Capacitors
THEORY

Capacitor is an arrangement oftwo conductors carrying charges of equal magnitudes and opposite sign and
separated by an insulating medium. The following points may be carefully noted.

The net charge on the capacitor as a whole is zero. When we say that a capacitor has a charge O, we
mean that the positively charged conductor has a charge +( and negatively charged conductor has a
charge —Q.

The positively charged conductor is at a higher potential than the negatively charged conductor. The
potential difference V' between the conductors is proportional to the charge magnitude Q and the

ratio )/} 1s known as capacitance (' of the capacitor.
c=£
%
Unit of capacitance is farad (/). The capacitance is usually measured in microfarad (uf).

In a circuit, a capacitor is represented by the symbol : |}

Capacitors work as a charge-storing or energy-storing devices. A capacitor can be thought ofas a
device which stores energy in the form of electric field. Energy stored in a capacitor is denoted by (/.
If VV'is the potential difference across the capacitor and Q is the charge on the capacitor and ('is the
capacitance of capacitor, then :

2
1 10 1
U=2cr? o U=22 o v=lor
2 2 C 2
lel Plate Capacitor :
The parallel plate capacitor consists oftwo metal plates placed parallel to —
each other and separated by a distance that is very small as compared to B * :
the dimension ofthe plates. The electric field between the plates is givenby: . +
: —
iy — o - ‘ i
kSO : < i
where o surface charge density on either plate v

k : dielectric constant of the medium between plates

Ifd is the separation between plates and A4 is the area of each plate, the potential difference (V) between
plates is givenas :
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C J for parallel plate capacitor.

Ifthere is vacuum between the plates, k= 1.

A conducting sphere of radius R carrying a charge QO can be treated as a
capacitor with high-potential conductor as the sphere itselfand the low-potential

conductor as a sphere of infinite radius. The potential difference between these
two spheres is :

0

T AzmegR

Capacitance (C) = %

0

C=4ﬂ%R

Cylindrical capacitor consists of two co-axial cylinders ofradii  and
h and length 7. The electric field exists in the region between the
cylinders. Let & be the dielectric constant of the material between the
cylinders. The capacitance is given by :

2rkegl

éogé
a

Spherical Capacitor:

A spherical capacitor consists of two concentric spheres of radii ¢ and / as shown. The inner sphere is

positively charged to potential /" and outer sphere is at zero potential. The inner surface ofthe outer sphere
has an equal negative charge.

The potential difference between the spheres is :

oo O Q_Q(llj

- dreya _47r30b - 4rey a b
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For a dielectric (k) between the spheres : ‘
4 keyab ' =
S \of

b—-a

WU EI The plates of a parallel plate capacitor are 5 mm apart and 2 m? in area. The plates are in
vacuum. A potential difference of 10, 000 V'is applied across the capacitor. Calculate :

(a)  the capacitance, (b) the charge on each plate,
(¢)  the electric field in space between the plates d the energy stored in the capacitor.
SOLUTION :
-12
(a) c = S04 385 x107 " x2 (© E=L - 10000 . — 20 %105 N/C
d 5x107° d 5%x1073
C=000354 uF. or alternatively
-5
(b) 0= CV=(0.00354 x 107%) x (10000) o Q0 _ 354x10

E=—= = —
gy €A 885x10712 x2

=20 x 10° N/C

0=3.54x10°C =354 uC

The plate at higher potential has a positive charge
of magnitude 35.4 xC and the plate at lower 1

) U==Cr?
potential has a negative charge of—35.4 uC. () 2

1
U=7x (3.54x 10) (10000)2 =0.177 J.

WA parallel plate air capacitor is made using two plates 0.2 m square, spaced 1 cm apart. It

is connected to a 50 — V battery.

(a) What is the capacitance ?

(b)  What is the charge on each plate ?

(©) What is the energy stored in the capacitor ?

(d)  What is the electric field between the plates ?

(e)  If'the battery is disconnected and then the plates are pulled apart to a separation of 2 cm, what are
the answers to the above parts ?
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Cgpd  885x10712 x0.2x02
dy 0.01

C,=3.54x 107 uF.

