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1. Magnetic Force
2. Lorentz force

3. Faraday's law
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Above equation is called Lorentz Force Equation which relates mechanical force to the
electrical force. If the mass of the charge is m, then we can write,

?zmi'-m-a-?aQ('ﬁ-r'ixi) N
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Problem

A point charge of Q = - 1.2 C has velocity 5=(5a, +2a, —3a,) m/s. Find
themagmtudeafthefommrwdonthechnrgeq'
a) E=-18a, +5a, -10a, V/m,
b) B=-4a, +4a, +3a, T,
¢) Both are present simultaneaus.

Solution : a) The electric force exerted by E on charge Q is given by,
Fe = QE
= -12[-18a, +5a, -104, ]
= 2163, -6a, +12a, N
Thus the magnitude of the electric force is given by

|Fe| = (21.6)* +(~6)* +(12)* = 25.4275 N




Problem

b) The magnetic force exerted by B on charge Q i given by,
Fm = QFXE
= -12[(5a, + 2a,-3a, )x(-4a, + 44, + 3a,)]

(-6a,-24a, +36a,)x(-4a, +4a, +34,)

a, a, a,
= [-6 -24 36
-4 4 3

= [-72-144]a, -[-18 + 144]a, + [-24-96] a,
= (-216a,+36a, -336a,)N
Thus, the magnitude of the magnetic force is given by

|Fm| = (=21.6)" +(+3.6)" +(-336)" = 40.1058 N




= —————

¢) The total force exerted by both the fields (E and B) on a charge is given by,
F = Fe + Fm =Q(E+6X§)=QE+Q§X§
= [(2163,-6a, +123,)+(-2164a, + 363, -3364a,)]

= (0a, -24a, -216a,) N
Thus, the magnitude of the total force exerted is given by

[F| = J(0)* +(-24)* +(-216)° = 217329 N




= —————

Force on a differential Current Element

The force exerted on a differential element of charge dQ moving in a steady magnetic
field is given by,

dF = dQ v XB N
The current density J can be expressed interms of velocity of a volume charge density

as,
J =p,
But the differential element of charge can be expressed in terms of the volume charge
density as,
dQ = p, dv

dF = p,dvix B




Force on a differential Current Element

Expressing dF interms of |
dF = Jx B dv
the relationship between current element as,
Jdv = KdS=1dL
Then the force exerted on a surface current density is given by,
dF = Kx B dS
Similarly the force exerted on a differential current element is given by,
dF = (1dLx B)
Integrating over a volume, the force is given by,
F = I ] x Bdv
vol

F=[KxBds F=§IdlxB
S
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Problem

A conductor 6m long, lies along z-direction with a current of 2A in a,
direction. Find the force experienced by conductor if B = 0.08 a, (T).

Solution : A force exerted on current carrying conductor in a magnetic field is given by

F = I1dLXB
F = 2(6a,) X% (0.08a,)
F = 12a, X008a,

"yl
]

096 a, N .3, X3, =a




Force between differential Current
Elements
N

ow consider that two current carrying
conductors are placed parallel to each other.
Each of this conductor produces its own flux
around it. So when such two conductors are l l I :
placed closed to each other, there exists a Te 17 1 ;‘_f
force due to the interaction of two fluxes. The Hisamie. - -
force between such parallel current carrying
conductors depends on the directions of the (a) (b)
two currents. If the directions of both the
currents are same, then the conductors Force between two parallel

: " ; . current carrying conductors
experience a force of attraction

And if the directions of two

currents are opposite to each other, then the
conductors experience a force of repulsion .



Force between differential Current
Elements




Force between differential Current

Elements

Let us now consider two current
elements I, dL1 and I,dLa2 |

the directions of I, and I, are same.

Both the current elements produce their own magnetic fields. As the currents are
flowing in the same direction through the elements, the force d(dFi) exerted on element
I,dL1 due to the magnetic field dB2 produced by other element 1,dLz is the force of
attraction.

From the equation of force the force exerted on a differential current element is given
by,
d(dF1) = I,dLi XdB2

According to Biot-Savart's law, the magnetic field produced by current element I,d L2
is given by, for free space,

= — I,dL2 Xa \
W = Rodbs =it [ 2 4nR3 m] - d(dF,) -
21 I I,dL, - — Idl, .
Substituting value of dB2 in equation (1), we can write, l Ra1 l
- - 1 2
" I d L1 X(I,d L2 Xag,, )

d(dl:‘) = My 4RR2
21



Force between differential Current

Elements

dL x(diz Xa gy )
R,

Exactly following same steps, we can calculate the force F2 exerted on the current
element 2 due to the magnetic field B1 produced by the current element 1. Thus,

dL2 X (dLs Xagy, )
R

Thus, above condition indicates that both the forces F1 and F2 obey Newton's third
law that for every action there is equal and opposite reaction.



