UNIT 6
ELECTROSTATICS AND ELECTRIC CIRCUIT

At the end of this unit, you should be able to:
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Calculate the electric field resulting from a point charge.
Determine the magnitude and direction of the electric force among any point charges.

Acquire knowledge and understanding in electrostatic phenomenon demonstrate an understanding of
the components and functions of electrical circuits that are commonly found at home and in the
workplace

Construct, analyze, simple electrical circuits, using schematic diagrams, working with electrical tools
and components, and examining small everyday electrical devices and appliances

Define a capacitor and explain some of its applications in life.
Apply Kirchhoff’s rules to solve circuit problems.

» Matter is made of certain elementary particles.

Y

With the advancement in technology, we have discovered hundreds of elementary particles.

» The three most common elementary particles are electrons, protons and neutrons having masses

m, = 9.1x1073 kg
m, = 1.67262x107%"kg
m, = 1.67493x10" %" kg

> Because of their mass these particles attract each other by gravitational forces.
» Thus, an electron attracts another electron, placed 1 cm away, with a gravitational force
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However, an electron is found to repel another electron at 1 cm with a force of 2.3x10724N.

This extra force is called the electric force.

The electric force is very large as compared to the gravitational force.

The electrons must have some additional property, apart from their mass, which is responsible for the

electric force. This is called property of charge

A\

Just as masses are responsible for the gravitational force, charges are responsible for the electric force.

6.1. Coulomb’s Law

By the end of this section, you will be able to:
& State Coulomb’s law.
& Calculate the magnitude and direction of electric force between any two charges.
& Solve problems involving Coulomb’s law.
& Explain Coulomb’s law using the idea of vectors.
& Explain the meaning of a coulomb.
1. What are the compositions of an atom?
2. What are the two types of charges and what are their origins?
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3. How can a body be charged positively and negatively?
4. What does the law of electrostatics say?

Properties of Electric Charges
» Charge is the fundamental property of matter associated with electrons and protons which are found

in any atom.
» There are only two types of charges: negative and positive charges.
By convention, negative charges are carried by electrons and positive charges are carried by protons.
» When the number of electrons and protons in an object are equal that object is said to be electrically
neutral.
» However, if this electrical balance is disturbed, then the object is said to be electrically charged.
> A negatively charged object contains more electros than protons, but a positively charged body
contains more protons than electrons.
» The properties of charges are:
1. There are two Kinds of electric charges: Positive and Negative.
2. Two similarly charged bodies repel each other and two oppositely charged bodies attract
each other.
3. Electric charge is always conserved.
» Charge cannot be created or destroyed.

Y

Note: The charge of an isolated system is conserved.

» It is possible to create or destroy charged particles but it is not possible to create or destroy net charge.

» In a beta decay process, a neutron converts itself into a proton and a fresh electron is created. The
charge however, remains zero before and after the event.

» In any charging process, the number of electrons gained by one object is equal to the number of
electrons lost by the other.

Note
» By convention, charge on glass rod and fur is positive and charge on silk cloth and plastic rod is
negative.

4. Electric charge is quantized.
» Charge comes in discrete packets, it means that charge (g) always occurs as some integral multiple of
the charge of an electron, e.
Q = +ne
n=123,..
» The smallest unit of charge that is carried by one electron or proton is called the elementary charge, e.
The magnitude of the charge of an electron is:
le = —1.6x10719C
» The charge carried by a proton is also the same as that of the charge carried by an electron except it is
positive.
1p = —1.6x1071°C
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» If protons and electrons are the only charge carriers in the universe, all observable charges must be
integral multiples of e.
» If an object contains n, protons and n, electrons, the net charge on the object is
nye + ny(—e) = (ny —ny)e

Example
1. How many electrons are there in 1 coulomb of charge?
Solution
— Q — 1c — 18
n= > = 16x10-1C — 6.25x10° electrons
2. 1f 1.875x10'° electrons are transferred from a cloth to a plastic rod, how much charge did the rod
acquire?
Solution
Q = (1.875x10%%)(1.6x1071°C)
Q =3C

3. Two spheres carried charges of —11x10711C and 5x10~11C. If they made contact and then separated
from each other. Calculate the final charge on each sphere and how many excess electrons are there
on each sphere?

Solution
Q1+ Q;
Qnet = 2
~11x10711C + 5x107*1C T
Orer = - = —3x10°11C
0 —3x107'(C
n=—-=————=1.875x108 electrons

e —1.6x1071°C
Electrostatic Force

> Electrostatic is a branch of physics that studies slow moving or stationary electric charges.
The force between charges that are at rest is called electrostatic force.
> An electrostatic phenomenon arises from the forces that electric charges exert on each other and are

described by Coulomb’s law.
» A force of attraction or repulsion between two charged bodies is known as the electrostatic force.
Electrostatic force is either attractive or repulsive, unlike the gravitational force which is only attractive.
> If the objects have opposite charges they attract each other, while if their charges are similar, they repel

each other.

Y
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> The direction of the static electric force one point charge exerts on another is always along the line
joining the two charges, and depends on whether the charges have the same sign or not.
» The amount of charge with which two charges are repelling or attracting each other
is determined by coulombs law

Coulomb’s law state that:

“The force between two point charges is directly proportional to the product of the two
charges and inversely proportional to the square of the distance between them”

If two charges Q, and Q. are at a distance r apart, then the electrostatic force between them is given by:

Where K is called the electrostatic constant.

1
o 41e
&o is epsilon which is permittivity of free space

F
g = 8.85x10712 —
m

2
k = 9x10° Y2
C

for Repulsive

F = Negative for

Example
1. Two point charges Q; = 3x10~°C and Q, = 5x107°C are 2m apart. Determine the magnitude of force
between them.

Given Required Solution
= -9 =? ! uQ
Q, = 3x107°C F = L
_ -9 . 9 Nm? (3x107°C x 5x107°C
Q, = 5x107°C F = 9x10° - ( : )
2 —-18
r=2m F=9x10° 5 (F—) = 2=2x107°C

F =33.75x107°N
F =3.375x1078N
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2. Compare the magnitude of the electric force between two charges of each charge 1C separated by a
distance of 1m with the magnitude of the gravitational force if each have a mass of 1kg and placed 1m

apart
Solution

Nm? (1C)(1C

B = k8 gy ¥ AOAE) o pon

r? c* (1m)?
mym Nm? (1kg)(1k
Fy = G2 = 6.67x107 11— ( g)(z 9) _ 6.67x10711N
r kg (D

. . F 9x10°N
Taking the ratio: > = —————
Fg  667x1071IN

= 1.3x10%° = F, = 1.3x10%°F

The electrostatic force is about 10%° times the gravitational force

EXERCISE:

1. Calculate the electrostatic force between two charges of 3x10~7C each placed 10mm apart
2. Two charges 6nC and 3nC are placed 30mm apart. What is the magnitude and nature of the force

acting on the charges?

3. When charges Q; = 6uC and Q, = 15uC are separated at some distance, they experience an electric

900N. What is the separation between the charges?

Similarities between Newton’s law of universal gravitational and Coulomb’s law

Both obeys inverse square law
Both forces operate in vacuum
Both forces are conservative force

o

objects.

Both forces having central forces- always directed along the line connecting the centers of the

Difference between Newton’s law of universal gravitational and Coulomb’s law

The following table compares electric force vs. gravitational force

Electric force

Gravitational force

Force occurs between charged objects

Force occurs between any object with mass

Can involve attraction (pull towards) or repulsion (push away)

Only involves attraction

Force originates from the object’s charge and can vary
depending on the medium

Force originates from the object’s mass and
does not vary depending on the medium

Stronger than gravitational force

Weaker than electric force
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Force on a Charge due to multiple electric charges
> The electric force between charged particles at rest (sometimes referred to as the electrostatic force or as
the Coulomb force) is, like all forces, a vector: it has both magnitude and direction.

» When several forces act on an object ﬁl, ﬁz, ﬁg, ....... the net force (I?‘net) on the object is the vector sum
of all the forces acting on it:

ﬁnet = 131 + 132 + ﬁg + .-+ = This is the principle of superposition for forces.
» Consider a system of n stationary charges Q,, Q,, Qs .... @, in vacuum.
» The forceon Q, duetoQ,, Qs .... Q, is obtained by taking the vector sum of the individual forces.

i Free = Fip + Fyz + Fiy + -+ Fip
Where, F;, is the force that charge Q, exerton Q,
ﬁlg is the force that Q5 exerton Q,
ﬁ14 is the force that Q, exerton Q,

F,, is the force that Q,, exerton Q,

When more than one charge exerts a force on another charge, the total force on that charge is the sum of the
individual forces, taking into account both their sizes and direction.

Fip— +— Fp3

Q, e > Q1 » 3
r U 2

The force exerted by Q, on Qq is given by:

Q10
Fi, =k 7,2
The force exerted by Q3 on Q; is given by:
Q405
The net force on Qs is:
Fret = F12 + Fi3
010, Q103
Fnet =k T'12 + <_k rzz )
QlQZ Q1Q3
Fnet = k Tl - k ’r22
Example
1. Three charges are arranged in a line with 2.5 cm between them, as shown in Figure below.
5C 3C 2C
2.5cm 2.5cm
Q1 - - Qg - - Q3
What is the force exerted on Q; by the other two charges?
Prepared by: Yadesa Dabala G-11 note 2016



Solution

Consider the forces exerted on Q by the other two:

From Q,:  Fp, = k&%
1
Nm? 5C x 3C _ 9 Nm? 6C?
F;, = 9x10° o ((2.5X10—2m)2) Fa3 = 9x10 c2 (6.25x1o—4m2)
Nm? 15¢2 B, = o807
m - @
Fy, = 9x10° 237 6.25x10~4
12 = T (6.25x1o—4m2>
Fys = 8.64x1013N = 0.864x10N
_ 135x10°
Fi2 = g osxa0-7 Fret = Fi1z — Fo3
Fy, = 21.6x1013N = 2.16x101*N Fper = 2.16x10™N — 0.864x10™*N
. _ 7 Q20
From Q0 Fip = k=73 F,.. = 1.296x10MN
_ 9 Nm? 3Cx2C
Fos = 9x10 c2 ((2.5x1o—2m)2)

2. Three point charges are arranged as shown in figure below. Find the magnitude of the net electrostatic
force on the point charge at the origin.

w

5.00 n(_."/L 0.300 m 6.00 nC
+ ) *

0.100 m
—3.00 nC F,
‘Fz
Given Required
Q, = 6nC = 6x107°C Frer =7
Q, = 5nC = 5x107°C
Q, = —3nC = —3x107°C
1 = 0.3m
T'2 = Olm
Solution

5x10?x6x 1077
(0.3)2

F, = 9 x 10° x

270x107° o
= —m - >
0.09
5x1079x3x10"° 1.35x107°

— -5
012 = @] =135x10" N

F, = 9 x 10° x

Fret = |F24+FZ2= J(3x1076)2 + (1.35 x 10-6)2 = /1.912 x 10-1°

Frnet = 1.38 x 10°° N
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Exercise
1. Two identical conducting spheres are charged to +2Q and —Q. respectively, and are separated by a

distance d (much greater than the radii of the spheres) as shown above. The magnitude of the force of
attraction on the left sphere is F;. After the two spheres are made to touch and then are re-separated by

distance d, the magnitude of the force on the left sphere is F,. Which of the following relationships is

correct?
2Q -Q
A. 2F1 = FZ B F1 = Fz C F1 = ZFZ D F1 = 8F2

6.2. Electric Fields
By the end of this section, you will be able to:
& Define the terms, electric field, and electric flux.
Sketch electric field lines.
Solve problems involving electric field.
Map an electric field lines pattern using electric lines of force.
Calculate the magnitude and direction of electric field due to a point charge and two point charges.
Brainstorming Questions

O B I

=

What is a gravitational field?

