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Lecture Coverage

O
Today's lecture:

Sections 6-1 through 6-3 of the book:

6-1: Faraday's Law

6-2: Stationary Loop in time-varying B Field
6-3: Ideal Transformer



6.1 Maxwell’'s Equations
N

VD =py Empirically derived from

many measurements
JB
VxE=-5 D =¢E

B = uH.

V-B=0 i
E: Electric Field
H: Magnetic Field

VxH=J+ JD J: Current Density

Jt p,: Charge Density



6.1 Maxwell’'s Equations

D-ds=0Q Empirically derived from
) many measurements
JB
ﬁE-dl—— Sg-ds D= ¢E
B = uH.
B:-ds=0 i
5
E: Electric Field
H: Magnetic Field
JdD J: Current Density
CH - _/ <J+ 5) a8 p,: Charge Density



6.1 Faraday’s Law
—

Galvanometer

Time-Varying Magnetic field, B, produces
a current in a nearby wire loop



6.1 Faraday’s Law
—

Loop Coil
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6.1 Faraday’s Law

()
dt Js

dt
d/dt can be due to:
1. time-varying B field, stationary loop
2. static B field, moving loop,
3. both varying with time.

Vemf= transformer-emf + motional-emf

L {r m
Vemf — Vemf T emf



6.2 Transformer EMF
I

d/dt is due to:

1. time-varying B field, stationary loop
2. static B field, moving loop,
3. both varying with time.

Changing B(7)
A 4 )

pm——

Bind

S
stationary loop




6.2 Transformer EMF
I

Time-varying B field, Stationary loop

= —N / —+ds, (transformer emf)

emf N



6.2 Transformer EMF
N

Changing B(?)
Y S
4 c
1
R
i Veme Bind
4 S
£ T T sfationary loop
Lenz's Law:

The induced current creates a magnetic field B,
that opposes the change in the magnetic flux.



Example 6.1 Transformer EMF

Given: =

Loop with N turns, radius a
In X-y plane,
centered at origin

=y

‘B = By(§2 +23) sin ot

Find: V¥

emf



Example 6.1 Transformer EMF

Solution: B

emf —N/— - ds.

ds = Zds

0
ot

=y

[Bo(§2+23)sinwt|= Bo(§2+23)w cos ot



Example 6.1 Transformer EMF
N

vy —N/ Bo(y2 4+ z3) wcoswt - zds
S

emf —

:—NBO/?)wcoswtds
S

= —3NBOwcoswt/ ds
S

— —BNera,Qw cos wit




Example 6.1 Transformer EMF

Apply Lenz's Law B

The induced current creates
a magnetic field B  that
opposes the change in the
magnetic flux.

=y

+B is in direction of ds: +z direction

d®/dt oc +cos(t): positive at =0+

opposing that: means -B, so Bind in -z-dir inside the loop
means current going in the direction shown.

Ohm's law: V<0, so: V_ <0, as given previously.



Example 6.1 Transformer EMF

What if we'd chosen ds B
differently?

ds = —zds

leads to:

i

=y

— +3N Byma’w cos wt

emf —



Example 6.1 Transformer EMF

Apply Lenz's Law B

The induced current creates
a magnetic field B  that
opposes the change in the
magnetic flux.

=y

+@ is in direction of ds: -z direction

d®/dt oc -cos(t): negative at t=0+

opposing that: means +®, so B in -z-dir inside the loop
means current going in the direction shown.

Ohm's law: V<0, so: V__.<0: need to change the sign.



Example 6.1 Transformer EMF

Apply Lenz's Law B

So no matter our choice of
the direction of ds:

=y

as long as we apply Lenz's
Law we get the same sign

for VEMF, and the current.



Exercise 6.2: Transformer EMF

. y Y

Given:
Loop with N=10 turns,
In X-y plane,

0.1

centered at origin

B = 2Byx? cos 10°t +

Bop=100T - —0.1
R =1KQ

Find: Current, /



Exercise 6.2: Transformer EMF

. y Y

Solution:
0.1

1. Solve for ®

2. Solve for Vemf
3. 1] = |Vemt/R|
4. Use Lenz's law to get R Vs

—0.1

the sign.




