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Maxwell’s Equations

(1831 —
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1879)



What was physics like at the time of Maxwell?

d Newton’s laws had been around for almost 200 years and
seemed to explain almost everything.

L Most felt that physics was largely a solved problem with
just some odds and ends to figure out.

O It was felt that everything when broken down to its most
fundamental level was just an application of mechanics
(Newton’s laws).



What was known about electromagnetics to Maxwell?

(1) That electrical charges come in two types (negative and
positive) and that they produce forces between them that
proportional to the amount of charge and inversely
proportional to the square of the distance between the
charges. Like charges repel and unlike charges attract.

* Coulomb (1725) po_ 1l a9

e

drce, r°

. mm,
Fe=G757 (Newton, 1680)

For two electrons,
e =1.6x10"17 Coulomb

m=9.1 x103" Kg



Introduction (continued)
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How big is the number 1042 ?

a. Dimension of universe = 102’ m (10'Y light years)
Radius of a nucleus = 10" m

Ratio = 10+

b. Age of universe = 10'%s (30 M years )
Life of strange particles = 10245

Ratio = 104



What was known about electromagnetics to Maxwell?

(2) That magnets have two poles (N and S) and also produce a
force between magnets (like poles repel and unlike poles
attract) but unlike electrical charges we cannot separate the
two poles. If a break a magnet into two parts | get two
magnets each having a N/S poles.



What was known about electromagnetics to Maxwell?

(3) That electrical currents on two wires would create a force
between them (like magnets) - Ampere 1820

A

current carrying I

wire \
current carrying test wire

magnetic field-line

Figure 21: Ampeére's experiment.



What was known about electromagnetics to Maxwell?

(3) That an electric current inside a magnetic field produces a
force that was at right angles to the direction of the
magnetic lines of force and the direction of the current).




What was known about electromagnetics to Maxwell?

(4) Mutual inductance (Faraday) —also made the first electric
motor and generator

A diagram of Faraday's iron ring- &
coll apparatus




What was known about electromagnetics to Maxwell?

Nobody had a good explanation for why these things were
happening? Some of it was also a bit spooky!

* Coulomb (1725) po L a4
° drme, 1’
@
< = >

How does Q1 even know about Q27?



Faraday had an idea!
Lines of force — first time someone
starting thinking about electromagnetism
as a field theory.

Michael Faraday
(September 1791 — August
1867)




Along came Maxwell

He was crazy smart!

» Published his first scientific paper at the
age of 14.
» Besides his historic work in
electromagnetic theory he also
» Published the first paper on the
theory of feedback control systems
» Published one of the first papers on
the kinetics theory of gases. Let to
modern thermodynamic theory.
» Studied color vision and even
printed the first color photograph.
We still use the Maxwell color
charts to quantify color vision.

James Clerk Maxwell

James Clerk Maxwell (1831-1879)

Born

Died

Citizenship
Nationality

13 June 1831
Edinburgh, Scotland

5 November 1879
(aged 48)
Cambridge, England
British

Scottish



James Clerk Maxwell

mes Clerk Maxwell (1831-1879)

Along came Maxwell:

"A Dynamical Theory of the
Electromagnetic Field" is the
third of James Clerk
Maxwell's papers

regarding electromagnetism,
published in 1865

[ 459 ]

VIIL. A Dynamical Theory of the Electromagnetic Field. By J. Cuerk Maxwerr, F.E.S.
Received October 27, —Read December 8, 1864,

PART L—INTRODUCTORY.

(1) Tue most obvious mechanical phenomenon in electrical and magnetical experiments
is the mutnal action by which bodies in certain states set each other in motion while
still at a sensible distance from each other. The first step, therefore, in reducing these
phenomena into scientific form, is to ascertain the magnitude and direction of the force
acting between the bodies, and when it is found that this force depends in a certain
way upon the relative position of the bodies and on their electric or magnetic condition,
it seems at first sight natural to explain the facts by assuming the existence of some-
thing either at rest orin motion in each body, constituting its electric or magnetic state,
and capable of acting at a distance according to mathematical laws.

