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Electrostatics:
The study of electric forces and electric fields that are produced by electric charges
which are at rest is called electrostatics.

Electric charge:
Charge is the property associated with matter due to which it produces and

experiences electric and magnetic effects. Every atom is electrically neutral, containing

equal no of electrons in orbits and protons in the nucleus. Charged particles can be

created by disturbing the neutrality of an atom. Loss of electrons gives positive charge

and gain of electrons gives negative charge to a particle.

Properties of electric charge:

1. Charge is a scalar quantity.

2. There are two types of charges i.e., positive charge and negative charge.

3. Like charges (positive — positive or negative — negative) repel each other while
unlike charges (positive — negative) attract each other.

4. Charge is conserved: charge can neither be created and nor be destroyed. It can only
be transferred from one point to another point.

5. Charge is quantized: The smallest charge that can exist in nature is the charge of the
electron (e = 16 x 107°C). The charge on any body is the integral multiple of e,

w | N

i.e., Q==ne withn=123.... The charge on any body can never be +_e,

172e,...

6. Charge is additive in nature: Total charge on a body is the algebraic sum of all the
charges located anywhere on the body.
Example: If a body has the charges 2C, - 5C, 4C, 6C, etc., then the total charge on
the body is 2 — 5 + 4 + 6 = 7C. While adding the charges their sign must be taken
into consideration.

Coulomb’s law:

Coulomb’s law states that “the force of attraction or repulsion between two
stationary point charges is directly proportional to the product of the two charges and
inversely proportional to the square of the distance between them ”.

If g1 and g2 be two point charges separated from each other by a distance r in vacuum

or air) then the forge F acting between them is given by
Fxgq and F <™
12

2
F o419 ' q1 q2
72 @ @
F _ 1 Q1q2 I“" T' .;I
dmey  p2 Fig 1.1

Where & is the permittivity of free space.
— = 0x 1P NmAC and & = 885 x W2 CHUN !
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Coulomb’s law in medium:
If instead of vacuum (or air) some medium (glass, paper, wax, oil etc.,) is placed between
the charges, then the force F acting between them is given by

1
F q1q2
dmegk 12
Where k = dielectric constant of the medium.
~F _lae ve=ek
med e 12 0

Limitations of Coulomb’s law:

Coulomb’s law fails to explain the stability of the nucleus. The reason being that the
nucleus consists of several protons all having positive charge and according to Coulomb’s
law they should repel each other. But we know that the nucleus has a stable identity. So
the Coulomb’s law fails.

Electric field:

The region surrounding an electric charge or a group of charges, in which another
charge experiences a force is called electric field.
Intensity of electric field or electric field strength E :

The intensity of electric field at a point in the field is defined as the force experienced
by a unit positive charge placed at that point.

Let F be the force experienced by a test charge qo placed at a point in the field, then
the intensity of electric field E at that point is given by

E = F% Units: Newton/Coulomb or N/C

From the above equation, F = Eqo
E is a vector quantity whose direction is in the direction of F.
If a unit positive charge qilC) is placed at a distance r from the point charge, then from

Coulomb’s law, the force on unit positive charge is given by
F=tae_lax

dmey 12 ey T2
F _ 1 ¢
1 dmeg 2
F F
F="_=L
o !
1 ¢
E= —
dmeor?

Continuous charge distributions: A system of closely spaced electric charges forms a
continuous charge distribution.

Linear charge distribution | Surface charge distribution | Volume charge distribution

In this distribution, charge | In this distribution, charge | In this distribution, charge is

is distributed on a line. is distributed on the distributed in the whole
surface. volume of the body.
Example: charge on a Example: charge on a Example: Solid uniformly

wire, charge on a ring. conducting sphere, charge | charged object say a
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on a sheet. charged sphere.
The linear charge density | The surface charge density | The volume charge density
_ Charge _ Charge _ Charge
j Length - Area P Volume

¢ Electric flux:
The no of lines of force passing through an area element which is making an angle
with the direction of electric field is called electric flux ®¢.

The scalar product, i.e., E - dS is defined as the electric flux for the surface.

1)

YVYYYYY

ds
(®)

Fig 1.2 (a) Surface immersed in electric field
(b) Enlarged view of the three squares on surface

Consider a closed surface of area A in an electric field. Let the surface be divided into
a no of elementary squares each of area dS. If E is the electric field acting on dS then the
flux through dS is
d®r=E-dS
The total flux through the entire surface is given by
Pr=E-dS=E dScos@ P =EF
cos O dS
Qe=Ecosf A
(~+ dS = A = area of the surface)
®r=FEAcosf
The flux ®r of the electric field is measured by the number of electric lines of force that
cut the surface.
Note: area elements
1. ®r = +ve, If the lines of force point outward everywhere (Out flux)
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2. ®g =0, If the lines of force are perpendicular to the area
3. ®r = —ve, If the lines of force point inward everywhere (influx)
Example: Electric flux through cylinder.

Consider a cylinder of radius R immersed in a uniform electric field E parallel to its
surface as shown in figure.
ds
A

v
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Fig 1.3

The flux through the entire cylinder is the sum of the fluxes through (a) left face (b) right
face and (c) the cylindrical surface. Thus

Qp=E - dS=E-dS +E-dS +E-dS
@ (b) ©
For the left face, the angle between E and dS is 180°
E-dS = EdScosl80°=-E dS=-ES where S = R?

(a)
For the right face, the angle between E and dS is 0°
E-dS 0o EdScos0’=E dS = +ES

For the curved surface of the cylinder, the angle between E and dsS is 90°

E-dS 0 = EdScos90°=0
C

Pr=-ES+ES+0
Thus the flux through the entire cylinder is zero.

Gauss’s law:
Statement: Gauss’s law states that total normal electric flux ¢r over a closed surface is

1 eo times the total charge Q enclosed within the surface. It is expressed mathematically

as
1
¢E:E'dS:E'dSC039:E — Qenc
0
where ¢ is the permittivity of free space.
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Proof:
(i) when the charge is within the surface das
Let a charge Q is placed at O within a closed surface
of irregular shape. Consider a point P on the surface at a
distance r from O . Now take a small area element dS

try)

Direction

around P. Let dS be normal vector of area element dS
making an angle 6 with the direction of electric field
along OP.

The electric flux d¢r outwards through the area dS is
given by

APe=E-dS=EdSC0SO .......ccovvviiiiiiiiiiiiiiiiieeeees @

0 is the angle between E and dS

From Coulomb’s law, the electric intensity E at a distance

r from a point charge Q is given byE = Lf (2) Fig14
dreor?
From (1) and (2), d¢p = 1_£dScost9: Y _ dScosd
dmeq 12 4reg r2

But Wis the solid angle dw subtended by dS at O.

- 0
d¢p = prom dov (3)
E
The total flux ¢& over the entire closed surface is given by ¢r = T dw
¢$ = 412_ x 4m (*+ dw is the angle subtended by the whole surface at 0. This is equal
E

dF = :"” ............. (4)
0
N8j[e: Vé/,hen the closed surface encloses several charges like +Q1, +Q2, +Qs,...... -Q',
g Qe
The }otal flux is given by
=" +Q+Q+Q ... -Q-Q -0 ..
E g 1 2 3 1 2 3
=L Q, where Q is the algebraic sum of all charges.

€0
(if) when the charge is outside the surface

Let a point charge +Q be placed at point O outside the closed surface as shown in fig.
Now a cone of solid angle dw from O cuts the surfaces dS1, dS», dSs, dSs at P, Q, R
and S respectively.

+Q S dS:/ dS;m
), \- q

Fig 1.5
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The electric flux for an outward normal is positive and for inward normal is negative.
Therefore, the flux through areas dS> and dSs are positive while for dS1 and dSs are

negative.
. _Q
The electric flux at P through areadS, =- dw
TEQ
. _Q
The electric flux at Q through area dS, =+ . dw
TEQ
The electric flux at R through area dSs = - e dw

The electric flux at S through area dSs =+ e dw
= Total electric flux == g + 2 de - L—dw + L —dew = 0
Ameg

dmeg Ay dmeg

So the total electric flux over a closed surface due to an external charge is zero. This
verifies Gauss’s law.

«» Differential form of Gauss’s law:

According to Gauss’s law, E-dS =Q ecoreo E-dS=Q ... (N
Let a charge be distributed uniformly over a volume V and p be the charge density. Then
Q= padv (2)

~e E-dS= pdV .l (3)

Apply Gauss divergence theorem to convert surface integral to volume integral

ie, [E-dS= [divEdV.............. 4)

from (3) and (4), wegeteo |, divEdV = pdV................... (5)

equating on both sides eodiv E = p
divE="_orV-E="_

€0 €0

P

V- E= —
o | (6)

Eq. (6) is the differential form of Gauss’s law.

¢ Electric field due to a uniformly charged sphere:
Case (i): At a point outside the charged sphere (r
> R):

Consider a sphere A of radius R with center O as
shown in fig. Let g be a charge uniformly distributed
over the sphere. Let P be a point outside the charged
sphere which is at a distance r from the centre O of
the sphere.

To find the electric field at P, construct a Gaussian
surface of radius OP concentric with sphere A. The
electric field at all points on the Gaussian surface is - -

- —~ Gaussian

equal in magnitude and perpendicular to the surface. Surface
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Let dS be a small area element of this surface and d¢e is the flux passing through this
element.

Therefore, dpr = E-dS= E dScos0’ = E dS (~ angle between E and dS iszero)
The electric flux through the entire Gaussian surface is given by
¢e= E-dS=E dS=E 4nr> ... (1)
From Gauss’s law, ¢g = Ednr? =% _
€0
_ 1 q_
E= po X ()

Case (ii): At a point on the surface (r = R)
When the point P lies on the surface of the charged sphere, then » = R. The electric
field intensity is given by

E= x> (3)

4meg
Case (iii): At a point inside the charged sphere (r < R)
Consider P be a point at a distance r from
the centre inside the charged sphere. Let OP be
the radius of Gaussian sphere and p is the
charge density (charge per unit volume).
Now, to calculate the electric field E at P, the
outward flux through a small portion of
Gaussian surface is +q

dee = E-dS=E dS cos0° = E dS (- angle
between E and dS is zero)

The electric flux through the entire Gaussian
surface is given by

)

. _ _ 2 Gaussian
d)E =E-dS=E 6315 =FE 4nr Surface
- 4 — 3q 4R Fig 1.7

ALT[R3

3
The total charge enclosed by the Gaussian surface =volumeenclosedbyitx charge per unit
volume

=4y
= X
3 3 g
. : : 3q_ r
= charge enclosed in Gaussiansurface = {nr® X, g = e (4)
From Gauss’s law, ¢ -F 47‘[1’2 - charge enclosed in Gaussian  Surface = q T 3 ]
€ R 0
1 qr
E= Xl 5
dreg R3 ( )

This expression shows that the electric field E due to a uniformly charged sphere at an
internal point is proportional to the distance r.
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Graph: .

o It is obvious that the electric field ; :
outside the sphere is inversely fommmnen J R
proportional to the square of the A : i
distance.

o It is maximum on the surface of the
sphere.

o Electric field E due to a uniformly
charged sphere at an internal point is
proportional to the distance r.

Distance r ----- +

Fig 1.8

¢ Electric field due to hallow sphere or Electric field due to charged spherical shell
Case (i): At a point outside the charged sphere (r > R):
Consider a sphere A of radius R with center O as
shown in fig. Let q be a charge uniformly
distributed over the sphere. Let P be a point outside
the charged sphere which is at a distance r from the
centre O of the sphere.
To find the electric field at P, construct a Gaussian
surface of radius OP concentric with sphere A. The
electric field at all points on the Gaussian surface is
equal in magnitude and perpendicular to the surface.

Let dS be a small area element of this surface and

d¢e is the flux passing through this element. o= -7 ” Sj;‘fﬁj“
Fig1.9
Therefore, dpr = E-dS= E dScos0’ = E dS (~ angle between E and dS iszero)
The electric flux through the entire Gaussian surface is given by
¢r= E-dS=E dS=E 4nr> ... (1)
From Gauss’s law, ¢x = Ednr?=" _
€0
_ 1 q_
E= —x% )

Case (ii): At a point on the surface (r = R)
When the point P lies on the surface of the charged

sphere, then r= R. The electric field intensity is given by E
E= xL (3)

Ameg
Case (iii): At a point inside the charged sphere (r < R)
In case charged spherical shell the charge resides only  +¢
on the outer surface. Hence the charge enclosed by the
Gaussian surface is zero.
From Gauss law,
¢e=E-dS=E dS=FE 4nr?

b = E4mri =7 _ Fig 1.10
€0

Gaussian
Surface

E
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E=0 v q=0

The electric field inside the charged

conducting sphere or shell is zero.

Graph: 0

o It is obvious that the electric field ‘
outside the sphere is inversely

proportional to the square of the E \ Eoy
distance. | | | <
' E=0 ! E=0 |

o It is maximum on the surface of the

R O R
Sphere' Distance r ----- >
o Electric field E due to a charged sphere Fig 111

at an internal point is zero.

Electric field due to infinite sheet of charge:
Consider a thin, non conducting, infinite sheet of charge. Let ¢ be the surface charge

density (charge per unit area). Let P1 be a point at a distance r from the sheet where the
electric field is to be calculated. To calculate electric field, construct a Gaussian
cylindrical surface by taking a point P> on other side of the sheet symmetrical about P;.
Let A be the area of cross section of cylindrical surface.

(inside
sheet)

Right end
flat surface
Gaussian
curved surface

+H+++++ +++ T
++++++ ++£F
++++++ 4+ +++ Infinite

conducting sheet

Fig 1.12
The electric flux through Gaussian surface is given by ¢r = ¢plane 1 + Peurved surface +
Dpiane 2
Qpane 1= E-dS=E dSws(’=EA
Peurved surface = E - dS = E dS c0s 90° = 0
Ppane 1= E-dS=0 dSws’ =0
DE = Dpiane 1+ Peurved surface T Pplane 2 = EA+0+0=EA
¢ =EA

According to Gauss’s law, ¢x = qe—
0

9
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EA=T_-<A ve=?_
€0 €0 A
~ E = S

€0
This expression shows that the magnitude of the electric filed is independent of the

distance from the sheet.

Electric potential:
Electric potential at a point in the electric field is defined as the work done by an

external agent in carrying a unit positive charge from infinity to that point against the
electric force of the field.
The Sl unit of electric potential is volt.

Explanation:
The ratio of work done in taking a test
charge from one point to other point in an a +qo
o L @ |- - - - REEEETEEE *—F
electric field to the magnitude of the test A B

charge is defined as the electric potential
difference between these points.
If W be the work done in moving the test charge go from point B to point A, then the

potential difference V4 — Vi between A and B is expressed as
w
Va=Vp= —
q,
If point B is taken at infinity, then the electric potential V' at infinite is zero.
w
Va= —
q
Potential and Field strength:
Let a uniform electric field E is set up by certain

stationary charges (not shown) as shown in fig. Let go x ]1?
be a charge moved by an external agent between two I
points A and B without acceleration in the electric field. : F
The electric force on the charge due to electric field is ' dl
qoE which points downwards. d o
To move the charge upwards by external agent, an ! !
equal and opposite force —qoE must beapplied. : \ B
Let go is moved through a small distance d! by the l 1oE
agent. o : E
\ 4 YA Y \ 4
The work done dW by the agent is
AW =F-d=-qE-d ... (1)
Therefore, the total work done, Fig1.14
W =g E-dl=q R (2)
AB A 0 04
Ve-w =R 3)

qo0
=~ Potential difference between two points A and B will be

B
ve-w =- Ed (4)
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If the reference point A is taken at infinity, then Va = 0.
B
Hence | Ve=-E-d

©0

So, the electric potential at a point in the electric field can be expressed as a line integral
of the electric field.

Potential due to a point charge:
Consider a point charge +q as

shown in fig. Its electric field is E. Let
A, B are two points at distances r4 and A
rg from charge +q . To calculate the — Qo
electric potential at point B, the charge is HE]—>——— ¢+ —e— &
moved through a small distance dr. The =

work done by external agent to move the Y
charge through dr is given by
dW = qE dr = qE dr s 180° = Fig 1.15

—-qoFE dr
E= — 1

dmeqr 2 1
adW = —qr
dmey T2
Wtal work done in moving the charge from AtoBis - _rslaa g,
1 AB T4 dneyg 12
17B _ qqol -

w_=—4
AB -

dmey T dmeg TR TA

So the potential difference between two pointsisV -V _Was _ ¢ -

B A q0 ey TR T4

Takingra=,Va=0
- 1 q

Vv = 4

B Ameo rB 1 q

Drop the suffix B, V= —
dmegr

This expression shows that at a distance r on all sides of the charge g, the potential is the
same.

