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Paper Name: Circuit Theory & Network
Paper Code: EC302
Contacts: 4L
Credit: 4

Course Content

Subject Name: Circuit Theory & Networks

Subject Code: EC 302

Credit Value: 4.0

Length: 42.0 classes

Pre requisite: Basic Electrical Engineering, Basic Electronics Engineering, Laplace Transform
Contact Hours: (3L +1T)

Course Objective:

Circuit Theory & Networks is an introductory course in electrical engineering and application of
basics of electrical engineering in solving electrical networks. Students are introduced to simple
applied electrical circuits with dc & ac sources, theories and practice to impart skill set to have
visualization of electrical engineering applications. It is a course suitable for students pursuing
electrical engineering as well as other related engineering disciplines.

Learning Outcomes:

Upon successful completion of this course, the students should have the basic understanding of the
following topics:

1. Concept of RLC series & parallel circuits, behaviour and resonance. Application of resonance in
electronic engineering.

2. Definition of various kinds of active sources and their symbols, Kirchhoff’s Laws and Networks
theorems for complex circuit analysis with both DC & AC sources.

3. Magnetically coupled circuits & their analysis.

4. Application of Laplace transform in solving electrical networks under transient & steady state
conditions.

5. Basic concept of Graph theory & its application in solving electrical networks.

6. Two port network parameter calculation and application in electrical systems.
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Lesson Plan:
Module No. | Total No | No. of Topics Applications Book(s) Follow Topics for
of Lecture Self Study
Lectures
Module-I 5L 2L Series and Parallel Brief idea 1. Circuit Theory RLC series/
Resonance resonance, Impedance & | about & Network parallel
Page (6- 12) Admittance behaviour of Analysis by A. circuits,
Characteristics RLC series Chakraborti behaviour,
& parallel ( Dhanpat Rai condition for
circuit, Publications) resonance.
resonance &
its practical
applications. 2. Network
Analysis &
Synthesis by
Ravish R. Singh
(Mcgraw hill
Publications)
3L Properties of resonance, o
Quality Factor, Half 3. Circuits and
Power Points, Networks
Bandwidth, Phasor Analysis and
diagrams, Transform Synthesis by
diagrams, Practical Sudhakar
resonant circuits,
Solution of Problems
Module-11 12L 2L Kirchoff’s Current law, 1. Circuit Theory Network
Network Formulation of Node Analysis of & Network theorems with
Analysis equations and Electric Analysis by A. DC sources
Page (13- 36) solutions,Solution of Circuits with Chakraborti
problems with DC and DC & AC ( Dhanpat Rai
AC sources sources Publications)
2L Mesh Current
Analysis:Kirchoff’s
Voltage law, 2. Network
Formulation of mesh Analysis &
equations , Solution of Synthesis by
mesh equations by Ravish R. Singh
Cramer’s rule and (Mcgraw hill
matrix method , Publications)
Solution of problems
with DC and AC 3. Circuits and
sources Networks
Analysis and
8L Network Theorems: gzg:]r;eks; by

Definition and
Implication of
Superposition Theorem ,
Thevenin’s theorem,
Norton’s theorem ,
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Reciprocity theorem,
Compensation theorem ,
maximum Power
Transfer theorem,
Millman’s theorem, Star
delta transformations,
Tellegen’s Theorem,
Solutions and problems
with DC and AC
sources, driving point
admittance, transfer
Admittance, Driving
point impedance,
Transfer impedance.

Module-111 4L 1L Concept of Tree, Application Circuit Theory Concept of
Graph Theory Branch, Tree link of Graph & Network tree, branch,
Page (37 - 41) Theory in Analysis by A. twig, link etc.

solving Chakraborti
3L Incidence Matrix, Cut El.ECtr.'C ( Dhgnpz_;lt Ral
Set Matrix, Tie Set Circuits Publications)
Matrix, Formation of
incidence, tie set, cut set
matrices of electric Networ_k
circuits Analysis &
Synthesis by
Ravish R. Singh
(Mcgraw hill
Publications)

Module-1V 4L 2L Magnetic coupling, Modelling & Circuit Theory Self & mutual

Magnetically Polarity of coils, Analysis of & Network inductance,
Coupled Polarity of induced coupled Analysis by A. DOT
Circuits voltage, Concept of Self | circuits Chakraborti convention.

Page (42 -45) and Mutual inductance, ( Dhanpat Rai

Coefficient of coupling Publications)
Network
Analysis &
Synthesis by
2L Modelling of coupled Ravish R. Singh
circuits, Solution of (Mcgraw hill

problems.
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Publications)

3. Circuits and
Networks
Analysis and
Synthesis by
Sudhakar

4. Electronic
Circuit Analysis
by Rao

(Pearson Publication)

Module-V 7L 2L | Definition Of Laplace Properties of 1. Circuit Theory Initial & Final
Laplace Transform, Advantages, | Laplace & Network value theorem,
Transform Initial Value theorem transform Analysis by A. poles, zeros &
Page (46 - 50) and final value theorem, Chakraborti transfer
Poles, zeros, transfer ( Dhanpat Rai function.
function Publications)
2L Laplace Transform of
different types of signals
2. Network
Analysis &
Synthesis by
Ravish R. Singh
(Mcgraw hill
3L Inverse Lapla_ce . Publications)
Transform using partial
fraction method, circuit
analysis in s-domain 3. Circuits and
Networks
Analysis and
Synthesis by
Sudhakar
Module-VI 5L 3L Transient analysis of 1. Circuit Theory Laplace
Transient RC, RL, RLC circuit & Network transform,
Analysis with DC & AC sources Analysis by A. properties of
Page (51 - 59) oL Solution of problems Chakraborti _ Laplace
using Laplace ( Dhgnpgt Ral Tr.ansforr-n,
Transform Publications) Differential
Equations (1%
& 2" Order)

2. Network
Analysis &
Synthesis by
Ravish R. Singh
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(Mcgraw hill
Publications)

Module-VII
Two port
network
analysis

Page (60 - 83)

8L 4L Open circuit Impedance | Two port
& Short circuit network
Admittance parameter, parameter
Transmission parameter, | calculation
Hybrid Parameter
4L Conditions Of

Reciprocity And
Symmetry, Interrelation
between different
parameters, Driving
point impedance &

Admittance.

Interconnection Of Two
Port Networks. Solution

of problems

Circuit Theory
& Network
Analysis by A.
Chakraborti

( Dhanpat Rai
Publications)

Network
Analysis &
Synthesis by
Ravish R. Singh
(Mcgraw hill
Publications)

Concept of n
port network,
T section, pi

section.
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Module |
RESONANCE
1.1 Introduction

e An A.C. circuit is said to be in resonance when the applied voltage and current are in same
phase.

e Any passive circuit will resonate if it has inductor and capacitor
e Resonance used in electronics circuit to select or tune a specific frequency signal

e In resonance condition as circuit current and applied voltage are in phase therefore power
factor of the circuit is one.

e Alternately at resonance condition impedance offered by the circuit is purely resistive i.e.
reactance part of the circuit is zero at resonance.

1.2 Types of Resonance Circuit
There are two types of resonance circuit (i) Series resonance circuit (ii) Parallel resonance circuit
1.2.1 Series Resonance Circuit

The circuit diagram of series resonance circuit is shown in Fig. 1

A —>»I R D L

AT E

N

frequency

(®

B

Fig.1 : Series resonance circuit [ Courtesy — NPTEL lecture ]

The input impedance is given by
. 1
Z =R+ j(wbL ——)
wC

The current through the circuit is given by

V

I =

y 1 .,
R +(wlL ——)
( WC)
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At resonance circuit must have unity power factor . That is reactive part is zero. Which leads

1

wil ——
w(C
Alternately
Z/¢=R+j|l oL ‘
‘ @)
Where,
| « \2 .
) 1 q(ol-1/eoC
Z= || R'—l—[ﬁ:‘-‘ﬂ——_‘ : gz?:tanl( ) . o=2xf
‘\| ‘ aC )
The current is
V Z20° )
L—¢= =(V/z)ZL-¢
Where ,
V
I= 1
3 ; WL s
R-+l-1/eC) P
The current in the circuit is maximum
If
1
wlL=——
wC
At resonance condition maximum current flows through circuit .
Current at resonance is Iy = I, =%
Frequency at resonance
0, 1
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e The plotting of impedance and reactance in series resonance circuit is shown in Fig 2.

Fig. 2 Variation of impedance and reactance at series resonance circuit [ Courtesy —Network
and System , D.Roy Chowdhury ]

e The variation of current and voltage and phasor diagram at series resonance circuit is shown
in Fig. 3and Fig. 4 respectively

Fig. 3 : Current and voltage variation in series resonance circuit [ Courtesy —Network and
System , D.Roy Chowdhury ]

Fig 4: Phasor diagram at series resonance circuit [ Courtesy —Network and System , D.Roy
Chowdhury ]
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Selectivity and bandwidth of series resonance circuit is discussed below
The variation of current at series resonance circuit is shown in Fig. 5

Fig. 5: Variation of current at series resonance circuit

The selectivity of the circuit is defined as [ Courtesy —Network and System , D.Roy Chowdhury ]

Resonance frequency fo

Selectivity = Bandwidth fp—-h

Where f,and f, are lower and upper cut-off frequencies respectively . These frequencies also
known as half power frequency or -3dB frequency.

Bandwidth (B.W.) = f,- f; :%

The variation of current with respect to frequency for different value of resistance is shown
in Fig. 6

small R

Current =

large R

e
frequency

Fig. 6 : variation of current with respect to frequency for different value of resistance [
Courtesy — NPTEL lecture ]

e Quality factor or Q — factor of resonance circuit is expressed as
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Maximum Energy Stored Per Cycle ]
Energy Dissipated Per Cycle

Q =2n

Q factor for inductor is given by Q = “I’TL

Q factor for capacitor is givenby Q = ﬁ
_wol _ 1 1 L

At resonance Qg = R @itk R '\C

1.2.2 Parallel or anti resonance Circuit

The circuit diagram of parallel resonance is shown in Fig.7

Fig. 7 : Parallel resonance circuit [ Courtesy —Network and System , D.Roy Chowdhury ]

e Resonance frequency

The admittances in circuit 1.7 are Y, = !

R+jwl

Total admittance of the circuit Y =Y, +Y, = RZJ:)sz —j (Rz:):sz - wC)

At anti-resonance , the circuit must have unity power factor
That is (‘”“—TL— warC) =0

R2+w g 212

. Y, =jwC

L
or, R? + wyg, 2 I? =

1 R? 1 1 R? 1
Therefore w,, = (E_L_Z) and f,, = /(E_L_z) = f, /(1 _W)

Where f, is the resonance frequency of series resonance circuit. Qo is the quality factor .