In this way mathematical theories of statical electricity, of magnetism, of the mecha-
nical action between conductors carrying currents, and of the induction of currents have
been formed. In these theories the force acting between the two bodiesis treated with
reference only to the condition of the bodies and their relative position, and without
any express consideration of the swrrounding mediam,

These theories assume, more or less explicitly, the existence of substances the parti-
cles of which have the property of acting on one another at a distance by attraction
or repulsion, The most eomplete development of a theory of this kind is that of
M. W. Weper*, who has made the same theory include electrostatic and electromagnetic
phenomena, :

In doing so, however, he has found it necessary to assume that the force between
two electric particles depends on their relative velocity, as well as on their distance.

This theory, as developed by MM. W. Wrper and C. NeEvmanst, is exceedingly
ingenious, and wonderfully comprehensive in its application to the phenomena of
statical electricity, electromagnetic attractions, induction of currents and diamagnetic
phenomena; and it comes to us with the more anthority, as it has served to guide the
speculations of one who has made so great an advance in the practical part of electric
science, both by introducing a consistent system of units in electrical measurement, and
by actually determining electrical quantities with an aceuracy hitherto unknown.

# Electrodynamische Massshestimmungen, Leipzic Trans. vol. 1. 1849, and Tayron's Scientific Memoirs, vol. v,
art. xiv, :

+ ¢ Explicare tentatur quomodo fiat ut lueis planum polarizationis per vires electricas vel magneticas decki-
netar,"—Halis Saxonum, 1558,

MDUCCLXY. 3R



Along came Maxwell:

"A Dynamical Theory of the Electromagnetic Field" is the third
of James Clerk Maxwell's papers regarding electromagnetism,
published in 1865

In section Il of "A Dynamical Theory of the Electromagnetic Field",
which is entitled "General Equations of the Electromagnetic Field",
Maxwell formulated twenty equations with twenty unknowns which
were to become known as Maxwell's equations.

In this amazing piece of work Maxwell put forth the foundations of a
field theory that could explain all known phenomena regarding
electromagnetism. He also added some unknown terms that resulted
in the prediction of electromagnetic waves which travel near 3x108
m/s (speed of light). Also connecting for the first time the fields of
optics with electricity and magnetism.



e+=—+-=4—=10 (1} Gauss Law
- dc dy gz
This is how Maxwell’s oA
c c c o e
equations looked in his #ﬁ:é_ﬁ () EQuivalent o Gauss’ Law
original notation. These are “ e meeneit
20 coupled differential M
. d dz ) dF &7
equations (Ugh!). b= p ?ﬁ—ﬁg]——;g
Faraday's Law
Q=i QE—TE]—JG—ﬂ (3) (with the Lorentz Force

and Poisson’s Law)

Unfortunately, this work was Roeg ﬁ%—&j—i}—%—%
largely ignored for nearly 20 §_%: A
years. The math was too i1 . a

E i r g o8 mpére-Maxwell Law

hard to solve for most . 2 dr ¢ =gty () AmpereMaxelll
ﬁ_d_&l_alﬂv' ' dh
dx  dy TRy
=—ép Q=-{g = - Ohm’s Law
P=if Q=kz R=kk The electric elasticity

equation (E = D/g)

it P o R N Continuity of charge
i dx dy

Maxwell's Equations in his original netation in "4 Dynamical Theory of the Electromagnetic Field™. The
modern and original variables correspond as follows: E — (P.Q.R); D~ (fgh) H & (o, By); B paBylk ]«
[p.g.ri p + & ¥ is the electric potential; (F.G,H) is the magnetic potential. Note that the original set of

equations indudes Ohm's Law, the Lorentz force, and the continuity equation for charge.



