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CHAPTER 1: MAGNETIC CIRCUIT

Introduction:

A magnetic circuit is a closed path that is followed by magnetic field lines of magnetic
flux. Materials having high permeability such as soft steel, iron, etc are used in the magnetic
circuit. The materials with a high degree of permeability will offer very low resistance to the
flow of the magnetic flux.

Let’s consider a coil as shown in the figure below.
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There are ‘N’ numbers of turns present in the coil and this coil is wound on a
rectangular iron core. As we pass current ‘I’ through the coil, magnetic flux ® is set up in the
iron core. The flux will follow a path ABCDA and the direction of the magnetic flux is given by
the “Right-hand thumb rule.”

The magnetic flux ® depends upon the magnitude of the current ‘I' and the number of
turns ‘N’ of the coil.

Magnetising flux (®):

Magnetic flux is the total amount of imaginary lines representing the direction of magnetic
field such that the tangent at any point is the direction of the field vector at that point. Its unit is
Weber (Wb).
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Magneto motive Force (MMF):

The force which drives flux through a magnetic circuit is known as MMF. It is the
product of current and the number of turns in a coil.

MMF =NI  Ampere turns (AT)
Magnetic field strength or intensity (H):

It is defined as the magneto motive force per unit length of the magnetic flux path. It is
denoted by 'H'".

MMF NI

H = /-7 Ampere turns/meter (AT/m)

Flux density (B):

It is defines as the flux passing per unit area through a plane at right angle to the flux. It is
denoted by 'B'.

B =

> e

Weber/meter square (Wb / m?) or Tesla (T)

Magnetic Permeability (p):

Permeability of a material describes its ability to support or concentrate magnetic flux. It
means, it is a measure of the ease with which the material can be magnetized. It is denoted by p.
Its unit is Henry/meter (H/m).

Permeability of free space is known as ‘Absolute permeability’ and donated by " po'.
Ho=4T1*107 Henry/meter (H/m)

Permeability of all other material is
M= po™ pur

Where, ur is known as relative permeability. It is simply a numeric which expresses the
degree by which the material is a better conductor of magnetic flux than free space.

Reluctance (S):

It is a measure of the opposition offered by a magnetic circuit to the setting up of the
magnetic flux. It is denoted by 'S’ It is also defined as the ratio of MMF to flux. It is directly
proportional to length and inversely proportional to X-sectional area of the magnetic path.
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Permeance (P):
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The reciprocal of reluctance is called as Permeance. It allows the magnetic flux inside the

magnetic material. It is denoted by ‘P’

P (Wb/AT)

nl-—-
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l

Relation between B & H:

The magnetic flux density ‘B’ produced in a material is directly proportional to applied

filedintensity 'H'.

BuxH

Or B=pH=po* ur H

Analogy between electric and Magnetic Circuits:

Similarities

Magnetic circuit

Electric circuit

Closed path for magnetic flux is called

Magnetic circuit.

Closed path for electric current is called as

Electric circuit.

Flux (®)

Current (1)

Magneto motive Force (MMF)

Electro motive Force (EMF)

Reluctance (S)

Resistance (R)

Permeance (P)

Conductance (G)

Permeability (u)

Conductivity (a)

Flux density (B)

Current density (J)

o N|joojun|bMlw|N

Magnetic field Intensity (H)

o|IN|jooyun | bW

Electric field Intensity (E)
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Dissimilarities

Magnetic circuit Electric circuit

1 | Actually flux does not flow but it set upin | 1 | Current flow in an electric circuit.
magnetic field.

2 | For magnetic flux there is no perfect 2 | For current there is large no. of insulators.
insulation. For example: Rubber, glass, mica etc.

3 | The reluctance of magnetic circuit is not 3 | The resistance of electric circuit almost
constant for entire circuit. constant for entire circuit.

4 | Once the magnetic flux is set-up in a |4 | Energy is expanded, means energy can be
magnetic circuit, no energy is expanded. transferred to the other circuits by using
Transformer.

Series Magnetic Circuit:

In a series magnetic circuit, the same amount of flux ® flows through each part of the
circuit and this is comparable to the series electric circuit where the same amount of current
flows through the circuit.

The figure below shows a composite magnetic circuit which is a series circuit that is
composed of parts having different dimensions and different materials.

The series of magnetic circuits consist of three different materials along with an air gap.
The different materials in the circuit have their own relative permeability. Also, the different
parts have their differences in the cross-sectional area and hence the flux density will also be
different in all these parts.

Total Reluctance:

S=S51+S2+ S35+ Sq
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l [ [ [
LR R TP

Mqa1 Mpa2  M333  Hpdg

Or S

Total MMF = Flux x Total reluctance
Or MMF = ® *S

l l [ [
Or  MMF=o[—1 + 2 + 2 4+ 8
Mqa1 Mpa2  M333  Hpdg

oJF dL dl3 /g
Or MMF = + + +
Mqa1 Mpa2 M3a3 Modg

Bq! B! Bs! Byl
Or MME = 11+ 22+ 33+ 99
M4 My M3 Mo

Or MMF = Hili + Ho b + H3 3 +Hg g
B-H curve:

The curve showing the relation between magnetic flux density ‘B’ and magnetic field
strength 'H" is known as  B-H curve.

The following figure shows the general shape of B-H curve of a magnetic material. The
nonlinearity of the curve shows that the relative permeability p- of a magnetic material is not
constant but varies depending upon the magnetic flux density B.

Saturation

Magnetic Flux Density, B (T)

0

Magnetic Field Strength, H (AJm)

Magnetic Hysteresis:

The phenomenon of lagging of magnetic flux density ‘B behind the magnetic field strength
'H" in a magnetic material subjected to the cycle of magnetization called as magnetic hysteresis.
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Hysteresis Loop:
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Let us take an unmagnetized bar of iron AB and magnetize it by placing it within the field of

a solenoid. The field ‘H’ produced by the solenoid is called magnetic field strength. The value of 'H’
can be increased or decreased by increasing or decreasing the current through the coil.

Let 'H' is increased from zero to a certain maximum value and the corresponding values of
flux density ‘B’ be noted. If we plot the relation between 'H' and 'B’, a curve like ‘oa’ is obtained.
The material becomes magnetically saturated for ‘H' = ‘om’ and at that time the flux density ‘B’ =

‘Bmax’

If 'H'" is now decreased gradually by decreasing the solenoid current, flux density ‘B’ will not
decrease along ‘oa’, as might be expected but will decrease less rapidly along ‘ab’. When 'H’ is
zero, 'B' is not but has a definite value. It means that on removing the magnetic strength 'H’, the
iron bar is not completely demagnetized. This value of ‘B’ i.e. ‘'ob’ measures retentivity or
remanence of the material and is called remanent or residual flux density ‘B

To demagnetize the iron bar, we have to apply the magnetic strength in the reverse
direction. When 'H'’ is reversed by reversing solenoid current, then ‘B’ is reduced to zero at a point
'c’ where the value of 'H' is ‘oc’. This value of ‘H’ is required to wipe off the residual magnetism is
known as coercive force 'Hc' and is a measure of the coercivity of the material. When the flux
density has been reduced to zero and value of ‘H’ is further increased in the reverse direction, the
iron bar again reaches a state of magnetic saturation, represented by point 'n’. By taking 'H’" back
from its value corresponding to negative saturation ‘H’ = ‘on’ to its value for positive saturation 'H’
= 'om’, a curve ‘defa’ is obtained.

It is seen that ‘B’ always lag behind ‘H’. This lagging of ‘B’ behind 'H' is given the name
Hysteresis. The closed loop ‘abcdefa’ which is obtained when iron bar is taken through one
complete cycle of magnetization is known as Hysteresis loop.
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QUESTION BANK

Short questions with answer:

Q: What is magnetic circuit?
A: The closed path followed by magnetic flux is called magnetic circuit.

Q: Define magnetic flux. The magnetic lines of force produced by a magnet are called
magnetic flux &it is denoted as 'O’ and its unit is Weber.

Q: Define magnetic flux density.

A: It is the flux per unit area at right angles to the flux it is denoted by ‘B’ and unit is
Weber/m?,

Q: Define magneto motive force.

A: The force which drives flux through a magnetic circuit is known as MMF. It is the
product of current and the number of turns in a coil. MMF=NI ampere turns (AT).

Q: Define reluctance.

A: It is a measure of the opposition offered by a magnetic circuit to the setting up of the

magnetic flux. It is denoted by 'S'. It is also defined as the ratio of MMF to flux. It is directly
proportional to length and inversely proportional to X-sectional area of the magnetic path.

Q: What is retentivity?
A: The property of magnetic material by which it can retain the magnetism even after the
removal of inducing source is called retentivity.

Q: Define permeance.

A: The reciprocal of reluctance is called as Permeance. It allows the magnetic flux inside the
magnetic material. It is denoted by 'P'.

Q: Define permeability.
A: Permeability of a material describes its ability to support or concentrate magnetic flux. It

means, it is a measure of the ease with which the material can be magnetized. It is denoted by L.
Its unit is Henry/meter (H/m).

Q: Define relative permeability.

A: It is equal to the ratio of flux density produced in that material to the flux density
produced in air by the same magnetizing force pur = p/po.

Long questions:

Q: Explain B-H Curve and Hysteresis loop.

Q: What are the similarities and dissimilarities between magnetic and electric circuits?
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CHAPTER 2: COUPLED CIRCUIT

Self-Inductance:

When the current in a coil is changing, the magnetic flux linking the same coil changes
and an EMF is induced in the coil. This induced EMF is proportional to the rate of change of
current.

di di

Voca:La (1)

Here the constant of proportionality ‘L' is known as Self-inductance.

Again according to Faraday's law of electromagnetic induction, the induced EMF in a coil
having ‘N’ turns is given by

V=N— .. (2)

b e

dt ~  dt
O L—Nd—CD 3
r =N .. (3)

If the rate of change of flux with current is constant then equation (3) becomes
o
L=N A .. (4)

Hence unit of Self-inductance is weber/ampere (Wb/A).

As we know that

MMF . [
=——, MMF=NI & S=—
S pa

Equation (4) gives

L= N*MMEF B N*Ni
- i*S o, !

pa

Nzua
Or L= i ... (5)

Hence unit of Self-inductance is also Henery (H).
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Mutual Inductance:

According to Faraday's law of electromagnetic induction, voltage induced in coil 2 due to a
change in flux in coil 1 is given by

d®q,
dt

Vo=N2 ... (6)

Here Nz refers to No. of turns in coil 2 & ®1 refers to change in flux in coil 1 linked to coil 2.

Since @12 is related to i1, so V2 is proportional to rate of change of current of coil 1 i.e. i1.

di di
Vzoc—1:M—1

dt dt - (D

Here the constant of proportionality ‘M’ is known as Mutual inductance.

Equation (6) & (7) give

di; ddq,
gt - N2 g
doq;
Or M=Nz— .. (8)
dl1

If the rate of change of flux @12 with current i1 is constant then equation (8) becomes

0]
M=MTE (9
1
Similarly, for coil 1 Mutual inductance is given by
O]
M = N == .. (10)
12
Total flux of coil 1
~ MMF of coil 1
Reluctance
Nqiq
Or (OFIES ~ L (11

Let the flux linked with coil 2 i.e. @12 is the Ki, fraction of flux @1

N1qiq

Hence @1, = K®1 =K S

.. (12)

Putting the value of ®1, in equation (9)
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N, KN i
M=—"—m
i1S
KN1{N>
Or M=—— .. (13)
S
Similarly, equation (10) becomes
N1KN>i
M = 1 212
Izs
KN1{N>
Or M = B .. (14)

Coefficient of coupling:

If a portion of magnetic flux established by one circuit, inter links with a second coil, then
two circuits have said to be coupled magnetically.

Let the fractional part of ®1which links with Nz is ®12/ ®1 and the fractional part of ®> which
links with N1 is ®21/ ®.

The coefficient of coupling between two coils is given by

<=1 ";T ) (%)lo-s .. (15)

Putting the value of @12 & ®,1 from equation (9) & (10)

Miq Mi5

or K= 05
r o ) (o, !
Mi- Mi,
or K= 05
r oy ) (o, )]
_ ¢ My (Miz yaos : h 1 b _1
Or K= [( » ) ( 5 )] Putting Ny L *N, L
MZ
— [ ——] 05
or K=][ P |_2]
O K il (16)
r =
Vil

The coefficient of coupling may range from about 0.01 to about 0.98.
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Dot Convention:

In a circuit the voltage induced due to mutual inductance may aid or oppose the voltage
induced due to self-inductance. This depends on the relative positive direction of currents, the
relative modes of windings of the coils involved and the actual physical placement of one winding
with respect to other. Instead of showing actual mode of the winding, dot convention is used to
yield the same information.

Coupled Inductor in Series:

—_—YT rEVY — — T ——
Ly 5] L1 L2
N N —_— NN
Ly ) L1 L2
. Series Aiding Series Opposing

For Series Aiding:

In this case, the total voltage induced in each of the two inductors is partly due to its self-
inductance and partly due to mutual inductance.

Viclh S eSS
=hg Mg = e Mg
y Ldi Mdi 1 Mdi
= -_— —_— + —
ST o My

Total Voltage
V=V +Vz
di

B
Or V=(L1+M)d—l+(Lz+M)a

di
Or V:(L1+M+L2+M)a
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d.
O  V=(Li+Lls+ 2M)d—,|[ .. (17)

Let the total inductance is Ly, then the total voltage
di
V=1L - .. (18)

Equation (17) & (18) give

Lﬂ—L L 2|\/|ﬂ
T T b rler oM

Or Lt = (L1 + Lo + 2M) ... (19)
For Series Opposing:

In this case the mutually induced voltage opposes the self-induced voltage.
di di di

V1 =L1a-Ma=(L1-M)a

VAT VIV
2=l -Mg= (le-M) 3

Total Voltage

V=V +V\V>
O V L l\/ldi L l\/ldi
= - —+ - —
' Li-MF+L-M5
O V L1-M+ L l\/ldi
= - + - —
' (L 2-M) ¢

di
Or V=(1+L-2M) a0t ... (20)
Let the total inductance is Ly, then the total voltage
V=L d 21
=bio - (21)
Equation (20) & (21) give
L di Li + L-2M di
e 1+ > - =
Tq bl eMT
Or Lr=(L1+L-2M) .. (22)
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Example 1: When two coils are connected in series, their effective inductance is found to be
10 H. When the connections of one coil are reversed, the effective inductance is 6 H. If the co-
efficient of coupling is 0-6, calculate the self-inductance of each coil and the mutual inductance.

Solution:
10=L1+ L +2m ... (23)
6=L1+L-2m ... (24)

Subtracting equation (24) from (23), we get,
4=4MorM=1H
Putting M = 1 H in eq. (23), we have,

L1 +L>=8 ... (25)

Now (Li—-L2)2=(L1 +L2)2-4LiL> =(8)2—-4 x 2:78 = 52-88
L1 — L2 = V52.88 = 727 .. (26)
Solving equation (25) and (26),
L1 = 7-635Hand L. = 0:365 H

Example 2: The total inductance of two coils, A and B, when connected in series, is 0.5 H or
0.2H, depending upon the relative direction of the currents in the coils. Coil A, when isolated from
coil B, has a self-inductance of 0.2 H. Calculate (i) the mutual inductance between the two coils, (ii)
the self-inductance of coil B, (iii) the coupling factor between the coils, and (iv) the two possible
values of the induced e.m.f. in coil A when the current is decreasing at 1000 A/s in the series circuit.

Solution: (i) Combined inductance of two coils, L = L1 + Lo + 2m
For series-aiding,

Li + Lo +2M =0.5 .. (27)
For series-opposing,

Li +L2-2M = 0.2 ... (28)

Subtracting equation (28) from (27), we have,
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4M = 0.3
M =0.075H
(i) Adding equation (28) & (27), we have,
2(Li + L) = 0.7
Or 202 +Ly) =07
Lo=0.15H

(iii) Coefficient of coupling is given by

M 0075 s
-4 Vo2*015
i Vish S
V) Vi=h = MG
di di
Vi=Li=+ M~ =02 x 1000 + 0075 x 1000 = 275V
di di
Vi =L 5o - M= = 0.2 x 1000 - 0,075 x 1000 = 125 V

Coupled Inductor in Parallel:

14 1y
— T — — T
L1 i L i
> —>—
L2 1, L2 1o
Parallel Aiding Parallel Opposing
For Parallel Aiding:
i=i1+i
o 2.4 o 29
"Gt dt - €9)
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Since inductors are in parallel, voltages across them are equal, say 'V’

dl1 di2 B dl2 di1
Vebig dt +M dt =L dt +M dt
dl1 di1 dlz diz
o bEr METla MG

or  (Li-M) %,t L-M) G d'2

diy

dis
dt (

LZ_M)_
Ly-M dt

Or

di
Putting the value of d—: in equation (29)

ﬂ (L2 M) dIZ dIZ
dt -M dt* dt

di L,_-M di
Or = (=2 1)—2

— = ( +
dt "Li-M dt

Let the total inductance is Ly, then the voltage

vl
~ Tt

.. (31)

... (30)

. (32)

Again as we know that this voltage V' is also equal to th voltage across any inductor.

LA g, de
Tat~ ' dt dt

di
Putting the value of d—; from equation (24)

di L-M di,  di
"t 1(L1_|\/|) at "M
di M L di
Or  Lig =L (L1_M+ M) =

di _ (L1L2-L1M+ L-||\/|+|\/|2 di2
dt L{-M dt

Or Lt

.. (33)
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di 1 Ll - M2, di,

Or == - (—L1 XY ) " .. (34)
Equation (31) & (34) give
L, -M di> 1 L4k - M5, diy
(B + N F = () 2
L, -M dt Lt L1-M dt
LM+ L;-M, 1 Ll - M?
or (FTT) oo ()
Ly-M Lt " L1-M
1
Or (Li+L2-2M) = = (Lil.-M?)
T
LiLy- M?
Or Ly=——m ... 35)
|_1 + L2- 2M
For Parallel Opposing:
Similar to the above derivation
Lo bibemME 26
T L+ L+ 2M - (36)

Example 3: Two coils of self-inductances 150 mH and 250 mH and of mutual inductance
120 mH are connected in parallel. Determine the equivalent inductance of the combination if (i)
mutual flux helps the individual flux and (ii) mutual flux opposes the individual flux.

Solution. Here, L1 = 0.15H;L2=025H; M =0.12H

(i) Equivalent inductance LT of the parallel combination when mutual flux helps the
individual flux is

_ Ll-M? _ _ 015025-0.12°

‘= — L= = 0.144 H.
L+ Ly- 2M 0.15+ 0.25- 2*0.12

(i) Equivalent inductance LT of the parallel combination when the mutual flux opposes the
individual flux is

Lil,- M2 0.15%0.25-0.12°
Li+L,-2M | 0.15+ 025+ 2%0.12

= 0.036 H.
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QUESTION BANK

Short questions with answer:

Q: What is Self-inductance?
A: The property of a coil that opposes any change in the amount of current flowing through
it is called its self-inductance.

Q: What is Mutual-inductance?

A: Mutual inductance is the property of two coils by the virtue of which each opposes any
change in the value of current flowing through the other by developing an induced EMF.

Q: Define Coefficient of Coupling.

A: The coefficient of coupling (k) between two coils is defined as the fraction of magnetic
flux produced by the current in one coil that links the other.

Q: Define Dot Convention.

A: In a circuit the voltage induced due to mutual inductance may aid or oppose the voltage
induced due to self-inductance. This depends on the relative positive direction of currents, the
relative modes of windings of the coils involved and the actual physical placement of one winding
with respect to other. Instead of showing actual mode of the winding, dot convention is used to
yield the same information.

Long questions:

Q: The mutual inductance between two coils in a radio receiver is 100 mH. One coil has 100
mH of selfinductance. What is the self-inductance of the other if coefficient of coupling between
the coilsis 0-5 ?

Q: The self-inductances of two coils are L1 = 150 mH, L2 = 250 mH. When they are
connected in series with their fluxes aiding, their total inductance is 620 mH. When the connection
to one of the coils is reversed (they are still in series), their total inductance is 180 mH. How much
mutual inductance exists between them ?

Q: Two coils of self-inductances 5 H and 8 H are connected in series with their fluxes aiding.
If the coefficient of coupling between the coils is 0-45, find the total inductance of the circuit.

Q: The self-inductances of three coils are La = 20 H, Ls = 30 H and Lc = 40 H. The coils are
connected in series in such a way that fluxes of La and Lg add, fluxes of La and Lc are in opposition
and fluxes of Lg and Lc are in opposition. If Mag = 8 H, Msc = 12 H and Mac = 10 H, find the total
inductance of the circuit.
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CHAPTER 3: CIRCUIT ELEMENTS AND ANALYSIS

Active Elements:
The elements which are capable of providing or delivering energy to the circuit are known
as active element. Example— Voltage source, Current source

Passive Elements:

A passive element is one which receives electrical energy and then either converts it into
heat (resistance) or stores in an electric field (capacitance) or magnetic field (inductance). Example—
Resistor, Inductor and Capacitor.

Unilateral Elements:

The element whose V-I characteristics changes on reversal of polarity of applied voltage is
known as Unilateral elements. Example— Diode.
Bilateral Elements:

The element whose V-l characteristics remains same on reversal of polarity of applied
voltage is known as Bilateral elements. Example— Resistor, Inductor and Capacitor.

Linear elements:

Linear elements are those through which the flow of current changes linearly with the
changing of the applied voltage across them. Example— Resistor.
Non-Linear Elements:

Non-Linear Elements are those through which, the flowing current does not change linearly
with the changing of the applied voltage across them. Example— Diode.

Mesh Analysis:

In this method, Kirchhoff's voltage law is applied to a network to write mesh equations in
terms of mesh currents instead of branch currents. Each mesh is assigned a separate mesh current.
This mesh current is assumed to flow clockwise around the perimeter of the mesh without splitting
at a junction into branch currents. Kirchhoff's voltage law is then applied to write equations in
terms of unknown mesh currents. The branch currents are then found by taking the algebraic sum
of the mesh currents which are common to that branch.

Steps Involved in Mesh Analysis:

Each mesh is assigned a separate mesh current. For convenience, all mesh currents are
assumed to flow in clockwise direction. For example, in the given figure, meshes ABDA and BCDB
have been assigned mesh currents I+ and |> respectively. The mesh currents take on the
appearance of a mesh fence and hence the name mesh currents.

If two mesh currents are flowing through a circuit element, the actual current in the circuit
element is the algebraic sum of the two. Thus in the figure, there are two mesh currents |1 and I>
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flowing in Ro. If we go from B to D, current is |1 — |2 and if we go in the other direction (i.e. from D

to B), current is I — I1.
R B Ry

WWA * VWWA
= (%) % ORE
D

Kirchhoff's voltage law is applied to write equation for each mesh in terms of mesh currents.
Remember, while writing mesh equations, rise in potential is assigned positive sign and fall in
potential negative sign.

If the value of any mesh current comes out to be negative in the solution, it means that true
direction of that mesh current is anticlockwise i.e. opposite to the assumed clockwise direction.
Applying Kirchhoff's voltage law to the given figure, we have,

Mesh ABDA.
—HR1=(1-R)R2+E1 =0
Or l1 (R1 + R2) = IRz = E4 - (1)
Mesh BCDB.
—-R3-Ex—(o-lh)R2=0
Or -HR2+ (R2+R3) I =-E> .. (2)

Solving eq. (1) and eq. (2) simultaneously, mesh currents |1 and |> can be found out. Once
the mesh currents are known, the branch currents can be readily obtained. The advantage of this
method is that it usually reduces the number of equations to solve a network problem.

Mesh Equation by Inspection:

We have seen above that mesh current analysis involves lengthy mesh equations. Here is a
shortcut method to write mesh equations simply by inspection of the circuit. Consider the circuit
shown below. The circuit contains resistances and independent voltage sources and has three
meshes. Let the three mesh currents be |4, I2 and I3 flowing in the clockwise direction.