What causes gravitational field?

3. Discuss the concepts and recall the equations of:
A. Gravitational field lines, and

B. Gravitational field strength.

no

Answers
1. The region of space around every body of matter where the gravitational force could be experienced by
other body is called a gravitational field (gravitational acceleration field).
2. Gravitational fields are caused by the presence of mass or energy in space.

» According to Einstein's theory of general relativity, mass and energy curve the fabric of space-time,
creating what we perceive as a gravitational field. This curvature of space-time causes objects with
mass or energy to follow curved paths, which we interpret as the force of gravity.

» The more mass or energy an object has, the stronger its gravitational field. This is why larger
objects, such as planets or stars, have stronger gravitational fields than smaller objects like asteroids
or moons. Additionally, the distance between objects also affects the strength of the gravitational
field. The closer two objects are to each other, the stronger the gravitational attractions between
them.

» It's important to note that the concept of gravitational fields is a way of describing the effects of
gravity mathematically.

> Inreality, gravity is a fundamental force of nature, and the exact nature of how mass and energy
interact to create gravity is still an area of active research in physics.

3. Gravitational field lines are a way to visualize the gravitational field surrounding an object.
» They are imaginary lines that represent the direction and strength of the gravitational force at
different points in space.
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» Gravitational field strength can be calculated as:

G = Gravitational constant
Mg = Mass of the earth

r = The distance between two mass
An electric field is the physical field that surrounds electrically charged particles.
An electric field is a region in space where one charge experiences a force from another charge.
The electric field produced by a charged particle can be represented by lines of force called
electric field lines.
Electric field lines are helpful to visualize the vector nature of an electric field.

Properties of electric Field lines

Y YVV

Electric field lines have the following properties

PowybdhrE

o o

& &
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Electric field lines never cross each other.
Electric field lines start form the positive charge and end at a negative charge.
In case of single charge electric field lines end at infinity.
Electric field lines are close together where the electric force is stronger.
Electric field lines never form a closed loop because electric field is conservative in nature of electric
field (i.e. work done by electric field depends on final and initial position and not the path followed).
Electric field is uniform inside a charged parallel plate.
Electric field due to a point charge is not uniform. It varies from point to point.
Electric field lines always start at right angle (perpendicular) to the charged object (surface) causing the
field.
The direction of the electric field is the direction of the force on a positive test charge.
Types of an Electric Field

The electric field is mainly classified into two types.
1. uniform electric field and 2. No uniform electric field.

1. Uniform Electric Field
When the electric field is constant at every point, then the field is called the uniform electric field.
The constant field is obtained by placing the two conductors parallel to each other, and the potential
difference between them remains same at every point.

2. Non-Uniform Electric Field
The field which is irregular at every point is called the non-uniform electric field.
The non-uniform field has a different magnitude and directions.

The Electric field strength

The electric field (E), at any point in space is defined as the force (F) exerted on a tiny positive test
charge placed at that point divided by the magnitude of the test charge q.

E =

| T

R N
E = electric field strength in T

F = force acting the positive test charge in N
q = charge of the positive test charge in C



E= kr% = Single point charge
Notice:
@ Eis independent of the test charge q

& E depends only on the charge Q which produces the field.
t }

» The direction of electric field is in the

N 7/ \ 14

i Tq direction of electric force.
N/ \ / . .
T 7L _ - > The electric field due to a positive charge

points away from the charge, whereas due

- = @ - - = — - to a negative charge points toward that
charge.

rd ~ -~ ™~
/ | \ / T \
/ \ 7 N

Example

1. An electron experiences a force of 6uN when passing through an electric field. Calculate the electric
field strength

=————=0.375x10%3 ﬂ
1.6x10719C ' C

2. A uniform charged sphere exerts a force F = 12iN + 6jN — 4kN on a test charge of 2uC. Find the
electric field produced by the charged body at the position of the test particle.

Solution

L, F  6x107°N
E=—
q

E—ﬁ—lziN+6jN_4kN—6 106N + 3x106jN — 2x10kN
g~ 2xt0-sc _ OrUHRTeoxRyE e
3. Calculate the magnitude and direction of the electric field at a point P which is 30 cm to the right of a

point charge —3x107°C.

Solution
= Q
E = kT_z
7 = (ox10° Nm?\ —3x107°C 32105 N
“\Y Tz J@oxtoz T TN ¢
» The direction of the electric field is toward the charge Q.
’-73{} cm;-‘
—dm——g P
0=-30x10C E=3.0x105N/C
(a)
® P @i
0=+3.0x106C E=3.0x105N/C
(b)
Prepared by: Yadesa Dabala G-11 note 2016



4. A positive test charge of 30C produces an electric field of 5 N/C, what is the magnitude and direction
of the charge?

Solution

F = Eq = 150N
> Since the charge is positive, the direction of the force is in the direction of the electric field.
5. An electron initially at rest accelerated through 1cm by an electric field of 30kN/C. what speed will it
acquire in the region? How long does it take to move this distance?

m2

SOIUE'OQ v? =2(5.27x10" )(10 2m) = 1.054x1014 = =
= Eq
From Newton’s second law F = ma m2 ,m
L 1.054x101 —- = 1.026x107 —
ma = Eq s2 s
ma = Ee v=u+at
Ee v=at
o Ee v
m a
(302103 )(1 6x1071C) m 1.026x107
a= = 5.27x10% — —15m
9.1x10731kg s2 5.27x10
2 _ ,,2
e 2as t = 1.953x10 %sec
ve=eas t = 1.953 nanosec

6. Determine the magnitude and direction of an electric field 30cm from +5nC charge.

+5 nC
. b4
- >
30 em
Solution
E=k%
T
7= (0x10o M) SX07C (0N o the right
— 7Y ez ) @ox102)z T 2 ¢ oter
Exercise

1. The positive test charge has a magnitude of 3.0x10~8C and experiences a force of 6.0x1078N.
Calculate the electric field that the test charge experiences.
2. The charges on the two metal spheres and the ebonite rod create an electric field at the spot indicated.

The field has a magnitude of 2.0 N/C. Determine the force on the charges in (a) and (b)

N
o .
N

I

¥
-/ @

o
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Electric field for multiple point charges
> If the electric field at a given point in space is due to more than one charge, the individual fields
(E], Ez, E},, ) due to each charge are added vectorially to get the total field at that point:
Enet = |El| + |§2| + |F?3| + - |En| = This superposition principle for electric fields
» The validity of this superposition principle for electric fields is fully confirmed by experiment.
Example

1. Two point charges are separated by a distance of 10.0 cm. One has a charge of —25uC and the
other +50uC. Determine the direction and magnitude of the electric field at a point P between the
two charges that is 2.0 cm from the negative charge.

Solution
Enet = |Ell + |Ezl
O1=_20 1€ p 0, = +50 uC
> o
l—r; =2.0cm—|= r, =8.0cm -
E
0, _‘1_= Q.z
~—
E,
Enet = |Ei1| + |E,|
= Q1 Q;
Enet = le_Z + k?‘z_z
E  —(9r10° Nm?\ 25x10~6C +(9r10° Nm?\ 50x10~¢C
nee =\ 0T J@xto 2 T\ Tz ) (8x1072)2
- N N
Enet = 56.25x1o7E + 7.3125x107E

> N
Epet = 63.5625x107E
2. Calculate the total electric field at point A in Figure below due to both charges Q, and Q,.
y

E;\Z ™ E,;\
|
Al
J30°

E\ ~ -
~ \{00
30/cm X
~
~
~
—® 52 cm 30°07 ~ .
0, =+50 uC 0, =-50 uC
sin30° = 0.6
cos30° = 0.8
Solution
» The magnitude of the electric field produced at point A by each of the charges Q; and Q, is given by:
= Q
E == kT_Z
G-11 note 2016
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50x10~¢C

(60x1072)2

R 9Nm2

By = (9x10°—
R 9Nm2
B, = (9x10°—

— 1.25x105 Y

' C
50x10-6C N
BGox10-nz - 2¥10°%

» The direction of El points from A toward Q, (negative charge), whereas Ez points from A away from Q,

as shown.
» The component of El can be calculated as:

Elx = Elcosﬁi
o N
B, = (1.25x1065) c0s30%
= 1x10° ﬁi
C
Ely = Elsiné?i
S N
Eiy = (1.25x106 E) sin30°i
= 0.75 6 N,
= 0.75x10 E]
> 5o the total electric field at A E

- N . N .
E, = 5x10 i 0.75x10 E]
N
= 4.25x10° Ej

> N, N .
E =1x10 El + 4.25x10 E]

2 2

|E| = <1x106ﬂ> +<425x106ﬂ>
- C ' C

, N2 N2
|E| = \/1x1012? +18.0625x10"* =

2
|E| = \/19.0625x1012%

, N
— 6 __
|E| = 4.36x10 -

3. Two positive point charges, q; = +16uC and g, = +4.0uC are separated in a vacuum by a 3.0m.
Find the spot on the line between the charges where the net electric field is zero.

g1
i

€

Solution

= Q
E:kr—z

- 16x1076C
h=k—m—
- 4x1076C
E, = k—(3 Zd)?

Enet = El _QEZ =0

—

E1:E2

= |
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16x1076C 4x1076C

dz :k(3—d)2
16 4
a2~ (3—d)?