Enter the Maxwellians

» George Francis FitzGerald
» Oliver Lodge

» Oliver Heaviside

» Heinrich Hertz

These men saw the brilliance of Maxwell’s ideas and worked to:

(1) Validate the existence of EM waves experimentally (Hertz)

(2) Reformulate Maxwell’s 20 equations into a more digestible 4
vector equations (Heaviside and FitzGerald)

(3) Demonstrated through various solutions to the new Maxwell’s
equations how they can be used to predict all that is know about
electromagnetic phenomenon and some stuff that was yet to be
shown.



Maxwell’s Equations in Differential Form
(as formulated by Heaviside)

VxE = _8_B —M Faraday’s Law
ot
VxH :8—D+jc+j| Ampere’s Law
ot
V-D=p Gauss’s Law
V-B=p, Gauss’s Magnetic Law



Did Maxwell and his Disciples Have a
Good Feeling for What Electric and

Magnetic Fields Are?

FitzGerald’s Wheel and
Maxwell’s mechanical Band Model (1885)
vortex model

OOO OO OOO

O O O
SARNGANAL Lodge’s string and beads
geg model(1876)




The main mathematics
that is needed to
understand these

equations and solve real
problems is vector
calculus.

Vector Analysis Review:

The electric and magnetic
fields in Maxwell’s equations

are vector fields that vary in
both time and space.

The Vector Electromagnetic Fields

E(x,y,z,t)=E (x,y,z,t)a, +E, (X, y,z,t)a, + E,(X,¥,2,1)q,
B(x,y,z,t)=B,(x,y,2,t)a, +B,(x,y,z,t)a, + B,(x,y,z,1)4,
D(x,y,z,t)=D,(x,y,z,t)a, + D,(x,y,z,t)a, + D, (X, y,2,1)4,
H(x,y,z,t)=H,(x,y,z,)a, +H,(x,y,z,t)a, +H,(x, y,z,t)a

z

The Electromagnetic Sources

J(x,y,z,0) =3, (x,y,z,t)a, +J,(x, y,2,t)a, + J,(x,y,Z,1) 4,

M (X, Yy, z,t) =M, (x,y,2,t)a, +M,(x,y,z,t)a, + M, (X, V,2,1) 4,
p(X,y,z,t) =scalar source

o (X, Y, z,1) = scalar source



Vector Analysis Review:

_ A

A=d,|A A
A 'E‘:é:A ‘A‘

d=— . _
‘A‘ a = unit vector

1. Dot Product (projection)

A-B =|A|B|cos(0,g) a,
2. Cross Product

Ax B =4,|A|B|sin(@,)




Orthogonal Coordinate Systems:
A=a, A, +3,A, +3,A, =|Ada,
éul =d,, X a3
éuz =d, X a,,

dys =y X ey

A=A +A + AL

'f\' qu AuBur + AizByo + AisBys

AxB =8, (A,B,3 — Ai3Buz) + 8,2 (Ai3Bur — AuBus)

+8,3(AnBuz — Ai2Bur) 1 8z Ay
Ax B = An Az As

Bul Bu2 Bu3




Orthogonal Coordinate Systems:

di —a,dl, +a,,dl, +a,dl, /dl\/

B}
8

\
\

dS =4a,dS @

n
dsS

dv=dl. dl, dI dll-
1 2 3 3 /

—— “dl,

dl,



Cartesian Coordinate Systems:

A=a A +d A +3,A =|Ad,

d, =d, x4d,
d, =d, xd,
d, =d, xd,
A-B= AXB +A,B, +AB,
12

d, da, 4d, y

AxB=|A, A, A,
X
B, B, B,




Cartesian Coordinate Systems (cont):

dl =a,dx +a,dy +4d,dz
dl| = dx® + dy? +dz°
ds, =4a,dy dz

ds, =4d,dx dz
ds, =d,dx dy
dv =dx dy dz




Cvlindrical Coordinate Systems:

A=a.A +da,A, +3,A =|Ad,

dl =4,dr +3&,rd¢ + &,dz

dv =rdr d¢ dz

- z |
ds, =d rd¢ dz 42
ds, = a¢dr dz
ds, =d,rd¢ dz o




Spherical Coordinate Systems:

A=agAg +3,A, +3,A, =|A d,

dl =dzdR +d,Rd 6 + &,Rsin(F)d¢

C
C

C

dv = R? sin(@)dR d& d¢ / i

S, =a,R*sin(6)dé d¢
S, = a,Rsin(@)dR d¢
s, =a;RdR d@

ZA

(R,*?e’(l))

0/
~ R
/) !




