UNIT-I

Static Electric fields

In this chapter we will discuss on the followings:

Coulomb's Law

Electric Field & Electric Flux Density

Gauss's Law with Application

Electrostatic Potential, Equipotential Surfaces
Boundary Conditions for Static Electric Fields
Capacitance and Capacitors

Electrostatic Energy

Laplace's and Poisson's Equations

Uniqueness of Electrostatic Solutions

Method of Images

Solution of Boundary Value Problems in Different Coordinate Systems.



INTRODUCTION:

In the previous chapter we have covered the essential mathematical tools needed to study EM
fields. We have already mentioned in the previous chapter that electric charge is a
fundamental property of matter and charge exist in integral multiple of electronic charge.
Electrostatics can be defined as the study of electric charges at rest. Electric fields have their
sources in electric charges.

( Note: Almost all real electric fields vary to some extent with time. However, for many
problems, the field variation is slow and the field may be considered as static. For some other
cases spatial distribution is nearly same as for the static case even though the actual field may
vary with time. Such cases are termed as quasi-static.)

In this chapter we first study two fundamental laws governing the electrostatic fields, viz, (1)
Coulomb's Law and (2) Gauss's Law. Both these law have experimental basis. Coulomb's law
is applicable in finding electric field due to any charge distribution, Gauss's law is easier to
use when the distribution is symmetrical.

COULOMB'S LAW:

Coulomb's Law states that the force between two point charges Qland Q2 is directly
proportional to the product of the charges and inversely proportional to the square of the
distance between them.

Point charge is a hypothetical charge located at a single point in space. It is an idealized

model of a particle having an electric charge.
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Mathematically, I , where Kk is the proportionality constant.

In ST units, Q1 and Q2 are expressed in Coulombs(C) and R is in meters.

k—l

Force Fisin Newtons (N) and 478, , % s called the permittivity of free space.

(We are assuming the charges are in free space. If the charges are any other dielectric



medium, we will use €= %% instead where ° is called the relative permittivity or the

dielectric constant of the medium).
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As shown in the Figure 1 let the position vectors of the point charges Qland Q2 are given by
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i and 2 .Let ©2 represent the force on Q1 due to charge Q2.

Fig 1: Coulomb's Law
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The charges are separated by a distance of . We define the unit vectors as
dyy T g =
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can be defined as
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Similarly the force on Q, due to charge Q, can be calculated and if i represents this force then we
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can write

When we have a number of point charges, to determine the force on a particular charge



due to all other charges, we apply principle of superposition. If we have N number of charges
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QuQyeeeeee Q, located respectively at the points represented by the position vectors SR
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yereens ¥ | the force experienced by a charge Q located at *is given by,
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ELECTRIC FIELD :

The electric field intensity or the electric field strength at a point is defined as the force per

unit charge. That is

The electric field intensity E at a point r (observation point) due a point charge Q located at '

(source point) is given by:

E= Q(?": r_pz
4, r -
S (5)
For a collection of N point charges Q1 ,Q> ,......... Qp located at o "#the electric

field intensity at point 7 'is obtained as
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The expression (6) can be modified suitably to compute the electric filed due to a

continuous distribution of charges.

In figure 2 we consider a continuous volume distribution of charge (t) in the region

denoted as the source region.

For an elementary charge dgd = plrdv I, i.e. considering this charge as point charge,



we can write the field expression as:
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47z, F‘fjr 47, |;_;T

Source region

A /
P
S —
/ _
e — .
L r
0

Fig 2: Continuous Volume Distribution of Charge

When this expression is integrated over the source region, we get the electric field at the point
P due to this distribution of charges. Thus the expression for the electric field at P can be

written as:

(f"’J(f" f"’,"
E() 1[4;??5,3!" rr

Similar technique can be adopted when the charge distribution is in the form of a line charge

density or a surface charge density.
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ELECTRIC FLUX DENSITY:
As stated earlier electric field intensity or simply ‘Electric field' gives the strength of the field
at a particular point. The electric field depends on the material media in which the field is

being considered. The flux density vector is defined to be independent of the



material media (as we'll see that it relates to the charge that is producing it).For a linear isotropic

medium under consideration; the flux density vector is defined as:

GAUSS'S LAW: Gauss's law is one of the fundamental laws of electromagnetism and it
states that the total electric flux through a closed surface is equal to the total charge enclosed

by the surface.

