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UNIT -11l: ELECTROSTATICS & MAGNETOSTATICS (Syllabus )

Review on Co-ordinate Systems, Vector Calculus.

Electrostatics: Coulomb’s Law, Electric Field Intensity, Electric Flux
Density, Gauss Law and Applications, Electric Potential, Maxwell’s Two
Equations for Electrostatic Fields, lllustrative Problems. Convection
and Conduction Currents, Dielectric Constant, Continuity Equation,
Capacitance, Example problems on Rectangular, Cylindrical and
Spherical coordinates.

Magnetostatics: Biot-Sarvat's Law, Ampere’s Circuital Law and
Applications, Magnetic Flux Density, Two Equations for Magnetostatic
Fields, Magnetic Scalar and Vector Potentials, Forces due to Magnetic
Fields, Ampere’s Force Law, Inductance, Example problems on
Rectangular, Cylindrical and Spherical coordinates.
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Review of Coordinate Systems and Vector Calculus

Vector Algebra
Coordinate Systems

Vector Calculus
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Review of Coordinate Systems and Vector Calculus

Vector Algebra:
e Scalar and Vector

finran)

 Unit Vector, Position Vector and Distance vector

e Vector Multiplication(Dot product & Cross Product)
* Vector Addition and Subtraction

* Problems

Coordinate Systems:

Coordinate Systems: Three coordinate systems are used to analyze EM
waves.

1. Cartesian Coordinates (X, v, z)
2. Cylindrical Coordinates (p, ¢, z)
3. Spherical Coordinates (r, 6, ¢)
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Review of Coordinate Systems and Vector Calculus

Vector Calculus:
+ Differential Length, Differential Area and Differential Volume
1. Cartesian Coordinates
2. Cylindrical Coordinates
3. Spherical Coordinates
* Line, Surface and Volume Integrals
* Del-Operator
1. Gradient of a Scalar
2. Divergence of a Vector and Divergence theorem
3. Curl of a Vector and Stroke's theorem

4. Laplacian of Scalar

EM Waves and Transmission LineslL, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



Aditya Engineering College (A)

Review of Coordinate Systems and Vector Calculus
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Review of Coordinate Systems and Vector Calculus
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Vector Algebra

A scalar is a quantity that has only magnitude.

 Avector is quantity that has both magnitude and direction.

A vector A may be represented as

A = Ayay + Aya), + Aza; orsimplyas (A,,4,,4,)

Where ay - Unit vector along x-axis
aj, - Unit vector along y-axis
aj- Unit vector along z-axis

* it has its magnitude that represented as |A4|, where

Al = \/(sz + Ay2 + A,*) andthe unit vector of A is a} =

E|| |
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L

(a) (b)
Figure (a) Unit vectors a,, a,, and a,, (b) components of A along
a,,a,anda,.
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BN Cve
Clarei) Vector Multiplication

e Scalar Multiplication(DOT PRODUCT) - A.B

e Vector Multiplication(CROSS PRODUCT)-A4 X B

DOT PRODUCT - (A. B): CROSS PRODUCT - (4 X B):
A.B = |A||B|cos8,p A X B = |A||B|sinf,pa’
Say A=Aay+Ayaj + Aa; and Say A =A,a;+ A,a,+ A,a; and
B = B,a} + B,a} + B,a; then B = B,a} + Bya), + B,a; then
A.B=A,By+A,B,+A,B,
a, a, a;
AxB={A A A

B, B, B,
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AN oy 0 o
fouis) Position Vector and Distance Vector

A point P in cartesian coordinate

system may be represented as (x, y, z).

The position vector 1, (or radius

vector) of point P is the directed

distance from the origin O to P .i.e,

r, = OP = xay + yay + za;
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Position Vector and Distance Vector
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Position Vector and Distance Vector
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Problem 1
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Vector addition and subtractction
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Problem 2 cont.,
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Cartesian Coordinates (x, vy, z)

-

Three- Dimensional Cartesian Cccrdinatesﬁ * A point P(x, y,Z) is represented in
Z Cartesian coordinates as shown Fig.
* The range of the coordinate variables x, vy,
and z are

—0 < x <

—o0o <y < 00

—00 < z <
* aj - Unit vector along x-axis
* ay - Unit vector along y-axis

* a,- Unit vector along z-axis
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Cartesian Coordinates (x, vy, z)

« Avector A represented in Cartesian coordinate system as

A =A,a; +Aya) + A,a; orsimplyas (Ay, A, A,)

A A A A — AN A
Where ay - Unit vector along x-axis Ayx-Ax=0y.Ay=0z. az=1
at.ab =as. at =0
Xy y- X
ay - Unit vector along y-axis aj.a; = az. a; =0
az. Ay = Az. Ay =

az- Unit vector along y-axis
ay X ay=aj X aj=az X az=0
ay X ajy = azay X ay = —a;
ay X az = ayaz X ay = —ay
a, X ay = ayay X a; =
e [thas its magnitude that represented as |A|, where

I
I
Q
<

|A| = J(sz + A,” + A,”) andthe unit vector of A is aj =

NES
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Cylindrical Coordinates (p, ¢, z)

-
°

A point P(p, &, z) is represented in
cylindrical coordinates as shown Fig.

