Chapter 3
Current Electricity

Electric Current, Ohm's Law & Drift of Electrons

What is Electric Current?

Electric Current is the rate of flow of electrons in a conductor. The SI Unit of
electric current is the Ampere.

«Our ancestors relied on fire for light, warmth and cooking. Today at the
flick of a switch, turn of a knob or the push of a button we have instant
power. This is possible because of the electric current.

«From the basic bread toaster, baking oven to the commonly used
television all require an electric current to operate. The most common
device, mobile phones use the electric current to charge the battery for
the operation. Besides playing a major part at home, electricity also
plays an important role in industries, transportation and
communication

ELECTRICAL CURRENT

l

1 «Electrons are minute particles that exist within the molecular structure of

I a substance. Sometimes, these electrons are tightly held, and other times
they are loosely held. When electrons are loosely held by the nucleus,

! they are able to travel freely within the limits of the body.

1

1

«Electrons are negatively charged particles hence when they move a
number of charges moves and we call this movement of electrons as
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electric current. It should be noted that the number of electrons that are
able to move governs the ability of a particular substance to conduct
electricity.

«Some materials allow current to move better than others.

Based on the ability of the material to conduct electricity, materials are
classified into Conductors, Insulators & Semiconductor.
1. Conductor

«In some materials, the outer electrons of each atom or molecules are only
weakly bound to it. These electrons are almost free to move throughout
the body of the material and are called free electrons.

«They are also known as conduction electrons. When such a material is
placed in an electric field, the free electrons move in a direction
opposite to the field. Such materials are called conductors.

«Examples of conductors: Human body, aqueous solutions of salts and
metals like iron, silver and gold.

s
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silver gold copper steel sea water

Did you know?
Silver is the best conductor of electricity.

2. Insulator

« Another class of materials is called insulators in which all the electrons
are tightly bound to their respective atoms or molecules.

« Effectively, there are no free electrons. When such a material is placed in
an electric field, the electrons may slightly shift opposite to the field but
they can't leave their parent atoms or molecules and hence can't move
through long distances.

«Such materials are also called dielectrics.

Ov A # %

rubber glass oil diamond dry wood
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3. Semiconductor

«In semiconductors, the behaviour is like an insulator at low levels of
temperature. But at higher temperatures, a small number of electrons
are able to free themselves and they respond to the applied electric
field.

« As the number of free electrons in a semiconductor is much smaller than
that in a conductor, its behaviour is in between a conductor and an
insulator and hence, the name semiconductor.

+ A freed electron in a semiconductor leaves a vacancy in its normal bound
position. These vacancies also help in conduction.

"-"- —=-_— Resistor
op-amp

Capa citor
. ;-b Transistors } Diodes

Semiconductors

Unit of Electric Current

« The magnitude of electric current is measured in coulombs per second.

» The SI unit of electric current is Ampere and is denoted by the letter A.

« Ampere is defined as one coulomb of charge moving past a point in one
second. If there are 6.241 x 1018 electrons flowing through our frame in
one second then the electrical current flowing through it is ‘One Ampere.’

» The unit Ampere is widely used within electrical and electronic technology
along with the multipliers like milliamp (0.001A), microamp
(0.000001A), and so forth.

Properties of Electric Current

Electric current is an important quantity in electronic circuits. We have adapted
electricity in our lives so much that it becomes impossible to imagine life without it.
Therefore, it is important to know what is current and the properties of the electric
current.
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» We know that electric current is the result of the flow of electrons. The
work done in moving the electron stream is known as electrical energy.
Electrical energy can be converted into other forms of energy such as heat
energy, light energy, etc. For example, in an iron box, electric energy is
converted to heat energy. Likewise, the electric energy in a bulb is
converted into light energy.

o There are two types of electric current known as alternating current
(AC) and direct current (DC).

o The direct current can flow only in one direction, whereas the alternating
direction flows in two directions.

» Direct current is seldom used as a primary energy source in industries. It is
mostly used in low voltage applications such as charging batteries, aircraft
applications, etc. Alternating current is used to operate appliances for both
household and industrial and commercial use.

« The electric current is measured in ampere. One ampere of current
represents one coulomb of electric charge moving past a specific point in
one second.

1 ampere = 1 coulomb / 1 second

« The conventional direction of an electric current is the direction in which a
positive charge would move. Henceforth, the current flowing in the
external circuit is directed away from the positive terminal and toward the
negative terminal of the battery.

What is Ohm's Law?
Ohm’s law states that the voltage across a conductor is directly proportional to
the current flowing through it, provided all physical conditions and temperature

remain constant.

e Ohm'’s Law of Current Electricity is named after the scientist "Ohm”. Most

basic components of current electricity are voltage, current, and resistance.

Ohm’s law shows a simple relation between these three quantities.



« Voltage = Current X Resistance
V=1IxR
where V= voltage, |= current and R= resistance. The SI unit of resistance
is ohms and is denoted by (.

o Inorder to establish the current-voltage relationship, the ratioV / |
remains constant for a given resistance, therefore a graph between the
potential difference(V) and the current (I) must be a straight line.

« This law helps us in determining either voltage, current or impedance or
resistance of a linear electric circuit when the other two quantities are
known to us. It also makes power calculation simpler.

Ohm’s Law Equation: V = IR, where V is the voltage across the conductor, I is the
current flowing through the conductor and R is the resistance provided by the
conductor to the flow of current.

Ohm’s Law Magic Triangle

You can make use of the Ohm'’s law magic triangle to remember the different
equations for Ohm's law used to solve for different variables (V, I, R).
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n To find | (amperes),

place thumb over |
and divide E by R
as indicated.

ﬂ To find B (ohms),
place thumb over
R and divide as
indicated.

To find E (volts),
lace thumb over
and multiply as

indicated.

[f the value of voltage is asked and the values of the current and resistance are given,
then to calculate voltage simply cover V at the top. So, we are left with the  and R or
[ X R. So, the equation for Voltage is Current multiplied by Resistance. Examples of
how the magic triangle is employed to determine the voltage using Ohm’s law is
given below.

Example 1: If the resistance of an electric iron is 50 2 and a current of 3.2 A
flows through the resistance. Find the voltage between two points.

If we are asked to calculate the value of voltage with the value of current and
resistance given to us, then cover V in the triangle. Now, we are left with [ and R
or more precisely I X R.

Therefore, we use the following formula to calculate the value of V:

V=1XxR

Substituting the values in the equation, we get

V=32AX50+=160V

Example 2: An EMF source of 8.0 V is connected to a purely resistive electrical
appliance (a light bulb). An electric current of 2.0 A flows through it. Consider
the conducting wires to be resistance-free. Calculate the resistance offered by
the electrical appliance.



When we are asked to find out the value of resistance when the values of voltage
and current are given, then we cover R in the triangle. This leaves us with only V
and I, more precisely V + L.

Substituting the values in the equation, we get

R=V<+1

R=8V+-2A=40Q

Applications of Ohm'’s Law
The main applications of Ohm’s law are:

To determine the voltage, resistance or current of an electric circuit.
Ohm’s law is used to maintain the desired voltage drop across the
electronic components.

Ohm’s law is also used in DC ammeter and other DC shunts to divert the
current.

Limitations of Ohm’s Law
Following are the limitations of Ohm'’s law:

Ohm'’s law is not applicable for unilateral electrical elements like diodes
and transistors as they allow the current to flow through in one direction
only.

For non-linear electrical elements with parameters like capacitance,
resistance etc the voltage and current won’t be constant with respect to
time making it difficult to use Ohm'’s law.

Electric Current and Current Density

Electric charges in motion constitute an electric current. Any medium
having practically free electric charges, free to migrate is a conductor of
electricity. The electric charge flows from a higher potential energy state to
a lower potential energy state.

=
21 . -
1

Positive charge flows from higher to lower potential and negative charge
flows from lower to higher. Metals such as gold, silver, copper, aluminium
etc. are good conductors.

When charge flows in a conductor from one place to the other, then the
rate of flow of charge is called electric current (I).
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o When there is a transfer of charge from one point to other pointin a
conductor, we say that there is an electric current through the area. If the
moving charges are positive, the current is in the direction of motion of
charge.

» Ifthey are negative the current is opposite to the direction of motion. If a
charge AQ crosses an area in time At then the average electric current
through the area, during this time as
(i) Average current I,y = AQ/At
(ii) Instantaneous current

AQ  dQ

I=Lim —=—
At—=0 At dt

Example 3: If q = 2t2, find currentatt = 2 sec?
i=dq/dt,i= 4t
~lat2sec=4Xx2=8A

» Current is a macroscopic quantity and deals with the overall rate of flow of
charge through a section. To specify the current with direction in the
microscopic level at a point, the term current density is introduced.
Current density at any point inside a conductor is defined as a vector
having magnitude equal to current per unit area surrounding that point.
Remember area is normal to the direction of charge flow (or current
passes) through that point.