Vector Coordinate Transformation:

A [cos(g) -—sin(g) O] A
Ay =|sin(¢g) cos(g) O]A,
0 0 1A,

sin(@)cos(g) cos(8)cos(g) —sin(p)
sin(@)sin(¢) cos(@)sin(¢) cos(ep)
cos(&) —sin(&) 0

> FF
!

& & F



Gradient of a Scalar Field:

Assume f(x,y,z) Is a scalar field
The maximum spatial rate of change of f at some location

IS a vector given by the gradient of f denoted by
Grad(f) or Vf

vi-a g d g
" OX oy 0z
Vi =8, §+a’ i+a o
" or ra¢ ‘oz

o _ o of
——+a;
OR rod Rsin(@)o¢




Divergence of a VVector Field:

Assume E(x,y,z) Is a vector field. The divergence of E Is
defined as the net outward flux of E in some volume as the
volume goes to zero. Itis denoted by V. E

1 0.
’ Rsin(0) 66 (SIn(©)E,)

1 OE,
+—
Rsin(@) 0¢




Curl of a VVector Field:

Assume E(x,y,z) Is a vector field. The curl of E Is measure

of the circulation of E also called a “vortex” source. It
is denoted by V x E

(3, &, 4,|
ViE_| @ 0 @
oXx oy oz
E. E, E,
(a, ra, &,
R AR
rror o¢ oz
E, rE, E,
(d; Rd, Rsin(9)a, |
vxgo L o 2 2
R<sin(d)| oR 00 ol
Er RE Rsin(@)E¢_




Laplacian of a Scalar Field:

Assume f(x,y,z) Is a scalar field. The Laplacian is
definedas v.(vv) anddenoted by v2y

2 2 2
szag+ag+ag
ox® oy® oz
2 2
v =19 vy, 125\2 o
ror or r - og° oz
VAV = S RV 4L (sin(0) V)
R°OR" OR Rsin(@) 06
1 oV




Basic Theorems:

1. Divergence Theorem or Gauss’s Law
|[[V-Edv=HE-ds
Vv S

2. Stokes Theorem
[J(VxE)-ds=¢E-dI
S C



Examples:

1. Verify the Divergence Theorem for
— P
E(r,z)=a,r +a,?2z

on a cylindrical region enclosed by r=5, z=0 and z=4




Examples:

1. Verify the Divergence Theorem for j”V -Edv= ﬁ E-ds
Vv S

E(r,z2)=4a r’+a, 2z
on a cylindrical region enclosed by r=5, z=0 and z=4

- oE
V-Ezlg(rErHl 0, O
r or r op oz
v.E-19 r.r2)+180+8(22)

r or rog oz

V-E:%(3r2)+2:3r+2




1. Verify the Divergence Theorem for
E(r,z2)=4a r’+a, 2z
on a cylindrical region enclosed by r=5, z=0 and z=4

z=4

z=0

Examples:

[[[V-Edv={E-ds
v S

V.E=2(3r2)+2=3r+2

r
=4 0=27 r=5
jj V. Edv—j j j3r+2 )- rdrd ez
z=0 6=0 r=0
=4 0=2r7r=5
j j3r2+2r)-drd0dz
z=0 6=0 r=0
Ujv Edv_zj.wfﬁ r +r } dadz
o i =4 0=2r
=15o.j jdedz

z=0 6=0



Examples:

1. Verify the Divergence Theorem for ”jv -Edv= ﬁ E -dS
E(r,z2)=4a r’+a, 2z v S
on a cylindrical region enclosed by r=5, z=0 and z=4

