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Lecture Coverage

I
Today's lecture:

Review of Sections 5-1 through 5-4 of the book:

5-1: Magnetostatics: Magnetic Forces and Torques

5-2: H due to a steady current (Biot-Savart Law)
5-3: Magnetic Field from Currents: Ampere's Law
5-4: Magnetic Vector Potential Field

Poisson's eqn, Magnetic Flux

Sections 5-5 through 5-6 of the book:

5-5: Magnetic Permeability
Hysteresis
5-6: Magnetic Boundary Conditions



Chapter 5 Review
T

Static Conditions: Magnetostatics:
0J V:-B =0,
— =)
ot VxH=].

magnetic flux density B
-magnetic field intensity H

B = uH.

J is the current density



Chapter 5 Review

I
Magnetic force F,, = gu X B (N)

Force on a current in a wire:
If part of wire is in uniform B:

szl(/dl) X B =1¢xB,
0

Vector ¢




Chapter 5 Review

Torque for a loop with N turns, and

surface normal fi at angle O relative ! @®
to B direction: < :
. 1
T = NIABjsin#. ; g
- A
ma I : Y O%= == ==+ hb== P> x
gnetic moment of the loop 0, : ©) ’
m=NIA : - B
define: . ,
@
m=aN/A=nm  (Am?), a
SO: Pivot axis =

T=mxB (N-m).



Chapter 5 Review
B

Biot-Savart Law:

Magnetic field induced by a current: (. cut ;’)fthe page)
/OdH
I [dlxR /R
= A/m), (5.22 '
[

P@ JH
(dH 1into the page)



Chapter 5 Review
B

B due to current in straight wire: ]1
A Holl
B =uyH =
A ¢ 2rV4r? + 2

For a very long wire:
In the limit as [—

472+P— B



Chapter 5 Review
B

B along z-axis, due to circular P=(0. o,z>i
current loop:

Since the magnetic moment of
a loop in the x-y plane is:

m=1zI[A
- )

the magnetic moment of this ¢ a

. ) 5
loop is: 1, — 57042 ) = a
SO. I 2

a“ . m
H=—z= Z



Chapter 5 Review

Magnetic Dipole:
Solving for the fields everywhere far from a current loop
results in:

H =

(R2cos0+0sin@)  (for R >> a).

4TR3

A

(physics.stackexchange.com)



Chapter 5 Review

o
Force due to Parallel Currents: \

So the force per unit length fro I L
wire1 on wire2 is: l - l
F2: —Yy e "

27Cd | — dr2 d/z“ -y
- | | T L
similarly, from wire2 on wire1: /
, . Uol B / - -
Fl — y X
2md

This force pulls the two wires together.



Chapter 5 Review
N

Ampere's Law:
In Electrostatics: VXE =0 e jé E-dl =0,
C

In Magnetostatics: VxH=] <> jL@H-dB:I,
¢

I is the current crossing the surface of the contour C

Using the right-hand rule, with the thumb pointing along

the direction of C:
Current is positive if points along the direction of the

fingers.



Chapter 5 Review

I
Magnetic Field of current in long straight wire

Complete solution:

A

<
H(r) — (I)zml 0<r<a

4’27?1“ OJST




Chapter 5 Review

I
Magnetic Field inside Toroidal Coil

0 forr < a,
H= —Azi\% fora < r < b,
0 for r > b.



Chapter 5 Review
)

Magnetic Vector Potential
B=VxA

Vector Poisson's Equation:

VIA=—uJ

mofJ
A — usill
47T v/ R/ dv



Chapter 5 Review
)

Total magnetic flux density passing through surface S.
D = / B-ds (Wb)
S
Using the vector magnetic potential, and Stokes' thrm:

CIJ:/S(VXA)-ds: 7§:A-dl

This is related to the labs on Wireless Power Transfer



5-5 Magnetic Properties of Materials
—

"Classical” view of Magnetic moments in atoms:
Electron Orbital magnetic moment |
one period: T = 27 r/u —r_ /-
current: /= -e/T = -eu/(2x r) ‘

: (a) Orbiting electron
magnetic moment:

m —IA—( eu)(mz)— ar_ (L)L
>\ 27r 2 2m. )

where: L. = m.ur is the electron's angular momentum




5-5 Magnetic Properties of Materials
—

"Quantum" view of Magnetic moments in atoms:

Electron Orbital @ o
magnetic moment L t---7 £

7

L is quantized
Minimum L _ is therefore: lmo
eh (a) Orbiting electron (b) Spinning electron

mo —_—
2Me

Electron Spin
magnetic moment
eh

B 2M.

myg —



5-5 Magnetic Permeability

Magnetization:

Because of this, for every material, the atoms and
molecules can be magnetized, hence:

B = uoH + uoM = po(H-+M)

where M is the Magnetization Vector, due to the
magnetic moments of the material.