10
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e The phasor representation of parallel resonance circuit is shown in Fig. 8

Fig. 8 : Phasor Representation of parallel resonance circuit [ Courtesy — Network Filters
and Transmission Line by A. Chakrabarti]
e The fig. 9 shows the variation of susceptance in parallel resonance circuit

Fig. 9: Variation of susceptance with frequency [ Courtesy — Electrical Technology by
A.Kand B.L. Thereja]

e Selectivity and bandwidth
Selectivity can be measured in-terms of quality factor . Higher is the Q better is the

selectivity . Q can be expressed as Q = ;LV’V
The quality factor of anti-resonance circuit can also be expressed as
Q=Lal_ 1 _1]L

R warCR~ RN C

1.3 R-L-C parallel resonance circuit
The circuit diagram of R-L-C parallel resonance circuit is shown in Fig. 10

Fig. 10: circuit diagram of R-L-C parallel resonance circuit [ Courtesy — Network
Filters and Transmission Line by A. Chakrabarti]

11
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The admittance of the circuit Fig. 1.10 is
Y—G+'B—1+'C+1—1+'(C 1)
CHTIEERTIOR T L TR\ T L

For resonance condition the susceptance part is zero

. 1 . 1
i.e. w,C — i 0, thisleads w, = N

In parallel resonance circuit current becomes minimum .
e The variation of voltage and current of R-L-C parallel resonance circuit is shown in Fig. 11

Fig. 11: Variation of voltage and current with frequency for R-L-C parallel resonance
circuit [ Courtesy — Network Filters and Transmission Line by A. Chakrabarti]

1.4 Assignment

Q.1.1 Draw the Laplace transform diagram of series and parallel resonance circuit. From the circuit

derive the expression for resonance frequency in both cases . (5+5)+(5+5)

Q1.2 Draw the circuit diagram of one practical resonance circuit . Derive the expression for
resonance frequency of the circuit . 5+5
Q1.3 Make a comparison list of series and parallel resonance circuit. 5

Q1.4. A constant voltage of frequency, 1 MHz is applied to a lossy inductor (r in series with L), in
series with a variable capacitor, C as shown in fig below . The current drawn is maximum, when C =
400 pF; while current is reduced to 70.7% of the above value, when C = 450 pF. Find the values of r
and L. Calculate also the quality factor of the coil, and the bandwidth.

R L

f=1NMHz

Q1.5. Derive an expression for upper and lower cut-off frequency of series and parallel resonance
curve . 5+5
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Module 11
NETWORK ANALYSIS
2.1 Nodal Analysis

o Nodal analysis is a helpful technique to find out node voltage , branch voltage , branch
current e.t.c.

e In this method as a 1* step reference node or datum node is selected on the circuit

o KCL equations are written at target node and adjacent node in-terms of node voltage with
references to datum node

e During writing node equations, for all node it has to be considered only one : either current is
leaving from target node towards adjacent node or current is coming towards target node
from adjacent node .That is to be considered for all node in a circuit for nodal analysis

e Nodal analysis is illustrated in the following example

Case 1: Circuits with Independent Current and/voltage Sources
Example 1 : For the circuit shown in figure determine the node voltages

6Q

VN

1A
120 4A

Sol": Identify node and reference node . Mention node voltages . voltage of reference node is set to
be zero .Following is the implementation

Vi 602 Vs
NV

120 6Q

Ov

Applying the nodal analysis at node 1 we get (Basically we are writing KCL equation at node 1)

vV, —0 V, —V,
—1 =0
Tz 6 _|
3V, — 2V, = 12 (1)

13



JIS GROUP

Educational Initiatives

(Please note here we have assumed voltage V; is greater than the voltages of adjacent node,i.e. current
is leaving from node 1)

Similarly applying nodal analysis at node 2 we get

V,-0 V,-V,

44+ ——+ =0
6 6 |
Solving equation 1 and 2 we get
V, = —6V
V,=—15V

Example 2 : Find the current I, using nodal analysis in the circuit below
9 kQ

AVAVAY

12 kO 172 kO

12vi T 6 kO - eV

Solution : Node voltages and reference node are identified in the following circuit

9 kQ2

14
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HereV,=12V ,V;=-6V

Writing node equation at node 2 , we get

V, VL, -V, V,-V;
6k 12k 12k

V, V,—-12 V,— (-6
2+ 2 + 2 ( ):0
6k 12k 12 k

Solving we get V, = (3/2) V
Therefore current lo= (V»/6 K)

Example 3 : Write down the node equation of the following circuit

14 Q
AVAVAY
2V
113 Q 1/6 Q
sA (y § 10 15 Q 25A
Solution :
1/4 Q
AYAVAY
2v
1/3 Q 16 Q

sa (y 10 15 Q (* 25 A

15
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Applying nodal analysis at node 3 we get

V; -V, (Va_z)_vzz

25 Vs
Tt T T 1
5 1 6

—4V, — 6V, + 15V, = 37 (1)

Nodal equation at node V> V., -V, Vz—(VE — 2) B
2, T + 1 + l =0
3 6

3V, + 10V, — 6 V5 = —12

(2)

Vi—=V; ViV,
8 + 1 + T~ 0

4 3
7V, —3V,—4V, = —8 (3)

Nodal equation at node 1

Example 4 : Find the node voltages for the following circuit using nodal analysis
14 Q

AVAVAY

3A

—— .

13 Q e
AVAVAY \'J
10 175 Q § 25A

o (1)

Solution: The circuit can be redrawn with node name as follows

174 Q
3A
C 22
Vi /\1;3/\/9 V2 'E_E Vs
8A G) % 10 1/5 Q§ C‘* 25A
—

16
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Hints : This is note a conventional nodal analysis problem . In addition with conventional nodal
analysis at node V; , node equation for V, and V3 can be carried out considering supernode
consisting of node V, and V3 and associated branch .

2.2 Assignment

QL.
Use the nodal analysis to find the iy, iy, iz, In, im, Vi, Vp, Ve, Vy.
20Q2 :
Ix
Q2.
Find the node voltages for the following:
6 kQ
AVAVAV
o 12k Q 3k Q 2 mA
io
Q3.
Find the current Ip by using the nodal analysis.
60
2V,
12 kO
S ANN——
+

12 O 60 ;Vx + )ov

17
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2.3 Mesh Analysis

Loop : A loop is a closed path that is drawn by starting at anode and tracing a path back to that
node without passing through an intermediate node more than once

Mesh : A Mesh is a loop that contains no other loops within it

We use Mesh Current analysis when we have circuits: that contain multiple sources and we wish
to solve for currents.

Using following examples Mesh analysis has been illustrated

Example 1: For the circuit shown in figure determine current delivered by the sources

—AW AA—
6 Q) 4 ()

42V C 30 D 10V

Solution :
Label each of the M mesh currents (defining all mesh currents to flow clockwise results in a
simpler analysis) .Write a KVL equation around each mesh .

3 %)
—_— —_—

——AM——AN—
6 () 4 ()

42\/(1’ 30 ;DIOV

(i1 — 1)

For mesh 1, we have
—42 4+ 6i; + 3(i) —i2) =0
or
Qi — 3i> = 42 (1)
For mesh 2 ,we have

—3(iy —i2) +4i> — 10 =0
or

—3i) +7i>» =10 (2)

18
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Solving we get

i1 =06A I =4A

(N.B. Please note if number of mesh current equations is more then then solution of equation can
be carried out using matrix method — Cramers rules)
Example 2 : Determine power supplied by 2 Volt source in the figure below.

4 () 50
AN ANN—
20
5V C) Cj) 1V
2V
Solution :
40 50
a'AA", AN
i, 2,

~O 1 HOn

Mesh equations are
—5 + 4iy +2(ip —i2) —2=0

+2 — Ql':'il — i—g} + Hio+1 =0
Solving above two equations we get

i.=1.132 A and i>=-0.1053 A

Therefore power delivered by the 2 Volt source is =2(i; —i;) = 2.4 W

Example 3 : Find out the mesh current in the following circuit
Ly

19
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Solution : The circuit can be analysed from the concept of supermesh

A supermesh is formed when a current source is the only element connected between two meshes
a. Define a voltage across the source and write KVL equations for the two meshes

42 4 6iy + Vos = 0

and .
Ves = 4ig — 10
b. We do not need to evaluate v to solve the circuit.
We get

—42 4617 + 419 — 10 =10
c. Finally, the source current is related to the mesh currents
That is

i —ia =3
d. The equation from b and ¢ can be solved to get mesh currents
2.4 Assignments

Q1. Determine the three mesh currents of the following circuit

'31. . iz.
EVEIAN
10 2 ) 2 0)
VO )

Q2. Use the mesh current method to determine current iy

20

A A A
Wi

402

Y,
y W

»
WY

(a)
<
5A

60 = /:) ’ 3i, KE} § 8 Q

20
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2.5 Network Theorems:

Superposition Theorem:

The total current in any part of a linear circuit equals the algebraic sum of the currents produced by
each source separately. To evaluate the separate currents to be combined, replace all other ideal
voltage sources by short circuits and all other ideal current sources by open circuits. In practical case,
replace all other voltage sources by internal series resistance in circuits and all other current sources
by internal parallel resistance circuits.

When multiple sources are used in a circuit, the Superposition theorem provides a method
for analysis.

The steps in applying the superposition method are as follows:

Step 1. |Leave one voltage (or current) source|at a time in the circuit and replace each
of|the other voltage (or current) sources |with its| internal resistance| For ideal
sources a short represents zero internal resistance and an open represents infi-
nite internal resistance.

Step 2. Determine the particular current (or voltage) that you wan4 just as if there were
only one source|in the circuit.

Step 3. Take the next source in the circuit and repeat Steps 1 and 2. Do this for each source.

Step 4. To find the actual current in a given branch,|algebraically sum|the currents due
to each individual source. (If the currents are in the same direction, they are
added. If the currents are in opposite directions, they are subtracted with the di-
rection of the resulting current the same as the larger of the original quantities.)
Once you find the current, you can determine the voltage using Ohm’s law.

The approch to superposition is demonstrated in the figure for a serias-parallel circuit with two ideal
voltage sources. We take that figure (a) is a given ciruit.

MWA—+— Wy

+ Ry Ry
Vs = R l fs

+
— 2 ) _T_: Vo

{a) Problem: Find /5.

e Analysis current for only voltage source Vs;: figure (b),(c) and (d)

il I R Rs Short

A — R, I replaces
Vsa

(b) Replace Vg, with zero resistance (short).

21




—AN——AW Wr—r—Wy
+ "r'l':.";th R i 1 3
Vg, —— R, Vm__;_ lesnl R, I

(c) Find Ry and [y looking from Vg, (d) Fin_d I, due to Vg, (current divider):
Ry =Ry + Ry I R; _( R3 )

¢ Analysis current for only voltage source Vs,: figure (e),(f)and (g)

R| R] f NSz +
Short B — Ve
4 2 =— V52
replaces — -
v, =%

(f) Find Ry and /-y looking from Vga:
Rysay = Ry + Ry Il Ky

(e) Replace Vs, with zero resistance (short). Itesny = Vea'Rysy

MWAV—— W

Hl. H:J' s
RI l"l_‘l:'-i_"l - 1"

{2) Find /5 due 1o Vg,:

N
I35y = (-m)f-nm

MAN—— W\
+ R, R3 +
Vs — fztsnlglfzr_sz; — V52
&

(h) Restore the original sources. Add /g, and /g,
to get the actual /5 (they are in same direction):
I = Iys1y + Ixs2)

Figure (h) is the final result.

22
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Example 1: Find the current through R, in the circuit.

R,
N 220 )
e / i R, Iy
10V K - 100 £} 100 mA
Solution:
L
A -
" 220 ()
L I, l R, fs
(1Y | - AN [ A
R
N 220 O \ | open
Vs = L| =k ¥ Is
AV N 100 ) 1)

Stepl: Find the current through R2 due to Vs by replacing Is with an open.
Notice that all of the current produced by Vs is through R,. Looking from Vs,

RT:R1+R2:3ZOQ

The current thought R, due to Vs is
vy =VS/IRT= 10V/320Q=31.2mA
Note this current is downward through R,.