Fig 3: Gauss's Law

Let us consider a point charge Q located in an isotropic homogeneous medium of dielectric

constant . The flux density at a distance r on a surface enclosing the charge is given by

If we consider an elementary area ds, the amount of flux passing through the

elementary area is given by

decosd

= ¢
digr = Dds =
v A7



decos 8 _

But 2 * is the elementary solid angle subtended by the area  at thefldcation
d = £ asd
of Q. Therefore we can write 4

- gav- %cfm -0

For a closed surface enclosing the charge, we can write
which can seen to be same as what we have stated in the definition of Gauss's Law.

APPLICATION OF GAUSS'S LAW:

Gauss's law is particularly useful in computing £ or £ where the charge distribution has

some symmetry. We shall illustrate the application of Gauss's Law with some examples.
1. An infinite line charge

As the first example of illustration of use of Gauss's law, let consider the problem of
determination of the electric field produced by an infinite line charge of density 1 C/m. Let us
consider a line charge positioned along the z-axis as shown in Fig. 4(a) (next slide). Since the
line charge is assumed to be infinitely long, the electric field will be of the form as shown in Fig.

4(b) (next slide).
If we consider a close cylindrical surface as shown in Fig. 2.4(a), using Gauss's theorm we can
write,
od=0 =ciaau§d§ - JE‘DEdE+ l EDE.dE+JEUE.dE
S e (15)
Considering the fact that the unit normal vector to areas S and S3 are perpendicular to the

electric field, the surface integrals for the top and bottom surfaces evaluates to zero.

Hence we can write, o = g E 20
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Fig 4: Infinite Line Charge

2. Infinite Sheet of Charge

As a second example of application of Gauss's theorem, we consider an infinite charged sheet

covering the x-z plane as shown in figure 5. Assuming a surface charge density of

#% for the infinite surface charge, if we consider a cylindrical volume having sides placed £5

symmetrically as shown in figure 5, we can write:



$D ds = 2DhAs = o s

g
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Fig 5: Infinite Sheet of Charge

It may be noted that the electric field strength is independent of distance. This is true for the
infinite plane of charge; electric lines of force on either side of the charge will be perpendicular
to the sheet and extend to infinity as parallel lines. As number of lines of force per unit area
gives the strength of the field, the field becomes independent of distance. For a finite charge
sheet, the field will be a function of distance.

3. Uniformly Charged Sphere

Let us consider a sphere of radius r0 having a uniform volume charge density of rv

C/m3. To determine £ everywhere, inside and outside the sphere, we construct

Gaussian surfaces of radius r <0 and r > r0 as shown in Fig. 6 (a) and Fig. 6(b). For the

region rin ; the total enclosed charge will be
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Fig 6: Uniformly Charged Sphere

By applying Gauss's theorem,

dx =
CP_D- ds= I I Do sin 8d8d ¢ = 4D, = 2
: FOE0 (19)
Therefore
—_ l?‘ -
D=—pnd, DLrin
B s (20)

For the region r2 “the total enclosed charge will be

By applying Gauss's theorem,

.?"3

D=2 04 rin
3 oo 22)

Electrostatic Potential and Equipotential Surfaces

In the previous sections we have seen how the electric field intensity due to a charge or a charge
distribution can be found using Coulomb's law or Gauss's law. Since a charge placed in the
vicinity of another charge (or in other words in the field of other charge) experiences a force, the
movement of the charge represents energy exchange. Electrostatic potential is related to the
work done in carrying a charge from one point to the other in the presence of an electric field.