* The range of the coordinate variables p, ¢,
and z are

0<p<m
0<d<2m

a, - Unit vector along p-axis

=Y
& | ag - Unit vector along @-axis
/ az- Unit vector along z-axis

X
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Cylindrical Coordinates (p, ¢, z)cont.,

« Avector A represented in Cylindrical coordinate system as

A =Aya; + Agay + Aza; orsimplyas (4,,44,A4,)

* Where a, - Unit vector along p-axis

A
Ay

- Unit vector along ©-axis

az- Unit vector along z-axis

A| = J(Apz + A@Z + A,%) andthe unit vector of A is a} =

Ithas its magnitude that represented as

A A_ A A_ A —
as.ay = ay. ad =
p-Ag = Ag. Ap
A A — A —_
A A — A

aj X ag=ag X ag=az X ay=0

A A AN A

ag X ay = azay X ag =

A A — A A A

= —a;

|
I
Q
S)

Al, where

A
4]
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Spherical Coordinates (r, 9, )

A point P(p, ¢, z) is represented Spherical
coordinates as shown Fig.
* The range of the coordinate variables p, ¢,
and z are

0<r<ow

0<0Q<2m

0<0<m

ay - Unit vector along r-axis
ag - Unit vector along ©-axis
ag- Unit vector along 6-axis
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Spherical Coordinates (1, 8, ®)cont.,

e Avector A represented in spherical coordinate system as

A = A.al+ Agay + Agajor simply as (4, Ag, Ay)

ay.ay =ag.ag = ag.ag=1

A A LA y —
. ' ar.ag = ag. ar = 0
* Where aj - Unit vector along r-axis ay.ay = ay. ay =0
ag - Unit vector along @-axis ag.ay = ap. ag =0

ag- Unit vector anng 0-axis
A A_ oA A_ A A _
ar X ar=ag X ag=ag X ag=0

ar X ag = agag X ar = —agy
ag X ag = ayag X ag = —ay
ag X ay = agay X ag = —ag

* Ithas its magnitude that represented as |A[, where

|A| = J(Arz + Ag” + Ay*) andthe unit vector of 4 is a} =

ENES
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“E4 Coordinate transformation (x, y, z) < (p, ¢, z)

e The relationship between Cartesian coordinates and Cylindrical

Coordinates illustrated in the Fig. below.
z

A (x, Y, Z) — (ps ¢9 Z)
p=Vxi+y, ¢= taﬂ"% =12
o P(x,y,z)=FPlp,9,z)
, $,2) - (x,y,2)
=pcose, y=psing, =2
)
P el
X ) 7 x=pcos¢
"""" T
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e The

relationship between Cylindrical

coordinates illustrated in the Fig. below.

Z

!

z=rcos #

=

p=rsin #

Px,y.2)=P(r, 0 $)=Plp & 2)

/ y-—-psin-;ifr

X

>y
X=pcos ¢

T~
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Coordinate transformation (x, y, z) < (r, 8, ©)

Coordinates and Spherical

(x,y,2)—(r,0,0)
7, 2. 2 L VX +y Yy
?‘2\/.1' + y° + 25, f = tan Z ¢ = tan T
0,0) - (x,y,2)
x = rsin @ cos ¢, y = rsin 0 sin ¢, z=rcosf
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VECTOR CALCULUS

+ Differential Length, Differential Area and Differential Volume
1. Cartesian Coordinates
2. Cylindrical Coordinates
3. Spherical Coordinates
* Line, Surface and Volume Integrals
* Del-Operator
1. Gradient of a Scalar
2. Divergence of a Vector and Divergence theorem
3. Curl of a Vector and Stroke's theorem
4

Laplacian of Scalar
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Differential Length, Differential Area and Differential Volutfig =s"eerine coliege (4
(Cartesian Coordinates)

4
z
ay
F /
g
._Ij:-: i dz
A 1e
b . -[;‘ \\d_t
¥

Figure Differential elements in the
Cartesian coordinate system.