Force between differential Current
Elements

Magnetic field at wire 2 from
current in wire 1:

A
2mr

é ? Force on a length AL of wire 2:
F=1ALB

Force per unit length in terms
of the currents:

F_
AL 2nr

Electric
current




e ————Me

A current element, I, AL, =10 a. A.m is located at P, (1,0,0) while a

second element, I, AL, = 107 (06a, -2 a, +3a,) Am is at P,(~1,0,0), both in free
space. Find the vector force exerted on I, ALz by 1, ALs.
Solution : The magnetic field intensity at point P, due to I;AL:1 can be obtained using
Biot-Savart's law as follows.
dl'_'ll - I‘ALI Xal;u
4n(Ry,)

The unit vector in the direction of Riz is drawn from P, to P,.
Rz = (-1-1)a, =-2a,

Rlz = Iilzl = 1}(-2)2 = 2

3 o Ez = -2 ix .
R12 — | .ﬁlzl 2 x
Substituting values of I,AL1 ,ag;, and R,, in the expression for dHi, we get,
= _ (107%a,)x(-a,) 10-5
o in(2)? =~ ex Oy A/m




e —

—  —

Thus the magnetic flux density at point P, is given by,

_ = -10-5
dB1 = p,dH: = (41tx10'7) (—19— i,) =-025x10"a, T

16m

Now the force exerted on I,AL2 due to I,AL: is given by,
F, = I,AL2 XdBy
= 10 (0.6a,-2a, +33,)x(-025x 1072 &)
1077 [(0.6a, -2a, + 33,)x(-025a,)]
[-0.15a, + 0.75a,] (107)
(75a, -15a,) 10" N
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Problem

Two wires carrying current in the same direction of 3 A and 6 A are
placed with their axes 5 cm apart, free space permeability = 4n x 1077H/m. Calculate
the force between them in kg/m length.

Solution : Force between two parallel conductors is given by,

_pl I
F = =
_ — . -2
d = Distance of separation =5cm =5 x 10™“m Rox fene spice i, = 1
I, = 3A i
1 f___4xux10 "3_’2‘6=72x10'5N/m
i w6k l 2xmx5x 10
I = Length of conductors 17:"' 72 pN/m
Hence force per unit meter length is given by, The force expressed in kg/m is given by,
F pl I, _ Ko B L1 B
T™ “2sd * 2 7= gt = 73469 x 10 kg/m



Magnetic Torque

The moment of a force or torque about a specified point is defined as the vector
product of the moment arm R and the force F. It is measured in newton meter (Nm).

T = RXF Nm




Magnetic Torque

~ Now consider that two forces namely F1 and )
F2 are applied at points A, and A, respectively.
The arms for the two forces drawn from the
origin be R1 and Ra respectively |

Assume that F2 =—~Fi. Then the total torque
T about the origin due to the two forces is given

by .
T = RixFh+RaxFa
T = (Ri-Ra)xF . F2==F
T = Ruxh
where Rz = Ri1 - Rz is a vector joining A »
to A,

From above expression it is clear that when
total force is zero, the torque is independent of
the choice of the origin.




Magnetic Moment of Planar Coil

Let us consider a
rectangular planer coil fo length [
along y-axis and width w along
x-axis. The coil is placed in the
uniform magnetic field B which is
positive x-direction "

Actually the current | is flowing
in clockwise direction in closed path
1-2-3-4-1. As sides 3-4 and 1-2 are
parallel to the direction of B, no force
will be exerted on those. The current flowing through the other sides i.e. side 2-3 and 1-4,
is in either + y or - y-direction. So these sides contribute in force exerted on a planar coil
as whole.