16(3 — d)? = 4d?
16(9 — 6d + d?) = 4d?
4(9 — 6d + d?) = d?
36 — 24d + 4d? = d?
36 —24d +4d* —d* =0
36 —24d +3d?* =0
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12 —8d +d? =0 ,_8E4

d>—-8d+12=0 2
d_—bi‘/b2—4ac d=8+407‘8_4
——; + = TV IGY: 2= or 2

d= (=8) £v(=8) MHAz) Aswerisd = 2m
2(1) d = 6m s to the right of q,.
g 8++v64 —48 So it is extraneous solution
B 2
8 +V16
d=——5—

Electric flux
> Electric flux is a measure of the number of electric field lines that crosses a given area.

Area= A

» One of the properties of electric field lines is that, the number of field lines crossing a unit area, placed
normal to the field at a point, is a measure of the strength of electric field at that point.

» This means that the number of field lines per unit area, is proportional to the magnitude of the electric
field.

EN
“—
A

» The number of field lines is proportional to the product of E and A.
N < EA
» The product of the electric field and the surface area A, perpendicular to the field is called the electric
flux.
¢ =EA
> In a vector form, the above equation can be written as the dot product of the electric field vector and area
vector.
d=EA
» The area vector of a flat surface of area A has the following magnitude and direction:
# Magnitude is equal to area of the surface (A)
# Direction along normal or perpendicular to the surface.
» If the surface under consideration is not perpendicular to the field the expression for the electric flux
became
¢ = EAcos0
Ecos®0 is the projection of area normal to E.
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0 is the angle between the electric field lines and the normal (perpendicular)to the surface.

Electric

field

» This means, if the electric field vectors are tangent to the surface at all points, that is if they don't
penetrate the surface, the electric flux through the surface is zero.

> Electric flux ¢ is a scalar quantity, whose Sl unit is NTmZ
Example

1. A2cm x 2cm square lies in the xy-plane. Find the electric flux through the square for the electric
field vectors (E = 50k + 20j)%

Solution

» In this case direction of the area vector, which is perpendicular to the surface, is in the z-axis. Because
the square lies in the xy-plane.

Ay A xz plane ¢ = E,&T
- N -
T ¢ = (50k + 20j) z (4x10~*m?k)

|
~ N ~
xy plane ¢ = (SOk + ZOj) E (4x10‘4m2k)
L i 2
¢ = 200x10~*
x= NmZ
¢ = 0.02

/ C
z C yz plane

A = 2emx2em)k
A = 4cm?k = 4x107*m2k
2. Find the electric flux through the surface with sides of 15¢m X 15c¢m positioned in a uniform electric
field of E = 150N /C as shown in the figure below.

A
Solution
¢ = EAcos6
A =15cm X 15cm = 225cm?

¢
N

= (150 E) (225x10™* m?)cos60°

2
¢ = 1.6875
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3. A rectangular surface of sides 10 cm and 15 cm is placed in a uniform electric field of 120 % such
that the surface makes an angle of 30° with the direction of electric field. Find the flux through the
rectangular surface.

; N
Solution = (120 E) (150x10~* m?)cos60°
¢ = EAcos6 2
A = 10cm X 15¢m = 150cm? ¢ =09 NTCn

6.3. Electric Potential

By the end of this section, you will be able to:
& Define the terms electric potential, equipotential surface.
& Solve problems involving electric potential.
& Explain the meaning of a volt, potential difference, and emf.
Brainstorming Questions
1. Discuss the concepts and recall the equations of (a) gravitational potential, and (b) gravitational potential
energy.
» Gravitational potential is defined as the amount of work done by the gravitational field per unit mass
in bringing a small test mass from infinity to that point, without any change in its Kinetic energy.
» Gravitational potential energy is the energy possessed by an object due to its position in a
gravitational field.
2. What is the relationship between the following pair of quantities?
A. Electric potential and electrical potential energy?
B. Electrical potential energy and electric work?
C. Electric potential and potential difference?
D. Potential difference and electric field?
E. Electrical potential and gravitational potential?

Electrical potential energy
> Electric charges have fields around them and thus a charge has to do work if it intends to change its

position.

» This work is the electric energy or the electric potential energy of the charge.

> Just like mass in a gravitational field has gravitational potential energy, charges in an electric field have
an electric potential energy.

> Electric potential energy is the energy that is needed to move a charge against an electric field.

All=ypEd AU = mgd

-

e = — = — — a4
I
™
=
o]l
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> A positive charge q, is placed in the field. If the charge moves upward a distance d, the work done by the
electric force is negative.

y =X
.
[0}
W =-Fd Q
» The change of the potential energy is AU =qo (k F) d

AU = -W Q2qo

AU =k——

AU:qOEd AUZleQZ
E=k ¢
T raz

> As the positive charge moves in the direction of the field, its electric potential energy decreases and its
kinetic energy increase. So, the change in potential energy is negative.

Example
1. The electric field in a particle-accelerator machine is 4.5 x 10° % How much work is done to move a
proton 25 cm through that field?
Solution
W = qOEd
N
W = (1.6x1071°C) (4.5 X 105?) (25x1072m) = 1.8x107 1%

2. A uniform electric field of magnitude 4 x 10° % points in the positive x direction. Find the change in
electric potential energy of a 45uC charge as it moves from the originto x = 3m.
Solution

AU = (45x107°C) (4 X 105%> (3m) = 5.4J
Electric potential

» The electric potential (absolute potential) at a point is the electric potential energy divided by charge.
> Electric potential, also known as voltage, is a scalar quantity that describes the electric potential energy
per unit charge at a given point in an electric field.
> It represents the amount of work required to move a positive test charge from a reference point (usually
infinity) to the given point, divided by the charge of the test particle.
» Electric potential is measured in volts (V).
AU W
V = —=
do go
do
AU = k—-
Q ‘ 1
do
V=k—x—
w ok
V = — = —
d > r
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Infinity(co)
Example
1. What is the potential at in space Imm from a 1nc point charge?
Solution
_ka
B T'
<9x109 Nm?* ) (1x107°C)
v 1x1073m

Nm
vV =9x103 - = 9000V
2. What is the electric potential between two terminals of a cell if it requires 7J of work to transfer 3C
between the terminals?

Solution

w
V=—

V—7]—35V
3¢ 7

3. What is the potential 2 x 10~1* m from a fragment that has 46 protons in it?

Solution
Q = 46x1.6x1071°C = 73.6x1071°C

2
9x10° NC"; (73.6x1071°C)

— = 3.312x10°
14 X 10 m 3.312x10°V

Exercise
1. Determine the electric potential at a point located at 1 cm from a charge 5.0 uC.
Electrical Potential Difference

> Electric potential difference is the work done per unit charge when moving a charge between two points
in an electric field.

» Potential difference is the potential created (the work done per unit charge) when moving a charge from
one point in the field to another whereas electric potential is the work done per unit charge to get a
charge from infinity to a point in an electric field

» The potential difference between two points A and B in an electric field is defined as the work required

to moving a unit positive test charge from the point of lower potential to that of higher potential.

AU
AV:VB_VA:7
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> If an amount of work W is required to move a charge Q from one point to another, then the potential
difference between the two points is given by

w
AV = Vg =V, = — 4 o, h
q N "R
=W = qAV ~ ~
=>W =qVs —Va) - gt
>W = q (k—Q — k—Q) . 4 | i )
g Ty e ’ : h J
» Units of potential difference are joules per coulomb, given the name volt (V) after Alessandro Volta.
Example
1. What potential difference is required to do 100 J of work to carry a charge of 10 C between two points?
Solution
AV =V =V, = w
B A q
AV = 100/ =10V
- 10C
2. What is the voltage difference between the positions x; = 11m and x; = 5m in an electric field of 6%?
Solution
AV = Ed

N
AV = (66) (6m) = 12V
3. The work needed to move a 10C charge between two charged plates is 500 J. What is the voltage
between the plates?

Solution
w
AV = VB - VA = ?

AV = 00/ _ 50V
T 10C
Potential difference in a uniform electric field

> If one of the plates is positively charged and the other negatively charged, the space between the plates
will have a constant electric field except near the edges of the plates.

+++++J++++++

lUniform Electric Fieldl

» A uniform electric field E is produced by placing a potential difference (or voltage) AV across two
parallel metal plates, labeled A and B.
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low V
» The work done by the electric field in to move a positive charge g from A, the positive plate, higher
potential, to B, the negative plate, lower potential, is

W = APE = qAV oAV
W = qAV d
Fd = qAV gk
qEd = qAV q
Ed = AV _F_av
AV = Ed q d

» The motion of a charged particle in an electric field depends on the direction of the electric field.
» With the force on a charged particle in a uniform field established, the acceleration of a particle can be
easily established from Newton's second law.

F=ma AVq
F AV = dm
q d
ma AV
q d
» From work energy theorem
W = AKE
W = gAV

W = AKE = qAV

1 o1 2
Emvf —Emvi = qAV
1

1 2
Emvf —Emvi = qEd

Example

1. If a potential difference of 20 V applied across two parallel plates produces an electric field of 500 N/C (or
V/m) what distance separates these two plates?

Solution
LA 2w
= — = —= (). m

E 5oL
m

2. An electric field of 4200 N/C exists between two parallel charged plates separated by 15 cm. What is the
potential difference that is causing this?

Solution
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AV = Ed
N
AV = 4200 Ex15x10_2m =630V

3. What is the electric field that could be created by two parallel charged plates separated by 20 cm that have
a potential difference of 140 VV?

Solution
E_AV_ 140V _700V
T d  20x1072m m

m

4. An electron accelerates from rest in a uniform electric field 6.0x103 % to a speed of 2.0x10* = How far
did it travel and through what potential difference was the electron accelerated?

Solution

1 2 2
Emvf —Emvi = qEd

1 N
— 2 (9.1x107kg)(0)” = (1.6x107C) (6.0x1o3 E) d

2

1 m
- -31 4
- (9.1x107kg) (2.0x10 S)

1 -31 4m)?
_ (91210 kg) (2.0x10* %)

N
-19 3
(1.6x10-19C) (6.0x10 C)

AV = Ed

d =1.9x10""m

N
AV = (6.0x103 E) (1.9x1077m) = 1.1x1073 V
Exercise
1. Anion accelerated through a potential difference of 115 V experiences an increase in kinetic energy
of 7.37 x 10~17] . What is the charge on the ion? (EUEE:2004)
A. 6.41x10"°C C.451x10™C

B. 2.32x10C D.2x10%cC

Potential due to a system of point charges

» The electric potential at a point due to a group of point charges is the algebraic sum of all the potentials due to
individual charges.