23
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;:l Ry fs
- 100 11 104} mA

Replace V i 220 )

with \\
a short j R, § l I Is
100 02 = 100 mA

v

Step2: Find the current through R, due to Is by replacing Vs with a short,
Use the current-divider formula to determine the current through R, due to Is,

T (. W =(@j100mA=68.8mA
J | R +R, 3200

Note this current is downward through R;.
Step3: Both currents are in the same direction through R2, so add them to the total.
Lororary = Loy + o) = 68.8MA+31.2mA =100mA

Thevenin’s theorem

In electrical circuit theory, Thevenin’s theorem for linear electrical networks states that any
combination of voltage sources, current sources and resistors with two terminals is electrically
equivalent to a single voltage source V and a single series resistor R. For single frequency AC
systems, the theorem can also be applied to general impedances, not just resistors. Any complex
network can be reduced to a Thevenin's equivalent circuit consist of a single voltage source (V1) and
series resistance (Rry) connected to a load.

Ryy
Original —
circuit t — Vru

The steps of the simplification of a circuit by Thevenin’s theorem as follows:

stepl: The Thevenin’s equivalent voltage (Vy) is open circuit (no-load) voltage between two
terminals ‘A’ &’B’ in a circuit in figure (a).

24
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(a) Finding Vi,

Step2: The Thevenin’s equivalent resistance (Rry) is the total resistance appearing between two
terminals ‘A’ &’B’ in given circuit (figure (b)) with all sources replaced by their internal

resistance.

AM—o24
Rty
+ A
— Vg
OB

(c) Thevenin

kK, Ry A

A
Vs '{ Ry is in —
replaced 4 series with Rrn= Ry +
by short ~ §R3 R R, =

¢ R, and R
are in
parallel.

*

=l s

(b) Finding Ry

Step3: Finaly found figure (c) The Thevenin’s equivalent circuit.

25
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Example 1:
In the network shown below, the battery has negligible internal resistance. Find, using Thevenin’s
theorem, the current flowing in the 4 Q resistor.

100 8Q
Solution:
4Q 8Q QQ-:I%
28 V
[ ’
o + r_—‘,‘. 4 . } T
| : 8 Tagy
E g VR HEN
Fig.(a) e Lt Fig() !

1. The resistors in the branch containing the 4 Q resistor are removed as shown in diagram (a).
Diagram (b) is diagram (a) redrawn.

2. By voltage division, open circuit e.m.f., E = (%}(28) =16V
+
b
© |

B D 2
Fig.(c) i -l Fig.(d) e
3. Replacing the 28 V source with a short circuit, the resistance r ‘looking in’ at the break is shown in

4
diagram (c). The equivalent circuit of (c) is shown in (d), where r = ﬁ = —8 =3.429Q
8+6 14
Lo
0
T e-lev tos
T
.
T=3-42%n r G
L i
Fig.(e)
4. The Thevenin equivalent circuit is shown in diagram (e) where
. . 16
currentin 4 Q resistor, |, =—————— =0.918 A
3.429+10+4

26
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Norton’s theorem

Any collection of batteries and resistances with two terminals is electrically equivalent to an
ideal current source I in parallel with a single resistor Ry. The value of Ry is the same as that in
the Thevenin equivalent (Rty) and the current | can be found by dividing the open circuit voltage
by RN.

The steps of the simplification of a circuit by Norton’s theorem as follows:

Step 1. Short the two terminals between which you want to find the Norton equivalent
circuit.
Step 2. Determine the current (/y) through the shorted terminals.

Step 3. Determine the resistance (Ry) between the two open terminals with all sources
replaced with their internal resistances (ideal voltage sources shorted and ideal
current sources opened). Ry = Rry.

Step 4. Connect /y and Ry in parallel to produce the complete Norton equivalent for
the original circuit.

Norton’s equivalent current (Iy) is the short-circuit current between two output

terminals in a circuit.

R R R
! 3 1 Ry 4

AW Ao —AM— A
Vs ____ §R2 §RL Vs—:__— §R2"N

|+
+

|
I

ot o— * o)
B B
(a) Original circuit (b) Short the terminals to get /.

The Norton equivalent resistance, Ry, is the total resistance appearing between
two output terminals in a given circuit with all sources replaced by their internal
resistances.

R, Ry A R, Ry 4
+ ¢ \
Vs — § Ry § Ry, § R, Ry
- [ ]
® o .
B B

27
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Example 1: Use Norton’s theorem to find the current flowing in 40V
the 6 Q resistor shown below and the power dissipated in the 4 Q

‘i B L)
resistor. l- o

4 Q
' Nyti——
S
1. The branch containing the 6 Q resistor is short circuited as 60
shown in diagram (a). )
LoV G
Lo
ol
j SIS
Fig.(a)
kov S
=
‘-_‘ -
1
" Fig.(b)

2. Diagram (b) is equivalent to diagram (a). From diagram (b), ls. = 4—50 =8A

3. With the voltage source removed, the resistance “looking in’ at a break in the short circuit is

given by 4 Q in parallel with 5 Q, i.e. r= 45 :E =2.2222 Q
4+5 9
+ Toe=3A - g
@ A= b":’
Fig.(c)
4. The Norton equivalent circuit is shown in diagram (c), where
the current in the 6 Q resistor, |, = 22222 (8) =2.162 A
2.2222+6

Maximum Power Transfer Theorem

In electrical engineering, the maximum power transfer theorem states that, to obtain maximum external
power from a source with a finite internal resistance, the resistance of the load must equal the resistance of
the source as viewed from its output terminals.

& Maximum power is transferred to the load when R =Rs

MN——o—

Vs == TR
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Example 1: The source has an internal source resistance of 75€Q). Determine the load power for each of the
following values of load resistance:
(i) 0Q (i1) 25Q (iii) 50Q (iv) 75Q (v) 100Q (vi) 125Q
Draw a graph showing the load power versus the load resistance.

I+

I

[ele-

Solution:
Use Ohm’s law (1=V/R) and the power formula (P=1°R) to find the load power, P, for each value of load
resistance.
VS

| = 1
R + R, @
P = IZRL (2)
Using equation (1) & (2) for:
. Vi 10v 2 )
(R=0Q |I= = =133mA P.=1"R, =133 x0=0mW
R +R,  75Q2+0Q

(i R=25Q | = Vo 10V =100mA P_=1°R, =100% x 25 = 250mW
R +R,  75Q2+250Q

(i) R=50Q I = Vs = v =80mA P_=1°R, =80%x50=320mW
Ry +R,  75Q2+50Q

(iV)R=75Q | = Vs = v =66.7mA P.=1°R, =66.7° x75=334mW
Ry +R,  75Q2+75Q

(V) Ri=100Q | = Vs v =57.1mA

"R, +R_ 75Q+100Q
P =1°R, =57.1° x100 = 326mW

(vi) Ri=125Q
\Y
P, (mW) | = S = 10v =50mA
Ry +R,  75Q2+125Q
400 R, = R PL = ZRL = 502 x125=313mW
L s
J(H}Z_Z::ZZZL:ZZZ':______.i_-:_”_::q. _____ ?
200
The load power is greatest when RL=75£2,
100 which is the same the internal source
resistance.
i ' ' | i
. 0 25 :'.Ir} ?]5 100 125 Ry ()
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Reciprocity Theorem

Reciprocity Theorem states that — In any branch of a network or circuit, the current due to a single
source of voltage (V) in the network is equal to the current through that branch in which the source was
originally placed when the source is again put in the branch in which the current was originally obtained.
This theorem is used in the bilateral linear network which is consists bilateral components.

Explanation of Reciprocity Theorem

The location of the voltage source and the current source may be interchanged without a change in
current. However, the polarity of the voltage source should be identical with the direction of the branch
current in each position.

The Reciprocity Theorem is explained with the help of the circuit diagram shown below

G P 0=o WO

A

The various resistances R;, Ry, R3 is connected in the circuit diagram above with a voltage source (V)
and a current source (l). It is clear from the figure above that the voltage source and current sources are
interchanged for solving the network with the help of Reciprocity Theorem.

The limitation of this theorem is that it is applicable only to single source networks and not in the
multi-source network. The network where reciprocity theorem is applied should be linear and consist of
resistors, inductors, capacitors and coupled circuits. The circuit should not have any time-varying
elements.

Compensation theorem

Compensation Theorem states that in a linear time invariant network when the resistance (R) of an
uncoupled branch, carrying a current (I), is changed by (AR). The currents in all the branches would
change and can be obtained by assuming that an ideal voltage source of (V¢) has been connected such
that Vc=T1 (AR) in series with (R + AR) when all other sources in the network are replaced by their
internal resistances.

In Compensation Theorem, the source voltage (VC) opposes the original current. In simple words
compensation theorem can be stated as — the resistance of any network can be replaced by a voltage
source, having the same voltage as the voltage drop across the resistance which is replaced.

Source

Source R
LS ™7 | network

network
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Another approach:

Let the load resistance RL be changed to (RL + ARL). Since the rest of the circuit remains unchanged,
the Thevenin’s equivalent network remains the same as shown in the circuit diagram below

Here,

= t———— i
e .|
Al

| 1
. AA R
| Ry 1
| I
| I |:R + EI.R]
| I

(R +AR,) |
I I +
| I
| | UC
| | =
| 1 '
| |
e o - — - -l

Thewvenin's Source network with source
equivalent source replaced by internal resistance

Vo

I!' =
Ry + (Rp + ARp)

(2)

The change of current being termed as Al
Therefore,

i IR O -
Putting the value of I’ and | from the equation (1) and (2) in the

equation (3) we will get the following equation
VG V0

AT = —
Rrp+ (R + AR;) Ry + Rg

KT = Vo {Rte + Ry — (Ryg + Ry + ARp)}
(Rrg + Ry + ARp) (Rrg + Ry)

- [ A ] AR,
i rrew) ey vl R

A -(4)

Now, putting the value of | from the equation (1) in the equation (4), we will get the following equation

[AR
A= (5)

a Ry + Rp+ 4R, 7T

As we know, VC =1 A RL and is known as compensating voltage.
Therefore, the equation (5) becomes

_VC
Ry + Ry + ARy

Al =
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Hence, Compensation Theorem tells that with the change of branch resistance, branch currents changes
and the change is equivalent to an ideal compensating voltage source in series with the branch opposing
the original current, all other sources in the network being replaced by their internal resistances.

Millman’s theorem

The Millman’s Theorem states that — when a number of voltage sources (V1, V2, V3......... Vn) are in
parallel having internal resistance (R1, R2, R3............. Rn) respectively, the arrangement can replace
by a single equivalent voltage source V in series with an equivalent series resistance R. In other words;
it determines the voltage across the parallel branches of the circuit, which have more than one voltage
sources, i.e., reduces the complexity of the electrical circuit.

