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ELECTRIC CURRENT
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1.1 OBJECTIVE

In this chapter we will discuss —

w. Electricity, electric charge, voltage and amperage. - -
= Electric current , resistance & Ohm’s law

= Resisivity & conductmty

= Electromotive force

= Combiniations of resistances in a circuit,

=  Power consumption in the electrical circuits.

1.2 INTRODUCTION
What is Electricity?
Electricity is a haturally occurring force that exists all around us. Humans have been aware'of this
force for many centuries.Greek philosophers noticed that when a piece of amber was rubbed with
cloth, it would attract pieces of straw. They recorded the first references to electrical effects, such as
static electricity and lightning, over 2,500 years ago Elestrlc' ¥ Ay -magnetasm are natural forces that
are very closely related to one another. g : 2
Electricity has no clear definition since it is so often misused to describe a varlety of phenomenon.
People commonty use the term electricity to describe electrlc tharge; electric current, and electri-
cal energy . Different definitions of electricity can be found 1ﬁ'dlfferent places, underscoring our
incomplete picture of the complexity of this natural . phenomenon.
Electrie charge is a fundamental property of some subatomic particles. Electrons have a electric
charge of —1 and a proton has The charge of +1, as do other subatomic particles and ions. Electric
“current describes a flow of eleciric charge. Electric current is either Direct Current (DC) a single-
direction flow, or Alternating Current (AC) which describes a current that repeatediy changes direc-
tion. Electrical energy is a form of energy present in an electric field or magnetic field, electrical
energy is measured in joules. Electric power is the name given to electrical energy production and
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distribution.

1.2.1 Elegtric Charge :

Electrons:— Electrons are the smallest a.nd hghtest of the particles in an atom. Electrons are in constant
motion as they circle around the nucleus of that atom. Electrons are said to have a negative charge,
which means that they seem to be surrounded by a kind of invisible force field. This is called an
electrostatic field. _

Protons:—- Protons are much larger and heavier than electrons. Protons have a positive electrical
charge. This positively charged electrostatic field is exactly the same strength as the electrostatic field in
an electron, but it is oppos1te in polarity.In other words, the proton is exactly as positive as the electron
is negative.
Like charges repel, unllke charges attract:— Two electrons will tend to repel each other because
both have a negative electrical charge. Two protons will also tend to repel each other because they
both have a positive charge. On the other hand, electrons and protons will be attracted to each other
because of their unlike charges.
Since the electron is much smaller and lighter than a proton, when they are attracted toeach other due
to their unlike charges, the electron usually does most of the moving. This is because the protons have
more mass and are harder to get moving. Although electrons are very small, their negative electrical
charges are still quite strong. Remember, the negative chargé of an electron is the same as the positive
electrical charge of the much larger in size proton. This way the atom stays electrically balanced.
Another important fact about the electrical charges of protons and electrons is that the farther away
they are from each other, the less force their electric fields have on each other. Similarly, the closer
they are to each other, the more force they will experience from each other due to this invisible force
field called an electric field.
The unit of electric charge is the Coulomb (abbreviated C). Ordinary matter is made up of atoms which
have positively charged nuclei and negatively charged electrons surrounding them. Charge is quantized
~ as amultiple of the electron or photon charge:

@ Proton charge e = 1.602 x 10~ coulombs

© Electron charge —e =-1.602 x 107" coulombs
The influence of charges is characterized in terms of the forces between them (Coulomb’s law) and the
electric field and voltage produced by them. :

1.2.2 Amperage :

It is very important to have a way to measure and quantify the flow of electrical current. When
current flow is controlled it can be used to do useful work. '

The flow of elecirons is measured in units called amperes. The term amps is ofien used for short. An
amp is the amount of electrical current that exists when a number of electrons, having one coulomb
(ku‘-lum) of charge, move past a given point in one second. A coulomb is the charge carried by 6.25
x10'® electrons. 6.25 x 10'% is scientific notation for 6,250,000,000,000,000,000.An ammeter is
this mstrument and it is used to indicate how many amps of current are flowing in an electrical circuit.
123 Voltage : : S
We also need to know somethmg about the force that causes the electrons to move in an electrlcal .
circuit. This force is called electromotive force, or EMF. Sometimes it is convenient to think of
EMF as electrical pressure. In other words, it is the force that makes electrons move in a certain
direction within a conductor.

The rate of flow of electric charge is called electric current and is measured in Amperes

1.3 ELECTRIC CURRENT _

Electricity is a term used to describe the energy produced (usually to perform work) when electrons
are caused to directional (not randomly) flow from atom to atom. In fact, the day-to-day products
that we all benefit from, rely on the movement of electrons. This movement of electrons between
atoms is called electrical current.

When a cireuit is connected to asource to EMF (electromotive force), the free electrons in the con-
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ductor starts to move in a definite directions along with their random motion. In this way charge flows

in the circuit as long as the source of emf is connected to the circuit. Therefore, rate flow of charge

(electric) through any section of a wire is defined as “electric current” (I). Thus,

Total charge flowing q

femre ==
_ Time taken t )
where total charge ¢ = no. of carriers x charge = ne
[ = =— - @)
If 60 amount of charge flows is the cirecuit in a small time intonal §; then the current
. 6Q] do :
I=lim|—={=—%=
M( 73 i o — 3)

The direction is which the positive charge will flow gives the direction of conventional cutrent, which is
opposite to the electronic current due to the flow of electrons. The current is a scalar quantity even the
direction is associated with it because the laws of ordinary algebrais used to add electric current.
Practical unit of current is amper (A) and is equal to coulomb per second. When one coulomb charge
flows is one second the current is called one ampere, i.e.,

1Coulomb {
=——=1CS
1 Ampere 1 Sec.

- AN \
Y \
=Y
: R
Current in ) B
Ohm's law
Currentas 7 Force on a
source of current in f
magnetic field magnetic field

Figurel.1: Production fo electric current in different ways,

SIunit of current is defined from the magnetic effect of current. According to this definition-
One ampere is that current which when flows two infinitely long thin conductors parallel to each other

and 1 m apart, produces a force of 2 %107 N/m between there.
In a metallic conductor, free electrons are carriers of electricity and hence electrons constitute the

electric current. g 2510/ 8 electrons crossing per-second through any section of a conductor given

rise to a current of 1 A.

Proof:

. 1:16— ﬁ n=£
¢ e

Setting I=1Amp.; ¢=1Sec,and ¢=16x1071° =5 n=6.25x10'%

Ex0l A charge of 90 columb is flowing through a silver wire for 0.5 minute. Calculate the current in
wire.
Solution: Given data ¢ =90 columb, ¢ =0.5 minute = 0,5x 60 = 30 sec.
weknow that g=ixt
. 90=ix30
90

'=—3-—3Amp




Ex.02 Acurrent of 40 miliampere is flowing through a copper wire. Calculate the total charge that
passes through in 2 sec, Also find the number of electrons that pass through in same time.

Solution: Given data i = 40 miliampere =40x 1073 Amp.. 7 =2 sec.
Weknowthat ¢=ixt

g=(40 x1073)x2

g=80x107
g = 80 mili columb.
The number of electron g = nxe

80x1073 = nx(1.6x1071%)

n=5x10"7 electrons

Ex.03 How long does it take S0uC of charge to pass a point in circuit if the current is 15 mA.?

Solution: Givendata ¢=>50 =50x1070; i=15mA =15x10"> Amp.
We knowthat ¢ =ixt |

50x1076 =15x10_3xt

_50x1078
15x107
t=333 sec.
Ex.04. The current inan electron beam of 2 CRO is 200pA. How many electrons strike the screen
per second? '
Solution: If the number of electrons passing across any cross section of the beam per secondis n,
then charge flowing per second is #xe.

=333x1073

Socurrent I=nxe

I
or n=-—
€

. 200x1079
1.6x1071°

1.4 MEAN FREE PATH, RELAXATION TIME AND DRIFI'VELOCITY
Every metal has a large number of free electrons and these free electrons behave like the molecules of
agasfilledin a clesed chamber. The total number of free electrons per cubic volume of a conductor is

areund 10%. These free electrons move randomly with a very high velocity (~10° m/s), but the

directions ef their motions are zig-zag, i.c., randomly distributed. During the motion, the free elctrons
coltide with the material ions continuously which cauuses the change their direction of motion,

Thus the average distance covered by free elecrens between two successive collisions is called “mean

free path” of electron. The time interval taken by the electron in two successive collision is called

“relaxation time™.

In the presence of external electric field, free electrons experience an additional electric field inside the

15
=1.25x10 per second
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conductor, which further accelerates the motion of etectrons. During the motion, free electrons collide
again and again and thus extra velocity so gaiied is destroyed between these collisions. But free
electrons in order to their random motion gain a small velocity towards the positive end of conductor,
Therefore, the drift velocity is an average velocity (~10* m/s) with which free electrons get drifted
towards the positive end of conductor under the influence of an external electric filed,

1.5 RELATION BETWEEN DRIFT VELOCITY AND CURRENT
OF FREE ELECTRONS

Suppose a conductor of length 7’ and of uniform aren of cross section A 1s connected to a battery such
that an external electric filed is applied is setup within the conductor. With this, free electrons starts to
move with drift velocity as shown in Figure (1.2).

Flgure 12 -
If the number of free electrons per unit volume of conductor wire is », then the total number of free
electrons in the conductor will be (4.2#). Therefore, the total charge in the conductor will be
g=(4.Ln).e '
Time taken by the free electrons to cross the conductor is
[

t =—
. VvV 4
Hence thc current

7=4,
¢

(41n)e
v,
I=Anev,.
This is the relation between drift velocity and electric current. Since A, n and ¢ are constants, thus

current flowing in conductor is directly proportional {odrift velocity, i.e.,
Tecy,

Ex.05 The number density of conduction electron in a copper conductor is § 5x10%°m™>. How
Jong does an electron take'to drift from one end to wire 3 meter long to its other end? The area of

cross-section of wire is 2x10~6m? and carrymg acurrent of 3.0 Amp,

Solution: leendata n=8. 5x10%8, I= 3meter,A %1070 m?, i=3 Amp.
Weknowtha‘f zm-Axnxexvd

i

V=
d Axnxe

3
i vd ==
251070 x8.5%x10%8 x1.6x1071°

| Cyg=1ax107d
Time taken by electron



e x10% sec.

1.1x1074

1.6 RESISTANCE _ ' ' -
There is another important property that can be measured in electrical systems. This is resistance,
which is measured in units called ohms. Resistance is a term that describes the forces that oppose the
flow of electron current in a conductor. All materials naturally contain some resistance to the flow of
electron current. We have not found a way to make conductors that do not have some resistance.
The resistance of a conductor implies the “opposition to the free electrons drift from one end to another
end of the conductor along with the random motion” when a potential difference is applied across the
conductor, an electric field is set up across its two ends. Due to this, these free electrons coltide with the

 ions/atoms during their motion and thus motion is opposed. The opposition offered bythe atomsasa
result of which the electrons are slowed down is termed as resistance of the conductor.

1.7 OHM’SLAW
~ Itismost fundamental law of electricity and was given by George simon ohm is 1828, Ohm applied
different potential difference across a conducting wire and determined the amount of current flowing
through it. He gave a relation between potential difference accross the conductor and amount of
current flowing through it. It states that “the physical condition remains unchanged, the current flow-
ing through a conductor is always directly proportional to the potential differénce across its two ends.
’I’hus - - .

)
‘i

L
-

Figure: 1.3

where R is proportionality constant and known as Resistance. fts value depends upon the nature of
conducter, its dimensions and the physical conditions, Itisin dependent of the values of | & V. Ifa
graph between the applied polential difference V and current I is plotted, a straight line is obtained
passes through the origin.
- Obm’s law is valid only for metallic conductors, in which there are free electons.

Ex.06 A potential difference of 200V is applied across the ends of conductor of resistance 500.
Calculate the number of electrons flowing throughitin 1 second. '

. Solution: Givendata ¥ =200 Volt., R =502, ¢=1
Weknowthat V =ixR '

200=ix 50
i“@g—‘lAm
| =0 Amp.
Number of electron
Q g=ixi=nxe



4x1

e =2.5%1017
1.6x1071%

n

Ex.7 When a potential difference of 2.0 Volt is applied across a resistance wire it produces 0.5
Amp. current. Calculate its resistance. '

~ Solution: Givendata ¥ =2 Volt.; i =0.5 Amp.
Weknowthat ¥ =ix R

r=X . R=2240
i " 0.5
. Relationship between I and V for various devices are shown in following graphs for illustra-
tion.. _ _ : '
(i) Current—Voltage relationship for Ohmic conductor and water voltameter.

X A

I

.l,

ol

<\V

0 v

(a) Ohmic conductof (b) Water voltameter
~ Figure: 1.4
(ii) Current—Voltage relationship for Gas discharge tube and Thermionic diode

A L

1
I

0 v > 9 v

{a) Gas discharge tube (b} Thermionic diode

Figure: 1.5
(ifi) Current-Voltage relationship for Junction diode and Thermistor,

N Fi 3

r 1

>

0 v v IogV"

(a) Junction diode - {b} Thermisfor
: Figure: 1.6
1.8 RESISTIVITY AND CONDUCTIVITY

With the knowledge of Ohm’s Iaw, given by equation (5), the resistance of a conductor is defined as the
ratio of the potential difference to the current flowing through it. '




R= (6)
STunit of resistance is ohm. It is denoted by ¢, . The resistance of a conductor is said to be one ohm
if one ampere of current flows through it, when a potential difference ofone volt is applied across it,
-1.8.1 Resistivity '
The resistance of a conductor depends upon the following factors:
(1) Length of Conductor: It is directly proportional to length ol'the conductor; .. more is the length
of wire, more will be its resistance.

Recl o {7
(ii) Cross-sectional area or thickness of the conductor: It is inversely propomon to the area of
cross-sections of the conductor. More is the thickness of wire, more is its area of cross-section and
less is its resistance thus

R oc-}i- _____ (8)
(1if) Material of s conductor: It the conductdr/wire of same length, and same thickness are made
from different materials then their resistance will be different. Thus the resistance of a wire also de-
pends on the nature of its material. For example the resistance of silver, copper wire is very small but
for iron, nickle, nichrome, constantan and manganin wire, it is very large.

Combining (7) and (8) we get
Roc—
A

i
R=p- | ()

where o is pmpomonahty constant and called as electrical Resistivity or Specific Remstance ofthe
conductor,
If I=1, 4=1then p=R
Hence, the resistivity or specific resistance of the material of a conductor is the resistance offered by a
wire of unit length and unit cross-section area,
1t S.1., the unit of resistivity is ohm. meter. The electrical resistivity of substances varies over a wide
range, )
1.8.2 Conductance and Conductivity

Conductance: The reciprocal of a conductor is called its conductance is denoted by G,

S.1. unit of conducatance is Ohm™, which is also calied Mho.
Conductivity: Reciprocal of resistivity is called conductivity. It is denoted by o

1 1
J_—'-w

P RA
1

: suity O =——————=0hm ™~ meter” =mho meter™
S.I. unit of conductivity @ ohm metor

1.8.3 Temperature Dependance Resistivity

The resistance of a conductor depends upon the temperature. As the temperature increase, the
random motion of free-electron also increases. If the number density of charge carriers, remains
constant, then the increase of random motion increases the resistivity and so the resistance, The varia-
tion of resnstance withtemperature is given by foIlovwng relation;

=Ry (1+au+ ) _ .
where R, and R are Lhe yesistance at t°C and 0°C respectively, «, 3 are constant. The constant Bis
very small in comparison to the ¢ forasmall variation of temperature.
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Ry Ry(1+ o)
| =&§52 __ (1l
This constant ¢ is called temperatute coefficient of resistance of the material,
If Ry =1Q; ¢ =1°C then o =(R, — Rp)
Thus the temperature coefficient of a resistance is defined as the increase in remstance of a conductor
ofresistance lQ on raising its temperature by 1°C.

1
For most of the metals, the value of o is nearly 573 Per °C. Hence

1 27344) T
Re=Ry| 14—t |=R R
’ R"[ 273 J ( 273 ] °2;3 (12)

where 7 is the absolute temperature of the conductor
Thus the resistance of a pure metal wire is directly proportional to its absolute temperature. |

Ex.08 Calculate the electrical conductivity of the material of a conductor of length 3 meter, area of
cross-section 0.02 mm?2 having a resistance of 2 ohm.

Solution: Given data /=3meter ; 4=0,02=0.02x10"5 meter; R=2Q

1 .
Since, conductivity, © =_f;"

| 13
I
we have RA 2%0.02x10°

=7.5x107 sm!

Ex.09 A current of 0.2 Amp. is passed through a coil of iron wire which has a cross-sectional area of
0.01 em2. If the resistivity of iron is 14x10™8 Qs and the potential difference across the ends
of coil is 21 volts, what is len:g}h of the wire? Calculate conducitivity of the wire.

Soluiton: Given data /=0.2 Amp. V' =21 Volt., p=14x10"8 Q- m;

~ A4=0.01em? =0.01x10*m?
Weknowthat V=ixR

Q i R=ps

14x1078 x1
0.01x107*

- 105=

-4
J= 105x0.01x10 — 750 meter

' 14x1078




The conductivity is reciprocal of resistivity

o=l o= I§=7.14x106

p 14x10”

Ex.10 The resistance of a tungsten filament at 150°C is 133 Ohm. What will be its resistance at
500°C.? The temperature coefficient of resistance of tungsten is 0.0045 per °C.

Solution: If the resistance of wire at 0°C be Ry and att°Cbe R,,then
R =Ry(l+at)
__ &
0 1+ ot
Hence the resistance of filament at 150°C is 133 £2 thus resistance at 0°C is
| 133
RO =—
- 14-0.0045%150
Ry =79.00
Rcswtanoe of filament at 500°C will be
Ry
140t

e T
500 T 0.0045% 500

Rspg =2750

Ex.11 Aconducting wire has a radius of 0.5 mm and Iength 2.0 meter. Ifits resistance is 0.05 Ohm,
~ determine its resistivity.

Solution: Givendata R= OOSOhm A=mr —n(05x10_3)2 I= 20meter

Rsop =

s R4
Resistivity p=7

_0.05xmx(0.5x1073)
2.0

p=196.25x10"10
p=1.96x 10”8 Ohm-meter

.12 Two conduictors of the same material have the same length. One conductor is a solid wire of
neter 1.0 mm while the other is a hollow tube havign external and internal diameters as 2.0 mm and
nm rcspectlvely Defermine the ratio of their resistances.

I
~: Resistance R =P:Z

1.0
uctor 7 "*é— =0.5mm

R
7(0.5x1073)2

=
i

10



2.0 1.0
For hollow eonductor 7 —-"-2-*=1 0 mm, == =05 mm,
!
Ry=p—si——o
T -rd)
Rz =p

=[(1.0)* ~(0. 5)2]x10_6

_(1.0~0.25)x1078 _ 0.75 3

Rz 025x107% 025 1

| Ex.13 Calculatc the elecmcal conductivity of the material ofa conductor of length 3 meter, area of
cross-section 0.02 mm2 having a res1stanoe of 2 Ohm,

Solution: Given data I=3; 4 =0.02 mm = 0_02)(10”6)712 s R=280

_ 1
Since, conductivity, © ='|'3‘“ , we have

3 7 e —1
OTRA 2x00ma08 0
Ex.}4 A wire has resistance of 32Q. It is melted and drawn into a wire of half of its ongmal length
Calculate the resistance of the new wire. What is percentage change in resistance? -
Solution: Let /and r be length and radius of the wire respectively. If p is resistivity of the material of
the wire, then, -
I 1
k= p P m,z

Suppose that the radius of wire becomes 7', when wire.is drawn into a wire of length 7'=7/2 by
melting it. Since the volume of the wire must remain unchaged we have.. :

a2 I'=nr?

or '2(zk2)4m21 e

or 2= 22 _
If R’ is new value of the resistance of the wire, then

R "pi“p L =p /2 —}-[pL]
2 2

4' n(2r?) 4
we have
R 32 : '
R R 8 Q =
| PR (QR=32Q)
Therefore, percentage change in resistance
' 32-8

3 x1 00: 75% (decrease)

Ex.15 The resistance ofa conductor is 62 at 50°C ancl 70 at100°C. Calculatf /
ture coefficient of resistance of the material. Find the resistance of the conductor a

11



Solution: Givendata 6, =50°C; R =6Q; 0, =100°C; Ry =7Q
Mean temperature coefficient of resistance of the material,
Rk
" Ryx(02-8y)
L :_..__.?._:,6_..___.. .
~ 6x(100-50)

T6x50 300

1 1 OC—I

If Ry isresistance of the conductor at 0°C, then
“Ry(+af) .
Ry =R ~'—--6-;--..-§-6-5 1430
or 14—
]_.|-a9 + 300 x50

1.9 ELECTRO MOTIVE FORCE (EMF)
A constant current can be maintained in a closed circuit through the use of a source of energy, called an -
electromotive force. A source of e.m.f. is any device (such as battery or generator) that will increase the
' potential energy of charges circulating in a circuit. Actually e.m.f. is not a force but energy or work done
per unit charge like potential, SIunit of e.m.f. is the volt. '
When current is drawn from a cell by connecting it to an externat circuit, the cell issaidtobein closed
‘ circuit. If current is not drawn, then the cell is said to be in open circuit. When current is not drawn from
the celli.e., cell is in open circuit, the potential difference E between the terminals of the cell is called
-electromotive force (e.m.f.). When current is drawn form the cell in the external circuit. i.¢., external
circuit is closed, the potential difference between the terminals of the cell at that time is called terminal
voltage. It is also equal to the potential difference across the external resistance. It is generally repre-
sented by V. The e.m.f. E of a cell ina closed circuit is equivalent to the work done for the flow of unit
positive charge through the externa! and internal resistance whereas potential difference or terminal
voltage is equivalent to the work done for the flow of unit positive charge through the external resis-
tance only. Thus E is always greater than V and their difference (E-V) is equal to the potential drop
across the internal resistance of the cell.

--------------------

Iy

Flgrue.l 7

T a generator can be represented by a source of e.m.f. ‘E” with an 1ntemai resistance ‘r
in series. When no current is drawn the internal resistance is ineffective and the potentlal
between the electrodes is equal to the e.m.f. When the external circuit draws a current L,
‘ential drop (Ir) on the internal resistance so that the potential difference between its
1es (E-Ir)=V. The emf(E) is the amount of work done in driving a unit positive charge
circuit (external and internal) while the potential difference V in the closed circuit is
't done in driving a unit positive charge through the external resistance only. If an

R is connected to the cell or generator and a current I flows through it, then

12



E=IR+[r ee(13)

5 v
while V' =JR or f-‘-‘};

E=V+1r
E~V _ .
or ?’:(——I—l ..... (14}
Substituting the value of 1
(E-V) {E- VJ _
= R
VIR [ 2 A (15)

1.10 COMBINATION OF RESISTANCE

Resistance can be combined in the following two ways ina circuit:

(a) Inseries and

(b) In parallel.

1.10.1 Resistance in Series

Two or more resistance are said to be connected in series, if same current passes through each resis-

tance, when some potential difference is applied across the combination.
Ry R; 28

==t NAAAAN e AANANAA e A AN

H'—Vl""‘“ N—*Vz"—"f H“"’"Vg;‘—ﬂ

A

E
i ¢
Figure: 1.8
Above Figure (1.8) shows the combination of three resistance &, R, & R5 and their equivalent resis-

A

tance is R, . Equivalent resistance is that resistance which when connected in place of the combination
of resistances, no changes of current takes place in the circuit, If a battery of e.m.f. “LE” is connected
across the series combination, the same current I will pass through each of them. If V),V & V3 arethe

values of potential difference across Ry, Ry, Ry then according to Ohm’s law.
WN=IR; Vy=IRy; Vi=IR |
and if total em.f, of circuit is Lqual 10 the total potentlal difference. o
CE=Vi+Vy+V, - een(16)
E=IR +IRy +IR; .
E=I(R+Ry+Ry)
E=[R¢

where Rg = Ry -+ Ry + R; equivalent resistance.

Thus, the equivalent resistance of the series combination is equal to the sum of individual resistances.
1.10.2 Resistance in Parallel

Two or more resistance are said to connect in parallel. If potential difference across each of them is
equivalent to the applied potential difference.

Figure (1.9) shows the combination of three resistance R, R, & Rj in parallel. Ifa battery ofem.f.
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“E” is connected across theparallel combination in the potential difference across each resistance will
be equal to E, the e.m.f. of the battery. i I, ), & 13 are the values of current through the resistance

Ry, Ry & Rj respectively, then the current is main circuit.

4

" +|l!!:
-y _I I -
Figure: 1.9

I=h+h+1h IRV )
Q The potential difference across each resistance is E, therefore applying Ohm’s law
E:II R] =I2R2 =I3R3 ’

B o L]
Therefore equation (17) becomes.
I=E i—r——]—+-!— (18)
R Ry R3 """

If Rp is the equivalent resistance to parallel combination of Ry, Ry and Rz, i.e. Rp allows the same
current I to flow through it, when the battery of e.m.f. E is connected.

IR =L

E= =

T Rp

-, withequation (17) and (18)

' 1 I 1 1
: +
Rp By By Ry o |

Thus, when the resistance are connected in paraliel, the reciprocal of the equivalent resistance of the
parallel combination is equal to the sum of the reciprocal of individual resistance. It is also noted that

the value of equivalent resistance is always less than the value of smallest individual resistance and
therefore resistance are connected in parallel if the resistance in the circuitis to be reduced.

Ex.16 Three resistances 202, 4} and 50 are connected in parallel. What is the total resis-

tance of combination if the combination is connected to a battery of e.m.f. 20V. Calculate the current
through each resistor. ' '

Solution: Givendata R =2Q, Ry =4Q, R;=5Q, ¥ =20 volt.
Since resistances are connected in parallel hence equivalent resistance

I 1 1 1

——— e
R B B R
i 1 1.1 19
— = —— b=
R 2 4 5 20
r=2q

19
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Now current through resistance R,

i o :'—2=10Amp.
|
Current through resistance R,
: y 20 |
fp =——=—=5Amp.
2 R2 4 ' P
Current through resistance Ry
Iy ~»-~V— -2 =4 Amp.
Ry 5
Ex.17 Caleulate the equivalent resistance and total current for fsllowing circuit.
' R, R; ' R - Ry
[~ AAAAA e ABAAAAN AMAANN e AMAAAA
2200 4700 5600 9162
3oV
H)h=
Figure: 1.10

Solution: Given data Rl 220Q; Ry =470Q; R; =56002; Ry =910Q
Smce ressitances are joined inseries
R=Ri+R, +R3 +Ry
R=220+470+560+910=2160Q

Potential Difference 30 '

in circuit = = =0.013 Amp.

Total current in circuit Total Resistance 2160 : i
Ex.18 Determine the following in the given circuit. (i) Total remstance of the circuitand (ii) Current

flowing through the resistor of 10 Ohm

50

18

| - 300 Y!

"'Illt—
7 r
6 Yolt
- Figure: 1.11
Solution: The three resistors are connected i in paraliel. IR is the their equivalent resistance, then
1 1 1 1 |
R Rl Ry Ry
I 11 1
=
R 5 10 30

K
-~
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1 _6+3+1 10
R 30 30 ‘
=230
‘ 10 .
Current following through the resistance of 10 Ohmwill be
V
Iy =—=—=0,6 Am
2% %, 1o roAmp
1.11 CURRENT IN SINGLE LOOII:_-
pr————— AV e —— e
14 _ 7
E L A 4
- ——Hil—rgine——

_ Figure: 1.12 _ :
The closed path of the current in a circuit having component like resistance, inductance, capaci-
tance etc. is called loop. In a single loop the current is same at every point, because of consummation
of charges (neither the charges can be destroyed or created). There fore for a particular time duration,
the amount of charges enters the component of the circuit is the same amount of changes leave it.
Current starts from the the terminal is not used up unless it does not reach to the —ve terminal,

- 1,12 ELECTRICAL POWER CONSUMPTION '

- Electric current is produced by the flow of free electrons in conductors, for which a source ofem.f s
used to flow the electrons, During their motion these free electrons starts collide with the atoms of
- conductors and thus produces obstacles in their flow is called resistance, Due to the Collisions, some
of the energy is lost which increases the kinetic energy of electrons and appears in the form of heat, For
example, in daily life like heater, electric iron, electric kettle, electric oven etc. consumes electrical

energy.

A R B

— e VAN e
— v ¥

Figure: 1,13
Consider a resistance R, across which the potential difference V is applied. According to ohm’s Jaw,
current I flowing thought the resistor is given by
V=R1I o (20)
Suppose the steady current I flows through the resistor for a time t, the amount of total charges flows
through it in t time is given by _ _
g=1It e 2D
Ifcurrent is flowing from end A to B, then potential V at end A is higher than that of end B. Fromthe
definition of potential difference, “if one joule work is done is carrying a charge of one coulomb through
the conductor, then the potential difference across the conductor will be one volt”, t.e., if a unit charge
is made across the resistor from the end B to A (lower and potential to higher end potential), work
“doneisequalto V. :
Therefore, if current 7 flows for time ¢, i.e., total charges. It crosses the resistor from end A to Bthen
electica! energy consumed is given by :
w=y{inp=vie .. (22)
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Q  V=IR

W=I®Rt e (23)
The rate at which the work is done in maintaining the electic current in a circuit is called electrical power
of circuit. .
If P is electric power of the circuit, then

W
P = (24)
Using equation (24),
. PV [ (25) -
and also from eq. (25), we have
P=I’R eernnr(26)

S.L unit of electric power is Watt,
1 Watt =1 volt x 1 ampere _
The electrical power of a circuit or a device is said to be one watt, if one ampere of current flows
through it, when a constant potential difference of 1 volt is applied. »

Equation (26) can be written as J = Pt
S.L Unit of work in electrical circuit is joule but another unit called watt-hour.

1 watt-hour=1 watt x 1 hour.

The bigger unit of electrical energy is kilowatt-hour. It is also known as Board of Trade Unit.

1 Kilowatt hour = ;o3 watt hour
- IKWH = 10% (55T )x(60x60%)
| =3.6x106 J |
The electrical energy consumed in KWH s given by

Ampere) xi (Hours)
1000

| W(in KHH) : V (Volt)xI(

: 1.1 1 1
Netpowerisseries 5 =5+ +—+.inr
power is serie P RR R

Netpowerinparallel P=R + 2+ P, +....
Chart for SLmultiples for watt (W).

Ex.19 A single-loop circuit contains two external resistors and two seats of e.m.f, as shown in Figrue
(1.14). The internal resistances of the batteries have been neglected (a) Calculate the current in the
circuit, (b) What is the power lost in each resistor? '

a_ ' = Jif I b
L l Ll
E=14V
Ri=10Q Ri=ppo
Eel2V
d ———={[ I~ ¢
Figure:1.14

Solution: (2) There are no junctions in this single-loop circuit, and so the current is the same in all
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clements.
Let us assume that the current is in the clockwise direction as shown in Figure (1.14) Traversing the

circuit in the clockwise direction, starting at point a, we see that a— b represents a potential in-
-~ crease of +&;,&->c represents a potential decrease of —IRy,c—>d represents a potential decrease

of —£,and d —>a represents a potential decrease of — IRy .
Applying Kirchhoff’s second rule gives

TVV; =0

i

&~ IRy —Ey —IRy =0
Solving for [ and using the values given in Figrue, we get

&%

R] +R2
er-12v 1
T8w+10Q 3

The negative sign for | indicates that the current is opposite the assumed direction, or counterclock-
2 1 2 8
® A= R1=[-3~A] BQ)=7 W

s (1 Vo 10
P2=] R:Z:(EA] (IOQ):?W

Hence, the total power lostis A + P, =2 W . The 12V ba,tterj d_el_i.veré., power [ &y =4 W , Half of
this power is delivered to the external resistors. The other halfis delivered to the 6 V battery, which is
being charged by the 12 V battery. If we had included the internal resistances of the batteries, some of
the power would be dissipated as heat in the batteries, s0 that less power would be delivered to the 6
V batrery. ;

Ex.20 There are following load on a circuit through a supply meter:

@ Six lamps of 40 watts each working for 4 hours per day. . _

@) Two fluorescent tubes 125 watt each working for 2 hour’s per day.
i) One.1000 wait heater working for 3 hour’s per day. .. -

- Ifeach unit of energy cost 70 paisa, what will be the electricity bill for month of April.
Solution: Total wattage oflamp =40x6=240watt - '
Total wattage oftubes =125x2=250 watt
Wattage of heater = 1000 watt -
Thus, the energy consumed by the applicances pef'day
L = (240%x4)+(250% 2)+(1000x3)
— 4460 watt-hours '
=446kWh
Thus total energy consumed in 30 days of Aptil month.
=30 x4.46=133.8kWh '
Since cost of each unitis 70 paisa=Rs. 0.7
Thus bill for April month is Rs.= 133.850.7= 93.66
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1.13 SUMMARY

w Themovementof free electrons is called electric current or the rate flow of eletcric charge through
any conductor material is defined as electric current. '

. One ampere is the amount of current which causes one coulomb of charge (equal to 6.25x10%
electrones) to pass in one second.

=  Average distance covered by free electron between two successive colhsnon is called mean free

path of electron. :

The time interval between two successive collision is called relaxation time

The drift velocity is an average velocity (10~ m/s) with which free electron get drifted towards the

positive end of conductor under the influence of an external electric field:

w  Resistance is aproperty ofa substances due to which it opposses the flow of electricity throughiit,

¥ ¥

o, . 1
= Law of resistance are summed up as R=p -;*I—ohm '

w Specific resistance of the material of a conductor is defined as the resistance of unit length and unit
area of cross-section of conductor.
w. Conductance (G) is reciprocal of resistance (R).
w. The emfis not a force but it is energy or work done per unit charge
_ Voo ‘ - |
w Ohm’s law can be writtenas R =7 This law is applicable for both AC and DC circuits.

.  Equivalent resistance of resistances connected in parallel.

w. Inasingle loop, the current is same at every point.

1.14 REVIEW OF QUESTIONS

Q.1. Whatistheeffectofrisein temperature on the electrical conducitivity of

@ Metal (i) Semiconductor (iii) Insulator '

Q.2. Define electric power and write its unit,

Q.3.  Write expression for equivalent resistance of resistances when

@ Joined in series (ii) Joined in parallel

Q4. What do you mean by the resistance of a conductor?

Q.5. Whichdevice is used for increasing or decreasing the current in a circuit? -

Q.6. Oncombining resistances in parallel, total resistance of the circuit decreases or increases.

Q.7. Whatis the effect of heating a conductor on its resistance?

Q.8. Whatarethe necessary conditions for the validity of Ohm’s law.

Q.9. Theradius of a wire is reduced to half of its original value by stretching it. What will be its
resistance now?

Q.10. Why are resistance wires made from manganin or constantan alloys generally used inresis
tance box, standard resistor etc.?

Q.11. Define specifice resistance or resistivity, What are its units? Explain with reasons why:

(@) alloys as manganin and constantan are used to make resistance wires of resistance boxes.

(b)  copper wires are used as connecting wire in a circuit. '

Q.12. Whatdo you mean by electric current? Define its S.L. unit and mention the direction of clectnc
current in the circuit.

Q.13. Define resistance of a conductor? Explain the factors on which the resistance of conductor
depends.

Q.14. State Ohm’s law and deduce relahon between drift velocity and current of a conductor

Q.15. Find the total resistance when various resistors are connected

(i) inseries (i) inparallel.
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Q.16. What do you understnd by electric power? Wite different formula for it.

Q.17. " What is meant by specific resistance and conductance of substance? Write their umts Show
that electric resistance, of wire depends on msxsnvxty of its material its length and its area of

. cross-section.

Q.18. - Acurrentof 1.6 Amp. is flowingina conductm‘? How many eIectrons pass per second through
the conductor?

Q.19. A current 20pA flows in a wire for 30 sec. Calculate (a) the charge flown through the wire (b)
the number of electrons flown through the wire.

Q.20.. The length of an iron rod is 4 meter and cross-sectional area 2 cm?. If the specific resistance of
iron be 10x10-¢ ohm—cm. then what will be resistance of rod?

- Q.21. Calculate the voltage drop across a 560W resistance when current flowing in it is 20mA.

Q.22. Whatis the resistance of a lamp, if a 6V battery results in a 100 mA current flow init.?

Q:23. Theresistance of a wire of length 13.78 cm and diameter 0.2 cm is 2.15 ohm. Find the specﬂlc
resistance of the material of wire.

Q.24. The specific resistance of the material of a wire is 2.62x10~* chm—meter. If the length of wnre
is 1.2 mand diameter is 0.04 mm. Find its resistance.

Q.25. Three wires of resistances 10 o6hm, 20 ohm and 30 ohm are connected in series and then in

~ parallel, Find the equivalent resistance in each case, '
Q.26. Deterrnlne the equivalent resistance between the terminals A and B of the network illustrated in

Flgure(l 15)
3Q

| 5Q | )

Figure: 1.15
Q.27. What should be the value of Rj; to make the equivalent resistance between A and B equal to
R] ?

e AN

Flgure L. 16
Q. 28 Find (he equivalent resistance between A and B,
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0
30 10Q

A" B
Fig&}r%l.l‘?

Q.29. Fiveresistances are connected as shown in Figure (1.18). Find the equivalent resistance
between A and B. '

_ _ Figure: 1.18 -
Q.30. Determine the equivalent resistance between the terminals Aand B for the network illustrated
inFigure (1.19). ' - '

10 20)

A 20

Figure: 1.19
QPEe®
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2.0 OBJECTIVE -
In this chapter we will discuss— -
= How todeal with a complex circuit, namely, multiloop circuit, for which junction rule and loop rule
have been given along with illustrative examples. _ "
= The behavior of capacitor while charging and discharging has been studied in details,

2.1 INTRODUCTION OF MULTILOOP CIRCUIT

In general, an electrical ciruit may contain one or more loops cach having several branches & junctions.
Sucha ciruit is called multiloop ciruit. Before taking about multiloop ciruit, it is useful to define two
terms, namely, as Junction & Branch. A junction is a point where at least three circuit paths meet and
a Branchis a path connecting two junctions. A three loop circuit is shown is Figure (2.1). In this circuit
B, C, E & F are junction (nodes) where two or more branches of circuit meet. The part of the circuit .
through which same amount of current flows everywhere is calles a branch. Thus BAF is one branch
and BF, BC, CE & CDE are other branches. '

L3
E

it E
Figure: 2.1

Analysis of multiloop circuits involes the determination of values of current in different branches and
potentials at different junction, which is done by following the guidelines known as Kirchoff’s Laws.

2.2 KIRCHOFF’S LAWS

As we have learned that simple circuits can be analysed using Ohm’s law and rules for series and
parallel combination of resistors. The procedure for analyzing multiloop circuits (complex cir-
‘cuits) is simplified by the use of two simple laws called kirchoff’s laws.

2.2.1 Kirchoff’s First Law (Junction Rule) _

* According to this, the sum of the currents entering at any junction must be equal to the sum of currents
leaving that junction, i.., the algebraic sum of the currents meeting at any junction or node is zero. This -
taw is also known as Kirchoof s Current Law (KCL). The current towards the junction are taken
positive and going away from the junction are taken as negative. '
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Flgure 2.2 :
Suppose five conductors meet at O, as shown inFigure (2.2) and currents flowing through these are
and i.Currents i, i,and i, are flowing towards the junctionand /, and i, are flowing away
from the jlmctlon Thus accordmg to Kirchoﬁ ’s law :

II’ IZ" 3 I4

fl “"'iz —i3 +i4 +f5 =()
l| +34 +13 —12 +I3
Thus according to this law, ifa steady current is flowing in a cirucit, then the charge, does not accumu-
late at any junction of the circuit, i.e., the rate of flow of charge towards the junction is equal to the rate
of flow of charge away from the junction.
Therefore, Kirchoff’s first law is equivalent to the law of conservation of charges.
2.2.2  Kirchoff’s Second Law (T he Loop Rule) '

=1 .I_-«-al-+E
A YR A l B
AV=VE—Va=—IR AV=Vp-Vi=+E
(a) (©
e 15 E
A . B A L B
AV=Va-¥Vi=+IR AV=VFa- Va=-F
(b) (&)
Figure: 2.3

According to ﬁns, the sum of potential differences across each elemant around any closed circuit loop |

mus be zero, i.e., the algebraic sum of the voltages in a specified direction along a closed loop of an

electrical circuit is zero, This law is also known as Kirchoff 5 Vo!tage Law (KVL). Asan aid in applying

the second rule, the follwing points should be noted. :

@) Ifaresistoris traversed in the direction of current, the changes in potentlal accross Ris-IR’
(Figure—2.3a). :

(i) Ifaresistoris traversed in the direction opposme the current, the changes in potentaal accross R
is IR (Figure 2.3b).

~ (iif) Ifaposition of e.m.f. is traversed in the direction of e.m.f. (from —ve terminal to +ve terminal) the
change in potential is +E. '

(iv) It a position of e.m.f. is traversed in the direction opposr[e to e.m.f. (from +ve terminal to —ve

terminal), the change in potential is—E.

Let us understand this law for the Figure (2.4) of resistance network. Battery emf E, will be negative as

the direction of the current in the battery is from the negative electrode at lower potentlal to positive

electrode at higher potential. Simllarly battery emf E, will be positive as the ditection of current isinthe

direction of voltage drop. Thus according to voltage law, starting from point A. : :

A A\ Vo B
A AAA AN S AMAAAA e
Ry - Ry

.+ +
= (E K‘_) e =

C Figure: 24 D
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Vi +V2 +Ez —El =()

Therefore, Vi +Vs=E, -,
The algebric sum of the voltage drops in a closed loop is equal to the sum ofe.m.f. in that loop.

Ex—1 Two cells whose emf and internal resistances are 6V, 0.5 ohm and 10V, 1 ohm are con-
nected in parallel with a resistance of 12 ohm. Calculate the current supplied by each cell..

Solution: Let the current supplied by the cells of emf Ey =6V and E, =10V be j and ip respec-

tively.'me Kirchhoffs first law the current flowing through thetesistance of 12 ohm will be (h+ip).

Each cells behaves like a source of emf connected in series with its internal resistance.
Applying Kirchhoffs second law for the closed loop ACDBA

i x0.5+(f +i)x12=6

2.5 +12i,=6 (1)
i E;=6V
b . ‘ B
A p—e it <
=050
i E=10v T
«——]l[| ¢
: ry= I3 ¢
N
Py (il"]"‘iz) Q
C —AAAAAAN D
12Q
Figure: 2.5

Applying Kirchhoffs second law for the closed loop PCDQP
X100 +i)x12=10 -
124x13i, =10 : enns(if)
Multiplying equation (i) by 13 and equation (i)by 12
162.5/) +156i, =78 : (i)
144i] +15652 =120 (iV)
Subtracting equation (iv) from equation (iii)
18.55 =—42
i =~£~=—- 2.27 Amp.
18.5 .
Substituting the value of /| in equation (ii)

—12x227+13iy =10

1'2 ='I£'—'-1-2§?—g‘—1‘=286 Amp.

Thus 2.86 Amp. current will be supplied by the ceil E, and the cell E, will get 2.27 Amp. current, ~
Ex.-2. Calculate the current in each branch of the following circuit,
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14 A

10
P !2' ANl
(i) .
' +
. * = E=12V

E=18V = 6Q T

—_ v

8 < -l g

iy B 12 b
Figure: 2.6

Selution: Suppose the current supplied by the 18V battery is i and by the 12V battery is i, .
- According to Kirchhoffs first law at the node A the current flowing through resistance of 6 ohm will be
(h~h). - |
. Applying voltage law for the closed loop PABSP,
i X124 —ip)x6=18 '
2!.]+(l'1'—f2)=3 )
%-hp=3 o)
Now using voltage law for the closed ldop AQRB,
X1ty xI=(i ~i)x6=12 |
_ ‘-3!.1 +4i2 =6 (ii)
Adding equations (i) and (ii)
Ir=3 Amp;
using the value of 7, in equation (i)
f] =2 Amp | )
., Current flowing through the resistance of 6 ohm,
. ' ='(f|_—i2)=2'-3=-—1Amp. '
Thus 1Amp. current will flow through the resistance 6 ohm inthe direction BA.
Ex-3. In the given circuit £ =3V s E2=2Vand E3=1V and R =R, = R3 =1 ohm. Cal-
- culate the current flowing through each branch,

Solution: Suppose the currents flowing through the batteries are iy, i and i3 as shown inthe circuit. -
b e 1| ¢

E[=1V

i3 10 .
f —)-——-uwwwu a il e
Figure: 2.7

____Applying current law at the junction .
! i —i -i3=0 " '
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i=(i ~1p) | (D)
Applying voltage law in the closed loop badch.
ixlxipx1=3-2
11 +ip =] L (ll)
- Agam applying voltage law in the closed loop bfech.
Cixl+igxi=3-1
i] + i3 =2

Using the value of /3 from equation (i)

26 iy =2 S (iii)
Adding equation (ii) and (jii),

3i =3 i =1 Amp.
-, From equation (iii), iy =0
and from equation (i),

i3 2(1.1 "fQ)%l —0=1Amp.

Ex.—4. Using Kirchoff’s law to determine the current flowing in 5 Q) wire in following circuit.

