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CHG6 Static Magnetic Field
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Electromagnetic

» Electric force F =qgE(N)
« Magnetic force F_ =quxB(N)
« Elecmagnetic fore F =q(E+0xB)

(N) ~ Lorentz’s force equation
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Electromagnetic

Free space

» Static Electric Field
V-D=p
VXE =0

 Static Magnetic Field

B =0
VxB=yu]

<]l

V-J =0 Steady current

M, = 47r><10_7(Henry m)

Permeability of free space

8 2FX N

Electromagnetic

V-B=0 =

FIGURE 6-1

Successive division of a bar magnet.

=
—
°

qSSB-d§=0

No magnetic flow sources

Magnetic flux lines always
close

Low of conservation of
magnetic flux

Each magnets has a
north pole
south

Magnetic poles cannot be
isolated
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Electromagnetic

Wé:%i:js(vx I§)-d§:yojsj-d§

Cﬁc B-d/= 14, Ampere’s circuital law

summary
V-B=0 ¢ B-ds=0
VxB=uJd Cﬁgd?:,uol

- 2N
EX 5_1 Electromagnetic
* Inside conductor

B =4B, d/=ardg

o - 2z
¢ Bd7=["B,rdg=271B,

| rY
Il =7Z_b27l'r12=[t;j |

5 A A
B, =4,B, = ¢2ﬂt1)2 r<b

* Qutside conductor

B 4B, d?:é¢r2d¢

B,=4,B
9502 B,d7 =2r,B,,

C, outside conductor encloses |

5 _ A A
B,=4B,=4"-—"- r,>b
2 ¢2;rr2 :

el CENEIY S
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Electromagnetic

If

ZE B (FE )
J,=83,%)
| =27bJ

0 r<b

B=
a, HoP J, r>n
r
il CENL TN

Electromagnetic

EX 6-2 (Toroidal Coil)
A circular contour C with radius r
(b-a)<r<(b+a)

$B-d7=27rB, = u,NI

~ NI
=a
0 2
(b-a)<r<(b+a)

(NB=4,B

(2)B=0 r<(b—a)
&r>(b+a)

(No source)

s o2 qm s
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Electromagnetic

EX 6-3 (Solenoid CO‘QL__A

(a) Direct application of (b) Special case of torid

12/18/2016

Ampere Law Ex6-2, bh—
BL = g nLlI ( N j
B=pu,| — |l
B = u,nl 27b
B = u,nl
" N

Electromagnetic

6-3 Vector Magnetic Potential

Coulomb gauge
Poisson’s equation

A A : magnetic potential [Vector]

V-B=0|=B=VxA,
cf [VXxE=0|=E=-Vg, @ : electric potential [Scalar]
VxB=puJ
Vx(VxA) =V(V-A)-V*A=puJ
o A< = [Fhopd
Vector

) 2 AN




Electromagnetic

In Cartesian coordinates,
Vector

VA( _luox
VA =—p,d,  =A-= 47[] gy A= “0 du'(W/)

ur
VAZ _:uoz

cf. Vip=-Log=Le| Lay
A v r

el CENE TN

Electromagnetic

Magnetic Flux @ through a given area S
which is bounded by contour C

CI>=LI§-d§ (Web)
@:js(vx/&)-dgzcjsc/&-dz (Web)

e CEN Y
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Electromagnetic

6-4 Biot-Savart Law and applications

Magnetic: ‘Vector source ‘

3-dim 2-dim 1-dim 0-dim
Current Volume current | Surface current current
distribution density density
~| coul - | coul
j [ ; } Js [ } q[coul |
sec-m sec-m
Current

coul
S€C
_| coul
couI.m qv .m
sec S€C

|
element R
]dv[COUI ~m} Isda[coul ~m} 47
sec se€C

}
—00~ B
dv ds

& 2 fEAN 13

Electromagnetic

Biot-Savart Law : [Valid in steady current]

=l

I! qr I’—I‘
r!
Pp 1 ., r-r
dF = 2o 1g7x| 1a7x ") | cf. F=——qq 3
4 |f - f’| 4re, ‘r —-r
) |
mo [ ]V =——
(€]
ol CEN Y ”
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Electromagnetic