This Theorem is given by Jacob Millman. The utility of Millman’s Theorem is that the number of
parallel voltage sources can be reduced to one equivalent source. It is applicable only to solve the
parallel branch with one resistance connected to one voltage source or current source. It is also used in
solving network having an unbalanced bridge circuit.

ng Rii ............ §R” §RL _/R'? ng

As per Millman’s Theorem

_ 2ViG 2 VoG £ +V Gy
G+ Gyt owenat Gy

1 1
G B G]_ + Gz+ J'J'J'J'J'J'J'+ G‘n

Tellegen’s Theorem

Tellegen’s Theorem states that the summation of power delivered is zero for each branch of any
electrical network at any instant of time. It is mainly applicable for designing the filters in signal
processings. It is also used in complex operation systems for regulating the stability. It is mostly used in
the chemical and biological system and for finding the dynamic behaviour of the physical network.
Tellegen’s theorem is independent of the network elements.Thus, it is applicable for any lump system
that has linear, active, passive and time-variant elements. Also, the theorem is convenient for the
network which follows Kirchoff’s current law and Kirchoff’s voltage law.

The steps in applying the Tellegen’s theorem are as follows:

Step 1 — The following steps are given below to solve any electrical network by Tellegen’s Theorem
Step 2 —In order to justify this theorem in an electrical network, the first step is to find the branch
voltage drops.
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Step 3 — Find the corresponding branch currents using conventional analysis methods.
Step 4 — Tellegen’s Theorem can then be justified by summing the products of all branch voltages and
currents.

For example, if a network having some branches “b” then

b
vaib =0

b=1

Now if the set of voltages and currents is taken, corresponding the two different instants of time, t1 and
t2, the Tellegen’s Theorem is also applicable where we get the equation as shown below

b b

D v )iy () = ) vy () by (1) = 0

b=1 b=1

Application of Tellegen’s Theorem

The various applications of the Tellegen’s theorem are as follows:
. It is used in the digital signal processing system for designing of filters.
In the area of the biological and chemical process.
In topology and structure of reaction network analysis.
The theorem is used in chemical plants and oil industries to determine the stability
of any complex systems.
Star delta transformations

Each resistor in delta is equal to sum of all possible products of star resistors taken two at a time, divided
by the opposite star resistor.

Delta-Star conversion:

R, is opposite to R4; therefore,
RiRy; + R\R3 + RyR;3
Ry

Ry =

Also, R; is opposite to Rp, so

RiR;, + RiR; + RyR5
RB == RI

and R3 is opposite to R, so
RiR, + R|R3 + R>R;

RC = R3
Star-Delta conversion:
— FQAFQC
' R,+R;+R,
Fzz — FQBFQC
R, +Rg +Rc
_ FQAFQB
° RL+R;+R.
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2.6 Network Functions

A network function is the Laplace transform of an impulse response. Its format is a ratio of two
polynomials of the complex frequencies. Consider the general two-port network shown in Figure (a).
The terminal voltages and currents of the two-port can be related by two classes of network functions,
namely, the driving point functions and the transfer functions.

I 1
IN o
Figure (a) + O—— —e—0O +  Two port Network
Vv 1 . .
IN 0 I,n =input current, Vy=input voltage,
— O—Ti —O —  V,=output voltage,l,= output current

The driving point functions relate the voltage at a port to the current at the same port. Thus, these
functions are a property of a single port. For the input port the driving point impedance function Zn(s) is
defined as:

Zy (S) = Yo (S)
Ly (s)
[Note: f(s) denoted Laplace transform of f(t)]
This function can be measured by observing the current I,y when the input port is driven by a voltage
source V) (Figure (a)). The driving point admittance function Y n(s) is the reciprocal of the impedance
function, and is given by:

(s
Vi (S) =" ( )

VIN (S)
The output port driving point functions are denned in a similar way. The transfer functions of the two-
port relate the voltage (or current) at one port to the voltage (or current) at the other port. The possible
forms of transfer functions are:

1. The voltage transfer function, which is a ratio of one voltage to another voltage.
2. The current transfer function, which is a ratio of one current to another current.
3. The transfer impedance function, which is the ratio of a voltage to a current.

4. The transfer admittance function, which is the ratio of a current to a voltage.

2.7 Assignments
1. Find the current through the 100Q resistor.

Wy

56 ()

Is, Is;
100 {2 § 10 mA 3 mA
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2. Find the total current through Rs.
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Vo =20V
+
Ry = 1.0kQ
R, = 1.0kQ
’ §Rs
Ve, i 2.2k

1

3. Use Thevenin’s theorem to determine the current in each branch of the arrangement shown.

R 9.

T24 V

!

[Je00

T52V

4

4. For the bridge network shown below, find the current in the 5 Q resistor, and its direction, by using

Thevenin’s theorem.

5. Use Norton’s theorem to find currents 1, 1, and |, of the circuit shown.

Lo b

45V 8.5V

I3

1Q 05Q1(120

6. Determine the current flowing in the 6 Q resistance of the network shown below by using Norton’s

theorem.
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7. Convert the delta circuit to a star circuit.

8. Calculate the values of new currents in the network illustrated below when the resistor R; is
increases by 30%.

R1
NN
50
\7/51\/ 20Q R3
— §R2 20Q

9. Find the driving point Impedance (Z) at ‘a-b’ port, and transfer Admittance () parameters for the
circuit show in below.

gy ey oL e
+?* VAA }’+
Vi V2
fagot 2.0 5Q Qutput

;é e

d f al
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Module 111
GRAPH THEORY

Graph of a network is a simplest form of electric circuit representation. All the elements ( resistor,
inductor, capacitor)of an electric circuit can be replaced by lines with dots at both ends to form a
graph for a given network.

Basic Terminologies associated with Graph:

Fig 1

Branch: A branch is a line segment representing one network element/ combination of network
elements connected between two points. Fig 1 shows A,B,C,D,E,F are branches.

Node: It is defined as an end point of a line segment that exists at the junction between two branches.
Fig. 1 shows 1,2,3,4 are nodes.

Degree of a Node: It is the number of branches incident to it. Fig 1 shows degree of node 2 is 3.

Tree: Itis an interconnected open set of branches of a graph which includes all the nodes and should
never contain any loop within it. A tree is formed from a graph by deleting some branches of a graph.
Fig 1 shows tree is formed by bold lines.

Twig: It is defined as the branches of a tree. Fig 1 shows A,C,E are twigs.

Tree link/ Chord: It is those branches of a graph that does not belong to that particular tree. Fig 1
shows B,D,F are links.

Directed or Oriented Graph: A graph is said to be directed when all the branches and nodes are
numbered and branches are assigned with directions (arrows).

Relation between Twigs & Links
Let,

N = No of nodes; B = No of branches of a graph;L = No. of links, T = No. of twigs,
Then,

T=N-1; B=T+L

So,L=B-N+1
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Properties of a Tree
i. Consists of all the nodes of the graph.
ii. If a tree is obtained from a graph having N branches, then number of twigs will be N-1.
iii. A tree should not have any closed loop.
iv. For a particular graph, different trees can be obtained.

Formation of graph from electric circuit

The basic electrical circuit elements should be replaced as follows:
Resistor — By a shorted line between two nodes.

Inductor - By a shorted line between two nodes.

Capacitor - By a shorted line between two nodes.

Voltage source - By a shorted line between two nodes.

Current Source - By an open circuit.

Ilustration:
A R B A B
: ,\\/\\/\f g —— M
R
o ] B A
M B
( \\/’ \ [\ ) = ~
vV
A R C B
A B
Fig. 2

Incidence Matrix

This matrix gives relation between nodes & branches of a graph. It clearly indicates whether a branch
is leaving a node or entering the node.

Formation of Incidence Matrix:

Let, N = Number of nodes of graph ; B = Number of branches of graph; I;; = Incidence matrix of
N x B dimension;

i. If branch j is oriented away from node i, the matrix element I;; = 1.
il If branch j is oriented towards node i, the matrix element I; = - 1.
iil. If branch j is not incident at node I, the matrix element I;; = 0.

The complete set of incidence matrix is called augmented incidence matrix.
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Note that algebraic sum of the column entries of an incidence matrix is always zero.

Example I: Obtain incidence matrix of the graph shown in figure below:

P

l

Fig. 3
Node Branch——» A B C D E F
l -1 0 0 0 1 O
.. O -1 0 1 -1 0
=10 0 1 -1 0 1
1 1 -1 0 0 O

It is observed that column wise algebraic sum is zero. This is because a branch can leave a particular
node and enters a particular node. It is a N x B matrix.

Reduced incidence Matrix:

It is possible to delete any one row from incidence matrix l;; without loosing any information about
graph. The matrix obtained from incidence matrix by deleting one row is known as Reduced
incidence matrix.

For a graph having N nodes & B branches, the order of the reduced incidence matrix is (N — 1) x B.

Example 11: Obtain reduced incidence matrix of the graph shown in figure below:

— ’F

; :
[
g.
C

\li
(V'S )

Fig. 4
Node Branch—» A B D E F
l -1 0 0 0 1 O
O -1 0 1 -1 0

lij =
0 0 1 -1 0 -1

Here node 4 (4" row) is deleted to obtain reduced incidence matrix. Note that as column wise
algebraic sum is zero, hence it can easily be understood that what should be 4™ row matrix elements.
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Fundamental Tie Set Matrix or Fundamental Loop Matrix:

A fundamental Tie set is formed by choosing a tree from a given graph. The fundamental loops
should have only one link and other twigs. The number of fundamental loops is equal to number of
links.

Formation of Fundamental Tie Set Matrix:

Step I: Choose a tree arbitrarily.

Step Il: Form fundamental loops with one link & other twigs.

Step I11: Assume direction of loop currents in the direction of links.
Step IV: Form fundamental Tie set Matrix Tj; as follows;

i. If branch j is oriented in the direction of loop i, Tj; = 1.
ii. If branch j is oriented in opposite direction of loop i, Tj; = - 1.
iii. If branch j is not part of loop i, T;; = 0.

Example I11: Draw graph for the circuit given in fig 5 and obtain Tie set matrix.

-
L 1

' a . b A 12 e
v |y
1 [ = : d - 3 s |
f - E r 3
] - a 8 - -
1 1 3
Fig. 5

Here, dotted lines show links and bold lines show twigs. The loop currents are assumed in the
direction of links.
Loop currents Branch —a b ¢c d e f

|

00 1 -10

.. O 0 1 1
Tij =

1 -1 0 1

Fundamental Cut Set Matrix:

A fundamental cut set of a graph with respect to a tree is formed by one twig & other links. The
number of cut sets of a graph with respect to a tree is equal to number of twigs.

Formation of Fundamental Cut Set Matrix:
Step I: Choose a tree arbitrarily.

Step Il: Form fundamental cut sets with one twig & other links.
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Step I11: Assume direction of cut sets in the direction of twigs.
Step 1V: Form fundamental Cut set Matrix Cj; as follows;

i. If branch j has same orientation of cut set i, Cj; = 1.
ii. If branch j has opposite orientation of cut set i, Cj; = - 1.
iil. If branch j is not part of cut set i, Cj; = 0.

Example IV: Obtain cut set matrix of the graph shown in figure 6:

Cut Set C; is formed with Twig A, Links B &D.
Cut Set C, is formed with Twig C, Links B &D.
Cut Set Csis formed with Twig E, Links F &D.
Cut set Branch——» A B C D E F

l 1 00 -1 0 1
Ii._010—1—10
=loo1 -1 0 1

Exercise:

1. Discuss significance of
(@) Incidence matrix
(b) Tie set matrix
(c) Cut set matrix
(d) Reduced incidence matrix in electrical circuit analysis.
2. For the following electrical circuit, obtain (a) Graph (b) All possible combination of tree (c)
Incidence matrix (d) cut set matrix
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Module 1V
COUPLED CIRCUITS

Magnetic flux:

Magnetic flux (®g) is the number of magnetic field lines passing through a surface (such as a loop of
wire). The magnetic flux through a closed surface (such as a ball) is always zero. This implies that
there cannot be magnetic charges in classical electromagnetic.

