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UNIT-I
TRANSIENT ANALYSIS
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TRANSIENT RESPONSE OF RL SERIES CIRCUIT

Natural Response of an RL circuit

» [fthc current is constant, the voltage across the inductor is zero.

* Thus the inductor behaves as a short ¢ircuit in the presence of a
constant, or dc, currcnt.

*»  Assume a constant current source.

*  Assume that the switch has been
closed for long time.

* So, no current passes through R, or R and all source current I
appears in the inductive branch.

* We find the natural response after the switch has been opened at
t=0 (i(0) =1,).
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Time Constant, T for RL circuit

» Time constant, 1 determines the rate i1 A
at which the current or voltage
approaches zero. —_—

- The time constant of a circuitis the
time required for the respcecnseto
decay tc a factorof 1/e or 36.8% of its

initial current : Tangent ats =10

» Naturalresponse of the RL circuit is o
an exponential decay of the initial 0.3681, [ -
current. The current response is
shownin Fig. 5-1

» Time constantfor RL circuitis

L >
T = — 0 T f
R | i
« And the unitis in seconds. Fiqure -1 i
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The RL Circuit without a Source
i(t) —> i(t=0) =Ip energy stored:
2
- u(t=0) = %Llo

o+
L
IR di ., .o_
L Lgt *IR=0
- ;
di i T= §
v,_(t) - Ld_t tlme_tconstant. T R :
using KVL: it)=Toe"R  i(t)=IoeT
VL + VR - 0
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TRANSIENT RESPONSE OF RC SERIES CIRCUIT

RC Circuit Transient Analysis

= f(l - e"/RC) M
= R(.—' h’ ::._(‘5‘ C==
I =TI,e% where I, == :
7
and let 7 = RC ()

7 is a time constant

 The voltage across the capacitor

reaches 98% of the battery [, =0 =Fe KC IRC 1
EMF in 4 T (b) Time

&

~
=

« The transient response of the circuit is
over in approximately 4 -57

Current /
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RC Circuits

i(t)

—_—

The response of RC circuits can be categorized into two parts:

* Transient Response
* Forced Response

Transient responsecomes from the dynamicof R,C.
Forced response comes from the voltage source.
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The complete response

« The combination of natural and step (or forced) responses

« For RC circuit, the complete response is:

t t

v.(t)=V,e T+ V.(1—e *)

« Response due to initial energy
stored in capacitor
« V, is the initial value, i.e. v.(0)

« Response due to the present
of the source
« V, is the final value i.e v (=)

Note: this is what we obtained when we solved the step
response with initial energy (or initial voltage) at t =0

INSTITUTE OF AERONAUTICAL ENGINEERING



rlc circuits

Step Response of A Series RLC Circuit

, T - - R L L
Applying KVL for 7> 0. t=0 >§ A G017 g
. di . L
Ri+LZ+v=T1, (1) L &
dt Vi, <+ " C=r=
_ L dv ' -
But i =C —
dt
d*v R dv Vv V.
= =4 -+ - S_, (2) v v
dt L dt LC LC W)= v(t)+v_(7)
where
e e e BEEDE-LCTI 88 v, : the transient response
1 Mt STRDRGR - et v, . the steady - state response
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Step Response - Series RLC Circuit

- Comparison of the three responses with different R
value.

- 2€

7 6.3240
e ————

™ 200
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DIFFERENTAIAL EQUATIONS APPROACH

Example

Find the differential equation for the circuit below in
terms of v, and also terms of i;

—* it}

Show: N
van=ze e pete L e _de R L
7i= i L 52 L dr I«
£ ¢
| < iy R
v (=L Ly Rip [’L( bl YW _ L B [FL(:)J:
i - L oIF L )
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Example

The series RLC circuit shown in Fig. 7.18 has the following parameters: C=0.04 F. Z=1 H.
R=6.1i;(0) =4 A. and v(0) = -4 V. Let us determine the expression for both the current
and the capacitor voltage.

L -
RZ C == v(0)
: . . L e . o di
Applying Kirchhoff voltage law to the loop. IR+ - J: H(xX)dx + 0 (0)+ LW =0
- (i

72 7. g .]2’- ) ] _ )
d 7+£(_]7+ ! 10 :> a7 +6(—7‘+2§-1‘=()

af  Ldt LC dr - dt
Trial solution : i(t) = Ke*
Characteristic equation : 2 625 =0
—6++6°—100 —6+85
= = = ==t g + 45
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First order transient circuits

Solution to 1°* order differential equation:

dx(t)
dt

waxti)= F 1)

f () = 0 — homogeneous equation
f(?) # 0 — inhomogeneous equation

dx, (1)
dr

+ax (7)=0

x,(2) or x(f) — homogeneous or complementary solution
x,(#) — inhomogeneous or particular solution

xX(1)=x,(1)+ x.(7)
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LAPLACE TRANSFORM METHOD

Laplace Transform

» Applications of the Laplace transform
— solve differential equations (both ordinary and partial)
— application to RLC circuit analysis

» Laplace transform converts differential equations in
the time domain to algebraic equations in the
frequency domain, thus 3 important processes:

(1) transformation from the time to frequency domain
(2) manipulate the algebraic equations to form a solution
(3) inverse transformation from the frequency to time domain
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Transform Pairs

The Laplace (1) F(s)
transforms pairs 5(t) 1
u(t) {a constant} 1
AY
e-a{ l
s+ a
t L,
.3'2
te™ 1
( s+ a }2
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* In the critically damped case, the two poles are real and equal
Assume that the poles are s =5, =-a , the forms for I(s) and V(s)
can be expressed as

-K The damping factor: & = f— |
I(s)= o - 2L

iy

(s+a)
V.

o BE
Ve(s)= s(s+cz)2

* The inverse transforms are of the forms

. Vit _Je,=vyL |

i(t)=Cte™ =&t == 2~ _ —
/ The most significant aspect of the natural )

-~ response function for the critically damped case is

Aj2L ~ ,

v.(t)=V +(Ct+C,)e ™ the te™ farm. Although the t factor increases

with increasing t the te ™' decreases at a faster
\_rate, so the product eventually approaches zero.