EM Waves and Transmission LinesL, UNIT-I|

(1) Differential displacement is given by

dl = dxa, + dya, + dza,

(2) Differential normal area 1s given by

(a) (b} (e}
ds = dydza, dS = dx dz a, dS = dx dya,

(3) Differential volume is given by

Mr.T.Srinivasa Rao, Associate Professor, ECE

dS = dyvdza,
dx dz a,
dzdya,
dv = dx dy dz
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(Cylindrical Coordinates)
(1) Differential displacement is given by

-_d; N

z

..
'

Figure Differential elements in
cylindrical coordinates.
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Differential Length, Differential Area and Differential Volume

dl = doa, + pdpa, + dza,

(2) Differential normal area is given by

(a) (b}
dS = pdedza, dS = dpdza,,

dS = pd¢ dz a,
dﬂd:“q:.
0 d do a,

(3) Dufferential volume is given by

Mr.T.Srinivasa Rao, Associate Professor, ECE

rdtf = pdp dd d.?.—f
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Differential Length, Differential Area and Differential Volume

(Spherical Coordinates)

(1) The differential displacement is

4
dl=dra, + rdfa, + rsinfde¢ a,
pdg = rsin @ dp
(2) The differential normal area is
C;"F\ : el 5 .
e dS = r~sin 0 df do a,
VR ‘ r sin 0dd rsin 0 dr dg ay
i D rdrdf a,
P e 4
rdo \
aﬁ
. , , (a)dS = r’sinfdfdda,. (b)dS =rsinfdrddba, (c)dS = rdrdfa,
Figure Differential elements ’

in the spherical coordinate system.
(3) The differential volume 15

dv = r*sin 0 dr df do
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Line , Surface and Volume Integrals

Line Integral:

The line integral of a vector A is defined as the integration of tangential component of a
vector that vector along a curve L. i.e.,

J Adl= f;lfﬂ cosO dl=>This is line integral of A around L.

Figure Path of integration of vector field A.

path L /

If path of the integral is closed curve such as abcba as in Fig., the above equation
becomes closed contour integral as

$ A.dl = § |A| cosf dl DThe closed line integral is called Circulation of A.
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Surface Integral:

Line , Surface and Volume Integrals cont.,

Aditya Engineering College (A)

The surface integral of a vector A through surface S is defined as flux of 4 .

© ?’=J|A|msﬂd£= fAm,,dS or simply
5 5

The s
fluxof 4 . i.e.

Y= % A-dS
Volume Integral: ’

The volume integral of a scalar p,, is defined as fv py dv

EM Waves and Transmission LinesL, UNIT-I| Mr.T.Srinivasa Rao, Associate Professor, ECE
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Figure The flux of a vector field A
B through surface S.
r A through a closed surface is defined as the net outward
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e The

Del-Operator (V)

Aditya Engineering College (A)

del operator written as V, is the vector differential operator. In cartesian

coordinates, cylindrical coordinates and spherical coordinates, it is represented as

d

V=—a,+—a,+—a, V=a

+ + a
dx dy © 0z ‘“ﬂp aqbpéuﬁ © oz ar

& d d 1 0 d ad

| | V=a,—+a—— +a,

| 1 d
rsiné do

r df

* The vector differential operator is also known as gradient operator and it is not
vector it self.

* The operator is useful in defining

1.

2
3.
4

EM Waves and Transmission LinesL, UNIT-I|

The Gradient of a Scalar V, written as V'V
The Divergence of a Vector 4, written as V. A
The Curl of a Vector A, writtenas V X A

The Laplacian of a Scalar V, written as V2V
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» The gradient of a scalar field V is a vector that represents both the magnitude and the
direction of the maximum space rate of increase of V. written as V, is the vector
differential operator.

For Cartesian co- ordinates

for cylindrical coordinates,

oV 1 aV aV
VW=—a,+——a, + —a,
0p P dp 0z

and for spherical coordinates,

aV N 1 dV N 1 Eﬂf’a
=—a,+———a :
ar r o9 "  rsinf o °

Vv
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The Divergence of a Vector 4, written as V. A

- Definition: The divergence of a vector field 4 at a point P is the outward flux per unit

volume as the volume shrinks about P

(2o
divA = V-A = lim =

Ap—0) Av

Divergence Theorem:The divergence theorem states that the total outward flux of a

vector field A through the closed surface S is the sane as the volume integral of the

divergence of 4.

%A'ds-ﬂJV'AdV
S

v
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The Laplacian of a Scalar V, written as V2V

»  Definition: The Laplacian of a scalar field V , written as V2V, is the divergence of the

gradient of V.
i.e. LaplacianofV =V.VV = V2V
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- Definition: The curl of a vector field 4 is defied as the maximum circulation of A per

unit area as the area tends to zero and whose direction is the normal direction of the

area.

