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& Introduction

Text Books:

College Physics, Serway / Vuille, Eight Edition, Chapters 15-18.
Sadiku, Elements of Electromagnetics, Oxford University.
Griffiths, Introduction to Electrodynamics, Prentice Hall.

Jackson, Classical Electrodynamics, New York: John Wiley & Sons.
Open sources: MIT open courses, ....
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- compass —

» A compass is a navigational instrument that
measures directions in a frame of reference
that is stationary relative to the surface of
the Earth.

There are different types of compass:

the magnetic compass contains a magnet
that interacts with the earth's magnetic field
and aligns itself to point to the magnetic
poles;

» the gyro compass (sometimes spelled with a
hyphen, or as one word) contains a rapidly
spinning wheel whose rotation interacts
dynamically with the rotation of the earth.
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.. Basic facts of Magnetism

» Qersted discovered that a compass needle responded to
the current in a loop of wire

« Ampere deduced the law for how a magnetic field Is
produced by the current in a wire

« magnetic field lines are always closed loops — no
Isolated magnetic poles, always have north and south

« permanent magnets: the currents are atomic currents —
due to electrons spinning in atoms- these currents are
always there

» electromagnets: the currents flow through wires and

require a power source, e.g. a battery
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!’g) Magnetic Flux

» Magnetic flux associated with a magnetic
field i1s defined in a way similar to electric

flux ¢:/B-ds

S I - Wilhelm Eduard Weber [
Sani Sl unit of flux: Weber o e
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: Magnetic Flux

* For aflat surface with an area A in a uniform

magnetic field, the flux is (0 is the angle between
B and the normal to the plane):

o[B8 i

1 = BScos(f) = BS

 When the field is perpendicular
and the flux crosses the surface

e When 0 =180 and the flux crosses the surface is
negative. [“%
|
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!’g) Magnetic Flux

 When the field is parallel to the plane, 8 =90° and
the flux crosses the surface is zero

dA

W = /BdS A i

Y = BScos(90) =0

| @l

« NOTE: the integration across a closed surfaceis
zero, there is no magnetic monopole.

wsz-dszo V-B=0
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. Magnetic flux

What Is that magnetic flux through this
surface?

A. Positiv.e \\V / /
B. Negative \
@
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&; Source of a Magnetic Field

Biot-Savart’s Law
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2. ummary of three Right Hand Rules:
@ ®

© Point your right thumb in
the direction of the current.

@ Curl your fingers around the ...___\“_“
wire to indicate a circle.

© Your fingers point in the
direction of the magnetic —"/ i .
field lines around the wire.




- Applying the Biot-Savart’s Law I

» B-field for straight wire segment with current in x- direction:
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- On-axis of circular loop |
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g. On-axis of circular loop Il




- Ampere’s Law: An easier way to find B-fields .
L 2
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- Ampere’s Law: An easier way to find B-fields 1 -

Ampere’s Law B -dl = HOIenc

f(vXB).dS:j{B.dl (V x B) = p10J
Use Ampere’s Law to find B-field from current

1. Current that does not go through “Amperian Loop”
does not contribute to the integral

2. Current through is the “net” current through loop

3. Try to choose loops where B-field is either parallel
or perpendicular to dl, the Amperian loop.




- Ampere’s Law: Example, Finite size infinite wire I

Calculate the B-field everywhere from a finite
size, straight, infinite wire with uniform current.
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- Ampere’s Law: Example, Finite size infinite wire I

Calculate the B-field everywhere from a finite
size, straight, infinite wire with uniform current.
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Ampere’s Law: Example, Infinitely long solenoid

As coils become more closely spaced, and
the wires become thinner, and the length
becomes much longer than the radius,

1. The B-field outside becomes very, very
small (not at the ends, but away from
sides)

2. The B-field inside points along the axial
direction of the cylinder

Symmetry arguments for a sheet of current
around a long cylinder:

1. Br=0 - time reversal + flipping cylinder,
but time reversal would flip Br!

2. Azimuthal component? No, since if we
choose Amperian loop perpendicular to
axis, no current pierces it.

3. B=0 everywhere outside: any Amperian

loop outside has zero current through iq )




. - Ampere’s Law: Example, Infinitely long solenoid |
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y Ampere’s Law: Example, Toroid
®
AL Solenoid bent in shape of donut.