10 2Q 30

1+

20 310
Figure: 2.8

Solution: Let a current § starts from 3V cell and a current i3 from 2V cell. Thus circuit may redrawn
as shown in Figure (2.8).
A I i) Ak 20 LB 30O i3

-

V=

i D 20 EZ C.i3 30
Flgure 29

As shown in Figure (2. 9), the current i is divided at A in two parts, i flo ws through 2 and
(i{ ~1p) through 1) . At junctino B, a combined (i +z3) flow though 503
Thus, applying Kirchof!’s voltage law in Ist mesh.
I xt4+( =) x1+d x1=3 .
35 —ip=3 (1)
Applying Kirchoff’s voltrage law to closed mesh 2
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f2><2+(fg +f3)X5+f2 X2-'(1'l —fz)X] =0
'2i2 +5i2 +5i3 +2f2 ""il +i2 =0
, ~§j +10iy +5i3 =0 R, (ii)

Applying Kirchoff’s voltage law to mesh 3

i3 X3+(i2 +1'3)X5+i3 X332
or - Sip+1li3 =3 |
Multiplying equation (ii) by 3 and adding to equation (i)

. “31‘1 +3052 + 15i3 =0

3ij—ip=3
~ orsolving |
29y ~15i3=3 -
Multiplying equation (i} by 15 and (iv) by 11, thensolving
52 =-'§-— Amp.
_ 244 -
-and by putting this value of i, inequation (iv)
A *é% Amp.
The current flowing through 5 2 wire is
3 43 46
=BT S T Dag AP

2.3 CHARGING AND DISCHARGING OF A CAPACITOR

Before we deal the phenomena of charging and discharging of a capacitor. Let's talk in brief about
capacitor. Capacitor are commonly used in a variety of electrical circuits.For example, they are used,
(1) in tuning the frequency of radioreccivers, (ii) as filters in power supplies (iii) to eliminate sparking in *
automobile ignition system and (iv) as energy storage device in electronic flashing units,

A capacitors basically consists of two conductors carrying equal but opposite charges. The ability of a
capacitor to hold charges is measured by a quantity called capacitance. The capacitance depends on
the geometry of capacitor and on the metarial seperating the charge conductor, called di-¢lectirc (on

insulating material),

e Y
+| + -
+| + -
++ -
-+ -
+|+ -
+|+ -
+|+ -
+i{+ -
+H+ - -
+| + -
E ¥ + -
+)+ - - -
+i + - =
+ 4+ - T
+q -

Figure: 2,10
If the charges on plates of a capacitor are +q and ~q {(by induction) and the potentia! difference be-
tween them is V then capacity of capacitor is given by
: ol .
V .
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Where capacito_l_:of capacitor depends on:
(® Areaofplates(A),ie. CxA

1
(@ Distance between plates (d); L., €% -
(iiiy Medium between plates, i.e., Cc E (permittivity)

The ST unit of capacitance is Farad.

Consider a circuit containing capacitor, in which currents vary in time, When a potential difference is
applied across a capacitor, the rate at which it charges up depends on its capacitance and on the
resistance in the circuit. The charge on the cpacitor increases from zero to maxinum value in a finite

time similarly, when a charged capacitor is alfowed to discharge through a resistance, the charge
onthe capacitor decreases from maximum value to zero in a finite time. In both cases the time taken to

reach the steady state depends on the value of Cand R,

2.3.1 Charging of a Capacitor
Suppose a capacitor of capacitance C, resistance Randa key are connected in series with a battery of
emf E. Let g be the charge on the eapacitor at time ¢ and 7 be the current in the circuit. Thus the

-potential difference across the capacitor will be 1 .

C
Using kirchoff’s second law
E = Voltage across capacitor -+ voltage drop across is r
q _
=—+RL .
=2 | l®)
. ' R Key
AN+’
1
=k C=
.-|-" ¥
o Flgure 2.11

As the time increases, the charge on the capacitor in creases and it finally reaches to maximum value
q - At the steady state, the potennal dlfference across the capacxtor becomes equal to theemfE
and the current I reduces to zero,

E=20 | .
C .
From equation (8) and (9)

0_19 gy
c C

- (q0-9)=RIC

_{90-9)
| RC
by the definetion of current
dt
dq _ 1 _fa-q9)

& RoWo V=TS

o (10)
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dqg 1

e =

{9-g9) RC
integrating on both sides.
i 1
{ dy =— dt
(9—q0) RC I

In(q -~ q0)=—ét+const

Butat t=0,q=0 _
const = In(-qg)

1
iﬂ(q-qo)"—“'*ﬁatﬂn(—%)

1 .
‘In ~1n(~ -t
(4-qp)~In(~gq) = RC

q~qy t
Inj 279 ___*
= ( ~qo J RC

t

i

- 4% __.re
—4o
o q_qo.___“ef!/RC _
~t/RC

= q9-490 =—4p¢ _
= g=go(t-e RO B ()
Equation (11) shows that the charge g on the capacitor in increase with time 4’ to the maximum values
g - The variation of ¢ with respect to time t is shown in Figure (2.12),

g4 Vv :P
Qof-mmvmomeanaas N | | I
Growth of " : Growth of .
charge _ charge
¢ g ¢ ) t
Figure: 2,12

The potential difference across tie capacitor ¥ =g/ also increases with time as shown in Figure
(2.12).

] -t/RC
V==-{(l-¢
C ( )

-

V=E (1-¢ VRCy en(12)

where £ =% %
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The current in the circuit 7at time £1s

-4
dq_d Re
==t =— 1-aRC
5~ ar (o (1meRH)i]
do .-tRC
I=—. :
RE e (13)

where Ig = o is the max. value of current at 7=0.

RC _
Thus current dereases from the maximum value 10 0 zero exponetially with time as shown in Figure
2.13). '

lo’ \

I

h 4

0 t—>
: Figure: 2,13
2.3.2. Discharging of a Capacitor
Consider the circuit shown in Figure (2.14). Where a capacitor C is charged to emf E'by closing key
K,, while key K, is open. Then it is discharged through a resistance R by closing key K, (keeping X,
' open). Let g be the charge on the capacitor at the time ¢ and J be the current flowing through R. The
initial charge on the capcitor q, = EC.

l .
=5 K N C=r
- Figure: 2.14 _
During discharging process, (E = 0), by Kirchoff’s voltage law from equation (8),
44 R=0.
.
q.,9
Ep—=R=0
= C ot
dq__ 4 |
= & R (14

Integrating equation (14), we get
lnq=--£-~_+const.
RC -
At 1=0, g=qy=EC

~ Constant In(gg)
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On substituting the value of constant—-

!
mg=———+Ingg.
q RC do

t
Ing-Tngy=——r
=5 q 90 RC
. ¢ ;
I 'Y . s R

g=gpe™''RC

Thus the chargesdecreases exponentially w ith tim eas shown in Figure (2.15).

o

~(15)

The voltage across the capacitor

v

t—>
Figure: 2.15

Q =90 —HRC —Ee ~tIRC

Thus voltage also decreases exponentially with time ¢ from the initial value E as shown in Figure

(2.16).
The current in the circuit is _
dg _d _  _4/RC
I=—%=—(gpe
Pt (40 )

- - E _
j="9 t/RC__E —1iRe

v

t—>
Figure:2.16

Whereat =0 max.current /=— E/ R in opposite direction, compared to the charging process. The
current then dicreases exponennally

3
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v

Figure: 2.17

2.4 TIME—CONSTANT OF AN RC CIRCUIT _
In an R-C Circuit, the growth of charge and potential difference across the capacitor during charging _
or decay of charge and potential during discharging are dependent on time. In both processes maxi-
mum cuwrrent flow at start then decays exponentially with time. Thus, the rate of variation of all these
quantities depends on the time relative to product RC. The dimension of RC has time and is called
time constant of circuit denoted by 1 .

During charging process, we have

g=q(1-¢7"'%),
V=EQ1-¢7'C),

and I Ioe—ff‘c

anddurmgdlschargmgprooess
g=qpe"’C
v=get/C
]=-—10e'"‘_fc

Thereforeat 7=C, during charging

g=qo(1-e ") =gy(1-0.37)20.63¢,
V=0.63E
1=0.371,
and during discharging
g=0.374,
V=037E

[=0.371,

i.e., time constant is the time at which charge, potentlal on capacitor increases to about 63% to the
max. value while current decreases to 37% of the max. value during charging whereas in discharging
process, the charge_, potential and current decreases to about 37% of the max. values is the time

‘constant (t).
For larger and smaller values of ¢ = RC, the variation of ¢ with time are shown in Flgure (2.18 a) and
(2 18b) for chargmg and dxschargmg process respectlvely
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a9 ,r Smaller ¢
T T Smaller ©
- Larger 1
q Larger T q / rg

v

0 t— 0 t—> >
{a) - (b}
Figure: 2.18

Ex-5, A T10uF capacitor and 2MW resistor are in series and connected toa 100V battery. find the
time afer which charge on capacitor reaches 90% of maximum.

Solution: Given C=10uF=10x107% F; R=2MQ=2x100

4. 290%=0.9
90
As  g=qp(1-e'/CRy

iz(l_e—rfCR)
o
0.9=1-¢~/R

MR-
e”CR=n1—=10_

- 0.1

{
CR 08¢ 2.3026

£=(2.3026)xCR =2.3026x10x10~0 x2x10°
t =46 second.

Ex.~6. A 0.18 pF capacitor is first charged and then discharged through a high resistance. If it takes
0.5 sec. for the charge to reduce to one fourth of its initial value. Calculate value of resistance.

(log, 4=1.386).

Solation: Given data =0.18uF=0.18x10"6 F, r =0.5 sec.
g 1

% 4
g=gqe~/CR -

q e-t/CR

(1]

—=g

I —05/0.18x10 5% R
3 A
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-6
(0-5/0.18x1075x R _ 4

0.5 )

=log,4 _
0.18x10 %)« © =1386
R 05 .y
018x107%x1.38¢ =2.0x107Q
R=2MGO

Ex.7. A capacitor of 4uF is connected to a battery of 24V through a resistance of 0.25 MO .
Determine the potential difference across the eapacitor after-1 second.
Solutien: While charging

Chargeq =go (1~ e”RC)

Potentlaldjﬁ'erenceV'“-a qﬂ(l _”RC) E(l- e-rlRC)

Givendata R=0.25MQ=0.25x10° Q, C=4pF= 4x10"‘6

E=24V and f=1 sec.
T=RC=0.25x108x4x1070 =] sec.
V=24(1-e" =24 (1=271y *
V =24%0.63=15 volts.
2.5 SUMMARY
w  The circuit containingimore than one loop with their j ]unctlons and branches is called multlploop
circuits. %
According to Kirchoffs eurrent law, the algebraic sum of currents meeting at a junction is zero.
Kirchoff’s voltage law states that the algebralc sum of electromotive force (emf) and voltage dropp
- (IR} is zero. _
. Theequation for charging of a capacitor C 'Ehrough aresistance Ris g =gy (1-¢™ /CRy,
w  Growth of charge in charging ¢f capacitor follows an exponential law,

=,
pac§

w. The equation for discharging of acapacitor C, g =¢p e~ /CR

2.6 REVIEW OF QUESTIONS

Q.1  Whatismulitioop circuit?

Q.2 Whatis the importance of Kirchoff’s law?

Q.3  What do you meant by capacitance of a capacitor?

Q.4 Draw graph for growth and decay of charge ina capacitor.

Q.5  State Kirchhoft’s laws of current & voltage and explain their application w1th the help of
examples.

Q.6 How does the charging and discharging of a capacitor depends on the resistance con
nected in series? '

Q.7 Whatistime constant?

Q.8 A seriesR—Ceircuit has atime constant ¢, What will be time constant of the circuit shown in

. Figure (2.19)?
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I
Figure: 2.19 '

Q.9 Two wires of resistances 30 ohm and 60 ohm are connected in parallel. This combinatino is
connected to a voltage source of 30 volt. Determine (i) the total resistance of the circuit, (ii) the
current flowing through each resistance.

Q.10 Three resistances of 10 ohm., 15 ohm and 30 ohm are connected in parallel anid then con
nected to a battery of 15 volt ﬂdn the total current in the circuit and the currentineach
resistance.

Q.11 What will be the reading in the ammeter connected in the circuit inthe Figure (2.20).

20
AAA,
20 E={Vy
@
2Q
AMA
20
AAAA,
Figure: 2,20
Q.12 How can three resnstances 0f2, 3, 6 ohm be connected to glve an equivalent resistance of
4 ohm,
Q.13  Find the current flowing through the resistances of 5 ohm and 10 ohm in the given circuit,
~<._+| f— ANV
LN : S‘VSV\
iy 100
2 AN e
Figure: 2,21

Q 14 How much charge will be stored in the capacitor C connected in the given c1rcu1t Internal
resistance of the cell is negligible.

R
AN

~ E R Rg

Lyb

Figure: 2.22
Q.15. Calculate the cutrent in the arm CD of the following cirucit.
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Figure : 2.23
Q. 16 Determme the curreniti tin the following given circuit.
A 1:5«/‘/ _

Figure: 2.24
Q 17  Inthe given resistance c1rcu1t, the current flowing through the resistance CD will be:

Figure: 2.25
ERCICIOIC)
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Unit-03 .
ALTERNATING CURRENT

Content of the Unit
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3.5.2 HalfPower Points
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3.6  Parallel LCR Circuit

3.7  PowerinAC Circuit

3.8  Summary

3.9  ReivewQuestions

3.0 OBJECTIVE

In this chapter we will discuss-—

. The type of ciirrents, namely, direct current (DC) and alternating current (AC).

. Important terminology used in understanding the behaviour of AC.

. Since alternating current has the variation both in magnitude and direction with respect to tlme,
‘therefore it is interesting to study the circuit containing various elements like resistance(R), capaci
tance (C) , and inductance (L) or combination of these, which offers different type of resistance, amely
impedance, reactance or admittance etc.

=. Resonance conditions are also studied for both series and parallel combinations of L,C, and R in
acircuit. Power consumed in such circuit .

3.1 INTRODUCTION
The current has been classified broadly n two ways. A.C, (A]tematlvng Current) and D.C. (Direct
Current). In adirect current, the drift velocity superimposed on a random motion of hie change carri-
ers (electrons) is in one direction only whereas in an alternating current, the direction of drift velocity
changes continuously with a constant time of interval, i.e., usually many time a second.

(i) Direct Current (D.C.):—If the current is obtained from static power supply like cell or battery
then it is observed that it constantly flows in a definite directions and its magnitude also remain
constant is shown in Figure (3.1) This type of current is called direct current (D.C.) Thus a current
whose magnitude remains constant with time and which flows continuously ina deﬁmte direction is
called direct current. .

1

A h

S

current —>» =
current —> -

>t - - >t
time —> : _ time —»

(@) Figure: 3. 1 (b)

Some time thc current is observed such that the dlrectlon of current remains oonstant but the magmtude
has small periodic variation with time as shown in Figure (3.1b). Such type of current is called fluctu-
ating direct cutrent. This fluctuating direct cutrent can be visvallized as a composttion of a uniform
direct current and a periodically working current. The fluctuations in current may have serveral forms
and different magnitude for different circuits, which canbe  removed (rectified) by using a suitable
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device called filters (rectifiers) so that the resultant current is almost pure direct current.

(i) Alternating Current (A.C.): “The current whose directions changes after a definite interval of
time is called alternating current™. The magnitude of such current changes periodically with time. Such

acurrent can be produced by rotating coil with a definite anguiar velocity in a uniform magnetic field.

The alternating current or voltage can be of many forms according to the wave form as triangular wave,

square wave, sinusoidal wave etc.

‘The simplest and most important alteranting e.m.f. can be represented by a sine curve and is said to be

sinusoidal waves form as shown in Flgure 3 2)

fiorl

Eni)l'lg - /
. >
\/ o

Figure: 3.2
It can be expresed as—
E=Fysinot
or I=1ysin ot

Where g isthee.n.f attime ¢, and £, Ipisthe peak value ofF orland w is constant which is equal
to 2nf whete 5 isthe frequency of e.m.f, or I,

3.2 GENERATION OF ALTERNATING E, M F

When a coil is placed in an external magnatic field and rotated with a high Speed clockwise about a
horizontal axis perpendicularto field. Then, the magnetic field linked with the coil changes continuously
and an e.m.f. is induced in the coil and if the circuit is closed then an induced current flows in the circuit, -

: Figrue: 3.3 :
Suppose the coil has n turn and it’s area of cross-section (plane) is A. The coil is rotatmg ina magnatic
field B with an angular velocity . Suppose, initially the plane of coil is perpendicular to the field then
- magnetic flux through this coil will be maximum as shown in Figure (3.4a). When the coil is rotated
from this position, the magnetic flux starts to change. Suppose, at any time t, coil rotates through an
angle 6 as shown in Fi gure (3.4b). '
Thus the component of g perpendicularto the plane of coil is Bcos®, then the mstantaneous mag
netic flux linked with the coil willbe

4=(B.4)n=nB Acos® o (1)
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where 0=w/

$=nB Acoswi=dycosol o o R )

........................
-----------
----------

--------

.....

Figure: 3.4
Thusaccording to Faraday’s law of electromagnetism the rate of change of magnetic ﬂux will induced
theem.f incoil.

E:ﬂ =nB Awsin ot
dt
E =Eqysinwt e (3)

here Ey =nBAo , which is the max. value of induced e, m.f,
If the resistance of the circuit including the coil, i.. total loadis g then

I=fysmepr 4)

Thus, it is clear from equation (3) & (4), the induced e.m.f. and current varies penodacaily w1th t:lme
Suchane.m.f. and current  are called alternating e.m.f. and current respectively.

(i) when ¢=0,7/2,7,37/2,...... or (8=0,m2x,3n,...), i.e., plane of_'_cc')il is per-
pendicularto magrietic field z then the flux will be maximum (=g, - ¢ )but 4/ is minimum so tht
inducede.m.£. is minimum, ( Eor 7=0),

(ii) when t=T/4,3T/4,5T/4......or (0=n/2,3%/2,5n/2,....),1.e. the plane of eoil is par--

allel to the magnetic field then the flux will be minimum (¢=0) butthe % ismaximumand the induced
e.m.f. or current is maximum (Ey,~ Eg, Ey, ~ ), o1 (I =1y,— Iy, I, Ip) -

Thus it is clear from above, that in first halfof the cycle the induced e.m.f, increase from zero to a
max. value and then redues to zero. During next half of the cycle, the e.m.f, incy ‘ease, from zero to
a maximum value in the opposite direction and again gradually reduces to zero, Figure (3.7) shows
the positions of coil and corresponding induced e.m.£, in the coil.

0 "90° 180° 270° 7 360°
- — of '

Figure: 3.5
(39)

Induced e.m.f,
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3.3 DIFFERENT TERMINOLOGY RELATED TO ALTERNATING

CURRENT OR VOLTAGE
(A)  Cycle, Time Period, Frequency, Amplitude, Phase and Phase difference.
(® Cycle:~One compiete set of positive and negative values of an alternating quantitity is known as
acycle, as shown in Figure (3.6).
(i) Time period:— The time taken by an altematmg current to completc one cycle of an alternating
quantlty iscalledit’s time period. It is designated by T,

=2
®
L\
Iy
' Ambii‘tude
|
Tinte
T femnmmmmnnend
4 Cycle ¥
————— Time period~—>
Figure: 3.6
(iig) Frequcncy.— The number of cycles that occur in one second is called frequency g [ )ofalternat-
ing quantity.
\Iumber of cycle
~ Time in second
f= 1_o
LT 2
The unit of frequency ishertz (Hz) |
(B) Instantaneous, Peak, Average and Root Mean Square Value.
LS
]ﬂ "SI IEL] . N .
0-707,'.{} ----- T - N mEmomE s w e 9
0.637 Ty | --fone S N ¥ 5 fo_ -
A 1 Average {}:;lf; Vajue
Nk [ Value J' l
[ ¥ 5
X b +3m 2x > of
2 2 Peak to

peak value

Figure: 3.7

@ Instantaneous Value:— It any particular time, the value of alternating e.m.f. or current is called
instantaneous value. The instanteneous values depend on tlme and vary simple harmonically in an a. c.
. circuit. The instantaneous values can be zero. |

Instantaneous voltage E = E, sin o
o - (40)



Instantaneous current f = I sin wf

(ii) Peak Values:— The max. value of current or voltageina cycle of altenating current or voltage is
called peak value. The peak value represents the amplitude of sinusoidal variations. Thus the peak
values are Ey and /y respectively. The sum of positive and negative peak values is ca]led peak to peak
values.

(iif) Average Value (Mean Value):— Since, the direction and magnitude ef alternatign em.f, and
current change with time thus the average or mean of the instantaneous values over a full cycle is called
mean or average vatue. In a full cycle, the mean value of alternating e.m.f. and current is zero, because
the first half of the cycle is positive and other next half cycle is negative. As a result, their sum over full
cycle becomes zero so the mean value is zero.

Instantaneous current /= I sin ¢ =1y sin9, consider an elementary strip of vmdth 49 in first half

cycle.
Then the area of strip = 7,48

~Areaof halfcycle = [ .40
=fr1do
=_[(’;Iosin9d9 =210

Arc of halfcyele 21, :
Base  m =0.6371, .(5)

(iv) Root Mean Square Value:~ The mean of square of the voltage or current over a full cycleis
called mean square value and the square root of the mean square value is called root mean sqyare

Average value =

value. The root mean square value or RMS of e.m.f, is represented by E,,,,c and of current is repre-

sentedby I ..
B = (EH)'? e ™
I =IHY2 L (6)

The square of instantaneous values of alternating voltage and current are always positive so the rms
values are never zero.

Q E=E051n9

Square of alternating emf, E? = Eg' sin? 0
Average of the square of alteranting emf over a cycle

B 2% 2% £2 cin? 4o

_E rli=cos20) o

2
_E} 9_sin29]2"
475 2 0
g2 2
=§-9—.27t=E—°
4 2

Hence the root mean square value of the emfis

(41)



=2.1/2 _Ep
mo=(ED)"* =22 —0.707,

Similarly, 1,,,,3'=0.707 Iy N (8)
The root-mean square value of alternating current or voltage are also called virtual values or effective
values. :

Ex.1 InanAC circuit the rms value of emf. is 220 volts. Determine the peak value,

. E
Solution:  E,;. =200 Volts, and Erms \/9

Ey = \_{_XErms
Ey=2%220=311.08 volts.

Ex.2. InanAC circuit the peak value of current is 4.0 ampere. Ifin the circuit (a) an AC ammeter or
(b) DC ammeter are connected, what will be their readings? :

- Solution: (a) AC ammeter reads the rms value of current, hence its reading will be
Iy

]rms \/5

Lo J__zJ_ =2.828=2.83 Amp.

(b) The DC ammeter will read the mean value of current and as mean value i in AC is zero hence its

readmg will be zero. _
Ex. 3. Thealternating voltage applied in a circuitis & = 200sin (314 () volts. So that the current ia

- I=2sin(314¢+x/3) amperes. Calculate the following (a) ﬁequency of applied voltage, (b) rms val-
ues of voltage and current.
Selution: (a) Angular frequency of applied voltage 0 =314=2nn

314
= =50p1, -
2x3.14 Bz

_ Peak Value
(b) RMS value ~ \/5‘—

- B, =B 20
. RMs value of voltage “rms = \/— \/— 7 Volts,

T =L =2 1414
RMS value of current * rms "7‘” _T" ' Ampere

Ex. 4. What is peak value of an alteranting current which produces threetimes the heat per second as
direct current of 2,0 Amp in aresistor R? _

Solution: Heat per second by 2 4=12R =22 R =4R
“Three times heat per second =3x4R=12R
If I,isthe m.s. value of the AC, heat perseocnd is R=12R

So 2R =12R and I? =12
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Sor.m.s, value (12)“ 2
peak value =(2)!/2 x r m.s.

=22 x(12)"'? =(24)"/2 =4.9 Amp.

Ex. 5. AnAC of frequncy 50 Hz has maximum value of 10 amperes. In how much time till itreach a
value of 7 amperes for the first time starting from the zero value? What is the r.m.s. value?

Solution: We have [ =] sin ot

0=2n =21x50=1007
Let it reach the required value in ¢ seconds; then
7=10sin1007¢ -

So sin100ms=7/10=0.7
1007 ¢=44.4° =n(n/180)x 44.4 radians

44.4
This gives ¢ =————~—1 20<100 =0.0024 (..
. ]0
Irms =—5=0.70? 10 =0.707>< 10;

Loms =7.07

Ex. 6. The frequency of an alternating voltage is 50 cycle/sec and its amplitutde is 100 volt. Show
complete three cycles in time voltage graphs and calculate itsl root mean square value,

Solutien: Given /=50 -

Periodic time= 5—10- =0.02sec.

and V=100 volt,
Hence, time-voltage graph is shown as Figure (3.22),

)

. oo _ /-\
Y i} | oo .

t =

Figure: 3.8
Vi : :
Now Vims = _\/% ' _ .

Vyas =0.707 V5 =0.707x100="70.7 Volts.

3.4 ANALYSIS OF AC CIRCUIT
The closed path followed by alternating current is called an AC circuit, When a simusoidal alternating
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volitage is applied in a circuit, the resulting current is also sinusoidal and has the same freqnency as

applied voltage. However, there is a phase difference between applied voltagte and resulting current.
In a circuit, the phase difference g depends upon the nature of circuit.

* The circuit, elements of an alternating current circuit are resistance, inductance, resistance, ca-

pacitance. When alternating current flow through these elements the e.m.f, applied and the resulting

current doriot remain in phase. In some ac circuits, the current become maximum after the maximum

of e.m.f. then the pase of current is behind the e.m.f. and inother case, when current gains maximum

value before the e.m.f. becomes maximum then e.m.f. lags behind the current. We will now consider

different ac circuits and study the phase relationship between them.

(A)  ACCircuit Containing Resistance only

Suppose a circuit containing resistance R conmected to alternating e.m.f. source E as shown in F igure

(3 9. -

o AN —— ey

(~)—
-/
E=E, sin oot
Figure: 3.9
E=FEysinor . ®
According to Ohm’s law
E K
T==="Ysinos '
R_poRel (10)
I=1Igsinmt

Thus it is clear from equation (9) and (10), the altematmg e.m.f. and current one always remains in phas
ewith each other as shown in Figure (3.10).

Theratio E/Tor E, / Iy iscalled impedance (resitance) R of circuit.

L

> mt

<E&L—>

. Figure:3.10
(B)  AC Circuit Containing Pure Inductance only

Suppose a coil is connected to a source of a laternating e.m.f. in a ac circuit. The coﬂ has an inductance
L withnegligible resistance.
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L B >E

“HEEEEEs 950°
E=E, sin wt 90°
N > [ I
(Y _

The e.m.f. at time t” is given by—
E = Eysinof _ i 11)

Due to this e.m.f, an alternating current flows and hence an induced e.m.f. is produced due to self

induction, which opposes the changes in the current altenery steps, is given by

o odl
e [ S
¢ a7 (12) _
Since there is no other Ohmic elements in the circnit, which may cause drop of potential, Therefore the
total e.m.f. in the circuit will be equal to the drop of potential in the circuit, i.e.
E=L 4
dt

= L % = EO sin @
onintegrating both sides

jI:_ETU [sinor dr

i =:%Q~cosa)t = —Ij cos ot

)
E
where fop =—2
0 oL _
=  I=I)sin(wt-n/2) on(14)

Comparison of equation (13) and (14) reveals that the phase of current at time t will be (07 —x/2)

while the of e.m.f, will be @ . Thus the current lags behind e.m.fby aphase angle of /2 or90°. when
e.m.f. achieved max. value then the current zero and vice-versa.

r's

<-E&I—

'. Figure: 3.12 _
The ratio B/T or Ey / I is resistance of circuit. Since thistesistance is only due to inductance, it is -

called “inductive reactance” and is represented by X . - |

. (45)



X, =ol=2nfL L (15)

(©)  ACCiruit Containing Capacitance only
Suppose an ac circuit contains a capacitor of capacitance C connected across an alternating supply of
emf, '

E=FEysinot ' e (i6) - _
Suppose at certain time ‘t” the change on the conduenser is q and thus the potential difference across
itwillbe ¥ =¢/C . This potential difference will be equal to the applied alternating e.m.f. at that time,
ie. : :

V='§7=E = %=EoSinmf = g=CEgsiney . a7n
1
o Loor
s >V | > 1
90°
E=E, sin ot
(=)
7
v
. W
Figure: 3.13 _  Figore: 3.14
But the rate flow of charge is current. Therefore
dg d .
I=—==—(CEysinwt)=CEyncosnl .
= dt( 0 )=CEy
I=CoEysin(of+n/2)
I=lysin(wt+n/2y . (18)
C . .EU .
where [ = Iy sin(wt+5/2) where /p = Y isthe peak value.

. Thus the current in the circuit is altemating and of the same frequency as of the applied e.m.f, On comparing
 equations for current I and E, it is clear that the phase angle of current is ahead by the phase anlge ofem.f,

by 90°, or in other words e.m.f. (E) lags behind the current by 7 /2.
The ratio B/ or Ey/Iyisthe resistan_oe of circuit. Since this resistance is due to only capacitance C,
. therefore it is called capacitive reactance and represented by X C |

ol 1
ie., C=al mc e (19
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Figure: 3.15
Thus, from (a), (b) and (c) summarizing the facts of phase relationship between voltage drop across
the element and current through them is that, in a purely resistive circuit the alternating e.m.f, E and
current [ are always in phase, in a purely inductive circuit e.m.f. (E) is ahead of current (I) by a phase
angle of % /2 and in purely capacitance circuit, E logs behind the currentby 5 /2. '
(D)  AC Circuit Containing Inductance and Resistance in Series

E=E, sin ot
Figure: 3.16
Suppose an mductanoe Land aresistance R are connected in seriés to an alternating e.m.f. in series to

analternatinge.m.f. E = Eg sin of is a circuit, The potential difference across R and L are VeandV;

respectively.
Since R and L are connegted in serjes therefore the current I will be same in both elements LetIbe
current in the circuit at time £, : :
Ve=IR
VL =iX L= i (DI, .
Bfg-vromencann P
A \VL E
! V!
> > A
0 1
Figure: 3.17

'Here the potential drop V' in phase with current ] while the potential drop ¥; will be ahead of by a

phase angle of /2, as shown in vector diagram.

The resuitant of these vector is OP, which represents the voltage across the series combination
of R and L. and will be equal to the applied voltage E.

Therefore, from vector diagram.

OP? =04? + AP?
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E2=vE 41}

E=y(IRY +(1X,)?

E=IR+x} =1k +0? 17
Applying Ohm’s law, the quantity ./ RI+ x2 7 offers net resistance to the current flow in the circuit is
called ‘ﬁmpedance” of the circuit and represented by Zp, . i.e.,

Zpy =R +X} =R2+a?2 .. (20)

The quantity Zp; measured in Ohm. The reciprocal of impedance is called “Admlttance” of theAC

circuit. It is measured in Mho.
From phase diagram it is clear that is LR circuit, the current I lags behind the applied voltage Ebya

phase angle ¢.

VL Iwl, oL :
p=_t=—r=——ro 1)
Ve IR R
l M .
) E=E, sin ot
T 4 I=Lysin (0t -$)
“+ve Esi /7 \ X
s Iy \\
0 ’ % 2 .
7. T ‘\ t
/l ' \\
—ve )] -7 N
("‘—QB-—):
Iwv
Figure: 3.18

(E) ACCircuit Contammg Capacitance (C) and Resnstance (R) in series

The analysis is simiiar but in this case the potential difference across R and C will be Vgand Ve
respectively.

A

(—<
A
E=E, sin wt

: Figure: 3,19
If1is the current in the circuit then

VR =[R

)i
V =IX = e
¢ wC

(48)



Asitis shown in phase vector diagram, Vgand ;will bein same phase while V- will lag behind I by
90°.
- From VOAP

OP*= AP? +04?
E*=VE+p}

E*=I*R*+ 1P X}

E=\IPR?+ 12X} =1\/R? + X}

where JR? + X2 represents the net resistance of the circuit, called as “Impedance” (Zp- ) of the
.

Zpe =\ R*+ X2

R
ch=R+2C2 . (22)

(£} A€ Circuit Contammg Capacltance ) and Resnstance (R)in Serles
' _ 9—-~—| l—-v~——+wm\-—->- 0 o VR A

Ve Vi

W

e (~)—e
N\ AR

E=E, sin «t :
. Figure: 3.20

The analysis is similar but in this case the potential differer.ce across R and C will be Vepand Vo
respectively. '

IfTis the current in the circuit then
Vg =IR

' I
VA= =
C .

Asitis shown in phase vector diagram, Vg and I will be same phase while ¥ will la gbehind I by 90°,
From AQ4P

OP? = 4P*+ 042
AE? =V 417
E*=1*R* + P x}
E= PR+ PPx}

E=IR*+x%

where /g2 + X¢ is repre sents the net resistance of the circuit, called as Impedance (Zpe) of the

49)




~ The quantitity Zp is measured in ohm and its reciprocal is called admittance of the circuit and is
measured inmho.
T ‘/-Iu sin (ot +¢)

. . Ipsin(t+¢) -~_
I

AS A
1 f N
Ao / A\
Vo ' ! A
v ! p ! .
% i 11 5
0 LY F] 1] ’ Lol
N . ¢ \ .
e g =2\ : ’ v
: LY lu. 7 N
1 A" M 5
' N2 N\ .
~ “
- o .

N S

e E&TI—>

!

A 4
_ . Figure: 3.21
If the phase difference between E and 1 is ¢, then from vector phase diagram,

v .
tan¢ =<
¢ 3
tmu!)=1/(J|J(Z'_ 1 : _
X TReC - @)

()  AC Circuit Containing Inductance L, Capacitance C _
In this case, the potential difference across Land C are V; and ¥V respectively, where ¥} leads the

current I in phase by 90° while V- lags behind the current Iin phase by 90°. Therefore, the total phase

- difference between V; and V- are 180°,i.¢., they are in opposite phase each other.

o
L C \C
ad I ——
T T . _ i
Y Ve 0 et >
l.A ) . (VL'"‘V(:)
(D < Vel
- o/ E
E=E, sin ot \S
.- Figure: 3.22 _
Thus, the net potential difference in (V; — V) whichshould be equal to the applied emf.
. E - VL - VC .
~+. and also the net impedance of circuit is
| Zic=X,-Xc -
1
Zro=wl—- o ‘
Lc C 24)

(50)




KX, =Xc,than Z;-~ =0 ie. netresistance(impedancé)offeredbytheoircuit iszeroandampl it
udeof current will be finite. This situation is known as “Electrical Resonance”
Thus, for electrical resonance
X = =X c.
1

L =—-
oC

1
2nflL=
s 2% fL
. 2 1
47r2LC'

' 21:\{ LC - d23)
This frequency is known as resonant frequency of the circuit.

(G)  AC Circuit Contaning Inductance (L), Capacitance (C), and Resistance R) in
series
Suppose an mcluctance (L), capacitor of capacitance (C) a resistance R are joinedin series and

connected to anapplked emfsource E = Ey sin ot , as shown in Figure (3.22). It is clear from phasor
diagram (3.22 b) that ¥ leads the current vector by 90° ¥ lags behind by 90° and Vp is in phase

withit. ¥z and V- are therefore 180° out of phase i.. in antiphase. If 7, is greater than V-, theit |

resultant (V; — V) isinthe dlrectlon of V. Thus, the vector sum of (V; — V) and R equals the
applied emfE, therefore. - '

N
L
o - V=Vl - B0
L C R Ve :
Vi 7 Vr 0 LN L,
.IJ\ . VR A
< (D)
DR O y
E=E, sin ot oY
W
_ Figure: 3.23
E* =VR +(V, - ¥c)* - (26)

It the net resistance (impedance) of the series combination is Z than E=IZ-
(12)" = IPR* + (X, - LX)
Z2 =R 4 (X, - Xp)?

Z=yR2+(X; - Xp)?
Puttig the valuesof X; a X, we get

) ! 2 1/2 | :
Z=R +(0)L—-(-D-C—'] ..... 27
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From phase diagram, it is noted that applied emf E leads the eutrent I by a phase angle of $,1le.
V=V XL X

R
Now, we. oons1cler three different situations.
Case I: If oL > *—C—, , then the phase angle ¢ will be positive and the resultant voltage will lead
the current L The circuit will be inductive in nature,

_ 1
'Case I ol <—*- then phase angle ¢ will be negatwe and voltage will lag behmd the

cuh‘ént in phase. The cmlclt w1ll be capacitive in nature,
CaseIl:  Ifol =l then phase angle ¢ will be zero and the voltage and current will be in
same phﬁse. This conqun is called “Resonance™. In this case impedance of the circuit is minimum
" (Z=R) and thus circuit will now be purely resistance.
_ _Resonance in LCR Series Circuit

At resenant frequency o = my, the inductive reactance X; and capacitive reactance X becomes
n _equal Therefore _ -
o |

XLZXC! moL%m

The follomng peculanues are observecl at resonance:
W) The impedance of the circuit is mmlmumand it is totally equal to the resistance of the
, Z= me~—R : o L
@) = -Theappliedemfand resulrn:gg cumnt are mphase -
_ (1i1') The resultant reactance of the circuit becomes zeroi.e.
| X=X ~X)=0"
(iv) Current inthe mrcmt is max1mum and it depends uponR

TR ——

Aonax

V) The pewer dravm by the circuit from the source & of emf'is maximunm.
(vi)-:- The potenttal difference Vy across the resistance R becomes equal to the applied emf.

(vu‘) The potential difference across the inductances is equal and opposite to the potential  differ-
ence asross capacitor, hence net potential difference, across the combinations of L& Ciszero.
‘The curves plotted for I and Z against the frequency are called resonance curves. At resonant fre-
quencyﬂlecmtent Iis maximum while impedance Z is minimum.

(52) |



(a) (b)
Figure: 3.24 '

Ex.6 A capacitor C of 0.1 pF is used on the mains frequency of 50 Hz. Determine the res

' _ 1
T Xpo= .
Solutlop. C 2nfC

1
2x3.14x50%0.1x10~°

Xc=

10° =3200
T 2%3.14x50%0.1 Ohm.

Ex.7. The capacity of a condensser i3 180 pF, Determine its reactance at 10 kHz, -

N N
Solutlon:_ = oC 2nnC

Given value y=10kHz zl-0x103Hz ;
' C=100pF=160x10"12F

1 |

2nx104x1®@x10_12

Xc=

XC %ﬂ@% 105 Q

 Ex. 8. Anindustance ecil of mcluc:t’"= ice L is used in a circuit is which the- '
--What slgauiﬂ be the value of L 50 tha gy produce. an impedance of 50

Solutmn' Xy =@l =2n nL
.Gwen value X3 =50, n=50Hz

. 0 L _g150m
T2mn 2mx50 2n

Teney STAC 1550

Ex9. A capacnor of capacitance 79.5 uF is connected in series wnth anon mductlve resistance of
30 across 1 00 V.50Hz supply Calculate 1mpeda.nce, current and mammumvalue of currcnt

--Solmton.leenvaluec '79 SpF:TQSxm‘éF,R SOQ V IOOVolt f SOHZ

1
AL X -
As: C"2nfC_




Xe= ! -=40Q
2x3.14x50%x79.5x10™

Now impedance of coil is
Z=\R? +(Xc )

=+/(30)% +(40)2 =500

v 100
7=2=1 s Amp.
+ Current £=7="25 P

Thus, maximum value o current is
Ip=N2 I=+2x2 =1.41x2 =2.82 Amp.
Ex.16 Acoil takes a current of 2 ampere and power 200 watts from an AC source of 220 volts and
50 Hz. Determine the resistance and impedance of the coil.
Solutien: Givenvalue E,,, . =220 Volt, n=50Hz., I,,,,; =2 Amp. and P =200 Watt.
The impedance of the coil '
Eppg _ 220
I 2

Z= =110

rms

Power dissipated P = E,, ¢ I,,,,c cos¢

R
P = Eppys Dy [}‘]

200 :mxz(i)
A 110

200
Sothat R '—'T =500

Ex.11. Acoil ofinductance 0.1 H and resistance of 10 ¢y is connected to an AC source 0f 220 Volt
(rms) and 50 Hz. Determine the impedance and reactance of the coil.

Solution: Given value LZ=0.1H, R=10Q, #=50Hz
w=2nn=21x50=314rad/s.

Impedance | 7 | .—“(1{24-(92[?)”2
| Z | =[100+(314x0.1)2]1/2

|21 =(100+985.8)12 =32.90
Rectance of coil X; = L
T =314x0.1=31.4Q

Ex.12. A coil has an inductanceof 2 H. What is its reactance when f =50 Hz and f =1000 Hz?

Also calculate the susceptance in the two cases. If a current of 10 mA is passing tlnnugh the coil, what
isthe p.d. at its ends in the two cases?

- Solution: (@) Xy =2n f L= 2xnx50x2
=200%=628Q _
- ) (54)




1 1 .
=—=—x=0.001592
Susceptance Y68 _ mho
10
1000
(b) X _=21th=21:><1000><2='12,260§'2

1 1

Susceptance =~ e =8 1585107 g

p.d. atits end = Tpax % X L :( )x 628 =_6.28 volts.

pd atitsends = ,.m xXp

[_10 x12260 =122.6 Volts
1000 '

Ex.13. Aresistance of 100 ohms and an inductance of 50 millihenries are put in series withan AC of
Ims = 50Volts at 50 C/s. Calcualte the current in circuit and its phase lag, p.d. at the ends of the
resistance and at the ends of the coil.

Soluiton:  7=\[R? +0212 =\(R%+ 2 f L)}

= (100) + (2x3.14x so[ >0 ] ~101.2
1000

50
Current in the dcircuit Z= W-— 0.494 Amp.

-12nfL |

Angle of lag, ©=tan =tan” R

-1 0L
R
@=tan"!(0.157) =8.55'
p.d. at the ends of the resistance
= Jpe X R =0.494x100=49.4 Volts.
p.d. atthe ends of the coil

=2 f Lx Iy =15.7%0.494=7.76 Volts.
p.d. of 7.76 volts is ahead of p.d. 49.4 voltas by 5 /2.
Ex.14, (a) Calcvlate the inductanceof a choke coil to be included in anAC circuit to llght a 10 Watt,

__ 20 Volt bulf on 200 Volt, 50 C/s mains.
Solation: The current through the bulb

Power 19 0.5 Amp.
pd 20
'p.d.latthe ends of the inductance (choke)} =@ L f

‘This will lead the p.d. across the resistance (bulb) by 1/ 2, therefore

(200)% =(20)% + (0 L 1)

o2 I2 1% =(200)? —(20)? = 39,600
wlL]=199
Now 0=27n=2x3.14x50
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and =05

o199
0.5%2x3.14x50

=127 g

Ex.15. A capacitor C=1pF is used in a radio cireunit where the frequency is 1000 Hz. and the
" current flowing is 2 mA (rms). Calculate the veltage acress C. What current flows when an AC voltage
- of 20 Vrms, £ =50 Hz is connected to this capacitor?
Seluiton: (i) Reactance
s 1 1
©T287C 27x1000x107

=159Q.

'2, x159=0.32Volt

V = IX =i
¢ ~1000

(li) When 20 V,.ms , f 50 Hz, is connected te C, the reactance of C changes. Slnoe X c -"j'; '

Xcatf 50H21520t:|mes Xcat S ~1006Hz
So X =20%159Q=318002

Ex.16. A pureinductive coil allows a current of 10 Amp to flow frem a 226 Volts, 50 Hz supply. Find,
inductive reactance and inductance of coil,

Selution: Given value /=10, v=220 Voltand f=50Hz.

: n Vo220
jmm— Xp=-=222220
As. Xy T T -
Now X;=2nfL
22:2x344x50x5

I 22
2x3.14%x50

3.5 Q—FACT.R HALF POWER POINTS, BAND—WID'I H OF A
- SERIES RESONANT CIRCUIT
351 Q-Factor :
In the case of resenance, the petential difference buildup aetess I er C eemponents is much greater
than the applled emf, This voltage magnification pr@duoed by resenance is called Q—factor of series
resonant circuit.
Q-factor = Voltage magnifieation
. = Veltage developed across L or C
' Applied Veltage
TR (299

_ 1

Since we Fnewthat fo = Zn\/L_CT

=0.0701y,

(56)



1
m‘-T':LC"

‘Substituting the value of & in Q,

QZE\E | _ S L (30)

I3.S.2 Half Power Points

In 2 LCR series circuit

1
At the condition of resonance, €. CDL = :33—5 |

Z mZmin =R
Thus in the state of resonance, impedance will be minimum and cuerent will be maximurn.
I L

- _g@..?_‘J ...... : ........ _ for f; >

------------

more than fo , the mduetlve reactance (oa yis Tmore than .
resultant impedance i is more than me Similarly, when thefmqmﬁ@ f i8 less than the resonant
frequency £ ,the capacitive reastanee becomes more than mductwe reagtance and henoe again the

S - ﬁ’ f, o S

1mpedanccbecomesmorethmﬂaenmmva&ue (Zwin) - Thus f> fyen of <fp. thennpedance'“ e

increases and eurrent decreases. The variatien ofewrrent with frequency is shown in Figure (3.25).
Itis cleare from curve, that at f= f’o the value of current is maximum and on beth sides of fy,

> fo or f< jb the current deereases Thersfore, there canbe two frequancies /) and f; at -

7




1
wlnch the current in the circuit is \/_ times the maximum current [, Since the power in the

circuit is proportional to square of current, the power at these frequencies /| and f, are therefore

called half power frequencies and the corresponding points are called half power points.

3.5.3 Band-Width _

The band-width of a series resonant circuit is defined as the range of frequency over which circuit
current is equal to or greater than 70.7% of maximum current,

Hence the frequency interval (/5 — 1) is called bandwith of the cirucit.
Band-width Af = f» — fi ..(31)

1 (R
Mathematically analysis gives the value of Af” equal to P [Z] .

Smaller bandwidth gives a sharper resonance and larger band width.
3.6 PARALLEL LCR CIRCUIT |

W

o
>

Ic

(Ic-TL )

L/
—_
1

M
1

¥=E, sin ot Gu

3
n

- (a) ' ' (b}
Flgure 3.26
Suppose and mductor (L) of negligible resistance, a capacitor (C) and resistance are connected int
parallel in a circuit, In this circit the voltage across I, C and R are same but currents through them will
be different. Total current in the circuit is the vector sum of currents in three branches The vector
diagram of current in parallel circuit is shown in Figure (3 26b).
Thus, peak value of currents flowing-through R, L and C are:

E,
Ig=-2 (32)
The current in R will be in phase with applied emf.
| _E_E
Iy
XL ol e (33)
The current lags behind the applied emfby 7 /2
_ 5, _
Ic “Xo Eyoe (34)

The current lead to the applied emf. by 7 /2
Hence the peak value of total current will be—

2 2
Io= J£+[E @c—i]
R2 ol

(38)



ey befoc-L ) P
0 2 oL e (
Thereforg, the impedance of the circuit will be—

fo_ 1
7 1/2
0 —~~+((oC———I-—)2 ..... (36)
R? ol
From vector diagram, the phase angle between current and voltage is ¢'
; [ng, E@C--L 1
tang'="C "L _ ol =R(mc-—£] ..... (37)
Ip EyR ©

From equation (3 Sj and (36) it is clear that current and impedance depends on frequency.
Variation of  and Z with respect to frequency are shown in Figurel(3.2_7a) and (3.27b).