The Sl unit of magnetic flux is the Weber (Wb) (in derived units: volt-seconds). The CGS unit is
the Maxwell.

Magnetic flux is sometimes used by electrical engineers designing systems with electromagnets or
designing dynamos. Physicists designing particle accelerators also calculate magnetic flux.

&= (s B.dA
where

@ is the magnetic flux
B is the magnetic field
S is the surface area
denotes dot product :
dA is the infinitesimal vector / / /

Self-Inductance: Fig 1: Magnetic Flux
Self-inductance or in other words inductance of the coil is defined as the property of the coil due to
which it opposes the change of current flowing through it. Inductance is attained by a coil due to the
self-induced emf produced in the coil itself by changing the current flowing through it.

If the current in the coil is increasing, the self-induced emf produced in the coil will oppose the rise of
current, that means the direction of the induced emf is opposite to the applied voltage.
You can determine the self-inductance of a coil by the following expression:

di i
E= L% or N%
dt

dt + (,f)
Where,
L= inductance : A
I=Current flowing through coil a0 *) v " 33 !

¢= Magnetic flux
N= No of turns of coil =

Fig 2: Self Inductance

Mutual Inductance
» Production of magnetic flux by a current
» The production of voltage by time varying magnetic field
« Current flowing in one coil established flux about that coil and about second coil nearby
» The time varying flux surrounding second coil produces a voltage across the terminals of the
second coil
» This voltage is proportional to time rate of change of current in first coil
» Define coefficient of mutual inductance or simply mutual inductance

L, L
v on 94y 9@+ e) R ] PR
otdt
L2 g Eé__!" ,‘ 'y GD fE(“
VZ = N2 dd¢;2 = N2 d(¢12d-: ¢22) © _NI turns N, turns :

Fig 3: Mutual Inductance
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di di
v,=M_, —2|lv. =M, —= AV}
? dt|t gt ==
M12:M21:M

Dot Convention:

» A current entering the dotted terminal of one coil produces an open circuit voltage with
positive voltage reference at the dotted terminal of the second coil
» A current entering the un dotted terminal of one coil provides a voltage that is positively
sensed at the un dotted terminal of the second coil
I i
s M — M

O —0
© o | e ? o |+ +
li li
L| g EL] =M ad Lla E Lo wa= I”‘I_I
) dt - - dr
- [ ] —
r O O— 0
. Fig 4: _
] i
O M O o . M
XN ¥ o <
L|$ EL: va=M d:l L|§ EL? = —M nil%
at ¢l
] L _ - B
O e o———1 I—
Fig 5:

Coils in series:

The total inductance of two coupled coils in series depend on the placement of the dotted ends of the
coils. The mutual inductances may add or subtract.

M M
—_— — —- —_— [ ]
o 4113 411h 0 o 4115 411 0
L L, L Ly
(+) =)
Fig 6:
(a) '8 (h)
Series aiding Connection Series opposing Connection
L:L1+L2+2M L:L1+L2-2M

Example: (a) determine v1ifi2 =5sin 45t A and il = 0;
(b) Determine v2 if il=—8e—t A and i2 = 0 di,
The current i2 (entering undotted terminal) results in a positive reference for the voltage induced

ross the left coil is the undotted terminal i )

across the left coil is the undotted te a i, M=2H i
) _di2t_ © ©
Ans: V(t)= 0 =-450c0s45t + - +

dil ~
V,(t)= ;t[: -16e' V o L, é é L, v
- - -
O O
Fig 7:
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Time Domain and Frequency Domain Analysis:

M M
V) @) @ Ly §j é L, @ @) vz v (i) @ Ly é é L,y @ (D v
|| [ ]
Fig 8: Time Domain Circuit Fig 9: Frequency Domain Circuit
Time Domain

. di, . di

v, =i,lR +L —++M—%

1 =hRA+ Lo it

di, , di

v, =1LR + L —=+M
2 2' %2 Zdt dt

Frequency Domain
Vi =(R + joL)l, + joMI,
V, = joMI, +(R, + joL,)I

Energy in Coupled Circuit:
The total energy w stored in a mutually coupled inductor is:

» Positive sign is selected if both currents ENTER or LEAVE the dotted terminals.
»  Otherwise we use Negative sign.

1 ., 1 . .
W=§L1|12 s L,i,” + Miji,

Coupling Coefficient:
The Coupling Coefficient k is a measure of the magnetic coupling between two coils 0 <k < |

0<k<1
M

JoL

K =1 perfect coupling

Aar or fermile core

k:

K < 0.5 Loosely Coupling

K >0.5 Tightly coupling

{2} (b
(a) Looselv Coupled Circuit (b)) Tightlv Coupled
Fig 10:
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Example 1:

Determine the coupling coefficient. Calculate the stored energy in the coupled inductors at t=1 s if

v= 60 cos(4t+30) V.
Ans:
The coupling coefficient is
M _25

\/_ 1%L2 \/20

After making mesh analysis we can found out that,

1,=3. 254 /160.60° A
Ih=-1.21,
In the time domain

=0.56

I,= 3.095c0s (4t- 19.4°)
l,= 3.254 cos (4t- 199.4°%)
The total energy stored in the coupled inductors is

1 1
w=> L2+ 3 Lol,2 + Mlyl,
=20.73 ]

Exercise:

o 25H

10 Q m

AW
.
v SHS E4H

N

| L

1. Determine equivalent inductance of the circuit given below

2H

4H SH

"ﬂﬁﬁﬁ“ D000
8H

2. Fork=1find 1 &l,.

10 Q

lﬂiﬂ“VC) I jmgg

10 H

f) 10£0° V
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Module V
LAPLACE TRANSFORM

The Laplace Transform is a powerful tool that is very useful in Electrical Engineering. The
transform allows equations in the "time domain to be transformed into an equivalent equation in
the Complex S Domain.

The mathematical definition of the Laplace transform is as follows:
F(o) = C{f0) = [ e fo)a
0

Laplace Domain

The Laplace domain, or the "Complex s Domain" is the domain into which the Laplace transform
transforms a time-domain equation. s is a complex variable, composed of real and imaginary parts:

W Jjor=Tm{s}

) ‘ o =Re{s}
§=0+ jw

Fig 3.1 S-plane

The Laplace domain graphs the real part (o) as the horizontal axis, and the imaginary part (®) as the
vertical axis. The real and imaginary parts of s can be considered as independent quantities.

Properties of Laplace Transformer:

Laplace transform of derivative-

LA{f (1)} = sF(s) — f(0)

Likewise, we can express higher-order derivatives in a similar manner:
L{f"(t)} = s*F(s) — s£(0) — f'(0)

For integrals, we get the following:

c {/: £(2) dt} - %F{s)

Initial Value Theorem
The Initial Value Theorem of the laplace transform states as follows:
F(0) <= lim sF(s)

N.B-This is useful for finding the initial conditions of a function needed when we perform the
transform of a differentiation operation
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Final Value Theorem

Similar to the Initial Value Theorem, the Final Value Theorem states that we can find the value of a
function f, as t approaches infinity, in the laplace domain, as such

‘lig]é Fi{t) = S]ji%sF{s]

N.B-This is useful for finding the steady state response of a circuit. The final value theorem may
only be applied to stable systems.

Laplace transform of different function

Jt) 620 I(s)
&(1) (unit impulse) 1
w(t) (unit step) 1
5
¢ (unit ramp) I
.'.i'l
1" (n>-1) n!
s
e 1
s+a
sinbt b
s+ b
cosbr 5
s+ b
e " sinar w
(s+a) +o
€™ coso N .
(s+a) +@’
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Transfer Function-

A transfer function G(s)or H(s) is defined as the ratio of Laplace transform of the output C(s) to
Laplace transform of input R(s)

_CE)

GL5) = R(S)

Poles & Zeros :

The roots of C(s)(numerator) for which the value of transfer function become zero is known as zeros.

The roots of R(s) (denominator) for which G(s) become infinite is known as poles.
Example

Find the pole-zero representation of the system with the transfer function:
H(s) = 6s* +18s+12
25 +10s* +165+12
First rewrite in our standard form (note: the polynomials were factored with a computer).
He) - & 3 s +235+2 3. [fsli1j|[f5+lf;| =
25 +55°+8s+6 ([s+1-])(s+1+])(s+3)

So the pole-zero representation consists of:

e zeros at s=-1 and s=-2, and
e polese at s=-1+j, s=-1-j and s=-3.

Pole-Zero Map

Imaginary Axis
T
¥
]
4]
i

Real Axis

Fig 3: Pole Zero Mapping
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Properties of Lapalce transform:

Property 1. Constant Multiple

If a is a constant and f(t) is a function of t, then
L{a- f(t)} = a-L{f(t)}

Property 2. Linearity Property

If a and b are constants while f(t) and g(t) are functions of t, then

Lia- f(t)+b-g(t)} = aL{f(t)} + bL{g(t)}
Property 3. Change of Scale Property
If £{f(t)} = F(s) then £{f(at)} — iFG)

Property 4. Shifting Property (Shift Theorem)

£{e"f(t)} = F(s—a)

Circuit Elements in S domain

Time Domain i) a(s), s-Domain
T SO
Resistor: Resistor:
O =Rigy O =R ‘ ) =Ry ()= RIy(s)
o | o |
AUN I,(s)
Inductor: o—= Inductor:
=L@ 7 = V,(5) = Lsl (s)
i om il ‘ i, (0) Li, (0)
Ic(t) I(s), o
Capac:ltor o o Capamtcir.
= 1/Cs V. (s)=—
o)== [ ic(@)ds P » -~ v{{(g) Vels) = lc(s)+
+v(0) - - s ve(0)
5
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Exercise:

Problem 1:
Find the Laplace transform of the ramp function r(t) = t
Problem 2:
Find the transform of the function
Ft) = (2- 262 [ t
Problem 3:
Derive an expression for the Laplace transform of the derivative of a function.
Problem 4:
Using Laplace transform obtain the charging current expression.
t=0
420 1H

— 150pF

336v

Problem 5:
State and Prove the Convolution Theorem.

Objectives:
1. Laplace transform analysis gives
a) time domain response only b) frequency domain response only c¢) botha &b d) none

2.The laplace transform of first derivative of a function f(t) is
a) F(s)/s b) sF(s)-f(0) c) F(s)-f(0) d)f(0)

3. The laplace transform of integral of a function f(t) is

a) F(s)/s b) sF(s)-f(0) c) F(s)-f(0) d)f(0)

4. A 10 Q resistor, a | H inductor and 1 pF capacitor are connected in parallel. The combination is driven by a
unit step current. Under the steady state condition, the source current flows through.

a) the resistor b) the inductor ¢) the capacitor only d) all the three elements

5. The Steady state value can be calculated using ..............
a) initial value b)final value theorem  c)total response d)natural response

6. Sudden change in current is not occurred in which component
a) capacitor b)inductor c)resistor d)natural response
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Module VI
CIRCUIT TRANSIENTS

What is transient?
The time varying currents and voltages resulting from the sudden application of source, usally due to

switching, are called trnsients. By writing circuit equations, we obtain integral differential equations.
Transient & Stedy State Response

Complete response = Transient Response + Steady State Response

Temporary Part Permanent Part

System Response

— ~.