B is circumferential.
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g. Force Between two parallel, straight current carrying wires:
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i Parallel currents attract, Opposite currents repel.
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@ Maxwell’s equations in statics

» Maxwell’s equations

Point Form Integral Form
V-E:%" Q/e:fE-ds
V-B=0 wzjfB-dszo
VxE=0 fE-dI:O

(V x B) = pod j[B - dl = MOIenc
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!‘gy Faraday's Experiment

« A primary coil is connected to a battery and a secondary coil is
connected to an ammeter

« The purpose of the secondary circuit is to detect current that might
be produced by a (changing) magnetic field

« When there is a steady current in the primary circuit, the ammeter
reads zero Ammeter

Switch

Primary
coil

Secondary
coil

Battery
G '

/Cole - Thomson

MLy

[- A
[ apiar
[Mails
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-jg; Faraday's Experiment

When the switch is opened, the ammeter reads a current and then
returns to zero

e When the switch is closed, the ammeter reads a current in the
opposite direction and then returns to zero

« An induced emf is produced in the secondary circuit by the
changing magnetic field

Ammeter

Switch

Iron
Primary Secondary
coil coil

Battery
SIER

/Cole - Thomson

MLy

[. A
[ apiar
[Mails
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!g; Electromagnetic Inductlon

When a magnet moves toward a loop of
wire, the ammeter shows the presence of a
current

« When the magnet moves away from the
loop, the ammeter shows a current in the
opposite direction

+ When the magnet is held stationary, there is @J
no current

 If theloop is moved instead of the magnet,
a current is also detected
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-IQ Electromagnetic Induction

A current is set up in the circuit as long as there is relative motion
between the magnet and the loop

« The currentis called an induced current because is it produced by
an induced emf

- Faraday’s law of induction: the instantaneous emf induced in a
circuit is directly proportional to the time rate of change of the
magnetic flux through the circuit

 If the circuit consists of N loops, all of the same area, and if ¥ is
the flux through one loop, an emf is induced in every loop and
Faraday’s law becomes
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!'Q)Faraday’s Law and Lenz’ Law

 The negative sign in Faraday’s Law is included to indicate the
polarity of the induced emf, which is found by Lenz’ Law:

« The current caused by the induced emf travels in the direction
that creates a magnetic field with flux opposing the change in the
original flux through the circuit

Heinrich Friedrich

dw Emil Lenz

€ — — IV —/— 1804 — 1865




&) Lenz’ Law

« The magnetic field, B, becomes smaller with time and this
reduces the flux

« Theinduced current will produce an induced field, B4, in the

same direction as the original field 5

o

ind




!‘gy Faraday's Law

« Assume aloop enclosing an area A lies in a uniform magnetic
field

+ Since ¢ = BS cos(@), the change in the flux, can be
produced by a change in B, A Ol 0
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&Lenz’ Law — Moving Maghnet

 As the bar magnet is moved to the right toward a stationary loop
of wire, the magnetic flux increases with time

« Theinduced current produces a flux to the left, so the currentis in
the direction shown
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!’gy Lenz’ Law — Rotating Loop

* Assume aloop with N turns, all of the same ¢
area rotating in a magnetic field i A
[,

« The flux through the loop at any time tis \/ \\/

1 = BS cos(f) = BS cos(wt)

« The induced emf in the loop is
 Thisis sinusoidal, with g,,,, =B NS @

d)
dt

e = BS N w sin(wt)

Y

A .
>

e = —N
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; Motional emf

« A straight conductor of length € moves
perpendicularly with constant velocity

through a uniform field — ﬁir
« The electrons in the conductor experience . y i . . |
a magnetic force F,
Fg=evxB y y /x_) y
* The electrons tend to move to the lower end ¢ /FB
of the conductor x X 2 X
 As the negative charges accumulate at the o
base, a net positive charge exists at the X x I x x V
upper end of the conductor Yy -
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; Motional emf

 As aresult of this charge separation, an

electric field is produced in the conductor B.
+ 1mn
X x |4+ x X
« Charges build up at the ends of the F
conductor until the downward magnetic y A0
force is balanced by the upward electric ¢ fr’B
force [y
E
Fr=qE=qvB; E=vB; - ~
X x [ 1| x X \Y%
12 _

omson Higher Education

« Thereis apotential difference between the
upper and lower ends of the conductor




—

; Motional emf

« The potential difference between the ends of

the conductor (the upper end is at a higher =
. B,
potential than the lower end): 3:
E,
AV=E{=B/lv y I §
4 _Fy
A potential difference is maintained across x x x= X
the conductor as long as there is motion /E
through the field y N e
12 _

omson Higher Education

« |f the motion is reversed, the polarity of the
potential difference is also reversed




—

Motional emf in a Clrcwt

As the bar (with zero resistance) is pulled to

the right with a constant velocity under the '
. . R
Influence of an applied force, the free charges ¢ § kB
experience a magnetic force along the length X K
of the bar

X X —
F, <= V
X X #
—
x x Fapp

 This force sets up an induced current

A

because the charges are free to move in the
closed path S e

« The changing magnetic flux through the loop
and the corresponding induced emf in the bar
result from the change in area of the loop

®
Y
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!‘g) Motional emf in a Circult =

X X X X —
« Theinduced, motional emf, acts like a battery r Fe—{ ¥
in the circuit ¢ 35 -
X X X X dep
Blv !
¢| = Biv|and |l = — L=
R
< X >|
 As the bar moves to the right, the magnetic .-

flux through the circuit increases with time
because the area of the loop increases

« Theinduced current must be in a direction R§
such that it opposes the change in the
external magnetic flux (Lenz’ Law)

|8| = Bv
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Motional emf in a Clrcwt