<

.
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UNIT-II
TWOPORT NETWORKS
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Introduction to two port network

A port refers to a pair of terminals through which a current may enter or leave a network

We have focused only on one-port networks so far, where we consider the voltage across or

current through a single pair of terminal
The rest of this unit deals with two-port networks

A two-port network is an electrical network with two separate +
ports for input and output v

We will see examples of two-port networks (op amps and
transistor circuits) later on in this course

Like for a one-port network. knowing the parameters of a two- !
port network enables use to treat it as a “black-box™ placed
within a larger network.

-

In a two-port network. we need to relate V,. V. I1,. [, 1
The terms relating these currents and voltages are known as parameters

< A LA L

60T A
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e A two-port Network
1s an electrical
network with two
separate ports for
iput and output.
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Impedance Parameters (Z

Z parameters are also known as impedance parameters. When we use

Z parameter for analyzing two part network, the voltages are represented

as the function of currents.

ITwo Port Networksl

Z parameters:

is the impedance seen looking into port 1

Vl Zyy
< == %
11 7, I 7,=0 when port 2 is open.
£ z,, is a transfer impedance. It is the ratio of the
Z32™ 7, 7 =0 voltage at port 1 to the current at port 2 when
1 port 1 is open.
oo ¥ z,, is a transfer impedance. Itis the ratio of the
=1y f,=0 voltage at port 2 to the current at port 1 when
port 2 is open.
VZ
= F— 5 o z,, is the impedance seen looking into port 2
2 1 when port 1 is open.
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* The voltages are represented as

Vi=Zyl; + Zyply and Vo = Zy I, + Zip 1,

A

[Vl]:[ZII le”h]
Rl 12 Zn]ll
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* Problem: Find the z parameters for network

shown in figure

| 100 100
—" Ay NN ———
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Admittance Parameters (Y .

 We can represent current in terms of voltage for admittance parameters of

a two port network. Then we will represent the current voltage relations as.

I =YLV, + Y.V

L =YuVi+Ynl

* This can also be represented in matrix form as
H _ Fm 1"’12] [Vl]
LI [Yu Yullh
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 Here, Y11,Y12,Y21 and Y22 are admittance parameter. Sometimes
these are called as Y parameters. We can determine the values of
the parameters of a particular two port network by making short-
circuited output port and input port alternatively as follows. First let
us apply current source of 11 at input port keeping the output port
short circuited as shown below.

1 .2
¢
+
Iy Twa A
'. I vV 2
\h_“#) ! ! Part Va0 | |1z
Network
o - ’
1 2
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_ comt.

This is referred as short circuit transfer admittance from input port

to output port. Now, let us short circuit the input port of the
network and apply current |, at output port, as shown below

1 P
9
+
Two A
I]T Viz0 Port Vz 'Ift :LJIE
MNetwork j
' —
1‘ 2|
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7 ‘ Y11 is the admittanceseen lookinginto port 1

.
11 r ;=0 when port 2 is shorted.
7 V12 is a transfer admittance. Itis the ratio of the

current at port 1 to the voltage at port 2 when

1 port 1 is shorted.
3o Zy | Y»; is a transferimpedance. It is the ratio of the
"2y 1, =0 current at port 2 to the voltage at port 1 when
port 2 is shorted.
]2 . . . .
FPan = = ‘ ) Y>> is the admittance seen looking into port 2
2 | S8 when port 1 is shorted.
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Numerical problems

1. Problem: Find the Y- Parameters for the given network shown in figure

Yy

—
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brid Parameters or h Parameters:

 Hybrid parameters are also referred as h parameters.

 These are referred as hybrid because, here Z parameters, Y parameters,
voltage ratio, current ratio, all are used to represent the relation between

voltage and current in a two port network.

 The relations of voltages and current in hybrid parameters are represented

as Vi = hydy + hya Vo
Iy = hoy Iy + has V5

* This can be represented in matrix form as,
I:E"Tli| _ [hu hm] [L}
IE h‘ﬁl hEZ L{?
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Determinin h Parameters

e Let us short circuit the output port of a two port network as shown below

i Ii *Iz 5

a > ®
ey Two
T S -
|__1?j| Wi Port Ve=0

Metwork

® ®_

1 2

* Now, ratio of input voltage to input current, at short circuited output port, is
Vi = huy

* Thisis referred as short circuit input impedance. Now, the ratio of the
output current to input current at short circuited output port, is

I, | Va=0 '
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_ cont.

e Thisis called short circuit current gain of the network. Now, let us open

circuit the port 1. At that condition, there will be no input current (11=0) but

open circuit voltage V1 appears across the port 1, as shown below

Li=0 I:

1 -
° > . < Iz
Two P
Vi Port ’l.\_i/] Va
MNetwork I
. = _
1 2
V N .
1] = hi2 = open circuit reverse voltage gain
Vil =o

* Thisis referred as reverse voltage gain because, this is the ratio of input
voltage to output voltage of the network, but voltage gain is defined as ratio
of output voltage to input voltage of a network. Now

E :hil
Wi =0
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ABCD Parameters :

* Concerning the equivalent port representations of networks we’ve seen in

this course:
e 1. Zparameters are useful for series connected networks,
e 2. Y parameters are useful for parallel connected networks,

e 3. Sparameters are useful for describing interactions

of voltage and current waves with a network.