Rectangular planar coil in uniform
magnetic field B

For side 2-3, the force exerted is given by,
Fr = 1(la, x Ba,)=-Blla,
Similarly for side 4-1, the force exerted is given by,

F2 = 1(~IE; x Ba)=+Bil (20 )




Magnetic Moment of Planar Coil

For the current element along side 2-3 the moment arm is given by

Thus the total torque T about y-axis is given by
T=T+T:=Ri xF+RaxF2

T = (-%s. ]x(-Blli,)+(r’2-i'x)x( Bl/a,)
T - -5 Blla, -5 Blla,
T = BI(Iw)(-3y)

But we can write Area (S) = length (/) x Width (W)

This indicates that eventhough the total force exerted on the rectangular coil as a
whole is zero, we get a torque along the axis of rotation. The expression is valid for all flat
coils of arbitary shapes and also for any axis which is parallel to the axis of rotation i.e.
y-axis.




Problem

A rectangular loop in the xy plane with sides b, and b, carrying a
“ current I lies in a uniform magnetic field B = a, B, + a, B, + a, B,. Determine the force
and torque on the loop.
Solution : Consider a rectangular loop in the xy plane with sides b, and b,

Sides 1 and 3 are of length b, and are parallel to y-axis with sides 2 and 4 are of
length b, and are parallel to x-axis. The origin is at the centre of the loop.
The vector force on side 1 is given by,
Fi1 = IdLi x B
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= [1(bjay) x (B.ax + Byay+B,4a,)]
= Ib, [- B, az - B, ax]

- lb1 [ B, ;x -B,‘ ;z]
The vector force on the side 2 is given by,

F2 = IdL2 x B

= [1(~b; ax) x (B, ax + By ay + B, a.)]

= -1b, [B, az - B, ay]
= -1b, [-B, ay + B, a;]

The vector force on the side 3 is given by,
Fs = [ dLs x B
= [l (-b, ;y)X(B,‘ ;u + By ;y + Bz ;l)]
= -lbl [—- B! ;z + B, ;:]
= Ib, [~ B, ax + B, a.]




= ———————

Finally the vector force on the side 4 is given by,

Fe & 1dLsxB
= [l (b; ax) x (B, ax + By ay + B, ;v.)]

= I1b,[ By a; - B, ay]

= Ib, [- B, ay + B, a.|

Hence total force on the loop of sides b, and b, is given by,

F="F +F+F +Fq
= Ib, [ B, ax - B, az] - 1b, [ -B, ay + B, a,|

+1b,[-B, ax + Byaz] + Ib, [~ B,a, + B, a.]
= 1{(b; B, ax - b, B, a» - b, B, ax + b, B, a.)
+(b; B, ay - b, By a: - b, B, ay + b, B, a:)}
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Problem

Total torque on the rectangular loop can be obtained by choosing origin of the torque
at the centre of the loop. Hence total torque is given by. z

T = T1+Te+Ts + T }
But T=~Rxh (72‘] [1b, (B, ax - B, a:)]
(e
T: = R

x F2 =(T ;,]x [—-l b, (-B, ay + B, ;;)]
LY TS
l(blzbz)(- By ax)
Ts = RaxFs =(-b—2’§x )x[l b, (-B,ax + B, a:)]
= -I(E’Tb’-)(—n, ay)
= 1("'2"2)(8, ay)




Fe § a az z

Te = Ra x F =(_ﬁ;,]x[l b, (-B,ay + By a )] ,a
A~ o —
b - L . 7
= -I(blzz)(B,. a;) / 3 | 2/
b, A
= I(b zbz)(—Byl ) /4 10 iz
[ S— 4 4
TaTioTaeTh+T - o
b

+ I
(551)[-2 B, ax +2B,d, ]

b, b, (-B, ax+ B, ay)




Magnetic dipole moment

The magnetic dipole moment of a current loop is defined as the product of current
through the loop and the area of the loop, directed normal to the current loop. From the
definition it is clear that, the magnetic dipole moment is a vector quantity. It is denoted by
m. The direction of the magnetic dipole moment m is given by the right hand thumb rule.
The right hand thumb indicates the direction of the unit vector in which m is directed and
the figures represents the current direction. The magnetic dipole moment is given by

‘ m = (IS)a, A-m"
the expression for the torque along the axis
of rotation of a planar coil as,

T = BIS(-a,)

Using definition for the magnetic dipole moment, the torque can be expressed as,

‘T‘-Eixﬁ le




Problem

A rectangular coil is in the magnetic field given by,

+
B= 005 LT
Ji
Find the torque about z-axis when the coil is in the position shown and carries a current of