In parallel LCR circuit, when X, becomes equal to X~ this state is called antiresonance state,
In this case resultant reactance is:

[T . . zar.

o=
:-5__----_--..-
Sty

Imin
(b)
Figure: 3,27
X X,
=';Y"—§— (38)
L™aC
Soatresonance,ie., OL=——
- el
X =oo(infinity)

Thus in the state of resonance, the impedance of the cirucit will be maximum and the current flowing
through it will be minimum. :

3.7 POWER IN AC CIRCUIT \
The energy dissipated per second (work done by the current per second) is called power. It is equal to
the product of voltage and current. The power in AC circuit depends on the phase difference between
voltage and current. '

Letatany time ¢, allernating current and emf are expressed as

E=Eqysinot
I=I;sin(of )

where § is the phase difference between E and 1.
Therefore, instantaneous power in AC circuit will be

! | (59)



P=E[ e 39
- =Eylysinor sin-(‘(bt ~ )
using trignometric relation

sinCsin D :‘%—-[m (C ~D)—cos{C+ D))
we get P =~;~E010 {COS‘[@)I— (of - ¢)]—COS ((D!'-I-(Df-d))}

=2 Boly {cosd—cos 2t —4)}
=5 bofo o8 d}—-'z—EgIg cos (2wt —¢) ...(40)
Equat.lon._(4_0)__ha_s two terms: (1) =”E010 cosd does not.depepds en time and (ii)

. |
—Eo-’o cos (20'31f ¢) vaties penodlcally with time,

SR

Fora complctc cycle theaverage value of the cos (Zmr ¢) is zero.
Hence average power for.enecomplete cycle is .

P, -—-%EOIO cos ¢
N |
o 63 o \
. Pa'l? =Epns Lpms COS 9 ' o Lnd42) | '

" The facter cos ¢ present in the expression is called power factor.
() Circuit containing resistance enly
< Phaseangle $=0

" “Power factor cosp=1

o L
2 Py =5E0 Ty = Eppg Ly

| - (i) €ircuit containing pure inductance only
Q Voltrage leads the cwrrent by x/2 ie. ¢ =n/2
- Power factor cos d) =0
=()
- if) Clrcult contammg pure capacltance only—
® Voltage lags behmd ﬁa& eummt by L1 / 2 JLe. 4{);—4
- Power factor. cosd)w 0 o

Q Fpy =0
- ¢iv) For a series uCR eireuit:—

T 460)



R

o= L
R+l ol = .
o’

CoS$p =

At resonance condition voltage and current are in same phase; i.e. ¢ =0

Power factor cos¢ =1

1
Pav "'2' JU{)I{) Erm,v jrw
£

Ex.17 In a series L—C‘—RCII'CUIth tmH, C=10uFandR =

102, Determien the resonant

frequency. What will be the band-width when (i) R =1 and (ii) R =0. IQ ?

Solution: Given value ]_,:_1.0“31{ , C=10x10"°F, R=10%2.

The resonant frequency is given by
d).- 1. 1
0= =
VLC (1073 x1073)!/2
10*

=——==]1592Hz
f(_) 2n

=10*

(i) Band-widthat R =10

I R

A =(fo- 4 e
1 1000_ 159.2Hz
2n><10 -3 2n

Ex.18 A coil ofinductance 0.4 H and negligible resistance is connected in series with a resistance of
120 () . Generatign voltage of 100 V (rms) and frequency (200/ ) Hz is applied on the combination.
Calculate (i) Impedance of the circuit, (i) Power factor (iii) Phase difference between E and 1 and (iv)

Average power.

Solution: Given value L=0.4H, R=1200,

200
n=— Hz and E,,,=100V.

m=2nn=2'nx~2—9~q=400radfs
7

Reactance of the coil X; =wo L=400x0.4=160Q
(i) Impedance of the circuit

Z=(R2 +0212)\2
Z=(120% +160%)!/2
Z=10(144+256)/2 =2000

R
(11) Power factor c08¢=— =——=0.6

(61)'




(iii) Phase difference between voltage and current

N
. R 120

(s

(iv) Current in the circuit
_Eps _ 100

I =22 05A
ms =2 =000 mp

. Averagepower P = E, ¢ I, cos
P =100x0.5x0.6=30 Watt

Ex.19 Aniron-cored coil of 2H and 50 () resistance is placed in series with a resistor 0f450 ¢ na
100V, 50 Hz, AC supply is connected actoss the arrangement. Calculate

(a) the current flowing in the coil.

(b) itsphase angle relative to the voltage supply.

(c) the voltageacross the coil.

Solution: (a) The reactance

X;=2nf L=2m50x2=628Q
-, Circuit impedance

Z=X}+R? =\/6282 +5002 =803.Q |

V 100,

I =—=— Amp.=12.5mili Am
Z go3 b o mEATE
| X628,
tand= —= =1.256
(b) N 500
So 9=51.5°

(c) Forthe coil XL.=62SQ and R=_5'OQ

- Socoilimpedance Z =/ X7 + B2 =4/6282 +50% =63002
. Voltage across coil ¥ =Jx Z =12.5x107> x630=7.9 Volt,

3.8 SUMMARY.

w  Rate flow of charge is called current.

=, Current which flows continuously in a definite direction with constant magnitude is called Direct
Current (D.C.) '

w Analternating current is an electric current whlch changes it magnitude and direction afteraregular
time of interval with respect to time. It is of two types, sinusoidal and non-sinusoidal,

. Ataparticular instant, the value of voltage or current is called instantaneous valye.

w Inacomplete cycle, the maxunum value attained by altematmg current or vitage is called peak
vilue, -

w. Theaverage of alternating voltage or current at a given time overa full cycle is called mean or.

- averagevalue.

w  The square root of the mean square value is called root mean squre value.

®  Reactance and resistance of various circuits:

‘Resistance =R|0 for circuit containing R bn_ly. _
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Inductive reactance X; =@l [+r/2 for circuit containing L onty.

.. i
Capacitive reactance X¢ =

current.

|/ 2, for circuit containing C only.

o

Where the angle given with resistance, reactance is the phase difference between voltage and

. Impedance (reactance) of complex circuitis containing more than one elements is series:

For R-Lcircuit Zg; =(R? +o)2L2)

_ | 1
For LC circuit Z¢¢ z(mLz —-_-H]

<)

1/2

In paralie]l LCR circuit

CZieg =

. > /2
I 1
Impedance e [0;, - _,._J
: R? ol

and phase angle tanci)':(mC——CJR

1
w InLCR series circuit, when X; ~ X ie. ol = o’ the impedance of the circuit willbe

. ' 1
minimum (equal to resistance only). Therefore, at frequency @ = ——= current will be maximum. This
VLC :

state is called electrical resomance of the circuit.
= Inparalie] LCR circuit, when X; = X, this stateis called anti resonant state. In this state

impedanceis maximum and current is mininum.
@ The frequencies at which the power in the circuit is half of the power at resonant frequency are
called halfpower points. '
w. Power of an AC circuit depends upon the phase difference between voltage and cur-

rent. _
Fay = Epps s €05 ¢
w Theterm cos ¢ is known as power factor.
3.9 REVIEW QUESTIONS
Q.1.  Explain the difference between ochmic and non-ohmic resistances by giving one example
foreach. -
Q.2. Whyare copperwires used as connecting wire in a circuit,
Q3. Howdoes the iesistance of filament of a bulb depend on its power rating?
Q4. Whatis time constant for R—C circuit?
Q.5. What is meant by alternating current? Write it’s type.
Q.6. What isinductive reactance?
Q.7.  Explain phase & phase difference.
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Q.8.

Q9.

Q.10.
- Q.1

Q.12
Q.13.

Q.14.
Q.15

Q.16.
Q.17.

Q.18
Q.19

Q.20.

An inductor, a capacitor and a resistor are connected in a seties to an AC source. Write
expression for impedance Z and phase angle ¢ .

What is power factor for L-C~R, A.C. circuit, What are is-maximum & minimum values and
under what condition.

Define Q-factor and band width for series resonant Cireuit,

What is necessary condition for series and parallel reserating circuits, Write down the
expression for frequency in eash resonanting position.

In an alternating current circuit, an inductance L, a capacitance C and a resistance R are
cennected in series. Derive expression for impedance and phase angle. :

Draw series resonant circuit for L-C-R combination, Write the formula for impedance &
resonant frequency of this ciruit. : :

What is an alteranting current?

Establish an expression for emfinduced in a coil when it is roated about an axis in a uniform
magpetic field with angular velocity .

The equation of an AC souree is given by 7 =4sin (100n - 0) . Find out time period for
eutrent,
An alteranting voltage is given by 7=14.1sin (6286r + 7/3) . Find rms value of currentand

it’s frequency.

- In1-C-R circuit, a voltmeter reads 80 V across resistance, 100 V across inductance and 40

V across capacitor. Calculate, value of electrometive force applied to circuit.
The power factor of an A.C. circuitis 0.5. Calculate impedance of circuit if resistance of circuit

i$10Q- ' _
Calcute capacitive reactance of a capacitor of capacitance 60uF at frequency of 600 Hz.

OOO®

g
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4.0 OBJECTIVE .

In this chapter we will discuss— '- ' :
@ Anelectric power system consists of major parts such as generators, transformers etc.
». To provide safety to these major parts of the system from lightening strokes and earth faults it is

necessary to provide earthing,

» A network of wiring connecting various accessories for distribution of electrical energy from the
supplier meter board t6 the numerous electrical energy consuming devices is known as a wiring
system. _

®. Inthis chapter we shall study the important applications of the phenomenon of electromagnetic
induction like D.C. generator, D.C. motor and transformer etc.

4.1 INTRODUCTION
Itis weli known that whenever an electric current flows through a conductor, amagnetic field is imme-
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diately exist in the space sunmmdmg the ‘conductor. We can say that when electrons are in motion they
produce a magnetic field. The converse of this is also true i.e. when a magnetic field embracing a
conduct or movesrelative to the conductor, it produces a flow of electrons. This phenomenon whereby
anemfand hence current is induced in any conductor is known as electromagnetic induction. Now by
using the principle of production of induced e.m.{, various machines such as generators, transformers
. and motors are used to convert mechanical energy into electrical energy.

A network of wires connecting various accessories for distribution of electrical energy from the sup-
plier meter board to the numerous electrical energy consuming devices and other domestic appliances
through controlling and safety devices is known as a wiring system. In an electrical installation, if a
‘metallic part of an electric appliance comes in direct contact with a bare or live wire the metal beinga
good conductor of electricity is charged and static charge on it will accumulate. But if the metallic part
of the appliances are earthed, the charge will be transferred to the earth immediately. Thus earthing
of metallic parts of electrical equipment and appliances provides safety

4.2 THREE PHASE AC CIRCUIT

Amplitade

Figure 4.1: Represents the Graphical Pattern of Voltages in Three Phase Circuit.
Electrical circuit which are excited by three phase energy sources are called three phase AC circuits. -
. Athree phase circuit has three terminals (phase) which are called lines. It may or may nothave afourth
terminal called neutral. The neutral is a reference terminal. In three phase circuit each terminal (phase)
kasit’s own voltage. So there are three voltages in three phase circuit and consequently three currents
in the three conductors, that constitute three-phase system. The currents will be usually lagging behind
the voltages by their respective phase angles, In unbalanced circuit resultant current will flow in the
neutral wire, A three phase ac circuit may be treated as three separate single phase system and

: 2 .
phase displaced from cach other by 120° or "—; radians and peaks of the respective voltages do

not occur simultaneously,

Three phase ac system is universally adopted system for generatlon transmission and dxstnbutlon of
electrical power.

4.3 GENERATION OF THREE PHASE VOLTAGES SYSTEM

An ac system having a group of three voltages of some frequency arranged to have equal phase

difference between adjacent e.m.f.’s called a (3- ¢ ) three phase system. Consider three identical coils
A(a,'),B(b,b') and C(c, ¢’y mounted as shown in Figure (4.2 a and b). Here a, b and c are the start

termmals{of the three coils. A phase difference of 12(° electrically is maintained between the corre-
sponding start terminals a, b and ¢. Let the three coils mounted on same axis be rotated withina
stationary magnetic field or the magnetic field system be rotated keeping coils stationary in anti clock-

wisé direction at an angular speed of ¢ radian/ sec as shown in Figure (4.2 a and b) respectively.
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. Figure 4.2: Magnitude and Direction of e.m.f.’s.
Threee.m.fse_, e, and e_, are induced in the three coils. The magnitude and direction of these

emf’s at this instant, are given

(a) Theinduced em.f.e_, in coil aa’ is zero and increasing in the positive direction as shown by

wave form of e, in Figure (4.2¢). - _ -
- Equation of this e.m.f, can be represented by e, , = £, sin ot

(b) Thecoail b,b' is 120° (electrical) behind the coil a,a'. The induced emf'in this coil is negative

 andis become maximum negative as shown by waveform €y,» inFigure (4.2 ¢). The equation
of this emf can be represented by e, ,, = E, Sin (f -1 20").

(€) Thecoail c,c' is 120° (electrical) behind coil b, b’ or 240° (electrical) behind coil a,a’. The
induced emf'in the coil is positive and is decreasing as shown by waveform ¢, inFigure (4.2

c). The equation of this is_rei)resented by e, = E,Sin (et -240%),
Advantages of 3-Phase System over a Single Phase System
(a) Three phase generators are more economical and efficient.
(b) Foragiven size of frame the output of a 3-phase ac system is greater than that of a single
phase system. 7
(c) Transmission of electrical power using three phase ac system is cheaper than single phase ac
system, . '
_(d) Forthe same output and same speed the power factor of 3-phase motor is very good as
compare to asingle phase motor, .
(e) Voltage regulation of 3-phase system is better,
4.4 DC GENERATOR _ '
Itisadevice which is used for producing direct current energy from mechanical energy.
4.4.1 Principle o
The principle of dc generator is based on the phenomenon of electromagnetic induction i.e. whenever
amount of magnetic flux linked with a coil changes, anemfis induced in the coil. I lasts so long asthe

(67




change in magnetic flux through the coil continues. -
4.4.2 Construction
The essential parts of a dc generator are shown in Figure (4.3 a).
(1) Armature
ABCD is a rectangular armature coil. It consists of a large number of turns of insulated copper wire
wound over a laminated soft iron core 1. The coil can be rotated about the central axis,
(2) Field Magnets

N and S are the pole pieces of strong electromagnet in which the armature coil is rotated. Axis
of rotation is perpendicular to the magnetic field lines.
(3) SplitRings
R, and R, are two halves of the rings to which two ends of armature coil are connected. These
Imgs rotate with the rotation of the coil.
(4) Brushes
B, and B, are two flexible metal plaies or carbon rods. They are fixed and are kept in light contact with
R and R2 respectively. The purpose of brushes is to pass an current from the armature coil to the
extemal Ioad resistance R,

B__.....C

.......

= 5 i BESUNE
¥
i | —Blﬂl%

L4

R;
F 4__ L 2 F 3 ‘_‘—
R R
(a) | (b)
. Figure 4.3: D.C. Generator.

4.4.3 Woﬂung
To start with we assume that the plane of the coil is perpendicular to the plane of the paper in which
magnetic field is applied.

Let us suppose that the armature coil ABCD is moving in such a way that the arm AB moves inwards
and CD moves outwards, Then applying Fleming’s right hand rule, we see that the current flows inthe
armature as shown in Figure (4.3 a).

After the armature coil has rotated through 180, it occupies the position as shown in Figure (4.3 b).
Now CD is moving inwards and AB is moving outwards. Then again applying Fleming’s right hand
rule, we find that current flows in the armature as shown in Figure (4.3 b).

Normal

Coil

. Figure: 4.4
Thus we observe that the direction of the induced e.m.f. and the induced current does not change in the
externat circuit during ene complete rotation of the armature coil i.e. the induced current in the external
circuit always flows in the same direction,
As the armature coil is rotated in the magnetic field, angle & between thc field and normal to the coil
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changes continuously. Therefore magnetlc flux linked with: the coil changes. Ane.m.f.isinducedinthe
coil.
Magnetlc flux linked with the coil according to Figure (4. 4)

¢ =N (B . A) =NBACos# = NBA Cosat
N=number of turns in the coil
B =strength of magnetic field
A = area enclosed by each turn of the ¢oil
&= angle which normal to the coil makes with B atany instant t
@ isthe angular velocity of the coil,
If*e’ isthe e.m.f. induced in the coil, then

=—9$_‘='——C-I—(NBA cos mt)
dt = dt -

=—NBA 4 (coswt)
di

= —NBA(-sin ot).®
= NBA wsin ot _
The induced e.m.f. will be maximum, when sin gt =maximum =1
e, =e, =NBAwxl = NBAw |

max
e =e,Sin ot
The variation of ‘e’ with time in dc generator is as shown in Figure (4.5).
Y4
O} -

> X

O T/4 2T/4 3Tid F
———p

Figure 4.5; Variation of ¢ with time in DC generator.

The direction of ‘e’ is not reversed in the second half cycle as explained in the working. It happens
because after half the rotation of the coil R, goes in contact with B, and R, goesin

contact with B,

The current produced ina simple dc generator is shown in Figure (4.5). Th15 current is unidirectional
but its value varies considerably and falls even to zero value twice during each rotation of the coil.

When we use a number of coils equally inclined to one another, with the commutator ring divided into
as many segments as the total number of ends of the coils, then each coil works independently sending
it’s own current into the outer circuit. The resultant current/ e.m.f. so obtained is shown i n Figure
“. 6) The value is almost constant in magnitude and direction of course is the same.

Y| : Resultant
e e S e, I e e ]
) BRI SR PR T Lt DR RO PO DS DE S
R “s‘ \" ~“ n \" \r' "s‘ \" \" 'N‘ AP
. : .
’ + T by ry @ “ L e T . N .
'! r : D Y B ‘: "I' ' "t At oyt . * L
. . o ; ' 1 W ) lll l‘ + ' 1
L .
! v 4! bt
=
0 e §

Figure 4.6: Resultant Current/ emf,
(69)



45 D.CMOTOR
A DC motor converts direct current epergy from a battery into mechanical eergy of rotation.
4.5.1 Principle _ ' o
It is based on the fact that when a coil carrying current s held in a magnetic field, it experiencesa
torque, which rotates the coil.
4.5.2 Construction
It consists of the following five parts:
(1) Armature Coil : :
The armature coil ABCD consists of a large number of turns of insulated copper wire wound over a
soft iron core, '
(2) Field Magnet _ :
The magnetic field is supplied by a permanent magnet NS.
(3) Split Rings or Commutator : .
- These are two halves of the same ring. The end of the armature coil is connected to these halves which
also rotaie with the armature,

(4) Brushes - _ :

These are two flexible metal plates or carbon rods B, and B,, which are so fixed that they constantly
touch the revolving rings. ' '

" (5) Battery _ -

The battery consists of a few cells of voltage V connected across the brushes. The brushes convey the
current to the rings from where it is carried to the armature. '

4.5.3 Working o

The battery sends current through the armature coil in the direction shown in Figure (4.7 a). Applying
Fleming’s left hand rule, CD experiences a force directed inwards and perpendicular to the plane of
the coil. Similarly AB experience a force directed outwards and perpendicular to the plane of'the coil.
These two forces being equal, unlike and paraliel form a couple. The couple rotates the armature coil
in the anticlockwise direction, after the coil has rotated through 180°. The direction of the current in
AB and CD is reversed Figure (4.7 b). Now CD experiences an inward force, The armature coil thus
continues rotating in the same i.e. anticlockwise direction.

- Figure 4.7: Working of D.C. Motor

~ Astheermature rofates in the magnetic field, the amount of magnetic flux linked with the coil changes.
Therefore, ane.m.f. is induced in the coil. The direction of the induced e.m.f, is such that it opposes the
battery current in the circuit. This e.m.f. is known as back e.m.f, and its magnitude goes on increasing
withithe speed of the armatirre. _ ' :
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Let V=e.m.f. applied across B, and B,
R =resistance of the armature coil
I = current flowing through the armature coil at any instant t
E= back e.m.f. at that instant

As Vand E are in the opposite directions

Effective e.m.f. across B, and B,=V -E

According to ohm’s law
[:V_‘E

R

V- E=1R

V- IR=E

Since the current I is bemg supplied to the armature coil by the external source of e.m.f, V, therefore
Input electric power= V1 :
Power lost in the form of heat in the coil = PR
Output mechanical power= VI-FR = (V-IR)I = EI
Output Mechanical Power
Input Electric Power

Efficiency of dc motorie. 7 =

EI E  backemf

VI V applied emf

~ Uses of DC Motor

(1) The dc motors are used in de fans (exhaust, ceiling or table) for cooling and vennlatlon
(2) They are used for pumping water.

(3) Big dc motors are used for running tram cars and even trains.

4.6 TRANSFORMER
Atransformer is an electric device which is used to changing the AC voltages
' Atransformer which increases the ac voltages is called a step up transformer. A transformer which
decreases the ac voltages is called a step down transformer.
4.6.1 Principal
A'transformer is based on the principle of mutual induction i.e. whenever the amount of magnsetic flux
linked with a coil changes ane.m.f. is induced in the neighboring coil.
4.6.2 Constraction

A transformer consists of a rectangular soft iron core made of laminated sheets, well insulated fromone -

another. Two coils P, P, and S, §, are wound on the same core but are well insulated from each
other. The source of altematmg e. m f. is connected to P, P,, the primary coil and a load resistance R
is connected to S,S,, the secondary coil. Output is taken across the load resistance R, Figure (4.8)

Laminated Core

Figure4.8: Transformer.
~ Instepup transformer, the primary coil consists of only a few turns of thick insulated copper wire,
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whereas secondary coil consists of a very large number of turns of fine insulated copper wire.
In a step down transformer, the coil S,8, is make of a few turns of thick insulated copper wire,
whereas coil P, P, consists of a very large number of turns of fine insulated copper wire.
' 4.6.3 Theory and Working ’
As cutrent in primary vaties, the magnetic flux linked with P P, and hence with secondary S, S, changes.
Due to self induction, an e.m.f, is induced in P P, and due to mutual induction an e.m.f, is indused in
S,8S,. '
S:in)os,e n =number of tumsin P P,

E =alternating e.m.f. fed to P P,atinstant t

d _
f = rate of change of magnetic flux linked with each turns of PP,

o under ideal conditions, _
theselfinduced e.m.f. in P P at instantt = e.m.f. fed to P P, at this instant

or E=_.n —
If we assume that there is no leakage of magnetic flux, then the rate of change of magnetic flux through

' d
each turn ofSISZis = —¢

dt .
K'n_is number of turns in 8,S,, then e.m.f. induced in secondary coil due to mutual induction is
d¢
E = ... n, m
B, .n _ g
EP n P

Where K isa constant called transformation ratio. It represents ratio of number of turns in the second- -
ary to the number of turns in the primary coil of the transformer.

- For a step up transformer, E,_ > E .K>1 hence n>n

* Inastep down transformer, E < E,K<lhencen< -

If1 is the value of primary current at the same instant t and I is the value of secondary current at this
instant, then input power at the instant t=E pIp

Output power at the same instant=E

If we assume that there is no loss of power

Then output power = input power

EL=E]
1
_.E..§...=_=K
E I - .

B
Now efficiency of a transformer is defined as the ratio of output power t the input power

_ Outputpower E I
inputpower  E I

Uses of Transformer B

A transformer is used in aimost all a.c. operationsi.e.
(1) Involtage regulators for T. V., refrigerator, computer, air conditioner etc.
(2) Intheinduction furnaces
(3) Forwelding purposes
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4.7 THREE PHASE INDUCTION MOTOR
Off all the ac motors the 3-phase induction motor is the one which is extensively used for various kinds of
industrial drives. It has the following main advantages as well as disadvantages.
Advantages :
(1) Ithas very simple and extremely rugged almost unbreakable construct
(2) Its costis low and is very reliable.
(3) Ithas sufficiently high efficiency. Ithasa reasonable good power factor.
(4) Ttrequires minimum maintenance.
(5) It starts up from rest and need no extra starting motor and has not to be synchronized. Its
starting arrangement is simple. :
Disadvantages
(1) Tts speed can’t be varied without sacrificing some of its efficiency.
(2) Just like dc shunt motor, its speed decreases somewhat with increase in load.
(3) lis starting toque is somewhat inferior to that of a d¢ shunt motor.

4.7.1 Construction

Aninduction motor consists of two mamparts ,

(i) Astator (i) Arotor

(i) A Stator

The stator of a induction motor is in principle, the same as that of an alternator. It is made up of a
number of stampings which are slotted to receive the winding Figure (4.9 ).

The stator carries a 3-phase winding Figure (4.9 b)and is fed from a 3-phase supply.

(a)

Figure 4.9: (a) Unwound Stator (b) Wound Stator for an Induction Motor.

It is wound for a definite number of poles, the exact number of poles being determined by the require-
ments of speed. greater the number of poles,lesser the speed and vice versa. The stator windings
produce amagnetic field or flux, when 3-phase current supplied, which is of constant value but which
revolves orrotates at synchronous speed. This revolvmg magetic flux induced an e.m.f. inthe rotor by
mutual induction. '

(ii} Rotor

(a) Squirrel cage rotor— Motors employnng this type of rotor are knowr as squirrel-cage induc-
tion motors. - .

(b) Phase-wound or wound rotor— Motors employing this type of rotor are variously known as
“phase wound” motor or “wound” motors or as “slip-ring” motors,

(a) Squirrel-cage rotor:—- Most of the induction motors are squirrel-cage type. The rotor
consists of a cylindrical laminated core with parallel slots for carrying the rotor conductors which are
not wires but consists of heavy bars of copper, aluminum or alloys. One bar is placed in each slot,
rather the bars are inserted from the end when semi closed slots are used. The rotor bars are brazed
or electrically welded to two heavy and slot short Cll‘bllltll‘lg end-rings. This giving, a squirrel-cage
construction.

(b) Phase wound retor:— This type of rotor is provided with 3-phase, double 1ayer, distrib-
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uted winding consisting of coils as used in alternates. The rotor is wound for as many poles as number
of stator poles and is always wound 3-phase even when the stafor is wound two phase,

4.7.2 Principle of Operation _

When the 3-phase stator windings are fed by a 3-phase supply then a magnetic flux of constant mag-
nitude but rotating at *Synchronous speed” is set up. _ :

The flux passes through the air gap, sweeps past the rotor surface and so cuts the rotor conductors
which are stationary. Due to the relative speed between the rotating flux and stationary conductors an
e.m.f. is induced in the latter according to F araday’s law of electromagnetic induction. The fre-
quency of the induced e.m.f. is the sane as the supply frequency. fts magnitude is proportional to the
relative velocity between the flux and the conductors and its direction is as given by Fleming’s right
hand rule. Since the rotor bars or conductors form a closed circuit, rotor current is produced whose
direction is such as to oppose the very cause producing it. In this case, the cause which produce the
rotor current is the relative velocity between the rotating flux of the stator and the stationary rotor
conductors, Hence to reduce the relative speed, the rotor starts running in the same direction as tat of
the fhux and tries to catch up with the rotating flux.

4.7.3 Frequency of Rotor Current _ _ _
When the motor is stationary, the frequency of rotor current is the same as the supply frequency. But
when the rotor starts revolving, then the frequency depend upon the relative speed or on the slip speed.
Let at any stip speed the frequency of the rotor current be £ then

During one by the other, we get
| S _Ng—-N
SN
=5

4.8 SINGLE PHASE INDUCTION MOTOR

 Like 3- phase motor, 4 single phase motor also consists oF
(® astator which carries single phase winding and _
(i) asquirrel-cage type of rotor : -

However, there is one fundamental difference between the two is a 3-phase motor s self starting, a single
- phase motor is non self starting. This is due to fact that the stator winding of a 3-phase motor
produces a rotating (or revolving) fux, the single phase winding produces merely a pulsating or alternating
flux. A synchronously rotating flux can be produced only by either a 2-phase or 3-phase stator winding
when energized from a 2-phase or 3-phase supply respectively.
An altemating flux acting on a stationary squirrel-cage rotor cannot produce rotation  only a rotating
flux can).
However, if the rotor of a single phase motor is given an initial start by hand or otherwise in either
direction, then immediately a torque arises and motor accelerates to its final speed provided itis not
heavily loaded.
4.9 MEASURING INSTRUMENTS _ _
Aninstrument is defined as a device to determined the value or magnitude of a variable quantity. For
measuting various electrical quantities different types of measuring instruments are used

@ Galvanometer -
(i)  Ammeter or Ampere-meter
@)  Voltmeter and Electrometer _ P

=8
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(ivy  Waitmeter

(v)  Energymeter

()  Frequency meter

(vii)  Oscilloscopes

(vii) Multimeter etc. _ _
The measuring instruments can be divided into two categories analog and digital. An analog instru-
mentis adevice where the output is a continuous function of it’s input. ' '
An analog instrument is one which magnitude of the measured electrical quantity is indicated by
the movement of a pointer across the face of ascale The indication on adigital instrument is in the form
of a series of numbers displayed on a screen. Both types of instrument have their advantages and
4.10 MULTIMETER _
Multimeters are very useful test instruments. By operating a multi-position switch on the meter they
can be quickly and easily settobe a voltmeter, an ammeter or an chmmeter. They have several
settings (called ‘ranges’) for each type of meter and the choice of AC or DC. Some multimeters have
additional features such as transistor testing and ranges for measuring capacitance and frequency.
The Figure (4.10) show multimeters whichare suitable for general electronics use. A digital multimeter is
the best choice for first multimeter, which is suitable for testing simple projects. ' '

Figure 4.10: Digital Multimeter.

If we are using an analogue multimeter, make sure ithas ahigh sensitivity of 20 KW/ V or greater on
DC voltage ranges, anything less is not suitable for electronics. The sensitivity is normally marked in
a comer of the scale, ignore the lower AC value (sensitivity on AC ranges isless important).
All digital meters contain a battery to power the display so they use virtually no power fiom the circuit
under test. This means that on their DC voltage ranges they have a very high resistance (usually called
input impedance) of IM W or more, usually 10M W, and they are very unlikely to affect the circuit
under test. _ : -
Typical ranges for digital multimeters like are
(the values given are the maximum reading on each range)

« DC Voltage: 200mV, 2000mV, 20V, 200V, 600V,
AC Voltage: 200V, 600V.
DC Current: 200pA, 2000pA, 20mA, 200mA. _
AC Current: None. (You are unlikely to need tomeasure this). .
Resistance: 200 W, 2000 W, 20k W, 200k W, 2000k W, Diode Test.
» Digital meters have aspecial diode test setting because their resistance ranges cannot be used
to test diodés and other semiconductors. .
- Analogue multimeters
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Analogue meters take a little power from the circuit under test to operate their pointer, They must have
‘ahigh sensitivity of at least 20k W /V or they may upset the circuit under test and give an incorrect
reading, Batteries inside the meter provide power for the resistance ranges, they will last several years
but you should avoide leaving the meter setto a resistance range in case the leads touch accidentally
and run the battery flat. _
Typical ranges for analogue multimeters like are (the voltage and current values given are the maximium
reading on each range) ‘
& DCVoltage: 0.5V, 2.5V, 10V, 50V, 250V, 1000V,
e AC Voltage: 10V, 50V, 250V, 1000V,
» DCCurrent: 50pA, 2.5mA, 25mA, 250mA.
Ahigh current range is often missing from this type of meter.
o ACCurrent: None. (You are unlikely to need to measure this).
e Resistance: 20 W, 200 W, 2k W, 20k W, 200k W

: - Figure4.11: Analogue Multimeter.

These resistance values are in the middle of the scale for each range. It is a good idea to leave an
analogue multimeter set to a DC voltage range such as 10V when not in use, It is less likely to be
damaged by careless use on this range, and there is a good chance that it will be the range you need to
- usenextanyway! |

Sensitivity of an Analogue Multimeter _ -

Multimeters must have a high sensitivity of at least 20k W/V otherwise their resistance on DC voltage
ranges may be too low to avoid upsetting the circuit under test and giving an incorrect reading. To

obtain valid readings the meteér resistance should be at least 10 times the circuit resistance (take this to

be the highest resistor value near where the meter is connected), You can increase the meter resistance

by selecting a higher voltage range, but this may give areading which is too small to read accurately!

On any DC voltage range:
Analogue Meter Resistance = Sensitivity x Max, reading efrange
e.g. ameter with 20k W /V sensitivity on its 10V range has a resistance of 20k W/Vx10V=200kW.
By contrast, digital multimeters have a constant resistance of at least 1M W (often 10M W) onall their
DC voltage ranges. This is more than enough for almost all circuits.
Measuring voltage and current with a multimeter
1. Select arange with a maximum greater than you expect the reading to be.
2. Connect the meter, making sure the leads are the correct way round. Digital meters can be
safely connected in reverse, but an analogue meter may be damaged. '
- 3. Ifthereading goes off the scale: immediately disconnect and select a higher range.
Multimeters are easily damaged by careless use so we should take these precautions:
e Alwaysdisconnect the multimeter before adjusting the range switch.
- Always check the setting of the range switch before you connect to a circuit.
o Neverleave a multimeter set to a current range (except when actually taking a reading)
The greatest risk of damage is on the current ranges because the meter has a low resistance.
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4.11 HOUSE WIRING MATERIAL AND ACCESSORIES
The term wire is used more or less synonymously in house wiring. Strictly speaking, single wire, may be
bare or covered with insulation is known as a wire and several wires stranded together is known as a
cable. But in practice bare conductors, whether single or stranded together are termed as wire and
conductor covered with insulation are termed as cables.
- The necessary requirements of a cable are that it should conduct electricity efficient, cheaply and
safely. This should neither be small so as to have alarge internal voltage drop nor be too large soas to -
cost too much. Its insulation should be such as to prevent leakage of current in unwanted direction and
thus to minimize risk of fire and shock. The cable consists of three parts:

() The conductor and core: The metal wire or strand of wires carrying the current.

() The insulation or dielectric: a covering of insulating material to avoid leakage of current

from the conductors and

(i) The protective covering for protection of msulatlon from mechanical damage.
4.11.1 Type of Cables Used in Internal Wiring
The wires employed for internal wiring of buildings may be divided i into different groups according to
(i) Conductors used (ii) Number of cores used (iii) Voltage grading and (iv) Type of insulation used.
According to the conductor material used in cables these may be divided into two classes known as
copper conductor cables and aluminum conductor cables.
According to the number of cores, the cable may be divided into classes known ag single core cables
twin core cables, Tree core cables, two core with ECC (earth continuity conductor) ¢ables etc.
According to the voltage grading the cables may be divided into two classes: () 250/440 volt cables
and (ii) 650/1100 volts cables _
According to type of insulation the cables are of the following types:

 Vulcanized Indian- Rubber (VIR) insulated cables

(i) Tough rubber sheathed (TRS) or cab tire sheathed (CTS)cables.

(i) Lead sheathed cables

(v) Polyvinyl chloride (PVC) cables.

(v) Weather proof cables

(vi) Flexible cords and cables

- (vi) XLPE cables

4.11.2 Conducit Accesserries -
For conduct wiring system various accessories are required. The various accessories and fittings re-
quired for conduct wiring are described below,

4.11.3 Conduit Couplers

Conduit is available in lengths from 3 meters to 5 meters and for straight runs of greater length, cou-
plers are used to join two lengths of conduct. The lengths of screwed conduits are always threaded at
both ends on outer side. The threads on conduits are usually tapered. If shorter lengths are required
then they must be cut of with a hack saw, all roughness removed from theendand threads witha die.
One coupler is supplied free of cost with each length of conduit by manufacturer. The couplers are
threaded on it’s inner surface.
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Figure 4.12: Rigid Condoit Coupling (Screwed).

4,114 Conduit Bushings

These are used when the rigid conduit enters the conduit box ora hole which is not threaded. These
~ are used to prevent cable from being cut by the edges. These are made either from malleable iron or
formed sheet steel. These are of two types male and female. Male bushes are provided threads on
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either upper surface and female bushes are provided threads on either inner surface, Conduit can
be directly screwed into the female type of bushes. Male bushes are used along with couplers, The
coupler from outside and bush screwed in from inside of the box ensures electrical conductivity of
the arrangement in addition to providing of a mechanically round conduit termination. -

(<) Clip

Figure: 4.13

4.11.5 Light Accessories :
There are various types of light accessories e.g, switches, ceiling rose, socket-outlets, plugs and
lamp holders are distributed below : _
® Switches:~ A switch is used in an electric circuit as a device for making or breaking the
electric circuit in a convenient way i.e. by the single motion of knob or handle to connect together
or disconnect two terminals to which wires or cables are connected. This is the function of an
ordinary single pole single way switch for switching lamps on and off,

(i}  Celling Rose:— The ceiling rose is used to connect the pendant lamps, fans or fluores-
cent tubes to installation through flexible plastic or silk covered wire. ' '

4.12 TYPE OF WIRING
The type of internal wiring usually employed in our country are:
(i) Cleat wiring '
4 (i) Wooden casing and capping wiring
3(iil) CTS or TRS or PVC sheathed wiring
(iv) Lead sheathed or metal sheathed wiring
(v) Conduit wiring -
(8) Surface oropen type
(b) Recessed or concealed or underground type
(1] Cleat Wiring:— In this system of internal wiring the cables used are either VIR or PVC
type. The cables are held by porcelain cleats about 6mm above the wall or ceilings. The cleats are
made in two halves, one base and other cap. The base is grooved to accommodate the cables and
the cap is put over it and whole of it is then screwed on wooden plugs (gaieties) previously ce-
mented into the wall and ceiling. Thus the cables are firmly gripped between the two halves of the
cleats and secured to the supporting wall and ceiling, The screws used are of size 38 mm The
cross-section of wooden gaieties used is 38mm x 38mm at big end, 25mm x 25mm at small end
and length is about 6.5 cm. The cleats are used different size and different types in order to accom-
modate cables of vatious sizes and different numbers of cables of respectively.

,,,,,,

Figure 4.14: Cleat Wiring,. .
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(i)  Wooden Casing and Capping Wiring:—The cables used in this type of wiring are either
VIR or PVC or any other approved insulated cables. The cables are carried through the wooden

" casing enclosures, The casing consists of V-shaped grooves (usuaily two to hold the cables of oppo-

site polarity in different grooves) and is covered at the top by means of rectangular strip of wood,
known as capping of same width as that of casing. The capping is screwed to the casing by means of
13mmx4mm wooden screws fixed at every 15¢m on the centre fitted. To protect the casing against
white ants first class seasoned teak wood varnished by shellac varnish is employed. Two or three
cables of same polarity (either all phases or all neutrals) may be run in the same groove. The casing is
usually placed 3.2mm apart from the wall or ceiling by means of porcelain distance pieces of
thickness not less than 6.5 mm in order to keep the casing dry at the back. The wooden gaieties on
which the casing is screwed by means of 32mm x 8mm wooden screws are fitted into walls or ceilings
at intervals not exceeding 90cm for sizes of casing capping up to 64mm and not exceeding 60 ¢m for
sizes more than 64mm. The size of the casing capping to be used depends upon the number and size
of cables to be accommodated in any particular length of run.

Figure 4.15: Wooden Casing.
(i)  CTSorTRS Wiring:— In this type of wiring the cables used may be single core twin core or
three core TRS cables with a circular or oval shape. Usually single core cables are preferred. TRS
cable are sufficiently chemical proof, water proof, steam proof but are slightly affected by lubricating
oils. TRS cables are run on well seasoned, perfectly straight and well varnished (on all four sides) teak
wood batten of thickness 10mm a least. The width of battens are available in width of
13,19,25,31,38,44,50,56,63,69 and 75mm. For guidance the number of copper conductor cable
size 3/0.736 mm or aluminum conductor cables of size 1/1.40mm (usually used I internal witing) can
be cartied by batten of different sizes. The wood battens are secured to the walls or ceilings by flat

head wood screw to wood or other approved plugs at an interval not exceeding 75cm. The cablesare

held on the wood batten by means o tinned brass link clips already fixed on the batten with brass pins
and spaced at a interval of 10 cm in case of vertical runs.

(iv)  Lead Sheathed or Metal Sheated Wiring:— In this system of wiring, the cables used are
insulated wires, TRS or PVC with an outer covering of sheath of lead-aluminum alloy containing about
95% lead. This metal sheath gives protection to the cable from mechanical injury, dampeners and
atmospheric correction. The whole lead covering is made electrically continuous and is connected to
earth at the point of outre to protect against electrolytic action due to leakage current and to provide
safety against the sheath becoming alive. The cables are run on well seasoned and perfectly straight
teak wood batten of thickness not less than 10mm and are fixed to it by means of links clips as in case
of TRS wiring. The batten shall be well varnished with two coats at the back and the front small be
painted with two coats of point of color to match the surroundings. The width of the wooden batten
may be vary in accordance with the number of wires it may have to carry. The batten shall be run or
brick walls, stone walls or plastered walls and ceiling steel joist or any structural steel work. The wood
plugs for fixing the batten shall be of standard size as mentioned in general specifications and be placed

atadistance of 75cm. The wood screw shall be used for fixing the batten. Only tinned brass clipsof

suitable size shall be used for fixing the cables on the well erected wooden batten.

(v)  Conduit Wiring:~In this system of wiring steel tubes, known are conduit as installed on the
surface of walls by means of saddles or pipe hooks or buried under plaster and VIR or PVC cables
are drawn afterwards by means of a GI wire of size of about 18SWG. In dump situations the conduits
can be spaced from the walls by means of small wooden blocks fixed below the pipes at regular
intervals. In order to facilitate drawing of wiring number of i mspectlon fittings are provided along its

length.
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4.13 BASIC PRINCIPLE OF EARTHING

All'the metal parts of an appliance or an equipment which are supposed not to carry any current are to
be carthed (i.e. to be connected to earth). This is known as earthling, This connection is made usinga
low resistance metal wire/ rod/ plate buried in the ground. The object of carthling is to ensure that a fine
to earth fanit produces the same conditions as a short circuit between line and neutral cables.

4.13.1 Purpose of Earthing ,
Anelectric power system consists of major parts such as generators, transforms etc. To provide safety
to those major parts of the system from lightening strokes and earth fault, it is necessary to provide
earthing, This is termed as system earthing. For the safety of other equipments and the persons
working with these equipments, it is necessary to provide earthing fo the individual equipment, This is
termed as equipment earthing. The purpose of earthing is twofold. First, to provide safety to operat-
ing persons and equipments by connecting the undesired potential to ground. Second to provide
proper and reliable operation of protective equipment. This avoids results in reduction of mainte-
nance of repair cost. Figure (4.16) explains how earthing provides safety. Here an appliance has been

- supplied electricity through 3-pin socket, The neutral and live terminals of the 3-pin socket have been

connected to an electric supply system which is grounded.

-
L
L -
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Figure 4.16: Earthing Provides Safety.
The third point of the 3-pin socket (earth point) has been connected to the metal part of the appliances.
Whenever due to any reason the live wire comes in contact with the metallic body of the equipment,
heavy current flows in the path as shown in Figure (4.1 6). This heavy current causes the fuse to blow
off or the respective MCB to trip. This disconnects the faulty appliance from the supply. Asittakesa
 very shorttime for the fuse to blow off or the MCB trip, no damage is cause to the appliance or to be
installation. On the other hand if the appliance is not earthed and the fault as explained above occurs
will cause the body of the appliance to be at line potential. Under these conditions any person working
on the appliance is likely to get an electric shock as and when he touches the body of the appliance.
- Inthis way earthing provides safety to the equipment as well as to the person working on the appli-
ance. : o

4.14 WIRING LAYOUTS FOR A COMPUTER LAB

The wiring closet adjacent to the computer facility is the central “hub” for the entire institute building.
Therefore, the backbone from the main building is connected in the wiring closet in the computer
facility. The computer lab will be designed and built so that the speed of the facility is 100 Mbps. It will
be wited with category 5 unshielded twisted-pair cabling. Each computer in the facility comes Ethernet
(100 BaseT) ready. The printers are either Ethernet ready or have a Jet Direct server to provide
Ethernet capability. Two of the hubs for the facility, located in the wiring closet, will be 100 BaseT
unmanaged hubs. These will connect the majority of the equipment that will be of the 100 BaseT
variety. It can provide for 1 switchable 10/100 BaseT unmanaged hub for any 10 Base T equipment
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that may be used or added to the room, The remainder of the building will actually connect through a
backbore to the same wiring closet. The main point of entry or exit to the internet is through the
equipment located in the Wiring Closet.

Internet connectivity is through the Internet Service Provider. Figure (4.18) illustrates the connectivity
of the computer facility to the rest of the building and computer network connecting all computers and
printers within the room. ' '

Wiring closet -

' . Backhone cable
?r:‘;djci‘::;l?:;: from rest of bailding
Tacility
*- . ' > T s
=
7
r /
Erols
Router _L—Y L 4 » | .com
| / ]‘— SDSL line to ISP
Server n
Figure 4.18: Wiring Layout for a Computer Lab.
4.15 SUMMARY ~ ' _
-(1)  D.C. generator can produce the value of emf (dc current or voltage) constant in magnitude
and direction also. ' |

(2)  D.C.motors are used in daily life,

(3)  Transformers is used in all a.c. operations. The cost of transmission is reduced considerably.

(4)  Three phase systems are most commonly used inall modern generators.

(5)  Home electrical witing are an important tool for completing our electrical projects.

(6)  Electrical wiring guide for the various phases of home electrical projects based upon function
ality and safety for us and our family. ' ' '

(7} Principal of earthing guided for the safety of instrument as well as humen’s life.

