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Syllabus

Network Theory
MODULE-I (9 HOURS) [Online mode: 5 HOURS + 1 Test]
Analysis of Coupled Circuits: Self-inductance and Mutual inductance, Coefficient of coupling, Series connection of coupled
circuits, Dot convention, Ideal Transformer, Analysis of multi-winding coupled circuits, Analysis of single tuned and double
tuned coupled circuits.
Transient Response: Transient study in series RL, RC, and RLC networks by time domain and Laplace transform method with DC
and AC excitation. Response to step, impulse and ramp inputs of series RL, RC and RLC circuit.

MODULE-II (7 HOURS) [Online mode: 5 HOURS + 1 Test]

Two Port networks: Types of port Network, short circuit admittance parameter, open circuit impedance parameters,
Transmission parameters, Condition of Reciprocity and Symmetry in two port network, Inter-relationship between parameters,
Input and Output Impedances in terms of two port parameters, Image impedances in terms of ABCD parameters, Ideal two
port devices, ideal transformer. Tee and Pie circuit representation, Cascade and Parallel Connections.

MODULE-III (8 HOURS) [Online mode: 5 HOURS + 1 Test]

Network Functions & Responses: Concept of complex frequency, driving point and transfer functions for one port and two
port network, poles & zeros of network functions, Restriction on Pole and Zero locations of network function, Time domain
behavior and stability from pole-zero plot, Time domain response from pole zero plot.

Three Phase Circuits: Analysis of unbalanced loads, Neutral shift, Symmetrical components, Analysis of unbalanced system,
power in terms of symmetrical components.

MODULE-IV (9 HOURS) [Online mode: 5 HOURS + 1 Test]
Network Synthesis: Realizability concept, Hurwitz property, positive realness, properties of positive real functions, Synthesis of
R-L, R-C and L-C driving point functions, Foster and Cauer forms.

MODULE-V (6 HOURS) [Online mode: 5 HOURS + 1 Test]

Graph theory: Introduction, Linear graph of a network, Tie-set and cut-set schedule, incidence matrix, Analysis of resistive
network using cut-set and tie-set, Dual of a network.

Filters: Classification of filters, Characteristics of ideal filters.
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Course OQutcomes

Upon successful completion of this course, you (students) will be able to

CO1 |Analyze coupled circuits and understand the difference between the
steady state and transient response of 1st and 2nd order circuit and

understand the concept of time constant.

@0l Learn the different parameters of two port network.

00E1 | Concept of network function and three phases circuit and know the
difference of balanced and unbalanced system and importance of
complex power and its components.

000" Synthesis the electrical network.

00k Analyse the network using graph theory and understand the
importance of filters in electrical system.
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Introduction

What do you mean by Network Theory???

Network Analysis (by means of mathematical modeling): when an
electrical/electronic circuit is analyzed for the given/ known input(s) to
find a desired output/ response(s), is called “network analysis”.

Network Analysis (by means of graph theory): when a complex matrix
(electrical/electronic circuit) is analyzed for the multiple given/ known
input(s) to find desired output/ responses, is also called “network
analysis”. Typically, this exercise is done by graph theory as the ancestor
consumes longer time to reach the solutions.

Network Synthesis: when an electrical/electronic circuit is supposed to
be designed for the given/ known input(s) and output/ response(s), is
called “network synthesis”.




Introduction

= Filter design (passive type): an electrical circuit which is designed to
select a particular band of frequency(ies) to pass through it, using R-L-C
elements.

What do you mean by Network Theory???

)

L)

* Thus, it is very essential to mathematically model and analysis a
electrical/electronic circuit to judge the validity/ efficacy of it. It helps to
find the effectiveness of the circuit in real life scenario. otherwise a poor
selection of types of circuit elements and magnitude of elements /
sources/ load may leads to improper findings or even in worst cases
uncontrolled responses.

% Five Majors of Electrical & Electronics Engineering: (founding

terminologies)

| |
O M o — <L




Relationship of basic quantities in terms of Circuit Parameters
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Introduction

Self Inductance (L) and Mutual Inductance (M):

** Unlike Capacitance which drive through electric field, behavior of inductance
(that drive through magnetic field) is a special class.

** Network Theorems: Superposition/ Thevenin’s / Norton’s/ MPT....and so on....

*» Linear and Non-linear elements: is/ isn’t governed by linear differential egs.
= R,LC

s Skin Effect: why so vital???