In Equilibrium Change in Equilibrium
(Steady State Response) (Transient Response)
A

'[‘_7

Steady State
Transient State

Figl. Transient & Steady State Response

Transient response is the response of a system from rest or equilibrium to steady state.
The values of voltage and current after the transient has died out are known as the steady state
responses.

Basic Elements of the Network:

[ Resistor J

Elements of the
Network

[ Inductor } [ Capacitor ]
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Resistor: A resistor is a two terminal electronic component. It produces a R
voltage across its terminals that is proportional to the current following through A C AAA
it in accordance with Ohm’s Law: I —)R
V=IR

——

Thus, in resistor, change in current is instantaneous as there is no storage of energy in it, 1n units or
Ohm.

Inductor: An inductor is a passive component that can store energy in a magnetic field created by the
current passing through it. An inductor’s ability to store magnetic energy is measure by its inductance,
in units of Henries. Current in an inductor cannot change instantaneously.

d. . 1 .
v(t) = Lal(t) it == tj v(z)dt +i(t,) %

Capacitor: The current through a capacitor can be changed instantly, but it takes time
to change the voltage across a capacitor. Units is Farads.

= C
g
i(t) = C%v(t) v(t) = é J i(2)dt +v(t,)

Passive Linear Circuit Elements

Resistor Capacitor Inductor
Current Vplt_age V=IR ] dv di
Characteristic 1=C— v=L—
dt dt

Series Equivalent n o R1R2 Ceq :Cl -I—C2 L - |_1|_2

eq €q
R +R, L, +L,
Parallel Equivalent _ —
a R, =R +R, . C.C, L, =L +L,
" C,+C,
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Complex Impedance =sL = il
z(s)_V(S) z(s)=i=_i 2(s)=sL=jw
1(s) sC Jac
Time Constant (With r=RC L
Resistor) T=—
R

Initial Conditions: We need initial conditions to evaluate the arbitrary constants in the general
solution of differential equations. We find the change in selected variables in a circuit when one or
more switches are moved from open to closed positions or vice versa. The representation of initial
conditions of RLC circuit excited by a DC source is shown in table 1

e t=0 indicated the time just before changing the position of the switch

e t=0indicated the time when the position of switch is changed

e t=0"indicated the time immediately after changing the position of switch

Initial condition for the resistor: For a resistor current and voltage are related by v(t) = Ri(t). The
current through a resistor will change instantaneously if the voltage changes instantaneously.
Similarly the voltage will change instantaneously, if the current changes instantaneously.

Initial condition for the inductor: Voltage across the inductor is proportional to the rate of change
of current. It is impossible to change the current through an inductor by a finite amount in zero time.
This requires an infinite voltage across the inductor.

Initial condition for the capacitor: Current through a capacitor is proportional to the rate of change
of voltage. Due to this change the voltage across a capacitor by a amount in zero time. This requires
an finite current through the capacitor.

Tablel: representation of initial and final conditions of an RLC circuit excited by a DC source

Circuit Elements at initial conditions at final conditions
t=0+ t=w
R R R
L
W 0C
S o
If there is no current flowing
through an inductor at t=0, the
inductor will act as open circuit
att=0"
—| I— SC 0C

c o, O
If there is no voltage across the
capacitor at t=0, the capacitor
will act as a short att = 0"
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Representation of RLC devices in time-domain and s-Domain:

t-domain s-domain

L
R I:> la"ﬁrs! "W=R
1(5)
i
+ sC
v(0") + c C> V) o)
- v
- s
Capacitor has an L 1 v(0°)
impedance: ¢ [(s)=sCV(s)—Cv(0") V(s)= C I(s)+
s s
- 1(s)
+ gl
i(0) } . o
L |::> Vis) e
- Li(0")

Inductor has an

impedance: SL I(s)= LLV(,;) + (o) V(s)=sLI(s)—Li(0")
5

Solution to First Order Differential Equation:

Consider the general Equation

20w =K )

Let the initial condition be x(t = 0) = x( 0 ), then we solve the differential equation:

d’é(t) X =K, (1)

The complete solution consists of two parts:
4+ the homogeneous solution (natural solution)
4 the particular solution (forced solution)

The Natural Response:

Let the general Equation:

20O o =K )

Setting the excitation f (t) equal to zero,
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(0O Ly ogor Tl x%® @ dt
dt T X,(t) 4
J~an(t) _ _$1 Xn (t) :ae—tlr
X, (1) r

Xn(t) is called the natural response.
The Forced Response:
Let the general equation:

dx(t)

T

+x(t) = K, f (1)

Setting the excitation f (t) equal to F, a constant for t >0

dx, (1)

T + X, (t) = KsF

X; (t) =K F fort>0
Xs(t) is called the forced response
The Complete Response:
Let the general Equation and Solve for a,

Tm+x(t):st(t) fort=0
dt X(t =0) = x(0)=c + X(0)
a = X(0) = X()

The complete response is:

» the natural response is X = X, (t) + xf (t)
> the forced response is —aet" +K,F
The Complete solution is: = e’ + x(w)

X(t) = [x(0) = x(0)] &' +x(e0)
[x(0) — x(0)]e ™"
Itis called transient response
X(o0)
Itis called steady state response
Complete response = natural response  +  forced response

Due to the initial condition Due to the external excitation
DC Response of an R-L Circuit: i(t)
R +
Vu(t) - L Vv,
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Ri + Lﬂ =V
dt

Ldi __ gt
V — RIi
L i
——INn(V —Ri)=t+k
R
. L
1(0") =0,thus k=—EInV

—%[In(\/—Ri)—an]:t

V —RI _
—e Rt/L or
V
.V V _
i=———e ™ fort>0
R R
Where L/R is the time constant
DC Response of an R-C Circuit:
i + Vg -
—>
AVAVAY, N
R C

I =Ic
Vs Ve & dv.
R 1 °C dt
dv. 1 1
+ R~ —~~ Vs
dt RC RC

The solution will give natural response i, =i, = Ke /"¢
The corresponding voltage drops across the resistor and capacitor can be obtained as follows:
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Vg =iR=-Ve/f¢
Where RC is a time constant

DC Response of an R-L-C Circuit:

_|_
e
d
i =C s
dt
i';‘rif?(j a o
V= RC Uc LC
f dt + Ot At
A’ oc Edvc i ve V¢
Adt? L dt LC LC
Second-order differential equation.
2" Order System:
Block Diagram
F
: 1
K J .
—( 1
- ||
R(s) + K Position signal C (s)

,S'(.Is + F)

57



Educational Initiatives

Transfer function:

Cs) K
R(s) Js'+Fs+K
K
_ J
F (FY K| F [FY K
s+—+. | — | ——[|s+——,| — | -=
o W] 71 2 V] o

(- damping ratio
@y undamped natural frequency
o:  stability ratio
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to obtain

2

C(s) Q)
R(s) s*+2lo,s+w,’

n

o Underdamped casec: (< (<1

F2-4JK<0 two complex conjugate poles
o Critically damped casc: (=1

F2-4JK=0 two equal real poles
o Overdamped casc: C >1

F?-4JK>0 two real poles
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MODULE: VII
TWO PORT NETWORK

When a number of impedances are connected together to form a system that consist of set of
interconnected circuits performing specific function, is called as a network.

One Port Network: A pair of terminals at which a signal may enter or leave a network is called a port
n/w or one port n/w.

— l; One
PORBT 1 Port

i < n/w
b

Fig 1. One port Network

Two Port Parameters It represented by a black box with four variables,[] two voltage (V1 , V2 ) and
two currents (11, 12 ), which are available for measurements Out of these four variables, which two
variablesl] may be considered ‘independent’ and which two ‘dependent’ is generally decided by the
problem under consideration.

Fig 2. Two port Network
Z - PARAMETERS (Open Circuit Impedance Parameters):

The figure below shows a two port network. The voltages & currents of both ports are shown. The
currents inward to the network are considered as positive.

Fig 3. Two port Network
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For a two port network,

Y2 I 74 | L P (i)
V1] _ [211 Z12] 11] (ii)
v, 2 B ] R

_[Z11 Z12] _ :

Where, [Z] = = Impedance Matrix

Zy1 Zp

Equation (ii) can be written as,

AV I T LE AT (lll)

N A LR 4 (lV)

To find

Z11 & Z,, output port should be open circuited, i.e.; 1, =0,

So, from equation (iii), Zj; = [Vl/ll].zzo; Known as Input driving point impedance

From equation (iv), Zy = [Vz/ll]lzzo; Known as forward transfer impedance

To find

Z12 & Z,, input port should be open circuited, i.e; 1; =0,

So, from equation (iii), Zj; = [Vl/lz]u:o; Known as reverse transfer impedance

From equation (iv), Zy = [Vz/12]|1=0 ; Known as Output driving point impedance

Z11, Z12, Zn1, Z2, all are impedances and unit is ohm.

As Z parameters are obtained by open circuiting any of the two ports and expressed as ratio of voltage
& current, these are known as OPEN CIRCUIT IMPEDANCE PARAMETERS.

Equivalent circuit model of Z parameter representation:

The following circuit diagram shows equivalent circuit model of Z parameters which satisfies
equation (iii) & (iv).

] ] —1_ 5 -

. Z11 2

Vi Z1212 72111 V2

Fig 4. Equivalent circuit model of Z parameter representation
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Example I: Find z parameters of the following network shown in fig 5.

AAP AOA A
I\ NN - FAWAN
g VAVAY VAYAY :

Il 1Q 3Q IZ

\ f

iy Va2
V1 20 .

\/
\ /
v

A\ r'\
AN /
/
;

Fig 5.
Assuming first that the output is open circuited, I, = 0,
Looking back to the network from terminals ab,
Reg1 =[(3+5)12]+1=2.6 Q.
Let us assume /; to be the input current such that,
Vi= 11 Reg1 = 2.6 I volt
And, Z;; = 1111 when I, =0
7y = 2.6 Q.
Let us assume the current through 5 Q resistor be I,

2 _ I

24345 5

Then, L, =L*

And, V,=-L*5=1; Volt

This gives, Zy; = % when I, =0
1
221 =1Q.

Next assuming the input to be open, I;= 0. The equivalent resistance of the network looking back
from the terminal gh is given by

Req2 =[3+2)15]=25Q.
Let us assume I, to be the input current such that,

V2= 12 Reqz =25 12 VOIt
And, Z,, = % whenl; =0
2

Zzz = 25Q.
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Let us assume the current through 2 Q resistor be I,

5 _ I

243+5 2

Then, I

—_ *
y_IZ

With terminal a-b open, V,_, =V,._,; , i.e., the voltage across c-d terminal is V; too.
Hence, Vi =1,*2 :1?2 *2= 1, Volt
This gives, Z;, = % whenI; =0

2

ZZl =1Q.

Example Il: Find z parameters of the following network shown in fig 6.

AN
WA
\V/ \v'f i
30
’,n'\\ ,-"‘ A A A
N \ /\ I\ /\
10 20
=
Vi1 <:;\> \2
< 50
>
£
Fig 6.

Let us first assume the output terminal c-d are open circuited and V; is applied at a-b terminals (input
port).

Looking back to the network from terminals ab,
35
Req1 =[G +2)11]+5="—= Q.
Let us assume I; to be the input current such that,
35
V1: 11 Reql = ? Il volt
And, Z{; = % when I, =0
1

35
le = ? Q.