») Y2 11 (r_r,
Biot-Sarvart Law : dB=-=1d /' x—>-=

) 47 ‘r_r'
dF =1d/xdB

Action at a distance :B field

14— s Id7/

el CENE TN

Electromagnetic

Cﬁ g-dQZO </Gaussthm.—>§ .E(r):()

Rk
A —
Biot-Sarvart Law (") ?(_’)
) VS J r ’
= - (F=T) A(r)=—+ dv
s =] jen e A0l
4 Jas. T

B-d/=p,| J-da|~— stoke Thm. —|V_ x B(F) = 11, j(F)

Ampere’s Law

Poission Eqe.

e CEN Y
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—_ — Ar r _43
)V, -B(r)=0 i r-r]
S 5 _ Mo r (r_r') !
Pr VrB—va'[L-&J(r)ﬂr-r'rdv} Ve
:(ﬁx‘).é_(ﬁxg) A

Yz T (_r,) 4
=0 . d
47z-|.as r [J( )X| —T"|3

_& AX"—I . -r < (r rl‘) e '
_47Z'J.a.s.{[vr )(r )] | | l:v |A A,| :l J(r )}dv

= N _O e
Vx(5)=0
o r
V-B=0 &g @@
CFo_
V-E=X  flOrEEs
&, D—~
il I it o =z

Electromagnetic
From V_-B(F)=0 e
@B=V, <A A=te] SO gy
r 47 a.s.|f_f'
B=f—°j iy = dv v'[rirj
7 Jas ‘r—r' _—
0
y7; S i 1 r’
=t [ 19 '
47[-"61‘5‘{ rx[|r—F' ] |A_r|( ( ))}
¥, x{ L | L ) Jdv' V()
47 das. |r_r' =(VE)x A+ f(VxA)
=V, x A(T)
- u (S
Hi A(r)=-2>
Her Ar) 4”Ia.s.[|r_r’| }dv
P g’irf,ﬂ-‘f}f‘ 18
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Electromagnetic

From V, xA(F)=B(") = [V2A(F)=—u,](F)
VxB(F) = 11,](F)
vx(vXA) V(V A) (V-V)
pf: V, x[V, x A(")]=V, [V, -A(]-(V, -V,)AT)
S o i ol oo | M) |

r.{lu L.s dV} fﬂ-.[a.s.vr.|:|4 f’:ldv

r
1 </ T
v >]}dv

Steady state V- | =

AT)

Steady current V- j(F) =0

Static magnetic field

-

V. A (O Coulomb Gauge

A e

Electromagnetic

J J(f’)+| 1

—[ V-3 ]

r |r_r/
—~(V, -V A =-V:A(T)

<}
-
X
(uu]]
/'\
v
Il

el w10
S — 4 Jas. r—r

-, _ 2 l _ 3
: Ampere’ Law /ﬁ(r)_ Am5°(r)

V, xB(F) = 1, ](F)
WA(?) =—u,](F): Poission Equ. @2[;?,]:—4”53@—#)
—— B 2 fH%AN 20




Electromagnetic

@B(r)-dazo L
0 §,B(r)-di=p, i(r)-da
PEEV-BIOD=0 4 9.8 =4,
Gauss L B(Mdv=0 [[V-B(N]-da=p,[j()-da
Thm . R B o _
<j>SB(r)-da=0 $_B(r)-d7 =y, [ (r)-da
e CELETY 2

Electromagnetic

Example 6-4

T Mol g dZ
A=4 =° -
(a) L Ar J.4_ \/Z'2+p2 ’“T

L '
-4, 2 [inz + 27 ) | 1
4 N L ) )
lLlOI ln\/rpz_l_L .___f___ S

T JL+p-L i
B=VxA=Vx(,A,) 1
_, LOA, . 0A, -
P p O0¢ ¢5,0 47 =4 dz
cylindrical sym. aaAz _0 R= W
= &2t -

12/18/2016
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Electromagnetic

B=- é¢i ’u—"lln
op| 4r

JU+p +L} F—r_’:épp—ézZ'