4.16 REVIEW QUESTIONS :
Q.1 Whatare the advantages of a three phase system over a single phase system?
Q.2 Whatisanideal transformer? With the help of necessary diagram explain the working principle
of an ideal transformer? '
Q.3 Derive the emf equation of a single phase transformer and deduce the expression for trans
- former ratio?
Q.4 Explain why core of transformer is laminated?
Q.3 Briefly discuss the working principle of dc generator?
Q.6  Discuss the working principle of de motor?
Q.7  Explain the significance of back emfin dc motor?
Q.8 Which quantity is measured by these measuring instruments:
() ammeter
(ii) voltmeter and
(i) galvanometer
Q.9  Whatismultimeter? How it is measure current and voltmeter?
Q.10 What is the difference between wire and cable?
Q.11  Whichinsulation is most widely used for covering wires/cables used in internal wiring and
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Q.12 What for ceiling rose is used?
Q.13 What is earthing? Explain the purpose of earthing?
Q.14 Why earthing is essential?
Q.15 What are the insulating matcrials, that are used in cables?
CIOICICION
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5.0 OBJECTIVE
In this chapter we will discuss —

. The discovery of semiconductors replaced the vacuum tubes as they are small in size, operate at
low voltage, consume very small power, having long life and high reliability.

@ The semiconductor junction led to the discovery of integrated circuit which have revolutionized the
electronic industry as they have been used in the working of television and computer which are
very commonly used in our daily life. :

w.Inthis chapter we shall learn the basic concepis of semiconductors and their applications,

5.1 INTRODUCTION '

The branch of physics which deals with the semiconductors is known as semiconductor physics.
Certain materials are neither good conductor nor insulator, their conductivity lies between con-
ductors and insulators, these materials are classified as semiconductors (7.e. Germanium, Silicon, Car- -
bon etc). All most all electronic devices (i.e. diode, transistor, FET, OPAMPS etc.) are made up of
semiconductors. Therefore, to study their characteristics and behavior, we should be familiar with the
basic physics of semiconductor. : . :

3.2 MOBILITY

A crystal lattice contains large number of frez electrons Which move randomly only at room tem-
perature, therefore, number of electrons crossing the area of crystal in aty direction will be same as the
number of electron moving in opposite direction. So the net amount of current carried by electron is
cancelled out and hence no current is set up in the crystal. o

Butunder the influence of applied electric field, the charge carriers are accelerated parallel to the
direction of applied electric field. In their movement these free electrons collide with the other elec-
trons or withions. There is a loss of energy in each collision. This giverise to electrical resistivity of
semiconductors. The average distance between two successive collisions is the mean tree path and
thetime spent in travelling through this distance is called mean free time (1)

It steady state condition the rise in kinetic encrgy of electron is balanced with the increase in
erergy loss due to collision. Inthis state net kinetic energy of electrons become constant and electrons.
move with a finite steady velocity which is called drift velocity. Drift velocity of electrons lie inthe range
of (107~ 107 ) m/see. | ,

The drift velocity (V) is directly proportional to intensity of applied electric field (E). The constant
of proportionality is called mobility (m), and has a unit of cm?/Volt-sec.
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V=uE

V
H=F
Mobility is related to mean free time( 7 ) by the following relation.
_er
m

Where m, is the mass of electron (i.e. 9.1x10-* kg). Mobility of conduction ¢lectrons is more
than valence electrons, since conduction electrons are more ¢asily affected than valence electrons.
(Valence band is inner band of atoms where influence of applied electric field is least). Current carried
by valence electrons is termed as hole current. So the mobility of holes is lower than conduction
electrons. Mobility of charge carriers are zero at 0 K.

5.3 CONDUCTIVITY
A well known electrical property of amaterial is its resistivity 0 and given by the relation

RA

A .
where ‘R’ is the resistance, ‘A’ is cross section area and ‘L’ is length.
Reciprocal of resmtmty ( p )is called elecirical conductivity ( & ) and its unit is mho/m

L
= =0T R
Mathematically it is expressed as o =ne ¢
Where n = number of charge carriers per unit volume (7.¢. concentratlon)

4 =mobility of charge carriers
e = electric charge on charge carriers
= 1,6 x 10°C ( for electron and hole)
5.3.1 Conductivity for Intrinsic Semiconductor
Intrinsic semiconductor is blpolar in nature .e. it has both electrons and holes as charge carriers.
So conductivity is
o=nep tnep,
Where n, and n_are number densities of intrinsic carriers i.e. electrons and holesor #  and ﬂ
are motllltles of electrons and hole respectively. :
53,2 Conductivity For Extrinsic Semiconductor
Extrinsic semiconductor, P type has majority of charge carr lers as holes and in N-type semicon-
ductor, electrons are majority charge carriers.
For P- type semiconductorn, > n,
| o= 'nne > H n
For N-type semiconductor n_.>n_
o= ne>eﬂ
At0K ,mobility of electrons andholei iszero soconductmty will be zero and semlconductor behaves
like insulator at OK.

5.4 ELECRONS AND HOLS IN AN INRINSIC SEMICONDUTOR
Germanium and Silicon are the two most important semiconductors used in electronic devices.
Silicon has a total of 14 electrons irt its atomic structure. Each atom in a Silicon crystal contributes four
valence electrons, so that the atom is tetravalent. The inert ionic core of the Siatom carries a positive
charge of + 4 measured in unit of the electronic charge. As Si has four electrons in outer shell, each
electron is shared by neighboring atom and hence covalent bond is formed. This covalent bond is
represented in Figure (5.1).
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Figure 5.1: Crystal structure of Si.

At very low temperaturé 0K the Ge crystal behaves as an insulator, since no free cartiers of
- électricity are available. But at the room tempetature some covalent bonds are broken. Thermal en- -
ergy required to break the bond is 1.lev for Si and 0.72ev for Ge at room temperature. The absence of
electron in the covalent bond is represented by the small circle in Figure (5.2) and such an incomplete
covalent bond is called a hole. :
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Figure 5. 2 Si Crystal with a broken covalent bond.
ie. thc removal of electron [eaves a vacancy, which is shown in Figure (5.2) by a small circle.
This small circle which is a hole act as a positive charge for one electron set free one hole is created.
Therefore, due to thermal energy pairs of electron and hole are created, there being as many holes as
the free electrons. Here we have a current carrying mechanism of hole.
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Figure 5.3: Mechanism of flow of hole.

Assummg that a hole exists ina covalent bond. Electron from neighboring atom fi lls this hole and
leaves a hole at its own position. This process will continue. Valence electron move towards rightand it
appears asholes are moving towards lift. Basically current carried by valence electrons in valence band is
said to be the hole current and current carried by free electrons in conduction band is termed as electron
current. So far as the flow of electric current is concerned, the hole behaves like a positive charge equal
in magnitude to the electronic charge.

In a pure (Infrinsic) semlconductor the concentration of holes (n is equal to the concentration of
electrons 1)
= n =n_=n whereniscalled intrinsic concentration,

5.5 ELEMENTARY PROPERTIES OF GERMANIUM AND SILICON

Germanivm and silicon are the important examples of intrinsic semiconductor which are widely
used in electronic and transistor manufacturlng Apure Ge atom has 32 e]ectrons and Si atom has 14
electrons
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Silicon (14) 1s* 252 2p® 352 3p? _

Germanium (32) 15 2s? 2p®3s? 3p® 3d1° 4s? 4p? R

Both the atoms have thus four valence electron, The crystal structure of Ge in two dimensions is
shown in Figure (5.4). -

The four valence electrons of a germanium atoms form four covalent bonds by sharing the elec-
trons of neighboring four germanium atoms. Each covalent bond shares two electrons one from each
atom, By forming such covalent bonds each Ge atom in the crystal behaves as if the outermost otbit of
each atom.is complete with eight electrons, having ao free electrons in the Ge structure,
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Figore 5.4: Two tliinllentional crystal structure of Ge.
- Attemperature 0K for the Ge structure the valance band is all full. The energy gapis 0.72ev and
the conduction band is totaily empty as shown in F igure (5.5) Since no electron is available for conduc-
tion therefore, the Ge crystal at 0K acts as electrical insulator. The conduction is possible if some of the

electrons break away fiom their covalent bonds and become fiee. The minimum energy required to
break a covalent bond is 0.72ev for Ge and 1. 1ev for Si.

Empty
Iccmd uction
band
Energy
gap Filled
I valence
band

_ _ Figure 5.5: Ge crystal at 0 K.’ _ : -
Even at room temperature, the thermal vibrations of the atoms provide energy to the electrons in

valence band to enable some electrons cross the forbidden gap and enter into the conduction band
as free electrons, accounting for some electrical conductivity of the semiconductor. Higher is
the temperature, larger will be the number of electrons crossing over the conduction band leaving
behind equal no. ofholes in the valence band. o

5.6 DONOR AND ACCEPTOR IMPURITIES

If trivalent or pentavalent impurities are added to intrinsic semiconductor a doped, impure or
extrinsic semiconductor is formed. '

Trivalent impurities — B, Al ,Ga,In, Tl

Pentavalent Impurities— N, PAs, Sb, Bi

Doners — These are substances which have five valence electrons (Pentavalen:), four electrons form
covalent bond with atoms of intrinsic semiconductor and fifth is loosely bound.

The energy required to detach this fifth electron from the atom is 0.01ev for Geand 0.05ev for Si,
This low amount of energy is very easily available at room temperature. Sutable pentavalent impurities
are antimony, phosphorus and arsenic. Such impurities donate excess electron (negative) carriers and
so this %ype of semiconductor is known as N — type semiconductor,

Since every pentavalent atom donate one electron it is also called Donor Impurity, Addition
of donor impurity creates new acceptable energy level (E ) in the forbidden energy gap, it lie just
below conduction band. Energy level is only (0.01ev) for Ge and 0.05ev in Si. This low level
energy is available at room temperature, so all donor electrons Jump from donor Ievel to conduc-
tion level quite easily and large number of free electrons are available, this increasing the conduc-
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Figure 5.6: N-Type extrinsic semiconductor.
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- Figure 5.7: Effect of donor impurities on energy band structure,
Acceptor Impurities:—If a trivalent impurity (boron, gallium or indium) is added to an intrinsic semi-
conductor only these of the covalent bonds can be filled and the vacancy that exists in the fourth bond
constitutes ahole. This is shown in Figure (5.8). Total numbet of holes in an extrinsic semiconductor
depends upon number of added trivalent atoms. Since every trivalent atom accepts one electron so
these type of impurities are known as acceptor impurities. Current conduction in P- type semicon-
ductor is due to holes that have positive charge theréfore acceptor impurities are called as P- type

impurities and semiconductor so formed is called P-type semiconductor.
- ' S '

- ' Figure 5.8: P-typesemiconductor.

Figure (5.8) shows an acceptor impurity (Indium) added to Silicon, It produces new energy
levels called acceptor energy level (E,) in the forbidden energy gap. It lies just above the valence band
as shown in Figure (5.9). These new energy levels contain holes. Electrons from valence band moves
into acceptor level (E,) and recombine with holes so they leave holes in valence band Figure (5.9). |
Hbleis created at one point due to movement of electron from point 1 to acceptor level. Electron from !;

- point 2 jumped to point 1 and created hole at points 2. Therefore hole shifted from point 1 to point 2 !
opposite to direction of flow of electron, This shifting of points continues and movement of hole from
point 1 to point 5 as shown in Figure (5.10). |
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Figure 5.9: Energy band structure of acceptor impurity.
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Figure 5.10: Movement of hole in valence band.

Therefore in P type semiconductors, the current conduction in valence band is due to valence
electrons, Since it appears as holes are moving in valence band. So it is termed as whole current, Every
acceptor atom acquires negative charge after accepting electron and called immobile negative ion,

5.7 GENERATION AND RECOMBATION OF CHARGES

Inapure semiconductor (intrinsic) the concentration of electrons and holes are always equal. Due
to thermal agitation, new electron hole pairs are created, while at the same time other hole-electron
pairs disappear due to recombination. Recombination is process which free electrons (conduction
electron) falls in to empty covalent bond (Hole). Before recombination, the electron—hole pair exist for
some time. This time is called the mean life time. Mean life time vary in the range of 10~ sec to 107 sec.
Life time of hole and electron is indicated by 7 o and r_respectively. .

When light falls on semiconductor, light photons impart their energy (E=hp) to bounded elec-
trons and creates electron and hole pairs so electron and hole pairs can be created through tempera-
ture and photoelectric radiations. :
- Considerabar of N-type silicon. Under steady state let the concentration of hole and electron be
h,and e, At the steady state condition the rate of generation becomes equal to rate of recombination.
At instant t=to light falls on Silicon bar, addition hole electron pairs are generated uniformly throughout

the crystal. Figure (5.11). After some time equilibrium state is reached again under the influence of light

radiations. Let the new values of holes and electrons be " pand p"_respectively.
=> Excess (orinjected) holes=4", -n = . o
and excess (or injected) electrons = ;; ot :
since the light radiation creates equal number of hole electron pairs,
therefore A (W PLIES T '
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Figure 5.11: Variation of hole concentration with time in an N-type silicon bar.

As N~ type Silicon bar contain large number of majority carriers (electrons) and negligible

minority carriers (holes), therefore, percentage increase in concentration of electrons is negli-
gible in comparison with holes. So, In other words we can say that radiation affects the concentration
of minority carriers and concentration of majority carriers is hardly affected.
Iflight radiation continuously falls on semiconductor bar, the concentration of holes and electrons will
be maintained constant at n, and n, respectively. But if radiations are removed, the excess charge
carriers will recombine and their concentration will return to original steady state valueh and e . The
light radiation are removed at t=0 as shown in Figure (5.11). We will see that how excess minority
carriers decay exponentially with time. We know that hole exists for a mean life time T,

i
So decrease in concentration of holes per second due to recombination = ;" (1)

Atthe same time holes are generated due to thermal energy. Let the generatim;l rate be G
Increase in concentration of holes per second due to generation ==K e 2y
Since charge can neither be created nor be destroyed so the rate of increase will be more than rate of -
decrease before thermal equilibrium reaches.

dn »
Letthe net rate of increase of holes is _;i}i then from equations (1) and (2) we have

dn, M :

& =K - z, () .
att= ¢ again steady state reaches and the concentration of hole become constant (equal to h ) there-
fore '

dn,
g 0 (4)

substituting in equation (3), we have

My '
K= z, (att=y,n =n) (5} .
Substituting the value of K in equation (3) we have

an n, n oo ~H, .
—L b ..(6)
Jf 7, T, 7,
Where n, indicates the net holes at any instant and n,, is the concentration of holes under steady state

without photo excitation. Let the excess holes at any instant is represented by 5t

By = By = 0™, ' , _ w7
Where n, is the concentration of excess holes under steady state with light tumed onand , 18 the
concentration of excess holes at any instant, - '
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Differentiating with respect to time

e dfi = M 8 e 3
: _ T «.(8[n,"" isconstant]
substituting in equation (3), we have
dnnm Huo — 1, _nnm
dt - rﬂ - 71?
dn ter _nL'il. N 0 9
cdr T, - )
This is a differential equation of first order. The solution o this equation is :
o ¢ _
n"=Ce ¢ _ (10)_ ‘
at, t=0 't = =" 0, (D

(excess holes at t=01is equal to n,'" Figun_e 5.11)
Substituting in equation 10 we have
C

—_ ’
17 My

= V=mn' n'"'e ¢ - (12)

This equation indicates that excess charge carriers decay eicponentially with time towards zero
(att — oo, V—>0). As soon as the excess carriers die out, the concentration of charge carriers
reaches its thermal equilibrium value (i.e. nm for holes and n_ for electrons).

5.8 DIFFUSION

Inmetals the current is entirely drift current. Drift current flow due to appllcanon ofexternal voltage. But
in semiconductor an additional current is also present which is due to a mechanism cailed diffusion.
Diffusion mechanism occurs in a gas container in which density of gas is not uniform. Gas particles
travel from high density area to low density area. Similarly the charge cartiers flow from highly doped
area to lightly doped area in a nonuniformly doped semiconductor bar. This is called diffusion and
cusrent resulting from movement of charge carriers due to diffusion mechanisim is called diffusion
current. -

- Consider a nonuniformly doped P type semiconductor. Let us suppose that the concentration of

holes( n,) varies with distance x and concentration gradient is ——

Existence of concentration gradient causes movement of holes from l:ughly doped area to lightly dope
area (i.e. inx-direction). The current constituted by movement of holes is called hole diffusion curmt.
The diffusion hole-current density (J ) is proportional to concentration gradlent hence

I dny,
v &
dn, _ dn,
= J,=-4qD, E —¢ Dhgd v (1)
. i P
(—ve sign is due to the fact that the slope -c-i-x"—' is negative)

D, =Difusion constant for holes
q =magnitude of charge of holes=¢=1.6 x 10-° C
Snmlarly, the electron dlffusmn current density (J ) is glven by
dn dn,
=1 _qD“dx = 0 d . (2)
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Negative sign is cancelled out, since charge ‘q’ is negative for electrons(i.e. q=—¢)
Where D =diffusion constant for electron :

In a semiconductor, it is possible that potential gradient and concentration gradient may exist
sithultaneously, therefore, existence of drift and diffusion curyent is possible simultaneously.
Total hole current density(J,) is sum of current densities due to drift and diffusion, therefore, we
have '

_ dn, | '
L=ne ;JHE_-;&'— De : - (3)

Similarly total current density (J) is sum of electron drift current density and electron diffusion
current density may occur in field free regions. '

dn, -
Jn=nee’ueE+g ]Dne : ”'(4)

Driftcurrentisa function of the electric tield while diffusion current may oocur in field free regions.
5.9 ENERGY BAND STRUCTURE OF OPEN CIRCUIT P-N
JUNCTION _
_ We know that the Fermi [evel (E,) shows the probability of energy levels being filled. Rise in the

level of E, shows that electrons are occupying the higher energy levels, Similarly fall in the level of E,
shows the decrease in the energy content of electrons. In other words we can say that the Fermi level -
is an indication of average energy of electrons.
IfP and N type semiconductor are joined together to form a diode, there would be transfer of electrons
from one side of junction to another side till average energy of electron is again equal i.e: under the
equilibrium the average energy of electrons of P and Nregion is equal. Since Fermi level (E) repre-
sents average energy of electrons, therefore, Fermi level of P and N rgion will at the same level. Itis
shown in Figure (5.12) where Fermi level of both sides line up, :

Conduction band Conduction band
of P-region  of N-region

Ecp , , o
E,/2 : Ey
| : T ECN
P : Efz
Ep N

| Eifz RN Jf
Eyp : . :

Valence band ‘

of P-region - Valence band
of N-region

Evw

Figure 5.12: Energy band diagram of an open circuited P-N junction.

5.10 DEPLETION REGION

P-N junction can be formed by solid state diffusion or alloying. In alloying a ‘dot” of P-impurity
stch as Indium is placed on substrate of N-type Silcon and this system is heated to high temperature
and Indium fuses onto Silicon. On cooling down P-N junction is formed. '

(o1)




o—> Haole
s —> Electron

P-region

&
®
% e N-region

g
e
S

PN junction —

Figure 5.13: P-N Junction,

‘When a P-type semiconductor is suitably joined to N-type semiconductor, a new crystal is formed
which is called diode and contact surface is called P-N junction and shown in Figure (5.13). -

P-region has large concentration of holes and electrons are in minority. Similarly N-region contains .
large concentration of electrons and holes are in minority. Now because of density gradient across the
junction free electrons move towards P-region and holes towards N-region. Movement of holes and
electrons due to density gradient is called diffusion process Figure (5.13). When the free electron
diffuses from N-region to P-region, it leaves behind an ionized donor on N-side. This ionized donor
(positive charge) is immobile as it is bonded to the surrounding atoms. As the electrons continue to
diffuse from N-region to P-region a layer of positive charge (or positive space-charge region) on N-
side of the junction is developed. Similarly when a hoe diffuses from P-region to N-region due to
density gradient, it leaves behind an ionized acceptor (negative charge) which is immobile. As the
" holes continue to diffuse a layer of negative charge (or negative space-charge region) on the P-
side of the junction is developed. This space charge region on either side of the junction together is
known as depletion region or space charge region. The thickness of the depletion region is of the order
of one tenth of amicrometer.

When sufficient number of positive and negative ions are formed further dlffuswn prevented,
now positive ions on N-side repel holes and negative ions of P-side repel free electrons, This barrier is
called potential barriers. :

5.11° SUMMARY
- In this chapter the behavior of semiconductors are summarized as:
' Two type of mobile charge carriers (positive holes and negative electrons) are available.
A semiconductor may be constructed with donor or accpto impurities.
Atroom temperature, essentially all donors and acceptors are ionized.
Current is due to two distinct phenomena, drift current and diffuse current.
The total majority carrier flow is the sum of a drift and a diffusion current.
Across an open circuited P-N _]lJllCthIl there exist a contact diference of potentlal

5.13 REVIEW QUESTIONS

Q.1  Explain the Mobility and conductivity ?

Q.2  Givethe elementary properties of Ge and 51 ?

Q.3  Differentiate between intrinsic and extrinsic semiconductors ? ?

Q.4  Whatdo you understand by intrinsic and extrinsic semiconductor ?

Q.5  Distinguish between electrons and holes?

Q.6 Which semiconductor has more mobility: P-type or N-type ? Explain.

Q.7  Distinguish between N-type semiconductor and P-type semiconductor?

Q.8  Whatis “depletion layer” across the p-n junction?

Q.9  Explaindrift and diffuse currents in semiconductor? chl expression for total eleciron current
. inasemiconductor?

?\S-":"P’!\’:—'
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6.0 OBJECTIVE

In this chapter we will discuss — -

w Inthe study of semiconductor ifa junction is formed between a sample of P-type and N-type
semiconductor, this combination possesses the properties of a rectifier. P-N junction diode works
in reverse wires as well as in forward wires.

w ltis extenswely used in electronic circuts due to its property of conducting current in one direction

only.

The volt-ampere characteristics of such a two terminal device (called a junction diode) is studied.

Y
=
diodes.

6.1 INTRODUCTION

The seed of the development of modern solid state semiconductor electromcs goes back to 1930°s
when it was realized that some solid state semiconductor and their junctions of the possibility of
- cotrolling the number and the direction of flow of charge carriers through them. A P-N junction is the

basic semiconductor device like diode, transistor etc. A clear understanding ofthe junction behaviour

is important to analyse the working of other semiconductor device.

When a P- type semiconductor is suitably joined to N- type semiconductor, a new crystal is -

. formed which is called P-N junction. P-N junction can be formed by solid state diffusion or
alloying. In solid state diffusion, a impurities of one type (either P or N) are diffused into the body
doped with opposite type of impurity at an appropriate high temperature.

In alloying a ‘dot’ of P- impurity such as Indium is placed on substrate of N-type Silicon and this

* system is heated to high temperature and Indium fuses on to Silicon. On cooling down P-N Junctton
is formed.

6.2 P-NJ UNCTION AS A RECTIFIER

When P-N junction diode act as a rectifier it permits the easy flow of charge in one direction but
restrains the flow in opposite direction . Now we will consider qualitatively how this P-N junction
diode behave asrectifier. -

(I} REVERSE BIASING ' ' '

Flgure (6.1 a) shows the rectifire symbol of P-N junction diode in reverse bias, The negative
terminal of the Battery is connected to the P-side and positive to N-side of the P-N junction.
Positive terminal of the battery attracts electron from N-side and due to movement of the electrons
away from the junction, more As shown in the above Figure (6.1a) the negative terminal of the
Battery is connected to the P-side and positive to N-side of the P-N junction. Positive terminal of
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the battery attracts electron from N-side and due to movement of the electrons away from the

junction, more donor atoms are uncovered and become positive ions.

=3

Lot | .
V .
Figure 6.1: (a) The Rectifire Symbol is used for P-N Junction Diode,
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Figure 6.1: (b) Reverse biased P-N Junction .

Similarly negative terminal attracts holes from P- side, so that holes move away from the junction,
As holes leave acceptor atoms, these atoms acquire negative charge and become negative immo-
bile ions. Since negative and positive ions increases in number, therefore thickness of depletion
- layerand contact potential increases. The greater the reverse bias, the wider the depletion layer be-
comes, The depletion layer stops growing when contact potential becomes equal to potential of bias-
ing battery. As barrier potential increases with increase in reverse bias, therefore, majority carriers
(holes in P- side and electrons in N-side) could not cross the junction. As a result, the current due to
majority catriers will be zero. The P-N junction offers very high resistance under reverse bias, -~
As holes in N-type and electrons in P- type are minority carriers. So potential of N-side in depletion
region is more than the potential of P- side, therefore the direction of electric field will be from N-side

to P-side. This electric field helps the minority carriers in crossing the junction. Holes of N- region

move in the direction of electric field and cross the junction similarly the electrons of P- regich move

opposite to the direction of electric field and cross the junction. As electron moves from P-regionto

- region and holes move from N- region to P- region therefore a current will flow whose direction

is from N region to P region Figure (6.1 b). , | :
Current constituted by minority carriers under reverse bias condition is called minority current and

denoted by I . This minority current depend only upon the temperature and independent of
applied reverse voltage. For a particular fix temperature, minority current (I ) reaches its maximum
value quickly and does not change with increase in reverse bias potential i.e. it is also called reverse
saturated current. It is of the order of microampere for Ge and nanoampere for Si,
(2) FORWARD BIASING

+|!"'

. 1k '

Figure 6.2: Forward biased P-N Junction, _
'P-N junction diode is said to be forward biased when P- side of diode is connected with positive
terminal of battery and N-side of diode is connected by negative terminal of battery as shown in Figure
(6.2). Negative terminal of battery repel electrons of N-side towards the Jjunction i.e. electrons moves
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in to depletion region and merged with positive ions reconvetts positive ions in to neutral donor
atoms. Similarty holes are repelied by positive terminal of battery and they merge with negative jons
and neutralize them. As the concentration of positive and negative ions decreases depletion width
decreases and finally it completely disappears whenapplied forward voltage is equal to cut in poten-
tial.

Now majority charge carriers (holes in P-side chode and electrons in N-side diode) can cross the
junction and they constitute a large current which is called forward current. It is directed from P to N
region. The junction offers low resistance in there forward biased junction. :

6.3 CURRENT COMPONENTS OF A P-N DIODL :

When P-N junction diode is forward biased, holes from the P-side enter the N-side, Similarly,
electrons from the N-side move into the P-side. This process is called minority carries injection.
A forward biased diode is shown in Figure (6.3 a). Holes are injected from P-side to N-side and
electrons from N-side to P-side. Density of injected carriers are maximum at junction at x= 0 and
decrease exponentially with distance x due to recombination as shown in Figure (6.3 b) uptothe end
of the surface almost all injected minority carriers recombine with majority carriers (i.¢. injected holes
recombine with electrons in the N- side and injected electrons recombine with holes in P-side). There-
fore at the end of N region the concéntration of holes is equal to natural concentration 1, . similarly for
P-region the number of electrons at the end of the surface will be equal to natural or intrinsic concen-
tration #,,,. If doping of P and N-region are different, then concentration of injected holes and elec-
trons will be different. In Figure (6.3 b) P-region is considered as highly doped and N-region as lightly

doped (i.e. n,., "> n,"). Highly doped region has lower concentration of i mtrmsw minor 1ty carriers (Le

o> Foo )
- The current in diode is carried by injected holes and electrons. Since N-region lightly doped the
current due to electrons can be neglected and it can be considered that the curnent flow is only due to
injected holes and it is given by

Electrons (n,} Heoles (ng)
/ P N
... Ogoo
etV anlpn%0,
o'==='=:.” oo"ggc'gg e
sl ot5eetusnt?if0,020 380880,
0200t 0oatrse??|00,5,5%,,05800%,
"0':'."--“ °°oo°°ooggo°°
* ‘C::Oo:' 82008300
*el3|3800 _
x=0

i =" X=0 X—= 1
Figure 6.3: (a) Forward biased Diode (b) Minority carrier density distribution
AgD,n '
[ = —=— w1
L M

Where q=1.6 x 10—"¢,
- L, =diffusion length of holes
A = Area of cross section
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n, =n0. of holes injected in N-region at x=0 |

Hh' = nh‘ - n,zm
Q = Aql,m, 2
From equation (1) and (2 ) we get
’ 2
2_L _¢
I D,
0
I==
c w(3)
Where 7 is the mean life time of hole
T = L’
D . (4)

Equation (3) states that diode current is proportional to the stored charge of excess minority carriers.

6.4 IDEAL VOLTAGE AMPERE CHARACTERISTICS

ForaP-N junction the current I is related to the Voltage V by the given equation.
4

T o= Lfe™ - . o (1)

When the current flows from P-Side to N-Side in the diode then the value of Tis positive. Here
V, isthe volt equivalent of the temperature and is given by

V. = KT T
| rT T 1600 - 2)
Where K= Blotzmann constant= 1.381 x 10-% Joule per Kalvin
q=electronic charge= 1.6 x 10~¥¢
T =absolute temperature in Kelvin at room temperalure (T=300K)
V.= 26mv
The value of 7 is unity for germanium and is approximately two for silicon. I, is known as the

reverse saturation current, which is very small.

Anode '_’l I . Cathode
O ""I;l O .
P N

Figure 6.4: Symbolized Diode

|
e 0 v, | %
————————— -t

Figrue 6.5: V - I Characteristics of a Semiconductor diode,
A diode is symbolized as shown in Figure (6.4) Where P-side is known as anode and N-
side is known as cathode. Arrow indicates the direction of flow of current. The form of the voltampere
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characteristics described by equation (1) is shown in Figure (6.5).

Fromthe characteristics curve when P-N junction is forward biased, the potential barrier decreases
- and no appreciable current flow till forward voltage equal to break point threshold voitage or cut in

potential (¥, } . The value of ¥, is approximately 0.2V and 0.6V for germanium and silicon diode

respectively. Beyond the voltage ¥, the current rises very rapidly due to majority carriers (i.e.

forward current) rises exponentially as defined by volt-ampere equation.

When P-N junction diode is in reverse biased movement of majority carriers are opposed.
Although minority carriers can easily move and cross the junction but the concentration of these minority
carrier is independent of reverse voltage, therefore a constant current (I,) flows as shown in Figure
{(6.5). This is known as reverse saturation current {1,). From Voltampere equation when V is negative
(reverse voltage), the current through diode is

_ v
I'sI|e™ ~1

=1, (Since exponential term is negligible in comparison to unity) |
Thus we see that the diode is a unidirectional device i.¢. it allows the current to flow in the forward
diction (conducting) and does not allow the current to flow in the reverse direction (non—conducting)
and hence acts as a switch. _ _
The following important points may be summed up from the V-] characteristics.
@ There is no flow of diode current at zero external voltage
(i) At forward bias, the current increases slowly till the potential barrier is crossed.
(i)  Theforward current rises abruptly after the knee voltage.
@)  Theforward current is limited by the value of series and junction resistances,
(v)  Thediode can be destroyed if the forward current exceeds the rated value.
(v}  Atreverse bias, reverse current increases slightly with the increase in voltage due to minority
~ carriers. ' . _
(vi)  Ifreverse voltage is increase beyond the safe limit the reverse current rises abruptly dueto
breaking of the junction. '
(vii)  The reverse voltage at which the junction breaks is called breakdown voltage and the diode is
destroyed at this voltage. " _
6.5 TEMPERATURE DEPENDENCE OF THE V/I
CHARACTERISTICS '
The temperature dependence of the volt ampere characteristic is important in many applications
of diodes, ' _ : - . : .
Temperature affects the VeI characteristics in following manner :

= Q
'!‘ T,=26°C -
100pA 4 et v—
il }Ol
107pA o :

Figure 6.6; Effect of temperature on V-I characteristics.
(1) Reverse saturation current increases approximately 7% per degree for bothSiand Geie. it -
approximately double for every 10°C rise in temperture. If reverse saturation currentis | at T, then at
) . + —z—-L.(T adf ) .
Tz itwillbel = 1,2 1
(2} Contact potential (¥, ) decreases by 2.5 mV per degree rise in temperature i.c.
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av _ 2.5 mV/°C
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These effects can be shown in Figure (6.6).

Above Figure (6.6) shows the V-I characteristics at two different temperature (25°C and 26°C).
Change in temperature Ar =26-25=1°C. ' '
Let cutting volage at25°C, V=07V

Therefore cut in voltage at 26°C, ¥, = 0.7-2.5x 103 x A¢

-} :}'2
_ : =0.7-25x102 x1=0.6975V
Tt suggests that V-I characteristics shifts towards 1eft with increase in temperature.

6.6 DIODE RESISTENCES

An ideal P-N junction diode has zero resistance in forward biasing and infinite resistance in
reverse biasing, but practical diode is different from ideal diode. It offers finite low resistance (i.e.
forward resistance R ) of the order of few ohms in forward direction and very high resistance (R ) of
the order of mega ohms in the reverse directions. There are two types of diode resistances, static and
dynamic resistance. '
(1)  Static Resistance:

Resistance offered by a diode to the d.c. conditions is called dc or static resistance. It is simply the
ratio of dc voltage across diode to dc current through diode.
In forward region the static resistance is equal to reciprocal of the slope of a line joining operating point
to the origin., Figure (6.7). ' '

Static Resistance R ,= .I;_D

D
Forward static resistance

!
1

Ip Q point

V> ’
Figure 6.7: g{t%tic Resistance.
(2)  Dynamic resistance _ :
Resistance offered by diode to the ac conditions is catled dynamic resistance of the diode. Dy-
namic resistance is defined as the ratio of change in applied voltage to the change in resulting current

Figure (6.8).

! L
Ipf— dI
FEP
vy, V-—>
Figure 6.8: Dynamic Resistance.
. av
Dynamic resistance R, == |

In volt-ampere characteristics of diode the dynamic resistance is ﬁ*eciprocal of slope of tangent at that
point_ . .
6.7 JUNCTION DIODE SWITCHING TIMES

When a diode 15 turned ON and turned OFF, it will take finite time for both action i.e. a diode
can peither turn on nor turn off instantly or in other words we can say that diode has two switching
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titne. Turn on time (Forward recovery time) and Turn off time (Reverse recovery time). In turn on
time the voltage across diode ( is in forward biased) is reduces. It is the time interval in which
voltage across diode changes from maximum to minimum voltage. Figure (6.9a).

In turn off titne, the diode biasing is changes suddenly from forward to reverse biases, current does
notdrop to zero instantly. It takes finite time to reduce tozero this is known as Turn off time,

When a diode is forward biased, holes of P- region cross the junction and enter in to N-region. In
N-region holes behave as minority carriers similarly electrons behave as minority carriers in P-region.

Diode
{forward
biased) \*I ' Diode (reverse biased)
_______________ "
[
]
iT H Desired response
‘: .
1
5
(8) _ (b)

. Figure 6.9: (a) Forward Recovery Time , (b) Reverse Recovery Time,

Att=t, Figure (6.9 b), the diode is suddenly reverse biased. But at this instant minority
carriers are trapped in P and N regions. As potential energy barrier does not oppose the move-
ment of minority carriers therefore they constitute minority current in reverse direction. The diode is
still conducting so it is not returned to cut off stage. Therefore to turn off the diode, the injected
minority carriers should be returned back to their parent regions i.e. electrons to N-region and holes to
P-region. After returning back to their parent region, they behave as majority carrier and their move-
ment is opposed by potential energy barrier and current drops to neatly zero and diode is turned off,
Ifthe diode is reverse biased, the biasing ba‘tety forces the minority carrier to return to their parent
region, means to say that reverse biasing helps in tumning off the diode.

When the diode is reverse biased injected minority holes and electrons are repels with the posmve _
and negative terminal of the battery;i.e. a current flow from N-region to P-region (reverse current).

 This current is constant till all inje=ted holes and electrons come back to their parent regions Pand N
region. This time internal (t,t,) is called storage time (1 ). After this event current falls to reverse
saturation current (1,). Reverse saturation current (Io) isdueto thermally generated minority carriers.

The time interval (t, - t, ) is called as transition time ‘t,” as shown in Figure (6.9 D).

Sum of these two Ume mternals (t,andt ) equals the turn offtime or reverse recovery ‘nme (t) of
diode, : _ .
Soturn offtime t_ =1, +t

For the fast sthchmg ﬁ'om ON state to OFF state, the tr should be as small as possible.

6.8 SEMICONDUCTOR PHOTODIODE _

Semiconductor or P-N junction diode is asimple diode which is in reverse biased with a battery of
voltage V. In this diode the current in reverse bias depend upon 1he mtenmty of light fallmg onP-N
junction Figure (6.10).

In Semiconductor photo diode under normal condition a reverse saturation current (1) flows due
to thermally generated minority carriers. This current does not depend upon the applied reverse volt-
age (reverse voltage opposes the flow of majority camriers and diffusion of minority carriers is unaf-
fected). Minority carrier concentration depend upon temperature, therefore, reverse saturation cur-
rent is a function of temperature.
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Figyure 6.10: Photo Diode.

When light falis at the surface of P-N junction diode, light photons impart their energy to valence
electrons to break the covalent bond so that additional electron hole pairs are generated. The concen- -
tration of electron hole pairs depends upon the energy of photons (i.e. the intensity of light). Due to
these additionally generated electron hole pairs the total quantiiy of minority carriers increases. Thus
increasing the reverse saturation current and the total reverse saturation current I=1 +1, where1,is
due to thermally generated minority carriers and I, is due to photo generated minority carriers. As1, is
a function of light intensity so reverse saturation current (I) of semiconductor photo diode depends

upon intensity of light.
t
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_ Figure 6.11: V-1 Characteristics of Semlconductor Photo Diode.
Typical photo diode Volt-ampere characteristics have following features:

® Current with no light falling on junction is called dark current (£). Itis 2 function oftemperatm‘e
only.

(D) The curves  (dark current curve) do not pass through the origin.

(i)  Reverse current is independent of amount of reverse voltage but increases with i mcnease of

: intensity of light.

(iv) - Magnitude of reverse current also depends upon distance of point of light falling from junction.
Larger is the distance lesser will be the current.
Photo diode has following apphcatlons

@ Light detection system

(i) Counting of objects

i) Readingoffilm soundtrade

(iv)  Lightoperated switches

(v)  Highspeed reading of computer pumhcd cards

(v)  Alarm System

6.9 PHOTO VOLTAIC EFFECT-

We see that in semiconductor photodiode the reverse current due to minority carriers remains
almost constant for large reverse voltages Now if'a forward voltage is applied, the forward current
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due to majority carriers flow opposite to reverse current, therefore, magnitude of resultant current
flowing through photodiode decreases. When this majority current equals to minority cutrent, the
total current is reduced to zero. The forward voltage at which resultant current is zero is called the
photovoltaic potential. Under the open- circuited conditions no current flow, certainly the photo
voltaic e.m.f. is obtained across the open terminal of a semiconductor junction, Photovoltaic cells
are used to power electronic equipment to charge auxiliary storage batteries.

6.10 LIGHT EMITTING DIODE

Light emitting diode is a diode that can emits light when a current passes through it in forward
direction. Itis a useful device. It can emit light is different colours like red, green, yellow, orange and
white, |

»‘ 't T «— Emitted visible light

N
‘ 1

Metal contact
| o H
' Recombination b E ole
. P L~ e —> Electron
- Metal Vad w | '
contact h It ; + i\f\}z; -
— 7 '@ | —
- j : \l Symbeol .

Fig 6.12 Light Emitting Diode and its Symbol.

LED isasimple P-N junction diode. It is made up of gallium arsenide (GaAS) or gaitium phos-
phide (GaP). In these semiconductors a considerable amount of recombination takes place under
these conditions the energy released when an electron falls from the conduction band in to the
valence band appears in the form of radiation. So LED is a direct band gap type diode.

M Electron Conduction band
© O <~ Hole _ /
.l € ’ . . | f'—E'E'
M i A EC E i 1 h )
T T [ ~—>
E, ] RN a4
v A ' Ev JﬁEv L
| O 0 ORO Emitted
/ . . _ radiation
Generation of \ / Generation Recombmalion

electron and hole pair Valence band
~ Figure 6.13;: Generation and Recombination of Electrons and Holes.

When electron is excited from valence band to conduction band , the electron hole pair are created
as shown in Figure (6.13). Electron stay in conduction band for a very short period
(=107 sec) and then return back. Ea transition from higher energy state (conduction band E ) to lower
energy state (valence band E ) these electrons release energy.
Energy released E = E —~ E\;
Frequency of radiation f = %
where, h is Planck’s constant.

Insilicon and germanium semiconductor this energy isgiven offin the form of heat and emitted light
is neghglble but in other material as gallium arsenide (GaAs), gallium phosphide (GaP) the number of
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photons of light energy is sufficient and their frequency lie in visible range, therefore, light is visible in
light emitting diode (LED). _ '

The intensity of light depends upon the number of recombination which is proportional to the
forward current in the diode Therefore intensity of light depends upon forward current through diodes.

LED has following applications: :
(1)  LEDisusedin LASER diodeand find application in optical communication systemandin CD
player. . :

(2)  LEDisused as an opto—isolator
(3)  Itisusedin display devices.

6.11 SUMMARY :

- Fromall above discussion we conclude this ehapter as follows o
(1)  TheP-N junction can be considered to be equivalent to a capacitor with P and N regions

- acting asthe plates of a capacitor and depletion region as the dielectric medium.
(2)  InP-Njunction there is a diffusion of majority carriers across the junction in forward biasing
- and driting f charge carriers in reverse biasing. :
(3 Anideal diode offers zero resistance in forward direction and infinite resistance in reverse
direction. i o
(4 Forafixed current, minority current (1) reaches its maximum value quickly and does not
change with increase in reverse bias potential, therefore, it is called as reverse saturation

' current. -
(5)  Diodeis aunidirectional device.
(6)  The volt-ampere characteristics shifts towards left with increase in temperature.
(7} Diode (P-N junction) works the fast switching from ON state to OFF state.
(8)  Reverse recovery time plays a major role in high speed switching application. For fast switch ,

ing from ON state to OFF state the should be as smail as possible.

(9)  Intensity of light depends upon forward current through diodes.
- (10) _ Lightemitting diodes (LED) is used in opt-isolator and display devices.

6.12 REVIEW QUESTIONS
Q.1 WhatisaP-N Junction? Explain the formation of potential barrier ina P-N junction?
Q.2 Discussthe behaviors of a P-N junction under forward and reverse biasing?
Q.3  Drawand explain the V- characteristics of a P-N junction? - ‘
Q4 Write short notes on the following : (1) Break down voltage (2) Knee voltage
(3) Limitations in the operating conditions of P-N junction
Q.5  Explain the phenomena of photovoltaic effect?
Q.6  Whatisalight emitting diode?
Q.7  Describe semiconductor photodiode?
Q.8 (a) Draw the volt —ampere characteristics of a P-N photodiode?
: (b) Does the current correspond to a forward or reverse biased diode.
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Unit- 07 : .
APPLICATIONS OF PN JUCTION DIODE

Content of the Unit :
7.0  Objective
7.1 Introduction
7.2 . P-NJunction as a Rectifter
7.2.1 Half-wave
7.2.1.1 Ripple Factor
7.2.1.2 Efficiency

7.2.1.3 Voltage Regulation
7.2.2 Fuill-wave Rectifiers
7.2.2.1 Ripple Factor
- 7.2.2.2 Efficiency
7.2.2.3 Voltage Regulation
7.3  Filters
7.3.1 Shunt Capacitor Filters
7.3.2  Series Inductor Filters _
. 7.3.3 L-Section Filter or Choke Input Filter
7.3.4 P-Section Filter
7.4.  Regulated Power Supplies _
7.4.1  Zener Diode Shunt Regulator
7.4.2 Transistor Shunt Regulator
7.4.3 Transistor Series Regulator
7.5 Switch Mode Power Supply
7.9  Summary
7.10 ~ Reviewof Questions -
7.0 OBJECTIVE
In this chapter we will discuss —
w. Use of PN-junction Diode as a Rectifier
w. Design and Operation of Half Wave and Full Wave Rectifiers
w Designand Operation of Smoothing Filters
w. Use of Zener Diode as regulator
w. Designand Operation of Voltage Regulafors. ,
. Switch Mode Power supply (SMPS) and advantage of SMPS over Linear Power Supply (LPS)

7.1 INTRODUCTION

- Alternating current is preferred for generation, transmission and distribution means because of
small losses, convenience and low cost. But, almost all electronic circuits need a DC power source.
Batteries are used for power supply in portable device, More frequently, however, it is economical and
convenientto draw DC power from a DC power supply.A piece of equipment which converts

N N
AN AN
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T Lyl -

Fig. 7.1 (a) Half W ave Rectifier . F g, 700 iB3 ot an g AUt L e
. " Foaomns of Half Wiorve Roactifler

F‘igni'e: 7.1 (a) Half wave rectifier. Figure: 71 (b) Input and output
T -wave forms of Half wave rectifier.
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alternating voltage/current to direct voltage/current is known as Rectifier, The process of conversion
of AC voltage/current to DC voltage/ current is known as Rectification. '

Voltage or current received from the rectifier is unidirectional but its value changes with time. The
output voltage and current of the rectifier is pulsating, The pulsating voltage can be considered as the
sum of alternating and direct voltages, The circuits/devices which remove the ac component from the
pulsating voltage are known as smoothing Filter. '

Output DC voltage of power supply changes with the change in load. Fora good power supply the
output voltage should not change with the load. The circuits/device, which removes the dependence of
output voltage on load, is known as Regulators. g '

7.2 P-N JUNCTION AS A RECTIFIER

- Arectifier uses a unidirectional conduction device or asymmetrically conduction device, In Uni-
directional conduction devices the device conducts only in one direction e.g. PN junction diode, while
inasymmetrical conduction device, device conductunequally in two directions, APN junctiondiode is
aunidirectional device. It offers small resistance (a few tens of ohms) in forward bias condition and

large resistance (few kilo ochms) in case of reverse bias condition, _
Rectifiers are two types, (i) Half Wave Rectifier, which conducts during one half of the applied
AC voltage and, (ii) Full Wave Rectifier, which conducts for full wave of the applied AC voltage.
7.2.1 Half-Wave '
Clircuit diagram of half wave rectifier is shown in Figrue (7.1 2). In this circuit, an alternating voltage
source is connected across the primary coil of a transformer and a PN junction diode and a load
resistance is connected in series across the secondary coil of the transformer. :
Letan alternating voltage V, = V, sin(ot)is applied across the primary coil of the transformer. If
n is the ratio of the nurnber of turn in secondary coil to number of turns in primary coil .Then Vs=n VP
sin ot will induce across the secondary coil of the transformer. For the positive half cycle of the input
alternating voltage , end A of the secondary coil of the transformer will be at positive voltage andend |
B will be at negative voltage. Thus, PN junction diode will be forward biased and diode will conduct.
There will be voltage drop (V o=IR, ) across the load R,. While, for the next half cycle, end A will be
at negative voltage and end B will be at positive voltage. This will reverse bias the PN junction diode
and no current will flow across the load R,. Input and Output Wave forms of half wave rectifier is
showninFig(7.1b). ‘ ' _
Let R, be the forward bias resistance of the diode and R, be the resistance of the secondary coil of
the transformer. Then current across the Joad Resistance will be--

Vs ansinmt
I= = T
RL-I-RJ‘*I'RS RL +Rf+RS when 0 < t _< ‘2—
CI=1lysiner -
I=0 S : when §<! <T
nlV

here Tm = L = Vm
where “m RL+Rf+RS RL"F R

and Vm=an and R= Rf+RS

Current (T) is'unidirectional current but its magnitude is varying with time. Thus average pulsating
current with respect to time will be ' .
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- Similarly, the root mean square current (L) willbe—

T
2 1T, 152 1 52
1 =-—1df-—.-——21 at +— [ 1
mo =gl A=z B d s e

2 [! _sin2ot ]y 12
T

7.2.1.1 Ripple Factor

Remaining pulsation in output voltage or current is known as Ripple. Effective ripple with respect to
DC component is a measure of smoothing of the output voltage. Ratio of ripple compouent to de
component of output voltage or current is known as ripple factor.

