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10.

Define current
The rate of flow of electrons is called current.

Denoted by letter ‘I’

charge
current = - g = Q
Time t

it = A ( )coulomb
unit = Ampere (or socond

Define voltage (or) potential difference
Voltage is defined as potential difference between two points in an electric circuit.
unit = Volt

Define Resistance
The opposition offered to the flow of electric current is called resistance.
unit = ohm({l)

Define Electric power
Power is defined as the product of voltage and current.

P=VI unit = watts
Define Energy
Energy is the capacity to do work.

Energy = power X time W=VIxt
Unit = watt sec(or) Joules

Define conductor
The material which allow electric current to pass through it is called conductor.

Define Resistor

Resistor is an electrical component made from the material which opposes the flow of
current.

Define Inductor

Inductor is an element which store energy in the form of electromagnetic field.

LYY\

Unit of inductance = Henry (H)

Define Capacitor
Capacitor is a storage element which store and deliver energy in an electric field.

——

Unit of capacitance = Farad (F)
State Ohm’s law
At constant temperature, the current flowing through a conductor is directly
proportional to the potential difference across the conductor.
Val
V =1IR

R- Resistance (ie) proportionality constant

V- Voltage in volt

| — Current in Ampere



11. State the limitations of Ohm’s law
(i) It is applicable to metallic conductors at constant temperature. If the temperature

changes the law is not applicable.
(ii) It is not applicable to nonlinear devices such as zener diode, vacuum tubes.

(iii) It is not applicable to non metallic conductors

12. Write the formulas for DC power
=VI= =12

13. State Kirchhoff Current Law (KCL)
The algebraic sum of the current flowing towards a junction is equal to the algebraic

sum of the current flowing away from the junction.

I1+14415=12+13
Current flowing towards junction A = Current flowing away from the junction A

14. State Kirchhoff Voltage Law (KVL)
In a closed circuit, the algebraic sum of the potential drop is equal to the algebraic

sum of the potential rises.
Ry

Algebric sum of potential drop = IR1 + IR2

Algebric sum of potential rise = Vs
Vs =IR1 + IR2
15. Define the terms Loop and Mesh
The closed path of a network is called a Loop
Mesh is a closed path that does not contain any other loop within it
16. Define the terms Node and Junction
A node is a point in the network where two or more circuit elements are connected.
A junction is a point in the network where three or more circuit elements are
connected.



UNIT2-ELECTRICAL MACHINES

1. Explain the construction of D.C Generator/ D.C Motor/ D.C machine

e ¢%%
000, "
XXX

'6%6%% %'

Commutator

The parts of the D.C. Generator/ motor/ machine are explained in detail as follows:

i) Yoke or magnetic frame:

Provides mechanical support and acts as a cover

Forms part of the magnetic circuit

Made of cast iron (smaller machine) or fabricated steel(larger machines)
For smaller machine, yoke is a single piece

For large machines, poles are separately made and fitted together

ii) Magnetic Poles:
Consists of pole core and pole shoes
Spread out flux in air gap
Support the field coils
Made of thin laminations of steel
Cores are laminated to reduce eddy current loss
iii) Field Coils
e Wound using enameled copper wire
e Provision is made for insulation and ventilation
e North and South Pole depend on direction of current flow through the coil.

iv) Inter poles or Commutating poles
e Improves commutation
e Reduces armature reaction

v) Armature

Attached to machine shaft and rotates between field coils
Consists of slotted steel laminations

Laminations insulated from each other by varnish
Laminations done to reduce eddy current loss

Armature is wound in two ways:



1. Lap winding
2. Wave winding
Ventilation is provided to reduce heat.
Commutator:
Converts A.C into D.C
Made of copper segments insulated from each other
Brushes:
Made of carbon
Kept inside brush holders
Carry current to the load
Bearings and End cover
End cover is made of cast iron or fabricated steel
Bearings and end covers are fitted inside the yoke

Explain the principle of operation of D.C Generator
e A generator is a machine that converts mechanical energy into

electrical energy.

e Works on the principle of Faraday’s laws of Electromagnetic

Induction.

e When conductor cuts magnetic flux, EMF is induced.

e Current flows through the circuit.

Flux hnes

Construction:

Important components of a generator are:

i) A Magnetic Field
ii) Conductor(group of conductors)

iii) Motion of conductor with respect to Magnetic field

EMF

Figure shows a copper coil ABCD moving in a magnetic field
Two ends of the coil are joined to the slip rings, ‘@’ and ‘b’.
e Slip rings ‘a’ and ‘b’ are insulated from each other
There are two collecting brushes that supply current to External load

18

27
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Working:

C B EMF
+ -
S
N
Ry
(b)

e Stationary magnetic field is produced by field magnet.

e Armature rotated by a prime mover.

180°

e Prime mover may be a turbine or diesel engine or petrol engine.
e A.C EMF is induced
e Commutator converts A.C into D.C.

e Coil rotated inside magnetic field, flux linkage changes.
e Rate of change of flux linkage is proportional to the induced EMF
e Coil rotates in clockwise direction.

Position of the © Flux linked with EMF=Rate of
i1 \ the coil change of flux
cot (in degrees) linkages
Position ‘1’ 0 Maximum Minimum
Position ‘3’ 90 Minimum Maximum
Position 3’ - ‘5’ 90 to 180 Qradually Decreases
increases
Position ‘5’ - 7’ 180 to 270 Minimum Maximum
Position 7’ - ‘1’ 270 to 360 Qradually Decreases
increases
. EMF induced is alternating EMF.

. Slip rings are replaced by split rings to convert A.C into D.C.




. At first half cycle current flowing through ABLMCD.

. At first half cycle current flowing through DCLMBA.
o The current through load LM is same in both the direction.
o The emf induced is DC

3. State the Fleming’s right hand rule.

Fleming’s right hand rule:

Keep the thumb finger, fore finger oA
and middle finger of the right hand .
mutually perpendicular to each = d
other. If the thumb points the s [3ZZ N
direction of motion of the conductor, €A _ _
the fore finger points the direction of f ;?&“&:fuﬂmﬂ ‘
flux lines then the middle finger . ‘ﬁz%‘/ cﬁ:;%;f:" ux
points the direction of induced emf or /B h
current. c /

4. State Faraday’s laws of electromagnetic induction

Statement:

First Law : It states that flux linking a conductor changes, an emf is induced in it.

Second Law: The magnitude of the induced emf in a coil is equal to the rate of
change of flux linkages.

5. List out the types of DC generator and draw the connection diagrams.
Types of DC Generator:

DC generators are classified based on their method of excitation. So on
this basis there are two types of DC generators:-

1. Separately excited DC generator
2. Self excited DC generator
Self excited DC generator can again be classified as
= DC Series generator
= DC Shunt generator

= DC Compound generator.
Compound wound generators can again be classified as

i) Short Shunt Compound DC Generator
ii) Long Shunt Compound DC Generator



1. Separately Excited Generator o R v
A field winding is excited using a 1 '* Iy L
separate voltage source is called _ f A
separately excited generator DC. Supply Load
Fy A
:0 - -

2. Self Excited Generator:

The field winding is excited by the output of the generator itself is called self excited
generator. there are three types of self excited dc generators
1) Series 2) Shunt 3) Compound.

I.fe ' (OU]R% +

A series DC generatorin which the ,
armature winding is connected in series with v, ond
the field winding. Field winding is a dow A,
resistance, thick wire of few turns.

A shunt DC generatorin which the leh e _ -
field winding is connected in parallel to F L!“(H
armature winding. Field winding is a high Load
resistance, thin wire of more turns. N As

2

A compound generator has two field findings namely shunt winding (Rsn) and series
winding (Rse). They are two types — 1) Short shunt 2) Long shunt

: i T I
Short shunt:- h d m__i'_o*

: I
F A

Here the shunt field winding is in

. . g Load
parallel with armature winding. o




I I o
Long shunt:- E, I
Here the shunt field winding is in _
parallel with both armature and A lTa I:] Load
series field winding. F, 7.
O-

6. Derive the emf equation of the DC generator.

@ = flux per pole
P = Number of poles
Z = Total number of armature conductors
A = Number of parallel path
N = Speed in rpm
Average emf generated per conductor / per revolution = e volts
According to faraday’s law,

do
e=—- volts
‘d®’ is the flux cut by the conductor in one revolution =P ®Wb
. . . 60
‘dt’ is the time taken by the conductor for one revolution = — sec
do re PON
60
“Ta TN T e 0P

The number of conductor in each parallel path =

>N

The emf induced in a DC generator (Eg) = emf induced in each conductor x
the no. of conductor in each parallel path
PONZ

Eg = m volts

E; = % v (A = P for lap winding)

E, = PTZI\(’)Z v (A =2 for Wave winding)



7. What are the applications of DC Generator?

Applications of self excited DC Generator:

Series Generator Shunt generator

Compound generator

1. Boosters 1. Electroplating
2. for lighting | 2. Battery Charging
arc lamps 3. lighting loads
4. Excitation of
alternators

. Differential compound generators

are used for DC welding machines.

. Flat compound generators are used

to supply power of offices, hostels
and lodges and etc.

. Over compound generator are used

to compensate the voltage drop in
feeders.