Let us suppose that we wish to move a



positive test charge 29 from a point P to another point Q as shown in the Fig. 8. The force at
any point along its path would cause the particle to accelerate and move it out of the region if

unconstrained. Since we are dealing with an electrostatic case, a force
equal to the negative of that acting on the charge is to be applied while 29 moves from P to

Q. The work done by this external agent in moving the charge by a distance 4l s given by:

AW = —tgEd] 23)
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Fig 8: Movement of Test Charge in Electric Field

The negative sign accounts for the fact that work is done on the system by the external agent.

Q—n—

The potential difference between two points P and Q , VPQ, is defined as the work done

per unit charge, i.e.

£
Vg = IE-.::?.E

B R (25)
It may be noted that in moving a charge from the initial point to the final point if the potential
difference is positive, there is a gain in potential energy in the movement, external agent

performs the work against the field. If the sign of the potential difference is negative, work is

done by the field.

We will see that the electrostatic system is conservative in that no net energy is exchanged if the
test charge is moved about a closed path, i.e. returning to its initial position. Further, the

potential difference between two points in an electrostatic field is a point function; it is



independent of the path taken. The potential difference is measured in Joules/Coulomb which is
referred to as Volts.

Let us consider a point charge Q as shown in the Fig. 9.
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Fig 9: Electrostatic Potential calculation for a point charge

Further consider the two points A and B as shown in the Fig. 9. Considering the movement of a

unit positive test charge from B to A , we can write an expression for the potential difference as:

A ¥y
Vaa =~ [ B dl = - —czQ T, drd, = 2 L =V, —V;
a 4, drme, |7y 72 26)

It is customary to choose the potential to be zero at infinity. Thus potential at any point ( rA =r)
due to a point charge Q can be written as the amount of work done in bringing a unit positive

charge from infinity to that point (i.e. rB = 0).



Or, in other words,

in Fig. 10.

Fig 10: Electrostatic Potential due a Displaced Charge

The potential at a point P becomes
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So far we have considered the potential due to point charges only. As any other type of charge
distribution can be considered to be consisting of point charges, the same basic ideas now can be

extended to other types of charge distribution also. Let us first

consider N point charges Q1, Q2 ,..... QN located at points with position vectors 1 s £ s

—+

....... ’# . The potential at a point having position vector * can be written as:
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For continuous charge distribution, we replace point charges Qn by corresponding

charge elements Podt or £ 54 or F¥ dv depending on whether the charge distribution is

linear, surface or a volume charge distribution and the summation is replaced by an

integral. With these modifications we can write:

r) = — L
. 4??5'0 |,r' -7,
For line charge, =~ ° I "l (31)
P = (e
4??&',:, |,r' =,
For surface charge, ~  ° 1 "1 (32) For
v ) = — J’q’f” )2
4??"5",:, |,r -,
volume charge, 1 Tl (33)

It may be noted here that the primed coordinates represent the source coordinates and the
unprimed coordinates represent field point.
Further, in our discussion so far we have used the reference or zero potential at infinity. If any

other point is chosen as reference, we can write:

where C is a constant. In the same manner when potential is computed from a known electric

field we can write:



We have mentioned that electrostatic field is a conservative field; the work done in moving a
charge from one point to the other is independent of the path. Let us consider moving a charge
from point P1 to P2 in one path and then from point P2 back to P1 over a different path. If the
work done on the two paths were different, a net positive or negative amount of work would
have been done when the body returns to its original position P1. In a conservative field there is
no mechanism for dissipating energy corresponding to any positive work neither any source is
present from which energy

could be absorbed in the case of negative work. Hence the question of different works in two
paths is untenable, the work must have to be independent of path and depends on the initial and
final positions.

Since the potential difference is independent of the paths taken, VAB = - VBA , and over a

closed path,
Vad * Vi =c}3§-df= 0
Applying Stokes's theorem, we can write:

TE-.::‘?=I(‘F><§)-.:£E=D

Any vector field that satisfies is called an irrotational field.