5 A.
Solution : The magnetic dipole moment is given by,

m = ISa,

Where S = Area of coil = (0.08) x (0.04) = 32 x 10° m®
and a, = Unitvector normal to the plane consisting a rectangular coil. 0.08 m
it is clear that the coil is placed in y-z plane. Hence a unit vector
normaltoy-zplanexsmx—dxrectxonnea i
= (5) (32 x10°9) &,
= 0.016 ax Am’ -
-0.04m 0
Hence magnetic torque is given by,
— +a
T = mxB= (oousa,)x[oos 7 ’) X
T = 56568 X107 [a, Xa, +a, Xa ]
T =

5.6568X10* a, N.m it X, 80, B X, &8, @




Problem

A point charge, Q = - 60 nC, is moving with a velocity 6x10° m/s in
the direction specified by unit vector — 0.48 a, — 0.6 @, + 0.64 a,. Find the magnitude

afthefomonammgdmrgemtlnnugvmﬁddﬁ 2a, 6a +5a, mT.

Solution : The magnitude of velocity is given as v=6x10° m/s. The direction of this
velocity is specified by an unit vector. Thus we can write,

v = va, = 6x10° [-048a, - 06a, +064a,] m/s

The force experience by a moving charge in a steady magnetic field B is given by,
F=QuoXB

= -60x1077 [(6x10°)(-0.48a, —-0.6a, +0.643,) X(2a, -6a, + 5 a,)(1x107)]

N % N
= (-3.6x10)[(-048 -06 0.64
2 -6 5

= (-3.6x107)[0.84a, + 3.68a, + 4.083,]
= (-030243, -132483, - 146883,) x 10° N
Thus the magnitude of the force on a moving charge is given by,
|F| = (- 0.3024x107%)2 +(-1.3248x107)? +(~ 1.4688x10-%)2

= 2.0009 mN




Problem

A conductor of length 2.5 m in z = 0 and x = 4 m carries a current of
12 A in —a, direction. Calculate the uniform flux density in the region, if the force on

the conductor is 12x1072 N in the direction specified by f%“-‘].
Solution : Let B=B,a, +B,a, +B,a, T
The force exerted on the conductor is given by,
F=1dLXxB

a, +a,

s 12x1072 -T"] - (‘12i,){2-5)x (B, @, +B}' i! +B,a,)

- —(0.0848) a, + (0.0848)a, =-30[a, X (B, a, +B,a, +B,a,)]

.. (2.8267x10-%)a, -(2.8267x10~%)a, =-B, a, + B, a,
Comparing components on both the sides of the equation,
B, = 28267 x 107

B, =0
B, = 28267 x10°°
B = 28267x10*a, +28267x10%a, T

= (28267 a, +2.8267 a,) mT @




Problem

Solution : Consider a circular loop in z = 0 plane

Current is in a, as shown in the Fig. 8.26. The
given magnetic field is uniform given by,
= a, +3,
B = Bo( = )'r

The magnetic dipole moment of a planar

circular loop is given by,
m = (I9) a,

where S is the area of the circular loop.

Note that the loop is laying in z = 0 plane. Thus the direction of unit normal a, must
be decided by the right hand thumb rule. Let the fingures point in the direction of current
(in @, direction), then the right thumb gives the direction of a, which is clearly a, .

. m = I(nr?)a, =(nr?)a,




The total torque is given by,
T=mXB

= (’"21) a, X % @, +a,)

nr? By I _
7 @, X (a, +a,)]
_ nrB, 1l ‘; ""0’ ‘1
2 1 0 1
ﬂrzBoI =
= ﬁ [ ( ay)]




Faraday's Law

In year 1820, Prof. Hans Christian Oersted demonstrated that a compass needle
deflected due to an electric current. After ten years, Michael Faraday, a British Scientist,
proved that a magnetic field could produce a current.

According to Faraday's experiment, a static magnetic field cannot produce any current
flow. But with a time varying field, an electromotive force (e.m.f.) induces which may
drivé a current in a closed path or circuit. This e.m.f. is nothing but a voltage that induces
from changing magnetic fields or motion of the conductors in a magnetic field. Faraday
discovered that the induced e.m.f. is equal to the time rate of change of magnetic flux
linking with the closed circuit.

Faraday's law can be stated as,

N
e = Nﬁvulh;.—_‘

where N = Number of turns in the circuit
Induced e.m.f.

I




Faraday's Law \

the induced e.m.f. is given by,
e = § E«dL

The induced e.m.f.  indicates a voltage about a closed path such that if
any part of the path is changed, the e.m.f. will also change.

