" . 0=0, +ot =ont.
side view @, =BA cos(wt)
€ = - do,
dt

Generators are an application of motional emf.



B If there are N loops in the

\Ae\ . coil
IR\ < ch
g £ =-N—2°
\\ - dt
side view d(BA cos(oot))
€="-N dt

€ = NBA osin(ot)

The NBA
equation!

|| 1s maximum when 0 = ot = 90° or 270°; i.e., when
®g is zero. The rate at which the magnetic flux is
changing is then maximum. On the other hand, ¢ is zero
when the magnetic flux is maximum.



emf, current and power from a generator

NBA o sin(ot)

NBAw

sin(wt)

INBA® sin(ot)



Example: the armature of a 60 Hz ac generator rotates
ina 0.15 T magnetic field. If the area of the colil is

2x10-2 m2, how many loops must the coil contain if the
peak outputistobec¢ ., =170V?

€ = NBAwsin(wt)

€. = NBAw
N — Emax
BA®
(170 V)

"= (0.15T)(2x10? m?)(2zx605s™)

IN = 150 (turns)|
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Another Kind of Generator: A Slidewire Generator

Recall that one of the ways to induce an emfis to
change the area of the loop in the magnetic field. Let’'s
see how this works.

A U-shaped conductoranda Bg g o @v(;s
moveable conducting rod are ofle 6 ole 6
placed in a magnetic field, as ole 0 ole o |;
shown.
The rod moves to the right with g g g g g R
a constant speed v for a time dt. «E»t dA
- 5 \")

The rod moves a distance vdt and the area of the loop
inside the magnetic field increases by an amount

dA = {vdt.



The loop is perpendicular to the magnetic field, so the
magnetic flux through the loop is @,E:d,& = BA. The
emf induced in the conductor can be calculated using

Faraday’s law:

o] = |-
dt S
Bo 0 0 0]olo
d(BA)
g = |12 o foXoXo] [o}{o]
dt o|le © O|O|6 |!
FFWMA o (oXeXel PicN
5 © © © OIOIO )
— vdt
dx
= |B/—
<] ‘ ! dt B and v are vector
€ =B v magnitudes, so they

are always +. Wire
kength is always +.



Direction of current?

The induced emf causes current to flow in the loop.

Magnetic flux inside the loop

increases (more area). Bo o o GDVGI;

System “"wants” to make the
flux stay the same, so the
current gives rise to a field

O] JONONO] [O}10]
OO O O|OIO |1

3@@@@
®®8®d)l-\

— vdt
X

inside the loop into the plane of
the paper (to counteract the
“extra” flux).

Clockwise current!



As the bar moves through the magnetic field, it “feels”
a force

F,= I/xB

A constant pulling force, equal in
magnitude and opposite in
direction, must be applied to keep
the bar moving with a constant

‘IEP‘ =TLF§ ocity.

=1/




Power and current.

If the loop has resistance R, the current is
[ = _Brlv

"R R’ 5 v—
© 000 0lo
o fo¥oXoXol[c

O/ FONONONOI [ONNF/

© 0000
ONONOJIO

—_

X

And the power is
P =F -v=I/Bv

P =I(IR)= I‘R
(as expected).

Mechanical energy (from the pulling force) has been
converted into electrical energy, and the electrical
energy is then dissipated by the resistance of the wire.