Exercise 6.2: Transformer EMF
N

1. Solve for ®©

CID:/B-ds

/ / (2100x* cos 10°1) -2 dx dy
—0.1 Jy=—0. 1

0.1
= (100c0s 10°1) x 0.2/ X~ dx
—0.1

3 0.1

— 20cos 10’ );

—0.1



Exercise 6.2: Transformer EMF
N

1. Solve for ®©

3 0.1
6>} — 20cos 10’ %

—0.1

20
P = ?cos 1()3t((().1)3 + (0.1)3) —13.3x 102 cos 10°:.



Exercise 6.2: Transformer EMF
N

2. Solve for Vemf

dd
‘/em = —N—
. dt

d
— —10%(13.3 x 1072 cos 10°t)

= 10(13.3 x 107°)10° sin 10°¢)
= 133sin10°t V



Exercise 6.2: Transformer EMF
N

3. Solve for the current

‘/emf
R

133sin103tV

~ 10000
7| = 133sin 10°¢ mA

u




Exercise 6.2: Transformer EMF

.. N

4. Lenz's Law .

The induced current ;
creates a magnetic —0.1 0.1

field B. , that opposes
the change in the 2 -
magnetic flux. - 0.1

+@ is in +z direction

d®/dt o<-sin(t): negative at t=0+

opposing that: means +®, so B in +z-dir inside the loop
means current going in opposite direction to that shown



Exercise 6.2: Transformer EMF

. R

4. Lenz's Law .

means current going in
opposite direction to that —0.1

shown:

R vemf

I =—133sin10°t (mA).

And Ohm's law: V = -IR
So the voltage should be +, which it is:

Vome = 133sin10°t V




Example 6-2

| -
Given: ® ® ® .
loop in x-y plane
loop area = 4m? + ® _ -
wire resistance=0Q 4Q <7, V1220

303, - ® ¥

B = —20.3 (T) I S
Find: V, and V., P # =

Solution: 1. Solve for ®
2. Solve for Vemf
3. |1| = |Vem#/R)|, using Lenz's law for the sign.
4. Find V, and V.,



Example 6-2

e
1. Solve for ® ®» ® ® JA}
(I) — /B . dS : + ® -_— > X
JiS 4 QO g Vs 41 § 2Q
S is the surface of B ® i\A o
the loop, directed = DA
In the +z-direction B =

ds = zdx dy
B does not depend on x ory

P = / (—20.31)-2ds = —03t x4 =—1.2t (Wb)
)



Example 6-2

2. Solve for Vems
dd

vtl‘ e
emt dl,

3. |{| = |Vemt/R),
using Lenz's law
for the sign.

1.2 (V).

oquiv = 6Q (in series)
7] = 1.2V/6Q = 0.2 Amps

+
4Q§n




Example 6-2

.
3. m - |Vemf/R|, ® ® ®
using Lenz's law
for the sign. o ® =
4Q2 N
1]=1.2V/6Q =0.2 A = ® i
® ®B ®

+@ is in +z direction

¥
A

V1§2Q

—— Area = 4 m?

dd/dt oc -const: negative at t=0+

opposing that: means +®, so B in +z-dir inside the loop
means current going in same direction to that shown:

I=+0.2A



Example 6-2

| 4 ,
4. Find V1 and V2 ® ® ® "
+ ® — - X
4 Q22 Vyi=22Q
gh oz
B T Area =4 m?
Ohm's Law: w & 9

V,=+1R,=02A2Q=(04V =V,
V,=+1R,=02A4Q =08V =V,




Transformers: Example 4
I

N

Given: Transformer:
primary: a vertical wire: , *
current /=1, cos wt =
secondary:
toroidal core: u
centered at origin
N-turn coll

[ron core with

Find: Vemf



Transformers: Example 4
I

Solution:

1. Solve for ®

2. Solve for V.
3. Apply Lenz's Law

[ron core with



Transformers: Example 4
I

1. Solve for ®

@zz/rdes
S

B due to vertical wire:

o ul
B=0¢0——
¢2WT

[ron core with

ds is area of wire loops, normal is in ¢-direction:

ds:ﬁdrdz



Transformers: Example 4
I :

1. Solve for ®

@zz/rdes
S

- ul
B=¢op—
¢27T7”

ds = ¢ dr dz




Transformers: Example 4
B

1. Solve for CD .
/ / (]5 @ drdz
——c/2 = 2mr

I
_ Bt —d’r

27 r
b

u[c

— 1
o nr

ulc

- —(Inb —1na)

ulc (b)
= —1In| -
2T a



Transformers: Example 4
)

2. Solve for V__ o e, (b
pra a

dd
‘/;:m = —NN
' dt

—Npuc (
— In
27T

—Nuc (
= In
2T
N,LLI()C
2

o S
S5

d(Iy coswt)
dt

QI |f IS @™
N

=3
N

> w sin wt



Transformers: Example 4
.