V-E:%(3r2)+2:3r+2

. R =4 0=2rn
v-Edv:15o-j jd@dz
v 720 0=0
z=0 cpp =
V-Edv=150-27-4=1200x




Examples:

1. Verify the Divergence Theorem for ”jv -Edv= ﬁ E - dS
E(r,z2)=4a r’+a, 2z v S
on a cylindrical region enclosed by r=5, z=0 and z=4
— _ 71=4 00=271 [ 5 R R
ﬁE -ds _j .[9=0 (ar5 +a222)-ar5d6dz
S

r2+322-4)-32rd6b|r

+

¥ 0=2m ( 2 R R
+ ( N +a22-0)-azrd6?dr
Jr=04J6=0



Examples:
1. Verify the Divergence Theorem for ”jv ’ E dv = ﬁ E -ds
v S

E(r,z2)=4a r’+a, 2z
on a cylindrical region enclosed by r=5, z=0 and z=4

+ ‘r2+322-4)-azrd6dr

+ 9:2”(‘rr2 +a‘122-0)-azrd6dr

Jr=0J6=0

5

ﬁé°d§=53-2ﬂ'°4+8°2ﬂ'°%r2

0

=53-27z-4+8-27z-%52 =12007



Examples:

1. Verify the Divergence Theorem for j”V -Edv= ﬁ E -dS
E(r,z2)=4a r’+a, 2z v S
on a cylindrical region enclosed by r=5, z=0 and z=4

2= ﬁﬁ-d§:12007z

H_[V-Edv:leO;z

z=0



Odds and Ends:

1. Normal component of field

n-E=E,
2. Tangential component of field

MxE =E,




Maxwell’s Equations in Differential

Form
. OB -
VxE = - M Faraday’s Law
vxh =P, J.+J. Ampere’s Law
ot
V-D=p Gauss’s Law
V:-B=p_ Gauss’s Magnetic Law



Maxwell’s Equations Field Variables

E = Electric Field, V/m

D = Electric Displacement, Q/m?

1

= Magnetic Field, A/m

B = Magnetic Flux Density, T



Maxwell’s Equations Source Variables

J . — Conductive Current Density, A/m?

Ji = Impressed Current Density, A/m?

M = Magnetic Current Density, V/m?

0 = Electric Charge Density, Q/m?

Pnm

Magnetic Charge Density Wb/m3



Faraday’s Law

oB >




Ampere’s Law




AN

Gauss’s Law

ij ds =fff pdv = Qy

NIl



Gauss’s Magnetic Law

)

AN

“all the flow of B entering the

\\ (' ( volume V must leave the volume”



Maxwell’s Equations in Differential
Form: No Magnetic Sources

vxE=_PB Faraday’s Law
ot
VxH = ob +J +J.  Ampere’s Law
ot
V-D=p Gauss’s Law
V-B=0 Gauss’s Magnetic Law



CONSTITUTIVE RELATIONS

—= — e=¢, g,=permittivity (F/m)

D=c¢cE c-=8854x10%(F/m)



CONSTITUTIVE RELATIONS

B

1 H

H=Holy
w,=permeability of
free space (H/m)
w,=4m x 10" (H/m)



CONSTITUTIVE RELATIONS

—

JC — O E c=conductivity (S/m)



Maxwell’s Equations in Differential
Form: No Magnetic Sources

—

VXE = —y%—lj Faraday’s Law
i s ,
VxH = roE+J. Ampere’s Law
@t
V-D=p Gauss’s Law
V-B=0 Gauss’s Magnetic Law



Maxwell’s Equations in Differential
Form: No Magnetic Sources and No Loss

—

VxE = —y%—l;l Faraday’s Law

- v~ Ampere’s Law
H = e €. b3 2P

\ 5’( ! ¢ Maxwell added this term

\/

V x
V-D=p Gauss’s Law
V-B=0 Gauss’s Magnetic Law



Boundary Conditions

(1) Tangential Component of E?




Boundary Conditions

(1) Tangential Component of E?

AixE® =fixEW



Boundary Conditions

(2) Tangential Component of H?