Applications of separately excited DC Generator:

e Supply source for motors where speed has to be controlled.
e Used where, wide range of DC voltage required for testing purpose

8. State the Fleming’s left hand rule.

Fleming’s left hand rule:

Keep the thumb finger, first

Direction of flux lines —\ / Conductor

Motion of the coaducior

finger and middle finger of the left
hand mutually perpendicular to N
each other. If the thumb points
the direction of force acting on

ya

v

-

the conductor, the first finger
points the direction of field then
the middle finger points the
direction of current flowing
through the conductor

{ \":: S
A

Direction of current

Motion

9. Explain the types of DC motor and explain with suitable diagrams, the

voltage equation of DC motors.




(i) DC Shunt motor: | L

When  the field + O >
winding is connected in
parallel with the armature
winding then it is known as

a DC shunt motor. r)(Su‘pply
\1'

Iy =1, —Isp,
V =E, + IR, 1L
O T

(ii) DC Series motor: 4 O—

When the field winding
is connected in series

with the armature winding
then

it is known as a DC series
motor. — O
Io =1, = Isp DC Series motor

V =Ep, + IR, + IgcRse

iii) DC +0- e
Compound L
motor:

(a) Long shunt
compound motor D.C.Supply

When a shunt field
winding is connected in
parallel with the series
combination of series field -0 —
winding and armature
winding and this
arrangement is connected
across the supply. It is
called long shunt
compound motor.

L)




(b) Short +0 >

shunt i S,
compound
motor S
o ¥f the shunt field 0.C.Supply ‘ Ish
winding is connected only
across the armature
winding, it is called short
shunt compound motor. : Fa
-0 <
V=E,+1,R; + IgcRse :
Io =1, = Isp Short shunt DC compound motor

For long shuntl, = Is,

For short shunt I, = I,

10 . Derive the torque equation of DC motor.

Torque is the turning moment of a force about an axis and is
measured by the product of force (F) and radius (r) at right angle to which
force acts.

— i.e., T = F x r Newton
I (TForce) re
r
Where,
N=r.pm
T = Torque in Newton
Pullc ot
F = Force in Newton
Shafi er.
r = radius in
meter
Electrical power is developed by the motor = E,l, ~ ---—-- 1
, ) 2nNT
Mechanical power is developed by the motor = —— ---——----- 2

In a motor, electrical energy is converted to mechanical energy. So, Equate 1

Bl 2nNTq
bla 60
Eyl 60
T, = L= 3
21TN

We know



POZN
b~ 604

Substitute, equation 4 in equation 1E

PDZN 1,60
6042nN

PdZ 1,
2w A

a

Ta

T, = 0.159POZL NM oo 5

The torque should be expressed in terms of kilogram meter. 1Kg = 9.81 Newtons

T, =0.0162P®Z~2  kgm

11. What are the applications of DC motor?

Types of s s
Motor Applications
Centrifugal pumps, light machine tools,
Shunt . . X
reciprocating pumps, wood working
Motor machine, paper mills, drilling
machines.
Series
Motor Trains, cranes, lifts and conveyors.
Cumulative
Compound | Rolling mills, presser, printing
Motor machine, punches, shears, conveyors.
12. Explain with neat sketch, the principle of operation of DC Motor.

How the direction of rotation is reversed?
e DC motor converts electrical energy into mechanical energy
e When a current carrying conductor is placed in a magnetic field,
mechanical force is produced on the conductor.
e Magnitude of force is given by
F = BLI Newton

where,

F - force produced on the conductor, Newton
B - magnetic flux density, web/m?2
L - length of the conductor
I & current flow through the conductor
e Consider a two pole motor



-

e

Nggs

Uniform magnetic field
(No current in the conductor)

Figure shows a uniform magnetic field

No current flow through the conductor.

Direction of magnetic flux line is from north to south pole
No movement of the conductor

Conductor carrying current
(No magnctic ficld)

No exciting current flow through the field winding
Current is passed through the conductor

Current flows away from the observer ( +)

Magnetic flux lines produced are in clockwise direction
No movement of the conductor

>>>>>|>

Force action on coductor
Carrying current in magnetic field
Current away from the observer

Current carrying conductor is placed in magnetic field
Flux is strengthened above the conductor

Flux is weakened below the conductor

Conductor is pushed downwards



Z

Force action on coductor
Carrying current in magnetic field
Current towards the observer

Current flows towards the observer ( )
Current direction is reversed

Flux is weakened above the conductor
Flux is strengthened below the conductor
Conductor is pushed upwards

N —(+A «)-B

Y

Force acting on a single turn coil

Consider a current flowing through a single turn coil

Coil side ‘A’ moves downwards, Coil side ‘B’ moves upwards
Force acting is same in magnitude but opposite in direction
Coil is wound on armature core and armature will rotate
Direction of rotation is found out by Fleming’s left hand rule

How to change the direction of rotation of motor:

Either by changing the direction of armature current (or) the polarity of the

magnetic field.
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- Basic Electrical and Electrontics Engineerinig

3.1 INTRODUCTION
Electronic components
»  Electronic components are classified into active and passive components.
»  Active components supply energy to the circuit
Example: Battery, semiconductor devices etc.
» Passive components consume energy from the source.
Example: Resistors, capacitors, inductors etc.
Resistors (R)

» R is an electrical/electronic component used to limit the flow of current.
»  Unit is ohm (Q)

»  Symbol:
R
— A —

V 2
» R=7 (By Ohm’s law)
. [t
where R 5 Resistance in chm

P Resistivity of the wire in ohm-cm

l — Length of the wire in cm.

Inductor (L)

It is used to store the energy in the form of magnetic energy, when electricity
is applied to it. The SI unit of inductor is Henry (H).

L .
—

where L — Inductance.

¢(@) — Magnetic flux of current.
i —  Current

Capacitor

Capacitor is used to store the energy in the form of electrical energy charge

producing a potential difference across the plates. S.I unit of capacitor is Farad
®

g, e A
C="7

where C Capacitance of a capacitor

am

Permittivity of free space
Permittivity of dielectric medium
Distance between plates

Area of two conducting plates

> R g
4 4Ll

where Q — Charge

V — Voltage

3.1.1 Conductors

Atom

Atom is a Greek word and its means a particle, so atom is smallest particle
of the matter, which has properties of element. E.g. Iron, Al, cu, etc

Atomic structure

An atom is the smallest particle of an element that retains the characteristics
of that element. According to the classical Bohr model, atoms have a planetary
type of structure that consists of a central nucleus surrounded by orbiting electrons.
The nucleus consists of positively charged particle called protons and uncharged
particles called neutrons. A short description about these particles is given below.

]

)
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I Energy Level N Shell
II Encrgy Level 4 M Shell
I Energy Level 3 L Shell
2
IV Energy Level 1 K Shell
Nuclens Positively
K mucleus
L
M
N

Fundamental particles of the atom

1. Electron

2. Proton

3. Neutron
1. Electron

It is a fundamental particle of the atom. Electron is a particle which has
negative charge. The amount of the charge is — 1.6 X 10" coulomb. Mass of
electron is 9.11 x 1073 kg or 0.00054859 a.m.u. Since atom has equal number of
electrons and protons, they have equal and opposite charges hence effect and atom

becomes neutral. It is 1836 times lighter than proton. It is revolving around the
nucleus.

2. Proton o

Proton is a particle which has positive charge. It is inside the nucleus. The

amount of charge is 1.6 x 10° coulomb. The mass of proton is 1.67 x 102’ kg
or 1.0072766 a.m.u. It is 1836 times heavier than“electron. The number of protons
and electrons are equal in an atom.

3. Neutron

Neutron is .a neutral particle thus it has no any charge. Hence the name
neutron is derived from the world neutral. It is heavier than electron. It's mass is

nearly equal to the mass of proton that is equal to 1.6x 10~ %’ kg or 1.0086654

* R

am.u. It is 1842 times heavier than electron. Both the proton and neutron make
the atomic mass of the atom. It resists inside the nucleus.

3.1.2 Electronic configuration

We know that electron is revolving around the nucleus in different position.
These positions are called energy levels or shell electrons are distributed among

the shell according to 2 (N)*> formula.
The number of electron in K shell 2% =2 (1)=2
The number of electron in L shell 28N =2 (2)*=8
The number of electron in M shell 28 =2 (32 =18 Etc, etc

The number of electron in the outer most shell is not distributed 2N formula.
The outer most shell is called valance shell and the electrons in it are called valence
electrons.
For example (Cu)

Atomic Number =29

The number of electron in K shell =2 (1) =2

The number of electron in L shell =2 (2)2= 8

The number of electron in M shell =2 (3)%=18

The number of electron in N shell =1

3.1.3 Atom energy shells or levels

“The orbit around the nucleus within which the electron rotates is called
shells or Energy levels”.

Each discrete distance orbit from the nucleus corresponds to a certain energy
level. The electron which rotates in the lowest orbit has lowest energy level in
the outermost orbit, electrons have higher energy levels. Hence energy levels
increase as the distance from the nucleus increases.

There are many shells around the nucleus namely X, L, M, N and so on.

K Shell

The K Shell is the closest shell to the nucleus. It is stable with 2-electrons,
corresponding to the structure of Helium whose K Shell is filled with 2-electrons.

O A=




@R~z

L Shell

The L Shell is the second closest shell to the nucleus. It is stable with §

electrons, Corresponding to the atomic structure of Neon whose L shell is filled
with 8-electrons.

M Shell

The I Shell is third closest shell to the nucleus. It is stable with 18 electrons

corresponding to the atomic structure of Argon (Inert gas) whose M shell is filled
by 18 electrons.