= Effective value of output AC Component
~ Average or output DC Component |
Let1_ be the effective output AC component and output DC component isI,_then—
Total power across load = Power of DC component + Power of AC component
Irz'msRL = ]ggcRL-f' Iﬂ%cRL

o
lims = 1 + g,

2
2 y2 2
Iac "“"Irms ”Idc

/12 2
dac = lyms —~ 13,
. : 1
2 2 2 2
. . - I 2
Ripple factor =..I.Q.‘:. =M= [_I_.n@_.._ ]J

Tge g Igc
oL 1
22 P[22 P
52
=121 = 121%
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Thus, in half'wave rectifier AC component of current is more than the average value of ] DC current.

7.2.1.2 Efficiency
Ratio of output DC power to Input AC power is known as the efficiency of the Rectifier.

Output. DC Power
Input AC Power

~

x 100 %

Efficiency of Rectifier n =

~Fae % 100 %

ac

2
o JERL ooy TR

5 2 x100%
Irm.s-(Rs""Rf"_'RL) Lms(R+Ry)

i.e. maximum efficiency of half wave rectifier is 40.6 %
7.2.1.3 Voltage Regulation

Output DC voltage (V d“) acrosstheloadR, = I R,
It is clear from above equation that the output DC voltage V, depends upon load R,. Percentage

voltage regulation is defined as follows:

Percentage Voltage Regulation = KM‘-I—/:—Vﬂ x 100 %
FL

where Vi1, =Open circuit output voltage, i.e.,output vo ltage in absence of load R,
VgL =Output voltage inpresence ofload R,

For an ideal voltage source percentage voltage must be zero. For a half wave rectifier output DC
voltage is given by '

: )|
Voo = laRy = -R;
= P Ry =.I./Lﬂ_ 1 R
R+ Rp) T R+Ry
Yo Vn g
. m(R+Rp)
Vi '
= — T, R
T de

When there isno load (R, ) present in the circuit then there will be no current in the circuitie. I, =0.

. ' V
Thus in this case voltage across the output terminal will be V. = —;’* which isequal o V, . Thus

yp=YoL = VFL
VoL
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722 Full-Wave Rectifiers
In full wave rectifier both (Negative and Positive) half cycle of input AC current is used. In this
rectifier two similar PN junction diode (D, &D,) are connected in the circuit as shown in the Figure
(7.2 a). Inthis arrangement one diode conduct for first halfcycle of input AC current while another one
conduct for the second half cycle of the input AC current. : '

B ._ : %
5 \/ ~ \/ |
. weur .
vo L
af—
' ot —
- QUTPUT .
Fig. 7.2(a}Full Wave Rectifier Fig. 7.2.(b) Input output Wave

Forms of Full Wave Rectifler

An alternating voltage source V:= V, sin ot is applied across the primary coil of the central -

tapping transformer. End A and B of the secondary coil of the transformer are connected with P
terminal of two PN junction diode D, & D, respectively. N terminal of both diode (D, & D)) are
connected together at a common point P. A load resistance is corinected between common point P of
diodes and center tap C of the secondary coil of transformer.

. Letanaltemating voltage V=V, sin et isapplied across the primary coil of the transformer. Ifn be
* the ratio of the inumber of turn in secondary coil to number of turns in primary coil .Then Vs=n Vv, sin
ot will induce across the secondary coil of the transformer, For the positive half cycle of the input
alternating voltage , end A of the secondary coil of the transformer will be at positive voltage and end
B will be at negative voltage and eenter tap of the transforiner C will be at zero potential. This will
forward bias the D, diode and 1éverse bias the D, diode. Current I will flow through the load R.
While, in next negative half cycle of the input voltage end A will be at negative voltage and en B will be
at positive voltage, which will reverse bias the D, diode and forward bias the D, diode. Current L will
flow throw the load R, . As shown in the figure the direction of cuirent will be sarne in both cases, Input
and OQutput wave forms are shown in Figure (7.2b). : o

. Let R be the forward bias resistance of both diodes (D), & D,) and R_be the resistance of the

secondary coil of the transformer. Then current across the load resistance willbe~
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I Ve ansmmt
VTR R RS RL+RJ +Rg
Iy = I,,sin w¢ r whenO0<t< %
12=0
I} =0
: : nV, sinmt _
Ly=- Vs =-—2F when £ <r <7
RL +Rf+_RS RL"'Rf""RS : ' 2

n-VP ._ . p:rgg___

RL+Rf+RS' -RL+R

where [, =

where Vm=nV, and R= Ry +Rg

and 1j, I isthe current through diode Dy & D, respectively
Average pulsating current with respect to time will be

17 1_ LT
la=gli =g fhasgnd
0 0 T
2
2 T o
=£’-’1]sincot di - 1m | sinor dr
T T f
_ 2
J r
=m—"}- (~cosor)? ——.(-—co_soar);:
2
The root mean square currcnt(I ne) Will be -
Ilrm =VI?
2 =ljf12dz=-’-5§12df'+—'-ﬁ"ﬂdt
T T
25 27 25
In [ sin? mrdr+£’i’- [ sin? ordt = 2y [ sin? wr dt
2

2 :
=——'1’~j’ 1—cos2 @t )dr
Ty
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- ? 20 0 = “_2_
I
Irm.s = _3
7.2.2.1 Ripple Factor

By definition rippie factor is given by -
, = Effective value of output AC Component
Average or output DC Component

I
2 2 2 a5
\U -1 2
Ripple factor = lag _ Nlrms =g _ [—I%S— - I]
. 13

Ide {ge
1 1
= .{é.i_l 2 ﬁ_l 2
2 ar 8
_ = 0.482 or 48.2% .
7.2.2.2 Efficiency
Efficiency of Rectifier n= Output DC. Power x 100 %
Input AC Power
~Jde 10095
PGC
2
= lacRy x100%
Lis(Ry+ Ry +Ry)
2
R 00
Irms(R‘*'RL)
2
= f‘-f-zfl’-—%- R 1o0%
n* I (R+Rp)
8 R
=— x 100 %
'1|;2 (R-l-RL)
n= 81.2 %
R
T+—
( RL)

ie. maicimum efficiency of full wave rectifieris 81.2 %
7.2.2.3 Voltage Regulation

Percentage Voltage Regulation = K&V—_—Vf—’l x 100 %
FL

Where Vi1, = Open circuit output voliage, i.e. output voltage in absence of load R,
VEr, = Output voltage in presence of load R,
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For anideal voltage source percentage voltage must be zero. For a Full wave rectjfiéer Output DC
Voltage is given by

Vie = lacRp = _f_RL

When there isno load (R,) present in the circuit then there will be no current in the circuiti.e. 1 =0

Thus in this case voltage across the output terminal will be ¥, =

yr=tuL = Ve

VrL
2V, 2V,
[P ]
2V,
(% -t
VR= A IR )
(% - 1an]
. T
7.3 FILTERS

The object of rectnﬁcaﬁon is to provide a steady DC voltage, similar to the voltage from battcry
We have seen in section 7.2.1 and 7.2.2 that the full wave rectifier is better rectifier in comparison to

the half wave rectifier. But Full wave rectifier does not provide ripple-free dc voltage. Electronic

equipment requires dc voltage of negligible ripple. So there is need to separate out the AC component
from the output voltage of the rectifier. This process is known as smoothing. Clrcmts whlch perform the
task of smoothing are known as filters.
There are many types of filter., Among them, a few important filters are as follows-
() Shunt Capacitor Filter
(i) SeriesInductor Filter
(i) L-Section Filter
(iv) m-Section Filter
.7.3.1 ShuntCapacitor Filters
Shunt capacitor filter is the cheapest and simplest filter, A capacitor C of large value is - connected
in shut with the load resistance R, . Circuit diagram is shown in Figure (7.3a) and (7.3 b).
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Fig. 7.3 {a) Mol Wave Reciifier with Shunt Fig. 7.3 (b} Foui Wave Rectifier with Shunt
Capaciter Filter Capacttor Filter

_ _ 1
© We know that the impedance of a capacitor is given by X = oC and o= 0 for DC. Thus the

capacitor C offers a low reactance path (X, <R, ) to the AC component of output current of the
rectifier while it will act as open circuit to the DC current. All DC current and a small AC component

{ 2 +c R__L I, ] current will pass through theload R, .

When the rectifier output is increasing the shunt capacitor charges to the peak voltage V_and
when rectifier output decreases from its peak value, capacitor C start discharging through load R, and
prevent load voltage from falling to zero. Wave form for full wave rectifier with shunt capacitance fiiter
is shown in Figure (7.4). Ripple factor for full wave rectifier with shunt capacitance filter is -

0.144

Ripple factor r =

SR C

Figure 7.4 : Output wave form for full wave rectifier with shunt capacitance filter.

73.2 Series Inductor Filters _ o

In this type of filter an inductor coil of high inductance is connected in series with the load R as
shown in Figure (7.5 a) and (7.5 b). The working of series inductor coil is based on the fundamental
property of opposing any change in current through of inductance coil, Whenever the current through
inductor tend to change, an emf'is induced across the inductance coil in such a way that it opposes
the change in current.
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We know that the impedance of an Inductoris given by X, = I . Thus an inductance coil will

offer a high reactance path to the AC component present in the output current of the rectifier while it
will offer zero reactance paths to the DC component of output current of rectifier.

Figure 7.6: Output wave form for full wave rectifier with series iinductor filter. _
When Output current of the rectifier increases and above the average value then it stores energy inthe
- magnetic field and delivers the same energy to the load R, when current reduces below the average
value, Wave form for full wave rectifier with series Inductor filter is shown in Figure (7.6). Ripple factor
for full wave rectifier with series hxdur;t_or filteris-

Rlppie factor = 9-2'5)—
=)

Ry,

7.3.3 L Section Filter or Choke Input Filter

Circuit diagram of L-section filter is shown in Figure (7.7 a) and (7.7b). In this circuit an inductor
Lis connected in series and apacitor C in shunt with load RL This name is due to the fact that inductor
and capacltor are connected as an inverted L. -

Fip.7.7 (a) Half Wave Reﬂtﬁer withL -Section Fig 7.7 {b) Full Wave Rectifier with L-Section
Filter Filter

In section 7.4.1 and section 7.4.2 we have seen that a series inductor filter passes the DC compo-
nent from rectifier output but offer high impedance to the AC components. The AC component that
remains after passing through L is passed through by shunt capacitor, which acts as open circuit to the
DC component and provides low impedance path to the remaining AC component. In this way, aLC
filter combines the features of both series inductor filter and shunt capacitor filter. Ripple factor for full
wave rectifier with L section filter is—

0.118
o2 LC

Ripple factor r =
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734 n Sectlon Filter :

n Section Filter consists of one inductor (L) and two capacitors (C, and C,) connected
across its two ends. These three components are arranged in the shape of the Greek letter 7. Cireuit
diagram is shown in Figure (7.8a) and (7.8 b).

) -Lfﬁﬁ‘(i“‘
11% gﬁf’l %% cz+ %
| g_l_pﬁ_ |

Fig. 7.8 {a) Half Wave Rectifier with w-Section Fig. 7.8 {b} Full Wave Rectifier with m-Section
Filter . Fiker

n Section Filter can be considered as the combination of a shunt capacitor filter containing
capacitor C, and a L-Section filter containing inductor L and capacitor C,. When, rectifier output
increases the capacitor C, charges to the peak value of the rectified output. And when rectifier output
decreases the capacitor C, discharges through L-Section filter & load R, and maintain voltage across
load very near to the peal( value Vi

7.4 REGULATED POWER SUPPLIES

In an unregulated power supply, the output voltage changes, when input supply voltage or load
resistance changes. The aim of voltage regulator circuit is to reduce these variations to zero or at least
to some minimum possible value. There are several types of voltage regulators. Among them a few are
asfollows:. :
(® Zener Diode Shunt Regulator
(i) Transistor shunt Regulator
(iii) Transistor series Regulator
7.4.1 Zener Diode Shunt Regulator

Circuit diagram of a Zener diode shunt regulator is shown in Figure (’? 9.
Figure (7.9) consists of a resistor R connected in series with the input voltage, and a Zener diode
connected in paralle] with load R, . The input voltage V, is the unregulated output of the rectifier. Let V,
be the breakdown voltage of Zener diode and I be the current through resistance R. Then out put
voltage across R, will be equal to V,. Thus

V,=V. - RI
And current through Zener diode will be
Iz =1- IL
where, is the current through load
R _ o
| R
33&9:'?&?1 *\ : Regulated
Recﬁ‘%er Vi) : vz R Voltage (V)
o l -1 l lo

Fig. 7.9 Zener Diocie Shunt Regulator
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When load current I increases (because of the reduction in load resistance), then Zener -
current [, falls in same amount and voltage across resistance R remains constant. Hence output voltage
remains constant. When Load current I, decreases, then Zener diode passes exira current and . -
keeps current I constant. :

When input voltage V, increases, then Zener diode passes extra current so that voltage is dropped
across R. Ifinput voltage V. decreases then Zener current also decreases and voltage drop across R
is reduced. Zener diode maintains constant voltage across load resistance by selfadjusting mechanism
of adjusting voltage drop across R. ' .

7.4.2 Transistor Shunt Regulator

Circuit diagram of transistor shunt regulator is shown in Figure (7.1 0).

= lgigH, L

+ O P. P AAN > f

‘!'Ic I
Unregulatod V. s
Veltage from z 593;"5“9"
Rectifior (V, ) R volage
VBE
R
| . 1 |

O
' - Fig, 7.10 Transistor Shunt Regulator

From Figure (7.10) we can observe that the path AB is parallel to voltage V, across load R, . Thus,
from Kirchoff’s voltage Law—

V=V, -V, =0

or  Vp.=V -V,
and V.=V +V,
or V,=V,-V, -

We know that Zener voltage V is fixed. Any change in V,, will cause change in V__ in same
direction i.e. if V_ increase then Vg will also increase and vice-versa. When Base emitter voltage

(V) decreases then base current (Ip) also decreases. As a result, collector curreht Ic(=RIg)

decreases. o C
The current (T) through resistance R is—
[=1,+I.+1, : .
Thus, due to decrease in output voltage there will be decrease in current (1) and hence decrease in
voltage (V) acrossresistance R, Consequently, V,(=V,-V,)increases.
7.4.3 Transistor Series Regulator : L
- Circuit diagram of transistor series regulator is shown in Figure (7,11) in which transistor is connected in
series withload resistance R. - :
The above circuit is also known as emitter follower. In this circuit, transistor acts like a variable resis-
tance whose value is decided by the base current. The Zener voltage V_is equal to the sum of load
voltage V, and base-emitter voltage Vg le.
VZ = VO + VBE '
VBE = vz - Vo
When load current increases due to decrease in load resistance R, then V decreases. We know that
Zener voltage V, is fixed. Thus decrease in V, causes increase in V. This leads to decrease in
collector-emitter resistance of the transistor which will increase the input current and maintain constant
voltage V, across load R, .
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Fig. 7.11 Transistor Series Regulator

7.5 SWITCH MODE POWER SUPPLY (SMPS)

Atypical application of a power supply is to convert AC voltage into regulated DC voltages
required for electronic equipments. Nowadays, in most of the power supplies the energy flow is con-
trolled with semiconductors, which are continuously switching on and off with high frequency. Such
devices are known as switch mode power supply.

- SMPS offer greater efficiency in comparison to the Linear Power Supplies (LPS), because a
switch can control energy flow with low losses, When a switch is on, it has low voltage drop and pass
the current and when switch is off it will block the current, As aresult, in such a switch the power
dissipation in both states will be relatively low. Due to reduced size of components and lower heat
generation, the size and weight of the SMPS is small in comparison to LPS,
Block diagram of a typical SMPS is shown in Figure (7.12).

~AC

npyt | fectifler aind ' Swikohing Recttier Load
Filter COMrOnEnt et
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Oucilator PWHA e B¢ mplifter

Ral‘emncé
B

Figure 7.12: Block diagram of SMPS
In SMPS, the AC input is rectified and filtered to give a steady DC voltage. This DC input to the
voltage switching block is either blocked or allowed to pass through depending on the state of the -
~ switch, The resultant square wave is rectified and filtered. If the current required at the load is high,
then the switching control ensures that the voltage switch is on for longer periods. _ '
The sampling is done by a comparator and DC amplifier along with a DC reference. The output
voltage is compared with a DC reference. Ifthe output voltage reduces due to increase in load current,
the comparator sends a positive signal to the pulse width modulator and increase the on time of the
pulse, :
' Advantages of SMPS
= The Switching devices of the Switching Regulators do not conduct all the time. This in
creases the efficiency of the regulators. The SMPS has an efficiency ranging from 50 to 90
percent compared to normal efficiency of a linear regulator which is around 50 percent.
Y To regulate the output voltage the switching regulators usually use on off duty cycle of a tran
. sistor switch, By choosing higher duty cycle frequency, the transformers, and other filter ele
ments such as capacitors and inductors can be made very light and expensive
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= SMPS can be designed to incorporate inbuilt step up, step down and electrical isolation.
Disadvantages of SMPS

w  Duetohigh switching current, the Switching regulators generate electromagnetic and radio
frequency interference noise. This noise can interfere with the equipment such as television, radio
and telephones,

Y SMPS is costly and more complex than linear regulators.

7.6 SUMMARY

™ A piece of equipment which converts alternating voltage/current to direct voltage/current. Such
devices are known as Rectifier. The process of conversion of AC voltage/current to DC
voltage/ current is known as Rectification

F: The circuits/devices which remove the ac component from the pulsatmg voltage are known as
smoothing Filter.

= The circuits/device, which removes the dependence of output voltage onload, is known as
Regulators,

= Rectifiers are two types, (i) Half Wave Rectifier, which conducts during one half ofthe applied
AC voltage and, (ii) Full Wave Rectifier, which conducts for full wave of the applied AC
voltage.

@ . Remaining pulsation in output voltage or current is known as Ripple. Ripple factor of Half
wave rectifieris 121%.

= Maximum effictency of half wave rectifier is 40.6 %.

p: Ripple factor of Full wave rectifier is 48.2%.

= Maximum efficiency of half wave rectifier is 81.2 %.

o\ There are many types of filter. Among them, a few important ﬁlters are as follows-

i) Shunt Capacitor Filter -

(1) Series Inductor Filter

(i) L-SectionFilter

(v)  n—Section filter

w Shunt capacitor filter is the cheapest and simplest filter. A capacitor C of large value iscon

_ nected in shutw ith the load resistanceR,.

Y Inseries inductor filter an inductor coxl of hxgh inductance is connected in series with the load

B In L—seetion filter an inductor L is connected in series and Capacitor C in shunt with load R .

= In n—Section Filter consists of one inductor (L) and two capac1tors (C, and C,) connected
across its two ends.

B The aim of voltage regu]ator circuit is to reduce the variations in output voltage due to change
in input supply voltage or change in load resistance.

. SMPS offer greater efficiency in comparison to the Linear Power Supplies (LPS), because a
switch can control energy flow with low losses

7.7 REVIEW QUESTION

Q.1.  What do you mean by Rectification? Draw the circuit diagram of a half wave rectifier and

- explain its operation. Draw the input an output waveform of the half wave rectifier.

Q.2.  Drive expression for (i) Average pulsating current (i) RMS value of pulsating current (iii) Effi
ciency (iv) Ripple factor and (v) voltage regulation of a half wave rectifier.

Q.3.  Draw the Circuit diagram of full wave rectifier using two PN-junction diode. Draw the input an
output waveform and explain its operation,

Q4. = Provethat the efficiency and ripple factor ofa full wave rectifier is 81.2% and 48.2 % respec

_ tively,.
€©.5. Drawthe circuit diagram of full wave rectlﬁermth shunt capacitor filter. Explain its operationand
-+ draw the input and output wave form.
Q.6. Whatdo youmean by filters? Draw the circuit diagram of a full wave rectifier with series
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Q..

Q3.
Q9.

Q.10.

inductor filter and explain its operation.

Write short note on-

(i) L-Section filter

@) mn-Section filter

What do you mean by voltage regulation? Explain the use of Zener diode as voltage regulator.

-Draw the circuit diagram of a transistor shunt regulator and transistor series regulator and

explain how the voltage stabilization is achieved in these circuits.
Draw the Block diagram of a switch mode power supply and explain its advantage and disad

vantage.
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8.1 OBJECTIVE
In this chapter we will discuss
= Bipolar Junction Transistor and Type of Transistor
w. Transistor biasing
w. Basic Principle of operation of Transistor
. Different Configurations of Transistor
w. Inputand output characteristic curves of transistor in different configuration
&
Y
8.

Hybrid (h-parameters) of transistor
Hybrid parameters and equivalent circuit diagram in different configuration of tranSIstor

2 INTRODUCTION
The bipolar tranststor was invented in 1945 by Shockley, Brattain, and Bardeen at Bell Laborato-

ries. Later on in 1956 they are awarded Nobel Prize. The invention of transistor completely
revolutionized the electronic industry. Since then, transistor has led to all kinds ofrelated inventions like
Integrated circuits, Optoelectronics devices and Microprocessors. Now-a-days, almost all electronic
equipment are designed using semiconductor devices.

‘The advantages of three terminal solid state devices (Transistor) over the vacuum tubes are as follows—
. They are smaller and light weight.

- » Thereisno heater requirement; hence no heating losses and heating delay

- = Theyrequires very low operating voltages
@ They had rugged construction; hence they are shock proof.
w. They absorb less power thus they are more.

Transistor is a contraction of two words transfer and resistor. Because, a transistor basically a
resistor which amplifies electrical signals as they are transferred through it from its input to output
terminals. The junction transistor is also known as bipolar junction transistor because in this dewce lhe
conduction takes place by the motion of both polarities i.e. electron and holes.
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8.3 BIPOLAR JUNCTION TRANSISTORS .

The transistor is a three layer semiconductor device consists of three doped regions forming a
sandwich. The middle region s called base and the two outer regions are called emitter and collector
respectively. Transistor consists of either two n-type and one p-type layers of material or two p-type
and one n-type layers of material, Former is called an NPN transistor and later is called PNP transis-

tor. NPN and PNP transistors along with their circuit symbols are shown in Figure 8.1 (a) &(b) and
Flgure 8.1 (e & (A reanartively

- Emitter Colector .
I E c
.
. . L

{AY {BY

~ Fase
Fraitier L Collector

B
{C} ' ' (D

Figure8.1: (A) NPN Transistor (B) NPN Transistor symbol.
(C) PNP Transistor (D) PNP Transistor symbol.

The emitter, base and collector are provided with terminals which are labeled as E, Band C, The
junction between Emitter and base is known as emitter base junction (Jzp) and junction between
Base and collector is known as collector base junction (o) The emitter is heav:ly doped because it
acts as the source of charge carriers. The base region is very lightly doped and very thin (10*m). In
most of the transistor, the collector region is kept physically largest because it has to dissipate more
heat in comparison to emitter region. The doping concentration of collector region is in between that of
the emitter and base region. The main function of this region is to collect majority charge carriers
coming through the base.

Arrow sign in the symbol diagram of NPN and PNP transistor mcllcates— .
@) Position of Emitter (E) (i) TypeofTransistor (i) Direction of Cuzrent

In NPN transistors electrons are the majority charge carriers which moves from emitter E to
base B, i.e. direction of conventional current is from base B to emitter E. Similarly, holes are the
majority charge carrier in PNP transistor and they moves from emitter E to base B. Thus the direction
of conventional current in PNP transistors is from emitter E to base B.

8.4 OPEN CIRCUIT TRANSISTOR .

When no external biasing voltages are applied across the transistor then all transistor currents
must be zero i.e. there is no free charge carriers crossing each junction. This is possible only if, the
potential barrier at junctions adjust themselves to the contact difference of the potential V Forthe
sake of simplicity; let us consider an PNP transistor which has completely symmetrical juﬂCthIl, i€
emitter and collector regions has similar size and doping concentration, Thus the barrier height will be
equal at the emitter base junction ], and at éollectpr base junction J, as shown in Figure (8.2a),
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(b) Minority carrier density in each sectino of an open circuited
sysmmetrical PNP transistor.
Figure 8.2:

In open circuited condition the minority charge carrier concentration is constant in each regionand is

equal to its thermal equilibrium vatue. Thus P-type emitter and collector has minority charge carrier

concentration as n and N-type base has minority charge carrier concentration as p,_as shown in

Figure (8.2b). -
Thus, a PNP transistor can be considered as combination of two back-to-back connected PN

junctions. Hence the theory developed for PN junction can be used for explaining the behavior of a
fransistor.

- 85 TRANSISTOR BIASING IN THE ACTIVE REGION

For the active operation of transistor, voltage bias is applied in such a way so that emitter base
junction (J,) should always be forward biased (V,, > 0) and collector base junction (J ) Should
always be reversed biased (V. <0). Under these conditions, device is said to be biased in the “for-
ward active region” or s;mply in the “active mode.” Biasing condition of NPN and PNP transistors
are shown in Figure (8.3a)and (8.3 b).
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(b) Biasing of PNP Transistor.
Figure: 8.3

8.6 BASIC PRINCIPLE OF OPERATION .

As shown in Figure 8.3 (b}, for the active operafion of PNP the P-type of emitter is kept at positive
pOtential while P-type collector is kept at negative potential. The forward bias across J ,, junction of
PNP transistor lowers the barrier potential (or reduces the width of the depletion layer) by |V_ | and
reverse bias across J , junction increases the barrier potential by [V 5l So majority charge carrier hole
of P-Type (emitter) are repelled by the positive terminal of the battery and injected into N-Type
(Base) by crossing the junction. Simultaneously, Minority charge carrier electron of N-Type (Base)
are attracted by the positive terminal of the battery and they injected into P-Type (Emitter) by crossing
the junction. Resultant emitter current {I) is due to flow of charge carriers is sum of current ([ .z dueto
majority charge carrier holes moving from P-type emitter to N-type base and current (I ;) due to
minority charge carrier electrons moving from N-type base to P-type emitter. _ _

But, the number of majority charge carrier hole of P-type emitter is large in comparison to the
number of minority charge carriers electron of N-type base and also, during injection process from
base to emitter most of the minority charge carrier electrons of P-type base recombine with the
majority charge carrier holes of N-type emitter. Thus in PNP transistor emitter current (I.) isessen-
tially due to majority charge carriers holes of the P-type emitter. .

Asthickness of the base is kept very small, so most of the injected holes from emitter to base cross
the base region without recombination and injected into the P-type collector region, In collector region
they are attracted by the negative terminal of the battery. In PNP transistors, the collector current I
is due to injected holes.

_ Ina PNP transistor the number of holes crossing Jgp junction is more than the number of holes
crossing J ,, junction. Base current (I,) 18 equal to the difference of the emitter current (1) and collector

current (I.)). .

Collector current (I ) is less than the emitter current (I) due to following reasons —

() Emitter current is due to the flow of majority charge carriers holes of P-type emitter and
minority charge carrier electrons of N-type base, while collector current (1)) is only due to majority
charge carrier holes of P-type emitter injected into the P-type collector region. '

(f) Some of majority charge carrier holes of P-type emitter recombine in N-type base region.
Active operation of NPN transistor can also be understood with the help of above mentioned descrip-
tion,

8.7 CURRENT COMPONENTS IN A TRANSISTOR _
As we discussed in section 8.5, the emitter current (I;) is sum of current due to the majority charge
carriers of emitter and minority charge carriers of base i.e. - :
For NPN transistor —
3 ey =l 15
For PNP transistor -
IE(p) = Ipl?. + IeB
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But current due to minority charge carriers (I or [ ;) isnegligibly small. Thus the emitter current
For NPN transistor— o

I(e) Bl
For PNP transistor—

L(p) i

Collector current is combmatlon of current due to majority carriers and cutrent due to minority

carriers, Le.
I = (s * (el

Fraction of collector current due to minority carriers is known as leakage current (I,,). Symbol I

represent the collector current when emitter terminal is open.

8.8 CHARACTERISTIC CURVES
There are three types of circuit connections (called conﬁgurauon) for operatmg atransistor,
(i) Common Base (CB) configuration
(i) Common Emitter (CE) configuration
(iii) Common Collector (CC) configuration
'Here term common is used to denote the electrode which is common to mput and output circuits.
8.8.1 Common Base (CB) Configuration
_ Figure (8.4 a) and (8.4 b) shows the common base conﬁguratlon of PNP and NPN transistor
respectively. In this conﬁguratlon the Base terminal of the transistor is commorn to mput and output

Figure 8.4 (A) Ba sing of PNP Fansistor in Common Base Configuration
(B Basing of NPN Ransktorin Common Ease Configuration

8.8.1.1 Input Characteristic Curve

The input characteristic curve of CB confign-
ration shows the variation of emitter current I withthe of
emitter base voltage V, while Collector Base voltage ~ E

V o is constantt, The input characteristic curve of CB- (m&)

' Conﬁgm'atlon is shown in the Figure (8.5). ' -20 I—
Following conclusion can be drawn from the input char- 1
acteristic curve of CB-Configuration _ A5 |—

(@ When emitter voltage Vg is 1ncreased the
emnitter current IE is very small for a certainvalueof . 10 }=
'V, and this minimum value of V. does not change
with the change in collector base voltage V.. For =7 o
Germanium transistor minimum value of Vs IS 0.1

volt and for Silicon transistor it is 0.5 Volts. % — — Yy L
(i) Foraconstant value of Vg Whenemittervolt- { Veg — )

age VE! is increased ﬁ.lrthcr, the emitter current IB in- Figure 8.5 input Characteristic Curve of

creases. - Transistor in CBConfiguration

(i) When V, isincreased, then same emitter cur-
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rent I, flow for higher value of emitter base voltage Vg

The Input characteristic curves may be used to find the dynamic input resistance of the transistor
and given by- - _

. =(AVEB

ME ]ng Constan{

8.8.1.2 Output Characteristic Curve

Output characteristic curve shows the variation of collector current I, with the change in collector base |
voltage V , at constant emitter current L. Output characteristic curve are shown in Figure (8.6).
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Flgure 886 Uutput Charscteristic SCorve of Tmsistor in C8 contiguration

_ ~ Output characteristic curves may be divided in three regions of operation
() Active Region (b) Saturation Region (c) Cut-off region
(a) Active Region: In this region emitter base junction J_ is forward biased and collector base
Junction J , is reversed bias. When emitter current L.=0 then collector current I isequal to the reverse
saturation voltage I .. For non-zero emitter current I thecollector curtent 1, is independent of collec-
- torbase voltage V., and primarily depends upon emitter current I.. The relation between [ and] is
as follows: ' S
dp = I,

(b) Saturation Region:- In this region both Jg and J . junctions are forward biased. This region is
towards to left of ordinates V=0 and 1.=0. In saturation region collector current I changes rapidly
with the small change in collector base voltage Vg ' : .

- (¢) CutoffRegion: In cutoffregion both Jg andJ 5 junctions are reverse biased. This condition exist -
in the region below and right to the 1=0 of the characteristic curves o

The dynamic output resistance of the transistor is given by-

AV,
_ra = [ CB]
ale "Iy Constant

The ratio of collector current and emitter current is known as D.C. curtent amplification factor B
. I, . :

IE

- (123)




In dynamic state, ratio of change in output collector current Al.. to change in input emitter current AL
isknown as A.C. current amplification factor ot_-
_ 8l
AL
8.8.2 Common Emiiter (CE) Configuration

Common emitter configuration of PNP and NPN transistor is shown in Figure (8.7 2) and (8.7b).
In this configuration Emitter terminal of the transistor is common to Input and Output.

a

,1 - L
. C : 4k !
IB : IB l .\
— - _‘._ | e ’ }I_____ .
PNP | - ka - NPN
_ Lj v [ = _| v |+
27 Ve VeE —- A | CE -
- | — S UBE
| E+ + 1 | 1
i i +: EYy
|
f ' b |

Fgure 8.7 (A} Hasing of NP Fansdstorin Common Emitter Configuration
{B) Hasing of NPFN Trandstor in Common Emitter C onfiguration

8.8.2.1 Input Characteristic Curve
These characteristic curve shows the variation of base current I, with the change in base emitter

voltage V., when collector emitter voltage V . is held constant at a particular value. Input charactet-
istic curve of CE-configuration are shown in Figure (8.8). From these curves we can draw following
conclusions: _

() Inputcharacteristic curve of CE configuration

is similar to forward biased PN-junction diode. i.e. in- fa A Kgel V
putbase current (1) increases with the increase in base- 100 Y=Y
emitter voltage (V). :: Vos =20V

(i) For constant base-emitter voltage V, base 20

current (I,) decreases with the increase in collector &0
emitter voltage (V). 50

VT T T

The Input characteristic curves may be used to find :g_
the dynamic input resistance of the transistor and given 20
by- iy J
- I I | I | ) _
. [ AV gy ) : B 62 04 06 03 10 g, vy
ro=|—2
ol Veg Constant Fig. .8 lnput Chamacteristics Curve of

Comunon EmitierCon fige ration
8.8.2.2 Output Characteristic Curve R

Curve between Output collector current (T ) and
collector emitter voltage (V ;) at constant Input base Current (I,,) are known as output characteristic
curve of CE-Configuration of transistor. Qutput characteristic curve are shown in Figure (8.9).
Output characteristic curves may be divided inthree reglons of operation
(a) ActiveRegion . Y : _
(b} Saturation Region
(c) Cut-offregion
(a) Active Region: In this region emitter base junction J is forward blased and collector base
junctlon Jepis reversed bias, In thisregion, V isof the order of tens of volts and base current I13 >0,
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L, curves in active region are not completely parallel to
the axis. '
(b) Saturation Region: In this region both I__ and

J s junctions are forward biased. This region is towards
to left of ordinates V=0 and I.=0. In saturation re-
~ gion collector current L. changes rapidly with the small
change in collector base voltage V ..

(c) CutoffRegion: In cutoff region both J_ and J B
Junctions are reverse biased. This condition exist in the
region below and right to the [,=0 of the characteristic

Tor 280 1 S

=200 pA

Iby=150 pA

1h=50 w,

Cotoff Rodon

curves, . _ ) - .
The dynamic output resistance of the transistor is given ® v . qvuf?sy m
by- | - Y
AV... : Fig. 8.9 Output Characteristics Curve of
r, o= —Xtt Common Emitter Configuration
Al o _ o
fy Cons t.am ] .
The ratio of collector current and base current is known as D.C. current amplification factor Olge -
I
B = —
1y

In dynamic state, ratio of change in output collector current Al to change in input Base current Al B

isknown as A.C. current amplification factor Bac -

g <M
“TAL,
8.8.3 Common Collector (CC) Configuration
Common Collector configuration of PNP and NPN transistor is shown in F igure (8.10 2) and
(8.10b). In this configuration collector terminal of the transistor is common to Input and Output. CC-
configuration of the transistor is used for impedance matching, because in this configuration Input
imnedanca is hich and antrnt impedance is low. This is also known as emitter follower circuit.

Ve

(a) Biasing of PNP transistor in (b) Biasing of NPN transistor in
~ common collector configuration common collector configuration.
Figure: 8.10 '

The Common collector configuration is a special case of the common emitter configuration, In CC-
Configuration the output characteristics curves are drawn between I, and V. which are similar to the
output characteristic curves of common emitter configuration between I.and V, because L. H”I and
Ved =1Vl |

The characteristic cutves of CC configurations are shown in Figure (8.11 ayand (8.11 b).
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(a) Input characteristic curve for = (b) Output chractersitics curve of common
cellector configuration collector configuation.
Figure: 8.11

8.8.4 Current Relations
‘We know that for a junction transistor-

IE= IB-l" IC
Ig_Ip #l
Ie I¢
L l +1 =I + B e
e E’ . F’dc
Bdc
T+ Bac

A
or Bac = 1— fdc :
8.9 EXPRESSIONS FOR HYBRID PARAMETERS OF A TRANSISTOR

In general, four terminal networks, as shown in Figure (8.12) may be studied without detailed
~ knowledge of internal cireuitry of the network in terms of some parameters used in measurement of

voltages and current at the output and input terminals. If I and V, be the input current and Input
voltage respectively and L, and V, be the output current and output voltage respectively. Then two
variables may be chosen arbxtrarlly as lmpendent variables leading two equations which can be solved
for other two variables.

In the entire three configurations (CB, CE& CC), transistor may be regarded as four terminal
network. For example, in CE configuration base and common emitter acts as input terminal while
collector and emitter acts as output terminal. In transistor analysis it is useful to choose input current I
and output voltage V, asindependent variable and input voltage V, and output current L, as mdepen
dent variables. i.e. '

V1 =4, V3)
L=701,V2)

1
+:31_*.-{) | 0——21—0*
V. ' Yo

Figure 8.12: Four terminal network.
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For small sinusoidal signals limited to the quasi-linear region (Active Region) of transistor these
dependence can be written in terms of linear equation as follows—
VI = h1] II + h12 VZ
L=h, L, +h,V, |
The coefficientsh, ,h, ,h, , h,, are known as h-parameter or Hybrid parameters.
111 _
by = Z = short circuit input impedance when V=0

4
_ Mo = 7 = open circuit reverse voltage gain when I, =0

I
Iy = 71‘ = Short circuit forward cuurent gain when Vo =0

I _
hyp = ‘I‘,; = Open circuit output admittance when I;=0
Equivalent circuit of four terminal networks is shown in Fieure (8.13).

o h )
D =30

Coe @

4 \fz

01

: ~ Figure 8.13: Equivalent circuit of four terminal networks.
8.9.1 . Hybrid Parameters and Equivalent circuit of CB, CE and CC configuration of
the Transistor
" (@ Common Base Configuration

'Common Base Configuration is shown in Figure (8. 14). Inthis configuration —

- e
Ao T et —02
+ +
Ven \r@
10 : Y52
' Figure 8.14: CB configuration.
vl x YEB VZ = VCB II = IE and -IZ = IC :
h,=h, b, =h, h,=h, and h,=h,

Thus, hybrid parameter equation for CB configuration of transistor will be
Vg =hy L +h, Vo '
Ic = hﬂ: !E + hﬂb VCB
If we assume that h-parameters remains constant for signals of small amplitude then -
AVeg =hy AL +h, AV
Al =hy AL+h, AV

or .V, =h, 1?+hrbv¢b _ |
ic= hyi+h, v, |
AVpp

Input Impedance (4, ) = o -
-p : P (_jb) A E JVCB =Constant - : f
- S |



AVgg

Reverse Voltage Gain (4,5 ) = [AV JI Comtant
. " Cp JIg=Cons

Forward current Gain (h fb) = {%QJV

E JVeop =Constant
Al
ﬂVCB I =Constant

- Output Conductance (/) = [

The equivalent circuit of common base configuration is shown in Figure (8.15).

LN N - =
’ $ . '
v uf»vaD G, Nyly 2,‘*
- ' . ) Yo
o . - - 0

Figure 8.15: h-Parameter equivalent circuit for CB configuratio of transistor.
(i) Common Emitter Configuration _
Common Emitter Configuration is shown in Figure (8.16). In this conﬁguratlon—

I

_ Figure:8.16
V] = VBE VQ = VCE Il = IB- and lz = Ic
hy =h; h, =h. hy=h, and  hy=h,,

Thus, hybrid parameter equation for CB configuration of transistor will be
Vee =h; Iz +h, Ve
Ie= hg I+ hy Vi
If'we assume that h-parameters remains constant for signals of small amplitude then -
AVe: =he Alg+h, AVe
Alc=hs Alg+he AV

or Voe = hie ih + hm Vee
. L= hfe ib+hoe Veo
AVBE .

Input Inlpedance (hie) = Al B JV =Constant
. CE~

AVyg
A VC E IB = Cons_tant

Reverse Voltage Gain (4,,) = (

Forward current Gain (hfe) = (%Cm]v o
B JY¥CE= onstapt
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Output Conductance {4, ) = (AAI/{CC" Ji Constant
. E /IR~ K

The equivalent circuit of common base configuration is shown in Figure (8.1 .

B Y . o
0T, ' Q

L, 'h*n(ﬁi (O .

| D

Figure 8.17: h—:pﬁrameter equivalent circuit for CE configuration of transistor. ‘
(iii) Common Collector Configuration _
Common Collector Configuration is shown in Figure (8.18). In this configuration —

i
g-c

Figure 8.18: CC configuration.
Vi= Ve Vo=V =], and L=I
hy =h, hp=h, hy=hg and  hy =h,
Thus, hybrid parameter equation for CB configuration of transistor will be
Vec =hi Ig+h, Vg
Ig= hg I + by Vee :
If we assume that h-parameters remains constant for signals of small amplitude then -
AVec =hg Alg+h, A Vec
Ale=hx Alg+he AV
or Ve =hg 1, + hy Ve,
ie = hfc I.b + hoc Ve
The equivalent circuit of common base configuration is shown in Figure(8.19).

RN 228
N
i tra o @Dma §“°=
] . o
Figure 8.19: h-parameter equivalent circuit for CC configuration of transistor,
8.10 SUMMARY

B The transistor is a three layer semiconductor device consists of three doped regions forming a sand
wich. The middle region is called base and the two outer regions are called emitser and collector
respectively. S

= Transistor consists of either two n-type and one p-type layers of material or two p-type
and one n-type layers of material. Former is called an NPN transistor and later is called PNP
transistor. -

= The junction between Emitter and base is known as emitter base Junction (J,) and junction
between Base and collector is known as collector base junction(J.,). '

= Arrowsign in the symbol diagram of NPN and PNP transistor indicates

(129)




¥ ¥ ¥ ¥

¥

() Position of Emitter (E)

(i) Type of Transistor

(i) Direction of Current
For the active operation of transistor, voltage bias is applied in such a way so that emitter base
junetion (J_.) should always be forward biased (V. > 0) and collector base junction (J ) should
always be reversed biased (V. <0).
The emitter current (I) is sum of current due to the majority charge carriers of emitter and minority
charge carriers of base.
Collector current is combination of current due to majority carriers and current due to minority
carriers.
Fraction of collector current due to minority carriers is known as leakage current (1)
There are three types of circuit connections (called configuration) for operating a transistor.

@) Common Base(CB)configuration '

(i) Common Emitter (CE) configuration

(iiiy Common Collector (CC) configuration
In Common Base configuration the Base terminal of the transistor is common to input and output.
Qutput characteristic curves may be divided in three regions of operation '
{a) Active Region (b) Saturation Region (¢) Cut-offregion
In Active region emitter base junction J ., is forward blased and collector base junctionJ
reversed bias.
In saturation region both J and J s Junctions are forward biased.
In cutoff region both J_, and I, junctions are reverse biased.
In the entire three conﬁgurations (CB, CE & CC), transistor may be regarded as four terminal
network.

8.11 REVIEW QUESTION

Q.1. Whatdo youmean by bipolar junction transistor? Give the circuit symbols of transistor and

explain the behavior of an open circuit transistor.

- Q2. Explain the Biasing and Basic principle of operation of a PNP/NPN transistor in the Active

Region.

© Q.3. Explainthe Different Configurations of a Transistor. What do youmean by Characteristic Curves?

Draw Input and Output characteristic curves of a NPN/PNP transistor in different configura
tion and explain them.

Q.4. What do youmean by hybrid parameters ofa trans1stor') Explam hybrid parameters and draw

equivalent circuit of CB, CE and CC configuration of a NPN/PNP transistor.

- Q.5. Define Current gain in common base and common emitter configuration of a transistor and

‘derive relation between them.

clololo)
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9.1  Objective _
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9.2.3  Characteristic Curves

9.9.3.1 Drain Charecteristic Curves

9.9.3.2 Transfer Charecteristic Curves

9.10  Summary
9.11  Review of Questions

9.1 OBJECTIVE
In previous chapter we have discussed the physics and operation of a bipolar transistor. In this

chapter we will discuss — . '
= Transistor as an amplifier and characteristics of amplifiers
B, Concept of feedback and various feedback network
& Oscillators
- Transistor as an switch

% Field effect Transistor and its characteristics curve

9.2 TRANSISTOR AS AN AMPLIFIER _ _

A voltage-controlled current source along with a load resistor can form an amplifier. In general, an
amplifier produces an output (voltage or current) that is a magnified version of the input (voltage or
current). The basic amplifier circuit as an active four terminal network is shown in fig. 9.1. Block (A)
shown in figure could be a CB, CE or CC configuration of the transistor.

Re U4 1
’vx.s—*-‘. 5 "_‘:—'1 "I < 2 .. Phe
¥ | — My ) lz . . §2L
(g) - l
b - S— o
- ' Zo

Fig. 9.1 Transistor Amplifier as four terminal Network
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The working of a four terminal network is studled using the measured quantities like voltage and
current at input and output terminals which are related to each other through h-parameter.
Hybrid parameter equations of an amplifier are

v =l + by,
iy =h i +h,v,
- whereh, h, h andh_are the hybrid parameters of the transistor. For small altematlng or sinusoidal
signals h—parameter will be constant within operating limit.