* Thereis another set of network parameters particularly suited for cascading
two-port networks. This set is called the ABCD matrix or, equivalently, the

transmission matrix
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-1 TN rr - I, —» —
/ A BV, i — =
4= ] : i 1 2 il
Ll 1€ DL e °
I,=-1,
I
-1:—'1 (':i'—
TZI';:O IZI},=O
-l pok
]2V2=0 ]2V2=0
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Cont..

The ABCD parameters are defined as follows:

\72 |12=0

open circuit reverse voltage transfer

7 | —
\ 2—0= short circuit reverse transfer

T

impedance
I
" A |
Vo |1a=0

admittance

open circuit reverse transfer

I
= \
—If_)_ V2=O

transfer ratio.

short circuit reverse current
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Numerical Problems

Derive the ABCD Parameters for the T network
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Condition for recip

Properties:

1) Reciprocity 7 ke !
'~ The two-port network is reciprocal if v‘ﬂ v’_\ﬁ/\/f\’/\\’l* [s] | VJ‘VJ\;\\G
1 2

the transmission characteristics are
the same in both directions (i.e. Sy, Zo Zo
= S12)-

It is a property of passive circuits
(circuits with no active devices or
ferrites) that they form reciprocal

networks. Bg, nspection TF the netWork is
A network is reciprocal if it is equal . Rec:
to its  transpose. Stated Syremetricel g Ploca |
mathematically, for a reciprocal
network

[s]=[s]. Condition for Reciprocity: S12= 321

4
|:Sll S12:| =|:Sll S2li|
S21 S22 Sl2 S22
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Condition for symmetr

A network is symmetrical if its input impedance is equal to its output
impedance. Most often, but not necessarily, symmetrical networks are also

physically symmetrical

Symmetry .

For the network to be symmetrical. the voltage-to-current

ratio at one port should be the same as the voltage-to-current ratio at the
other port with one of the port short circuited.

Condition for symmeftry 7,
I

When the output port is short circuited, i.e., V, = 0.

From the Y-parameter equation

L=Y,V,
% L
1, i

YuV,+Y,,V,
Y5, Vi + Y, V,

When the input port is short circuited, ie.. V, = 0.
From the Y-parameter equation,

,2-Yn V‘
v, L
I €9

Hence, for the network to be symmetrical,
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Cont...

Condition for symmetry
— Zn - T 7 |

Vi=hyl+h,V, ' Wp=o : Iy=-o

IL=hy I, + hy, V

v b dy, + hoVy

\ %
s + M .
by h2 7

But with /, = 0, we have
O=bhy 1, +h V;

V\ —h\'
= = pa—— L
I, by
shs hs\ - shs h
Z = = M2l MR =Bk, A
by bya by
Similarly,
Vi
ZQ‘
2" I, s,=0
With /J, = O, we have
ILh=hyV,
. Vv, 1
A -
For a symmetrical network Z,, = 2.,
1 Al
e by N by
fLe., Ah = |
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Paramet | Symmet | Reciproci
er ry Lty
Z Ly =Ly | £y = £y
Y Y =Y Yp=1,
h A, =1 hy, = h,y
G A-=1 G, =— Gy,
T A= A=
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Two port parameter conversions

Procedure of two port parameter conversions

* convert one set of two-port network parameters into other set of two port
network parameters. This conversion is known as two port network

parameters conversion or simply, two-port parameters conversion.

e Step 1 - Write the equations of a two port network in terms of desired
parameters.

e Step 2 - Write the equations of a two port network in terms of given
parameters.

* Step 3 - Re-arrange the equations of Step2 in such a way that they should
be similar to the equations of Stepl.

* Step 4 - By equating the similar equations of Step1 and Step3, we will get
the desired parameters in terms of given parameters. We can represent
these parameters in matrix form.
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Z parameters to T parameters

Here, we have to represent T parameters in terms of Z parameters. So, in this case T parameters are
the desired parameters and 7 parameters are the given parameters.

Step 1 — We know that, the following set of two equations, which represents a two port network 1n
terms of T parameters.

Vi= AVs — Bl»
I, =CVas — DIs

Step 2 — We know that the following set of two equations, which represents a two port network in
terms of 7. parameters.

Vi=2Zuli + Zi121>
Vo = Zoq0q1 + Zoola
Step 3 — We can modify the above equation as

= Vo — Zaals = Zoq 1y

= I, = [—] 2—[ ]Iz
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Cont..

Step 4 — The above equation 1s in the form of 11 = C'Vae — D Is Here,

1
—
FaAs
ot
D=2
A

Step 5 — Substitute I value of Step 3 in V3 equation of Step 2.

1 s
Vi=Zu{l=—1>1V= — [—22]12} + F121s
AT Zay
ot 211 B — H1oL
—Vi—( 11]1.,2_[ 11 Zaa ’:"'21]12
Loy oy

Step 6 — The above egquation 1s 1n the form of V], = AV, — BI, Here,
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oort network conversion

 Admittance parameter to ABCD parameter conversion

Y parameters to T parameters

Here, we have to represent T parameters in terms of Y parameters. So, in this case, T parameters
are the desired parameters and Y parameters are the given parameters.

Step 1 — We know that, the following set of two equations, which represents a two port network in
terms of T parameters.

VvV, = AV, — BI,
I, = CVy — DI,

Step 2 — We know that the following set of two eguations of two port network regarding Y
parameters.

I =YV +Y¥12Vs
Iz = Y21 V1 + Yaa Vi
Step 3 — We can modify the above equation as
= Iz — Yoo Vo = ¥5u V3

—¥5
= V; =
2

- —1
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Step 4 — The above eguation 1s 1n the form of V; = AV, — BI, Here,

—Y-
A= 22
Yo
—1
B —
Yo

Step 5 — Substitute V3 value of Step 3 in I3 equation of Step 2.