The flux due to the external field is increasing L
into the page s Fy—
{ § X X X X __)»
F'd
« The flux due to the induced current must be ou S pp
of the page ot B
« Therefore the current must be counterclockwise }
when the bar moves to the right
« If the bar is moving toward the left, the Tzl x x xBlx
magnetic flux through the loop is decreasing 1| = —
with time —the induced current must be £ NV =pggH K
clockwise to produce its own flux into the page > )
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; Self-inductance

« Some terminology first:

« Use emf and current when they are caused by batteries or other
sources

« Useinduced emf and induced current when they are caused by
changing magnetic fields

* Itis important to distinguish between the two situations
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. Self-inductance

J
« When the switch is closed, 5 _

the current does not o e e
immediately reach its maximum - SOXIOENINER T
value e — i EE " e
* As the current increases with Cl D) () | Flux Lines (9)

time, the mag netic flux [—_"induced EMF_—{"

through the circuit loop due to Current |

this current also increases (1) & |

with time % |

Switch Battery

This increasing flux creates an
iInduced emf in the circuit

The direction of the induced
emf is opposite the direction
of the emf of the battery
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; Self-inductance

 The self-induced emf g is always proportional to the time rate of
change of the current. (The emf is proportional to the flux change,
which is proportional to the field change, which is proportional to
the current change)

dl dr)
‘SL = —] — e = —N
dt dt
 L:inductance of a coil (depends on geometric factors)
« The negative sign indicates that a changing '
current induces an emf in opposition to that
change
« The Sl unit of self-inductance: Henry
e 1H=1(V-s)/A

Joseph Henry [ 3
i 1797 — 1878 ['
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&;Inductance of a Solenoid

« Assume a uniformly wound solenoid having N turns and length € (¢
IS much greater than the radius of the solenoid)

« The flux through each turn of area A is

D, = BA:,uonlA:,uOITI—IA
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; Inductor In a Circult

 Inductance can be interpreted as a measure of opposition to the
rate of change in the current (while resistance is a measure of
opposition to the current)

« As acircuit is completed, the current begins to increase, but the
Inductor produces a back emf

« Thus the inductor in a circuit opposes changes in current in that
circuit and attempts to keep the current the same way it was
before the change

« As aresult, inductor causes the circuit to be “sluggish” as it
reacts to changes in the voltage: the current doesn’t change from
0 to its maximum instantaneously
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y RL Circuit

 Acircuit element that has a large self-inductance is called an
Inductor

« The circuit symbol is —"0'0'0'\—

* We assume the self-inductance of the rest of the circuit is
negligible compared to the inductor (However, in reality, even

without a coll, a circuit will have some self-inductance
S

« When switch is closed (at timet = 0),
the current begins to increase, and at
the same time, a back emf is o— %L
Induced in the inductor that opposes
the original increasing current R
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. RL Circult
- Applying Kirchhoff’s loop rule to the circuit in the clockwise

direction gives . 8|_ _ IR :0 |(t _ 0) _ 0
g—Ld—I—IR 0 g—IR:dI dt: di
dt RI_t dt L ¢-1IR
Rdt | d{¢-IR) - In(¢ - IR) + In(Const)
L ¢ - IR L

Rt
A 1 S
e L =Const(e-IR)=—(¢-IR) A
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y RL Circult

« The expression for the current
can also be expressed in terms
of the time constant t, of the
circuit:

T = —

R

e The time constant, t, for an RL
circuit is the

time required for the current in
the circuit

to reach 63.2% of its final value |
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@ Energy Stored in a Magnetic Field

E—Ld—I—IR:O IE:ILd—I+I2R
dt dt

« |In acircuit with an inductor, the battery must supply more energy
than in a circuit without an inductor

 lg istherate at which energy is being supplied by the battery

« Part of the energy supplied by the battery appears as internal
energy in the resistor

* I°Ris the rate at which the energy is being delivered to the
resistor
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!‘@ Energy Stored in a Magnetic Field

dli o| I
c—L—-1IR=0 le = IL—+|°R
dt dt
« Theremaining energy is stored in the magnetic field of the

inductor

 Therefore, LI (dl/dt) must be the rate at which the energy is being
stored in the magnetic field dU/dt

dUL:“—d_I U _LIZ
=

dt dt y)
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!’g; Energy Storage Summary

« Avresistor, inductor and capacitor all store energy through
different mechanisms

« Charged capacitor stores energy as electric potential energy

* Inductor when it carries a current, stores energy as magnetic
potential energy

* Resistor energy delivered is transformed into internal energy




- Eelectromagnetic induction in Maxwell's l

é@ equations

N d d
From Faraday experiment: €ir ] = __Qf — _E fB - dS

d
eind——ng-dl_ngxE-dS
veg__ B fE-dl_—emd
dt

Unlike the field of static charges:
— The electric field is circular
— Eddy current is a circular current perpendicular to the plane of magnetic field.




& Maxwell’s equations

Point Form

V-E="2
€

V-B=0

dB
E=——
V X o

VXB:/J,()J

Integral Form

Q/e:fE-ds

wzj{B-dszo

fE'dl:_Eind
fB.d

] = MOIenc