Ra

(o),
vW;/:/' VWA
Ry % I@ %R3 1@ % Rg
V3
|

UE
Vy Va

Loop 1: Applying KVL to this loop, we have,
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E1 = hR11 = 12R12 = I3R13 ..(3)

Here Ei1 = Algebraic sum of e.m.f.s in Loop (1) in the direction of I

Or

Or
Or

Or

Or

E1=Vi-V3

R11 = Sum of resistances in Loop (1)

R11 = Self resistance of Loop (1)

Ri11=R1 + R+ R3

R12 = Total resistance common to Loops (1) and (2)

Ri2 = R3
R13 = Total resistance common to Loops (1) and (3)
Ri3 = Rz

It may be seen that the sign of the term involving self-resistances is positive while the sign

of common resistances is negative. It is because the positive directions for mesh currents were all

chosen clockwise. Although mesh currents are abstract currents, yet mesh current analysis offers
the advantage that resistor polarities do not have to be considered when writing mesh equations.

Loop 2: Applying KVL to this loop, we have,

Or

E> = —=I1R>1 + 12R22 — I3R23 .. @)
Here E> = Algebraic sum of e.m.f.s in Loop (2) in the direction of I»

E>=V2+ V3

R21 = Total resistance common to Loops (2) and (1)

R21 = R3

Or

Or
Or

Or

Or

Or

R22 = Sum of resistances in Loop (2)

R22 = Self resistance of Loop (2)

R22 = R3 + Rs + Rg

R23 = Total resistance common to Loops (2) and (3)

R23 = Rs
Loop 3: Applying KVL to this loop, we have,

Es = =11R31 = I2R32 + I3R33 ... (5)
Here E3 = Algebraic sum of e.m.f.s in Loop (3) in the direction of I3

E3s=0

R31 = Total resistance common to Loops (3) and (1)

R21 = Rz

R32 = Total resistance common to Loops (3) and (2)

R32 = Re

Or

Or
Or

R23 = Sum of resistances in Loop (3)
R22 = Self resistance of Loop (3)
R33 = R + R4 + Rs
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Solving eq. (3), (4) and (5) simultaneously, mesh currents I, I> and I3 can be found out. Once
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the mesh currents are known, the branch currents can be readily obtained.

Example 1: Calculate the current in each branch of the circuit shown in Figure given below.

609%

200
VWWWWA
300 400
q VVVVV A d VVWWWY——o
50 0
100
20V
I I |1
L . L
100V 50V

Solution: Assign mesh currents Iy, I> and I3 to meshes ABHGA, HEFGH and BCDEHB

respectively as shown below.
By inspecting the circuit,
Mesh ABHGA: Applying KVL, we have,
14011 - 5012 - 3013 = 80

200
g WWAWMA .
IS
300 H v 400
B —AMW ¢ VWWA—¢ E
eogg L %SOQ L %og
v 20V "
i I i
100V N 50V F
Mesh GHEFG: Applying KVL, we have,
-5011 + 100I2 — 4013 = 70 . (7
Mesh BCDEHB: Applying KVL, we have,
-3011 - 401> + 9013 =0 .. (8)
Solving eq. (3), (4) and (5) simultaneously,
lh=165A1,=212Aand I3 =15A
Currentin60Q =11 = 1-65 AfromAto B
Currentin30Q=1-13=165-15=015AfromBtoH
Currentin50Q =1 -11=212-165=047 AfromGtoH

Currentin40Q =0L-13=212-15=062 AfromHtoE
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Currentin10Q =1, =212 AfromEtoF
Currentin20Q =13=15AfromCtoD

Example 2: By using mesh resistance matrix, determine the current supplied by each
battery in the circuit shown.

50 40

= 20V - 30V

Solution: Since there are three meshes, let the three mesh currents be Iy, I and I3, all
assumed to be flowing in the clockwise direction.
By inspecting the circuit, the three mesh equations are

For mesh 1,
8l1-3I, =15 .. (9)
For mesh 2,
=311 + 9, -2I3 =15 ... (10)
= 30V
For mesh 3,
=2l> + 1013 = =35 ..(11)

Solving eq. (9), (10) and (11) simultaneously,
Iy =256 A, 1> =182Aand 3 =-313 A
The negative sign with I3 indicates that actual direction of I3 is opposite to that assumed in

the figure...
Current supplied by battery B; = 11 = 2:56 A
Current supplied by battery B = I1 =12 = 256 — 1-82 = 0-74 A

Current supplied by battery B3 = I, + I3 = 1:82 + 3-13 = 495 A
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Current supplied by battery B4 = 1> = 1-82 A
Current supplied by battery Bs = I3 = 3-13 A

Super mesh analysis:

When two meshes having the current source as a common element then a super mesh is
formed. In this analysis, the current source will be present inside of the super mesh. Hence the no.
of meshes can be reduced by one for every current source that is present in the given complex
network. We can ignore the single mesh if the current element is placed on the perimeter of the
electrical circuit. By incorporating two mesh currents, one mesh equation is formed, which relates
to the current source. The current source in the resultant mesh equation is equal to one of the
mesh currents minus the other.

Consider the following circuit.

R, R, R;
VVWWA VWA VWA
4 R, Rs A
= = L L Iy — E5
V- I v V-

As shown in the circuit, there is a current source is common to mesh 1 and 2. Hence a super
mesh can be formed by combining these two meshes and ignoring the branch consisting of
current source.

The super mesh equation is

E1—lR1—12R2 = (2= 13) R5=0 .. (12)

The current driven by |, can be calculated as
| = (l2—14) .. (13)
The other mesh equation is
—-Es-(3=12)—13R3 =0 .. (14)
Example 3: Determine the current in the 5 Qresistor in the network given. below.

10Q

5Q
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Solution: From the mesh1, we get
50 =10(l1 — I2) + 5(11 — 13)
Or  1511-10I12-5I13 =50 ... (15)
From the mesh 2 & 3, we can form a super mesh and the super mesh equation is
10— 1) + 2l + 13+ 5(-11) =0
=15l + 12l + 6I3 = 0 ... (16)

The current source is equal to the difference between I> and I3 mesh currents
ie. b—13=2 .. (17)
Now solving the three equations (15), (16) and (17), we get

l1 =1999A, I,=1733 Aand I3 = 15.33 A
Current in the 5 Qresistor = 11 - I3 = 19.99 - 15.33 = 4.66

Nodal Analysis:

In this method the branch currents in the circuit can be found by Kirchhoff's laws. This
method essentially aims at choosing a reference node in the network and then finding the
unknown voltages at the independent nodes w.r.t. reference node. For a circuit containing N
nodes, there will be N-1 node voltages, some of which may be known if voltage sources are
present.

Steps Involved in Nodal Analysis:

D
\ Reference Node

Consider the circuit shown above, one of the nodes (Remember a node is a point in a
network where two or more circuit elements meet) is taken as the reference node. The potentials
of all the points in the circuit are measured w.r.t. this reference node. In the figure A, B, C and D are
four nodes and the node D has been taken as the reference node. The fixed-voltage nodes are
called dependent nodes. Thus A and C are fixed nodes. The voltage from D to B is Vg and its
magnitude depends upon the parameters of circuit elements and the currents through these
elements. Therefore, node B is called independent node. Once we calculate the potential at the
independent node (or nodes), each branch current can be determined because the voltage across
each resistor will then be known.

The voltage VB can be found by applying Kirchhoff's current law at node B.
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i+ 13 =12 .. (12)
In mesh ABDA, the voltage drop across Rt is E1 — V.

E1- Vg

l{ =
Ry

In mesh CBDC, the voltage drop across Rz is E> — Va.

E,- Vg

I3 =
R3

Vg

Ra
Putting the values of |1, I2 and I3 in eq. (12), we get,

Also I =

E;-Vg Ex-Vg Vg
+ ==
R, R R,

All quantities except Vg are known. Hence Vg can be found out. Once Vg is known, all branch
currents can be calculated. It may be seen that nodal analysis requires only one equation for
determining the branch currents in this circuit.

We can mark the directions of currents at will. If the value of any current comes out to be

negative in the solution, it means that actual direction of current is opposite to that of assumed.
With Two Independent Nodes:

The network has two independent nodes B and C. We take node D (or E) as the reference
node. We shall use Kirchhoff's current law for nodes B and C to find Vg and Vc. Once the values of
Ve and Vc are known, we can find all the branch currents in the network.

Each current can be expressed in terms of e.m.f.s, resistances (or conductances), VB and Vc.

Ei- Vg

E1 = Vs + I1Rq slh=
R4
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E3- Vc
Es = Vc + I3R3 sl =
R3
E2‘VB+VC
Eo=Ve-Vc+ R =
R>
Similarly,
Vg Vc
4 = & s ="
R, Rs
At node B:
[1 + 1 =14

E1- VB E2-VB+VC VB

Or + = ... (18)
R R, Ry
At node C:
b+1ls=13

EZ_VB +VC VC E3‘ VC
-+ = ... (19)

R> Rs R3
From equations (13) and (14), we can find Vg and Vc since all other quantities are known.
Once we know the values of Vg and V¢, we can find all the branch currents in the network.

Nodal Equation by Inspection:

A£1

There is a shortcut method for writing node equations similar to the form for mesh
equations. Consider the circuit with two independent nodes B and C as shown in the above figure.
The node equations in shortcut form for nodes B and C can be written as under

T 11 Ve Ei E
Vel —+—+— ] -—_-—_—=0 .. (20)
R, R, Ry R, Ry Ry
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1 1 1\ Vs E E
Vel ™ +— +— ) -— +— -—=0 .. (21
R, Rs Rsg R, Ry Rs

The voltage of self-node is always positive and is multiplied with algebraic sum of reciprocal

of each resistance connected to it, the voltage of other independent node is negative and
multiplied with the reciprocal of the resistance through which it is connected to self-node and the
voltage source connected to self-node is also multiplied with the reciprocal of the resistance
through which it is connected to self-node. The polarity of the voltage source is negative if the
positive side is connected to self-node and vice-versa.

Example 4: Find the currents in the various branches of the circuit shown in figure below by

nodal analysis.

8oV

Solution: By inspecting the circuit, nodal equations are

At node B:
T 1 1 Ve 100
Vel ™ +— +— J-—-—7"=0
20 10 15 15 20
13Vp V¢
Or — -—=5
60 15
Or 13Ve —4Vc = 300 ... (22)
At node c:
T 1 1 Vg 80
Vil —m+—+— ) -—+— =0
15 10 10 15 10
8Ve Vg
Or — — =8
30 15
Or Vg —4Vc = 120 ... (23)

By solving equations (22) and (23)
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V=15V and Vc = - 2625 V

100- Vg
Current |1 = =425 A
20
Vi
Currentl, =—"=15A
10
Vg- V¢
Current I3 = =275A
15
\Ze
Currentla == =-2625A
10
Vc+ 80
Currentls =— =5-375A
10
Super Node Analysis:

In this method, the two adjacent nodes that are connected by a voltage source are
reduced to a single node and then the equations are formed by applying Kirchhoff s
current law as usual.

R = R
A AMM— f1] SEYY

R

(O LT ‘

T

D
11 Vg
At node A: Val — +— ) - — =1 ... (24)

Ri Ry Ry

As there is a voltage source Vx between node B and C, they form a super node.

Super node equation is

Page | 29



Voltage between node B and C

Ve — Vc = E1
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... (26)

Example 5: Solve the circuit shown in figure below by using nodal analysis.

A
250

B

6Q

C

—VN\—— A\ —— AN\ ——

GACD %159 %209 §4Q<‘D2-5A

Solution: By inspecting the circuit, nodal equations are

At node A:

1 1 Vg
Val —+— ) -—
15 25 2.5

+6=0

Or 0467 VAo—-04 Vg = -6
At node B:
T 1 1\ V4 V¢
Ve\ — +— +7 ) -— -—=0
25 20 6 2.5 6
Or —04Va+0617Ve—-0167Vc =0
At node C:
T 1\ Vg
Vel m+~ ) -—-25=0
6 4 6
Or —-0-167 Vg + 01417 Vc = 2.5

D

.. (27)

... (28)

.. (29)

From equations (24), (25) and (26), VA =-30V, Vg =-20Vand Vc = -2V

Currentin15Q =30/15=2A
Currentin20Q =20/20=1A
Currentin4Q=2/4=05A
Currentin6Q =18/6 =3 A
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i
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é e

Currentin25Q =10/25=4A
Currentin5Q=4+2=6A

Source Transformation Technique:

A given voltage source with a series resistance can be converted into an equivalent current
source with a parallel resistance. Conversely a current source with a parallel resistance can be
converted into an equivalent voltage source with a series resistance.

Voltage source to Current Source:

=
MAAA A A
L& ® s =
B B
Current Source to Voltage source:
R
A VAN A
: (T) % A V() V= IR
B B

Example 6: Convert the voltage source of below figure (a) into an equivalent current

source.
50 50
—AMAN—o0 4 AN o4 oA
+ + +
C)lOV QIOV 1=2Al Q 2A %59
oB OB oB

(a)

Solution: Current obtained by putting a short across terminals A and B is 10/5 = 2 A.

()

Hence, the equivalent current source is as in figure (c).

(c)
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QUESTION BANK

Short Questions With Answer:

Q: What are Active Elements?

A: The elements which are capable of providing or delivering energy to the circuit are
known as active element. Example— Voltage source, Current source

Q: What are Passive Elements?

A: A passive element is one which receives electrical energy and then either converts it into

heat (resistance) or stores in an electric field (capacitance) or magnetic field (inductance). Example—
Resistor, Inductor and Capacitor

Q: What are Unilateral Elements?

A: The element whose V-I characteristics changes on reversal of polarity of applied voltage
is known as Unilateral elements. Example— Diode.

Q: What are Bilateral Elements?

A: The element whose V-I characteristics remains same on reversal of polarity of applied
voltage is known as Bilateral elements. Example— Resistor, Inductor and Capacitor

Q: What are linear Elements?

A: Linear elements are those through which the flow of current changes linearly with the
changing of the applied voltage across them. Example— Resistor

Q: What are Non-Linear Elements?

A: Non-Linear Elements are those through which, the flowing current does not change
linearly with the changing of the applied voltage across them. Example— Diode.

Long Questions:

Q: Use mesh analysis to find the current in each resistor in Fig. Q1.

100 O 20 Q 3kQ 1.5 kQ
YWWWW VWWWW—
100V = 1kQ = 130V
WWWW————AMWA—
Fig Q1 2kQ  FigQ2 5000

Q: Using mesh analysis, find the voltage drop across the 1 kQ resistor in Fig. Q2.

Q: Using mesh analysis, find the currents in 50 Q, 250 Q and 100 Q resistors in the circuit
shown in Fig. Q3.
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50 Q 250 Q
& VW ————ANAN—
0.5A D %509 %1009 =100V
L L
Fig Q3

Q: For the network shown in Fig. Q4, find the mesh currents |4, 1> and Is.

60 180
—— WA @ VWA o
50 v(®) L %599 §4Q I %4@
 J  J
Fig Q4

Q: In the network shown in Fig. Q5, find the magnitude and direction of current in the
various branches by mesh current method.

A 2Q B 70 c 30 D

l
I

11V

%19

VWA
L)

— 13V

'-n.
m &

Fig Q5

Q: Using nodal analysis, find the voltages at nodes A, B and C w.r.t. the reference node
shown by the ground symbol in Fig Q6.

Q: Using nodal analysis, find the current flowing in the battery in Fig. Q7.

Q: By performing an appropriate source conversion, find the voltage across 120 Q resistor
in the circuit shown in Fig. Q8.
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5 A 25Q g  6Q

@]

O 150 200 423 25a(%)

Fig Q7

Q: By performing an appropriate source conversion, find the voltage across 120 Q resistor
in the circuit shown in Fig. Q9.

60 Q
¢ VA
40 Q C‘I‘ 1A 1200 Z60Q 15V 120 Q ‘DO-SA
&
Fig Q8 Fig. Q9
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CHAPTER 4: NETWORK THEOREMS

Star to Delta and Delta to Star Transformation:
Delta to Star Transformation:

Consider three resistors Ras, Rec and Rca connected in delta to three terminals A, B and C as
shown in the below figure. Let the equivalent star-connected network have resistances Ra, Rg and
Rc. Since the two arrangements are electrically equivalent, the resistance between any two
terminals of one network is equal to the resistance between the corresponding terminals of the
other network.

Let us consider the terminals A and B of the two networks.
Resistance between A and B for star = Resistance between A and B for delta.
Or  Ra+ Rg = Rag || (Rac + Rca)

Rag(Rec+R
Or  Ra+ Ry = 28RecTRC . (1)

(Rag+Rec+Rca)

Rec
Fig. T1 Fig. T2

Similarly,

Rpc(Rea+R
Rs + Re = sc(Rca+Rag) Q)
(Rag+Rpc+Rca)

Rca(Rag+Rpe)

And Rc+Ra=
(Rag+Rpc+Rca)

. (3)

Subtracting eq. (2) from eq. (1) and adding the result to eq. (3), we have,

_ RagRca
Rag+Rec+Rca

Ra - (4)

Similarly,
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RgcR
Rg = —Du AB .. (5)
Rag+Rec+Rca
RcaRBc
And Rc= ... (6)
Rag+Rec+Rca

Thus to find the star resistance that connects to terminal A, divide the product of the two
delta resistors connected to A by the sum of the delta resistors.

Star to Delta Transformation:

Dividing eq. (4) by (5), we have,

Ra _ Rea
Re  Rsc

RaR
OF  Ren— RARBC
Rp

Dividing eq. (4) by (6), we have,

Ra _ Rag

Rc  Rgc
RaR
OF  Reg = ~ARBC
Rc

Fig. T3 Fig. T4
Substituting the values of Rca and Rag in eq. (4), we have,
RgR
Rec = Rg + Rc +——— - (7)
Ra
Similarly,
RcR
Rca = Re + R+ .. (8)
R
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RaRg
And Rap=Ra+Rp+ R

- (9)
C

Example 1: A network of resistors is shown in fig. E1.1. Find the resistance (i) between
terminals A and B (ii) B and C and (iii)) C and A

A A
"‘\
9Q3 1.5Q
C 10 B
] Fig. E1.1 Fig. E1.2
Solution: The star-conn nces 6 Q, 3 Q and wn separately. These

star-connected resistances can be converted into equivalent delta-connected resistances R1, R
and Rz as shown in fig. E 1.2.

R1=4+6+(4x6/3)=18Q
R2=6+3+(6x3/4)=135Q
R3=4+3+4x3/6)=9Q

These delta-connected resistances R1, R> an R3 come in parallel with the original delta
connected resistances in fig. E1.3

6Q 1.35 Q

AR
C 090 B

Fig. E1.3 Fig. E1.4

The parallel resistances in each leg of delta can be replaced by a single resistor where as
shown in fig. E1.4.

Rac =9 x 18/27 =6 Q
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Rec =9 x 1/10 =09 Q

Rag = 1-5 x 13:5/15 = 1:35Q

Resistance between Aand B =1-35Q|| (6 + 0:9) Q = 1:35 x 6:9/8:25 = 113 Q

Resistance between Band C =09 Q|| (6 + 1-35) Q = 09 x 7:35/8:25 = 0-8 Q

Resistance between Aand C =6 Q|| (1-35 + 0-9) Q = 6 x 2:25/8:25 = 1.636 Q
Example 2: Determine the resistance between points A and B in the network shown below.

A

Fig. E2.1

Solution: The 3 Q, 5 Q and 8 Q form star network and can be replaced by delta network as
shown in fig. E2.2 where

*

Ri=3+ 5+ 3 =9875Q
*8

Ro=3+ 8+ c =158Q
5*

R3=5+ 8+ 3 =263Q

Referring to fig. E 2.2, 5 Q resistor is in parallel with R> (= 15-8 Q) and their combined
resistance is 3-8 Q. Similarly, 4 Q resistor is in parallel with Rz (= 26-3 Q) and their combined
resistance is 3-5 Q. The circuit then reduces to the one shown in fig. E2.3.

Referring to fig. E 2.3, 6 Q, 4 Q and 9-875 Q form a delta network and can be replaced by

star network where

6*4 9.875*4 9.875*6
=12Q, Rr=————=—==199Qand R7= ——————= =298Q

Re = 6+4+9.875 6+4+9.875 6+4+9.875
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60 iA 40 A
MM—— M
=P R, T Ry
Rg R,
o VWA
9.875Q % 3.8Q 3.5 Q%
% 380 3.5 Q%

Fig. E2.3 Fig. E2.4

Therefore, the circuit shown in fig. E2.3 reduces to the one shown in fig. E2.4. It is clear that
Rag = (3-8 + R8) || (R7 + 3-5) + R6
= (3-8 + 2:98) || (1-99 + 3-5) + 1-2
= (678 549) + 1.2 =423 Q

Superposition Theorem:

In a linear, bilateral network containing more than one energy source, the current which
flows at any point is the sum of all the currents which would flow at that point if each source where
considered separately and all the other sources replaced for the time being by resistances equal to
their internal resistances.

Procedure:

The procedure for using this theorem to solve d.c. networks is as under:

() Select one source in the circuit and replace all other ideal voltage sources by short
circuits and ideal current sources by open circuits.

(it) Determine the current through the desired element/branch due to single source selected
in step (i).

(iii) Repeat the above two steps for each of the remaining sources.

(iv) Algebraically, add all currents through the element/branch under consideration. The
sum is the actual current through that element/branch when all the sources are acting
simultaneously.

Example 3: By superposition theorem, find the current in resistance R in fig. E3.1.

Solution: In fig. E3.1, battery E2 is replaced by a short so that battery E1 is acting alone. It is
clear that resistances of 1Q (= R) and 0.04Q2 are in parallel across points A and C.
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0.05Q B 205V 005Q B
—i} A t
A C
004 O 2.1I5 Vv [
Al v g
2 E2
1Q 10
AAAAAS
D D
Fig. E3.2 Fig. E3.3

*

1
Rac = 101 0,040 = -——

This resistance (i.e., Rac) is in series with 0.05 Q.
Total resistance to battery E1 = 0.038 + 0.05 = 0.088 Q
Current supplied by battery E1 is

=0.038Q

|=—— = ——=232A
The current | (= 23.2A) is divided between the parallel resistances of 1Q (= R) and 0.04Q.

Current in 1Q (= R) resistance is

1+0.04
In Fig. E 3.3, battery E1 is replaced by a short so that battery E; is acting alone.

1 =23.2* = 0.892 A from C to A.

Total resistance offered to battery E>
= (1Q2 ]| 0.05Q) + 0.04Q

1*0.05

= 1+0.05

Current supplied by battery E> is

+ 0.04 = 0.088 Q

| = —=— = —— =244A
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The current | (= 24.4A) is divided between two parallel resistances of 1Q (= R) and 0.05Q.
Current in 1Q (= R) resistance is

1+0.05
Current through 1Q) resistance when both batteries are present

| =11+ 12=0.892 + 1.16 = 2.052 A.
Example 4: Using superposition theorem, find the current in the each branch of the

[, =244 * =1.16 A from C to A.

network shown in Fig. E4.1.

=20V 150

Fig. E4.1 Fig. E4.2

Solution: Since there are three sources of em.f,, three circuits are required for analysis by
superposition theorem. In Fig. E4.2, it is shown that only 20 V source is acting.

Total resistance across source
*

20+10
Total circuit current, I'1 = 20/21.67 = 0.923 A
Current in 20 Q, I'2 = 0.923 x 10/30 = 0.307A
Currentin 10 Q, I'3 = 0.923 x 20/30 = 0.616 A
In Fig. Fig. E4.3, only 40V source is acting in the circuit.

=15+ =21.67 Q.

Total resistance across source

*

=10+ 50415

= 18.57 Q.

Total circuit current, 13" = 40/18.57 = 2.15A
Currentin 20 Q, 12" = 2.15 x 15/35 =092 A
Currentin 15Q, 11" = 2.15 x 20/35 =123 A
In Fig. E4.4, only 30 V source is acting in the circuit.