—¥5 —1
L =Yu{(57)Va — ()2} + Y2V
21 ¥
Yi2¥oy — Y11 X5 —Y;
=:J-Il=[ 125 21 11 22]%_[ 11]_1r2

Yo ¥
Step 6 — The above eguation 1s 1n the form of Iy = C'Va — DIs Here,

Yi2Y21 — Yi11Yoe
Yo

O =

— Y11
Yo

D =
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Cont...

Step 7 — Therefore, the T parameters matrix 1s

1
Yo
Yjﬁi “: Yﬂ “ L]

e ABCD Parameters to H- Parameters

Here, we have to represent h-parameters in terms of T parameters. So, in this case hparameters are
the desired parameters and T parameters are the given parameters.

Step 1 — We know that, the following h-parameters of a two port network.

R (e
I

Vi

hi2 = Vz’ when I{ =0
I

hoy = —, when Vo =0
I,

hy = —%, when I} =0
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Cont...

Step 2 — We know that the following set of two equations of two port network regarding T

parameters.
Vi = AV; — BI, Equation 3
I, = CV5 — DI, Equation 6
Step 3 — Substitute V5 = 0 in the above equations in order to find the two h-parameters, hy; and
hay.
= Vi = —Bl,
= I, =—-DIy

Substitute, V; and I; values in h-parameter, hy;.

—BI
hy = :
—D1Is
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Substitute I; value in h-parameter oy

Is

hoy =
2= TpL

1
==‘-h21=—ﬁ

Step 4 — Substitute 7 = 0 in the second equation of step 2 1n order to find the h-parameter hao.

0=0CVo — D>
= CVa = DI
L _C
Vo D
" C
= ﬂ—D
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Cont..

Step 5 — Substitute I, = [%]Vg in the first equation of step 2 in order to find the h-parameter. hijs.

C
Vi=AV2 - B(3)V2

AD — BC
Vi= Vs
= V1 D \Z
Vi AD-BC

= =

Va D
., _AD-BC

12 — D

Step 6 — Therefore, the h-parameters matrix 1s

B
[hn hia _| D
ha  hx

INSTITUTE OF AERONAUTICAL ENGINEERING
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Interconnections of two-port networks

* Interconnections of two-port networks

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

e Series connection

! '
1
I I .
+ O - : .213 _“a : —~—O -
- -+ '
Iy : N, ' I
 J
: _I4a (Z,] 12a_ :
' '
! '
| '
1
' s Loy, '
1 + Nb ¥ :
1
' Vi Vo -
Z
=8 : S (2] K, : —
| '
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_ cont.

'« Series connection of two two-port networks for
network N |

\'rla - Z]la Zl?.a Ila
Va, Zova ZLaza || l2a

(10.63) V2, = Zs14l1a + Z2241 24

(10-63)\".2(1 s Z‘.’lalla + Z22a12a'

Vip Ly Ly || Lip

Vap Loy b || Iy

- -

(10.65)Vap = Zoyglyp + Zygply
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Cont..

 The Z-parameters of the series-connected combined network can be

written as
V, =21 +2,,1,
Vo =2zl + 23515,
Z,1 — Zyva+ Zh1s
Zq2 = Zyoa 4 L35
Z21 = Z21at+ L2315
222 —_— Zzza + Z')')b

(2] =[] 1 [Z4].
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Parallel Connection

e Parallel connection of two two-port networks Naand N b. The
resultant of two admittances connected in parallelisY 1 +Y 2. So in

parallel connection, the parameters are Y-parameters.

i
| : , :
' 1a 2a 1
+ Oy —— - .
I1 1 Nﬂ 1 12
Vs \ Via v Vaa : Va
-0 : — — L O
; :
! '
; :
: Ly Ly :
' -
- \") Vap -
: -‘b [Yb] B :
' 1
' 1

* Parallel connections for two two-port networks For network N
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Cascade connection of two port networks

There 1s another set of network parameters particularly suited
for cascading two-port networks. This set i1s called the ABCD
matrix or, equivalently, the transmission matrix.

Consider this two-port network (Fig. 4.11a):

I,

+ 4 B T+
R beed | B

T C—— . ——— T

Unlike in the definition used for Z and Y parameters, notice that
I, 1s directed away from the port. This 1s an important point and
we’ll discover the reason for it shortly.

INSTITUTE OF AERONAUTICAL ENGINEERING



It 1s easy to show that

>

1;=0

sl

1, ¥y =0
p=1t

12 1y =0

Note that not all of these parameters have the same units.

To see this, consider the following two-port networks:

i, 1,

o

C, D

In matrix form

and

- [A, B.] Tt
]

DINS

oA

When these two-ports are cascaded,

A, B,
., D,

(3)

INSTITUTE OF AERONAUTICAL ENGINEERING



_ cont.