For many materials: M = y,H
and so: B = ug(H+ ymH) = to(1 + xm)H,
B = uH,



5-5 Magnetic Permeability

Classes of Magnetization:

- >0, linear - <0, linear
Paramagnetic Diamagnetic
A ] T L A A A J A ‘ A A H
(N J (N J
N Vo e Vo
s orbital p orbital s orbital p orbital
e Unpaired electrons * Paired electrons
» Repelled by a magnetic field

e Attracted to a magnetic field

&




5-5 Magnetic Permeability

S
Classes of Magnetization:

Ferromagnetic: y_ >0, Nonlinear
Depends on the magnetization history of the material.

Engineers have exploited this property to make new
devices.

Full understanding requires quantum mechanics



5-5 Magnetic Permeability
—

Classes of Magnetization:

"Classical" view of
Ferromagnetic Materials:

Unmagnetized material:
made up of many domains:
each domain is microscopic
all atoms in one domain have aligned
magnetic moments
domain magnetic moments vary randomly:

X,,=0




5-5 Magnetic Permeability

S
Classes of Magnetization:

"Classical” view of
Ferromagnetic Materials:

AYRYRY!
\/AT A
STt EY
VAV
BTRT T

Magnetized material:
domain magnetic moments partially align with applied
magnetic field:

X0

depends on time history of applied magnetic fields



5-5 Magnetic Permeability
N

Hysteresis 5

Follow the green

line to trace out a A
typical time-history
of magnetization in
a ferromagnetic
material.

H is the applied Ay
field

B is the field within

the material




5-5 Magnetic Permeability

Hysteresis 5

Start with an A
unmagnetized A
material:

H=0 A3 .17
B=0

at the origin: O
Ay

Domains: unaligned



5-5 Magnetic Permeability

T
Hysteresis f
Increase applied H A
field: A>
B increases to a
maximum. A3 .17

to the point: A,

Domains: mostly Ay
aligned.




5-5 Magnetic Permeability
N

Hysteresis 1A9

Decrease applied A4

H field back to A

Zero. By

B decreases but A3 .17
not to zero. 0

to the point: A,

Domains: many
remain aligned
with applied field



5-5 Magnetic Permeability

Hysteresis f

This is where we A]
stop in creation of A

a permanent a

magnet. A3 = > ]

It has an internal
magnetic field

strength of Br’ the Ag

"Residual
Magnetization"




5-5 Magnetic Permeability
N

Hysteresis li

Reverse the A]
direction of applied A

H field. B

B decreases to a4 -

maximum in the
opposite direction.

to the point: A, Ay

Domains: mostly
aligned



5-5 Magnetic Permeability
N

Hysteresis f

Change H from max A4
negative back to max A>

positive. o

B increases to zero, A3 -

then to the maximum
positive value.

to the point: A, Ay

Domains: mostly
aligned



5-5 Magnetic Permeability
—

Hysteresis Types g £

"Hard" ferromagnetic /7 7
materials have large ,H Ay .
B, and are difficult L y A/

to demagnetize.

"Soft" ferroma gn etic (a) Hard material (b) Soft material

materials: smaller
Br, easier to
demagnetize.



5-5 Magnetic Permeability
—

Hysteresis Types Z z
Magnetization: 7 7
Apply high H__, 4 i AL .,
then turn it off: left / /

with B_in material.

(a) Hard material (b) Soft material

Demagnetization:
Apply several
hysteresis cycles,
gradually decreasing
H

max’



5-5 Magnetic Permeability

N
Linearity
1 depends on H, history 1 a constant
B B
A A




5-5 Magnetic Permeability
—

Numbers

5 (AI/_Im) u.
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5-5 Magnetic Permeability

Engineering Application — EMagnetic flux

. Slio—2 | |2

Ferromagnetic + B .
. ()
materials tend to have =~ L. "
very hlgh_ N '.‘ Q_; -
permeabilities: e ‘
. 105 Primarych/

Mr ~ . Secondary port

This concentrates the
magnetic flux and 1
makes transformers <’3’>
and other circuit o
elements possible.

N turns N, turns



5-5 Magnetic Permeability

Engineering Application — EMagnetic flux

e . 2 P i
Magnetic flux is channeled in o ' =
. ()]
the ferromagnetic core of a =~ L. "
transformer. '.\ o — _ _
Pﬁmarpr/
Secondary port

This makes the power
transferred to the secondary ;
coil much greater as C’:’D
compared to an air-core o
device

N turns N, turns



5-5 Magnetic Permeability

Engineering Application

More on transformers in
Chapter 6.