«Current density at point P is given by

-
d

RN
dAoos B

«If the cross-sectional area is not normal to the current but makes an angle

B with the direction of current
then .J:L = dl = JdA cosb = JdA = I:J‘J‘a

A cosB

« Current density J is a vector quantity. Its direction is same as that of
[ts S.I. unit is ampere/m?2 and dimension [L-2A].

Example 4: An electron beam has an aperture 1.0 mm?2. A total of 6.0 X

1010 electrons go through any perpendicular cross-section per second. Find (a)
the current and (b) the current density in the beam.



The total charge crossing a perpendicular cross-section in one second is

q = ne

= 6.0 X 1016 X 1.6 X 10-19C

=9.6 X 103C

The current is

. g 96x103C

s o
t 18

As the charge is negative, the current is opposite to be direction of motion of the

beam.

(b) The current density is

i 96x102A 96x103A

1= 8= ommE ~10x108n?

—96x10°A

=96 x 10° A/m?

Drift of Electrons & the Origin of Resistivity

« The net velocity of the circuit is zero when electrons move randomly in
the circuit and the electric field is not applied to the circuit.

- Drift force is the force driving the electrons through a conductor and
the force opposing the drift force is resistivity.

What is Resistance or Resistivity?

The tendency of a material/device towards resistance is the resistivity of the
device/circuit. The SI unit of resistivity is ohm-meter. The unit length across the
cross-sectional area of the device is also resistivity. Therefore, the nature and
temperature of the material also define resistivity (o).

A = area
L = length

The graph of resistivity as follows. The graphs depict current (I) to voltage (V) ratio,
whereas, dotted line A, B, C shows the idealized graph. After a certain amount of
current, the device starts resisting to the current flowing in the system and the
resistivity becomes constant.
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Drift of Electrons

« The free electrons in a conductor have random velocities and move in
random directions. When current is applied across the conductor the
randomly moving electrons are subjected to electrical forces along the
direction of the electric field.

« Due to this electric field, free electrons still have their random moving
nature, but they will move through the conductor with a certain along
with force. The net velocity in a conductor due to the moving of
electrons is referred to as the drift of electrons.

Drift Velocity

« Drift velocity is defined as the velocity with which the free electrons get
drifted towards the positive terminal under the effect of the applied
external electric field.

« In addition to its thermal velocity, due to acceleration given by the applied
electric field, the electron acquires a velocity component in a direction
opposite to the direction of the electric field. The gain in velocity due to the
applied field is very small and is lost in the next collision.

Average drift velocity

<

Direction of electric field
-ye +ve

At any given time, an electron has a velocity,

=1, +at,, where U= 0 thermal velocity and 2%t~ the velocity acquired by

the electron under the influence of the applied electric field.
T1 = the time that has elapsed since the last collision. Similarly, the velocities of the
other electrons are

Vo = Uy +am, V3 =Uz+ars,....Vy + amy
The average velocity of all the free electrons in the conductor is equal to the drift

velocity ¥¢ of the free electrons
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Note: Order of drift velocity is 10-* m/s.

> Relation between current and drift velocity

Let n = number density of free electrons and A = area of cross-section of conductor.

Number of free electrons in conductor of length L = nAL, Total charge on these free
electrons Aq = neAvq
Time taken by drifting electrons to cross conductor

7
]_. ) B r‘\.q | U_,j

At = : . current I= E = neAL L L) = neAvd

Mobility

» Conductivity arises from mobile charge carriers. In metals, these mobile
charge carriers are electrons; in an ionised gas, they are electrons and
positive charged ions; in an electrolyte, these can be both positive and
negative ions.

« An important quantity is the mobility p defined as the magnitude of the
drift velocity per unit electric field:

| L'{El

E

po=

Example 5: Calculate the drift speed of the electrons when 1 A of current exists
in a copper wire of cross-section 2 mmz2, The number of free electrons in 1

cm?3 of copper is 8.5 x 1022,

We have

j = nevyg

or,



jooi

Vg =

ne Apa
1A
(2 x 10-8m?)(8.5 x 1022 x 10°m—2){1.6 x 10-19C)

We see that the drift speed is indeed small.

= 0.036mm/s

Example 6: Calculate the resistance of an aluminium wire of length 50 cm and
cross-sectional area 2.0 mm?, The resistivity of aluminium is p = 2.6 X 10-8m?
The resistance is

_pt
=g
(2.6x108Q—m)x(0.50m)

=0.0065Q
2x107°m?

We arrived at Ohm's law by making several assumptions about the existence and
behaviour of the free electrons. These assumption are not valid for
semiconductors, insulators, solutions etc. Ohm's law cannot be applied in such
cases.

Example 7: The dimensions of a conductor of specific resistance r are shown
below. Find the resistance of the conductor across AB, CD and EF.

A D
. 3 /" ol
¥ : o
El === e
s 3 w’
o
5
B
pe pb pa
Rig=—, Rep=—, ABer = —
b ac bc

Example 8: A portion of length L is cut out of a conical solid wire. The two ends
of this portion have circular cross-sections of radii r1 and rz (rz > r1). Itis
connected lengthwise to a circuit and a current i is flowing in it. The resistivity
of the material of the wire is p. Calculate the resistance of the considered portion
and the voltage developed across it.
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[f follows from the figure, that

Therefore,
r=rxtang=r x FErLY B =)
L L
Therefore,
A=rr®= %[!‘1 L+(r— n)x]?
3 .('de 3 (JdXLE
4R = r2 — w[rl + (- r)x]2
3 3 pl2 [L ax
+H /dH = Jo INL+ (2 —R)XE
_ oL [{r L+{r—r }J-f}»‘l]IL (—;
T . ’ . 0 [!‘2 —."'1)
- _ Lt (l _ l) _
?T(Fz—ﬁ) I M W(I’lrg)
Therefore, V — R — fpl.
YT i)

Example 9: The space between two coaxial cylinders, whose radii are aand b
(where a < b as in (figure shown) is filled with a conducting medium. The

specific conductivity of the medium is o.
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(a) Compute the resistance along the length of the cylinder.

(b) Compute the resistance between the cylinders in the radial direction.
Assume that the cylinders are very long as compared to their radii, i.e., L >> b,
where L is the length of the cylinders.

R = '0—’ = L = / = /
A oA U(?sz - ,Taz) ?Tﬂ'(bz — az)

(2)

(b) From Ohm's law, we have

J:O‘E

Assuming radial current density. becomes

and, therefore,

Here we have used the assumption that L >> b so that £ and are in cylindrically
symmetric form. The potential drop across the medium is thus

22 = 1 2dr 1 b
Vao = - ,[b By~  2mol __/b T Em_n’_m (5)

The resistance
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Method 2: We split the medium into differential cylindrical shell elements of
width dr, in series. The current flow is cylindrically symmetric (L >> b). The
area through which the current flows across a shell of radius r is A(r) = 2nrL.

The length the current flows, passing through a shell of radius r is dr. Therefore,

the resistance of the shell of radius r is:

1dr

aft = o 2rrL

Since the shells are connected in a series, we have

_ [ In(3)
Ruw= [ dR— 2

Resistors in Series & Parallel Combinations

Combination of Resistance

A number of resistance can be connected in a circuit and any complicated
combination can be, in general, reduced essentially to two different types, namely
series and parallel combinations.

Resistance in Series
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(a) Original circuit (b) Equivalent circuit

+In this combination the resistance are joined end to end. The second end
of each resistance is joined to first end of the next resistance and so on.



A cell is connected between the first end of first resistance and second

end of last resistance. Figure shows three resistances R1, Rz and

Rs connected in this way. Let V1, V2 and V3 are the potential differences

across these resistances.

«In this combination current flowing through each resistance will be same

and will be equal to current supplied by the battery.
«As resistances are different and current flowing through them is same,
hence potential differences across them will be different. Applied

potential difference will be distributed among three resistances directly

in their ratio.

+As iis constant, hence V is directly proportional to R
i.e.,, Vi =1iR1, V2 = iRy, v3 = iR3

«If the potential difference between the points A and D is V, then
V=Vi+V2+Vs=I(R1 +R2+ R3)

«If the combination of resistances between two points is replaced by a
single resistance R such that there is no change in the current of the
circuit in the potential difference between those two points, then the
single resistance R will be equivalent to combinationand V=iRi.e,
IR =I(R1+ Rz+ R3)

R=Ri+ Rz + R3

«Thus in series combination of resistances, important conclusion are:

(i) Equivalent Resistance > highest individual resistance

(ii) Current supplied by source = Current in each resistance
v Vi VY
or R-R.+R; = R, — i = ﬁ

(iii) The total potential difference V between points A and B is shared
among the three resistances directly in their ratio

V1: V2: V3 = Ri1: Ra: R3

Resistance in Parallel

o
o~
-
l's

|+
|+

RS
<

E—

& |||
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]
<
o
o
M
<
)
Lo
AN
e =
oli
..
<

(a) Original circuit (b) Equivalent circuit
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+«When two or more resistance are combined in such a way that their first
ends are connected to one terminal of the battery while other ends are
connected to other terminal, then they are said to be connected in
parallel. Figure shows three resistances Ry, Rz and R3 joined in parallel
between two points A and B. Suppose the current flowing from the
battery is i. This current gets divided into three parts at the junction A.
Let the currents in three resistance R1, R2 and Rs, are iy, iz,
iz respectively.