Potential due to charged spherical shell:
Case (i): when the point P lies outside the shell

Consider a conducting spherical shell
with center O and radius R. The total charge on
the sphere is g. Now we calculate potential V' at
point P at distance r from the center O. The
relation between electric field and potential is
given by

_ B
VA -
B

E-dr
A Gaussian
Spherical surface
shell

Fig 1.16

11
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Electric field due to charged spherical shell= _* %, A== B=r
- 1 dmeqr 2
Vr =- ____A4dr
® Areqr 2
1 r

Vr = q _

Ameg 1T =

_ 1q_

Vout B Amegr

Case (ii): at a point on the surface of sphere (r = R)

Inthiscaser =R,V _ _1q _
on Ameg R
Case (iii): at a point inside the sphere (r < R)
We know that for spherical shell, E - _1 aq
out 47[€0T2
and Ein =0
r R r
V == E-dr=-"E dr- E dr
in 0 o out R in
R R1
V =-FE dr—=0=- idr Spherical
in o Out © 4reoT 2 shell
v, = L
in ney 1
V-t | s
in Ameg R Gaussian
surface Fig 1.17
Graph:

o The potential inside the spherical
shell is same as that on the surface.

o The electric potential outside the
spherical ~ shell IS inversely
proportional to the distance.

% Egquipotential surfaces:
Equipotential surface in an electric field is a surface on which the potential is same at

every point or the locus of all points which have the same potential is called equipotential
surface. The potential difference between any two points on the equipotential surface is
zero, hence no work is done in taking a charge from one point to another point. This is
possible only when the charge is taken perpendicular to the field. So, the equipotential
surface at every point is perpendicular to the field.
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Equipotential Surfaces
Surfaces (b)
(@ Fig 1.19

In case of uniform field, where the lines of force are straight and parallel, the
equipotential surfaces are planes perpendicular to the lines of force as shown in fig. The
equipotential surfaces are a family of concentric spheres for a point charge or sphere of
charge.

Equipotential surfaces in electrostatics are similar to wavefronts in optics. The
wavefronts in optics are the locus of all points which are in the same phase. These are the
planes perpendicular to the direction of rays. On the other hand, the equipotential surfaces
are perpendicular to the lines of force.

% Important Questions:

Define electric field intensity.

Explain about equipotential surfaces.

State and prove Gauss’s law in electrostatics

Define electric field intensity. Calculate the electric field due to infinite conducting

sheet of charge.

5. Calculate the electric field intensity due to uniformly charged sphere at points within
and outside sphere.

6. Define electric potential. Derive expression for potential due to point charge.

7. Define electric potential. Calculate the electric potential due to spherical shell.

Ao pE

K/
°e

Problems:

Based on Gauss’s law:

1. If a point charge q is placed at the centre of a cube, what is the flux linked

(@) with the cube
(b) with each face of the cube?

2. A hemispherical body is placed in a uniform electric field E. What is the flux linked
with the curved surface, if field is (a) parallel to the base and (b) perpendicular to the
base?

3. A charge q is placed at the centre of the open end of a cylindrical vessel of radius R

13
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and length L. Calculate the flux through the surface of the vessel. oq

R

-_—

4. S1and Sy are two parallel concentric spherical surfaces enclosing charges g and 2g
respectively as shown in figure. What is the ratio of electric flux through S1 and S,?

Based on electric field intensity:

5. The intensity of electric field at a point 0.25m away a point charge is 1.44 N/C. Find
the magnitude of charge.

6. A sphere charged to 80uC is placed in air. Find the electric field intensity at a point
20 cm from the centre of the sphere. Radius of the sphere R = 10 cm.

Based on electric potential:

7. A point charge is placed at A. The charge is 1.5 x 10 C. What are the radii of
equipotential surfaces having a potential 15V and 30V .

8. The charge on a spherical conductor is 3 x 10 C. Radius of theconductor is 0.1m.
find the potential. Take —— = 9 x 109 N — m%/C2

dreg
9. What is the electric potential at the surface of nucleus gold? The radius of the nucleus

is 6.6 x 10®m. The atomic number of gold is 79.
10. A spherical drop of water carrying a charge of 3 x 10 C has a potential 500V at its
surface. What is the radius of the drop?
11. At distances of 5cm and 10cm from the surface of sphere, the potentials are 600V and
420V. Find the potential of its surface.

14
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Dielectrics:

A dielectric or insulator is a material which does not contain free electrons or
the number of such electrons is too low to constitute the electric current. In dielectrics, the
electrons are tightly bound to the nucleus of atoms.

The dielectric does not conduct electricity on the application of electric field,
the electrons may be able to move to and fro about their equilibrium positions but they do
not have the vicinity of their atoms.

Examples: mica, glass, plastic etc.

USES:

1. In making high capacity condensers, paper and mica are used.

2. Quartz. Mica, glass, paraffin etc are used for high insulation.

3. li helps in maintaining two large metal plates at very small separation.

Electric dipole:
The arrangement of equal and opposite charges separated by a finite distance

is called “electric dipole”.

-

Electric dipole moment: —q P +q
The product of magnitude of one charge gand @ ®
distance between the two charges 21 is known |« 21 »

as “Electric dipole moment”.

..Electric dipole moment P = q x 21 = 2ql
This is a vector quantity, whose direction is along the axis of the dipole pointing from
negative to positive charges.

Fig 2.1

Atomic view of dielectrics:
» Atoms consist of positive and negative charges

in equal magnitudes. @_ _____ @ _____ @

» The positive charge of the nucleus supposed to

. . e <4+—
be concentrated at a single point called the centre ﬁl P>
of gravity of the positive charge. N
> The negative charge of the electrons supposed to P=P1—P2=0

(a) Non - polar molecule

be concentrated at a single point called the centre
of gravity of the negative charge.

e Non - polar molecule: when the two centers of
gravity coincide, the molecule is known as non —
polar molecule. Non — polar molecules have
symmetrical structure and zero electric dipole
moment.

Example: Hz, N2, CO;,, Benzene etc. P =Pi+P

e Polar molecule: when the two centers of gravity (b) Polar molecule

do not coincide, the molecule is called is called Fig 2.2

15
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as polar molecule. Polar molecules have unsymmetrical structure and have a
permanent dipole moment.
Example: H20, HCL, CO, NHjs etc.

Non — polar dielectric (or) Polarization of dielectric:

When a dielectric slab is place in an electric field, say between the plates of a charged
capacitor, the centre of gravity of a positive charge is pulled towards the negative plate
and centre of gravity of negative charged pulled towards the positive plate.

The process of separating positive and negative charges within the dielectric when
placed in electric field is known as dielectric polarization.

The dielectrics which are polarized only when they are placed in an electric filed are
called non-polar dielectrics.

-+ 4 - Hol—+ -+ +| T - -
_ oo - +| = - ﬁ,|+
+ - HE e i Ee
- 4 HE D IS P
n HIZ + + - +| |- A
+ ol o+ + - ] - o SR
+ - _ o+ -+ + -+ - - P+
-+ +—+ I - |+
-+ + N
— ol + + -+ _ L+
= g o
ED IEO '

(a) (b) (©

Fig 2.3

Fig (@) :shows the random distribution of plus and minus charges in non-polar dielectric.

Fig (b) shows the surface charges appear (positive charge on the surface and negative
charge on the other surface) when dielectric placed in electric field Eo.

Fig (c) shows the induced surface charges appear in such a way that the electric field set
up by them E’ opposes external filed Eo.

~E=Eq-E'
Thus, if the dielectric is placed in an electric field, induced surface charge appear
which tend to weaken the original field within the dielectric.

Polar dielectric in electric field:
Polar dielectrics have permanent dipole moments with their random orientations as
shown in fig (a). In the presence of an electric field, the partial alignment of dipoles takes

place as shown in fig (b). The alignment increases with the increase of electric field or
with the decrease of temperature.

The dipole moment of a polar molecule in an electric field is Pp + P;
Pp — permanent dipole moment, P; - induced dipole moment

16
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Fig2.4
Thus the non-polar molecules in an electric field become induced dipoles while polar
molecules are re-oriented with dipole moment increased.

$

Dielectric Polarization & Charge density:

Let a dielectric slab (glass) is placed between the parallel plates of a capacitor. Fig (a)
shows the electronic structure of an atom when the two plates are not charged. When the
plates are charged, an electrostatic field is established between the two plates as shown in

fig (b).

A B A B
i : X

- | -

© - e |
@ @ _@ :: ®+
© ® © ‘le e of
e © -l | o
O - 1) +

— : +

- | +

! +

@) ! () T

Fig 2.5

Now the electrons are attracted towards the positive plate and positively charged nucleus
is attracted towards negative plate of the capacitor. In this way, the dielectric is slab for be
polarised and the distorted atom is
called “Electric dipole” and every B F
electric dipole has an “Electric
dipole moment”
“The electric dipole moment per
unit volume is called as dielectric
polarisation (P)”. I G

Suppose a dielectric slab of ] :
area of cross — section A and D H
length | is placed in an electric
field as shown in fig 2.6. Let the
induced charges on faces ABCD and EFGH is —q' and +q' respectively.
The dipole momentp=¢q' x1=q'l
Volume of the slab = Al

+q'

-q'

Fig 2.6
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ipole omment

Dielectric polarization P = ¢

Volume

P =""= 7 (charge per unit area i.e., charge density)
Al A

Hence dielectric polarization is numerically equal to the surface charge density.

Dielectric constant & Susceptibility:
e Dielectric constant:

Based on Capacitance:
The ratio of the capacitance of a condenser with dielectric to the capacitance of the same

condenser without dielectric is defined as dielectric constant.
C (Capacitance of a condenser wvith dilectic)

~ Cy (Capasitance of a condenser wihout dietic
Based on potential difference:
The potential difference V4 between the plates of the capacitor filled with dielectric is
smaller than the potential difference Vo without dielectric.

Va
k= —
Vo
Based on force:
From Coulomb’s law in free space F _Llaia
0 Amey r2
From Coulomb’s law in medium F  _la®
med dne 12
Fmed _ &0 _ 1
Fo e k
F
k="_and k="
&0 Fined

From the above expression,

The dielectric constant is defined as the ratio of permittivity of the medium to the
permittivity of the free space.

The dielectric constant is defined as the ratio of force between two charges in air or
vacuum to the force between the same charges in dielectric medium.

The value of k = 1 for vacuum and k = « for metals.

e Susceptibility:
When a dielectric is placed in electric filed is polarized. The polarization vector P is
proportional the electric filed E.
PxE or P=yE
Where the constant of proportionality y is known as electric susceptibility.
The ratio of dielectric polarization to the electric intensity is defined as electric
susceptibility.
X =PE

Gauss’s law in dielectrics:
The Gauss’s law states that the electric flux @rthrough any closed surface is 1 eo
times the charge enclosed by the surface.

18
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® = E-ds="*
&0
E
Consider a parallel plate capacitor (a) L Q
without and (b) with dielectric as shown in
fig. The charge g on the plates is same. The tr+t++++++ 4+ L N
Gaussian surfaces are also shown in the i Gaussian Surface i
figure. Sbommmmmmmmmoe e I ----------------- 'R
When no dielectric is present [fig 2.7(a)], Ey
then by Gauss’s law — __ ‘/_q
E-ds="—
€0
E, dS =9_
_q 9
EA= _ Fig 2.7 (a)
0 "
-9
07 T (1)

When the dielectric is placed between the plates of the capacitor [fig 2.7(b)], the net
charge within the Gaussian surface P°PQ'R’'S’ is ¢ — q' , where q' is the induced surface
charge. Then by Gauss’s law

g —4q¢
E-dS= - P Q
EA=7% +q
¢ eoq, t+++++ +++ 4+ +
E="—_-91_ A7 Aea — — — — — — — — — — _ 7
w04 @A T (2) y 1 Gaussian Surface
E is less than Eo because induced e/ ffif'?j;i' 7 ~
. . . Dielectric ~
charges produce their own field which ///// // % 4
opposes the original field = CLLLLLLAIIIIIVIIIIAT Z
Eo_q  _4q wE=F0
k €04 €04 k
Substituting the value of Eo from eq
(1)1 Fig 2.7 (b)
a9 -9 __4q9_

0 Ak €A A

! q

=g- -=¢gl- -
q=q- 7=ql- -

Now Gauss’s law with dielectric present can be expressed as

1

E-ds=9__ g 1- _

€0 ) k
Fras="—-L+L

€ €0 sk

kE-ds=T _

&

This is Gauss’s law in a dielectric.

Three electric vectors & their relation:
The three electric vectors are
1. Electric intensity
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2. Dielectric polarization
3. Electric displacement
1. Electric intensity E:
The electric intensity E at any point in the electric field is numerically equal to
the force experienced by a unit positive charge placed at that point. The direction of
E being the same as that of the field.
2. Dielectric polarization P:
The electric dipole moment per unit volume is called as dielectric polarization P.
3. Electric displacement D:
The electric displacement at a point is defined as the product of electric field strength
E at that point and the permittivity of the medium &.
&~ D =¢E = keoE
The unit of D is C/m?
q_

D is equal to the surface charge density o of free charges D = "= o
A

When a dielectric slab is placed between the plates of a parallel plate capacitor, the
medium is polarised. The relation between the induced charge g’ and the charge gon
the plate of the capacitor is given by

¢ _9__4d_
0k g A g0 A
494 - _9 L9
e A 0k g0 A
1=¢ .49

D=¢eE+P

Where D is the electric displacement.

Key points:

1 D is connected with free charge
only. It is not altered by the
introduction of the dielectric. \AARAS
The lines of D begin and end on
free charges. YYYY YYYY Y \ 4 4

2. P is connected with polarization
charge only. The lines of P begin
and end on polarization charges.

3. E is connected with all charges

+ 4+ + + 4+ + + 4+ + + + +

that are actually present whether — — —_—
free or polarization. E is reduced D P €0k
inside dielectric with fewer lines. Fig 2.8
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< Important Questions:
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1.
2.

No gk~ w

What are dielectrics? Explain polar and non — polar molecules.

What is meant by dielectric? Discuss the behaviour of a dielectric in an electric field
from atomic point of view.

Define electric dipole moment.

Explain polarization and polarizability.

Define electric displacement vector, polarization and intensity of electric field.
Define and derive the relationship among D, E and P.

Define dielectric constant and susceptibility. Derive a relationship between dielectric
constant and susceptibility.

Problems:

1

10.

11.

12.
13.

14.

15.

The area of the plate of a parallel plate condenser is 100 cm?. The distance between
plates is 1 cm. A potential difference of 100 volt is applied. A slab of thickness 0.5
cm and dielectric constant 7 is placed between plates. Calculate the values of E, D
and P in the air and dielectric.

The electric susceptibility of a medium is 948 x 1011, Calculate the permeability (or
absolute permeability) and relative permeability.

If the dielectric constant of a medium is 3 and electric field intensity is 108 v/m, find
the electric displacement D. (o = 9 x1071?)

The thickness of dielectric between parallel plates of a condenser is 5 mm. Dielectric
constant is 3. Electric field in the dielectric is 10° v/m. Calculate the surface charge
density on the condenser plate, surface charge density on the dielectric, polarization,
electric displacement and energy density.

The dielectric constant of water is 78. Calculate its electrical permittivity.

Calculate the value of dielectric constant, given permittivity in vacuum is 4 and
permittivity of medium is 8.

The dielectric constant of medium is 4. Electric field in the dielectric is 108 v/m.
Calculate electric displacement and polarization. (g0 = 9 x 1072 F/m).

The electric susceptibility of a material is 36 x 1012 C2/N-m?. Calculate the value of
dielectric constant and absolute permittivity of the material. (g0 =9 x 1072 F/m).

The permittivity of diamond is 1.46 x 101° C?%/ N — m2. Compute the dielectric
constant and the electric susceptibility of diamond. & = 89 x 10 C% N — m?.

The electric susceptibility of a material is 35.4 x 10"*2 C? / N — m2. What are the
values of dielectric constant and the permittivity of the material?

The dielectric constant of helium at 0° C is 1.000074. Find its electrical susceptibility
at this temperature.

The dielectric constant of a medium is 3.5. Find its permittivity and susceptibility.

A NaCl crystal is subjected to an electric field of 1000 VV/m. The resulting
polarization is 4.3 x 108 C/m?. Calculate the electronic polarizability.

Calculate the electronic polarizability of an Argon atom, given k = 1.0024 at N.T.P
and N = 2.7 x 10% atoms/m?.