1, L Il
— S S — W -
; 4 B ;’ ;’ 4, B ;’
_‘ C, D . C, D, _1
— o —o

1t 1s apparent that V; =V, and I; =1,. (The latter 1s the reason
for assuming /, out of the port.) Consequently, substituting (3)

into (2) yields
V B B V.
e olle o] @
I, C, D||C DL

We can consider the matrix-matrix product in this equation as
describing the cascade of the two networks.
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UNIT-II
FILTERS AND ATTENUATORS
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FILTER NETWORKS

Networks designed to have frequency selective behavié

COMMON FILTERS G,(jw) a
Y 3
G, (jw)
1 N Ideal characteristic I — ——
ﬂ f
~ I y 4

1 \—\ Typical characteristic V2 | Typical

V2 <_ P chara;:lﬁ'tlc Ideal characteristic
— ) “y w
0
E.IJ[] ()

Low-pass filter High-pass filter

GPU‘-"} A
G (jo) &
We focus first on 1
1 PASSIVE filters L ~1 ' [~
L_ o | E ., |
V2 : AY Lf >
1 .. ml.:} u:-” L'J'ul i
1)

e} 1

HI w

Loy 0

Band-reject filter
Band-pass filter
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<<
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Active filters

Passive filters have several limitations

1. Cannot generate gains greater thanone
2. Loading effect makes them difficult to interconnect

3. Use of inductance makes them difficult to handle

Using operational amplifiers one can design all basic filters, and more,
with only resistors and capacitors

The linear models developed for operational amplifiers circuits are valid, in
more general framework, if one replaces the resistors byimpedances

These currents are
Zero

&=
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UNIT-IV
DC MACHINES
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le of DC Generator

2 Direction of
pa rotation
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Construction of DC Generator

* During explaining working principle of DC Generator, we have used a single
loop DC generator. But now we will discuss about practical construction of

DC Generator.
A DC generator has the following parts
1. Yoke
2. Pole of generator
3. Field winding
4.Armature of DC generator
5.Brushes of generator and Commutator

6. Bearing
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ves of DC Generators

 Generally DC generators are classified according to the ways of excitation of
their fields. There are three methods of excitation.

1. Field coils excited by permanent magnets — Permanent magnet DC
generators.

2. Field coils excited by some external source — Separately excited DC
generators.

3. Field coils excited by the generator itself — Self excited DC generators.

Separately Excited DC Generator: J
g Field

L | _| :
} , \ Separate
v Em E, [wrine| = source of —
! \ / = excitation
D =
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Self-excited DC Generators

* According to the position of the field coils the self-excited DC generators
may be classified as...

1. Series wound generators
2. Shunt wound generators
3. Compound wound generators

e Series Wound Generator:

i - |
[ - Series
] == Field
L. La A
v R .
A o .
D o |:.{15n|-.:| hE)
[ -]
¥ |
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I Shunt Wound DC Generators:

Id] =

L =
L - :
A q ann m-) Shunt Field =

D Eo . f‘]

! .
|
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e Compound Wound DC Generator:

e Short Shunt Compound Wound DC Generator:

" I t lsc

| | _[' ia—Eb eries F:L]Ll

18 Wil [| |

v |[*L - o

Il[j E':-,: :_'-'““ Ln _.i shunt Field :::f
Y
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* Long Shunt Compound Wound DC Generator:

i r
Lse s

. :§ series Field
L | la d
v |Y] =

“: [-"__:: WATL HE|

Shunt Field —
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e Let us suppose there are Z total numbers of conductor in a generator, and

arranged in such a manner that all parallel paths are always in series.
 Here, Z = total numbers of conductor A = number of parallel paths

 Then, Z/A = number of conductors connected in series we know that
induced EMF in each path is same across the line Therefore, Induced EMF of
DC generator E = EMF of one conductor x number of conductor connected

in series

* Induced EMF of DC generator is

N 7
E:(f)P%XEUDJtS
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* Simple wave wound generator:

 Numbers of parallel paths are only 2 = A Therefore, Induced EMF for wave
type of winding generator is

oPN 7 o0ZPN
— X = =——olts

o0 2 120

* Simple lap-wound generator:

* Here, number of parallel paths is equal to number of conductors in one
pathi.e. P = A Therefore, Induced EMF for lap-wound generator is

= @ Em!t

fy = 60 A
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Characteristics of DC Generators

Magnetic or Open Circuit Characteristic of Separately Excited DC

Generator:
.-"--
Ny
i
] N
2 o — My
i1
E _ g 7 'In-::reaﬁ.e in MN.>N.-=N
T ) Speed (N) e
= ey
.J o ._.'.-
= | 4
AW
O Field Current I '.'r
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Terminal Voltage V

Generated Voltage Eg

Internal or Total Characteristic of Separately Excited DC Generator

i LY
A B
T T A
T T Armature Reaction Dro
_\_\_\_\_\____‘—‘—\-_\__\_____\- 'ﬂir' -.\_\__H_-\-:} ; C p
LUC:' ,-1|~| \T“"-HHE
) '| | H‘*aa Ohmic Voltage Drop
E |I \ Y
S l\ | D
|
> | ' Internal Characteristic
T I
5 '|
El ' External Characteristic
2z
D .,

Load Current IL
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‘Characteristics of Series Wound DC Generator:

lse ) Series
Yl 3 Field
| A

b
15
.

+
-'.ll. i
Eq| Armature|

Fl
S

T

No-Load Voltage Ep,
Terminal Voltage WV

Generated Voltage EQ

Y

Magnetic Characteristic
™
HR‘-& ~ B
y | Armature Reaction Drop
/ —+C
S
/,f / Drop due to armature
/ /R}(f_ and field resistances
#.a’ff H\"'-H_\ ‘\1 D
A g R‘HH\ E
[ /S | »
/) { — Internal Characteristic
/ ff/ ™, '

“External Characteristic

Current | = IEE= |L EE—
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 Characteristic of Shunt Wound DC Generator:
1. Open circuit characteristics

+ No Load Voltage

O

Field Current =
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e External Characteristic of Shunt Wound DC Generator:

A D
o A .
— _jfﬂrmature Reaction Drop
| i,
& '| \l N ]Dhrnic Drop
S S | '. W
T © |I I \
S = I| II C
::' o | ! I
T = 'I|I | = Internal Characteristic
£ 2 — External Characteristic
o 2 o
<o .
O Load Current - #

INSTITUTE OF AERONAUTICAL ENGINEERING



le of DC motor

This DC or direct current motor works on the principal, when a current
carrying conductor is placed in a magnetic field; it experiences a torque and
has a tendency to move. This is known as motoring action.