» Consider a system of charges Q,, Q, , ..., Q,, with position vectors ry , 1y , ..., 15, relative to some origin.
@ r
Q, .

r,

00
r

[
03

3

Q

2

» By the superposition principle, the potential V at O due to the total charge configuration is the algebraic sum of
the potentials due to the individual charges.
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kQ, N kQ> N kQs kQn

n

Note
» The sum in this equation is an algebraic sum.
» Itisnota vector sum. It means the signs of the charges are used in calculating the potential.
P Asa result, the potential of a positive charge is positive and the potential of a negative charge is
negative.

Example
1. Two point charges 3.0 uC and —6.0 puC are separated by 1.20 m. What is the electric potential midway between
them?
Solution
k k
_KQ1  kQy
&1 T2
Nm?\ 3x107°C N Nm?\ —6x107°C
c? ) (0.6m) C? (0.6m)
Nm?\ 3x1076C 10° Nm?\ 6x1076C
cz ) (0.6m) X T 0em)
V = 45000V — 90000V
V = —45000V
Exercise
1. Two-point charges are located on the corners of a rectangle with a height of 0.05 m and a width of 0.15 m. The
first charge (q; = — 5uC ) is located at the upper left-hand corner, while the second charge (q; = +2uC )is
at the lower right-hand corner. (a) Determine the electric potential at the upper right-hand corner of the

rectangle. (b) What is the potential difference for a point at the right-hand corner of the rectangle relative to the
lower left-hand corner?

V= <99€109

V= <9X109

Equipotential
» An equipotential is a line joining points within an electric field with the same potential.
» Equipotential Points: If the points in an electric field are all at the same electric potential, they are known as
the equipotential points.
If these points are connected by a line or a curve, it is known as an equipotential line.
If such points lie on a surface, it is called an equipotential surface.
Further, if these points are distributed throughout a space or a volume, it is known as an equipotential volume.
Equipotential lines are always perpendicular to the electric field.
In three dimensions, the lines form equipotential surfaces.
Movement along an equipotential surface requires no work because such movement is always perpendicular to
the electric field.
> If a charge moves along a line of equipotential then its potential remains constant and there is no change in its
electrical potential energy.
» This means all lines of equipotential are perpendicular to the electric field lines.

VVVYVYYVVY
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Constant Electric Field Point Charge Electric Dipole

Dashed lines are equipotential lines while solid lines are electric field lines

Equipotential Lines: Constant Field (Uniform Field)
In a uniform field the lines of equipotential are equidistant parallel lines.

1
+ + + + + + +|

Equipotential Lines: Radial field
In a radial field such as the field around a point charge the line of equipotential are concentric circles centred on
the single charge.

These lines moves further apart as the distance from the charge increases. This is due to fact that the field gets
weaker as the distance increases.

Equipotential Lines: More complex fields

If multiple charges or different shapes are involved the lines of equipotential can get much more complex.
However in each case they are always perpendicular to the electric field lines.

Characteristics of equipotential lines/surfaces

1. Two equipotential surfaces never intersect each other.
2. The equipotential lines of a uniform field are parallel to each other and the equipotential lines of a point charge
are concentric sphere.
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Since the electric field (E) is stronger near the charge, so equipotential surfaces of point charge are crowded
near the charge.
No work is required to move a charge along an equipotential line because there is no change in potential.
W = qAV
W=qV,-Vg)=0
Equipotential lines are always perpendicular to the electric field lines.

W = Fdcos6
W = Fdcos90°
W=0

6.4. Electric Current, Resistance and ohm’s law
By the end of this section, you will be able to:

VYV VY

YV VYV V

« Define the terms electric current, current density, resistance, conductivity, resistivity and drift velocity.
Explain the effect on the current (brightness) and potential difference of connecting light bulbs in series.
Explain the effect on the current (brightness) and potential difference of connecting light bulbs in parallel.
Draw electric circuits consisting of three resistors connected in series and parallel.

Determine equivalent resistance of resistors connected in series and parallel.

Describe the principles of potentiometer and Wheatstone bridge.

Describe how to convert galvanometer to a voltmeter and ammeter.

Explain the meaning of an ohm, resistance.

Explain the Sl units of electric current, current density, resistance, resistivity, conductivity.

State and apply Kirchhoff’s laws.

Solve problems involving network of resistors.

Electric Current, Resistance and Ohm’s law

Electric current

An electric current is a flow of charged particles, such as electrons or ions, moving through an electrical
conductor or space.

It is defined as the net rate of flow of electric charge through a surface.

The moving particles are called charge carriers (In conductors charge carriers are free electrons and in electrolytes
charge carriers are ions), which may be one of several types of particles, depending on the conductor.

In electric circuits the charge carriers are often electrons moving through a wire.

In semiconductors they can be electrons or holes.

In an electrolyte the charge carriers are ions, while in plasma, an ionized gas, they are ions and electrons.
Electric current is a flow of charge.

R I I B I O B )
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In metals, current is due to a flow of electrons.
When a voltage source is connected to a conductor, it applies a potential difference V that creates an electric
field.
The electric field in turn exerts force on the free or conduction charges of the conductor, causing current.
Electric currents create magnetic forces, which are used in motors, generators, inductors, and transformers.

In ordinary conductors, they cause Joule heating, which creates light in incandescent light bulbs.
Time-varying currents emit electromagnetic waves, which are used in telecommunications to broadcast
information.
The conventional direction of current, also known as conventional current is arbitrarily defined as the
direction in which positive charges flow.

Current flows from positive to negative.
The flow of electrons is termed electron current.

Electrons flow from the negative terminal to the positive.

Current and electron flow in the opposite direction.

e electron flow

ENT 5

i CURRENT
: i i ]
conventional current —
Current is determined by the number of electrons passing through a cross-section of a conductor in one
second.

One ampere is a flow of one coulomb (1 C) of charge in 1 s.

In the International System of Units (SI), electric current is expressed in units of ampere (sometimes called an
"amp", symbol A), which is equivalent to one coulomb per second.

The ampere is an Sl base unit and electric current is a base quantity in the International System of Quantities
Electric current is also known as amperage and is measured using a device called an ammeter.

Small current are measured in milliampere (mA) and microampere ( uA).

When describing voltage, current, and resistance, a common analogy is a water tank.

In this analogy, charge is represented by the water amount, voltage is represented by the water pressure, and
current is represented by the water flow.

Water = Charge
Pressure = Voltage
Flow = Current
Consider a water tank at a certain height above the ground. At the bottom of this tank there is a hose.
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Voltage

> Voltage is like the pressure created by the water.

r

DID YOU KNOW?

If two wires are placed 1 m apart and carry the same current, if the force between them is 2x10~7N then the

current flowing in each wire is 1 A. How??

~N

Example:
1. 300 C of charge passes in 1 minute. What is the current?

Solution
Q 300C

[=—= A
t 60 s >

2. How long will a current of 5 A take to pass 100 C of charge?
Solution
_Q _100C
t= =1 = 20s

Exercise:

1. A steady current of 20 A is maintained in a metal conductor for 1/3 minute. What charge is transferred

through it in that time?

2. A charge of 600 C flows through a resistor in which a steady current is maintained for 120 s. what is the

current?

3. There is current of 10mA in a wire. How much charge passes any cross-section of the wire in 30 s? If this
current is caused by the flow of electrons, then how many electrons pass through the wire during this time?

Drift velocity

Suppose current flow through the conductor of length | between two ends X and Y due to difference in electric

potential (voltage), then there are basic terms in microscopic model of current and these are:

1. Netcharges (AQ)

Suppose N number of charges flow through the conductor between X and Y, then the net charge is given as

AQ = Nq
Y

X
O === 0

|8
2

2. Charge density (n)
It is the measure of number of charges (electrons) (N) per unit volume (V).
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N
n=—=>N=nlV

But volume (V) can be given as: V = AAl

= N = nAAl
Therefore the net charge (AQ) can be given as
AQ = Nq
AQ = nqAAl

Where

n is the number of charge carriers per unit volume
A is the cross sectional area

Al a small length along the wire

q is the charge of the charge carriers

3. Drift velocity (v,)
It is the measure of average velocity of charges
in the conductors for the length I.
Al
At
Al = vdAt
Since net charge
AQ = nqAAl
AQ = nqA(v At)

Vg

AQ = nqAv At

AQ
nqAAt
4. Electric current (1)

It is the rate flow of charges.
AQ
[=—
At
[ = nqAv,;At
At
I = nqAv,
_ I
"~ nAq

Vq

Vq

I =nqAv,

Example

5. Current density (J)
It is the measure of amount of current to cross
sectional area.

J =nqvq

Where v, is the drift velocity
J is the current density
n is the number of charge carriers per unit volume
q the elementary charge on the charge carriers
+ There is a common approximation to the
current density which assumes that the current
is proportional to the electric field E
J = oE

A
%k—d——ﬂ

1. Find the approximate current density when an electric field of 5 VV/m is applied to a copper conductor.
The conductivity of copper is 59.6x10° %

Solution
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S/ Vv A A
] =0E = 59.6x106—<5 —) = 298x106—2 = 2.98x108—2
: . m\ m/ m- m )
2. Find the number of charge carriers per unit volume in a copper wire of cross sectional area 1mm
carrying a current of 3 A if the drift velocity of the charge carriers is 0.00028 m/s. ( The elementary
charge is 1.6x10719C)
Solution

J =nqvq

n=—
Vaq
_I_ 34 _ 34 . .
]_A_lmm2_1x10‘6m2_ x m2

3x106% 3x10° %
"= 70.00028 m/s(1.6x10-1°C) _ 0.000448 x10-°m/sC
Exercise:
1. Find the approximate current density when an electric field of 12 VV/m is applied to a copper

conductor. The conductivity of copper is 63.0x10° %

2. Find the number of charge carriers per unit volume in a copper wire of cross sectional area 2mm?
carrying a current of 6 A if the drift velocity of the charge carriers is 0.00028 m/s. (The elementary
charge is 1.6x10719C)

3. A wire with a circular cross-sectional area 10"® m? carries current of 1A. Find the drift speed of
electrons if the number of mobile charge carriers is 10°® electrons per cubic meter.

Resistance and Ohm’s Law
Resistance

= 6696.42x10%° = 6.7x102®

An electric wire is made of metal.

Inside a metal, there are negatively charged electrons that are free to move. This free electron is called
conduction electrons (free electrons).

Conduction electrons are the particles that allow a metal to conduct an electric current.

Conduction electrons are called valence electrons.

The atoms of a metal bind tightly together; they usually form a regular array.

free electrons from outer
shells of metal atoms

retal ions

» In atypical metal, such as copper or silver, one or more electrons from each atom break free to become

conduction electrons.