) 0y =C, Vy=(3.54 % 10 x 50) uC

Q,=1.77 x 107 uC

Uy=1/2 Cy V2 =1/2 (3.54 x 10711 (50)?
Uy=4.42x 108 J.

_ W _ 50

0=-L="=5000V/m.
dy 001

) Ifthe battery is disconnected, the charge on the

apart.

capacitor plates remains constant while the
potential difference between plates can change.

._gpd 1 -5
C=——==—(Cy=177x10 I

0=0,=177x103 uC

y-2_ % = 21y =100 volts
C Cyl2

==
2

2(Cy/2)

'y &
-

= 22U, =8.84x107° J

V2K
Ee— = 0

s  — E =
d 2d, 0 =5000 V/m.

Work has to be done against the attraction of
plates when they are separated. This work gets
stored in the energy of the capacitor.

In the last example, suppose that the battery is kept connected while the plates are pulled
What are the answers to the parts (a), (b), (¢) and (d) in that case ?

If the battery is kept connected, the potential
difference across the capacitor plates always
remains equal to the emf of battery and hence is
constant.
V="V,=50volts.
c=td_gd Lo 197,10 urF
d Zn 2

1 1

Y - ECOVO = EQ@

=885x 104 C.

v=Lcepr-l (10()) V)= lU0
2 2\2 2
=221 x10%J.
EzzzﬁzlEozzsoOV/m
d 2dy, 2

Note that the energy stored in the capacitor
decreases. The work done to separate plates
and the energy loss from capacitor get converted
to heat dissipation in the connecting wire and
energy used in charging the battery.
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A parallel plate capacitor has plates of area 4 m? separated by a distance of 0.5 mm. The
capacitor is connected across a cell of emf 100 volts.

Find the capacitance, charge amd energy stored in the capacitor.

A dielectric slab of thickness 0.5 mm is inserted inside this capacitor after it has been disconnected
from the cell. Find the answers to part (a) if k=3.

g, A 8.85x107" x 4
Co = - 3 14
d 0.5x10"

O_ Oy VW 100

=CkC, k& ~3 volts.
C,=7.08x 1072 uF.

10 105 U
U=-20_"-20 _~0
0y = GV 2C 2kCy Kk
=(7.08 x 102x 100) u C=7.08 uC. =118 x 10 7.
U, - % CV2 =345 % 1067 Electric field inside the plates
LV Vo _E
)) As the cell has been disconnected, O =0, d kK k-
ke A Note that the field becomes 1/k times by insertion
C=——=kC, =0.2124uF Y

of dielectric.

CAPACITORS IN SERIES AND PARALLEL COMBINATION

When capacitors are connected in series, the magnitude of charge O on each capacitor is same. The
potential difference across C, and C, is differenti.e., V', and V.

0=C 1r=qV,

the total potential difference across combination is :

V=V,+7,
C C
Vzg‘i'g a +|}7 +||2, b
Cl CZ = 1=
Vl V2
V 1 1
—=
0 G G
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The ratio (/) 1is called as the equivalent capacitance C between point ¢ and /.
. . e 1 1 1
The equivalent capacitance ( 'is given by : =— 4+ —
cC G G
The potential difference across C| and C, is V| and V, respectively, given as follows
C, G
1= Vo =o——
(/1 + (/2 ? (/1 + (/2

In case of more than two capacitors, the relation is :

1 1 1 1 1
+

— = — +—— e e
C G G G

When capacitors are connected in parallel, the potential difference Jacross each is same and the charge on
C,, C,is differentie., O, and Q,.

The total charge is Q given as :
0=0,+0,
O=CV+0CJV
g

= +C
% 1 2

Equivalent capacitance betweenaand b is :
C=C. 480,

The charges on capacitors is given as :
G

h=——0
Ql C1+C2£

Cy
— AW,
Q2 (11 it CIZ g/

In case of more than two capacitors, C=C,+ C, + C; + C, + C5 +
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W Two capacitors of capacitances C, = 6 ul' and C, = 3 ul are connected in series across
a cell of emf 18 V. Calculate :

(a)  the equivalent capacitance (b) the potential difference across each capacitor
(c)  the charge on each capacitor.