Boundary Conditions

(2) Tangential Component of H?

Ax(H® —H®)=]J



Boundary Conditions

(3) Normal Component of E?




Boundary Conditions

(3) Normal Component of E?

ﬁ,([s(z) _ [3(1))210S

or "




Boundary Conditions

(4) Normal Component of H?




Boundary Conditions
(4) Normal Component of H?

A-(B®-B®)=0

or "




Boundary Conditions
(ALWAYS TRUE)

(E® _E®)=g
ﬁx(ﬁ(z) — H(l))z J
,[g(a —I§(1))=O

,[5(2) _ [3(1))=,o

S

)

)

S



Boundary Conditions
(ALWAYS TRUE)

ﬁx(E(Z) = E(l))z 0
Ax(H® —H®)=J
A-(B®-B®)=0

ﬁ,(f)(a _ 5(1))=Ps

How do these simplify if one of the materials Is
a perfect electrical conductor (PEC)?



Boundary Conditions
(PEC)

(g(Z) B(l)) 0 ED N

In a PEC all the fields must be zero!!!
Why?




Boundary Conditions

(PEC)
AxE® =0
AxH® =]
ALB@ ED N
A-D@ = p,

In a PEC all the fields must be zero!!!
Why?




Boundary Conditions

NOT A PEC PEC
Ax(E@—E®)=0 AxE® =0
ﬁx(H(Z)—H(l)):O AxH® =7,
ﬁ,(g(a_ga))zg A.B@ =0

ﬁ,(5<z>_5<1>):() i-D? =p.



THIS IS EVERYTHING

Constitutive Relations Maxwell’s equations
{C B O-g VxE = _G_B
D=¢k Ot
B=uH vXﬁ:%_fgﬁjf

Boundary Conditions .
V:-D=p

NOT A PEC PEC ~
f/}x(f(z)—f(”):o ﬁXE(Z):O V-B=0

ix(io-i0)=0 o po_j
ﬁ-(é(z)—é(l))zo ~
n-B? =0

D =p,

,;;,([)(2) _5(1))20



Example Problem

gl’zuo gz’luo

E, = cos(1000t — 277 )&, B, B}
E, =T cos(1000t - 27 z)a

+Rcos(1000t +27 )&, "
FIND R and T on both sides!
VXE=—§§
ot
vxH =L 15 47
ot
z=0




Example Problem

81’ :uo 52 1 :uo
E, = cos(1000t — 27 2)d, E, =T cos(1000t — 27 2)a,
+Rcos(1000t + 27 z)a,
FIND H on both sides!
V><I§:—§§
ot

z=0



Example Problem

g]_HLlO

E, = cos(1000t — 27 2)d,
+Rcos(1000t + 27 7)d,

A a, 4,
0B, 0 = 2
| & o
cos1000t-27z) o
+ R cos(1000t + 27 2)

gZHLlO

0B,
ot

VxE=—§§
ot

3,
0

ox

z=0

T cos(1000t — 27 2)

a,

o
oy
0

E, =T cos(1000t — 27 2)a,

a

N

o
0

N

0



Example Problem

. 51, :uo
E, =cos(1000t -2z z)a,
—0.25¢0s(1000t + 27 z)a,

a, a, a,
0B, 0 o 0
o ox oy oz
cos(1000t — 27 z) 0 0
+Rcos(1000t + 27 2)
0B, _ 0 {cos(lOOOt —-271) }é
ot 0z | +Rcos(1000t +272) | ’

B, _ —27sin(1000t - 27 7)a,

+27-Rsin(L000t + 27 2)4,

V><I§:—§§
82 ] :uo ot

E, =0.75c0s(1000t — 27 2)d,

a, a, a4,
B, __ 9 o 0
ot OX oy oz
T cos(1000t-27zz) O O

0B, 0 "
=——(T cos(1000t — 2z 2) Ja
%, ~T -27sin(1000t - 27 z)a,

z=0



Example Problem

. é;L’ljo
E, =cos(1000t -2z z)a,

—0.25¢0s(1000t + 27 z)a,

—_

B, _

—27sin(1000t - 27 z)a,

+27-Rsin(1000t + 27 2)a,
_ [-2xsin(1000t - 27 7)4
B, = ’