9.3 CHARACTERISTICS OF AN AMPLIFIER

Figure (9.2) and (9.3) are the h-parameter equivalent circuit of transistor amplifier with voltage |
source and current source respectively.

Ry Gh ok
'——"VV\J.—?—-I-"%;‘\,—— ""
(. i
@ Yy @ & hogVar 23
- P e T TThely |
| ¢l ]
| 1l
R e — . %
Z Zp

Fig.9.3: h-parameter equivalent circuit of transistor with input current source.
1) Current Gain or Current Amplification (A)
Theratio of output current to input current of a transistor amplifier is known as current gain (A,).i e

_ Output Current _ 1,

" Input Curremt I,
As  v,=-, R,
iy = b iy +h, (i, R)
(1+h, R, )iy=h, |
. iz — hf
‘4 W+ R,)
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1)  InputImpedance (R) - _
Input impedance of a transistor amplifier is the impedance reflected at the input terminal and it is

equal to the ratio of input voltage to input current.

_ Input voltage v,
B Input Current -;:
_ ki +hy,
= mil

Al
) f . 'fl

=h—-h R M
B TR 14k R,)

. bR,
Y (+hyRy,)

I Voltage Gain or Voltage Amplification (A )
The ratio of outpui voltage and input voltage is known as voltage gain (Av) ofthe transistor amplifier.

_ Output voltage vy
Input voltage v,
- (_iz RL) = (_A:'il R.r,)

_;__ hf RL
B (1+hoRL) h— hf’hf‘RL

" (1+hR,)
) hR, |
h+R, Ik, —hh,)

(V)  Output Impedance (R )

Qutput impedance can be detenmnecl by keeping the source voltage V. atzero voltage and output
impedance Z, isreplaced by voltage generator V, in Circuit diagram shown infig. 9.2,If1 bethe
current drawn by the voltage generator V, then ratio of Voltage V, and current Lis ca]led output

Impedance Z,ie. 0

%
Output Impedance = f

From fig. 9.2 h-parameter equations-
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L=hid +h v,

Rij+ o+ hovy=v =0
kv,
R+ 1)

hov,
{ (R A )J he + by v,
. v hrhf
I = . —
? ’ ’ i (‘Rs: + h!)

v ha, Y
Z =2elp L :
’ A (0 (R +k:')} .

R, +4)
O T R Ak )
(V)  Power Gain (Ap)
The ratio of output power and input power is known as power gain(A,) of the transistor amphﬁer

0

_ Oupy Power _V 12
Input Power v,

((1+Zﬂ)(h +R E;j ;; h )J

k2
" [+m &, XB +R, (h.hﬂwhfh,»

= |4,]-|4]

9.4 CONCEPT OF LOAD LINE AND QUIESCENT POINT (Q-POINT)
Circuit diagram of a CE amplifier driven by an input signal voltage V of source resistance Ry is
shown in Figure (9.4). The Output characteristics of an NPN transistor are shown in Flgure 9.5)

—=

]

Fig. 9.4 Basic CE Amplifier Circult

From Kirchhoff’s voltage law to the collector circuit of Flg 0.4, we get-
Vee=I.R +V,

When I =0 then Ve V (Intercept on Voltage ams)

And when V=0 then I ¢ =V /R, (intercept on Current axis)
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Above equation represent straight line having intercept V. on the voltage axis and intercept V ../
R, onthecurrent axis. The Slope of thisline is-1/R, . This line is known as the load line and represents
the dynamic characteristics of the transistor.

In Figure (9.5) the input bias current 1, is chosen as 60 mA. Now, Iet us consider that a sinusoidal
base current of peak value 20 mAbe applled at the input of the CE amplifier. Now base current will
varies by £ 20 mA about Quiescent value of 60 mA. For a given instantaneous base current [, , the
point of intersection of collector characteristic curve and the load line gives the corresponding values of
I and V . In our case these values corresponding to point P, A and B are

_10 S

fo tmA}
l T
. o 'I .
——e A Satrath
\ 2\
N e

-9

o
&
B
S
l'x.
<3

; \

ig = 204

=

o

Figure 9.5: Output characteristic curves with Q-point and load line.
PointP  1=60mA, I1=35mA, VCE=1 7.5V
PoitA  I=80mA, I~45mA, V=135V
PointB I 40mA, I—23mA Ve —21 5V - -

- 'This clearly mcllcates thatif Q pomt be chosennear E orFon the characteristic curve thenit may
create sxgnal dlstortlon dueto satmatlon and cut-off For lmear operatlon, The Q~p01nt must be se-
amplifier.

9.5 BIASING IN BJT AMPLIFIER CIRCUIT
Biasing problem of BJT is related to establish constant de
current in the collector of the transistor. The Collector cur-

rent must be calculable, predictable and it should be insen- o*Vee
sitive to variations in temperature and to the large varia- .

tions in the value of b. Another important consideration in PB ‘R .
‘biasing design is the selection of the Q-point to allow for i L il
“maximum output signal swing. | P e
Figure (3.6) shows the circuit diagram of fixed bias arrange- : &
ment which is the most commonly used biasing arrangement : .
of a transistor amplifier. Advantage of thistype of biasing
arrangetnent is that in this arrangement of biasing single ™ _ = _
power supply is used to bias Emitter-Base and Collector " gigyre 9.6 Fixed Blas Circuit

+ base junction. In this circuit constant current is provided at
' (135)




the base of transistor with the help of a resistance R, and voltage source Ve
From Input loop- ' '
Ve = Rply =V, =0
Ve ¥, BE
R,
As V. (inmV)is small in comparison to the Ve (in Volts) thus we can neglect V-

Iy=

'RB

Current_ is constant,
From Output loop- '
.V.Cc “R I, V=0

CBut I, =h, I,

. VCE=VCC“hfeRLIB : _
In above equation Vcand R, are constant, Thus due to temperature, if any change occurs in the
- value ofh, then operating point Q will shift,

- 952 Self or Emitter Feed-Back Bias
' Self or Emitter feedback bias circuit is shown in F igure (9.7a).In this type of biasing arrangernent
resistance R, and R, provides fixed bias and resistance R, provides stability with the help of negative
current feedback. Figure (9.7 b) shows the same circuit with the voltage divider network replaced by

equiva-
lent-
Ch , .
1l
+ |
Vs
- — Vece
—. Vbb S
Flﬁ. 8.7 {a} Self or Emitter feedl:ack bias clrcuit Fig. 9.7 (b) Equivale;t Circuit of Self
' or Emitter feedback bias
R
Vag =——2—,
P R+R, ©
' R R,
and Ry=-—12 _
R +R,

From Kirchhoff’s voltage law to the Collector-emiter circuit of Figure (9.7b)
~Voo T (R,+ R, I Iy R, +V, =0
But I, <<1,.Thusvolige drop I sR; may be neglected.
Ves =Vee — IR, +R,)
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From Kirchhoffs voltage law to the'base-emitter circuit of Fig. 9.7(b)
Ves = 13Rp+ Vi +(IB +IC)R£‘

R,
R J+ICR

B

Ve V. =R, [( ]_I_ICRE]
RpI,
I

we know that h, = £

hfe B B
](': Vs — Vg hf@
Ry [l+£§~_(l+hﬁ))
R,

9.6 FEEDBACK

Feedback is a process in which a fraction of output energy 1s fed back to input. When a fraction of
output voltage or output current of an amplifier is fed back to its input then the working efficiency of the
amplifier changes; Depending on the phase difference of input signal and feedback signal feedback
may be classified in two categories, namely-
(@M Positive feedback or regenerative feedback

When, Input signal and feedback signal are in same phase, then magnitude of input mgnal increases
by addition of feedback signal. This type of feedback is known as positive feedback or regenerative
feedback. Positive feedback is used in oscillator circuits. '
(I) Negative feedback or degenerative feedback

When, Input signal and feedback signal are in opposite phase then the magnitude of input signal
decreases. This type of feedback is known as negative feedback or degenerative feedback. Negative
- feedback reduces the gain of the amplifier but increases the stability of the amplifier.
9.6.1 Forms of Feedback Circuits | '
- Allfeedback mrcuntcanbeclassnﬁedmfollowmg four categories:
@ Voltage Series Feedback:

Block diagram of voltage series feedback is shownin Figure (9.8 a).In this type of feedback circuit
output terminals of amplifier are connected in parallel with the feedback network. Feed back signal

from feedback network is connected in series with the input signal voltage.
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Fig.0.8 (a)Voltage SeriesFeedback  Fig. o.8 (b) Voltage Shunt Feedback

L

T T

Fig. 9.8 {c) Current Series Feedback  Fig.8.8 {d) Currert Shunt Feedback

(I)-  Voltage Shunt Feedback

Block diagram of voltage series feedback is shown m Figure (9.8 b). In voltage shunt feed back
circuit output terminals of amplifier are connected in parallel with feedback network. Feed back signal
from feedback network is connected in parallel wnth the mput signal voltage, o
(I)  Current Series Feedback:

Block diagram of voltage series feedback is shown in Figure ( 9.8 ¢). In current series feedback
circuit output terminals of amplifier are connected in series with the feedback network. Feed back
signal from feedback network is connected in series with the input signal voltage.

(IV) Current Shunt Feedback :

Block diagram of voltage series feedback is shown in Figure (9.8 d). In current shunt feedback
circuit output terminals of amplifier are connected in series with the feedback network. Feed back
signal from feedback network is connected i in parallel with the input signal voltage.

9.6.2 Principle of Feedback _

Block diagram showing the principle of feedback is show in Figure (9.9). In this diagram an
amplifier is shown as box. A fraction of amplifier output is fed back to input with the help of a feedback
network (shown as another box in the diagram). The network used for feeding signal from output into
inputis knownas 4 feedback network.

Wi
- »  Ampifier -
v {Gain = 4). Ve

Fig. 5.9 Block Diagran of Principle of feed back

When feedback voltage is fed into the input of the amplifier, the feedback voltage V.is elther added
or subtracted from the input voltage.
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If resultant voltage at the input of the amplifier is V,=V-V,
Then amplifier is said to be negative feedback amphﬁer and when resultant voltage at the input of
amplifier is
V.=V.+V,
Then the amphﬁer is sald to be positive feedback amplifier.
If A be gain of the amplifier without feedback then

A
Vv,

The gainis often called Open loop gain.
If Vs the input voltage with feedback and V' is the output voltage then

y
A=~
Vy
v,
. V= ”
If 4 fraction of output voltage ¥, is fed into the output voltage then -
v, =BY,
Ve =V, + B v,
V. :
j’_ = V:j = I/f + ﬁ Va
Vv, = AV
(1- 48

4=y (1- 48)

This equation is known as general feedback equation.
In feedback circuit A and 4 may be positive or negative , real o complex. Therefore-
O If |1 -A4|>1 ie. Adis negative, then |A|<{A|. This type of feedback is called negatlve
- feedback.
@ Ifj1-A8=0 ie Ad=1then|A|=".
(M) If j1-A4 <1 i.e. Adis Positive, then |AA>|A| This type of feedback is called positive
feedback.

9.7 OSCILLATORS

Oscillators are self excited active circuits because no external signal is applied at the input of
oscillators. In oscillators dc current enetgy is converted into periodically varying cutrent. Hence the
oscillator may be defined as a circuit which generates an A.C. output signal without externally applied
input signal or it is a circuit which converts DC enerzv into AC energy at very high frequency. '

Fig. 9,10 Tank Clrcult

“ Simplest example of a oscillator is a Tank Circuit (Figure 9 10). The Tank circuit consists of an
mductanoe coil in parallel with a capacitor. When this capacitor is charged with the help ofa external
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voltage source then energy is stored in the capacitor as electrical energy. When external voltage source
is removed then capacitor start discharging through inductance coil, and current through inductance
coilincreases with time. the electrical energy stored at capacitor is converted into magnetic energy .

Due to the change in the magnetic flux associated with inductance coil, ane.m.f. is induced across
the ends of inductor in such a way that it opposes :he change. When capacitor is completely dis-
charged at that moment induced e.m.fis maximum across the inductor coil. Due to this e.m.f. the
capacitor start charging in opposite direction. there is no energy loss in the circuit then these oscilla-
tion will continue for infinite time. But in practice there are energy losses in the circuit due to resistance
present in the circuit. So-the amplitude of oscillation start decreasing with time. '

Ienergy loss in the circuit could be compensated with the same rate by some external agency then
amplitude of oscillation will be constant and oscillation can be maintained.
9.7.1 Barkhausen Criterion

Insection 9.6.2 we have discussed the principle of feedback and shown that feedback is called
negative when | 1-Ab | > I and it is called positive when [1-Ab|<1.Itis evident that with positive

. : 4 .
feed back the resultant feedback gain (Af = m} will be more than the gain of amplifier

without feedback (A). - _
To understand the instability caused by the positive feedback, let us consider that no signal is
‘applied to the amplifier. Let some transient disturbance cause a signal X, to appear on the output
terminals of the amplifier. If feed back network positive fed back the part of this signal bX to the input
terminals of the amplifier then this will appear at the output terminals as increased signal AbX . IFAbX_
=X, thenAb=1 and A =¥ then the amplifier will oscillate.
This implies that if we provide positive feedback to an amplifier and make | Ab{almost equal to the
. unity then amplifier may break into spontaneous oscillations. This is Known as the Barkhausen
Criterion.
9.7.2  General Form of Oscillator Circuit -
* General form of Radio frequency oscillators is shown in Figure (9.11a) .In this circuit active device
may be a Transistor, Vacuum Tube, FET or an Operational Amplifier. The linear equivalent circuit with
common emitter configuration of a transistor as active device is shown in Figure (9.11 b).

I\;\ . h‘& hDE .

T _ (A 8mVbe
1 ' 3 T e S = 2 | : (o4

E
Z3 zZ3
(A3 |
R o
T
.32 vy
e
E il
_ {c) :

Fig. ©.11 {A} Genaral fortn of Radio frequancy osoilators _
{E} The linear eguivalant crcuit with common amitter configuration of o
: transisior as active device - )
{C) Simpifled Linear Equivisiant Cireuit of RF Oscilietor
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From Figure (9.11 ¢) it is evident that the impedance Z, and Z, are in series combination and this
combination is parallel to Z,. Thus the equivalent 1mpedance Z wﬂl be—

- Zz(Zl"'Zs)

_ - (ZI+ZZ+Z3)
Current (1) through h__ will be -
I: gm Vbe

hoe +ZL

Output voltage V =12,

Z
V.=—go V L
0 gm be hw+ 7
Open loop gain of the amplifier
Z
A= ﬁ: - gm L
. Vbe hoe + ZL
Feed bac
¥
V=52 __7
kvoltage ¥ 1 (Z,+ Z3) 1
. _ ZI hfe
' ﬂ = _V'i (Z +hi2)
Feedback Coefficient Vs Zih, vz
) (Z +hm)
Neglectingh,wthen—
Z,
p= (z, +Z)
Z Z
Feedback Factor 44=| - L |
| B ( S hw+z,l(z,+z3)]
Z, (ZI "‘Za) J
g (Zl"'zz +Zs) ) [ Z, ]
" [ 22+2) @ +2)
« (Z,+ZZ+ZB) -

gm Z] _Z2
ho(2,+2,+2,)+2,(2,+2,)

_If the impedances are pure reactance’s ( elther inductive or capacitive) the we can substitute Z=jX,,
,=JX,and Z, = jX,

' _ Em XI X2
-Ap= ,
B (X, + X, + X,)-X, (X, + X))
In order that loop gain be real
X, +X,+X,=90
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—Aﬁ= (_ ngIXZ J

ap (2]

For sustained oscillations -Ab must be positive and equal to unity in magnitude. Hence X, and X must
have same sign. i.e. either both must be inductive or both capacitive. As X+X,=-X,; thlS equation
indicates that when X, and X, are inductive then X, must be capacitive and vice-versa.

In Hartley Oscillator X and X, are inductors andX is capacitor. While in Colpitts Oscillator X, and
X, are capacitors and X is inductor.
9.7.3 Hartley Oscﬂ!ator

Cirevit Diagram of Hartley Oscillator using a transis-
tor in CE- Configuration is shown Figure (9.12) .In this cir-
cuit R and C; and combination of resistance R, and R, pro-
vides stablhzed selfbias. Variable capacitor C and the induc-
torsL andL, determine the frequency o fthe oscillator, The
Coil L is inductively connected with L., and the combi-

_nation acts as an auto-transformer, Inductance coil L, is con-
necied between the Base and emitter terminals (Input Cir-
-cuit) of the CE amplifier, while coil L, is connected between
. the collector and emitter terminals (Output Circuit) of
“the CE amplifier. The feedback action between output and

input circuit is accomplished through transformer action.
We know that transformer introduces a phase change

0f 180° and CE amplifier also introduces a phase change of Y~ 090
180°. Thus the total phase changebecomes360° which makes Ll — LZ
the feedback positive. | - o

When switch S is closed then collector current start : _ /H"
flowing and charges the capacitor C. When Capacitor C is c

- fully charged then it start discharging through inductance coil Flg. 912 Har&}* antllaw
L, and L, which sets the damped harmonic oscillationsin
the tank circuit. As inductance coil L, is connected between the input terminals of the amplifier,
so the damped osciliations across L, are apphed to input circuits and appear as amplified signal in
output circuit. Due to the mutual inductance between L, and L, this output signal is positively fed back
- tothe inputs of the amplifier circuit and energy is continuously supplied to the tank circuit to overcome
the losses. The frequency of sustained oscillations of a Hartley Oscillator is given by —

_ 1 1
/= 2:’:'\.{(!,1 +L, +2M)C}

974 Colpitt’s Oscillator

Circuit Diagram of Colpitt’s Oscillator is shown Figure (9.13) which is similar to the circuit of
Hartley Oscillator except the Inductance coils L, and L, are replaced by capacitor C,and C,and
variable capacntor is replaced by inductance coil L
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"~ connected inthe input circuit of the amplifier,, thus oscillations

When switch 8 is closed, capacitors C, and C, are charged.
These capacitor discharge through inductance coil L and setup
damped harmonic oscillations in the circuit. As Capacitor C, is

across C, are applied to the input of the amplifier and amplified
form appear in output circuit of amplifier across capacitor C,. The
amount of feedback depends upon the relative capacitance of C,
and C,.

Capacztor C,andC, acts as an alternating voltage divider circuit
and mlroduces a ph*tse change of 180° and CE amplifier also in-
troduces a phase change of 180°, Thus the total phase change T
becomes 360°, which makes the feedback positive. In this way o
continuous undamped oscillations are produced. The frequency of
sustained oscillations of a Colpitt’s Oscillator is given by —

(¢ +C, )}

R {LCC

9.8 TRANSISTOR AS A SWITCH

When used as an AC signal aniplifier, the transistors Base biasing voltage is applied so that it
operates within its “Active” region and the linear part of the output characteristics curves are used.
However, both the NPN & PNP type bipolar transistors can be made to operate as an “ON/OFF”.
type solid state switch for controlling high power devices such as motors, solenoids or lamps. If the
circuit uses the Transistor as a Switch, then the biasing is arranged to opetate in the output character-
istics curves in the areas known as the “Saturation” and “Cut-off” regions as shown in Figure (9.14).

In “Cut-off” region, the operating conditions of the transistor are zero input base current (I,),
zero output collector current (! ) and maximum collector voltage (V ;) which results in a large deple-
tion layer and no curtrent flows through the device. The transistor is switched “Fully-OFF”. In “Satura-
tion” region, the transistor will be biased so that the maximum amount of base current is applied,
resulting in maximum collector cutrent flow and minimum collector emitfer voltage which results in the
depletion layer being as small as possible and maximum current flows through the device. The transis-
tor is switched “Fully-ON”. Then we can summarize
this as: ' 0 e

{. Cut-offRegion- Both junctions are Reverse- f b

biased, Base current is zero or very small re-

sulting in zero Collector current flowing, the

device is switched fully “OFI™.
- 2. Saturation Region - Both junctions are For-
- ward-biased, Base curren: is high enough to
give a Collector-Emitter voltage of 0V result-

ing in maximum Collector current flowing, the
device is switched fully “ON”.

p—

Fig. 9.13 Colpitts Oscillator

Cutolt
x‘ﬂgfm
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Figjure %14 Output Chiswactaringio Curvwme of Trnslslor

9.9 FIELD EFFECT TR-ANSISTO-RS
"~ Tunction Field Effect Transistor (JFE 1) is a three terminal unipolar solid state device. Unlike con-
ventional transistor, FET pertain depend upon flow of majority charge carriers. In FET the current is
controlled by an electric field. FET s are of two types

() Junction field effect transistor (JFET)
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(i) Metal-oxide Semiconductor FET (MOSFET)
9.9.1 Construction

) . Gatal ]
3 © N-Tvpe I'—'l ) _Dn
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Fliy. 9.46 N-Channei Junction Fieid Effeat Transistor

(A) {B)

Flg 9.16 (A) Circuit Symbol of N-Channel JFET
(B) Circuit Symbol of P-Channel JFET

AJFET can be of N-Channel type or of P-channel type. We will discuss the construction of N-
channel JFET. The structure of the N-channel JFET starts with a bar of N-type silicon. Ohmic con-
tacts are made at the two ends of the bar. The bar behaves like a resistor between its two terminals.
The two terminals are called Source and Drain (Figure 9.15 2). Two P-type junctions are diffused on
opposite sides of its middle part. These P regions are called Gates (Figure 9.15b). The two gates are
internally connected together. The area between these gates is called channel (Figure 9.15 ¢).

Circuit Symbol of N-Channel and P-Channel JFET is shown in Figure (9.16 a) and (9.16 b) respec-
tively. :
9.9.2 Opertmn

Biasing cirenit of N-Channel and P-Jhanne! JFET is shown in Figure (9.17a) and (9 17 b). Not-
mally,a N-Channel JFET is operated by applying positive voltage to the drain with respect to the
source. Due to positive voltage the majority carriers (electrons) start drifting from source to the
drain. The flow of electrons makes the drains current I, These electrons pass through the space
between the two P regions, known as channel. The width of the charmcl can be controlled by varying
the gate voltage.

Due to reverse bias is applied to the gate, the width of the depletion region_ increases. As N-type
bar is lightly doped in comparison to the P-type region, the depletion region is more extended into the
N-type bar. Thus, reverse bias to the gate reduces the width of the channel and increases its resistance.
This reduces the drain current L. The shape of the channel is narrower at the drain end, because the
reverse bias is not same throughout the length of the PN-junction. The reverse bias between gate and
the drain end of the bar is more in comparison to the gate and source end.

When reverse gate bias is further increased, the channel becomes narrower at the drain end and drain
current further reduced. When reverse gate bias is sufficiently large then depletion regions will extend
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into channel and meet. This pinches-off the drain current and the gate-source voltage at which Pinch-
off occurs is known as pinch-off voltage V.. At pinch-off voltage V, the channel width reduces to
constant mintmum value and drain current ﬂows through this constncted channel.

il
B N -
v,
eoly + ¥os ..
Vos = -
==y v, T 90— Vo
o= e a3 v,

-+
(A) | (B)

Fig. 9.17 {A} Biasing of N-Channel JFET
' {B) Biasing of P-Channe! JFET
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9.9.3 Characteristic Curves : :
In previous section we have seen that the drain current I depends upon the drain source voltage V.

and gate source voltage V ... The curves showing the dependence of one quantity over other are called
characteristic curves of JF ET

3.
> a4

Figure 8.18 Circuit to determine JFET Characteristics
The curve showing the dependence of drain current I, with drain source voltage V. at a constant
gate-source voltage V . are called drain characteristic curves and curves showing the dependence
of drain current with gate-source voltage V ; at a constant drain source voltage V arc known as
transfer characteristic curves. The circuit diagram for studying characteristics curves ofa JFET is
shown in Figure (9,18).
9.9.3.1 Drain Charcteristic Curves

Drain characteristic curves are shown in F igure  topee - vw? SN
(9.19) When V= 0, the channel is fully open. For V.= I AT 1 3 ”
0, there will be no attracting potential at the drain so no i ey :
electron from source will reach to the drain and drain cur- ﬁﬁs et BN
rent will be zero. When, V. is increased slightly thenN- = Ljfff e zto¥ i 1
type bar acts as a semiconductor and drain current I in- A j""\‘; i

creases linearly with V.. Whenthe voltage V,  furtherin- o =i 25 =
creased then a value of V . isreached at which the channel ' V.00
is pinched off. With further increase in V  the current I ¥igure 9.19 Drin Charcteristics Curve of JFET

approaches to a constant value,

Continuous increase of V causes avalanche breakdown across the gate junctions and high drain
current], flows in the circuit

9.9.3.2 Transfer Charcteristic Curves _

Fora glven value of V the transfer characteristic curves are shown in Figure (9.20). From these
curve it is clear that for a deﬁmte value of reverse voltage V.. the drain current is zero. This specific
value of V  is known as cut-off voltage. The tangent drawn on the curveat V=0, on being extended,
it cuts the x-axis at 'V, =~V /2. The transfer characteristic can be represented by the following
equation--
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Where I is the saturated drain current when V=0

9.10 SUMMARY .
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The ratio of output current to Input current of a transistor amplifier is known as current gain (A,).
Input impedance of a transistor amplifieris the impedance reflected at the input terminal and it is equal
to the ratio of input voltage to input current.

The ratio of output voltage and input voltage is known as voltage gain (A ) of the transistor ampli
fier.

Ratio of Voltage V, and current [, is called output Impedance Z,,.

The ratio of output power and input power is known as power gain (A,) of the transistor amplifier.
Feedback is a process in which a fraction of output energy is fed back to input.

When, Input signal and feedback signal are in same phase, then magnitude of input signal increases
by addition of feedback signal. This type of feedback is known as positive feedback or regenera
tive feedback.

When, Input signal and feedback signal are in opposite phase then the magnitude of input signal |
decreases. This type of feedback is known as negative feedback or degenerative feedback.

All feedback circuit can be classified in following four categories: (i} Voltage Series Feedback (ii)
Voltage Shunt Feedback (iii) Current Series Feedback (iv) Current Shunt Feedback .
If |1 -A4)>1 ie. Adisnegative, then |AJ<JA|. This type of feedback is called negative feedback.
If|1-A4=0 ic Ad=lthen|A|=" :

If [1-Ag| <l ie.AdisPositive, then |AJ>A| . This type of feedback is called positive feedback.
The oscillator may be defined as a cirouit which generates an A.C. output signal without externally
applied input signal or itisa circuit which converts DC energy into AC energy at very high
frequency. _

If we provide positive feedback to an amplifier and make | Ab | almost equal to the unity then
amplifier may break into spontaneous oscillations. This is Known as the Barkhausen Criterion.
For sustained oscillations -Ab must be positive and equal to unity in magnitude. Hence X, and X,
must have same sign. i.e. either both must be inductive or both capacitive. when X, and X, are
inductive then X, must be capacitive and vice-versa. _

In Hartley Oscillator feedback action between output and input circuit is accomplished through
transformer action and CE amplifier also introduces a phase change of 1 80°, Thus the total phase
change becomes 360°, which makes the feedback positive. _

Tn colpitt’s oscillator Capacitor C, and C, acts as an alternating voltage divider circuit and intro
duces aphase change of 180° and CE amplifier also introduces a phase change of 180°, Thus the
total phase change becomes 360°, which makes the feedback positive.

Tn“Cut-off” region, the operating conditions of the transistor are zero input base current (L), zero
output collector current (1 ) and maximum collector voltage (V) which results inalarge depletion
layer and no current flows through the device. The transistor is switched “Fully-OFF”.

9.11 REVIEW QUESTION

0.1. Describe the action of a tmsistor as an amplifier. Derive expressions for current gain, Voltage

gain, Input impedence and outputimpedence in terms of h parameteters.

Q.2. Explain the concept of load line and Quiescent point.

Q.3.

What do you mean by biasing of Bipolar junction transistor? Draw the circuit diagralﬁ of fixed
bias and self emitter feedback cicuit and explain their working.

Q4. Whatdo youmean by feedback? Explain different techniques used for feedback in an ampli

Q5.

fier. _
Draw the block diagram of a negative feedback amplifier amplifier and obtain the expression
forits closed loop gain. -
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Q..
Q7.
Q8.

Q.9

Q.14.

0.10.
Q.11.
Q2.
Q.13.

What do youmean by Oscillator?Explain the working of tank circuit.

Describe Barkhausen criterion.

Draw the circuit diagrm of a general oscillator and obtain the maintenance condition of the
oscillator. _ _ '
Draw the circuit digrm of Hartely Oscillator and explain its working.

Draw the circuit digrm of Colpit Oscillator and explain its working.

Explain the working of a trnsistor as a switch.

Describe the construction of a junction field effect transistor.

Draw cicuit diagram for studying the characteristic curves of a JFET and explain the drain and
transfer characteristic curves of a JFET.

Draw the biasing circuit of a N-channel JFET and explain the operation of a JFET.

®Oe®
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Unit-10
LOGIC GATES
10.0  Objectives
10.1  Number Systems
10.2  Decimal Number System
10.3  Binary Number System
10.3.1 Binary to Decimal Conversion
10.3.2 Decimal to Binary Conversion
10.4  Signed Binary System
10.5 BinaryArithmetic
10.5.1 Binary Addition
10.5.2 Binary Subtraction
10.5.3 Binary Muliiplication
10.5.4 Binary Division
10.6  I’'s Compliment Representation
10.6.1 Subtraction Using 1’s Compliment
10.7  2’s Compliment Representation
10.7.1 Subtraction Using 2’s Compliment
10.8  Octal Number System
10.8.1 Decimal to Octal Conversion
10.8.2 Octal to Decimal Conversion
10.8.3 Binary to Octal Conversion
10.8.4 Octal to Binary Conversion
109 Hexadecimal Number System
10.9.1 Decimal to Hexadecimal Conversion
10.9.2 Hexadecimal to Decimal Conversion
10.9.3 ‘Binary to Hexadecimal Conversion
10.9.4 Hexadecimal to Binary Conversion
10.10 AND, OR, NOT, NAND, NOR, GATES
10.10.1  AND Gate
10.10.2  OR Gate
10.10.3.  NOT Gate or Inverter
10.10.4 NAND Gate
10.10.5 NOR Gate
10.11 Exclusive OR AND Exclusive NOR Cates
10.11.1  Exclusive OR Gates
10.11.2  Exclusive NOR Gate
10.12 NAND-NOR Implementations of Basic Gates -
10.12.1  Realization of Basic Gates by Using NAND Gates
10.12.2  Realization of Basic Gates by Using NOR Gates
10.13  Summary

10.14 Review of Questions

10.0 OBJECTIVE

In this chapter we will discuss--

Study of Number System

Commeonly used Number System like Decimal, Binary, Octal and Hexadecimal Number System
Inter-conversion from one Number system to another Number System

Binary Arithmetic

1°s compliment and 2’s compliment representation

Logic Gates - Symbol, Truth table

¥R
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@ Exclusive OR and NOR gates
@ Representation of Logic fonctions
= Realization of Basic Gates (AND, OR and NOT) using NAND and NOR gates.

10.1 NUMBER SYSTEMS

A number system is the set of symbols used to express quantities as s the basis for counting, deter~
mining order, comparing amounts, performing calculations, and representing value. It is the set of
symbols known as digit with mathematical rules that are used to represent a number and performing
arithmetic operatlons like addition, subtraction, mu]tlphcanon etc. Number of different distinct digits,
which can occur in each position in number system, is known as Base or Radix of that number
system. Generally, a number has two parts- integer part and fractional part which are separated by a
radix point (.). A number can be represented as -

W)e = PPl g PR | Paurraale

Inteyer Part Fractional Part

RadixPo int

Where N = A Number
" B = Radix or Base of the number System
M = Number of Digits in Integer Part
K = Number of Digits in Fractional Part
D,,., = Most Significant digit (MSD)
D_, = Least Significant digit (LSD)

il

In a Number system tﬁe absolute value of digit is fixed but its position value or place value or
weight is determined by its position in the Number. For example, the number (3567.435),, can be
‘written as- _ _
(3567.435),, = 3x10° +5x 107 +6x10' +7x10° +4x 107 +3x 1072 +5x 107
Similarly, the number (1011.001), can be written as—

(1011.001),= 1x2° +0x 2% +1x2' +1x2° +0x 2" +0><2'2 +1x27
There are four number systems are often used -
@) Digital Number System :
(i) Binary Number System
(iti) Octal umber System
(iv) Hexadecimal Number System
10.2 DECIMAL NUMBER SYSTEM
Decimal Number system is well known and widely used number system. The Baseor Radlx of this
number system is 10. It has ten distinct digits:
0,1,2,3,4,5,6,7,8,9
In this number system integer part and fractional part of number are separated by a decimal point
(). In this number system the position value/weights are found by raising the base of number systemto
power of the position. For integer part of the number, powers are numbered to left of the decimal point
'starting with 0 and for fractional part of the number, powers are numbered to the right of decimal point
starting with -1, For example number (1243.658), ; can be written as—

(1243.658),, = 1x10° +2x10% +4x10" +3x10° +6x 10~ +5x107* +8x 10
10.3 BINARY NUMBER SYSTEM '

In 1854, George Boole proposed binary number system. This 1s a mathematical system of Logic
Base or Radix of this number system is 2. In this number system there are two variables — True and
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. False. Numeric symbol of these variables is 1 and 0 respectively. In each binary number the position
value or weight of each bit increases in powers 2 starting with 0 to the left of the binary point and
- decreases to the right of the binary point starting with power of -1.

The weight 0feach bit of a 8-bit number (1110.0101), is as follows: .

MSD LSD
B 3
1 I 1 0 .0 1 0 1
22022 20 20 | 2t 22 23
Binary
Point

10.3.1 Binary to Decimal Conversion
The decimal equivalent of the binary number may be obtained as follows-

(1100301, = (1x2? )+ (1x22 ) {1x2' }+ (0x20 ) (0x27 1)+ (1272} (0x273 ) (1x274)
= 8+4+2+0+0+0.25+0+0.0625 :
=[4,3125
10.3.2 Decimal to Binary Conversion :
For Decimal to Binary conversion, given decimal is successwely divided by 2, giving succession
remainders of 0 or 1. The reminder reads in reverse order gives the binary equivalent of decimal number, -
The binary equivalent of decimal number (1899), | can be obtained as follows:

1899
949
474
237
128
64
32
18

8

—pe- Flrst Remainder

Read in
reverse
orier

MR N R N RN N N K

B~ = T = T = S T — S SO

4
2
1

(1899),, = (10000001011)2

10.4 SIGNED BINARY SYSTEM

In Decimal number system a plus (+) sign is used as prefix to represent a positive number while (-
) sign is used as prefix to represent a negative number. In practice, plus sign is usually dropped and the
absence of any sign indicates that number is a positive number. This representation of number is known
‘a$ Signed Number.
) Torepresent the signin binary number an additional bit is used as the sign bit and it is placed as the
- most significant bit. If most significant bit is zero then number is positive and if it is one then number is
negative. For example - 8§ signed binary number (01011101), is a positive number and its decimal
equivalent value is (01011101), = (+93),, and (11011101), is a negative number with decimal value
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- {01101, = (-93),,
10.5 BINARY ARITHMETIC

We are familiar with the arithmetic operation like addition, subtraction, multiplication and division
in Decimal Number system. SnmlarAnthmetlc operation can be performed in Bmaly Number System
10.5.1 Binary Addition

Rules for binary addition are as follows:

0+0=0
1+0= 1
0+1=
1+1= ]0 i.e. 0 with carry over of 1
For example, binary addition of binary numbers (111010}, and (100101), will be-
111010
+ 100101

1011111

10.5.2 Binary Subtraction
Following rules apply in binary subtraction:
' 0-0=0
1-0=1
10-1=1
1-1=40 '
For example, binary subtraction of bmary numbers (1110.10), and {1001.01), will be
_ 1110.10
+1001.01

0101.01

10.5.3 Binary Multiplication

Method of binary muitiplication of two binary numbers is similar to the method of multiplication of

two decimal nambers. For example, binary multlphcatlon of two binary numbers (110.10), and (100.01),
willbe—

110.01
x100.01

11001
00000x
00000 x
00000%xx
11001 xxxx

11010.1001

10.5.4 Binary Division
Similar to binary multiplication, Method of binary mumber division is same as the method of deci-

‘mal number dmsmn For example, binary division of two binary numbers (1111001), and (10(}1)2 will
be -

1101.0111
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1001 | 1111001
1001
01100
1001
01101
1001
10000
1001
01110
1001
1070
1001

01
(1111001), (1001),=(1101.0111),

10.6 1’s COMPLIMENT REPRESENTATION
Inabinary number, if each 1 is replaced by 1 and each ( is replaced by 1, then the resulting number
~ issaid to be 1’s compliment. If binary number is signed binary number then 1°s compliment of positive
number will be a negative number with same value and vice-versa. For example —
I’scompliment of the Binary Number (11011110),is (00100001),,
Similarly, 1° s compliment of signed decimal number +20 and -20 is (010100), and (1 10100}, respec-
tively.
10.6.1 Subtraction Using 1’s Compliment
Binary subtraction can be performed by adding 1°s compliment of the subtrahend to minuvend. If
final carry is generated then add it to get the final answer. e. g subtract (1001), from (1011),.
1011
+0110 «1 soomplunentofsubtmhmdl]
10001
1
0010

10.7 2’s COMPLIMENT REPRESENTATION
Ifa 1 isadded to the 1°s compliment of a binary number then the resultant binary number is said to

_be 2’s compliment of that binary number. i.c. '
- 2’scompliment= 1’s compliment+ 1

1’s compliment of the Binary Number (11011110), is (00100001),.

2’s compliment of the Binary Number (11011110), will be (001 00001)2 +1= (0010001 0),

10.7.1 Subtraction Using2’s Compliment
Bma:y subtraction can be performed by adding 1’s comphment of the subtrahend to minuend. If final
catry is generated then drop it to get the final answer. e.g. subtract (1001 )2 from (101 1)

1011 .
+0111  2’scomplimentof subtrahend

Carry is o
dﬁﬂ%ﬁd =353.4414
0010
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10.8 OCTAL NUMBER SYSTEM

Base or radix of octal number system is 8 which mean that it has Table - 10.1
eight distinct counting digits: : 3-Bit Binaty | Oectal
0,1,2,3,4,5,6and 7 T 000 0
Similar, to Decimal and Binary number systems, itisalso a 001 i
positional system and has two parts- integer and fractional 070 5
which are separated by aradix (octal) point(.).The position value
or weight for each digit is given by different powers of 8. The ot 3
equivalence between 3-bit binary number and octal number is 100 4
show in Table (10.1). . 101 5
110 6
11 7

10.8.1 Decimal to Octal Conversion

Decimnal to octal conversion can be done by successively dividing by 8, giving succession remain-
ders lying between 0 and 7. The remainder written inreverse order gives the octal equivalent to Decimal
Number. e.g. (463),, = (7,

8 | 463
8 |57 7
—

(463),, = (717),
10.8.2 Octal to Decimal Conversion _
The decimal equivalent of the octal number may be obtained as- -

sy () 1) () (0 1267 00

=320+32 +1+é +i+-—2-—
_ 8 64 512
10.8.3 Binary to Octal Conversion , _
The conversion of binary number to an octal number can be done by grouping binary number into

group of 3 bits starting from right and replace each group by its decimal equivalent shown intable
10.1.e.g.

(11101101 ), = a1 191 191 = (355),
3 5 5

10.8.4 Octal to Binary Conversion _
The conversion of octal number to an binary number can be done by replacing each octal digit by
its 3-bit binary equivalent shownintable 10.1.e.g.

(3561), = Q1 1101140001 = (11101110001),
3 5 4 1 '

10.9 HEXADECIMAL NUMBER SYSTEM , _
Hexadecimal number system is used to specify addresses of different memory location in com:
puter. The base or radix of this number system is 16. It uses sixteen distinct counting digits 0 through!
and A to F. In this number system place value or weight for each digit is in ascending powers of 16 fo
integers and descending powers of 16 for fractions. The Table 10.2 shows the equivalent héxadecima -

binary and decimal digits.
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Table - 10.2

Hexadecimal | Binary | Decimal | Octal | Hexadecimal | Binary | Decimal | Octal
0 0000 0 0 8 1000 8. | 10
1 0001 1 1 9 1001 9 11
2 0010 2 2 A 1010 10 12
3 0011 3 3 B 1011 i1 13
4 0100 4 4 C 1100 12 14
5 0101 5 5 D 1101 13 15 .
6 0110 6 6 E . 1110 14 16
7 0111 7 7 F 1111 15 17

10.9.1 Decimal to Hexadecimal Conversion

Decimal to Hexadecimal conversion can be done by successively dividing by 16, giving succes-
sion remainders lying between 0 and 15 which are renamed in hexadecimal. The remainder written in
reverse order gives the Hexadecimal equivalent to Decimal Number. e.g. (463),,=(?)

16 | 463
16 |28 15(F)
B 12(C) |
(463),, = (1CF), .

10.9.2 Hexadecimal to Decimal Conversion
The decimal equivalent of the Hexadecimal number may be obtained as-

(B3D7), ¢ = (11x16%) + (3x167) + {13x16' ) + (7x16° )

=11x4096+3x256 +13x16+7
=(46039)m

10.9.3 Binary to Hexadecimal Conversion

The conversion of binary number to an Hexadecimal number can be done by grouping binary
number into group of 4 bits starting from right and replace each group by its Hexadecimal
equivalent shown in table 10.2.e.g.

(11101101), = 14101401 = (ED),
i D

10.9.4 Hexadecimal to Binary Conversion
The conversion of Hexadecimal number to an binary number can be done by replacing each
Hexadecimal digit by its 4-bit binary equivalent shown in Table (10.2).e.g. '

(BESF)= 0911 1310 G301 1§11
: 3 I 5 I
={0011111001011111),

10.10 AND, OR, NOT, NAND, NOR GATES

10.10.1 AND Gate
The AND gate is a logic device whlch has two or more inputs and one output The schemahc
symbol for 3- input AND Gate is shown in Figure (10.1).

A o—i

Bommd X

Co—
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Figure 10.1: Symbol of 3-Input AND gate.
The AND gate produces logic 1 state (High State) at output when all the inputs are in logic state 1
-(High State). In Boolean expressions AND operation is represented by dot (.). Forexample, IfA, B
~ and C are three inputs of a AND gate then the output (X) of the AND gate will be represented by

following Boolean expression-

X=4-B-C OR X =ABC

The truth table of 3-input AND Gate is as follows:

INPUT | OUTPUT
A[BJC X
oc[oo 0
001 0
0|10 0
t{ofo 0
L|1]0 0
101 0
o1 1 0
NERE 1

10.10.2 OR Gate

The OR gate 15 a logic device which has two or more inputs and one output. The schematic symbol

for 3- input OR Gate is shown in Figure (10.2).

s ¢ o

o

X=A+B+C

Figure 10.2: Symbol of 3-input OR gate.
The OR gate produces logic 1 state (High State) at output when one of the inputs are in logic state
- 1 (High State). In Boolean.expressions OR operation is represented by plus (+). For example, if A, B
and C are three Input of a OR gate then the output (X) of a OR gate will be represented by following

Boolean expression-
X=A4+B+C
The truth table of 3-input OR Gate is as follows: -
INPUT OUTPUT

A|B|{C X
0{0]0 0
01011 1
0{1]90 1
1{o]o0 1
111190 |
1{01{1 1
cl]1]1 1
| S| 1
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10.10.3 NOT Gate or Inverter
The NOT gate is a logic device which has one input and one output, The schematic symbol for
NOT Gate is shown in Figure (10.3). o

A® X=4

- Figure 10.3: Symbol of NOT gate,

The NOT gate produces logic 1 state (High State) at output when input is at logic state 0 (Low
State) and Logic 0 state (Low State) at output when input s logic state 1 (High State). All it does is to
invert (or compliment) the input, In Boolean expressions inversion or negation or complementation is
represented by bar or dash over the function. IfA is input of a NOT gate then output (X) of the NOT
gate will be represented by following Boolean expression —

X=4 OR X=4«
The truth table of a NOT Gate is as follows:

INPUT | OUTPUT

A X
0 1
1 0

10.11.4 NAND Gate : :
- NAND means NOT+AND. It can be obtained by connecting a NOT gate in the output of an
AND gate. The schematic symbol for NAND Gate is shown in Figure (10.4).

Bo— = B0~—-——
Co—| / Co—-| -

Y=ABC

Figure 10.4: Symbol of NAND gate, :
The NAND gate produces logic 1 state (High State) at output when all the inputs or one of the
inputs are in logic state 0 (Low State) and output is logic 0 state (Low state) when ali mputs are logic
state 1 (High State). For example, If A, B and C are three inputs of a NAND gate then the output (X)
of the NAND gate will be represented by following Boolean expression-

X =A4-B-C OR X =ABC
The truth table of 3-input NAND Gate is as follows:
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NPUT AND NAND
OUTPUT | OUTPUT
ATB[C| Y-ABC |x-Y = 45C
oo 0 1
00T 0 i
010 0 1
T]0]0 o 1
110 0 1
t[o]1 0 1
o1 1 0 I
[ 1[1 i 0

10.10.5NOR Gate _
NAND means NOT+OR. It can be obtained by connecting a NOT gate in the output of an OR gate.
The schematic symbol for NOR Gate is shown in Figure (10.5).