Shells Electrons
K 2
L 8
M 18
Total Electrons 28
Other shells which can take maximum electrons is shown by the table.
Shell Maximum Electrons Inert Gas
K g Helium
L 8 Neon
M 8 (upto Calcium) or 18 Argon
N 8, 18 or 32 Krypton
(0] 8 or 18 Xenon
P 8 or 18 Radon
0 8 -

The electron distribution around the nucleus follows 2n% rule, where n is
the number of shells lives maximum eleffrons that can be placed in any shell.

3.1.4 Valence electron

“The electrons in an incomplete outermost drbit are called valence electrons”.

Valence electrons are less tightly bound to the atom than those closer to the
nucleus. This is because the force of attraction between the positively charged
nucleus and the negatively charged electron decreases with increasing distance from
the nucleus. Electrons with the highest energy levels exist in the outermost shell
of an atom and are relatively loosely bound to the atom. This outermost shell is
known as the valence shell and electrons in this shell are called valence electrons.

AT s
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A completed outermost shell has valence of zero. Copper has valence of 1
because one electron is in outer shell after completing its inner shells. Similarly
wﬁonhasavalmoeofdandaﬂmcinmgaseshavewovalem

3.1.5 Energy Band

When number of atoms is combining then the whole energy levels are divided

in sub-energy levels and become overlapped. They make a band, which is called
energy band. Remember that the energy of free electron is changing continuously.

In a solid there are three types of energy band.
1. Filter band

As clear from its name it is that type of band, which is near to the nuclens
anditisoompletelyfuilwﬂhelwhnmlnﬂmtypccfbandﬁmemnofmeelectmns.
2. Valence band

The last band of the atom is called valence band and the electron of that
band is called valence electron. When valence electron gain some energy then they
leave that band and cross the energy gap which is also called forbidden energy

gap and goes to conduction band then current flow starts from this material. The
energy of the valence electron is more as compare to filled band.

3. Conduction band

The conduction band is the band of electrons orbitals that electrons can
jump from the valence band when excited and such process is called conduction.
The electron of such band is called free electron.

(a) Insulator

Insulator is that material in which current does not flow easily e.g. Wood,

paper, plastic, oil, mica etc. The reason for insulation is the wide gap between
'y

Band

Energy gap (wide)

>

Energy band diagram of insulator
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the valence band and conduction band. A large amount of energy is required to
shift electrons from the valence band into the conduction band.

(&) Conductor

Conductor is the material in which current flows easily. For example silver,
copper and aluminium, etc. The reason for the conduction is the absence of
forbidden gap between the conduction band and valence band, so very small amount

of energy is required for the flow of electric current. There are many free electrons
in the conducting materials.

&

Band

BN\ P

Energy band diagram of conductor

Valence band

(c) Semiconductor

Semiconductor is the material which has the conduction property in between
conductor and insulator. It means semiconductor do not allow the free electron to
flow as conductor. In the same way semiconductor doesn’t block the current as
insulator. For example silicon, boron, carbon etc. The reason for such type of
conductor is the small gap between the valence band and conduction band.
Semiconductors have comparatively less free electron than the conductor.

& ”’

DI e

e

L

Energy band diagram of semiconductorﬁ

Band
energy
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3.2 TYPES OF SEMICONDUCTOR
1. Intrinsic semiconductors
2. Extrinsic semiconductors

3.2.1 Intrinsic semiconductor

An intrinsic semiconductor is an undoped semiconductor which is a pure
semiconductor without any significant dopant species present. The number of charge
carriers is therefore determined by the properties of the material itself instead of
the amount of impurities. In intrinsic semiconductors the number of excited
electrons and the number of holes are equal: n=p.

The electrical conductivity of intrinsic semiconductors can be due to
crystallographic defects or electron excitation. In an intrinsic semiconductor the
number of electrons in the conduction band is equal to the number of holes in
the valence band. An example is Hg,¢ Cd,, Te. (Mercury Cadmium Telluride)

An indirect band gap intrinsic semiconductor is one in which the maximum
energy of the valence band occurs at a different k (k-spaces wave vector) than the
minimum energy of the conduction band. Examples include gallium arsenide.

A silicon crystal a different from an insulator because at any temperature
above absolute zero temperature, there is a finite probability that an electron in
the lattice will be kmnocked loose from its position, leaving behind an electron
deficiency called a “hole”.

If a voltage is applied, then both the electron and the hole can contribute
to a small current flow.

The conductivity of a semiconductor can be modeled in terms of the band
theory solids. The band model of a semiconductor suggests that at ordinary

temperatures there is a finite possibility that electrons can reach the conduction
band and contribute to electrical conduction.

The term intrinsic here distinguishes between the properties of pure
“intrinsic” silicon and the dramatically different properties of doped n-type or p-type
semiconductors.

Electrons and holes

In an intrinsic semiconductor such as silicon at temperatures above absolute
zero, there will be some electrons which are excited across the band gap into the
conduction band and which can support current flow. When the electron in pure
silicon crosses the gap, it leaves behind an electron vacancy or “hole” in the regular
silicon lattice. Under the influence of an external voltage, both the electron and
the hole can move across the material. In an n-type semiconductor, the dopant
contributes extra electrons, dramatically increasing the conductivity. In a p-type

(=2
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semiconductor, the dopant produces extra vacancies or holes, which likewise
increase the conductivity. It is however the behavior of the p-n junction which is
the key to the enormous variety of solid-state electronic devices increase the
conductivity. It is however the behavior of the p-n junction which is the key to
the enormous variety of solid-state electronic devices.

Semiconductor current

The current which will flow in an intrinsic semiconductor consists of both
electron and hole current. That is, the electrons which have been freed from their
lattice positions into the conduction band can move through the material. In
addition, other electrons can hop between lattice positions to fill the vacancies left
by the free electrons. This additional mechanism is called hole conduction because
it is as if the holes are migrating across the material in the direction opposite to
the free electron movement. The cumrent flow in an intrinsic semiconductor is
influenced by the density of energy states which in turn influences the electron
density in the conduction band. The current is highly temperature dependent.

I Conduction band

LN et

3.2.2 Extrinsic semiconductor

Energy

An extrinsic semiconductor is a semiconductor that has been doped, that is
a doping agent has been introduced givi:;g it different electrical properties than
the intrinsic (pure) semiconductor. d

Doping involves adding dopant atoms to an intrinsic semiconductor, which
changes the electron and hole carrier concentrations of the semiconductor at thermal
equilibrium. Dominant carrier concentrations in an-extrinsic semiconductor classify

it as either an n-type or p-type semiconductor. The electrical properties of extrinsic
semiconductors make them essential components of many electronic devices.

Semiconductor doping

Semiconductor doping is the process that changes an intrinsic semiconductor
to an extrinsic semiconductor. During doping, impure atoms are introduced to an
intrinsic semiconductor. Impurity atoms are atoms of a different element than the

Analog Electronics L - £ |

atoms of the intrinsic semiconductor. Impurity atoms act as either donors or
acceptors to the intrinsic semiconductor, changing the electron and hole
concentration of the semiconductor. Impurity atoms are classified as donor or
acceptor atoms based on the effect they have on the intrinsic semiconductor.

Donor impurity atoms have more valence electrons than the atoms they
replace in the intrinsic semiconductor lattice. Donor impurities “donate” their extra
valence electrons to a semiconductor’s conduction band, providing excess electrons
to the intrinsic semiconductor. Excess electrons increase the electron carrier
concentration (ny) of the semiconductor, making it n-type.

Acceptor impurity atoms have fewer valence electrons than the atom they
replace in the intrinsic semiconductor. They “accept” electrons from the
semiconductor’s valence band. This provides excess holes to the infrinsic
semiconductor. Excess holes increase the hole carmrier concentration (py) of the

intrinsic semiconductor, creating p-type semiconductor.

Semiconductors and dopant atoms are defined by the column of the periodic
in which they fall. The column definition of the semiconductor determines how
many valence electrons its atoms have and whether dopant atoms act as the
semiconductor’s donors or acceptors.

Group IV semiconductors use group V atoms as donors and group III atoms
as acceptors.

Group II-V  semiconductors, the compound semiconductors, use group VI
atoms as donors and group II atoms as acceptors. Group III-V semiconductors can
also use group IV atoms as either donors or acceptors. When a group IV atom is
replaced by group III element in the semiconductor lattice, then it acts as a donor.
Also, when a group IV atom is replaced by group V element, then it act as an
acceptor. Group IV atoms can act as both donors and acceptors. Therefore, they
are known as amphoteric impurities.

I.ntrmsm Donor atoms Acceptor atoms
semiconductor
Group IV Silicon, Germanium |Phosphorus, Arsenic (Boron, Aluminium
semiconductors
Group III-V Aluminium Selenium, Beryllium, Zinic,
semiconductors |phosphide, Tellurium, Silicon, |Cadmium, Silicon,
Aluminium Germanium Germanium,

arsenide, Gallium
arsenide, Gallium

nitride
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The two types of intrinsic semiconductor
N-type semiconductors

Extrinsic semiconductors with a larger electron concentration than hole
concentration are known as N-type semiconductors. Band structure of an n-type
semiconductor is shown in figure 3.6. Dark circles in the conduction band are
electrons and light circles in the valence band are holes. The image shows that
the electrons are the majority charge carrier.