If the direction of current in the wire is reversed, the direction of rotation
also reverses.

When magnetic field and electric field interact they produce a mechanical

force, and based on that the working principle of DC motor is established
Left Hand Rule

of Force

Direction
of Current
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Detailed Description of a DC Motor:

 To understand the DC motor in details let’s consider the diagram below,
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Volta ulation of Transformer

* The voltage regulation is the percentage of voltage difference between no

load and full load voltages of a transformer with respect to its full load
voltage

* Expression of Voltage Regulation of Transformer, represented in percentage

> By — Vs
Voltage requlation() = ———— x 100%

V5

o

* Voltage Regulation of Transformer for Lagging Power Factor:

 Now we will derive the expression of voltage regulation in detail. Say

lagging power factor of the load is cos8,, that means angle between
secondary current and voltage is 0,. D
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* Here, from the above diagram
OC = OA + AB + BC

Here, OA =15
Here, AB = AF cosfl = [aRacos s

and, BC' = DFEsinfly = [2Xos8in
* Angle between OC and OD may be very small, so it can be neglected and OD is

 Considered nearly equal to OC i.e,
Ee=0C=0A+AEB + BEC

Er=0C=Vo + IRacostlh + [ Xasin

* Voltage regulation of transformer at lagging power factor,
Ey— 1%

r
4

&

% 100(%)

Voltage requlation (%) =

[Rycosfly + [ Xa81m 6
Vs

]
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e When the armature of a DC motor rotates under the influence of the

driving torque, the armature conductors move through the magnetic field
and hence EMF is induced in them as in a generator. The induced EMF acts
in opposite direction to the applied voltage V (Lenz’s law) and in known

as back or counter EMF E,

 PYIN

b=k
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Shunt Field

Lsn I
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Torque .

 The term torque as best explained by Dr. Huge d Young is the quantitative
measure of the tendency of a force to cause a rotational motion, or to bring
about a change in rotational motion. It is in fact the moment of a force that
produces or changes a rotational motion.

 The equation of torque is given by,

T:FRHiHe """""""""""" (1)

* To establish the torque equation, let us first consider the basic circuit
diagram of a DC motor, and its voltage equation

+A + iy —
E
i la
— O -
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* if Eis the supply voltage, E, is the back EMF produced and |, R, are the
armature current and armature resistance respectively then the voltage

equation is given by,
BBy LA, )
Therefore, 1, = Bl + IRy o 3

* Now I 2R, is the power loss due to heating of the armature coil, and the
true effective mechanical power that is required to produce the desired

torque of DC machine is given by,

* The mechanical power P, is related to the electromagnetic torque T, as,
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 Where, w is speed in rad/sec. Now equating equation (4) and (5) we get,
B, =Ty

* Now for simplifying the torque equation of DC motor we substitute.

_ PyZN

B = 2t 6
" 604 (6)

* Where, P is no of poles, ¢ is flux per pole, Z is no. of conductors, A is no. of
parallel paths, and N is the speed of the DC motor.

2N
Hence, = — oo 7)

e Substituting equation (6) and (7) in equation (4), we get

 PZel,
- 27A

Iy
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Losses in DC Machine :

* In DC machine, mechanical energy is converted into the electrical energy.
During this process, the total input power is not transformed into output
power. Some part of input power gets wasted in various forms. The form of
this loss may vary from one machine to another. These losses give in rise in
temperature of machine and reduce the efficiency of the machine.

* In DC Machine, there are broadly four main categories of energy loss

1. Copper Losses
a) Armature Copper Loss
b) Field Winding Copper Loss
c¢) Brush Contact Resistance Loss
2. Core Losses or Iron Losses in DC Machine
a) Hysteresis Loss
b) Eddy Current Loss
3. Mechanical Losses in DC Machine
a) Stray Load Losses
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Characteristics of DC Motors

* Generally, three characteristic curves are considered important for DC

motors which are
1. Torque vs. armature
2. Speed vs. armature current

3. Speed vs. torque
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Characteristics of DC Series Motors

Torgque
.

S,
Spead (M)
Spead (M)

Armature current (1) Armature Current (la) Torque (Ta)
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Characteristics of DC Compound Motor

ifferential compound \J cumulative
Rated speed /

z
@ k' Rated speed
- 2
4
O Fy
-

Differential compound
Armature Current {1a) Armature current (1)
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Testin of DC Machine

* The testing of dc machine is needed for proper fabrication and smooth

trouble free operation. The tests which are mainly needed for these

purposes are -
1.0pen circuit test
2.Short circuit test
3.Load test

4.Determination of efficiency
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Swinburne Test of DC Machine

armature

(O
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Advantages of Swinburne's Test:
The main advantages of this test are:

* This test is very convenient and economical as it is required very less power
from supply to perform the test.

» Since constant losses are known, efficiency of Swinburne's test can be pre-
determined at any load.
Disadvantages of Swinburne's Test:

* JIronloss is neglected though there is change in iron loss from no load to full
load due to armature reaction.

 We cannot be sure about the satisfactory commutation on loaded condition
because the test is done on no-load.

* We can’t measure the temperature rise when the machine is loaded. Power
losses can vary with the temperature.

* In DC series motors, the Swinburne’s test cannot be done to find its
efficiency as it is a no load test
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need Control of DC Motor

* Speed control means intentional change of the drive speed to a value
required for performing the specific work process. Speed control is a
different concept from speed regulation where there is natural change in
speed due change in load on the shaft. Speed control is either done
manually by the operator or by means of some automatic control device.