Total resistance across source
10*15

=20+ 10715

=26 Q.
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Total circuit current, 12" = 30/26 = 1.153 A
Currentin 15 Q, I+ = 1.153 x 10/25 = 0.461 A
Currentin 10 Q, I3 = 1.153 x 15/25 = 0.692 A
The actual values of currents Iy, I and I3 shown in Fig. E4.1 can be found by algebraically
adding the component values.
I"; I

| .

40V

"
IS

Ll

Fig. E4.3

lh=1'=hK"=1" =0.923-123-0.461=-0.768 A
lo=—1"=1L" + 12" =-0307-0.92 + 1.153 = - 0.074 A
I3=13"-13" + 13" = 0.616 - 2.15 + 0.692 = - 0.842 A
The negative signs with I4, 12 and I3 show that their actual directions are opposite to that
assumed in Fig. E4.1.
Example 5: Use superposition theorem to find the voltage V in Fig. E5.1.

400 40 12V 400 40 sc
—a0 A
+
15V + 100 25A v 15V 7+
o B
Fig. E5.1 Fig. E5.2

Solution: In Fig. E5.2, 12 V battery is replaced by a short and 2.5A current source by an
open so that 15V battery is acting alone. Therefore, voltage V1 across open terminals A and B is
V1 = Voltage across 10Q resistor

By voltage-divider rule, V1 is given by
10

In Fig. E5.3, 15 V and 12 V batteries are replaced by shorts so that 2.5A current source is
acting alone. Therefore, voltage V> across open terminals A and B is
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V2 = Voltage across 10 Q resistor

By current-divider rule, currentin 10 Q = 2.5 * =2A
10+40
Vo=2x10=20V.
40 Q 40 sC 40 Q 40 12V

O— "W —e———\WW—-o0—0——0 A — MW ————WW——0A

+ —

e

sc| 10 Q% (@) 25 V, sc| 10 Q% 0.C. VA

— o+
o & & o B e @ & OB

Fig. E5.3 Fig. E5.4

In Fig. E5.4, 15 V battery is replaced by a short and 2.5 A current source by an open so that
12V battery is acting alone. Therefore, voltage V3 across open terminals A and B is
V3 =-12V
The minus sign is given because the negative terminal of the battery is connected to point A
and positive terminal to point B.
Voltage across open terminals AB when all sources are present is
V=Vi+Vo+ (-V3)=3+20-12=11V.
Example 6: Use superposition theorem to find current | in the circuit shown in Fig. E6.1. All
resistances are in ohms.

10V
O —
120A(Y) §50 150§ Paoa  1208(F) 50 2150
® < & > —>—e 0
I I,
Fig. E6.1 Fig. E6.2

Solution: In Fig. E6.2, the 10V voltage source has been replaced by a short and the 40A
current source by an open so that now only 120A current source is acting alone. By current-divider
rule, |1 is given by

lh =120 * =30 A

50+150
In Fig. E6.3, 40A current source is acting alone, 10 V voltage source being replaced by a

short and 120A current source by an open. By current-divider rule, 12 is given by

= * =
l2 =40 07150 30 A

In Fig. E6.4, 10V voltage source is acting alone. By Ohm'’s law, I3 is given by
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I3 = 0 0.05A
>T 504150 0
10V
-+
[, 4 o O o]
50§ 1503 (3)40A 50 150
o ® < o < 0
I, I3
Fig. 6.3 Fig. E6.4
Currents |1 and I, being equal and opposite, cancel out so that
| =13 = 0.05A.

Thevenin’s Theorem:

Any linear, bilateral network having terminals A and B can be replaced by a single source of
e.m.f. Vmn in series with a single resistance Rrn, where the e.m.f. V1 is the voltage obtained across
terminals A and B with load, if any removed i.e. it is open-circuited voltage between terminals A
and B and the resistance Rm is the resistance of the network measured between terminals A and B
with load removed and sources of e.m.f. replaced by their internal resistances. Ideal voltage
sources are replaced with short circuits and ideal current sources are replaced with open circuits.

A ' R :
———————0 44— ' W‘!‘I‘l p OA:
Complex C
Network % At =V, : % R,
I P — E :
B ] OB‘:
Fig. T5 Fig. T6

Explanation:

Consider the circuit shown in Fig. T7. As far as the circuit behind terminals AB is concerned,
it can be replaced by a single source of e.m.f. Vr in series with a single resistance Rty as shown in
Fig. T10.

Finding Vrn:
The e.m.f. V, is the voltage across terminals AB with load (i.e. R)) removed as shown in Fig.

T8. With RL disconnected, there is no current in Rz and V1 is the voltage appearing across Rs.
\Y

* R3
R1+R3

V1 = Voltage across Rz =
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R, R, A R, R, A
— ANMA——& 0o AN T
=¥ $R, RE = Ry Vi,
L -0
B B
Fig. T7 Fig. T8

Finding Rrh:

To find Rrn, remove the load Ry and replace the battery by a short-circuit because its internal
resistance is assumed zero. Then resistance between terminals A and B is equal to Rry as shown in
Fig. T9. Obviously, at the terminals AB in Fig. T9, R1 and R3 are in parallel and this parallel
combination is in series with Ro.

R = R R1*R3
= +
Th 2 R1 +R3
R R R
‘J\A}‘, L 4 A %v oA _MI}:_.:[_Q A

& oR et o R
Fig. T9 Fig. T10
When load Ry is connected between terminals A and B [See Fig. T10], then current in R is
V1h
i b | = ———
given by Y

Procedure for Finding Thevenin Equivalent Circuit:
Open the two terminals (i.e.,, remove any load) between which you want to find Thevenin

equivalent circuit.

Find the open-circuit voltage between the two open terminals. It is called Thevenin voltage
V1h.

Determine the resistance between the two open terminals with all ideal voltage sources
shorted and all ideal current sources opened (a non-ideal source is replaced by its internal
resistance). It is called Thevenin resistance Rrh.

Connect Vn and Rrh in series to produce Thevenin equivalent circuit between the two
terminals under consideration.

Place the load resistor removed in first step across the terminals of the Thevenin equivalent
circuit. The load current can now be calculated using only Ohm'’s law and it has the same value as
the load current in the original circuit.
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Example 7: Using Thevenin's theorem, find the current in 6 Q resistor in Fig. E7.1

Solution. Since internal resistances of batteries are not given, it will be assumed that they
are zero. We shall find Thevenin’s equivalent circuit at terminals AB in Fig. E7.1.

Vh = Voltage across terminals AB with load (i.e. 6 Q resistor) removed as shown in Fig. E7.2.

Vih = 4.5 (4'5_3) 4 =383V
=490 - X = 5
Th "
40 Q 40 A 50
AW J& EMWV AN ‘1 MW
——45V %6 Q 3V =45V \,Ih Q —L gy
B 5
Fig. E7.1 Fig. E7.2

Rrh = Resistance at terminals AB with load (i.e. 6 Q resistor) removed and battery replaced
by a short as shown in Fig. E7.3

R = =2 = 2220
Th = 4+5 = c. .
40 R;,=2.22 0
AW i ?\3 ———— W oA
Ri —V,,=3.83V 6Q3
x & HB
B
Fig. £7.3 Fig. E7.4

Thevenin's equivalent circuit at terminals AB is Vtn (= 3-83 V) in series with R (= 2:22 Q).
When load (i.e. 6 Q resistor) is connected between terminals A and B, the circuit becomes as shown
in Fig. E7.4.
Vin 383
Rip+R.  2.22+6

Current in 6 Q resistor = = 0.466A

Example 8: Using Thevenin's theorem, find the current through resistance R connected
between points a and b in Fig. E8.1.
Solution:

Finding Vtn: Thevenin voltage Vrn is the voltage across terminals ab with resistance R
(=10Q) removed as shown in Fig. E8.2. It can be found by Maxwell's mesh current method.
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a . a 1BV
| N 1

PN

45V & R%wg §159 45V Vi
100 50 100 12-14 50
MW < AWV ——\WW—> : AN
lE

2V 50 20V 5Q
{s AW L MWW T
Fig. E8.1 Fig. 82  °

Mesh 1:

45-120-15l1 =5(lh = 12) = 10(lh - 12) = 0
Or 30l =15l =-75
Mesh 2:

- 10(l = 1) =5(2=11) =51+ 20 =0
Or  —15l1 + 20l = 20
From the above two egs, 1 =-32A & 12 =-14 A
Now,

Va—-45-10(-11) = Vb

or Va-Vb =45+ 10 (l2=11) =45 + 10 [-1.4 - (-3.2)] = 63V

Vth = Vab = Va-Vb = 63V

Finding Rrn: Thevenin resistance Rm is the resistance at terminals ab with resistance R
(=10Q) removed and batteries replaced by a short as shown in Fig. E8.3. Using laws of series and
parallel resistances, the circuit is reduced to the one shown in Fig. E8.4.

Rrh = Resistance at terminals ab in Fig E8.4.

14
Rin = 10Q || [5Q + (15Q || 5Q)] = 10Q || (5Q + 3.750) =+ O

150

100 50 .

100 p 50

15 Q

5Q

Fig. E8.3

Fig. E8.4
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Currentin R (= 10Q) = —T0 = — 9 _ 4595 A
urrentin R (= 100) = o R = Gazy+10 - * '

Example 9: Calculate the power which would be dissipated in a 50 Q resistor connected
across xy in the network shown in Fig. E9.1.

VWWA YWWWW—o0 ®
20 Q 200 X
100V © §4OQ gmg 40 Q
20 Q 200 vy
WA WWAM—o .
Fig. E9.1

Solution. We shall find Thevenin equivalent circuit to the left of terminals xy. With xy

terminals open, the current in 10 Q resistor is given by
100

" 20+10 +20
Open circuit voltage across xy is given by
Vih =1 x 10 =2 x 10 = 20V
In order to find Rrn replace the battery by a short since its internal resistance is assumed to
be zero [See Fig. E9.2].
Rrh = Resistance looking into the terminals xy in Fig. E9.2.
Rrh = 20 + [(20 + 20) || 10] + 20

*
40+10
Therefore, Thevenin's equivalent circuit behind terminals xy is Vrn ( = 20V) in series with R
(=48 Q).
When load R. (= 50 Q) is connected across xy, the circuit becomes as shown in Fig. E9.3

= 2A

Or Rrh= 20 + +20=20+8+20=48Q

| Rm=480Q
Current | in 50 Q resistor is  AMAMA o X

o Vm __ 20 20

" Rry+R.  48+50 98
T Vm=20V §HL=5OQ

Power dissipated in 50 Q resistor is

P = I°R. = (20/98)?*50 = 2.08 W

< oy
Fig. £9.3

Example 10: A Wheatstone bridge ABCD has the following details: AB = 10 Q, BC = 30 Q),
CD =15 Q and DA = 20 Q. A battery of em.f. 2 V and negligible resistance is connected between A
and C with A positive. A galvanometer of 40 Q resistance is connected between B and D. Using

Thevenin's theorem, determine the magnitude and direction of current in the galvanometer.
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Fig. E10.1 Fig. £10.2

Solution: We shall find Thevenin's equivalent circuit at terminals BD in Fig. E10.1.
Finding Vn: To find V1 at terminals BD, remove the load (i.e. 40 Q galvanometer) as shown
in Fig. E10.2). The voltage between terminals B and D is equal to V1.

) 2
Current in branch ABC = 10730 - 0.05 A

P.D. between A and B, Vag = 10 x 0.05 = 0.5V

) 2
Current in branch ADC = T 0.0571 A

P.D. between A and D, Vap = 0.0571 x 20 = 1.142 V
P.D. between B and D, Vih = Vap — Vag = 1.142 - 0.5 = 0.642 V
Obviously, point B is positive w.r.t. point D i.e. current in the galvanometer, when connected
between B and D, will flow from B to D.
Finding Rrn: In order to find Rm, remove the load (i.e. 40 Q galvanometer) and replace the
battery by a short (as its internal resistance is assumed zero) as shown in Fig. E10.1. Then resistance

measured between terminals B and D is equal to Rrh.
B

Ry = 16.07 Q B

=V, =0642V

' 3

D
Fig. E10.3 Fig. E10.4
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Rrh = Resistance at terminals BD in Fig. E10.3
1030  20*15
~10+30 © 20415
Thevenin's equivalent circuit at terminals BD is V1 (= 0.642 V) in series with Rrn (= 16-07 Q).
When galvanometer is connected between B and D, the circuit becomes as shown in Fig. E10.4
V1h 0.642
Rp+R.  16.07+40

Rrh =75 +857=16.07Q

=115 x 102 A = 11.5 mA from B to D.

Galvanometer current =

Norton’s Theorem:

Any linear, bilateral network having two terminals A and B can be replaced by a current
source In in parallel with a resistance Rn where the current source In is equal to the current that
would flow through AB when A and B are short-circuited and the resistance Ry is the resistance of
the network measured between A and B with load removed and the sources of e.m.f. replaced by
their internal resistances. Ideal voltage sources are replaced with short circuits and ideal current
sources are replaced with open circuits.

A
o

Complex

Network B EIN ({) Ry % R,

B 5 : ot

Fig. T11 Fig. T12

Explanation:

Consider the circuit shown in Fig. T13. As far as the circuit behind terminals AB is concerned,
it can be replaced by a current source In in parallel with a resistance Ry as shown in Fig. T16. The
current source In is equal to the current that would flow through AB when terminals A and B are
short-circuited as shown in Fig. T14.

Finding Vrn:

The load on the source when terminals AB are short-circuited is given by
Rz*Rg R1 R2+R2R3+R1 R3
Ro+R3 - Ro+R3

R'=R1 +

Source current,

V(R,+R3)
R1R>+RoR3+R¢R3

I'—V
=%

Short-circuit current, In = Current in Rz in Fig. T14.

Ry VR3
R2+R3 - R1R2+R2R3+R1R3
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R, | Iy R, A
e AT = —/ \WW—o0
= R
’ Sho?
& ol
B
Fig. T13 Fig. T14

Finding Rrh:

To find Rn, remove the load Ry and replace battery by a short because its internal resistance
is assumed zero [See Fig. T15].
Rn = Resistance at terminals AB in Fig. T15.

Ry = R R1*R3
=Ry +
N TR +Rs
A
* 0 4—
U AT O
o —0 +—

Fig. T15 Fig. T16

Thus the values of In and Ry are known. The Norton equivalent circuit will be as shown in
Fig. T16. The load current can be found by
IN*RN
" RN*RL
Procedure for Finding Norton Equivalent Circuit:

I

Open the two terminals (i.e. remove any load) between which we want to find Norton
equivalent circuit.

Put a short-circuit across the terminals under consideration. Find the short-circuit current
flowing in the short circuit. It is called Norton current In.

Determine the resistance between the two open terminals with all ideal voltage sources
shorted and all ideal current sources opened (a non-ideal source is replaced by its internal
resistance). It is called Norton's resistance Rn. It is easy to see that Ry = Rrh.

Connect In and Rn in parallel to produce Norton equivalent circuit between the two
terminals under consideration.

Place the load resistor removed in first step across the terminals of the Norton equivalent
circuit. The load current can now be calculated by using current-divider rule. This load current will
be the same as the load current in the original circuit.
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Example 11: Using Norton's theorem, calculate the current in the 5 Q resistor in the circuit
shown in Fig. E11.1.

2Q 6 Q
Solution. Short the branch that
contains 5 Q resistor in Fig. E 11.1. The
circuit then becomes as shown in Fig. 1A T) 80 5Q 48
E11.2. Referring to Fig. E11.2, the 6 Q and
4 Q) resistors are in series and this series )
Fig. E11.1

combination is in parallel with the short.

Therefore, these resistors have no effect on Norton current and may be considered as removed
from the circuit. As a result, 10 A divides between parallel resistors of 8 Q and 2 Q.
Norton current, In = Current in 2 Q resistor

I_10*8_8A
"o T
20 6Q 2Q 60
l A
10A<£) 8Q v 49 8Q 5 4Q
0 T s T
Fig. E11.2 Fig. E11.3

In order to find Norton resistance Ry, open circuit the branch containing the 5 Q resistor
and replace the current source by an open in Fig. E11.1. The circuit then becomes as shown in Fig.
E11.3

Norton resistance, Rn = Resistance at terminals AB in Fig. E11.3.

10*10
10+10
Therefore, Norton equivalent circuit consists of a current source of 8 A in parallel with a

Ru=(2 + 8)|| 4 + 6)=10] 10 =

=50

resistance of 5 Q as shown in Fig. E11.4. Now the branch containing 5 Q resistor is connected

across the output terminals of Norton's equivalent circuit as shown in Fig. E 11.5.
I

o A - B A
SACD 50 BAC‘D 50 éSQ
o B B
Fig. E11.4 Fig. E11.5

By current-divider rule, the current | in 5 Q resistor is
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*

5+5
Example 12: Find Norton equivalent circuit for Fig. E12.1. Also solve for load current and
load voltage.

| = =4 A.

Fig. E12.1 Fig. E12.2

Solution: Short the branch that contains R. (= 10 Q) in Fig. E12.1. The circuit then becomes
as shown in Fig. E12.2. The resistor that is in parallel with the short has no effect. Therefore, this
resistor may be considered as removed from the circuit shown in Fig. E12.2. The circuit then
contains two 10 Q resistors in series.

Norton current,

= —— = 06 A
"T1o+10 0 0T
I
> -
Q OA A
100 <Ry 1-06A(%) R,=667Q 3 R =100
Q oB
B
Fig. E12.3 Fig. E12.4

In order to find Norton resistance Ry, open circuit the branch containing R and replace the
voltage source by a short in Fig. E12.1. The circuit then becomes as shown in Fig. E 12.3.
Norton resistance, Ry = Resistance at terminals AB in Fig. E12.3.

*
20+10

Therefore, Norton equivalent circuit consists of a current source of 0-6 A in parallel with a
resistance of 6:67 Q. When the branch containing R. (=10 Q) is connected across the output
terminals of Norton equivalent circuit, the circuit becomes as shown in Fig. E12.4.

Ry = (10 + 10) || 10 =

=6.67 Q

By current-divider rule, the current | in RL is
0.6*6.67
 6.67+10
Voltage across RL = I*RL = 024 * 10 = 24 V.

= 0.24 A
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Example 13: Find the Norton current for the unbalanced Wheatstone bridge in Fig. 13.1.

Solution: The Norton current is found by
shorting the load terminals as shown in Fig.
E13.2. First determine the total current and then
use Ohm's law to find current in the four
resistors. Once the currents in the four resistors 10V =

are known, Kirchhoff's current law can be used
to determine Norton current In.

Fig. E13.1

Fig. E13.3 shows the equivalent circuit of Fig. E13.2. The total circuit resistance Rr to 10 V
source is

10*30  20%40
10+30  20+40

Rr = (10 30) + (20 || 40) = = 7.5 + 13-33 = 20-83 Q)

I " <
> L I,
10 Q 30 Q
D
10V—
=10V
I A
20 Q 40 Q
E
Fig. E13.2 Fig. E13.3

Total circuit current, | = 10/20.83 = 0.48 A.
Referring to Fig. 3.167 (ii), we have,
Voo =1*Rep =048 x75=36V
Voe = | *Rpg =048 x 13:33 =64V
l1 = Vcp/10 = 3.6/10 = 0.36 A, 12 = Vcp/30 3.6/30 = 0.12 A.
I3 = Vpe/20 = 6.4/20 = 0.32 A, 14 = Vpe/40 = 6.4/40 = 0.16 A.
Referring to Fig. 13.2, it is now clear that I1(= 0-36 A) is greater than I3(= 0-32 A). Therefore,
current In will flow from A to B and its value is
IN=11-13=036-0-32 = 0:04 A.
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Example 14: Two batteries, each of em.f. 12 V, are connected in parallel to supply a
resistive load of 0-5 Q. The internal resistances of the batteries are 0-12 Q and 0-08 Q. Calculate the
current in the load and the current supplied by each battery.

Solution: Fig. 14.1 shows the conditions of
the problem. If a short circuit is placed across the Ehea 00802
load, the circuit becomes as shown in Fig. 14.2. The % 0.5Q
total short circuit current is given by
IN=m+m=1OO+150=ZSOA .
Fig. E14.1
. 4 o]
0.12Q 0.08 Q
12V -|- 12V I
) = 0
Fig. E14.2 Fig. E14.3

In order to find Norton resistance Rn, open circuit the load and replace the batteries by their
internal resistances. The circuit then becomes as shown in Fig. E14.3. Then resistance looking into
the open-circuited terminals is the Norton resistance.

0.12*0.08

Norton resistance, Ry = 0-12 || 0-08 = 0129008 = 0.048 Q.

Y~

Therefore, Norton equivalent circuit consists of a >
current source of 250 A in parallel with a resistance of
0-048 QO When load (= 0-5 Q) is connected across the

. AN VY () 00180 050
output terminals of Norton equivalent circuit, the circuit

becomes as shown in Fig. E14.4. By current-divider rule,

the current | in load (= 0-5 Q) is given by v
Fig. E14.4

| = 250*0.48
~ 0.48+0.5
Battery terminal voltage, I*RL = 21-9 x 0-5 = 10-95 V.

Lo 12-10.95
Current in first battery = o1 - 8.8 A.
12-10.95

Current in second battery = o008 - 13.TA.

=219 A
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Maximum Power Transfer Theorem:

o e H,/Thevenin Equivalent circuit
A i I A
! 1
! |
Pl
Circuit R, I = : R,
* I
! |
I 1 ®
! |
B ‘. I B
Fig. T16 Fig. T17

In d.c. circuits, maximum power is transferred from a source to load when the load
resistance is made equal to the internal resistance of the source as viewed from the load terminals
with load removed and all e.m.f. sources replaced by their internal resistances.

Fig. T16 shows a circuit supplying power to a load R.. The circuit enclosed in the box can be
replaced by Thevenin’'s equivalent circuit consisting of Thevenin voltage V = V in series with
Thevenin resistance Ri(=R) as shown in Fig. T17. Clearly, resistance R; is the resistance measured
between terminals AB with R. removed and e.m.f. sources replaced by their internal resistances.
According to maximum power transfer theorem, maximum power will be transferred from the
circuit to the load when R. is made equal to R;, the Thevenin resistance at terminals AB.

Proof of Maximum Power Transfer Theorem:

W i

Consider a voltage source V of internal resistance Ri delivering
power to a load R.. We shall prove that when R. = R; the power i
delivered to R is maximum. Referring to Fig. T18, we have, ' gF!L
Circuit current, =v
\ +
= RR

Power delivered to load,
P=12R.= [V/(Ri + R)I’RL
For a given source, generated voltage V and internal resistance R; are constant. Therefore,
power delivered to the load depends upon R.. In order to find the value of R. for which the value
of P is maximum, differentiate P w.r.t. RL and set the result equal to zero.

2
i 2 (R+R) _ZRL(Ri"'RL)] »

Thus, — =V (Ri+RL)4

dR,
Or RL+R)>-2R. (RL+R)=0
Or (RL+Ri) (RL+Ri =2Ry) =0
Or (RL+R)(Ri —R)=0
Since R. + Ri cannot be zero,
Ri-R.=0
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Or RL=R
Or Load resistance = Internal resistance of the source
Thus, for maximum power transfer, load resistance R. must be equal to the internal
resistance R; of the source.
Maximum Power,
Pmax = 12 Re
Or  Pmax = [V/(Ri + R)J?RL
Or  Pmax = [V/(RL + R)J°RL
Or  Pmax= [V/(2R)]’RL
Or Pmax = V2/4R(
Example 15:Find the value of resistance R to have maximum power transfer in the circuit
shown in Fig. E 15.1. Also obtain the amount of maximum power. All resistances are in ohms.
10 A A

O .
2"

)=

Wz rE oz w®  w® 30 IR 53 ed

L - - . L

B B
Fig. E15.1 Fig. E15.2

Solution: To find the desired answers, we should find VTh and RTh at the load (i.e. R)
terminals. For this purpose, we first convert 120V voltage source in series with 10Q resistance into
equivalent current source of 120/10 = 12A in parallel with 10Q resistance. The circuit then
becomes as shown in Fig. E15.2

10/3 v¥I

A
1223 30 \}h 5 6A 310 53 60V R
B

5
Lr

B B
Fig. E15.3 Fig. E15.4 Fig. 15.5

To find Vm, remove R (i.e. load) from the circuit in Fig. E15.2 and the circuit becomes as
shown in Fig. E15.3.Then voltage across the open-circuited terminals AB is V. Referring to Fig.
E15.3 and applying KCL, we have,

Vih - V1h

10 +T=12+6

Or Vm=060V.
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In order to find R, remove R and replace the current sources by open in Fig. E15.2. Then
circuit becomes as shown in Fig. E15.4 Then resistance at the open-circuited terminals AB is Rrh.
10*5 10
1045 3

When R is connected to the terminals of Thevenin equivalent circuit, the circuit becomes as
shown in Fig. E15.5.