> Since there are equal numbers of free electrons (negative) and ions (positive), the metal has no overall

charge - it is neutral.
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» When electrons are moving through a conductor, they collide with each other and with the fixed positive
ions of the material.

» This electric property that impedes current is called resistance.

> Resistance is a measure of the opposition to current flow in an electrical circuit.

Ohm’s Law

» According to Ohm's law, the current flowing through a conductor at constant temperature is precisely
proportional to the potential difference across the conductor's ends.

[ e

> Voltage is directly proportional to current.
Vol
V =RI
R is the proportionality constant, often known as conductor resistance.
vV

R=—

I
Ohmic conductors are those electrical conductors that follow Ohms law.
In other words there is a linear relationship between voltage and current for all values.
Devices that have a constant resistance, as described above, are known as Ohmic conductors.
The graph of V versus 1 is a straight line that must go through the origin.
If the graph is not a straight line then the device is called a non-Ohmic conductor.

v

YVVYVYVYV

Ohmic Conductor
eg, resistor

Non-Ohmic conductors are those electrical conductors that do not follow Ohms law.
In other words the relationship between voltage and current is not linear for all values.
Light bulbs such as car headlamps are common examples of non-Ohmic conductors.
As the voltage increases, the current will not increase in proportion, as shown in the graph below.
Other non-Ohmic conductors include devices whose resistance changes with light or temperature.
These are particularly useful as detectors in sensors which need to respond to changes in light (see diode
graph below) or temperature levels.
\Y \

YVVYVYYYVY

Non-Ohmic Conductor MNon-Ohmic Conductor
eg, car headlamp bulb eg, diode
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Resistors
> A resistor is an electrical component that limits or regulates the flow of electrical current in an electronic
circuit.
» The IEC (International Electro-technical Commission) standard and American standard fixed and
variable resistor symbol is shown in the below figure.

American standard fixed resistor symbol e standard fixed resistor symbol

—WWW— ——1—

American standard variable resistor symbol
i IEC standard variable resistor symbol

h— o AW~ ~¢I—OF—III—¢

Combination of Resistors
» There are two basic ways in which to connect more than two resistors. They are series and parallel.
1. Resistors in Series
In series connection:
v Resistors are connected end-to-end in a line to form a single path for electrons to flow.
v There is only one path for electrons to flow.
v Current is constant at every point.

v' The total potential difference in the system is the sum of individual p.d across each resistor.
V=V,+V,+V3+...+V,
V=IR
ItRy = LRy + LR, + I3Rs+...I,R,
L=L=L=1,=I;=1I
IRy = IR, + IR, + IR;+...IR,
IRy = I(Ry + Ry + R3+...R,)
Rr =R, + R, + R3+...R,
Rr =R, + R, + R3+...R,

Example
1. Find the current in the circuit
A ANV AANA ANV B
10 2Q 3Q
|1
11!
30v
Solution
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Ry =R, + R, + R;
Ry =10+ 20 + 30 = 6Q
vV 30V
R~ 60
2. Three resistors 20Q, 30Q2, and 50Q are connected in series to a battery which provides 240V. calculate
A. The total resistance

B. The current in the circuit
C. The voltage drop a cross each resistors

D. Compare the sum of the voltage drops with voltage provided by the battery.
Solution

A. For resistors in series:

R=R, +R, +R; = 20Q + 30Q + 50Q = 100Q
V _ 240V _
R 100Q

C. The same current I = 2.4A flows through each resistor.
V, = IR, = (2.44)(20Q) = 48V
V, = IR, = (2.44)(30Q) = 72V
Vs = IR; = (2.44)(50Q) = 120V
D.V, +V, +V; =48V + 72V + 120V = 240V

B. I= 2.4A

Hence, the sum of the voltage drop across each resistor is equal to the voltage of the source.
3. Calculate the size of resistor X in Figure below.

| ¥ 5Q |
———{_ 1 [ F———

50V 10V

Solution
First look at the 5 Q resistor. From I = E ap.d. of 10 V across it must mean that a current I is flowing
through it, given by:
V10V

R- 50 24

Now look at resistor ‘X’. Since they are in series the same 2 A is flowing through it. To achieve this there is
a p.d. of 50 V across it.

R_v_50v_ZSQ
1 2A
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2. Resistors in parallel
In parallel connection:
v Resistors are connected face to face.
v The current has many paths.
v Since the polarity of each p.d on each resistor is the same, the potential drop in the system is equal to the

potential drop across each resistor.

Vi=V,=Va=V,=Vp=V
v The total current flowing in the circuit is the sum of individual current flowing.
Ir=1 +1, + L+...+1I,

V=IRol=v

= - | = —

R A .
S=2 2 p S+
Rr Ry R, Rs Ry
Vi=V,=Vy=V, = Vp=V
v v vV v

R—TZR—1+R—2+R—3+...+R—
\% ! =V ! + ! + 1+ + !
(RT)_ (R1 R, Ry ' Rn)

1—1+1+1+ +1
Rr R, R, Ry '~ Ry

Example

3

1. Three resistors of 8Q, 12Q, and 240 are connected in parallel, and a current of 20A. determine
A. The potential difference across the combination.
B. The current through each resistor.

Solution

1_1+1+1 16
Rr R, R, R; Ry 240
1 1 1 1 Ry 24Q
— =t ——t— L=
Ry 80 120 240 1 6
1 342+1 6 Rr =4Q
Ry 240  24Q

2. For the circuit shown in figure below.
A. Calculate the voltage drop across each resistor
B. Calculate the current through each resistor
C. Calculate the effective resistance of the circuit.
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Solution

R 120 Teataq
_n_ v r
B Tt A 1 1+2+3
v, 12V T
oL o, Ry 120
R, 60 L e
v, 12V =750
=B, Ry 120
Ry 40 Ry 120
1 1 1 1 - =
CmTmtnTh N
T:

Exercise

1. In the circuit shown below, what is the potential difference between points A and B if the reading on

the ammeter is 1.2 A? Assume that the ammeter has zero resistance.

6.0 Q

6.0 Q
AN\ B

6.0 Q

A
A. 0.24V B.44V C.6V D.10.8V
2. What is the potential difference across the section of the circuit shown above if the input current is
6.0 A?
1.0Q
F‘m—
20Q I=60A
AN\, >
3.0Q
A. 3V B.3.3V C.12Vv D.36V
3. What is the value of the resistor marked 'R’ shown above?
R
12Q
6.0Q
O —l
\_/ "'
I1=133A  Emf=12V
A. 10 B. 2Q C.3Q D. 4Q
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Measuring Instruments

Moving-coil galvanometer

1.

+ A galvanometer is an instrument used for measuring small electric current in electric circuit.

+ A galvanometer is very sensitive instrument to detect the current.

+ It can be easily converted into ammeter and voltmeter.

+ In the moving-coil pointer-type meter, a coil is pivoted between the poles of a permanent magnet.
+ Current enters and leaves the coil by hair springs above and below it.

+ The greater the current, the greater the deflection which is shown by a pointer attached to the coil.

radial field
pointer

concava
pole

soft iron
cylinder

hair

spring woft iron coil

< eylinder View from above

+ The soft iron cylinder at the centre of the coil is fixed and along with the concave poles of the magnet
it produces a radial field i.e. the field lines are directed to and from the centre of the cylinder.

2. Ammeters and shunts

» Anammeter is a device used to measure current flowing in a circuit.

» An ammeter is a galvanometer that has a known low resistance, called a shunt, in parallel with it to take
most of the current.

» An ammeter is placed in series in a circuit and must have a low resistance.

Ll
8 16 @ D
A | — }

4+ The basic Galvanometer can be converted into an ammeter by adding a low resistance (shunt).

galvanometer

——{

shunt

3. Voltmeters and multipliers
+ Voltmeter is a device used to measure the potential difference between two points in the circuit.
4 A voltmeter is a galvanometer having a known high resistance, called a multiplier, in series with it.

galvanometer

—o—o—:—®—b—c

multiplier

4 A voltmeter is placed in parallel with the part of the circuit across which the p.d. is to be measured and
must have a high resistance otherwise the total resistance of the whole circuit is reduced so changing the
current and the p.d. measured.

+ You convert a galvanometer to be a voltmeter by adding a large resistance in series with the meter.
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Converting a galvanometer into an ammeter
» A galvanometer can detect only small currents.
» Thus, to measure large currents it is converted into an ammeter.
> It can be converted into an ammeter by connecting a low resistance called shunt resistance in parallel to
the galvanometer.
» This low resistance is called shunt resistance S.
» The scale is now calibrated in ampere and the range of ammeter depends on the values of the shunt

resistance.
. S
A i AP
Rheostat
AT-T, -1,
—_—— = = _— 4 _ Iz
I A1, 1, E I ® O

I-1 S

Ammeter —»g—/\/\/\/—
I = The current passing through the circuit.
I=I,+1g =1 =1-1,
» The potential difference galvanometer is same as the potential difference across shunt resistance.

Vyawvanometer = Vshunt
I,R; = IS
IgRg = (I - Ig)S
IRy = (I —1,)Rsn

I
_ g
Hon = <I - Ig) Rg

Example
1. A galvanometer of full-scale deflection 5SmA is to be converted into a 0-10A ammeter. If its coil has a
resistance of 5042, what value shunt must be fitted?

Solution

I
_ g
Hon = <I - Ig> Rg

_ ( 0.0054 )SOQ
sh- = \104 — 0.0054
= (0'005‘4) 50Q = 0.0250
sh = 19.9954 B

2. A moving coil galvanometer has a coil of resistance 59 Q. It shows a full-scale deflection for a
current of 50 mA. How will you convert it to an ammeter having a range of 0 to 3A?

Solution

I
Ry =(—2|R
" <I - Ig) 7
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R _( 0.054 >599
sh —\34 — 0.054

Ry, = (0'05A) 590 = 1Q
sh = \2.954 -

3. A galvanometer of resistance 100Q gives a full-scale deflection for a current of 10~>A. To convert it
into an ammeter capable of measuring up to 1A we should connect a resistance of .
A. 1Qin parallel B. 1073Q in parallel C. 10°Q in series D. 103Q in series

Solution

I
_ g
fon. = <1 - Ig) s

R., = 1074 1000
sh =\ 14 — 0.000014

R., = 1074 100Q = 10730
sh-=10.999994 -

Exercise

1. A moving coil galvanometer of resistance 550 produces a full scale deflection for a current of 250 mA.
How will you convert it into an ammeter with a range of 0-3A? (Answer: 5()

2. A galvanometer coil has a resistance of 15 Q and the metre shows full scale deflection for a current of 4
mA. How will you convert the metre into an ammeter of range 0 to 6 A? (Answer: 0.01()

3. A galvanometer has a resistance of 16. It shows full scale deflection, when a current of 20 mA is passed
through it. The only shunt resistance available is 0.06 which is not appropriate to convert a galvanometer
into an ammeter. How much resistance should be connected in series with the coil of galvanometer, so
that the range of ammeter is 8 A? (Answer: 7.94Q)

Converting a galvanometer into voltmeter

» A galvanometer can be converted into voltmeter by connecting with it with a very high resistance (R)
called multiplier in series with it.