’ e
‘

I/ \ b
- \

11
-—
I
V]

N,

Sl -
Primary ch/

\ I

: EMagnetic flux
SIS -

2
S —
(—

+
)

]

e el /

Secondary port

+0

Ql

-
S

N turns N, turns

02



5-5 Magnetic Permeability

-
Ferrite RF Choke on USB Cable

Filters out RF Noise

A cylinder of high-u
material surrounding
the wires.

RF signals from phones
and motors induce
currents on wires.
These induced currents are noise.



5-5 Magnetic Permeability
N
Ferrite RF Choke on USB Cable

These induced currents
produce a magnetic field
that is concentrated in the
ferrite cylinder. |
-
Since the ferrite has some
resistance, some of the

energy is converted to heat. "



5-5 Magnetic Permeability

e
Ferrite RF Choke on USB Cable

This attenuates the noise,
but not the desired signal.
Because the desired signal
does not produce an |
external magnetic field.  wm

Only the noise does. y .

W
The parameters of the choke are
such that noise at a few MHz and
above is attenuated.



5-6 Magnetic Boundary Conditions

0
* How do the fields (H, B, J) change across a boundary?

* Boundary defined by: different materials: u

« ...and possibly a surface current

H JH; Medium 1
IH\Z M
H,, ® O) ® 0 o @Js
/I-IZ'[

H \
ZnV_l : Melelium 2
2



5-6 Magnetic Boundary Conditions

-
From math we know:

fﬂvXdez—ﬁjdes
% S

From Maxwell's equations (magnetostatics):

VXH=J],

—ggﬁﬂxds:///vmv

Plug in:



5-6 Magnetic Boundary Conditions

e
Choose the surface to be a box that spans the boundary:

H _.Hj Medlum |
I\L © o 2 {
“Hlt JS
H \
ZnV{2 . Mejlllum 2
2

In the limit as Ah— 0, we are left with the two end-caps.
The "vector" surface ds uses the outward normal:

in medium 2: Ny

in medium 1: My




5-6 Magnetic Boundary Conditions

o .
Medium 1 2 As

@HlXflzdS-l—@HzXflldS:—///JdV H1

51 % e oMo

Since n; = —ny: Ail.{ -
@Hlxngds—@ﬂgxngds— ///JdV Med1um2

Very small: so nothing changing inside the surface:
Hi xnAs—Hy xnAs=—-J; As

(Hl E= HQ) X N = —JS where: H x n = Htangential



5-6 Magnetic Boundary Conditions

o
o
Hy ..., n Medium 1
ln\ﬁ @ @ A’L{ M
“Hy, = © ® J
A’L{ O’
/HZt ......

H \
znvl : ;. Meillium 2
2

(Hl—Hz) XﬁZ—JS

In words: Tangential H is discontinuous by the
surface current density



5-6 Magnetic Boundary Conditions

R
H
Hy, .- 1 " Medlum 1
i o o {
1t s

H
znvl : ;. Meilllum 2
2

(Hl—HQ)XﬁZO

In words: Tangential H is continuous when
there is zero surface current density
(true for finite conductivities)



5-6 Magnetic Boundary Conditions

Consider tangential and normal components separately
BC for normal components of H, B . Bin

%B-ds:o ) &
S |

For the cylindrical surface,
in the limit as Ah — 0:

Medium 2
:u2 an n

fB'dS:/Bl'ﬁQdS"l—/B2°flldS:O
S top bottom

le ¢ (B1 — B2) = ( So: Bln — an



5-6 Magnetic Boundary Conditions

H Medlum 1
Hln\Z @ AI {/dﬁ
"Hlt © S
H2n
7

i Medium 2
H2

Hlt — Hzt' Bln — B2n

Tangential H is continuous Normal B is continuous
(finite conductivities)



Example 5-7
)

Given: 2 regions separated by a tilted planar boundary,
defined by: y + 2x = 2
no surface current

B, :f<2+373

Find: B,, then evaluate for the case: i/, = 2U.



Example 5-7

I
Solution:

1. find an eqn for n»

2. use that to find:
B =B, + By

3. Apply BCs for
normal case, then
for tangential.

4. assemble B-

(0,2)

Medium 1
Hq

Medium 2
12%)

Plane y +2x =2




Example 5-7

1
Solution:
(0,2) Medium 1
1. find an eqgn for i, E
n, =XcosO +ysinb
> X

1

2

O = tan~ ! (

= 26.57".