Rrh = 10Q || 5Q =

For maximum power transfer, the condition is

R=Rm = 10 Q
=Rm=="0Q.
Max. power transferred,
V1h° _ V1h° 602

=270 W.

Pmax = =

4R, 4R 4(10/3)

Example 16: Calculate the value of R which will absorb maximum power from the circuit of
Fig. E16.1 Also find the value of maximum power.

Solution: To find the desired answers, we should find Vrn and Rmh at the load (i.e. R)
terminals. For this purpose, we first convert 2A current source in parallel with 15Q resistance into
equivalent voltage source of 2A*15Q = 30 V in series with 15Q resistance. The circuit then
becomes as shown in Fig. E16.2.

6Q BV 6O |6.V
1

>

2A 15Q 3Q §R ?39 R

Fig. E16.1 8V Fig. E16.2 8V

To find Vr, remove R (i.e. load) from the circuit in Fig. E16.2 and the circuit becomes as

shown in Fig. E16.3. Then voltage across the open-circuited terminals AB is Vrn. Referring to Fig.
E16.3,

6Q 6V 60
— A M- oA
I
15Q
30 Vi 15Q ésg «—Ry,
— 30V
% |+ B oB
8V .
Fig. E16.3 Fig. E16.4

Current in 3Q) resistor,

Page | 58



Department of Electrical Engineering

30-6
T 154643
In Fig. E15.3, as we go from point A to point B via 3Q resistor, we have,
Va—-1x3-8=Vp
Or Va—Ve=1x3+8=1%x3+8=11V =Vmn,
In order to find R, remove R and replace the voltage sources by short in Fig. E15.2. Then

1A

circuit becomes as shown in Fig. E15.4 Then resistance at open-circuited terminals AB is Rrh.

21*3 21
Rt =(15+6)Q||3 = 173 - 8
For maximum power transfer, the condition is
21
R=Rm= ry Q.
Max. power transferred,
Vin® Vi 112

=11.524 W.

Pmax =

4R, 4R 4(21/8)
Example 17: For the circuit shown in Fig. E17.1, find the value of R that will receive
maximum power. Determine this power.
Solution: We will use Thevenin’s theorem to obtain the results. In order to find Vtn, remove
the variable load R as shown in Fig. E17.2. Then open-circuited voltage across terminals AB is equal
to Vrn.

AF
v
OAB
BF
Fig. E17.1 B Fig.£17.2
Current in branch DAC = 71752 - 8.13 A
Current in branch DBC = — 20— 328 A
urrent in branc = 19.6+109 = D.

It is clear from Fig. E17.2 that point A is at higher potential than point B. Applying KVL to the
loop A'ACBB'A’, we have,
-52x813+10-9x 328 +Vag=0
Vag = 652V
Now Vag, in Fig. E17.2 is equal to Vtn so that Vi = 6-52 V.
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) >

In order to find R, replace the 100 V source in Fig. T

E17.2 by a short. The circuit becomes as shown in Fig. E17.3 The

resistance across terminals AB is the Thevenin resistance. 6- D ©
o
Referring to Fig. E17.3,
Rag = Rth = (5-2 || 7-1) + (109 | | 19:6) 1090 19.6Q
=3+7=10Q
Fig. E17.3
Therefore, for maximum power transfer, R = Rmh = 10 Q.
Pmax = VT—hZ = &22 =1.06 W
T 4R T 4*10 T
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QUESTION BANK

Short Questions With Answer:

Q: State Superposition theorem.

A: It states that in a linear, bilateral network containing more than one energy source, the
current which flows at any point is the sum of all the currents which would flow at that point if
each source where considered separately and all the other sources replaced for the time being by
resistances equal to their internal resistances.

Q: State Thevenin’s theorem.

A: It states that any linear, bilateral network having terminals A and B can be replaced by a
single source of e.m.f. Vi in series with a single resistance R, where the e.m.f. Vh is the voltage
obtained across terminals A and B with load, if any removed i.e. it is open-circuited voltage
between terminals A and B and the resistance R is the resistance of the network measured
between terminals A and B with load removed and sources of em.f. replaced by their internal
resistances. Ideal voltage sources are replaced with short circuits and ideal current sources are
replaced with open circuits.

Q: State Norton's theorem.

A: It states that any linear, bilateral network having two terminals A and B can be replaced
by a current source Iy in parallel with a resistance Ry where the current source In is equal to the
current that would flow through AB when A and B are short-circuited and the resistance Rn is the
resistance of the network measured between A and B with load removed and the sources of e.m.f.
replaced by their internal resistances. Ideal voltage sources are replaced with short circuits and
ideal current sources are replaced with open circuits.

Q: State Maximum Power Transfer Theorem.

A: It states that in d.c. circuits, maximum power is transferred from a source to load when
the load resistance is made equal to the internal resistance of the source as viewed from the load
terminals with load removed and all e.m.f. sources replaced by their internal resistances.

Long Questions:

240
W 50 O
o ® \ & 0
20 3Q
—— 16V 300 20 O
Ri=1Q 050
Fig. Q1 Fig. Q2
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Q: Find the total current drawn from the voltage source and the current through R1 (= 1 Q)
in the circuit shown in Fig. Q1.

Q: Convert the delta network shown in Fig. Q2 into equivalent wye network

Q: Convert the star network shown in Fig. Q3 into equivalent delta network.

2 kQ) 120 kQ 40 kQ
2 kQ 3 kO 80 kQ
o M MWW o o : VW 0 o

Fig. Q3 Fig. Q4

Q: Convert the delta network shown in Fig. Q4 into the equivalent wye network.

Q: In the network shown in Fig. Q5, find the resistance between terminals B and C using
star/delta transformation.

A
40 Q 20 Q
50 Q
2Q 1Q 10Q 30 Q
L ’
D
10Q 2Q lilils
L 02N e
B 10 C 15V
Fig. Q5 Fig. Q6

Q: In the network shown in Fig. Q6, find the current supplied by the battery using star/delta
transformation.

Q: Use the superposition theorem to find the current in Ry (= 60 Q) in the circuit shown in
figure Q7.

R,=60Q 120 Q R; =1kQ
WA L g AW @ AW
24\N— R, = . — R, = —
Soh G —18V ) sma At =92V
8 L
Fig. Q7 Fig. Q8
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Q: Use the superposition theorem to find the current through R (= 1k Q) in the circuit

shown in figure Q8.
Q: Use the superposition theorem to find the current through Ry (= 10 Q) in the circuit

shown in Figure Q9.

+12V
Ri=100 23V 7
A L
3R, =40ko
R, =150 1|5V *
—/ W\ |= \
30 ko 3 $ R,=60kQ
5A
@ - L
Fig.Ql0 * 18

Fig. Q9
Q: Use superposition principle to find the current through resistance R1 (= 40 KQ) in the

circuit shown in Fig. Q10.
Q: Using superposition principle, find the current through 10 Q resistor in Fig. Q11.

100 Q 20 1K © 15V
AW ® MWWV
=15V %109 — 13V 10 mA ‘D §4kn — 25V gsm
. L :
Fig. Q11 Fig. Q12

Using superposition principle, find the voltage across 4 KQ resistor in Fig. Q12.

Q:
Q: Using Thevenin's theorem, find the current in 10 Q resistor in the circuit shown in Fig.
Q13
40 Q 60 QO
8N %3 Q L1y
100 a
20
% 20 %

Fig. Q14

Fig. Q13
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Q: Using Thevenin's theorem, find current in the ammeter shown in Fig. Q14.

Q: Using Thevenin's theorem, find p.d. across branch AB of the network shown in Fig. Q15.
20 A 40

=10v £20 320 1o 4 2100
M —_ BV
® e 2
B B
Fig. Q15 Fig. Q16

Q: Determine Thevenin's equivalent circuit to the left of AB in Fig. Q 16.

Q: A Wheatstone bridge ABCD is arranged as follows: AB = 100 Q, BC =99 Q, CD = 1000 Q
and DA = 1000 Q. A battery of e.m.f. 10 V and negligible resistance is connected between A and C
with A positive. A galvanometer of resistance 100 Q is connected between B and D. Using
Thevenin's theorem, determine the galvanometer current.
Q: Find the Thevenin equivalent circuit of the circuitry, excluding Ri, connected to the
terminals x —y in Fig. Q 17.
100V 500 " R,=40Q

—

2400 — 35 \/

Fig. Q17

Q: Find the voltage across R1 in Fig. Q18 by constructing Thevenin equivalent circuit at the
R1 terminals. Be sure to indicate the polarity of the voltage.
E.=50V 20Q

20 a I —||+—W
AM—p—— O o
VWA
30 0
60 d AWAAA
§30 G 4:-A §4Q T E, =100V F{L=409§
12V
b
® O
Fig. Q 19 Fig. Q 20

Q: By using Thevenin Theorem, find current | in the circuit shown in Fig. Q 19.
Q: Find Thevenin equivalent circuit in Fig. Q 20.
Page | 64



Department of Electrical Engineering

Q: Using Norton's theorem, find the current in 8 Q resistor of the network in Fig. Q21.

40 50 A 40 A 50
ANV ———— W —— AN ———9—— MWW,
— 40V %69 BQ% =45V éSQ — 3V
& @ o
B B
Fig Q21 Fig. Q22

Q: Using Norton's theorem, find the current in the branch AB containing 6 Q resistor of the

network shown in Fig. Q22.
Q: Find Norton equivalent circuit to the left of terminals a — b in Fig. Q23.

50 25V
+—C)—— Mo ——@
6V ¢l
TORE L L O N Tt
A i C)b &

Fig Q23 Fig Q24

Q: The ammeter labelled A in Fig. Q24 reads 35 mA. Is the 2:2 kQ resistor shorted ? Assume

that ammeter has zero resistance.
Q: Determine the Norton equivalent circuit and the load current in RL in Fig. Q25. The

various circuit values are:
E=64V,R1=2300Q,R2=450Q,R3; =260 Q, R4 =550 O, Rs = 440 O, R. = 360 Q.

R, 25 O

250

L+

Fig. Q26

Fig. Q25

Q: In Fig. Q26, replace the network to the left of terminals ab with its Norton equivalent.
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Q: Find the value of Ry in Fig. Q27, so that to obtain maximum power in R.. Also find the
maximum power in RL.

___________ 1
300 O 25 0 ! Ry,
AN AN | whe—
. i
: |
1 |
100V gmoa %HL AV i R,

| I
: :
WY : :

BRLE $ 0909090902020 eesseei—iee .

Fig. Q27 Fig. Q28

Q: What percentage of the maximum possible power is delivered to R. in Fig. Q28, when Ry
= Rmn/27?

Q: Determine the value of R for maximum power transfer in Fig. Q29 and evaluate this
power.

A L
1kQ -
G‘ 0.8A 1A 09A 100 Q R, —%

20V
RL
5k
=10V B
T

2kQ
Q
=18V
T

Fig. Q29 Fig. Q30
Q: What value should R be in Fig. Q30 to achieve maximum power transfer to the load?

Q: For the circuit shown in Fig. Q31, find the value of RL for which power transferred is
maximum. Also calculate this power.

0.1 A

10Q 40V

WAAW—|— . @_
290
% 300 03A D % 220 0 R, % 330 Q
60 O R,
WA . ‘
Fig. Q31 Fig. Q32

Q: Calculate the value of R for transference of maximum power in Fig. Q32. Evaluate this
power.

Q: State and prove Maximum Power Transfer Theorem.
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CHAPTER 5. AC CIRCUIT AND RESONANCE:
5.1. AC. through R-L, R-C, R-L-C Circuit:

R-L Series Circuit:
A circuit that contains pure resistance R ohms connected in series with a coil having pure
inductance of L (Henry) is known as R- L Series Circuit.

| R L
_-._/\/V\/_M\_
-2~ VR - VL
A"}
— O

v =V, sinwt
When an AC supply voltage V is applied the current, | flow in the circuit.
Ir and I will be the current flowing in the resistor and inductor respectively
Where,
Voltage across the resistor Ris Vr = IR
Voltage across the inducter L is V| = IX,
Total voltage of the circuit is V
Phasor Diagramn of the R-L Series Circuit:

The phasor diagram of the R-L Series circuit is shown below

Steps to draw the Phasor Diagram of R-L Series Circuit:

The following steps are given below which are followed to draw the phasor diagram step by step.

+ Current V' is taken as a reference.
+ The Voltage drop across the resistance Ve = Ir is drawn in phase with the current |.
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» The voltage drop across the inductive reactance V. =IX. is drawn ahead of the current |. As
the current lags voltage by an angle of 90 degrees in the pure Inductive circuit.

» The vector sum of the two voltages drops Ve and V. is equal to the applied voltage V.
Now,

In right angle triangle OAB

Vr = lr and Vi = 1XL where XL = 2mfL

V=) + () = JURY +(X,)?
V=1/®R?+X,)?

= (RY + (X,)?

~ =

(R + (X1

Where, Z is the total opposition offered to the flow of alternating current by an R-L Series
circuit and is called impedance of the circuit. It is measured in ohms (Q).
Phase Angle:

In R-L Series Circuit the current lags the voltage by @ degree angle known as phase angle. It
is given by the equation

_lf',,_J'X,H_XL _ .0
tanm—ﬁ—ﬁ— R or @ = tan
R-C Series Circuit:

A circuit that contains pure resistance R ohms connected in series with a pure capacitor of
capacitance C farads is known as R-C Series Circuit.

A sinusoidal voltage is applied to and current | flows through the resistance (R) and the capacitance
(C) of the circuit.

The R-C Series circuit is shown in the figure below

I R C
_n_WV 11
4]
VR VC
v
e SR
—

v =V, sinwt
Where,

Voltage across the resistance Ris Vr = IR
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Voltage across the capacitor C is Ve = IXc
Total voltage across the R-C Series circuit is V

Phasor Diagram of R-C Series Circuit:

The phasor diagram of the R-C Series circuit is shown below

Ve A

Steps to draw a Phasor Diagram:
The following steps are used to draw the phasor diagram of RC Series circuit

Take the current | (r.m.s value) as a reference vector

Voltage drop in resistance V', = IR is taken in phase with the current vector

Voltage drop in capacitive reactance V.= IX.is drawn 90 degrees behind the current vector, as
current leads voltage by 90 degrees in pure capacitive circuit.

The vector sum of the two voltage drops is equal to the applied voltage V (r.m.s value).
Now, V,=IRand V.= IX . Where, X, =I/2nfC
In right triangle OAB

Ve=IRand V.= IX where X, = —

1
2mfc

V= V)2 + (Vo) = J(R)? + (IXp)?

V= 1LJ(R)? + (X )?
= J(R)? + (Xc)?
Z=/(R)% + (X)?

Where, Z is the total opposition offered to the flow of alternating current by an R-C Series circuit and
is called impedance of the circuit. It is measured in ohms (Q).

—| =
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Phase Angle:

In R-C Series Circuit the current lags the voltage by & degree angle known as phase angle. It is given
by the equation

_Vc - I1Xc . Xc _ _IXC
GHQ—V—R—W—T or = tan F
R-L-C Series Circuit

The RLC Series Circuit is defined as when a pure resistance of R ohms, a pure inductance of L Henry
and a pure capacitance of C farads are connected together in series combination with each other.

As all the three elements are connected in series so, the current flowing in each element of the circuit
will be same as the total current ‘I’ flowing in the circuit.

The R-L-C Circuit is shown below

I R L c
—amp AN/ vy | }
Va Vv, Ve
v
.
A r—

v =V, sinwt

In the R-L-C Series Circuit

XL = 21’!’,'-[. ﬂ,nd XC = m
When the AC voltage is applied through the RLC Series Circuit the resulting current ‘I’ flows through
the circuit, and thus the voltage across each element will be

+ Vr =R that is the voltage across the resistance R and is in phase with the current .

o V. =IXL that is the voltage across the inductance L and it leads the current | by an angle of 90
degrees.

s V¢ = IXc that is the voltage across the capacitor C and it lags the current | by an angle of 90
degrees.

Phasor Diagram of RLC Series Circuit:

The phasor diagram of the RLC Series Circuit when the circuit is acting as an inductive circuit that
means (Vi>Vc) is shown below and if (Vi< V¢) the circuit will behave as a capacitive circuit.
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2 v=1z :
VizNe PV — Ve = X - IXc

ve §

Steps to draw the Phasor Diagram of the RLC Series Circuit:

» Take current | as the reference as shown in the figure above

» The voltage across the inductor L that is V. is drawn leads the current | by a 90 degree angle.

» The voltage across the capacitor ¢ that is V. is drawn lagging the current | by a 90 degree
angle because in capacitive load the current leads the voltage by an angle of 90 degrees.

+» The two vectors Vi and Vc are opposite to each other.

V=/(VR)? + (V, - V)? = JURZ + (X, — IX)?

V=LJ/(R)?+ (X, — X.)?

V
7 VR + (X, — X.)?

Z = (R + (X, — X;)?
It is the total opposition offered to the flow of current by an R-L-C Circuit and is known as
Impedance of the circuit.

Phase Angle:

From the phasor diagram, the value of phase angle will be

V- Ve X —X

taj =
=% R

or

XI'. _Xr:

— -1
@ = tan R

The Three Cases of R-L-C Series Circuit:

« When XL > Xc, the phase angle ¢ is positive. The circuit behaves as a RL series circuit in
which the current lags behind the applied voltage and the power factor is lagging.

+ When X, < Xc, the phase angle ¢ is negative, and the circuit acts as a series RC circuit in
which the current leads the voltage by 90 degrees.
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« When X. = Xc, the phase angle ¢ is zero, as a result, the circuit behaves like a purely
resistive circuit. In this type of circuit, the current and voltage are in phase with each other.
The value of power factor is unity.

Impedance Triangle of R-L-C Series Circuit:

When the quantities of the phasor diagram are divided by the common factor | then the right angle
triangle is obtained known as impedance triangle.

The impedance triangle of the RLC series circuit, when (XL > Xc¢) and (Xc¢ = X.) is shown below

B8 R
0N/ 2

z

XL“XC XC“KL
z
2 A
0
R B

If the inductive reactance is greater than the capacitive reactance than the circuit reactance is
inductive giving a lagging phase angle.

When the capacitive reactance is greater than the inductive reactance the overall circuit reactance
acts as a capacitive and the phase angle will be leading.

From the triangle OAB

Z=J(R)?+ (X, —X)?

R

cos @ =E=or

R
- -1
P = cos 7

Applications of RLC Series Circuit:

The following are the application of the RLC circuit

» |t acts as a variable tuned circuit

« |t acts as a low pass, high pass, band pass, band stop filters depending upon the
type of frequency.

+ The Circuit also works as an oscillator

+ Voltage multiplier and pulse discharge circuit

Department of Electrical Engineering
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5.2. Solution of problems of AC through R-L, R-C, R-L-C series circuit by complex algebra
method:

Mathematical representation of phasors, significant of operator *j”:

Complex number consists of a “real number” and an “imaginary number” this imaginary number is

represented letter * j * known commonly in electrical engineering as the j-operator, is used. Thus the

letter “j” is placed in front of a real number to signify its imaginary number operation.
Examples of imaginary numbers are: |3, j12, j100 etc.

Then a complex number consists of two distinct but very much related pars, a “Real Number” plus
an “Imaginary Number”.

What is 'J’ Operator?

Y|
v Y|
v
| fv=-v v
X i o o X Ib
= o |
| =¥ X O a X
[’/
¥ Y

s jis an operator which rotates the phasor through 90° in Counter clock wise direction without
changing the magnitude of the phasor.

» The operator j occurs with the phasor only when it is along Y-axis Thus when the phasor is
along OY-axis, it is jV and when along OY"-axis, it is —jV. The phasor lying along X-axis is not
associated with j.

+ Since j=+/-1and its value cannot be determined, it is called an imaginary number. For this
reason, any phasor (or its component) associated with j is called the imaginary part.

+ A phasor (or its component) along X-axis is not associated with j and is called the real part.

Mathematical Representation of Phasors:

There are four ways of representing a phasor in the mathematical form wviz. () Rectangular form (i)
Trigonometrically form (i) Polar form and (v} Exponential form.

Rectangular form:

+ This method is also known as symbolic notation.

s In this method, the phasor is resolved into horizontal and vertical components and is
expressed in the complex form as Consider a voltage phasor V displaced 90° CCW (Counter
Clock Wise) from the reference axis {i.e. OX-axis) as shown in Fig.
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+ Where “a" is the horizontal or in-phase component of this phasor.

s And “b" is the vertical or quadrature component.

Therefore, the phasor can be represented in the rectangularformas : ¥ =a+jb

Y|

X' 0 a X

Y

Magnitude of phasor, V = vaZ + b?

Its angle w.r.t. OX-axis, 8 = mn"g
Polar form:

It is a usual practice to write the trigonometrical form V = V (cos 0 + j sin 8) in what is called polar form
as;V=V_.8

Where V is the magnitude of the phasor and 6 is its phase angle measured CCW from the reference
axis i.e. OX-axis.

A negative angle in the polar form indicates clockwise measurement of the angle from the reference
axis.

Hence polar form can be written in general as: V=V 2+ 0

Conversion from One Form to the Other

Rectangular to Polar:
Example: 1 Find the Polar Form of 3+j4
Solution: Where a=3 and b=4
Magnitude of phasor, V = vaZ + b?
V=+37+42=5

Its angle w.r.t. OX-axis,

xl

Y.r
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4
8 =tan~! 7= 53.13°

In polar form, V = 5253.13°

Department of Electrical Engineering

Example: 2 Express the following in polar form (i) 6 — B. (ii)—2 + j 5 (iii) 50 —j75and (iv) 3 + 7

Solution: Where a=6 and b= -8
Magnitude of phasor, V = vaZ + b?
V=,624+(-8)2=10
Its angle w.r.t. OX-axis,
b
@ =tan"'—
a
-8
P = l::;m‘:h(?)w = -53.13°

In polar form, V = 102 — 53.13°

Polar to Rectangular:
Example: 1
Solution: Magnitude of voltage, V=50
Phase angle, 8 = 36.87°

V=V (cos 0 +jsinB)

V=50 (cos 36.87° + | sin 36.87°)

V=50 (0.8 +j 0.6)

V = (40 +j 30)

The rectangular form is 40 + j 30\

Find the Rectangular Form of 50 »236.87°

Y
6
X’ O 53.1° X
8
YIL__— V
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ADDITION, SUBTRACTION, MULTIPLICATION AND DIVISION OF PHASOR QUANTITIES:

Addition and subtraction of Phasor Quantities:

The rectangular form is best suited for addition and subtraction of phasors.

If the phasors are given in polar form, they should be first converted into rectangular form.
Once the phasors are in rectangular form, the real components and the imaginary
components can be algebraically added or subtracted.

The answer (sum or difference) can be left in rectangular form or it can be converted back to
polar form if desired.

Addition:

For the addition of phasors in the rectangular form, the Real components are added together
and the quadrature or imaginary components are added together.

Let's consider two voltage phasors represented as:

V1=al+]b1
V2=a2+jb2
Thenresultant, V=V1+V2  =(al+jb1)+(a2+jb2)
={a1+a2)+j(b1+b2)

Subtraction:

For the subtraction of phasors in the rectangular form, the Real components are subfracted
and the quadrature or imaginary components are subtracted separately.