1
2+3+1

Then, 13 :11 * :%A

Thus drop V/, across terminal c-d is given by
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Vy=l3*2+ 1L %5 ==« 2 + 1 + 5 Volt

This gives, Zp; = % when I, =0
1

16
ZZl = ? Q.

Next let us assume the oinput terminal a-b are open circuited and V, is applied at c-d terminals (output
port).

Regz=[3+1)12]+5=2 Q.

Let us assume I, to be the input current such that,
19

V2= 12 Reqz = ? 12 volt

And, Zzz = % when 11 =0
2

_ 19
2 I
— * — 12
Then, Iy =D * o2y =3

Hence, V; = ITZ *1+5[, = % I, Volt
This gives, Z;, = % whenl; =0
2
16
Zy = ?Q

Y - PARAMETERS (Short Circuit Admittance Parameters):

The figure below shows a two port network. The voltages & currents of both ports are shown. The
currents inward to the network are considered as positive.

Fig 7. Two port Network

For a two port network,

[T 2 IYTIV: oo oo oo ettt ettt (v)
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Il _ Yll Y12 Vl H
12] = [Y21 Yzz] [Vz] ............................................................................... (vi)
— Yll Y12 — H H
Where, [Y] = Yoo Yool = Admittance Matrix
21 122
Equation (ii) can be written as,
|1 = Y11V1+Y12V2 ....................................................................................................................... (Vll)
DI YAV Ak o 7 Y2 TR (Vlll)

Y11 & Y, output port should be short circuited, i.e; V, =0,

So, from equation (vii), Y3 = [ll/vl] v2=0; Known as Input driving point admittance

From equation (viii), Yy = [IZ/VI] v2 =0, Known as forward transfer admittance

To find

Y12 & Yo, input port should be short circuited, i.e; V1 =0,

So, from equation (vii), Y, = [ll/vz]\,l:o; Known as reverse transfer admittance

From equation (viii), Zyp= [IZ/VZ]Vl:‘) ; Known as Output driving point admittance

Y1, Y12, Y21, Yoo all are admittances and unit is mho.

As Y parameters are obtained by short circuiting any of the two ports and expressed as ratio of current
voltage , these are known as SHORTCIRCUIT ADMITTANCE PARAMETERS.

Equivalent circuit model of Y parameter representation:

The following circuit diagram shows equivalent circuit model of Y parameters which satisfies
equation (vii) & (viii).

- -

I I

Y11
Y122 Y22 V2

V
. Y21V1

Fig 8. Equivalent circuit model of Y parameter representation
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Example I11: Find Y parameters of the following network shown in fig 9.

Il vV V.V A vV V
10 3Q

Vi < Va
<20
|
Fig 9.
Let voltage across 2 ohm resistance is V.
From above figure,
= 12
h=Vv, -V; .. (i)
I, = % ...... (ii)
Applying KCL at Node A, I, + 1, = % ...... (iii)

Substituting Eqn. (i) and (ii) in Egn. (iii),

Vo=Vs _ V3

2

Vi =V3+
6 2 .
V3 :HV1 +HV2 ...... (lV)

Substituting Eqgn. (iv) in Eqgn. (i),

2

6
L=V _HV1+HV2
5 2
11:HV1 _HVZ ...... (V)

Substituting Eqgn. (iv) in Eqgn. (ii),

v, 1,6 2
L= 22ty +2ly
27 73 3\l g 2)

2

3 .
|2:— HV1+HV2 ...... (Vl)

Comparing Egn. (v) and (vi) with Y- parameter equations,

5 2
Y1y Y12]= 11 11
Yor Yool |22 32
11 1
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Example IV: Obtain Y parameters of the following network shown in fig 10.

\ A
N

NN I
20 :

A AW A
® vV V A

I 20

=10
Vi o V2

N

S
< T\> 3Ve
N\ F o

Fig 10.
Let, V3 be voltage at node A.

From figure, we can write,

I — Vl_V3
! 2

I]_: —V1 ——V3 ...... (l)

=22 (ii)

Applying KCL at Node A, I +1, +3V,=0  ...... (iii)
Substituting Eqgn. (i) and (ii) in Eqgn. (iii),

Vi—Vs  Vo—V3
L34 2-2343Y,=0
2 2 2

Substituting Eqgn. (iv) in Egn. (i),

1 1.1 7
h=-V —-(Gh+51)

1 7
Ilszl —ZVZ ...... (V)

Substituting Egn. (iv) in Egn. (ii),

v, 1,1 7
= —= — —(- + —
o= =GVt V2)
1 5 .
I, = 4V1 4V2 ...... (vi)

Comparing Eqgn. (v) and (vi) with Y- parameter equations,

- 1

1 _7
Yii. Yi ]_ 4 4
Y21 Yo 1 _E

4
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h - PARAMETERS (Hybrid Parameters):

h — parameter representations are widely used in electronic circuit modelling, especially in transistor
modelling. To find h parameters, both open circuit & short circuit conditions are utilized at input &
output ports respectively, hence it is termed as hybrid parameters.

Fig 11: Two Port Network

For a two port network,

V1] hiq h12] [11] .
= ix
I hy1r haal [V ()

Equation (ii) can be written as,

V= h11|1+h12V2 ......................................................................................................................... (X)
|2 = h21|1+h22V2 .......................................................................................................................... (Xl)
To find

h11 & hyg, output port should be short circuited, i.e; V, =0,
. - e

So, from equation (x), hy; = [ /11] v2=0; Unit: ohm

From equation (xi), hy, = [12/11] v2=0,; Unit: None

To find

h1» & hy,, input port should be open circuited, i.e; I, =0,

So, from equation (v), hy, = [Vl/V2]|1=0; Unit :None

From equation (vi), Zy = [IZ/VZ]u:O : Unit : mho
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Equivalent circuit model of h parameter representation:

The following circuit diagram shows equivalent circuit model of Y parameters which satisfies
equation (X) & (xi).

I I

h11

h12V2 h22 \/2
Vi h21l1

Fig 12. Equivalent circuit model of h parameter representation
ABCD PARAMETERS (Transmission line or Chin Parameters):

ABCD parameters are widely used in transmission line parameter calculations, hence these are also
known as transmission line parameters.

Fig 13: Two Port Network

It is observed from above figure that, I, is positive as it is inward to the network, whereas I, is
negative as it is leaving the network.

For a two port network,

]1/11] -4 7 [_sz] ............................................................................... (ii)

Equation (ii) can be written as,

V1 = AVZ- B |2 ........................................................................................................................ (Xlll)
I, = CVZ D F S PRSPPI (XiV)
To find

A & C, output port should be open circuited, i.e; 1, =0,
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So, from equation (xiii), A = [Vl/VZ] 12=0 . Unit : None

From equation (Xiv), C= [Il/Vz] 1220 Unit : mho
To find

B & D, output port should be short circuited, i.e; V, =0,

. - o
So, from equation (xiii), B = [ /_Iz]vzzo, Unit :ohm
From equation (Xiv), D= [11/_12]\,2:0 : Unit : None

Example I11: Find ABCD parameters of the following network shown in fig 14.

+

I iQ ¥ A :20 v I N
Vi < : V2
(:\_SQ
Fig 14
Applying KVL at left mesh, Vi=6I; +5I, .................. (i)
Applying KVL at right mesh, V,=5L+7, .................. (i)
Hence, 5L=V,—-T7I,
1 7
I1= EVZ _EIZ .................. (i)
Substituting Egn. (iii) in Egn. (i),
V1= 6(§1V2 - §712 )+ 5L
6 17 .
= EVZ — ?12 .................. (|V)
Substituting Eqgn. (iv) in Eqgn. (i),
1 1.1 7
h=-W —-(Gh+51)
1 7
Ilszl —ZVZ .................. (V)

Comparing Eqn. (iii) and (iv) with transmission parameter equations,
17

Nk
C D 1
5

u1|\1cn|
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Condition for Reciprocity of a Two port network

A network is said to be reciprocal if the ratio of output to input remains identical even if the position
of input-output are interchanged.

Condition for Reciprocity in Z parameters:
Case I:

Let, a input voltage V; is applied to port 1, and terminals of port 2 are short circuited. The figure 15
shows for an input voltage V,, -1, current is flowing through port 2.

Lo Pl P2 I
— -l
Vi—
_ V=0
Fig 15

From figure we can write,
NV L T 1 1m0 e e e e e e e e e (XV)
V2 =0= 221|1— Zgglz .......................................................................................... (XVi)
Solving equation (xv) & (xvi), we get
(VA/12) T2 (xvii)

Where, ANZ =2711222 — 71575
Case llI:

When position of input& output are altered, with V; voltage applied as input at port 2 & port 1 is short
circuited as shown in figure 16.

: l I Potl Portd| L
- 1 — 1

W

Vi=l) -
Fig 16

From figure we can write,
Vo S0m =10t oo e (XVlll)
Vo = o1 it ool oo e e e (XiX)

Solving equation (xviii) & (xix), we get

212

V) = T R T T T T T PP LR P PP PP PP PRPPPPPRPRE (xx)

Where, A7 =711222 — 7157
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For a two port network to be reciprocal, the following condition should be satisfied.
(i/lp) = (V2/11)

Hence, Zio =275 ...... This is condition for reciprocity in Z parameters.
Condition for Reciprocity in Y parameters:

Case I:

Let, a input voltage V; is applied to port 1, and terminals of port 2 are short circuited. The figure 17
shows for an input voltage Vi, -1, current is flowing through port 2.

I Potl Pot2| LU
—_— -
Vi—
) V=0
Fig 17

From figure we can write,
'|2 = Y21V1 ...................................................................................................... (XXi)
Or, (V]_/ |2) e (XXll)

Case Il

When position of input& output are altered, with V, voltage applied as input at port 2 & port 1 is short
circuited as shown in figure 18.

: l I Potl Potd| L
- 1 — 1

W

V=) B
Fig 18

From figure we can write,
L B 2 27T (xxiii)
Or, (Vz/ |1) e 0T (XXiV)

For a two port network to be reciprocal, the following condition should be satisfied.

(113) = (Vo11y)

Hence, Y12= Yo ...... This is condition for reciprocity in Y parameters.
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Condition for Reciprocity in h parameters:
Case I:

Let, a input voltage V; is applied to port 1, and terminals of port 2 are short circuited. The figure 19
shows for an input voltage Vi, -1, current is flowing through port 2.

I Potl Pot2| LU
—_— -
Vi—
) V=0
Fig 19

From figure we can write,
Vl = hllll .................................................................................................. (XXV)
-|2 = h21|1 .................................................................................................. (XXVi)
Solving equation (xxv) & (xxvi), we get
(V1) =— % ................................................................................................ (xxvii)

Case Il

When position of input& output are altered, with V, voltage applied as input at port 2 & port 1 is short
circuited as shown in figure 20.

1 l I [Pt Pot)| D
- 1 S S

W

Vi) -
Fig 20

From figure we can write,
V1 =0= -h11|1+h12V2 ......................................................................................... (XXV|||)
I, =- h21|1 + h22V2 ............................................................................................. (XXiX)

Solving equation (xxviii) & (xxix), we get

h
(Volly) = i ................................................................................................... (XxX)
For a two port network to be reciprocal, the following condition should be satisfied.

