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The subject is based on the fundamental
principles of electricity and magnetism

Finds applications in electrical engineering,
electronics and communication engineering, and
related disciplines.



09:6&5'4@ ofﬂw Book
* To make the subject easy to understand
* To give the students the overall essence of the subject
 To uncover in a reasonable period of time the elementary
concepts of the subject as is required to appreciate the

engineering application of the subject

» To make studying the subject enjoyable and entertaining.



p@Ww
Electromagnetics is simple because it is mathematical, and it is
mathematics that makes the subject simple.

However, very little mathematics is required to
develop the understanding of the subject

Reguired Backgrownd

UHigh-school-level algebra, trigonometry, and
calculus
QDefinition of vector and scalar quantities

UMeaning of dot and cross products of two vector
quantities



VecHor Colonbus &qnwa«ioow

It is worth developing the vector calculus expressions at the
outset:

U Gradient of a scalar quantity
U Divergence of a vector quantity

O Curl of a vector quantity

Let us develop these expressions in
generalized curvilinear system of
coordinates.

But why to choose generalized
curvilinear system of coordinates?



74/47% choose curvilinear 47ﬂ'm of coordindfes fo@
veAor calenbus WM?

v'Very easy to deduce vector calculus expressions and remember
them

v"Much easier to deuce than in cylindrical or spherical system of
coordinates

v'Can be written by permuting the first term of a vector calculus
expression

v'Can be easily translated in rectangular, cylindrical or spherical
system of coordinates



Point P (x,y,z) represented in rectangular system of
coordinates




Point P (r,0,z) represented in cylindrical system of
coordinates
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Point P (r,0,¢) represented in spherical system of

coordinates
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Cylindrical vis-a-vis rectangular coordinate

.
X =rcosl
y=rsinf ;
zZ =Z

Spherical vis-a-vis rectangular coordinate
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Z=r1Ccosl
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UNIT VECTORS
Rectangular system

in the directions of increasing x, y, and z respectively

Cylindrical system

in the directions of increasing r, 6, and z respectively

Spherical system

in the directions of increasing r, 6, and ¢ respectively
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CROSS PRODUCTS OF UNIT VECTORS
a,xa, =a_(Rectangular system)
a,xa, =a, (Cylindrical system)

d.xd, = d,(Spherical system)
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Elomentt of volume in different

%m of coordinddes
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B

(x,y,2)

(x,y+dy,z)
(x,y,z+dz)

(x+dx,y,z)

(x+dx,y+dy,z)
(x,y+dy,z+dz)
(x+dx,y,z+dz)

(x+dx,y+dy,z+dz)

O
\

Element of volume d7 = dxdydz
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A

B

E

G

H

(r,0,z2)

(r,0+do,z)
(r,0,z+dz)

(r+dr,0,z)

(r+dr,0+do,z)

(r,0+d0O,z+dz)

(r+dr,0,z+dz)

(r+dr,0+d0,z+dz)

Element of volume d7 =drrd@dz
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(r,0,9) ;
(V’ 0 + de? ¢) 7 <
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(r+d7', 0, ¢) v i rsin@dg
O do
(r+dr,0+do, ) i i
-
(r,0+d0,¢+dp) ;
AN |
(r+dr,0,0+dg) x i |
rsin@dg
(c)
(r+dr,0+d0,¢+dp) Element of volume d7 =drrd@ rsm@dg
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Element of volume d7 = h du,h,du,h,du,
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Generalized curvilinear system  Element of volume d7 = hdu h,du,h,du,
Rectangular system Element of volume d7 = dxdydz

h=Lh=Lh=Lu=xu=yu=z

Cylindrical system Element of volume dt =drrd@dz

h=Lh=rh=Lu=ru=0,u,=z

Spherical system  Element of volume d7 =drrd0 rsm0dg

h=Lh =r,h,=rsmb; u, =r,u, =0,u, =¢
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Element of distance vectordR directed from one point (A) to another (H)

Rectangular system of coordinates

dR =dxa_+dya ,t dza, hdu,
A
Cylindrical system of coordinates (143, 115)
dR=dra, +rdOa, +dza, hsdlu .
(u, +duy,
i . +du,,
Spherical system of coordinates :2+ d;%)
3 3

dR = drd, +rd0a, +rsin0a,

Generalized curvilinear system of coordinates

dR = hdu,a, + h,du,d, + h,du,a,



Wofa«mlwb W«T?