Let's consider two voltage phasors represented as:
Vi=a1l+jb1

V2=a2+jb2

Then resultant, V = V1 - V2 =(al-jb1) +(a2-jb2)

={a1-a2)+j(b1-b2)
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Example: 1

Two vectors are defined as, A =4 + 1 and B = 2 + j3 respectively. Determine the sum
and difference of the two vectors in both rectangular (a +jb) form.

Solution: Addition: A=4 +j1
B=2+j3
The resultant vector = A+B
=4 +j1+2+j3
= (4+2) 4] (1+3)
= 6+j4
Subtraction:  A=4 +j1
B=2+j3
The resultant vector = A-B
= (4 +(1)-(2+]3)
= (4-2) + (1-3)

= 2+j(-2) or 2-j2

Example: 2 Determine the resultant voltage of two sinusoidal generators in series whose
voltages are V1 = 25|15° V and V2 = 15|60° V. and show the result in polar form.

Solution: First convert polar form to rectangular form and then find out the addition.
V1 = 25(cos 15° +j sin 15°) = (24.15 + j 6.47) volts
V2 = 15(cos 60° + j sin 60°) = (7.5 + ] 12.99) volts
A V=V14V2=(2415+]6.47) + (7.5 +] 12.99)
=(31.65 + | 19.46) volts
Where a= 31.65 and b=19.46

Magnitude of phasor, V =+31.652 + 19.462 = 37.15

e = tan"f—]
a
19.46
a8 ) (31 65) = 31.58°

In Polar form, V = 37.15.31.58
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Multiplication and Division of Phasors

It is easier to multiply and divide the phasors when they are in polar form than in the
rectangular form.

Consider two phasors given by:

Vi=agi+jbi =V 26

Vo=az+tjbe=V2r B2

Multiplication:
Rectangular form:
VixVa =(ai+jbi){az+jb2)

=aaz+jabe +ja + 2 bibe
= @@z +jaibe + j @by — bab2 (f=-1)
= (a1a2 — bib2) + j (a1b2 + azb1)

Polar Form:

To multiply the phasors that are in polar form, just multiply their magnitudes and algebraically
add the phase angles.

If two vectors are in polar form:
Let V4 281, V2 282
The resultant is given by V= [V £ &) x (Vo £ 62)
V= (Vix Vz2) £ (91482)
Division:
Rectangular form:

Vi _a+jb,

Vo ay+jb,

- (ay +jby)(az — jb2)
(az +iba)(az — jba)

= (a; +jby)(az — jbg)
(a; +jbz)(a; = jb,)

- {31 + jbl)(az - ]bz)
322 + hzz

. (a,a; +b;b;)  (b;a; —a;b,)
azz + bzz azz E bzz
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Polar Form:

To divide the phasors that are in polar form, divide the magnitudes of phasors and subtract

the denominator angle from the numerator angle.
If two vectors are in polar form:
Let Viz 81, Var 82

The resultant is given by

Vi V6,

V, V20,
Vi_¥

‘72 = V—zdﬁl - Bz

Example: 3 Two phasors are given in the following form: A= (4 +j3); B=(5+| 6)
Evaluate A x B and AJB in (i) rectangular form (i) polar form.
Solution: Given A=(4 +j3);B=(5+)6)
Rectangular form:
Multiplication:
AxB =(4+]3)x(5+]6)
= (4%5) + (4% jB) + (j3% 5) + (j2 3%6)
= 20+4j24+j15-18 (p=-1)
= 2439
Division:

443
5+j6

W e

(4 +j3)(5-j6)
T (5+j6)5-i6)

(4 +j3)G-6)
- 52 + 672

52 — 262 61 61 61
= 0.623 +j 0.147
Polar Form:
Multiplication:
First Convert (4 +j 3) and (5 + j 6) in to polar form.

A= (4 + f3) = 5.36.86°
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B=(5+;6)=7.81 £50.19°

The resultant is given by = (52 36.869) x (7.812 50.19%)
= (5x 7.81) £ (36.86°+50.19°%)

=39.05 £ 87.05

Division:

A 523686
B 78125019
A

B

5
= TBII_B&BE; —5019 =064 £ -13.33

Exercise:

(1) Perform the following operations and express the final result in polar form:
(i) (8+)6)x(-10—j7.5) (i) 5 2 30° + 8 2 — 30°
(2) The following three phasors are given:
A=5+j5B=50240°,C=4+j0
Perform the following indicated operations: (i) %. (ii) %
(3) Divide (6 + j 7) by (5 + j 3) and express the result in (i) rectangular form (i) polar

form.

PROBLEMS:

Q.1. The current in a circuit is given by (4.5 + j12) A when the applied voltage is (100 + j150) V.
Determine (i) the magnitude of impedance and (ii) phase angle

Sol:
V = (100 + j50)V =180.28£5631'V
I =(4.5+/12)4=12.82£69.44" 4

v 180.28/56.31°

()] =—=———"""__=1406/-13.13°Q
I 128226944
n Z=14.060
(ii) . Phase angle, ® =13.13"Jead
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Q.2. In an R-L series circuit, R =10Q and X, = 8.66Q2. If current in the circuit is (5 — j10)A , find (i)
the applied voltage (ii) power factor and {iii} active power and reactive power.

Sol:
Z=(R+jX,)=(10+ j8 66)2
=13.23/409°Q

I=(5-710)4=11.18£-63.43" 4

(i) Applied voltage, V' =17
=11.18£-63.43" x13.23£40.9°
=148£-22.53°V
V =148volts

(i) Phase angle, ®=63.43"-2253" =409
Power factor= cos® = cos40.9° = 0756/ag
(iii) Complex VA, S=Phase voltage x Conjugate of phasor current

Or, P+ jO=148/-2253"x11.18£63.43" =1654.64.240.9°'VA4

=1654.64(c0s40.9" + jsin40.9° )= (1250.66 + j1083.36)V4
.. Active power P = 1250.66 ; Reactive power, O = 1083 36V4AR

Q.3. A coil of resistance R = 12Q2 and inductive reactance (X, ) = 25Q s connected in series with a
capacitive reactance of X, =41€2. The combination is connected to a supply of 230V, 50Hz. Using
phasor algebra, find (i) circuit impedance (ii} current and (jii) power consumed.

Sol:

W Z=R+jlx,-X.)
=12+ j(25-41)=(12— j16)2 =204 -53.13°Q

Z =200

{ii) Taking voltage as the reference phasor,
V= (230 + jO)V = 23020 voits

4 230.£0°

S i | BART 1R
Z 20£-5313%

I=1154

{iii) It is clear that current leads the voltage by 53.13%.e. ® =53.1%"
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.. Power factor=cos® =¢0s53.13 =0.6/ead

Power consumed, P=¥1cos®=230x11.5x0.6 =1587W

Q.4. The potential difference measured across a coil is 4.5V, when it carries a direct current of 9A.
The same coil when carries an alternating current of 9A at 25Hz, the potential difference is 24V. Find
the power and power factor when it is supplied by 50V, 50Hz supply.

Sol:

Let R be the D.C. resistance and L be inductance of the coil.

R= 32 =0.5Q
9
With a.c. current of 25Hz, Z = % = % =2 660

X, =7 - R? = 2,667 -0.5* =2.620
X =20 L=2%muldsxl

X, 262

or, L= = s =00I6TH
At 50Hz, X, =262x2=5240

Z =405 +5.24> =526Q

I= % ~9.54

P=1*R=9.5"x0.5=45watr.

s % ST

N| =

Again, power factor cos®@ =
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5.3. Solution of problems of AC through R-L, R-C, R-L-C parallel and composite circuits:
PARALLEL CIRCUITS:
In the Parallel Circuits, a number of branches are connected in parallel.

Each branch contains a number of components like resistance, inductance and capacitance forming a
series circuit.

Each branch of the circuit is analyzed separately as a series circuit and after that, the effects of each
branch are combined together.

For circuit calculations, the magnitude and phase angle of current and voltage is taken into
consideration.

The magnitudes and phase angle voltages and currents are taken into consideration while solving the
circuit.

There are mainly three methods of solving the parallel AC circuits. They are as follows

s Phasor Method or Vector Method
+  Admittance Method
s Method of Phasor algebra or Symbolic method or J method

» PHASOR METHOD OR VECTOR METHOD
Steps to Solve Parallel Circuits by Phasor Method

Consider the circuit diagram below to solve the circuit step by step.

|1 R1 L]_
———A—"M
Rz 2
B W |
p— v i

= Step1

« Draw the circuit diagram as per the given problem. As we are considering the above circuit as
an example.

+ In this case two branches connected in parallel are taken into consideration.

« One branch contains resistance and inductance in series. The second branch consists of
resistance and capacitance in series. The supply voltage is V volts.

+ Step 2
+ Find the impedance of each branch of the circuit separately, i.e.
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Z, = fﬂf +X2

Where, Xu1 = 2mflL4

Zy = iR% + X%

1

where Xpq = m

@ Step 3
+ Determine the magnitude of current and phase angle with the voltage in each branch.

v Xy
iz = -1
L= Z. @, = tan R
1% X
- = tan~-12€2
= " o= et R;

Here, Due to inductive load ¢+ is lagging and due to capacitive load ¢ leading.

= Step 4
+ Draw the phasor diagram taking voltage as the reference. Represent the various branches
current on it as shown in the phasor diagram below.

Y

x!

Y!

= Step5
» Now, find the phasaor sum of the branch currents by the methods of compenents.
Ixx =1 cos@, + I, cosd,

.ryy = —11 sin Q.'ll + 1'2 sin @2

And therefore, current | will be

=y Uxx)z + ("'n')z
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@ Step 6
+ Find the phase angle ¢ between the total current | and the circuit voltage V.
It
@ =tan 12X
fxx

Here angle ¢ will be lagging as ly is negative
Power factor of the circuit will be Cos ¢ or

I
cos@ = ? lagging

ADMITTANCE METHOD:

¢« The reciprocal of the impedance of an AC circuit is known as Admittance of the circuit. Since
impedance is the total opposition offered to the flow of alternating current in an AC circuit.
« Therefore, Admittance is defined as the effective ability of the circuit due to which it allows the
alternating current to flow through it.
¢« |t is represented by (Y). The old unit of admittance is mho (). Its new unit is Siemens.
1

g —
Z

Steps for Solving Circuit by Admittance Method

Consider a parallel AC circuit having resistance and capacitance connected in series and resistance
and inductance also connected in series as shown in the figure below.

R1 |.1
—AW—"M

Rz Cz
bW

= v &

- Step1
s Draw the circuit as per the given problem.

= Step 2

+ Find impedance and phase angle of each branch.

X
= ’Rf +XH, = tan_lf
1

Where, Xv1 = 21fL4
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X,
P ’Rg +X%, @, =tan"1==
RZ

1

where X, cz = m

Step 2

+ Now, find Conductance, Susceptance and Admittance of each branch.

R X
91 =77 i by = (negative); ¥, = ’yf + b
1 1
R X
i Z_§ E g = % (Positive); Y, = Iyé +b3
2 z

Step 4
+ Find the algebraic sum of conductance and susceptance.
G=g,+g,; B=—-b +b,

Step 5
+ Find the total Admittance (Y) of the circuit.

Y= G2+ B2

Step 6
s Find the various branch currents of the circuit.

L =VYand I, = VY,

Step 7
+ Now, find the total current | of the circuit.
I=VvyYy
Step 8
+ Find the phase angle of the whole circuit.
B
oo =1
@ = tan G

Phase angle will be lagging if B is negative.

Step 9

« Now, find the power factor of the circuit.

G
Power Factor = cos® =?
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METHOD OF PHASOR ALGEBRA OR SYMBOLIC METHOD OR J METHOD

Steps for Solving Circuit by Admittance Method

Consider a parallel AC circuit having resistance and capacitance connected in series and resistance
and inductance also connected in series as shown in the figure below.

. R Ly
—AM—
Rz CZ
o W———
U P

= Step 1
« Draw the circuit as per the given problem.

@ Step 2
« Impedance of the branch 1 is givenby Z;, = R, + jX;;
Impedance of the branch 2 is given by Z, = R, — jX,

# Step 3
* Find the equivalent impedance
_ZyxZ;  (Ry +jXp) X (R — jXez)

Z . = =
™z + 2, Ry +jXiy + Ry — jXen
# Step 4
« Find the Total Current ‘I
I= Vv
zequ
- Step 5
+ Find the branch Current
I x Z I x Z
L and I

~Ei el s

- Stepb
+ Findthe PowerbyS=P+jQ S=VI'
Where I’ is the complex conjugate of |

The real part P indicales the Active or real or True Power and Q indicates the Reactive power.
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PROBLEMS:

Q.1. A resistance of 20 {1 and a coil of inductance 31-8 mH and negligible resistance are connected in
parallel across 230 V, 50 Hz supply. Find (i) the line current (ii) power factor and power consumed by
the circuit.

Sol:
I R=200
AAAN

v

L L=31.8mH

(=)
py
230V, 50 Hz

I, =V/R=230/20=11.54in phase with I/
X, =24l =2rx50x31.8x107° =10Q
I, =V/X, =230/10 = 23 4lagging ¥ by 90°

The line current ! is the phasor sum of [, and [,

(i Line current, 7 =12+ 12 = J(11.5F + (23} =25.714
{ii) Power factor, cos¢g=1,/1=115/25.71=0.447lag
Power consumed, P =JV7Tcosg =230x25.71x0.447 = 2643watts

Q.2. A capacitor of 50pF is connected in parallel with a coil that has a resistance of 20Q and
inductance of 0.05H. If this parallel combination is connected across 200V, 50Hz supply, calculate (i)
the line current (ii) power factor and {iii) power consumed.

Sol:

—— AW —— T ——
'yl L. 200 0.05H Tl

&
200V, 5

o

Hz
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Branch - 1:

1 1

= = =63.7Q
24C  2x%x50%50x107°

Z =X,

1, =V/X,=200/63.7=3144

The current {, leads the applied voltage by ¢ = 90" as shown in figure above.
Branch - 2:

X, =28L=2rx50x0.05=15.7Q2

Z, = R* + X2 = J(20F +(15.7) = 25430

1,=V/Z,=200/2543="7.86.4
Phase angle, ¢, = tan"[X%) =tan"'(15.7/20)=38.13

The current 1, lags behind the applied voltage by ¢, = 38.13"

The line current [ is the phasor sum of /,and /, .

Resolving the currents into rectangular components, we have,
lcosg=1 cosg + 1, cosg,

=3.14¢c0s9)" +7.86c0s38.13° =0+6.18=6.184

Isng=1sing —1I,smg,
=3.14sin 90" —7.865in 38.13° =3.14—4.85 = —1.714
W Line current, 7 = (7 cosg)’ +(I'sin @) = /(6.18) +(~1.71) =6.414

Phase angle, ¢ = tan"'(ﬂ) =-1547
6.18

(i) Power factor = cos¢g = cos(— 15.4?"): 0.964/ag
(iii) Power consumed, P=}VIcos¢ = 200x6.41x0.964 =123585W

Q.3. 10 Q resistor, a 15.9 mH inductor and 159 pF capacitor are connected in parallel to a 200 V, 50

Hz source. Calculate the supply current and power factor.

Sol:

&

[ 1, vl

|
@ggoH\; gwn 15.9mH =158 uF

Department of Electrical Engineering

Page | 89



X, =24L=27x50x159x107 =50
1 1

Xc = e — =20Q

27C 2 x50x159x10
I,=V/R=200/10=04 ..in phase with ¥
I, =V/X, =200/5=404 .lags V by 90°
I.=V/IX.=200/20=104 .leads V by 90°

Figure above shows the phasor diagram of the circuit. Here [, and [.are 180° out of phase with

each other. The supply current I is the phasor sum of 7, and(/, - I..).
Supply current, £ =12 +(1, =1, F = /20 + (40-10)’ =364

Circuit power factor = cos¢h =%/ =20/36 = 0.56lag

Q.4. A coil of resistance 50 Q and inductance 318 mH is connected in parallel with a circuit consisting
of a 75 O resistor in series with a 159 pF capacitor. The circuit is connected to a 230 V, 50 Hz supply.
Determine the supply current and circuit power factor.

Sol:

|1 [2

230\',9 R, 2500 R,2750
50Hz

L2318 mH C - 159 F

Now solve the problem by phasor algebra method, we have,
V =23020°V

X, =27fL=27x50x318x107 =100Q
Z, =R + jX, =(50+ j100)2 =112/63.5Q

DL T (0.91- j1.83)4

' Z, 1124635

%o b 1
€ 2C 2mwx50%159x107°

Z, =R, - jX. =(75-j20)2=776£-15Q

= 20Q

L2090 ;9645 4=(286+ 0.766)4

2T 7, 716215
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Supply current, / = [, + 1, =(0.91— j1.83)+(2.86 + j0.766)
=(377-/1.06)4=392/-157" 4

Power factor = cos¢ = cos15.7" =0.963/ag

Q.5. Using admittance method, determine (i) circuit impedance and (ii) circuit current for the circuit
shown in Fig. below.

Sol:

>
6« ;g;mz :152.2 kQ ——40pF §1 mH

- =0.455%107°S = 0.455mS

T

| —
b2
b
x
=

=27C=27x500x10* x40 x 107" = 0.126mS

1 1

N S . ‘ —=0318mS
X, 24l 2xx500x10° x1x10

. Admittance of the circuit, ¥ = G + jB — jB = 0.455+ j0.126 — j0.318 =(0.455 — j0.192)mnS

Now converting it to polar form, we have, ¥ = 0494/ —22 88'mS

= l =2/22.88" KQ

1
Y 049472288

Circuit impedance, Z =

(i} Circuitcurrent, [ =VY =1020" x0.4942-22 88" =522 88 mA

Q.6. Two impedances Z, = (8 +j6)Q and Z, = (3—_,:‘4)0 are connected in parallel. If the total
current of this combination is 25A, find the power taken by each impedance.

Sol:
Z, =(8+,6)2=10£3687"Q

Z,=(3-j4r=5£-53.13Q
Z,+Z,=8+J6)+(3-J4)=(11+J2)2=11.18£10.3'Q

PR A SPYNE Pt : AL
Z,+.Z; 11.18£10.3

=11.18£-63.43" 4
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z, 10.£36.87°
2SN o L
ZiE7, 11182103

L =1 =22.36£2657" A

Power taken by first branch = I'R, = (11.18)" x 8 = 1000W

Power taken by first branch = I2R, = (22.36)" x3 = 1500/

5.4. Power factor & Power triangle:

What Is Power Factor?

» ltis defined as the cosine of the angle between voltage and current.
s |tis dimensionless in nature.
s [tis used for both single and three-phase AC circuits. It is also defined as the ratio of true
or actual power to the apparent power in the ac systems.
P Kw

. =—=—
CUSQ 5 KVA

POWER TRIANGLE:

Power Triangle is the representation of a right angle triangle showing the relation between
active power, reactive power and apparent power,

When each component of the current that is the active component (I cosé) or the reactive
component (I sing) is multiplied by the voltage V, a power triangle is obtained shown in the
figure below:

True Power P = Vicos @

Kilo watt{kWw)
A

@

Reactive Power Q= Visin@
Volt Ampere Reactive
Apparent Power S=VIl {Vam)

Volt Ampere (VA)

From the triangle OAB

§=J(P): + (Q)?

P KW

cos @ =§=m
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5.5. Deduce expression for active, reactive & apparent power:

ACTIVE, REACTIVE AND APPARENT POWER:

Active Power:
The power which is actually consumed or utilised in an AC Circuit is called True
power or Active power or Real power. It is measured in kilowatt (kW) or MW. It is the actual
outcomes of the electrical system which runs the electric circuits or load. It is denoted by “P”

Active power P=V | cos ¢

Reactive Power:
The power which flows back and forth that means it moves in both the directions in the circuit
or reacts upon itself, is called Reactive Power. The reactive power is measured in kilo volt-
ampere reactive (KVAR) or MVAR. It is denoted by “Q"

Reactive power P.orQ =V Isin ¢

Apparent Power:
The product of root mean square (RMS) value of voltage and current is known as Apparent
Power. This power is measured in KVA or MVA. It is denoted by “S”

Apparent powerS=VxI=Vl

5.6. Derive the resonant frequency of series resonance and parallel resonance circuit:

SERIES RESONANCE:

An a.c. circuit containing reactive elements (L and C) is said to be in resonance when the circuit
power factor is unity.

When the applied voltage and current in an a.c. circuit are in step i.e. phase angle is zero or p.f. is
unity, the circuit is said to be in resonance. If this condition exists in a series a.c. circuit, it is called as
series resonance & if in parallel a.c. circuit, it is called as parallel resonance.

Let us take a series R-L-C circuit,

B
¥

The series R-L-C circuit is said to be at resonance, if the circuit power factor is unity or 1.

The impedance of the above circuit is given as,

Z=JR2 +(X1. ‘Xr‘)z
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v 4
Z R+ (X,~X.)

So the current, / is given as, !

Resonance will occur in the R-L-C circuit, when the circuit power factor is unity. This will happen if
inductive reactance is equal to the capacitive reactance, ie. X, = X . and this condition arises if we
vary the supply frequency, because the inductive & capacitive reactance depends upon the supply

frequency (f).

The frequency at which X, = X ., (i.e. circuit power factor is unity), is called as resonant frequency

()

At series resonance, X, =X,
or fL=—1
: ST
Or f —;Hz
’ g /T

Effects of series resonance:

+ Inductive Reactance = Capacitive Reactance (X, = X )

1
% Resonant Frequency = f, = ——— H&z.

2rLC

% Circuit Impedance at resonance = £, = Mininuim = R (X, =X.)
2 V vV :
Circuit current at resonance = [, = — = — = Maximum

.
Circuit power factor =cos¢ = l(unity) . So circuit behaves as purely resistive circuit.

Power dissipated in the circuit is maximum

Since at series resonance the current flowing in the circuit is very large, the voltage drops
across L and C are also very large. In fact, these drops are much greater than the applied
voltage. However, voltage drop across L-C combination as a whole will be zero because
these drops are equal in magnitude but 180° out of phase with each other. So series
resonance circuit is called as voltage magnifying circuit.

Series resonance should be avoided in power circuits because the possibility of excessive
voltages across the inductive and capacitive elements of the circuit may cause considerable
damage. Resonance in power circuits may blow protective fuses, trip circuit breakers or cause
damage to other equipment. However, in radio, television and electronic circuits, principles of
series resonance are used to increase the signal voltage and current at a desired frequency

ie. at(f,)..

S

o

<
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Graphical Representation of different parameters of Series R-L-C circuit:

b I
m‘ Capacitive 4 Inductive:
§ xc > XL ] XL > xC
Bl I
b I
& i
Xc | %
I
I
]
I
I
X =Xg|=mmmmm P
:
I
1 f,
1 = r
0

Series resonance

<

Fig. shows the graphical explanation of series resonance

We know that X', = 2L, so that X', oc /. Therefore, graph between X, and f is a straight
line passing through the origin.

% Again X, =1/27C, so that X, oc%,. . Therefore, graph between X. and [ is a

o
Lo

hyperbola.

< Starting at a very low frequency X - is high and X, is low and the circuit is predominantly
capacitive.

% As the frequency is increased, X decreases and X, increases until a value is reached (point
P) where X', = X .. At this frequency (f,). the two reactances cancel, making the circuit
purely resistive. This condition is series resonance.

< As frequency is increased further (i.e. beyond ( fr]), X, becomes greater than X . and the
circuit is predominanily inductive. Note that at series resonance, the circuit impedance is
minimum and is equal to circuit resistance R .

Resonance Curve:

« The curve between current and frequency is known as resonance curve.

14

SmallR

Large R

R T T

< Fig. above shows the resonance curve of a typical R-L-C series circuit.
< Note that current reaches its maximum value at the resonant frequency (f,) falling off rapidly

on either side at that point.

Department of Electrical Engineering

Page | 95



% Itis because if the frequency is below (/. ), X, )X . and the net reactance is no longer zero.
< If the frequency is above ( £t } then X, )X . and the net reactance is again not zero.

“+ In both cases, the circuit impedance will be more than the impedance Zr(= R)at resonance.