L+p'=L| dix(r-r)=4,z'x(4,p-4,2)
A 1L A ,
R yp— L =4, pdz
¢27rp\/L2+p2 ¢| d7’
= — L
if p<L; B:J.dB:é_¢ﬂ° J- paz y
Bog, Lo @)
%
27p _4 11l
¢27[,0\/L2+,02
" e 3 2

Electromagnetic

Example 6-5

From 6-4
—H=W
L=p= A
Boa fol g N2l
V27w W
— CER 2

12/18/2016
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Electromagnetic

4

Example 6-6

d7' =4,bdg’

R=r-r'=24,-ba,

F—r — (22 +b?)"

d7' x|F —F|=4,bdg'x(z4, —ba,)
=4 bzdg' +4,b%d¢’

ép is canceled due to cylindrical sym.

2 l
EZ'UOIJQ”é bd¢
4r

_é luolb2
" @) 2224

el CENE TN
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Electromagnetic

. r AT
6-5 Magnetic Dipole
oo j(r") -
— - r
AR = 2o [ I gy 0
4 | r—r |
p [ d [ -a)dv'
=0V 40 - +...
4 r 4 r
%/—/
2% pole =0 2’ pole =0
v-i(n=0 [ 3@ -a)dv' =mxa,
| N
m:ELr x J(r)dv' = B - [fkT
m=Ida
— LSS 2

12/18/2016
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@ 1 IR
m=—|r r)dv’
Ié 2 dp x J( ) I _
r _

1¢ ~ _ 1o —r  _
=—| rx(df)y=1—| r xd/
ZJ.dp ( ) 2Idp da=%r'xd?'

=lda
c.f ~
Ao Ho Mx8 _ pt, Msing p=— Pfr= 1 chsa
4z 2 4x o2 " dre, I Are, I
a, 3
N r
m
9 {a////
—_— & 2 ;
Electromagnetic
a, ra, rsinda,
B=VxAztop L |0 0 0
4z r’sin@|or 06 op
0 0 rsin@smze
r ﬁ(sinz 6’): 2sinfcos @
Mo L éi(sinze)_ré i(sinzﬁ) 0 r
4z r’sin@| ' 00 Tort r 0 sin’0 :_smza
M, a2cosf+48,sind o r r
=om
4z r’
c.f.
= _ O 1 _ 0 cos@. _ 1 0 cosb
E:_v¢:—(_1)P a'r_( 2 )+a,9__( 2 )
4ne, o r rog r
_ P é2008(9 _ sinf
dre, | T 7 3
28
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Electromagnetic

(a) Electric dipole. (b) Magnetic dipole.

FIGURE 6-9
Electric field lines of an electric dipole and magnetic flux lines of a magnetic dipole.

Qe )

- 2N

29

Electromagnetic

Scalar Magnetic Potential

VxB=uJ if J=0 VxB=0

1V b,

os]}
Il

¢m : Scalar Magnetic Potential

]' m A,/
4 ml——jpl—de mzajv,%dv

H,
M = qmd _ an IS (not physical)
m-a,
" dzxr?

if j +( B : Non conservative (path dependent)
2

el CENEIY S
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6-6 Magnetization and Equivalent Current Density

WitEYE | Components | source EX nav
Conductor | free electron | j, = oE m_hmkz_;mk (é/)
Non-conductor | polarized ion |7 = V w0 v/
on-conductor | polarized ion |j =V xM .
_ Mmag. dipole monent
. oA
=
A(r)— Ho j M(r')x|( ‘)dv’
r— = 1
%—//v = r(‘ ‘)—Vr'(ﬁ)
— 1
(F)*xVe(——H)
|F=r]
. 1 — — —
= Vi x| (=) M) [+ —— [ Ve x M (P)]
|F=r| [F=r]
Vx(fA) =VfxA+ f(VxA)
—_— _E i —

Electromagnetic

V. xM(T) '
oerte] S

)
[r—r|

™ (r )| o VMO
47r v

32
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Electromagnetic

(® M, out of paper

FIGURE 6-10
A cross section of a magnetized material.