(1113) = (Vo11y)
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Hence, hy; =-hy; ...... This is condition for reciprocity in h parameters.
Condition for Reciprocity in ABCD parameters:

Case I:

Let, a input voltage V; is applied to port 1, and terminals of port 2 are short circuited. The figure 21
shows for an input voltage V,, -1, current is flowing through port 2.

I Porl Pot2| U
— -l
Vi—
- V=0
Fig 21

From figure we can write,
R 2 (xxxi)
(V1010 S B e e e e e e e (xxxii)

When position of input& output are altered, with V; voltage applied as input at port 2 & port 1 is short
circuited as shown in figure 22.

1 l I ot Pot)| D
- 1 — 1

W

Vi=l) - )
Fig 22

From figure we can write,
Vl =0= AV2 -B |2 ......................................................................................... (XXX|||)
PR OV e 5 1 P (xxxiv)

Solving equation (xxxiii) & (xxxiv), we get

(V) =- ADIjBC ............................................................................................ (Xxxv)

For a two port network to be reciprocal, the following condition should be satisfied.

(Vlllg) = (Vzlll)

Hence, AD-BC=1 ...... This is condition for reciprocity in ABCD parameters.
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Condition for symmetry in Two Port Network

A two port network is said to be symmetrical if input & output port can be interchanged without
altering port voltages & currents.

Condition for symmetry in Z parameters:
Case I:

Let, V voltage is applied to input port P1 & output port P2 is kept open circuited as shown in fig. 23;

I o] pot2| 170
V —
Fig 23
From above figure, we can write,
Y24 L (xxxvi)
Case Il

When the input & output ports are interchanged, i.e; if V voltage is now applied at port 2 & port 1 is
kept open circuited as shown in fig 24.

Then, we can write,
R 4 (xxxvii)

For a two port network to be symmetrical, for a particular voltage (V) applied to port 1 & port 2
respectively

From equation (xxxvi) & (xxxvii), we can write, for symmetry

Zi1=2Zy......... This is condition for symmetry in Z parameters.

75



JIS GROUP

Educational Initiatives

Condition for symmetry in Y parameters:
Case I:

Let, V voltage is applied to input port P1 & output port P2 is kept open circuited as shown in fig. 25;

I |Port] Port 2

From above figure, we can write,
| PEET Z2 V/Z20 (xxxviii)

Case Il

When the input & output ports are interchanged, i.e; if V voltage is now applied at port 2 & port 1 is
kept open circuited as shown in fig 26.

=0 [Port] )| L

Then, we can write,

For a two port network to be symmetrical, for a particular voltage (V) applied to port 1 & port 2
respectively

From equation (xxxviii) & (xxxix), we can write, for symmetry
Y11=Youuuun... This is condition for symmetry in Y parameters.
Condition for symmetry in ABCD parameters:

We know, for symmetry

21y =2y,
Z1 = [‘;—11],2:0 = [?Z:gz].zzo = [/El] ...................................................................... (XXXix)
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We know,
_["
Zy= [l—] 11=0
2

Hence, with |, = 0;

I1=0= CV,-DI;

[21= {2l

V2

Or, Zoo = [2]i=0= [2] o ovveeee e

I
Comparing equation (Xxxix) & (XXxx)
We can write, for symmetrical network,

Zy1=21y

OrLA=D ..o, This is condition for symmetry in ABCD parameters.
Interrelation between two port network parameters
Z- Parameters in Terms of Y Parameters

We know, [Z] = [Y]*

or [ Z1 Z12]: Yii Yio ]'1
'Ly Iy Yor Yo

By simplifying, we get,

Y22 Yia, Y1 Y1

zy1 =5, 1277 5 La=-40 Iu=g,
Here, AY = Y11 Yoo - Y12 Y2
Z- Parameters in Terms of ABCD Parameters

From the governing equation of ABCD parameters,

V1: AVz—Blz .....................................................................................

|1: CVZ— D|2 .....................................................................................

From equation (xxxxii),

1 D
Vo o= e =
Z—C. 1+C'

Similarly, from From equation (xxxxi),
1
Vi=[ z.hi+ 2.1, ] A-Bl;
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c - D (XXXXiV)
Comparing equations (xxxxiv) & (xxxxiii) with the governing equations of Z- parameter network,

We can write

A AD—-BC
Zu=2,2,=
11 c’ 12 C

Zy= %, Zyp= %-
Z-Parameters in Terms of Hybrid Parameters
The governing equations of the h-parameter network are given by
Y (T U o 1A V27 T (XXXXV)

I, = h21|1 + h22V2 ........................................................................................... (XXXXVi)

From equation (xxxxvi),

h 1 ..
Y2 e P P S RRPRRTRI (xxxxvii)
ha ha
_ _ ha1 1
Vi=hpli+hpVo=hyli+hy =1+ — .1, ]
ha2 ha2
Ah h
V1T o 1 2 D e e (xxxxviii)
ha2 ha2

Comparing equations (xxxxvii) & (xxxxviii) with the governing equations of Z- parameter network,

We can write

Ah Ry

Zy= v L12= T

ha2 ha2
I2y=-—"=,2p=—
ha2 haa

Here, Ah = hll h22 - h12 h21
Similarly, interrelationship for other network parameters can be established.

Y parameters in terms of other network parameters:

Y parameters | In terms of Z In terms of ABCD | In terms of h
parameters parameters parameters
Yll @ 2 L
AZ B hat
Yo _ Zi2 _ AD-BC TRy
AZ B hiq
Y2 i R hay
AZ B hi1
Ve 4y q ah
AZ B hi1

78



JIS GROUP

Educational Initiatives

ABCD parameters in terms of other network parameters:

ABCD In terms of Z Interms of Y In terms of h
parameters parameters parameters parameters
A Z11 7] _ AR
Z_21 Y21 ha1
B AZ . L _hu
Z_Zl Y21 ha1
C 1 . Ar _h2a
Z—21 Y21 ha1
D Zy . 1
211 " hoq

h parameters in terms of other network parameters:

h parameters In terms of Z In terms of In terms of
parameters Y parameters ABCD

parameters
hyy AZ 1 B
Z22 Yll D

h1y Z12 . T AD — BC
Zy) n D
ha 1Y Yo1 1
VA v D
22 Yll

hoy 1 AY C
ZZZ Yll D

Interconnection of two port networks

Two-port networks may be interconnected in various configurations, such as series, parallel, series-
parallel, and parallel-series connections. For each configuration a certain set of parameters may be
more useful than others to describe the network.

Figure below shows a series connection of two-port networks N , and N .

L,
a '
Y P - I "
oo N, " ' I
] 1
: _ [z, 2a_ :
| I
1 1
| 1
Vs : ¢ b
i
: Ly Ly, '
1 +7 NJ:- BT :
1
v W !
1 b b
z 1
— D : = I' 'DI = : F
I ]
]

Figure 27: Series connection of two two-port networks
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For network N ,,

1,._."]& z] la ZIZr} I].ri'

Vaa Zota ZLag || Laa
vlrx T leallu P ZlZaIm
Via=Zatalia + L2241 2a

For network Ny,

Vib Ziny Zaw || Iip

Vg Loty Zaab || 1ap

Vis=2Ziplip + L1l

Vs =Zaplie + Zamla

The condition for series connection is

Ii,=1,=1,, and 1, =1,, =1, (current same)

V=N Wb

V=Nt ¥
Putting the values of V 1, and V 3, from Equation (10.62) and Equation (10.64),

Vi =Zndiat Zizala + Z11slis + Zizplap
=Znai + Zisals + Zipli + 2yl Ly, =1 =11 Ly =15=14]
Vi =EnatZyply 4 (Zyag + Zyp)1s.

Putting the values of V ,, and V ,, from Equation (10.63) and Equation (10.65) into Equation (10.67),
we get

Va=(Zaotat Zop)ls + (Z2a+ Z32)]5
The Z-parameters of the series-connected combined network can be written as

Vi =ZuL 4+ 2],
Va =Znl+ 2yl
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where

2\l =Zya+Zyy
212 =Zj5,+Zyy
Zj]ﬁ — zi'ﬁa 2 z?lb
;.7_’,32 — Z?Ea + Z?Hﬂ

or in the matrix form,

[Z] = [Z4] + [Zs]-

The overall Z-parameter matrix for series connected two-port networks is simply the sum of Z-
parameter matrices of each individual two-port network connected in series.

Parallel Connection

Figure below shows a parallel connection of two two-port networks N , and N . The resultant of two
admittances connected in parallel is Y ; + Y ,. So in parallel connection, the parameters are Y-
parameters.

] ]

] L]

i 1
+ O - - -0 +

! ¥ N[ i

Vi ' Via IvJ Vaa i Va

- - — — . 1 0 —

]

i '

1 i

1 ]

i []

: Iy I, :

] - -

. + Ny, i ;

] II\I'I 'l,.ll2 1

: _'Ih Y, i o :

] n

L] i

Figure 28: Parallel connections for two two-port networks

For network N ,,

[, Yiie Yigl| Vi

L, Yo Yau ||V

or
Lia=Y11aViat Y124V 20

Ly =Y51,Via+ Y22,V 20
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For network Ny,

Lis Yie Yioe || Vis

Ly Yo Yoo || Vo

Lip=Y1sVie + Y12uVop

Lop = Yo15Vip+ YoopVap
Now the condition for parallel,

Vi,=V3=V,. Vo, =V, =V, [Same voltage]
and

L=lat+1

Iy =1+ 1y

I =YnaViat YiaVoa+ Y1iaVis + Y1V

=Yna¥1+ YiVo+ YV + YV

L =(Ynat Y1) Vi+ (Yize + Yi2) V2
Similarly,

I, =(Ya1a+ Yoru) Vi + (Y2 + Yo ) Vo
The Y-parameters of the parallel connected combined network can be written as

[, =YuVi+YRV;

I, =YuVi+YnV;
Comparing the above equation with...
Yi1=Yia+t Y

Y12=Yia+ Yizp

Yo1=Yoa+ Yo

Y22=You+ Yo
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Exercise:

1. Which among the following represents the precise condition of reciprocity for transmission parameters?
A) AB-CD=1,B) AD-BC=1,C)AC-BD =1, D) None of these.

2. Which is the correct condition of symmetry observed in z-parameters?

A Z11= Iy, B) 711 =715, C) 21 = 725, D) 21, = 7
3. Which elements act as an independent variables in Y-parameters?
A) Current, B) Voltage, C) Both A and B, D) None of these.

4. What are transmission parameters? Where are they most effectively used? Establish, for two-port
networks, the relationship between the transmission parameters and the open circuit impedance
parameters.

5. Prove that for a symmetrical two-port network, A4 =(hy1ha,-hioh,)=1.

6. Define z-parameters and y-parameters of a typical four terminal network. Determine the
relationship between the z-parameters and y-parameters.

7. In a two port network, Z;,=50Q, Z,=60Q, Z,,=60Q), Z,,=25Q. Compute Y parameters.

8. For the symmetrical two port network, calculate the z-parameters and ABCD parameters.

L 400 400 L

Vi W2
200

9. Test results for two-port network are
(a) port 2 open circuited, 1,=0.02<0°A,V,=1.4<45°V V,=2.3<-26.4°V
(b) port 1 open circuited, 1,=0.01<0°A,V;=1<-90°V,V,=1.5<-53.1°V
The source frequency in both the tests was 1000Hz. Find z-parameters.
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