4 The result is that the magnitude of circuit current decreases rapidly as the frequency changes
from the resonant frequency. Note also the effect of resistance in the circuit.

# The smaller the resistance, the greater the current at resonance and sharper the curve. On
the other hand, the greater the resistance, the lower the resonant peak and flatter the curve.

PARALLEL RESONANCE:

A parallel a.c. circuit containing reactive elements (L and C) is said to be in resonance when
the circuit p.f. is unity i.e. reactive component of line current is zero. The frequency at which it occurs
is called the resonant frequency ( fr}. It is called parallel resonance because it concerns a parallel

circuit.

41, A8

= Q-

% The figure — (i) shows a practical parallel circuit consisting of a coil shunted by a capacitor.
The figure — (ii) shows the phasor diagram of the circuit.
# The circuit will be in resonance when the reactive component of the line current is zero i.e.

I.—1,sing, =0.Itis achieved by varying the supply frequency.

< Atparallel resonance, {. -1, sing, =0

or, I.=1,sing,
Or‘ L — L b i
XC ZJ', ZL
or, X, X =]
Or, i 73
@
or, i (L)
C
2 L 2
or, (2a.L) = - R

(=]
e,

I sin .

e
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Or, i a =ﬁJ%—RZ
1 1

R2
.= - —Hz.
or " 2zVLC I
If the resistance of the coil is small, then,
f, = Hs
" 2rJLC
Impedance at Resonance:
< Line current, /, =/, cosg,
V V
Or, —_—=—X i
Zr ZI. zl.
1 R
Or. e =7
Z! ZL
- 1_R 22 :g]
Z % C
i
Or, Zr = CR

At parallel resonance, the impedance is known as dynamic impedance. Its value is very high because
ratio L / Cis very large at parallel resonance.

Line current at Resonance:

o 4
% Atresonance, the line current is minimum and is given as; /, = 7

r

Graphical Representation of Parallel Resonance:
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The above fig. shows the graph between susceptance (inductive and capacitive) of the two
parallel branches and the supply frequency.

1 1 |
Inductive susceptance, B, = ——=——— or B, «« — . As B, is inversely proportional to
P L X, 241 L 7 L Y propo
frequency (f}, then it is a rectangular hyperbola.
1

Capacitive susceptance, B =X—=2rng or B. oc f. As B_.is directly proportional to
-

frequency (f), then it is a straight line passing through the origin.

The net susceptance is the difference of the two susceptances and is represented by the

dotted hyperbola.

The circuit admittance is minimum (i.e. circuit impedance is maximum) and equal to the

conductance G of the circuit.

Circuit current is minimum.

The circuit current is in phase with the supply voltage i.e. circuit p.f. is unity.

At supply frequency f) f,, the capacitive susceptance of the circuit becomes greater than the

inductive susceptance of the circuit. Consequently, the circuit is effectively capacitive and the
circuit current leads the supply voltage.

At supply frequency f(f, . inductive susceptance predominates and the circuit becomes
effectively inductive.

Impedance-frequency curve & Current-frequency curve:

=L
4 CR

I

£
]

g 5]

£ gl

"z

0 * 0 g
Frequency Frequency

The first fig. shows the curve between the impedance and frequency for parallel circuit.

The frequency below resonance, the capacitive reactance is higher, so more current flows
through the coil, so the circuit behaves as inductive and circuit p.f. is lagging.

The frequency above resonance, the inductive reactance is higher, so more current flows
through the capacitor, so the circuit behaves as capacitive and circuit p f. is leading.

The second fig. shows the current-frequency curve or resonance curve. The line current is

v
minimum at resonance (J, = Z_ ). Before and after the resonance frequency, the current is

r

maximum because impedance is minimum.
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Comparison of Series and Parallel Resonant circuit:

Department of Electrical Engineering

S. No. Particular Series circuit Parallel circuit
1. Impedance at resonance Minimum (Z, = R) Maximum (Z, = L/CR)
2 Current at resonance Maximum (/, = V/R) Minimum (I, = V/Z,)
p.f. at resonance Unity Unity

4. | Resonant frequency hr= mlﬁ fi= AL R’
2ryLc 2

5 When f<f, Circuit is capacitive Circuit is inductive

6. When /> £, Circuit 15 inductive Circuit is capacitive

7. | Q-factor X;/R Xi/R

8. 1t magnifies Voltage Current

5.7. Define Bandwidth, Selectivity & Q-factor in series circuit:
Quality factor:

“ At series resonance, the voltage across L or C is much more than the applied voltage i.e.
V=IR.
v Ve . . . .
% The ratio of ForV' at resonance is a measure of the quality of a series resonant circuit. It

is called the @ = factor or Quality factor of the circuit. It is also known as voltage
magnification factor.

Vv, 1X, X w L
o - acror:—L=r—L=—L=;......,........A...,..1
0-f v IR R R -

1 1
< We know that f, = ———=—, so@, = ——=. Now substituting the value of @, in above
27 LC ~LC

1 ’L
t' — 1‘ t' —_ ct _— =
equation - 1, we get, O — factor Ve

+ Note that @ — factor of a series resonant circuit is inversely proportional to the resistance (R).
If R increases Q — factor decreases and vice versa.

Bandwidth of a series resonant circuit:

< Bandwidth of a series resonant circuit is the range of frequencies for which the circuit current
is equal to or greater than 70.7% of the circuit current at resonance {i.e. 7).
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< Bandwidth, BW = Af = f, — [,
% The frequency f, (i.e., on the lower side) is called the lower cut off frequency and the

frequency f, (i.e., on the higher side) is called the upper cut off frequency.

R R
$ f=f-—&fi=F+—.
R VAT
o fo=dNN
R BW BW
* BW=—.sothal, fi=f,-——& f,=f, +—
: 2. =l -8 =l
Relation between Bandwidth, resonant frequency & Q — factor is given as Bandwidth = J, :
Q - factor

5.8. Solve Numerical problems:

Ex — 1: A coil of resistance 100 Q1 and inductance 100 pH is connected in series with a 100 pF
capacitor. The circuit is connected to a 10 V variable frequency source. Calculate (i) the resonant
frequency (i) current at resonance (jii) voltage across L and C at resonance and (iv) Q-factor of the
circuit

Sol:

{i) Resonant frequency, f, = = 1 =1.59x10° Hz

]
27LC 2720100107 x 100 x 1072

|4
{ii) Current at resonance, {, = R =10/100=0.14

(i)  Atresonance, X, =2af.L =27x159x10°x100x107* =1000Q
At resonance, V, =1 X, =0.1x1000 =100}
Atresonance, V. =1 X, =0.1x1000 =100V

(iv) Q—fac:or—l‘jg_i 100x10°
“RVC 100V100x10™

Ex — 2: A choking coil is connected in series with a 20 yF capacitor. With a constant supply voltage of
200 V, it is found that the circuit takes its maximum current of 50 A when the supply frequency is 100
Hz. Calculate (i) resistance and inductance of the choking coil and (ii) voltage across the capacitor.
What is the Q-factor of the coil?

Sol: Since current is maximurn, the circuit is in resonance i.e.

(M I _=504; f. =100H=
LA W
I, 50
Kgem L. 1 —
270 C  27xx100x20x10
Now, X. =X, =79.6Q (at resonance)

=79.6Q2
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L X __196

= =0.127H
27, 2xx100
i)y  V.=I xX.=50x79.6=3980V
V. 3980
- factor=--=——=199
Q - factor 7 200

Ex - 3: A series RLC circuithas R=50Q, L =0.2 Hand C = 50 pF. The applied voltage is 200 V. Find
(i) resonant frequency (ii) Q-factor (iii) bandwidth (iv) upper and lower half-power frequencies (v)
cumrent at resonance (vi) current at half-power points (vii) voltage across inductance at resonance.

Sol: R=5Q;L=02H;C=50x10"F; V = 200voits

1 |
(M Resonant frequency, f, = ——= =50.33H=
= S = oL

C  22702x50%10°

(i Gl o, O ik = ru;?L N ZJp‘R’rL u 27T X 50;3»:0.2 —12.65
(iii) Bandwidth, BW = S = 50‘3_3 =3.98Hz
Q- factor 12.65
(W) Upper haii-power frequency, f, = f, + % =50.33+ % - 52.320=
Lower half-power frequency, f, = f, - % =50.33 - }—223— =48.34H:
(v) Current at resonance, /, = % = ? =404

(vi) Current at half-power points =0.707x/_ =0.707 x40 = 28.28 4
(vii)  Voltage across /. atresonance /, X, =40x2xrx50.33x0.2 = 2529 87V

Ex — 4: The dynamic impedance of a parallel resonant circuit is 500 KQ. The circuit consists of a 250
pF capacitor in parallel with a coil of resistance 10 Q. Calculate (i) the coil inductance (ii) the resonant
frequency and (iii) the Q-factor of the circuit

Sol:

L
i Dynamic impedance, 7 = —
(1) ynamic imped = CR

So inductance of coil, L = Z,CR =(500x10’)x250x 107" x 10 = 1.25mH

” | ] B 1 ] 10°
ii Resonant u e e e -
o e &/ 27VLC U 2x¢ JI,ZSxIO '%250x10" (|_25,‘m")’

=284.7KH=
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2af,L 27 x(284.7x10°)x1.25x10"

=223.6
R 10

(iii) Q-factor of the circuit =

EX = 5: An inductor of resistance 100 and inductance 100mH is in parallel with a 10mF capacitor.
Find (i) the resonant angular frequency (ii} the Q-factor and (iii) the bandwidth.

Sol: R=10CL =100mH =100x107°H;C =10nF =10x10"° F

(i) The resonant angular frequency, @, (= 24, ) is given by;

1 Rz | IO! ,
W7~ " 7717 . =3.16x10"rad /
@ (LC Lz) J[IOOxIO'3xi0x10'° ([00,(10-3)2] B IEE

oL _(3.16x10')x100x10° _

(ii) Q-factor of the circuit = — 316
R 10
4
Bandwidhe—— % o SIOXT0 i s

Q- factor 316
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QUESTION BANK

Short Questions With Answer:

Q: Define cycle.

A: One complete set of positive and negative values of alternating quantity is known as
cycle.

Q: Define Time Period.

A The time taken by an alternating quantity to complete one cycle is called its time period T

Q: Define Frequency.

A: The number of cycles/second is called the frequency of the alternating quantity. Its unit is
hertz (Hz).

Q: Define Amplitude.

A: The maximum value, positive or negative, of an alternating quantity is known as its
amplitude.

Q: What is Root-Mean-Square (R.M.S.) Value?

A: The r.m.s. value of an alternating current is given by that steady (d.c.) current which when
flowing through a given circuit for a given time produces the same heat as produced by the
alternating
current when flowing through the same circuit for the same time.

Q: What is Average Value?

A: The average value la of an alternating current is expressed by that steady current which
transfers across any circuit the same charge as is transferred by that alternating current during the
same time.

Long Questions:

Q: The potential difference measured across a coil is 4.5 V, when it carries a direct current of
9 A. The same coil when carries an alternating current of 9 A at 25 Hz, the potential difference is 24
V. Find the current, the power and the power factor when it is supplied by 50 V, 50 Hz supply.

Q: An inductive circuit draws 10 A and 1 kW from a 200-V, 50 Hz a.c. supply. Determine : (i)
the impedance in cartesian from (a + jb) (ii) the impedance in polar from Z 2=+ +(iii) the power
factor (iv) the reactive power (v) the apparent power.

Q: A resistance of 20 ohm, inductance of 0.2 H and capacitance of 150 pF are connected in
series and are fed by a 230 V, 50 Hz supply. Find XL, XC, Z, Y, p.f., active power and reactive power.

Q: A coil of 0.8 p.f. is connected in series with 110 micro-farad capacitor. Supply frequency
is 50 Hz. The potential difference across the coil is found to be equal to that across the capacitor.
Calculate the resistance and the inductance of the coil. Calculate the net power factor.
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Q: Two impedances consist of (resistance of 15 ohms and series-connected inductance of
0.04 H) and (resistance of 10 ohms, inductance of 0.1 H and a capacitance of 100 uF, all in series)
are connectd in series and are connected to a 230 V, 50 Hz a.c. source. Find : (i) Current drawn, (ii)
Voltage across each impedance, (iii) Individual and total power factor. Draw the phasor diagram.

Q: A choking coil carries a current of 15 A when supplied from a 50-Hz, 230-V supply. The
power in the circuit is measured by a wattmeter and is found to be 1300 watt. Estimate the phase
difference between the current and p.d. in the circuit.

Q: Two coils are connected in series. With 2 A d.c. through the circuit, the p.ds. across the
coils are 20 and 30 V respectively. With 2 A a.c. at 40 Hz, the p.ds. across the coils are 140 and 100
V respectively. If the two coils in series are connected to a 230-V, 50-Hz supply, calculate (a) the
current (b) the power (c) the power factor.

Q: A pure resistance of 50 ohms is in series with a pure capacitance of 100 microfarads. The
series combination is connected across 100-V, 50-Hz supply. Find (a) the impedance (b) current (c)
power factor (d) phase angle (e) voltage across resistor (f) voltage across capacitor. Draw the
vector diagram.

Q: A 240-V, 50-Hz series R-C circuit takes an r.m.s. current of 20 A. The maximum value of
the current occurs 1/900 second before the maximum value of the voltage. Calculate (i) the power
factor (ii) average power (iii) the parameters of the circuit.

Q: It is desired to operate a 100-W, 120-V electric lamp at its current rating from a 240-V,
50-Hz supply. Give details of the simplest manner in which this could be done using (a) a resistor
(b) a capacitor and (c) an indicator having resistance of 10 --. What power factor would be
presented to the supply in each case and which method is the most economical of power.

Q: A voltage e(t) = 100 sin 314 t is applied to series circuit consisting of 10 ohm resistance,
0.0318 henry inductance and a capacitor of 63.6 pF. Calculate (i) expression for i (t) (ii) phase angle
between voltage and current (iii) power factor (iv) active power consumed.

Q: Two impedances Z1 and Z2 when connected separately across a 230-V, 50-Hz supply
consumed 100 W and 60 W at power factors of 0.5 lagging and 0.6 leading respectively. If these
impedances are now connected in series across the same supply, find : (i) total power absorbed
and overall p.f. (i) the value of the impedance to be added in series so as to raise the overall p.f. to
unity.

Q: A coil is in series with a 20 pF capacitor across a 230-V, 50-Hz supply. The current taken
by the circuit is 8 A and the power consumed is 200 W. Calculate the inductance of the coil if the
power factor of the circuit is (i) leading (ii) lagging. Sketch a vector diagram for each condition and
calculate the coil power factor in each case.

Q: A coil of resistance 10 Q and inductance 0.1 H is connected in series with a 150-uF
capacitor across a 200-V, 50-Hz supply. Calculate (a) the inductive reactance, (b) the capacitive
reactance, (c) the impedance (d) the current, (e) the power factor (f) the voltage across the coil and
the capacitor respectively.
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Q: A circuit takes a current of 3 A at a power factor of 0.6 lagging when connected to a 115-
V, 50-Hz
supply. Another circuit takes a current, of 5 A at a power factor of 0.707 leading when connected
to the same supply. If the two circuits are connected in series across a 230-V, 50Hz supply,
calculate (a) the current (b) the power consumed and (c) the power factor.
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CHAPTER 6. POLYPHASE CIRCUIT:

6.1. Concept of Polyphase system and phase sequence:

]

-

Poly means many and phase means winding, so that polyphase means more than one
winding. A three phase generator produce three voltages of the same magnitude and
frequency but displaced120° electrical from one another.

Three phase system is by far the most popular because it is the most efficient of all the supply
systems.

In actual 3 — phase alternator, the three windings or coils are stationary and the field rotates.
The figure — (i) below shows the elementary 3 — phase alternator. The three identical coils A,
B and C are symmetrically placed in such a way that e.m.f.s induced in them are displaced
120 electrical degrees from one another.

Since the coils are identical and are subjected to the same uniform rotating field, the e.m.f.s
induced in them will be of the same magnitude and frequency. Figure — (ii) shows the wave
diagram of the three e.m.fs whereas figure — {iii) shows the phasor diagram.

Thus £, is the r.m.s. value of the e.m.f. induced in coil A. The equations of the three e.m.fs
are;

e,=FE, snaut
e, = E, sin(awr —120°)

e = E,, sin(wr +120°)

(ii) B i)

The sum of the three e.m.fs at every instant is zero.
Resultant =e,te; t+e,

= E,,,[sm ot +sin{awr - 120°)+ sin (e - 240“)]

= £, [sin @t + 2sin(@r — 180 )cos60° ]
= E, [sin & — 2sin ot cos60°|
=0

Phase sequence:

The order in which the voltages in the three phases (or coils) of an alternator reach their maximum
positive values is called phase sequence or phase order.
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The phase sequence is determined by the direction of rotation of the altemator. Thus in fig — (iii) the
phase sequence is ABC and they are 120° out of phase to each other.

6.2. Relation between phase and line quantities in star & delta connection:
The three windings are interconnected to give rise to two methods of connections viz.

(i) Star or Wye (Y) connection
{ii) Mesh or Delta (A) connection

Star or Wye (Y) connection:

In this connection, similar ends (start or finish) of the three windings or phases are connected to a
common peint and other ends are free ends. The common point is known as neutral point (N). So it
is a 3 — phase, 4 — wire system.

The fig. below shows the star connection.

The three phases or windings are named as R, Y & B. The voltage between any two lines is called as
line voltage and the voltage between one phase and neutral is called as phase voltage.

Here E,,,E,, & E,, arethe phase voltages and V,,,V,, &V, are the line voltages.

The current flowing in the winding or phase is called as phase current and current flowing through
the lines is called as the line current.

Relation between Line voltage & current with Phase voltage & current in Star connection:
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Figure shows a balanced 3 — phase, Y — connected system in which r.m.s values of the e.m.f.s
generated are £, , F,, & E,, . Since the system is balanced, this e.m.f.s will be equal in magnitude

(say £, ) but displaced 120° from each other.
From the phasor diagram, PD between lines R andY ,V,, = E,, — E,, (phasor difference)
PD between lines Y and BV, = E,, — E,,; (phasor difference)

PD between lines BandR ,V,, = E,, — £, (phasor difference)
V. =2E, orE,, cus(%) = 2E,, cos(60° /2)=2E , c0s30" =2 x ? x E =3 b

So that, E, = ﬁEPb
NOTE:

> In star connection, Line voltage = Phase voltage ( £, = ﬁEph %

» As the lines are in series with their respectlive phases or windings, so Line current = Phase
current ([, = Ip,, ).

» Line voltages are 30° lead of their respective phase voltages.

Mesh or Delta (A) connection:

In this connection, the finishing end of one winding is connected to starting end of another winding
and so on to obtain mesh or delta as shown in figure below. The three lines are taken from three
junctions of the mesh or delta and assigned as R, Y & B. This is called 3 — phase, 3 —wire, delta
connected system.

In delta connection, there is no neutral exists, therefore, only 3 — phase, 3 — wire system can be
found.
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Relation hetween Line voltage & current with Phase voltage & current in Delta connection:

. 33 I'Y

Ig-1y ~la Iy -lg la— g

Fig. above shows a balanced 3-phase A - connected supply system. It is desired to find the relation
between (i) line voltage and phase voltage (ii) line current and phase current.

EX

<

=4

As one phase is included between any two lines, so magnitude of voltage between any two
lines (i.e. line voltage) is equal to the magnitude of phase voltage. i.e.

Line voltage (¥, ) = Phase voltage (¥, )

Since the system is balanced, the three phase currents /,, {, and [, are equal in magnitude

(say/ - ) but displaced 120° from one another as shown in phasor diagram above.

The current in any line is the phasor difference of the currents in the two phases aftached fo
that line.

Thus Current in line — 1, =1, -1, , Current in line — 2, =/, —I,, Current in line — 3,

The current in line — 1 (I | ) =Phasor difference of /,and /,

=1,=2I, cos(%)
=21, cos(ﬁ(%)

= QIP;, cos30°
=431,

So the line current, I, = Jgfp,,

Line currents are 30° behind the respective phase currents.
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6.3. Power equation in 3 = phase balanced circuit:
In star connection:

The total power in a star circuit is the sum of powers in the three phases. For a balanced load, the
power in each phase is same.

So that, Total power, £ = 3 x power in each phase=3x V', x I, xcos¢ (if phase value is taken)

V
Again in star connection, ¥, = @VM &1, =1, . So that, Total power, P =3x—=x I, xcos¢

V3
Oor, P= \EVLIL cosg (KW)

Also, Reactive power is given as Q =3V, 1, sin ¢ (KVAR)

Total power or apparent power (S} =P+ = -JEVLIL

In delta connection:

The total power in a star circuit is the sum of powers in the three phases. For a balanced load, the
power in each phase is same.

So that, Total power, P =3 x power in each phase=3xV , x [, xcosg (if phase value is taken)

I
Again in star connection, V, =V, &1, = JEIPIT. So that, Total power, P =3xF, x —& xcos¢

NEY
Or, P= JEVLI[ CosSg (KW)

Also, Reactive power is given as Q =3V, 1, sin ¢ (KVAR)

Total power or apparent power (S)=/P* + Q" = ’EV:.IL
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6.4. Numerical:

Ex - 1: Phase voltages of a star-connected altemator are Er = 231 £ 0° V; Ev =231 2 —120° V and
Es = 231 £ + 120° V. What is the phase sequence of the system? Compute the line voltages Ery and
Eve.

Sol:

The phase voltage Ea = 231 2 + 120° V can be written as Es = 231 £ - 240° V.
Therefore, the three phase voltages are:

Er=231,0°V;Ev=231 2 -120°V; Eg =231 2 - 240° V

It is clear that Er is the reference voltage. Now Ev lags behind Er by 120° while Es lags behind Er by
240°.

Therefore, the phase sequence is RYB.
Further, the 3-phase system is balanced so that the magnitudes of line voltages Ery and Evs are:

Erv = Eve = ¥3x 231 = 400V,

Ex - 2: Three coils, each having a resistance of 20 Q and an inductive reactance of 15 Q, are
connected in star to a 400 V, 3-phase, 50 Hz supply. Calculate (i) the line current (ii) power factor and
(iii) power supplied.

&
L

Datagiven: FV, =400V, R, =20Q X, =15Q, f=50Hz

¥, 400
=L =T =231y
J3 3

Sol:  Phase voltage (V ph)

Impedance/phase, Z,, = JR; + X, = V207 +15% =250

V
Phase current, IM =2 — @ =9244
Ip,a 25

Line current, /, =/, =9.244
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Power factor, 2 - E =0.8lag
M 25

Power supplied, P =3V, cos¢ =3 x 400x9.24x 0.8 = 5121W
2
or, P=3IR, =3x(9.24) x20=5121W
Ex = 3: Three 50 ohm resistors are connected in star across 400 V, 3-phase supply. (i) Find phase

cumrent, line current and power taken from the mains. (ii) What would be the above values if one of the
resistors were disconnected ?

Data given:  V, =400V, R, =50Q

V, 400
Sol: Phasevoltage |V, |=—£ =—=231Vv; R, =50Q2; cos¢g=1
9 ( pk) NG ph ¢
] When the three resistors are star-connected:

V
Phase current, 7 , = -2~ =231/ - 4624
P R, /SCl
Line current, I, =7, =4.624

Power taken, P = «.EVLIL cosg = /3 x 400 % 4.62 x 1 = 3200/

(i) When one of the resistors is disconnected:
When one of the resistor is disconnected, the remaining two resistors are connected in
series across the line voltage. So the circuit behaves as a single phase circuit.

400
PR T 50 450

Power taken, P =V, [, cos¢ =400 x4 x1=1600W

Department of Electrical Engineering
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Ex - 4: Three similar coils each having a resistance of 5{} and an inductance of 0.02H are connected
in delta to a 440V, 3-phase, 50Hz supply. Calculate the line current and total power absorbed.