A solid elemental dielectric, with density 3 x 10?® atoms/m?® shows an electronic
polarizability of 10° farad m2. Calculate the dielectric constant of the material.
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Force on a charged particle moving in a magnetic field:
If a charged particle of charge g moving with a velocity v enters into a

magnetic field of induction B then it experience force given by
F=quvxB
F=qvuBsing

Where 6 is the angle between v and B.

» The direction of F is given by Flemings left hand rule.
» If the charged particle is at rest v = 0 in magnetic field, then no force acts onit.

Biot — Savart’s law:
In 1820, Biot and Savart performed a

series of experiments to study the magnetic
field produced by various current carrying
conductors. They obtained a relation by means
of which B can be calculated at any point in
space around a current carrying conductor.
This relation is called as Biot and Savart law.
Let i be the current flowing through a
conductor AB and P be a point at a distance r
from the current element. According to Biot

and Savart, the field B at any point can be
calculated by dividing the conductor into no
of infinitesimal current elements. Let dl be the Fig 3.1

length of one such element and dB be the magnetic field due to dl at a point Pdistance of
r from it.

Current carrying
B conductor

Biot and Savart observed that

(i) Itis directly proportional to the current i flowing through the conductor dB o i

(ii) It is directly proportional to the length of the element taken dB « dl

(i) It is directly proportional to the sine of the angle 6 between length element and the
line joining the element to the point P dB « sin @

(iv) Itis inversely proportional to the square of the distance r of the point P fromthe
element dl dB o

72

Combining all these factors dB o« S‘”f
-
idlsing
dp = e
4 ")

Where«‘;—0 is proportionality constant, i , - Permeability of free space.
T

The unit of dB is weberlm? (or) Tesla.

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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The resultant field at P is B = dB

Applications of Biot — Savart law:
Maanetic field due to a long straight conductor (wire) carrying current:

Consider an infinitely long

wire placed in vacuum and carrying a
current i. To calculate magnetic field B at i_
a point P distance R from the centre O of i:—
]
L}
|
A4

X/
°e

X/
°e

Bt <

the wire. We divide the wire into no of
infinitesimal current elements. Consider
one such element AB of length dl.

SRR

Let r be the distance of the 7
element from the point P . 6 the angle ?
between dl and r. ﬁ
Magnetic field due to current element AB %

. _uoidlsné ]
atPisdB = > 2
Magnetic field due to whole conductor %
B=__dB

_ugie $n 0 dl T I

Fig 3.2

4 == r2

From figure sin@ =sinm — 6 =R= _
.
R

12 +R2

0

ol R dl
4+ RT%?
To evaluate the above integral put [ = R tan a
dl = R sec’a da

Limits: [=» > tana=o=>a=+" _
2

|=-o s tinag=-o=ag=-" _
MR % R sec?

AT x (R2 tan? o + RZ)%

2

o

iRZR sec? o
B= #o da
Az 2 RSec o
2
i 2°
B :_O'Ifcosada
4R |
2

B:ﬂsinag = ( )
47R - 47th 2 | ZJJ

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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B =% weber/m? or Tesla
2nR

% Maanetic field on the axis of a circular loop:

Fig 3.3

Consider a circular loop of radius 'a’ and carrying a current i. Let P be a point on the
axis of the coil at a distance x from the centre 0. To calculate the field at P, consider a
small element AB of length dl.

Let r be the distance of the element from the point P and 8 = 90° be angle
which the direction of current makes with the line joining the element to the point O.

foidlsing
dB = P
T 2
id
ap=_""
4 12

The vector dB at the point P, due to the element dl would be perpendicular to r.
This can be resolved into two components dB cos ¢, dB sin ¢

dB cos ¢ — Perpendicular to the axis

dB sin ¢ — along the axis

If we take another element A'B' diametrically opposite to AB of same length.
dB cos ¢ components will cancel out each other.

dBsin ¢ components will add up along the axis.

Magnetic field along the axis = dB sin ¢
B =%

4r 12

=% dising

4mrr 2

:Jl—ﬂql“ _ wsing= 2
4mr r r

dl = 2ra (Circumference of the coil)

ia
B =" x 27a

4y 3
;2
Hota e il — 2 2
T 24232 SrEatx
N wia*
For N turns, B= Ho Weber/m? or Tesla

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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Different cases:

) ,
(i) At the centre of the coil x = 0. Thus, at the centre of the coil B = V*'* = &M

2a3 2a
(ii) Atvery far off fromthe loop x > aand a?+x232=x?

Nia?
B="——
23

>

% Madgnetic field induction due to Solenoid:
Consider a long solenoid of length [ meter and radius a meter as shown in fig.

Let N be the total no of turns in the solenoid. The no of turns n per meter will ne N [. Let
i be the current carried by solenoid.
Now we will calculate the field in the following cases:
(1) Field at an inside point
(2) Field at an axial point
(3) Field at the centre of the solenoid of finite length.
1. Field at an inside point

dx
_’I ]!;_ i rldqix B
a 6
C

(a) (b) Enlarged View
Fig3.4

Let us consider a point P inside the solenoid on the axis. To calculate B at
point P, we divide the solenoid into a number of narrow equidistant coils. Consider
one coil of width dx. The no of turns in dx is ndx. Let x be the distance of point P
from the centre O of the coil.

The field at P due to elementary coil of width dx carrying current i is given by

dB _ 1o ndxia 2
T 0 q24x232

. @ dae
From AABC, sin6 =" ordx="
dx sn 6
From AAPO, 12 = q? + x?
rdf . -
__tony, @
dB = 27
_uonia 2@
2r2sn @
. 2 2
do a . _a
B =4onidd a st P= -
25n8 r r
_ ponidd sin2@

25n 6

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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isn 6dé
dB = wnisih 6ao
2

The field induction at P due to whole
solenoid can be obtained by

integration between limits 61 and 6>
B = gde - 0 ponish 6d6
1

61 2
B =" - cos 6
2 01
B=""cos6 - 05 0
) 1 2

At any axial point P, 01 =0,62=m

B =" ¢0s 0 - cos r =22

2 2

Baxial = .uoni
2. Field at an axial end point:
Inthiscase 81=0,6,=90°

B =" ¢0s 0 - cos 90° =™
2 2

Uoni
Bpia = 4

axial 2

This shows that field at either end is one half of its magnitude at the centre.
3. Field at the centre of a solenoid of finite length:
Consider a point P is at the centre, i.e., it is at a distance of [ 2 from

either end.

_ 12 _ !
sty = 217 ksl

al+ -
2
_ 12 !
cos -6, = 7 I
a2+ 4
2
_ -l
cos -6, i o
We know that B = cos @ — cos 8
) 1 2

i ! !
B ="

2 4g%+2 4a2+17
B = _wnil  _ _ pwNi

4a2+[2 4a?+]2

Ui
B= ——
4a2+ 2

This expression gives the field at the centre of the solenoid of finite length.

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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% Hall effect:

When a magnetic field is applied (along y — axis) perpendicular to a current (along x —
axis) carrying conductor, then a potential difference is developed (along z — axis) between
the points on opposite side of the conductor. This effect is known as Hall effect.
Explanation:

Zy
M AB 8 2B
N g
J A b 6
Current Ele(;:trons lF |F E - _i VH
—_ ' o
i ; Eg| d
S i N
e S e i s e s o A
Magnetic
Y field

Fig 3.6

Consider a uniform, thick metal strip placed with its length parallel to x — axis. Let i
be the current passed through the conductor along x — axis and a magnetic field B is
established along y — axis. Due to the magnetic field, the charge carriers experience a
force along z — axis. The direction of this force is given by Fleming’s left hand rule.
Hence, electrons will be accumulated on the upper surface of the strip, i.e., on face
PQNM as shown in fig. Due to this fact the upper side will be negatively charged while
the lower side will be positively charged. Thus, a transverse potential difference is
created. This e.m.f is known as Hall e.m.f.
Hall field and Hall voltage:

When the equilibrium is reached, the magnetic deflecting forces on the charge carriers
are equal to the electric forces due to electric field.
Magnetic force = q va x B
Hall electric force = gEx (Ex = Hall field)
Net force on the charge carriers becomes zero q va x B + gEn =0
Ei=—-vaxB=-vaB
EH = ~Vq B
Drift velocity is related to the current density j by w = L

nq
n — no of charge carriers per unit volume
Hal  Es= __ jB
field
nq

%4
If V& is the Hall voltage in equilibrium, then gy = . “H

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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Thus, measuring the potential difference Vi between the two faces, Exn can be calculated
using the above equation.
Hall coefficient:

The ratio of Hall electric field Ex to the product of current density j and magnetic
induction B is known as Hall coefficient. This is denoted by Rax.

E
4
RH—].B
Ey _1
JB nq
1
Ry =
nq

The Hall coefficient is negative when the charge carriers are electrons and positive when
the charge carriers are holes.

Applications of Hall effect:
1. Hall effect gives the information about the sign of charge carriers in electric

conductor. It is found that most metals have negatively charged electrons.
2. Hall effect is quite helpful in understanding the electrical conduction in metals and
semiconductors.

3. Hall effect can be used to measure the drift velocity of the charge carriers.

- J
Vd = —
nq

4. The mobility of the charge carriers can be measured by the conductivity of the
material and Hall electric field.

Important Questions:

1. State and explain Biot and Savart law.

2. Calculate the intensity of magnetic field due to a long straight conductor carrying
current.

3. Calculate the intensity of magnetic field at a point on the axis of a circular coil
carrying current.

4. What is Hall effect? Mention its applications.

5. Explain Biot and Savart law. Calculate the intensity of magnetic field at a point on the
axis of a circular coil carrying current.

6. State and explain Biot and Savart law. Calculate B due to long straight wire using it.

7. State and explain Boit — Savart law. Calculate B inside a long solenoid carrying
current i. Show that the field at the ends of such a solenoid is half of that in the
middle.

8. Define Hall effect. Derive the expression for Hall coefficient. Write the applications
of Hall effect.

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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«» Problems:

1.

10.

11.

12.

A long straight wire carries a current of 3.5 A. Find the magnetic induction at a point
0.2 m from the wire.

An infinitely long conductor carries a current of 10 mA. Find the magnetic field.

At what distance from a long straight wire carrying a current of 12 A will the
magnetic induction be equal to 3 x 10° T?

A long straight wire carries a current of 10 A. An electron travels with a velocity of 5
x 108 m/s parallel to the wire 0.1 m from it, and in a direction opposite to the current.
What force does the magnetic field of current exert on the electron?

A current of 1 amp is flowing in a circular coil of radius 10 cm and 20 turns.
Calculate the magnetic field at a distance 10 cm on the axis of the coil and at the
centre.

Calculate the intensity of magnetic field at the centre of a circular coil of radius 20
cm and 40 turns having a current 2A in it.

A current of 1 amp is flowing in a circular coil of radius 10 cm and 20 turns.
Calculate the intensity of magnetic field at a distance 10 cm on the axis of the coil
and the centre.

A solenoid of length 100 cm has 1000 turns wound on it. Calculate the magnetic field
at the middle point of its axis when a current of 2A is passed through it.

A solenoid of length 20 cm and radius 2cm is closely wound with 200 turns.
Calculate the magnetic field intensity at either end of solenoid when the current in the
windings is 5 amp.

A long solenoid has 20 turns per cm. calculate the magnetic induction at the interior
point on the axis for a current of 20 mA.

The single carrier holes in a shaped silicon sample is 2.05 x 10?2 m=. Calculate its
Hall coefficient. Electron charge = 1.602 x 10™° C.

A copper strip 2 cm wide and 1 mm thick is placed in a magnetic field with B = 1.5
W/m? with its thickness parallel to B. If a current of 200 amp is setup in the strip,
what Hall potential is developed across the strip? The number of conduction
electrons in the copper strip is 8.4 x 1028 /m®.

GVS Reddy, Lecturer in Physicss SRINIVASA DEGREE COLLEGE,
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Chapter — 4: Electromagnetic induction
Introduction:

In 1831, Faraday discovered that “whenever magnetic lines of force are cut by a
closed circuit, an induced current flows in the circuit. The e.m.f giving rise to such
currents is called induced electromotive force and the phenomenon is called
electromagnetic induction.

Faraday’s experiment to demonstrate electromagnetic induction:

Experiment 1:
Consider a coil of wire connected in series with a galvanometer (G). When the

magnet is inserted in the coil, the galvanometer shows a deflection in one direction and
when it is withdrawn from the coil, the galvanometer shows the deflection in the opposite
direction. This indicates a momentary current in the coil. When the magnet is stationary,
there is no deflection in the galvanometer. If the experiment is repeated with magnetic
poles reversed, deflections are also reversed. It is also observed that when the magnet is
moved fast, the deflection in the galvanometer is large and when it is moved slowly, the
deflection is small i.e., the deflection depends upon the rate at which magnet is inserted or
withdrawn.

A

@Q

]

Fig 4.1
Experiment 2:

Consider a primary coil P connected to a battery and secondary coil S connected to a
galvanometer. When the circuit is closed by pressing the key K, the galvanometer shows
the deflection in one direction. When the circuit is open galvanometer shows the
deflection in opposite direction. It is also observed that no deflection is produced in the
galvanometer when current flows steadily in the circuit.

rawed— 00000 00000

S nduced S

A Current CjG

Current

@) Fig 4.2
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Similar effects are observed while increasing or decreasing the primary current or
changing the relative position of the coils.
Explanation of induced e.m.f:

Consider a magnet and a coil
experiment. When the magnet is moved
towards the coil, the flux through the coil Magnet
increases. When the magnet is moved N
away from the coil, the flux through the
coil decreases. In both the cases an
induced e.m.f is obtained in the coil during Fig 4.3
the motion of the magnet.

X/
°e

Coil

% Faraday’s laws of electromagnetic induction:
1t Law: When the magnetic flux linked with a circuit is changed, an e.m.f is induced in

the circuit.
2nd |_aw: The magnitude of the induced e.m.f is directly proportional to the negative rate

of change of magnetic flux linked with the circuit.

__dop
e= G e 1)

Where @5 - Magnetic flux
e — Induced e.m.f
Here ' — ' sign denotes Lenz law
Faraday’s second law is also known as Neumann’s law.
Integral and differential form of Faraday’s law:
Consider the magnetic field produced by a closed circuit C of
any shape which encloses a surface S in the field as shown in fig.

The magnetic flux through a small area dS is d®s = B - dS
The flux through the entire circuitis @ = (B-dS ... 2

When the magnetic flux is changed, an electric field is induced
around the circuit. The line integral of the electric field gives the
induced e.m.f in the closed circuit.

e=E-d L 3)

Substitute the values of e and ®z from equations (3) and (2) in
equation (1),

Fig4.4

E.dl=_d?;dg ............. @)
S

This is the integral form of Faraday’s law.
From Stokes theorem, E-dl = va E -dS (5)

From equations (4) and (5),

d
VXE dS=- B-dS

s dt s

GVS Reddy, Lecturer in Physics SRINIVASA DEGREE COLLEGE,
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0B
VXE dS=- _dS
S at
Comparing on both sides,
vxE=-""_ or curl E=-2_
ot ot

This is the differential form of Faraday’s law.

Lenz’s law:

According to Lenz’s law, the direction of induced e.m.f (or current) in a closed circuit
is such that it opposes the original cause that produces it. This law is based on the
principle of law of conservation of energy.

So, when the magnetic flux linked with a circuit increases, the induced e.m.f developed
such that it opposes the increase and vice versa.
Explanation:

Suppose the north pole of a magnet is
moved towards a coil. As the magnet is
pushed towards the coil, an induced e.m.f
is setup in the coil. Due to this current
the coil behaves as a magnet. The face of
the coil towards the north pole of the
becomes North Pole and hence the
motion of the magnet is opposed. Fig 4.5
Similarly if magnet is moved away from the coil then also the current developed in the
circuit opposes the motion of the magnet. So the direction of induced e.m.f always
opposes the cause that produced it.

Lenz’s law — consequence of conservation of energy:

Assume that due to the motion of the magnet current is developed as shown in the fig.
The face of the coil towards the magnet become south. Hence the coil attract magnet and
kinetic energy of magnet increases continuously. This is contradiction to the law of
conservation of energy. So, current never produces as shown in fig. Hence, we say that
Lenz’s law is in accordance with the law of conservation of energy.

Self induction:

When a current increases or decreases through a coil, then the coil opposes the change
in the current by producing a back e.m.f. This phenomenon is called self induction.
“The property of circuit or coil by virtue of which any change in the magnetic flux linked
with it, induces an e.m.f in it, is called self inductance and the induced e.m.f is called
back e.m.f.”
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Fig 4.6

When the current is switched on, self induction opposes the growth of current, and when
current is switched off, the self induction opposes the decay of current.