The magnetic flux ¢ passing through a specified area is given by

¢ = I B+dS  where B = Magnetic flux density
S

_ _9r =5,

e = -aﬂ B+dS

S

e

e = §E-dL-—a-ij B+dS
S




Faraday's Law

(i) The closed circuit in which e.m.f. is induced is stationary and the magnetic flux is
sinusoidally varying with time. it is clear that the magnetic flux density
is the only quantity varying with time. We can use partial derivative to define relationship
as B may be changing with the co-ordinates as well as time. Hence we can write,
oB
5 *dS

§ E-dl = -{

This is similar to transformer action and e.m.f. is called transformer e.m.f.. Using
Stoke's theorem, a line integral can be converted to the surface integral as

Q(Vxﬁ)td_s- = -j; 6:°ds

Assuming that both the surface integrals taken over identical surfaces.

B B OB - If B is not varying with time,
(VxE)edS = ——-«dS o
t fE-dL = 0, and

OB
VXE= -.-é-t_ l ?.’HE:G




Faraday's Law

ii) Secondly magnetic field is stationary, constant not varying with time while the
closed circuit is revolved to get the relative motion between them. This action is similar to
generator action, hence the induced e.m.f. is called motional or generator e.m.f.

Consider that a charge Q is moved in a magnetic field B at a velocity ©. Then the force
on a charge is given by,
F=QoxB
But the motional electric field intensity is defined as the force per unit charge. It is

given by, E
Em = —~=0xB

Q
Thus the induced e.m.f. is given by
f Bovdl = § (0% B)dL |




Faraday's Law

iii) If in case, the magnetic flux density is also varying with time, then the induced
e.m.f. is the combination of transformer e.m.f. and generator e.m.f. given by,

§EdL = -] 32-d54§ (v B)-d




Faraday's Law

__99 _ ¢ e 4@
e=- - = E-dl
Conditions for induced emf Expressions for induced emf
i) Loop stationary, but magnetic flux density varies with §> E o dl = __J" 0B edS
time % ot
i) Magnetic field stationary but loop is moving §> EedL = ﬁ (5)(5) * dL

iii) Loop is moving and the magnetic field varying with §) EedL = ;, (5xﬂ e dL - J' oB e dS

time A gt

|
o))
[+« H

Fundamental postulate for an electromagnetic induction VXE

9))
-




Problem

A conductor 1 cm in length is parallel to z-axis and rotates at radius of
25 cm at 1200 rpm. Find induced voltage, if the radial field is given by

B=05a, T

Solution : In above case, the magnetic flux is constant while the path is rotating at 1200
rpm. Under such condition, the field intensity is given by,

E=9xB
where v = linear velocity

In 1 minute there are 1200 revolutions which corresponds to 20 revolutions in one
second. In one revolution distance travelled is (2nr) meter. Hence in 20 revolutions the
distance travelled in one second is (40nr) meter. The conductor rotates in ¢ - direction.
Hence linear velocity is given by,

v = (40nr)a,
= 40n(25x10-2)a,
= 31416 a4 m/s
Hence an electric field intensity is calculated as,
E = [31.416a,]x [05a,]
= 15.708 (-a.) v By XBy ==0, Q




S e s sl

Problem

Induced voltage is given by,
e = § E+dL
Now dL = (dz)a, as conductor is parallel to z-axis.
0.01

e = [ 15.708(-a, ) » (dz) &,

= -15.708[z];" = -157.08 mV

Negative sign indicates upper end of the conductor is positive while lower end is
negative. Thus the magnitude of the induced voltage is 157.08 mV.




Problem

A circular loop conductor lies in plane z = 0 and has a radius of 0.1 m
and resistance of 5 Q. Given B = 0.2 sin 10 t @_ ], determine the current in the loop.

Solution : To find current in the loop, let
us first calculate induced e.m.f.

A circular loop is in z = 0 plane. B is in
z-direction which is perpendicular to the
loop. So B is perpendicular to the circular
loop.

Hence total flux is given by,

® = [ B-dS
S

With cylindrical co-ordinate system,
dS = (rdrd¢a,
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Problem

O = T ojl [(02sin10% t)a, ]« [rdrdo)a, ]

® = (02sin10° t)[ﬂoh[%z']o Hence the current in the conductor is given by

2
> = (0.23in103 t)[Zt][(o;) ] " lndR\;:ed e.m.f.
istance
® = 6283x103sin 103t . -6.283 cos 103t
® = 6283sin10°t mWb i 5 5
induced e.m.f. IsglV:;bYo i - _lm7co‘103t A
e = -
dt
= -2 [6283x10sin 10%]

= -6283x102x10°%xcos 107t
= -6.283 cos 10°t V




Displacement Current

For static electromagnetic fields, according to Ampere’s circuital law, we can write,
VxH = ] &(1)
Taking divergence on both the sides,
| Ve(VxH) = Vo]
But according to vector identity, 'divergence of the curl of any vector field is zero'.
Hence We can write,
Ve(VxH) = Vej=0 kD)
But the equation of continuity is given by,

vej = -2 . 3)

From equation (3) it is clear that when %,tl =0, then only equation (2) becomes true.