I.[
O 7.3 o
0.02H 0
400V
‘0 0.02H
IL
O—x—»
400V 5 50 0.02H
L
(O—

Datagiven: V, =440V, R, =5Q,L, =0.02H, f=50Hz

Sol:  Reactance of the coil/phase, X, =24l =27 x50x0.02 = 6.28Q2

Impedance/phase, Z ,, = JR; + X7, = J5% +6.282 =8.05Q

R, 5
Power factor, TR 0.622lag

805

Phase voltage (Vp,i ): V, =440V v

- Vp& — 44() s
Phase current, fp,, = Ap& = R.05= 5464

Line current, [, = «ﬁfpﬁ =3x54.6=94.84

Power absorbed, P = /3,1, cosg = /3 x 440 x 94.8 x 0.622 = 45000W

Ex — §: A 3-phase, 400 V, 50 Hz a.c. supply is feeding a 3-phase delta-connected load with each
phase having a resistance of 25 {, an inductance of 0.15 H and a capacitor of 120 pF in series. Find
line current, volt-amp, active power and reactive volt-amp.

Datagiven: V, =400V, R, =25Q,L, =0.15H,C,, =120uF, f=50Hz
Sol:  Reactance of the coil/phase, X, =2afL=2xx50x0.15=47.1Q

g B 1
€7 24C 27x50x120x107°

= 26.5402

Net reactance/phase, X = X, — X, =47.1-26.54 = 20.562

113



Department of Electrical Engineering

Impedance/phase, Z , = YR + X7 =(25F +(20.56) =32.37Q

SRR . e
Power factor, cos¢ = T AZ_?J =0.772lag

ph
V
Phase current, [/, = £ = S50 =12.364
Z, 3237

Line current, [, = \J@Im =3%12.36=21.44

Total active power, P = /3,1, cos¢ = +3x 400 x 21.4x 0.772 = 1 1446W

Total apparent power, S = P/cosg =11446/0.772 =14830V4

Total reactive power, @ =v/S? — P* = /(14830 —(11446)* = 9430VAR

114



Department of Electrical Engineering

6.5. Measurement of 3 - phase power by two wattmeter method:

In two-wattmeter method for the measurement of 3-phase power, the current coils of the two
waltmeters are connected in any two lines and the potential coil of each joined to the third line as
shown in Fig. (Star connected load) below.

We now prove from first principles that the algebraic sum of the readings of the two wattmeters gives
the total power drawn by the 3-phase load (Y or A, balanced or unbalanced). Also the power factor of
the load can be determined from the wattmeter readings.

Fig. shows a balanced Y-connected load; the p.f. angle of load impedance being ¢ lag.

Let Vrn, Vvn and Ven be the r.m.s. values of the three load phase voltages (phase sequence being
RYB) and Ir, Ivand Is the r.m.s. values of line currents.

These currents will lag behind their respective phase voltages by ¢ as shown in the phasor diagram.
Current through current coil of W1 = Ir
P.D. across potential coil of W1, Vey = Ven— Vwn ...phasor difference

The angle between Vry and Iris (30°+¢)

. W, = Vgl cos(30° + ¢)

Current through current coil of Wz = lg
P.D. across potential coil of W1, Vey = Ven— Vi ...phasor difference

The angle between Vry and Iris (30°- §)

So Wy =Vly C05(300 _15')
Since the load is balanced, V,,, =V,, =V,
And L=l p=i;

- W, =V,I, cos30" + ¢)
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S W, =V,I, cos30° — ¢)

Total power, W +W,=V1, [905(30“ + ¢)+ ¢‘33{30° = ¢)]

—¥,1, [(cos30" cosé —sin 30° sin ¢)+ (cos30° cosg + sin 30" sin )
= !,‘(2 cos30° cos¢)
= \EVL!L cos¢ (Total power in the 3 — phase load)

Hence the algebraic sum of the two wattmeter readings gives the total power consumed in the
3 - phase load.

Powar factor:
W, =V, 1, cos30° — 9}
W =V]I, -::03(30“ + ¢)

W, +W, =/3V,1, cos¢

Now taking the difference between two wattmeter readings, we get,

W, - W, =3V,1,sin¢

W, -
tan ¢ = J_ W (s For lagging P.F.)
W -W
tan é = JE i 2 s ;
¢ W, + W { For leading P.F.)

From tan ¢, we get the ¢ and hence the load power cos ¢ can be calculated.
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Effect of load power factor on Wattmeter readings:

¢ 0° 60° More than 60° 920°
cos ¢ 1 0.5 <0.5 0
s positive positive positive positive
Wy positive 0 negative negative
W, =W, W,=0 Total power Wy=—W,
Conclusion | Total power Total power =W, - W Total power
=W, + W, =¥, =0

6.6. Solve Numerical Problems:

EX - 1: Two-watimeter method is used to measure the power taken by a 3-phase induction motor on
no load. The wattmeter readings are 375 W and -50 W. Calculate (i) power factor of the motor at no
load (i) phase difference of voltage and current in two wattmeters (iii) reactive power taken by the
load.

Data given:
Higher-reading wattmeter, W2 = 375 W; Lower-reading wattmeter, W1 = - 50 W

Solution:

W, + W, 375 + (- 50) 325

¢ = tan'(2.265) = 66.18'
No load P. F. = COS¢ = cos(66L18°)= 0.404lag

(i) Phase angle in wattmeter, #, =30" —¢ =30" - 66.18" = -36.1%
Phase angle in wattmeter, ¥} =30" + ¢=30" + 66.18" = 96.1%’
(iii) Reaclive power \E(Wz -W,)= ﬁ(?a?S +50)=736.12V4R

EX - 2: A 3-phase motor load has a p.f. of 0.397 lagging. Two wattmeters connected to measure
power show the input as 30 KW. Find the reading on each wattmeter.

Solution:

Let Wz = Higher-reading wattmeter, W1 = Lower-reading watimeter,

W, + W, =30KW

Power factor angle, @ = cos™ (0.397) = 66.6"
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W, -W
tang =3 2L =231
4 W, +W,

Or, W, —W, =40KW

MNow solving the equations, we get, W, =35KW ; W, = -5KW

EX - 3: Two wattimeters are used to measure power in a 3-phase balanced load. The wattmeter
readings are 8.2 kW and 7.5 kW. Calculate (i) total power (ii) power factor and (iii) total reactive
power. (ANS: 15.7KW, 0.997, 1.21KVAR)

EX - 4: A balanced 3-phase load takes 10 kW at a p.f. of 0.9 lagging. Calculate the readings on each
of the two wattmeters connected to read the input power. (ANS: 6398W, 3602W)

EX = 5: A 440 V, 3-phase induction motor has an output of 20.7 kW at a p.f. of 0.82 and efficiency
85%. Calculate the readings on each of the two wattmeters connected to measure input. (ANS:
12.35KW, 5.25KW)
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QUESTION BANK

Short Questions With Answer:

Q: What do you mean by a three-phase balanced load?

A: Any three-phase load will be balanced when the loads (impedances) connected in three
phases are the same in magnitude as well as in phase.

Q: What is a three-phase unbalanced load?

A: Any three-phase load will be unbalanced if impedances in one or more phases differ
from the impedance(s) of the remaining phase(s).

Q: Why is an unbalanced load not normally used on a 3-phase 3-wire system? Are any line/
phase voltages equal in such situations?

A: Normally, the unbalanced load is not employed on 3-phase, 3-wire ungrounded star-
connected systems because unbalanced loading may cause different voltage drops in as well lines.
Consequently, the three-phase voltages are different (or unbalanced) in magnitude as well as in-
phase and it is quite possible that one phase voltage may exceed the line voltage. Such a condition
is undesirable since some loads may operate inefficiently due to lowering of the voltage and the
other equipment may get damaged due to over-voltage.

Q: Differentiate between balanced and unbalanced three-phase supply and balanced and
unbalanced three-phase load.

A: 3-phase supply will be balanced when line-to-line voltages are equal in magnitude and
displaced in phase by 120 electrical degrees with respect to each other. On the other hand, a 3-
placed supply will be unbalanced when either of the three-phase voltages is unequal in magnitude
or the phase angle between these phase voltages is not equal to 120°.

A 3-phase load circuit is said to be balanced when the loads (impedances) connected in
the different phases are the same in magnitude as well as in phase. On the other hand, any three-
phase load in which the impedances in one or more phases differ from the impedances of other
phases is called the unbalanced three-phase load.

Q: What do you mean by the phase sequence of three-phase supply?

A: The phase sequence is meant the order in which the currents or voltages in different
phases attain their maximum values one after the other.

Q: What is phase sequence in a 3-phase system? How is the given phase sequence
reversed?

A: The phase sequence is the order or sequence in which the currents or voltages in
different phases attain their maximum values one after the other. The given phase sequence can
be reversed by interchanging any two terminals of the supply.
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Q: Differentiate between star and delta connections.

A: In a star-connected system similar (either start or finish) terminals of the three phases are
connected together to provide star or neutral points while in a delta-connected system start
terminal of one phase is connected to the finished terminal of the second phase and the start
terminal of the second phase is connected to finish terminal of the third phase and so on to
provide a closed circuit in a 3-phase system.

Long Questions:

Q: A balanced star-connected load of (8 + j6) Q per phase is connected to a balanced 3-
phase 400-V supply. Find the line current, power factor, power and total volt-amperes.

Q: 3 Three equal star-connected inductors take 8 kW at a power factor 0.8 when connected
across a 460 V, 3-phase, 3-phase, 3-wire supply. Find the circuit constants of the load per phase

Q: A resistance of 20 ohm, inductance of 0.2 H and capacitance of 150 uF are connected in
series and are fed by a 230V, 50 Hz supply. Find XL, XC, Z, Y, p.f., active power and reactive power.

Q: A three pahse 400-V, 50 Hz, a.c. supply is feeding a three phase deltaconnected load
with each phase having a resistance of 25 ohms, an inductance of 0.15 H, and a capacitor of 120
microfarads in series. Determine the line current, volt-amp, active power and reactive volt-amp.

Q: A star-connected alternator supplies a delta connected load. The impedance of the load
branch is (8 + j6) ohm/phase. The line voltage is 230 V. Determine (a) current in the load branch,
(b) power consumed by the load, (c) power factor of load, (d) reactive power of the load.

Q: A A -connected balanced 3-phase load is supplied from a 3-phase, 400-V supply. The
line current is 20 A and the power taken by the load is 10,000 W. Find (i) impedance in each branch
(i) the line current, power factor and power consumed if the same load is connected in star.

Q: Three identical impedances are connected in delta to a 3 ¢ supply of 400 V. The line
current is 35 A and the total power taken from the supply is 15 kW. Calculate the resistance and
reactance values of each impedance.

Q: The load connected to a 3-phase supply comprises three similar coils connected in star.
The line currents are 25 A and the kVA and kW inputs are 20 and 11 respectively. Find the line and
phase voltages, the kVAR input and the resistance and reactance of each coil. If the coils are now
connected in delta to the same three-phase supply, calculate the line currents and the power
taken.

Q: Each phase of a delta-connected load comprises a resistor of 50 Q and capacitor of 50 p
F in series. Calculate (a) the line and phase currents (b) the total power and (c) the kilovoltamperes
when the load is connected to a 440-V, 3-phase, 50-Hz supply.

Q: Three similar choke coils are connected in star to a 3-phase supply. If the line currents
are 15 A, the total power consumed is 11 kW and the volt-ampere input is 15 kVA, find the line
and phase voltages, the VAR input and the reactance and resistance of each coil.
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Q: The load in each branch of a delta-connected balanced 3-¢ circuit consists of an
inductance of 0.0318 H in series with a resistance of 10 Q. The line voltage is 400 V at 50 Hz
Calculate (i) the line current and (ii) the total power in the circuit.

Q: A 3-phase load consists of three similar inductive coils, each of resistance 50 Q and
inductance 0.3 H. The supply is 415V, 50 Hz, Calculate (a) the line current (b) the power factor and
(c) the total power when the load is (i) star-connected and (ii) delta-connected.

Q: Phase voltage and current of a star-connected inductive load is 150 V and 25 A. Power
factor of load is 0.707 (lag). Assuming that the system is 3-wire and power is measured using two
wattmeters, find the readings of wattmeters.

Q: In a balanced 3-phase 400-V circuit, the line current is 115.5 A. When power is measured
by two wattmeter method, one meter reads 40 kW and the other zero. What is the power factor of
the load? If the power factor were unity and the line current the same, what would be the reading
of each wattmeter?

Q: The input power to a three-phase motor was measured by two wattmeter method. The
readings were 10.4 KW and - 3.4 KW and the voltage was 400 V. Calculate (a) the power factor (b)
the line current.
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CHAPTER 7. TRANSIENTS:

7.1. Steady state & transient state response:

NS
L

Jig-1 fig -2

If in a circuit, the excitation will change or the circuit element will change, then the response
(i.e. voltage or current across element) also changes or varies. This variation in the circuit is known as
Transient.

+ The time taken to exit the transient is called as transient time.

s |n storing elements i.e. inductor or capacitor the transient will only occur.

+ Transient analysis is not valid for purely resistive circuit.

« In asystem, when certain input changes, it takes a while for the output to stabilize
and reach its final state. This interim phase is called transient phase. The
final state is the steady state and system will stay there indefinitely until some input
changes again.

Disadvantages of Transient:

(i) Electronic devices are operated at lower frequency or may be damaged.
(i) Motor will run at high temperature leads to vibration, noise and excessive heat.
(iii) Due to high temperature the motor winding will be damaged.

Notes:

« Inductor stores the energy in the form of current and stores it in its magnetic field. The stored

-

1
energy is given as £ = 5 Li
+ Capacitor stores the energy in the form of voltage and stores it in its electric field. The stored
1
energy is given as £ = = v’

« Inductor and Capacitor does not dissipate any energy, if there is no dissipating element i.e.
the resistance.

Standard Charging equation:

The standard charging equation is given by,

)= yu[l e ]

Where A =time constant in second

{ =Time in second
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At 1 =0, y(r)=yn[1—€‘]=yn('—6”)=yn(l—1)=0

When, t=4, ()= (1-¢")=0632y,

?)

)=
= 4/1 1} J’U{l e 4] 0. 865)1,
t=54,5(0)= y,(1-€*)=

t= 3"3,}'(-‘)= Jf’n{l -e” ]= Yo

Now plotting the curve between f & y(t),we have,

J'(I)“

.1'0 = = T

0.632 y, |

Pl F=o

g

[Standard charging curve]

Time constant: It is the time taken by the response to achieve 63.2% of its normal value or maximum
value or standard value.

Settling time: Settling time is defined as the time taken by the response to reach nearby its maximum
value.

Standard Discharging equation:
The standard discharging equation is given by,
=
}"(’) = yoe*
Where A =time constant in second
[ =Time in second

-0

At £ =0, ytf=amet =y =9/ 0=u9;
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A

When, t=4,(t)= Vo€ * = yee ' =0.368y,

—2A

t=24,y(t)=y,e * =y,e?=0.135y,

=34
t=31,3(t)=y,e * =y,e’ =0.049y,

4.4

t=44, y(r) = yne_'ﬁ_ =y,e* =0.018y,

—S5A

t=51,y(t)=y,e * =y,e* =0.0067y,
t=20,3(0)= e =0
Now plotting the curve between ( & y(f].we have,

ON

I

I

I
SN, (P

I

Il

[Standard discharging curve]

Time constant: Time constant is defined as the time taken by the response to reach 36.8% of its
normal value or maximum value..

Settling time: Settling time is defined as the time taken by the response to reach nearby its minimum
value or zero value.

7.2, Response to R-L, R-C & RLC circuit under DC condition:

Transient response is of two types:

l l

Forced response without forced response
[Charging response] or

Source free response

[Discharging response]
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NOTE:

operating time

Steady state time Transient time
/ Steady state time

=—o0 r'=D' t=0 !—0— =+::»: >
L=SC L=58.C
C=0C C=0C

t = 0 —» It is the operating time when switch is just close or open.
t =0 — Itis the time just before the operating time i.e. steady state time.
t =07 — Itis the time just after the operating time i.e. transient time.

f = —» It is the operating time or normal time or steady state time.

L3

¥ Charging response in R-L circuit (forced response):

Vi(r)—

We know that, .r':i,lfl:‘r:m,(—Cd—1
R dt dt

In the circuit above applying KVL, we have,
Vot V, =V

=i(t)R+L d;g J =w(t)
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: di(t)
=Rilf)+ L——=
e)+ L2 =(0)
Now divide L in both the sides, we get,

di(t) R .\ ()
?+Is[t)——
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(1)

I
The eq. (1) is a linear differential equation in 1storder. — + Pi=0

d
The solution of the linear differential equation is given as,
CF.+Pl.

CF=

dilt) R,
Or, & 7 f(r)
Now integrating both the side, we get,
di R
o | ===
 J5=-1]

]ugz‘=—£r+k

Pil=

The solution of the linear differential equation is given as,
CF. +PlI.

i(t)=CF+PI

R 2
—— In
=Cel +—

ragc | LL\j
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Putt = 0, as it is the starting point

0=Ce™ + 2
R
4
c=_Y
R

Now the current :‘(z) is given as,

i(t)=1)1-¢ *

— charging equation of current.

Where A =time constant and is given by,

"R

eq

Voltage across R is given as,

Voltage across L is given as,

di(1)
dt

-]

V,=L

Department of Electrical Engineering
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V, = Ve *

< Discharging response in R-L circuit (source free response):

Now the inductor starts discharging through the resistance and by applying KVL we have,

Ve+V, =0
Or, i()R+ L d—f(t—} =0
dt

Now divide L in both the sides, we get,

die) R o)

di L )

di s
The eq. (1) is a linear differential equation in 15! order. E +Pi=0

The solution of the linear differential equation is given as,

CF.+PlI.

CF=
128
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dift) i i(t)=0
di L

dilt) R

Or, —=-—1lt

' dt Ld]

Now integrating both the side, we get,

Or, j‘%

-
—Ejf(f)

logi=£r+k

R
Or, €8 = Ce

..RJ-
i(t)=Ce "
PI=

fQ=0,P1=0

The solution of the linear differential equation is given as
CF.+Pl

it)=CF+P1

k|
=Ce !

V

Applying initial condition att =0,
—=Ce™
R

=

=
Sy

Now the current i (1 ) is given as,

oV
i) =—e *
(1) -

{

(N=T o 4
I(f) - ]ne — discharging equation of current.
Where A =time constant and is given by,
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Voltage across R is given as,

I

Ve,=i(t)xR=1,e * xR
wit
V,=V,e *
\oltage across L is given as,

v, = Ldf{t]
s dt

Department of Electrical Engineering

NOTE: When the inductor is discharging, the voltage across inductor (V!_ )is always negative.
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< Charging response in R-C circuit (forced response):

S vV
=0 + R » —
o
_ +
+ 0 —
V(£ .
When the switch (S) in position 1 att =0,
By applying KVL, We get,
V=V,+V,
Or, IR+V.=¥F
dv. dv
Or, C—SR+V.=V =0
di ¢ € di
1
Or, dv=—|i.dt
C-[ g
or, V 1 jf dt
. o C i
dVv V.. V
Oor,—5+—-S=—0......(0() (. Dividing R on both the sides).
dt RC RC

dv
The above equation (1) is a first order differential equation and in the form ofE +pv=0.

Now the solution of the above eq. (1) is given by,

CF. +Pl.
(LF=

e Ve

dt RC

dve __Ve

dt RC
or, ae . L ai

V. RC

Now integrating both the sides, we have,

Department of Electrical Engineering
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dv.
Or, _[ C=— L dt
V., RC
Or logV, = SN +k
‘ “ RC
_ I
or, V. =Ce k¢
Pl=
A t= V.=V
The net solution is
CF.+PlI.
e
Vo=V +Ce

Now, putting the initial conditionat 1 =0,V =0

0=V +Ce™
or, 0=V+C
or, C=-V

Now putting the value of C in above equation, we get,

fs

t

Or, VA=V -Ve kC
Again, A=RC
x

Where A =time constant and is given by,

A=R, xC,

Department of Electrical Engineering
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Now net current or capacitor current is given as,

dv.
i.()=C—=
)=C=

dl (-
-edfifi-t)
:(Jgf{b—eTJ

dr
- 1
rfo-ct- 1]
RC

B =l
=20, RC

R

i(t) = IUe_ﬁAmp.

. Now voltage across resistor (VR] is

Ve =i(t)x R
= 0‘5'_; x R
_[.
s A
Ve,=V,xe
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Discharging response in R-C circuit (source free response):

When the switch moves from (1) to (2), the capacitor starts discharging.
Now by applying KVL, We get,

Ve+Ve=0
Or,

i(OR+V,.=0
dV.(1) ; , LdV (1)
Or, C—=xR+V.=0 i(ty=C——
di ‘ 2 dr
Now dividing RC on both the sides, we have,
dV.(1) 1
Or, —m e
dt

p’

g ¢ =0

()

»
The above equation (1) is in the form of first order differential equation ie. — + pv =0

.". Now the solution of the above eq. (1) is given by,
CF=

CE+PJ.

dv, (1) N i’f_( ~0
dt RC
Cr,

d Vr (1)
di
Now integrating both the sides,
Or,

1

=—— V(1
RC ()

J- dv,.(t) _
Or,

1
V.(t) _chdr

log Vo (f) = ——— +k
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or, Ve(t)=Ce

£

At O0=0,P1=0
Now the solution is given as,
CE. 4 PI.
-5
Vo(t)=Ce # +0
Now putting the initial condition at = 0

V=Ce?

or, C=V

V.(t) = Vye *volt

Now itys=€——=

i(ty=—1,e *Amp
Where A =time constant and is given by,

A=R,xC,

.. Voltage across resistance V,(7)is given as,

Department of Electrical Engineering
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Ve(t) =i(2)x R
b
=-Ie*xR
.5
Ve(t)=—V, xe *volt
NOTE:

1) i) =1 (Finui:ﬂfue) o [I (initiul Uﬂfue} — (F[‘nﬂf value

0 g )] X €75 - for inductor

2) V) =V, {Ftnai:m.!ue] + Ve [(lnltm(!]vah:e) —v, (Flnaic;a!ue)] e E-E - for capacttor
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R —L Cir

Case-1: (charging)
At f=a0
Ar.r=0 R
O— NN
C/S' J’\R/\/—
i0)=04
y L gi v, = :”

3
= A

| +
[ +

At r=0,i(0) =0Amp

F

At t =0, i(0) = ﬁ =1, Amp

3

i(t)=1,+(0—-1,)xe *

!

Or, it)=1;—I,xe 4

Or, i(t) = 10(1 e;]

Case-2: (Discharging)

=

- =
I"_F]!—-F—- L

At t=0,i(0)=1,

At 1 =00, i(20) =0

i(t)=0+(I,-0)xe

!
o i(t)y=1,%xe *
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Case-1: (charging)

V(t) ==

Department of Electrical Engineering

At t=0,V.(1)=V-(0)=0
At t =20V (1) =V (o) =},

I

V)=V, +[0-V,]xe

t

=V, -V, xe ’

Vo(t) = V{l —e * Jm[r

Case-2: (Discharging)

+
ity

|
I

At t=0,V.(t)=V.(0)=V,
A, t =00, Vo(t) = Ve(20) =0

r

V.(t)=0+[V, -0]xe *

I
=¥;xe™

t

V.(t)=V, xe *volt

138



G

i

)‘“_&« &
A ‘1 @
[

Department of Electrical Engineering

+ DC response of an R-L-C circuit:

Consider a circuit consisting of a resistance, inductance and capacitance as shown in fig. The
capacitor and inductor in the circuit initially uncharged and are in series with the resistor. When the
switch S is closed at/ = (), we can find the complete solution for the current. Application of Kirchhoff's
voltage law to the circuit results the following differential equation.