I EXTRE RN RN .
e oo oo oo Conductionband

---@---@---@------- ~ Donor level

Band diagram of N type semiconductor

The phrase ‘n-type’ comes from the negative charge of the electron. In n-type
semiconductors, electrons are the majority carriers and holes are the minority
carriers. N-type semiconductors are created by doping an intrinsic semiconductor
with donor impurities (or doping a p-type semiconductor as done in the making
of CMOS chips). A common dopant for n-type semiconductors is Phosphorous. In
an n-type semiconductor the Fermi energy level is greater than that of the intrinsic
semiconductor and lies closer to the conduction band than the valence band.

P-type semiconductors

Extrinsic semiconductors with a large hole concentration than electron
concentration are kmown as P-type semriconductors. Fig. 3.7 shows the band
structure of a p-type semiconductor. Dark :circles in the conduction band are

........... B - ooy o Acceptor

Band diagram of P type semiconductor

Valence
band

electrons and light circles in the valence band are holes. The image shows that
the holes are the majority charge carrier

The phrase ‘p-type’ refers to the positive charge of the hole. In p-type
semiconductors, holes and the majority carriers and electrons are the minority
carriers. P-type semiconductors are created by doping an intrinsic semiconductor
with acceptor impurities (or doping an N-type semiconductor). A common P-type
dopant is Boron. P-type semiconductors have Fermi energy levels below the
intrinsic Fermi energy level. The Fermi energy level lies closer to the valence
band than the conduction band in a p-type semiconductor.

Use of intrinsic semiconductors

Extrinsic semiconductors are components of many common electrical devices.
A semiconductor diode (devices that allow current in only one direction) consists
of p-type and n-type semiconductors placed in junction with one another. Currently,
most semiconductor diodes use doped silicon or germanium.

Transistors (devices that enable current switching) also make use of extrinsic
semiconductors. Bipolar junction transistors (BJT) are one type of transistor. The
most common BJT’s are NPN and PNP type. NPN transistors have two layers of
n-type semiconductors sandwiching a p-type semiconductor. PNP transistors have
two layers of p-type semiconductors sandwiching an n-type semiconductor.

Field-effect transistors (FET) are another type tramsistor implementing
extrinsic semiconductors. As opposed to BJTs, they are unipolar and considered
either N-channel or P-channel. FETs are broken into two families, junction gate
FET (JFET) and insulated gate FET (IGFET).

Other devices implementing the extrinsic semiconductor are:

Lasers
2. Solar cells
3. Photodetectors
4. Light-emitting diodes
5. Thyristors

3.2.3 Comparison of intrinsic and extrinsic semiconductors

Intrinsic semiconductors Extrinsic semiconductors

It is pure semiconducting material and |It is prepared by doping a small quantity
no impurity atoms are added to it. of impurity atoms to the pure
semiconducting material.

()= 2Zc
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FExamples: crystalline forms of pure
silicon and germanijum.

Examples: silicon “Si” and germanium
“Ge” crystals with impurity atoms of
As, Sb, P etc. or In B, Al etc.

The number of free electrons in the
conduction band and the no. of holes in
valence band is exactly equal and very
small indeed.

The number of free electrons and holes
in never equal. There is excess of
electrons in n-type semiconductors and
excess of - holes in p-type
semiconductors.

Its electrical conductivity is low.

Its electrical conductivity is high.

Its electrical conductivity is a function
of temperature alone.

Its eleetrical conductivity depends upon
thctempaama_swenasouﬂ]equanﬁty

3.3 PN JUNCTION DIODE

joined together. 3\
Symbol

v In N-type material,
Majority carriers — electrons
Minority carriers — holes

v In P-type material,
Majority catriers — holes

Minority carriers — electrons

and hole to N-side.
» This process is called diffusion.

charged immobilized acceptor ions.

of impurity atoms doped the SU'I.ICII.II'C,J

A PN junction diode is formed when n-type and p-type semiconductors are

A K

Fig. 3.1

» At the junction there is a tendency for free electrons to diffuse over the P-side

» Electrons combine with holes in P-type material and creates a negatively

[ Analog Blectronics
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»  Similarly the holes move into N-material and combine with free electrons and
creates immobilized donor ions.

»  Thus there is immobilized positive charge on N-side and immobilized negative
charge on P-side of the junction. This region is known as Depletion region
(or space charge region or transition region).

» It creates a built-in potential or barrier potential, V,, across the junction.
»  The barrier potential V,, is

0.3 V for Germanium &

0.7 V for Silicon

Depletion
Region W

P N

©) @ ® @ G)_<|-—Donorion
°oloio|e @
oloio|o o

Fig. 32

3.3.1 Diode under forward bias condition

This is done by connecting positive terminal of battery to P-type and its
negative terminal to N-type as in figure.
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(i) Operation

» Under forward bias, the applied positive voltage repels the holes in P-type and
holes move towards the junction.

» Similarly, the applied negative voltage repels the electrons in N-type region
and electrons move towards the junction.

» Hence the barrier height reduces with reduction in width of depletion region.
» Therefore the holes from P-type move to N-type and electrons from N-type move

towards P-type and due to this there is current flow and it is called as forward
current, I

(i) V~I Characteristics under forward bias
I (mA)4

Ge si
Vy =03V V5=0IV

> Ve (V)

Fig. 3.4 V-I Characteristics under forward bias

For V> Vy, the potential barrier disappears at the junction and large current,
I flows.

3.3.2 Diode under reverse bias condition

Reverse bias is obtained by connecting positive terminal of the battery to
N-type and negative terminal to the P-type. N

ool o[- -

. |looleel-.-

- loole |- -
. J

A K

Fig. 35
Ve,

(i) Operation
» Under reverse bias, the majority electrons are attracted by positive terminal
and majority holes are attracted by negative terminal of battery.

» As a result, the depletion region is widened and the barrier potential rises.

» The majority carriers cannot overcome this barrier energy and their flow is
reduced to zero.

» The minority carriers however will cross the junction and contributes reverse

current. ¢ Break doww VD\\‘:ﬂ—‘j-tS
A -

g<

Reverse bias i
region I {}J. A)

Fig. 3.6 V-I Characteristics under reverse bias

For large applied reverse bias voltage, electrons move towards positive
terminal of battery since a large number of electrons are formed, it is called
avalanche of free electrons. This leads to breakdown of junction leading to large
reverse currents. The reverse voltage at which the junction breakdown occurs is
known as breakdown voltage.

d\h (mA
'Lj’ ) o S
Vireak
Vi) < "y = > Vi(v)
v R®A)
Fig. 3.7

@H=2Zd
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3.3.3 Diode applications

As rectifiers or power diodes

As signal diodes

As zener diode in voltage regulation circuits.
As varactor diode in radio and TV receiver.
5. As a switch in logic circuits.

PN

Avalanche effect

In PN-junction under reverse bias the avalanche breakdown occurs. This leads
to breakdown to junction leading to large reverse current. Here the multiplication
of number of free electrons causes the reverse current to increase rapidly.
Zener effect
»  Zener breakdown is different from avalanche breakdown.

» Zener breakdown occurs when the electric field in the depletion layer increases
and it breaks covalent bond and generates electron hole pair

» In this a large number of carriers are generated.
» This process is quantum tunneling.
3.4 Zener diode

A zener diode is also called as voltage reference, voltage regulator or
breakdown diode.

Symbol

Fig. 3.8,§ymbol

» Zener diode is operated in the reverse breakdown region.

» The breakdown voltage of a zener diode is set by controlling the doping level
during manufacture.

.-T,nl)

v,
1.,/‘/,‘:___
E Iy

L(mA)

Fig. 3.9 Reverse characteristic of a zener diode
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3.4.1 Reverse characteristic of zener diode
»  Zener diode is operated in reverse bias only

»  Zener diode is operated only in the reverse-bias region.

» From fig. the reverse voltage (V) is increased, the reverse current () remains
negligibly small upto the ‘knee’ of the curve point ‘p’.

» At this point, the effect of breakdown process begins.

» From the bottom of knee, the breakdown voltage, V, remains constant. This
ability of a diode is called regulating ability.

I(mA)
Forward bias
characteristic
(same as PN junction
diode)
1 > VW)
vb@er
| @A)
Reverse Bias
Characteristics

Fig. 3.10 V-I Characteristics of Zener diode

Forward bias characteristic (same as PN junction diode)

» There is a minimum value of zener current called breakover current (I, ,,;,) which
must be maintained in order to keep the diode in breakdown or regulation region.

» When the current is reduced below knee, the voltage changes drastically and
regulation is_lost.

»  Above the maximum value of zener current I, (max) the diode may be damaged.

3.4.2 Applications
» As voltage regulators

» As clippers in wave-shaping circuits

»  As fixed reference voltage is power supplies and transistor biasing.




[ 3.20

3.5 TRANSISTOR

» A bipolar junction transistor is a three-layer two junction and three-terminal
semiconductor device.

» It’s operation depend: on the interaction of majority and minority carriers.
Therefore it is named as bipolar device.

r(TRANSFER + RESISTOR = Transistor)

»  Transistor means, signals are transferred from low resistance circuit (input) into
high resistance (output) circuit.

Sywivo)

——

E
c
e— N P N ——® B
E c
lB ¢
Fig. 3.11
e

Emitter

It is more heavily doped than any of other regions because its main function
is to supply majority charge carriers to the base.

» The current through the emitter is emitter current. It is denoted as I.

L 4
Base
» Base is the middle section of the transistor.

» It separates the emitter and collector.

» It is very lightly doped. It is very thin as compared to either Emitter (or)
collector.