)

Medium 2
12%)

Plane y +2x =2




Example 5-7

I
Solution:

(0,2)

1. find an eqn for n»
alternate method:

Medium 1
H

y=mx-+Db
y = -2X +2
slope=-2

perp: slope=+1/2
SO:
ny = (%24 y1)/V5

fiy = %0.894 + 90.447

Medium 2
12%)

Plane y +2x =2




Example 5-7

I
Solution:

1. find an eqn for n»
alternate method:
gradient of plane
egn is normal vector:

(0,2)

Medium 1
H

. V(y+ 2z — 2)

T V(Y + 22— 2)]
iy = (y1 +%2)/V5

Medium 2
12%)

Plane y +2x =2




Example 5-7

e
Solution:

2. use that to find
B =B, +By;

Bln :BlnﬁZ

B, =1, By
= (Xcos O+ §sin0) - (X2 + §3)
— 2c0s60 +3sin 0.



Example 5-7

e
Solution:

2. tangential component:

B =B; — By,
= B; — B,
= (X2+93) — (2cosO +3sin0)(XcosO + §sin0O)
:f((2—200329—3sin90059)
+$(3 —2cosOsinO — 3sin” H).



Example 5-7

e
Solution:

3. Apply Boundary Conditions:
Bln — B2n

Bi _ Ba
Hi M2



Example 5-7

e
Solution:

4. Assemble 523
H2

B, =Boy + By =B+ — By
M1
:Blnﬁ2+& By
Hi
= (2cos 0 +3sin6)(XcosO + §sinO)
+ % [%(2 —2co0s® 0 — 3sinOcos H)
1

+$(3 —2cosBsin6 — 3 sin’ 0)]



Example 5-7

e
Solution:

4. Assemble BZ:

:ﬁ[2C0526+3sin60036
“2 (2—2cos” 6 — 3sm90039)]
Hl

—|—§'[2cosesin9+3sin29
Zz (3—2cosOsinO — 3sin 9)]
1



Example 5-7

e
Solution:

4. Assembled B,: specific case

For 6 = 26.57° and u, = 2u;,
B, =X1.2+94.6 (T).



Exercise 5-13
—

Given: fi, =12 ? : i, Mediuml
' " H
H,

H, = (83 +22) (A/m).

Uy =2, W= 8, H-, Medium 2

H2n 2
Mo
no surface current l; H>

Find: angle 0




Exercise 5-13

o
Solution: Hi,_ _.._H, _
: i, Mediuml
: : - Hy
Tangential H is ‘Hy, |
continuous:
H-, H-, Medium 2
Hi. =, =3 bl ;H H2
Normal B is continuous: :
Wi H; = uxHp,
8
H]Z—&sz: X 2 =18



Exercise 5-13

e
Solution: Hi,_ __.. H,

fzz Me(,}zilllm 1
‘Hy,

Medium 2

5 H>,
Get angle: I ;Hj H2

H;-Z =H;cos0

Assemble H1:

Rz 8 8 o3
H  J9+64 V73

cos B =

0 = 20.6°.



Example 3

0
Given:
Two half-planes: Hin ... H T
Region 1: it =2, 2x+3y-4z>1 EH“ 12 u
Region 2: i ,=95, 2x+3y-4z<1
H; =50x —30y +20z A/m  Hy, H», Meii;m 2
Find: H1norma|’ 1tangential’ =~ "2 Ww

Solution:

First find the normal vector:

Gradient of the plane-eqn points to increasing values,
hence is n,



Example 3

o
Solution:
First find the normal vector: H'"EH' i, Medium 1
b, — V(2z + 3y — 4z) H, T .
V(22 + 3y — 42)
Medium 2

% 2)/\( —I— 35’ — 42 Hp_n H21
ny = 5 5 5 K
V22 +32 4+ 4 H-

i, = 0.37% + 0.563 — 0.742



Example 3

-
Solution:

Hinormal = Do [H; - 0o
Hinormal = (0.37% + 0.56§ — 0.742)

[(50% — 30y + 202) - (0.37% 4 0.56y — 0.742))]
Hinormal = (0.37% + 0.563 — 0.742)

[(50)(0.37) + (—30)(0.56) + (20)(—0.74)]
Hinorma = (0.37% + 0.563 — 0.742)[—13.1]
Hinormal = —4.85% — 7.33y +9.72 A/m |




Example 3

e
Solution:

Hltangential — Hl — Hlnormal
Honeential = (50% — 309 + 202) — (—4.85% — 7.33§ + 9.72)
Htangential = 54.85% — 22.679 + 10.32 A/m|




Example 3

-
Solution:

Normal B is continuous: urz 2norma|—ur1 1normal

H2 = H2tangential + H2n0rmal

M1
H2 = Hltangential +
M2

2
H, = (54.85% — 22.67§ +10.32) + - [~4.85% — 7.33y + 9.7

—H lnormal

‘Hg — 52.91% — 25.6y + 14.182 A/m|




Homework
S

Homework 20 is due tomorrow at midnight.

submit to gradescope via the canvas site.



Next Time

_
Sections 5-7 through 5-8:

Inductance
Magnetic Energy