«Suppose potential difference between points A and B is V. Because each
resistance is connected between same two points A and B, hence
potential difference across each resistance will be same and will be
equal to applied potential difference V.

«Since potential difference across each resistance is same, hence current
approaching the junction A is divided among three resistances
reciprocally in their ratio.

As Vis constant, henceip (1/R) i.e,,

Ne e II-"'_HHdI“-R_

2R,
«Because i the main current which is divided into three parts i1, iz and iz at
the junction A.

oy b i fv[_.'_+i+_‘}
hence, IR R
1
«If the equivalent resistance between the points A and Bis R, theni= R
v 1 1 1
Thus, ﬁzv[‘:‘_'-“_;”_f‘- or ": “1- -“I: Rl-
« Thus in parallel combination of resistance important conclusion are :
(i) Equivalent resistance < lowest individual resistance
(ii) Applied potential difference = Potential difference across each
resistance.
or iR =i1R1 = 2Rz = i3R3
(iii) Current approaching the junction A = Current leaving the junction
B and current is shared among the three resistances in the inverse ratio

of resistances
A5k
l1tizria=F B &

i.e., iR = constant i.e., a low resistance joined in parallel always draws a higher
current.
(ii) When two resistance R; and R; are joined in parallel, then

LR,
L B = . H, _R,
iR, or i5R3 or IRt R, or H, R,

WRE iRt _R, H, R,
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i.e., heat produced will be maximum in the lowest resistance.
Examplel. Find current which is passing through battery.

3
| in |
—— AA—

[ F—AAAN—
30v 10

Sol. Here potential difference across each resistor is not 30 V

Q battery has internal resistance here the concept of combination of resistors is
useful.

Reg=11=2?

Example 2. Find equivalent Resistance

A -—-.»‘v‘.:;!v—]— .\"&M.-—‘.l.- .MR:‘- ,i‘-.aT-a 8

R K
AN A 3
Sol AV Q Vi Gl Va ; |‘u'a

Here all the Resistance are connected between the terminals A and B. So, Modified
circuit is
R
_Hv."l\'—
= a\t{d'fv n B

B

L

e R
So Req=] A—— A

Example 3. Find the current in Resistance P if voltage supply between A and B is

V volts
R
ViV
ju ]

A —»'Vw:‘\‘NT\\EVv—L!V-ﬁ,’-TB
3R

SUI. Rs:q = 8




mv"

B VW k—r\.\.".’\u"» —=vYW\AT—B

Va

BV
T n

oo N
15H-R = IR

Currentin

=2

R
W I‘N 'y“\? v‘.hﬂ"v

g -‘._H!J“J\,
'-‘

mo

Example 4. Find the current in 2 W resistance.

Sol. 2Q), 10 in series = 3{)
18,

3Q, 6Qin parallel = 5 e

20, 40} in series = 61}
61, 3() is paralle] = 2Q
Regq=4+4+2=100

_120

=124

So current in 2? Resistance =

(]
]

&
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I ; Special Prob]ems I '
1 1
i i
[ J<' [
] |
1 1
] ]
1 41\<1‘1 1 "
1
| ,‘s“ |
I 1
1 1
1 1
'I We wish to determine equivalent resistance between A and B. In figure shown ||
1 points (1,2) (3, 4, 5) and (6, 7) are at same potential Equivalent circuit can be 1
g 1 redrawn as in figure shown. I I
1 The equivalent resistance of this series combination is I
1 1
i L adel L L )
1 2842 2 1
1 1
1 1
| 1
1 1
1 1
1 i
1 1
1 j 1 :
1 In the figure shown, the resistances specified are in ohms. We wish to determine the 1
'I equivalent resistance between point A and D. Point B and C, E and F are the the same ll
[ potential so the circuit can be redrawn as in figure shown. 1
II Thus the equlvalent resistance is 17 .'
] i
I / I
1 1
1 KN \; 1
] _.--—‘\-Vln- [ ]
1 1
|I Aé mr < s Il
1 g ~8 1
1
. i » In the network shown in flgure shown all the resistances are equal, we wish to i
1 : determine equivalent resistance between A and E. Point B and D have same ! I
1 1
i i
1 1
1 1
1 1
] ]
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potential, similarly F and H have same potential. The equivalent circuit is shown in
figure shown. The equivalent resistance of network is 7R/2.

i,
e R o
- -

,-" L —
"'3(“ < 3
i > : XT”
R

Temperature Dependence of Resistivity

Resistivity is the nature of a material that allows or resists the flow of electric
current through a given element or material. What is surprising about resistivity is
the temperature dependence of electrical resistance! It is hard to comprehend how
the temperature of an element can affect the degree of conductance of such material
but believe it or not, this is the world of science and it happens almost every day, all
around us!

The Concept of Electrical Resistance

Resistivity is the phenomenon of specific electrical resistance of a material or
volume resistivity of a material. It can also be defined as the intrinsic property of a
material that displays how the material resists the flow of current in the material.
The concept can also be defined as the resistance that is displayed by a conductor
which has unit length and unit area of the given cross section.

So resistivity is not dependent upon the length and area of a cross-section of a given
material. However, the resistance of a material depends upon the length and area of
the cross-section of the material in question. The resistivity manifests as:

p=RA/L,

where R is the resistance in ohms, A is the area of cross-section in square meters
and L is the length in meters. The unit of resistivity is universally accepted as ohm-
meter.

The Concept of Temperature Resistivity



P

Semiconductor

Resistivity
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0 300

Temperature (K)

The resistivity of materials is dependent upon the temperature of the material.
pt=p0[1+ a(T-To)l

is the equation that defines the connection between the temperature and the
resistivity of a given material. In this equation p0 is the resistivity at an equilibrium
temperature, pt is the resistivity at t0 C, To is referred to as the reference
temperature and a is the temperature coefficient of resistivity.

Understanding the Equation

[t is known that an electric current is the movement of free electrons from one atom
to the other when there is a potential difference between the two. In the case of
conductors, no gap is present between the conduction band and valence band of the
electrons. In most cases, these bands overlap each other.

The valence electrons in a given atom are loosely bound to the nucleus in a
conducting material. Quite often, metals or conductors have a low ionization energy
and therefore, they tend to lose electrons very fluidly. When an electric current is
applied, the electrons are free to move within the structure on their own. This
happens in the case of the normal temperature of a material.

However, when the temperature increases gradually, the vibrations in the metal
ions in the lattice structure also undergo an increase. In this case, the atoms begin to
vibrate with a higher amplitude. Such vibrations, in turn, cause frequent collisions
between the free electrons and the remaining electrons.

Each such collision drains out some degree of energy of the free moving electrons
and renders them in a condition in which they are not able to move. Thus, it causes a
restriction in the movement of the delocalized electrons.

In the case of metals or conductors, it is rightly said that they hold a positive
temperature coefficient. The value a is positive. For most of the metals, the
resistivity increases in a linear pattern with an increase in the temperature in a
range of 500K.



What happens in Insulators?

In the case of insulators, the forbidden energy gap between the conduction band and
the valence band is very high. The valence band is filled with the electrons of the
atoms. Diamond is a unique example of an insulator. Here, all the valence electrons
are involved in the covalent bond formation and as a result, conduction does not
take place. The electrons are too tightly bound to the nucleus of the atom.

Resistance of Pure Metals

] 2L
(i) We know that ~ -me°r 4
For a given conductor, ], A and n are constant, hence R is directly proportional to
(1/7)
If A represents the mean free path (Average distance covered between two
successive collisions) of the electron and vims, the root-mean-square speed, then
) Vims
v~ Hence R is directly proportional to *
Now,
(a) A decreases with rise in temperature because the amplitude of vibrations of the
+ve ions of the metal increases and they create more hindrance in the movement of
electrons and,
(b) (i) vims increases because vims is directly proportional to under root T.
Therefore, Resistance of the metallic wire increases with rise in temperature. As
p is directly proportional to R and o is directly proportional to (1/p), hence
resistivity increases and conductivity decreases with rise in temperature of the
metallic of the metallic wires.
(ii) If Ro and R, represent the resistances of metallic wire at 0°C and t°C respectively
then Ry is given by the following formula:
R,-R,=R,at
where a is called as the Temperature coefficient of resistance of the material of the
wire.
a depends on material and temperature but generally it is taken as a constant for a
particular material for small change.
Re-Ro=Roat
for very small change in temperature dR = Rp a dt
(c) Resistance of semiconductors
(i) There are certain substances whose conductivity lies in between that of
insulators and conductors, higher than that of insulators but lower than that of
conductors. These are called as semiconductors, e.g,, silicon, germanium, carbon etc.
(ii) The resistivity of semiconductors decreases with increase in temperature i.e., a
for semiconductors is -ve and high.
(iii) Though at ordinary temperature the value of n (no. of free electrons per unit
volume) for these materials is very small as compared to metals, but increases very




rapidly with rise in temperature (this happens due to breaking of covalent bonds).