X=Y=A+B+C A X = A+ B+C

Y=A+B+C
Figure 10.5: Symbol of NOR gate.
The NOR gate produces logic 1 state (High State) at output when all the inputs are in logic state 0
(Low State) and output is logic 0 state (Low state) when all inputs or any of'the inputs are in logic state
‘1 (High State). For example, If A, B and C are three inputs of a NOR gate then the output (X) of the
NORgate will be represented by following Boolean expression-

X=A4+B+C
The truth table of 3-input NOR Gate is as follows:
iNPUT OR | NOR
OUTPUT OUTPUT
A[B|C|YABIC| x=7 - 4+ B1C
0Jo!lo 0 1
dpo |1 1 0
(130 1 0
Tfo o 1 0
1 (1[0 1 0
Po |1 1 0
LU S 1 0
11 1i1y 1 .0

10.11 EXCLUSIVE —- OR AND EXCLUSIVE — NOR GATES

10.11.1 Exclusive - OR gate
Exclusive OR gate is abbreviated as XOR gate. The schematic symbol for XOR Gate is shown in
Figure (10.6). ' '

A
: ' Y-amB
B '

(s




Figure 10.6: Symbol of XOR gate
The XOR gate produces logic 0 state (Low State) at output when all of the inputs are in same state i.e.
-all inputs are in logic state 1 (High State) or Logic state 0 (Low State) and it produces logic 1 state .
(High State) at output, when its inputs are different. In Boolean expressions XOR operation is repre-
sented by plus (@ ). For example, If A and B two Input of a XOR gate then the output (X) of a XOR
gate will be represented by following Boolean expression-
X=4®&83B
The truth table of 2-input XOR Gate is as follows:

NOR
INPUT _

OUTPUT
A|B! v-4o3B
0] 0 0
0| 1 1
110 1
1|1 0

10.12.2 Exclusive — NOR gate
Exclusive NOR gate is abbreviated as XOR gate. The schematic symbol for XNOR Gate is shown in

Figure (10.7), |
A
| Y=ABEB

_ Figure 10.7: Symbol of XNOR gate
The XNOR gate produces logic 1 state (High State) at output when all of the inputs are in same state
i.e. all inputs are in logic state 1 (High State) or Logic state 0 (Low State) and it produces logic 0 state
(Low State) at output, when its inputs are different. In Boolean expressions XOR operation is repre-
sented by plus (@ ). For example, If Aand B two Input of a XOR gate then the output (X)ofaXOR
gate will be represented by following Boolean expression-

X=A®B
The truth table of 2-input XNOR Gate is as follows:

INPUT | OUTPUT

A|B|Y=-A0B
0] 0 1
0| 1] o
1|0 0
11 1

10.12 NAND-NOR IMPLEMENTATIONS OF BASIC GATES
NAND and NOR gate is known as Universal gates. Because, by using NANL/ NOR gate we can

realize the basic gates- AND, OR and NOT gates. '
10.12.1 Realization of basic gates by using NAND gate

(158)



Realization of NOT gate using NAND gate is shown in Figure (10.8).

A : ™\ -__

Figure :10.8
Realization of AND gate using NAND gate is shown in Figure (1 0.9).

m}{_}—ﬂﬁ

Figure: 10.9
Realization of OR gate using NAND gate is shown in Fig. 10.10-

Fu

B

Figure: 10.10
10.12.2 Realization of basic gates by using NOR gate
Realization of NOT gate using NOR gate is shown in Figure (10.11).

A Y Ny

Figure: 10.11
Realization of AND gate using NOR gate is shown in Figure (10.12).

: Figure:10.12
Realization of OR gate using NOR gate is shown in Figure (10.13).

Figure:10.13

10.13 SUMMARY .

A number system is the set of symbols used to express quantities as the basis for counting, deter
mining order, comparing amounts, performing calculations, and representing.

w Numberofdifferent distinct digits, which can occur in each position in number syster, isknownas
Base or Radix of that number system.

w. There are four number systems are often used --
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(@ Digital Number System (ii) Binary Number System (jii) Octal umber System
~ (iv) Hexadecimal Number System
= The Base or Radix of Decimal Number system is 10. It has ten distinct digits (0,1,2,3,4,5,6,7.8 9)
It is widely used number system.

. Base or Radix of Binary number system is 2. In this number system there are two variables—True
and False, Numeric symbol of these variables is 1 and 0 respectively.

w. Inabinary number, if each 1 isreplaced by 1 and each O isxeplaced by 1, then the resultmg number
is said to be 1’s compliment.

w. Ifalisaddedtothe 1’s compliment ofa binary number then the resultant binary number is said to

~ be2’scompliment of that binary number. :

w  Base or radix of octal number system is 8 which mean that it has eight dlstmct countmg digits(
0,1,2,3,4,5,6 and 7)

= Hexadecimal number system is used to specify addresses of different memory location in com
puter. The base or radix of this number system is 16. It uses sixteen distinct counting digits 0
through9andAto F,

= The AND gate is a logic device which has two or more inputs and one output. The AND gate
produces logic 1 state (High State) at output when all the inputs are in logic state 1 (High State).

w. The OR gate produces logic 1 state (High State) at output when one of the inputs are in logic state -

-1 (High State). _

w TheNOT gateis a logic device which has one input and one output. The NOT gate produces logic
1 state (High State) at output when input is at logic state 0 (Low State) and Logic 0 state (Low
State) at output when input is logic state 1 (High State),

= The NAND gate produces logic 1 state (High State) at output when all the inputs or one of the

-inputs are in logic state 0 (Low State) and output is logic O state (Low state) when all inputs are
logic state 1 (High State).

@ TheNOR gate produces logic 1 state (High State) at output when all the i mputs are in loglc state O
(Low State) and output is logic O state (Low state) when all inputs orany of the inputs are in logic
state 1 (High State).

= The XOR gate pmduces logic O state (Low State) at output when all of the inputs are in same state
i.e. all inputs are in logic state 1 (High State) or Logic state 0 (Low State) and.it produces logic 1
state (High State) at output, when its inputs are different, .

= The XNOR gate produces logic 1 state (High State) at output when all of the inputs are in same
state i.e. all inputs are in logic state 1 (High State) or Logic state 0 (Low State) and it produces
logic 0 state (Low State) at output, when its inputs are different.

10.14 REVIEW QUESTIONS
Q.1. What do you mean by number system, Explain the following number system

(a) Decimal (b) Binary {¢) Octal (d) Hexadecimal.
Q.2. Convertfollowing decimal numbers into equivalent binary numbers-
@ (39, (b) (157),, () (27.88),, (d) (12.25),,

Q.3.  Convert decimal (53875}, into equivalent (a) Binary (b) Octal (c) Hexadecimal number.
Q4. Convert (FES5),, into equivalent (a) Binary (b) Octal (c) Decimal number.
Q.5. Perform following binary arithmetic operations- -
(a) (1101.11), + (101.11), (b) (11011.101), - (1101.11),
(©) (11.110), x (100.1), (d) (101101),>>(1101.11),
Q.6.  Perform following subtraction using 1’s compliment arithmetic-
(a) (0.1001), ~(0.0110), (b) (0.01111), - (0.01001),
Q.7. Perform following subtraction using 1’s compliment arithmetic-
{a) (01100), - (00011}, (b) (011.1001), - (0001.1110),
Q.8. What do youmean by logic gates.Explain AND,OR,NOT, NOR and NAND gate. Give
circuit symbol and truth table of each logic gates.
Q.9. Whatdo youmean by XOR and XNOR gates.Give circuit symbol and truth table of each gate.
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Q.16. Realize following gates using NOR gate-
(@®AND (b) OR (o) NOT
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11.0 OBJECTIVE
In this chapter we will discuss —
2 Logic circuits are the basis for almost all modem digital computer systems.
=. Toundetstand operation of computers there is need to understand digital Jogic and Boolean algebra.
= Fundamentals of Boolean algebra and the basic postulates and theorems are used to simplify the
design of electronic logic circuits.
w. K-maps can be used for the simplification of Boolean equations.

11.1 INTRODUCTION .

Boolean algebra is the algebra of two values. These are usually taken to be 0'and 1, as we shail do
here, although false and true or ON and OFF are also in common use. For the purpose of understand-
mg Boolean algebra any Boolean domain of two values will do. It was developed by George Boole
in the years around 1840 as a system for mathematical analysis of logic. It resembles the algebra
of real numbers, but with the numeric operations of multiplication XY, addition X + Y, and negation
“X replaced by the respective logical operations of conjunction X A Y , disjunction Xv Y, and
complement 7 One can represent any algorithm, or any electronic computer circuit, using a system
of Boolean equations. This chapter provides a brief introduction to Boolean algebra, truth;tables,
canonical representation, of Boolean functions, Boolean function simplification, logic design and K-
maps can be used for the simplification of Boolean equations. Number of examples is also given to
illustrate how one can reduce complicated Boolean expressions.

11.2 BOOLEAN ALGEBRA

Boolean algebra 1s a deductive mathematical system closed over the values zero and one (false and
true). A binary operation can defined for a set of values which accept a pair of Boolean inputs and
produces a single Boolean value. For example, the Boolean AND operator accepts two Boolean
inputs and produces a single Boolean output (the logical AND of the two inputs). For any given
algebra system, there are some initial assumptions, or postulates, that the system follows Boolean
algebra is closed under the AND, OR, and NOT operations.
The identity element with respect to * is one and + is zero, There is no identity element with respect to -
logical NOT. One can deduce additional rules, theorems, and other properties of the system from the
following basic laws of Boelean algebra,
Basic Laws of Boolean Algebra
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1. Boolean addition
It is same as the logical OR operation. The basic rules of Boolean addition are givenbelow:
0+0=0 :
1+0=1
0+1=1
1+1=1
A+0=A
A+1=1
A+A=1
A+x=1
2. Boolean multiplication
Itis same as the logical AND operation the basic rules of Boolean multiplication methods are as
follows: -

0«0=0
1-0=0
0=1=¢
lel=1
Asl=A
A«Q=0
AcA=A
ArA={
A=A

3. Properties of Boolean Algebra : _
The symbol “»” represents the logical AND operation; e.8., A+ Bis the result of logically ANDing
 the Boolean values A and B. When using single letter variable names, this text will drop the “s” symbol;
Therefore, AB also represents the logical AND of the variables A and B (we will also call this the
product of A and B). The symbo} “+”’ represents the logical OR operation; e.g., A+ B is the result of
logically ORing the Boolean values A and B. (We will also call this the sum of Aand b.) Logical
complement, negation, or not, is aunary operator, This text will use the (") symbol to denote logical
negation. For example, denotes the logical NOT of A, If several different operators appear in a single
Boolean expression, the result of the expression depends on the precedence of the operators, We’ll
use the following precedences (from highest to lowest) for the Boolean operators: parenthesis, logical
NOT, logical AND, then logical OR. The logical AND and OR operators are left associative. Iftwo
operators with the same precedence are adjacent, you must evaluate them from left tori ght. The logical
NOT operation is right associative, although would produce the same result using left or right assocta-
tivity since it is a unary operator. ' '
Commutative property
Boolean addition is commutative, given by
A+B=B+A - _
According to this property, the order of the OR operation conducted on the variables makes no

difference. Boolean multiplication is also commutative, given by
A*B=BsA '
This shows that the order of the AND operation conducted on the variables makes no ifference.
Associative property .
Multiplication () and addition (+) are both associative. That is,
(A*B)+C=A¢(B+()and
(A+B)+C=A+B+0C)
According to this property, both OR and AND operations of several variables results in same,
regardless of the grouping of the variables. -
Distributive property :
The Boolean addition is distributive over Boolean multiplication, given by
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A*(B+C)=(A*B)+(A+C)and
A+(B*C)=(A+B)*(A+()

Thus distributive property states that the AND operation (multiplication) of several variables and
then the OR operation (addition) of the result with a single variable is equivalent to the OR operation of
the single variable with each of several variables and then the AND operation of the sums.

Negation property
For every value A there exists a value such thatAs =0andA+ =1.This value is the logical

complement (or NOT) of A.

Absorption law

i) A+AB=A
Proof:

' A+AB=A+1+AB
=A(1+B)
=A~1
=A

G A+(A+B)=A

Proof: A'(A+B) =A*A+A+*B

=A+AB
=A(l+B)
=A-1
=A

(jii) " A+B =A+B

(iv) A«(A+B)=AB

11.3 DE MORGAN’S THEOREMS

De-Morgan proposed two most important theorems of Boolean algebra. The first theorem States
that the compliment of a product is equal to the sum of compliments and the second theorern states that
the compliment of a sum is equat to the products of compliments. Mathematically these two theorems
can be expressed as
1. Firstlaw (ABCD....... }y=A+B+C+D+....... _
2. Secondlaw (A+B+C+D+..)=A*B+C+D.......

These theorems can be proved for any number of variables. For simplicity proof the two variable

DeMorgan s theorems is given below,
S.Noe. |1 2 3 4 5 6 7 8 9 10

A lBs | A |B |asB |AB [A+B |AB |AsB |A+B

;-a-—c'o
o = o
ol = -
o= o -
I [ T =
Ll b= (=T (=]
ole e =
ole e |-
F=Y0 [ SPgy N
NN

1
2
3
4

From the above table if is cleared that the vatues of the column 7 and 8 are equal thus,
A+B=AgB -
Similarly, column 9 and 10 are equal. Therefore,
AgB=A+B
11.4 BOOLEAN FUNCTION

A Boolean function is an algebraic expression formed using binary constants, binary variables and
basic logical operation symbols. A Boolean function is a speolﬁc Boolean expiession or in other
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words a Boolean function (expression) is a sequence of zeros, ones, and literals separated by Bool-
ean operators. A literal is a primed (negated) or unprimed variable name. For examplc consider the
following Boolean function F
F=AB+C
This function computes the logical AND of A and B and then logically ORs this result with C. IfA
=1, B=0,and C= 1, then FO returns the value one (140 + 1= 1). -
Another example of a three variable Boolean function is given below:
(A+B)+(A+C) e (B+C)=(A+B)+(A+C) :
This Boolean function is composed of three binary variables A, B, C, Compliment of A and SUM
and multiplications. There are three logic operations that constitute the three basic logic operauons
-performed by a digital computer.
I. Conjunction (or logical product) commonly referred te as the AND operation and de-
noted with the dot (+) symbol between variables,
2. Disjunction (or logical sum) commonly called the OR operation and denoted with the plus (+)
symbol between variables
3. Negation (or complementation or 1nver51on) commonly called NOT operation and de-
“noted with the bar (") symbol above the variable.

11.5 M]NIMIZATION OF BOOLEAN EXPRESSION S

_ Boolean expressions can be minimized (simplified) by using the basic rules and theorems of
Boolean algebra, Unfortunately, there are no fixed rules one can apply to optimize a given expression.

Muchlike constructing mathematical proofs, an individual’s ability to easily do these transformations

are usually a function of experience. Simplification of Boolean expressions is demonstrated in the

examplesno. 1,2 and 3.

Ex.~1. Simplify the expression AB+BC+BC
Solution: AB+BC+BC=AB+B(C+C)

=AB + Brl (Since C+=1)
=AB+B

= Be (A+1) (Since A+1=1)
=5l

=B

Ex—z. Provethat AR +AB+AB =A+B
Solution: AB +AB + AB =AB +B (A + A)
| =AB+B
=AB+B(1+A)
=AB + B+ AB
=A(B+B)+B
C<A+B

Ex.~3. Simplify the Boolean expression A+A+B
Solution: A+ AB+AB=A(1+B)+AB
=Al+AB
=A(1+B)+AB
~A+AB+AB
=A+B(A+A)
" =A+B
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11.6 SUM OF PRODUCTS (SOP) _

In Boolean algebra the AND operation referred to as a product., The logical sum of two or more
logical product terms is called a sum of products expression (SOP). SOP is basically an OR operation
of AND operated variables such as: _ '
® F=XY+YZ+ZX

() F=XY+Y+ZX

11,7 PRODUCTS OF SUMS (POS) ‘

An OR function (+sign) is generally used to refer a sum. A product of sums expression is a logical
product of two or more logical sum terms (POS). POS is basically an AND operation of OR
operated variables suchas:

(@ F=(X+Y)(Y+2Z)(Z+)
i  F=X+Y+2Z)ZH

11.8 MINTERMS
A product term containing all the N variables of a function i either complimented or uncomplimented

form is called a Minterm. For example two binary variables A and B are ANDed, the four (2=4)

possible combinations, are ,B, A and AB. These four terms are referred to as minterms or standard

products where the word product here means the ANDing of these variables. In other words, a
_minterm is composed of two or more variables or their complements ANDed together.

In general, for n variables there are 2" minterms designated as m, where the subscript represents the -
. decimal equivalent of the binary number of the minterm. Table (11.1) shows the 8 minierms for the

variables A, B, and C, and their designations. '

Table 11.1 : Minterms for 3 variables and their designation

A B C Minterm Designation
0 0 0 ABC m,
0 0 1 ABC m,
0 | 0 ABC m,
0 1 1 ABC m,
1 0 0 "ABC m,
1 - 1 "ABC m;
| 1 0 ABC m,
1 1 1 ABC ‘m,

As shown in the above table (11.1 ), each minterm is obtained from an ANDed term of n variables
with each variable being complemented if the corresponding bit is a logical 0, and uncomplemented if
+the corresponding bit is logical 1.

11.9 MAXTERMS

A sun term containing all the N variables of a function in either complimented or uncomplimented
form is called a Minterm. For example two binary variables A and B are ORed, the four (22=4)
possible combinations, are A+B, A+B, A+B and A+B. These four terms are referred to as maxterms
or standard products where the word sum here means the ORing of these variables. In other words,
amaxierm is composed of two or more variables or their complements ORed together.
In general, for n variables there are 2" maxterms designated as M, where the subscript represents the
decimal equivalent of the binary number of the minterm. Table (11.2) shows the 8 maxterms for the
variables A, B, and C, and their designations. ' :
As shown in Table (11 .2}, each maxterm is obtained from an ORed term of n variables with each
variable being uncomplemented if the corresponding bit is a logical 0, and complemented if the corre- -
sponding bit is logical 1. | .
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Table 11.2 Maxterms for 3 variables and their des1gnatmn

A B C Maxterm Desngnatum
0 0 0 -AHB+C M,

0 0 1 A+B+C "M,

0 1 0 A+B+C M,

0 1 1 A+B+C M,

1 0 0 A+B+C M,

1 0 . A+B+C M,

1 1 0 - A+BAC M,

1 1 1 A+B+C - M,

Two important properties of Boolean algebra state that: Any Boolean ﬁmctlon can be expressed as
a sum of minterms where “sum” means the ORing of the terms. Any Boolean functicn can be ex-
pressed as a product of maxterms where “product” means the ANDing of the terms. It implies thata -
Boolean fimction can be derived from a given truth table by assigning a minterm to each combination of
variables that produces alogical 1 and then ORing all these terms -

11.10 KARNAUGH MAP
. “Karnaugh map is a pictorial method of grouping together logic expressions -with common factors
and therefore eliminating unwanted variables. A Karnaugh map, hereafter referred to as K-map, isa
“matrix of squares. It can be drawn directly from either minterm (sum-of-products) or maxterm (prod-
uct-of-sums) Boolean expressions. Drawing aKarnaugh map from the truth table involves an addi-
tional step of writing the minterm or maxterm expression depending upon whether it is desired to have
aminimized sum-of-products or aminimized product of- sums expression. K-map provides a very
powerful method of reducing Boolean expressions to their simplest forms
In general, a Boolean expression with n variables can be represented by a K-map of 2" squares
and each possible input is allotted a square. In the case of a minterm Karnaugh map, ¢1° isplaced in all
those squares for which the output is ‘1°, and “0” is placed in all those squares for which the output is
‘0°. 0s are omitted for simplicity. An “X* is placed in squares corresponding to ‘don’t care’ conditions.
Inthe case of amaxterm Karnaugh map, a 1 is placed in all those squares for which the output is 0,
anda‘0’is placéd for input entries corresponding to a “1° output. Again, Os are omitted for simplicity,
-and an X is placed in squares corresponding to ‘don’t care’ conditions. o
One important condition has to be satisfied is that the designation of adjacent rows and adjacent
columns should be the same except for one of the literals being complemented. Also, the extreme rows
and extreme columns are considered adjacent. In other words the squares in K-maps are arranged in
such way so that adjacent squares represent terms which differ by only one variable which appears in
one square as a complemented variable and as an uncomplemented variable in an adjacent square.
K-map of Two Variables
Figure (11.1) shown below illustrates a two-variable K-map with four squares where each square
represents one combination of the variables and the truth table for the general case of a two variable
problem. :

. . A ' .
A B F \ 0 1
B

0 0 a

i] a b
0 1 b
1 0 ¢ 1 . d
P 1 d o

Truth Table “ ' F

Figure: 11.1 K-map of two variables
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nFigure (11.1).

Square a represents the combination A=0and B=0, that is, a = AB
Square b represents the combination A=0and B=1, thatis, b = AB
Square ¢ represents the combination A=1and B=0, thatis, ¢ = AB
Square d represents the combination A=1and B=1, thatis, d = AB

0 1 | ¢ AB

AB
Figure 11.2. K-map for the Boolean expression C= AB+AB

For example, the Boolean expression C =A + B can be shown in a K-map as indicated in
Figure (11.2), where the 1s denote the conditions for which the Boolean expression is true (logi-
cal'l).

For simplicity, we enter only 15l in the squares of a K-map and it is understood that all other empty
squares contain Os,

One can also derive a Boolean expression from a K-map. For example, from the K-map shown in

Flgurve (11.3) we derive the Booleanexpression Z=X ¥ +XY. ‘-\

N

Y

X 0 1
0]t
i 1

Figure. 11.3: K-map for the Boolean expression Z=X Y +XY

. BC -
BC BC BC BC A 00 01 1 10
A 00
A | 01
m, m, m, m,
m, m, m, m,
Figure 11.4: Three variable K-maps
CD :
Cbh_Cp_Ccp CD A 00 0f 1t 10
AB [ 00
AB B ) |
—_
AB| 11
AB| 10
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m, m, m, m,
m, m, m, m,
le m13 rnlS ) m
m o om, m, m,

: Figure 11.5: Fourvarlable K-maps

Itis to be noted that the usefulness of the K-map in simplifying Boolean expressions, the basic
property possessed by adjacent squares must be satisfied. Any two adjacent squares in the map are
differ by only one variable, which is primed in one square and unprimed in the other. For example, m,
and m, lie in two adjacent squares. Variable y is primed in m, and unprimed in m,, whereas the other
two variables are the same in both the squares. From the basics of Boolean algebra, we know that the
sum of two minterms in adjacent squares can be simplified to a single AND term consisting of two
literals. i.e.

m+ my=Xyz+Xyz=Xz{F+ty) =Xz
Hence the two squares differ by the variable y, which can be removed when the sum of two

minterms is formed. Thus, any two minterms in adjacent squares that are ORed together results in
removal of the different variable.

11.11 MINIMIZATION
Rules of Simplification

The Karnaugh map uses the following rules for the s:mphﬁcatlon of expressnons by grouping together
adjacent cells containing ones.

B Groups may not include any cell containing a zero

N N0 1
0 " : o| o

WRONG X RIGHT ./
Figure: 11.6

w Groups may be horizonta! or vertical, but not diagonal.

Ao .XOII

of 0 |1 o| o i
| 1 0 ' X 1 :.-i_------i(-,j J
WRONG X RIGHT /
Figure: 11.7

w. Groups must contain 1, 2,4, 8, or in general 2" cells.
That is if n =1, a group will contain two 1’s since 2! = 2.
w Ifn=2,agroup will contain four I’s since22=4,
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ol 7775 14 -Groupofz | o T Group of 3
........... i REt] LRL ¥
1| o 0 v 1o of o] of
" RIGHT // WRONG X
N0 1 N 01 1 10
P T I Ty Ty Group of 5. - -
b ' . 1 . p
o i I Groupora O i1 1 s N
v i | oad 10 0 0 X
RIGHT // “WRONG X
: Figure: 11.8
'@ Each group should be as large a§ possible.
AB AB
C 00 01 1 10 0 o 1 10
: eSmEp Ly TN IALLT, DTN pammduan,
URUIIR S N B o[ (1T
R Ts e pire] DN R St ol
Hotoitin:rn: oo o i
RIGHT / WRONG X

(Note that ne Boolean laws broken,
but not sufficiently ntinimal)

Figure:11..9
. Each cell containing a one must be in at least one group.

AB
-}\00 o0 1 10

of 0 o i |Sroup I
----- e A 1 present in at least one group

A Growpur

Figure:ll;l_O
®. Groups may overlap.
B
00 0 H 19
. O . Lo - domnn,
0 :‘l-: _]'.'_:1 : I_:_ff——-Groupoverlapping
------ [ S R LR R RS 3
1| 0F 0l N
RIGHT "~
AB
00 01 1t 10
el L PO R DA
o)t ¢ 1yl or
A :E'.'. PR : '::5:-..-?:':-:-:-:'_ ¥ |e— Group not overlapping
LA R
WRONGX



. Figure:11.11
& Groups may wrap around the table, The leftmost cell in 8 row may be grouped with
the rightmost cell and thg topeellina chﬂalmay be grouped with the bottom cell.

 AB
00 ¥ o1 1 10,
AR AN
Left mosCcell f---2-4-0nnndeeneng yile Right most cell
S 5 H A IR T
Bottom cell
: Figure:11.12
. There should be as few groups as possible, as long as this does not contradict any of
the previous rules.
AB \AB '
A w11 10 o o u w
EEEE LR I R R P
LTINS IS R i of:1 1t 4oq.
N ."'i""?"": \/, remageesat Y aa temant
SR DR A SE A X
1 ' s ' ' 1 [ :'““1'“',
0;0;;]:1; 0;0;;1:1:
RIGHT ./ WRONG X
Figure:11.13 | |

The number of adjacent squares that may be Grouped (Combined) must represent a number tha
is2" where n=1,2,47As the large number of: adjacent squares is combined, we obtain a product terin
with fewer Literals, In a four variable K-map: '

1. Onesquares represent one minterm, giving a term of four literals.

2. Two adjacent squares represent a term of three literals. Thus combining two adjacent squares

leads to eliminate one variable.

3. Four adjacent squares represent a term of two literals. j.e. Combining of four squares leads

to eliminate two variables,

4. Eightadjacent squares represent a term of one literal. i.c. Combining of eight squares leads to

eliminate three variables,

5. Sixteen adjacent squares represent the function equal to 1. Thus grouping of sixteen squares

leads to eliminate all the four variables and the function is equal to 1,

Ex.~4. Simplify the Boolean expression given below using K-map technique

F=ABCD + ABCD + ABCD + ABCD :
Solutions The expression for the function F contains four variables and thus can be mapped into a four
variable K-map (2=16. of squares) as shown in Figure (11.14),

cp C C
AB 00 0l 1 10
- 00 B
Ao
01

A e
10 1] B
 Bi D iD

Fiéure: 11.14
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The left and right columns are adjacent to each other and thus the terms ARC and ABCD can
be combined to yield the single term AR . Likewise, the tbp and bottom rows are adjacent to each
other and thus the terms ABCD and ABCID can be combined to yield the single term BCD. Thete-
fore, the given expression can be written in simplified form as |

' F=ABD + BCD

Ex.~5. Simplify the Boolean function F(x,y,2) = %(2,3,4,5)
Solution: For the mmphﬁcatlon of the above function a three variable K-map is requ1red

R

e

1

' Figure: 11.15 ' -

In the K-map shown above, first, each minterm m,= 010, m,=011, m,=100, and m,=101 are
marked with 1’s. In the next step the possible adjacent squares are found and they are marked with in
-+ the map by two rectangles, each two 1’s. The upper grouping gives the term AB and the lower one

gwes the AB. Thus

F=AB+AB
- Ex.~6. Simplify the Boolean function F(w, x, y, 2y=3.(0, 4,9, 10, 14, 15)
" Solution: For the simplification of the above functiona four variable K-map is required.

11| © 0 0

0 0
1 1
0 0
1
Figure: 11.16
F=WYZ+WY

11.12 DON’T CARE CONDITIONS .

- Quite often, we do not care if a variable represents a logical 1 or a logical 0. In this case it is conve-
nient to represent that variable as a don’t care. Don’t care conditions allow us to obtain simpler Boolean
expressions. Thus don’t care” conditions is a sets of inputs for which the designer doesn’t care what the

output is. They are usually indicated on the map with a dash or X.

In other words the don‘t care condition means that a combination of input states do occur and whether

the outputs for those states taken as 1’s or 0’s, it does not matter.
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11.13 MINIMIZATION
The process of minimization using k-map technique and don’t care condition can be itlustrated in
+ the following example.

Ex.-7. Simplify the Boolean function

Fw,x,y,2)=4(1,3,7,11,15)
that has the don’t care conditions

d(w,x,y,2)=4(0,2,5)
Selution: For the simplification of the above function, four variable K-maps-are drawn, Inthe two K-
maps given below the minterms of F are marked with 1°s and the do not care conditions d are marked
with x‘ s and the remaining are marked with O 5.

For simplification of the function F as sum of products we have to include all the five 1 ‘s in the map
but the choice of taking x as O or 1 and its inclusion depends upon the way of solving the function.
The above function can be solved in two different ways shown below. '

The final results are different but both of them satisfy the above conditions.

| I
| |
x 1 1 i bt b'e 1 1 ! %
- !
. |
¢ x Lhr oo 0 x 1 0
0 R 0 0 1 0
! E
|
| | | »
0 6o | _1 + 0 0 0 1.1 0
z B Bl B
Figure: 11,17
The above k-map gives F=yz+ wx  ThisK-mapgives F=yz+wz
Ex~8. Simplify the Boolean function
F (wxx,y,2) = 2.(3,5,7,11,15)
that has the don’t care conditions
d (w x,y,z) Z (1 4 6)
Solution: |~ _ T
0 X 1 0 0 x 1 0
I X | 1 X X 1 I x
0 i 0 1 0 0 0 ! 0
o ! 0 1 0 o | o | _1L_| o
S D S o :

Figure: 11,18
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The above k-map gives F=yz+%x The above k-map gives F=yz + ¥z

The above function has been simplified in two different ways and the final results as sum of products
are different but both of these simplified outputs satisfy the above conditions.

11.14 REVIEW QUESTIONS

Q.1.  Describe the basic laws and properties of Boolean algebra,
Q.2.  State and prove the De -Morgan’s Theorems.
Q.3.  Define the terms “minterm” and “maxterm” in Boolean algebra.
Q4. Discuss the utilities of K-map technique. ,
Q.5.  What do youmean by don‘t care condition.
Q.6.  Simplify the Boolean function F(w,x,y,z)= 2(0,1,3,4,9,10,14,15),
Q.7.  Simplify the Boolean function F(w,x,y,z)= $(0,1,2,4,5,9,10,11, 14,15),
Q8.  Simplify the Boolean function _
F(w,x,y,2)=3%(1,3,5,7,11,15)
that has the don’t care conditions
d(w, Xy Wy 2) = 2z (0,4, 6)

CEOOO®

(174)



‘Unit-lz
_ ARITHMETIC CIRCUITS
Content of the Unit

12.0  Objective
12.1  Iniroduction
12.2  Adders

12.2.1 Half-Adder

12.2.2 Full Adder
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12.0 OBJECTIVE

In this chapter we will discuss —

@ Binary arithmetic is a combinatorial problem.

% The circuits for binary arithmetic can be demgned using basic gates and their complex combina
tions. _

. The output of arithmetic circuit at any time depends upon the combination of the input signals
present at that instant of time only.

=@, Forthe design ofa dlgltal system a thorough knowledge of the basics and applications bmary
arithmetic is essentials. :

. Thischapter presents an overview on the basics of binary arithmetic and its use in the de51gn of

adder and subtractor circuits, | ‘

12.1 INTRODUCTION

One of the basic arithmetic operations i digital electronics is the addltlon and subtractlon ofbmary
numbers. The simplest one is-addition of two binary digits. :
In two digit addition there are four possible elementary operations.

1. 0.+0=0
2. 041=1
3 1+0=1
4, 1+1=10

The first three operations produces a sum in terms of one digit but when both the inputs are 1, the
binary sum is consists of two digits. The LSB (least significant bit) of the result t is called the SUM and
MBSB (most significant bit) is called carry. When the added numbers contains more significant digits,
the carry obtained from addition of two bits is added to the next higher order pair of significant bits.”

12.2 ADDERS _

Binary adders are used to add bmary numbers, Adder circuits take two binary numbers as input
and add one binary number input to the other binary number input. Adders give out two outputs,
SUM and Carry. There are two types of adders: Halfadders and Full adders. A full adder is alogical
circuit that performs an addition operation on three binary digits. A halfadder is a logical circuit that
performs an addition operation on two binary digits. A full adder is a logical circuit that performs an
addition operation on three binary digits. The adder produces a sum and carries value, which are both

binary digis.
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- 12.2.1 Half-Adder
A half-adder is an arithmetic digital circuit that can be used to add two bits. Such a circuit thus has
two inputs that represent the two bits to be added and two outputs, with one producing the SUM
output and the other producing the CARRY. Figure 2.1 shows the truth table of a half-adder,
showing all possible input cornbinations and the corresponding outputs. The Boolean expressions for
the SUM and CARRY outputs are given by the equations

SUM=A4B+AB

CARRY C=4.B
Examination of these two expressions shows that there is no scope for further simplification, While
the first one representing the SUM output is that of an EXOR gate, the second one representing the
- CARRY output is that of an AND gate.
Table 12.1: Truth table for a Half Adder

A B c )
R 0 0
0 1 0 i
KR 0 0 1
[ 1 1 o

A

A—> . —
Half S B

Bl Adder L. 5C __D>—C “AB

Figure 12.1: Circuit Symbol and logic diagram of a half-adder

12 2.2 FullAdder

A full adder ¢ircuit is an arithmetic digital circuit that can be used to add three bits to produce
a SUM and a CARRY output. Such a building block becomes a necessity when it comes to adding
binary numbers with a large number of bits. The full adder circuit overcomes the limitation of the
half-adder, which can be used to add two bits only. Since in the addition of LSBs of the two
numbers, we record the sum under the LSB column and take the carry, if any, forward to the next
higher column bits. As a result, when we add the next adjacent higher column bits, we would be
required to add three bits if there were a carry from the previous addition. We have a similar situa-
tion for the other higher column bits also until we reach the MSB. A full adder is therefore
essential for the hardware implementation of an adder circuit capable of adding larger bmary
numbers A half-adder can be used for addition of LSBs only.

$=AB+AB

A s
Full
B Adder
Cin Caut

Figure 12.2: Symbollc diagram of a ‘half-adder.
Table 12.2: Truth table for a Full adder
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Inputs Outputs
A B Cin Cow (Carry) .[ S (SUM)
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
| 0 1 1 0
1 1 0 1 0
1 i 1 1 1

In Table 12.2 the full adder truth table of a circuit showing all the possible input combina-
tions and corresponding outputs. In order to arrive at the logic circuit for hardware implementation
~ of afull adder, we will firstly write the Boolean expressions for the two output variables, that is, the
SUM and CARRY outputs, in terms of input variables. These expressions are then snmpllﬁed by
using any of the simplification techniques described in the previous chapter The Boolean expressions
for the two output variables are given below.

§=4.B.C;,+ ABC;+ ABC;, + ABC,,

Cout =A.B.Cjpy+ A.BCy+ ABC;, + ABC;,

With the help of K-map method the expression for C_, canbe simplified to
Cous = B.Cjpy + A.B.+ A Cm

Cin — . Cln — _
AB Cia Ch AB Ciu Cln
AB 1 AB 1
AB 1 AB 1 i
AB 1 AB 1 1
AB 1 AB 1
(@) ' (b)

Figure 12.3: K-maps for the sum and carry-out of a full adder.
— )
_ Cii —J

— D C':l_f :)——EI>_C‘

Cin—
. A : )
a——-— -—\ Cia
Cp——o»>L J

BERC) (b)
Figure 12.4: Logic circuit diagram of a full adder.
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Figure {(12.4) shows the logic circuit diagram of the full adder. A full adder can also be seen to
comprise two half-adders and an OR gate. The expressions for SUM and CARRY outputs can be
tewritten as follows:

s =Cr-,,.(A.B+A.B)+Cfn.(A.B+E.§)

S =C.(AB+ AB)+C;, (AB+ A.B)
Similarly, the expreselon for CARRY output can be rewritten as follows:
Cout =BCjy. (A+A)+AB+A Cip-(B+B) '

=AB+ABCy,+ABCy+ABCyp+ABC,,
=AB+ABCj,+ ABC;,

= AB(+Cyy)+Cp (A.B+AB)

cou, -.A.B-I—Cm (A B+A. B)

F:gure 12.5 Logic implementation of a full adder

Above Boolean expression can be implemented with a two-input EXOR gate provided that one
of the inputs is C, and the other input is the output of another two-input EXOR gate with Aand B as
its inputs. Similarly, the other Boolean expression can be implemented by OR ing two minterms. One
of them is the AND output of A and B. The other is also the output of an AND gate whose inputs are
C, and the output of an EXOR opetation on A and B. The whole idea of writing the Boolean expres-
sions in this modified form was to demonstrate the use of a half-adder circuit in building a full adder.
Figure (12.5 a) and (b) shows logic implementation of above Boolean equations.

Rearranging the (:1rcu1t 1t can be seen that it comprises two half-adders and an OR gate:

Figure 12.6: Logic implementﬁﬁon of a full adder using two half adders.



12.2.3 Parallel Binary adders

A3 Az Al Ao
B3 L)) B, Bo
D S o A |
FA [« FA |€ FA i« FA |[&—C;y
Cuul SJ' S3 SI SQ

Figure 12.7: Cirenit diagram of a 4-bit binary parallel adder. '
The full adder of the type described in the last section is the basic building block of parallel binary

adders. However, a single full adder circuit can be used to add one-bit binary numbers only. A cas- -

cade arrangement of these adders can be used to construct adders capable of adding binary num-
bers with a larger number of bits. For example, a four-bit binary adder would require four full adders
of the type shown in Figure 12.4 to be connected in cascade. Figure 12.7 shows such an arrangement.
(A,A,AA) and(B,B,B,B,) are the two binary numbers to be added, with A  and B, representing
LSBsand A, and B, representing MSBs of the two 4-bit numbers.
The operauon of the pdrallel adder can be understood with the help of the following example. LetA A A A
=110i and B,B,B, B = 1011. These two 4-bit numbers can be added as

1101

1011

. SUM =11000 :

In the circuit the two 4-bit binary number A and B are fed and the resultant Sum output will be
shownas C_S,5,S S,. :
12,2.4 BCD Adders

Binary coded decimal (BCD) addition is the same as binary addition with a bit of variation. In
BCD Adders, whenever a sum is greater than 1001, it is not a valid BCD number, so we have to add
0110 to it, to do the correction. This will produce a carry, which is added to the next BCD position.
For the BCD addition in first step the adding of the two 4-bit BCD code inputs will do. In the second
step determine if the sum of this addition is greater than 1001; if yes, then add 0110 to this sum and
generate acarry to the next decimal position. A BCD adder illustrating the addition 7 + 6 = 13 (0111
+0110=0001 0011BCD) is shown below,

Vo Ay )

HOES tnput ( I

;l v Ay By A B *f;'
d L ]
Ay B, Ay !f- Ay By A .w
1483 ey from neni
Com Buic adder C o Jnvar digit. 3 dny
A : . iequals & {f LSEN
E; A X, I
i i ¥
bt p ¥ »
Uarey i nent g
i e digie ¥ i
i s s MY
\mvmmwwm_l
Etnr ¢orsaition add 6 & { 1 il 1 b (}i | ..:.._E:’.
. Azl AgHy Al ALH
Not . - T4E) .
wed Can Coroation addey G T
Ly Ly Z; Iy -
ai uI 1| i
4
\..“Y,p...._l Y . :
MAD = ) OWEH : T Cormesied LSD
: B s om 300G )

Figure 12.8: Clrcult diagram of BCD adder
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12.2.5 2’s Complement Adder
2’s Complement

The 2’s complement of a binary number is defined as the value obtained by subtracting the
number from a large power of two (specifically, from 2 for an N-bit two’s complement). The 2’s
complement of the number then behaves like the negative of the original number in most arithmetic, and
it can coexist with positive numbers in a natural way.

Determination of the 2°s Complement of a binary number
Take the One’s complement of the bmary number and add 1.
Examples _
1. 10110 => 01001+1—01010 R
2. (010011}, canbe converted into its 2°s compliment using the following steps.
NOT(010011) = 101100 (Invert bits)
101100 + 000001 = 101101 (Add 1)

2’s compliment of (010011),= 101101
2’s Compliment addition _

2’s complement addition follows the same rules as binary addition.

For example,

6+ (-4)=2 can be done using 2’ compllment binary addmon

In binary 6 =110, 4 = 100 and 2’s compliment of 4 i.e. 4=011+001=100
Sothat6 + (~4)=+2, =0110+ 1100 =0010=2 _
The circuit diagram of a 2’s compliment binary adder is shown in figure.

Thecircuit willadd the two numbers if one of the input of the entire four XOR gate is 0. Then the
XOR gate will give the output equal to 1 ifthe input B is 1 or give 0 if input B is at 0. After that these B
outputs are fed to the inputs of the full adders along with the A inputs, Rest of the function is same as of
4-bit full adder, which has been already explained in the last section.

© s Compleanen Inputs ’ - P
AsdodaAe ; Ay 73

He ByByBBo B W;D_" .T:;}

A | FA

B 25 3

B | FA
e olojo
gubfizerwl| o
add= _ : s Complement Omtput

Figure 12.9: Bit binary adder designed using 2’ compliment method

12.3 SUBTRACTORS

Subtractor circuits take two binary numbers as input and subtract one binary number input from
the other binary number input. Similar to adders, it gives out two outputs, difference and borrows
(carry-in the case of Adder), There are two types of subtractors.
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= Half Subtractor.

w  Full Subtractor.
12.3.1 Half Subtractor _ '
The half-subiractor is-a combinational circuit which is used to perform subtraction of two bits, It has
two inputs, X (minuend) and Y (subtrahend) and two outputs D (difference) and B (botrow). The
symbolic, logic circuit diagram and truth table of a half subtractor are shown below. The Boolean
expression for a two bit half subtractor are given as '

Difference D=AB+ AB
and Borrow By= AB

A

A ' | ~p=aB B :)D“ """""""""" D=a-8

Haif
Subtractor . o
B— = a ——~ Bo o] e )_mww___ Bo

Figure 12.10: Circuit Symbol and logic diagram of 2 Half- Subtractor circuit
Table 12.3 Truth table of Half-Subtractor

A B Bo D
0 0 0 -' 0
0o 1 1 1
1 0 0 1
1 1 0 0

12.3.2 Full Subtracter o
A full subtracter is a combinational circuit that performs subtraction involving three bits, namely minu-
end, subtrahend, and borrow-in. Thus in the subtraction operation over two bits, a minuend and a
subtrahend, and another bit is taken into consideration whether a ¢1” has already been borrowed by

the previous adjacent lower minuend bitor not. As a result, there are three bits to be handied at the

input of a full subtractor, namely the two bits to be subtracted and a borrow bit designated as Bin.
There are two outputs, namely the DIFFERENCE output D and the BORROW output Bo. The
BORROW output bit tells whether the minuend bit needs to borrow a ‘1” from the next possible higher

minuend bit. The logic symbol and truth table are shown below. The Boolean expressions for the two.

output variables are given by the two equations given below.
D=4.B.By,+ AB.B,+ A.B.By, + A.B.B;,
By=4.B.By,+4.B.By,+ A.B.Bj, + AB.B,,

g - _ Full -
Suldractor | '
Bin PO G BO

Figure 12.11: Circuit Symbol of a Full Subiractor circuit
Table 12.4 Truth table for a Fuli-Subtractor

Inputs
Outputs
Minuend
A '
Subtrahend
B
Borrow in
B

~in

asty




Difference

D
Borrow out

[+]

B

R

O pt p—

110110010101001100011]1-

S SR A

R .

(182)



Bin —— SN = i )
' HE

A A o . a Bo L -_
HS B =
B— e & ' —MD_“* Bour

Figure 12.12 Logic implementation of a full subtractor usmg two half-subtractors
12.3.3 Parallel Binary Subtractors
A parallel binary subtractor can be designed using 2°s oomphment subtraction method.
Subtraction of Binary Numbers using 2’s Complement Method
1. Take the 2’s complement of the subtrahend (bottom uumber).
2. Addthe2’s complementto the minuend (top number)
3. Overflowindicates that the answer is positive. No end-around carry (EAC).
4. Ifthereis no overflow then the answer is negative. Take the2’s complement of the original sum
to obtain the true magnitude of the answer. '
Example(a) --19, - 18 ,=1 can be done in binary as:
: 1001 1 10011
~-10010 401110
=100001 (1 overflow mdlcates posntlve number)
- (b} 1B,,—20,,=2 can be performed as
100 10 10016
-10100 + 01100
=11110
In this case there is no overflow therefore the answer is negative. So that we have to take the2’s
- complement of the original sum to obtain the true magmtude ofthe answer - :
2’s c@mphment of 11110 =00001 + 00001 = 00010 -
Ans =-00010=-2,,.
~ 2’scompliment Subtractor
The circuit diagram of a / 4-bit parallel binary adder designed using the 2’s comphment
bma:y subtraction method is shown below.

Jx Corplensen npists. L )
ArdoAAe A Fa

EA _I‘Q_{E_\:BLBQ B n-—o-—w)j : e _icc_ .

A Fh
) i I
I
O -
By ] FA

_ By
2 O
s S
| | W& G
FUDE AT ] { e 2 D
ki - 2aCowphement Outpur

Figure 12.13: 4-bit Parallel binary subtractor designed using 2’s compliment binary sub-
traction method
‘The circuit will subtract the two numbers if one of the i inputs of the entire four XOR gateis 0, Then
the XOR gate will give the output equal to 1 if the i input Bis 0 or give 1 if input B is at 0. Thus the XOR
gate will give output equal to the compliment of B. Then these complimented B outputs are fed to the
inputs of the full adders along with the A inputs. Rest of the function is same as of 4-bit full adder, which
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has been already explained in the last section. In the final sum a number 0001 is added. Then if an end-
around carry is generated then the answer is the final sum and a positive number. Otherwise if there is
no overflow then the answer is negative and for that take the 2’s complement of the original sum with
negative sign is the answer.

12.4

COMPARATOR

A comparator isa device which compares two inputs (voltages or currents) and switches its output
to indicate which one is larger. The simplest comparator is the OP_ AMP difference amplifier. The
circuit given below compares the two signals V -and V, and gives the output as

V. mAV ~V,), where A is the gain of the amplifier.

Vyomad = T

Figure 12.15 Circuit of a simple op-amp comparator.

12.5

REVIEW QUESTIONS

oL
Q2.

Q3.
Q4.

Q5.
Q.6.

Q.7.
Q.8.