Coefficient of self induction:

The total magnetic flux ®p linked with a coil is proportional to the current i, flowing in

it, i.e., Pp x i

®p = Li

L - self inductance of the coil.

Definition 1: when i = 1 then ®p = L . Hence the coefficient of self induction is
numerically equal to the magnetic flux linked with coil when unit current flows through

It.
Definition 2: we know that e = 4%
dt

_  dlLi

dt

=%

dt

When Z_;': l,e=-L
The coefficient of self inductance is numerically equal to the induced e.m.f in the coil,
when the rate of change of current is unity.
Unit: The unit of self inductance is henry which is the inductance of a coil in which an
e.m.f of 1 volt is setup by a change of current at 1 ampere per second.

+ Self inductance of a long solenoid:
Consider a long air core solenoid (of small diameter) of length [ meter and uniform

cross sectional area A metre?. Let n be the number of turns per metre. Suppose a current i
flows through it.
The magnetic field inside the solenoid us given by B = poniweber/m?
~ Magnetic flux through each turn ®g = BA = uoniA Magnetic
flux linked with all the turns of solenoid = poniA x N Where N is
equal to the total no of turns in the solenoid.
@5 = poniA x nl (+ N =nl)
= uon?iAl
The self inductance of the solenoid Li = pon?Al

L =pon?Al | henry
where n is the number of turns per unit length.
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In terms of total number of turns N of the solenoid N 2
L= ‘ua | Al
N2A
L= Ho henry

!

Energy stored in magnetic field or energy stored in inductor:
Consider a very long solenoid of length [ and cross sectional area A. When the current

is switched on, self induction opposes the growth of current, i.e., the current flows against
back e.m.f and does work against it.

dw = —eid_t _
dw =+Li “dt ve=—-L% _
dt dt

Hence, the total work done in bringing the current from zero to a steady maximum value
iois ; ,
w ="Li"dt=1"i di

0 dt 0

w =, Lig

This work done is stored as magnetic field energy.
U =Energy stored pe % mag w

= tio
2
The inductance of the solenoid is given by L = pon?Al
1
U= E‘u OTlZAl i20

[ = L #onio 2 Al

2 po
The magnetic field inside the solenoid B = uonio

2

u="""a

2po
The energy density (energy per unit volume) u is given by
u= U_ = li

Al 2p0

2
u= B Joule/metre®
20
Mutual induction: _ ..
Consider two coils P & S, when the !
current in the primary coil P changes, then an
e.m.f is induced in the secondary coil S. This ‘
phenomenon is known as mutual induction.
We know that flux linked with the secondary
is proportional to the current in the primary.
P
Fig 4.7
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Pp o i

Op=M

Where M is a constant called the “Coefficient of Mutual induction” or “Mutual
inductance” of the two coils.

The e.m.f induced in the secondary S is given by
_dop
dt ,
e=-"Mi=-Mm%_
dt dt
Definition 1: when i = 1 , ®3 = M , Hence the coefficient of mutual induction is

numerically equal to the magnetic flux linked with secondary coil when unit current flows
in the primary coil.

Definition 2: when ‘ZLZ 1, e = =M, “The Mutual inductance M is nothing but the e.m.f
t

induced in the secondary coil, when the rate of change of current is unity in the primary”.

% Coefficient of Coupling (Coupling of two coils with flux linkage):

Consider two coils very close to each other and having number of turns N1 & No. Let
i1 , i2 be the current flowing through the two coils. Now we calculate the mutual
inductance of the coils in terms of their self-inductance. By the definition of self

inductance

NO=Li=L _NM® . (1)
1 1 11 1 i

ag =Li =L _N®2 2)
2 2 22 2

2

Here ®p and ®s are the magnetic fluxes linked with coils 1 and 2 due to their own
currents.

L1 — Self inductance of coil 1

L2 — Self inductance of coil 2

Let ®21 be the flux linked with each turn of the secondary coil due to the current in the
first. Similarly, ®12 be the flux linked with each turn of the first coil due to the current in
the second coil.

=~ From the definition of mutual inductance

N2®21 = M2 (3)

Ni®u2=Muio (4)

If the two coils are wound on the same core so that the centre flux set up by either coil
links with all the turns of the other, then the coupling is said to be perfect.

Now @12 =®zand @21 =P1 ... )
M21 = M12= Mmax 6)
From (3) & (4),
No®1 = Mmaxi1.........oovvveenn )
N1®2 = Mmaxiz, .. .. ... preeeens ]\)
Multiplying (7) & (8), M? Ili "=N® N ®
M2 B N1®s No®y max 1 221
Mrznax . Ll1 i2
max 12
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Mmax = L1E2
The above equation is true when the whole of the effective flux from one coil links with
the other. In actual practice, the above condition is never fulfilled.

We express the mutual inductance between two coils as Mmax = K LiL2

Where K is called as coefficient of coupling between the two coils. Its value varies from 0
to 1 and depends upon the geometrical shape of the two coils and their relative positions.
If K = 1, the coupling is tight, i.e., no leakage of flux.

If K = 0, there is no coupling between the two coils.

If K >0 and K < 1, there is optimum coupling.

% Transformer: P S
A transformer is an A.C static X

device which transfers electric power :

from one circuit to another. It can raise E

or lower the voltage in a circuit but with |

a corresponding decrease or increase in E

current. I
Construction: Vi N N, V>

!

!

1

|

|

!

|

|

|

v

4
Y

_____________>

The transformer consists of two
coils. One is known as primary coil P
while the other is known as secondary
coil S. The two separate coils wound on
the same magnetic core but are
electrically insulated.

<___________.

Fig 4.8

The number of turns in the primary coil are N1
The number of turns in the secondary coil are N2

. . N
Transformer ratio or turns ratio a = —2
N1

e When the number of turns in the secondary N2 more than the number of turns in the
primary Nz i.e., N2 > Nz, then the transformer is known as step-up transformer.

e When the number of turns in the primary N1 more than the number of turns in the
secondary N2 i.e., N1 > N2 , then the transformer is known as step-down
transformer.

Principle:

A transformer operates on the principle of mutual induction. When an alternating
voltage is applied to the primary, an alternating current is setup in it. It induces a mutually
induced e.m.f in the secondary of the same frequency.

Let an a.c. current i1 flows through the primary coil. This causes a magnetic flux through

primary. This induces an e.m.f equal and opposite to V1.

V=e =N 4 @
11 1
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The same flux is linked with the secondary coil. Therefore, the secondary voltage is given

by
V=e =N 4 (2)
2 2 24
2 V, N ViV
= "2="=zqo0r =2 _
1 V1 N1 N1 N2

For step-up transformer, a > 1

V2> Vii.e., A step-up transformer raise the voltage.
From law of conservation of energy,

Input power = Output power

Vii1 = Vaiz2
oo yoct o
1 02 i
So, In a transformer whatever we gain in voltage, we lose of it in current & vice versa.
Efficiency:
The efficiency of a transformer is defined as the ratio of output power to the input power.
:Output power :V2iz_
Input power Vi1
Applications:

e For long distance transmission of electricity.

e In the manufacture of radio transmitters, tape recorders, etc.
e In welding.

e Inrectification of a.c into d.c

e Radio communication, electronic circuits, etc.

Power (Energy) losses in a transformer:

In practical usage, some energy losses occur inside a transformer, resulting in less
power output than the input power.
1. Finite resistance of the winding
2. Core losses
3. Magnetic leakage.

1. Finite resistance of the winding:

Due to finite resistance of the winding, heat is developed in primary and
secondary coils. R heat contributes to power loss in a transformer. The losses are
also called as copper losses.

2. Core losses:
The core losses are  (a) Iron losses (b) Hysteresis losses.
(@) Iron losses: induced currents and induced em.f are produced inside the core of the
transformer. As a result, a part of the energy is wasted due to the generation of eddy
currents.
(b) Hysteresis losses: we know that some energy is required to magnetize the core.
When secondary is closed, some energy is lost in magnetizing the core. When
secondary is open, a very little current in primary, magnetizes the core. These are
called hysteresis losses.
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3. Magnetic leakage losses:

We assumed that the entire magnetic flux of the primary links with the
secondary also, but in practise there will be some leakage of flux. This result in a loss
of energy supplied to the primary. This energy lost is known as magnetic leakage
loss.

< Important Questions:

1. State and explain Faraday’s law.

2. State and explain Lenz’s law.

3. Define coefficient of self inductance.

4. Define coefficient of mutual inductance.

5. Obtain an expression for the energy stored in a solenoid.

6. Derive an expression for the coefficient of coupling in the case of pair of coils.

7. Define coefficient of the self induction and obtain an expression for self inductance
of a solenoid.

8. Explain the terms of self inductance and mutual inductance. Prove that M = LiL>

9. Explain the construction and working of transformer. Write its applications.

10. Describe the construction and working of transformer. Explain its energy losses and
efficiency.

Problems:

1 Acoil of 5 turns has dimensions 9 cm x 7 cm. It rotates at the rate of 157 rad/sec in a
uniform magnetic field whose flux density is 0.8 weber/metre?.

2. A coil of 160 turns of cross-sectional area 250 cm? rotates at an angular velocity of 300
rad/ sec about an axis parallel to the plane of the coil in a uniform magnetic field of 0.6
weber/metre?. What is the maximum e.m.f induced in the coil?

3. Calculate the self inductance of a solenoid of length 1 metre and area of cross-section
0.01 m? with 200 turns.

4. What is the self inductance of a 50 cm long solenoid with 2 cm diameter and having 200
turns? po = 4w x 107’H/m

5 A solenoid of length 0.50m wound with 5000turns/m of wire has a radius 4 cm. Calculate
the self inductance of solenoid.

6. A solenoid with self inductance of 100mH has 500 turns in it. If the number of turns are
doubled, what is the self inductance?

7. A coil has 600 turns. Its self inductance is 100mH. Find the self inductance of another
same type of coil having 500 turns.

8. A coil has an inductance 50 mH and 100 turns. Calculate the flux linked with it when 20
x 10 A current is passed through it.
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The current in the primary circuit of coils changes from 10 amp to 0 in a time of 0.1s.
Find the induced e.m.f in the secondary coil. The mutual inductance between the two
coils is given to be 2H.

In a spark coil emf of 40,000 V is induced in the secondary when the primary current
changes from 4 amp to 0 amp in 1.0 us. Find the mutual inductance between the primary
and secondary windings to this coil.

Calculate the mutual inductance between two coils when a current of 4 amp. Changes to
12 amp. in 0.50 sec and induces an e.m.f of 50 mV in the secondary.

Calculate the energy stored in the magnetic field of a solenoid of inductance 5 mH, when
a maximum current of 3 amp flows through it.

A coil of 200 turns carrying a current of 10 amp produces a magnetic flux of 10
weber/turn. Calculate the energy stored in a magnetic field.

A transformer converts 100 V A.C into 1000 V A.C. Find the ratio of number of turns of
the primary to the secondary.

In a transformer, there are 200 turns in primary coil and 400 turns in secondary coil. If the
current in primary coil is 2 amp. Find current in secondary coil.
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% Alternating current:

An alternating current or a.c Y4
is defined as one which passes .
through a cycle of changes at or %
regular intervals. The waveform i or
of such a voltage or current is s
shown in fig. and is © /4
mathematically represented by
i =ipsinwt
E = Eo sin wt
Here i or E represents the
instantaneous value whereas the peak or maximum value is represented by io and Eo. The
term wt is called the phase.
The time taken for one cycle is known as time period represented by T and the number of
cycles per second gives the frequency of supply (f =1 T)

T/2 3T/4 T

Time —»

Fig 5.1

% Average value of a.c during one complete cycle:
The average or mean value of a.c in one complete cycle is zero. The value of current

at any instant t is given by i = ip Sin wt.

The average value of a sinusoidal wave over one complete cycle is given by

i snat Deos wt T

. — 00 ) 0
Loy - T -
) dt . T
_ s . 2
=-——2C0Ss —t since w = —
T T o ) T
=-2c0os 2 - cos 0=-"21-1=0
wT wT

Thus, the average value of a.c over one complete cycle is zero.

% Average value of a.c during half cycle:
The mean or average of a.c is the average of the sum of the instantaneous values taken
for half a cycle.

The sum of the instantaneous values for half a cycle is given by
T2 T2

=, idt = ) ioSin wt dt

0 T2iosinwtd 2T 2
-~ Mean value ofa.c = = b sin ot dt
T2 gt T 0
0
_ﬁg—costhz_ZioxT =008 th T2
T w 0 T z T o

=- cos 7 + c0s 0
s
. 2i
Mean value i o, ="

Note: Similarly, for E = Eo sin wt
The average value of alternating voltage for complete cycle is zero.
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The average value of alternating voltage for half cycle is 22,

T

X/
°e

R.M.S value:

The R.M.S value is the square root of the average of the sum of the square of the
instantaneous values taken for one cycle.
R.M.S value of current:

The sum of the squares of the instantaneous values for a period is given by

i2sin wt dt
00
T2 42wt dt
Mean square value = °°

1T 0 dt
=" isin’ wt dt
700
The value of the integral OT sin? wt dt is given by

T . 1T
sinfwt dt =~ 1 - cos 2wt dt

0 20
1 T T
=% dt - 0 cc%s 2wt dt
_ 1 sn At T—
E 20 T _i202

1

Mean square value= - X 2 == O?
. _ip
~R.M.S value of current i ,,,s =~

R.M.S value of voltage:
The sum of the squares of the instantaneous values for a period is given by

E%sin wt dt
0 O
TE 2 ot dt
Mean square value = ° °
o ot
=" E%sin? wt dt
To O

The value of the integral OT sin? wt dt is given by
"sinfwt dt =" 1 - cos 20t dt

0 20
1 T T
= 20 dt - 0 oS 2wt dt
_ 1 _ sn &t T T
2 20 = oF
g2

Ly g2y T
Mean square value = ;x E*x
E|
~-R.M.S value of voltage = _
2

% Eorm factor:
It is defined as the ratio of rms value to the average value i.e.,
Form factor = "™

] lay
0

i =—andi =2

s 2 av T

Form factor =x"=" __ =111
2 2 22
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s A.C through pure resistance only:

Y
R A
E = Ejsinwt
— VVVV 1] =« < o
or i =lpsinwt
ol >
(~O)
&
E =Eysinwt
(2) _ (b)
Fig5.2

Consider a circuit containing pure resistance in series with a.c voltage source. The

appliedvoltageiS E = EoSINWL.....uuurururerrnrniniininiiiiinnnnnnnnnnns @

By Ohm’s law E = iR

Eysnewt = iR

i will be maximum when the term sin wtis unity.

1 S )
R

b= 3)

Hence, (2) becomes i = iy sin wt
From (1) & (4), we conclude that voltage and current are in phase with each other.

% A.C through pure inductance only:

L _ .

2 Y / E = Ejsinwt i = iy sin(wt —1/2)

i H H H H ’ or /'—_\\\/
i /// \\

i T \3m/2
0 /2 2 7 ¢ X
E = Eysinwt
(®)
@ Fig 5.3

Consider a circuit containing pure inductance in series with a.c voltage source. The
applied voltage is E = Eo sin wt . Due to the self inductance of the coil an e.m.f is
generated which opposes the rise or fall of current through it.

E=1%_
a@

Eo Sinwt=L -

U h dt
L S @)

. ., _Eop . E EO Tl e
Integrating, wegeti=—2 sinwtdt=—-"coswt=—2sin wt—" - (2)
. .. .L Eg wL wlL 2
Maximum value of i is i =—when ™
(. sinwt - = 12—
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. VA
i=iosin wt-, -
The current lags behind the voltage by % radians or 90°.

—% here wL plays the role of effective resistance. It is called inductive reactance and

wL

is denoted by X1 = wL.

=

s A.C through pure capacitance only:
C

A
E = E,sinwt
|| ;
or [T\ i = ipsin(wt +1/2) P == N\
[ N\ \
| | : \ / \
0 . /
75 /2" n 7 31/2 2n t
& X
b s
E = Eysinwt S —
. (b)
(2) Fig5.4

Consider a circuit containing pure capacitance only in series with a.c voltage source.
The applied voltage is E = Eo sin wt. If q is the charge on plates at any instant, then

q=CE (1)
q = CEo sin wt do d
From definitionof current i = “"=“®  sinwt=uE  coswt
i i dt dt 0 0
[=—CoSwt =" sinwtt T
1 Cw 1 Cw 2

; . ko , n
Maximum currentio =~ é/vhen sin wt + = 1
w

T

i=ioSinwt t, -

The current Ieads the voltage by radians or 90°.