The gradient of a scalar quantity such as electric potential V
at a point is a vector quantity.

In general, the scalar quantity, here V, varies in space with
different rates in different directions.

The magnitude of the gradient of the scalar quantity, here V,
is the maximum rate of variation of the quantity in space and
the direction of the gradient is the direction in which this
maximum rate of variation takes place.
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Elemental distance vector dR

directed from A to H situated V
on the two equipotentials V
and V+dV

dR = hdu,d, + h,du,d, + h,du,a,

AH = dR (uy,uy,u5) dn

AN =dn

AN= AH cosy

dn = dRcosy

21



av = an —a—Van -dR
on on
gradV = VV—é—Va
on
dV =VV -dR
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VV =(VV)a +VV),a,+(VV),a,

/

S R hdud 4 hadud, + hdud,

dV =VV -dR

dV =[(VV),a, +(VV),a,+(VV),a,]-[hdu,a, + h,du,a, + h,du,a,|

dv =V)hdu, +(VV),h,du, +(VV),h,du,
Also,

a’Vza—Va’u1 +6—Va’u2 +8—ch’u3

u, u, Us
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dv =V)hdu, +(VV),h,du, +(VV),h,du,
Also,

a’Vz(’a—Va’u1 +a—Va’u2 +6—Va’u3

u, u, Us

Equating the right hand sides

3

oV
—=(VI)h
ou,

P wryn
ou,

oV
—=(VV);h,
ou, )
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VV =(VV),d, +(VV),a, +(VV),a,

1 GV

(VI ==~
L

(VP =t
h, ou,
1 oV

(V)=
hy Ouy |

1 1 1
gyl Lov o ov
h Gul h, Ou, h, Ou,

oV

—=(VV), h
o (VV) by
oV
—:(VV)zhz
ou,
oV
—:(VV)3h3
ou,

(Gradient of scalar V in generalized curvilinear system of

coordinates)
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lov_. 1ov._. 1dV.
VI = h @ul 1"‘?% 2 h_a—as (Curvilinear system of coordinates)

6V 8V ov _

VIV = ay ay (Rectangular system of coordinates)
8x 8y oy

(h=Lh,=Lh =L u =xu,=y,u,=z2)

('BV LoV . oV 5

VI = 8r a, +;£a T 82 z (Cylindrical system of coordinates)

(hy=Lh,=r,h, =L u =r,u, =0,u, =z2)

8V 1oV . 1 or .

VIV = L t——a, +— A, (Spherical system of coordinates
o T 00" rsmo og ¢ P Y )

(hy=Lh,=r,h,=rsmO; u, =r,u, =0,u, = @)
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%m?mw of a velor W«ﬂ"?

The divergence of a vector quantity such as electric field E at a pointis a
scalar quantity.

The divergence of a vector quantity such as electric field E ata pointis the
outward flux of E through the surface of an elemental or differential volume AT
enclosing the point (closed surface integral of E over the surface of the
enclosure) divided by the volume element Az in the limit the volume element A7
tending to zero, thereby the volume element shrinking to the point.

-a, dS
Lt

AT —0 AT

N Cme—
o]l
S

divE=V-E =
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@wm?mwof a veclor Mﬁ% tn mwv&wm%m

divE=V-E =

AT —0 AT
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Outward flux through the faces normal to the unit vector ‘_i1

F; = Flux through the face ABFC in the direction of @,

F; = Inward flux through the face ABFC
— F; = Outward flux through the face ABFC

F, = (E,d, + E,d, + E;G,).(dS,)a, = E,dS,

AN

ds, = (AB)(AC) = (h,du, )(h,du,)
F, = E h,du,h,du,
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F, = E h,du,h,du,