From our definition of potential, we can write

dr=ﬁdx+ﬂdy+ﬁdz= ~E-di
ax e dx

ar . 9. 8.
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dxi +dvii, +dzd | = -R di
dx e YAz ( e x)



From the foregoing discussions we observe that the electric field strength at any point is the

negative of the potential gradient at any point, negative sign shows that £ is

directed from higher to lower values of V. This gives us another method of computing

the electric field , i. e. if we know the potential function, the electric field may be

computed. We may note here that that one scalar function ¥ contain all the
information that three components of £  carry, the same is possible because of the fact that

three components of £ are interrelated by the relation ¥ * £

Equipotential Surfaces

An equipotential surface refers to a surface where the potential is constant. The
intersection of an equipotential surface with an plane surface results into a path called an
equipotential line. No work is done in moving a charge from one point to the other along an
equipotential line or surface.

In figure 12, the dashes lines show the equipotential lines for a positive point charge. By
symmetry, the equipotential surfaces are spherical surfaces and the equipotential lines

are circles. The solid lines show the flux lines or electric lines of force.

Fig 12: Equipotential Lines for a Positive Point Charge
Michael Faraday as a way of visualizing electric fields introduced flux lines. It may be seen

that the electric flux lines and the equipotential lines are normal to each other. In



order to plot the equipotential lines for an electric dipole, we observe that for a given Q

cosd

2
and d, a constant V requires that #  is a constant. From this we can write

r=e,Afeosd

generated for various values of cv.When plotted in 2-D this would give equipotential

to be the equation for an equipotential surface and a family of surfaces can be
lines.
To determine the equation for the electric field lines, we note that field lines represent the

direction of £ in space. Therefore,
di = kB , KiS @ constant ........cceceveeeeieeecieeeseeescneeennes (42)

&,dr +rdBa, + &y sind =k(3,E, + 4,8, +3,8,) = di

For the dipole under consideration ~# =0, and therefore we can write,

dr _rdd

E, g

dr _2cos8d8 _ 2d(sin §)

roosn8 a8 (44)

Electrostatic Energy and Energy Density:

We have stated that the electric potential at a point in an electric field is the amount of work

required to bring a unit positive charge from infinity (reference of zero potential) to that point.

To determine the energy that is present in an assembly of charges, let us first determine the

amount of work required to assemble them. Let us consider a number of discrete charges Q1,

Q2,......., QN are brought from infinity to their present position one by one. Since initially there

is no field present, the amount of work done in bring Q1 is zero. Q2 is brought in the presence of

the field of Q1, the work done W1= Q2V21 where V21 is the potential at the location of Q2 due

to Q1. Proceeding in this manner, we can

write, the total work done W=l + 0l 0500+ + F ol T + VN(N—IJQN:'

Had the charges been brought in the reverse order,



Here V1J represent voltage at the Ith charge location due to Jth charge. Therefore,

A 1 e
W=V o -Sre,  w-1Srg
= O T (48)

If instead of discrete charges, we now have a distribution of charges over a volume v

W= %Ivaa?v
then we can write, v (49)

where ¥ is the volume charge density and V represents the potential function.

) -0 .
Since, P ' we can write

W = ![v : E:T)V.:fv
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VWD) = DV PV D Using the vector identity,

, We can write

1 —-
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In the expression 25 , for point charges, since V varies as  and D varies as
1 1

2 =4 3
7" ,theterm V Dvaries as 7~  while the area varies as 2. Hence the integral term



1

varies at least as  7and the as surface becomes large (i.e. ¥ = ) the integral term tends to
zero.