» Speed control of DC motor is classified as

1. Armature control methods
2. Field control methods.
e Speed Control of DC Shunt Motor:

By this method speed control is obtained by any one of the following
means

1. Field Rheostat Control of DC Shunt Motor
2. Field Voltage Control
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Armature Control of DC Shunt Motor:

Speed control by this method involves two ways

1. Armature Resistance Control
2. Armature Voltage Control

Advantages:

1.Very fine speed control over whole range in both directions
2.Uniform acceleration is obtained
3.Good speed regulation

Disadvantages:

1. Low efficiency at light loads
2. Drive produced more noise.
3. Costly arrangement is needed, floor space required is more
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UNIT-V
SINGLE PHASE TRANSFORMERS
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SINGLE PHASE TRANSFORMERS

* The transformer is a device that transfers electrical energy from one electrical

circuit to another electrical circuit.

* The two circuits may be operating at different voltage levels but always work at the
same frequency. Basically transformer is an electro-magnetic energy conversion

device.

* Itis commonly used in electrical power system and distribution systems.
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Fiz 4.1 Basuc arrangement of Transformer
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PRINCIPLE OF OPERATION :

* Asingle phase transformer works on the principle of mutual induction
between two magnetically coupled coils. When the primary winding is
connected to an alternating voltage of RMS value, V, volts, an alternating
current flows through the primary winding and setup an alternating flux in
the material of the core.

e This alternating flux ¢, links not only the primary windings but also the
secondary windings. Therefore, an EMF e, is induced in the primary winding
and an EMF e, is induced in the secondary winding, el and e, are given
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* Ifthe induced EMF is el and e2 are represented by their RMS values E, and E,
respectively, then

- de
E1l N1 5 (1)
- _pa e
E2= -N22% 2
i ML
'I'hﬂl.'for:_ﬁ = 5= | JR——,

* Kis known as the transtormation ratio or the transtormer
* The directions of EMF’s E; and E, induced in the primary and secondary windings
are such that, they always oppose the primary applied voltage V,.
EiL=Ei

(Assuming that the power factor of the primary is equal to the secondary).

E2_ 11 _
Or, o= =k (4)

2

From eqn (3) and (4), we have

EZ N2 1
Z_B_Z_g

1 M 17
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CONSTRUCTION OF A TRANSFORMER

Core:

The core of a transformer is either square or rectangular in size. It is further
divided in two parts. The vertical portion on which the coils are bound is
called limb, while the top and bottom horizontal portion is called yoke of
the core

Core is made up of laminations because of laminated type of construction,
eddy current losses get minimized. Generally high grade silicon steel
laminations (0.3 to 0.5 mm thick) are used

-/)/_,_,— Virke
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'WINDING:

* There are two windings, which are wound on the two limbs of the core,

which are insulated from each other and from the limbs

 The windings are made up of copper, so that, they possess a very small

resistance

” | /\ -
[ 4 1_ J l
vV VvV Y
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ves of Transformers

Core type Transformer:

 The magnetic core of the transformer is made up of laminations to form a
rectangular frame. The laminations are cut in the form of L-shape strips
shown in the figure below.

* For avoiding the high reluctance at the joints where laminations are butted
against each other, the alternate layer is stacked differently to eliminate
continues joints

* The insulation layer is provided between the core and lower winding and
between the primary and the secondary winding. For reducing the
insulation, the low winding is always placed near to the core. The winding is
cylindrical, and the lamination is inserted later on it.
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Shell Type Transformer:

 The laminations are cut in the form of a long strip of E’s, and I’'s as shown in
the figure below. To reduce the high reluctance at the joints where the
lamination is butted against each other, the alternate layers are stacked
differently to eliminate continuous joint.

* The shell type transformer has three limbs or legs. The central limb carries

the whole of the flux, and the side limb carries the half of the flux. Hence
the width of the central limb is about to double to that of the outer limbs.

* The primary and secondary both the windings are placed on the central
limbs
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* As, shown in the fig., the flux rises sinusoidal to its maximum value @ from

0. It reaches to the maximum value in one quarter of the cycle i.e. in T/4 sec
(where, T is time period of the sin wave of the supply = 1/f).

Therefore,

average rate of change of flux=®_, /(T/4) = ®m/(1/4f)
Therefore,

average rate of change of flux=4f®_  ...... (Wb/s)
Now,

Induced EMF per turn = rate of change of flux per turn

Therefore, average EMF per turn=4f @, .......... (Volts).

Now, we know, Form factor = RMS value / average value

Therefore, RMS value of EMF per turn = Form factor X average EMF per
turn.
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e As, the flux @ varies sinusoidal, form factor of a sine wave is 1.11
* Therefore, RMS value of ™"\ "7 ~~-*wm = 21 %28 = 444f O

&

LT VI

* RMS value of induced EMF in whole primary winding (E,) = RMS value of
EMF per turn X Number of turns in primary winding
E,=444fN; D, e, 1

Similarly, RMS induced EMF in secondary winding (E,) can be given as
E,=4.44F N, D oo, 2

from the above equations 1 and 2,
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This is called the EMF equation of transformer, which shows, EMF / number
of turns is same for both primary and secondary winding.

For an ideal transformer on no load, E; =V, and E, =V,

where, V, = supply voltage of primary winding

V, = terminal voltage of secondary winding
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ldeal Transformer

Definition of Ideal Transformer:

An ideal transformer is an imaginary transformer which does not have any

loss in it, means no core losses, copper losses and any other losses in
transformer. Efficiency of this transformer is considered as 100%.

Primary Winding Secondary Winding
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Practical Transformer

 As we said that, in an ideal transformer; there are no core losses in
transformer i.e. loss free core of transformer. But in practical transformer,

there are hysteresis and eddy current losses in transformer core.