Skin Effect
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Introduction

Some other way of Network Classifications:

1) Active and Passive elements

2) Unilateral and Bilateral elements
3) Lumped and Distributed elements
4) Linear and Non-linear elements




Self Inductance

In order to completely comprehend mutual inductance, it is important to take a
relook at Eq. (1.18). Consider an air cored coil, shown in Fig. 9.1, carrying a
time varying current i(r) A. The direction of the flux ®, shown upward in Fig. 9.1,
is obtained by the application of the right-hand rule which states that if the fingers
of the right hand are wrapped around the coil in the direction of the current, then
the thumb points to the direction of the flux. Assume that the change di in the
current produces a change in flux d® weber and completely links all the N turns
of the coils. The voltage e(r) V induced in the coil, according to Faraday's law of
electromagnetic induction, is proportional to the time rate of change of flux
linkages, and is given by

d®
= N—
e(r) %
d®  di(1)
R IRl =R 9.1
o di(r)  dt (9.1)
S : AP
e N turns
o i
Fig. 9.1 Self-inductance of a coil
VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Self Inductance

di
e(t) = L '_(t)_
dt
Comparison of Egs (1.18) and (9.1) gives
d(ND
A Bk, _ )=d",'H 9.2)
di di di

where ¥ = N® Weber-turns is the flux linkage.

For an air cored coil, ¥ varies linearly with the variation in i, hence (d'¥dr) =
constant, and from Eq. (9.2), inductance L may be written as

R Y (9.3)
i i
When the core of a coil consists of a magnetic material instead of air, Eq. (9.3)

does not hold due to the non-linear Y—i characteristic.

So how do we apply Superposition theorems over RL circuits?
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Self Inductance

In Eq. (9.3), the self-flux linking the coil forms the basis for defining inductance
£ of the coil and hence it is termed as the self-inductance of the coil.

B i i~ mmf _Ni

= 9.4
reluctance R 3:4)

R is the reluctance of the magnetic path.
Substituting Eq. (9.4) in Eq. (9.3), the expression for L becomes
2
min ©9.5)
! R

L

. wal
VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswa



Mutual Inductance

9.2(a) shows coil 1 having N,

coil 2 with N, turns, The vol
of change of current

then emf e,(r) indu

turns is placed on a common magnetic core

tage induced in coil 2 is proportional to the rate
() in coil 1. If di, is the increase of current in coil 1 in di
ced in coil 2 may be expressed as

di (t
ez(t) e #

dt )

where M), is called mutual inductance between coils 1 and 2. The unit of mutual
mductance is the same as for self-inductance, namely henry (H). Two coils
& mutual inductance of 1 H if an emf of ] V'is induced in one coil whe
“arrent in the other coil varies uniformly at the rate of 1 A/S.

have
n the
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Mutual Coupling

' Mutual flux
el Gl ot : "\
V - E‘V “ﬁ / \'d)” q : 38 5 i ¢22: " E: 3‘= :
v i MAEIN, N, D gs LB Nzi( prey” %
L N e e i ‘) | —
| j a A
...... +----— ———————— ————
v oY/
“— Leakage flux Leakage fluxy
(a) (b)

Fig. 9.2  Mutual inductance between two coils (a) coil | excited by current
ij(t) and (b) coil 2 excited by current i,(t)

d®,, weber is the increase of the mutual flux in coil 2 due to the increase of di ,
in coil 1, then emf induced in coil 2 is

dod,,

et = N, —

(9.7)
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Mutual Coupling

From expressions (9.6) and (9.7)

di d® do,, di
MIZ g3 (I h,2 12 N2 .|2 et 1
dt dt di, dt
then
do
M,= N 12 9.
2= Mg o8

If the reluctance of the magnetic coré is constant, then the ratio d®,/di; »
constant and is equal to flux per ampere, and Eq. (9.8) may be written as

Mlz o szbnz =ZL2_ (9'

where ¥, is the flux linkages of coil 2 due to a current i, in coil 1.

Similarly, if ®,,, Y4, are respectively the flux and flux linkages of coil 1 due®
a current i5(7) in coil 2 as shown in Fig. 9.2(b), the mutual inductance M.
between coil 2 and coil 1 can be expressed as |

M, = —‘LN'?Z =@ (9.1
I b
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Coefficient of Coupling

From Fig. 9.2, it is seen that only a part of the flux links the two coils. A part
the total flux produced by one coil, called the leakage flux, links only the
producing the flux, while the balance flux, called the mutual flux, links the o
coil. If a fraction k of total flux ®; produced by current /, in coil 1 links coil
then the mutual flux @, = k®,. Similarly, ®,,= k®,, where @, is the total fl
produced by current /, in coil 2, and ®,, is the mutual flux that links coil 1. Th
using Eq. (9.4), gives

o =M g @,=-N0 (9.11
R R, |

where % is the reluctance of the magnetic circuit.
Substituting the values of ®;, and ®,; in Egs (9.9) and (9.10) yields