Though T decreases but factor of n dominates. Therefore, the resistance
|
= goes on decreasing with increase in temperature.

Specific Resistance or Resistivity

+R of a conductor is directly proportional to its length ().
+R of a conductor is inversely proportional to the area of cross-section (A).

p L P = resistivity
R _ —_— [, =length

A A = cross sectional area

Resistivity depends only upon the material of which the conductor is made. It is
defined as the resistance of the conductor made of a given material having length of
1 meter and area of cross-section 1 m2

If P1 and P2 are resistivities of a material at temperatures T1
and T2 respectively, then:
P =P (1 +£Ip0}

where =T, - T, is the temperature difference and ¢, is known as temperature coefficient of resistivity.

Solved Examples for You

Question: State the properties and features of temperature resistivity in
conductors and insulators.

Solution: The resistivity of a material is defined as the resistance offered by a
conductor having a given unit length and unit area of cross-section. The unit of
resistivity is ohm meter. The formula for deriving resistivity is p = RA/L. Here, R is
the resistance in ohmes, A is the area of cross-section in square meters and L is the
length in meters.

«In the case of metals or conductors, when the temperature increases, the
resistivity of the metal increases as a result. Thus, the flow of current in
the metal decreases. This phenomenon reflects a positive temperature
coefficient. The value « is positive in this case.

«In the case of insulators, the conductivity of the material generally
increases, when the temperature is made to increase. When the
conductivity of the material undergoes an increase, it is easy to decipher



that the resistivity of the material decreases and the current flow of the
material increases.

Electrical Energy & Power

Electrical Power

«The energy liberated per second in a device is called its power, the
electrical power P delivered by an electrical device is given by

dg
P=aV=V]
«Power consumed by a resistor.
V2
—watt
P=VI=1]Z2R =

«The power P is in watts when I is in amperes, R is in ohms and V is in volts.

«The practical unit of power is 1 kW = 1000 W.
Ve

«The formula for power P = [2R = VI = ® is true only when all the
electrical power is dissipated as heat and not converted into mechanical
work, etc. simultaneously.

«If the current enters the higher potential point of the device then electric
power is consumed by it (i.e. acts as load). If the current enters the
lower potential point then the device supplies power (i.e. acts as
source.)

Joule's law of electrical heating
«When an electric current flows through a conductor electrical energy is

used in overcoming the resistance of the wire. If the potential difference
across a conductor of resistance R is V volt and if a current of [ ampere



flows the energy expanded in time t seconds is given by

2
V
—1
_ . R
W = Vit joule = [2Rt joule =
«The electrical energy so expanded is converted into heat energy and this
conversion is called the heating effect of electric current.
«The heat generated in joules when a current of I amperes flows through a
resistance of R ohm for t seconds is given by
2

sk I“R
H = I°Rt joule = — cal.
4.2
This relation is known as Joule's law of electrical heating.

Example 1. If bulb rating is 100 watt and 220 V then determine

(a) Resistance of filament

(b) Current through filament

(c) If bulb operate at 110volt power supply then find power consume by bulb.

Sol. Bulb rating in 100 W and 220 V bulb means when 220 V potential difference is
applied between the two ends then the power consume is 100 W

Here V =220

P =100

¥ i

R
SoR=484W
Since Resistance depends only on material hence it is constant for bulb

_V_ 220 5

— = —Amp

power consumed at 110 V
110 x 110

—=25W
Therefore, power consumed = 484

Example 3. In the following figure, grade the bulb in order of their brightness:



100W. 220V 50\1220\’ '3
o —_ . e 20W, 220V
s ' G? oY
] QY_
8, B. B.
|y
I L)
220V
_Via
Bal, =g
R . vl;li:
l=lel
RE > R: -~ R 1

Power = i2R
As current passing through every bulb is same
Therefore, Brightness order is Bz > Bz > B4

Example 4.

G @
[ |I)

|

&
I

|
11
1
A7)

The above configuration shows three identical bulbs, Grade them in order of

their brightness.

Sol. B1 & B: withdraw less current as compared to Bs; because in series they give 2R

resistance where as R is the resistance due to Bs.

Power = i?R
Therefore, Brightness order: B; > B2 = B1.

Example 5.
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Grade the bulbs in order of their brightness (All bubls are identical)

Sol.

(PPN
-u=yp-g=1:2
Asl+ =1

-3
T i

power = iR

4l
o W5

Therefore, Order of Brightness: Bs > B1 = Bz > B¢ > B4 = B3

(B) Maximum power transfer theorem
Let E be emf and r internal resistance of the battery. It is supplying current to an

external resistance R

=
—-

current in circuit I = (R=r)

The power absorbed by load resistor R is

[E
P=I2R = LEYS

For maximum power transfer we take the derivative of P w.r.t R, set it equal to zero

and solve the equation for R.
9P _ 2 (R+1F —RI2R -r)]
dR {R & |:
Solving for R, we have

-0
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(Rr)2-R(2) (Rr) =0

(Rr)-2R=0
R=r

For a given real battery the load resistance maximizes the power if it is equal to the
internal resistance of the battery.

,; \ I

The maximum power transfer theorem in general, holds for any real voltage source.

The resistance R may be a single resistor or R may be the equivalent resistance of a
collection of resistors.

Instruments
Ammeter
«Itis a device used to measure current and its always connected in series
with the 'element’ through which current is to be measured, e.g., in
figure (A) ammeter A; will measure the current (I11) through resistance
R1, Az measures current (I2) through Rz and Rz while A, measures

current I (I1 + I2).

Regarding an ammeter it is worth noting that :

«The reading of an ammeter is always lesser than actual current in the

circuit, e.g., true current in the resistance R in the circuit shown in figure

v
(B)isI=R
«However, when an ammeter of resistance r is used to measure current as
shown in figure (C), the reading will be



r-L. |,‘-E"
(R+r) R
1
e e |
. —C
F \
R
1 |
a2
Ry 2 Rs R
(A) (B)

«Smaller the resistance of an ammeter more accurate will be its reading. An
ammeter is said to be ideal if its resistance (r) is zero. However, as
practically r * 0, ideal ammeter cannot be realised in practice.

«To convert a galvanometer into an ammeter of a certain range say I, a
small resistance S (called shunt) is connected in parallel with the
galvanometer so that the current passing through the galvanometer of
resistance G becomes equal to its full scale deflection value Ig. This is
possible only if

n-g) s
IG=(I-1)5 .
! L —
U L4 =
<o b o o ©
- -k reslstance |
Am-}ng

ie,

Example 6. What is the value of shunt which passes 10% of the main current
through a galvanometer of 99 ohm?
Sol. As in figure Rglg = (1 - I3)S

'B‘E'ta'-!-- - 1—-'-.-?:-3 Ha S
=y WL~
=S8=11?
For calculation it is simply a resistance
o (A 0
‘\_J A
D\ M)
Resistance of ammeter
Rs.5
R = <
" “Rg +8
for S << Rg = Ra=S

Example 7. Find the current in the circuit also determine percentage error in
measuring in current through an ammeter (a) and (b).
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20 ef?
_m._ _iblh\_
v J’ 0 .I__ :‘.%.U 50y
oV T 1,
L
(a) (b)
| E -5A
Sol.InA 2
iI= :'_lil_ =d4A
InB 5
; =1 100
Percentage erroris = = 20% Ans.

Here we see that due to ammeter the current has reduced. A good ammeter has very
low resistance as compared with other resistors, so that due to its presence in the
circuit the current is not affected.

Example 8. Find the reading of ammeter. Is this the current through 6 W ?

I~ hu
60

W

18V

1

1

3 n _T
I sa = +1 ?3-")
Sol. 3+6
Current through battery

1=18 _ga
3

So, current through ammeter
=6x E =4A
9

No, it is not the current through the 6W resistor.

Note: Ideal ammeter is equivalent to zero resistance wire for calculation
potential difference across it is zero.