Thus equations (2) and (3) are not compatible for time varying fields. We must modify
equation (1) by adding one unknown term say N.

Then equation (1) becomes,
VxH = J+N . (4)




Displacement Current \

Again taking divergence on both the sides
Ve(VxH) = VeJ+VeN=0

Asv-i:-agt", to get correct conditions we must write,
- opy
VeN = 3

But according to Gauss's law,
pv = V D

Thus replacing p, by V+D
wr ol e
VeN = -&—(V.D)

Comparing two sides of the equation,
oD

.N-.—.
W
©




Displacement Current

Now we can write Ampere's circuital law in point form as,

= < aD
VxH = jC+_a-t— onee (6)

The first term in equation (6) is conduction current density denoted by J.. Here
attaching subscript C indicates that the current is due to the moving charges.

The second term in equation (6) represents current density expressed in ampere per
square meter. As this quantity is obtained from time varying electric flux density. This is
also called displacement density. Thus this is called displacement current density denoted
by J p- With these definitions we can write equation (6) as,

VxH = Jc+Jp . (7)




Displacement Current

Consider a parallel circuit of a resistor and capacitor driven by a time varying

voltage V

Let the current flowing through
resistor R be i; and the current flowing

+ © . 4

through capacitor C be i;. The nature of

l the current flowing through the resistor R
==c is different than that flowing through the
2 capacitor. The current through resistor is

due to the actual motion of charges. Thus
the current through resistor can be

written as,

iy =.‘."ﬁ . (8)

This current is called conduction current as the current is flowing because of actual
motion of charges. Let it be denoted by ic.

Let A be the cross-sectional area of resistor, then the conduction current density is

given by,

jc=

ic

A

= oF ... 9)




Displacement Current

Now assume that the initial charge on a capacitor is zero. Then for time varying
voltage applied across parallel plate capacitor, the current through the capacitor is given
by,

ip = Cop

Let the two plates of area A are separated by distance d with dielectric having
permittivity € in between the plates. Then we can write
_ EA dv
| b= g ar
Now this current is called displacement current denoted by ip. The electric field
produced by the voltage applied between the two plates is given by,

or

ip = ——d =7 ... As distance d is not varying with time




Displacement Current

Now the ratio of current to the area of plate is the current density. In this case it is
displacement current density denoted by Jo.

Io"izq
lo-ad;(ﬂs)
103%

Thus in a given medium, both the types of the currents, namely the conduction current
current and the displacement current may flow. Hence the two current densities can be
written as,

Jc=E_ ....conduction current density
Jo "% ....displacement current density

The total current density is given by,

J=Jc+)o




Displacement Current

Some materials are good conductors
while some are perfect dielectrics. But in
some materials which are neither good
conductor nor perfect dielectrics, both the
current namely conduction current and
displacement current may exist.

For the electric field intensity E, let the
time dependence be given by e, the total current density is given by,

J=Jc+lb
éD

= OE‘.’W

oE+-§-t-(eE)

o s

oE +joc E

—
]




Displacement Current

Then the ratio of the magnitudes of the conduction current density to the displacement
current density is given by,

Thus the ratio of the magnitudes of the conduction current density to the displacement
current density depends on the properties of the medium (i.e. o and p) and the frequency
(i.e. @). For a conductor, the value of conductivity o is very large.

Key Point : So in conductor, the conduction current is very large as compared to the
displacement current.

While for a dielectric, the value of conductivity o is very small.

Key Point: So in dielectric medium, the displacement current is greater as compared to the
conduction current.

In other words, if the ratio of the magnitudes of the current densities is greater than 1,
the medium is conductor and if the ratio of the magnitudes is less than 1 then the medium

is dielectric
It i >> 1, medium is conductor
If % << 1, medium is dielectric

Also the ratio represented above depends on frequency, a medium which is conductor
at low frequency may become insulator at very high frequency. @




According to Faraday’s law of electromagnetic induction, a time-
varying magnetic field induces an emf,

According to Maxwell, an electric field sets up a current and hence
a magnetic field. Such a current is called displacement current.