3. Lenz's Law:

+® is in +¢ direction ,, Iron core with 4;
d®d/dt o<-sin(): negative at t=0+

opposing that: means +®, so B in +¢-dir inside the loop
means current 7, going in opposite direction to that

shown

So Vi, has the correct polarity



Transformers: Example 5
)

Given: Plug in your cell-phone charger, but don't attach
your cell phone
Find: Current in primary side of transformer.

Solution:

A simplified model for the relevant part of the charger
uses the following circuit:

I M )
—_— AT A o
= )
y +
DS]C: ng iLZ (k)
o

%

\_/
s +

(o}




Transformers: Example 5

Since 1,=0, can simplify the circulit further:

R
O
+ o
Us) t U] Ly

And use EECS 215 methods to solve it:

i, =v_ /(R +joL,)

For many chargers: this current is small: < 10mA




Module 6.1

I Module 6.1

Circular Loop in Time-varying Magnetic Field

N

=

- slower

faster »=»

START | STOP

<

w

Demonstration of Faraday's Law

The circular wire loop shown in the figure is connected
to a simple circuit composed of a resistor R; in series
with a current meter. The time-varying magnetic

flux linking the surface of the loop induces a V.

and hence a current throughR. The purpose of this
demo is to illustrate, in the form of a slow-motion
video, how the current I varies with time, in both
magnitude and direction, when B(t)=Bcoswt.

Note that I{f) is a maximum when the slope of B(t) is
a maximum, which occurs when B itself is zero. The
direction of I{t) is dictated by Lenz's Law.

‘ Applet Design: Janice Richards




6-3 The Ideal Transformer
—

Time-varying B field, Stationary loop

Real-world application: Transformer

Magnetic core



6-3 The Ideal Transformer
—

Real-world application: Transformer

Time-varying source
Flux from coil1 induces current in coil2

Magnetic core



6-3 The Ideal Transformer
—

Real-world application: Transformer

Currents defined so that induced current, 7,
generates B opposing increasing flux from 7..

Magnetic core



6-3 The Ideal Transformer
—

Real-world application: Transformer

Ideal: Lossless, and core has y=
All flux confined within the core

Magnetic core



6-3 The Ideal Transformer

_d1
Apply Faraday's Law:
vi=-n 22
I = 1 At
dd
Vo= —Ny —
2 2 At
combine:
A S

Magnetic core



6-3 The Ideal Transformer

[
0 e
because it's lossless: e ,2
@ < —
Vl(f) N e =
Pi =5, - . N> G V(O RL
and so: R St
I,V.=1,V |
11 2 "2 \ Magnetic core
VN, =1/1
SO: compared to:
h_ N i _ N
]2 N] V2 B N2

Current: inverse relationship compared to the Voltages.



6-3 The Ideal Transformer

-
. _ I rmn B
For example, if N,=10N,,  —== I
)V(1) M —
. N Va(OIR
V,=10V, '\ T T
1,=011 © "7 |

Magnetic core

hoMo M
L N Vo, N



6-3 The Ideal Transformer
N

If secondary wound in
the opposite direction:

V, and [, are defined
opposite to those in
previous case.

Positive /, creates flux =

2 Irb N V), N
that opposes change of < :
flux due to positive d7,/dt



6-3 The Ideal Transformer
N L(1)

*

Equivalent Circuit:

from the "primary" side: T
V(1)

Vi =

: . _ . 2
Since: VZ—IZRL. Rin:<&) R,




6-3 The Ideal Transformer

X 11(7)
—»- s
Equivalent Circuit:
+
N\ Vi(0)
R, = — R s
<N2> -
Phasor domain:
11 . N2 V] N1
N\ L N v, N,
Lin = 17 V43
2




Homework
7

Homework 22 is due tomorrow at midnight.

submit to gradescope via the canvas site.



Next Time

S
Sections 6-4 through 6-6:

Moving Loop in static B Field
The Electromagnetic Generator

Moving Loop in time-varying B Field