+27-Rsin(1000t + 27 2)a,
B, =+27- L(:os(looot -271)a,
1000

27 1 R cos(1000t + 27 2)a,
1000

z=0

B

VxE=———
ot

6&2’llo

—

E, =0.75c0s(1000t -2~z z)a,

28,

ot
B, = [T - 27sin(1000t - 27 2)a dit

=—T -27sin(1000t - 27 )4,

—_

B,=T:2x 1 cos(1000t - 27 z)a,
1000



Example Problem

-~ OB
811/'!0 82’/’!0 VXE:_E

E, = cos(1000t — 277 )&,

—0.25¢0s(1000t + 27 z)a, Ez =0.75¢0s(1000t — 27 7)&,

—_ —_

B, =+27-———c0s(1000t — 27 z)a B,=T 2 1 cos(1000t - 27 z)a,
1000 Y 1000

—- 27 1 R cos(1000t + 27 7)a,
1000

z=0



Example Problem

A Eyy U, Vxﬁz—g—?
E, = cos(1000t — 277 )&,
—0.25¢0s(1000t + 27 z)a, E, =0.75c0s(1000t — 27 2)d,
H, = i’” - 1010 Scos(1000t~272)a, | H, =T, i” 1010 ~cos(1000t - 27 2)4,
27

e R cos(1000t + 27 2)a,
1, 1000

z=0



Example Problem

- 0B
811/’!0 82’/’!0 VXE:_E
E, = cos(1000t — 277 )&,
—0.25¢0s(1000t + 27 z)a, Ez = 0.75c0s(1000t — 27 2),
~ 2 1 . .
H, = . cos(1000t -2z z)a, H,=T- or L cos(1000t — 27 2)a
u, 1000 1, 1000 y
_2r 1 R cos(1000t + 27 2)a,
1, 1000
APPLY BC at Z=0
22, L cos(1000t)a, — or 1 Rcos(1000t)4, =T w1 cos(1000t)a,
1, 1000 1, 1000 1, 1000

I
z=0



Example Problem

- 0B
811/’!0 82’/’!0 VXE:_E
E, = cos(1000t — 277 )&,
—0.25¢0s(1000t + 27 z)a, Ez = 0.75c0s(1000t — 27 2),
~ 2 1 . .
H, = . cos(1000t -2z z)a, H,=T- or L cos(1000t — 27 2)a
u, 1000 1, 1000 y
_2r 1 R cos(1000t + 27 2)a,
1, 1000
APPLY BC at Z=0
22, L cos(1000t)a, — or 1 Rcos(1000t)4, =T w1 cos(1000t)a,
1, 1000 1, 1000 1, 1000

I
1-R=T



Example Problem -

B 81’ luo 82 ’ luo ot
E, =co0s(1000t -2z 2)a, E, =T cos(1000t — 27 2)a,
+Rcos(1000t + 27 z)a, qo_T. 27 1 cos(L000t — 27 2)
s 2r 1 A * p, 1000 y
H =—-: cos(1000t - 27 z)a,
1, 1000
-R or 1 cos(1000t + 27 2)a % 4, %,
1, 1000 y D, |6 o @
A A A ot |ox oy oz
~ a, ay d, 0 H y(Z) 0
e A oD, 0
ot |x &y L= —E[Hy(z)]éx
0 H/(z) O
oD, @ .
—= __[H y(Z)]aX
ot 0z 7=0