Thus the equation for W reduces to

1= 1 == 1
W= = [D.Wf v =— (D.E)dv =~ [(e8%)dv = [wadv

] ] ] e (52)

W, -1 £
2 , is called the energy density in the electrostatic field. Poisson’s

and Laplace’s Equations
For electrostatic field, we have seen that
v D= 2,
B = Vst (53)
Form the above two equations we can write
VEE) =V V) =00 (54)
Using vector identity we can write, BN AV Ve T (55)
For a simple homogeneous medium, €  is constant and " & $lerefore,

VWY == -
R (56)

This equation is known as Poisson’s equation. Here we have introduced a new operator

v , (del square), called the Laplacian operator. In Cartesian coordinates,

VA = = (E@x +iay +igz).(ayax +£&y +ﬁ&})
g T @y 7 @ 7 4 T Wy & T, (57)

Therefore, in Cartesian coordinates, Poisson equation can be written as:

Froat M e
Tttt T
dx°  dx°  dx £ (58)

In cylindrical coordinates,
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In spherical polar coordinate system,

Vi =

15[;5&' 1 8 E:IV] 1
—_ |1t +

—|sind—+—u———
2ol o) Psnsoel™ Te8) FanteeF (60)

K (61)
which is known as Laplace’s equation.
Laplace’s and Poisson’s equation are very useful for solving many practical electrostatic field
problems where only the electrostatic conditions (potential and charge) at some boundaries are

known and solution of electric field and potential is to be found hroughout the volume. We shall

consider such applications in the section where we deal with boundary value problems.



Convention and conduction current:

¢ The electric current is generally caused by the motion of electric charges.

¢ The current through a given area is the electric charge passing through the area per unit

time. ie
d
-l (1)
ot
s Thus, in a current of one ampere, charge is being transferred at a rate of one coulomb per
second.

e Let consider, the current density J . If current Al flows through a surface AS, then the
current density Jis given as,
j A
AS
>A =J AS=———— (2)
e The current density is assumed to be perpendicular to the surface
e [fthe current density is not normal to the surface, then

Al =JAS ————— (3)
e Thus, the total current flowing through a surface *S’ 1s
I=[7 ds=———- (4)

* Depending on how ‘T" is produced, there are different kinds of current densities such as,
¥" Convection current density
¥" Conduction current density

v Displacement current density

s  We will discuss about convection and conduction densities.
¢ The equation (4) can be applied to any kind of current density.

Convection current Density:

e Convection current, which is different from conduction current, does not involve
conductors and consequently does not satisfy Ohm’s law.

e This type of current occurs when current flows through an insulating medium such as
liquid, rarefied gas, or a vacuum.

¢« For example, a beam of electrons in a vacuum tube¢ ¢an be considered as convection
current.

e Consider a filament as shown in figure below.
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As

£

Fig: Cwrrent in a filament

o [{there 15 a flow of charge, of densiiy £, at veloeity "= u_}-;y s then the current through
filament 15 given as,

AL Ad
F I A o——= = AN —I A = [ ASA
rom (1) = L m[ 0= fASA

Y L L T —y
o  The current density at a given point 15 the current through a unit normal area at that point,
¢ The current density *J," along the y-direction s given as,
_ AL
Y A8

Ad
Fi 3—=
ram (5) £y

SoJ = Ly
Henece, in general,

J=fu————— (6]

o The current "7 1 the convection current and 17 15 the convection current density in [A."rnz]

Conduction current Density:

» The conduction cwrrent to flow requires a conductor.

»  The conductor has large amount of froe clectrons that provide conduction current due to an
applicd clectric ficld.

s When an electric ficld E is applied, the force on an electron with charge *-e” is given as,

[y - —— (7)

o  Simnce the electron is not in free space, it will not under the influence of the electric field.



www.JntukMaterials.com

» Rather, it suffers constant collision with the atomic lattice and drifts from one atom to
another,

¢ [fthe electron with mass *m’ is moving in an electric field E with an average drift velacity
u, aecording to Newton's law, the average charge in momentum of the free electron must
match the applied force. Thus,

mu -

—=—vk

T

ar

L iy
Frr

Where T is the average lime interval between collisions.

o Ifthere are 'n’ electrons per unit volume, the electronic charge density is given by,
f.,= -ng

¢ Thus, the conduction current density is,

_ T v f, =—ne
J=da=— 'E[E=_£j

A e Y 3]

ne™T

Where b=

. 18 the conductivity of the conductor.