Voltmeter

[t is a device used to measure potential difference and is always put in parallel with
the 'circuit element' across which potential difference is to be measured e.g,, in
Figure (A) voltmeter V; will measure potential difference across resistance R;,

V2 across resistance Rz and V across (R1 R2) withV=V; V;



I F
' L _—y
- |
fetys
Ry Rp J | 'y 14
. . 8
| I rI g ' R% (ff’
(" 0 < < -
B T 1 2l
) '3
&S =
A) (8)

Regarding a voltmeter it is worth noting that:

(1)The reading of a voltmeter is always lesser than true value, e.g., if a current I is
passing through a resistance R [Fig. (B)], the true value V = IR. However, when a
voltmeter having resistance r is connected across R, the current through R will
become

oty T O

(R+r] and S0 [1={R/r)]
and as voltmeter is connected across R its reading V' is lesser than V.
(2) Greater the resistance of voltmeter, more accurate will be its reading. A
voltmeter is said to be ideal if its resistance r is infinite, i.e., it draws no current from
the circuit element for its operation. Ideal voltmeter has been realised in practice in
the form of potentiometer.
(3) To convert a galvanometer into a voltmeter of certain range say V, a high
resistance R is connected in series with the galvanometer so that current passing
through the galvanometer of resistance G becomes equal to its full scale deflection
value ;. This is possible only if
L)

¥l

R
\
R-;-G
V=1, (GR)ie, 9

Example 9. A voltmeter has a resistance of G ohm and range of V volt. Calculate

the resistance to be used in series with it to extend its range to nV volt.
v

Sol. Full scale current iy = ©
to change its range
V1= (GRs) g

v

=>nV=(GRs) &

Kirchhoff's Laws

Kirchhoff's Laws for Circuit Analysis



«Before moving on to the statement of Kirchhoff's law, we state some
conventions to be followed in circuit analysis:

(i) Direction of conventional current is from high potential to low
potential terminal.
(ii) Current flows from high potential node A to low potential node B. if
we traverse from point A to B, there is drop of potential; similarly from
B to A, there is gain of potential.

«If we traverse from point A to B, there is drop of potential; similarly from
B to A, there is gain of potential. If a source of emf is traversed from
negative to positive terminal, the change in potential is +E.

Potential gain

< Vo — Vg =+E
High Potential Low potential T T
Ae > *B
Potential drop Final ~lInitial
> potential potential

« While discharging, current is drawn from the battery, the current comes
out from positive terminal and enters negative terminal, while charging
of battery current is forced from positive terminal of the battery to
negative terminal. Irrespective of direction of current through a battery
the sign convention mentioned above holds.

«The positive plate of a capacitor is at high potential and negative plate at
low potential. If we traverse a capacitor from positive plate to negative
plate, the change in potential is -Q/C

iJ +|'|—

. <1 € é Vg — Vi =-QIiC
Discharging Battery T T
I High Low
A = 5 potential potential
Charging Battery

«If we traverse a resistor in the direction of current, the change in potential
is -IR.

«If we traverse a resistor in the direction opposite to the direction of
current, the change in potential is +IR.
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Direction of traverse a — b Direction of traversea —— b
—.- ..‘_
AMA— LYYV

AV=W -V, =+IR

p

AV=V, = V. ==IR

Direction of traverse a — b Direction of traverse a b

i

AV= Vb—Va=+‘.E AV:VD—VE=—‘£

« Positive terminal of source of emf is at high potential and negative
terminal at low potential. If we traverse a source of emf from the
positive terminal to negative terminal, the change in potential is -E.

«If a capacitor is traversed from negative plate to positive plate, the change
in potential is Q/C.

The Kirchhoff's Current Law

« Current flow in circuits is produced when charge carriers travel though
conductors. Current is defined as the rate at which this charge is carried
through the circuit. A fundamental concept in physics is that charge will
always be conserved.

« In the context of circuits this means that, since current is the rate of flow of
charge, the current flowing into a point must be the same as current
flowing out of that point.

« Kirchhoff's current law states that for the diagram above, the currents in the
three wires must be related by:
L+ 12=13



«It is important to note what is meant by the signs of the current in the
diagram - a positive current means that the currents are flowing in the
directions indicated on the diagram.

The Kirchhoff's Voltage Law

« The Kirchhoff's voltage law (KVL) states that the algebraic sum of the
potential difference around any closed loop of an electric circuit is
zero. The KVL is a statement of conservation of energy.

«The KVL reflects that electric force is conservative, the work done by a
conservative force on a charge taken around a closed path is zero.

«We can move clockwise or anticlockwise, it will make no difference
because the overall sum of the potential difference is zero.

+We can start from any point on the loop, we just have to finish at the same
point.

«An ideal battery is modelled by an independent voltage source of emf E
and an internal resistance r as shown in figure A real battery always
absorbs power when there is a current through it, thereby offering
resistance to flow of current.

_._Battery
. € l
I | I
e‘f A :E’ >
NN\
R

« Applying KVL around the single loop in anticlockwise direction, starting
from point A, we have

+ IR + Ir - E e 0
In the Inthe opposite  From posilve

opposde dirzction 10 io negaive

dirgction curran! terminal

to current

Example 1. Find current in the circuit



Hm.»j
(L
, "’.{!ﬂ v 15V

£ =30
=0V

¥l 3pv

Sol. Therefore, all the elements are connected in series
Therefore, current in all of them will be same

let current =1

Applying kirchhoff' s voltage law in ABCDA loop

20W _ 1 4

—ve— C
1 Zysy

.ﬂ+

s40 ! Vo

e s

iIE.‘\;’ é_
30

-;[*—._U-“:‘:II—*f&é

¥ ;v

D

10+ 4i-20+4+i+15+2i-30+3i=0
10i=25=>i=25A

Example 1. Find the current in each wire applying only kirchhoff voltage law

Sol. Applying kirchhoff voltage law in loop ABEFA
i1+30+2(1+i2)-10=0

3i1 + 2iz + 20 =0....(J)

Applying kirchhoff voltage law in BCDEB

+30 + 2(i1 +i2) + 50 + 2i2 =0

4i+ 21 +80=0

2i2 + i1 + 40 = 0 ...(ii)

Solving (i) and (ii)

3[-40 -2i] + 2i2 + 20 =0
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| 2(+I1¢2_n 1 200
Al H-1 :

A T ¢

-120-4i2+20=0

ir=-25A

andii=10A

Therefore,ijiz=-15A

current in wire AF=10AfromAto E
current in wire EB=15AfromBto E
current in wire DE = 25 A from D to C
Potentiometer & Its Applications

What is Potentiometer?

Potentiometer working can be explained when the potentiometer is understood. It
is defined as a three-terminal resistor having either sliding or rotating contact that
forms an adjustable voltage divider. In order to use the potentiometer as a rheostat
or variable resistor, it should have only two terminals with one end and the wiper.
Following are the terms used to describe types of potentiometers:

1. Slider pot or slide pot: This can be adjusted by sliding the wiper right or left with
a finger or thumb.

2. Thumb wheel pot or thumb pot: This can be adjusted infrequently with the help
of small thumb wheel which is a small rotating potentiometer.

3. Trimmer pot or trim pot: This can be adjusted once for fine-tuning of an electric
signal.

Necessity of Potentiometer

« Practically voltmeter has a finite resistance (ideally it should be ). In
other words, it draws certain current from the circuit. To overcome this
problem a potentiometer is employed because at the instant of
measurment, it draws no current from the circuit.

Working Principle of Potentiometer

« Any unknown potential difference is balanced on a known potential
difference which is uniformly distributed over the entire length of a
potentiometer wire.

This process is termed as zero deflection or null deflection method.
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Note:

(i) Potentiometer wire : Made up of alloys of manganin, constantan, eureka.
(ii) Special properties of these alloys are high specific resistance, negligible
temperature co-efficient of resistance (a). This results in invariability of
resistance of potentiometer wire over a long period.

Circuits of Potentiometer

« Primary circuit contains source of constant voltage & rheostat or
Resistance Box.
«Secondary circuit contains battery & galvanometer.

> Potential gradient (x) (V/m)

« Potential difference corresponding to unit length of potentiometer wire is
called potential gradient.

«Rate of growth/fall of potential per unit length of potentiometer wire is
equal to potential gradient.

eLetr =0and Ry = 0 then Vag = E (max. in the ideal case) then x = E/L
Unit and dimensions : (V/m ; MLT-3A1)

eAlways Vag < E; (*r+ Ry # 0)
x = Vag/L

«Now Vag = I Rp (Rp = resistance of potentiometer wire)

«Let p = Resistance per unit length of potentiometer wire

IR R
S - il wl M
current in primary circuit [

B __E (R
=R +r+R,’ *T R 4R +rl L



«If cross-sectional radius is uniform = x is uniform over the entire length of
potentiometer wire.

«[f [ constant, then
1

X% (radius)

» 'x' depends on - p,r, o etc.
> Factors affecting 'x'

oIf Vagp = constant and L = constant then for any change — x remains
unchanged.

«If there is no information about Vag then always take Vg as constant so (x
x 1/L)

«If Vag and L are constant :

« For any change like radius of wire, substance of wire (o) there is no
change in x.

«Any change in the secondary circuit results in no change in x because x is
an element of primary circuit.