A - dl
curl A = VX A = lim b a,

as-0  AS max

« Stoke’s Theorem:The Stoke’s theorem states that the circulation of a vector field A

through the closed path L is the sane as the surface integral of the curl of A .

A-dl= | (VXA)-dS

L Ay

L Closed Path L

o~

Surface §

Figure Determining the sense of dl
and S involved in Stokes’s theorem.
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ELECTROST ATICS ~Study of Static Electric Field

Electrostatics —Free Space

* Coulomb's law

e Electric Field Intensity (E)

* Charge distributions — Line, Surface and Volume Charge
* Electric Flux Density (D)

e Gauss’s law -1t Maxwell’s Equation

* Electripotential (V)

* Relation between E and V - 2" Maxwell’s Equation
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ELECTROSTATICS Cont.,

Electrostatics — Material Space

* Convection and Conduction Currents
* Dielectric Constant

* Continuity Equation

* (Capacitance

e Example problems on Rectangular, Cylindrical and Spherical

coordinates.
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Coulomb's law

Coulomb's law states that the force between two point charges Q1 and Q- is :
1.Along the line joining them
2.Directly proportional to the product Q4 Q- of the charges.

3.Inversely proportional to the square of the distance R between them.

Expressed mathematically as F « Q;SZ =>F = kQ;ZQZ

Where k is the proportional constant i.ek =
4-11'60

Where € is the permittivity of the free space and have the value

-9

€0 = 8.854 x 10712 = 1 F/m
0= 361
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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Coulomb's law cont.,
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(o) FORMULUS

* The force acting on a point charge Q at point r due to another point charge

Q. at ry is give by

F = Q1 Q(r—ryq)

B Amte, |r — 1rq|3

* The force acting on a point charge Q at point r due to several point charges

point charge Q4, 05,03 ,.......,QN at 1y, 75, T3 ... .... Ty, IS give by
N
o Q Qr(r —1%)
41te, et Ir — 7 [?
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Electric field Intensity (E)
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Electric field Intensity (E)
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_f”\m% FORMULUS

* The electric field intensity at point 7 due to another point charge Q4 atry is

give by

E— Qq(r-r1)

Amte, |r—rq3

* The electric field intensity at point 7 due to several point charges point

charge 04,05, Q3 ,......., Qy at 1y, 15, 73 ... ... Ty, iS give by

N

1 Qr(r — 1)
_ |3

4d1te, et v — 7%

E =
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Example-1

Point charges 1mC and -2mC are located at (3,2,-1) and (-1,-1,4), respectively.
Calculate the electric force on a 10nC charge located at (0,3,1) and the electric

field intensity at that point.
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Example-1
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Example-1
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Example-2

Point charges 5nC and -2nC are located at (2,0,4) and (-3,0,5), respectively.
(a) Determine the force on a 1nC point charge located at (1,-3,7).

(b) Find the electric field E at (1,-3,7).
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Example-1

Point charges 1mC and -2mC are located at (3,2,-1) and (-1,-1,4), respectively.
Calculate the electric force on a 10nC charge located at (0,3,1) and the electric

field intensity at that point.
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Example-1
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Example-1
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Example-2

Point charges 5nC and -2nC are located at (2,0,4) and (-3,0,5), respectively.
(a) Determine the force on a 1nC point charge located at (1,-3,7).

(b) Find the electric field E at (1,-3,7).

EM Waves and Transmission LinesL, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



Aditya Engineering College (A)

Example-2
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Example-2
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Charge Distributions

There are four possible charge distributions:

1.

2
3.
4

Point Charge - Q
Line charge distribution with line charge density p; (C/m)
Surface charge distribution with surfacecharge density ps (C/m?)

Volume charge distribution with volumecharge density p, (C/m3)

-

dQ =p;,dl > Q= |p,dl (line charge)
L.

-

PL + dQ = psdS—> Q = | psdS (surface charge)
+ ¥ > e
-

Point Line dQ=p,dv—>0 = | p,dv (volume charge)
charge charge g,
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Charge Distributions

dQ = p dl— Q = Jp‘L dl (line charge)
L.

i

dQ = psdS—>Q = | psdS (surface charge)

5

-

dQ=p,dv—>0 = | p.dv (volume charge)

v

E = J 4;01 j’il ap (line charge)
e
( ds
E = 4‘05 7 agp (surface charge)
J 4me
:
E = 4‘0 . f;z ap (volume charge)
J 4xe
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Electric field due to Line Charge Distribution
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TSR Electric field due to Line Charge Distribution

(0,0,2) T ——————x dE,

g

{0,0,27)
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Electric field due to Line Charge Distribution
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TSR Electric field due to Line Charge Distribution
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TSR Electric field due to Line Charge Distribution

(0,0,2) T ——————& dE,

g

{0,0,27)
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Problem-3

Calculate E at (1,1,-1) due to the line x = 0,z = 2 caries charge 10mrnC/m.