NlNZ NIN2 H

Myp=k——2H and My =k (9.12
Hence, for a bilateral circuit,

M12=M21 =M (9.1
Then

M? = M,, XM2|=I¢2 (-N—Q{l) (9.1

Using Eq. (9.5) L, and L,, the self-inductances of coils 1 and 2, respectivel
are expressed as

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Coefficient of Coupling

Ny N
L,=—,H and =—2 H (9.15)
Fators L, 2
From Eq. (9.15), the product L;L, may be obtained as
NiN;
LL,=—52 (9.16)
| R

Substituting Eq. (9.16) in Eq. (9.14) and simplifying leads to
M=k L\L, (9.17)

" The term k is called the coefficient of coupling. When 100 percent of the flux
bs link each coil, then k = 1. The term coupling coefficient is widely used in
=adio networks to denote the degree of coupling between two coils. If the two
ils are close together, most of the flux produced by the current in one coil
s through the other coil, and the coils are said to be tightly coupled. If the
ils are well apart, then a small part of the flux produced by the current in one
il passes through the other coil, and the coils are said to be loosely coupled.

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Mutual Coupled Coils

Example 9.1 Two coils having 750 and 1200 turns, respectively, are wound
a common non-magnetic core. The leakage flux and mutual flux, due to a
“urrent of 7.5 A in coil 1, is 0.25 mWb and 0.75 mWb, respectively. Calculate
(a) self-inductance of the coils, (b) nutual inductance, and (¢) coefficient of
woupling.

Solution From the data, it is seen that ®, ;= 0.25 mWb and @,,= 0.75 mWhb.
Therefore, the total flux linking coil 1 is ®, = ®,, + @, = 1.0 mWb.

(a) From Eq. (9.3), the self-inductance of the coil is computed as follows:

Q.1

_ 750x1.0x107°

L, =100 mH
7.5
To compute the mutual inductance, Eq. (9.9) is employed in the following
manner:
-3
A< Rk 1200 % 0.75x 10 —120 mH
1.5
The coefficient of coupling is calculated as
K= Digeo 055 =0.75
o, 1.0
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Mutual Coupled Coils

Using Eq. (9.17) leads to the self-inductance L,. Thus,

w2 (120x107)

i =256 mH
KL, (0.75) x(100x10°°)

l’Z=

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Mutual Coupling
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Mutual Coupling and Dot Conversion

s seen in Section 9.4.2 that the sign of the voltage of a mutual inductance can
*h conveniently established if the direction of the windings of coupled coils is
smown. If dots are placed at the terminals to indicate currents entering or leaving
e respective coils, then these dots provide a symbolic representation of the
“mstantaneous polarity of the coupled coils and the pictorial representation of the
~wore with its windings is not required. Thus, mutually coupled coils of the coupled
‘arcuit of Fig. 9.4(a) may then be represented by the equivalent circuit of Fig. 9.4 (b).
Dot convention may be employed in the following manner:

(1) When the assumed currents in a mutually coupled pair of coils enter or
leave the dotted terminals, the M terms will have the same sign as the L
terms.

(i) When one current enters at the dotted terminal and the other current leaves

the other dotted terminal, the M terms will have the opposite sign as the L
terms.

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Rules of Mutual Coupling and Dot Conversion
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Mutual Coupling and Dot Conversion

Figure 9.5 shows two mutually coupled coils of self-inductances L, H,L,H,
a mutual coupling of M H. The dot marks are provided by the manufacturer n
shown in the figure. For the assumed directions of currents in the coils, it is
that current i (1) is entering the dotted terminal at A, while current i»(1) is lea

the dotted terminal at B. Hence, as per rule (ii) M will have a negative sign.
voltage equations are written as

, diy (1) di, (1)
S MIE SN 9.
Ri () + L, 5 I ve(1) ( l‘
: di, (1) di (1)
R —2—_M 1" =9 9.
ahalf)it atig, dt i

R, ;
- AN Al, .[B B AA"
)

Fig. 9.5 Application of the dot convention to write
voltage equations
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Eq. Circuit of Mutually Coupled Coills

If the voltage source in Fig.9.5 is a sinusoidal voltage source whose ope
frequency is f Hz, Eqs (9.18) and (9.19) take the following form:
where @ = 27xf rad/s and Vg, I, and I, are the effective values of the vol

source and currents in the coils, respectively. In the matrix form Eq. (9.20)
be expressed as

(R +joL) - joM Hi,]z[vs}

| - joM (R, + joL,)|| 1, 0

:
o o W b
_ZZI ZZZ 12 0

Whel'e Z” = (Rl +ijl)' le = 41 = —j(DM, and Zzz = (Rz +ja)lq)- The
currents I} and I, can be computed by solving Eq. (9.22).
The equivalent network representation of Eq. (9.20) is shown in Fig. 9.6.

veracity of the representation can be verified by developing mesh equations far
the network.