& 2 AN

33

Electromagnetic

_ L —
B=| dB
0
a MM z z-L
T2 |2+ Jz-L)P+b’
" CES e u

12/18/2016
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Electromagnetic

FEE (¢ 7 BWEBEEH)

V-B=0 CF VxE=0

Vx Lg_m}]f =,
Hy _ _
S = ]f Vg E+P
— 1 = — 1 =
~H=—B-M=—-8B .5
Ho Moy v-D=
D=¢E+P
—_— 8 2FX N ®
Electromagnetic
Static Magnetic
Source : J fo M (permeativity)
VxA =],

Conductor: H — B — @
)

Copy F& / """
—_— V.M

e [, gl o " :
il . i Cais Sttt ' 5

12/18/2016
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Electromagnetic

M -4
dg = '
n 47r?
go L[ Moy,
4 r
_ g Moay, 1 M),
4 r 7TV r

o i M ] 5_OxA
Ol m,A_4”|:§rms } oy
©pms> pm’¢m_ § Pns da+j ,Dm dV H— V¢ :)B—lﬁ
4r ‘I’ ‘r u
- o2y N
Electromagnetic
Ex 6-9
M, top face B=—uV,
=<-M bottom face
Pme o = qu; [ér2c056’+ a, sin@]
0 side wall 47R
TH
P =0 inside 2 (Dipole #12)
U :ﬂbzpms :ﬂszO oL Dle.y.2)

Ou( 1 1
P _47I(R R_J

R>>b [Dipole]

0L cos&
47zR2
T 4R’

=% ;M =20’LM,, :

b =

R s

38

12/18/2016
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Electromagnetic
B 6'_7 B Electrostatics Magnetostatics
VxH=1J;
B E B
H=——M D
[ Ho ] :-[
— - E
[(9xF)dS=[J-aS u
S S
- P -M
fH-de=1 : p
Ampere’s circuital law V A
B= Ho (1 + 7(m)|:| 3 X
= /’lOII’ll’H 2 :
s_Lsl . H
H=—B ’ I"Irzl—'—/l/mzi . s
7] H,| relative permeability
" e 3 3
Electromagnetic
6-8 Magnetic Circuits
Electric circuit : Voltage / Current source ; V, |, ...
Magnetic circuit : Transformer / Generator / Motor ...
V-B=0
VxH=J ;closed path ¢ to enclose N turns of |
CI:I .dl =NI =V, (m.m.f) magnetomotive force [Amp]
" & 2t AN 40

20



Electromagnetic

Sol: = Leakage

is identical in different material ;

: ferromagnetic

f

g:gap
B, . B, [
H,=4,—;H,=4,— B i
2 Hy

Ampere law

_f _ ) = FIGURE 6-13
u 27zro Ig )+ 4 Ig NIO Coil on ferromagnetic toroid with air gap
(0]
HotNI
4
w27ty =1 )+ 4

Bf(

ve])
Il

f=a

H :é lu(JNlo . 9
O 2, = )+, 27, —1 )+l T H
luO [¢] g /’lg /'IO o] g /’lg f :uO

ol eSS 3

41

Electromagnetic

Magnetic Flux ®~B;S ;S : cross-section

Uyt NI,

B, = _
C 2, -1, )+ £2ﬂfo—|gj+|g
u Ho
®-B, 5= NI, A
(mo—lg}rlg Ry +R,
1S HoS
2at, =1, ]
R = =——;l¢ =2ar, —1,: length of ferromagnetic core.
5
| R; :ferromagnetic core
R,=— :Reluctance { .
HoS R, :air gap

Analog to : [Electric circuit]

- m2tss

42

12/18/2016
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Electromagnetic

L3 I
2 Ry
+ t d
e
I
= A, Ry
FIGURE 6-14
== — Equivalent magnetic circuit and analogous electric
(a) Magnetic circuit. (b) Electric circuit. circuit for toroidal coil with air gap in Fig. 6-13.