EM Waves and Transmission LinesL, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



Aditya Engineering College (A)

Problem-3
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Problem-4

Calculate E at (4,0,0) due to the line charge 3mmC/m along the y-axis.
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Figure

Evaluation of Electric field intensity due to
surface Charge Distribution

PO, 0 n)

Evaluation of the E field due to an infinite sheet of charge.
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Figure

Evaluation of Electric field intensity due to
surface Charge Distribution cont.,

PO, 0 n)

Evaluation of the E field due to an infinite sheet of charge.
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Figure

Evaluation of Electric field intensity due to
surface Charge Distribution cont.,

PO, 0 n)

Evaluation of the E field due to an infinite sheet of charge.
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Figure

Evaluation of Electric field intensity due to
surface Charge Distribution cont.,

PO, 0 n)

Evaluation of the E field due to an infinite sheet of charge.
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Problem-5

Find electric field intensity E at (2,1,3) due to THE plane x = 1 carry
charges 10nC/m?.

EM Waves and Transmission LinesL, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



Aditya Engineering College (A)

Problem-6

Find electric field intensity E at (1,1,-1) due to two planesx = 2 and y = 3

carry charges 10nC/m? and 15nC/m? respectively.
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Problem-6 cont.,
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Electric flux density(D)

* The electric flux per unit area is called Electric flux density D.

* The electric flux is expressed in terms of flux density as

ql=fﬁ.£
S

* Itisindependent of permittivity of the media.

* |t can also be written expressed in terms of field intensity as

D ZEO E
* ltisalso called Electric displacement.

: 2
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Electric flux density(D)
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Problem-7
Find D at (4,0,3) if there is a point charge -5t mC at (2,-3,4) and a line

charge 3 m mC/m along the line x=-2 and z=3.
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Problem-7 cont.,
Find D at (4,0,3) if there is a point charge -5t mC at (2,-3,4) and a line

charge 3 m mC/m along the line x=-2 and z=3.
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m Gauss’s law —Maxwell’s 1t Equation

Aditya Engineering College (A)

Statement: Gauss’s law states that the total electric flux Ythrough any closed

surface is equal to the total charge enclosed by that surface.

Thus Yclosed = Qenclosed— (1)
that is lpclosed = ¢S D.ds --------- (Z)
But the total charge enclosed by that surface Qcpciosed = fv p,dv --—----- (3)

From equations (2) & (3), we have
~ ¢ D.ds= [ p,dv - (4)

From Divergence theorem ¢ D.ds = | V.D dv ---—----—--- (5)
From equations (4) &(5), we have -~ | V.Ddv = | p,dv orV.D = p,

This is 15t Maxwell’s Equation for STATIC ELECTIC FIELD.
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Electric Potential(v) Aditya Engineering College (A)
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Electric Potential(V) cont.,
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Electric Potential(V) cont.,
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Electric Potential(V) cont.,
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Electric Potential(V) cont.,
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Electric Potential(V)-2"9 Maxwell’s Equation
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Electric Potential(V)-2"9 Maxwell’s Equation cont.,
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Relation between E and V
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Relation between E and Vcont.,
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POLARIZATION - Process Aditya Engineering College (A)

* When apply an electric field to dielectric material, then the positive charges
and negative charges are displaced from its equilibrium position and the

dipoles are generated as shown in figure.

(a) (b}

Figure Polarization of a nonpolar atom or molecule.

* The dipole is formed by two equal amount of charges separated by a small

distance as shown in figure above.
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* The process of generating dipoles is called Polarization.
* The dipole moment of a dipole is give by » = Qd
* The measure of intensity of polarization is called polarization P which is

proportional to the electric flux density D as

PxXD=>PX¢gyE
=> P = X5 F

Where ¥, is called electric susceptibility of the material
o is the permittivity | free space

E is the applied electric field
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m D".ECTRIC CONSTANT (Er) Aditya Engineering College (A)

* The total electric flux density D, in a dielectric material is

Which is equal to the sum of flux density in free space and polarization PD =
coE + P
= &oE + x.60E  (Since P = x,&0F)
=& (1+ Xxe)E
= gy&E ... (2)

Where &, = (1 + x,) is called Dielectric constant.
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DILECTRIC CONSTANT (ET) Cont., Aditya Engineering College (A)

From equation (1) and (2) we can write D = ¢E = gy&,.E

)
o 8 — gogr => gr —_
€0

Dielectric constant(Relative permittivity): It is the ration of the permittivity

of the dielectric material to the permittivity of free space.