(9.

9.2
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Mutual Coupling and Dot Conversion

R, jo(Ly+M) jo(L,+M) R,
—VW—r15 £ 1 D A A
Vs(ib —j(DM

Fig/9.6 T-equivalent circuit of a mutually coupled circuit

VSSUT, Burla
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Mutual Coupling and Dot Conversion
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Mutual Coupling and Dot Conversion
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Mutual Coupling and Dot Conversion
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Coupling and Energy Transformation
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Coupling and Energy Transformation
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Mutual Coupling and Dot Conversion

Energy in Two Linearly Coupled Coills

Consider a pair of mutually coupled coils as shown in Fig. 9.10. Let it be assumed
that initially currents i,(¢) and i5(7) in the coils are zero at r = 0, and the initial
energy stored in the circuit is zero. The voltage equations for the circuit are

diy(®) . dip(0)

di, (1 di (1
() =L, Zf ) M :1 :) (9.24)
+ O s ' -1 O +
i) (1) P ip (1)
v, (f) L, L; v, (1)
= > 0 s

Fig. 9.10 Stored energy relationship with two mutually coupled coils
withM,, =M, =Mand k = ,/LL,
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Mutual Coupling and Dot Conversion

The net energy input to the coupled circuit at any instant of time 7 is given by

w(t) = J‘(:[v, ()i (1) + v, (1)1, (t)] dt (9.25)
Substituting for v(#) and v,(7) from Eqs (9.23) and (9.24), respectively.

yields
w(r) = ﬂ[{h ?+M é%fi)-} iy (1) +{Lz di;f') +M di“:) } iz(t)]di

(9.26)

from which

w{t) = (% L [ ()] + % L, [i, ()] +M [ )][ i (z)]) J (9.27)

In case current enters a coil at the dot-marked terminal and leaves at the other
dot-marked terminal, then the energy input is given by

wir) = (% L [i (:)]2 + % Ly i, (:)]2 -M [i(e)][ 4, (r)]) J (9.28)

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Maximum Value of ‘M’

Since the mutually coupled coils are passive elements, the energy stored w(1)
can never be negative for any values of #,(z), ix(r), L,, L,, or M. At best, the
stored energy in the circuit can be greater than or equal to zero. If both currents
1,(r) and i,(¢) are both positive or both negative, their product will always be
positive. It may be inferred from Eqgs (9.27) and (9.28) that w{z) could possibly
be negative only in the case of Eq. (9.28).

Adding and subtracting ,/ L L, iy(t)i, (1) to Eq. (9.28) and rearranging give

wi)= > [VLiO~yG o 0)] +[VEL ~M]i@)il)  ©.29

Equation (9.29) indicates that in order that the stored energy w,{r) = 0, the
second term should never be negative since the squared term can only have a
minimum value of zero. Hence the necessary condition for wy{#) 2 0 is obtained

when
,/ LL, 2M (9.30)
Equation (9.30) implies that

M= kJLL,, forO<k<l

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Maximum Value of ‘M’

Equation (9.30) implies that

M=k, LL,, forO<k<l

The inequality in Eq. (9.30) provides a basis for a physical interpretation of the
magnetic coupling. If coil 2 is on open circuit i,(¢) = 0, the leakage flux which
links both the coils is established by current i,(r) alone. Therefore, it is evident
that the leakage flux within coil 2 cannot be greater than the flux contained in coil
1 which signifies the total flux. As such, there has to be an upper limit to the

mutual coupling and hence the mutual inductance between the two coils.