Basic Electrical and Electrontics Engineering | 4
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» The cumrent flows through the base section is base current, and its denoted as
“IB,!'
Collector

» The main function of the collector is to collect the majority charge carriers
coming from the Emitter and passing through the base.

» It is a moderately doped. The cumrent flows through collector is collector
current. It is denoted as I.

Types
PNP and NPN Transistors

» Emitter section is always to provide charge carriers, therefore, it is always
forward biased.

» First letter of transistor type indicates the polarity of the emitter voltage with
respect to base.

» The main function of collector is to collect (or) attract those camiers through
the base, hence it is always reverse biased.

» Second letter of transistor type indicates the polarity of collector voltage with
respect to the base.

3.5.1 Working of PNP - transistor

Ldc
p L NL p
o—» o> Iz
o> o
IE o— o> &> L B
B «§ |o> o C
o o>
+[ o |0 o
— o—p O
= I 4E
- =%
B T
Vin
‘FIB
Ig * I

Fig. 3.12

» The above diagram shows the connection of PNP-transistor.

» Here, the emitter-base junction is forward biased, and collector - base junction
is reverse biased.

Ok
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»

» In this circuit diagram, the Emitter-base junction is forward biased (i/e negative

» The holes in the emitter are repelled by the positive terminal of battery.

» Then the potential barrier at emitter - base junction is reduced as a result of

this depletion region dis-appears, hence holes cross the junction and enter into
N-region (base).

» This constitutes the emitter current I;. Because the base region is thin and

lightly doped. Majority of the holes (about 97.5%) are able to drift across the
base without meeting electrons to combine with only 2.5% of the holes
recombine with the free electrons (or) N-region.

» This constitutes the base current I, which is very small.

» The holes which after crossing the N~ P collector junction enter the collector
region.

They are swept by the negative collector voltage Vg This constitutes the
collector current I. Qe =7 E ‘_:EB _

/ =L+,

3.5.2 Working of N-P-N transistors

N I I, N
» - & (o»r &+ p> Ie :
B
E o> B P o> € o C
I iy “® o0, o
i &> o> &
” +
Ea A\ e =Yg
= [
B -
Te 1. l
~ o
- 4
Fig. 3.13

polarity of the battery (Vyp) is connected to N-type Emitter terminal.

Similarly, the collector - base junction (J,) is reverse biased by connecting
+ ve terminal of battery with Negative (N-type) material.

» The electrons in the emitter region are repelled by the negative battery terminal
towards the emitter junction.

» The electrons into the p-type base region because potential barrier is
reduced due to rorward bias, and base region is very thin and highly doped.

» Most of the electrons (about 97.5%) cross-over to the collector junction and
enter the collector region, where they are readily swept up by the positive
collector veltag. Vg Only 2.5% of the emitter electrons combine with the
holes in the base and are lost as charge carriers.

3.5.3 Transistor - Configurations
There are 3-Configurations
1. Common-Base Configuration
2. Common-Emitter Configuration
3. Common-Collector Configuration
1. COMMON-BASE CONFIGURATION

» In this configuration, base terminal acts as a common - terminal for input and
output.

Diagram

== = VEB al "CB
B
I)p

N, I’

e

3§
w

Fig.
» In this configuration, input is applied between emitter and base while output
is taken from collector and base. Here, base acts as a common input and output.

(i) Input characteristics

» This diagram, shows, how the input (I;) emitter current varies with input
voltage Vgp, when output voltage ‘V’ is held constant.

» To determine the input characteristics initially, the output voltage Vg is set
as zero, then the input voltage Vg is increased.

o,

PN
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Fig. 3.14

»

»

»

»

»

»

The input characteristics drawn between emitter current [p and emitter-base
voltage Vigp.

The emitter current ([g) is taken along y-axis and Vg along x-axis.

From the above graph, the emitter current (Ip) increases rapidly with small
increase in emitter base voltage.

r Y
10 - V=1V Vg =0V
8 B
P 3
LE
T !
2 A A Aly
4 .
0 T 1 T | — >
02 04 D61 08 10 Vg

AVE B. —_—
Fig. 3.15
This indicates that the input resistance is very small.
And also, the emitter current is almost independent of collector-base voltage.

This leads to the conclusion that, emitter current I and hence collector current
(Io) is almost independent of collector-base voltage (V).

This input characteristics used to find the input resistance of the transistor.

where, AVgp = Change in Emitter-base junction voltage

(i) Output characteristics

at a suitable value by adjusting the emitter-base voltage Vg, and varying R, and

output voltage current (I) is measured.

»

»

»

Input resistance at constant Vg

Alg = Change in emitter-current

To determine the output characteristics, the emitter current I, is kept constant,

%lc(mA)
Active
B Region

i e
U
N e P i

I;=8mA

I;=4mA

Saturation 4 —F/’—- L="9 mf
Rzgion \LAIC
2 AVep
b .
V., 4 T T T T T T T >
CB 0
4 2 2 4 6 8 10 12 VW)

Fig. 3.16

The collector-base voltage (V) is increased from zero in a number of steps,
and the corresponding collector current (Io) is noted.

This output characteristics is drawn between collector current (I) and collector
base voltage (Vp), at constant emitter current (Ig).

(o) = =2 &

AV, g
Output resistance [Ryy= A IZB A—> Cusvent g‘?;w
. Al
This characteristic is used to find amplification factor a:A—I ce
] E
Cov) Q—rcuranp  ompli ficanen »
o dorcter conngu
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Saturation region

It is the region left to the vertical line. In this region collector-base voltage
Vg is negative. i, the collector base junction is also forward biased and a small

change in V results in larger variation in collector current.

Active region
» It is the region, between the vertical line to horizontal axis.

»  In this region, the collector current is almost constant and is equal to the emitter
current.

» In this region, the emitter base Junction is forward biased and collector-base
junction is reverse biased.

Cut-off region

» It is the region along the horizontal axis.

» In this region, both junctions are reverse biased.

»  Due to this, there is no current flow in collector terminal due to majority carriers.

» But due to minority carriers current will flow. This current is known as reverse
saturation current.

2. COMMON EMITTER CONFIGURATION

» In this configuration, input is applied between base and emitter and output is
taken from the collector and emitter.

» Here, the emitter terminal is common to both input and output. Hence it is
called common-emitter configuration.
T
C- +

(i) Input characteristics:
T8 G

- P —

1 3 Z PN

@
tlg. ik

< ¥ Ve
V.il= VY, -
g e [
P~ 4
-# Ground
Fig, 3.17 :
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The above diagram shows the circuit diagram for common-emitter
configuration. o

» At constant Vi, the input current I varies with the variation of Vae

+RA)

» If the input voltage (Vg is less than threshold (or) knee voltage below which
the base current is very small.

» The value of knee voltage is 0.3 V for germanium and 0.7 V for silicon
transistor.

» Knee voltage means, the voltage at which conduction starts i input current
increases.

»  This characteristics is similar to the forward biased P-N junction diode curve.
»  As compar"e'd to CB configuration, Iy increases less rapidly with V.

»  Therefore, input resistance of a CE configuration is higher than that of CB
configuration.

» Input resistance

AVpg

at constant V.

i,
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(i) Output characteristics

constant base current (7).

)

]
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Cut-off Region CE
Fig. 3.19

increases.

»

This region is called saturation region.

We know that 1 =B+1=y
1-a s

Therefore =L B+ 1) +I5,B+1)

in CB junction increased, it increases I and- operates the transistor in active
region.

Further increase in V; causes avalanche breakdown in CB junction as a result
of this, enormous I will flow and the transistor into breakdown region.

This characteristics can be used is find current gain . It is defined as the
e s,

ratio of change in output current (A I¢) to the change in input current (A Ip).

It is a curve between collector current and collector-emitter voltage as

» From the graph, V; increases from zero to ome volt, current I rapidly

» It may be noted that, if Vg is increased continuously, then depletion region

»

»

»

—= furaevy afﬁ
fo CE lonbigurohsn

» Output resistance w="AT
C

at constant I

3. COMMON COLLECTOR CONFIGURATION

In this configuration, collector terminal is common to input and output
Circuit diagram

T
T (A}
B Rl
(&)
p— 4

| - =

¥ Ground

Fig. 3.20

The above diagram shows the circuit diagram of common collector
configuration.
To determine the output characteristic, the base current I is kept constant. At

a suitable value by adjusting the base-collector voltage and varying R, and the
output current (Emitter current I;) is measured.

Since I, is approximately equal to Ir, thus common collector characteristics
is identical to CE configuration.

VCE
out AIE

at constant I.

>
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(ii) Input characteristics

Rin = _A_V_éé_atwr»sh;g Vee
ATy

»

3.5.4. Comparison of ¢B, ¢Fand cC Configuration

Ix(mA)
&

is characteristics

—> Garam

at constant V.,

may be used to find current amplification factor ¢/3

No. Property CB CE cc
1. |Input resistance AV, Moderate AV,
Low R;,= AI’ZB AV High R;,=— I‘ZC
(about 100 Q) "AL (about 750)
(about 750 Q)
2. |Output resistance |High Moderate Low
AVcp AVeg AVcg
Rout‘ AIC out — AIC Rout‘ AIE
(about 450 Q) .#7|(about 45 Q) (about 25 Q)
3. |Current gain 1 “| High (100) High (100)
4. |Voltage gain About 150 About 150 Less than unity
5. |Phase shift 0 (or) 360° 180° 0 or 360°
between input )
and output
voltage :
6. |Leakage current |Very small Very large Very large
7. | Applications Used in high|Used in audio|For impedance
frequency frequency matching
applications applications

No. Property CB CE cc
8. |Current Alc Al Al
Amplification o= A—IE = A_IB y= Al
factor

»

»

»

»

In a transistor amplifier with AC input signal, the ratio of change in output

current to the change in input current is known as current amplification factor.