What do you mean by binary addition? Draw the circuit of binary half-adder and explam its

operation. _
What do youmean by bmary subtractlon'f‘ Draw the cirouit of binary half-subtractor and ex

‘plain its operation.

Determine the 2°s compliment of the binary number (01001101),.

Draw the circuit of Full-adder and explain i its operation and also show that it can be de51gned
using two half-adders.

Draw the circuit of Full-Subtractor and cxplam its operation and also show that it can be
designed using two half-subtractors.

Explain the operation of 4-bit binary parallel adder. -~ .

Describe the functioning of a 4-bit binary parallel subtractor.

Explain the methodology of binary subtraction using 2’s compliment.

RCACLIOLCIO]
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13.0 Objective
13.1 Introduction
13.2 Multiplexer
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13.5 Demultiplexers

13.6 Demultiplexer Tree

13.7 Decoders

13.8  Digital Comparator

13.9 Priority Encoders

13.10 Parity Generators/Checkers
13.11 -Review of Questions

13.0 OBJECTIVE
In this chapter we will discuss—

= Combinational circuits are the basic building blocks of complex d1g1tal systen.

. This chapter presentsa class of building blocks that can be used to design complex combina
tional circuits, and covers building blocks such as multiplexers and de-mlﬂtlplexers and other
derived devices such as encoders and decoders. | o '

w Emphasisis given to the operatlor.al basics and use of these devices to design more complex
combinational circuits.

13.1 INTRODUCTION

Combinational circuits are designed using basic gates and their complex combinations. The output
of a combinational circuit at any time depends upon the combination of the input signals present at that
instant of time only, and does not depends upon any past state or conditiéns, For the design of a '
digital system a thorough knowledge of the basics and applications of combinational circuits is.

essentials.

13.2 MULTIPLEXER :

~ Theterm “Multiplex’ means “many into one . Amultiplexer is a combinatorial circuit that is givena
certain number (usually a power of two) data inputs, let us say 2", and n address inputs used as a
binary numbet to select one of the data inputs, The multiplexer has a single output, which has the same
value as the selected data input. Thus Multiplexer performs multiplexing; it selects one of many analog
or digital input signals and forwards the selected input into a single line. A multiplexer or MUX, also
called a data selector, is a combinational circuit with more than one input line, one output line and more
than one selection line. A multiplexer of 2" inputs has n select lines, which are used to select which input
line to send to the output. Figure 13.1 depicts the symbolic diagram of a 4-to-1 line MUX. 'I'here are
four inputs ([, I, 12 and Ig) two select lines (X, and X)) and one output at Y.

Data Select inputs | Qutput
X | X Y |
0 0 Iy
0 1 I,

1 1 I

(185)




_ Figure 13.1. Block diagram and functional table of a 4 -to -1 multiplexer

Now we will briefly describe the type of combinational logic circuit found ifiside a multiplexer by
considering the 2-to-1 multiplexer in Fig, 13.2(a), the functional table of which is shown in Fig, 13.2(b)
and the possible circuit diagram is shown in F igure 13.2(c) Operation of this circuit is governby
following Boolean function : '

Y=1g+I$ | _ o

** For$=0,the Boolean expression for the output becomes Y = L.

* For$=1, the Boolean expression for the output becomes Y = L.

Thus, inputs I, and . are resnectivelv switched to the output for S=0and S= 1.

SN Iy
' 2to-t | v
Mux [T _ S Y
W 0, g
T 1 i
(a) ' (b}

)

5

: ©) : .
Figure 13.2. (a) 2-to-1 multiplexer circuit rep(resentation, (b) 2-to-1 multiplexer truth table
' and (c) 2-to-1 maultiplexer. - '
~ Similarly a 4-to—1 multiplexer can be designed. Two selection lines are required for the select of
4 lines to one output. The input combinations are 00, 01, 10 and 11 on the select lines respectively
switch I, I, I, and I to the output, The operation of the circuit is governed by the Boolean function.
| - Y= 100. l+Il SO I+I2‘)SI+ISSISO
Applications of Multiplexers _ ' _ _
Multiplexers can be used as data selector as well as Parallel-to-Serial Data Conversion. Since data
are processed in parallel in many digital systems to achieve faster processing speeds, when it comes to
transmitting these data relatively large distances, thisis done serially. The parallel arrangement in this
case ishighly undesirable as it would require a large number of transmission lines, Multiplexers can
possibly be used for parallel-to-serial conversion. Figure 13.3 shows one such arrangement where a
4-to-1 multiplexer is used to convert four-bit parallel binary data to serial form. A two -bit counter
controls the selection inputs. As the counter goes through 00 to 11, the multiplexer output goes through

1 . _ . Select Ouiput
ptol, . . . tput |
- ) 0 ln
0 1 I,
1 0 I,
1 1 I3
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k =

8y m--—-l-m-é
Figure 13.3. Logic diagram and truth table for a 4-to-1 multiplexer.

13.3 MULTIPLEXER TREE o '
~ When large number of input available then the MUX can be designed using two ormore MUX and
the resultant circuit is known as Multiplexer Tree. A design of 16-to-1 line MUX is illustrated below. In
the design two 8x1 MUX are used. The 16x1 MUX circuit functions in the following manner. When
S, isin logic ‘0" state, the upper multiplexer is enabled and the lower multiplexer is disabled. If we
remember the truth table of a four-variable Boolean function, S, would be ‘0" for the first eight entries
and ‘1’ for the remaining eight entries, Therefore, when S, =0 the final output will be any of the inputs
from D to D, depending upon the logic status of Sy S, and S, Similarly, when $, =1 the final output
will be any of the inputs from D, to D, , again depending upon the logic status of S,,, S, and S, The
circuit thérefore imolements the truth table of a 16x1 multinlexer. - '
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Figure 13.4: Logic diagram of a 16x1 multiplexer designed using two 8x1 multiplexers.
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13.4 ENCODERS - ‘

. Ahencoder is amultiplexer without its single output line. It is a combinational logic function that f
has 2" (or fewer) input lines and n output lines, which correspond to n selection lines in a multiplexer. '
The noutput lines generate the binary code for the possible 2» input lines. A 4x2 encoder and its truth
tableare shoum inFioure,

.tnputs iOutbuzs
Bz D Dy Dy / G Oy
.00 o 1 0.
9 001 010 1
O 1.0 @ i 0
1 90 0] 1 1
00 0 01 x x

Figure 13.5: Block diagram and truth table fora 4x2 encoder
The operation of an encoder can be understood with the following example. Let us take the case
of an octal-to-binary encoder. Such an encoder would have eight inpitt lines, each representing an
octal digit, and three output lines representing the three-bit binary equivalent. The truth table of such
an encoder is given in Table 13.1. In the truth table, the inputs D, to D, represent octal digits 0 to 7.
The outputs A, B and C represent the binary dlglts Aposmble G].l’Cl.llt dlagram for an octal to binary

- encoder is shown in Figure (13.4).
‘Table 13.1: Truth table of an encoder.
Inputs ' Outpuis
Do (D Do Ds |DyDs| B [D;| A| B C
1 [0 {0 |0 0 |0 |0 0 [0 0 0
0 (1 |0 JO 0 [0 |0 0 0 0 |1
0 10 11 ]J0 o [0 |0 0 0 1 0
__Q;__J_ 0. 10 11 |0 |0 {0 0 0" |1 1
0 i0 {0 [O 1 10 |0 0 1 0 |0
0 (0 |0 |O 0 |1 1[0 0 1 0 1
0 |0 [0 |O 0 [0 |1 0 |1 i 0
0 |0 [0 |0 ¢ (0 {0 1 1 1 Il

Dp . Dy D2 Dy Dy B Dg Oy

na ]

O

e S o ?
k-

- Figure 13.6. Logical circuit diagram of an 8x3 Encoder. S
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13.5 DEMULTIPLEXERS _

The demultiplexer is the inverse of the multiplexer, in that it takes a single data input and n address
inputs. The address input determine which data output is going to have the same value as the datainput,
The other data outputs will have the value 0. A demultiplexer is a combinational logic circuit with an
input line, 2* output lines and n select lines. It routes the information present on the input line to any of
the output lines. The output line that gets the information present on the input line is decided by the bit
status of the selection lines. Figure 13.5(a) shows the block diagram of a 1-to-4 demultiplexer. Figure
13.5(b) shows the truth table of the demultiplexer when the input line is held HIGH. The logical circuit
diagram of a 1 x4 demultiplexer is shownin Figure (13.8).

Inputs Select _Outputs
. A B | D, | D D | Dy
1 0 0 1 0 0l 0
1 0 1 0 T 0| 0
1 1 0 0 | 0 :11}§0
11 1 0 0 | 0 1

1P line 1io-d D1

(a)
Figure 13.7: 1-to-4 demultiplexer.

L -
anie

o b= Do

Figure 13.8; Logic diagram of a 1-to-4 demultiplexer
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13.6 DEMULTIPLEXER TREE

- When the requirement of a device that passes one set oL two signals among four signals then a
“two-bit1-to-2 demultiplexer” can be designed in the following mannet.

I 1 o :
o g? 1y | [ | ' : :0
)]
A

L

AR
| -

1-to-2 1-to-2
decodear decoder

L

: A
Figure 13.9: Symbolic and logic diagram of a demultiplexer tree
{two bit 1-to-2 demultiplexer)

13.7 DECODERS

A decoder is a special case of a demultiplexer without the input line. Thus decoderis a combina-
tional circuit that decodes the information on n input lines to a maximum of 2* unique output lines.
Figure 13.6 shows the circuit representation of 2-t0-4 and 3-to-8 decoders, If there are some unused
or ‘don’t care’ combinations in the n-bit code, then there will be fewer than 2n output lines. For
example, if there are three input lines, it can have a maximum of eight unique output lines. If, in the
three-bit input code, the only used three-bit combinations are 000, 001, 010, 100, 110 and 111
(011 and 101 being either unused or don’t care combinations), then this decoder will have only six
output lines. In general, if n and m are respectively the numbers of input and output lines, then m d” 2n.
A decoder can generate a maximum of 2° possible minterms with an n-bitbinary code.

In order explain the operation of a decoder; consider the logic circuit diagram in Fig,. 13.10.

This logic circuit, as we will see, implements a 3-to-8 line-decoder function. This decoder has three |

inputsdesignated asA B and C and sightoutputsdesignated asD ¢ Dp D, D, D, D, D and D,
From the truth table given along with the logic diagram it is clear that, for any given input combination,
only ove of the eight outputs is in logic “1° state. Thus, each output produces a certain minterm that
corresponds to the binary number currently present at the input. In the present case, D,D,D,D,
D,.D;, D and D, respectively represent the following minterms:

Do-saBc D15aBC D;,ABC P3--> ABC
D4 ,ABC Ds_, ABCC Dg_, ABC D;_, ABC

e . G ' A O
2-10-4 by . mecomed B Zd 08 :
~—{B | — P 7

| |

Figurg 13.10. Block diagrams of 2-to-4 and 3-to-8 decoders.
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Figure 13.11: Logic diagram of 3 to-8 line decoder. -
. Atypical design of a 3-t0-8 line decoder is shown in the figure 13.9 and the table 13.2 presents the
operation of the circuit, For a 3 input decoder maximum value of the possible out Puts can be 2°=8
Table 13.2: Truth Table fer a 3 to 8 line decoder

Inputs ' Outputs

A | B! C Do|Di|D |DsDy Ds| Dg | Dy

o o o |10 o Jo (o jo o Jo |

L [ S L - !
13.8 DIGITAL COMPARATOR

A digital comparator or magnitude comparator 1s a digital circuit that takes two numbers as input
in binary form and compares whéther one number is greater than, less than or equal to the other
number. Digital Comparators can compare a variable or unknown number for example A (A1, A2,
A3 ... An, etc) against that of a constant or known value such as B (B1, B2, B3 ... Bn, etc) and
produce an output depending upon the result. For example, a comparator of 1-bit, (A and B) would
produce the followmg three output conditions. oo
A<B, A=Band A>B
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I Inputs Ontputs

A B A<B | A= A>B
0 ) 0 1 | o
0 1 1 0 0
1 0 0 0 1

1 1 ¢ 1 0

A aviniein iy

B ¥ wfaé ‘:-i’; *
B m*m'D?ﬁ““““““.;......J -

Figure 13.12: The logical circuit diagram and truth table of a 1-bit digital comparator.

13.9 PRIORITY ENCODERS
.Indigital electronics a priority encoder is a combinational circuit with m=2" inputs and n outpuis.
Eacll of the m inputs is assigned a priority. The most significant bit of the input has the highest priority
while the least significant bit has the lowest pi'lonty The n bits of the output are the binary index of the
non-zero input bit with highest priority, fil‘] input bits with lower priority will be ignored. For example,
when n=2 and m=4 and, the behavior of the priority encoder can be described as the following truth
table: where highest-priority inputs are to the left and “x” indicates eithera 1 ora0.

* Inputs Outputs |

A | A Al Ty | Fy

0!/ x|0} O

o = ol
R

A binary decoder can be used 1o convert the n-bit o,tfltput of a priority encoder to a set of m=
2 bits each for one of the m dewces
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_Figure 13.13: Logic diagram of a single bit 4-to-2 line priority encoder.

13.10 PARITY GENERATORS/ CHECKERS

A parity generator 1s a circuit that, given an n-1 bit data word, generates an extra parity bit that is
transmitted with the word. The value of this parity bit is determined by the bits of the data word, In an
oven parity scheme, the parity bitisa 1 ifthere is an odd number of 1’s in the data word. Thus when we
examine all the bits transmitted (data word + parity), we see.an even number of one’s (thus “even”
parity). If the sum of the binary bits in word is odd (called odd parity).

In communications, parity checking refers to the use of parity bits to check that data has been
transmitted accurately. The parity bit is added to every data unit (typically Seven or eight bits) that is
transmitted. The parity bit for each unit is set so that all bytes have either an odd number or an even
number of set bits. At the receiving end of the transmission, a parity checker uses this extra information
to detect single-bit errors in the transmitted data word, '

It does so by regenerating the parity bit in the sgme manner as the generator and comparing the
two parity bits. Disagreement between these bits means that one of the transmitted bits is incorrect,
though the checker cannot determine which bit is in error. Note that single-bit parity scheme is unable
to detect an even number of errors (e.g. 4 bits are wrong). '

The output of a XOR gateis 1 ifand only if one input is 1 and the other is 0. Alternatively stated,
the output is 1 if the sum of the digits is 1. A circuit ofa parity generator can be designed using this
conceptto the XOR tree. o :

Figure 13 shows that P=1 if the sum of D, D,, D, and D, is odd. Hence, if the input P is grounded
then P=0 for odd parity and P=1 for even parity. This figure ¢an be veed to gencrate parity bit E or
check the parity bit P. RN
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Figure 13.14: Parity —bit- generator/checker Circuit.

13.11 REVIEW QUESTIONS
Q1. Whatisa multiplexer? Draw the circuit of a 2-t0-1 line MUX and explain its operation.
Q2. Whatdo youmean by demultiplexer? Draw the circuit of a 1-to-4 line demultiplexer and
-explain its operation.
Q.3. Distinguish between decoder and demultiplexer.
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14.0 OBJECTIVE

In this chapter we will discuss —

w Registers and counters are the most important circuits in digital electronics.
Using registers an information in bit form can be registered and stored. "

w. Countersare useful in oountmg the clock pulsés. Fo the design of these circuts we need flip-flops.
w. A flip-flopis the basicmemory cell which can store 1-bit information.
ws. This Unit gives an overview of the flip-flops, registers and counters. |

14.1 INTRODUCTION _

Tn Combinational logic circuits the outputs ata given instant of time depend only upon the values of
the input signals at the same moment. Such a system is said tohave no memory. Sequential Logic
circuits have some form of inherent “Memory” built in to them and they are able to take into account
- their previous input state as well as those actually present, a sort of “before” and “after” is involved.
They are generally termed as two state ot bi-stable devices which can have their output set in either of
two basic states, a logic level “1” oralogic level “0” and will remain “latched” indefinitely in this current
state or condition until some other input trigger pulse or signal is applied which will cause it to change
its state once again. Registers, shift registers and counters are digital electronic devices thatcan be
constructed using a clocked sequential circuit consists of group of flip-flops and combinational logic
gates connected to form a feed path. '

© inpast

e

™ GCombinational
- Logic Cirouit

[
e

Memory [Tk, teck
RN o e Y

Figure 14.1: Block diagram of a Sequential circuit.
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The word “Sequential” means that things happen in a “sequence”, one after another and in se-

quential logic circuits, the actual clock signal determines when things will happen next. Simple se- -

 quential logic circuits can be constructed from standard bi-stable circuits such as Flip-flops, Latches -
and which themselves can be made by simply connecting together NAND/NOR Gates in a particular
combinational way to produce the required sequential circuit. The block diagram of a sequential
circuit is shown in figure. The system is consists of a combinational circuit to which a memory
elements are connected to form a feedback path. The memory elements are devices capable of
storing binary data. The sequential circuit receives binary data from external inputs and together with
the present state of the memory data, determines the output.

14.2 FLIP-FLOP _

A flip-flop is a term referring to an electronic system that has two stable states and thereby is
capable of serving as one bit of memory. A flip-flop is usually controlled by one or two control signals
and/or a gate or clock signal. The output often includes the complement as well as the normal output.
The term “Flip-flop” relates to the actual operation of the circuit, as it can be “Flipped” into one logic
state or “Flopped” back into another.

14.2.1 A1-bit Memory Storage Cell

The basic digital memory circuit whick can be constructed by cross-coupling of two NOT gates.
The output of each NOT gate is connected to the input of the other. This type of the feedback combi-
nation is called a FLIP-FLOP. The most important property of this circuit is that it can exist in one of

the two stable states either Q=1 (3=0), called the 1 state, or Q=0(=1), referred to as the 0 state. This

two stable state circuit is also known as a binary because it may store one bit of information (either
Q=1 or Q=0), it is 1-bit memory cell or a 1-bit storage unit. Since this information is locked/latched
and that is why the circuit is commonly known as a latch.

14.2.2 SR Flip-Flop '

:A SR Flip-Flop can be considered as a basic one-bit memory device that has two inputs, one
which will “SET” the device and another which will “RESET” the device back to its original state, and
anoutput Q that will be either at alogiclevel “1” or logic “0” depending upon this Set/Reset condition.
The most fundamental latch is the simple SR latch, where S and R stand for set and reset. It can be
- constructed from a pair of cross-coupled NAND (or NORY) logic gates. A basic NAND/NOR Gate
- SR flip flop circuit provides feedback from its outputs to its inputs and is commonly used in memory
circuits to store data bits. The simplest way to make any basic one-bit Set/Reset SR flip-flop is to
connect together a pair of cross-coupled 2-input NAND Gates to form a SR NAND Gate Latch, so
that there is feedback from each output to one of the other NAND Gate inputs. This device consists of
~ twoinputs, one called the Reset, R and the other called the Set, S with two corresponding outputs Q
and its inverse or complement Q as shown below. The stored bit is present on the output marked Q.
Generally, in the storage mode, the S and R inputs are both low, and feedback maintains the Q and
outputs in a constant state, with the complement of Q. If S = [ while R =0, then Q= 1, and Q stays
to state 1 when S returns fo S = 0; similarly, if R =1 and S =0, then the output Q =0, and Q stays to
Q=0 whenR returns toR=0. The basic circuits of NAND and NOR latches along with their function
table are shown below.
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- _ Inputs mmm()l_;_tp_iits_ . HJndion-statéf_
S R Q Q

1 0 i 0 Set state

0 N T after =T and R0
0 1 0 1 Reset state

) 0 0 1 | after SS0and Ret
1 11 0 0 Not diowed

—if 5 .
— R -
. _Inputs | Outputs Fundtiond sate
'S R| Q | @
| 0 0 - 1 St state
1 1 0 1 after =1 and R=0
| ¢ i 1 0 Reset state
T 1 0 after 8=0 and R=1
.0 o 0 1 1 | Not allovv.;ed
1

Figure 14.3: Basic Flip-Flop circuit using NAND gates and its truth table.

* Thus a flip-flop has two usefial states. When Q=1 and =0, it is the set state (or 1 state). When Q=0
and =1, itis the clear (reset) state (or o state), The outputs Q and are compliments of each other and
are referred to as the normal and compliment outputs. Generally the binary state of the flip-flop is taken
to be values of the normal output. '

14.2.3 Clocked SR Flip-Flop _

When latches are used for the memory elements in sequential circuits, a serious difficulty arises.
Remember that latches have the property of immediate output responses. Because of this the output of
a latch cannot be applied directly (or through logic) to the input of the same or another latch when all
the latches are triggered by a common clock source. Flip-flops are used to overcome this difficulty.
It is sometimes desirable in sequential logic circuits to have a bistable SR flip-flop that only change state
when certain conditions are met regardless of the condition of either the Set or the Reset inputs. By
connecting a 2-input NAND gate in series with each input terminal of the SR Flip-flop a Gated SR
Flip-flop can be created. This extra conditional input is called an “Enable (clock)” input and is given the
prefix of “C” as shown below.
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Figure 14.4: Symbolic and loglc diagram of a2 SR Flip-Flop.

When the clock input “C” is at logic level “0”, the outputs of the two AND gates are also at logic
level “0”, (AND Gate principles) regardless of the condition of the two inputs Sand R, latching the two
outputs Q and Q into their last known state. When the enable input “C” changes to logic level “17 the
circuit responds as anormal SR bistable flip-flop with the two AND gates becoming transparent to the
Set and Reset signals. This enable input can also be connected to a clock timing signal adding clock
synchronization to the ﬂlp-ﬂop creating what is sometimes called a “Clocked SR Flip ﬂop”

The Set State

Consider the circuit shown above. If the input R is at logic level “0” (R =0) and i mput Sisat loglc
levet “1” (S =1), a clock pulse is applied then the NAND Gate Y has at least one ofits inputs at logic
“0” therefore, its output Q must be at a logic level “I” (NAND Gate principles). Output Q is also fed
back to input A and so both inputs to the NAND Gate X are at logic level 17, and therefore its output
Qmust be at logic level “0”. Again NAND gate principals. If the Reset input R changes state, and now
becomes logic “1” with § remaining HIGH at logic level “1”, NAND Gate Y inputs are now R="%1”
and B=“0" and since one of its inputs is still at logic level “0” the output at Q remains at logic level 17
and the circuit is said to be “Latched” or “Set” with Q = 1" and Q =“0".

The Reset State _

In this second stable state, Q is at logic level “0”, Q =“0” its inverse output is at logic level “1” not
Q="*1”, and is given by R =*1” and S =“0”, As gate X has one ofits inputs at logic “0” its output Q
must equal logic level “1” (again NAND gate principles). Output Q is fed back to input B, so both
inputs to NAND gate Y are at logic “1”, therefore, Q = “0”. If the set input, S now changes state to
logic “1” with R remaining at logic “1”, output Q still remains LOW at loglc level “0” and the circuit’s
“Reset” state has been latched. =
TheIndeterminate or Undefined/ambiguous State

Table 14.1: Truth Table of a Clocked SR fhp-ﬂop

Inputs Output Operation mode

Qn S R Qn+I .

0 0 0 Qn No Change state

0 1 0 ' Set

1 0 0" 1 - No Change state
-after S=1 and R=0

1 0 1 0 Reset state

0 0 0 0 No Change state
_after =0 and R=1

0 1 1 ? Forbidden state

Itis observed that when bothi inputs S =1 and R =*1"the outputs Q and can be at either logic
level “1”or“0”, depending upon the state of inputs S or R BEFORE this input condition existed. How-
ever, input state R =*0” and S = “0" is an undesirable or invalid condition and must be avoided
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because this will give both outputs Q and to be at logic level “1” at the same time and we would
normally want Q to be the inverse of. However, if the two inputs are now switched HIGH again after
this condition to logic “1”, both the outputs will go LOW resulting in the flip-flop becoming unstable
and switch to an unknown data state based upon the unbalance. This unbalance can cause one of the
outputs to switch faster than the other resulting in the flip-flop switching to one state or the other which
may not be the required state and data corruption will exist. This unstable conditionisknown as its
Meta-stable state, Then, a bistable latch is activated or Set by a logic “1” applied to its S input and
deactivated or Reset by a logic “1” applied to its R. The SR Latch is said to be in an “invalid” condition
(Meta-stable) if both the Set and Reset inputs are activated simultaneously. In order to get rid of this
problem anew type of flip-flop is required, which can remove this ambiguity.
14.2.4 JK Flip-Flop
- From the last section we know that the basic clocked SR Flip-flop suffers from two basic prob-
lems: First one occurs when S =1 and R =1 condition or S =R = 1 must always be avoided. The
second one, if' S or R change state while the enable input is high the correct latching action will not
occur. Then to overcome these two problems the JK Flip-Flop was developed.
The JK Flip-Flop is basically:-z Gated SR Flip-Flop with the addition of clock input 01rcu1try that
prevents the illegal or invalid output that can occur when both input S equals® logic level “1” and input
R equals logic level “1”. The symbol for a JK Flip-flop is similar to that of an SR Fllp—Flop except for
: ﬂleaddluon ofaclocki Input.

g } Qg K ER Wi QG
] . od e . o il
Q I L_‘.;“"-““‘\‘\l S0
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Figure 14.5: Symbolic and logie diagram of a JK Flip-Flop.
' Table 14.2: Truth table of JK Flip-Flop.

Inputs Qutput Cperationmode

Q&[S [ R | Om

0 |0 H Q No Change stde

0 |1 0 " 1 Sef

1 |0 0 1 No Change stae
after 8=1 and R0

1 (6 |1 0 Reset s;téte

0 [0 i 0 ' 0. No Change stae
after =0 and R=1

0 |1 1 3, Compliment

Both the S and the R inputs of the SR flip-flop are replaced by two inputs called the J and K inputs,
respectively. The two 2-input NAND gates of the clocked SR Flip-Flop have now been replaced by
two 3-input AND gates with the third input of each gate connected to the outputs Q and Q. This cross
coupling of the SR Flip-flop allows the previously invalid condition of S =*“1"and R =“1" state to be
usefully used to turn it into a “Toggle action™ as the two inputs are now interlocked. If the circuit is
“Set” the J input is inhibited by the “0” status of the Q through the lower AND gate. If the circuitis
“Reset” the K input is inhibited by the “0” status of Q through the upper AND gate. When both inputs
J andK are equal to logic *1”, the JK flip-flop changes state and the truth table for this is given above.
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Interestingly the JK Flip-flop is basically an SR Flip-flop with feedback and which enables only one or -
its two input terminals, either Set or Reset at any one time thereby eliminating the invalid condition seen
previously in the SR Flip-flop circuit. Also when both the J and the K inputs are at logic level “1” at the
same fime, and the clock input is pulsed either “HIGH? or “LOW? the circuit will “Toggle” from a Set
state to 2 Reset state, or visa-versa. In this condition the JK Flip-flop is called the T-type Flip-flop
when both terminals are “HIGH”.

Although this circuit is an improvement on the clocked SR flip-flop it still suffers from timing problems
called “race around condition” if the output Q changes state before the timing pulse of the clock input
has time to go “OFF”. For example let the inputs are J=K=1 and Q=0. When the pulse is applied, the
output becomes=1, this change take place after a time interval equal to the gate propagation delay.
Now J=1, K=1 and Q=1, and the pulse is still ON will changes the output to Q=0. Hence we must
conclude that for the durationt, of the pulse (Cli= 1), the output will oscillates back and forth between
0 and 1. At the end of the pulse (Clk =0), the value of Q is ambiguous. : '

To avoid this the timing pulse period (t ) must be kept as short as possible (high frequency). Asthis
is sometimes is not possible with modern TTLIC’s the much improved Master-Slave JK Flip-flop
was developed. This eliminates all the timing problems by using two SR flip-flops connected together
in series, one for the “Master” circuit, which triggers onthe leading edge of the clock pulse and the
other, the “Slave” circuit, which triggets on the falling edge of the clock pulse. -

14.2.5 Master-Stave JK Flip-flop _

The Master-Slave Flip-Flop is basically two JK flip-flops connected together ina series configura-
tion with the outputs from Q and from the “Slave” flip-flop being fed back to the inputs of the “Master”
with the outputs of the “Master” flip-flop being connected to the two inputs ofthe “Slave” flip-flop as
shown below. | ' |

“KAasta” “Slave”
Fipsfiop ; Flip-flop
L. ; |
Sa S N : Jooo Ot
Ciock > O g > Clk
Rssionn K 0 ? x & ol
| i
L .
Gik l[>cff& i
' §

Figure 14.6: Logic diagram of a JK Master-Slave Flip-Flop.
The input signals J and K are connected to the “Master” flip-flop which “locks” the input while the
clock (CIK) input is high at logic level “17. As the clock input of the “Slave” flip-flop is the inverse
(complement) of the “Master” clock input, the outputs from the “Master” flip-flop are only “seen” by
the “Slave” flip-flop when the clock input goes “L OW” to logic level “0”, Therefore on the “High-to-

Low” transition of the clock pulse the locked outputs of the “Master” flip-flop are fed through to the - -

JK inputs of the “Slave” flip-flop making this type of flip-flop edge or pulse-triggered. Then, the circuit
acoepts input data when the clock signal is “HIGH”, and passes the data to the output on the failing-
edge of the clock signal. In other words, the Master-Slave JK Flip-flop isa “Synchronous” device

asitonly passes data with the timing of the clock signal. The operation of the device can be understood
with the help of the truth table given below. When both J and X are high i.e. J=K=1, the output will
toggle between 1 and 0 for each applied clock pulse. Thus this circuit eliminates the problem of the
race around condition.
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1able 14.3: Truth table of Master-slave JK Flip-Flop
o nputs | utput | Ld:emnoﬁnﬁoﬁe"—j
Q@[S | R Qu _:__H_::::]
10 (0 0| Q, oChangestae

L ES N B
U X ) B B NoChangestae
2 | afterS=1andReD |
1 o T T | Resetstate {
o ojloh s | NoGangesids

afterS0andR=1 |
0 . 0 I = " _&n I Togl_é—‘__“j
f | |

14.2.6 D—type Flip-Flop

LD Nextsmteotg [P i
9 X ¢ Nochange
I 0 | Q=0 Resetstate
1 P D=1 . _
LLE s BSetstate | - -
i Sy
T2

L«—-—D»l“:}%}L“ ¢

. Figure 14.7: Symbol and logic diagram of a D type Flip-Flop. -

Ifthe SR flip-flop is modified by addition of an inverter as infigure, so that the inputs are compli-
ment of each other, the circuit is called aD (delay) Flip-Flop. Thus the flip-flop using just one input as
now the two latch inputs are complements of each other. Q,,=! for D =1(S==1)and Q.. =0 for D
=5==0. The output Q,., after the pulse (bit time n+1) equals the input Dn before the pulse (bit time n).
Thissingle input is calied the “DATA” input. If this data input is HIGH the flip-flop would be “SET and
whenitis LOW the flip-flop would be “RESET”. However, this would be rather pointless since the
flip-flop’s output would always change on every data input, To avoid this an additional input called the
“CLOCK” or “ENABLE” inputisused to isolate the data input from the flip-flop after the desired data

14.2.7 T-type Flip-Flop :

The T-type flip-flop changes state with each clock pulse, hence itacts asa toggle switch. If J=K=],
thenQ,, =, so that the JK flip-flop is converted into a T-type Flip-flop. In Figure the T-type system ig
shown with a data input T and outputs, _ : :
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Figure 14.8: Logic symbol and truth table of a T-type flip-flop.
14.2.8 Excitation table and Characteristic Tables '

Inthe designing of flip-flops and other digital circuits we usually know the transition from present
state to next state and wish to find the flip-flop input conditions that will cause the required transition.
For this reason, we need the tables that list the inputs and outputs as well as the required inputs for a
given change of state. Such lists of tables are known as characteristics and excitation tables,

A characteristic table defined the logical property of the flip-flop and completely characterizesits . -
operation in tabular form. In the flip-flops characteristic tables: Q, refers to the present state priorto
the application ofa clock edge. Q ,, are the next state after the occurrence of a clock puise. The clock
edge input is not included in the characteristic tables, but is implied to occur between timetands+1.
Excitation table shows the minimum inputs that are necessary to generate a particular next state when
the cuentstate isknow n.They aresin ilar o truth tables and state tables, but rearrange the data so
that the current state and next state are next to each other on the lefi-hand side of the table, and the
inputs needed to make that state change happen are shown on the right side of the table. )

Table 1 presents the characteristic and excitation tables for the four FF’s. In the excitation table there
are two columns for Q, and Q,,, and a column for each input to show how the required transition is
achieved. There are four possible transitions from present state to next state. The required input con-
ditions foreach of the four transitions are derived from the information available in the characteristic
table, The symbol “X” in the tables represents a don’t-care condition, i.e., it does not matter
whether the input is 1or 0. '

SR Flip-Flop
Characteristic Table : Excitation Table
S |R{ OQpei (next) i Comment | Qn | Quur(next) | S | R
010 0 Holdstate | 0 | 0 0 X
0 [1 0 Reset | 0 | 1 110
110 1 Set 1 0 011
1|1 7 - Meta-stable | 1 1 X{0
 JK Flip-Flo
Characteristic Table Excitation Table |
I K | Qui (next) [ Comment | Q, | Quir(next) | J | K| Comment
0,0 Q, |Holdstate!| 0 0 | 0|X| Holdstaie
01 0 Reset O 1 11X Set
1o 1 Set 1 0 " |X|1]| Rese
1{t] @ | Toegke | 1 1 X | 0| Holdstate
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D-type Flip-Flop

l Characteristic table Excitation Table

D | Quwiext) | Qu | Qui(next) | D
0 0 0 0 0
0 1 1
Tl 1 1 0 0
1 1 1

In the D-type Flip-Flop, the next state is always equal to the D-input and independent of the present
state, Therefore, D must be 0 if Q,., havetobe 0 and 1ifQ_,, have tobe [, regardless of the Q

T-type Flip-Flo
. Characteristic table Excitation Table
' T Qu1 (next) Qn Qunt1 (next) T
) Q. Hoid 0 0 0
0 1 1
i 1 | Q,Toggle | 1 0 1
L T 1 0

InT-type flip-flop when T=1, the state of the flip-flop is complimented; when T=o, the state of the
flip-flop remains unchanged. Therefore, same state of the flip-flop T has to be 0 and for complimented
output T must be equal to 1.

14.2.9 Edge triggered Flip-Flops ,

Flip-flop is a digital system similar to a latch that possess two states and a feedback path that
allows it to store a bit of information. The difference between g latch and a flip-flop is that a latch is
asynchronous, and the outputs can change as soon as the inputs do (or at least after a small propaga-
tion delay). A flip-flop, on the other hand, is edge-triggered and only changes state when a control
signal goes from high to low or low to high. The state of a flip-flop is switched by a momentary change
in the input signal. This momentary change is called a trigger and the transition it causes is called trigger
the flip-flop. For triggering the flip-flops generally clock pulses are used. A clock pulse may be either
positive or negative. A positive clock source remains at 0 (low) during the interval between pulsesand
goes to 1 (high) during the occurrence of the pulse. A pulse goes through two signal transitions: from 0
to I and return from 1 to 0. Figure shows, the positive transition (known as positive edge) and the
negative transition (known as negative edge). The same definition is allocable to negative or positive
pulses as shown in the figure. '

Positive pulse ' Megative pulse

1

T

O
Positive Megative Negative Positive
- edge odge edge edge
Rising-edge Falling-edge
it :
N ' S

OV _
eount codurs hete count eéf:m here
Figure 14.9: Definitions of clock pulse Transition.

(202)



The type of flip-flop that synchronizes the state changes during a clock pulse transitionis called the ‘
edge- triggered flip-flop. In the edge-triggered flip-flop, the output transitions take place at a specific
level of the clock. When the pulse input level exceeds the threshold level, the inputs are Jocked out and
the flip-flop becomes unresponsive to further changes in the inputs until the clock pulse return to low
and another pulse occurs. The graphic svmbo! for the edge-triggered D flip-flop is shown betow.

il —— J— Ny FO—

' positive-edge negative-edge
Figure:14,10: Symbolic diagram of positive and negative edge triggered D-type flip-flop.

CLK BTt

i

" Figure 14.11: Logic diagram of an edge triggered D-type flip-flop.

14.3 REGISTERS _ - _

" T Aregister is group of binary storages units suitable for holding binary information. A group of
clocked flip-flops constitutes a register. N-bit register has a group of n-flip-flops and capable of
registering/storing information of n-bit. Figure shows a simple 4-bit register constructed using four
D-type flip-flops and a common clock pulse input. The clock pulse enables all the flip-flops and the
information presently available at the four D inputs (PA,PB,PC and PD) can be transferred into the

four outputs (QA,QB,QC and QD) of the 4-bit register.

Paraild puipuls
’ e i Gl i
{0 Q_I.._'_[}j_;-qj_..&w'ﬂ .._tsf_-_mj
CFEA i FFC CFED
ek CK Gk CLK
wd b
Gk
P PR P 503
’ Parailel inpuis

Figure 14.12: Logic diagram of a Register. -

14.4 SHIFT REGISTERS .

T A shiftregister is a cascade of flip flops, triggered from the same clock pulse, which has the output
of anyone but the last flip-flop connected to the “data” input of the next one in the chain, resulting ina
circuit that shifts by one position the one-dimensional “bit array™ stored in it, shifting in the data
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present at its input and shifting éur the last bit in the array, when enabled to do so by a transition of the
clock input. Shift registers can have both pazallel and serial inputs and outputs. These are often config-
ured s serial-in and parailel-out or as parallel-in and serial-out. There are also types that have both
serial and paralle! input and types with serial and parallel output. There are also bi-directional shift
registers which allow shifting in both directions: Left to right and right to left The serial input and last
output of a shift register can also be connected together to create a circular shift register.
A shift register can be designed using number of single bit “D-Type Flip-flops” connected together
inachain arrangement so that the output from one data latch becomes the input of the next latch and so
- on, thereby moving the stored data serially from either the left or the right direction. A typical Serial-in
to Parallel-out is shown below. The functioning of the circuit can be understand using the truth table,
where with each pulse the value of the output shifts to the next stage. Initial value of 1010 outputis -
shifted from left to right with clock-pulse. '
' Table 4: Serial data transfer using Shift register.

_Timing pulse | QA | QB
[ Initial value I ™~ 0
TART Tl | 1S
| After T2 T~ 1
After T3 1 ~, 1
Afier T4 0 1
' A-bit Wide Paraliel Data Output -
£200% o e o
Scmagi | : I-
L a1 N N ey W M T DR T Y I —
FiA - FFE NI FEp | Detaout
~AC0R O ] el K
LR - R L CLR LR
o] ] [ |
Tiock |

Figure 14.13: Four-bit Serial-in to Parallel-out Shift Register.

Do D@ D Ol B Ol S8001
FEA FEB eec | | pep | Dabom
f*w Cig CL¥ pef GLE g’—- TAK
] P
wd b |
Ciotk i
oy P PE oy
Parallel inputs

Figure 14.14: Four bit Parallel-in to serial-out Shift Register.
14.5 COUNTERS

Coumter is 2 device which stores (and sometimes displays) the mumber of times a particular event or
process has occurred, often in relationship to a clock signal. There are two types of counters: asyn-
chronous (ripple) and synchronous counters. '

14.5.1 Ring counter

A ring counter can be designed using a shift register with the output of the last one connected to,

the input of the first, that is, in a ring. Typically a pattern consisting of a single 1 bit is circulated, so the -

(204)



state repeats every N clock cycles if N flip-flops are used. It can be used as a cycle counter of N
states.

The operation of a ring counter (shown below) can be understood with the help of following example
Let us assume that a starting state of Q, =1 and Q, =Q, =Q, = 0. At the first pulse, the 1 shift from
Q, to Q, and the counter is in the 0100 state. The next pulse produces the 0010 state and the third,
0001. At the fourth pulse, the 1 at Q, is transferred back to Q,, resulting in the 1000 state, which is the
initial state. Subsequent pulses will cause the sequence to repeat, hence the name ring counter.

I——n Qy frrer ) @ f—— 0 Ly :..ID ao—-}

b LK b CLK L LK b CLK
CLock | ' T & & %
NuEE '

~ Figure 14.15: Logic diagram of ring counter designed usn‘g a shift reglster

- 14.5.2 Asynchronous (ripple) Counters

An asynchronous or Binary ripple counter consists of a series of complementing flip-flops. Inthese
counters the flip-flop output transition serves as a source for triggering other flip-flops. The clock
inputs of all the flip-flops except the first are triggered not by incoming pulse but rather by output
transition that occurs in other flip-flops. In a synchronous counter, the input pulses are allied to the
clock inputs of all flip-flops. The change of state of a particular flip-flop is dependent on the present
ofother flip-flop .A binary countercongisting ofn flip-flopshasa counteycle o £2" and counts from
0to 2"-1. A 4-bit binary ripple counter using T flip-flops is shown.

A, Ay
5
| a [t J i o SEY -
- P 1 <o
e . CLK
T Q@ oy K™ 75_::4& K
’ Clear
1
2 & 7 3 & 16 11 1T 12 4 18

o JLHMHJUUUUUUUUW
S U S e B o U o B o o T e T
S L I e
A | g )

- Figure 14.16: Block diagram and timing waveform chart for a 4-bit binary counter.
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Atthe beginning letall the output are at 0.i.e. A, A, A, A =0000. On the application of first clock.
pulse the output of first flip-flop will be complimented. Thus A, A A, A =0001. Second pulse make
A, again at 0 but this transition from 1 to 0 will trigger the second ﬂlp-ﬂop and make A, at 1, So that
output willbe A, A, A A =0010, Third pulse again trigger first flip flop. Therefore the output will be
AA A A =0011. Applications' of fourth pulse again compliment the first flip-flop and because of
thatboth A, and A, will also changes their state which results change of state ofA., SothatA, A A,
A, =0100 ancl so on, The timing chart and truth tables for the 4-bit counter are given below.

Table 5: Functional table of a 4-bit binary ripple Counter.

S. No. | Imput Outputs (Binary)

(pulses)

Counts As Az Ay Ao
1 0 0 0 0 0
2 ] 0 0 0 1
3 2 0 0 1 0
4 3 .0 0 ] 1
5 4. 0 1 0. 0
6 5 0 | 0 ]
7 8 0 1 1 0
8 7 0 1 1 !
9 8 1 0 0 0
10 ? ] 0 0 1
il 10 1 0 1 0
12 11 1 0 ] |
13 12 1 1 0 0
14 13 1 1 0 1
15 14 -] 1 1 0
16 15 1 1 | ]
17 16 -~ 0 0 0 0

14.5.3 Synchronous counter

A synchronous counter, in contrast to an asynchronous counter, is one whose output bits change
state stmultaneously, with no ripple. It can be designed using T-type flip-flops and the clock inputs of all
the flip-flops is connected together, so that each and every flip-flop receives the exact same clock
. pulse at the exact same time, A synchronous binary counter counts from 0 to 2¥-1, where N is the
number of bits/flip-flops in the counter. Each flip-flop is used to represent one bit. The flip-flop in the
lowest-order position is complemented/toggled with every clock pulse and a flip-flop in any other
position is complemented on the next clock pulse provided all the bits in the lower-order positions are
equalto]. :

HitiH _
I i FF Uald, FEY i
2 ¢

J AP | ¢ —+ |,
¥
] * F 4 ();
e £ ¥ » ot £
| 5 Y _ - K, ] &

Figure 14.17: Circuit diagram of a 4-bit synchronous counter.
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¢ A 4-bitbinary synchronous counter can be designed using Tétype flip-flops and its operation can be
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understood with help of the following example. Let all the four Flip-flopsare Q, Q, Q, Q,=0011.0On
the next count, Q, Q,Q, Q,=0100.A , the lowest-order bit, is always complemented. Q, is comple-
mented because all the lower-order positions (Q, only in this case) are 1's. Q, isalso complemented
because all the lower-order positions, Q, and Q, are 1’s. But Q, isnot complemented the lower-order

positions, Q, Q, Q, =011, donot give anall 1 condition. '

Table 6: Functional table for a 4-bit synchronous countey.

S. No. Input Qutputs (Binary)

(pulses)

Counts Q3 Q: Ql QO
1 0 0 0 0 0
2 1 0 0 0 ]
3 2. 0 0 | 0
4 3 0 .0 ] 1
5 - 4 0 ] 0 0
6 5 0 1 0 ]
7 b 0 1 1 0
8 7 0 1 1 1
9 8 1 0 0 0
10 9 1 0 0 |
11 10 1 0 1 0
12 . iR 1 0 1 |
13 12 [ 1 0 0
14 13 1 1 0 1
15 14 1 1 1 0
16 15 1 1 | 1
17 16 0 0 0 0

Pet Gt ¢ ol Uy 1

Figure 14.18; Wave-form charts for a 4-bit synchrbnous counter.
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Figure 14.19: Circuit diagram of a 4-bit synchronous up counter.
In practice, counters can also classified to as Up counters, which increase (increment) in value and
Down counters, which decrease (decrement) in value. A counter that can change state in either direc-
i tion, under control an up—-down selecior input, is known as an up—down counter, When the selector is
in the up state, the counter increments its value; when the selector is in the down state, the counter
decrements the count. The circuit diagrams of up and down counters are shown below.
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Figure 14.20: Circuit diagram of a 4-bit synchronous down counter.

14.6 REVIEW QUESTIONS _ .

Q.1.  WhatisaFlip-Flop? Draw the circuit of a L atch explain its operation,

Q.2.  Draw the circuit of a SR Flip-Flop and explain its operation.

Q.3.  Draw the circuit of a JK Flip-Flop and explain its operation,

Q4. What do youmean by race around condition? Draw the circuit of a JK Master Slave Flip-

' “Flop and explain its operation. ' :

- Q5. Drawthe circuit of a D-type Flip-Flop and explainits operation.

Q.6.  Draw the circuit of'a T-type Flip-Flop and explain its operation.

Q.7.  Explain the 4-bit shift register.

Q8.  Explain the utility of ring counter. _
Q.2.  Draw the circuit of a ripples counter and explain its operation using suitable wave-form chart.
Q.10. Draw the circuit of a synchronous counter and explain its operation. '
Q.11. Differentiate between asynchronous and synchronous counters
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