OF . o p
F. +a—a’u1 = Flux through the face DEHG in the direction of 4,
u,

Outward flux through the face DEHG

— I, = Outward flux through the face ABFC

Outward flux through the faces ABFC and DEHG each
normal to the unit vector a,

— _FE +FE + aFE d”1 = aidul (dl/lldl/lzdu3) (E h h )
U, U,

30



Outward flux through the faces each normal to the unit vector Zil

= (dulduzdu3) (E hh,)
Outward flux through the faces each normal to the unit vector 51’2

= (d”1d”2d”3) (E hyh)

Outward flux through the faces each normal to the unit vector 21'3

0
= (du,du,du,) — (Eshyh, )
ou,

Outward flux through all the faces of the differential volume

 (du,dudu, {ai (Ejhyh,)+ (E ) + (E W )}
U

31



V.

<

eof!

oo

N (du,,du,,du,) >0

Outward flux through all the faces of the differential volume

= (du,du,du, ){ai (E\hyhy) "‘ (E hh) +

U U,

{E-a,as
R
divE=V-E = S
At—>0 At
. (dulduzd%){ (Ehh)+82(Ehh)+a

(Ehh)}

3

(E3hlh2 ):|

hdu,h,du,h,du,

ok

L [o0uhE) aUihE,) oUihEy)
ou, ou, ou,
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V.-F= ! o(h,hE) + O(hhE,) 4 o(hh,E) (Curvilinear system of coordinates)
h.h,h, ou, ou, Ou,
_ oE
-E = oL, +—2 4 ok, (Rectangular system of coordinates)

ox oy oz

<

(h=Lh =Lh=Lu=xu,=y,u,=2)

v

V-

:l a(’”Er)+5Ea+a(”Ez) :lé(VEr)+l 8E9+5EZ (Cylindrical system
r| or 00 Oz r o or r 00 Oz Ofcoordinates)

(h=Lh,=r,h=L,u =r,u, =0,u, =z)

_ 2 . . 6 E
V. E=— 1. o(r sm@Er)+6(rsm¢9E9)+ (rE,)
r-siné or 06 ol
1 o(r*E.) N 1 J(smOE),) N 1 O(E,) (Spherical system

2

v or rsin@ 00 rsin@ O¢

of coordinates)
h =Lh, =rh,=rsmn@;, u, =r,u, =6,u, =)
1 2 3 1 2 3
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Curd of a vechor Wa‘f?

The curl V x E of a vector quantity such as electric field £ ata pointis a
vector quantity.

VxE =(VxE),d +(VxE),d, +(VxE),d,

(VXE)I,(VXE)z,(VXE)3 : Components in the directions of d,,d,,d, respectively

- Lt
(VXE)3 - Z
AS3 —0 AS3

AS, = hduh,du,
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. fE-df

VXE), =
(VxE)s AS; —0 AS,

AS, = hduh,du,

Lt dlE(A—)D) + dlE(D—)E) + dlE(E—)B) + d[E(B—>A)

VxE =
( )3 dsS, =0

dl, stands for line integral.

ds,
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dS3 —0 dS3

(VXE)3 =

dl, stands for line integral.

dlE(A—)D) =E- (hdu,a,)

=(E,a, +E,a,+ E,a,).(hdua,)=Ehdu, =L

36



Al p(nsp) = E-(hdua,)

=(F,a,+E,a,+E.a,)(hdua)=Ehdu =L

oL
dl 5 =L+—_——du,
ou,
oL
dl g ym =—(L+ E du,)
2

h,du,

37



dlz s p =(E\a) + E,a, + Eyay).(hdu,a,) = E,hydu, =L

dl E(B—A) — ~L'
h,du,
oL’
dl =L'+—d
E(D—E) o U
d] E(A—D) + d] E(D—E) + dl E(E—B) + d] E(B—A) A
oL’ oL L' L
=L+L+ dul—(L+—du2)—L':8 a’ul—(’a—a’u2
ou, ou, ou, ou,
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dl E(AD) T dl E(D—E) T dl E(E>B) T dl E(B—A)

oL’ oL oL’ oL

=L+L +—du, —(L+—du,)— L' =—du, ——du,
ou, ou, u, u,
\ L=Ehdu,
L' =E,h,du,
o(h,E,) o(hE,)
Al ppspy ¥ U o) + Al g gy + A ppn) = az = du,du, ————"=du,du,
u, ou,