In CB configuration,
AT

The current amplification factor o= —— "
E
In CE configuration,
Al

The current amplification factor B=A—

& -(2)

After this, collector current I becomes almost constant, and independent with
Veg

This value of Vi upto which collector current I changes is called the “knee
voltage”.

When I =0, a small amount of collector current flows. It is called reverse

saturation current (Ig). Since the main collector current is zero, the transistor
is said to be cut-off region.

3.6 FIELD EFFECT TRANSISTOR

FET is a device in which the flow of current through the conducting region
is controlled by electric field.

Hence the name is called as field Effect transistor (FET).
Current conduction is only by majority carriers

FET is said to be unipolar device.
Based on construction, FET is classified into two types.
(i) Junction Field Transistor (JFET)

(it) Metal Oxide Semiconductor Field Effect Transistor (MOSFET)

3.6.1 JFET

Depending on the majority carriers, JFET is classified into two types.
(1 N-Channel JFET
(ii)) P-Channel JFET




| 332 Basic Electrical and Electrontics Engineering

N-Channel JFET

» majority carriers are electrons

P-Channel JFET

» majority carriers are holes

N-Channel JFET

It consists of N-type silicon base. The small piece of P-type materials are
aftached to its side forming P-N junction.

Sources (95))
Through which the majority carriers enters into N-Channel bar.

Drain (D)
Through which the majority carriers leaving from N-Channel bar.

Gate (5
Heavily doped P-type silicon is diffused on both sides of N-type bar. Both

'pneg'sn& are connected to form gate.
Piype
N-Channel :
The region between two depletion region is said to be N-channel.

LDrain(D) N channel TFeT

= Ohmic -
Contanct
Gate (G)
c——l P N P I——o G o—> N-Channel

A ]

Source (S)
Fig. 3.22

P-Channel

The region between two depeletion region is said to be P-Channel

AN
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] Drain (D)
Ohmic
x Contanct
Gate (G) l>
o— N P —

Source (S)
Fig. 3.23 P-Channel JFET

.

P-Channel

-

(i) Operation of N-Channel JFET
(i) When V, =0and V,=0

When no voltage is applied between drain and source and gate to source
the thickness of depletion region is uniform as shown in diagram.

Drain (D)

N Ohmic '_'“ VDS
j i}: /Contanct
Gate (G)] P

Source (5) _

[+

Fig. 3.24
(ii) When V=0V and V is decreased from zero

In this case, PN junctions are reverse biased. Hence thickness of the
depletion region is increased as Vgs is further decreased from zero, the reverse

@-e'-zd




@H~Zc

[ is e

biased voltage increases. Hence thickness of the depletion regions are -also
increased until the 2 depletion regions contact with each other. This condition in
said to be cut-off.

Cut-off voltage [Ves orm)
The V,, value at which the I}, current cut-off in JFET is called cut-off voltage

(or) Vgs (OFF)
Drain (D)
> N
=
Gate (G) P P ‘_—I_ VDS
I_—-u-
p
Source (S)

(i) When V, =0 and V, is increased fromo

As shown in diagram drain is positive with respect to source with
Vs =0V

Drain (D)
4
t N
4 Ohmic
t /Comnnct_u h
Gae () p ; ) 7 i Vos
T LA}
= 4
& £y
T M J
Source (S) v

R A R o it

u - # e
SO s R L R _'

i : Lo '-.g..“ '- e n.ms

T

Now the majority carriers (electrons) flow through the N-channel from
source to drain. Z;, (Drain current) flow from drain to source.

From fig. as V|, is further increased, the thickness of depletion region also
increaSes. The channel is wedge shaped as shown in diagram. Hence, upper region
is more reverse biased than lower region.

PINCH - OFF Voltage (Vp)
At the certain value of Vps the cross sectioned area (channel path) of JFET

becomes minimum. i .
At this voltage the channel is said to be pinch off and the voltage (V) is

called pinch-off voltage.

Drain (D)

|+

v,
Gate (G) | p 5 ~— Vs




B

Two types
(i) Drain characteristics
(ii) Transfer characteristics

Drain characteristics

Breakdown region
Ohmic region
4 Pinch off region ‘
I
D =
(@A) P o Vgs ov
Inss LV =—1V
1 gs
1
1 -
: Vss =-2V
1
i Vg =3V
H V_=-4V
: 4
0 v, vDs
Fig. 3.26. _ —

As in graph, Vps is increased from zero, I, increases along V), and the rate

of increase of I, with V¢ decreases. The region from V=0V to Vo=V, is

called V¢ ohmic region.
e

Vps .
is related to gate

x>

In Ohmic region, the drain to source resistance

voltage Ves

When Vo= Vp, I, becomes maximum. When V,, is increased beyond Vp,
the length of the pinch-off (or) saturation region increases.

Hence, there is no further increase of I,. At a certain voltage corresponding
to the point ‘B’, I, suddenly increases.

& un ol

it i R S e e G4
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Thus effect is due to the Avalanche multiplication of electrons caused by
breaking of covalent bonds.

The drain voltage (Vg at which the breakdown occurs is demoted by
BVpsor

When Vgs=0V, variation of I, with V¢ is shown as curve OABC.

When V, is megative and Vj is increased when gate is maintained at
negative voltage (V,, =— 1V, VASE 2V, ...) The reverse voltage across the junction
is further increased. Hence, I, current decreases then above the pinch off voltage

Transfer characteristics
For the transfer characteristics V¢ is kept constant at a suitable value greater

than the pinch off voltage (V).

DS

Ves Ve Vs {0

Fig. 3.27

The gate voltage V¢ is decreased from zero till [}, is reduced to zero. The
transfer characteristics Iy, Vs V¢ is shown in graph.

(iii) Applications of JFET

1. Used as an electronic switch

2. Used as an amplifier

3. Used as chopper

4. Used as buffer

5. Used in digital circuit
3.6.2 Metal oxide semiconductor field effect transistor (MOSFET)
» MOSFET are electronic devices used to switch or amplify voltage in circuits.

@H~2Zc
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» It has 4 terminal.

Types

» It is a current controlled device.

1. Source 2. Gate 3. Drain 4. Body

o

Enhancement MOSFET

D
G
S
N - Channel
Depletion MOSFET
D
G

s

N - Channel

Fig. 3.28

Fig. 3.29

P - Channel

HENRH R AT

Analog Electronics = e |

(i) Enhancement MOSFET

Construction
The construction of a N-channel Enhancement MOSFET is shown in fig. 3.30

Fig. 330

The construction of a N-channel Enhancement MOSFT is shown in fig.
As there is no channel in E-MOSFET the symbol by the break line in the
symbols.

Two heavily doped N+ region are diffused in lightly doped substrate of p—type

D).
A thin insulating layer of SiO, is grown over the surface of the structure
and holes are cut into the oxide layer, allowing contact with source and drain.
Then a thin layer of metal aluminium is formed over the layer of SiO,. This
metal layer covers the entire channel region and it forms the gate (G).

Operation

The substrate and source are grounded and positive voltage is applied at the
gate.

The positive charge on gate induces an equal negative charge on the substrate
side between source and drain region.

The path is created between source and drain regions. The negative charge
of electrons which are minority carriers in the P-type substrate form an inversion
layer. Z

O O &

()

Yar

()

(y

0
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The positive voltage on the gate increases and the induced negative charge
in the semiconductor increases.

1 G
S o
n+ LIIlliLLLiiiLsTiiIiIt ll+
Induced channel
P - Substrate
oSS
Fig. 3.31

Hence, the conductivity increase and current flows from source to drain
through the induced channel.

The drain current is enhanced by the positive gate voltage as in graphs.

Drain transfer characteristics

AL X I5(mA)

VDs = Constant

v

(ii) Depletion MOSFET

Construction
The construction of N-channel depletion MOSFET is shown in fig. 3.33.
S G D
~ B
N - Channel
P - substrate
Ls
Fig. 3.33

When N-channel is diffused between the source and drain to the basic
structure of depletion MOSFET.

Operation
—i| -
LS o
ot il gt

N - Channel

P - substrate

Fig. 3.34
When Vgs=0

The drain is positive w.r.t source the current flow (I;) from source to drain
through N-channel.
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When Vos=-1V, -2y, ...

The drain to source current flow is reduced, since the N-channel width is
reduced

When VGS = V€5 (OFP i
Between source to drain the N-channel width becomes zero. So no I, flows.
When V Z+IV+ 2V, ...

When Vgs is positive voltage, this induces the increase the N-channel width

between source to drain. So current flows through N-channel is also more. This
is called Enhancement mode.

Drain transfer characteristics

I _ 4
(mA) Vgs =+1V i r
Vgs =0V
Vgs =-1V d
Ve =—2V '/ DsS
VE’_:Vgs(Oﬁ) * = 0 —>
VpsW) —Vgs P +Vgs
o Fig. 3.35 i
1.

Used as amplifier in radio frequency (RF) applications.

2. Used as passive element like resistor (R), Capacitor (C) Inductor w
3. Used as power regulators Was

4. Used as high speed switch &

5. Used as Electronic DC relay

3.7 SILICON CONTROLLED RECTIFIER (SCR)
» A silicon controlled rectifier is a four layer solid state current controlling device.
» It is also called as semiconductor controlled rectifier.

