Chapter 1

Dynamic Fields

We are now ready to look at the behavior of fields that vary in time. To begin, let’s examine a very
interesting law: Faraday’s Law. We will then look more generally at Maxwell’s Equations.

1.1 Faraday’s Law

A time-varying magnetic flux through a loop will cause a current to flow in the loop of wire.
Faraday’s Law describes this effect. To begin, consider a wire loop as shown. A magnetic field
passes through the loop (supplied by an external source) such that the flux density vector B is
normal to the surface defines by the loop. The flux is defined as

QS://SB-ds (1.1)

with units of Weber (Wb). When this flux changes in time, a current will flow in the loop. This
means that a voltage has been created across the loop terminals called the electromotive force (emf).

+ Charge buildup creates
positive potential

do d -
V = = —— B-d 1.2
emf dt dt //S S ( )

Note that if B does not change in time, Vemp = 0.

The negative sign comes from Lenz’s Law, which states that the induced current will oppose the
change in flux. To ensure the correct polarity of V., we use the right hand rule.

Thumb = direction of ds
Fingers = direction of + terminal to — terminal
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For the above loop, let ds be out of the page. If ¢ decreases, V., s is positive. So, V., represents
the voltage available to the load circuit.

; Ve <~> ______ ‘ ;

There are two distinct ways to get this emf.

e Transformer emf: A time varying magnetic field linking a stationary loop

e Motional emf: A moving loop with a time varying area (relative to the normal component of

B) in a static magnetic field

1.1.1 Transformer Action

This is what we’ve been talking about. The applied B through a loop changes in time. The induced
potential at the loop terminals is called the transformer emf.

AZ

For example, consider the loop shown with

B = Btz (1.3)
27 b b2
¢ = /0 /0 Botrdrd¢:Bot52w:Bomb2 (1.4)
d
Vemf = —dif:—BOTer (1.5)

B is increasing in time, so I is induced as shown to oppose the change. V,,, ¢ is therefore negative.

Notice also the following. Since V., # 0 in this system, E # 0. If we integrate E around the loop,
we will obtain the voltage V,,,s. Using the right hand rule for integration direction gives

Vemf:%E-dK:—d//B-ds (16)
c dt ) Js
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This is Faraday’s Law. Note that in statics, we had a minus sign to maintain the proper potential
reference. However, here the electric field is pushing the charge to make one terminal more positive
than the other. Therefore, we do not have the minus sign.

+
Vemf

—E

The ideal transformer uses the transformer emf. The time varying voltage creates a time varying
magnetic field in the core that has a high magnetic permeability. The time varying magnetic flux
induced a current in second winding.

1.1.2 Generator Action
This occurs when the loop is mechanically altered while the flux density remains constant.
4 y

N ®® ||®®
Ve @@ |—V _ |

- B=B2
oo |ow® )
o(t) = /Z /Ut Bydxdy = Bylut (1.7)
0 JO
Vemf = _%Qb = —Bylv (1'8)

Electromagnetic Generator

A loop of length ¢ and width w is rotating with an angular velocity of w within a constant magnetic
field given by

B = 2B, (1.9)

B-ds (1.10)

J
— /SéBo - fds (1.11)



n = sina 2 + cosa Y
where

a=wt+C,
{  rw
¢ = / / B,cosadydz
0 Jo
= B, wl cos (wt + Cy)

1.2 Relating Maxwell’s Laws in Point and Integral Form

We need to recall once again the vector derivative operations:

Gradient: 06 06 06

Vo(z,y,z) = e + ?yy + 9,7
Divergence:

Y Fag = O O OF
curt OF. OF, OF, OF OF, OF

V x F(z,y,2) =& ( 8; - 8;’) +y< a; - a;) +2 <8xy - ay‘”)
We also have two vector identities:
VxVf =

V- (VxF) = 0

We also need to consider the integral relations:

//SVXF-cE:%CF-dE
///Vv-mvzyip.dg

Stokes Theorem:

Divergence Theorem:

(1.12)

(1.13)

(1.14)
(1.15)

(1.16)

(1.17)

(1.18)

(1.21)

(1.22)

Let’s use these to derive Maxwell’s equations in point form from the equations in integral form:
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Faraday’s Law:

f;’E'dg = —jt//SB-ds (1.23)
//VxE-ds = —CZ//B-ds (1.24)
S , 5 S

E = ——B 1.2
X T (1.25)

ch.dg . C(l:lt//SD~ds+//SJ‘d§ (1.26)
//SVXH.ds = i//SD-der//SJ‘cE (1.27)
0
\Y%

Ampere’s Law:

H = —D+J 1.2
X 5 +J (1.28)

ng-ds _ ///vadv (1.29)
///VV-DdV _ ///vadv (1.30)
V-D Po

(1.31)

Gauss’ Laws:

j{B-dS =0 (1.32)
S
V-B = 0 (1.33)

1.3 Displacement Current

Consider Ampere’s Law:

fH.de:i//pm+//wd§://§tp.ds+zc (1.34)

where I, represents the conduction current. Notice that the term

Id://aatp.dg (1.35)

has units of Amperes. We call this the displacement current.