Note:

E_ (B
EERy+r+R | L

Xmax OF Xmin ON the basis of range of rheostat or resistance box (R.B.)

E
E R=0=x_ =p %=t (r=0

E (R
F el g, RP+R[TP]

X R; +R
ten % =R,

P

Applications of Potentiometer
Comparison of EMF's of two cells using potentiometer

« Consider the circuit arrangement of potentiometer given below used for
comparison of emfs of two cells



E K l
Battery ‘ E I| 1A 1
g A l
_“ l - 1
| | .
I .
R = .
1
, R :
| _— :
K, . J, I ll
g = - 1
B 1
: 1
Figure 14. Potentiometer arrangement for .'
comparison of emf’s of two cells 1
1
1
« Positive terminals of two cells of emfs E1 and E2 (Whose emf are to be 1
compared) are connected to the terminals A and negative terminals are |I
connected to jockey through a two way key Kz and a galvanometer i
«Now first key K; is closed to establish a potential difference between the ll
terminals A and B then by closing key Kz introduce cell of EMF Eq in the 1
circuit and null point junction J1 is determined with the help of jockey.If ||
the null point on wire is at length I|
1
1 from A then 1
E1 =Kl i
Where K — Potential gradient along the length of wire |
«Similarly cell having emf E; is introduced in the circuit and again null II
point 2 is determined. If length of this null point from 1
Ais 1z then II
E: = Kl2 !
Therefore ll
E]/Ez = |1/12 1
This simple relation allows us to find the ratio of E1/E2 .'
+if the EMF of one cell is known then the EMF of other cell can be known |
easily i
Determination of internal resistance of the cell 1
]
« Potentiometer can also be used to determine the internal resistance of a '|
cell 1
1
1
1
1
]
1
i
1
]
1
]
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Battery i
5yl Al

Figure 15. Potentiometer arrangement for
determining internal resistance of a cell

«For this a cell whose internal resistance is to be determined is connected

to terminal A of the potentiometer across a resistance box through a key
Kz

+First close the key K1 and obtain the null point. Let 11 be the length of this

null point from terminal A then
E =Kl

«When key K; is closed ,the cell sends current through resistance Box (R). If

E: is the terminal
Potential difference and null point is obtained at length 12(A]2) then
V=Kl

Thus

E/V=I1i/l2

ButE =I(R+r)and V=1IR
This gives

E/V = (r+R)/R
So(r+R)/R=1i/l

giving

r=R(l1/1z-1)

«Using above equation we can find internal resistance of any given cell

Cells, EMF, & Internal Resistance
Battery and EMF

- - -------------- Page41 0f62 ----------------------

« A battery is a device which maintains a potential difference between its

two terminals A and B.



«Figure shows a schematic diagram of a battery. Some internal mechanism
exerts forces on the charges of the battery material.

+ This force drives the positive charges of the battery material towards A
and the negative charges of the battery material towards B. We show the
force on a positive charge q as ™. As positive charge accumulates on A
and negative charge on B, a potential difference develops and grows
between A and B. An electric field is developed in the battery material
from A to B and exerts a force == on a charge q. The direction of this
force is opposite to that of % In steady state, the charge accumulation on
A and B is such that " ="« No further accumulation takes place.

- L -

High E \ Low
potential =" potential
A —_— —_—

I j I
—_—

A
Y

Av

«If a charge q is taken from the terminal B to the terminal A, the work done
by the battery force Fy is
W = Fy d where d is the distance between A and B. The work done by the

battery force per unit charge is

W Fd
T

« This quantity is called the emf of the battery. The full form of emf is
electromotive force. The name is misleading in the sense that emf is not
a force, it is work done/charge. We shall continue to denote this
quantity by the short name emf. If nothing is connected externally
between A and B,
Fh — Fe = qE
or, Fprd = qEd =qV
where V = Ed is the potential difference between the terminals. Thus,
Ed =T"-v

«Thus, the emf of a battery equals the potential difference between its
terminals when the terminals are not connected externally.

« Potential difference and emf are two different quantities whose
magnitudes may be equal in certain conditions. The emf is the work

done per unit charge by the battery force Fy which is non-electrostatic in

E
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nature. The potential difference originates from the electrostatic field
created by the charges accumulated on the terminals of the battery.

+ A battery is often prepared by putting two rods or plates of different
metals in a chemical solution. Such a battery, using chemical reactions to
generate emf, is often called a cell.

: /
- Force due to
A electricfieldon |~ =

f the electron £
Emf Q ;
Source E Direction of

v motion J,

of electron

/

B
-

« Now suppose the terminals of a battery are connected by a conducting
wire as shown in above figure. As the terminal A is at a higher potential
than B, there is an electric field in the wire in the direction shown in the
figure.

«The free electrons in the wire move in the opposite direction .and enter
the battery at the terminal A. Some electrons are withdrawn from the
terminal B which enter the wire through the right end. Thus, the
potential difference between A and B tends to decrease. If this potential
difference decreases, the electrostatic force Fe inside the battery also
decreases. The force F, due to the battery mechanism remains the same.

«Thus, there is a net force on the positive charges of the battery material
from B to A. The positive charges rush towards A and neutralize the
effect of the electrons coming at A from the wire. Similarly, the negative
charges rush towards B. Thus, the potential difference between A and B
is maintained.

«For calculation of current, motion of a positive charge in one direction is
equivalent to the motion of a negative charge in opposite direction.
Using this fact, We can describe the above situation by a simpler model.
The positive terminal of the battery supplies positive charges to the
wire. These charges are pushed through the wire by the electric field
and they reach the negative terminal of the battery. The battery
mechanism drives these charges back to the positive terminal against
the electric field existing in the battery and the process continues. This
maintains a steady current in the circuit
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« Current can also be driven into a battery in the reverse direction. In such a
case, positive charge enters the battery at the positive terminal, moves
inside the battery to the: negative terminal and leaves the battery from
the negative terminal. Such a process is called charging of the battery.
The more common process in which. the positive charge comes out of
the battery from the positive terminal is called discharging of the

battery.
i=2A
Ay | ——aB
v =20 Vs
Example 1. " E=10V
Find va - v

Sol.vp-iR-E=vg
va-vg=1iRE=4410 = 14 volt

Example 2. Shown in the figure. Find out the current in the wire BD

Q*T .

Tm

A

Sol. Let at point D potential = 0 and write the potential of other points then current
10 20

in wire AD = 2 = 5A from A to D current in wire CB = * = 4A from C to B.
Therefore, current in wire BD = 1 A from D to B.

Sol. Let potential at point A is 0 volt then potential of other points is shown in figure.
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40 -

CurrentinBG= 1 =40AfromGtoB

(=]

H  GINEA p HIV

0-1-30)
Currentin FC= 2?2 =15AfromCtoK
0-(40) _,0a

currentinDE= 2 fromDto E
currentinwire AH=40-35=5AfromAtoH

Combinations of cells

+A cell is used to maintain current in an electric circuit. We cannot obtain a
strong current from a single cell.

+Hence need arises to combine two or more cells to obtain a strong
current.

+Cells can be combined in three possible ways:
(i) In series
(ii) In parallel
(iii) In mixed grouping.

Cells in Series

«In this combination, cells are so connected that -ve terminal of each cell is
connected with the +ve terminal of next and so on. Suppose n cells are
connected in this way. Let e.m.f and internal resistance of each cell are E
and r respectively.

«Net e.m.f of the cells = nE. Total internal resistance = nr. Hence total
resistance of the circuit = nr + R.



( nel emef nE
If total current in the circuit is [, then ~ Toia Resistance ~ nr=® (1)
Case (i) : If nr < <R, then '=" SR je,, if total internal resistance of the cells is far less
than external resistance, then current obtained from the cells is approximately
equal to n times the current obtained from a single cell. Hence cells, whose total
internal resistance is less than external resistance, just be joined in series to obtain
strong current.

nc
Case (ii) : If nr >> R, then o i.e., if total internal resistance of the cells is much
greater than the external resistance, then current obtained from the combination of
n cells is nearly the same as obtained from a single cell. Hence there is no use of
joining such cells in series.

=|m

Cells in Parallel

€1
A B1 } e B2 @
| W I
i €2

> When E.M.F's and internal resistance of all the cells are equal

«In this combination, positive terminals of all the cells are connected at one
point and negative terminals at other point. Figure shown such cells
connected in parallel across some external resistance R. Let e.m.f and
internal resistance of each cell are E and r respectively.

«Because all the cells are connected in parallel between two points, hence
e.m.f of battery = E.