Fly ™

Applying KVL to the above circuit, we have, V, +V, + V.=V

di 1
Vo= REA L 2 [0l i ioissiisssmmesins (1
TR a:‘J‘£ M)

By differentiating the above equation w.r.t. t, we get,

I M
dl a C

ai‘_! L + l— F=0 i (2) (Dividing L in all)

Or, P eyt o5
di- Ldt LC

The above equation-(2) is a second order differential equation with only the complementary function.
The particular solution for the above equation is zero. The characteristics equation for this type of
differential equation is

[Dl 3§ ED ¥ i] 1 ) IO 1< [ i) =P
L LC dt

Now the roots of the equations-(3) are D, & D,

2
B =g J[ﬂ] o B
© 2L YL :
era-Rgp- [[RY_L
L 2% LC
So Dy=—a+fand D, =—a—-f

1 R
Where @ = ——— —> Natural frequency, & = — — Damping coefficient and
JLC 2L
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R [C
K E=— L% —» Damping factor
@ 2VE
RY, I _
Case-1: If Z y —— — over damped response (roots are negative, real and unequal).

So D =—a+pfand D,=—a—f

The solution of the above equation is

. —Dit —Dht
i=Ce ™ +Ce™”
RY 1
Case-2: If (E} = E —> crih'cally damped response (roots are negative, real and equal).

So D =D, =~

The solution of the above equation is

. - —al
i=Ce ™ +C,e
RY, 1 . ;
Case-3: If | — | (—— — under damped response (roots will be complex conjugate).

So D =-a+jfand D, =—a—jf

The solution of the above equation is

i=e “[C, cosft+C,sin f]

Case-4: If R = 0 — only oscillation response (roots will be imaginary).
So D =j ; Jjwand D Jjo
—] —_— = J L g =— = JEL
1 '\I ..;J(—b =

The solution of the above equation is
= [Cl cosat + C, sin a)t]

Now the responses of above four cases are shown in fig. below.
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Unit step function at =0

F Y Underdamped response

Critically damped function
/ over n'amped function

7.3. Solve numerical problems:

Examples:

Q.1. Find the current in a series R-L circuit having R=2Q & L=10H, while a dc voltage of 100V is
applied. What is the value of this current after 5sec of switching ON?

Sr:[) —_——
OJ(C; \/\X/\.r—'—

\ L=10H
100 i"+__ i(f) \'- %

Ans:

We know that, the charging current equation is given as,

i(t) = Iﬂ[l - e_?]

A =time constant and is given as,

A=—— :Ezﬁsec
2

eq

V, 100

Steady state current /, =/ = ﬁ‘] == 504
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=50(1-¢")
= 50(1-0.3678)

=31.614

i(t)=31.614

Q.2. A dc voltage of 100V is applied to a coil of R=10Q & L=20H. What is the value of current 0.2 sec
after switching ON and the time taken for the current to reach one half of its final value?

Ans:

We know that, the charging current equation is given as,

i(t) :fu[l—e"%]

A = time constant and is given as,

L
A=—"2= A, 2sec
R, 10
Steady state current /, =/, = /L 104
L

i(7) = I{I - e_i}

=10(1-0.9048)
=0.9524
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i(t)=0.952.4

- 1, 10 o

Again time taken () to reach half of /, i.e. 5 = 54 is given as,

5= 10(1 —e'ﬁ]
Or, l—e 02 = =

10
or, 1-05=¢ 2
or, }n[e ﬂ_] = In(0.5)
t
Or, ——=-(.6931
0.2

Or, t=02x0.6931=0.1386

t=0.1386sec

Q.3. A series R-L circuit with R=30Q & L=15H has a constant voltage V=60V applied at t=0 as shown
in fig. below. Determine the current i, the voltage across resistor and across inductor.

+ o L=15H
601 —L LG BN

Ans:

We know that, the charging current equation is given as,
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i(r) = ;ﬂ(l -e"f‘-]

A =time constant and is given as,

L
A=—2 :E =(.5sec
30

e

Vy 60 _
R 30

i) = [1 }
4]

21— )4

i(r)= 2(1 —e ™ )A mp.

Voltage across the resistor (I, ) =

Steady state current [, = I, =

Ve =i(t)x R =2(1—e™)x30 = 60x (1 — ™ olt

Voltage across the inductor (V, )=

V, =V, xe " =60xe "volt

Q.4. In the circuit below, the switch 'k’ is kept first in at position-1 & steady state condition is reached.
At t=0, the switch is moved to position-2. Find the current in both the cases.

1002 1 k 200
+
100¥ I GSE
Ans: When ‘k’ is in position-1, the charging current equation is given as,

i(t) = Iﬂ[l - e"i]
144
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A =time constant and is given as,

L, 05 1
R, 30 60
1052 20402
sc R,
Steady state current [, = [ = L % =37334

€q

i(t) = Iﬂ[l —e_i]
=333(1—¢ 4
i(t)=333(1- ¢ )dmp.

When ‘k’ is in position-2 at t=0, the current starts discharging and the discharging current equation is
given as,

k 200

0.5H

A =time constant and is given as,

L, 05 1
=—=—8§eC
R 20 40

&

r

iy=1I,xe*

=333xe™"" Amp.

i(t)=3.33xe™ Amp.

Department of Electrical Engineering

145



w

L4
éﬁ
B e

‘.

b

Department of Electrical Engineering

Q.5. Calculate the time taken by a capacitor of 14 and is series with a 1M resistance to be
charging up to 80% of its final value?

k 7-0 R=1MQ

O VAN
™ T C=WF
i TOIERN T
- I\.'
. dg . . .
Ans: As we know that | = d_ =rate of change of charge. So from this relation, ¢ o i
I

The charging current of capacitor is given as,

i(t) = .f,][l —e'?f]

Time constant (1 )isgivenas A=R_xC. =1x10°x10x10° =1sec.

o i

B | =

Similarly, g(t) = Qu[l —e

So, 0.80, = QE,[I - e}

=1- e_i = 080,
&)

Or, 1-e' =08

or, e =1-08

or, e'=02

or, In (e" ): In 0.2

Or, -t =-1.609

" t =1.609sec.
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Q.6. A dc constant voltage source feeds a resistance of 2000k(2 in series with a 5z capacitor.
Find the time taken by the capacitor, when the charge retained will decay to 50% of the initial value,
the voltage source being short circuited?

K w30 R=2000k0

O
\
™, el .0
rt_ ‘_fr)) o C=SuF
Ans:
5 R
O—O0——" A
scI e.__C
. dg :
i= aT =rate change of charge, so g o {
The charging current of capacitor is given as,
i(t)=1,xe *
]
q(t)=Qyxe *
Again, 1=R, xC,, =2000x10* x5x10™ =10sec.
Now the discharging of capacitor is given as,
q()=Qy xe
Or, 0.50, =0, xe
i -5 _ 050,
Oy
Or, e =05
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Or, ln{e-'”J= In0.5

OT, I _0693]
0

& { =6.93sec
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QUESTION BANK

Short Questions With Answer:

Q: Define response.

A: The current flowing through or voltage across branches in the circuit is called response.

Q: Define transient response.

A: The voltage or current are changed from one transient state to another transient state is
called transient response.

Q: What is transient?

A: The state (or condition) of the circuit from the transient of switching to attainment of
steady state is called transient state or simply transient.

Q: Why transient occurs in electric circuits?

A: The inductance will not allow the sudden change in current and the capacitance will not
allow sudden change in voltage. Hence inductive and capacitive circuits (or in general reactive
circuitsOtransient occurs during switching operation.

Q: Define time constant of RL circuit.

A: The time constant of RL circuit is defined as the ratio of inductance and resistance of

the circuit. Time constant T = L/R
Q: Define time constant of RC circuit.
A: The time constant of RC circuit is defined as the product of capacitance and resistance of

the circuit. Time constant T = RC

Q: What is damping ratio?

A: The ratio of resistance of the circuit and resistance for critical damping is called damping
ratio.

Q: What is critical damping?

A: The critical damping is the condition of the circuit at which the oscillations in the
response are just eliminated. This is possible by increasing the value of resistance in the circuit.

Q: What is critical resistance?

A: The critical resistance is the value of the resistance of the circuit to achieve critical
damping.

Long Questions:

Q: A balanced star-connected load of (8 + j6) Q per phase is connected to a balanced 3-
phase 400-V supply. Find the line current, power factor, power and total volt-amperes.
Q: 3 Three equal star-connected inductors take 8 kW at a power factor 0.8 when connected

across a 460 V, 3-phase, 3-phase, 3-wire supply. Find the circuit constants of the load per phase.
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Q: A resistance of 20 ohm, inductance of 0.2 H and capacitance of 150 pF are connected in
series and are fed by a 230 V, 50 Hz supply. Find XL, XC, Z, Y, p.f., active power and reactive power.

Q: A three pahse 400-V, 50 Hz, a.c. supply is feeding a three phase deltaconnected load
with each phase having a resistance of 25 ohms, an inductance of 0.15 H, and a capacitor of 120
microfarads in series. Determine the line current, volt-amp, active power and reactive volt-amp.

Q: A star-connected alternator supplies a delta connected load. The impedance of the load
branch is (8 + j6) ohm/phase. The line voltage is 230 V. Determine (a) current in the load branch,
(b) power consumed by the load, (c) power factor of load, (d) reactive power of the load.

Q: A A -connected balanced 3-phase load is supplied from a 3-phase, 400-V supply. The
line current is 20 A and the power taken by the load is 10,000 W. Find (i) impedance in each branch
(i) the line current, power factor and power consumed if the same load is connected in star.

Q: Three identical impedances are connected in delta to a 3 ¢ supply of 400 V. The line
current is 35 A and the total power taken from the supply is 15 kW. Calculate the resistance and
reactance values of each impedance.

Q: The load connected to a 3-phase supply comprises three similar coils connected in star.
The line currents are 25 A and the kVA and kW inputs are 20 and 11 respectively. Find the line and
phase voltages, the kVAR input and the resistance and reactance of each coil. If the coils are now
connected in delta to the same three-phase supply, calculate the line currents and the power
taken.

Q: Each phase of a delta-connected load comprises a resistor of 50 Q and capacitor of 50
F in series. Calculate (a) the line and phase currents (b) the total power and (c) the kilovoltamperes
when the load is connected to a 440-V, 3-phase, 50-Hz supply.

Q: Three similar choke coils are connected in star to a 3-phase supply. If the line currents
are 15 A, the total power consumed is 11 kW and the volt-ampere input is 15 kVA, find the line
and phase voltages, the VAR input and the reactance and resistance of each coil.

Q: The load in each branch of a delta-connected balanced 3-¢ circuit consists of an
inductance of 0.0318 H in series with a resistance of 10 Q. The line voltage is 400 V at 50 Hz
Calculate (i) the line current and (ii) the total power in the circuit.

Q: A 3-phase load consists of three similar inductive coils, each of resistance 50 Q and
inductance 0.3 H. The supply is 415 V, 50 Hz, Calculate (a) the line current (b) the power factor and
(c) the total power when the load is (i) star-connected and (ii) delta-connected.

Q: Phase voltage and current of a star-connected inductive load is 150 V and 25 A. Power
factor of load is 0.707 (lag). Assuming that the system is 3-wire and power is measured using two
wattmeters, find the readings of wattmeters.

Q: In a balanced 3-phase 400-V circuit, the line current is 115.5 A. When power is measured
by two wattmeter method, one meter reads 40 kW and the other zero. What is the power factor of
the load? If the power factor were unity and the line current the same, what would be the reading
of each wattmeter?
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CHAPTER 8. TWO PORT NETWORK:
Network:

Or,

inductance (L) & capacitor (C).

interconnected system to do specific on assigned function is called as a network.
Port of a Network:

When a no. of impedances are connected together to form a system that consists of sets of

The electrical N/W is a combination of numerous electric elements that are resistance (R),

One port network Two port network
One port network:

N- port network

Any active or passive network having only two terminals can be represented by a one port network.

One port
network
—_—

Two port network:

two port network.

I
- O——

Any active or passive network having two pairs of terminals (or 4- terminals) can be represented as

I,
—<—0 -
vy | Tooport

— O——
I!

v, (output)

__?_O_
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N- Port network:

If the network representations contains n-pair of terminal can be represented by an n-port network.

[

N- port
network

Network configuration:

Depending on the configuration of impedance a network can be specified as follows-

T- section JT -Section

(When a network section looks lie

{When a network section loos lie
a ‘T, it is known as T- section).

a, ;T itis known as ;T — section)

Parameter Representation:

NOTE:

» Which type of source we are applied to the black box, depending upon them, the black box
having corresponding parameters.

# The combination of sources applied are as follows:

a) Current source at input & current source at output — Z-parameter network.
b) Voltage source at input & current source at output — Inverse h-parameter network.
c¢) Current source at input & voltage source at output — H-parameter network.
d) Voltage source at input & voltage source at output — Y-parameter network.
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8.1.Z-parameter or open circuit parameter or Impedance parameter:

depending variable Any other Independent sources

is not allowed inside the
black box variable
Independent variable \
I. Two port
’ network
{linear)

Now applying the super position principles:

V :f(fljffe, v, =f(‘r11f3=n

Vi=f) . Va=S ),
V= /() /(1,)
V, = f(1)+ 1)
V,=Z,I, + Z,1,
Vo=tol ¥lpdy

If the output is open circuiti.e. /, =0,

|
< = Il |11=0
1
- .
<5, f2 |!2_()

“i2 =I I.r,_n
2
Lon = ]’;—2 |1,=0
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Where, Z,, = Input driving impedance, Z,; = Input transfer impedance.

Zsy = Output transfer impedance, £,, = Output driving impedance
parameters.

g

e

These Z,,.Z,,,2Z, & Z.,, are the open circuited parameter or impedance parameters or Z-

10

ZI,

Z:1-'?1 (T IJ

[Internal equivalent circuit of Z-parameter network |
REMEMBER:

IfZ,, = Z.,,, then the network is Symmetrical. If Z,, = Z, , then network is Reciprocal.

8.2.Y-parameter or short circuit parameter or Admittance parameter:

Two port
network

(linear)

MNow applying the super position principles:

1 :f(Vlji-'zzu‘ I, :.f(I

ﬁ]lg =0
I :f(pizx;q:u , 15 :f(l/;z‘rq_n
=)+ r0v,)
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I =fW)+ /)

"I = }:IVI + }(]11’/;_

........................................

If the output is short circuited ie. ), =0,

rd
Y,, = V: |l-'2=u
Ve
Y., = =2
21 % 5 =0

Department of Electrical Engineering

Where, ¥, = Input driving admittance, y,; = Input transfer admittance.

Y,y = Output transfer admittance,¥,, = Output

These Y,,,¥,,Y,, & Y., are the short circuited parameters
parameters.

drivingadmittance

or admittance parameters or Y-

AE T <,|, Tob: <,|, L

[Internal equivalent circuit of Y-parameter network |

REMEMBER:

IfY,, =Y,,, then the network is Symmetrical and if ¥, = ¥, , then the network is Reciprocal.
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8.3. ABCD-parameter or transmission parameter:

74 Two port
: network
(linear)

MNow applying the super position principles:

Vi=f)+f(-1)
1y = f(lfz)"‘f(_fz}

Vil 8=h) i

w1
Ll /=0 (2).
If7, =0,
| 2
A = ?I I5=0
i
o = I 7o=0
e
Kl =0,
I
B =——L 17 =0
£,
. i
D=1
N Irh_n

These A, B,C & D are the transmission parameters or ABCD-parameters.

REMEMBER:

If AT =1, then the network is Reciprocal and if A = [0, then the network is Symmetrical.
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8.4. Hybrid-parameter or h- parameter:

I I,
+
I vV Two port ¥.
: 1 network -
- {linear)

Now applying the super position principles:
Vo= s0)+ 1)
L=f{)+7,)
N (1).
L=hdy+hyV, . ... —_— 1

If the output is short circuited i.e.l, =0

N

/n, = | s =0

,, = —=

"112 — I”;_ |!, o
kzz — I;],—Z|r,-_n

[internal equivalent circuit of h-parameter network |

REMEMBER:

If h,, = —h,,, then the network is Reciprocal and if Ah =1, then the network is Symmetrical.
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8.5.Interrelation between different parameters:

“ Zinterms of Y-parameter & Y in terms of Z-parameter:

» Zinterms of Y-parameter:

The equation for Y-parameter is given as,

Li=X V400V e (3).
L=Yy i+l (4).

| I
Case: 1 When, J, =0 ¥}, ZITI&Y“ =-2

F

Zcq (Z.H”ZC )+Z! = rZBZ,C +Z-1
é& +£{' -
N "
I Lyl + 7 éa(-’—{n +Zr)+£3"jr
Z,+2Z. ZoZs
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Vi(Zy +Zc)
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Or, | =
VAW SR A A A .
Or I, _ (Zr; "'Zr) _Zy
J Vi Z,Z2.+ZZ-+Z, 2, AZ
= Zu
AZ
l’ﬂ —_!2:
J'!rlr - __fl XZB — I-,
Lp+Z,
IIZB‘
or I_z_ Zy+Z, = V|(ZB+ZF)ZE
1 h f V(Z,Zp +Z, 2+ 252 )x(2, +2,)
On 1_::_&
V AL
|’:Jr1 }/‘?I _Z“
g AL
& o
Similarly, V=" &Y%, =--2
AL AZ
# Y in terms of Z-parameter:
Y-p Y‘j
Zal . _£122 Yl]
Z AY AY

< Zinterms of ABCD-parameter & ABCD in terms of Z-parameter:

» Zinterms of ABCD-parameter:

A:&’B: :C‘: ’D:
Z!I
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» ABCD in terms of Z-parameter:

s+ ABCD in terms of Y-parameter & Y in terms of ABCD-parameter:

» ABCD in terms of Y-parameter:

EJ’Iv:ﬂ,yﬂ:_l,}fn:ﬂ
B B B~ B

Y=
» Y interms of ABCD-parameter:

gt g b B B

8.6. I & 7 representation:
Parameters of standard circuit:

1) T — Network:

+ F

By applying KVL: at loop-1
—V,+iZ +(i,+6,)Z, =0

Or, Vi =iZ, +iZ. +i 7,
= (ARSI R B — (1)

Again at loop-2,
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In matrix form:

V,=iZ +(, +i,)Z,

=i,Z_+4Z, +i,Z,

=(Z, + Z )%y 48 Z, oo,

le =Za +Z,
le zzza :Zb
‘Z22 =Z!J +ZC‘

.. (2)

, ¥ V-F
I Za Zh
AN
- .l_,: c Z h

or, A NN 1Y NN [
‘Z:r ZFJ Zn’) )
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NOTES:

@ [Z]=[YT"|Y|=0
+ [¥]=[z]"|2z|=0

% Oryoucanapply ¥ = Aor A —Y conversion.

| Y to A conversion

=

o - o] (o} o)

A to Y conversion
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8.7.Solve numerical problems:

Examples:

Q.1. Find the Y-parameters of the network?

Solution:

As it is a w network, so we can directly find the Y-parameter.

R A L (1)
S 7 2)
A £ Y +¥; 7,
Y-parameter ~=| " "P|=|""1 °F E
L Y, —Y Yy + Y,
Le L L
_[10710 o (02 -O0L
11 1 [-01 02
10 10 10

Or,

At node-A, by KCL,

h.h-%B K. h F

L o3 — Ak
10 10 10 10 10
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=V i+i (L V.
10 10 10/~

Or; o =0F—0.0F s @)

At node-B, by KCL,

v, V,-V, ¥, ¥V, V,
q=_-+-—=_-+_"__
710 10 10 10 10

:V-. —1~-|-L - L V[
10 10 10

Or, i IR R T § ) RS (4)

!

Now comparing eq. (3) & (4), we get,
¥, =02%, =-0.1

Y, =-0.1Y, =02

Q.2. Determine the Z-parameters of the network?

Il ZB ZC
200 300 1,

Department of Electrical Engineering

Solution:

As itis a T network, so we can directly find the Z-parameter.

We know that,

VimZ B BB vt (1)

Wos Bl L gy (2)

Z =7 +Z, =20+40 = 60Q
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Zyy =7y = Z, =40 =400
Zyy =7, +Z. =40+30="70Q

60 40
40 70

Z — parameter :{

Q.3. Determine the Z-parameters of the network?

10) 302 200

20 10

O

O

Solution: The circuit can be converted to a T-network, so it is easy to find the Z-parameter.

10 10
O—AAA——AAA AN AAA—O
1o
3
o o
—Q
20 2
lo
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1 6+1 7
Zn=Z,+Z;=24+—-=——=—
11 A B 3 3 3
|
Z,=2Z,=2, :Eﬂ
272 "'ZB—-I—Z(, :l+§.z 2+]5 :EQ
3 2 6 6
71
3 |3 3
Z — parameter = 117
3 6
Or,
I, 10 30 20 1,
+ O NN~ AN ANANA~O +
v, ém ém ¥a
Case-1: Take [, =0
We know that,
Vi=ZJ + 20y (1)
| RS AT B TV A5 O (2)
V.
== R
1 I] eq
R =) 1=S =822 1 1y
' 6 6 3
Zn ZZQ
3
Again, Loy = %
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I, 10 30 1 20 1,=04
+ O AANA T AN ST ANAA =0 +

Or, R

Dr1 Z:i = _Q
Case-2: Take [, =0

I,=04 100 0 I, 20) F,
+ O N\ AT AN AN O

¥y ¥ gzﬂ ém Vs

Again, Ly
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le :_!;)(ZZ—EXZZI—E
3
or, Fiot
I/, 3
5 1
or, Zp =39
3
i |
- |3 3
Z — parameter = 117
3 6

Q.4. Determine the ABCD-parameters of the network?

I] 2Q 2Q I!

Solution:

We know that, for ABCD-parameter,

V, = AV, - BI,

I, =CV, - DI,
Case-1: J, =0

p=-" p-_4
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Applying KVL,

A ) Y

Now applying current division rule,

P g
542
or, v, :(— ?;2 x7]+5f3

_(_ 491,

+ 57
s] .

—491, + 251,
Or, V, = 2 -
5
Or, 5V, =241,
Or ﬂ:_&
’ I, 5
B_—h_—[—EJ:%:éLSE}
2 >y
B =438Q
p=-L
"’2
. 51
I =-I2=Ti
Or, £L=—z
I 3
4 51 D
D=14
Case-2: [, =0
Azﬂ C= 4

Department of Electrical Engineering
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fa [ F
J’EZI_[',V =[|XS:LLX5=S!|
7 7
¥
Drr _I.'—E
V. 9
Ve 5
Again, V, =31,
Or, !—]:l
Vi, D
Cziz—mho
v,

da 10 20 b
+ O—— AT O+
_’. II ,,['.| .‘—

v, gm 40 v,
a' b'

Solution:

We know that,

If the output is short circuited i.e. }, =0

[ 2
By = |
11 Z, |12_u
Ve
f,, = = Py =0




P
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T

If the input is short circuited i.e. /, =0

| Bl
f2 —n A
12 T |.r. —0
V4
A,, —m—2|,_
22 ., |f. —0
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b
QO +
19 V,=0
U s—
bf
L .
hy, = T_ r:=u;p| Lz,
1
Z, = The equivalent impedance as viewed from port a¢—a’ is
{ZQEZQ)Jrlﬂzm
So, ¥, =21,
V
h,=—-+=2Q
".'l
I
by = F e
21 f] Fa=0
/ I 1
So,—1, ==L, 0, By ="2=—
TR S T T Ty

If a —a’ is open-circuited, /, = 0and the network looks as shown in fig. below.

10 0 I.r

NN

— 1, =0 7 I,
Z., — 20 4Q

b
T +
‘—.
v,

Vl
al

bf
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7 I,
h, ==X, qandV, =21 ;1 ==2
.-'l | ¥ ? 2
V,=4I:1I 21—2
- 2
J 1, |
hu_l_]fl.n_ivhzzzﬁ ;_0—2
5 1
h — parameter = | %
Tz 2

QUESTION BANK

Q.1. For the network shown finds the Z-parameter?

40

30

Q.2. For the network shown finds the Y-parameter and Z-parameter?
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Q.3. For the network shown finds the ABCD-parameter or transmission parameter?

Q.4. For the network shown finds the h-parameter?

20 20
O
40 10
O O
Q.5. For the network shown finds the h-parameter?
I 1,
Y o S -0 +
V,
V. z