Lt dlgop)+dlgp ) + A g p + Al pe )
dS3 —0 dS3

(VXE)3 =
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dlE(A—)D) + dlE(D—)E)

(VXE)3 =

+ dIE(E—)B) + dlE(B—)A)

o(h,E.,)

ou,

l

———=du,du,

o(WE)

U,

Lt dIE(A—)D) + dIE(D—)E) + dlE(E—)B) + dlE(B—)A)

ds, =0 ds,

(VXE)s =

hl

Similarly,

(VXE)1 =

(VXE)z =

| (80hE) ahE)
h,\ oOu, ou,

1 (0(E;)  O(hE,)
hh, | ou, ou,

1 (o(hE) O(hE;)
hh, \  Ou, ou,

———=du,du,
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 (xE) - hlh (ag@ . a(thg}
- N = N = N = 11 u, Ou,
VxE=(VxE)a +(VxE),a,+(VxE),a,
‘\(VxE‘)z = 1 [a(hlEJ _ a(h3E3)j
hyh \  Ou, ou,
\ VxE). = 1 (d(hE,) O(WE,)
P hh,\ oOu, ou,

g 1 [0mEy) OmEy) . 1 [O(hE) OME) ), 1 [dmE) OE) )
ou, ou, | hh\ ou ou, ) hh\ ou ou, )°

ha, hya, ha,

. 1 0 0 0
hh,h, |Ou,  Ou,  Ou,

hE, hE, hE,
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gxpo L [O0E)_2UnE)). | 1 (2hE) _aE)) | 1 (20nE)_ahE));
hh, \  Ou, O, hh | Ou, ou, hh, \  Ou, ou,

(Curvilinear system of coordinates)

- oE oF
VxE = (8EZ — 2 ]5}( + [8Ex — ok, jc‘z’y +[ Y — OF, jc?z (Rectangular system
Qg 0Oz 0z  Ox ox Oy of coordinates)

(hh=Lh,=Lh=Lu =xu,=y,u;,=z2)

Vs F e l(@EZ ~ 8(rE3)jar {aE, _OE, }70 +1(8(rE9) _OE, jc‘iz
r\ 06 oz oz  Or r\ or o0
(Cylindrical system of

= (l OF, _OE, jgl + (% _COE, jglg + l(@(rEg) _CE, jgz coordinates)
rog oz)" oz or r\_ or 00 ) °

(h=Lh =r,h,=lu =r,u, =0,u, =z)

.1 (o(simnOE,) OE,\. 1( 1 oE O(E,)). 1(&(@,) GEF}
VXE =— — a, +—| — - g +— - dy
rsin @ 00 op r\smé@ O¢ or r\_ or 00

(Spherical system

(hh=Lh,=r,h,=rsm0O; u, =r,u, =0,u, =) of coordinates)
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ha, h,a, hya,

- 1 0 0 0

VXE = (Curvilinear system of coordinates)

i, 4, a
~ |6 0 o (Rectangular system of coordinates)
VXE =
ox Oy Oz
E, E, E.

(hh=Lh,=Lh=Lu =xu,=y,u;,=2)
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mha,  hya, ha
~ 1 0 0 0
VXE = (Curvilinear system of coordinates)

hh,h, |Ou,  Ou,  Ou,
hl El h2 E2 h3 E3

a, ra, a, (Cylindrical system of coordinates)
VxE = 1o 0 0
rijor- 00 oz
Er rEH EZ

(h=Lh,=r,hy =1 u,=r,u, =0,u, =z)
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ha, h,a, ha,
~ 1 0 0 0
VXE = (Curvilinear system of coordinates)

hh,h, |Ou,  Ou,  Ou,
hl El h2 E2 h3 E3

a ra, rsinfa,

= 1 0 9, 0
VxE = (Spherical system of coordinates)

r’sin@lor 00 04
E. rE, rsmOE,

r

(h=Lh, =r,h,=rsm0O; u, =r,u, =0,u, =¢)
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WM ofmlw& and vetor Wﬂ’m
Laplacian of a scalon guardily

The gradient of a scalar quantity is a vector quantity.