«Total internal resistance of the combination of n cells = r/n

«Because external resistance R is connected in series with internal
resistance, hence total resistance of the circuit = (r/n) R

«If current in external resistance is I, then
net EMF E ngE

Total resistance — (f/n}+R r+nR

fE E
Case (I) : If r << R, the ~R "R ie, if internal resistance of the cells is much less than
external resistance, then total current obtained from combination is nearly equal to



current given by one cells only. Hence there is no use of joining cells of low internal
resistance in parallel.

nc

Case (II): If r >> R, then v i.e,, if the internal resistance of the cells is much
higher than the external resistance, then total current is nearly equal to n times the
current given by one cell. Hence cells of high internal resistance must be joined in
parallel to get a strong current.
(I1) When emf's and internal resistance of all the cells connected in parallel are
different.
In this case, total current in external resistance is obtained with the help of
Kirchhoff's laws. Figure shows three cells of em.f E;, E; and E3 and internal
resistances ri, rz and rsz connected in parallel across some external resistance R.
Suppose currents given by three cells are i3, iz and i3. Hence according to Kirchhoff's
first law, total current I in external resistance R, is given by
I =iyizis (1)
Applying Kirchhoff's 2nd law to closed mesh ABEF we get

(E(~IR)
[IRisri =Eioriz ="+ ° ] (2)
Similarly, for closed meshes ABDG and ABCH, we get

I E-| rl
F it E
]Q Ei’ I
St et 1 e )
I Ej I-
H—|—||—\.w$—c
T__ &
A B
,-EaR
RN )
y E2-R
and = % ..(4)

Substituting eq. (2), (3) and (4) in eq. (1), we have

_E-IR_E;-IR_E;-IR
Iy ra Iy
l[,4pf1+i41';}-a_a_ﬁ_
i = [y T
or ” £ W

fy 'y Ty Iy

T W b e
Ty rz

o (E ) +(Exfiz) +(Ez 1)

3 3 or

r- I

1=RVr+ 11 +1/1)
y& =,
r—— T )
I= . S < =7,
2
If n cells are joined in parallel, then " and Eeq. , Teg:

Cells in Mixed Grouping
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In this combination, a certain number of cells are joined in series in various rows,
and all such rows are then connected in parallel with each other.
Suppose n cells, each of e.m.f E and internal resistance r, are connected in series in
every row and m such rows are connected in parallel across some external
resistance R, as shown in figure.
Total number of cells in the combination = mn. As e.m.f. of each row = nE and all the
rows are connected in parallel, hence net e.m.f of battery = nE.
Internal resistance of each row = nr. As m such rows are connected in parallel,
m)

hence total internal resistance of battery =

LA™
Hence total resistance of the circuit = =™
If the current in external resistance is I, then

net a.m.f nE mnE

" Tolal resistance  (nr/mj+R it +mR
2 mnE

| hr = dmr £ +2./omR
It is clear from above equation that I will be maximum when

[ drer = mBR)* <+ 2 A nereR] B minimum
This will be possible when the quantity [Onr - OmR]? is minimum. Because this
quantity is in square, it can not be negative, hence its minimum value will be equal

to zero, i.e.,

nr

mR=nrorR=m

Note: In mixed grouping of cells, current in external resistance will be maximum
when total internal resistance of battery is equal to external resistance.

Because power consumed in the external resistance or load = I2R, hence when
current in load is maximum, consumed power in it is also maximum, Hence

n
consumed power in the load will also be maximum when R = m.

mnE mnE nE mE

ke =mr * W m T r

Example 4. Find the current in the loop.
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10 4w2R
NMe— |
40 20
]' 15410 1y
[ 10
O N —
in 200 100

Sol. The given circuit can be simplified as

ipn 35, 50

]

Example 5. Find the emf and internal resistance of a single battery which is

equivalent to a combination of three batteries as shown in figure.

Battery (B) and (C) are in parallel combination with opposite polarity. So, their

[AY 20
6V 10 >
o=
[
FAY) 20
oV 20
- N I_ VA, —
BY 10 ”
@ S
Sol. Ca 20
equivalent
10 4 ,
 —p— 2 2 = b % 4. - j‘ul
i e
> Bl
rge=1W
NOW, gagc=6-3=3V

BY 102 v 102
— MW ——Aua—

rapc = 2{}

Page 49 of 62



Wheatstone Bridge & Meter Bridge

(i) Wheatstone designed a network of four resistances with the help of which the
resistance of a given conductor can be measured. Such a network of resistances is
known as Wheastone's bridge.

(ii) In this bridge, four resistance P, Q, R and S are so connected so as to form a
quadrilateral ABCD. A sensitive galvanometer and key K; are connected between
diagonally opposite corners B and D, and a cell and key K are connected between
two other corners A and C (figure shown)

(iii) When key K is pressed, a current i flows from the cell. On reaching the junction
A, the current i gets divided into two parts i1 and iz. Current i1 flows in the arm AB
while iz in arm AD. Current iy, on reaching the junction B gets further divided into
two parts (i1 - ig) and ig, along branches BC and BD respectively. At junction D,
currents iz and ig are added to give a current (iz ig), along branch DC. (i; - ig) and

(i2 ig) add up at junction C to give a current (i1 iz) orialong branch CE. In this way,
currents are distributed in the different branches of bridge. In this position, we get a
deflection in the galvanometer.

(iv) Now the resistance P,Q,R and S are so adjusted that on pressing the key Ko,
deflection in the galvanometer becomes zero or current ig in the branch BD becomes
zero. In this situation, the bridge is said to be balanced.

(v) In this balanced position of bridge, same current i; flows in arms AB and BC and
similarly same current iz in arms AD and DC. In other words, resistances P and Q
and similarly R and S, will now be joined in series.

(vi) Condition of balance: Applying Kirchhoff's 2nd law to mesh ABDA, i1P + i,G -
i2R=0..(1)

Similarly, for the closed mesh BCDB, we get, (i1 - ig) Q - (i2 + ig)S - isG = 0 ...(2) When
bridge is balanced, i; = 0. Hence eq. (1) & (2) reduce to

1P -i2R=0ori1P =iz2R...(3)

i1Q -i2S=0o0riiQ =15 ..(4)



P R
B8

Dividing (3) by (4), we have, @ = ...(5)

This is called as condition of balanced for Wheatstone's Bridge.

(vii) It is clear from above equation that if ratio of the resistance P and Q, and the
resistance R are known, then unknown resistance S can be determined. This is the
reason that arms P and Q are called as ratio arms, arm AD as known arm and arm CD
as unknown arm.

(viii) When the bridge is balanced then on inter-changing the positions of the
galvanometer and the cell there is no effect on the balance of the bridge. Hence the
arms BD and AC are called as conjugate arms of the bridge.

(ix) The sensitivity of the bridge depends upon the value of the resistances. The
sensitivity of bridge is maximum when all the four resistances are of the same
order.

Ex.22 Find equivalent resistance of the circuit between the terminals A and B.

1002 602
TWJ\,—

_L .
.N‘ 'V‘\N""

Sol. Since the given circuit is wheat stone bridge and it is in balance condition.
Because, 10 X 3 =30=6X 5
hence this is equivalent to

B 16 x B :En
' E=B 3
1002 602
B b 4 4 EEmm— L
A p—l —na
S\ e 1 et
60 in

Ex.23 Find the equivalent resistance between A and B

R
VWY
R R
I\——.r‘-."alf_'v A AN
<
~AAAA———
=

Sol. This arrangement can be modified as shown in figure since it is balanced wheat
stone bridge.

2R %2R

RLea—em——— -
= 2R+2R



R

“» R
x &
rd N
— >
i,
(= \/il‘;{

J

_k\“u_",-_ O

8.1 Unbalanced Wheatstone Bridge
Ex.24

100 B(x) 50
A VN —r—

{t 0

v

Find equivalent resistance?

Sol. Let potential at point Bisxand Eis Y

A e

Applying KCI at point B

=Y. %X=¥ X=0_,
0@ =2 5 e
8x-5y=v..(1)

Applying KCL at point E

Y=Y _ y=%_y-0
5 2 10

-0

= 8y -5x=2v..(2)

. = — Y=
solvingx&y ¥, 1

current from branches BC & EF adds up to give total current (i) flowing in the

circuit.

A= =0 1
i=izig= = 0 — 130

O 130
Because, "= Therefore, Req. = 1
Ladder Problem:
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IR >R 3R

B¢

A

Find the effective resistance between A & B?

Sol. Let the effective resistance between A & B be Rg since the network is infinite
long, removal of one cell from the chain will not change the network. The effective
resistance between points C & D would also be Rk.

The equivalent network will be as shown below

R C
At — AN |—o—
R g R
. | .
= D

The original infinite chain is equivalent to R in series with R & Rg in parallel.

RR:
R;«R +R__ri;

RER + REZ=R2 4+ 2RRg = RgZ-RRg-RZ=0

A Ri1=+%5)
= 2
Ex.25
=] KR 2R R
AR T AW M
3R 2R e 3% TR

< - - -

o™

Find the equivalent resistance between A & B?