Magnetic circuit Electric circuit

Ve b N A

R(+R,~ 48 Ri+R,” oS
mmf V(= NI) emf V

mag. flux ® electric current, |

reluctance R resistance , R

Permeability 1 conductivity , o

—— CER i

Electromagnetic

©Leakage Fluxes ©Fringing effect © B= ,U(B,ﬁ)H

2 conditions must be satisfied

H, 1 +H.. =NI
o - ’ = Bf+/uoi_fo:%NIO

B; =B, =1, H, . .
Similar to
Kirchhoff’s voltage Law Kirchhoff’s current Law
NI=) R ® .
zj: i ; K 2 ®;=0 VeB=0
J

—— LN i M

22
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Electromagnetic
EX.6-11 )
K.V.L. (Time Independent)
1
R, = —
S, Loop1: NI, =(R,+R,)®, +R D,
R, =2 Loop2: NI, -N,I, =R,®, +(R, +R,)®,
S,
R, b |:> D = RONI +R NI,
| =
‘ R,R,+R,R; +R,R,
P
l P
r———'———’;[“““"': /_ ¢
4 ! : | o # 4, b
=N
e I B
- : | I = Nty Nl
L____.;E:‘_____J — _—
2 +
(a) Magnetic core with current-carrying windings. (b) Magnetic circuit for loop analysis.
FIGURE 6-15
A magnetic circuit (Example 6-11).
45

" CES e

Electromagnetic

6-9 Behavior of Magnetic Materials

Ba Py

M = ;(mﬁ , X - magnetic susceptibility 9
IjI:iE’/ur =1+lm =ﬁ
H 7

FIGURE 6-17
Hysteresis loops in the B-H plane for ferromagnetic
material.

ODiamagetic: 4, <1 (y_:small negative number)

©OParamagnetic: 4. >1  (y,, : small positive number)

OFerromagnetic: 1, >>1 (¥ : 1arge positive number)

46
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6-10 Boundary Conditions for Magnetostatic Field

0] 0 \— 71 FIGURE 6-19
n2 x (Hl -H 2) - JS Closed path about the interface of two media for
determining the boundary condition of H,.

- CES ST S

47

Electromagnetic

Ex 6-12
B, component
M,H, cosa,=u,H, cosa,

H, component

H,sina,=H,sing,

_tan% :& FIGURE 6-20
tanac1 1 Boundary conditions for magnetostatic field at an
interface (Example 6-12).
or o =tan” (£2tana, )
Hy

I Similar to E-field
Magnitude of

agnitude of H, > a2=90°
>y, 0, =0°

H

H,=H2%,+H%, =\(H,sina, )*+(H,cosa,

” In ferromagnetic parallel interface
=H, {sin2 o +( ﬂcos% )2}
7

H Originates in a ferromangeitc ,
2

Flux perpendicular to interface

< o2 s

48
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Electromagnetic

Ex 6-13
Surface current J =M Oé(p
Example 6-8 [p246]

B =4 HMg

L
0 aZ
P 2 \/( % Y+b?
B =4 IUOMO L

- |=B.,
2 et
p1=Bp’l<Bpo

—
[ ——

End Center

at interface quantity

FIG URE 6-21 o
Magnetic flux lines around a cylindrical
bar magnet (Example 6-—-13).

H=—-M

;lml

" CES e

49

Electromagnetic

6-11 Inductances & Inductors

Mutual flux @, =L B, -dS,

O, =L,
le : mutual inductance

between loops C, and C,

Ifloop C, has N, turns ,

A, = qu)lz

Generalizes to

FIGURE 6-22 Ap =Lyl
Two magnetically coupled loops.

Lote | e |, =B )

I, dl,

50

12/18/2016
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Electromagnetic

Some of B produced by I, links only with C, loop itself, not with C,

A11=N1®11>N1CD12

Self inductance of C, loop

L= Ay —> Lu:dAll
1, dl,
Procedure for Finding Inductance
1. Appropriate coordinate system ; 4.
A=ND
2. Find
5.
B=22 [ Jr)x-——2 (- ” % A
3. 4z > | L=—
|
®= B-dS
ol CELETY 51
Electromagnetic
EX 6-14 flux linkage
B = Bq)a{p A=ND
_ A b
dl =rdea, yoNzlh-ln(aj
B-dl =" B rd
. — r
§c 0 i
=2mB
total current NI
2mB, = pyNI
_ HNI
2
®=[B-ds
—j(“ 'HONIJ a hdr)
2ar
yONIh ( 9)
a .
@ B2 'f-l’ ilgllc;:cif‘;ﬁmd toroidal coil (Example 6-14). 52