0 —% here! _ plays the role of effective resistance. It is called capacitive reactance
1 @ wC

and is denoted by X = —

% A.C circuit containing resistance and inductance (RL or LR circuit):

Consider a circuit  containing R L
resistance R and an inductance L in AAAAA m
series connected to a source of
alternating voltage as shown in fig. Let i
be the current and an induced e.m.f is

setup in the inductance which opposes )

the applied e.m.f and is given by L4 E = Eysinwt
dt

Accordlng to Ohm’s law, E = L _+ Ri Fig 5.5

L + Ri = . )1 S 1)

dt
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The above equation is of the form Z_y+ Py=Q
X

Thetrial solution of equation (1) iSi=1i0SIN WE=¢ «.eeeevveeeeiiiiiieeee, (2)
Where ip and ¢ are constants.
Differentiate equation (2) with respect to time

di_ .
T W08 WE™ P (3)

Substituting the values of i and %from egs. (2) and (3) ineq. (1)
t
Lipw s wt=¢ + Rigsh wt = = Eysih cwt
Lijw s wt=¢ + Rigsh wt-¢ = Eysh wt-¢ + ¢
Lijew s wt=¢ +Rigsh wt—-¢ = Exsit wt—¢p s+ Ents wt—¢p shgp
Equating the cos wt — ¢ and sin wt — ¢ on both sides of above equation

Livew = EySN@D v 4)
Riy = En(0S QD v (5)
Squarlng and addmg equatlons (4) and (5),
E0 = [4? C‘é + R%? + ['w?
. E
o ‘¥@+—;er ............. (6)
ad —el 7
o Blstang = . (7
From (2),i I Y Al) NSRS (8)
R2 +1.2(2
[
and ¢ =tan™ —
Equation (8) represents the current in the circuit at any instant.
. . . Eo
(i) Theamplitude of thecurrentip = T
(i) The current lags in phase behind the e.m.f by an angle given by
p=r’ L zm? X
R
(iii) The impedance Z of the circuit Z == R? +L?w?
io

Z=RP+X* |
Vector diagram of RL or LR circuit:

Let Er and E. be the magnitudes of R Tz
voltages across the resistance R and AANAAA m
inductance L respectively. Current i is same
: fomeemonsrad fip s e mmmm - E,---=--- »
inRand L, So
Er = IR
EL=iX1 =iwl @
The vector diagram can be plotted by A.C Source
considering the fact that the voltage across Fig 5.6

resistance always remain in phase with the

current but the voltage across inductance lead over current 90°. So Er is represented
along the x — axis and E., at 90° ahead to Er on the y — axis. Thus, Er and E. are mutually
at right angles as shown in fig.
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The resultant voltage across the inductance and v
resistance in series is given by parallelogram law of te,

vector addition. R
E*=E*+E° [ = s s gy
R L @
iZ2= iwlL?+ R’ A
E =iZ, where Z is impedance of the circuit.
270 = ol + iR <
ZZ — RZ + (1)2L2 :

Z=R+ oL’
_ B ek _, -tk Fig 5.7
tan = - R or ¢ =tan 3

A.C circuit containing resistance and capacitance (RC or CR circuit):

>

R/
*

*,

Consider a circuit containing C
resistance R and a capacitance C in R | |
series connected to a source of —/\/\/\/\/\
alternating voltage as shown in fig. | |
Let g be the charge on the capacitor at
any instant t and i be the current in the
circuit. The potential difference @
across the capacitor isﬂc. E = Eg sinwt
According to Ohm’s law, E = qz"' iR Fig 5.8
9+iR = sin wt
c 0
Differen élatlng above with respect to time.
1+ R™=FE w coswt
Cadt dt 0

d 4l iz d
RL — +! z = E gcoswt ci= % ............ (1)
The above equation is of the form le+ Py=Q
Thetrial solution of equation (1) iSi=1i0SIN WE=¢ «.eeeeveeeeeeeieeieeeeee (2
Where ip and ¢ are constants.
Differentiate equation (2) with respect to time
Gy 0COS WETQ et e e et e e 3)

dt
Substituting the values of i and di from egs. (2) and (3) ineq. (1)
Rl w oS wt — P+ SInwt— o= Ewcosa)t

0
Rl wcoswt—¢+ smwt—qb Ewcosa)t—q,’>+¢

Rl w0 wt-¢ + 24 a)t—qb E wsi wt-¢> Wp+E wis wt—¢ shgp
0 c 0

Equating the cos wt — ¢ and sin wt — ¢ on both sides of above equation

Rloa) Eowsmqb S Ri) = E)NG e 4)
2=F wcos¢p=>"=E 0001, R (5)
c 0 Cw 0

Squaring and adding equations (4) and (5),
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E'= Ri '+ °
0 0 a
2 - i
by = 1
R+587,
E
e (6)
R+%
Mt ="% — )
eq(5) R
. E
From (2),i=————— S wt=@..ccccoooorrrrrrirrrrrr (8)
R¥2z
and ¢ =tan™ el
R

Equation (8) represents the current in the circuit at any instant.

(i) Theamplitude of thecurrentip = 2
R¥3a,,
(i) The voltage lags in phase behind the current by an angle given by

1Cw
= -1 — = -1 &
¢$=tan R
(iii) The impedance Z of the circuit Z =f- R24 '
i C?w?

Z=R+X*

Vector diagram of RC or CR circuit:
Let Er and Ec be the

magnitudes of voltages across R | |
1

the resistance R and capacitance _/\/\/\/\/\

C respectively. Current i is same
inR and C, So === Ep------ I ainiaddy Ec-====-- >
Er = IR
Ec=X =— @

The vector diagram can be

plotted by considering the fact A.C. Source
that the voltage across resistance Fig 5.9

always remain in phase with the

current but the voltage across capacitance lags 0) Ex A
behind current 90°. So Er is represented along the "
x — axis and E¢ at 90° below to E on the y — axis.
Thus, Er and Ec¢ are mutually at right angles as
shown in fig. <@
The resultant voltage across the capacitance and b
resistance in series is given by parallelogram law By----=---- R
of vector addition.

E*=E*+E° !
S Fig 5.10

y
Y
~

»

&7
v
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2 1 2 .
iZ°=+ — iR *

wC
E =iZ, where Z is impedance of the circuit.
272 -1 )
ZZ — RZ + (1)2C2
Z =R+ w’C?

Ec lwC -1 1
tan p= g © TR or¢=tm -

>

% A.C circuit containing inductance, capacitance and resistance in series (LCR
circuit):

Consider a circuit containing R C I
resistance R, capacitance C and AAAA N H m
inductance L in series connected to a
source of alternating voltage as shown
in fig. Let g be the charge on the

capacitor at any instant t and i be the @
current in the circuit. The potential E = Egsinwt

i i is ' .
difference across the capacitor is Cand Fig 5.11
the back e.m.f due to self inductance is

di
L~

dt i
According to Ohm’s law, E = L“_+ iR +°

dt c
di q

“+iR+ T Eysincwt

d C. 2 -
leferentlatlng, we get L 2+ R di+ 15"_: E w cos wt
de? &t Cde 0
Lciz_i+Rdi_ P Q)
i 2 wl oo Eow cos wt
Thetrial solution of equation (1) iSi=i0SIN WE=¢ «.eeeevvveeeeiieiiiieeeeeeee, (2

Where ip and ¢ are constants.
Differentiate equation (2) with respect to time

di_ .
—=i jwcswt = ¢

dii_

— o w2 sin wt —¢ N

Substituting the values of i, C;_itand ";t_;in equation (1), we get

~Ligew 2 i wt=¢ + Rigew 005 wt—¢ + %iosin wt=¢ = Fow €0S wt

~Lba 2 i wt=¢ +Ripw s wt—¢ + oD s ot = ¢ = Bowcos wt-+
—Liyew 2 ! =Eowcos wt -

it =g + Riyew 005 wt - ¢ +Ciosin wt— ¢
¢ cos ¢ — Eow Sin wt — ¢ sin ¢

Comparing the coefficients of sin wt — nd cos wt — ¢ on both sides of above e
-Li AELELT wsing or ® @ on both sides of b (3) |

0 c 0 1 + = ~Eow sin ¢
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Riye) = Ef@ (08 Q) vt 4
Squaring and adding equations (4) & (5),
2l 22 2 22
1 +CT£0+R iowzzEOa)
2 p2
lO R+ Lw- 2 =E,

Cw
io b (5)

B 2

1
R+ Lw—- —
Cw

eq3 1+ 241 wl-1Cw
=tangp=- C=
eq(4) Rw R

(1) The maximum currentis givenby ip =

Ep

R+ Lw- —
Cw

(ii) The impedance of the circuit is Z = R*+ Lw— ! 2 2 2

o =R +X,-Xc

(iif) When Lw > 15_4) IS positive, i.e., current lags behind the appliede.m.f.
w

When Lw = qu =0, the current is in phase with e.m.f
Cw

When Lw < 1_,_q.’> is negative, i.e., current leads the e.m.f
Cw

Series resonant circuit:

The LCR series circuit has a very large capacitive reactance 1 wC at low frequencies
and a very large inductive reactance wL at high frequencies. So at a particular frequency,
the total reactance in the circuit is zero wL = 1 wC . Under this condition, the resultant
impedance of the circuit is minimum.

The particular frequency of A.C at which impedance of a series LCR circuit becomes
minimum (or the current becomes maximum), [when wL = 1 wC ] is called the
resonant frequency and the circuit is called as series resonant circuit.

At resonant frequency wL =1 wC

1
w? =

w =

H
S
o a

The resonant frequency fo of the series resonant circuit is given by

nfy = lT—C

1
2w LC

The variation of the peak value of the current with frequency of the applied e.m.f is
shown in fig. we observe the following points.
() The maximum current occurs at a particular frequency called as resonant frequency

fo.

fo=
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(if) The peak value of the curve depends on
the resistance of the circuit. When R is
low, the peak value is high and vice —
versa. The peak is known as sharpness of
resonance.

(iii) The series resonant circuit is sometimes ¢ "_7\
called as acceptor circuit. The reason is !
that impedance of the circuit is minimum 1 fo

at resonance and due to this fact it Frequency ——
readily accept that current out of the

Current

many currents whose frequency is equal Flg 5.12
to its resonant frequency.
<+ Parallel resonant circuit:
A parallel resonant circuit is shown in R
= Ey sinwt

fig. Here an inductance L and a resistance @

R are connected in series in one branch

and a capacitance C in another branch. An U A AAAA W

A.C voltage source is commonly 10

connected to two branches. The current is R L

divided into two branches at the junction

point. From Kirchhoff’s law

o=1l1+12 C
................ (1) Fig 5-13

Let Z be the impedance of the circuit.
Impedance of inductance and resistance branch, Zi1 = R +jwlL

z |
|

1
Impedance of condenser branch, Z> = 3

. . - . 1 1
The resultant impedance for a parallel circuit is givenby Z="+" _
VA 71 4

1_: 1 + !
Z  RYwl 1 jwC
1_: 1 + ]a)C
VA R+jwl

. 1
Admittance Y =~ = +jwC

A R+wlL

y= —FIot +jeC

R-jwl R+wl

R-jwl ,

T RZ1wl12 tjwC
- _ R +jec- _*
R2 +¢y2]2 R2+¢22
- . . . R 2 wl 212
The magnitude of admittance is givenbyY = —— + 0= ——m
R2+w g, R? +w 23,
The admittance is minimum or impedance is maximum at a particular frequency, when
L L
wC=_2" _orC= _~__
R2+@2]2 R2 4212

CR?>+ Cw?l?=1L
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Cw’L*=L-CR?
2 R?
o_L-CR?_1 -
w-= [ —
L2 LC L2
1 R2 12
w= — —
c 12
f— w 1 1 R2 12
o ok L2
1 1 R
f 2r LC L2

At this frequency, the admittance is minimum (impedance is maximum) and hence, the
current is minimum. Such a frequency is called as resonant frequency. The circuit is
known as parallel resonant circuit.

% Quality factor Q ofcircuit:
The quality factor is defined as 2m times the ratio of the energy stored to the
average energy loss per period. The quality factor is a measure of the efficiency of
energy stored in an inductor or capacitor when an alternating current is applied.

energy stored
=2 .
Q=2m energy lost per period
The energy is stored in form of electric field between the plates of a capacitor. When Vg is

applied voltage across the plates pf a éapacitor,
nergy stored In capacitor

Ec=_€EV,
2
The energy is stored in the form of magnetic field around the inductor. When i is the

current passing through the inductor.
EnergygtoredEin nductor MOk

EL= ’ LTO
tored
= o energy s
Q energy lost per perod
tored power lost in one
= o energy s
Q f slecond
20
Q=2nf"__
F
2
_2nfL _ wlL
Q= R R

So, the quality factor may also be defined as the ratio of reactance of either inductance or
capacitance at the resonant frequency to the circuit.
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¢+ Series resonance versus parallel resonance:

Series resonant circuit

Parallel resonant circuit

1. Series resonant frequency is given by
1

fr=
2n LC
independent of resistance.

2. At resonance, the power factor is unity

and impedance is purely resistive

Zr=R

At resonance, the current is maximum.

4. At resonance, the impedance of the
circuit is minimum.

5. The circuit is called as acceptor circuit
because it accepts a particular frequency
and rejects all others.

6. At resonance, the circuit exhibits a
voltage magnification and it is equal to
Q — factor.

w

w

Parallel resonant frequency is given by

1 1 R

o TP
Power factor is also unity but the
impedance is given by

Zr=L CR

At resonance, the current is minimum.
At resonance, the impedance of the circuit
IS maximum.
The circuit is called as rejector circuit
because it rejects only one frequency and
accepts other.
At resonance, the circuit exhibits current
magnification and it is equal to Q —
factor.
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< Important Questions:

What is RMS value of current and voltage?
What is Q — factor? Write expression for Q — factor.
Distinguish between series and parallel resonance.
Derive an expression for current, impedance and phase angle in LR circuit with the
help of phase diagram.
5. Derive an expression for current, impedance and phase angle in CR circuit with the
help of phase diagram.
6. Explain LCR series resonant circuit. Why it is called as acceptor circuit?
7. Explain LCR parallel resonance circuit.
% Problems:

1. An alternating current of 50Hz has maximum value of 100A. Find its value after ! —

Hobde=

sec.

2. A.C voltage of 180V with frequency of 50cps is connected in series with a resistance
100Q) and a coil of inductance 0.2H. Calculate the R.M.S value of current.

3. A series circuit of R =25Qand L = 02H is to be used at a frequency of 500 Hz.
Find the impedance.

4. Calculate the resonant frequency of an LCR parallel resonant circuit with L =10
mH, C = 1uFand R = 1Q).

5. A series LCR resonance circuit of resistance 2000 Q, capacitance 1250 pF and
inductance 20 uH is connected to an alternating source of 1 MHz delivering 10V
effective voltage. Calculate the resonant frequency and the maximum current in the
circuit.

6. A series resonant circuit is formed with a condenser of capacity 250 pF, a coil of
inductance 0.16 mH and a resistance 20Q). Calculate the frequency of resonance and
impedance of resonance.

7. In a series RLC circuit R =10Q, L = 05H and C = 40uF . Calculate resonant
frequency and Q —factor.
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Chapter — 6: Maxwell’s equations
+ Introduction:

Maxwell in 1862 formulated the basic laws of electricity and magnetism in the form
of four fundamental equations. The electromagnetic field is described in terms of these set
of four equations which are known as Maxwell’s equations.

++ Basic laws of electricity and magnetism:

1. Gauss’s law of electrostatics:
Erds=T_
€0
This is Gauss’s law of electrostatics which states that the electric flux through a
closed surface is equal to the net charge enclosed by the surface divided by the
permittivity constant eo.

2. Gauss’s law of magnetism:
B-dS=0

This is Gauss’s law of magnetism. This states that the magnetic flux through a closed
surface is zero.

3. Faraday’s law of electromagnetic induction:
£ d=-20

dt
This is Faraday’s law of electromagnetic induction.
This law states that an electric field is produced by changing magnetic field.
4. Ampere’s law:

B-dl = poi

This is Ampere’s law for magnetic field due to steady current. This law states that the
amount of work done in carrying a unit magnetic pole around a closed arbitrary path
linked with the current is po times the current i.

% Maxwell’s equations (Integral and differential forms):

Integral forms: Differential forms:
E'dS:q— diVE=p_ orV-D:p
&0 €0
B-dS=0 divB=0 orV-B=0
E-d=-% cul E=-"%_ or vxE=-2% _
dt ot ot
Bd=p J+te * curlB=u J+e¢ ForVxB=yp Jte OE
0 05 0 07 0 0t

% Displacement current:
A current carrying conductor produces a magnetic field. Maxwell proved that a

changing electric field in vacuum or in dielectric also produces a magnetic field. So, a
changing electric field is equivalent to a current which flows as long as the electric field is
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changing and produces the same magnetic effect as an ordinary conduction current. This
is known as displacement current.