SOLUTION :
C] CZ
e ) i=—2_y-_2 A, .
Cl + C2 6+3
6
V, = G V= x 18 =12 volts
| Cl + Cz 6+3
A%
1 1 1 .
(a) oo + o Note that the smaller capacitor (', has a larger
1 2 potential difference across it.
C1C2 6x3
= C= = =2 uF. [¢ =y, =CV,=CV
G+ 643 M © 0, =0,=CT1 =G,
charge on each capacitor = CV
=2 uF x 18 volts =36 uC
llustration - 6 Jy/AA8 circuit, the capacitors are C, =15 ul’, C, = 10 ul’, C1”
€ =25k " |
. : ; ; S il C,

(a)  Find the equivalent capacitance of the circuit, @
(b)  Find the charge on each capacitor, and I 10V

(c)  Find the potential difference across each capacitor.

SOLUTION :
chargeon C; =Q) = Q=75uC
Ql+| _ C2
Tﬂ o Q Cs chargeon Cy =0y =—L—0 =50 uC
(’l +(/2
1 10V
¥ chargeon C; =0 =125 uC
N T (¢) p.dacross C, =V
(a) C= ( 1 2) 3 :25><25 =105 g F 5 175 1
(G +C)+C5 25425 _ Fl = — volts = 5 volts.
(b) = total charge supplied by the cell=CV 1
o 8¢ SpP Y p.d.across C, =V, =V, =5 volts.

0=(125%x10) u C=125 uC
Q%

125
p.dacross C3 =Q; ==>= Evolts:S volts .
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NESIE LA The emf of the cell in the circuit is 12 volts and the ¢ G,
capacitors are : C, =1 uF, C,=3 ulF, C; =2 ul, C,= 4 uF. Calculate the 4[?—1_3'::'7
charge on each capacitor and the total charge drawn from the cell when |_L|

a)  the switch S is closed G, . C,

the switch S is open.

C, C, AP
Q [:: :: , i
c, C, —
12V

| 12V

I
||
C+C) (G + C
0= G+ G) (G G) c. GO | GG

(C1+G3) +(Cr+Cy) GG Gyt Cy

N C 3x7:2.1,uF C:1X3+2X4:§,u
A7 1+3 2+4 12
total charge drawn from the cell is :

O=CV=21uFx12volts=252 uC

Total charge drawn from battery is :

25
0=CV="x12=25C.

C,, C; are inparallel and C, , C, are in parallel. 12

Charge on C C, and C, are in series and the potential
Cy 1 difference across combinationis 12 volts.
QFWQ:l—xzs.zC h —h
1+ Gy a2 Charge on (', = charge on C,
o =C8.4 uC. ¢C, ) 3 1
arge on (, = 7(,1 G, 4 % 12=9 nC.
I & o
Qs = C)+ Gy 'S N > 252C C; and C, are in series and the potential

difference across combination is 12 volts.

Charge 0: éjgu . charge on C; = charge on C,
Cy 3 [ 30,4 jV 8
P, - —l |V =7 x12=16uC
=10.8 uC
Charge on C,
C 4
O =0~ x252C

TGy - 1+4
— 144 uC
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“ In the circuit shown, the capacitances are 3|Ll i 6|L|i
C=1uF C,=2uF
1 it o i | uF
Co=3pti € =6 ull A I I} c
3 B 2uF
The emf of the cell is E = 100 volts. Find the charge and the potential
difference across the capacitor C,. IIlOOV
3 uF 6 uF
F—F— Potential difference across B, C'is :
1 uF C 1
V — =
A—l 1 C BC=c s e (100)
B 2 uF (1 + C BC 1+4
=20 volts.
100V

Potential difference across C4 1S

The capacitance between points B, C'is : Vy = 3 x 20 = Evolts
3+6 3
Crore = 3x6 ‘ . .
BC T3 6t 2 =4 uF Charge on capacitor C, = C, V,

60
=6 x Y uC =40 uC.

CAPACITOR WITH MORE THAN ONE DIELECTRIC SLABS

A parallel plate capacitor contains two dielectric slabs of thickness d,, d,

and dielectric constants k, and k, respectively. The area of the capacitor
plates and slabs is equal to A.