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Maximum Value of ‘M’

Example 9.7 Figure 9.11 shows a mutually coupled linear circuit in which
coils 1 and 2 have self-inductances of 0.5 H and 3.0 H, and the coefficient of
coupling between the coils is 0.65. If coil 1 is excited by a current i, = 2.5 cos
(87) A, calculate the energy stored in the circuit at 7 = 0 s when terminals
AB are (a) open-circuited, and (b) short-circuited.

ig) i (1)
©
Coil 1 Coil 2
05H 3H
°
Fig.9.11

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Example 9.7 Figure 9.11 shows a mutually coupled linear circuit in which
coils 1 and 2 have self-inductances of 0.5 H and 3.0 H, and the coefficient of
coupling between the coils is 0.65. If coil 1 is excited by a current i, = 2.5 cos
(87) A, calculate the energy stored in the circuit at 7 = 0 s when terminals
AB are (a) open-circuited, and (b) short-circuited.

_i_,it) i (1)
®
Coil 1 Coil 2
0.5H 3H
°
Fig. 9.11
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Solution Using Eq. (9.17), the magnimcie of M is computed as

M= 0.65\/ 0.5x3.0=0.7961H

(a) Since terminals AB are open-circuited, no current flows through coil 2. Al
energy is stored in coil 1 is due to i,(0) =2.5 A. Hence,

The energy stored il the circuit % Li () = %x 0.5(2.5)° =1.5625]
(b) The voltage across terminals AB of the mutually coupled circuit is given by

; di, (1
vap(D) = =M i“j—df‘lu., %—) ©.7.1)

Since current i 1(7) is entering at the dotted terminal and current i,(1) is leaving
at the dotted terminal, M has been assigned a negative sign in Eq. (9.7.1). Further,
when the terminals AB are short-circuited, the voltage across the terminals is
zero. Therefore, Eq. (9.7.1) is equated to zero and the values are substituted as

given below
diy (1) d|2.5cos(8¢) )
3=l o =-{).
& = 0.7961 x 20sin (8)
oo 0.7961%20 _ 0.7961 %20
or it) = Io sin (Sl)d! = -3—)<8— 008(&)
= 0.6634cos(8¢) A (9.72)
From Eq. (9.7.2), i(0) = 0.6634 A. The total energy stored in the circuit from
Eq. (9.28) is

w(0) = G x0.5%(2.5)" +% 3% (0.6634)" ~0.7961 % (2.5) x (0.6634)]
=0.9023 J

VSSUT, Burla
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Transformer Applications
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Transformer Applications
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Transformer Applications
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Transformer Applications
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Transformer Applications
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Duality Principle
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Dual Circuit
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Dependent Sources
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Dependent Sources
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Dependent Sources
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Dependent Sources
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Supplementary Sheets/ Problems
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Mutual Coupling and Dot Conversion
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Mutual Coupling and Dot Conversion
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Mutual Coupling and Dot Conversion
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Mutual Coupling and Dot Conversion

!:alnpte/ 9.3 In Fig. 9.5, the source voltage Vg = 15£0° V, at @ = 12 rad/s,
R.=15Q L, =1H,R,=450 Q, L, = 100 H, and M =10 H. (a) Develop the
" woltage equations and compute the currents in the two coils. (b) Calculate the output
woltage V, across the resistor R, and determine the voltage gain ratio |V,/Vg|.
'2) What is the minimum and maximum values of the voltage gain and the
wonditions at which these occur?

' Solution

{a) Dot convention (ii) is applicable since the current in coil 1 is entering at the
B dotted terminal and current in coil 2 is leaving at the dotted terminal. Using
Eq. (9.20), the voltage equations are

| 151, + jl2 11, - j12x101, = 15£0°

4501, + j12x 1001, — j12x 101, =0
| or (L5+ jl12)1, - j1201, = 15£0°
- j1201, + (450 + j1200)I, =0

I Solving the above equations simultaneously yields
I, = 265834-1520°A and I,=0.2489/£5.36° A
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Mutual Coupling and Dot Conversion

(b) Output voltage across the resistor R,,
V, = 450 x 0.2489 £5.36° =112.0089 £5.36° V

s 12i(;089 =7.4673

Y3
Vs

and

It may be noted that the output voltage is greater than the input voltage.
However, a phase shift also occurs in the output voltage.

(c) If R, is made equal to zero, i.e., a short-circuit condition, V, =0, hence the

Va
S
If R, is made equal to oo, i.e., an open-circuit condition which results in

I, = 0. Thus, the two voltage equations which are obtained from Eq. (9.20)

minimum ratio = ( results.

~

are
(1.5 +j12) I, = 15£0°, or I.=(l—155+i;):7)=1.24034-82.88°1\
Vo= —j1201, = - j120 x1.2403 £ - 82.88°
= 148.8417£-172.88° V
: .|V, | _ 148.84172-172.88°
Maximum gain || = % o
v, T =9.9228
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Transformer Applications
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Source Transformations
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Thank you
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