Ampere’s law in vector form is Vx B = uoj , where j is current density.

Apply divergence on both sides V-V x B = V-

po V-j =podivj=0 +V-VxB =0

div £ 0, this is contradict with the equation of continuity which states that

div j apa:_to where p represents charge density.

Maxwell concluded that Ampere’s law is incomplete. Ampere’s law in the form Vx B =
uoj is valid only for a steady state condition and is insufficient for the case of time
varying electric field in which the charge density varies with time, i.e., Qa&is not zero.

t

Maxwell suggested that something must be added to j Thus
V x B = uoj + Something
In vector form, the Gauss’s law is expressed as V- D = p

Differentiating with respect to time, we get V- Wb _
a ot

Adding V- j on both sides and rearranging
vj+%=v.j+°? =g

at at
V:j=0 For steady currents

Ve j+ =0 Everywhere
at

In this way, Maxwell replaced jn ampere’s law by f+ o
ot
aD
ot

The term ‘;_Dis called as displacement current density.
t

Thus, Ampere’s law becomes VxB=po  J*

Maxwell’s wave equation or Equation of electromagnetic Wwaves:
Consider a homogeneous, isotropic dielectric medium in free space. Dielectric offers

infinite resistance to the current, and hence its conductivity & 0. Charge density is zero
for homogeneous isotropic medium. Hence

j=0,p=0,D=¢Eand B = pourH

Maxwell’s equations for a dielectric become

VESO 1)
V'B=0 ©
dB
vxE=-5
— e ®)
vxB=pe®_ @)

at
A. Equation of EM waves can be obtained by eliminating E from egs. (3) and (4).
Taking curl of equation (4), we get

VxVxB=Vxue’® _
at
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VxVxB=Vxue’t _
at

=ue VX 0F_
; ot
=pue VxE
ot
= ue o 98 [using eq. (3)]
azgt ot
VXVXB=—-ue =~ _
K pre S (5)
VxVxB=V V' B -V’B
=V0 -V’B
=-V’B (6)
Substituting the value of V x V x B from equation (6) in eq. (5), we get
2 9%B
-VeB=-pe __
a2
B
VB=pe — | e (7)

B. Equation of EM waves can be obtained by eliminating B from egs. (3) and (4).
Taking curl of equation (3), we get

vxVxE=Vx =% _
5 at
=- _VXB
ot
=—M€i dE : 4
azag o [using eq. (4)]
VxVx E=-ue __
K pre SRS (8)
VxVxE=VVE -V°E
=V0 -V’E
=-V’E 9)
Substituting the value of V x V x E from equation (9) in eq. (8), we get
9 0%E
-VE = —pe T __
at 2
2
VZE = ue a_E ............ (10)
at?

Equations (7) and (10) are called wave equations for B and E respectively. These
equations have the same general form of the differential equation of wave motion. The
general wave equation is represented by
192
V2y = —%]Zt—z ...............
Where v is the velocity of the wave.
Comparing equations (10) and (11), we have 11]_2 = ue
2 1

ve=
ue
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1
V= —
e
Where u and € are permeability and permittivity of the medium.

Therefore, electric vector E and magnetic field vector B are propagating in space
according to wave equation with velocity v . These waves are commonly referred as
electromagnetic waves.

% Transverse wave nature of electromagnetic wave:
Consider the case of electromagnetic wave in which the components of vectors E and

B vary with one coordinate only (say x) and also with time ¢, i.e.,

E=Ex,tandB=B x, t
— JEx Ex OE; _
ButV-E=0o0or&x+—+—*=0
oF 0x dy 0z
2= 00rE  =constant.......c.ccceveeeeveeeniieninenn,s Q)
dx x
V- B=0orx +2% 98—
oB 0x dy 0z
2T = 00rB  =CoNnStant.......c.cccevvveeerereeeireeinen, 2
dx x

Egs. (1) and (2) are obtained on the fact that the derivative of E and B with respect to y

and z are zero.

curl E = —aB_

ot

i ] k 0o
~0d0x 00y 00z=- Bi+Bj+Bk

ot X y Z
E, E, E,
j Oz _ OEy _ _j-9Bx
dy oz at
aEz %— 1
———"=0 (~+ components of E vary only with x)
g%x B 0z
—>*=0o0rB = constant
at x

Similarly, taking curl B, we can show that Ex = constant.
Hence, we conclude that Ex and Bx are constants as regards to time and space. So these
components are static components and hence no part of wave motion. Thus,

E= Ey] + Ezk
B=Byj +Bk
x — direction is the propagation of the wave. Both these vectors are perpendicular to the

direction of propagation. Hence, Maxwell’s electromagnetic waves are transverse in
nature.

 Production and detection of electromagnetic waves (Hertz experiment):

Hertz demonstrated the production of EM waves experimentally. The experimental
setup is shown in the fig (a). It consist A and B are two metal square plates placed at a
certain distance. These plates act as the plate of a capacitor. The opposite faces of A and
B are connected to highly polished brass spheres C and D through thick wires. The brass
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spheres are called as buttons or knobs and are separated by a small gap. An induction coil
is connected across the wires attached to the plates of the capacitor.

A Metal plate
Thick
wire
Electromagnetic

waves
ﬁ Spark gap
To induction / /

coil

- o B

>
/ S

(b) Detection

B

(a) Production

Fig 6.1

The plates A and B form a capacitor and the thick connecting wires serve as inductor.
This system is equivalent to a series LC circuit.
Production:

When the D.C voltage supplied by induction coil becomes sufficiently high, the air
gap between C and D gets ionized and conducting. The electrical discharge takes places
between the two plates A and B. The oscillatory discharge through conducting air
produces a train of electromagnetic waves.

Detection:

Hertz employed a thick wire ring connected to polished brass spheres E and F with a
small gap as shown in fig (b). The brass spheres serves as the plates of a capacitor and the
connecting wires as inductor. This setup acts as LC circuit with its natural frequency is

. 1
given by f = = When the electromagnetic waves passing through this circuit, an

alternating e.m.f is induced round the wire. When the natural frequency of the detector
becomes equal to the frequency of EM waves produced between C and D, resonance
occurs. As a result, the amplitude of oscillations in the detector circuit increases and a
spark is produced in the air gap of spheres E and F of the detector. In this way, the
electromagnetic waves are detected.
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% lmportant questions:
1. Explain displacement current.
2. Write Maxwell’s equations in integral and differential forms.
3. Show that electromagnetic waves are transverse in nature.
4. Derive the Maxwell’s electromagnetic wave equation. Show that wave velocity is

1
equaltov ="__
e

5. Explain Hertz experiment to produce and detect electromagnetic waves.
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+ Introduction:
e Semiconductor: A substance which has resistivity in between conductors and insulators
is known as semiconductor.
Ex: Silicon, Germanium, Selenium, Carbon etc.
» Semiconductors have negative temperature coefficient of resistance i.e., the
resistance of a semiconductor decreases with the temperature and vice — versa.
» When a suitable metallic impurity is added to a semiconductor, its current conducting
properties change appreciably.
Semiconductors may be classified as

Semiconductor

Intrinsic Extrinsic
Or Or
Pure Semiconductors Impure Semiconductors
n —type p —type

+ Intrinsic or Pure semiconductor: A semiconductor in an extremely pure form is
known as intrinsic semiconductor.
Ex: Pure crystals like silicon, germanium are called intrinsic semiconductors.
> In an intrinsic semiconductor, the number of free electrons is always equal to the
number of holes.
» The electrical conduction through a semiconductor is by both electrons and holes.
» The total current inside the semiconductor is sum of the currents due to free electrons
and holes.

s Extrinsic semiconductor: At room temperature, the intrinsic semiconductor has little
current conduction capability. The electrical conductivity of pure semiconductor can be
increased by adding some impurity.

The semiconductor in an impure form is called an extrinsic semiconductor.
» The process of adding impurities to a semiconductor is known as doping.
» If a pentavalent impurity (having 5 valance electrons) is added to the semiconductor,
a large number of free electrons are produced in the semiconductor.
Ex: Phosphorous (Z = 15), Arsenic (Z = 33), Antimony (Z = 51), Bismuth (Z = 83)
etc are pentavalent impurities.
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» Pentavalent impurities are called donor atoms because they donate one electron to the
pure semiconductor.
» If atrivalent impurity (having 3 valance electrons) is added to the semiconductor, it
creates large number of holes in the semiconductor.
Ex: gallium (Z = 31), Indium (Z = 49)
» Trivalent impurities are called acceptor atom because it accepts one electron from
semiconductor atom.
> Depending upon the type of impurity added, the extrinsic semiconductors can be
divided into two classes:
(i) n-—type semiconductor
(i) p — type semiconductor

n — type semiconductor: When a small n - type
amount of pentavalent impurity is added to

a pure semiconductor, it is known as n —
type semiconductor.

Negatively
The addition of pentavalent impurity c:wrgcd A
. electrons n
provides a large number of free electrons. maity

@O0
Crere
@O0
o0

The current conduction in an n — type
semiconductor is mainly by free electrons.

In n — type semiconductor majority charge Fig7.1
carriers are electrons and minority charge carriers are holes.
p_— type semiconductor: When a small p - type

amount of trivalent impurity is added to a
pure semiconductor, it is known as p — type
semiconductor.

The addition of trivalent impurity f}‘:;gzzly
provides a large number of holes. The hlesin
current  conduction in p — type majority

DD
DD
DD
Y

semiconductor is mainly by holes. In p —
type semiconductor majority charge
carriers are holes and minority charge
carriers are electrons.

Fig 7.2

pn — junction diode:
When a p — type material is suitably joined

to n — type material, a pn — junction is formed. Anode Cathode
This is a two terminal device. 9
Diode Symbol: The diode symbol is shown in

fig. The p — type is referred as anode and n — Fig 7.3

type is referred as cathode.
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Construction:
At the instant of pn —

junction formation, the Charge free

free electrons near the p - type el e > n - type
junction in the n region i

diffuse acrosrsl the @ @ @ @ @ @ @ @
junction into the p i

region and combine with @ @ @ @ @ @ @ @
holes near the junction. 5

This creates a layer of @ @ @ @ E @ @ @ @
positive charges N ol

: . Depletion layer
(pentavalent ions) in n W EERRA

. S : — Immobile ion (Positive charge
region and a layer of B ® v g
. o — Hole (© — Immobile ion (Negative charge)
negative charges
Fig 7.3

(trivalent ions) in p
region. These two layers of positive and negative charges form the depletion region (or
depletion layer). Once pn — junction is formed and depletion layer created, the diffusion
of free electron stops. In other words, the depletion region acts as a barrier to the further
movement of free electrons across the junction. The positive and negative charges set up
an electric field.

The electric field is a barrier of free electrons in the n — region. A potential difference
across the depletion layer is called barrier potential Vo . The barrier potential depends
upon the several factors including the type of semiconductor material, the amount of
doping and temperature.

Working:

a. Forward bias: When an external p
voltage is applied to pn — junction in N
such a direction that it cancels the
potential barrier and permits the
current flow is called as forward bias.
To apply forward bias, connect positive \V mA
terminal of the battery to p — type and + |1 = N
negative terminal to n — type as shown |||' \//
in fig. The applied forward voltage pn junction forward biased
setup an electric field which acts against .
the field due to potential barrier. Flg 7.5

(i) The potential barrier is reduced and at some forward voltage (0.1 to 0.3V), it is
eliminated altogether.

(i) The junction offers low resistance (called forward resistance Ry ) to current flow.

(iii)Current flows in the circuit due to the setup of low resistance path. The
magnitude of current depends upon the applied forward voltage.

b. Reverse bias: When an external voltage is applied to pn — junction in such a
direction that it increases the potential barrier then it is called as reverse bias.

n
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To apply reverse bias, connect
negative terminal of the battery to p —
type and positive terminal to n — type
as shown in fig.
(i) The potential barrier is increased.
(if) The junction offers very high
resistance (called reverse
resistance Rr) to current flow.
(ili)No current flows in the circuit
due to the setup of high
resistance path.
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»f
V . mA
il (A
i @,
pn junction reverse biased
Fig 7.6

Thus, pn — junction is a unidirectional (one way) device which offers a low resistance
when forward biased and behaves like insulator when reverse biased.

Volt — Ampere characteristics or V — I characteristics:
V' = I characteristics of a pn junction is a curve between voltage across the junction

and the circuit current. Voltage
is taken along x - axis and
current along y — axis.
The characteristics are studied
under the following two heads:
(i) Forward bias
(i) Reverse bias

Breakdown

Forward

I FaA
current

Forward
region

() Forward bias: In forward
bias, p — type is connected
to the positive terminal
while the n — type is
connected to the negative
terminal of a battery.

The applied voltage of the
diode can be varied with the

Reverse
voltage

Reverse il
current

O Forward ;VF
Reverse voltage

region

Fig 7.7

help of potential divider. At some forward voltage (0.3 for Ge and 0.7 V for Si) the
potential barrier altogether is eliminated and current stats flowing. This voltage is
known as Threshold voltage V' or cut-in voltage or knee voltage.

As the forward voltage increases beyond threshold voltage, the forward current rises

exponentially. The graph is shown in the fig.

() Reverse bias: In reverse bias, p — type is connected to the negative terminal while n
—type is connected to the positive terminal of a battery.
The reverse voltage of the diode can be varied with the help of potential divider. In
reverse bias, the junction resistance becomes very high and practically no current
flows through the circuit. But in actual practice, a small reverse current of order uA
flows in the circuit due to minority carriers. As the reverse voltage is increases from

SRINIVASA DEGREE COLLEGE,




Unit— 1V | 65
Chapter — 7: Basic electronics

zero, the reverse current quickly rises to its maximum or saturation value. If the
reverse voltage is further increased, the kinetic energy of electrons becomes so high
that they knockout electrons from the semiconductor atoms. At this stage breakdown
of junction occurs and the junction is permanently destroyed. There is a sudden rise

of reverse current.

% Zener diode:

Zener diode is a reverse biased

heavily — doped silicon (or germanium)
. . . . . Anode Cathode

pn — junction diode which is operated o o)
in the breakdown region. Due to the
higher ~ temperature and  current
capability, silicon is preferred in Zener diode
comparison to germanium. The symbol e
of a zener diode is shown in fig.

Biasing of zener diode:
R R

vE B AE-
) IFK\ ,’Il *

| +

(a) Forward biasing (b) Reverse biasing

Fig 7.9
1. Forward biasing: For forward biasing, the anode is connected to positive terminal of
battery while the cathode is connected to negative terminal of battery. The forward is
shown in fig. This biasing is generally not used.
2. Reverse biasing: For reverse biasing, the anode is connected to negative terminal
while the cathode is connected to positive terminal.
V — I characteristics of zener diode:
The V - Icharacateristic curve is

shown in fig. When the reverse T
voltage applied to pn — junction is =
increased from zero, the current Zener =
remains very small over a long range. voltage 5
When the reverse voltage is made \
very high, reverse current increases } i
suddenly to a large value breaking the O Violizge—>
covalent bonds near the junction. - g " §
There are two mechanisms of the g8l |58
breakdown: g% N '5:}5
(i) Zener  breakdown: Zener <5 S
breakdown takes place in very Fig 7.10
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thin junction, i.e., when both sides of junctions are very heavily doped and
consequently depletion layer is narrow. When a small reverse bias voltage is applied,
a reverse saturation current (zener current) is produced. This current is independent
of the applied voltage and depends only on the external resistance.

(i) Avalanche breakdown: This type of breakdown takes place when both sides of
junction are lightly doped and consequently the depletion layer is large.
This breakdown occurs at higher reverse voltages.

% Transistor:
A transistor is simply a sandwich of one type of semiconductor material between two
layers of the other type. There are two types of transistors.
1. NPN transistor
2. PNP transistor
1. NPN transistor: When a layer of P type material is sandwiched between two layers of
N type material, the transistor is known as NPN transistor.

Emitter Collector
o—— N P N —o E C
E C
B é
Base B

Fig 7.11

2. PNP transistor: When a layer of N type material is sandwiched between two layers of
P type material, the transistor is known as PNP transistor.

Emitter Collector

o—— P N P |——o0
E C E C

B
Base ﬁ

Fig 7.12

A transistor (NPN or PNP) has the following sections:

() Emitter: This forms the left hand section or region of the transistor. The main
function of this region is to supply majority charge carriers (either electrons or holes)
to the base and hence it is more heavily doped in comparison to other regions.