12/18/2016
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EX 6-15 Long solenoid

From(Ex6-3) p231
B = y,nl
@ =BS = y,nIS
A =n® = y,n*SI
Inductance per unit length
L = u,n’s
I >>S H:..l.:rfct'l ‘I:a‘rr ing long solenoi
Sixumpicl 6—3'!3.f ¢ long solenoid
La N?
in Ex6-14
Ex6-15
53

8 2FX N

Electromagnetic

EX 6-16
Current in annular ring
a) Inside inner conductor. 2 ord ord
ardr rdr
0<r<a =
J7Nd ( m’ j a’
D _ 4 _A 0
Bl_a(ﬂBwl_ ¢ 2 A’ d A 2rdr do'
b) Between inner & outer conductors J~ az
asr<b
B —4.B.=4 =ﬂ';[ j(a —r*)rdr +(In— )j rdr
2_a¢)2 @2_a¢;27zr a
1
a —_— —
dd j Bwldr+.[ der e (4 a)
b dr Lt ©nC) [H/m
[P £ [0 ) H/m
r ‘:_
i
Mol o Mol (D e
= 5@ -+ e @,
ﬁ 3 & i"f-!‘: =3 Eﬁg;fgzﬂg:eﬂﬂal transmission line




Electromagnetic

EX6-17
Internal L'seIf :ﬂ
81
2wires : Lj = 2- ot
8t 4r
external : Xz — plane, only y—comp.
_ Ml
o
_ Ml
2 27(d —x)
, d-a
®=[" (B, +B,)dx

= b/,l_0| l+; dX
a 27| Xx d-—xXx

_Alpdmey sl dy
I a IZ a

FIGURE 6-25 .
A two-wire transmisston line (Example 6-17).

il e 3 55
Electromagnetic
L,=L,?
N
L12 = I—IZ SZ l.d 82
(B =VxA)

N _
LU=TAL}vaydg
1
_Nz——
_WTi%Aﬂgz

- d
(AzﬁﬁNﬁéa—ﬁ

ONN dzdf
S

Neumann Formula

FIGURE 6-22
Two magnetically coupled loops.

CEN

56
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Electromagnetic

EX:6-18

N 2
D, = p(—)(7a)l,
4 1
Outer coil has N, turns,

T/hj
Ap = N,@,, =€ﬁN1N27ra2I1 @ﬁm
1 /ﬁ

A\
L, =212 = £ N N,7za’
I l
1 1
FIGURE 6-26
A solenoid with two windings (Example 6—18).
" e 3 57
Electromagnetic
EX :6-19
Find B, is caused by long wire I,.

B « Holy NN b
B.=a, >~ =2 Nl (g4 p)I [1+—]—b
°2nr R (d+b)in| 1+

/\21 - q)217
Ny = J.Sl Ez «ds;
dsi =4 zdr

AN

" B 2 X AN 58
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Electromagnetic

6-12 Magnetic Energy

Loop1 V,= L1 Similary I, C I, C,
_ 1
W, _IVI I1dt W, :EL2|22 @ Q
- L jll i.di Total work at C,
1), 1N W —lLIZ
1 1 W, =W, +W,, +W,, ma
=—LI’==®d,L
2 o LR ERAETINE
2 2
1 2 2
Loop2:C, &C, Ezleklllk
1 k=1
W,, = J‘V21 |1dt Generalizing Iy, I, I, ... Iy,

|2 -
:L21|le d'z Zzijljlk
=1 k=1
— L0l )

—— CER 50

Electromagnetic

Consider K" loop of N coupled loops

dW, =V, i dt )
i 1
k=1
t D =)Ll
Magnetic energy j=1
N N
dwW,, =" dw, = i dp,
k=1 k=1
Total magnetic energy ik =al, ¢ =od,
N
W, = [dW, =Y 1,0, [ ada
k=1 0
1 N
=—> 1,0,
215
- CESEEY ] 60