The divergence of a vector quantity is a scalar
quantity.

Then if we take /' as the scalar quantity then

gradV =VV

becomes a vector quantity and its divergence a scalar quantity.

In other words,
V-VV =V*V

is a scalar quantity called the Laplacian of the
scalar quantity here |/ .
46



Let us take the following two vector quantities:

—

E=FEa +Ea,+FEa,

VV =(VV)a +VV),a,+(VV),a,

Interpreting £ as v}/ in the following expression

V-E _ 1 a(hzh3El) 4 a(h3hlE2) 4 a(hlth3)
h.h,h, ou, ou, Ou,

we get

V.V =y = F(}%VVI)+a(h3h1VV2)+5(h1thV3)}

hh,h, ou, ou, ou,

47



L | ahVV)  OshVVs) | 6(h1h2VV3)}

V-VV =V =
hh, h, ou, ou, ou,

1 ov |

(VV) =——

h, Ou,

1 oV

vVI), = ——
V¥, h, ou, (

1 oV

(VV); = .
v 3 M3J

VW = (V-VV =) 1 o [ hyh, OV N 0 | hh oV N o0 | hh, oV |
hhh, | ou \ h, ou, ) Ou,\ h, Ou, ) Ouy,\ h, Ou,



Vsz(V-VVz) 1 o ( hhy, OV N o0 ( hh OV N o ( hh, oV .
hhh, | ou \ h Ou ) oOu,\ h, Ou, ) Ou,\ h, Ou,
(Curvilinear system of coordinates)

... o(oV\ o(oVv) o(oVv\ oV oV oV
VIV = + + =—+—5+t
ox\ox ) oy\oy ) oz\ oz ox~ oy- Oz (Rectangular system of

(hl = 1, h2 = 1, h3 = 1, U =X,U, =y,Uy = Z) Coordinates)

. 1lo( oV o(1oV) o oV 1o oV 10V oV
VV=—|—|r— |+ - + r = — r st —
r|or\ or oé@\ r 00 oz\ Oz ror\ or r- o6 oz

(h=Lh,=r,h,=1u, =ru, = 0, U, =2z) (Cylindrical system of coordinates)

ViV = 5 1. 0 (rzsinQanJr 9 (sin@an+ g .1 o
r-sm@| or or ) 06 00 ) 0¢\sm@ 0¢

1 o ,0V 1 o(. oV 1 oV |
=— r +—— sin @ +——— 5 (Spherical system
r°or or ) r-smé o0 00 ) r sin" 6 0¢ of coordinates)

(hh=Lh,=r,h,=rsm0O; u, =r,u, =0,u, =)
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Laplacian of a veor guardily

Laplacian of the vector is the vector sum of the Laplacian of the
vector components. For the vector £

V2E =(V2E)a, +(V*E,)d, +(V’E,)d,

where V’E, ,\V’E,,V°E,

are obtained by replacing v by E,,E,,E; inthe expression forV?V .
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\ Electromagnetics, a subject that helps in developing the
understanding of many concepts in electrical, electronics and
communication engineering, is based on the fundamental principles of
electricity and magnetism.

\ Vector calculus expressions can concisely describe the concepts of
the subject.

v\ You can hit the right spot by very easily deriving, in the curvilinear
system of coordinates, the expressions for the gradient of a scalar
quantity, divergence of a vector quantity, curl of a vector quantity, and
Laplacian of a scalar or a vector quantity.

\ Vector symmetry of the terms of the vector calculus expressions must
have fascinated you in that from one of the terms of an expression you
can permute to write the remaining terms of the expression.

\ Vector calculus expressions in the curvilinear system of coordinates
can easily be translated to write the corresponding expressions in the
rectangular, cylindrical and spherical systems of coordinates.

\ Vector calculus expressions immensely help us develop concisely the
concepts of electromagnetics. 51
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