Hil|=

Violimeter

E
R '.
Alg — AN
Ak A A @ B R\h /

+,/F'\‘_

S
NV — * é\— 1
N

> Potential difference across the given load resistance is the sum of potential difference across
galvanometer and potential difference across the high resistance.

V=1,R; + ;R
V=1,Ry+R)
vV
= R, +R
R=Y_p
I, 9
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Example
1. A moving coil galvanometer has a resistance of 25Q and gives a full scale deflection for a current of
10mA. How will you convert it into a voltmeter having range 0 — 100V?

Solution
R = d R
I, 9
_ 100V 250
~ 10x10734
R = 100000 — 25Q = 99750
2. Find the resistance that must be placed in series with a 150Q galvanometer having a 5000pA sensitivity

to allow it to be used as a voltmeter with a 0 — 100V full-scale reading.

Solution
R=Y_R
I, 9
100V
= 5o00x1064 0%
R = 200000 — 1500 = 198500
Exercise
1. 100 mA current gives a full scale deflection in a galvanometer of 2Q) resistance. The resistance
connected with the galvanometer to convert it into a voltmeter to measure 5V is
A. 40Q B. 360 C. 48Q D. 28Q
2. An ammeter of 5Q resistance can read 5 mA. If it is to be used to read 100 volts, how much
resistance is to be connected in series?
A. 19.9995Q B. 199.995 Q C.1999.95 O D. 19995 O
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The Potential divider

> A potential divider is a circuit arrangement (configuration) used in an electronics to obtain a desired

voltage output from a voltage source.

» A potential divider consists of two or more resistors in series with each other and with a source of fixed

potential difference.

» The potential difference of the source is divided between the components in the circuit.

e
k-1

= |f we put a load resistance R, in parallel with R, as shown in figure below, then the potential
difference 1, across R, can be calculated as follows.

Reff = RZRL + R1

Since R, R
1 RL+R;
Rl RoRp R
20
RoRy = R, +R,
R;R,
Reps = R TR, + R,

R:R, + Ri (R, + Rp)

IW5
|
Lasl

R5 R,
— 711

JRL
—)——— 11—

» _ho

1+ Rerr Rz RL

RZ ()
()"

=55,
()

(RL + R2>
RyR;

( R; + R,

) _ (RL + RZ)
S\R,R, + RiR, + RiR,) ~ "*\ R,R,

Rers = R, +R V( ! )—V(l)
R _ RZRL + RlRL + R1R2 RZRL + RlRL + Rl}R;ZR RZRL
eff — R, +R, VL:RR +R2RL+RRVS
1 R, +R, 1R, 2hy, iY)
Resf  RyR,+RiR, + RR, r °
Ly, =1=1,+1,V, =V, since the‘y are parallel. v, = R_L 2 — |
From Ohm’s law: I = = L R, +R, + }1? 2
I Vs [ = 2 I ﬁ L
2L — Reff, 2 = R, L — R,
Vo 1 1
Rerr Rz Ry
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R
v, = 2 /4

Ry +R, + R;?RZ
L

If R, is large in comparison with R; and R, [R;, > R, & R,] (as it would be in a practical
application such as the input to an operational amplifier) then this equation cab be:

V= —2_y,
"R +R
R,
Vour = mVin
If R, is in parallel with R,, the potential difference V; is given by:
RiR,

v, = V.
L R,R, + R,R, + R4R, °

If R, is large in comparison with R; and R, [R, > R, & R, ]

v, = Ry V.
LR, +R, ™
Examples

1. The circuit is designed to light up a lamp when the input voltage exceeds a preset value. It does this by
comparing V,,,; with a fixed reference voltage of 5.3 V.

V.. = Ry 7
20 kﬂ_ Tvout out — Rl + RZ m
’I‘ I 12kQ
Vin >
(@]

>3V = 12k91+220kﬂ Vin
1o 5.3V = 35 Vin
V,, = 8.48V
Solution

2. A thermistor is connected in a circuit shown in figure below. The resistance of the thermistor varies with
temperature. It has a resistance of 12 at a temperature of 0°C and a resistance of 0.25k() at the temperature of
25°C. Find the output p.d (V,) at a) 0°C and b) 25°C

12y R, = resistance of thermistor = 12Q
b-

L

S

i R, = 40
4 kS
)V, = —2—V, =——x12 =9V

Vs =
Ri+R, 4+1

R, 0.25

Solution b) V, = —-Vy = S o—-x12 = 0.706V
v, e vV
"R AR, S
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Potentiometer

A potentiometer (also known as a pot or potmeter) is defined as a 3 terminal variable resistor in which the
resistance is manually varied to control the flow of electric current.

Wipf’: Resistive ¢
Track —I‘VVV\,— American standard
Construction \f&-
© O OLus J
1 ,_/\/\/\/_.3 1 —l:]—lrr.ovna:\on:x? standard
t2 Symbol

A potentiometer acts as an adjustable voltage divider.
A potentiometer is a three-terminal resistor with a sliding or rotating contact that forms an adjustable
voltage divider.
It works by varying the position of a sliding contact across a uniform resistance wire.
In a potentiometer, the entire input voltage is applied across the whole length of the resistor, and the output
voltage is the voltage drop between the fixed and sliding contact.
Thus, a potentiometer is essentially a type of potential divider circuit.
There are two main types of potentiometers:

1. Rotary potentiometer 2. Linear potentiometer

Rotary potentiometer

Rotary potentiometer is used mainly for obtaining adjustable supply voltage to a part of electronic circuits
and electrical circuits.
The volume controller of a radio transistor is an example of a rotary potentiometer where the rotary knob of

the potentiometer controls the supply to the amplifier.

T

Linear potentiometer

» A linear potentiometer, also known as a slide potentiometer or a slider potentiometer, is a type of
potentiometer that has a linear resistive element. It is commonly used to control or vary electrical signals such
as voltage or audio levels.

» The Potentiometer can also be used for the following purposes.

» To measure the emf of a given cell,
» To measure the internal resistance of a cell,
» To compare the emf of different cells, and used as a variable resistor.

Exercise: A potentiometer can be used to measure

A
B.
C.
D.
E.

Emf of newly designed cell
Internal resistance of a cell
Unknown resistance

Potential difference across a resistor
All
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Potentiometer to measure the emf of a cell

» The principle of a potentiometer is that the potential dropped across a segment of a wire of uniform cross-
section carrying a constant current is directly proportional to its length.

» The potentiometer is a simple device used to measure the electrical potentials (or compare the e.m.f of a cell).

» One form of potentiometer is a uniform high-resistance wire attached to an insulating support, marked with a
linear measuring scale.

» In use, an adjustable regulated voltage source V;, of greater magnitude than the potential to be measured, is
connected across the wire so as to pass a steady current through it.

K
+ —
j‘*d_____.dri'.ln:rwll I H : { a 15
|t '
¥ J
A% L
= B
NN
jochkey potentlometes
_! Wi
e A Ml i
cll X SErebithee 1 7
[unkncvm am.t) galvanometer £

» Now, suppose we wish to measure the emf of cell X (E, ) (this must have a value less than that of the driver
cell). The positive terminal of cell X is connected to point A.
Both cells have their positive terminals connected to A.
A lead from the negative terminal is connected to a sensitive galvanometer, and a lead from the other
terminal of the galvanometer ends with a metal jockey.
This is a simple connecting device with a very sharp edge that allows very precise positioning on the wire.
If the jockey is touched onto the wire close to point A, the galvanometer needle will deflect in one direction.
If the jockey is touched close to B, the galvanometer needle will deflect in the opposite direction.
Clearly, there must be some point Y along the wire that, when touched by the jockey, gives zero deflection.
In finding this position, the jockey must be touched gently and briefly onto the wire; the deflection of the
galvanometer shows whether the jockey is too far to the left or right.
It is important not to slide the jockey along the potentiometer wire as this may scrape its surface, making it
non-uniform so that the voltage does not vary uniformly along its length.
» When the jockey is positioned at Y, the galvanometer gives zero deflection, showing that there is no current

through it.
» This can only happen if the potential difference across the length of wire AY is equal to the emf of cell X.
We can say that the potentiometer is balanced.
If the balance point was exactly halfway along the wire, we would be able to say that the emf of X was half
that of the driver cell.
» This technique finding a point where there is a reading of zero is known as a null method.

AY A]  cellvoltage

YV VYV VYV YV V

A\

VYV VvV

AB ~ AB E,
AY E,
AB " E,
» Now we can calculate cell voltage as
AY
E, = EXEO
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Potentiometer to compare the emf of two cells
> Suppose we have two cells whose emfs E, and E,, we want to compare.
» Each is connected in turn to the potentiometer, giving balance points at C and D.

4 . N

Al €9 l
—{1)

% —— )

> In the diagram, we can see immediately that E,, must be greater than E,, because D is further to the right than

C.
» The ratio of the emfs of the two cells will be equal to the ratio of the two lengths AC and AD:

E, AC
E, AD
E, _ l
El B ll

Example

1. Ina potentiometer arrangement, a cell of emf 1.25 volts gives a balance point at 35 cm length of the wire.
If the cell is replaced by another cell and balance point shifts to 63 cm, what is the emf of the second cell?

Solution
E, I, 63cm
1 1
L, E, =225V
EZ = _XEl

2. When the emf of two cells is compared in a potentiometer experiment, the ratio of balancing length is
obtained as 2: 5. If one of the cells has an emf of 1.2 V, calculate the other cell's emf.

Solution
E,_L E, = 0.48V
E L 12V 2
E, 2 E, 5
12V 5 E, =3V
Exercise

1. Consider a potentiometer set-up where a cell of emf 2.25 V gives a balance point at 63.0 cm length of the
wire. Now the cell is replaced by another cell and the balance point shifts to 21.0 cm. Then the emf of the

second cell is:
A. 1.25V B. 0.75V C.1.75Vv D. 0.35V
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Measurement of Resistance

» Resistance can be measured directly by using ohmmeter.
» Experimentally resistance is measured using the following two methods.
1. The ammeter-voltmeter method.
2. Using Wheatstone bridge
1. The ammeter-voltmeter method
» The ammeter-voltmeter method is a general method for measuring electrical resistances.
» The readings of current (I) and voltage (V) allow the calculation of electrical resistance (R) using Ohm's

law
A

(V)
N\

» The variable resistor is used to adjust the current and voltage as needed.