Consider a parallel plate capacitor as shown. In the wire, £ = 0 and so D = 0. Therefore, the
current is

I, =1, = conduction current (1.36)
d
= C c;)ts = —CV,wsinwt (1.37)
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vs(t)+_@ 8- C

v (t) =V, cosat

In the capacitor, J = 0 so

Jcap:Idz//gtD.ds (1.38)

Since E = (V,/d) coswt §, D = (Vpe1/d) coswt .

e A
Ioap = // ol ysinwt dedy = — 7 Vowsinwt = —CV,w sin wt (1.39)
So: Iz = I. so that the displacement current allows continuity of current.

1.4 Continuity of Charge

Consider a volume V' containing a charge density p, and total charge Q. The only way for @ to
change is by charge entering/leaving the surface S bounding V. If I = the net current flowing

across S out of V
I = = wd 1.4
-2/ [ mav (1.40)

IzéJwE:iZ//xfmv (1.41)

The last term came from Eq. (?7). This equation represents the integral form of the continuity of
charge. If we now use the Divergence theorem:

ii@ ///VJW’ (1.42)

But we can also write

This is the continuity of charge in point or differential form.

1.5 Maxwell’s Laws in Time-Harmonic Form

To go to sinusoidal steady state, we assume a time variation of coswt. Recall once again that

v(t) = Re {f/ej“’t} (1.44)
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Now, we haven’t explicitly written it this way yet, but all of the fields are functions of space and
time:

E = E(z,y,2,t) = E(R,1) (1.45)
E(R,t) = Re {i(ﬁ)ejm} (1.46)
8E(<9]:’ 2 = Re {i(ﬁ)jwew} (1.47)

Therefore, Maxwell’s equations in time-harmonic (phasor) form are

E-dl = —jw//é-d? (1.48)

H-dl = jw//[)-ds—l—//:]-ds (1.49)

Sb-d? = ///ﬁvdv (1.50)
0

B.-ds = (1.51)
S

VxE = —jwB (1.52)
VxH = juD+7 (1.53)
v-D = g, (1.54)
V-B = 0 (1.55)
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1.6 Boundary Conditions

Our goal is to understand how boundaries in materials impact electric and magnetic fields. Break
the electric field and magnetic field into components that are either tangential or normal to the
boundary as given by

E, = Eut+Eyn (1.56)
Ey = Eot+ By (1.57)
Hy, = Hyt+Hy,n (1.58)
Hy = Hot+ Hyy, 1. (1.59)

The goal is to find the relationship between the various components.

We will begin with electric fields. Consider a material boundary as shown with a contour that
crosses the boundary. Faraday’s law is

ﬁE-dK:—Z//gB-ds (1.60)

Normal points from 1 to 2

2 n h N
1 &1 M, O, w i
&ty Oy

To apply this to the contour, let the contour shrink to zero area so that the right hand side of
Faraday’s law goes to zero. If we let w — 0, the left hand side becomes

0 0 h/2 h/2
Enfi - (—h)dl + Epofi - dl + Epofi- (—a)d =0  (1.61)
0

Ein - ndl —1—/
0

—h/2 —h/2

In other words, 0 = 0. This isn’t very useful.

1
h
t
If we instead let h — 0, we get

/ Byt - (—t)de +/ Eot-tdt = 0 (1.62)

0 0
/ (By — En)dt = 0 (1.63)

0

Ey—Ey; = 0 (1.64)
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So, the tangential component of the electric field is continuous across the boundary. Note that
we can also write
nx(Ey—FE))=0 (1.65)

since 7 x E is the tangential electric field.

E,
1

BaQ

If we apply the same technique to Ampere’s law, we get the same result WITH ONE TWIST.

jéH-dé:Z//SB-der//SJ-ds (1.66)

Suppose that J represents a surface current that flows in the § = # x ¢ direction. Note that § is
tangent to the surface but points normal to the surface of our integration contour.

/ Hyt - (—)de + / Hoit - fdt = / Jode (1.67)
0

/ (Hor — Hy)dl = / Jude (1.68)
0 0
Hoyy — Hyy = Jg (1.69)

This works out to
n X (Hg — H1> = js (170)

So, tangential H can be discontinous across the interface if a surface current exists.

Let’s try Gauss’ law. We use a “pillbox” for the integration.

]i Deds= [ [ [ v (1.71)

If h — 0, the right hand side will go to zero unless there is a surface charge density. Then,

| [ pan-ias+ [ [ D = [ ] puas (1.72)

nQ_Dnl = Ps (173)
- (DQ - Dl) = pPs (1.74)
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So normal D is discontinous by the surface charge density. For magnetic fields:

Normal B is continous. Let’s summarize:

n

Bna—Bni = 0 (1.75)

(By—B1) = 0 (1.76)

Field

Two Dielectrics Dielectric Conductor

Tangential
Tangential H
Normal D
Normal B

Continuous
Continuous
Continuous
Continuous

Continous: 7 x E =0

Discontinous: i X Hy =0, i x Ho = J
Discontinous: 7 - D1 = 0, A - Dy = py
Continous: n- B =0
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