L 3 = N
i- uuuuuuuuuuu n-h-il-#-ﬂr-##ﬁﬂ-&v-ﬁ—l 31 i
I I
i [
T T
. fy 1
i "‘: h =
V=V, sin o @ Ey :—-{—u, N, N, ¢Iy 5 v,
- c-‘_|_]| g1 o
) -
i i
‘ I I
i
L----.--./.;(..q.l .......... i ds !_
Primary Winding CORE (magnetic malerial) Secondary Winding

INSTITUTE OF AERONAUTICAL ENGINEERING



quivalent Circuit of Transformer

* Equivalent Circuit of Transformer Referred to Primary:
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* From Faraday’s law of electromagnetic induction

dg

emf, e = -T—

dt

* Where ¢ is the instantaneous alternating flux and represented as
0 = iy, sin 2w fi

d(dm sin 27 ft)
dt

= e = —T¢,, cos(2m ft) x 27 f

Hence, e = —1T

= e = —T¢,, x 27 f cos(27 ft)

 Asthe maximum value of cos2mft is 1, the maximum value of induced
EMF is
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Apg roXximate Equivalent Circuit of Transformer
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:] b ‘jv h"—'ﬂ\'u"'ﬁw._rﬁ"'-.._-"r “'\-_,.-"ﬂ“—" ﬂ”ﬂ‘v’f“f‘r’ \"..-’"ﬁ "~ r‘;?:' -'5 -H:l s

A S/ /!
v h 4

I, R _g‘=J{1+}{E REQ=R1+RE‘
& > IV AN i a
1
V1l T E T Vs

w

*Equivalent Circuit of Transformer Referred to Secondary:

T A,

Vi Lyy=L1 % v,

Y Y
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Losses in Transformer

 Copper Loss in Transformer:

* Copper loss is I°R loss, in primary side it is 1,°R; and in secondary side it is I,°R, loss,
where |, and |, are primary and secondary current of transformer and R, and R, are
resistances of primary and secondary winding. As the both primary & secondary
currents depend upon load of transformer, copper loss in transformer vary with

load.

* Core Losses in Transformer:

e Hysteresis loss and eddy current loss both depend upon magnetic properties of
the materials used to construct the core of transformer and its design. So these
losses in transformer are fixed and do not depend upon the load current. So
core losses in transformer which is alternatively known as iron loss in

transformer can be considered as constant for all range of loads
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e Hysteresis Loss in Transformer:

* Hysteresis loss in transformer can be explained in different ways. We will discuss
two of them, one is physical explanation and the other is mathematical
explanation.

* Eddy Current Loss:

* In transformer, we supply alternating current in the primary, this alternating
current produces alternating magnetizing flux in the core and as this flux links with
secondary winding, there will be induced voltage in secondary, resulting current to
flow through the load connected with it. Some of the alternating fluxes of
transformer; may also link with other conducting parts like steel core or iron body
of transformer etc. As alternating flux links with these parts of transformer, there
would be a locally induced EMF. Due to these EMF’s, there would be currents which
will circulate locally at that parts of the transformer. These circulating current will
not contribute in output of the transformer and dissipated as heat. This type of
energy loss is called eddy current loss of transformer.
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Volta ulation of Transformer

* The voltage regulation is the percentage of voltage difference between no

load and full load voltages of a transformer with respect to its full load
voltage

* Expression of Voltage Regulation of Transformer, represented in percentage

> By — Vs
Voltage requlation() = ———— x 100%

V5

o

* Voltage Regulation of Transformer for Lagging Power Factor:

 Now we will derive the expression of voltage regulation in detail. Say

lagging power factor of the load is cos8,, that means angle between
secondary current and voltage is 0,. D
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Cont..

* Here, from the above diagram
OC = OA + AB + BC

Here, OA =15
Here, AB = AF cosfl = [aRacos s

and, BC' = DFEsinfly = [2Xos8in
* Angle between OC and OD may be very small, so it can be neglected and OD is

 Considered nearly equal to OC i.e,
Ee=0C=0A+AEB + BEC

Er=0C=Vo + IRacostlh + [ Xasin

* Voltage regulation of transformer at lagging power factor,
Ey— 1%

r
4

&

% 100(%)

Voltage requlation (%) =

[Rycosfly + [ Xa81m 6
Vs

]
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_ comt.

Voltage Regulation of Transformer for Leading Power Factor:

Let's derive the expression of voltage regulation with leading current, say

leading power factor of the load is cos0,, that means angle between
secondary current and voltage is 9,.

Voltage regulation of transformer at leading power factor
Ey -V

4
i

Voltage requlation (%) = ‘
2

x 100(%)

[ gRg COS 92 ~ 1 ng sin 92
Vs

x 100(%)
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Open and Short Circuit Test on Transformer

These two tests are performed on a transformer to determine
1. Equivalent circuit of transformer
2. Voltage regulation of transformer

3. Efficiency of transformer. The power required for these open circuit test and
short circuit test on transformer is equal to the power loss occurring in the
transformer.

Open Circuit Test on Transformer:
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e Short Circuit Test on Transformer:

{ A 10
i
- W ~11}=
- 'l,,r -, g
HY LV
b BN N s e (l})/:F?llj.)j;sL:\.ovs °+ At
X(VA rating) x
% 1 at any load = B x100

nX(VA rating)xcos ¢+ W, +n* W,
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_ cont.

* The rated voltages V,, V, and rated currents (I,) F.L. and (I,) F.L. are known
for the given transformer. Hence the regulation can be determined as,

l: R:l, COs Qvilz ch Slnoxl

%Rn

00

_ | R cos 9z, X,, sin()xl

V, “
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