The current that exists inside the capacitor is Displacement
current.

Conduction current is due to the flow of electrons in a circuit. It
exists even if electrons flow at a uniform rate.

Displacement current is due to the time-varying electric field. It
does not exist under steady conduction.

The magnitude of displacement current in case of steady electric
fields in a conducting wire is zero, since the electric field E does
not change with time.



When a capacitor starts charging there is no conduction of charge
between the plates.

However, because of change in charge accumulation with time above the
plates,

the electric field changes causing the displacement current.

Conduction current is the actual current whereas displacement current is
the apparent current produced by time varying electric field.

The current due to the changing electric field is called displacement
current.

The displacement current satisfy the property of continuity i.e the sum of
displacement and conduction current remains constant along the closed
path.

The magnitude of displacement current in case of steady electric fields in a
conducting wire is Zero.

—
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Problem

In a given lossy dielectric medium, conduction current density
Jc =0025in10°t(A/m?). Find the displacement current density if 6=10> S/m and

g, =6.5.
Solution : For lossy dielectric medium,

Jel _ o

Jp| =
] weJ 107 x(e,£9)x0.02
°T e T 1

10% x 6.5% 8.854x10712 x 0.02

Jo = 103

Jp = 1.151x10% A/m? =1.151 pA/m?
As Jp and J ¢ are always at right angles to each other, we can write,
Jo = 1151cos10°t pA/m?




Maxwells Equation

Significance

Faraday's law

Ampere's circuital law

Gauss's law

No isolated magnetic charges.
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Problem

If D=10xa, -4ya, +kz@, pCin* and B=2a, mT,

Find the value of k to satisfy the Maxwell's equations for region 6=0, p, =0.
Solution : As 0=0 and p, =0, the medium in which D and B are present is nothing but
free space. So the Maxwell's equation obtained from Gauss's law is given by
VeD = p, =0 .. for free space.

oD, 9Dy 3D, _ .
ox ' dy 0z

d d d
10-4+k =0

k = -6 uC/m?




Problem

If the magnetic field H =[3 xcos P+ 6ysinaa,, find current density ] if
fields are invariant with time.
Solution : The point form of Maxwell's second equation is
VXH = J+50

But as fields are time invariant, we can write,

oD
a9t =0
?xﬁ = i
a a a
153 ;
F=15x o 3z
0 0 (3xcosP+6ysina)

J = %[3xmﬂ+6ysh1a]i, -%[Sxmaﬂ+6yuinu]i,,

S |
]

6sinaa, -3cospa, A/m?
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Problem

Find the frequency at which conduction current density and displacement
current density are equal in a medium with 6=2x10"4 Ufm and ¢, = 81.

Solution : The ratio of amplitudes of the two current densities is given as 1, so we can

write,
|i_c| =9 -1
Jp| ©¢
Le W = En o
€ £yE,
-4
® = ex10 = 02788x10° rad/sec
(8.854x10772)(81)
But o= 2nf
® 02788x10°
f = 52 =5 = 4372 kHz

Hence, the frequency at which the ratio of amplitudes of conduction and displacement
current density is unity, is 44.372 kHz.
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Problem

Two parallel conducting plates of area 0.05 m® are separated by 2 mm
of a lossy dielectric for which e, = 8.3 and c=8x10"* S/m. Given an applied voltage
v=10sin 107 t V. Find total r.m.s. current.

The electric field produced due to the g=2mm
applied voltage v is given by, R
. oy - !
E = 2108010 ¢t _5000sin107 t V/m e v -
d  2x107 ' ‘

Jc = oE=(8x10") (5000sin 107 t) = 4sin107 t A/m?

Jo = N
2 dt 0" dt
¥ d .
= 8.854x10712x83 — [5000 sin 107 t]

8.854 %1012 x 8.3%5000x 107 x cos 107 t
3.6744 cos 107 t A/m?




