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Introduction

« So far the discussions are restricted to static or time-invariant electromagnetic
fields. In these fields, electric and magnetic fields are independent of each
other.

 Now the discussions is extended to dynamic or time-varying electric and
magnetic fields. In these fields, the two fields are interdependent. In other
words, a time-varying electric field necessarily involves a corresponding time-
varying magnetic field.

« It has been already mentioned that electrostatic fields are due to static electric
charges whereas magnetostatic fields are produced due to motion of electric
charges with uniform velocity (direct current) or static magnetic charges
(magnetic poles).

« The time varying fields or waves are usually due to accelerated charges or
time-varying currents.

* In summary, stationary charges (q) — electrostatic fields.

« Steady currents (or) motion of charges (dq/dt =1) — Magnetostatic fields.

»  Time-varying current or accelerated charges (dI /dt = d*q/dt*) —
Electromagnetic fields (or) waves.
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Summary Faraday’s Law for Time varying Fields

Eqgn.(2.32) is called Faraday’s law for Electrostatic which is rewritten as:

§Edr — j(VXE).dg ~0 VXE—0 (232 This is known as
L

Faraday’s Law for

Differential Form Electrostatic Field

Integral Form
Egns. (4.9a) and (4.9b) are called Faraday’s law for Time varying magnetic
field which are rewritten as:

—

Lo 5 L . 0B -
={Edl = B 48 +{(axB).dl (4-8) VXE=——"+VX(UxB) (4.9)
o L S at L at

Differential Form
Integral Form

Combine the above equations, and for nonmoving circuit, we have:

- - (OB 5
Vo =§Edl =—[dS  (4.10a) wE=_B  (4.10b)
L s Ot ot
Integral Form Differential Form

In Conclusion: Eqn. (4.10) represents Faraday’s Law also is one of the four
Maxwell’'s equations in both integral and differential form.



4.3 Ampere’s Law for Time varying Fields
4.3.1 Types of Current Densities

Types of Current Densities

! ¥ ¥
Conduction Current Density Convection Current Displacement Current
Jeong (in Conductors) Density Density Jq (in Capacitors)

1. Conduction Current  Jeonv (MOVINg charge with

. When an electric field is applied’®2¢®6M¥uctor, conduction current occurs due
to the drift motion of electrons. As the electrons move, they encounter some
damping forces called resistance. The average drift velocity of the elections is
directly proportional to the applied field. Thus, conduction current density is:

‘]cond = ot (4.11)
where o is the conductivity of the materials in Siemens per meter and J is
known as conduction current density (in A/m?). Eqgn. (4.11) is referred to as
Ohm's law in point form. The resistance of conductor of uniform cross-section,
A and of length' I'is: jE.dl ol

R=—=+——==% [Q] (4.12)
I [oEds A
where V is the potential difference in volts [V], | is the currentin [A], p. =1/ c IS
the resistivity of the material and R is the resistance in [Q2].




4.3 Ampere’s Law for Time varying Fields (Continued)

4.3.1 Types of Current Densities
2. Convection Current

Convection current, as distinct from conduction current, does not involve
conductors and consequently does not satisfy Ohm's law.

It occurs when current flows through an insulating medium such as liquid,
vacuum etc. For example, a beam of electrons in a vacuum tube is a
convection current. The current through a given area is defined as the electric
charge passing through the area per unit time. That is:

| =—
dt
If there is a flow of charge of density p,, in a filament at a velocity v, then

current through the filament is given by eqn. (4.13) as:

Al = AQ _ ,OVAV _ jo (ASAl) _ ,OVAS AI _ ,OVASU (4.14)
At At At At

where Av is a differential volume of filament in m3, AS is cross-section area
and u is the beam velocity. As current density at a point is the current through
the area at that point, the egn. (4.14) can be modified to give the convection
current density, J_,,, (in A/m?).as:

- Al _ (4.15)
J =—=p

(4.13)




4.3 Ampere’s Law for Time varying Fields (Continued)

4.3.1 Types of Current Densities
3. Displacement Current

The law of conservation of charge states that current due to the flow of charge
out of a closed surface, ‘'S' bounding a volume 'v' must be equal to the time
rate of decrease of charge enclosed by the surface.

If the current flowing out of the surface is [l ] and the charge enclosed by the
surface is Q coulomb, then:

Ny =-99 (4.16)
Cd4s dt
In terms of current density J, charge density p, and Q (2.16) can be written as:
- = d
J.dS =——| p,dv 4.17a
i - gp (4.172)

Applying divergence theorem to the left-hand side and interchanging the
differentiation and integrating on the right side, egn. (2.17) becomes:

- 0 - 0
(VIJ)dv=——|pdv = VI=——p 417b
J P ~ P (4.17b)
Egn. (2.17a) is called continuity equation (or) the law of conservation of charge
in differential form. Eqgn. (2.17b) is called law of conservation charge in integral
form.



4.3 Ampere’s Law for Time varying Fields (Continued)

4.3.1 Types of Current Densities

3. Displacement Current

* In the previous section, the equations for electrostatic fields are modified for
time-varying situations and also to satisfy Faraday's law, Again, the equation
for magnetostatic fields is to be modified for time-varying condition.