Example Problem

. 81’ :uo
E, =c0s(1000t -27 z)a,

+Rcos(1000t + 27 z)a,

H, = °r. 100 cos(1000t — 27 2)4,

#, 10
R27T-

L cos(1000t + 27 z)a,
00

L sin(1000t - 27 z)a,
1000

L sin(1000t + 27 )4,
00

82 J :uo
E, =T cos(1000t — 2 2)a,

H,=T- o 1 cos(1000t — 27 2)4,
11 1000
2
o D,=-T (27) 1 sin(1000t - 27 )4,
ot U, 00

z=0



Example Problem - oD
XH =—-
- &11 Hy €2 Ho i
E, = cos(1000t — 27 2)a, E, =T cos(1000t — 2 2)a,
Rcos(1 27 7)d 5 3
+ cc;s( 000t + 27 z)a, H,=T. o7 10100 cos(1000t -2z z)a,
= . cos(1000t - 27 z)a, e
4, 1000
27 Reosaooot+272)3, | B,- % T cosqion0i-272)a
4, 1000 / "~ 4, (1000} y
2
D, = (2z) 1 >-C0s(1000t — 27 2)4,
#,  (1000)
2
L) 1 -c0s(1000t + 27 2)4,
#,  (1000)

z=0



Example Problem _ .

) &11 Hy
E, =cos(1000t —27 z)a,
+Rcos(1000t + 27 z)a,

or 1 cos(L000t - 27 2)4,
11, 1000

2% L Rcos(L000t + 27 2)4,
2 1000

1

2
E, = (z) 1 >C0s(1000t — 27 2)4,
glgozuo (1000)
2
LR (2z) 1 >-C0s(1000t + 27 2)4,

51801uo (1000)

Eyy Uy ot
E, =T cos(1000t — 2 2)a,

H,=T. er 1 cos(1000t -2z z)a,
1, 1000
2

E _ @z) T > C0s(1000t — 27 2)a,

* gzgo:uo (1000)

z=0



Example Problem _ .

B gl’ luo 82 ’ luo ot
E, =cos(1000t 27 2)3, E, =T cos(1000t - 27 2)d,
+Rcos(1000t + 27 z)a, qo=T. 27 1 cos(L000t — 277 2)4,

. 1000
or 1 cos(1000t -2 z)a, Ho

. 1000

or 1 R cos(1000t + 27 )4,
1, 1000

2
E, = G ~c0s(1000t — 27 2)4,
&é,1, (1000)

(27[)2 1 A
+R : > €0s(1000t + 27 2)a,
CACNIA (1000)
APPLY BC at Z=0

1

2
= (2r) T -c0s(1000t — 27 2)4,
&6,y (1000)

m

2
(27) 1 - C0S(1000t)a,
EyE M,y (1000)

2
(27) 1 > C0s(1000t)a, =
CCNTA (1000)

2
(27) 1 7C0s(1000t)a, +R
CENTA (1000)




Example Problem oD

X = —
81’ luo 82 ’ luo ot
H, = er, 1 cos(1000t — 27 )4,
1, 1000 ) e 1 A
or 1 H,=T- cos(1000t - 27 7)a,
— == .———Rc0s(1000t + 27 2)4, #, 1000
1, 1000 P T A
. (22) 1 E,= o (1000} cos(1000t - 27 z)a,
E, = (27 - 7C0s(1000t - 27 7)a, 250kts
&16oH, (1000)
2
G ~cos(L000t + 27 )4,
£16o4, (L000)

APPLY BC at Z=0

2 2 2
(27) 1 ~C0s(1000t)a, + R (27) 1 > C0s(1000t)a, = (27) 1
&&,H, (1000) &&y4, (1000) &6,y (1000)
|

1 .1 T

~C0s(1000t)a,




Example Problem
gl’:uo 82,/10

APPLY BC at Z=0




Example Problem
gl’lLlO 82,/10

APPLY BC at Z=0

—+R== 1-R=T Eal




Example Problem
glhuo gZ’IUO
APPLY BC at Z=0

_ 1-R=T
& & l
R=1- &
i
€2
$
R — & — &)

& té&,




Example Problem

gl’:uo

E, = cos(1000t — 277 )&,

+Rcos(1000t + 27 z)a,
R — &1~ &y
& tT&,

gZHUO

—

E, =T cos(1000t-2r z)a,
FIND R and T on both sides!

2

&9

T =

z=0
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