12/18/2016
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Electromagnetic

6-12.1 Wm in terms of Field Quantities
®, = B-ads;=¢ A.de/

1 o
WmZEkZ;AquSCkA-dfk

Al de,' =J(Aa))de, = JAy,

N — o0, Av,” — dv’

Wm

~f, Adav

Vector identity

s Gl

= A-J=H-B-V-(AxH)
W, =

1 Ao A ’
5 b (AxF)-acs

All space

im Ly 0

s'so

V-(AxB)=B-(VxA)~A-(VxB) o
L = = — Wm:lj' (H-B)dv’
I A=A;B=H 2
:>K(§X§)=ﬁ(§x—)_§(ﬂxﬁ)
ol e Heng-Ming Hsu
Electromagnetic
0.8 Magneti ity W
W, :%I (H-B)av' agnetic energy density Wm
— B ’
H=— W, = | W, dv
y24 v
l— = B> 1
w, =11 By WmZEH'B:_ZE#HZ
"2 u 7
or
2W
— 1 24! L_ m
Wm _Ejv”UH dv 2
c.f.
1 = ’
We ZEJ‘v'(ED)dV
2
W, =~ [ eE%dv == v
viog
— LSS 2
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Electromagnetic

Ex 6-20 (Ref. Ex 6-16)

Wi in inner conductor

ro_ 1 a2
W/, _270]0 B} 27rdr

Hl? g2
= 4;34 .L r’dr
_,uolz

167

2
Hence, L'= I—z(wn;] W/, )= g‘;#‘om(j

W between inner & outer

ro_ 1 b 2
w/, _270L B; 2ardr

17 1
Ho 2dr

4r Jar
2
et
4z a

b

27 \a

!

CEN Y]

63

Electromagnetic

6-13 Magnetic forces & Torques

electron move toward to x-dir.
Creating a transverse E -field. E,

Steady state, net force is Zero.

m

p HOX B=0

., =—UxB ; Hall effect.
E, : Hall feild.

N -type:d=-u
E,

oéy
= —(— Uyd, )x B,4, =u,B,4,

m
o

d
V, =~ E,dx=u,B,d

IB =a,B,

T =ad5 In = aB,

CEN

64
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Electromagnetic

6- 13 2 Force & Torques
IdIXB B_zﬂ()Iz@ dl,;xa/w‘;

i iz o 4x R,’
— di. (dl -&
- F, = ,UO |1 245014562 Jm)
dl x

m

Feton g g S0 ) ! 2ea)

B
L G
Q —[dllx(dl Xamm) 1= d| ><(d| Xa«)m)

~F, ="F, :Newton 3" Law

@i‘

B,, : |, source
E, : 1, field
E, = <f> dl, xB,, N
g@ B 2 FI AN Heng-Ming Hsu 5
Electromagnetic
Vector triple product
d I: x(dl, xay,,) _ dl,(d I:'aam) Ay, (d IA1'd l,)
R, R, R,
1" term

INCIE T o

§ ¢ ) ( am) Sﬁczd'zcﬁcl%:Sﬁczd'#ﬁmd'l(—vlm—ﬂ)
=, 45, g =0
f%@ F—ZIZ Cﬁm C2a9221(d|°d|) —F—lz

3y, =—2,, , Newton 3" Law Hold

66

.gﬁ B 2 I AN Heng-Ming Hsu 66
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Electromagnetic

Ex6-21

N )
F, force on wire 2 T
= - = 1y : I
F, =1,(a xB S
i 2( z 12) ? | ?_/B'IZ
. | -

B,, source at wirel(l,) Bl
sl et
Ry o

T i )
— —~ I I
F, =-a, Holi 1y

2zd
Attraction

[Same polarity of current |, & 1, ]

87

A circular loop in a uniform magnetic field B =B, + B

" & 2 A Heng-Ming Hsu o7
. X X x Bl x 4 4 E—
!
X #
———»x
X X T
!
X X X X
(a) (b)
FIGURE 6-30

B, :expand loop 6-30(a)
§ _ E + g/; - no net force to more loop B i
, - produce on upward force dF, on dl,
downward force d F, on dl,
4F - 0F, ,
.g,@ &) 2 f 2 M Heng-Ming Hsu 68
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Electromagnetic