(if) Base: The middle section of the transistor is known as base. This is very lightly
doped and is very thin (10 m) as compared to either emitter or collector so that it
may pass most of the injected charge carriers to the collector.
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(iii) Collector: The right hand section of the transistor is called as collector. The main
function of the collector is to collect majority charge carriers through the base. This
is moderately doped.

% Transistor biasing:

In transistor biasing, the emitter — base junction is always forward biased while the
collector — base junction is always reverse biased. For this purpose, a battery Vee is
connected between emitter and base while a battery Vcc is connected between collector
and base.

67

PNP transistor: ] I

> Emitter — base junction of PNP is £ N £
forward biased by connecting the Q 9
positive terminal of Vee to emitter and
negative terminal to base. 151

» Collector — base junction of PNP is
reverse biased by connecting the T = +||||_
negative terminal of Vcc to collector ¥ Al
while positive terminal to base. VEE Fio 7.13 Vee

NPN transistor: Ig ) Ir

> Emitter — base junction of NPN is < D .
forward biased by connecting the Q 9
negative terminal of Vee to emitter and
positive terminal to base. IB“

» Collector — base junction of NPN is n
reverse biased by connecting the _}I+ — }M
positive terminal of Vcc to collector
while negative terminal to base. VEE Fig 7.14 Vee

The forward biasing of emitter — base

junction allows a low resistance for emitter circuit and reverse biasing of collector base
junction provides high resistance in the collector circuit. In a transistor, a weak signal is
introduced in low resistance circuit and the output is taken from high resistance circuit.
So a transistor transfers a signal from low resistance to high resistance.

Operation of PNP transistor:
Consider a PNP transistor with emitter — base junction as forward biased and collector

— base junction reverse biased. The operation of PNP transistor is as follows:

The holes of P region (emitter) are repelled by the positive terminal of battery Vee
towards the base. The potential barrier at emitter junction is reduced as it is forward
biased and hence the holes cross this junction and penetrate into N region. This
constitutes the emitter current /. The width of the base region is very thin and it is lightly
doped and hence only 2 to 5% of the holes recombine with the free electrons of N region.
This constitutes the base current Iz which is very small. The remaining holes (95% to
98%) are able to drift across the base and enter the collector region. They are swept by the
negative collector voltage Vcc. They constitute the collector current.
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1. Current conduction within
PNP transistor takes place
by hole conduction from
emitter to collector, i.e.,
majority charge carriers in
a PNP transistor are holes.
The collector current is
slightly less than the
emitter current.

The collector current is a
function of emitter
current, i.e., with the
increase or decrease in the
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Emitter Base Collector

emitter current, a corresponding change in collector current is observed.

Therefore, I = Ip + I¢

Operation of NPN transistor:
Consider a NPN transistor

with emitter — base junction as
forward biased and collector —
base junction reverse biased. The
operation of NPN transistor is as
follows:

The electrons of N region
(emitter) are repelled by the
negative terminal of the battery

Vee towards the base. The
potential  barrier at emitter
junction is reduced as it is

P N P
o—» O o o> O
o, S o> O o> |0 o> L,

I IE o—» O -0 o—» O [C I
@ @
118
! .\ !
|- +'| -

— II -— -~ | [ o
Ve Fig 7.15 Vee
Thus, only the hole current plays an important role in the operation of PNP transistor.
Emitter Base Collector
N P N
o» IE *—> &> *—> *—> o> IC P
< o> o> *> o> o> <
I o> &> +0 *—> o> I
!
© @
IB b
! !
1+
_ Il i | ||
e || — e | | —
. A%
Vee Fig 7.16 ¢

forward biased and hence the

electrons cross this junction and penetrate into P region. A few electrons combine with
the holes in P region and are lost as charge carriers. Now the electrons in N region
(collector region) readily swept up by the positive collector voltage Vcc.

For every electron flowing out the collector and entering the positive terminal of
battery Vcc, an electron from the negative emitter battery terminal enters the emitter
region. In this way electron conduction takes place continuously so long as the two

junctions are properly biased.

The current conduction in NPN transistor is carried out by the electrons.

Therefore, I = Ip + I¢

GVS Reddy, Lecturer in Physics

SRINIVASA DEGREE COLLEGE,




Unit -1V
Chapter — 7: Basic electronics

% Transistor circuit configurations:

There are three types of transistor circuit configurations.
(1) Common — base (CB)
(2) Common — emitter (CE)
(3) Common — collector (CC)
Here, the term ‘Common’ is used to denote the transistor lead which is common to the
input and output circuits. This is because when a transistor is connected in a circuit, four
terminals are required (two for input and two for output) while a transistor has only three
terminals. This difficulty is removed by making one terminal of the transistor ‘common’
to both input and output terminals. The common terminal is generally grounded.
The different configurations of a PNP transistor are shown in fig.

E C E
o—— P [N P —> ° C )
Input ‘ Output  Input | Output
é O o, f O

(a) Common base (CB) configuration

C ° G
B P
o N Output B Output
Input P Input
o l O o E —O0
E A
(b) Common Emitter (CE) configuration —
E ° o) .
- s
o N Output B > Output
Input P Input
| C
(o7 O O (o} O —O0
C

(c) Common collector (CC) configuration

Fig 7.17
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+ Common base configuration:
In CB configuration, input PNP

signal is applied between -

emitter and base while the Qg

output is takenfrom collector
and bas_e. As the base is @ Signal
common to input and output
circuits, it is called as
common base configuration. |
Current amplification factor |
@ VEE Vee
() When no signal is applied Fig 7.18
The ratio of the collector
current to the emitter current is called aac of a transistor.

—=====--20

Ry OutPut

IpY

Od--------

IE
- indicates I¢ flows out of the transistor and Ir flows in.

Ic=alE
Is=1Ig-Ic
Ip=Ilp-ale=Igl-«a
(i) When signal is applied
The ratio of change in collector current to the change in emitter current at constant

collector base voltage is defined as current amplification factor.

Q. = -Al¢
ac Alg

For all physical purposes adc = aac = a and practical values in commercial transistors
range from 0.9 to 0.99

Total collector current

Total collector current consists of two parts:

() The current produced by majority charge carriers and its value is alE.

) The leakage current lieakage . This is due to the minority charge carriers across base —
collector junction. This is named as Icso , 1.e., collector base current with emitter
open.
=~ Total collector current I¢ = ale + Icgo

K/

¥ Common — emitter configuration:
In CE configuration, the input signal is

applied between base and emitter and the
output is taken from collector and emitter.
As the emitter is common to input and output
circuits, it is called as common emitter
configuration.

Current amplification factor g :

(i) When no signal is applied
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The ratio of collector current to the base current called dc beta Sa4c of transistor.

Bdc :’B:Q

Ip
(if) When signal is applied
The ratio of change in collector current to the change in base current is defined as
base current amplification factor.

_ p_Alc
ﬁac _ﬁ Alg

In all transistors, the base current is less than 5% of the emitter current. The value of
B ranges from 20 to 500.

Total collector current

= Total collector currentIc = Blp+Icko .............ocovrreeennen. 1)

Icko is the leakage current and is called collector to emitter current with base open.

We know that Ir = Ip + Ic and Ic = alE + IcBo

Ic=als+Ic+IcBo

Icl—a=als + IcBo

1- 1
IC :0(_0!15 + ;IC‘BO .............. (2)

Comparing (1) & (2), we get
_ 1

B = a_l'lT and IGEU 1-a ICBO

% Common — collector configuration:
In CC configuration, the input signal .

is applied between base and collector E
and output is taken from the emitter. As Iy B ) T
C

collector is common to input and output Ry Output
circuits, it is called as common collector
circuit. @ Signal  {,.
Current amplification factor y :
(i) When no signal is applied | :M
The ratio of emitter current to the v Y
base current is called as dc gamma BB . EE
ydc of the transistor. Fig 7.20

_ .1
Yac ~ Y=

Ip
(i1) When signal is applied
The ratio of change in emitter current to the change in base current is known as

current amplification factor y.
Alg

Alp
Total emitter current

We know that Ie = Ig + Ic and Ic¢ = ale + IcBo
I =1+ alg + IcBo
=Ip+ ale + Ico
Iel—-a =1+ IcBo
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——Ip  _Ico
IE_ 1—a+ l1-a
[E=1+p1Ip+1+p Icso
1 —
1-a 1+ ﬁ

+ Relation between . g and y:
1. Relation between a and 8
a="Cand B =lc
Ig Ip
Ie=Ipt+Ic orlg=1Ig- Ic
,3 _dc_Iclg_ «

IE-I¢ 1-Iclg 1-a
B = a—l-a ............. (1)
pl-a=aorf-pfa=a
B=al+p
_ B
a 1+1ﬂ .............. (2
1-a=
a o (3)

2. Relation between y and «
We know that y ='E and o =€

I Ig
Is=1Ir-Ic
__Ig _ 1 _1
y=—le - T (4)
Ig-Ic 1-Ic IE 1-a

3. Relation between y and

From equation (3), 1 —a = !
1+

Substituting this value in equation (4), y = . 1+p

1-a

0,

% Characteristics of common emitter transistor circuit:
Consider the circuit arrangement for plotting the characteristics of a PNP transistor in
CE configuration.

mA
Wl
mA C Az
/
R i
Al E v VD ’ — Vce
wz 3 Qv
BB = R, 1) VBE

PNP transistor connected in common emitter configuration
Fig 7.21

We consider the following characteristics
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(1) Input characteristics
(2) Output characteristics
1. Input characteristics:
The curve between base current /s and base — emitter voltage V sk at constant
collector — emitter voltage V ¢k represents
the input characteristic. —E
For plotting the input
characteristic, the collector — emitter I
voltage Vce is kept fixed. The base emitter g _4
]

<«----Active region----- >

voltage Ve is varied with the help of
potential divider Ry and the base current

I is noted for each value of Vae.

A graph of Ip against Ve is drawn. The -2
curve so obtained is known as input 1 Ciit off
characteristic.

Input resistance: The ratio of change in 1 )
base emitter voltage AVse to the change O _5 10

15 —20 —25

in base current Alg at constant collector VcE (volts) ——
— emitter voltage Vcr is defined as input Fig 7.23
resistance. This is defined by 7.

—AVpg

L % Vg =constant
2. Output characteristics:

The curve between collector current Ic and collector emitter voltage Vce at
constant base current Iz represents the output characteristic.

For plotting output characteristic, the base current Iz is kept fixed. The collector

emitter voltage Vce is varied with the help of potential divider R, and collector

current Ic is noted for each value of Vce.

A graph of Ic against Ve is drawn. The curve so obtained is known as output

characteristic.

() In the active region, for small values of base current, the effect of collector
voltage over collector current is small while for large base current values this
effect increases.

() When Vce has very low value, the transistor is
said to be saturated and it operates in the
saturation region. In this region, the change in
base current [z does not produce a
corresponding change in collector current Ic.

(i) In the cutoff region, a small amount of collector

current flows even when base current Iz = 0. This
is called Iceo . Since, main collector current is zero, 0 »
the transistor is said to be cutoff. Output VaE (volts) —
resistance: The ratio of change in collector Fig 7.22
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— emitter voltage AV ¢k to the change in collector current Al¢ at constant base

current I is defined as output resistance. This is denoted by ro.
—AVcr

0=
& Ig =constant

% Hybrid parameters — Determination of hybrid parameter from transistor
characteristics:

(1) Input impedance hie : The input 4
impedance is defined as the ratio of change A
in the base — emitter voltage to the change
in base current at constant collector —

emitter voltage Vce
Mathematically, [ _  avse

ie AIB

Vce

Vce

Units: Ohms (Q)

Determination: [ie can be determined from
the forward characteristic curves of a
transistor. Consider a forward curve
between Ve and Ip at constant Vce . Now
take slope of curve as shown in fig.

In fig AVee = AB; Al = CD

_ a8
Sl = CDQ

(2) Reverse voltage ratio hre : The reverse
voltage ratio [r. is defined as the ratio of
change in base — emitter voltage to the
collector emitter voltage at constant base

current Ip..
Mathematically, [ AVpg

re— AVCE I

Units: No units
Determination: [1re can also be determined
from the input characteristic curve of a (O (Vee)1 (Vg )
transistor. ~ Consider two  forward Vg —
characteristic curves at different values of )
Is on the characteristic curves. Fig 7.25
From graph,
ANVee= Vce2— Vcer
AVBe= VBe2— VBE1

_ VB 2-VBE1
. Dre - =

Vece 2-VcE 1
(3) Forward current ratio hge : The forward current ratio [re is defined as the ratio

of change in collector current to the change in base current at constant collector
emitter voltage.
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Mathematically, (1 ="'

fe Al
Ve Y

Units: No units a
Determination: [If. can be determined T (I5),
from the current characteristics curves  |Uc)ip------------= .
of a transistor. Consider two output !
characteristic curves of different input (; I Iz
current values of Ig. Draw a line from |
a particular value of Ve on the i
characteristic curves from fig. :

Alc=Ic2- Ic1 : » X
Alg= Ip2- Ip1 VCE —_—
_Ic2-Ic1

S Fig 7.26
(4) Output admittance hoe : The
output admittance [oe is defined as the A
ratio of change in collector current to the ]A

change in collector emitter voltage at

constant input current 1 B
Mathematically, [1 ="°¢ Ic

oe AVcE I
Units: mho

Determination: [loe can be determined
from the output characteristic curves of a
transistor. Consider an output curve
between Vg and I at a particular value of
input current Iz Fig 7.27
In fig, Alc = AB

AVce=CD

AB o~
==01
e cD

% Transistor as an amplifier: Iy B
Consider the basic circuit of a QJ v g

transistor amplifier. Here, the
weak signal is applied between )
emitter — base circuit and the @Slgnal
output is taken across the load
resistor Ry connected in the
collector circuit. | ||
A small change in signal Vg Vce

voltage produces an appreciable Fig7.28

change in emitter current because the input circuit has low resistance. Now, due to the
transistor action, the change in emitter current causes same change in collector current.

|1 il ;,
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When the collector current flows through the load resistance R. , a large voltage is
developed across it. In this way, a weak signal is amplified.
Let a small voltage change AV: between emitter and base causes a relatively large

emitter — current change AlE.
_Alc
B AlE

Alc = aAlE

The change in output voltage across the load resistor AVo = R X Alc
= RL X aAlE

The voltage amplification A =20
AV;

Will be greater than unity and the transistor acts as an amplifier. If the dynamic resistance
of the emitter junction is re , then AV = re X Alg
_RixaAlp
Te XAIE

aRj,
A=
Te

Voltage gain Av :
This is defined as the ratio of change in output voltage AV ¢z to the change in input
voltage AVse when transistor is connected in common emitter configuration.

_AVce
AVBE
Vo _ Change in oupit curent xefiecive load Change in input curent xinput - resistance
_AIcX Ry =B £
Alg X R R;

Power gain Ap :
This is defined as the ratio of output signal power to input power signal.

A = Alc?x R _ Al Alcx Ry,
- —_ = S X R;

p Mg 2x R Alp Alp
:'8 X Ay

Power gain = current gain x voltage gain

Important Questions:

What is a pn — diode? Explain its working.

Draw the V — I (or I — V) characteristics of a P — N junction diode and explain them
What is a zener diode? Explain the operation of a zener diode.
Draw and explain V —1I characteristics of zener diode.

Explain the operation (or working) of PNP transistor.

Explain the operation (or working) of NPN transistor.

Explain the CE characteristics of a transistor.

Describe CB, CE and CC configurations of a transistor.
Describe transistor hybrid parameters

10 How does transistor work as amplifier?

© oo N Ok wWwhE
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Unit -V
Digital electronics
+ Introduction:

The digital electronics is a branch of electronics which deals with the generation,
processing and storage of digital signals. The digital electronics was first invented by
George Boole. The algebra which is used in digital electronics is called as Boolean
algebra. In digital electronics, any information can be represented in terms of 0’s and 1’s.
It is represented by a bit. The digital operations are two state operations. These two states
are expressed as

HIGH - LOW
ON - OFF
TRUE — FALSE
YES - NO
1-0
% Some basic terms:
1. Number system: A number system is a code. For each distinct quantity there is an
assigned symbol. Hence a number system relates quantities and symbols.
2. Base or Radix: It is the number of digits or basic symbols in a number system. The
decimal system has a base ten because it uses ten digits.
3. Bit: Itis an abbreviated form of binary digit.
1100 — four binary digits or 4 bits.
Note: 1 nibble = 4 bits
1 byte = 8 bits

% Number systems:
In digital electronics, we use different types of number systems. They are

1. Decimal number system (0 to 9)
2. Binary number system (0 or 1)
3. Octal number system(0 to 7)
4. Hexadecimal number system (0t0 9, A, B, C, D, E, F)
1. Decimal number system:
» The decimal system has a radix or base of 10.
» It contains 10 digits: 0, 1, 2, 3,4,5,6, 7, 8, 9.
» The position value (or weights) in the system are powers of ten.