2. Using Wheatstone bridge
» Wheatstone bridge is an instrument designed to measure unknown resistance in electrical circuits.
» It calculates the unknown resistance by balancing the two legs of the bridge circuit where one leg contains
both known resistors and the other leg contains one known (variable) and one unknown resistor.
Since it estimates unknown resistance in an electric circuit, it is also known as a resistance bridge.
Wheatstone bridge is a very reliable instrument as it measures the resistance very precisely.
Wheatstone bridge works on the principle of null deflection i.e., there is no current flowing through the
galvanometer, and its needle shows no deflection.

VYV V V

R; R,
R3 B Rx
RiRy = RyR;

R3R;3
R. =

» If four resistors with resistances R; , R, , R; and R, are connected to form a loop there are four joints A, B, C

and D.
AN SV YN
o R1 C%D I Ry
AN - AVAAY:
in Ra D in Ry
|y
| 1
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» A battery is connected between two opposite joints A and B and a galvanometer is connected between the
other two opposite joints C and D.

» The current in R, is the same as the current in R; and the current in R, is the same as that in R5.
When no current is flowing through, the bridge, it is said to be balanced.
As there is no current through the galvanometer, the potential difference across its terminals is zero.

Ri _Rs

R, R,

Examples

1. A Wheatstone bridge circuit is set up as shown below. It is balanced. What is resistance R,?

\ 2%

Solution
R Ry 1000 x 2000 20000
x TR T T 000

2. Resistances of the ratio arms of a Wheatstone bridge are 300 Q and 30Q. The fourth arm is connected to an
unknown resistor. Find the value of the unknown resistance if the third arm has a resistance of 250Q in a
balanced condition?

Solution
R, R;
R, Ry

3000 2500
300 R,
R, = 250
3. In the following circuit if deflection in the galvanometer is zero then calculate the value of resistance R.

B

g
0 @ Zuq
&

A l\/W‘v— —”\*’W"VX C

30 P R

Solution
R, Rs
R, R,
20 3Q
40 R,
R, = 69
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Comparing the Brightness of Bulbs
Watts are not measure brightness; they're a measure of energy consumption per unit time.
It measures, how much electricity a bulb uses.
The amount of light emitted by a bulb (brightness) is measured in Lumens.
A lumen is a measure of the amount of brightness of a lightbulb.
The higher the lumens, the more light the bulb emits.
We can use power (watts) to compare the brightness of bulbs.
The higher the wattage rating, the more energy consumed.
From the equation for electric power, we can see that brightness depends on current and resistance.
P =1I%R

@ ] I A— |

BULB ' ' g

1 20 1 m®m® |
2Q

) Ll 4OW | 20w | ow |

YVVVVVYVYYVYY

10V _— 10V— |
T cow]| saw [ ow [
e . 2 7w | s [ v [ w
* Higher total resistance « Lower total resistance L
*» Lower total current * Higher total current 1600 4 I
* Lower total power « Higher total power [RATED UPE] 1vean | v veas | oo vears [ 1225 veass|
* Brightness is reduced * Brightness is unchanged somasial [veroscn | u» o I

Example
1. Three 60W, 120V light bulbs are connected across a 120 V power source. If resistance of each bulb does
not change with current then find out total power delivered to the three bulbs.

R
120V @ @

.
Solution
R
3
v R R=V >t
L
VZ
P=—
R
p vz 2v?
total = 3 = 3_R
SR
2(V?
Piotar = g F
2 2
Protar = 3 (P) = 3 (60W) = 40W
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Kirchhoff’s Rules
» Kirchhoff's rules can be used to analyze any DC circuit, regardless of how many loops and cells are in the
circuit.
» The procedure for analyzing more complex circuits is greatly simplified if we use two principles called
Kirchhoft’s rules.
1. Kirchhoff’s first rule (point or junction rule).

» The sum of the currents entering any junction in a circuit must equal the sum of the currents leaving that

junction:
Z I in = Z I out
+ It is a statement of conservation of charge
+ A large number of electrons enter the battery at the positive terminal every second is equal to the number of
electrons leaves the battery at the negative terminal every second.
+ Similarly the rate at which electrons arrive at one end of a wire is exactly the same as the rate at which they
leave the other. This is Kirchhoff’s point (junction) rule.
+ The total current flowing into a point is equal to the total current flowing out of that point.

I1 +I2 |3 (8]

» By convention, currents going into a junction are positive but currents leaving a junction are
negative.
» The sum of currents at any junction is zero.
IL=1L+I,

‘1,+12=1_«,+14 ‘

I1=11A
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1. Look at the figure below, state the value of current in each of the resistors A, B, C

6.0A

404 104

Solution

Resistor A has the full 4.0 A flowing through it.
For resistor B, we need to consider junction x. there are 6.0 A leaving x and which means a total of 6.0 A must

enter X. since 4.0 A enter from the left, Kirchhoff’s junction rule states that 2.0 A must enter from the right, as
shown below.

X 2.0A

For resistor C we need to consider junction y.

B 2.0 A 1.0 A C

There are 3.0 A flowing into the junction, so a total 3.0 A must leave the junction (2.0 A flow through B

and 1.0 A
2. In the following circuits find the current at points A, B, C, and D.
o o
VW 4.8 A
De
15 Q2 A
— _ }+—e—
Ce
5 €2
B
Solution Since R; and R, are parallel, the p.d.
From Kirchhoff’s junction rule (V) across them will be the same.
48A=1+1p .. (1) V=IR
Ry = 3R; Vi = 1Ry
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V, = LR, 48A=124+1,
vV, =V, I, = 3.64
ILR; =R, Now use Kirchhoff’s junction rule at junction.
I,(3R,) = 4R, Currentin=1; +1, =48 A
3h=01 i . (2) Currentout=1, =4.8 A
Use equation 1 into 2 Soat A, currentis 1.2 A
484 =1, + 31 at B, currentis 3.6 A
4.8A = 41, at C, currentis 3.6 A
% =1, at D, current is 4.8 A
I, =124

Kirchhoff’s second rule (loop rule)
» The sum of the potential differences across all elements around any closed circuit loop must be zero:

Z AV =0

closed loop
+ Kirchhoff’s second rule is based on conservation of energy.
% Kirchhoff’s loop rule state that: In any closed loop in a circuit the sum of the emf is equal to the sum of

the p.ds.
Some conventions: 3. Potential is gained on crossing a battery from
1. Potential across a resistor is negative in the negative to positive terminal
direction of current g| =
R A | - 8
-+

%\/\N\I\_
¥ - V.- Vza=¢€

Ve-Vai=-IR 4. Potential drops on crossing a battery from
2. Potential across a resistor is positive in the positive to negative terminal

direction opposite to current kel It
AT I - B
R +
A L]
i Va-V.i=-e
V,-Vy,=IR
Examples
1. Find the current flowing in each of the resistors in this circuit.
3V
I )
100“ 10 ()

6V 100 )

II 1
9V 10 ()
I T
|I
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Solution

First label the diagram as shown below.

L 3V
Ty || J_
gviv. Az100)
A ,-"" I = 1 IB
QV Il'r".z T H"

At junction A, from Kirchhoff’s junction rule,
L+13=1, (1)
In loop 1, from Kirchhoff’s loop rule, V; — LR, —
V,— LR, —I1R; =0
3—-10l, —6—-10/, —10; =0

—-3-20; —10/, =0 (2)
In loop 2, from Kirchhoff’s loop rule, V5 — V, —
LR, —I3R; =0

9-6—-101,—10I3=0

3—-10l, —10I3=0 3)
From equation (1) we can derive I;
L=0L—-1I (4)

Now we can use equation (4) in equation (2)
—3-20(, —I3) — 10, =0
—3—20I, + 203 — 101, = 0
—3-301,4+20;=0 (5)
Multiply equation (3) by -3 and add with equation
(5)

—3(3 — 101, — 105 = 0)

Prepared by: Yadesa Dabala

—9+4+30l,+30I3=0
+{—9 + 301, + 3015 = 0}
—3-30l, +20l;=0
—12+50/3=0
12 = 501,
12
13 —_— %
I3 =0.24A
Put I3 in equation (3)

3 —-10l, —10(0.24A) =0
3—-10,-24=0
0.6 —10I, =0
0.6 = 101,

0.6
12 —_ 1_0
I, =0.064
L=5L—-1I3
I, = 0.064 — 0.24A
I, =-0.184
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6.6. Capacitors and Capacitance

By the end of this section, you will be able to:
« Define the terms capacitors, capacitances, dielectric.
& Explain the effect of inserting dielectric in the gap between the plates of a capacitor.
« Solve problems related to capacitance of parallel plate capacitor.
& Calculate the equivalent capacitance of capacitors connected in series and parallel.

Capacitor and Capacitance
A capacitor is a two-terminal electrical device that can store energy in the form of an electric charge.
It consists of two electrical conductors that are separated by a distance.
The space between the conductors may be filled by vacuum or with an insulating material known as a
dielectric.
» The ability of the capacitor to store charges is known as capacitance.

YV V V

i
g,
. ¢/
- g‘%ﬁ’/ i ﬂ
| T §
A » 3 Capacitor
» A combination of two conductors placed close to each other but not touching form a capacitor.
» In charging a capacitor one of the plates is connected to the positive terminal and the other to the negative
terminal of a DC source.
» The electric field created forces electrons to flow from the positive plate to the negative plate until the potential
difference between the plates of the capacitor becomes equal to the emf of the battery.
» For a given capacitor, the charge Q stored on the capacitor is proportional to the potential difference V between
the plates.
Q=CV
c=
» The proportionality constant C is called the capacitance of the capacitor.
» ltis independent of Q and V but depends on geometrical factors.
» The Sl unit of capacitance is farad (F). Small values of capacitances are measured in micro, nano and pico
farads.
Example
1. What is the capacitance of a capacitor which can store 18mC of charge when the pd across it is 6V?
Solution o - 18x107°C
Q 6V
C=v C = 3x1073F
C =3mF
2. How much charge will be stored on this capacitor if the voltage is increased to 20 VV?
Q=CV
Q = 3x1073F x 20V
Q = 60x1073C
Exercise

1. A conductor gets a charge of 50 uC when it is connected to a battery of e.m.f. 5 V. Calculate capacity of the
conductor.
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YV

A 10-farad capacitor connected to a 12-volt battery what is amount of charge can be stored in the capacitor?
A capacitor having a capacitance of 6uF is connected to a 100 V battery. What charge will be stored in the
capacitor?
What amount of charge accumulates on the plates of a 30uF capacitor when it is connected to a 300 V power
supply?
W?]Et%s the capacitance of a capacitor which acquires a charge of 600uC when connected to a 1200 V power
supply?