* For electrostatic magnetic fields, Ampere circuital law states that:

« When the magnetic field is time varying it generates a time varying electric
field that generates a displacement current as shown in Fig. 4.3. Ampere’s
Circuital Law in point form therefore becomes:

VxH=J+J, =1 +86_It3 (4.18a)

Where - oD
Jy=—
ot

 Theterm jd Is known as displacement
current density andJ is the conduction
current density.

(4.18b)

Fig. 4.3 A filamentary conductor forms a loop connecting the two parallel-plate capacitor.



4.3 Ampere’s Law for Time varying Fields (Continued)

4.3.2 Maxwell’s equation
« We may obtain the time-varying Ampere’s circuital law by integrating Eqn.
(4.18) over the surface S, we get

—

VH =J7+3, =3+ %[t’ (418)

j(VxH).d§=j3 ds + des (4.19)
S

Apply the Stokes’ Theorem to the RHS of (4.19), we have:
© e e =~ 0= =
§Hl =[J.dS+_[DdS (4.20)
C S ot S

Notes:
1. Maxwell had added an additional term (éD/o t) to the RHS of Ampere’s law.

2. This new term removes the contradiction between Ampere’s law and the
continuity equation .

3. Eqgns. (4.18) and (4.20) represent Ampere’s Circuital Law or one of the four
Maxwell's equations in both differential and integral form.



Summary of 4t Maxwell equations
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4.4 Generalized Maxwell’s Equations

Maxwell's equations are derived on the basis of Ampere's circuital law,
Faraday's law and Gauss's law both in point (differential) and integral form.
These equations which are compiled by Maxwell led to the discovery of
electromagnetic waves. For a field to be qualified as an electromagnetic field,

it must satisfy all four of Maxwell's equations.

Table 4.1

Differential or Integral Form Remarks

Point Form

V [_j =p §f) ds = _[PvdV Gauss’s Law for Electrostatic Field

v S vol
5 B.dS=0 Gauss’s Law for Magnetostatic Field
V.B=0 i > Nonexistence of magnetic charge
— - . a - N
VXE = —@ if Edl = _a_‘- B.dS Faraday’s Law
ot L S

~ - 0D ¢+ [+ D) .=
VXH =J + §H'd| :J(J +].d8 Ampere’s Circuital Law
C S



4.5 Time Harmonic Fields

Let us assume that the electromagnetic fields are time-harmonic, i.e., they
vary periodically or sinusoidally with time. So, the phasor form is applied to
electromagnetic fields.

A phasor is a complex number which can be written as rei® and ¢ = wt + 0
where 6 may be function of time or space co-ordinates or constant.

So, any vector field A which is sinusoidally time-varying can be represented as:

A(t) = A el (4.21)
The real part of A(t) = A cos(at +6)
and imaginary part of A(t) = A sin(et + 6)

While performing mathematical expressions, either the real part or the
imaginary part of a quantity should be used but not both at same time.

By dropping the time factor el*tin A(t), the resulting complex term A el is called
the phasor of vector field and is denoted by A i.e.

A =Ag (4.22)
where subscript s denotes the phasor form of A(t).

Thus A(t) = ,5\) cos(at + 0) is the instantaneous form and it can be expressed



4.5 Time Harmonic Fields (Continued)
as:  At) = Re(ASejwt)

et

« Eqgn. (4.23) shows that the time derivative of instantaneous quantity is
equivalent to multiplying its phasor form by jo. Similarly,

[AMdt=A 1 jo (4.24)

So, the Maxwell's equations for time-varying fields are modified and given in
Table 4.2. All the field quantities and their derivatives can be expressed in
phasor form using eqgn. (4.23) and eqn. (4.24). Table 4.2

SO




4.5 Time Harmonic Fields (Continued)

Example 4.4
Express the following vectors in phasor form:
a) E,(z, t) =100 cos (108t — 0.5z + 30°) V/m
b) A(x,t) =10cos(10°t—10x +60°) &,
Solution:
a)Step #1: Write the exponential notation or equation as:
E,(z, t) = Re[100 e j(1o8t—o.5z+300)]
Step #2: drop Re and suppress eilt®t o obtaining the phasor:
Eys(z) = 100 e(- 0.5z +j30°)
b) Similarly:
A(X,t) = Re[10e/(0*6ei] 4 = Re[Ae!™] &,
and o = 108. Hence, we get:
AS (X) _ 1Oej(—10x+600) é

or z



4.5 Time Harmonic Fields (Continued)

Example 4.5
Express the following vector in instantaneous form:

B.(X) =(20/ j)4, +10e?™/%3
Solution:

5 \ A 27213 A : A 2713 A

B,(x) =(20/ j)a, +10e’™"a, =—j20a, +10e’“"""a

=20e'"'?4 +10e*™/%4

y

y

y

Then the instantaneous form is:
S . > Aoty j(ot—712) A j(ot+27x13) A
B(x,y,t) = Re(B.e'”") = Re(20e’ a, +10e”" 74 )

=20cos(wt — 7 /2)a, +10cos(awt +272x/3)a,

= 20sin(wt)a, +10cos(awt +272x/3)a,



Thank, you for your

attention
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