7

Examples: ... 10810%10' 10°. 10 102 10 ...

8765=8x 10°+ 7 x 102 + 6 x 10* + 5 x 10°
5 — Least significant digit (LSD) ) 1‘ _
8 — Most significant digit (MSD) Decimal point

1291=1x10'+2x10°+9x 101 + 1 x 102
2. Binary number system:

» The binary number system has a base or radix of 2.

» It contains two digits: 0 and 1

» The position value (or weight) in the system are powers of 2.
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Examples:
(1001)2=1x22+0x 22+ 0 x 21 + 1 x 29=(9)10
Extreme right digit — Least significant bit (LSB)
Extreme left digit — Most significant bit (MSB)
(1101.11)2=1x 22 +1x 22+40x 21+ 1x 20+ 1 x 21 + 1 x 22
=8+4+0+1+05+0.25=(13.25)10
3. Octal number system:
» The octal system has a base or radix of 8.
> It contains 8 digits: 0, 1, 2, 3,4, 5,6, 7.
» The position value (or weights) in the system are powers of 8.
Ex: (258)s=2x8%+5x 8 +8 x 8
=2x64+40+8=(176)10
4. Hexadecimal number system:
» Hexadecimal system has a base or radix of 16.
» ltcontains O, 1, 2,3,4,5,6,7,8,9,A,B,C,D,E, F
» The position value (or weights) in the system is powers of 16.
Examples:
(1F)16 =1 x 16 + 15 x 16°
=16 +15=(31)w0
+ Decimal to binary conversion:
Decimal number to binary number:
Step 1: Divide progressively the decimal number by 2 and write down the remainder after
each division.
Step 2: Continue this process till you get quotient of 0 and remainder 0 or 1.
Step 3: The remainders taken in the reverse order form the binary number.
This method is called double — dabble method because it requires successive divisions by
2.
Example: convert the decimal number 37 to its equivalent binary number.

2|37
2|18 - 1 (LSB)

29 -0

214 - 1 (100101),
22 -0

211 - 0

o - 1 (MSB)

(37)10 = (100101)2

Decimal fraction to binary number:

When a decimal number is a fraction, its binary equivalent is obtained by multiplying the
number continuously by 2, recording each time a carry in its integer position.

Example: convert 0.435 into binary number

0.435 x2 = 0.870 with a carry of 0 (MSB)

0.870 x 2 =1.74 =0.74 with a carry of 1

0.74 x2=1.48=0.48 with acarry of 1
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0.48 x 2 =0.96 with a carry of 0 (LSB)
(0.435)10 = (0.11):

% Binary to decimal conversion:
The conversion of a binary number into decimal equivalent is somewhat an easy

process.
The decimal equivalent is obtained by multiplying the individual digits by the ascending
powers of 2 (2°, 21, 22, .....) moving from right to left and then adding them.
Example:
1101 =1x22+1x22+0x 21 +1x 20

=8 +4 +0 +1

=13
(1101)2 = (13)10
To convert binary fraction into its decimal equivalent we multiply each digit in the
fraction successively 21, 22, 23, ...

Example:
01011=1x21+0x22+1x23+1x2%
=1 +0 +1 +1
2 8 16
_8+0+2+1 _11
T 16 16
=0.6875

(0.1011), = (0.6875)10

%+ Laws of Boolean algebra:
1. Laws of Complementation (NOT Laws):

The term complement means to invert. The symbol is an over bar.

Law 1:0=1 Law2:1=0
Law 3: IfA=0,then4 =1 Law 4: IfA=1,thenA4=0
So, for a logic variable X, wehave X - X=0=>X+X=1

2. OR Laws:

The OR operation is represented by + sign. If Aand B are inputs and Y is output,
then OR operation is written as

Y=A+B
S0,0+0,0+1,1+0and1+1
From these expressions, it is clear that if both the inputs are 0, then output will be
zero and if any input or both inputs is 1, then the output will be 1.
The four OR laws are

Law1l:A+0=A Law2:A+1=1
Law3: A+A=A Law4: A+ A=1
3. AND Laws:
The AND operation is represented by multiplication. Y = A - B shows the AND laws.
So, 0:0=0, 0-1=0,
1:0=0, 1-1=1
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So, it is clear that if any input is zero or both inputs are zero, then the output will be
zero while if both the inputs are 1, the output will be one.
The four AND laws are
Law1:4-0=0 Law2: A-1=A
Law3:A-A=A Law4:A-A=0
4. Commutative Laws:
There are two commutative laws. These laws allow change in the position of
variables in OR and AND expressions.
These are
Lawl:A+B=B+ A
Law2:A-B=B-A
5. Associative Laws:
There are two associative laws. These laws allow removal of bracket from logical
expression and regrouping of variables.
These are
Lawl:A+B+(C=A+B+C(C
Law2:A-B-C=A-B:-C
6. Distributive Laws:
There are three distributive laws. These laws show that we can expand expressions
by multiplying terms as in ordinary algebra. The distributive laws are
Lawl:A-B+C=A-B+A-C Law 2:
A+B-C=A+B-A+CLaw3:A+ A
B=A+B
7. Absorptive Laws:
There are three absorptive laws. These are
Lawl:A+A-B=A
Law2:A- A+ B =A
Law3:A-A+B=A"'B

*

% De Morgan’s laws:
Theorem 1: The complement of the sum of two or more variables is equal to the

product of the complement of the variables, i.e., for a two input gate we can write
A+ B=A'B
De Morgan’s first theorem can be represented by fig.
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Proof:

We have four cases

a WhenA=0andB =0
LHS=A+B=0t0=0=1
RH.S=A4 -B=0-0=1-1=MHence
A+ B=A"'B

b. WhenA=0and B =1
LHS=A+B=0+r1=1=0
RHS=A4 -B=0-1=1-0=0ence
A+ B=A"'B

¢ WhendA=1andB =0
LHS=4+B=1+0=1=0
RHS=A4 -B=1-0=0-1=0ence
A+ B=A'B

d Whend=1andB =1
LHS=4+B=1+1=1=0
RHS=A4 -B=11=0-0=M®ence
A+ B=A'B

Theorem 2: The complement of the product of two or more variables is equal to the
sum of the complements of the variables, i.e.,

A'-B=A+B
De Morgan’s second theorem can be represented by fig.

A > A
A A'B A+ B
B
B {>.> —
B
Fig 8.2
Proof:

We have four cases

a WhenA=0andB =0
LHS=AB=M=0=1
RHS=4+B=0+0=1+1=1
Hence AB=A +B

b. WhenA=0and B =1
LHS=AB=0=0=1
RHS=4 +B=0+1=1+0=1
Hence AB=A+B

¢ WhendA=1andB =0
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LHS=4AB=0D=0=1
RHS=4+B=1+0=0+1=0
Hence AB=A+B
d WhenA=1andB =1
LHS=AB=1=1=0
RHS=4+B=1+1=0+0=0
Hence AB=A+B
Hence, in every case left hand side of the expression is equal to the right hand side of
the expression. Therefore, the theorem is proved.

% Loqgic gates:

Circuits which are used to process digital signals are called logic gates. Gate is a
digital circuit with one or more inputs but only one output.

Logic gates are of two types — Combinational and sequential.
In combinational gates, the output at any instant depends upon the inputs at that instant.
Here the previous input does not have any effect on the output.
Examples: AND, OR, NOT, NAND, NOR and XOR are examples of combinational gates
In sequential gates, the output depends upon the order or sequence in which the inputs are
applied.
Examples: Flip — flops, counters and Registers are examples of sequential gates.

+ Basic logic gates:
The most basic logic gates are AND, OR and NOT gates.

e OR gate:
An OR gate has two or more input signals but only one output signal. It is called OR
gate because the output is high if any or all of the inputs are high. The symbolic
representation of a two input OR gate is shown in fig (a). Fig (b) shows its electrical
equivalent which explains the logic behind any OR gate.

e
A
Y=A+B e
—_ B Y
B Output Output
(a) (b)
Fig 8.3
OR gate is represented by equation Y = A + B and reads as Y equals A OR B and not
as A plus B.
Truth table:
Input Output
A B Y=A+B
0 0 0
0 1 1
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The truth table of OR gate shows all the input output possibilities of a logic gate.

(i) When both inputs (A and B) are zero (switches are open), the output Y is zero.

(if) When A is in logic state 0 (switch A is open) but B is in logic state 1 (switch B is
closed), output Y is in logic state 1 (lamp is ON).

(ii1) When A is in logic state 1 (switch A is closed) but B is in logic state 0 (switch B
is open), output Y is in logic state 1 (lamp is ON).

(iv) when both the switches are in logic state 1 (switches are closed) then the output Y
will be in logic state 1 (lamp is ON).

AND qate:

An AND gate has two or more input signals but only one output signal. It is called

AND gate because it provides output HIGH when all the inputs are HIGH. The

symbolic representation of a two input AND gate is shown in fig.

Input A A
A 00— Y=A4-B A B
— Y
B o— Output Output
(a) ()
Fig 8.4

AND gate is represented by the equation Y = A - B and reads as Y equals A AND B
and not as A multiplied by B.

Truth table:
Input Output
A B Y=A4B
0 0 0
0 1 0
1 0 0
1 1 1

The truth table of AND gate shows all the input output possibilities of a logic gate.

(i) When both inputs (A and B) are zero (switches are open), the output Y is zero.

(i) When A is in logic state 0 (switch A is open) but B is in logic state 1 (switch B is
closed), output Y is in logic state O (lamp is OFF).

(iif) When A is in logic state 1 (switch A is closed) but B is in logic state O (switch B
is open), output Y is in logic state 0 (lamp is OFF).

(iv) when both the switches are in logic state 1 (switches are closed) then the output Y
will be in logic state 1 (lamp is ON).

NOT gate:

The NOT gate is a gate with only one input and one output. The NOT gate is also

called an inverter because the output state is always opposite to that of input state.

That is when the input is HIGH, the output is LOW and vice-versa.
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NOT gate is represented by the equation Y = A when A is input
The symbolic representation of NOT gate is shown in fig.

Input Yy=A4A l
r—— A Y
A Output Output
(@) (b)
Fig 8.5
Truth table:
Input | Output Input | Output
A Y=A A Y=A
0 1 LOW HIGH
1 0 HIGH LOW

®,

< NAND qgate:

NAND gate is a combination of AND gate and a NOT gate. The symbol of a NAND
gate is shown in fig. Here the bubble on the output reminds us of the inversion after AND
operation.

NAND gate is represented by the equation Y = AB

A o—— . ¥ =48
\ 4-B Dc - 1
po—~y / P
—— § Y
A o——
Y = 4B B( Output
B o—
(a) ®)
Fig 8.6
Truth table:
Input Output
A B Y = AB
0 0 1
0 1 1
1 0 1
1 1 0

(1) When A =0, B=0then AB =0and AB =1 (ii)
When A =0, B =1then AB =0and AB = 1 (iii)
When A =1, B=0then AB =0and AB =1 (iv)
WhenA=1,B=1then AB=1and AB=0
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% NAND gate as a universal gate:
The NAND gate is called a universal gate since any logic gate (OR, AND, NOT) can

be built by using NAND gate only.
As NOT gate
If two inputs of NAND gate are connected together, then we get a NOT gate as shown in

fig.

NOT
A _
— Y =A
Fig 8.7 (a)
As AND gate
The AND gate can be produced by connecting two NAND gates in series as shown in fig.
AND
A o— 4B Y=A4-B
B O—
Fig 8.7 (b)
As OR gate

OR gate can be produced by three NAND gates as shown in fig. It is important to mention
here that OR function may not be clear from this figure because De Morgan’s theorem is
needed to provethat A B=A+ B

OR

D
Da

-

Y=A+B=A+B

Fig 8.7 (¢)

s NOR gate:

NOR gate is a combination of OR gate and a NOT gate. The symbol of NOR gate is
shown in fig. Here the bubble in the output signifies that inversion takes place after OR
operation.

NOR gate is represented by the equationY = A+ B
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A A+B>A+B
B

[ ]
-+ Aﬁ_(g ER

A Y=4A+B Output
B
Fig 8.8
Truth table:
Input Output

A B Y=A+B

0 0 1

0 1 0

1 0 0

1 1 0

() WhenA=0,B=0thenA+B =0and A+ B =1 (ii)
When A=0,B=1thenA+B =1and A+ B = 0 (iii)
When A=1,B=0thenA+B=1and A+ B =0 (iv)
WhenA=1,B=1thenA+B=1and A+ B=0

% NOR gate as universal gate:
NOR gate is a universal gate because it can be used to perform the basic logic

functions AND, OR, and NOT.
As NOT gate
When the inputs of NOR gate are tied together, the output is A + A as shown in fig. By De
Morgan’s theorem this is equivalent to A (i.e., A+ A = A ). This is the function ofNOT
gate.
4 Y=AFA=A4
A —

A

Fig 8.9 (a)
As AND gate
AND gate can be made out of three NOR gates as shown in fig. Here two NOR gates are
used to invert the inputs and third gate is used to combine the inverted inputs.
The output A - B is a function of AND gate.

This can be proved with the help of De Morgan’slaw.A + B=A B=A'B

A AT B A+ B
B

Fig 8.9 (b)
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As OR gate
This gate can be produced by connecting output of a NOR gate to a NOT gate.
The output of NOR gate is A+ B. This is inverted by NOT gate to give Y = A + B.

5 _®O_A

Y=A+B=A-B
B — =
B
Fig 8.9 (¢)
% Exclusive OR gate (XOR Gate):

The EXCLUSIVE — OR gate, commonly written as EX-OR gate, is a two — input,
one-output gate. The symbol of a XOR gate is shown in fig (a) & (b). The exclusive OR
operation is denoted by @. Hence the output is given by

Y=A®DB=AB+AB
Ao [>c A
Input ~

A Output B AB

¥

B — -

Y = ADB f AB Y =AB + AB
B B
Fig 8.10
The circuit of XOR gate is shown in fig. The bulb will glow when A
A =1 or B =1 but not both. 7
Bo—
Truth table: 1 3
Input Output
A B Y = A®B
0 0 1 Fig 8.11
0 1 0
1 0 0
1 1 0

() WhenA=0,B=0,Y=0:-1+1:-0=0+0=0
(i) WhenA=0,B=1,Y=0-0+1-1=0+1=1
(i) WhenA=1,B=0,Y=1-1+0-0=1+0=1
(ivyWhen4=1,B=1,Y=1-0+0-1=0+0=0

It is clear from the truth table that output is 1 only when the inputs are different and
output is 0 when the inputs are same.
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A half-adder is an arithmetic circuit block that can be used to add two bits. It 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.
The fig. shows the circuit of a half adder. It consists of an exclusive — OR gate and an
AND gate. The output of the exclusive — OR gate is called the SUM, while the output of
the AND gate is called the CARRY.

A ———— Carry=A-B
B Inputs Outputs
Ao— — (0)
HA
B o— ——o (S)
OR
” Sum = A@B (b)
a
@ Fig 8.12
Truth table:

The truth table of a Half — adder is developed by writing the truth — table output of

AND gate in Carry column and output of truth table of ex — OR gate in Sum column.

Input Output
A B CARRY Q SUM S
0 0 0 0
0 1 0 1
1 0 0 1
1 1 1 0

(YWhenA=0and B=0
Carry Q =A-B=0-0=0
Sum § =A®B=0:0=0

(iii)WhenA=1and B=0
Carry Q =A-B=1-0=0
Sum S = A®B =160=1

«+ Full adder:

(i) WhenA=0andB =1
CaryQ=A-B=0-1

Sum S = AHB =0®1 =1

(ivyWhenA=1and B =1

CaryQ=A"B=1-1=1

Sum S = A®B =161

A full adder circuit is an arithmetic circuit block that can be used to add three bits to

produce a SUM and a CARRY output. The full adder circuit overcomes the limitation of

the half-adder, which can be used to add two bits only. The circuit and symbol of full

adder is shown in fig.
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Carry (Q)

(b)

@ Fig 8.13
Truth table:
Input Output
C Carry Sum
A B Q' Q S
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
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

o S)
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< Important Questions:

Explain different number systems.

State the laws of Boolean algebra.

State and prove De Morgan’s laws.

Describe the basic logic gates with truth tables.

Explain a NAND gate. Show that NAND gate is a universal gate.
Explain a NOR gate. Show that NOR gate is a universal gate
Describe XOR gate with truth table.

Explain the construction and working of Half adder.

Explain the construction and working of Full adder.
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