Dielectric field strength: It is the maximum electric field that a dielectric

material can tolerate or withstand without electrical breakdown.
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m Convection and Conduction Currents

* Current: The current flowing through a given area is the electric charge

passing through the area per unit time.

. __dQ_AQ
That is [ = T e (1)

* Current density: The current density is the flow of current per unit area.

: AI
That is ] = — =>A1=JAs
AS
=>AI=].AS

Therefore the total current flowing through a surface S is
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OEN Convection and Conduction Currents cont.,

Convection Current:

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

* [t occurs when current flow through an insulating material such as
liquid, rarefied gas, or a vacuum. A beam of electrons in a vacuum tube
is an example for convection current.

e (Consider a filament as shown in Fig. below.

Figure . Current in a filament.
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OEN Convection and Conduction Currents cont.,
* Ifthere is a flow of charge, of density p,, at velocity u = u,a, , from

equation (1), the current through the filament is

Al =52 =
At

The current I is called convection current and the J is called the convection

current density.
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m Convection and Conduction Currents cont.,

Conduction Current:

* Conduction current requires a conductor. A conductor is characterized by a
large number of free electrons that provide conduction current due to an
impressed electric field. When an electric field E is applied , the force acting on
an electron with charge —e is

F=—eE.... (1)

 But from Newton's law the force acting on electric charge —e, moving with

velocity uis
mu
F = g (2)

where T is the average time between collisions and m is the mass of the —e.
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m Convection and Conduction Currents cont.,

From equations (1) and (2) — = —eE

* If there are n electrons per unit volume, then the volume charge density is

given by pv = —ne............. (4)

* Thus the conduction current density is

2

ne“t
J =p,u= - E =0E
or J=o0F ........ (5) Itisthe point form of Ohm’s law.
nezr .

Where o = is the conductivity of the conductor.

m
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* The continuity equation is derived from law conservation of charge. From the
law of conservation charge , the time rate of decrease of charge within a given

volume must be equal to the net outward current flow through the closed

surface of the volume. That is
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Continuity Equation cont.,
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Capacitance

* The capacitance Cis the physical property of the capacitor and it is measured in
farads(F).

* The capacitance C of the capacitor is defined as the ratio of the magnitude of

the charge on one of the plates to the potential difference between them. That

IS

e Types of Capacitors:
A. Parallel —Plate Capacitors
B. Coaxial Capacitors

C. Spherical Capacitors
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finfan) A. Parallel —Plate Capacitors
m

e Consider a parallel plate capacitor as shown below, that each of the plates has

x
A

an area S and they separated by a distance d.

QUlWn

* The capacitance C «

diclectric & plate area S

—>C—€S
B T d

Where ¢ is the permittivity of dielectric material

Thatis € = gy&, Figure Parallel-plate capacitor,
where gyis the permittivity of the free space

&, is the permittivity of the free space

C . : s L
And g, = —  where (j is the capacitance of capacitor filled with air.
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(o) B. Coaxial Capacitors
* A coaxial capacitor is essentially a coaxial cable or coaxial cylindrical capacitor.
* Consider length L of two coaxial conductors of inner radius a a and outer radius

b(b > a) as shown in figure.

Figure Coaxial capacitor.

* The capacitance of a coaxial capacitor is given by
21rEL

e

EM Waves and Transmission LineslL, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



finran)

Aditya Engineering College (A)

C. Spherical Capacitors
* A spherical capacitor is the case of two concentric conductors.
* Consider inner sphere of radius a and outer sphere radius b(b > a) separated

by a dielectric medium with permittivity € as shown in figure. as shown in
figure. o

L]
L LT,
'

‘Figure Spherical capacitor.
* The capacitance of a spherical capacitor is given by
4rte
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MAGNETOSTATICS

* Biot-Sarvat's Law

 Ampere’s Law Maxwell’s Equation

* Magnetic flux Density-Maxwell’s Equation
* Magnetic Scalar and Vector Potentials

* Forces due to Magnetic Fields

 Inductance
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MAGNETOSTATICS
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MAGNETOSTATICS
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MAGNETOSTATICS cont.,
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Biot-Savart’s Law
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Biot-Savart’s Law cont.,
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Biot-Sarvat's Law cont.,
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Biot-Savart’s Law cont.,
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Biot-Sarvat's Law cont.,
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Biot-Sarvat's Law cont.,

EM Waves and Transmission Lines, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



Aditya Engineering College (A)

(oRin) Magnetic field H due to Straight filament conductor
* Consider a straight current carrying filamentary conductor of finite length AB,
along z-axis with its upper and lower ends, subtending angles a, and a4 at

point P, the point at which H is to be determined.