Sol. As moving from one section to next one, resistance is increasing by k times.
Since the network is infinitely long, removal of one section from the chain will bring
a little change in the network. The effective resistance between points C & D would
be kRe (where Re is the effective resistance)



Therefore, Effective R between A & B.

RikR=)
R =R+ — =
. kR, +R

On solving we get

4R —R = (R — 2R )* + 4kR*

R
5 Pk

15. Symmetrical Circuits:

Some circuits can be modified to have simpler solution by using symmetry if they
are solved by traditional method of KVL and KCL then it would take much time.

Ex.26 Find the equivalent Resistance between A and B

Sol. I Method: mirror symmetry

The branches AC and AD are symmetrical

Therefore, current through them will be same.

The circuit is also similar from left side and right side like mirror images with a
mirror placed alone CD therefore current distribution while entering through B and
an exiting from A will be same. Using all these facts the currents are as shown in the
figure. It is clear that current in resistor between C and E is 0 and also in ED is 0. It's
equivalent is shown in figure (b)
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II Method: folding symmetry

Therefore, The potential difference in R between (B, C) and between (B, D) is same
Ve=Vp
Hence the point C and D are same hence circuit can be simplified as

This is called folding.
Now, it is Balanced Wheatstone bridge

A R—I—._ g
-5-& < ehli2?
3o
(C.0)

R._= =
R =

RxR _R
k)

0

]
)
A

w [n II Method it is not necessary to know the currents in CA and DA
Ex.27 Find the equivalent Resistance between A and B

b
Sol. In this case the circuit has symmetry in the two branches AC and AD at the input
Therefore, current in them are same but from input and from exit the circuit is not
similar
(Because, on left R and on right 2R)



Therefore, on both sides the distribution of current will not be similar.

Here V. = Vy

hence C and D are same point

So, the circuit can be simplified as
Now it is balanced wheat stone bridge.

R g 2R
-\——-m- --w.--——-,-

_bz"a i

3Rx—- ER:R
g e 4
2= 2

Ex.28 Find the equivalent Resistance between A and B
/«— WJ#

A{m
/\ﬂ,\&g
m.._.

\. R
%\fﬁ»_./ R
Sol.

Here Va = V¢ and Ve =
Here the circuit can be 51mp]|f1ed as

; R R ¥
'%\ » 2 )
\LMA/*R?

Ri2
- PR
0R 1R
] = 5
R R
A R ——
Ri2 R2 o
R2% - R2
Ans. R2
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Ex.29 Twelve equal resistors each R W are connected to form the edges of a cube.
Find the equivalent resistances of the network.
(@) When current enters at 1 & leaves at 6 (body diagonal)

“

5 &

-

1

Sol. Here 2, 4, 8 are equipotential points (if we move from 1 — 2, 4, 8 it comes along
the edge & 6 — 2, 4, 8 it comes along face diagonal). Similarly 3, 5, 7 are
equipotential points.

(b) When current enters at 1 and leaves at 2
Sol. Here 3, 7 are equipotential surface (if we move from 1 — 3, 7 we have along face
and 2, »3, 7 we move along edge) similarly 4, 8 are equipotential surface.

I_./\\ o l/\

§ 7 § 3

| - L |

vz g R
-',-‘ S ..f'f".\
—*“— 3 |

| |

g g

Q&,-m

12

(c) When current enters at 1 and leaves at 3

Sol. If we cut the cube along the plane passing through 2, 4, 5, 7 then by mirror
symmetry, the final configuration will be




Meter Bridge

[t is based on principle of whetstone bridge. It is used to find out unknown
resistance of wire. AC is 1 m long uniform wire R.B. is known resistance and S is
unknown resistance. A cell is connected across 1 m long wire and Galvanometer is
connected between Jockey and midpoint D. To find out unknown resistance we
touch jockey from A to C and find balance condition. Let balance is at B point on
wire,

AB=fcmP=r?
BC = (100-4) cm Q =r (100 - £) where r = resistance per unit length on wire.
At balance condition:

P R rf R (100-¢)

Q 5 H{lo0—-8 5 /
Resistivity of Various Materials

Resistivity of Materials

We know there are three types of materials; conductors, semiconductors and
insulators. Conductors are the materials that can pass electricity through them. In
this document, before we learn about electrical resistivity, let us know what is
meant by electrical conductivity and its units.

Electrical Conductivity is an intrinsic property of a material which is defined as the
measure of the amount of electrical current a material can carry. Electrical
conductivity is also known as specific conductance, and the SI unit is Siemens per



meter (S/m). It is also defined as the ratio of the current density to the electric field
strength. It is represented by the Greek letter o.

Electrical conductivity is a measure of how readily a material transmits an electrical
current.

What is Electrical Resistivity?

Electrical resistivity is the reciprocal of electrical conductivity. It is the measure of
the ability of a material to oppose the flow of current.

«Metals are good conductors of electricity. Hence, they have low resistivity.

«The insulators like rubber, glass, graphite, plastics, etc. have very high
resistivity when compared to the metallic conductors.

«The third type is the semiconductor which comes in between the
conductors and insulators. Their resistivity decreases with the increase
in temperature and is also affected by the presence of impurities in
them.

Resistivity of Different Materials

The table below lists the electrical resistivity of several conductors, semiconductors,
and insulators.
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T Toaterin | Resiviy @m) |

Conductors Silver 1.60 x 10®
Copper 1.62 % 10#
Aluminium 2.63 % 10°
Tungsten 5.20 ® 10#
Nickel 6.84 x 10*
Iron 10.0 x 108
Chromium 129 % 10*
Mercury 94.0 x 10°
Manganese 1.84 % 10°

Alloys Constantan 49 % 10°°
(alloy of Cu and Ni)
Manganin 44 x 10
(alloy of Cu, Mn and Ni)
Nichrome 100 x 10°%
(alloy of Ni, Cr, Mn and Fe)

Insulators Glass 10'°- 10"
Hard rubber 102 - 108
Ebonite 10'5 - 107
Diamond 1012- 108
Paper (dry) e

Resistivity Formula

Materials having electric field and current density will have the following resistivity
formula:

) E
J
Where

+p is the resistivity of the material in .m
«E is the magnitude of the electric field in V.m-1
«] is the magnitude of current density in A.m-2

Conductors with a uniform cross-section and uniform flow of electric current will
have the following resistivity formula:

__ pA
P—RT

Where

+p is the resistivity of the material in {..m
«R is the electrical resistance of uniform cross-sectional material in Q
ol is the length of a piece of material in m
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= __] ) _J _ ] _] - - _J - - - _J _J - - L_J _ ) _ _J L} _J ] =
I - - - ] - - - - - L - - - - - - - - - - - L} - ikt - L - - I
1
1 1
1
| i
i «A is the cross-sectional area of the material in m2 ll
1
. Resistivity Unit . .
¥ Following is the unit of resistivity: |
1
I . I
CGS unit Q.cm 1
' SI unit {l.m 1 1
] ]
I Dimension of resistivity M1L3T-3A-2 I I
Factors determining Resistivity of Materials 1
! Following are the factors that determine the resistivity of materials: 1 i
i ]
. «Nature of material ll
« Temperature 1
1 I 1
1 Resistor Colour-Coding 1
1
1 : : . - : 1
Resistors are used in electrical circuits to control or reduce the flow of current in the 1
1 circuit. Their resistance is indicated by using electronic color codes. Different color II
1 bands or rings are marked on these resistors for different values of resistance. |
1
1 1
; 1
|
- 1
1 —— I
l 1
1 B B 8 § Gold=5%
s 8 = é — Silver=10% 1
1 = E s E None=20% |
' 1
1 Color | Digit |Multiplier|Tolerance (%) II
1 B sack | 0 |10 (1) 1
- Brown | 1 10' 1 1 "
! B R 2 10° 2 1
] - Orange| 3 10° 1
| || Yelow | 4 10* 1 I
! I | Green | 5 10° 0.5 1
1 I Blue 6 10° 0.25 |
z 7 1
y B | Vot | 7 10E 0.1 i
| | Grey 8 10 1
I [ ]| White | 9 10° |
I Gold 10" 5 ! I
Silver 10° 10 1
] (none) 20 I |
I 1
1
1 1
1
I 1
1
] ]
- - - ] - - _} - - - - - - Ll - - - - - _] - I



Resistor Colour Code and
Resistor Tolerance explained

Highlights of the resistor color-coding are as follows:

oIt usually contains four bands.

«The first band is indicative of the first significant figure of the resistance.

«The second band is the second significant figure. (At times there is a third
band to have more precision and hence, they are 5 band resistors.)

« The third band is the decimal multiplier.

«The fourth band is indicative of the tolerance (in percentage) that the
resistor can withstand the indicated values.

«[n the absence of the fourth band, a default tolerance of 20% is taken.

Let us take an example to understand resistor color coding.

a

4

Tolerance (Gold)
“Multiplier (Black)

- 2nd Band (Red)
1st Band (Red)