—|
I
£)

d L(dF)2bsin g
, (1dIB,, sin ¢)2bsin ¢
= a,2Ib’B, sin” ¢d ¢
dF=|dF,|=|dF,| ; dI =]|dI|=]|dl,|=bd¢

T=[dT =a,21b°B, [ sin’ gdg

I
2)

)

_ 4 2
ﬁQ
il 8 2 AN Heng-Ming Hsu o
Electromagnetic
Magnetic dipole moment oDC-motor
—_ ~ —~ oTorque rotates at clockwise + X-dir
m=a,l(zb*)=a,IS 1
Hence,
T=mxR

z

2
‘ l
m
—AX)— y
&
*
B

(b) Schematic view from +x direction.

(a) Perspective view,

,,gﬁ"‘ B 2 I A Heng-Ming Hsu 7o
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EX6 — 22 Electromagnetic

f=ﬁ+E= Iblbz(/a\xBy _a;Bx)
m=-a,lbb,
T=mxB=mx(a,B,~a,B,)

=a,B, ; B, =a,B,+a,B,

@ =

,, produes the following forces

F=lba,x(@B,+aB,)=2,b8, =-F

F, = Ib,(-a,)x(a,B,+a,8,) = 3,108, =—F,

- & 2 S A

Electromagnetic

6—13.3 Forces and Torques in terms of Wm

o Constant Flux Linkages o Constant Currents
[Source Spply No energy] [Current sorce — increase Wm]
— —_ - dW, = dW +dW,
Fpedl =—dW_=—-(VW_).dl 1
F—cp — _va dw, =—dW,
rotate about z-axis dW = F,«dT =dW_ = (W, )-dl
oW, E -,
(Te), =— I
o¢ oW,
(M), =
o¢
S.W.(OFF) S.W.(ON)
gﬁ Heng-Ming Hsu 72
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FX6 _ 7 ’% Electromagnetic
c 1 e Constant Current
e Contant Flux
B? szlle Core : Re
AW, =d (W, )q, =2(—Sdy) e
#o O=—— 2Gap:2 y
o’ q ch+2(L) Hy
= S Yy 1S
oW @’ L Ne N
Fo =ay(——")=—ay I Re+2(L
dy :u()S ¢ (/uos )
N 2 A 2
El:ayl_d_l‘:_a 1 N—]2
2 dy H,S ‘Rc—i-Z(L)
H4S
~ @2
=-a
’ HoS
73
A e Heng-Ming Hsu 73

Electromagnetic

Two coils

O C

(6 —13.4)force and toraues

1n terms of mutual inductance

Wm :%Llllz—i_ |—12|1|2"'%|—2|22

Conotant currents

EIZ |1|2(§L12)

oL,
(M), =11, o4

74

B 2 I A Heng-Ming Hsu 74
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Electromagnetic

[ Ex6-24 |, - source [Ex6-7,p239]
A—lz:;-(o ,uoNlIlbl2 sing = é(p IUONIIIbIZbZ
4R’ 4[7 +b22]%

4N, 1b’b} 7

27+b,7] >

- — 2z
D, = qSCQ Alz’d Iz = _[0 A12b2d¢ =

_N,®, _ ,uoNlNzﬂblzbz2

A=
CL e
E = 521112 d,
7=d
— 3u,NN,7zb°b,*d
F, =-azl]l, Fo 12 2”2172
2(d*+b,")"?

Cm = 2 L = 2
d>Db, ; m=Nl,zb° ;m,=N,l,zb,

-3 .
F, =-a; 2200 attraction

2

- 8 2 AN Heng-Ming Hsu 75

Electromagnetic

Home Work #6

David Cheng: Chapter6

P6-2, P6-4, P6-5, P6-6, P6-10,P6-11,P6-12
P6-13,P6-15,P6-18,P6-19,P6-22,P6-26,

P6-27,P6-29,P6-32,P6-37,P6-38,P6-39,
P6-40,P6-41,P6-42,P6-43,P6-44,P6-46,
P6-50,P6-53

Due: 2 weeks

- B 2 Heng-Ming Hsu 76
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