S e s sl

Problem

The conduction current ic is given by
ic = (Jc)(Area)={4sin 107 t)(0.05)=02sin107 t A
The displacement current i, is given by
ip = (Jp)(Area)=(3.6744 cos 107 t)(0.05)
= 0.18372cos 107t A
Both the currents are at right angles to each other

a h2 +12
It = e +lD
2 2 .I-,
= 1(0.2)% +(0.1837) |
!
= 02715 A E
'
Hence total r.m.s. current is given by ~ip

[ 02715
IT(rms) = % = 5 = 01919 A Q




Problem

Find the displacement current density within a parallel plate capacitor
having a dielectric with €, = 10, area of plates A = 0.01 m?, distance of separation

d=0.05 mm. Applied voltage is V = 200 sin 200 t.
Solution : Current through a parallel plate capacitor is given by,
_ €A dv _ €o€, *A | dV
c d |dt d dt
Putting values of €,¢,, A,dand V,

(8854x10712)(10)(0.01) 4 .
) 0.05%103 g [2005in 2001

ic = 07083x 1073 cos 200t A
As we know for parallel plate capacitor,

.

ic

ic = iD’
The displacement current density is given by

Jo = Current _ip _ 0.7083x10> cos 200 ¢t
D ™ "Area A 0.01




Problem

Find the induced voltage in the conductor if B=0.04a,T and
U = 25 sin 10° t @, m/s.
Find inducted e.m.f. if B is changed to 0.04 @, T.
Solution : (a) The induced e.m.f is given by,
e = fi.df
Butf'E. dL = }ﬁxﬁ].d’l__.
0.2

e = [[25sin10° ta, xu.mz,]:-"[&ii'.]
0

0.2
e = [[01sin107 t(-a,))*[dxa,]
0

0.2
e = -o.mnm-"tj dx
0

e = -0.1sin10° t[x]g?
e = -0.1sin10% t[0.2)
e = - 002sin10° tV

() If B is changed to B = 0.04 a, T then the conductor cannot cut field lines hence
induced voltage will be zero. Q
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Problem : GATE 2015 \

Match the following

P | Stokes’s Theorem 1 # D-ds= Q
() | Gauss's Theorem 2 f f(z)dr =0
R | Divergence Theorem 3 M(v + A)do = ‘#}Ld‘s
S | Cauchy’s Integral Theorem 4 '[f (V x A).ds = j{ A dl
(A) P-2. Q-1. R-4. S-3 (B) P-4, -1, R-3. S-2
(C) P-4, -3, R-1, S-2 (D) P-3, -4, R-2, S-1

Correct option is (B).




An electron wnh velocity, U is placed In an
electric field, E and magnetic field, B. The
force experienced by the electron is given

by

(a) _eé (b) eﬁxé

c) —e{ixE+B) () —eE+lxB)
[2000 : 1 Mark]

Option (d) is Correct




Problem : GATE 2015

Consider a one-turn rectangular 100p of wire
placed in a uniform magnetic field as shonn
in the figure. The plane of the loop IS
perpendicular to the field lines. The
resistance of the loop is 0.4 Q, and its
inductance is negligible. The magnetic flux
density (in Tesla) is a function of time, and
is given by B(t) = 0.25 sinmt, where
® = 21 x 50 radian/second. The power
absorbed (in Watt) by the loop from the
magnetic field is

®

-

0 cm———

|l e————

® I
&

® &
RN I
R I
¥ QR

[2015 : 1 Mark, Set-1]

A= 10cm x 5 cm;

B(f) = 0.25 sinwt, R= 0.4 Q
P= iR

e= —Z? =-gt (BxA)
d ,
= -Ft[o.zsxsoxm'“ sinot]
€=-0.25x50 x 10 @ coswt
P i(i2.5x1(())0:x10‘4)2 « cos? o do!)

= (12.5X1‘tx10~2)2 X%XOA
= 0.193 Watt




A circular turn of radius 1 m revolves at
60 rpm about its diameter aligned with the
x-axis as shown in the figure. The value of
Ko is 4m x 107" in Sl unit. If a uniform magnetic

field intensity H=1072 A/m is applied,

them the peak value if the induced voltage,

Viurn (in Volts), is

Z ‘} T H
/\——— Vturn

%1

- X

[2015 : 1 Mark, Set-2]

@

The circular turn rotate with 60 rpm, let the
angle made by ring w.r.t. x-axis 0

and 6 = w,t, the turn rotate at 60 rpm,

SO W, = 2n '

so, the flux flowing through the circular turn
will be

¥ = (u,H, x Area of turn x cosa,)

¥ = 471t x 107 x 107 Alm x 7 x 12 x cos@,t

Maximum voltage induced is ar
‘ max

a¥ ;o
SO, gf . = (0 X 4T X T SiNW, 1) max
V__, = (4n?x2m)

= 248.08 volts



Thank you

Email: nagesh.eee@jnt