Considering the capacitor as a combination oftwo capacitors in series,

the equivalent capacitance ('is given by :

1 1 1

—_ =

C G G

1 a _ _d

C' klgoA kZEOA
= SoA

= (C=-"0_

a ,

ki ke
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8014

In general for more than one dielectric slab: C = Z ZII
i
If Vs the potential difference across the plates, the electric fields in the dielectrics are given as :

k= . O GF (use G = klgoAJ

d, Gdy,  Gd, d
1 4 1 14
B o= | Fy - - |7
: leFdZ(li ? leFdZ(sz
ky ke ky ke

kl E1=sz2 and Eldl+E2d2=V

Ifthere exits a dielectric slab of thickness 7 inside a capacitor whose plates

are separated by distance d, the equivalent capacitance is given as : & g [ o &

a[ Vaccum
C = 80A SRed 7K7 AN 711‘
ot N d -1t (k=1 for vacuum) l
k 1
C :ti
—+d —1
k

The equivalent capacitance is not affected by changing the distance of slab from the parallel plates.
€0 A

Ifthe slab is of metal, the equivalent capacitanceis: C = J
-1

(for ametal, k=00)

Consider a capacitor with two dielectric slabs of same thickness ¢/ placed

mside it as shown. The slabs have dielectric constants kl and k2 and areas I T

A, and 4, respectively. Treating the combination as two capacitors in parallel, ———— %
C=C +C,
c_lisod ke 0




CAPACITOR JEE MAIN

A slab is inserted inside a parallel plate capacitor whose capacitance is 20 uF without the
slab. The thickness of the slab is 0.6 times the separation between the plates. The capacitor is charged to a
potential difference of 200 volts and then disconnected from the source. The slab was then removed from the
gap Find the work done in removing the slab if it is made of

glass (k= 6) (b metal.
Let.CO , (' be the capacitances before and after Work done = o Al (=gaininPE.)
the insertion. 0 :
h glass slab % 6 6
8x8x10 10 10
€0 A EOA = - =0.8J.
Cop =—— and Czitl 2 20 40
d d—1t+—
metal slab :
here 1=0.6d
where . g4 4 Cyd
oo COdt: 20X1006—40ﬂF T4l d_;-25C=50F.
d—t+— 1-0.6+ )
¢ ARy 0°[1 1
Q = charge on capacitor = CV . Ch Cy C
=40 % 200 x 10° V=8 x 103 uC.
. . . ~6 200\’
After removing the slab, the capacitance again (50 x10 7 x 200) 10° 106
becomes C,. - 2 20 50| -5
. . . A
The plates of the capacitor formed by inserting four NI 1”2
dielectric slabs (as shown) have an area equal to S. Find the equivalent K i
S = 3
ﬁcapacztance between A and Bif 2 k; =2k, =k, =k, = 5. K, K K, ”
* :
' I
Cl C2 s
T —’— i S o) S/2
I d otk |+ 47 2 _d/2
B ks ko

Consider the capacitor as a parallel combination ‘ ‘
of C, and C,. _ &S (ky + ky) + £pS { kzky }
Net capacitance = C, + C, d | ky +ky
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CHARGING AND DISCHARGING OF A CAPACITOR

In the circuit considered so far, we have been concerned with the capacitors in the steady state i.e., the
capacitors which have already been charged to their steady state voltages.

Now consider a circuit where an uncharged capacitor (' is connected g7 "
to a cell of emf £ through a resistance R and a switch S as shown. At ¢ W
=0, the switch S'is closed. The positive charge begins to flow from

positive terminal of cell towards the upper capacitor plate and from E
lower plate to the negative terminal of the cell. Thus the upper plate of
capacitor begins to acquire positive charge and lower plate becomes
negatively charged. The voltage across capacitor begins to grow.

Let ¢, I’ be the charge and voltage on the capacitor at time 7 and i be
the current.