The above relationship in equation (K) known as the point form of Ohm’s law,
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MELECTRIC CONSTANT:

* In general, all insulators are also called as diglectries.

* In perfect dielectrics, there are no free charges existing.

+  Consider an atom of the dielectric as consisting of a negative charge ()" and positive
charge *+0)', az shown in figure below:

Fig: Atom of an Dielectric

« tive charge is displaced from its
e ¥ the force F+=0 £ while the negative
€ by force F——QE.
E
_—
E

Fig: Atom when E field is apphied
= A dipole resulis from the displacement of the charges and the diclectric 1s said 1o be
polarized.
* In the polarized state, the electron cloud is distorted by the applied electric field £
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Fig: Electric Dipole
The dipole moment 15 given as,
P=0d
Where E 15 the distance vector from —Q to +C of the dipole as shown in above

figure.
Sum of all the dipole moments gives the net electric field

The measure of intensity of the polarization is given by polarization P (in
coulombs/m™)

Folarization # is the dipole moment per unit volume of the dielectric; ie

AV
Where P is dipole moment,
P is polarization
N iz total no of electrons.
When there is no polarization, then the electric flux density D is given as,

D =g, E====(1)
— D
=E=—
=

In the presence of polarization, we have,
T-2_D
Ty Fy
ey E=D—-P———2)
If polarization P and eleetric field intensity E are in same divection, then P can be
expressed as,
P-g, X,E————(3)
Where X, 18 known as the electric susceptibility of the material.
Substituting eg. (3] in eg{2} we get
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Dee, E+F

eclric

=e =1+ X, = £ i
EII-

-

Fim

Where & is permittivity of free space = 1;:5
T

g called the diclectne constant or relalive permitlivily,

The dielectric constant (or relative permittivity). & 18 the ratio of the permittivity of
Lthe dielectric to that of fee space.

The diglectric constant & and X. are dimension less.

£y 15 always greater than or equal to unity and &,~1 for free space and non-dielectric
materials (such as metals).

The mimimum value of the electric ficld at which the diclectric breakdown occurs 15
called the diclectric strength of the diclectric matenal.

The dielectric strength 15 the maximum electric field that a dielectric can tolerate or
withstand without breakdowsn.
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1.13 RELAXATION TIME:

» Lt us consider that a charge is introduced at some interier point of 2 given material
{conductor or diclectric).
s From, continwity of current eguation, we have
5 =
L —— |}
Fr I:
= We have, the point form of Ohm’s law as,
T BF mm—-(2)
» From Gauss's law, we bave,
VD= f =eVE=[ [.-5 = .E]
AWE=d )
=
o Substitute equations (2} and (3) in equation (17, we get
VOES =6V.E = 6.4 - i‘i

= it

s The above equation 15 a homogeneous linear ordinary differential equation. By separaling
variable in eq (4), we get,

&, _=6
e 4

s =-2iimr,
=

Where In p s a constant of integration.
Thus,

Lo=fue™™ | (%)




o Ineq(5), fio is the initial charge density (1.c fv at =0),

o We can see from the equation that as a result of ntroducing charge at some interior point of
the material there is a decay of volume charge density [,

o The time constant “T," 18 known as the relaxation time or rearrangement time.

o Relaxation time is the time it takes a charge placed in the interior of a material to drop to ¢
=368 pereent £ its initial value,

o The relation time 18 short for good conductors and long for good dielectnics.

CAPACITANCE AND CAPACITORS

We have already stated that a conductor in an electrostatic field is an Equipotential body and any
charge given to such conductor will distribute themselves in such a manner that electric field

inside the conductor vanishes. If an additional amount of charge is supplied to an isolated

conductor at a given potential, this additional charge will increase the surface charge density 2

= 1 L ouds
. Since the potential of the conductor is given by 0 4ﬂfnl r , the nnfén.tial of
=X

conductor will also increase maintaining the ratio same ¥ . Thus we can write ¥ where
the constant of proportionality C is called the capacitance of the isolated conductor. SI unit of

capacitance is Coulomb/ Volt also called Farad denoted by F. It can It can be seen that if V=1,
C

= Q. Thus capacity of an isolated conductor can also be defined as the amount of charge in
Coulomb required to raise the potential of the conductor by 1 Volt.