Parallel-plate Capacitor
A parallel-plate capacitor consists of two large plane plates placed parallel to each other with a small
separation between them.
Suppose, the area of each of the facing surfaces is A and the separation between the two plates is d. Also,
assume that the space between the plates is filled with vacuum.
If a charge Q is stored on the positive plate, a charge -Q will be stored on the negative plate. The charges will
appear on the facing surfaces.
Charge density is the charge per unit area on a charged surface.
For a given plate with a charge Q and an area A the charge density o is given by:

Q

O':Z

The charge density on each of these surfaces has a magnitude

o=2
A

Using Gauss’s law we can derive an expression for the electric field strength between the plates.
Gauss's Law states that the net electric flux through any surface is equal to the total charge enclosed within
that surface divided by the permittivity of free space.

@y = g
This statement basically implies that any particular surface will only have a net flux as long as a net charge is
found inside that surface.

Using Gauss’s law the electric field through each plate is
o

T 2¢,
As the plates have an equal but opposite charge they mutually attract and hold each other together. Therefore in between
plates the electric fields are in the same direction.
The total electric field between the plates is the sum of the two electric fields.

. o 4 o _2(a>
2, 25, < \2¢g,
o
E=—

80
An electric field can cause charged particles to move.

The electric field between the plates is given by the eqdation

o
E=—
€o
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» The potential difference between each plate is given by:
V =Ed
Q
V= (A_eo) d
Q
“=y
C= Q
(25;) ¢
Ag,
A
C = &o E
» This equation gives the capacitance of two parallel plates in a vacuum.
» If adielectric material of dielectric constant k is inserted between the plates, the equation for capacitance
became:
A
C = kEO a
» The capacitance depends on:
+ The size of the plates
+ Their separation
+ The nature of the insulator between them
1. Two parallel plates are arranged as a capacitor having an air as the dielectric and being 1 cm apart. If the
plates is 200cm? what is the capacitance of the capacitor?
Solution
CZ
£0A 8.85x10712 N2 (200x107%m) L, N
=q = 1x10-2m =1770x10 Nz = 1.77x107°F = 1.77nF
Exercise
1. An air-filled parallel-plate capacitor has plates of area 2.30 cm? separated by 1.50 mm.
A. Find the value of its capacitance. The capacitor is connected to a 12.0V battery.
B. What is the charge on the capacitor?
C. What is the magnitude of the uniform electric field between the plates?
2. Calculate the area of a parallel plate’s air capacitor having a capacitance of 8.85uF and separated by 1mm.
Dielectrics
» A dielectric is an insulating or non-conducting material such as glass, paraffin, wood or plastic that is inserted
in the gap between the plates of a capacitor.
» When a dielectric is inserted in the electric field between the plates, there will be some charge distribution in it.
» The positive charges within the dielectric are displaced lightly towards the negative plate, and the negative
charges are displaced slightly towards the positive plate.
» This slight separation of charge is known as polarization.
» Due to polarization the potential difference and hence the electric field between the plates will decrease.
» Since, the dielectric is not disconnected from the source; the potential difference between the plates finally will
be that of the source.
» As aresult, the capacitor can hold more charge, and thus, its capacitance increased,
C = kC,
» A dielectric constant (k) is also called relative permittivity or specific inductive capacity.
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It measures the ability of a capacitor to store charge.
It is the property of the dielectric.
It is equal to the ratio of the capacitance of a capacitor filled with the given material to the capacitance of an

identical capacitor in a vacuum without the dielectric material.

C
TG
The dielectric constant is a number without dimensions.
The value of the dielectric constant for vacuum is one and for any other material is it is greater than one.

Inserting a dielectric always increases the capacitance of the capacitor.

Dielectric strength
For any insulator, there is a maximum electric field that can be maintained without ionizing the molecules.
This means that there is a maximum allowable voltage that that can be placed across the conductors.
This maximum voltage depends on the dielectric in the capacitor.
The corresponding maximum field E}, is called the dielectric strength of the material.
It is the maximum electric field that the material can withstand without undergoing electrical breakdown and becoming
electrically conductive (i.e. without failure of its insulating properties).

Dielectric strength is the maximum electric field strength that a material can withstand before break down.

Combination of Capacitors

Capacitors in series
+ \When capacitors are connected in series, they are connected one after the other.
Cy Ca Cs
| |= H =
Tl

= oz
— + —
e E— g ——i e

¥ Va Vs

v

e

» For a series connection, the charge stored in each capacitor is the same as the charge stored in the connection.

» The total potential is equal to the sum of the individual potential drops across each capacitor
VT = Vl +V2 +V3 +"'+Vn(2)
c=2adv==2y=%
v C Cr
i Or _ % 4 9% @,
Now, equation (2) became vy + . + . + 4 C
Q _Q Q Q@ Q
GGG G T,
(1)_ <1+1+1+ +1)
o R A A oN
1 1 N 1 N 1 . 1 3
cootete o ..(3)
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When capacitors are connected in parallel, they are connected face to face.

Capacitors in parallel

For a parallel connection:

ul The total potential difference is the same as the potential drop across each capacitor

» The total charge stored in the system is equal to the sum of charges stored in each capacitor
Qr=0:1+Q;+ Q3+ +Qp e e ... (2)
Q=cCv

CTVT = C1V1 + 62V2 + C3V3 + -4 CnI/n
CTV = C1V + C2V + C3V + o+ CnV

CrV =V(Ci+Cy+C3+ -+ Cp)
Cr=C1+C+C3++C,
Cr=Ci+C+Cs+-+C,
1. Four capacitors are connected as shown in figure below.
A. Find the equivalent capacitance between points a and b.

B. Calculate the charge on each capacitor if AV,;, = 15.0 V.

15.0 uF 3.00 uF

1l |
20.0 uF
. .
a '
i1l
11
6.00 uF
Solution
1 1 1 6

A. _——=— _—
Cs 15uF 3uUF 15uF

__ 15uF

Cs .

= 2.5uF

C, = 2.5uF + 6uF = 8.5uF
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Coq  B5uF ' 20uF  1700uF

_ 1700uF
€a 285

= 5.96uF

. Q = CAV =5.96uF(15V) = 89.5uC

on 20uF

89.5uF
Ay = @ _895uF
C~ 20uF

AV =15V —4.47V = 10.53V

Q = CAV = 6uF(10.53V) = 63.2uC
on 6uF

89.5uC — 63.2uC = 26.3uC on
15uF and 3uF

2016



Exercise
Find the equivalent capacitance between points a and b in the combination of capacitors shown in
Figure below

4.00

For the system of capacitors shown in Figure below find (a) the equivalent capacitance of the system,
(b) the charge on each capacitor

3.00uF 6.00uF

2.00uF 2.00uF

L

90.0V

Energy stored in a capacitor

The energy stored by a capacitor is given by:

1 Q?
E__ — 2 —
Qv 2CV °C

Example: Two capacitors, of 6.0uF and 12.0 uF capautance are connected in parallel across a 300 V potential
difference. Calculate the total energy stored in the capacitors.

Solution

Cr=C,+C, =6.0u+12.0 uF = 18pF = 18x10~°F
E= %cv2 = %(18x10‘6F)(300 V) = 2700x107FV = 2.7x1073] = 2.7mJ

w

EXERCISE
A capacitor of capacitance 10uF is fully charged from 20V power supply. Calculate the energy
stored in the capacitor.
Find the energy held in capacitors in the given circuit, given in mJ.

2uF

AN
\_|2}AF

6uF 3uF

1
1.4a%/
How much energy can be stored if 10V is applied to a 5F capacitor?

It takes 20V to store 80C of charge on a certain capacitor. (a2) How much potential energy is stored in
this capacitor (b) Calculate the capacitance of this capacitor.

How much energy is stored if 500C of charge rests on a 10F capacitor? (b) What is the voltage cross
this capacitor?

A certain capacitor has 25J of stored potential energy when connected across at 10V battery. How
much energy can the capacitor store when connected across a 20 V battery?

How much energy is stored in a 150uF capacitor if a 12V battery is connected across it? (b) How
much charge is stored in this capacitor?
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6.7. Electric Circuits in Our Surroundings
By the end of this section, you will be able to:
« Apply the knowledge about electric circuits to explain household electric installation.
Household Electric Installations
In our country Ethiopia, the voltages of the mains are 220 V - 240 V.
Heating appliances include electric kettle, immersion heater, electric irons, hair driers and electric stoves.
All heating appliances contain a heating element that converts electrical energy into heat energy.

Color Code of Resistors
» The value of the resistance of resistors in electronic devices is labeled by a color code.
There are colored rings in any resistor.
According to the international standard organization ISO, the orders of the rings are arranged and each color
Is represented by a number.

Band A BandB  BandC Band D

1 Digit 2 Digit Multiplier Tolerance
The first band represents the first digit number, the second band the second digit number and the third band
represents multiplier to the base 10.
The fourth band is the tolerance (the permissible percentage error + of the value.
The trick in reading color code is noticing that the first three digits (numerical values) in a four band resistor
are closer in equal gap, whereas the fourth band (the tolerance) on the other end is in a bit wider gap
In a five band resistor, the first four digits are closer in equal gap and the fifth band (the tolerance) is a bit
further
The first three closer bands are: brown, black and red, which represent first digit number, second digit
number and the multiplier respectively.
» Referring the color chart, the first band is brown = 1 the second band is black = 0, the third band is red= 2.

2 7 410° =2

6-Band /}' =274 Q = 2%, 250 ppm/K
=== e
3rd ure
icient

1st 2nd

YV V V

Y VYV

A\

vV V VY

Color Multiplier | | Tolerance

x1%
= 2%
*0.5% | 20 ppm/Kk
=+ 0.25% || 10 ppm/K
=0.1% | 5ppm/K

Green
Blue
Violet

Grey 1 ppm/K

White

12 x 10%25%
4-Band e=== III N = =1,200kQ £ 5%

100 x102 1%
5-Band e I" I = 10,000 Q = 1%

» 5ppm/K means that the resistance will change by 5 parts per million per 1 Kelvin change in temperature.
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