Kirchoft’s Law gives :
E—iR-V =0
dqg g 0 ( . dq

t

CE ------------- To-=====-

dg  drt T ~dg yd
I CE-q RC = 1CE—q | RC E,

q(t) = CE (1 — e "RC)
This equation gives the expression for charge on capacitor as a function of time. The charge grows on the
plate exponentially as shown on the graph. Note the following points.
In steady state : t—>o and ¢g—>CEFE

The voltage across capacitor also grows exponentially towards £.
V=4 _F@q-¢"RC)
C

The time constant (7) ofthe circuit is defined as the time after L
which the charge has grown upto (1 — 1/e) =0.63 =63 % ofits
steady-state value.

T=RC

~V

4. From conservation of energy, we can see that :

Energy supplied  Energystored N Heat disipated

by cell per sec - capacitor in R per sec

Ei=iV, + R




JEE MAIN

CAPACITOR
E=V, +iR
E = i 2 Rﬂ
C dt

_dq . : dg . .
(Note that i = — -, as g is increasing and hence — - is positive)

dt’

If we connect a charged capacitor C across a resistance R, the capacitor
begins to discharge through R. The excess positive charge on high +11=
potential plate flows through R to the negative plate and in steady state,
the capacitor plates become uncharged. As the charge on plates
decreases with time, dg/dt is negative and hence :

dq
ot

- L__ qu => T_q j-_
Y .

C dt

where g, is the charge an capacitor at /= 0.

qt) = gy e "¢

dt

att=20
/S A
> \/ V \/\/\/ v——
L R

9o [\

A3 x 10° ohm resistor and a 1 uF capacitor are connected in a single-loop circuit with a
seat of emf with E = 4 volts. At 1 sec after the connection is made, what are the rates at which -

the charge of the capacitor is increasing,
Jjoule heat is appearing in the resistor,

) energy is being stored in the capacitor,
) energy is being delivered by the seat of emf ?

E=4V i, W\RNW At (=1s:
R=3x10%hm | 1 dg 4 o~ 1/RC
C=1ulF ET TS dt 3x10°
_ A 1053 9 6x1077 /s
_dq _d [ 1t/RC
— (E(l—e )}
di i U _y, -4
CE E dt ¢
_ Ba e—t/R( . e—t/R(,

RC R
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_1E —t/rC CE (l_e—r/RC) (c) P=#R
CR =(9.6 x 1077)2 x 3 x 106
du _E? i3 (1_6—1/3) =27 x10°W.
dt R (d) Energy supplied/s=Fi

R (1_6—1/3) C11x10°0 W —4(9.6%107)=3.8x 10 .
3 x 10°

WEBET Pl 4 0.05 uF capacitor is charged to a potential of 200 V and is then permitted to discharge
through 10 M Q resistor. How much time is required for the charge to decrease to :

@ 1 (b) 1/e* of its initial value ?
SOLUTION :
1 q ~1/RC
@) §==qo = “L=qpe
e e
C—E R = e—l — e—t/RC
N = 1=RC =10x 10°%x 0.05 x 10
=0.5s.
At7=0, charge on capacitoris g,,.
_ 6 _ s _ 1 qo _ . _—t/RC
q,=0.05x10°x200=1x 107 C. b)y9=—549 = —5 =490¢
g=q e—z/RC ¢ ¢
0 =  (=2RC=1s.
JEEV U EY The circuit shown on the right is in steady state. ¢ 30
Find the charge on the capacitor plates and the energy stored in the ‘—‘
/ = ——MWVW\ MWW
capacitor C =4 uF. T A
SOLUTION :
|
When the circuit is in steady state, there is no Y60V

current through the capacitor and hence there is

no current through the 3 ohm resistor. )
All the current supplied by battery goes through
C 3Q

| P At the 10 ohmresistor and 20 ohm resistor which
+ - . .
appear in series.
10Q 200
b . 60
i a 1 :> l= — 2A
Y 10 + 20
< I\ ) = potential difference across capacitor
< I -

60V plates




CAPACITOR JEE MAIN

=7 p.d. across ah =i x 20

1
Energy stored =5 C Vazb
=2 x20=40 volts.

. _ . 1
Charge on capacitor = CV , =4 x 40 uC :E( 4pF) x (40 V)> =3200 uJ
=160 uC.