»  SCRs are available from few voltages to several KV and few amperes to several
KV

» It is a unidirectional device

SRR a2

» It is a bipolar device (both electrons and holes are charge carriers)

A (Anode)
I "
= N
N h +
5, 7
G (Gate)>—| P || [ Vi
N ? G
| Pk
K (Cathode)
Fig. 3.36

» It is a 4 layer PNPN switching device with alternate layer of P and N
semiconductor materials.

» It converts the AC signal to DC signal in controlled manner.
» For current conduction, Jy, Jy, J; must be forward biased.

(i) Working modes
1. Forward blocking mode (FBM)

-—— 2. .Forward conduction .mode F@F™M -
3. Reverse blocking mode (RBM)

1. Forwad blocking mode
A (Anode)

:4 > ) «@J'?"fgzﬁ p

Il

B 0 B 1)

‘r 4

(v §)

()

L

h/



» Jy and J; are forward biased, whereas J, is reverse biased.

» So there is only small current flowing through SCR. This is called as Forward
blocking mode.

2. Forward conduction mode

A (Anode)
J,2FB
P
5
N
— J,—-RB
- 1, _'_V 2
1, A
V N J,—»FB

K (Cathode)
Fig. 3.38

In this, the three junctions are forward biased. Hence the forward voltage
drops and current starts to increase linearly.

3. Reverse blocking mode

In this, J; and J; are reverse biased. When V, voltage is increase there is ||

small amount of current flow. At one level, there is junctional breakdown and the
current starts to increase rapidly.

A (Anode)
* 5-FB
P
I
I, — L—RB
. =
J3
N J,»FB
O Pen z
K (Cathode)
Fig. 3.39
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* 1
Reverse £
Breakdown
Voltage
oltag RBM
< “___, -
: — v
F
R FEM
Reverse ¥
Avalanche I
Region v R
Fig. 3.40

Vqrymﬂ
The voltage at which SCR is switched ON can be controlled by vesifrise-
the gate current.

(i) Applications of SCR
1. Used in AC voltage stabilizers.
Used as switch.
Used as choppess.
Used in inverter circuit.
Used in battery charger.
Used for speed controlled DC motor.

AN

3.8 INSULATED GATE BIPOLAR TRANSISTOR (I6BT)

» IGBT is a multi-layer semiconductor structure with alternate P-type and n-type
doping.

» IGBT is combination of both power MOSFET and power BJT.

» IGBT is also known as Metal Oxide Insulated Gate Transistor (MOSIGT),

Conductively - Modulated Field Effect Transistor (COMFET) Gain Modulated
FET (GMFET).

The N* layer substrate in drain is substituted in the IGBT by a P" layer
substrate called collector.

(i) Operation

When gate is positive with respect to emitter and emitter voltage greater
than the threshold voltage of IGBT, a N-channel is formed in the P-region as in
power MOSFET (V> V;, N-channel formed in P region).
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oE 9 G 0
. Ve
_J J,ES
¢ Drift region N
E . J,FS
P Substrate Injection layer

Fig. 3.41

Thus N-channel short circuits the N~ region with N* emitter region. As
electron movement in the N-channel inturn, causes substantial hole injectors from

P" substrate layer into that are epitaxial layer.

The three layers P*, N~ and P* constitute a PNP transistor with P* as emitter,
N~ as bore and P as collector. Also P and N* layers constitute to NPN transistor.

(ii) VI transfer characteristics
Static VI characteristics of IGBT is shown in fig. 3.43. The plot of collector
current, 1) Vs collector emitter voltage, Vg for various values of gate emitter

-4 —

347

A IC(mA) A IC(mA)

0 —> 0 T P
Vee Vee (M Vee (W)
Fig, 3.43

voltage, V. The slope of the output characteristics is similar to that of BJT. But
here the controlling parameter is gate emitter voltage (V). Hence IGBT is
voltage-controlled device.
. The transfer characteristics of an IGBT is a plot of collector current o) Vs
Gate-emitter voltage (V;p) as in figure. This characteristics is similar to power
MOSFET.

When V<V, IGBT is in the off state. When the device is off, junction
J, blocks forward voltage and in case reverse voltage appears across collector and
emitter junction, J; blocks it.

(i) Applications of IGBT
1. Used in SMPS
2. Used in UPS
3. Used for speed control of AC and DC motors.
» Used in inverters '

» Used in e-automobile system

3.9 INVERTER

The inverter is an electronic circuit that converts fixed DC supply to variable
AC supply.

The inverter is used to run the AC loads through a battery.

Types
1. Single phase inverter
2. Three phase inverter

I N N NN,

[

£ 1p B

¢)

¢)

(P

0 0 0 9

ps—

4

0

(} €}

A .,
- g
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3.9.1 Single phase inverter

The single phase inverter is also called as half bridge rectifier. It converts
DC supply to single phase AC supply. For this purpose two switching devices
(SCR, MOSFET, IGBT) are used to convert DC to AC. Diodes and capacitance
helps the circuit to operate smoothly.

(i) Working

{F
._m

]
o

s

Ve

l

Fig. 3.44 Single phase inverter

V. -V,
In the half bridge inverter, the output varies from +7s to 5 £, As shown
switching device may be SCR, MOSFET or IGBT.

Generally in inverter, MOSFET is commonly used as switching device. Two
switches S, and S, are used. To obtain one cycle of alternating voltage each device

is triggered at one time. The other being off at the same time. For example to

in the circuit, two switching devices are connected in one common branch. The

obtain the positive cycle, of alternating supply, device S, is tumed ON, while

§, is kept OFF.

Similarly to obtain negative cycle of alternating supply, device S, is tumed
ON while S, is kept off. The output wave is shown in figure.

(ii) Output waveform 7
As shown in the output waves, when S, is conducting from 0 to %, the

output +* is obtained. Similarly, the when S, is conducting from % to T, the

V. V. Vv
output 7’ is obtained. Hence the output alternate between +7s to _Ts’ which is

regarded as alternating voltage, T is the total time period of the conduction of two
devices.

Fig. 3.45

It can be noted that the output voltage waveform is a stepped square
waveform.

In inverters the stepped square waveform alternates between two valves,
which is considered as alternating voltage.

(iii) Applications

- -+ 1.-Used in UPS

Used as speed control in DC motor

Used in high voltage DC systems (HVDC)
Used in refrigeration compressors

wos N

Used in solar power generation system.

3.10 RECTIFIERS
» The circuits which is used to convert a.c voltage to dc voltage are called

‘Rectifiers’.
Block diagram:
Pulsating DC
AC Pure form
Voltage | Rectifier » Filter |—» ofDC
Input Voltage

Fig. 3.46
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»

»

»

»

3.10.1 Half-wave rectifier

'Operation:

During + ve half cycle

Types:
1. Half-wave rectifier
2. Centre tapped full-wave rectifier
3. Full-wave bridge rectifier

D
A N h
LA
Input AC
Voltage ) H Ry Vg
’: - - ’:
Fig, 3.47

It consists of transformer, diode and load resistance.

Here, diode acts as a switch i.e, under forward biasing condition, it is a closed
switch and reverse biasing condition, it is a open switch.

The transformer used to step-down the a.c voltage (input/voltage).

During + ve half-cycle of the input voltage (0 to ), the point ‘A’ is + ve with

respect to point ‘B’. F
' On switch
A
+ D
Output
nT 0? Aot 82
B
Fig. 348
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» During this period, the diode becomes forward biased and it acts as a (ON)
closed switch.

» The entire positive input voltage is applied across the load. The current path
is A-D-R-B. It is shown in fig. 3.48.
During negative half cycle: (off) switch open circuit
(of) switch
A open circurt
- D

N

Fig. 3.49

» During this period (r—2r), the point ‘B’ is positive with respect to A.

» In this period, Diode ‘D’ becomes reverse biased. Then it acts as a open switch.
So, there is no output voltage across load. It is shown in fig. 3.49.

Input and output waveforms

vm'i:- +vehalfeycle
Input 5
Voltage 0 “17\-/21: i31|: i
1 1 ]
t —wve half fycle
booL
s [} 1 1
Vm W : : :
[) 1 1
[] ] 1
Output ¢ y /\ > ®
Voltage "o fm 3w
Y
™ D-Off
Fig. 3.50
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During negative half cycle of the input voltage
3.10.2 Centre tapped full-wave rectifier

| : D
A 1
= H Input AC
Voltage
I Output at load
Resistance
Input AC -
Voltage @ +B Yo !
0 % 2n ; | [1
= I‘L\/]d 2n
c
Transformer D, Fig. 3.52
T

b During negative half-cycle

Fig. 3.51 _ During negative half-cycle of the input voltage, the terminal ‘C’ is more
positive than terminal ‘A’, thus, diode ‘D,’ becomes more forward biased than

» The fig, shows the centre tapped fullwave rectifier circuit. diode D,. Thus, diode D, acts as a closed switch and diode D, acts as a open

» It consists of two diodes, one centre tapped transformer and load resistance. switch.
» By centre tapping, the secondary winding is divided into two equal parts. D, - Off
A
» Thus, the voltage available between A to B is 180° out of phase with the = o — —
voltage available between B to C.
Operation Input AC A e
o . o oltaee () —— AWM
When an A.C voltage is applied to primary winding of transformer, as per oltage B
the principle transformer, it transfers the primary voltage into secondary voltage I, D
. =1 i n 2x
without changing its frequency. "
During positive half cycle C D,-0n
» During positive half cycle of the input voltage, the terminal ‘A’ is more positive __Q_
than terminal ‘C’. Thus diode ‘D,” becomes more forward bias than-diode ® 2n
D,. Fig. 3.53
» Thus, D; — acts as a closed switch, D, — acts as a open switch. The current » Then the current is C—D,— R, — B. Here, we can get positive output voltage
path is A—D;—R; —B. across load. It is shown in below fig. 3.53.
» Therefore, we can get positive output voltage.