H (into the page}
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fiufs)  Magnetic field H due to Straight filament conductor cont.,

H (into the page}
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fiuFey  Magnetic field H due to Straight filament conductor cont.,

>

H (into the page}
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fuFey  Magnetic field H due to Straight filament conductor cont.,

>

z

H (into the page}
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fuFey  Magnetic field H due to Straight filament conductor cont:;

>

H (into the page}
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Example-1

Problem: Find Hat (0,0,5) due to a straight current carrying conductor along X-axis

of length 2m of current 10A.

H (into the page}

0 I
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Example-2
Derive the expression for magnetic field intensity H at point P(0,0,h) due to a

circular ring of current element x? + y% = p?,z = 0 carries a direct current of |.

Ll

yati
P(0,0,#) dH
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Example-3

A circular loop located on x% + y? = 9, z = 0 carries a direct current of 10A along

ag .Determine H at (0,0,4) and (0,0,-4).

- by

yati
P(0,0,#) dH
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Example-3 cont.,

A circular loop located on x% + y? = 9, z = 0 carries a direct current of 10A along

ag .Determine H at (0,0,4) and (0,0,-4).

- by

yati
P(0,0,#) dH
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Ampere’s Circuit law-Maxwell’s Equation
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In other words, the circulation of H equals I, ; that is,

%H'dlzftnc ( 1)

By applying Stoke’s theorem to the left-hand side of eq. ( 1 ), we obtain

!enc=fFH'dl= f(?XH)-dS (2)
L s

Ampere’s law in integral form.
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our) Ampere’s Circuit law-Maxwell’s Equation cont.,

But I¢M=JJ'£I'S
3

Comparing the surface integrals in egs. (22—) and (4 ) clearly reveals that

VKH=JJ

Ampere’s law in differ ential (or point) form

we should observe that V X H = ]J # 0; that is, rﬁagnetﬂstatic field is not conservative,
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Magnetic Flux Density-Maxwell’s Equation

The magnetic flux density B is similar to the electric flux density D. As D = g E in free
space, the magnetic flux density B is related to the magnetic field intensity H according to

F‘=%H C1)

where u, 1s a constant known as the permeability of free space. The constant is in
henrys/meter (H/m) and has the value of

u, = 47 X 107" H/m (®)

The magnetic flux through a surface Sis given by | P = J B - dS (3 )
S

where the magnetic flux ¥ is in webers (Wb)
and the magnetic flux density is in webers/square meter (Wb/m®) or teslas.
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Magnetlc Fqu Den5|ty-MaxweII’s Equatlon cont,,

‘*“ ﬁ. ' ; ' magnmc @hargﬂ dﬂﬂs m::t erxaszt

Thus the total flux through a closed surface in a magnetic field must be zero; that is,

%B-d8=0 (4 )

This equation 1s referred to as the law of conservation of magnetic flux
or
Gauss's law for magnetostatic fields

Although the magnetostatic field is not conservative, magnetic flux is conserved.
By applying the divergence theorem to eq. ( £ ), we obtain

fB-a’S=JV+de=O
s

¥

This equation 1s the
or V-B=0| (&) fourth Maxwell’s equation
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el Maxwell’s Equation-Static Electric and Magnetic Fields

TABLE Maxwell’s Equations for Static EM Fields

Differential (or Point) Form Integral Form Remarks
V:D=p, t]gﬂ-dS=J’pudv Gauss's law
& W
V:-B=10 PB-d8=10 Nonexistence of magnetic
5 monopole
VXE=10 ?E-dl=10 Conservativeness of
‘L electrostatic field
VXH=] UH*-::'I=JJ+dS Ampere’s law
5

“ L
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f”w% Magnetic Scalar and Vector Potentials

Scalar Potential(l},,)- Measured in Amperes
Magnetic Potential
Vector Potential(A4)- Measured in Wbh/m

Scalar Potential(V/ ,,,):

* Recall the vector identity, for a scalar quantity V7,,, we have

* From Ampere’s law, we have V X H = Jand forJ = 0, it becomes

H=-VV,.... (3) [Note:Justlike as E = —VV]

Where 1, is called Magnetic Scalar Potential and it is existing for ] = 0.
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Magnetic Scalar and Vector Potentials cont., " eneermeceless@

Vector Potential(4):

* Recall the vector identity, for a vector quantity4, we have
V.(?xA) =0...... (1)

* From the basics of magnetic fields, wehave V.B =0 ........... (2)
From equation (1) and (2), we can write B=V X A4........... (3)

Where A4 is called Magnetic Vector Potential and it can be expressed as
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Forces due to Magnetic Fields
There are three ways to experience the force due to magnetic fields.
1. Force on a moving charge in a magnetic field B
2. Force on a current element in a magnetic field B
3. Force between two current elements

1.Force on a moving charge in a magnetic field B:

* The electric force F, on moving charge or stationary charge Q in an electric field
E is give by E,=QE..... (1)
* A magneticfield can exert force only on a moving charge.