Of considerable interest in practice is a capacitor that consists of two (or more) conductors
carrying equal and opposite charges and separated by some dielectric media or free space. The

conductors may have arbitrary shapes. A two-conductor capacitor is shown in figure below.

Fig : Capacitance and Capacitors



When a d-c voltage source is connected between the conductors, a charge transfer occurs which
results into a positive charge on one conductor and negative charge on the other conductor. The
conductors are equipotential surfaces and the field lines are perpendicular to the conductor
surface. If V is the mean potential difference between the conductors, the capacitance is given by
e

V" . Capacitance of a capacitor depends on the geometry of the conductor and the
permittivity of the medium between them and does not depend on the charge or potential

difference between conductors. The capacitance can be computed by assuming Q(at the same

time -Q on the other conductor), first determining £ using Gauss’s theorem and then

v =-[Edl
determining I . We illustrate this procedure by taking the example of a parallel plate
capacitor.

Example: Parallel plate capacitor

Gausian
Surface

g

Fig : Parallel Plate Capacitor
For the parallel plate capacitor shown in the figure about, let each plate has area A and a distance
h separates the plates. A dielectric of permittivity £ fills the region between the plates. The
electric field lines are confined between the plates. We ignore the flux fringing at the edges of the

plates and charges are assumed to be uniformly distributed over the conducting plates with

o-2
densities * and- ©, = 4 |
-l
By Gauss’s theorem we can write, £ AT @)

As we have assumed ** to be uniform and fringing of field is neglected, we see that E is



v -m -

constant in the region between the plates and therefore, we can write £4 . Thus, for a
= g = Eé

parallel plate capacitor we have, v L

........................ 2

Series and parallel Connection of capacitors

Capacitors are connected in various manners in electrical circuits; series and parallel connections
are the two basic ways of connecting capacitors. We compute the equivalent capacitance for such
connections.

Series Case: Series connection of two capacitors is shown in the figure 1. For this case we can

write,

v, -2 2
c, ¢,
[ 1 1 1
S

@ Co O G (D)
V; VE

Cos

L] ||

| | |

0 -0 Q-0 e e

o o 0 O

+ V_ + V_

Fig 1.: Series Connection of Capacitors
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Fig 2: Parallel Connection of Capacitors
The same approach may be extended to more than two capacitors connected in series.

Parallel Case: For the parallel case, the voltages across the capacitors are the same.

The total charge & =% T&a =G+
o= Q =+,
Therefore, o T )

Continuity Equation and Kirchhoff’s Current Law

Let us consider a volume V bounded by a surface S. A net charge Q exists within this region. If a
net current I flows across the surface out of this region, from the principle of conservation of
charge this current can be equated to the time rate of decrease of charge within this volume.
Similarly, if a net current flows into the region, the charge in the volume must increase at a rate

equal to the current. Thus we can write,

"
O ©)
f Jds=~- .:fi l Sdv
or, 8 S 4)
Applying divergence theorem we can write,
Jv.}lfv o
..................... (5)

It may be noted that, since A in general may be a function of space and time, partial derivatives

are used. Further, the equation holds regardless of the choice of volume V , the integrands must



be equal.

Therefore we can write,
- 4
vi--%2
The equation (6) is called the continuity equation, which relates the divergence of current

density vector to the rate of change of charge density at a point.

For steady current flowing in a region, we have

when we consider the close surface essentially encloses a junction of an electrical circuit.
The above equation is the Kirchhoff’s current law of circuit theory, which states that

algebraic sum of all the currents flowing out of a junction in an electric circuit, is zero.