Input and output waveforms

Input at ‘D'

Vin
V-

o /\
signal | W21 £ g ol

i H i

—_ L) 1 1

m = 1 1

i i H

Vo ; i ]

Output at H f\:
d.lOdeDl 0| = 27: 3"__& ot

D;-On D,-On

Output at ‘D'

VOFDI OF /\DI-OE
0 - (ot
T 2 3
Dyon " - "
Pulsating DC
output voltage
> ot

£ &noloy Bletronies = 7o e L L aR

Note

The ripple frequency on a single phase full-wave rectifier is twice the supply
frequency ie., 2f.

» If the supply frequency is 50 Hz, the ripple frequency of this rectifier is
2 x50=100 Hz.
() Average output voltage (V)
Input voltage V, =V_sinwt
Input current I, =I sinot

DC (or) average voltage is of same form in the two half of the ac cycle.
Hence, it is calculated for half cycle of input only.

T

Va=7 | Vnd@y

(-]

b
1 .
=; j V, sinwtd(®f)
0

T

| smora@i
0

3

Zm
T

r V
(=cos w't')'d't?"i [=cos= (= cos 0)]

v le i 2V,
= + =
w= U=

2V
Va="0"
(i) Average input current T
T
1
L=y | Ld@
0
T
=%I Lsinot(d(@1)

0

s,
v

@ @ O 9 O 9 O 9 O
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xX100=

81.1%

SUF = (TUF),=81.1%

TUF for primary = (TUF)p

% TUF = >
Advantages

2. Low ripple factor.

Disadvantages

increase in cost.

Diagram

Transformer primary supplies input for both half cycle of input, thus

=2x28.8%=572%
(TUF), + (TUF)

~=69.15%

1. The output voltage and transformer efficiency are high.

3. High transformer utilisation factor.

1. Usage of additional diode and bulky transformer is needed, and hence

2. The peak inverse voltage of diode is high 2v,)

3.10.3 Full wave bridge rectifier

Input AC
Voltage

Step down B
Transformer

Fig. 3.54

Bridge rectifier diagram consists of one-step down transformer,
4-PN-Junction diode, and one load resistor (Rp).

Operation N

» During the positive half cycle of the input voltage, the terminal ‘A’ is positive
with respect to ‘B’. Thus, diodes D,and D, are in forward biasing and
Dy and D, are in reverse biasing,

» Then the current flow is shown in below fig. 3.55.

Ph A

I g
I

Inpat AC “

Voltage

LIIIN

e
ettt 3

Nu

Fig. 3.55
» During negative half cycle of the input voltage, the terminal ‘B’ is positive
with respect to ‘A’.

» Thus, diodes D;and D, are forward biased and diodes D, and D, are reverse
biased.

» The current path is B-D3;—R,-D,—A
» It is shown in below fig. 3.56

Ph

Input AC
Voltage

ay
A
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o
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Input and output waveforms

1
|
Vo Iy 4 H H
1 [] 1
D, &D,-0n ANA RIS
3 & Dy o ox 3 dxs ® malfoycle
] 1 ] L]
1 1 ] ]
& 1 ] 1 )
D,&Don | o /! i\
D, &D, - Off : : : I During —~ve
g % 3x 138 anC'  halfcycle
1 ] 1 1
Faof ALADA A
output N N\ :
voltage 0 . ot Pulsating DC
T 2r 3% 4n output voltage

Fig. 3.57

Transformer utilisation factor (TUF)
It is defined as the ratio of dc power to the rated ac power.

P T |t
ie, TUF =t _\TL
Poc rated Vo s * o mms

ar,

EAI

- =2 x100=81.1%
Vo In

%

TUF =81.1%

» In this case, centre tapped transformer is not required, hence secondary
utilization factor itself defines the TUF.

» Ripple factor and efficiency are same as full wave rectifier.

Advantages

1. Transformer with centre tap in secondary is not required.

2. Peak inverse voltage is share by — D, D, and D;, D, combinations

equivally.

3. Better transformer utilization factor.

Disadvantages

1. Additional 2-diodes are required

2. Efficiency is slightly reduced than the FWR.

The reverse voltage appearing across the reverse biased diodes is 2V, but
two diodes are sharing it.

Hence HIV rating of the diode is V,, and not 2V, in case of full wave rectifier.

3.10.4 Comparison of HWR, FWR and Bridge Rectifier

Centre tapper
Parameter Has - Full wave F““ s
rectifier rectifier Bridge rectifier
No. of diodes One Two Four
Ripple frequency |f 2f; 2f;
PIV |V |2V, Vm
Rf+RL Rf'l‘RL 2Rf+ RL
Average  current|] /t 2L /n 21,/w
(g
RMS value L2 LA2 N2
DC value (VDC) Vm 2Vm 2Vm
—-I;.R —=-I;,.R —-2I;.R
n «f n e n de™f
Ripple factor 1.21 0.482 0.482
Ppc B.R, B3Ry, B.R,
Pac Bus®+R)  |Rus®e+R) | IragsQ@Rp+Rp)
Efficiency (n) 40.5% 81.0% 81.0%
TUF 0.286 0.692 0.812
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" Busie Hleiical and Heonts Enineervg_

a7,

© 8
=—="x100=81.1%
B

2

SUF =(TUF),=81.1%

Transformer primary supplies input for both half cycle of input, thus
TUF for primary = (TUF)p
=2x28.8%=572%

Advantages
1. The output voltage and transformer efficiency are high.
2. Low ripple factor.
3. High transformer utilisation factor.

Disadvantages
1. Usage of additional diode and bulky transformer is needed, and hence
increase in cost.

2 ~ The peak inverse voltage of diode is high (2V,)

3.10.3 Full wave bridge rectifier

Diagram

Fig. 3.54

————————

Bridge rectifier diagram consists of one-step down transformer,
4-PN-Junction diode, and one load resistor (R)).

Operation .
» During the positive half cycle of the input voltage, the terminal ‘A’ is positive
with respect to ‘B’. Thus, diodes D;and D, are in forward biasing and
D; and D, are in reverse biasing.
» Then the cumrent flow is shown in below fig. 3.55.
Ph A

T e —

Input AC u

"Thoe

Voltage

'
P — =

Nu

» During negative half cycle of the input voltage, the terminal ‘B’ is positive
with respect to ‘A’.

» Thus, diodes D;and D, are forward biased and diodes D, and D, are reverse

_biased. S

» The current path is B—D;-R; -D,—-A

» It is shown in below fig. 3.56

Ph A
=
Dy
Input AC [
Voltage ” % I
| Fld
Nu B
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Input and output waveforms

Vin
0 +—»
"\/Zu nem 7

1 ) I 1

Vi i i i i

VO & i i { i

]

D, &D,-On i ' ] :

&D,Off 0 —
Ps&Dy T ox_ 3 x

1 1 ] 1

i 1. o™

D; &D,0n ° i i |

D, &D,- OF : y s :
Oz 13w lax”

. Vo i i H i

Final ! : : ‘

output ! ! ! 1
voltage 0 5
| T 2x 3n 4

Fig. 3.57

Transformer utilisation factor (TUF)

Input AC
(signal)
Voltage

During +ve
half cycle

During —ve
half cycle

Pulsating DC
output voltage

It is defined as the ratio of dc power to the rated ac power.

_ [Hm T R
P T | ™ML
ie, TUF=—% =1\ L

Pm:rwad' V{]ms'lﬂrms

42
rATA

3
]

TUF =81.1%

S~
Sl

» In this case, centre tapped transformer is not required, hence secondary

utilization factor itself defines the TUF.

x 100 =81.1%

» Ripple factor and efficiency are same as full wave rectifier.

Cnalog. Electronics
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Advantages

equivally.

Disadvantages

two diodes are sharing it.
Hence HIV rating of the diode is V,, and not 2V, in case of full wave rectifier.

3. Better transformer utilization factor.

1. Additional 2-diodes are required
2. Efficiency is slightly reduced than the FWR.
The reverse voltage appearing across the reverse biased diodes is 2V, but

1. Transformer with centre tap in secondary is not required.
2. Peak inverse voltage is share by — D;, D, and D,, D, combinations

3.10.4 Comparison of HWR, FWR and Bridge Rectifier

-~ A P
rectifier
No. of diodes One Two Four
Ripple frequency |f; 2f, 2f;
PIV | Vm _|2Vm Vm
I, Vin Vi Vi
Re+ Ry, Re+ Ry 2Re+ Ry,
Average  current|[, /n 2L /n 2L /n
)
RMS value L2 LA2 LA2
DC value (Vp) K"'E_ IR _2_:_,,,_ Lok %_ 2y Ry
Ripple factor 1.21 0.482 0482
Ppc PR, B.R, B.R,
Pyc Ieys(Re+ Rp) FragsRe+ Rp) Teys(@Re+Rp)
Efficiency (1)) 40.5% 81.0% 81.0%
TUF 0.286 0.692 0.812
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