* The magnetic force F,, on moving charge Q with velocity u is given by

E, =QuXB.....(2)
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;@ Forces due to Magnetic Fields cont.,
* The total force acting on a charge particle Q) in the presence of both electric
field E and magnetic field B is given by
F=F+EF,
ThatisF = QE + Qu X B......... (3)

This is called Lorenz’s force equation.

TABLE Force on a Charged Particle

State of Particle E Field B Field Combined E and B Fields

Stationary QE — OE
Moving OE Cu X B OE +uXB)
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2. Force on a current element in a magnetic field B:

e The force acting on a current element dl carrying current | in the presence of

magnetic field B is given by
dF =1dl X B
* The force acting on a current element of closed length L carrying current | in the

presence of magnetic field B is given by

ThatisF_=_<ﬁLIch><§ ......... (3)

..........
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OEN Forces due to Magnetic Field cont.,

3. Force between two current elements:

{.et us now consider the force between two elements /, dl, and I, dl,.

According to Biot-Savart’s law, both current elements produce magnetic fields.

the force d(dF,) on element I; dl; due to the field dB, produced by element /, dl,

as shown 1n Figure

Figure Force between two current loops.
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Forces due to Magnetic Field cont.,

didF ) = I,dl; X dB,

Figure Force between two current loops.

Holp dly X ap,

But from Biot-Savart’s law, JB, =

4wﬂi
dl X I'? d]'} X a i
Hence, d(dF,) = tohr a1y _(_uz__- ag, )
4‘JTR2|
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The total force F, on current loop 1 due to current loop 2

Fo— pol 112 f ﬂ; dl; X (dl; X ag )
=
L L

47 R%,

I 2

The force F5> on loop 2 due to the

magnetic field B, from loop 1 is obtained

Figure Force between two current loops.

by interchanging subscripts 1 and 2,

It can be shown that F, = —F; thus F,; and F, obey Newton’s third law
that action and reaction are equal and opposite.
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N Inductance and Inductor cont.,

* A closed circuit carrying current I produces a magnetic field B that causes a flux

P = f B. ds to pass through each turn of the coil as shown in figure.

Figure Magnetic field B produced by a circuit.
 |If the circuit has N number of turns, the flux linkage A as

* The flux linkage A is proportional to current ] as

A <] orA=LI... (2)

EM Waves and Transmission LineslL, UNIT-II Mr.T.Srinivasa Rao, Associate Professor, ECE Tuesday, May 16, 2023



_K\DIITQA

Aditya Engineering College (A)

Inductance and Inductor cont.,

A closed circuit carrying current I produces a magnetic field B that causes a flux

P = f B. ds to pass through each turn of the coil as shown in figure.

If the circuit has N number of turns, the flux

inkage Aas A= NW.......... (1)

The flux linkage A is proportional to current

[asA < orA=L1I.... (2)

Figure Magnetic field B produced by a circuit.
Where L is a constant of proportionality called the Self-Inductance of the

circuit. A circuit or part of a circuit that has inductance is called a inductor.

The inductance of an inductor as the ratio of the magnetic flux linkage A to the

current I through the inductor,,as L = 77\ = T (3)
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N Inductance and Inductor cont.,

* The energy(magnetic) stored in an inductor is W, = %LI2

Mutual Inductance:

* |Ifinstead of having a single circuit, we have two circuits carrying current /;and
I,as shown in figure. Four fluxes ¥, 1, ¥1,, ¥>1and ¥,, are produced.
* W, -the flux passing through circuit 1 due to current I, in circuit 2.

* ¥, -the flux passing through circuit 2 due to current I;in circuit 1.

circuit circuit 2
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S Inductance and Inductor cont.,

circuit circuit 7

Mutual inductance (M {5 ):It is defined as the flux linkages of circuit 1 per unit

current [; thatis a = M2 N
- I'!l !2
Mutual inductance (M54 ):1t is defined as the flux linkages of circuit 2 per unit

current I1; that is Ay NPy
¥l — — -

i "I II‘rl
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Energy stored in Capacitor and Inductor

. . . 1
* The electric energy stored in a capacitor W, = > CV?

This also expressed as W, = %fD E dv =%f cE? dv

* The magnetic energy stored in an inductor W,,, = %LI2

This also expressed as W,,, = %fB.H dv =%qu2 dv
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